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$,06 ODWHULDOV 6FLHQFH

T 2, PDWHUVFL
SHFHLYHG  -XO\
$FFHSWHG  6HSWHPEHU

3XEOLVKHG 6HSWHPEHU
KWWS 72ZZ DLPVSUHVV FRP MRXUQDO ODWHULDOV

Research article

J,QIOXHQFH Rl PDFURPWRRRBRQUBBR\ RHUIRWPDQF
QDQRFOD\ PXOWL OD\HU JUDSKHQH HSR[\ QDQ

5DVKHHG $WLI DQG )bzDG ,QDP

1IRUWKXPEULD 8QWL RH Y 1MQHHUAQIW QIESEIYW BRQWHRIMOHFKD Q
&RQVWUXFWLRQ (RO QYOMHUXRRQIMDYH LQJIERPBQLWHG

&RUUHVSR@®GHQFHDZDG LQDP#QRUWKXPEULD DF XN 7HO

$EVWUDAWXHQFH Rl WRSRJUDSK\ RQ WKH YDRBHDWILRQ ZW |
PXOWL OD\HU JUDSKHQH 0/* QDQRFODN® SRJAX GDH)® F R R 8 Rl
VIVWHPV ZHUH SURGXFHG ZW 0/* (3 ZW QDQRF@W (3
QDQRFOD\ (3 7KH LQIOXHQFH RI V\QEHULRWRBQWHHE® FOQ/HP
QDQRFRPSRVLWHV LV DOVR VWXGLHWEXO®DHGRXYF®RG R JRD[E R X
KHLIKWWES URRW PHDQ VT XDBMNJIKDOIXN, BPFBGDIKUIDFH, ZDY LQ
7KH; 5RI DV FDVW ZW 0/* QDQRFOD\ DQG QRROD\ 03*
QDQRFRPSRVLWHV ZHUH —P HO\ DIKE 3 DEUDMV®
DQG WKH YHOYHW FORWEXGHEUMDNSEGHWKFRBSDUHG ZLWK DV
WKH 3 DQG 3 DEUDVLYH SDPBEXNVLQRHHDR HGKWKIHHBRYDO |
VDPSOHV E\ HURVLRQ WKH GLPHQVLRIQ\KVRIORD/R/SGNW @HRF U
FRPPHQVXUDWH ZLWK WKH FRDUVHGQHWHR | VDE\D VLY H.\S PR
LQ HQKDQFLQJ WKHIRHPPRQGHFRD HSSR[\ VO FRPRERAVQBAH VQ T
ZDV REVHUYHG WKDW PHFKDQLFDO SHWRURDIQEH RR W\E V IKC
GLIIHUHQFH VXJJHYWMLIF WK DHVE W QGBI Q RW /¥ VDIQREQQ THQ RF O D\

.H\ZRUGWRSRJUDSK\ PHFKD@AH DOUSHWXKRIWHP WREIKQBYRFOD\Z
HSR[\ QDQRFRPSRVLWHV G\QDPLF PHFKDQLFDO SHUIRUPDQFF

 QWURGXFWLRQ

7KH WULERORWLRDORS$ ULRMOHI S\W B FIKKYL\H SRXFKLW ILQGLQJ SU



LQWHUHVW WR HPSQRD O KIQR LIQH RPHBED @S FOLFOMMWMR SKHQRP
XQGHUVWDQGRUQDRE WURLEWRBY RAFRN RI URSRUWKEBEOQ MHK W R QW
EHWZHHQ WRSRJUDRSKEXOR SHIRS KURNHDW K H®Z HRULBSVLVWDQ |
SRO\PHUV VXUIDFH FRDWLQJY DUH DIMGWLBEG JWRZW KE R FDFX
VXEVHTXHQW GHSRVLWLRQ FORVHV WRHORUD ANH NRSRIYB S
SHU WKH GHVLJQ VHUYLFH UHTXLUHPHQWWLTXHV@ L Q&
JDOYDQLF HOHFWURFKHPLFDO GHSRVY DW VRKD BVQED O\D ¥ PIB MK
KLJK ORDG VXSSRUW > @

7KH PHFKDQLFDO SHUIRUPDQFH RI SR®\WHG®E \ZIFDIQ \E KHY L OF
RI QDQR ILOOHUV > XOWLBOHKBQQWR SHOOHGBVLDRUWKGL SRO\I
VIQHUJLVWLF HIIHFWV FRPH LQWR BPWV >W@&H '&HVWRUVLRQU
QDQR ILOOHUV JHWV EHWWHU WKDQNZKHQSVLOROWR QB QRKIH (
PHFKDQLFDO SHUIRUPDQFH RI K\EULG OD@RERRSR¥HWHY: 1B X
QDQRFRPSRVLWHY DQG GRSHG WKH V\WWKIDRV 2W WK GLLWSHQ WV
QDQR ILOOHUV LPSURYHG LQ WKH PX®WLODKHWH IMDQRFAPS
&17 DFU\ORQLWULO®H E %% b G QH@HR FRP\BRINGL WHW FD @ GWEKRQD QR f
DOVR REVHUYHG D EHWWHU GLVSHXWMRIQH V WIHS IR LRW H®D QK DLV
HIITHFWLYH LQ LPSURYLQJ WKH GLVSHRVNGRQQNYPMRP FRVE WH
FRQFOXGHG WKDW WLWDQLD FDQ HXXX IVKPH VEK HE GR ¥ 8 HALRVALFR(
YROXPH IUDFWLRQ Rl &17 FDQ EH XQURBRUPRMN G WSIQWW REG LER S}
GLVSHUVLRQ VWDWH RI D QDQR ILEQBHEN RQRWKH UH QA\DHQRW
HIITHFWV FDXVHG E\ K\EULG QDQR ILOOHUV

7KH PHFKDQLFDO LQWHUORFNLQJ PBOQRIQNS UR YWWHK W QD Q @ WRI
OHFKDQLFDO LQW HIFHREKHQ JWKBIN VO $O DWW U KWILRIY ORFN |
UHVXOWLQJ LQ \DWUIR@WH U DLRWMWLRBIFDIHL OGCUWEZRY WWRJ RI W
SRO\PHUV FDQ EH HQKDQFHG E\ P DN QD QK KL H ODWHRKL PRO K> |
SRO\PHU ZHWWLQJ DQG PHFKDQLFDO JKQWHWORFANLQWKRI [ILLE
LQWHUSKDVH LV VROUH QRN IQHRBIFGH FEN GDARS R J @D SV VWAK H. Q10 X H
LQWHUSKDVH OHYHO VLPLODUO\ WWHWIRS RIUDSXD CR IL EXRW\
VLGH LW LV LPSFDWDNS/S QQFWYWLRROBWLVRK HULAEWLRQ LV VLJIQ
XSRQ WKH VXUIDFH FRQGLWLRQ > + @QLXFDON ISH URRWKHLQ N!
QDQRFRPSRVLWHY LV DOVR GHSHQGHW FRRQ WIRLSR JUROVB KK H AK
JHQHUDWH WULD[LDO VWDWH RI VWWIRWWP XD V HZYKLUF K OW IGH
7KHUH IR U HR BHWDYIDOWHL@® ® HR FW KR VRRISRHBRBRLFDO SHUIRUPD
QDQRFRPSRVLWH VWLIKH FHDVMAKQRVWLDIOE IRWWNL G B B OIKNG G HHWHIBRO VAL OV
WRSRJUDSK\ V\QHUJLVWLF HIIHFWV G GRLNBHLYLRIO VSHIMWRU
QDQRFRPSRVLWHV

,Q WKLV ZRUN ZW 0/* QDQRFOD\ (3\VWHERERW B RD/EWHA
WR PRGLI\ WKH WRSRJUDSK\ 7KUHH GLIIHIW QW *V(\3/WHPXWZt
QDQRFOD\ (3 DQG ZW 0/* ZW  QPH RF OM Y HU JLR/AV LB 1)

PHFKDQLFDO SHUIRUPDQFH LQ FDVH RVWXBUWHG QDKIR MRPSSR
PHDVXUHG XVLQJ DQ $OLFRQD RSWLFIQ LG EBRMFARSIP D DEM G
SHUIRUPDQFH DQRQ WHKMK WRIRDWISKH\RIZBODKYRARRSRNGW 7|
LQGLFDWHG WKDW W KH MR SIRFIUDVE KIERSMHIF WWR @/ MGK 15 LR S H U W |
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0/* QDQRFOD)\ (3 QDQRFRPSRVLWHV ,QD\WGRHRMKIRIL. FDW BBVIF
K\EULG QDQRFRPSRVLWHY GLG QRW QKREKD\WDURHGJEVWHE H
VWURQJ HQRXJK LQ 0/* DQG QDQRFOD\

ODWHULDOV DQG OHWKRG
2.1.Materials

0/* SXULW\J VBPHFLILF VXUIDFH DUHD —P PYBUWD JH
WKLFNQHVV XVHG ZDV SXUFKDVHG U PP ORDBKMI H BRRIFOPD
VHFRQG ILOOHU DQG SXUFKDVHG |URWKH JPDQREGDLARK EKW O
ZLWK OHQJWK + —P DQG KDV D WXERH oKNHQRIRFACRIDRYE 7K
VXUIDFH DUHD LW KDPV ORZ HOHFWULFDO DQG W KH3PRDIXH FF
LQWHUDFWLRQV RQWXAHF ROQW UR K\ THKZRIUM DWRXSVWIKER. OLW\ W
K\GUR[\O JURXSV 7KH WXEH OLNH RRA DHRFZORKRH U FRLQBKWL\RSH PV
QDQRFOD\ D SRWHQWLDO UHLQIRUFHPHIQW HER[\HBRR RDGGR
ZHUH EDVHG RQ ELORKNRER®ULQH DIFK GQIRHUWKROER QRO PG
UHVSHFWLYHO\ 7KH UHVLQ ZDV SXUFKDVH® LIWRRISPQTNXEG
KDUGHQHU ZHUMQ®& a J FIPFHR/SHFWLYHO\

2.2.Production of Samples

7KH ILOOHUV ZHUH GLVSHUVHG LQ QRIG/HQ 9RU KIXEU D JF W
: N+] 7KH HSR[\ DQG KDUGHQHW H HEWHD NGHHUD MRHG KQ &
UDWLR Rl KDUGHQEWZHIRKW DNROORZDLMG MKRQRABK K PLQ L
DJDLQ GHJDVVHG IRU PLQ 6LOLFRQ/H PPROMIGW EBBSOXWHBHV
FXUHG DW URRP WHPSHUDWXUH KLQ D QSR W FXQWLXQUMH ZDWR B
f& RYHUQLJKW SDEBHUNEDBWYVHYXVRIFG DVORG WIRED WXERMWAKM YV R
JULQGLQJ ZKHHOV DW USP

2.3.Characterization
$670 6WDQGDUG (TXDWLRQV DQGLILEDWIXR@G G7TWIR BGHI(

ZDWHU KDUGHQHU DQG HSR[\ ZHWHHVSHFWLYBPQG 9LFNHBV Pl
PHDVXUHG XVLQJ %XHKOHU OLFURPHW |8 KIDNHUYHDOV 7W W W\WEOI

,QVWURQ ORGHO ZDV XVHG WR FRQGXPNWKHONQGINVWH
JHRPHWU\ PP PLQ WKUHH SRLQW EHQGLQPPVHVWP$BLQ '
DQG PRGH , IUDFWXUH WRXJKQHVYV WHVUWFN6OKBQJIJWK PPT P
(TXDWLRQV + $670 VWDQGDUG Z DN SOVFRIG WRRX PRADHAXW |
GLPHQVLRQV [ T PP ZLWK 9 QRDWFE& RI PP WLEPRIGHBWI

(TXDWLRQ 7KH LPDJHV RI LPSDFW RH \KKHRDZX) DLQG) VDRSO H 30K
LPSDFWRU KHDG ZDV J DQG OHQJWK, @ILICASNDH WHRFUX B U Z PR/ (
PLFURVFRSH ZDV HPSOR\HG WR PHDVXUWHSWR SR WDKSHK \P LTAKUR
IRFXV IROORZ PHWKRG ZKLFK LV D QR®@ FRIQ WDRFG\H ® HW K R\GS H
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GLPHQVLRQV PP WHPSBQDWRUH & HfRI UDGPLQ  +] IUHTXH
1 IRUFH ZDV XVHG WR PHDVXUH G\QDPLF PHFKDQLFDO SHU
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JLIXUHPSDFW WHVWHU KHQ® I DS 6 8 IDAHHKGL ESIOPVESSRU
SHVXOWY DQG 'LVFXVVLRQ

7KH WRSRJUDSKLFDO IHDWXUHV RI ZNKRZ/Q (BQQLQOQREFR P
URXJKQHVYV SDUDPHW® HYWXIHHWDHY BHE WIHNOIWHMK SDSHDERQG YHOYI
LQFUHDVHG ZLWK 3 DQG 3 )LIXUH DAWVIKRZVY3IWRM PDNFWR N
7KH VXUIDFH ZDYLQHVV )LJXUH DLDWRHVWKHWKH RPRRFBSRRILY
WKH VXUIDFH URXJKQHVYV )LIJXUH DLLEPIOXAEW X R WIHDVFH QJ R
DV FDVW VDPSOHV LV FDXVHG E\ WKW FFRKOG® W X 8 RRLEHV H G RPRWY/
DURXQG —P FDQ EH REVHUYHG RQ WRHWV KBV XVVZIWQ 061
JLIXUH DLY RI VXYDHFHHVYRLIKKQ IBBPWQBQWIVL]H7KH URXJIKC
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JLIXUH DY LQGLFPX\KQ NWVKD ADWEM®IHORHY LO—WKHLWIX D GHF
UHJLRQ

J)LIXURRSRJUDSK\ SURILOHV RI ZW 0/* (PNOPSWHRO R K
F 3 G 3 DQG ( 3 DEUDVLYH SDSRISW L @ DDA O|
LL VXUIDFH ZDWUWJBWFM UBRXUKQHVV M¥HOMRSERGUDSRHF
GLPHQVLRQV YV SHUXHID¥HJISURIQGHYRQOQ/ROEBWRERPSRV|

JLJIXUH EL VKRZV WKH RSWLFDO PLFURJUDSKHRVHG ZW W &/ A
FORWK 7KH ZDYLQHVV )LIJXUH ELL —4@XEWXDHW MAK H. Q/ X\UK B FU
JLIXUH ELLL IOXFWXDWHV LQ WK K ILMD/QU HE R WE R®- ) QI3UFHD B/
QHDUO\ XQLIRUP GR X WULHEXW VR H RZH WKDE RIR R@DRMW VI7]JKH OD
LQ WKH VXUIDFH URXJKQHVV FDQ EH K ZXWVHGV B'GWRKH VG D PYRIQX
URXJKQHVYV SURILOH WHVXW KD \E YW K@HBXXAD/IDAH KWRX\J IEHF UH D V|
DV FDVW VDPSOH )LJXUH DY

JLIXUH FL VKRZV WKH/BSKWIRADO EZMF ORPSRDIDMHRF SURFHYV

3 DEUDVLYH SDSHU 7KH VXUIDFI®WHEYVLIQHWK H) WXQH RLL
VXUIDFH URXJKQHVV )LIJXUH FLLL FORFWEKBWHRX KO MMH YD
UDSLGO\ WKDQ LQ DV FDVW VDPSOHW@RUMK WKRXHHY 8 UR RMHVH/ N
KDYH GHFUHDVHG WKHEYOXVR/QD QL EHWHW KDW DBDRBXWDXQLIRUP
VXUIDFH URXJKQHVV ZDV DFKLHYHG ZLWK7KH PLRMDIXWD HWLV] HS
JLIXUH FY VKRZM VORDBHWERMXUIDFH QRWFKHYV

JLJIXUH GL VKRZV WKDW WKH PLFURJUDBRFRIVVHGZWEL VK-
DEUDVLYH SDSHU 7KH VFUDWFKHV RIHGH IISURGWFRGLH®WLC
JLIXUH GLL |0 XFMQUHWRIV“ L Q—W KHKQ BWVW KIH URKK JBLLL 1OXF
UDQJH RI * —P 7KH *DXVVLDQ GLVWUWHLVE XYW DRQ WK.H XGWRP L@L
IUDFWLRQ LV 7KH URXJKQHVV SURHH®HQ RMWIKKHY G PH YV KH

AIMS Materials Science 9RO XPH ,VVXH



VXUIDFH E\ WUHDWPHQW ZLWK 3

J)LIXUH HL VKRZV WKH PLFURJUDSK RI VH@WLWK (3 \SDSS
FRDUVH WRSRJUDSK\ ZDV DFKLHYHG ZIDWK QHVK VWXUXDFH MHRLX
LQ WKH UDQJH RI “VXUYPDEKLORXWHKGHVO XAWXDMWHNWLLQ WKH UL
7KH GHHS VKDUS QRWFKHV FDQ EH \KHHH ® HEKIDRKL O QS HLLFIR(
QDQRFRPSRVLWHY 7KH *DXVVLDQ GHLW WUKIDEX V& RPPQ Q PLQ W UIK DI

URXJKQHVV LV 7KH VXUIDFH SURRDQHNH)WRKSRIUDS KV KR X
FKDQJLQJ URXJKQHVYV 6LPLODU UHVXOWY RZHOB \RE¥YHUYHG
ZW 0/~ ZW QDRRBPHOHV )LIXUH

J)LIXUH DL VKRZV WRHUBRSN IRADDVPAFVAE VDPSOHFOBRH ZDY
JLJXUH DLL RI WKH VDPSOH YDULHFEHWRXHD HV V- P LZKIUHH
EHWZHHQ “ —P 7KLV VXUIDFH URXJKQHMD FI/ FRHALDX UIDFER
JUDSK VKRZV WKDWBRERWWG QRRVBAKIYSDNMH¥BYW RQZW FOD\
7KH *DXVVLDQ G LWV WDLEX WLKRRZ V) MIKIIW LWH H. \WU RX YRAQUHAE X W H G
VL]H IUDFWLRQ RI 7KH URXJKQH KD \8 URR V@/HR I) W KM HJ RDXY K @
“ _P ZLWK D GHHS QRWFK UHG UHJLRQ

J)LJXUH EL VKRZV WKH RSWLFDO PLF ORI WISKDWIHG ZAWV KF ¥
IRU PLQ HDFK VLEHHRY BRWHO W ER¥D N USED OKHSEBIGLQHVYV )
YDULHV EHWZHHQ “* —P ZKLOH WKH VXDURFY ERXIXKQHYV )
*DXVVLDQ GLVWULEXWLRQ )LJXUH FELYVVEREZYOW KKEM | RAKHO \
ZLWK GRPLQDQW VL]H IUDFWLRQ RI URXJKGHY Y UIBIQUBI) H{ K
EDVLV RI GLDPRQG SDVWH 7KH GLDWRIMHGRSDVWM KBE UMY RUE
GLVSHUVHG DQG DRJIGGR BB U DAMFEBHBHBPRWDFHGURXIKQHVV 7K
SURILOH )LJXUH EY VKRZV WKDWGWRUHHDYVH®G AR PKRXUKGHW R
JLIXUH DY

J)LJXUH FL VKRZV WKH RSWLFDO PLFORJWDERVRHG ZZW K FIOE

3 7KH ZDYLQHVV )LIJXUH FLL Y DKH BAX EHW BHUHRX I K Q-HP/ Z K
YDULHV EHWZHHQ * —P 7KH VXUIDFHFNRXMIQBHNY W QOX¥ ¥R
WUHDWHG VDPSOHV +RZHYHU WKH VRRVSLORWFKHVUKEB X W ICR
VKRZV WKDW D QHVMWLEXMQR® R GREBIGQHMVKZORPREWQRW VL]

7KH URXJKQHVV SFURIVRRZYLWXBNG MHKSI VN WD DAHQQRWFKHV

JLIXUH GL VKRZV WKBDWRWKDHSR SRV L F D/IDWP SPGIDW UHDWHG ZL
SDSHU 3 7KH VFUDW@WHVLRH BQIGHRELHQRVDWHRRQY ABQ |
JLIXUH GLL YDULHV EHWZHHQ * —P)ZKEXOH VGKHLVXDDEH
“ _P 7KH *DXVVLDQ GLVWULEXWLRRPLILIEQW GRXJIKKRZY W
7KH URXJKQHVV SURILOH )LIJXUH GYH VKR Z\D RSKIHN VG M HSF € RE
ZLWK 3

J)LIXUH HL VKRZV WKH RSWLFDO PLFORJMWDISRVWHG ZZWK FXE

3 $ FRDUVH WRSRJUDSK\ FDQ EH RBMWMHU WH® L AKHE HMWAHHY
WKH VXUIDFH URXJKQHVV )LIJXUH HLH LG HHBU ISRV QBN HIHRW
REVHUYHG ZKLFK FDQ ODWHU LQIOXHQNWFKH WK SFOHHK D QK AD !
GLVWULEXWLRQ M MKBW HELRP IMKIRZW QU RX J K Q HW KIHF &/ DX& WR.I L O +
ODUJHU VDPSOH )LIJXUH HY VKRZV WRDWZEWBUDEUWRSRY
URXJKQHVYV

AIMS Materials Science 9RO XPH ,VVXH



JLIXUHRSRJUDSK\ SURILOHV RI ZW QDQRFOD\ 48 VDR B/(
FORWK F 3 G( 3 DEQGVLYH SHBMWHW  |Q POWLFDO L
LL VXUIDFH ZDWYWWlQBWM URXUKQYHVV NMHOMRERGEUDSERIHF
GLPHQVLRQV YV SHUXUHD@QWBJIJSHUDIQUAHHYRIQVROGBPWREBERPSR VI

J)LJXUH DL VKRZV WKH RSWLFDO PLFURJUDE K FROIDD \( 3F D B /S
7KH ZDYLQHVV )LIXVBPDQH YO UWHKW EBKLAHH@KH MPUIDFH
J)LJXUH DLLL YDULHV EHWZHHQ “ FRPLDKLM RRUWVKFHHPRRXG] K
VXUIDFH URXJKQHVV JUDSK VKRZV WKDBW ®RLQWSH G HQRIWF WH

ZW 0/* ZW FOPBOBWDTKH *D XV WL D) JXINAW WDLLEYX WIKR Z V
URXJKQHVV VL]H LVR®LOWQME X\WHG | DK URRIRQHVY SURILOF
VKRZV WKDW PRVW Rl WKH URXJKQHVV OLHV ZLWKLQ “ —P

J)LJXUH EL VKRZV WKH RSWLFDO PLFURFODSK3RVDPS@W WOl
ZLWK YHOYHW FORWK VRGH FR@® URWDRWQWEZREBOW ZHWE& RI
ZDYLQHVV )LIJXUH ELL YDULHV EHWHERMNQKQHWP FKIXQH WKL
EHWZHHQ “ —P 7KH *DXVVLDQ GLVWUWLEXMKHR @ R XLIKXQUHV VE ¥
XQLIRUPO\ GLVWULEXWHG ZLWK GRODQDOW IVQJH RJIDFXWLRG HR
EH H[SODLQHG RQ WKH EDVLV RI GLIIPR @G SDVWH SBHWILD®
7KHUHIRUH UHPQDQW GLVSHUVHG D Q GFPQWYREKWHEGH & RZD
URXJKQHVV 7KH URXJKQHVV SURILOWDFLH XURKJE D H VK RZO/L Nk
FRPSDUHG WR DV FDVW VDPSOH )LJXUH DY

J)LJXUH FL VKRZV WKH RSWLFDO PLFURFODSK3RVDPS@W WOl
ZLWK DEUDVLYH SDSHU 3 7KH ZDYWLDHNY JYLIXYW EKL OH
URXJKQHVV )LIJXUH FLLL YDULHV BHWHBNMQOXFWKDWH PR
LQ DV FDVW DQG YHOYHW WUHDW H GHV DIBOHH \G HFERIZHHDWHHG W
GLVWULEXWLRQ )MWKDW FLYHDAKRZMIORORRP URXNVMQHEY ZDV |
GRPLQDQW VL]H IUDHFWRKQKRIHVY SURIVARZVLWKDW PMKHUH |
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VXUIDFH QRWFKHV

J)LJIXUH GL VKRZV WKDW WKH RSWLFDO BWFURADDEX VFDIPS
WUHDWHG ZLWK D EKBIVY FHDIDSKHN HRB GG | RHULHH@W MW LRQ FDQ
ZDYLQHVV )LIJXUH GLL YDULHV EHWERXIDKOQHWP JAKXOH WXL
EHWZHHQ “ —P 7KH *DXVVLDQ GLVWKDRXWIKRQ G RIPIQIH WG
IUDFWLRQ LV 7KH URXJKQHVV SURHIHGHQRMWKKIHY 6P H YV KH
VXUIDFH E\ WUHDWPHQW ZLWK 3

J)LJXUH HL VKRZV WKH RSWLFDO PLFURBODSK3RYDPSQ@MW Wl
ZLWK DEUDVLYH SDSHU 3 $ FRDUVHKW RORILDMHIMA BDODXEH R
EHWZHHQ “* —P ZKLOH WKH VXUIDFHVURKWRBHQV* )LIXRJH7KH
SRLQWHG QRWFKHV FDQ EH REVHUYHBKDQLFD G 08Q ROMHUL HY
7KH *DXVVLDQ GLWVHLEXWKRQGV)WKINWQ B8RP LQDEOWLRRXLV
SURILOH RI ODUJHU VDPSOH )LJXUSK\HW SKRYWQWKZWWKRD B\
URXJKQHVYV

JLIXUH7RSRJUDSK\ SURILOHV RI ZW 0/* HAW QDQTF
D $V FDVW E O9HOYHW FORWK F DEUDVIGYH SDSHQE (
FDVHV L RSWLFDO LPDJH LL WRNDEQHXYNY LGHHFW HIG
LY WRSRJUDSKLF DHU E H P MDY IHY DVUBRFHGH RI VHOHFWHG U
QDQRFRPSRVLWHYV

7KH YDULDWLRQ LQ PHFKDQLFDO SHUIRURDQFHIXALAMK W
GHQVLILFDWLRQ Rl WDRDPVHNURKXIXE W ORYE EMMWHDWLQJ D
JLJIXUH E ZDV KLJKHVW LQ FDVH RI H P LDFURKOLWYGQBEB S H YL
LQFUHDVHG LQ FDVH Rl QDQRFRPSRVIOWGHV S3 BPWWHG HELUMK
VDPSOHV ZHUH SURFMHY®HG3 LB VL $H DIDBXR W LFKRKD UG QH
UHFRUGHG LQ FDVH RI ZW 0/* ZW FRB\<BXQDRNR PRR

AIMS Materials Science 9RO XPH ,VVXH



JLJXUH G LQFUHDVHG LQ DOO FDVHAMVWKHQ 3 DFESUDHAL YZH (SH

YHOYHW FORWK +RZHYHU WKH VWLBRWVWHVHEN BB \SHR ZHW\

DQG 3 DEUDVLYH SDSHUV 7KH YDOEHVHRQX®QFINVEHEW ISR F

QDQRFRPSRVLWHV ZLWK YHOYHW FOEWSURFGE VVLD S MNSKHH OIQ

ZLWK 3 DQG 3 SDSHUV 7KH PD[LPXPXV QDUH REN HLQY KB XIQG
ZW 0/* ZW FOD\ (3 QDQRFRPSRVRRRPS ROIONHY BID\RHF H
3 DEUDVLYH SDSHU

JLIXUH D 'HQVLILFDWLRQ E ZHLJKW ORVNKDRLHDL&URY
SHUIRUPDQFH RI ZW O0/* QDQRFOD\ (3JdNVNQRFRBSRY XW
H 876 Il WHQVLOH VWUDLQ J NMPXWQIW KR RGEXOXN[X KD
M e NgZ*DQG ¢ &KDUS\ LPSDFW WRXJKQHVYV

7KH 876 )LIJXUH H DOVR LQFUHDVHGLMWHW QG URD \BH\R ZHKV-
3 DEUDVLYH SDSHU DQG YHOYHWHFUORWKH & RZKH® W KWK® DV
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ZHUH SURFHVVHG ZLWK 3 DQG 3 RZUDKIDWW SS/BSHLY EHK HP
WUHDWLQJ WKH QDQRF REIDWLLW H VS DSWRO B Y& DIQCYEHFUHDYV
WKH QDQRFRPSRVLWHV ZLWK 3 DQG X3PDEUP W UYH DSDISH U
REVHUYHG LQ FDVH RI ZW 0/* ZW S OPRHSVRIBQRIEWR R
DEUDVLYH SDSHU
7KH YDULDWLRQ LQ WHQVLOH VWUDDQURLWK7WRSRIQDER
LQFUHDVHG ZLWK KLJK VXUIDFH URXRAQMKN YBOXAWLRW EDC
VWLIIQHVYV YDOXHV 7KH WUHDWPHQW\ 2L MK EYHHD ¥ KW QR G RIMK |
+RZHYHU WKH WHQVLOH VWUDLQ VGRMIMVLDH U H CBVHRG KW}
DEUDVLYH SDSHU WU RLVKHORZ Q HEAXQIMYR BRW $IR WLHAGH YR DKI O H[ X U
JLIXUH J+L 7KH YDOXHV LQGLFDWH RWKDRD GHR Z LWKH | MYK
FRQGLWLRQV IRU HDFK FRPSRVLWLR@DW®W KSH B HRUP B Q P H LKIDQVE
FDVH RI ZW 0/* ZW FOD\ (3 QD @RMRP SR g LMEHAD 8 UNRHF B\
7KH YDULDWLRQ LQ IUD FAVYWKH WRRSRIKUIDIS\KY LV VKRZQ LQ
UHPDLQHG LPSHUYLRXV WR DQ\ YD UHDWLR@GIDQY & &SR LDMELKR Q
W FDQ EH H[SODLQHG RQ WKH EDVEY \RIXWHS RW R RAVKMDKU S$H QL
WKDW PD\ QRW BUMDXW M DWIXI\H ®IQ @ TOBIFN R FDKH ERIWE HV W U L
YROXPH IUDFWLRQ RI SRURVLW\ LQIOQFH FRIQ D DAXRF RPAHSFRADLC
YDULDWELRQWK WRSRJUDSK\ LV VKRZQ QRU HDNKHG ZNW KKIHQF Ut
URXJKQHVV YDOXHY UHPTHYQ}HG DRSHUYLRXV WR WRSRJUDSK\
* ¢ VKRXOG QRW GLUMRWOY DUH\DVOWR Q BREDW RGRYUBIBG\E\ VWL
FDOFXQD®M WVWLIIQHVY GHFUHDVHG ZLWK LB¥UMIXWHLUGHI RAXH | L
YDOXHgRIHWXOWHG E\ LQFUHDVLQJ VXUIDFHK U RXRIKIMAHV W RXF
ZLWK WRSRJUDSK\ LV VKRZQ LQUHRBUGHG LIFEWMKRXRKYV. WR
WRSRJUDSK\ KRZHYHU WRSRJUDSK)\ \PKSOZEMG VDRSURQRXD AHE
WRSRJUDSK\ LV PRUH LQIOXHQWLDO XQGHU LPSDFW ORDGLQJ
7KH YDULDWLRQ LQFRDQDFHLFI RUHFEQPH LAL WKRW® Q SLRY ) DBXU H
KLIKHWBV, REVHUYHG LQ FDVH RI ZW 0/* OHVZIWQ GLFQRA
WKH QDQR ILOOHUW R DSYIHR WLKGH DVEEED UKD O L ¥ /OEG L GRWQWV W U LF V
FKDLQV DV ZHOO DV E\ HQKDQFLQJW®H T BURFMVRQ QR ALK
QRW LQIOXHQFHG WKH G\QDPLF PHFKLOLQWHD O, \8 HW/I FEMHFIDXMHH |
PHFKDQLFDO SHUIRUPDQFH LV PDLQWYD FeSHBH Q8G/H W WHRQV RHKGIWA
SDSHUV GLG QRW FKDQJH VWUXFWXHHLRY @IKEH Q@PW RFAKRPGRV
PHFKDQLFDO SHUIRUPDQFH ,W FDQ HXQRMWHRAKHEHXBRWROX G H<
FKDQJH WKH G\QDPLF PHFKDQLFDO SHUIRUPDQFH RI QDQRFRF
7KH VXUIDFH URXJKQHVV RI DV FDVW QN®R FIRFPHS RMLXV KD |
QDQRFRPSRVLWHV SURFHVVHG ZLWK YRBYHW—FOPWIE DQG—|
UHVSHFWLYHO\ 7KHUHIRUH WKH L QFUWHH®N\N HLG) VB R 6 WKHG GRHREG
URXJKQHVV YDOXHV +HQFH VWLIIQHW ¥ ID® & HV WRISHIRIYNHKG R\ QA
ZLWK 3 DEUDVLYH SDSHU DQG YHOYHW HF QRW BEK QKWW KH
QDQRFRPSRVLWHY SURFHVVHG ZLWK FDPHOG —® DEGDVYLYH
UHVSHFWLYHO\ 7KHUHIRUH WKH GRF QIR RS R WILWHIDI VEK
ZLWK 3 DQG 3 DEUDVLYH SDSHU FDQ XU UMD WRXSI KVGRH W\
VXUIDFH URXJKQHVVY YDOXHV DQG GHWDEDY RH FNAKW B G F\ R
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XS WR DERXW “* —P LV EHQLJQ IRU FRPISRYLMHY/ SEIURROPDQ!
SHUIRUPDQFH VWIHWNVXEGHD PP WIRXUIK@HR/'Y H[FHHGV *

JLIXUH\QDPLF PHFKDQLFDO SHUIRUPDQFH RI V DWIVO/* (3
FROXPQ ZW QDQRFOD\ (3 PLGGOH FROXB®@W DQG
QDQRFOD\ (3 ULIJKWWRRXPIH PREXBBEXOXAI JGRVVDR/ O
IDFWRU DQG Mze 7J 7DQ/ ORVV PRQGXBXW RLQUG WSNRRUGEL
7,

7KH¢ YDOXHV RI QDQRFRPSRVLWHY UHPDLQHGRISRIHDBKR X,
EH H[SODLQHG RQGWEH CHDV LR R HOAMBD R W@ KOHOG WKW IZLGHU
VXUIDFHV Rl WKH QDQRFRPSRVLWH\DYHYH RISH USU RTEKHHYV WK G Q
QRW SURFHVVHG 7KHUHIRUH ZKHQ BWHQGDOHB \ORDWKQUIRDDW F
ZHUH RULHQWHG DORQJ WKH ORDGW®X D[IP\P 720+ \PLY AKRE W B H
VXUIDFH QRWFKHV JHQHUDWHG E\ WHKH IREWDWRKH BDISHQWDYV
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QRWFKHV ZLWK UHVSHFW WR ORDXUQD FIM L/R VG & HW K 2L W I OUDHA
QRWFK FRXOG SRVVLEO) ¥EKRZKB QRDWROMWKR® ZLWK WRSRJ

7KH LQFUHDVH LQ KDUGQHVV FDQ D® WRX EID FHH O B WHGQ KW
VXUIDFHV DUH FRDUVH WKH LQGHQWH U PDK DANW DWH WE H VN GL
REVHUYHG E\ WKH PDWHULDO DQG KHQMKLVWRY RDIFOQHEWD H LLC
KDUGQHVV ZDV UHFRUGHG LQ VDPSOKWD\SIWRFSDBHG VZ LXK W KBt
ZKHQ VXUIDFHV DUH VPRRWK VWU RGH WPHW N WLIDGF B JDLLAY0/ \' H\
LQGHQWHU ,Q WKDBWHNYVHELXKQ JKHKRO\GHEMHEK H KIRVFREOH U
KDUGQHVV REVHUYHBHVMYSQREGRVRPSRAL SR SH B MEG DNHIOYHW F

7KH WUHDWPHQW R ZW 0/* QDQRFODD VY2 YQHD SRERB SRV
WRSRJUDSKLFDO IHDWXUHV ZLWK &IF\KSDNU DMKH R U L\HIQDASIHWDR R C
IURP WKH YDULDWLRQ LQ VXUIDFH IUBSBUKQHOWH\D @G W KHH SDLS
$QRWKHU PRPHQWRXV UHODWHG SKH@RRHQR QGF D:® HEG! WKRY V|
UXEEHG DJDLQVW HDFK RWKHU WKHURPVKQWVRI RHUWR K HRRD &
(YHQ WKH EHVW SROLVKHG VXUIDFHWFREBRE UKY HIF B UR X JKH
VPRRWK WKH FRHIILFLHQW RI |ULPFWILNRH LSOORE 2KBQQW KH GHRY
VXUIDFHV DUH FRDUVH WKH FRHIIOBLHGWHR R VLIRRQVWRQ HY &0
ODUJH HURVLRQ WKHUH LV SRVVLERWLW\QWKDWZ /K W B HEWE B
WKH\ JHW WUDSSHG LQ EHWZHHQ WKBI\ FFIRW OQN R WG RHRHWR 7l
LQWHUORFNLQJ DQG FROG ZHOGL @IFFR XQXW | DW¥KHQQU M G\X EW W
FRXOG EH D UHDVRQ IRU FRDOHVFHQAHG DKIB LRKRDND MMEH & DAL
UHVXOW LQ WKH IRUPDWLRQ RI GHHD GWDWHUWHJITRGWH FAJKHN
SHUIRUPDQFH RI PDWLQJ VXUIDFHV EAHRFXVLORXVWQHVY BRF
WKUHVKROG PD\ VIRIQDLWH [P® WIOD @GLHRE BQUB.H B FRRIPFSIRYE M H V

$V DLU EXEEOHV KDYH ORZHU GHQVLWEKHNKDIQQS KW R/ ARR YHE
HSR[\ GXULQJ FXUL®J DAKHEXEERHRWRW\GLREEBWONRWKH VL]H
6RPH RI WKH DLU EXEEOHV PD\ HVFDSH WWHHL Q KQRKRB SRV
SUR[LPLW\ WR WKH VXUIDFH +RZHY Q& WK \DHE OH UVRXEHE DBt
QHDU WKH VXUIDFH VXFK WKDW W KW KEHL YU DEFX4E BMKHD\Q 2L K1
7KH VL]H RI ELJJHU EXEEOHV PD\ EHLBODQWHDHPRRQM RRV ROXA
WKDW FDQ IXUWKHU FDXVH GHWHUQRH D WKHIDHLRUW K i HPRHREK DG,
IURP WKH VXUIDFH ZLOO UHPRYH WKRAKBUSHDNVHEIQFK RDNR U LE
WKH VXUIDFH FDQ KH QLWIQWNWNGHD® W8 URGNXFHG AFDWERQ QI
HSR[\ QDQRFRPSRVLWHYV XVLQJ YDFXXR EXEEQHV 7AHIHJABRE
WKH HGJHV RI SURGXFHG VXUIDFHV&:7 @HIZRHRUKH®E KHDP S0 R
EXEEOHV WKDQ WKRVH6RPWKRIXW K&1 D BWRORAK\R K@ YWKDW DLU
UHWDLQHG LQ QDQRFRPSRVLWHVY SURGKFH G X ¥ HDWXHR &XW LI
PDWHULDO LV UHPRYHG WKHQ QR W FRRYG\GW BN W YOUD B R HW® R WLF
DLU EXEEOHV $ VIWKUBG WRFRQYUBXPQIGGFDOWRAMW)RU H[DP S
FRQWDLQV VFDOH DW LWV VXUIDFHELWKLR[\QHQURW WIKHK WNHHDAFS
SURGXFHV LURQ R[LGH 7KH IRUJHGRYW HHGS IS @ UWG DRICHN A K
JHW VXUIDFH RI UHTXLUHG ILQLVK D®HD PWDIWHODOZPD\ WKHHR
PHFKDQLFDO SHUIRUPDQFH RI SRO\PHU QDQRFRPSRVLWHYV
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&RQFOXVLRQ

7KH ZW 0/* QDQRFORFRIBRRVIDWHYV ZHUIR 8XFFIGVN QG OX L
QDQRFRPSRVLWHY ZHUH SURFHVVHG HUWLW K7 K H CPYHHFW DROLE\D B D
PHFKDQLFDO SHUIRUPDQFH ZDV VWXG RNGWRH W XAK B AHX B ROG-IH
GHFUHDVHG E\ SURFHVVLQJ WKH QDQG®FRPS REWMHW YZH WSKD
HQKDQFHG E\ 3 DQG 3 DEUDVLYH SB SHUM VAKH V8D S B W PHKE
UHVXOWYV WKDQ BWKMU 7XEHU BARLSR LBDSKN OR DIQQ MAX®Q ALHF WK H
SHUIRUPDQFH Rl QDQRFRPSRVLWHVUD&HQW HEWLD M X3 R BH UIR
“ _P 4+RZHYHU IOH[XUDO SURSHUWLMHYKD WK DM WWH QN Q@ HWE
VWDUW GHJUDGLQMH DNWEVLOH VRV UHKQZIW KO R (BVQPIMERP SRV L

03D ZKLOH WKDW RI ZW QDQRFOBD (37 RD QA A RPSIRY LSV
PLFURKDUGQHVV VKRZHG VLPLODU WGHGGWKIWHWH IRW P R UW
WKDQ QDQRFOD\ LOHF®RDQFDQJSW KHR UFDORFAR RS RWVER[MYV 7K

VWUHQJWK RI DV FDVW ZW 0/* 2WN. WRIIVQLRF O D033 DIOLFK
W R ZW 0/* (3 QDQRFRPSRVLWHV 7KGHW KDRW N\ QMU ED\OWEIF F
SURPLQHQW HQRXJK DW ZW WR FDOXV R HF KO.Q QE DICF BOIW | R

SURGXFHG QDQRFRPSRVLWHV 7KH WRBRJUWDKSHK LEG\DRMD A HD WXt
SHUIRUPDQFH 7KHUHIRUH LW FDQ EIHFBRQFHXIKRHE DKWL G \IC
WRSRJUDSKLFDO RHPBWX UWW R I DD QRIBVW XS WR “ —

$FNQRZOHGJIJPHQWYV

7KH DXWKRUV ZRXOG OLNH WR WKDQG ZRKMV WS B EWLPRI® \(\Q |
IRUWKXPEULD 8QLYHUVLW\ 8. IRU WHKH\SURWKRR®Y R K UKV M
UHOHYDQW GDWD ZDV QRW SRVVLEOH
&RQIOLFW RI ,QWHUHVW

$00 DXWKRUWR GHHATFMMRIQRWHUHVW

SHIHUHQFHYV

6FKXOHU 0 .XQ]JOHU 73 'H :LOG ORHW.BRODWHG HBRU\LBE®BQ

LGHQWLFDO GXDO W\SH VXUIDFH WR/PR Bioroes Kiate\ReX XHG L Q
+

/IDP &. /DX .7 L7AODE REHRKD YLRU RIFRPQR Ma& Heltt S R |

+
<X 6 +X + OD - HW DO 7 U LER[O RIXB-BHU SQIRGRER\PLI RNV
Int +
‘LD 6 /ILX < 3HL ) HW DO , EARW LEBOIRUPBDDGE

JUDSKHQH R[LGH VWWHHWK /& H MR [\S R @BW B UFSHHLD HONMWDAR IUNV
IURP JUDSKHQPoI@RQRVKHHW
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$WLI 5 ,QDP ) ORGHOLQJ DQG WHEXSFOONPRQ RDQBBRI
$GYDQFHV LQ WGrkpheri2VW GHFDGH
6LHIJHO 5 +X ( 5RFRVOINUXFWPRQH WRORFH DDRBUWBEKGH VV

3DQ * *XR 4 'LQJ - HW DO TULERSRLIW FDHS EH K\ ¥
FRPSRVLWHTBRIBWLQJV+

%URVWRZ : 'XWWD 0 5XVHN 3 RELOG &/ WISRD FRDW
V X U I D F HEHr@blyth)\ +

=KDQJ :+ +VLHK -+ 7ULERORJLEIOFRB MR QURUVRIL GLD J
HSR[\ PRO G L Q JSERI&IRGS TeGhnol +

&KDQJ / =KDQJ = <H / HW DO HV RIUHBSROR QIDRIRF BRI

&EKDUDFWHULVWLPNMeART WUDVIHU ILOPV

IDFNQHU -0 :DOGKDXVHU : *DQVHUV&RHWRBRJIUDSKOHRKE
PDIJQHWURQ VSXWWHUHG FKURPLXP EDVWIS® VERMIHYHathgy/ R Q
Technol +

$WLI 5 :HL - 6K\KD , HW DO IHDSWHU RV FIRR IS KIRECRRQJD F B B
LPSURYHG PHFKDRVYFDIOHSBRSGDRBFERIP SRV LAWHV

$WLI 5 6K\KD , ,QDP ) 7KH GHIUWEJGRBWURQ HR/I G XA
FRQFHQWUDWLRQGFDRNWE EN UBRWGBCIRYRESCRAYRFRPSRVLWH
$WLI 5 6K\KD , ,QDP ) ORGHORQJIIRQW LHODH H U P 1 Q QX
JUDSKHQH HSR[\ QDQRFRPSRVLWHYV IR UD @ QXUDRIFEBWIYHKH U P
Mater =

6XPIOHWK - GH $OPHLGD 3UDGR /BWDQUWID\MBIRSHEW XO@MW L Z
QDQRWXEHV HSR[\ FRPSRVLWHV (QKDQHHG F®/M S HU \PLXRO
QDQRFRPB&dRME&IWHYV %

0D + 7RQJ / :X = HW DO 6E @ B UQ DD\W WFX ElHI HDFAG FEIO DD |
WKH IODPH UHWD U @GlangtechrRlbgy% 6 UHY L Q
&RWHOO &0 6SUDJXH -$ B6PLGWK )$- 6 X$6 D F+D QG HRRN

3XEOLVKHG E\ $60  QWHUQDWLRQDO 86%
.DUJHU .RFVLV - ODKPRRG + 3HJRUFHWWLQS$ILEHU FFHPM QWY
HQJLQHHULQJ IRU SROJMatér EFIRPSRVLWHYV

ORRQ 6, -DQJ - DOOHGWDBHIQIORFNIDW WRB ZOWMUWIQDPFH ER
SODVPD WUHDWHG 8+03( ILBEMEteDRQG YLQYOHVWHU UHVLQ
1DUGLQ 0 :DUG ,O0 ,QIOXHQFHDBIKM X URIDF R | WBURHOD M/W K
Mater Sci Technol +

IDGL]JHVN\ 1+ :DUG ,0 7KH DGKHPREBRXOERN KPR Q RHKWKRO |
IROORZLQJ SODVPD DQGMatérBeiLFDO WUHDWPHQW

'RRGV ': :DUG ,0XG\ REWKH R[\JHQLWKURR®RB XYW SFRIOKH W K\ (
Surf Interface Anal +

7LVVLQIJWRQ % 3ROODUG * DUGXHQFH RB NWXB\URIVWEH C
PHFKDQLFDO EHKDJYK FPRU RO XXO B/RIDO\ KPS B HWIQWHEM FEU H - F

+

(QIJHONH 5 (QJHOPOWVWW * HWXDPDW " RRPPAGHWRHOEULFD
WHFKQRORJ\ RQ VWURQJO\ VORSLQJ WRSKRYDBKNVYXEYV'
Microelectron Eng * +
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3LWOHU 5. /DQJHU (/ $60 +DQGHERRINEOROKHG ED FY

,QWHUQDWLRQDO 86%

%ODX 3- $60 +DQGERRN 9RO DQ@ LAWURIHFKKERQRDW

E\ $60 ,QWHUQDWLRQDO 86%

'DUULHU $ *RGDUD $ 5RFKH] 2 HWGGELQJ FDUKRQHQB®)

JODVV HSR[\ FRPSRVLWHV LQ WKH Kofpbs Purt A=Q\ppI5QG R U
+

5DVKHHG $ .KDOLG )$ )DE U L FIDW LIRH)L @ KRG FSHIGR SHRUDWR

QDQRFRPSRVLWHYV IR UOR SdiBa WakERiENF DWLRQV

< )DZDG ,QDP HW DO OLFHQVHH $,06

DFFHVV DUWLFOH GLVWULEXWHG XER®WU Wi
SWWULEXWLRQ HPWQVHFRMERVDNEUHYV E\
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