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Abstract

This work focuses on the use of a microwave plasma torch based on a coaxial transmission
line (CTRL) for the synthesis of nanodiamonds under mbar pressure conditions using H,/CH,4
( Ar) mixtures. Optical diagnostics of the plasma, including optical emission spectroscopy
(OES) and picosecond two-photon laser-induced fluorescence (ps-TALIF), reveal that the torch
produces high electron densities (2x10'3 cm 2), high atomic hydrogen densities (up to 10*’
cm ) and gas temperatures ranging from 1000 to 1700 K. These parameters favor nanodiamond
nucleation by stabilizing the diamond sp® phase. Deposition studies confirmed the formation of
nanodiamonds with a crystal structure and size distribution of around 10 nm. Deposition quality,
assessed by the sp®/sp? ratio, shows an optimum value at 4% methane at 100 mbar and 90 W.
The addition of argon (up to 25 sccm) further enhanced nanostructure performance by increasing
gas temperatures and promoting favorable radical densities. The nucleation process was found
to occur mainly in the gas phase, driven by key radicals such as CHz, CH, C and C,, which
form via hydrogen dissociation and hydrocarbon reactions. High concentrations of acetylene,
however, led to the formation of amorphous carbon via the HACA mechanism.

Key words : microwave plasma torch, coaxial transmission line, nanodiamond, gas-phase
nucleation, plasma diagnostics.



Résumé

Ce travail porte sur I’utilisation d’une torche a plasma micro-ondes basée sur une ligne de
transmission coaxiale (CTRL) pour la synthése de nanodiamants dans des conditions de pression
mbar en utilisant des mélanges H,/CH,4 (- Ar). Les diagnostics optiques du plasma comprenant
la spectroscopie d’émission optique (OES) et la fluorescence picoseconde induite par laser a
deux photons (ps-TALIF), révélent que la torche produit une grande densité d’électrons (2x10%3
cm ), de grandes densités d’hydrogéne atomiques (jusqu’a 10*” cm 3) et températures du gaz
allant de 1000 a 1700 K. Ces parameétres favorisent la nucléation de nanodiamants en stabilisant
la phase sp® du diamant. Les études de dépot ont confirmé la formation de nanodiamants avec
une structure cristalline et une distribution de tailles d’environ 10 nm. La qualité du dépot évalué
par le rapport sp®/sp? montre une valeur optimale a 4% de méthane a 100 mbar et 90 W. L’ajout
d’argon (jusqu’a 25 sccm) a encore amélioré le rendement de la nanostructure en augmentant
les températures du gaz et en favorisant des densités de radicaux favorables. On a constaté que
le processus de nucléation se produisait principalement en phase gazeuse, sous 1’impulsion de
radicaux clés tels que CHs, CH, C et C,, qui se forment par dissociation de 1’hydrogéne et par
des réactions d’hydrocarbures. Des concentrations ¢élevées d’acétyléne ont toutefois conduit a la
formation de carbone amorphe par le biais du mécanisme HACA.

Mots clés : torche a plasma micro-ondes, ligne de transmission coaxiale, nanodiamant,
nucléation en phase gazeuse, diagnostics plasma.
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List of Acronyms and Abbreviations

AIT Axial Injection Torch
ADT Axial Dielectric Tube
AFM Atomic Force Microscopy
BDD Boron-Doped Diamond
BEN Bias-Enhanced Nucleation
CCDh Charge-Coupled Device
CHI CH Instruments software
CMOS Complementary Metal-Oxide—Semiconductor
CTRL Coaxial Transmission Line Resonator
CVD Chemical Vapor Deposition
DND Detonation Nanodiamonds
DNP Diamond Nanoparticles
ECR Electron Cyclotron Resonance
EEDF Electron Energy Distribution Function
EM Electromagnetic
FTIR Fourier Transform Infrared Spectroscopy
FWHM Full Width at Half Maximum
GHz Gigahertz
HACA Hydrogen-Abstraction Carbon Addition
HAVA Hydrogen-Abstraction Vinyl Radical Addition
HPHT High Pressure High Temperature
IR Infrared
Ip/Ig Intensity ratio of D and G Raman bands
LIF Laser-Induced Fluorescence
MAC Methyl Addition Cyclization
MCP Microchannel Plate
MHz Megahertz
M-NDs Milled Nanodiamonds
MW Microwave
MWCNT Multiwalled Carbon Nanotube
MWPECVD
Microwave Plasma Enhanced CVD
NCD Nanocrystalline Diamond
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NDs Nanodiamonds
NEMS NanoElectroMechanical Systems
NV center Nitrogen-Vacancy center
OES Optical Emission Spectroscopy
ORCA-Flash4.0

CMOS camera model

PAH Polycyclic Aromatic Hydrocarbon
PAC Phenyl Addition Cyclization
PECVD Plasma Enhanced CVD

PCD Polycrystalline Diamond

Piy; Injected Microwave Power

| Reflected Microwave Power

Py Absorbed Microwave Power

PLAL Pulsed Laser Ablation in Liquid
PMWD Microwave power density
ps-TALIF Picosecond Two-photon Absorption LIF

RF Radio Frequency

ROI Region of Interest

RSR Resonance-Stabilized Radical reactions
S/N Signal-to-Noise Ratio

Su Reflection coefficient

SCD Single-Crystal Diamond

SEM Scanning Electron Microscopy

sp, sp?, sp®> Carbon hybridizations

SWCNT  Single-Walled Carbon Nanotube
TALIF Two-photon Absorption LIF

TE;9, TE{; Waveguide TE modes

TEM Transmission Electron Microscopy
UNCD Ultrananocrystalline Diamond
XPS X-ray Photoelectron Spectroscopy
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0: PLFURSODVPD WRUFK

([SHULPHQWDO VHW XS IRUFDUERQ SDUWLFOH GHSRVLWLF
([SHULPHQWDO VHW XS RIWKH GHSRVLWLRQ ZLWK VXEVW UL
6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS IRU SHUIRUPLQ
6SHFWUDO UHVSRQVHRIWKH PVSHFWURPHWHU
6FKHPHRI + DWRPV 7$/,)

'LDJUDP VKRZLQJWKH SDWK RI D SKRWRQ WKURXJK WKH VV
6FKHPDWLF RI WKH H[SHULPHQWDO VHWXS VKRZLQJ WKH
SV ODVHUDQG VWUHDN FDPHUD

5HSUHVHQWDWLRQ RI WKH GLIITHUHQW OLJKW VEDWWHULQJ
+5 VSHFWURPHWHU DW /630 ZDV XVHG IRUFKDUDFWHUL]
7\SLFDO 5DPDQ SHDNV FRQVLGHUHG
3ULQFLSOHRISKRWRHOHFWURQ JHQHUDWLRQ

+LJK UHVROXWLRQ ;36 DQDO\VLV VIVWHP DW ,72'<6 ODERU
7KHPDLQ FRPSRQHQWV RIDQ DWRPLFIRUFHPLFURVFRSH
$)0LQVWUXPHQW

'LITHUHQW W\SHV RIHPLVVLRQV SURGXFHG E\ 6(0

6(0 LQVWUXPHQW

6FKHPDWLF IORZ GLDJUDP RIDWUDQVPLVVLRQ HOHFWURGC
7(0 ,QVWUXPHQW

'"HVLJQ RI0: WRUFKDQG LWV HTXLYDOHQW FLUFXLW
(YROXWLRQRIPLFURSODVPDDVDIXQFWLRQRIDEVRUEH:(
ULJKW 6SRWV RIWKHSODVPDV IRUPHG
5HSUHVHQWDWLRQRIFULWLFDO SRZHUDV D IXQFWLRQ RI
5HSUHVHQWDWLRQ RI UHIOHFWHG SRZHU DV D IXQFWLRQ
SUHVVXUHV

D 5HVLVWDQFHDQG ,QGXFWDQFHDVDIXQFWLRQRISRZHU
PEDUDQG E (YWRDXWLRQFRVLRQ RIDEVRUEHG SRZHUDW G|
6SHFWUDRIWKH D ILUVW 5 EUDJFR=OUQBIV BRI WKHWUDQVLW
0DQG E WKHWUYDQBLWLRQIW PEDURSHUDWLQJSUHVVX
%RQW]PDQQ GF]_DJUDPIRUWKH GHWHUPLQDWLRQRIURWD\
RI* *; 0=01 ', 0=0 7+5 :  VFFRP + PEDU
5HSUHVHQ)A(D’WL[RQDQIG?,7RI)XOFKEHLIDVDIXQFWLRQRIDEVRUE
SRZHUDQG SUHVVXUH

+ OLQH SURILOH

OHWKRG IRUGHWHUPLQDWLRQ RIHOHFWURQ GHQVLW\
5HSUHVHQWDWLRQ RIHOHFWURQ GHQVLW\DV D IXQFWLRGC
SHSUHVHQWDWLRQ RI SODVPD OHQJWK DV D IXQFWLRQ RIDE
LQJ SUHVVXUHV DQG DW

5HSUHVHQWDWLRQ RI 30:' D DQG SODVPD YROXPH E DV
SRZHUDW GLIIHUHQW SUHVVXUHYV
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,OOXVWUDWLRQ RIWKHIOXRUHVFHQFHFDSWXUHG E\ WKH

D 9DULD¥ LR RAQFWLRQ RI ODVHU HQHUJ\IRU + DQG .L
GHQVLWLHV PHDVXUHG XVLQJDFWLQRPHWU\DQG SV 7%/,)
SRZHU

5HODWLYHHUURUV IRUWKH GLIITHUHQW WHUPV RI WKH JDV
DQG

9DULDWLRWRIDEWHG IURP SV 7$/,) VLJQIDOAMDDIGG FRURE VSR
RI SUHVVXUHDQG SRZHU IRUWKH H[SHULPHQWDO FRQGLW

3SDULW\SORW FRPSDULQJJDV WHPSHUDWXWYH,RHDVXUHPHQ'
98A2 ZLWK URWDWLRQ DI @HPQEHTHIIWN XUHV D

&RQVWUXFWHG 'FRQWRXU SORWWRALH IBIWR R G ISQWUIVW XD @
[ D[LVLVLQSL[HOV DQGWKH\ D[LVUHIHUVWR]ZLWK UHIH
PHDVXUHPHQW DERXW PPIURP WKHEDVHRIWKHWRUEFK

([SHULPHQWDO FRQGLWLRQY &P EBERPSRVHWLR®EDU+O0:
SRZHU

SDUWLFOH VL]HGLVWULEXWLRQ XVLQJ D 6(0DQG E $)0

D 7(OLPDJHRIFDUERQ QDQRSDUWLFOHV DW D UHVROXWI
E VHOHFWHGDUHD HOHFWURQ GLITUDFWLRQ ZLWK EOXH

UHG FLUFOH WR WKH SODQH RI GLDPRQG SKDVH DQG
QDQRSDUWLFOHV ([SHULPHOQA¥BO+H+ RVFGE PWIRIQWV XWH RI
UHDFWRU PEDU 0: SRZHU

$Q H[DPSOHRI D 5DPDQ VSHFWUDDQG E ;36& VOLQH REV
WUXFWXUHVY SURGXFHGLQ WKHWRUFK $OVRVKRZQ DUH WK
WR LGHQWLI\LQGLYLGXDO 5DPDQ EDQGV DOGSEHFRQYRO X
FRQILIXUDWLRQ

ODULDWLRQWUDWWHR BV D IXQFWLRQ RIPHWKDQH FRQFHQ\
;36 EODFN DQG 5DPDQ UHG ([SHULPHQWDO FRQGLWLR
VFFP ZLWK RIOYW&EHBWYHVVXUH PEDU VXEVWUDWH VLOL
SODVPD VXEVWUDWH FPDQG GHSRVLWLRQ WLPH K

D ([DPSOHRI&1 SURILOHREWDLQHG ZWWK WKH FRQGLWL
3UHVVXUH PEDUDQG 3RZHU :DQG E 9DULDWLRQ RI
PHWKDQH FRQFHQW Y B M WY HQ (WKHHULP HQ WD FRQGLWLRQ
VFFP 3UHVVXUH PEDU 3RZHU

D 9DULDWLRQV RIB)LDVDIXQFWLRQRIODVHUHQHUJ\IR
&+ DQG + E .QDV D I XQF WLRRQFIKGWUDWLRQ DW  PE
DQG :IURP SV 7$/,)

D 7KH5DPDQ VSHFWUD RI WKH VDPSOHASDEGNEDQWY FRU
b ¢ ULJKW UDWLRDVDIXQFWLRQRILQSXW,SRZHU ([SHL
VFFR + VFFP 3UHVVXUH PEDU VXEVWUDWH VLOLFF
VXEVWUDWH FPDQGGHSRVLWLRQ WLPH K
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'LVWULEXW.RQURWDR,s BDWLR:s EDQG GIWBFWLRQ DV D

IXQFWLRQ RI SUHVVXUHDQG PHWKDQH FRQFHQWUDWLRQ

(YROXWLRPQG&BI&* DV D IXQFWLRQ RIPHWKDQH FRQFHQWUD
" E\2(6 DVDIXQFWLRQ RIPHWKDQH FRQFHQWUDWLRQ (

3UHVVXUH PEDU 3RZHU :DQG WKH WWRAFBO IORZUDW|

5HSUHVHQWDWLRQ RI UHIOHFWHG SRZHUDV D IXQFWLRQ RI

GLIIHUH,QPLPUXLH 7KH WRWDO IO/FEBDWH $U +

D 9DULDWRR@ RXQFWLRQ RI $U [ORY D DX\QFWQ & QER Q& +

FRQFHQWUDWLRQDQGDUJRQIORZUDWH VFFP DW PEDL

'LVWULEXWLRQRPWDR,; EDWLRs EDVDIXQFWLRQRI$UDQG

PHWKDQH FRQFHQWUDWLRQ DQG & &+ $QDUSHRQWRXU R

LPHQWDO FRQGLWLRQV 3UHVVXUH PEDU 3RZHU

&+ + VFFP

'&RQWRXU SORW VKRZLQJ WKH HY ROKRMLIHRVQDR/| DD XK+ IVQ & ¢

RIPHWKDQH FRQFHQWUDWLRQ DQG DUJRQ IORZUDWH ([SH!I
PEDU 3RZHU :DQGIQRZUDWHRR &+

6FKHPDWLF RIJDV SKDVH SURFHVVHV PROHFXODUJURZWK

FROOHFWLRQRI13VRQ WKH VXEVWUDWH

5DPDQ VSHFWUD IRU D GLIIHUHQW SODVPD VXEVWUDWH G

VXEVWUDWH ([SHULPHKHQWIF® B RQ &EWPR RTUH \&WX U H

PEDU SRZHU :DQG GHSRVLWLRQ WLPH K

7(OLPDJHRIFDUERQ QDQRSDUWLFOHV OHIW DQGLWVFRUU

GLIIUDFWLRQ ULJKW IRU PLQRIGHSRVLWLRQLQ WKHFRO

&4 VFFR + VFFP SUHVVXUHRIUHDFWRU PEDU LQMHF
SDPDQ VSHFWUD IRUGLITHUHQW VXEVWUDWH WHPSHUDW X
VFFR + VFFP 3UHVVXUH PEDU SRZHU :DQG GHSRYV

6(0LPDJHRIFDUERQ GHSRVLW REWDLQHG RQ D VXEVWUDW
D 5DPDQ VSHFWUD DQG P VYWOHIRW ROBIRRWLYDWSER IRU
GLITHUHQW GHSRVLWLRQ WLPH,; ([SWFFBPHQWHF® FRQGLWLI
S3UHVVXUH PEDU SRZHU : GLVWDQFH SODVPD VXEVYV
SDUWLFOHVL]J]HGLVWULEXWLRQIRUGLIIHUHQW GHSRVLWLR
DUHVKRZQ E ([SHULPHQWDIGFRGQGVWER Q3W KWV XUH
PEDU SRZHU : GLVWDQFH SODVPD VXEVWUDWH FP
5DPDQ VSHFWUD DW GLITHUHQW ]JRQHV RIGHSRVLWLRQ
D 6ROXWLRQ RILVR SURSRQDO FRQWDLQLQJ1'V DQG W
FRUUHVSRQGLQJ F 6%$(' SDWWHUQ 4[SMEBEBHQWDO FRQGLV
VFFP 3UHVVXUH PEDU SRZHU DQG GHSRVLWLRQ WI
OHFKDQLVP UHDFWLRQ IRU SURGXF W4 QIR BN BWUWLQWEBUF
PHGLDWH SUHVVXUHYV
'"HQVLW\RIPDLQ VSHF LHY BIURGXFHA MXIERHR D&Y R W D O
IORZUDWH RI VFFP DW PEDU SUHVVXUHDQG :SRZHU
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'FRQWRXU SORW VKRZLQJ WKE+IF QG %W BY®RX @F & LRE &
RIPHWKDQHFRQFHQWUDWLRQDQG SUHVVXUH XVLQJWKH
3RZHU :DQG IORZWYDWHRARP
'"FRQWRXU SORW VKRZLQJ WIK®G ¥R &N ALLHRVQDR DDl X8+ WLRQ |
PHWKDQHFRQFHQWUDWLRQDQG SUHVVXUH XVLQJWKH 'P|
3RZHU :DQGIORZUDPWH RFEP

5SDPDQVSHFWUXP ZLWK SUHVHQFH RIHWKDQRO &RQGLWLR
+5 VFFPDQG PJ /RIHWKDQRO



&KDSWHU

OQWURGXFWLRQ

&RQWHQWYV

&DUERQDQG LWV DOORWURSHYV
YEFDUERQ *UDSKLWH JUDSKHQH IXOOHUHQH FDUEF
VEDUERQ SKDVHRU GLDPRQG

IDQRGLDPRQG DKLIJKLPSDFWQDQRPDWHULDO
THFKQRORJLFDOLPSRUWDQFHRIQDQRGLDPRQGYV
6\QWKHVLVRI1IDQRGLDPRQGYV

ORWLYDWLRQDQG REMHFWLYHV RI WKHWKHVLV

2UJDQL]DWLRQ RI WKH WKHVLV

&SDUERQDQG LWV DOORWURSHYV

7KH FDUERQ DWRP LV WKH ILUVW HOHPHQW LQ FROXPQ ,9 RI OHC
QXPEHULWKHPRVW VWDEOH LVRWRS ZK LFE Y F R QRDRILERQ ISWR W
QHXWURQV 7KHHOHFWURQLF PRI BJXW B WILZRQY B IOM KQLFVHDHOR
VKRXOG D SULRULJLYHLWD GLYDOHQW FKDUDFWHULQ LWV F
SHULSKHUDO OD\HUV L H VDQG S DUHGLVWULEXWHGRYHU |
EHFRPHXQSDLUHGDQGFDQ FUHDWH IRXUFKHPLFDOERQGV PD
WKUHH K\EULGL]DWLRQ VWDWH V? R S\OKHDVGL 1D GWRQW K IR QRELLRADDADL
W\SH FRYDOHQW DQG YDQ GHU :DDOV ERQGY ELQGLQJDQG DG
DOORWURSLF VWUXFWXUHV RI GLIITHUHQW GLPHQVLRQDOLWL
SURSHWADWWRQG JUDSKLWH JUDSKHQH HWF ,QDGGLWLRQ\
DOVREHIRXQGLQ DPRUSKRXV IRUP OHDGLQJWR DQRWKHU YH
GLIIHUHQW SK\VLFDO DQG FKHPLFDO SURSHUWLHYV

&DUERQ H[LVWV LQ PD QY IRKIPWH Y ¥ K6 X ®IVQIDWSRW XEHV JUD
IXOOHUHIXHDW /Bl GLDPRQG DQG WKH DPRUSKRXV VWDWH 7K|
JUDSKEWHEULSSL]DWLRQ DREGLBPROMLRG VKRZQLQ)LIXUH
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YLIXUH 6FKHPDWLF WPHBQ® ¥ SEQW B W]DRQLRIQWSLQ FDUER

VBFDUERQ *UDSKLWH JUDSKHQH IXOOHUHQH

%DVHG RQ WKH YDULRXV IRUPV RI FDUERQ ZH ILUVW H[DPLQ
FRPPRQDQG WKHUPRG\QDPLFDOO\VWDEOH IRUP RI FDUERQ
.DQG DWP ,WLVIRXQGLQPHWDPRUSKLFVHGLPHQWV RI
LVPDGH XS RIVKHHWV LQ ZKLFK HDFK FDUERQ DWRP LV ORFD
7KHVH VKHHWYV FDOOHG "JUDSKHQHV" DUHVXSHULPSRVHG R
QP :LWKLQ D VKHHW HDFK FDUERQ DWRP LV OLBRGGW R W |
WKHDQJOHEHWZHHQ WKHVHERQGYV EHLQJ ERQ&MW HRODHF S\HLF
FDUERQ DWRP IRUERGORFDKLIFAKBOUH SHUSHQGLFXBRGWR SO
7KHVERQGY FRQWULEXWH WR HOHFWULFDO FRQGXFWLYLW\ ZL
VKHHWYV WKHPVHOYHV DUHKHOG WRJHWKHU E\YDQ GHU :DDO
FRYDOBIQBERQGY ZLWKLQ WKH VKHHWYV FIl )LJXUH

%HFDXVHRIWKHOD\HUHG VWUXFWXUH RIJUDSKLWH LWV SK
XODU HOHFWULFDO FRQGXFWLYLW\VKRZV WZR GLIITHUHQW YL
WR WKH ODPLQDWH SODQHV *UDSKLWHDOVR VKRZV LQWHUH
VKHHWY FDQ DOLJQLQ SDUDOOHO ZLWK WKH GLUHFWLRQ RI U
RYHUHDFK RWKHU

JLIXUH VKRZV WKBIGQRWURSMMWRSI FDUERQLQ DGGLWLRQ W
WZR GLPHQVLR QIFDEER/QWDWRRYBSHIXODUO\ GLVWULEXWHG
ODWWLFH $VLQJOHOD\HURIJUDSKHQHLV MXVWRQHDWRP WK
IXOOHUHQHV WKH\DUHKROORZPROHFXODUVWUXFWXUHV L
VSK\EULGL]HG FDUERQ DWRPV IRUPLQJD FORVHG VSKHUH R
& ZKLFKUHVHPEOHV DIRRWEDOO EXFNPLQVWHUIXOOHUHQ!
YDSRUL]JHGLQ DQ DWPRVSKHUHRI QHXOWERQ DM\Q K\MBEXF DRU
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J)LIXUH *UDSKLWH 6WUXFWXUH

RIJUDSKHQH ZRXQG RQ WKHPVHOYHV IRUPLQJKROORZ F\OL
WKHQDQRVFDOH $GLVWLQFWLRQLVPDGHEHWZHHQ L VL
ZKLFK FRQVLVWRID VKHHW RIJUDSKHQH ZRXQGLQWR D F\OLQ
QDQRWXEHV 0:&17 ZKLFKFRQVLVWRIVHYHUDO FRQFHQWULF
IURP QDQRPHWHUV 6:&17 WRWHQV RIQDQRPHWHUV 0:&17 .

J)LIXUH &EPDERAWERSHVY *UDSKLWH ' *UDSKHQH ' &DU
JXOOHUHQH '

VSFDUERQ SKDVHRU GLDPRQG

'LDPRQG LVD SXUHDOORWURSLF FU\VWDOOLQHIRUP RIFDU
FRQGLWLRQV .DQG DWP DQG VWDEOH XQGHU KEJK SUHV VX
*3DDRG 7 . 'LDPRQGVDUHNQRZQDV WKHKDUGHVW PDWHULI
RI FDUERQ DPWWRPVUL®LYBWLRQ ZKHUH HDFK DWRP LV ERQGHG
E\VWURRYDOHQW ERQGV ZKLFKUHVXOWV LQDWHWUDKHGU
SK\WVLFDO SURSHUWLHV RQ WKHGLDPRQG ZKLFKLV GHVFULE'}
'LDPRQG VKRZV D IDFH FHQWHUHG FXELF FU\VWDOORJUDSKLF
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FRQWDLQV HLIKW DWRPV IRXURIZKLFK DUH ORFDWHG DW W
RFFXS\LQJWKHHLIJIKWKRIWKH XQLWFHOOYfV YROXPH 'LDPRQG
7TKHVH IDFH FHQWHUHG FXELF FHOOV DUHLQWHUSHQHWUDYV
GLDIJRQDO OHQJWK )LJXUH ZLWK D GLVWDQFH EHWZHHQ
ODWWLFH SDUDPHWHU D

J)LIXUH D 'LDPRQG PHVKDQG E &U\WWDOORJUDSKLF UH

7KH FDUERQ SKDVH GLDJUDP FI )LJXUH VKRZV WKDW GLD
SUHVVXUHV &RQVHTXHQWO\ GLDPRQGFDQRQO\H[LVWDVDFP
WHPSHUDWXUH DQG SUHVVXUH FRQGLWLRQV 7KHIRUPDWLF
HIWUHPH FRQGLWLRQV WKDW SUHYDLOHG GXULQJWKH IRUPD!

J)LIXUH &DUERQ SKDVH GLDJUDP
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7KHVH KLJK SUHVVXUH FRQGLWLRQV FDQ EH UHSURGXFHG
EHV\QWKHVL]HG IURP D JUDSKLWLF SUHFXHYRVRFWEDISG H
3UHVVXUH +LJK 7THPSHUDWXUH +3+7 SURFHVV KDV EHHQ H[W
GLDPRQG ,W SURYLGHV VWDEOH DQG KRPRJHQHRXV TXDOL
PDNLQJWKHP KLIJKO\VXLWDEOHIRULQGXVWULDO DSSOLFDW

'LDPRQG H[LVWV LQ YDULRXV IRUPV LQFOXGLQJPRQRFU\VW
WDOOLQH GLDPRQG ILOPV FI )LJXUH DVZHOO DV QDQRGLD
6&' RUPRQRFU\WWDOOLQHGLDPRQGFRQVLVWV RIDVLQJOH
ODWWLFH ,WLVDQDWXUDOIRUPRIGLDPRQGDQGFDQDOVR EHI
'HSRVLWLRQ &9' 7KLV W\SHRIGLDPRQG KDV EHHQ XVHG PDLG
LQ SRZHU HOHFWURQLFV DV KHDW VSUHDGHU DQG DIWHU GR
3RO\FU\WVWDOOLQH GLDPRQG 3&' FRQVLVWV RIQXPHURXV G
PLFURPHWULF VL]JH XVXDOO\V\QWKHVL]HG E\ +3+7 RU &9"'F
3&' QDQRFU\WWDOOLQHGLDPRQG 1&' LVFRPSRVHGRIQDQF
EHWZHHQ DQG QP RIWHQFRDWHG ZLWKDPRUSKRXV RU Q
VWUXFWXUH 8OWUDQDQRFU\VWDOOLQH GLDPRQG 81&' LV FI
ZLWK JUDLQ VL]H W\SLFDOO\OHVV WKDQ QP UHVXOWLQJLQI

7KHGLDPRQG SKDVHFDQ DOVR H[LVW<DV IQFR W YIHBOQ D @ RESWDL
WR DV QDQRGLDPRQGV 1'V RUGLDPRQG QDQRSDUWLFOHV
VKRZV WKDW WKH WHUP *QDQRGLDPRQG’ LV RIWHQ XVHG WR
GHSRVLWHG RQDVLOLFRQ VXEVWUDWH XVLQJ&9' SURFHVVHV L
,Q WKLV WKHVLVY WKHWHUP QDQRGLDPRQGV UHIHUV WR LVRO
WKDQ QP WKDW DUH QRW QHFHVVDULO\REWDLQHGE\D &9'S
DQG DSSOLFDWLRQV RIQDQRGLDPRQGV LQ GHWDLO LQ WKH Q|

J)LIXUH ,OOXVWUDWLRQRI'LDPRQG 6WUXFWXUHV IURP /HIV
'LDPRQG D 3RO\FU\VWDOOLQH'LDPRQG E DQG1DQRFU\VW

1DQRGLDPRQG DKLIJKLPSDFWQDQRPD

7KH\ DUH D FDUERQ DOORWUJEBSHGIHPASRAMMHERQVIBWRPYV WKD)
QDQRVFDOH FKUHWWMMHOYVHQWLDO HOHPHQWY PDNH XS WKH VWU
WKHRYHUDOO VKDSH WKHFRUH DQG WKH VXUIDFH )LJXUH

WLFOHVLVJHQHUDOO\HLWKHU VSKHULFDO RUHOOLSWLFDO
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FRUHRIQDQRGLDPRQGV LV VLPLODU WR WK H \KWEIXFGLYD W [RR Q@
EXW WKHLU VXUIDFH LV2PKREH LJGD]PRALIMRH) O ZN MW KVGDQJOLQJ E
FRQWDLQLQJIXQFWLRQDO JURXSV ORVW RI WKH GLDPRQG ¢
LQWHUPHGLDWH VKHHW ZKLFKLV XVXDOO\H[DPLQHG DV DQ L
LV GHWDFKHG IURP WKHLQQHUPRVW VKHOO IDFH E\RQLRQ Vk
ZLOO GLVEXVV WKH WHFKQRORJLFDO LPSRUWDQFHDQG V\QW|

J)LIXUH 6WUXFWXUHRIWKH 1DQRGLDPRQG

THFKQRORJLFDOLPSRUWDQFHRIQDQRGLDPRQ

1'VSRVVHVV UHPDUNDEOH FKDUDFWHULVWLFV VXFKDV H[FH
FKHPLFDOLQHUWQHVY KLIJKWKHUPDOFRQGXFWLYLW\ H[FH
IXQFWLRQDOL]DWLRQ 7KHVH SURSHUWLHV PDNH WKHP SDUWL
ILHOGVY VXFKDVPHGLFLQH WULERORJ\*FDWDO\VLVY HOHFWU

,PDIJLQIJDQG %LRORJLFDO $SSOLFDWLRQV

'LDPRQG LV WUDQVSDUHQW DFURVV D ZLGHUDQJH RI WKH HC
UHIUDFWLYHLQGH[ DURXQG LQWKHYLVLEOHUDQJH +RZF
GLITHUHQW RSWLFDO SURSHUWLHV GHSHQGLQJRQ WKHLU VL]
XOWUDYLROHW ZKHQ WKHLUNMNKIHIPRYOWHOWWKBYWLQPRSWLFI
IURP WKH SUHVHQFH RIFRORUFHQWHUV UHVXOW$RRQURP LP
WKHVH WKH QLWURJHQ YDFDQF\ 19 FHQWHU IRUPHG E\ WE
YDFDQF\LQ WKHGLDPRQG ODWWLFH DVLOOXVWUDWHG LQ )L
"KHQH[FLWHGE\DJUHHQ ODVHU W\SLFDOO\EHWZHHQ DQC
ZLWK QHDU XQLW\HIILFLHQF\DQG YKHMKN WHDEWH SKRWR M PLW
SUHVHQW LQ KLJK SUHVVXUH KLIJK WHPSHUDWXUH +3+7 1'V
LUUDGLDWLQJ1'VZLWK +H LRQEHDPVRUKLJK HQHUJ\HOHFW
WUHDWPHQWYV WKHQ DOORZWKHVHYDFDQFLHV WR PLJUDWH W
SUHVHQW DV LPSXULWLHVLQ WKHGLDPRQG ODWWLFH
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J)LIXUH &U\WWDOOLQH VWUXFWXUHRIDQ 19 FH

JOXRUHVFHQW 1'V SDUWLFXODUO\WKRVHZLWK 19 FHQWH |
YLWUR GXHWR WKHLU SKRWR VW DERDH YW D Q8 E L R FYRF RDD/BISH
WKH XVH RI 19 FHQWHUV LV OLPLWHG WR VXUIDFH WLVVXHYV
WR KLJK WLVVXH DEVRUSWLRQ LQ WKH YLVLEOH UDQJH ZKHU
RFFXU ,Q DGGLWLRQ WKHOXPLQHVFHQFHRI1'VLV KLJKO\ (
DQG PD\EH LQKLELWHG IRU H[DPSOH LQ WKS$CARKNRXJIIKDLR\G
FHQWHUV KDYH EHHQ REVHUYHG LQ GHWRQDWLRQ 1'V WKHL
FHOOXODU LWDLMQBSRUWDQW WR QRWH WKDW VWUXFWXUDC
FDQLQGXFH OXPLQHVFHQFH SURSHUWLHY WKDW DUH QRW DV
WUDFNLQJRI1'VZZWKLQ FHBO®YQ VLIQDO RIGLDPRQG FDQ D¢
WUDFN 1'VL@RXWORQJ WKH RSWLFDODQG PDJQHWLF SURSHU
HQKDQFHV WKH LPDJLQJFDSDELOLWLHV RI1'V DOORZV IRU GF
WKH PHDVXUHPHQW RIPDJQHWLF [IXUOWGKH®E IPRRUFHW O'\VZ\ VR §)|
LQHQKDQFLQJWKHHIIHFWLYHQHVV RI GUXJ GHOLYHU\ V\VWHF
WKHLU KLJK ELRFRPSDWLELOLW\DQG KLJKDGVRUSWLRQ FD
FRPSRXQGVDQG SHQHWUDWHGHHSHU LQWR WKH YKHQUUWR BBV
LQ ZRXQG KHDOLQJDQG WLVVXHUHSDLULVDOVR SURPLVLQJ
JHQH WUDQVIHU VI\VWHPV IRUZRXQG KHDOLQJ

AXDQWXP &RPSXWLQJ $SSOLFDWLRQV

1DQRGLDPRQGV ZLWK 19 FHQWHUV DUHDQ DOWHUQDWLYH WR W
FRPSXWIZ®MHLU VWDELOLW\DQG KLJK WHPSHUDWXUH RSHUDWL
VLPXODWLRQV 7KHVSLQ SURSHUWLHV RI19FHQWHUV DOOR?Z
SRWHQWLDOO\UHSODFLQJRUFRPSOHPHQWLQJLRQ WUDS WF
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6HQVRUDQG (OHFWURQLF $SSOLFDWLRQV

8QOLNHEXON GLDPRQG WKHHOHFWURQLFDQG HOHFWURFKHF
WR WKHLQVXODWLQJ QDWXUHRIXQGRSHG GLDPRQG ,Q EXO\
FUHDWHD S W\SHVHPLFRQGXFWRURUHYHQDPHWDOOLF PDV
5 10° FP ZKLFK LV SDUWLFXODUO\LQWHUHVWLQJIRUKLJK SF
DSSOLFDWKRQRQ GRSHG QDQRGLDPRQGV %' IDEULFDWHG X
LFDO YDSRU GHSRVLWLRQ 3(&9' PHWKRGV KDYH VKRZQ SUR
QHXURWUDQVPLWWHULQYROYHGLQ VHYHUDO QHXURORJLFI
VWXGLHV RQ QHXURSV\FKLDWULF GLVRUGHUV DQG GLVHDVH\
FDQEHRSWLPL]HG IRUEHWWHU VHQVLWLYLW\WKURXJK SRVW
GHSRVLWLRQ RISRO\PHUILOPVRQ WKH %' VXUIDFH

19 FHQWHUV HQDEOH PRQLWR WRUWH ®H P OV IV WIKFOGFQEVFD O
RSWLFDOO\PHDVXULQJWKHVSLQ SURSHUWLHV RI19FHQWHU
ILHOGV 1' EDVHG VHQVRUV FDQ RSHUDWH DW URRP WHPSHL
FDUERQ FDQEHVDIHO\LQMHFWHG LQWR OLYLQJFHOOV

(QHUJ\6WRUDJH $SSOLFDWLRQV

1'V GXH WR WKHLU KLJK VXUIDFH DUHD VWDELOLW\ DQG ZL
DUHDWWUDFWLYH FDQGLGDWHY IRUHQHUJ\ VWRUDJH V\VW|
IDEULFDWHG XVLQJ3(&9' H[KLELWH[FHSWLRQDO VWDELOLW\D
LQDTXHRXV VRBXWRKRRAM WKH VXUIDFH IXQFWLRQDOL]DWLF
LRQ VWRUDJH FDSDFLW\ E\LQWURGXFLQJ D GE&HW D DRHEEODSN H
DGLVSHUVHG SKDVHLQ QDQRFRPSRVLWHV 1'VFDQ DOVR PR
RI SRO\PHU PDWULFHY SUREDEO\GXH WRIXQFWLRQDO JURX
HIFKDQJHDQG UHGXFHV WKHYXWWHPYRIPIWEBDQFBQ EH XVHG L
RIHOHFWURFKHPLFDO VHQVRUVDQG HQHUJ\VWRUDJH V\VWH

1DQRPHFKDQLFDO 6HQVRUV DQG 1DQRHOHFWURPHFKDQ

I1DQRGLDPRQGY GHPRQVWUDWHDQ HIFHSWLRQDO FDSDELOL
ZLWK D PD[LPXP ORFDO HODVWLF VWUHVV RI RYHU DQG D FF
HIFHHGLQJ *3D PDNLQJWKHP LGHDO IRUKLJKSHUIRUPDQFH
DSSOLFDWLRQV

OHFKDQLFDODQG WULERORJ\

1DQRGLDPRQGY PXFK OLNHEXON GLDPRQG KDYH LPSUHVVI
KDUGQHVV RI RQWKHORKVVFDOHDQGD <RXQJJVPRGXOXV R
WKHP KLJKO\ SURPLVLQJIRUDSSOLFDWLRQVLQ QDQRVFDOH F
GLDPRQG QDQRSDUWLFOHV WR HQJLQHRLOVFDQ JUHDWO\LP
IULFWLRQ FRHIILFLEG@®LBNLRQDOO\ ZKHQ QDQRGLDPRQGV D
PDWULFHY WKH\ FUHDWH QHZ QDQRFRPSRVLWHY ZLWK IDU |
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WLPHV PRUHKDUGQHVVDQG WLPHVY WKH<RXQJYV PREB\KHD XV F
QDQRFRPSRVLWHV DOVR SHUIRUP EHWWHU LQ WHUPV RI IULFW|
PLFURPHWHU VL]HG GLDPRQGV LQ FXKWDW D\ RRIUSR @ KWIQLOR FPE
ZLWK ELRGHJUDGDEOH SRO\PHUV WKH\FRXOG HYHQ EH XVHG

6\QWKHVLV RI1IDQRGLDPRQGYV

$ FORVHORRNDW WKHFDUERQ SKDVH GRQGWAHGE HDXIMHKGS B\)
VKRZV WKH VWDEOH FDUERQ SKDVHV L H DSKDVHZLWKF
WHPSHUDWXUHDQG SUHVVXUH

=RQHV DQG RQWKLV GLDJUDP UHSUHVHQW WKH PRVW VWTE
SUHVVXUH DQG KLJK WHPSHUDWXUH +3+7 ZKHUH JUDSKLW
7KHILUVW VWUDWHJI\RI SURGXFLQJGLDPRQG LV WR DFKLHY!|
RI +3+7 SURFHVV XQGHU HTXLOLEULXP FRQGLWLRQV ZKLOH C
QRQ HTXLOLEULXP FRQGLWLRQV +RZHYHU WKHKLJK WHPS
SURFHVVHY PDNH WKHP GLIILFXOW DQG H[SHQVLYH 7KH VHFR
DW VRIWHU QRQ HTXLOLEULXP FRQGLWLRQV DIHZ WHQV WR
YDSRXU GHSRVLWLRQ &9' ZKHUHRQHFDQDFKLHYHFRQGLWL
FRUUHVSRQGV WR =RQH LQ WKH)LJIJXUH 7KLV SURFHVV V\QV
RIDFWLYHVSHFLHY SURGXFHG E\FKHPLFDO UHDFWLRQV WDNLC
GLDPRQG VXEVWUDWH OHWDVWDEOHFRQGLWLRQV DUH DFKL
DJDV WHPSHUDWXUH KLJK HQRXJK WR SURPRWH JURZWK 8
VIQWKHVL]HG LQ D YDULHW\RI ZD\V ZLWK FKDUDFWHULVWLFV
GHSHQG RQ WKH PHWKRG XVHG WR JHQHUDWH WKH UHDFEWLYF
DQGJURZWK FRQGLWLRQV

,QDGGLWLRQ ZHFDQ GLVWLQJXLVKWZR EURDG FDWHJRULH
7TRS 'RD@QBRWWRP 8S DSSKIRDHMWHKWH 7RS 'RZQ DSSURDFK LQY
ZLWKD ODUJHQDWXUDO RUV\QWKHWLF GLDPRQG FU\VWDO D
GLPHQVLRQV E\PLOOLQJ WKHERWWRP XSDSSURDFKFRQVLV\
FKHPLFDOV Y XFKKHMV\HAWMHFKQLTXHY KDYH EHHQ UHDQE DHUGI E\ 6
VXPPDUL]JHG LQ )LIJXUH

7TRS GRZQ DSSURDFK

$V WKH DSSURDFK SURGXFHV 1'VIURP PLOOLQJ ODUJH GLDF
PLOOHG QDQRGLDPRQGYV 0 1'V $OWKRXJIJKWKHWRS GRZQL
WHFKQLTXH WR SURGXFH QDQRGLDPRQGV LWVXIIHUV IURP \
FXWWLQJLQWURGXFHVHYHUDO LPSXULWLHVIURP DEUDVLYH
SXULILFDWLRQ SURFHVVHV ORUHRYHU 0 1'VDUHOLPLWHGE\V
DQG VXIIHUD VHYHUH VWUDLQ WKDW FDQ UHVWULFW WKHLU I
DUHPLOOHGDUH SURGXFHG IURP +3+7 RU &9' SURFHVVHV ZKL
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