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funcur,nor'iuionyriux,
iuionurcouruninuiru
frunci-LIPSS(LSFL HSFL),c'orinion
rnicuir(┴E)our(║E)àoriionur.
Conuuroniournno-fricion,cri
concnrurcnioniforionLIPSS,n
ricuirforionHSFLuriiu.

Afin'uirinicoiurnioir riux
xcinforionf-LIPSS,nouon'oro
’iorirounfinurrinicoiu
yniu riuxxci.Aini,nouononuun
ruyniufoncionicriuinrinun
iàconfiurioncroniuurucriin. D
iuionrirrincionnuiuiiourrr
fononconfiurioncroniucnucour
'xciion,ron’inicoiurnioir.Lff
inicoiurnioironrincon
cniforionLIPSS.

Sur’xrincforionf-LIPSSurix
riuxiffrn,incunuunniu,uiiciu
iconucur, iicfonuicriu,unuri
onocriinCMSX-4,uniorZr-BMGon
icriincorronnZr-CA,nouuioncni
forionLIPSSnoincroniur
iuioniffrncfininoinor(FDTD),
iàiriuion'nricroniuuiir
yniu'xciionoiur'ouionoooi
cnor’iuionriux.

Nounouconcnronur'oriincroniu
forionLIPSSronunfcurrincioni
urforion.Eurxiur ouion
'nrioururfcrffcroniu.L
ouion'nriroinrincin'inrfrnc



nrrincinonurfciffu(ourLSFL
(┴ E)),cor'inrfrncnronurfc
iffu(ourHSFL(┴E)).Scin,ourHSFL(║E)ur
Zr-CA,nouonrooucnrioforionron
urrocuiniiu’xionniorouc.L
oooi urfc,oun c nor 'iuion
r,inuiunouion'nrioururfcfini
ifirrrocion.
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Cr1
Inroucion
Nnonufcurin i  inuri-c nufcur ofnnocnooy-ojc, iionoconriiiy. Tiinoc-u,ri,nco-ffcinufcurinofnnoc ri,rucur,ic,ny.Nnonufcurincnirororiofri,kinronr,ir,orur,infuncionnccii. In c of urfc rn x incur-rn, ni-rfci, f-cnin, urio- orinfrr-rin, nifo, niicroi, crc-rin,cricyconucifuncionizurfcnoon[NNI16].Aonnnonufcurincnooi,urfroffrnxcncciyfori-ffcifricion,roinnoccnriyci.Sincinnionofrin1960[Mi60],rourcorinconinuouon.Norourccnciirnofnfrouriooinfrr,ouuofroconinuououroru,nnur-ikorof1022W/c2,uofiofriiicoic.Duouicoicinroinofnry,i n c,r cnifyruirn ofnufcurininrnof cro-c.Aonrrourcofcoic,urfr,ciyfoconr(f),crncinificfioourfnon.Tiinioicoion,rniionorforionnrkinofciconinioinofcronicxciion,yonornruiiriucofyic,ciryniooy.Duourfcrcriic,fruircyxcicronicyicoccurucfrnrxioninoicy. Tcificicouinnxciionnrxionoorciyconroinrcionnoroucoificiononicroc.Aoninoninrc,iiuyrruiiofyiniffrcioniinciinnnocfricion.
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Aconuncofiuroruurion,frooconcnrrnryofonyfμJoinniyuofnofTW/c2, yon rucionro of ny ri.Furror,iinniioffronyoxinriouyunknonnon.Infiofnufcurin,frrn:Aooiricnrucurifoconr,uc ,iconucor,icric,oyr,oriooiciu,norifoiriirnrnorou,rorfri;Bcuurrouninrinfrcininrnoffc,o-rocininon;Ariyoficro-cnnno-crucurcnfricinon-rocur,forx,o,roonrinucrioicurfcrucur(LIPSS).Morrcny,iincrofnouuorincorcifr,frconiorninrunfor nnonufcurinininury[Wn11].A jor xiinrrcfi of urfrnnonufcuriniriurfcrocin.Ariyofrciicro-cnnno-crucurcnfricyfriononurfc,iniiyoociznryonciiroriionn.Aroinnxiccurrncofrinucrioicurfcrucur(LIPSS)nrin-ikonriurfcirriiiynorycornourc.Oro50yro[Bir65],yroyujcofincrnionuonurofcinificncnooicron,oniruniriyniiyoociznryooicn.LIPSSrnrycinir n,ourc of rioiciiror[BMJ+14,SYP+83,BRK11],noyronninccorinoircionofxciincricfi.LIPSSroi  f, rci n o-co oo for urfcicro/nno-rucurin.Frorcici,nrionofrurnnocrninLIPSScnicioninurfcninrin nrn, noyinriooy, iiy,cnic,rkinncounrfiin[VG13,HVG12,DSS+10,BKH+15].Ginironiinfuncionizin ri,iorkifocuononicniforLIPSSforion.TforioncniofLIPSSniriiiuinnornnryorforofirriion(..ion[VRV+15])orinurucnonriunr,uinforrcn of rininorcornirriion-rfurnnon-cornro cnin ri on.Sr cni ruoxinforionof LIPSS,incuinroy ocorniroc-nrizcrinninrfrnc(Si) o[SYP+83],oicrnin ocouocrinroc[BRK11],urfconorion(SPP)iLIPSSforion[MM08,DTS+12,OTN+11,MM12],or
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crocoicf-ornizionofunr[VRV+15].Tyinooiccouinirninoicinic,onofcrinourcnnryoiion ifufinofyncroninconrion,innuyonorrrion.Ayoiirccncion  inrfrnc of  incin r riion iurfc-crcronic , ic,incofykforofurfconorion[BRK11,OTN+11],uorforofcrrnoxcu(no
xincofcronicfirucur “ riion
rnn” inSio[SYP+83]).SPPinucforion
oryioninrfrncofincinrfiirinucSPPfor,or,SPPrxciunrconiionof-cin,ifficuofufiforfurfcorforrnofriroiciniconouorSPP.Frorrnciyofkininoconirionroofriuroun [SRO+12, AKO+14] n, uy,inrionnouionirirriion,noyiroiniinfufiinonuconrionforrrnofcoruuyroofiniiucrincnr.Trnorkironinouionrocronicnryiriuionnifocuonynicofoicxciion,oinoooiiirriiono,ncroniciuion.Sr ri in ic,iconucinnicriciorru;izinuinrinricuryoyinorouncryin.InorroinirninoicinicofxciriinLIPSSforion, firoi-rocniuofooynicofxciri.Tuininiinynicoficricfuncionriiinrinicyrocronicconfiurionnicrucur.Firrinciiuionrnuorocronicconfiurioncnurinxciion,roniforrninoicinic.OrinLIPSSforion cni,xrinofriforionon ,iconucornicric rcrriou.TnorooyofLIPSSiornnyzoiniroofurfcicro/nno-rucurinLIPSSforion.).Tfiruionroiriuionofcronicnry on urfc. In orroini ro oficro/nno-rucur in LIPSS forion, fini-iffrnci-oin(FDTD) o[Y66]iuoccuinoonoucronicnryiriuiononurfc.AcoriiiinircoriionSio.Incronicoin,LIPSSforionoriinfroinrfrncnkinofcroniconurfc,incuinurfccr,incinr,urfconorion(SPP)ncooiiffrcincn[GA06,LM7]. WriouciincrinnoninoLIPSS.Scrcronic(SEW)oriin
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fro nno-rournc on urfc, u r nnoric on urfc. T crin crcriic ofnnoriciniffrnriuoocicrinourfcrouoooinoinicroofocizurfcon(LSP)onnnoric[Mi07].Sroriououicorncrincnriofororou nry fi. Pricur  o o- ni-i-fruncy-LIPPS(LSFLn HSFL)forionrouin.Tiirucurfoo:Cr2rinrcofr-inucrioicurfcrucur(LIPSS).AfirriLIPSSroroniffrnoi uon nr-infrrf-r uirriion.Hor,LIPSSforioncnirnoyfuyunrooniunruninonrnionononuioninfi.SrLIPSSforionoriirinfcrinrouc,incuinSiory,FDTD-EMroc,f-ornizion oofun rnLIPSSforionrciy i iurfconorion(SPP),conronicnrion(SHG) rninoicroriurinirriion. WuyinroucrirnforionunrLIPSS,rornncnof riinciry,cooiion,cryrucurnurfcorooy.A,oicionofLIPSSinriurfcrocin,incuinurfcin,riooy,oificionofoicrori, rkinncoin,irinniin,io-icicion.InCr3,riinyicnoninrionrocronicxciionnrxion.Wifocuonoiccouin,firinroucoicroriofoirify.Nx,icurioucoxrocinurfr-rinrcion.Tnrninronofniconucorourfrrrioocoxrocrocronicconfiurionnicrucur,ucoo-xciionof/-n-cron,cron-cronrizion,inrnninrnrniion,cnofcronicconfiurion,cron-icrizion,iciorrnoon.In Cr 4,xriny ofi-roioryiuinxrinirinrouc.Finy,urruonicricfuncionnoicynicofin-cryiicon,unnnZr-uk (Zr-BMG)rinroucnicurciy.Cr5crixrinoff-LIPSSonixiffrnri,inoinunn,iconucoriicon,icricfuiic,in-cryuroyCMSX-4,orouoyZr-BMGnicorronincryoyZr-CA.TnorooyofLIPSSiornnyz icnnincronicrocoy(SEM)noicforcicroco(AFM).Iniion,forZr-BMG,rucurcn iinLIPSSrurycronck-criffrcion(EBSD).Finy,LIPSScrcriicforixrirrciynyznuriz,roiinxrinruforiniinLIPSSforioncni.
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InCr6,fir,FDTDoirifyinroucnniiuoiucofSiory.Scony,ocizurfc onin nnorucur,irffc oncrincronic,rooficro/nno-rucurinLIPSSforionrinroucnnyzyFDTDiuion.Nx,forioncniofLSFLnHSFLonruroyrrciynyznicu.Finy,LIPSSforiononfuiicinyzyFDTDiuion.Finy,concuionrofCr7ruinxrinrunicuioncion,uinforryni of roo LIPSSforion cnrio. Trcicion offrni onfunnuionouxrinnFDTDiuionrrinLIPSSforion,onociicion.
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Cr2
GnrcofLIPSS
Inicr,nrcofr-inucrioicurfc
rucur(LIPSS)rinrouc. Afir icuriou
coxrocinurfr-rinrcion. W
unrinroofoicnrucurrninnirroin
riforion.ScyofLIPSSroroniffrn
oiuonnr-infrrf-ruirriionruriz.
TnrLIPSSforionoriiirrinfc
ricu.Nx,inroucrirnforionunr
LIPSS,rornncnof riin
ciry,cooiion,cryrucurnurfcorooy.
Finy,riooniicionofLIPSSinri
urfcrocinnconuncinoicncnic.

2.1InroucionofLIPSS
Trinucrioicurfcrucur(LIPSS)rrn

ruruccionofrucurrinrinrrnn,
onnouynrycornrriionon ri
urfc;oxofLIPSSroninFi.2.1.In1965,
Birnufiryornononofriinucy
ruyroniconucorurfc，iciconiofrur
rnofcrcknyofrroo(cinofou
1μ)[Bir65].Tiinninofroificrrcfi
ircoforioncninicionfi.In
fooinyrLIPSSrcrnoronnykinof
oiriforrnofruurion.Tiu
rinrncofunirnononinucyi,
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forinuyojcofuyofiork. Morrcny,
uroruriionrcicificnionfori
oniinrininriurfc,fooini
noninrxciionncronicnon-uiiriucninucno
inrcionfur.Inricur,focon(f)r-inuc
riornoforinionnrioiciioonc,
ucrnrn[BNJ14].Unrurf
rioninrnfrofoconoicoconr,
or r y of rur ri rn:
o-i-fruncyLIPSS(LSFL),i-i-fruncyLIPSS
(HSFL),iiffrnorinionr(║E)orrnicur
(┴E)ororizion.Tyronirnof
rininonirriionconiionnoinici
xroino.ForxinFi2.1,LSFL(┴E)
xiiyonunn,iconucorincryiicon,
uk(BMG),cryoy(CA)froBMGn
uroy CMSX-4. Ty crcriz oy ic n
o-nri.LSFL(║E)xionrnoficricn
oronfuiic(Fi.2.1(c)). Hii
fruncyrucurruyroronriourii
rioicii(ono100n),HSFL(║E)xionCA(Fi.
2.1()).Fi.2.1(f)onxrHSFL(┴E)co
iionuroyCMSX-4.Iniion,corcro-ri
(ocroo)roriirioofr
icronucirnr-n,forx,roo
roroniiconinFi2.1().

In nr, LIPSSforioni ffc yirriion
coniion,incnri.Tirriionconiion
incurfunc,nurofru,orizion,
incinn,cnnin,c.Tyicinconiion
incuir,oxyn,cuu,r,irfrciinxiuin
orfcorcnoifyrorirouninrfc.
Tfcorxrcicoxinfuncyffci
couinncrin,yniccofncnoooi
nfckiu.Iniork,iniLIPPSforion
inirnironn. Mriconiionincucoxoic
crcriici..rfrciinx,urfcrounnr
rori,ucrcofficinnrniionoin(in
oin,orizinrur,c).

Ayicroucofrionorrucurin,LIPSS
forioninocoxcinofyicrocro
r-riinrcion;fror xciion, nry
oiionono ri onnonof
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urfcoooi.Iuyinouicynicfix
yoicnrriron.Brifrnionof
xciionnrnforionrocrinroucin
fooincrnifocuroncrcriicfur
inoorrrucurrn.

Fiur2.1:SEMiofLIPSSoniffrn riirriy
inry-orizfru:()unn;()iconucorin
cryiicon;(c)Fuiic;()Buk(BMG);()Cryoy
(CA)froBMG;(f)CMSX-4.Trorizion(E)ircioniinic
in()iou-rro.Noiffrncinci.

2.2McniofLIPSS
WnininroucoryrLIPSSiunir

nonononooi,incuin[DTS+12,
GIK+11],iconucor[BH03,BBK+02],icric[CKR04,
HCT+07], cric[DRW+03] n oyr [BBK99]. T
coninuour[KIA+11]nurionu
urioncnnrcicriirioofou
rn,iciofnro-i-fruncy
LIPSS(LSFL)[BNJ14].Unrurfrionin
rnfrofoconoicoconr,xcLSFL,fin
nno-rirnriirioucr
nfofirn,iciofnr
i-i-fruncyLIPSS(HSFL)[BNJ14].Furror,cor
cro-riiirioinricronrn,
rryofconicfurrnrinurfr
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ion[BBK+02]. Gnry, LIPSScoyforfr
crinnurofufuncnrin-uion
ro.Tfckrocnincinrnurfc
nnorucuryniornroinriforion
[LCC+16].TLIPSSorinioniconroyorizionof
rcricfi. Hor,urfcfcoyn
iornroinLIPSSorinion[LCC+16].

SrLIPSSxrinonirnofriunr
iffrnrnncrriounnyzi
innioricui,or,LIPSSforioncni
rnoyfuyunrooniunrunino.Sr
cniruoxinforionofLIPSS,
incuin royo o corni roc– 
nrizcrinninrfrnc(Si) o[YPD+83,
SYP+83], iLIPSSforion[BNJ14,SHT+09,
OHM+10],urfc on orion(SPP) i LIPSS
forion[HG10,VMG07,VG08,CGB+12],nf-ornizion
ofunr[VRV+15].ProfLIPSSroroniffrn
oiuonnr-infrrf-ruirriionnroo
forion cnirurizin2-1.T in
LIPSSforioncniricuinfooin.
T2-1:LirururyofLIPSSroroniffrnoi(,
iconucornicric)uonnr-infrrf-ruirriion
(λ=740-800n,τ=25-160f,ν<5kHz)nnrynorincinciniror
cuu, n roo forion cni. Lic rucur:
c–in-cryin,–orou; LIPSS orinion: ┴:riin
rnicuroorizion,║:riinroorizion;LIPSS
forion cni:Si:Siory[SYP+83],SPP:urfcon
orion,rounffc,ffc,urfc,inrfrnccni,
Dru:Druoforrninoicrori,CE:Couoxoion.
Mric:–rcoor,iconucor–rncoor,icric–u
coor.
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2.2.1TSiiffrcionory
ForcicLSFLri,Sioryniy

ccocriforion,oninrfrnc
nincinrnurfc-crcronic
[YPD+83,SYP+83].J.E.Siooryof
LIPSSforionyociinFourircoonnofLIPSS
icorronin Fourircoonnofinoonou
nryoiionnurfc[SYP+83]. Siory
cricricfiinniyiriuioncryn
incinonin,rouurfcrion,oi
iucnn.Trounofurfc
rionicrcrizyfcornfiinfcorF.S

Mri ᴧLSFL(n) ᴧHSFL(n) Rfrncncni
A 500–530 ┴ 20–220 [YPD+83]Sio,[GIK+11,

DTS+12]
Au 580┴ [HG10,VMG07] SPP+roun+

[WG05,WG07]
Cu 500–700┴ 270-370┴ [SHT+09]Surfc,

[WG05, WG07]
Ni 750-760┴ 200║ [GCP+11,CGB+12]SPP+Dru
P 550–700┴ [HG10,VMG07]SPP+roun+

[OHM+10]urfc
Ti

500–700┴ 200–400┴
70–90║

[OHM+10] urfc .
[TAN+06]
[BKH+12,GEI+09,VG07].
Inrfrnc+SPP

W 400–600┴ [OHM+10],urfc[ZMW07]
Mo 470-720┴ [OHM+10],urfc

[VG08]SPP+roun+
CuZn 600-680┴ [HZC+09]Inrfrnc+SPP
S316L 660┴ [DSS+10]
SX40Cr14 550-580┴ [BVA+10]
c-InA 700 ┴ [BH03]

c-Si 560-730┴

[BKH+12,BRK09, DIT+13]SPP,
[YPD+83]Sio,

[BK10,BRK11]Sio+Dru+SPP
[BBK+02,WG07]
[SRO+12,SRO+13]
Si+Dru

c-InP 590–750┴ 330–360┴ [CKR04,BMS05]
c-GP 520–680┴ 150–175┴ [HCT+07]
c-ZnO 630–730┴ 200–280┴ [DRD+09]
ion 750┴ 210║ [WMF+03]

[HZC+09]SPP+CE

-SiO2 500–800 ║ 170–400 ┴
[HRK+12]Si+Dru

[BKH+12,RDH+11, SLV+08,RR12],
[BNJ14]Surfc

c-SiO2 460-900 ║ 170-450┴ [HRK+12]Sio+Dru

ri 70-170┴ [HZC+09]SPP+CE

c-SiC 500┴ 250┴ [YUK10]
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fcoririoofcorrioninconurfco
ickn of , corronino  of
nnoricickurouurfc.FiinfcorF
rrnfrcionofurfcfiuinnoric.

Fiur2.2:DrinofrincinconrouurfcinSiory.
Akcoforyofrincinconrou

urfcinSioryioninFi.2.2.Trionz>0iirn
rionz<0rrnukri.Turfcroun
iconfininrionofickn.Tincinrior
orizioncrryincorKLiincinonrou
urfcnnofincincθ,iccoonnKiin
orizonn.TLIPSScoriK=2π/λ.Siory
roinxrionforinoonounryoiionon
urfc,iciroorionoη(K,Ki)×|(K)|,r
fficcyfcorη(K,Ki)crifficcy i ic
rounoninoonounryorionK;|(K)|
rrnurofiuofurfcrounK.Ii
urirorornryir.
Bcu|(K)|rioyforurfc ioonouy
iriuroun,fficcyfcorη(K,Ki)xiir
kcrinK,icriniririoiciy
[SYP+83].

Sioonounryoiionin
oorninyxrinru,ucLIPPSon
 [YPD+83, SYP+83],iconucor[YPD+83, SYP+83,
SRO+13]nicric[HRK+12].

Hor,on iiron ricicrcr on
rocinfur,Sioifoiiion.Firy,
Sioinroxiouion,iniconiuin
coonnofcronicfiiryriion
rincinrnrcoonnofcronicfi
iryrurionri.TccurcyofSioi
ii.Scony,yicnurofcronicfi
rucur“riionrnn”inSioiiuion,
ickcofurfc-crconcin
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iconucor.Finy,for,xciionofurfcon
ykcofriionrnninSi o.T
rioninriionrnnnurfconino
cr[SYP+83].

ToorcoroinSiory,orcni
rroo,ucconronicnrion(SHG)on
urfc[BH03],rnincnofoicroriin
xci riurinru[WMF+03], 
f-orniziononiniiyofxci ri
[VRV+15].Hor,nonofonioncnicn
xincrcriicofLIPSS.
2.2.2Surfconorion(SPP)iLIPSS
forion

In  Si ory, rniy or in iion o
urfc-crcroniconurfc,urfc
onorion(SPP)yyniornro.Si
[SYP+83]inicforionofLSFLrioncn,
inricurconiion,nriinfroinrfrnc
nincinrnSPPrforrcny
ofurfccr.

Wninryorizruiirri
ir-inrfcincinnofθ,rioɅofLIPSS
foruoinrfrncnincinrn
xciSPPiiny[FS82,ZFS82,SF86,VMG07]



in (2-1)

1R  
 (2-2)

Hrλiincinrn,ηirrof
ffcirfrciinxofir-inrfcforurfc
on,εiicricconnof.Unrinn
urfirriion,ffcirfrciinxycnn
ffccrorurfcon.

C.Guoinif-LIPSSonPnAun
foun o ccu rio of Pn Au r
oriyou30%inSPPory,icxiny
incrinrrofrfrciinxuooffc
ofurfcnno-nicro-roun,inffc
[VMG07].
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M.Hun roo cniofiniiirc
urfc on(SP)-rinrfrnc n uun
rin-iSP-rcouinoxinLIPPSforionon
oiincuin ,iconucornicric,
icinorin-couin cniino
crofirio iincrofroo.
[HZC+09].

ToryofSPP-iLIPSSforioncnxino
xrinruon[ZCL+15],forx,LSFLon
Ni[GCP+11],Anr[YPD+83].Hor,J.Z.P.Skoki
‘iniionyFDTDiuionoroion
ofSPPinoncryconiionforLSFLforion,oror,
rin-iSP-rcouincnirooy M.
Hun[HZC+09]iniccuirioof
urfcrucurrrioofnryouion.Ti
inicnforfurrxrincrificionninc
oriorofnon-onic,iconucorn
icricurfcnoniy yuorSPP
urin  irriion y or-u r roun 
-rofunc.
2.2.3FDTD-cronic(EM)roc

Tfini-iffrnci-oin(FDTD)ocniu
iroion,crinniffrcionnonyoin
Mx’uionnuricy.Toinroucy
Yin1966[Y66]nincnnorfuninrin
ooforinrniffrcioiciciuion.J.Z.P.
Skoki roonuric oon
fini-iffrnci-oin (FDTD) ooini
uiiyLIPSSforiononrouurfcnffcof
inr-ufck cni[SRO+12,SRO+13,SRO+14],
iciiifiFDTD-EMrocr.Noincuin
incuionffcnroynicof onor
ri,iono(HAM)iurouurfcoin
iroc,oninFi2.3().TFDTDocnroi
cricfiiriuioniniciniyofurfc,inifyin
ucronicffcinfiniionofnioroicnry
orionrn.Prnrockinoccounroof
crinfrourfcrounncrionofionryfi
rnincncoonn.Iioniniork
FDTDroccnkinoccounffcof
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orizionnooricurfcfur,inuorfu
inruninLIPSSnyi[ZCL+15].

ArcnncinFDTDoioLIPSSconi
ofofccouninforfckffc.Afrfirr
u,orcronicnryinurfcyr
cuoificionofrouurfcyriro.Afr
nxru,nurfcorooyiuforuun
FDTDiuion,inonornryrofin
furroificionofrouurfc.Hnc,fckcyc
cnirnyiunixcLIPSSfor.Tkc
ofinr-ufckcniinFDTDiuioni
oninFi.2.3().

Fiur2.3:()ooricion ouinFDTDiuion.()
Inr-ufckcniinFDTDiuion[SRO+14].

SoofinconcuionrifrooyinFDTD
orizr[SRO+14]:
()ForLSFLforion,urfconorion(SPP)rno
ncryconiion.Trin-icnirooin
Rf.[HZC+09]cn’xinrioiciycrinofLSFL
iincrinucuirioofurfc
rucurr rio ofr-inucnry
ouion.
()HSFLoroonoorizionookikoufruncy
ofLSFLinifruncyoin,icirikinruof
FDTD-fckiuion.
(c)ExcHSFLoniconucornicric,HSFLr
oorizioncnxcon , icrin
rnixrinru.
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() Groo(icro-ri)roorizioncn
ricyroc.GrooiouLSFLrnofoun.
Hor,ficinciofFDTD-fckiuionr

oiinfooin:
()HSFLroorizionforonynR(ñ)>I(ñ),
icinoinrnixrinruonoy
niniu[SRO+14].Tronyfroori
conforFDTDccuionnonoicrori
ofiu.IncrR(ñ)<I(ñ),Yorii
un[Kok12]nuxiiryiffrniuiono
u[TH05].
()TFDTD-EMrocroirrruof
EMnuricccuion,onouncorunryin
yicofLIPSSforion,forx,HSFLoroono
orizionioufruncyofLSFLinifruncy
oin,rooonyiLSFL.Giinofiouion,
ccoourcncroniccurrniroic.
(c)TFDTD-EMriniiic iouincuion
coxroc,ucrninxciion,incuionffc,
SHG[DRD+09]nf-orniziononrion.
2.2.4Sf-ornizionoonriiniiy

Iniryiiriyofr-nrrni
rninucynricion,f-ornizionouon
foconr ion[RCH+02, RVV+11] i roo
ccorinoxiinforionoryofion-inuc
ri[BH88]innconrorizionron
yryinionizkinicnryiriuion[RVV+11],
icuonciconriuionofirriun
ri.Torrnrycununurfc
rionyrurionnofninofcryonin,
rf-ornizionirinycoiionnurfc
rouninuoroionnooin,ino LIPSS
forioninr-oifir[RCB06,VRR10].Sin
orouionofrururfccnrrny
noninruionof Kuroo-Siinkyy[KT76,
Si79].MrnoniffcyoyroinLIPSSforion.
Mrnoniffccuiuifoinfrooro
coorrionin on ricuurfcnion
criincrinrurforoiui[BKG+97],
iciocro-ciryconcion[G98].
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Uni no,f-ornizion o  i LIPSS
forion,inrcioni/nurofincinu,
riinfuncofinunryonririo[VRR10].
Hor,f-ornizionoijuoicnrion
noyrifiyxrin.Inroiionifn
rnirococorninrfrnc oinoin
urfc.
2.2.5Sconronicnrion(SHG)

Foconrionorrurrn y
uyincuononinrffcnrurfc,
onconronicnrion(SHG).SHGiro
urfc-nryryrkin.IiiinifSHG
iinoinforionof HSFL,ori
inonjuifiyrncofrucurofir
rioicii.Forx,J.Bon’iniionr
SHGinrinriofHSFLforiononZnOy
crocoicxrin[DRD+09].Hor,orxrin
onTiO2nA2O3urfcconfirSHGonoffc
ririoiciy[BRŠ+11].Tinconinciofrui
rooifSHGconriuoLIPSSforion.
2.2.6TrninoiccouinforLIPSS

InorroxinLIPSSirioofun
rninurfrionofriouiconucor,J.Bon
roonroc,iccoinSioryi
rninxciionninr-urnincnof
oicroriinirriri[BRK11].Tu,i
Dru-ikfr-cronconriuioninoicron,
rroficricfuncionioon,oniyoin
onicxciionifyncroniconiionri.Ti
rociroooxinLSFLforiononiicon
oriinininiyounryoiionurfc
uoinrfrncnincinrn
xciion of urfc on orion on  n
fr-cron-inxciriurinu.Ti
rocnrooffckuon ui-u
irriionroninFi.2.4.

Hor,LIPSSforiononGcnxinySi
oryiourninoicrori[YPD+83].Iniion,i
iniornuionifrnincnofoicrori
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inirriiconucorcouuorSPPinu
urion. Aninronxrininc
inr-urnincnofoicroriin
irririconriuoLSFLforion.

Duoiorncofi-ryinoiccouin
urinirriion,iuofoicrniniiin
nxcr,innrconxofurfr-ri
inrcion.

Fiur2.4:ScofyicrocinoinforionofLSFLon
iiconurfcuonfoconruirriion[HHR+15].

Rcny,J.Bonrorxrin,inic
LIPSSforiononfuiic,iiconniniurui
iinr,rorcro-oriz,o-coorou-f-u
unc(50f,400nn800n)unru-ro
coniioninoruy(-10<<+10)
[HHR+15].TyconcuLIPSSoniiconniniucn
xinyonic cni.Inconr,LIPSSon
fuiiccnxinynon-oniccni,in
icrnincrrirrofinryrucr
inof-rxcion(STE)ncoorcnrfor
incuionffcinoocyouion.

Aorionouiuofyon
cnrioinriforion,ruirinunoyicini
oforfurrunrnin.
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2.3MrirnforionunrLIPSS
Mrironorirriion uuyruin

rnncnociry,cooiion,cryrucur
norooyofriurfc.

Forui-coonnri,ciinurfcyr
yiffrninrioninfunc
riconnc iinoonouin,ino
cnciccooiionofrininri[MCR98].

Inur-frirriion,rrurrin
inuc y ri in nr r r n
ro-iccouic,ruinincnicron
of ri,forx,rninnrin[CFW+77].
Wn riioinoin,yroynic
oioncnronri.Forx,conci
nro-ciryforccncurriuionof on
riicfroznurinoiificion.Lrioniy
cconiynoruincuinoicn
ocurci,noiniuicurofrijc
froirriurfc.Rcoifrouonr
ock,ruininicforionnrninof
ri.Trcoicnoxurininonri.
Riufinrininricncufurrin
ororryciroc.

Afrriin,connionofurio
forionofcurnnnoricurrouninr
ofrion.Rif-uncinof ricn
frzinfc,ururoun .
Sorr-oiificioncninucrcryizionof
ri.

Enryrxionnonrnofcron-onon
couin[CGF+12].Tioninfuncofrnof
cron-ononcouinonriforion.

Mrironnfinrorirnnon
r rr. For ir icion,fin ri
rorifrirriioncnrciyconroycooin
rorirrr.
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2.4 Aicionof LIPSSin riurfc
rocin

Tr r r connioncniu for urfc
rocin,forx, cnicurfcrocin,n
iniA2O3ricorcicinrounurfc
rnoyuyconinri[BLZ+11].Tr
coxrocurncnnorocnon-nrurfcin
icro/nno-c.Ionncroniiniccn
fricnnorucurrciyucoxniynn
cuuconiion[SMZ+13].

Unik connioncniu,r roi  f,
non-conc,rcincnrniforurfcrocinin
inconiion.Aonofjorn,r
iiyorciyconrooinryinirrionn
nryry ny o,forx,riny
noriccnnin irror,in iiu
k,rfrcin[RD96]niffrcioicn
[MNK+98]iiouor[SHA+05].Duoo
n,rniiyinurfcrocin.
Byoniofccurrorocin,oiiiyof
ciinuicrucurininrioicrniofinr.
Tu,LIPSSroif,rcino-coooforurfc
icro/nno-rucurinnoiiiyoinirrcic
urfcnoforrucurconcinrfcinoicn
cnic.SocificicionofLIPSSricuin
fooin.
2.4.1Surfcin

Iniryrrknurxofouf,
ur-yrooic urfc inuc y irrcic
icro/nno-rucurronr,oninFi.2.5(,)
[Bo03, ZSB+08]. Exc irrcicooryurfc
ciryoconriuo iiy,ucH, H
orion, oxiion, c. LIPSS incuin irrcic
icro/nno-rucurcnurciyconrourfcin
crcriic i ur-yrooic [BZS+09] or
ur-yroiic rori[VG10]y coic ofr
rr.Anxofr-inucyrooiciyionin
Fi.2.5(c,)[BZS+09].Lrurfcrocinniyin
icionforurfc in,forx,f-cnin
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urfc[BZS+09], icrofuiic[GVM+12], rroofn
-icincoinforiion[CNM+13].

Fiur2.5:() Wrroonouf.() SEMiof
icro-rucuronurfcofouf(cr10μ)nin:
nno-rucur(cr5μ)[Bo03].(c)SEMioffoconr
xurSiurfcoin icro-rucur(cr5μ)nin:
nno-rucur(cr1μ).()Arroonr-rucurSi
urfc[BZS+09].

2.4.2Triooynicrofuiic
Foryr,rurfcxurin(LST)nuonnc

riooicroriof riurfc[DWC+15].For
innc,rucurinofcyinrincouionnin
rinrroirforoicnrnrkonofoi-fi,
ruinininificnyrucriciion[AK01].Ini
c,urorrucnrouciuiyo
rucur,forx,LIPSS,iourcyrnurr
[WD04].LIPSScninnoriniuifo,offrin
oniicioninicrofuiic.
2.4.3Moificionofoicrori

LIPSScnuy-frcoorinonrioin
cnincoorrnc,forinnc,A.Y.Voroy
rouciyoA,uiTiuiniffrciffc
nronriurfc[VG07].Tcoorrncon
rnnonirionorinionof
nno-ri,iccnconroyrrr[DSS+10].
Fi.2.6orrkxofcoorfuicurcry
f-LIPSSonin[DSS+10].
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Fiur2.6: Coorfuicurcoriofconronnorucury
foconruon316Lin[DSS+10].

2.4.4Mrkinncoin
LIPSScniinrkinncoinforunificion

nrciiy.Coor rkini yuoforr
nno-riiinorinionnirioonir
rion, icrconroyrrr[DSS+10].
To-inioncocnrin,coniininnrryof
conronnorucuryfoconruicr
ufuforrciiy[Ln11].Troccnrnrr
yr incnooioyinii
ouor. An x i  coorfu rkin n
o-inioncocroninyfoconr
ufroFrncQioConyinFi.2.7[Qio16].

Fiur2.7: Mrkin“Qio”no-inioncoconiinof
conronnorucuryfoconruonin[Qio16]
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2.4.5Lirinniin
Liriniufuforooio,nornor

rinc.Muincofurfcfurruc
rfciononrcninnonizof
urfcfur:()Forfurizuconrnincin
n,irin uo uirfcionfro
roruinrucurnnccouininori,oror,
rfrcionoiunincrffcioic
n;()Forfurizcooincin n,i
rinuocrincrffcioicnn
nncorion;(c)Forfurizucrnincin
n,irinuoo-yffcrucrfcion
[SMP10].

LIPSS,iirourfcrin,inucirion,u
LIPSSuuyon’nncorioninificnyuo
iroi[VG08].Hor,r-inucrryof
i-c-rioconorcounfurcnrifficiny
[SMA+96]. For x,  icro-rucur iicon i
icro-conyfoconrinorofSF6o
ronrucioninrfciiy[SWC+05].

LIPSScnnncfficincyiniiinic,
ufuforoiiuinion.IncriionyLIPSSi
uourfcincrnrurfcnnorucurrucin
orkfuncionofri[BSS+11].LIPSScnocn
iioncru. Forx,fficincyof 
incrniioncrucnconroykin
LIPSSonunnfininyfr[VMG09,
Wn09].
2.4.6Bio-icicion

LIPSSn iyuiniooicn ic
icion.Forx,LIPSSoniooicinncour
cronirooo-inrion[KCB+04,CBB+02].
AnorxickSiiLIPSScryfr,
iccricifuncion[IHW+13].Forrrk
x,LIPSSonnocnui-fficincy
urfor urfc-nnc Rn crocoy(SERS)
[MDL+14].
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2.5Cnnoorunii
LIPSSforioninornofcoxrocr

o oic, ooyic, oociry, roynic,
yroynic,connryic,noon.Ony
conirinoicfur,cnrioofLIPSSforionu
forrfurofinrnnoninroic,uccrin,
inrfrnc,xciion ofurfc on orion(SPP),
xciionof,conronicnrion(SHG)n
rnincnofoicroriinirriri.
Forurfrion,iicnoini
coxLIPSSforioninf-nioin,inicii
inruncni.

Unino,LIPSSforion cnirnoyfuy
unrooniunr.Sioryniy
ccoxinLSFLforiononcrinn
inrfrnc,uSioryifcocnciyin
iiccurcy.Hor,onif-ornizion o
onyorkinur-oru,nororforrion
uurionrokrrkfunc.FDTD-EM
rocoffrrcinuricoooiniLIPSS
forionincronicoin,ico
roionofSPPinoncryconiionforLSFLforion,
n rin-i SP-r couin cni
iniccuirioofurfcrucurr
rioofr-inucnry ouion.In
concrnLIPSSforionorirciyiiSPP,
SHGninr-urninoicrori,yin
ronxrininc.

LIPSSiunirnonononooi
inucyrrninfroonuour-oru.
Tirrnconiffrn riuc ,
iconucornicric,rofLIPSSinyro
LSFLrryiir,icrcoonLIPSSforion
cnixiininoiincronicoin.
Hor,noLIPSSforionoririffrnon,
iconucornicric.Forx,inrfrnci
SPP in Si ory for ,  inrfrnc i
urfc-cr cronic  in Si ory for
iconucor,-iforionruininrur
rnoff-rxcion(STE)ncoorcnr-i
rucurrniionforicricnoconroror
unififr.Tiiifurrconirionn 
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inifi oorunii o fin coon LIPSS forion
cnion ,iconucornicricin
cronicoinyFDTD-EMroc.

Exc LSFL n HSFL, or r-inuc
icro/nno-furucucu,con,counn
norricro-rucur,ninnrurfc
oorioukninoLIPSSforionory.

InorroxincoxLIPSSforioninurf
rion,orxrinnoinncrriou.
Forx,fr-inucrninoicroricn
urocckLIPSSforionoryinconnciono
rninoicrori.Iniion,forocoxri,
ucuk,rroiinciyofLIPSS,
iconoriniion.

2.6Concuion
Ini cr, inrouc nr c of

r-inucrioicurfcrucur(LIPSS).SrLIPSS
for n rioicii ror on iffrn oi uon
nr-infrrf-ruirriion rri. Hor,
LIPSSforioncnirnoyfuyunrooni
unrunino.SrLIPSSforionori i
riniiionrinrouc,incuin Siory,
FDTD-EMroc,f-ornizionoofunrn
LIPSSforionrciy i iurfcon
orion(SPP),conronicnrion(SHG)i
ouionofoicroriurinirriion. Winrouc
rirnforionunrLIPSS,rornn
cnof riinciry,cooiion,cry
rucurnurfcorooy.A,oicion
ofLIPSSinriurfcrocin,incuinurfcin,
riooy,oificionofoicrori,rkinncoin,
irinniin,io-icicion.
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Cr3

Dynicofxciri:
funnrocinoic
couinnrion
Inicr,irifinroucionofoicrori,
icurioucoxrocinurfr-r
inrcion. Worifunnrnincronicn
rucurffcfincouinofurfrriion
n ri,fro n ouionn Fririno
on-rkinnrucurrrrnn.

Afir,icrrifyinroucoicroriof
oi.Tnccniuonfunnrocofr
ion.Nx,rninronofourfrr
inrouc,focuin on cronic,icrucur n
onicffc.Finy,inroucrninronof
iconucorourfrriion,inoincnof
cronic confiurion nicrucur uo oic
xciion.

3.1Oicroriofoi
Afir,cronicoriinofoicroriinoiirify
inrouc.Troionofncronic in
riirinyronofriocric
n nicfi, icrcrcrizyicric
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connε,nicriiyμncricconuciiy
σ.Foroicrofcroniccru,nic
riiycnknoμ=1[LL84].Aru,oic
ronofriioyrinyfruncyωof
ociin cric fi, nu irion occur. T
fruncy-nnociyofinriiin
y

)()(R)(  n
cc  (3-1)

rε(ω)iicricfuncionofri;n(ω)i
rfrcioninx,ornininrronofrioi.

Dru-Lornz o cri uccfuy oic
roriofnyniconucor,ricuryin
nrinfrrrn,iuofonyfrr.For
x,DruoofAnLornzoofTronin
Fi.3.1,cinronyurnru.

Oicrorirrocronicrucurof
ri.In ,oinnconriuionoicric
funcionriocoonyfrofr-crririnrcion.T
xcicronunroinrnrniionfronoccuio
nunoccuiinnrounFri.
Conirinronoffrcron(coniriniiu,
non-corr ric)ocronic  of
ociinfruncyω,icricconniinyDru
o:

)('')('11)( 2
0

2
 ii

N 



 (3-2)

HrNinuroffrcron,icroncr,i
cron,ωiifruncy,γicoiionfruncy,
ε0icricriiiyoffrc,ε’(ω)irrof
icricfuncionnε”(ω)iiinryroficric
funcion.Tcoiionfruncyγiinfcorofcron,
conriuiniinryr oficricfuncion, ic
rinorion.InfrorkofLnu’ory,in
oruriiT<<TF(Frirur),coiion
fruncyγiroorionoT2[FFH+01].Tcoiionfruncy
iuofconriuionofcron-croninrcion(roi
o onucn,..ukinrcion),
cron-onon/ionncron-fcconriuion.

Ifγ<<ω (forcoiion ri,uc),
iinryroficricfuncionninrr
co
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
 (3-3)

Hrωifruncy.Iniion,foroffr
croninonzroin,ffcofcoiion
fruncyγiorucforinnoffrunci.

Fiur3.1:()DruoofA.()LornzoofT.Bckin
rrniruruofR[ε](oi)nI[ε]()[P85],i
ryinrrn-fiuofR[εo](oi)nI[εo]
(-o).

Pricuryinrniion,-oricnconriuo
icricfuncioniinrnrniion. Gnryinrn
rniionofoyn ruAcrof-Sur
conriuionoDru-ikicricfuncion[AS71].

Iniconucor,xcicronunroinrn
rniionnncnnconucionn.Conirin
non-xciiconucornronofouncrono
cronic ofociinfruncyω,
icricconncncriuinDru-Lornzo:

 





j jj
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 )(
11)( 22
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2
2

0

2 (3-4)
HrNionurofcronnfjifrcionof
croninronnfruncyωjninconnγj.
Tiiionofcronicnryorycroni
xironnc,icokiniinry
roficricconnnrrrouzror
ronncfruncy(Fi.3.1()).

Trniinryroficricfuncionr
inkyKrr–Kronirion[Jc75].
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P (3-5)
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Hr P rrn Cucyrinciu. Trn
iinryroficricfuncionrnoinnn,o
cninonrcuriionofor.

Oncicricfuncionofriiknon,
inr oic roricn  uc. Forx,
rfciiyofriiroiicricfunciony
Frnforu:
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2

2
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
 (3-7)
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R 



 (3-8)

HrR,Rrrciyrfciiiof-n-ori
ininrfcnccuniuof
iricconnε;θiincinn.Fi.3.2o
rfciiiofofin-cryiiconfor-n-ori800
n-i.For-oriion,rfciiyonoonicyincr
iincinn. Hor,for-oriion,ri
iniurfciiyBrrnof74.86.Anor
incinc,rfciiifor-n-oriiru.

Fiur3.2Rfciiyofin-cryiiconfor-ori(rcur)n
-ori(ucur)800n-ifuncionofincinn.

3.2Ur-orurinrcionioi
Tr–rinrcionnojcofinn

rrcinfc[BNJ14]. Tr–r
inrcionin uror oinorcox
roc ic u forr cific fur r o
non-uiiriuniffuion.

Tfirinr–rinrcionioiionof
crinounofrnryinri.Tin
orrnryiriuiononi riron
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rinfinoificionofoiurfc.Trocof
nryoiioniiniiyorionofoony
cronyinrBrrun[SW79].Conuny,
cronrxcifroiruiiriuooxci
niririuioncororycron-cron
inrcion[CMN+96].Booicncronicroriof
xci  cn  cri yfr cron 
ory-Druoinforu(3-2).Fornyrniion,
xcfrcron,ui-oncronin-no
conriuooicroriynon-Druinrn
rniion.

Forinuorniconucor,froonxciion,
ui-frcronrcrinconucionnfor
inyfronionin,ni,orcrin
ncn.ADru-ikconriuionrinxrionof
icricfuncion.Tnrfr-crrirruo
ui-oonionizion,fiionizion,icionizionn
ncionizion[Sz81].Ticricconnofxci
inuor n iconucor cn  cri uin
Dru-Lornzoinforu(3-4).

Tconixcicrrirrizion.T
rizion occur icron-croncoiion,ni
crcriicinonnriccrcriic(rnin
frofnoffocrrirnrioffir
ofxciion).Tiroccnnironryin
crrirnorcrrirniyuiinfininncronic
ruryririuincrrirorn.A
io onuyuncnunforcoiion
inoin rciroc ic cor (uk roc), 
crcriiciicooicnrnorrori.
Toxifyincof ,rrrrocof
xcicrrirrizionfrurfru,onin
Fi.3.3.Afir,iiccronrnruonurfr
irriionnoinorrof(Fi.3.3())
iouuffrinnycoiionn.Afrorionof
urfru,rizionofcronoccur(Fi.
3.3()),inoFri-Dirciriuionofcron
nry.A,cron-icycoinouiiriu
icron–ononcouin(Fi.3.3(c)).
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Fiur3.3:Trrocofxcicrrirrizionyurfr
uin .()Poonorioniinoicnrion
nriiccronicoiiociyinorrof
.()Diffuinryrnorriincrony
cron-croncoiionforinuiiriucronuyi
FriiriuioncronrurT.(c)Tcron-iccoino
uiiriuicron–ononcouin,nryrnornoroc
yicriffuion[HWG+00].

Iniconucor,rrrrrocin
crrir-crrircrin: cron-croncrin, o-o
crin,ncron-ocrin[SM02].Aryro
incrrirriziononiffrnic.Ticfor
cron-croncrinc iincrinconucion
cronniyniin20fforcronniirr
n1018c-3inGA[LSF88].

Fiur3.4:Rxionrociniconucor:()riircoinion,
()Aurrcoinion[Hu97].

Inriourixcicrrirrxoinrof
ouionnur.Toxifyincoficonucor,fr
cronnocnrcoininriiornon-rii
y,oninFi.3.4.

Ecron-ononnon-uiiriu:inurorrirriion,
ruurioniorrnnryrxioniin
cron-icy,ruininronnonuiiriu
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yincuincronuynicuy(Fi.
3.3()).Tocrinonuiiriuy, Aniio
roo on-iniono-rur o(TTM)
[AKP74]:
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
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

 (3-10)
Hr T nTinocronnicrur
rciy,CnCircronniccciir
uni ourciy, G i cron-ic couin
cofficin,K nKi rcronnicr
conuciiyrciy,S(x,)ifux.Conirin
Guinruniiccronrn,fuxi
criy[HWG+00]
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
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


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

 
xJ

TRxS


 (3-11)

HrRnTnorfciiynrniiiyrciy,Ji
orfrcionofincininniy,δioic
nrion,δiiiccronrn,ifi
icknonurfcniruurion.

Tirirofooinrur
incrofic.Trrococcurfr
crrir-ononrxionnfinicrurcn
ccuccorinoo-ruro.T ri
roninrioninoonyconroyyicof
couinoicnryino ri,uoy
uunroynic,fooin inrionof
iui-oiinrfcnoruourfc.

Tcniofrroicificroynic
rjcoricniuizyiouionofyin
c.Pricuryinruciiiuizionin
ρ-Tn[LLM03]ioriouionioc
niy.Acicoriofroynicyof
yoiciconucoror unrrirriioni
icinFi.3.5niiicuo:

Troynicinrionincuinoi,iui,
,rnr(WDM)[Gr14]n.Binoini
 ounry n on- rion (or,iui,
urcriic)no-rion(-iui).Sinoini



32

coxincofnunnounryof
ouiniiy.Tcoonrxofinonino
inicriicoin.Trion(ur-coo
nuriui(SHL))rinrionnino
ninoin.

Unrfirriion,iocoricinruinron
corionnrurincrinriinGPoin.
Lrruririiiccnicxnion.A
inri,rixnioncurniionino
n ioucroiniuiounry,rou
frnion(A-A”-U).Inconr,inryniy
oin,coroionro,xcirinr
rinrinoiiiniiccooin
(A-A’-W-Y).Tnriconrinoixur
ofiuinioonouunucion(Y-Z).

Incofnoniocoricin,xciricoo
oninoinyriffuionoriui-
ri(B-B’-W),Tionyfrniononyoccurin
rionocriicoin.

Incofoinioxnionon
inoii,riikyrccriicoinr
rionoccur.Forrurionτ>100n,urfc
orionyooccur.

Fiur3.5:Troynicyofyoiciconucoror
unrrirriion.Tinckin:ino;ickrnin:ino;cro:
criicoin.L:iui;G:.SCG:urcoo.SHL:uriui.
[LLM03]

FroFi.3.5,ion cniyurfr
irriionrurizfoo:()Nr-roion
(A-A’-Y-Z)inoinrrfcion[SBC+98],un
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iuinrion,nockinioinfrounr
ofonofnfrxciion[RSL+02].()Frnion
(A-A"-U)inoinnrionof WDMn.(c)
Exoioiin(Y-Znrcriicoin) ninri
rniionfrouriuioixuroforniui
roinxoionofnucioncnr.()
Urf ininoinronounucion(oi
fcon riurfc inoinT),oonou
nucion(rurT>1.5×T), non-r
in(ionicforionfrnicoconicof
rin[SBJ+03]).()Criicoinrion(CPPS)
[VJL+01](A-A"-X)inoininocooiionnr
criicoin.

Ino,ioncniniononir
crcriicicrurizinFi.3.6.

Fiur3.6:Mofxciion/ioncninircrcriici
c(on[RSL+04]).

Afrion,r-oiificionorconnionofxci
rikcruroficcro
inoroiinoinrciy. Hor,ocn
occurinurfcyr.Forx,icro-crrifor
frorionnion.Iniion,riy
cnfrion.Exinornofrucur
rniionoccurrinirunrrurrioryricooin
froiui.Aniurixirniionfro
cryinoorouin GSfi[SSB+98]u
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rioionrniion[IKM+15]orcryincnin
[SMG+14]ruyn.

3.3Trninronofourfr
Ticricfuncionininrinicrirory,r

ocronicconfiurionnicrucur.Anyriionin
cronicconfiurionoricrucurcncn
icricfuncion.Trninronofourfr
riioninocoxrocrocronic
confiurionnicrucur,ucoo-xciionof
/-n-cron,cron-cronrizion,cnof
cronic confiurion, cron-icrizion,ic
iorrnoon.Tcoxrocinxcir
rifyinroucinrcofcronicffc,ic
rucurffcnonicffcinfooin:
3.3.1Ecronicffc

Irriinyurorru(inorrof
u-icocon)cnruininificnriofcronic
rurirrinicoionicic.
Sucxrnonuiiriuonicoconicic
xciriroriinrofoiccouin,rnor
crcriicnrniion.Txrnonuiiriu
rirnroynicriforiyxcioi
ri incuin  xciion-nn n rucur
ouion.
Afir,riionofcronicconfiurionnrnin

oicronourfrriionrinroucy
xofo.Fi.3.7ocicofniy
ofnry(DOS)ofo[HWG+00].Tfrcronrin
/n.TnryiffrncnFrinryEFn
oofni2.47V(502n),cinrnrniion
ro(ITT).ForxciionoonnryoITT,ony
frcronrxcinninorur.Hor,
forxciionoonnryoITT,croninn
rxcinornry.
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Fiur3.7:ScicofDOSofo[HWG+00].

Unrurfrirriion,cronicconfiurionof
ocn,inorninoicron.Forx,
rninrfciiyofoxciy800-n(1.55V)f
unifroofryinniicinFi.
3.8,oinrninoicynicrro
riionofcronicconfiurion[GX14].

Fiur3.8:()Trninrfciiyofoxciy800nu-oon
5.28J/c2funcnroyryinn,icurif
ricyforcriy.() Dnncofiuofrnin
rfciiyonrooonnry(ricin rk
nryforITT)[GX14].

For150-fuiroonnryof3.1V(400n)n
froiocicruryinfro1.50Vo
2.85V,rninicricfuncionofrnor
oninFi.3.9,oinicricfuncionynicof
inrn(o 2.37 V)ninrn(o 2.37 V)
coonn[PCO+09].Tyicy,inrncoonnof
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icricfuncioncnfiyDru o(Fi.
3.9()),rinfrcronyinroin
ynicofinrncoonnoficricfuncion.

Fiur3.9:()Rrofε(ω)n()iinryrofε(ω)iffrni
fornnryniyof2.9×106J/kinoff-of+5onicxi
ni.Srrorrrincuin().Tcurr
-fiDrufuncion[PCO+09].

Forrno,cuofincrofcoiion
fruncyuoxciionof-ncron,coiion
fruncyγinDru oinificnyifroT2
cin[MR13].C.Fourn[FDD+14]uu-ro
fruncyoininrfroryourcoiionfruncy,
nfouncoiionfruncyγincrinry iT,
oninFi.3.10.To,iionffcuco
riionofnuroffrcronfuncionofTi
ociifinniyofcnyro[BCR+14],
iinninricffcofouionncoiionffc.

Fiur3.10: MurcroninrfuncionofT(u
xrinoin),nconriuionfrocoiionionon(ν)
ncroninconucionn(νc)[FDD+14].Tuofo
conriuioniicinrin.Aoorcoiion
frunciuoononn-ncronccorinoouri
o(oiin),nuoononncronccorinoPro
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.ccuion[PIM13].
Oriiffrncronicconfiuriony

iffrnrninoicronourfrin.For
i (N, M,A,c.),/-cronconriuo
oicroc.Hor,forrniion,ucNi,Cu,Au,
W,Tinoon,-croniirrofocizion
n/-croncniriciooicn
rucurron,oniyycronconfinniin
ororiffuori.Iniion,incrof
cronicrurronycnof-n
[RCZ+06].Inrniion ,ronjunof
cronicrucurrroriionofcronic
occuioninocizn,icnincroniccrnin
ncron-ionffcioni,inocorronin
cnofcronicciconi,fr-cronnur,
cronicccii,ncronicrur.Tr
ocorrcycriurfrucurynic,ion
ynicnrniion[BCR+14].

E.Bion[BCR+14]inourrourforyic
uyoncronicioroffr-cron-ik(A)
nrniion(Ni,Cu,Au, WnTi)yfir-rinci
ccuioniAinickonniyfuncion
ory(DFT),icrniyof(DOS)xii
iffrnyniciincrofcronicrurT
nFririncrociconi:()DOS
ofAioinniioT;()rniioni-ock
fuyorofuyoccuiycron(Ni,CunAu)xii
rinkinnronifof-ockorornri
Tincr;(c)rniioniriyfi-ock(Ti
n W)iynxnionniforirnriof
ir-ockTincr(iniforW).Iniion,urin
urfin,ffcifrcronnurroNcn
i,oninFi.3.11,riniffrnynicof
urfr-inucffcifr-ikcroniincr
ofT.
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Fiur3.11:Eouionofnuroffrcronro(N)i
incrofTforA,Ni,Cu,Au,WnTi.

3.3.2Licrucurffc
Poo-inucrucur ynic ofcry n

ircyuiyfoconcron[SDJ+03]nx-ry
[LLS+05,CCTR11]iffrcioncoininoiccin
foconorrouion.Unrronoicxciion,
icronirinyrofnryrnfrfro
xcicrononucininnnouffcof
cnincroniriuiononinroiconinry
nc[EHH+09].

Toiiiffrnonincrcriiccific
ynicoforr-o-iorrrucurrniion.Forx,
incnonicfr-cron ikA,iciiy
roounffcyoicxciion[RCZ+06].
Hor,foro,roncronicxciionffccrnin
ofrciinr-nucroni,ruininrninof
ic[EHH+09].
3.3.3Ponicffc

Wniinrciicurfc,ruin
cronniyroonurfcof,
curfconorion(SPP)[Mi07].SPPcn
xciy-cincniu.

Wnurorruincinon urfc
iuruiiriuinnry–onuiriuionof
cron,riionof oicroricnffc SPP
roiononurfc.Tu,icronicrur
ncronicririuion,roccnknoninrc.
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TnoninrinrcionnroinSPPnfr
ukcinfoconic,iccnuo
ouroinSPP [MSS+09]. Onxi
onicinrfroryonrucururfcinrncof
ixciion[TNA+09].

3.4 Trninronoficonucoro
urfr

Trninron oficonucoro urfr
riionoinoiioncoxiyrocronic
confiurionnicrucur,ucoo-xciion
ofcron-oir,crrirrizion,crrirrxion,
crririffuionnoon.Moiofrocn
inroucincion3.2.Tcrrirxciionnrxioncn
cncronicconfiurioniniconucor,ruinin
cnofoicrori[Hu97].

Sr yic ffcin cronic confiurion r
roniforcnofoicroriof
iconucor:nfiin,rnorizionofn
rucurnfr-crrirron[SL00].Auinr
ffcconriuoicricconnry,icric
funcionofnoicyxciiconucoriri[SL00]:

fcr   o
* (3-12)

rεiicricconnofunxciiconucor,
Δεoicnoficricconnuonn
fiin[BA82],Δεicnoficricconnuo
n-rucurrnorizion,Δεfcricnoficric
conn uofr crrir. Bn-rucurrnorizion
cricnofin-ricnryincrrir
cuofny-oyinrcioninxci,ic
rriiifofnrucur,ino
rinkofnry.Tcnofoicrori
uon-rucurrnorizionrcriyrii
nifo[RZW+90].

Tcnofoicroriuofrcrrircn
criyDruo[SL00]
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  (3-13)

Hrε0icricriiiyoffrc,icric
cr,icron,ωiociinfruncyof
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cronic ,oioicffci of
crrir,τDiDruini,nωPifruncy.
Incofiicon,o=0.15foro-niyrx,
or,oinnonniynrur.τD≈100
fforoniiofiniicon,or,τD≈1fforir
nii.[SL00].Ticricfunciononurfci
rinycrionnrxionofcron-o
.

Exciionyurfrucninuccnin
iconucoricyocni.Oncnii
rin,inryrnfrrinfrocrriroic.
Tiiyicyruycron-ononcouinuo
cinofoniixofronoun
oonouroc.Toroninon-rin
uoiciniiyinucyinnoicxciion.A
conucionnyicynnionincrcr,ron
xciionnuinofCBnkncononin,
nofnic,ruinincronicyriniorrin
ofic[RCZ+06].Dicixciionnnroniciycn
ocoofrnronononrfro
cryiniiy.Conunyiconucoryo
icrucurnunrorniionyiizion
ofonnofninofononoinn1,in
rjcoryicinorinyrur.

Incofiicon,forfuncnrF,oi-iui
rniionio,rrococcurrinon10–100
ic.ForirfuncoF,inoccuron
u-icoconic,nffcouccounfor
inioncnrio.

3.5Concuion
Inicr,rioicroriofoin

rninronofoiourfrriion,inoin
niconucor.Ticricfuncionininrinic
rirory,rocronicconfiurionnic
rucur.Anyriionincronicconfiurionoric
rucurcncnicricfuncion.

Wuyri inrocinurfr-r
inrcion:oiionofrnryin ri,
xciion ofcron yorin oon,xcicrrir
rizioniccncriyo-ruro
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(TTM),xcicrrircyiniconucornicric,
 riroiccnrinyi
ouionofriroynicrjcori.

Trninronofourfrriionr
rifyinrouciroinnc:()cronicffc
conriuoinrnninrncoonnoficric
funcion.Fririnnconriuionfrooyinori
r jorcoonnin oifyinicricfuncion;()
icrucurffc,icorroninynicof
orr-o-iorrrucurrniionuoinnrxciion;
(c)onicffc,rfoconrucnxcin
conroroinSPP.

Trninron oficonucoro urfr
riioninoiioncoxiyrocronic
confiurionnicrucur,cronicffc,nn
fiin,rnorizionofnrucur, 
fr-crrirronrroniforoicron. Wi
rcorucurffc,xciionyurfrucn
inuccniniconucoricyrin
nfrnon-rin.

Trocorrcycriurfrucur
ynic,ionynicnrniion.
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Cr4
Dynicofxciri:
Exrinofi-ro
rfcoryniory
Inicr, oi-rorfcoryn
iorycniunccooicinicof
xci ri.Tynic urnofrnin
oicroriofrrircrriounicu
rciy,incuinin-cryiicon,unn,nZr-
uk(Zr-BMG).Tojciiinofrnin
inoiccouinoniyinrnininLIPSSforion.

Byi-roioryxrin,ioin
inforionouynicofxciriyurinir
rninoicrori.Turfr-rinrcioni
xinyurincnofrfciiynrriin
uririionoficricfuncioniniciniyof
ionro.Ticricfuncioniinrinicyro
cronicconfiurionnicrucur.Oururn
ocoxynicrocinoinffcinoic
roriinniconucorxciyurfu.
Wnufirrinciiuionorocronic
confiurioncnurinxciion,ronifor
uroicrnin.T urruofxciion
ffconoicroriofin-cryiicon,unn
n Zr-uk (Zr-BMG)rinroucn
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icurciyinfooin,izinironi
infunconLIPSS.

4.1Ti-roiory
Inorrourrninronofrourf

r,u-rooiofnuinoiccniu,in
icrixciyronuunn
ruincnrro y krouin
i-ronnr.Trouiyirco
uuyconroinnoicy.Trrr
roincniu,incuininr(rniion,rfciiy)
nnoninr(SHG,Rncrin,uincnc).Aon
roincniu,rfciiyurniiof
u-rocniu.Sinnrfciiyurncn’
oinorniinryroficricfuncion.
Hor,icricfuncioncnrinyurin
rfciiyon, icforrnconcof
rfcrory/iory.Ti-roiorycnroi
inforiononocrrirnicynicfooin
xciion.Tuuu-ni-roiory
cniuourrnincnofoicinicin
rurinurfrion.

A rnri Ti: ir ocior-ifir y
(ConcroInc)oncir-uificioncniu
cnrnof800niuurionof150fn
riionrof1kHzuorforxrin.A
u,inryoriz Guinr focu
urfciconxnoffocnf=500on
ooof110μ.Trfuncjuuin
coinionofnorizr.Tnurofui
conroyrur. T  ounon
cour-conroXYZrnion.Axrinr
rforinninor.



44

Fiur4.1:()Pooriciofxrini-roiory
u.()Scicofi-roioryrrnn.

Fi.4.1()oooriciofxrin
i-roioryu,n Fi. 4.1()o
cicofi-roioryrrnn,ic
uiccorinoRf.[RKC+03].T-orizuuof
150f800nrrinorincinconurfcn
xciri,rinincnofrninrfciiy.
T150f800nonrynon-rurinouro
urrfciiycnoiffrnincinn28.7
n65.8i,icoforrcoryofcnin
rfrciinx.Toincinnrconccorino
rfciiyofunxciiicon,icnoninFi.3.2.
Tinuurririiyirc
oourou. Afrir BS2n
f-,roucnino-orizionfor
.Turoiionofrrooni
onioryCCD-cri20×zooojci.Tro
zoniinificnyrnixnofu
xcirionnrforurorro
rorfryuniforyxcirionof.
Tooo-iocor(PD1,PD2)ruo ur
roin.Inorroiniizcrifro-oriz
u u, i-conr orizr r u foro
oo-iocor.Toiniizinfuncoffucuionin
r,noroo-iocor(PD3)iuour
fucuionofrfunc.T uruof
rninrfciiyrrcornconroyLVIEW
ror.Tcorronincoxrfrciinxñ=n+kii
iffrnyiroinyinrinFrnforu
inn.Tccurcyofurniffcy
rounnocnriyofurfc.
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Nx,ui-roioryuour
rninoicroriofr ri. Afir,
in-cryiicon firojc, nyriou
xrinru[ACS84,CC88,Hu97,SL00]cnuo
cckffcinofourxrinu.Scony,
non-onicunniuroiniffc
of-ncron.A,orouoyZr-uk
(Zr-BMG)iurorrcionicrucur
ffc.

4.2Trninronofiiconourfr
4.2.1Tcronicnoicroriofincry
iicon

Afir,cronicnoicroriofunxci
iiconrrifyinrouc.Tnrucurofiiconi
oninFi.4.2().Sinryririonof
oconucionnincn, r
xiuofncniG-oiniiniof
ncninr X-oin,inoinirc
iniunof1.12V.Conuny,icricfuncion
inFi.4.2()oryriinryrn3.2n4.3
V[Hu97].

Fiur4.2:()Bnrucur[CC88]n()icricfuncionof
in-cryiicon[P85].

4.2.2Murnofui-uoificionro
oniicon

Toi(100)urfcofn-oincryiicon
(ITME rouc) r uin xrin. T



46

oificionroofiiconinnonrn,
uurion,unurnrurofiicon
[BBK+02].Forx,oificionroon(111)urfc
ofn-oiiconinucy800n130frui0.26
J/c2[BBK+02].Bforurinrninoicinicin
xciiicon,inioificionroofiicon
.

Bcuofincuionffc, oificionro
nonnurofiru.Inrfrnc[PER+91],
nncfouninforofor:

1ξNFNF  )1()( oo (4-1)
HrFo(N)ioificionrofuncforru
nurN,(Fo(1)=0.21J/c2ccorinoxrinforSi),
nξicofficin,icinninrinrfc
crinfiu.InFi.4.3,xrinof oificion
roninonnurofuro. A
-ur-fiiforu(4-1),yicofficinξof0.89,
coocofficininrfrnc[BBK+02].Forfiniu
nurN,nrfunciornFo(N),ri
nooifyiiconurfc.Sorninoicinicin
xciiiconrurorfuncof0.0825J/c2.

Fiur4.3Trofuncofr-inucoificionofiiconru
nurofincinruiurionofτ=150fnλ=800ninn
irnironn.Toiinrrn-ur-fiiforu(4-1),
rξ=0.89.

4.2.3 Murnofrninoicinicof
xciiiconinrufuncrn

Forufuncooificionro,
iioiurin urnnu
uroonooninorroiini
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noifrorounofiicon.Hor,for
ufunccoooro oificionro,
iiconrrcnnurinurny
o-xirnioninorronurcuu
rikfr,unxcironiiconurfc.

Fi.4.4icrnincnofrfciiy
incinnof28.7n65.8fooinxciionfor
iffrn ufuncncorronini-ro
rfrciinicñ=n+kirrriyinrinFrnforu.

Afuncofuuioin-o
oificionro,orfciiionunro
froinou1fooyorrcory(Fi.4.4()).
Corroniny,rrnofrfrciinxunrof
rofooyorrcory,or,iinryrk
ofrfrciinxxrincfincrfooyor
rcory.

Afuncofuuirifro0.256J/c2u
o0.611J/c2oin-ooificionro,o
rfciiyonunrofincrinou1
fooyui-y-(QSS)inou5(Fi.4.4(-)).
Corroniny,rrnofrfrciinxunrof
rofooyui-yuofou0.66,or,
iinryrkofrfrciinxxrincfincr
fooyui-yuofou1.84.Afru
urionof150f,rrnrorn
iinryrkofrfrciinx,rrninQSSi
 -ik,incynirrof
icricfuncionforoyic.Sorniionfro
iconucoro fronoicoinofi
occurinurfrioninry(nyicy10%
ofncniuinconucionn).
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Fiur4.4.Trnincnofrfciiyiniiconincinnof
28.7n65.8fooinxciionncorroninrri
i-rorfrciinicñ=n+kiufuncof()F=0.084
J/c2;()F=0.256J/c2;(c)F=0.318J/c2;()F=0.611J/c2.

Txrinrnincnofrfciiyin
r-xciiiconrnyzfrorciofcronic
confiurion. Bcufrcrriroinoic
ronofxciriinry[SL00],ii
roriocrirninicricfuncionofxci
iiconyDruo.Excorffc,ucnn
fiin,n-rucurrnorizion,icricriiiyi
inyDruo[SL00]:

Dru  ' (4-2)
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
(4-3)

Hrɛ’iicricconnofxciiicon,ɛi
icricconnofunxciiicon,ɛ=ñ2=(3.6959+0.0047i)2
=13.6597+0.0347i; Orrrninroucin
Cr3.4.Accorinorfrnc[BRK09],o=0.18nτ=1.1
frconforfocon-r-xciiicon.Sofr
crrirniyNcnccuonrfrciinicin
xciiiconuinforu(4-2)n(4-3).

BforDruoiuonyzourrfciiy,
rifyinroucorionofiinoiiicon.Iniicon,
cron-oirrcryinrnyo-oon
orion(TPA).Ncinrcoinionniffuionurin
xciion,cnofrfciiyRurin
u u,  fr crrir niy in NIR
focon-r-xciiiconcnccufrou
funcF0[SL00]:
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000 22

)1()1(

RFRFN   (4-4)

Hr0criinrorioncofficin,0=1.1×103c−1
[P85].io-oonorioncofficin,=6.8c/GW
[BRK09].RfciiyR(θ=0)=0.33,ccorinoxrin,
ħωioonry,ħω=1.55V(λ=800n),0iu
urion,0=150f. Accorinoufuncin
xrinnuion(4-4),frcrrirniyiccu
nrninFi.4.5.Fi.4.5oxcifrcrrir
niyincrnoninryiincrofrfunc.

Fiur4.5:Frcrrirniyfuncionofxciionfunc.
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TnccorinoDruo(4-2)nFrnforu
(3-8),rfciiyincinnof28.7n65.8r
rciyccunrninFi.4.6()n().

Fiur4.6:Toricricionforrfciiyofiiconfuncionof
xcicrrirniy800-nnnorizion
incincnof()28.7n()65.8.

Fi.4.6o inrfciiyfurr
crorniinricincrirnii,
inicrfciiyiniucorrononiyr
rrofɛ’iuo1.Trfciiyroincrn
crrirniyxccriicniyNcrcorronino
rrofɛ’iuo0[SL00].WiDruon
rrofo=0.18nτ=1.1f,criicniyon
urfciNcr=0.3602×1021c-3ncriicniyinuki
Ncr=4.92×1021c-3.Moror,inFi.4.6,rfciiyro
incrocriicniyonurfc. Hor,
corixrinru,criicniyNcrinuk
iori.Tiicuccuiononyino
Druo,noincuinorffc.Forx,n
nfiin,n-rucurrnorizionconriuo
crofcriicniy[SL00].Moror,criicniy
iffcyniy-nrur-nnonτ,
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 irciionofrricronic
niirnriiz.

Afruu,ynicofcrrirnicr
fooini-rorfciiyinFi.4.4.T
xcicrririniiconcucninicricfunciony
crrirorion,crnin ofionic onin
ny-oyffc.Aryi(<1),cnoficric
funcionr inyfrocronicconfiurioninnur,for
x,nrucurcnnfrcrrirorion.Wi
icuricurco:

Incofoufuncooificion
ro,froinrfciiyinFi.4.4()cn
xinyfrcrrirrononiyocriic
niy.Tiniicrofrfciiyoincinncn
iyDruo,icofrcrrirniy
of3.42×1020c-3nofuurioninFi.4.4(),
rinxcifrcrririnu-criicniy
conriuoiniicofrfciiy.

Aufuncincrooificionro,
ricincrinrfciiyoccurinFi.4.4(-),ic
cnxinyfrcrrirroniniyo
criicniy.Tricincrinrfciiycno
oricyricyDruo,icofr
crrirniiof1.88×1021c-3inFi.4.4(),2.62×1021c-3in
Fi.4.4(c)n7.89×1021c-3inFi.4.4()rirn
urfccriicniy.Soxcifrcrrirofor-criic
niyyinroinricincrofrfciiy.In
iion,forifunc,yroynicxnion
orfciiycy.

Exc inrooffrcrrirron, ny-oy
ffcncrninofioniconiororffc
rfciiyinFi.4.4,icrifficuoiinuiin
ourrfciiy. Mny-oyffcon
rnorizion,iccrn,forx,
rinkofniou400Vornirn
crrirniyof1021c–3[ACS84].Tcrninofionic
oniycurcnofnrucur,uc
cnLnX-yinFi.4.2().

Iniion,iniufunci,iizinn
rucurrrucurffc.Trnrorofn
nrixoiiy[GDJ04,LLS+05].Bnnrucur
cooccuroriiui-ikorrnic
oicrori.Ticonucor-o-rniionyoccur
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inu-icoconicfrxciion, iccn
ircy uryfoconcron[SDJ+03]nx-ry
[LLS+05,CCTR11]iffrcion.

4.3Trninronofunnourf
r

Tunnirri-ry,ic
cryinforofoy-cnrcuicrucur.Tunn
i inoin(3422C),oorrurn
inirninur.Tunnoi
niyof19.25ηc−3.Tyicy,unnonouorurfc
onorion(SPP)innrnof240–920n.
Tunnnurouicioninincncniu
fin, X-ryu,uroy,riion iin, c.
[H04]

Tfruncy-nnrfrciinxofunnion
inFi.4.7.Tinrnrniionroofunnin
inconiioni0.3V[NKN71],iciorn
uoonnryof1.55Vinxrin.

Fiur4.7:Tfruncy-nnrfrciinxofunn[H04].

Tin-ioiunn(GoofoInc.)
iinionof25×25×1ruinxrin.
Toiinoniirionnuin
oririizono0.1ε.Trfrciinxof
in-ioiunni N=3.5+3.15i800-n
n, ur y crocoic  ou
ior(Ui,HorJoinYon).Bfornfrr
fricion,rcnuronicyinnofor5
in.

Inourxrin,in-oionroofunn
iou0.6J/c2(kfunc)[BSC+10].Foru
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funcoionro,iioiurin
urnnuuroonoon
inorroiininoifrourfc
rounof.Hor,forufunccooor
o oificionro,unnirr
cnnurinurnyo-xirnionin
orronurcuurikfr,unxcir
onWurfc.

Fi.4.8icrnincnofrfciiyinunn
incinnof28.7n65.8fooinxciionof
iffrnufunci.Dninonfunc,ocrcriic
rionror.Aifrfciiyincrcnnofor
ofuncuojuooificionro.Jufr
xiu,rfciiyinfooycrcory
(Fi.4.8(,)).Tioicioriuuyocii
riionofcoiionfrunci,cronicnur,oroccuion
roffr-ikcronic. Wio
crcriiccronicnofWiriyfirucur
ockycificroinoicynic,nin
rucurronoxciion.

Afrrniionoin rrfciiyincr
ncynooiffc,ifuncri(Fi.
4.8(c-f))oiffrnior.Inic,u-(o0.5
)rfciiycrifooyionryo-rfciiy
ofr.Tricyofrfciiyioniy
inkoorniynuoion,yic
iiorrociirnyroynic
cnonric.
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Fiur4.8:Trnincnofrfciiyinunnincinnof
28.7n65.8fooinxciionufuncof()F=0.047
J/c2;()F=0.622J/c2;(c)F=1.456J/c2;()F=2.450J/c2;()F=4.634
J/c2;(f)F=5.338J/c2.

Fiur4.9:Rfrciinic(n,k)funcionofufunc.No
ccurucnrinforoniniciniyofion
ro(Grycoorr),oruininici[ZLB+16].

Inourrrc ork[ZLB+16],ccorinorofour
xrinru,rfrciinic(n,k)rrifro
xruofrfciiioincinnfrxciion
rrninFi.4.9.Fi.4.9oxciunnino
funco0.1J/c2counouorSPProin
cuofn>k.Hor,inirfunciniciniyof
ionro,xciunnificoniionof
n2-k2<-1[VG08],icuorSPProion,nin
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xciunnurinxciionfoorniionfro
non-onoon.Wiinnx
croniiicioninLIPSS.

Toininononic-o-onicrniionin
xciunn,E.Bion.inourrrcrou[BCR+16]
roo  oi xnion yfir-rinci ocur
ynic.Tfir-rinciiuionrcrriouyAini
co[GAA+09].A54ourcofoycnrcuic(cc)
Wiui o i52565462 nccronic
confiurion. Afiriuionrrforroo
rur(Ti=T=300K,Ti:ionrur,T:cron
rur)urin2,roiinnrroynic
uiiriuoxrcionicconfiurion.Tncronic
rucurrcouTof300,104n2.5×104K,inorro
uoicroriinoiofcronic
xciion.TiuionruroninFi.4.10n4.11

Fi.4.10oDOSofWocouTi=300,104
n2.5×104K.DrkcoorriffrnTinDOScorron
o[−ν−32kT,ν+32kT]roniforoon-inucrniion
[HDS+08],oinoccuicronicinyicy
800noon.Tunniriyfi-ockiyn
xnionniforirnriofir-ockn
Tiincr.TcnofonroriruoFri
ronin iinrucur-ock,xninoic
inr-nrniioncforiifrunci.Inoror,
rncof-nuorucoicy“ic”
crcrof W,nffciccoinfunii
onoficroniciin-ockuo
croninnFririn.

Fi.4.11orrnniinryrkof
oicinicforcronicrurof300K,104Kn
2.5×104K,oinncrnkincri
incrofT,iciconinixrincionof
oicinicinFi.4.8.
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Fiur4.10:DOSofccWcouTi=300KniouioniT.
DininicFrinrkcoorrooccui
cronicinyicy800noon[BCR+16].

Fiur4.11:()Rn()iinryrofoicinicfor
cronicrurof300K,104Kn2.5×104K.Turrrn
xrinfornon-xciW[WOL75].[BCR+16]

Loxciionrincronicrnfrroun
ciconiociinriyfi-n,ino
nincrofiinryncrofrinicor
nononic-o-onicrniion.

Wiruinfuncon ocurinin,irinu
funcrinurfrniionoionizoniy
rcr-inuc, cnicrur-inucnr,
-inucriconcuroiizoirixonu
cyicyociinon-rrniion.

4.4TrninronofBMGourfr
Bukic(BMG)roinon-cryinic

oyiiorroic-crucur.Tyriri
uorfor icrooriuockofcryi,rin
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ounriniocioninrirucur[WDS04].BMG
cnroucyricooin.Zr-uroyikin
ofuk ic, icn iyini
[SNK+07].TrforZr-BMG:Zr41.2Ti13.8Cu12.5Ni10B25.5(%)
oyiurrcojc.

BcuBMGiorroic-crucur,
orycconyinrioiciyincryinoiino
fufornyiofBMG, Horcic-onin
ioiniuin.Inorroinicronic
rucurofiorry,N.F. MonP. W.Anron
roonoryofocizionorynrcoion,for
icyrrNoPrizinPyicin1977[MJ58,
An78].Hor,orrcorkfocuonrounof
BMG,noxci.Soxciof BMGi
iniyourin-uou-roxriny.

Tin-ioiZr-BMGiirof
8 nicknof3 ruinxrin.
Zr41.2Ti13.8Cu12.5Ni10B25.5(%)iroucyrcinunr
urifiArornroininocor o.Afr
cuin,oiinonyionnuinor
iriizono0.1u.Zr-BMGforxrin
rinifiycronck-criffrcion(EBSD).T
oicinicofZr-BMGrux-iuyuin
corciior(Ui,HoriJoinYon).Unr800
n-nirriion,rfrciinxofZr-BMGiñ=
3.114+3.679i.

Inxrin,in-oionro of
Zr-BMGiou0.3J/c2(kfunc).Fi.4.12ic
rnincnofrfciiyincinnof28.7n
65.8fooinxciionofiffrnufuncn
corronini-roicricfuncionrrriy
inrinFrnforu.Fi.4.12(,)ocnof
rfciiyoincinnunrufuncof0.0378
J/c2 iniciniyof ui-uuionro
(roxiy0.04J/c2),rfciiyirrky
uonxciion,orfrciinx(n,k)iconiro
conniunry.Ticnnconuncof
ui-cooiionicououiuof
cronicnui-coninuuniyof(DOS),
rffcofr-inuccronicouion/ouion
 ini.Aiiriorcnnoicforfunc
oinoionro.Innu,
ui-o unc ffc oic rori i
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ccuuion of -inucoooicfur. Bfor
oninoiourninrfrciinxcn,BMGurfc
couyui-unnnocurfcrucur
r.

Fi.4.12(c,)ocnofrfciiyunru
funcof1.22J/c2.Borfciiioncr
inificny.Trninrfrciinx(n,k)nicric
inxxrcfroiorroninFi.4.12()n
4.12(f)rciy.Difcinrionu
rinrfc,coniion ynofufifori
func,nouiicrofnnk,inicin
frncof.
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Fiur4.12:TrnincnofrfciiyinZr-BMGincinn
of28.7n65.8fooinxciionncorroninrri
i-rorfrciinicñ=n+kiufuncof(,)F=0.038J
/c2;(c,)F=1.22J/c2;(,f)Rrin,kiorinifunc
oinfro(c,).Nocrinizfonofo
niy.

Inorroiniffcofurfrinon
oicrori,fir-rinciiuionrcrriouy
CASTEPror[CSP+05].Coniriniiofcouin
oriCASTEP,50-oc(Zr20B12Ti7Cu6Ni5)iu
Zr-BMGo,oninFi.4.13().Torouci
uiin Mon Crofion,y iniizincoconc
no,inurinriiciriuionoforion
nfornyinforcfifornycoonnoi
niyof6.125/c2rurof300K.

Afirfirrinciiuionirforroo
rur(Ti=T=300K),roiinDOSnoic
roriofZr-BMGinroun.TnZr-BMG oi
courur(Ti=300K,T=10000K),inorro
uDOSnoicroriinxci.T
iuionruroninFi.4.13(,c).

Fi.4.13()iDOSofZr-BMGocouTi=300
KnT=300K,104K,icoZr-BMGxii
ifof-ockorornri(iinry
rnof(-5~1)V)nTincr,inocr
ofrfciiyinxci.

Fi.4.13(c)orrnniinryrkof
rfrciiniccouTi=300KnT=300K,104K.A
1.55-Vronry,iincrofTfro300Ko104
K,nincrnkcriy.Tinorcnofoic
inicorfcrfciiyuonkxciioninFi.
4.12(,).

Wiincrofunry,rfciiycr
(Fi.4.12(c)).Tcnxinyonofoniy
orinrou.
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Fiur4.13:()Zr-BMGoof50o;()DOSofZr-BMGo
couTi=300KnT=300K,104K.Tcronicciconi
(Fri)i0V.(c)Rniinryrofrfrciinic
couTi=300KnT=300K,104K.

4.5Concuion
Inicr, orrnin oic

roriofiicon,unnnZr-BMGxciyurfr
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u.Ain-cooro-ni-roioryo
rn.

Foriconucoriicon,incofoufunc
ooificionro,froofrfciiycn
xinyfrcrrirrononiyo
criic niy. A ufuncincr o
oificionro,ricincrofrfciiyoccur,
uofrcrrirroniniyocriicniy,
ny-oyffc,crninofioniconi.
Trniionfroiconucoro-ikiui
occurinurfrioninry.

For unn,oufunc,iniif
incrofrfciiyinou0.5cnxiny
ririuionofcronouionrounciconi
iin-ockuo.Wiincrofufunc,
rfciiyouncrininfcinof
.Pricury,xciioncirniion
fronon-onoon,furi
rifiinLIPSSccuion.Exrinonrniioni
iniyfir-rinciocuryniconAini
co.TonrniioniuoFrironiniin
rucur-ock,xninoicinr-nrniionc
foriifrunci.

Fororouoy Zr-BMG,oufunc
rfciiyirrkyuonxciion.Afuncof
uuincrororfciiy
oncr.Inorroiniffcofurf
rinonoicrori,fir-rinciiuionr
crriouyCASTEPror.TccuDOSnoic
roriofZr-BMGinorounnxcio
Zr-BMGxiiifof-ockoror
nrinriofin(-5~1)VrnnTincr,
inocrofrfciiyinxci.T
inorcnofoicinicorfcrfciiy
uonkxciion.

Txrinruoffrinforionfornx
iniionofurfrionnf-LIPSSforion.
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Cr5
LIPSSxrinonc
ri
Wrirrnofri-ikrucuroinon
rirninfroorouocryin ri i
rioun. Wcificyconunn,ic
riinon-oniccrcriicinNIR-VISrn,
ui-coonnicoyiiffrnrofurfc
fini, iconucornicricri(iicon,
fuiic) rcocicrrirroniinucy
cronicxciion. Wifocurforoninfuncof
ri,urfcnxciionffcinfininLIPSS.

Wnr-inucrioicurfcrucur
(LIPSS)iunirnononoccurrinonooi.
Tyicfocon(f)r-inucriyicy
ririonrnnriouorinion.
W  uy inic  oni icion in
icro/nno-cinin.Inicr,focuonryic
rioini nr cni off-LIPSS
forion. Afir,ffcof ri iiffrn
cronicnrynrucurrini,inoin W
(),Si(iconucor)nSiO2(icric).Scony, 
focuon LIPSSforionon Winiofiriin
non-onicconiion.Finy,ffcofionicui-n
rucuriicuinin-cryuroyCMSX-4,
orouoyZr-BMGnicorronincryoyZr-CA.
Trnofxrinrnrunrinfck
rocnincinrnurfcnnorucuryn
iornroinriforion.Trforurfcroun
nfc iffcLIPSSorinionnrrnn
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uiyninxrinoouinooryn
cronicffc,nyurfcroun,ynicof
icricfuncion,ricooiionnirucur.
WixofLIPSSforionon,iconucor
nicric,unrininfcorcniforuionof
nrcnrioforLIPSSforion. Wcou orooy
orion(cronicrocoy(SEM),oicforcicrocoy
(AFM)),cicnrucurnyi(incificc
ciccooiioncnofLIPSSrurynry
iriX-rycrory(EDX)nrucuri
cronck-criffrcion(EBSD).)oriconro
rnforionofri(cryinruorou).
Finy,LIPSScrcriicofixrinnoniffrn
unrfuncirrciynyznuriz,
roiinxrinruforiniionofLIPSS
forioncnifroncronicioin.

5.1LIPSSxrinu
ALIPSSxrinrrforyuinriion

ourc  rnri Ti:ir ocior-ifir y
(LnCornInc)oncir-uificion
cniucnrnof800niuurionof
50fnriionrof1kHz.TinryorizGuin
rifocuiconxnof100-focn
onooofriu=13μ1/2inniy.Trfunci
juyuincoinionofnorizr.
Tnurofuiconroyrur.Incrinr
unurruoiniiniiLIPSSforion.
Tiounoncour-conroXYZrnion
iirouionof125nnirrizoni
orinriynifyiniinynrojc
onCCDonior.Axrinrrforinin
oriurfcrnicuror.T
xrininruofLIPSSonunn,iicon,fu
iic,CMSX-4,Zr-BMGnZr-CArrciyinroucin
fooin.
5.1.1LIPSSxrinonunn

Tin-ioiunn(GoofoInc)
iizof25×25×1iuinxrin.
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Toiinoniionnuinor
iriizono0.1μ.Bfornfrrfricion,
rcnuronicyinnofor5in.

InorroiniLIPSSforion,incrinnur
rurorfuncofF=0.38Jηc-2(in
iciniyofin-oionroofF=0.4Jηc-2)
iffrnoonunn.TorooyofLIPSS
orySEMnrioiciyofriinyzy
o-inionFFourirTrnfor(2D-FFT).

Fiur5.1:SEMiofunnurfcfrirriionfuncF=0.38
Jc-2yfru:(1)N=1;(1)N=20;(c1)N=40;(1)N=100;(1)
N=200;(f1)N=500;(2-f2)o2D-FFTof(1-f1)irciy,
rrninrioiciyinifruncyc.Trorizion
ircioniniciou-rroncronin().

Fi.5.1oSEMiofLIPSSforonunn
urfciincrinunur(N)ofinryorizr
riionfixfuncF=0.38Jc-2.Fi.5.1(1)rrn
orooyofirriunnurfcfr1u,oin
ionnorucurrforiniorririuion,
inonncnofurfcroun.T r
riouyicunociznucioncnrof
rniion[ARL+15].Fi.5.1(2)i2D-FFTofFi.5.1(1),
rrninrioiciyinfruncyc,ico
urfcnnorucurGuiniriuionofi
fruncy,iounoiourioiciy.Noiu
ofcoorrrrninniyofiriuifruncy
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inFi.5.1(1);InFi.5.1(1),fr20u,LSFLrii
ircionrnicurororizionroriin
irrio.Fi.5.1(2)i2D-FFTofFi.5.1(1),oin
LSFLriirioiciyof62516n;InFi.
5.1(c1),fr40u,LSFLricouccrr,i
finHSFLririircionrnicuror
orizion.Fi.5.1(c2)i2D-FFTofFi.5.1(c1),oin
LSFLriirioiciyof59715nnHSFL
riirioiciyof3205n;Fi.5.1(1,2)
ofr100u,LSFLriinfuo
irioiciyof58115n.Tyicy,inrrcn
rioninFi.5.1(1),LSFLriirioiciyof
56815nn HSFLriirioiciyof
30310n.Hor,inrionouirrcninFi.
5.1(1),LSFLriirioiciyof62515n;Fi.
5.1(1,2)ofr200u,LSFLriinfuo
irioiciyof56815n.Tyicy,inr
rcnrioninFi.5.1(1),LSFLrii
rioiciyof52015nn HSFLrii
rioiciyof28510n.Hor,inrionouir
rcninFi.5.1(1),LSFLriirioiciyof
56815n;Fi.5.1(f1,f2)ofr500u,i
rioiciyofLIPSScouncrniuofcoorr
inFi.5.1(f2)cr,rinforLIPSSn
yuunu.Tiiorinocuynu
iiufuforfoo-uicuion.

Fiur5.2:TrioninLIPSSirionunur.

TrioninLIPSSirioiciyfroFi.
5.1nunuriuriznrninFi.5.2.Fi.5.2
oLSFLrioiciycriincrofr
u,iciconinirfrnc[VG08]n
iirnononinorri[HZC+09].Iniion,
100-200u,LSFLrioiciyincnrrioniir
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nrirrionofirrio.Onorn,
HSFLrioiciycriiincrofru,
icinryfofLSFLrioiciyfor
u.

In Siory, LIPSSrcoonyriuo
inrfrncnincinrinxciurfc
cronic.Pricury,LIPSSonrio
nryinrfrncnincinin
xciurfcon(SPP)(roircn
in xci in yncroni–onu-conrion-
coniion).Foroonricric/inrfc,SPP
corroinrfcKSPPiiny[R88]:




SPP KK 




 (5-1)

HrKiicorincuu,ε=ε’+iε” i
icricconnof ,nε=ε’+iε”iicric
connoficriciu,ε=1niuicuu
orir.TconiionforSPProinon nr
urfciniriR(ε’)<−1[R88].TnuoSPP,i
rioiciyɅofLSFLriforonurfciniry
inryorizriiin[VG08]:





 


 1R 
 (5-2)

Hrλiincinr n,λ=800nin
xrin.

Inxrin,icricconnofunxciunn
iε=2.33+22.05i800-nn.Tioiccou
nouorSPProinonnrurfccuof
oiirroficricconn.

Conirinxrinofrninoicinicin
xciWinCr4.3,urfrxciioncnrin
rroficricconno-1,icififoror
onconiionforSPP(rciicik
cronicrur,ourinuurion).For
x,ccorinoxrininCr4.3,
icricconnofxciWcn-4.18+15.75inof
ruurionnrycooionro.
Accorinouion(5-2),ccuirioon
xciWiɅ=794n,iciucirnxrin
LSFLrioiciyof625-568n.SoSPPoconriu
iforLSFLforiononnrW.
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Innr,rioiciyofLSFLricr
nurofruincr[HZC+09,BMS05,HCT+07].T
iniiSPP-rinrfrncnuunrin-i
SPP-rcouinruoxinrioiciy-crin
nonon[HZC+09].Tinicrrioiciyin
riryrncnrrofirrio[HZC+09],
icinoconiniourxrinruofr
rioiciyincnrrion(Fi.5.2).Iniion,J.Z.P.
Skoki‘iniionyFDTDiuiono
roionofSPPinoncryconiionforLSFLforion
[SRO+14].SoiiuionifSPPconriuoLSFL
foriononunn.

Aioinou,xcrninoic
inicurinxciion,nnorucuron Wurfco
yroinLIPSSforion,iciicuin
nxCr.
5.1.2LIPSSxrinoniconucor(Si)

Toi(100)urfcofn-oincryiicon
(ITMErouc)ruinxrin.Inorro
iniLIPSSforiononiicon,incrinnurofr
urorfuncofF=0.30Jηc-2(iyo
oificionro)iffrnooniicon.
TorooyofLIPSSorySEMnrioiciy
ofriinyzyo-inionFFourirTrnfor
(2D-FFT).
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Fiur5.3:SEMiofiiconurfcfrirriionfunc
F=0.30Jc-2yiffrnnuroffru:()N=10;()N=20;(c)
N=50;()N=100;()N=200;(f) N=500.Trorizionircion
iniciou-rroncronin().

Fi.5.3oSEMiofLIPSSforoniicon
urfciincrinunur(N)ofinryorizr
riionfixfuncF=0.30Jc-2.Fi.5.3()rrn
orooyofirriiiconurfcfr1u,oin
rkcoorionoincnriouLIPSS.InFi.5.3(),fr
20u,LSFLri iircionrnicuror
orizionroriinirrio,ic
ui-connirioiciycnr744ny2D-FFT;In
Fi.5.3(c),fr50u,LSFLrico uccrr,
ifincro-ririncnrofirrioi
ircionrororizion,oinLSFLri
ui-connirioiciycnr646nn
cro-riui-connirioiciycnr
1534n;Fi.5.3()ofr100u,LSFLriin
fuoui-connirioiciycnr663
n.Hor,cro-rirnoncry;Fi.5.3()o
fr200u,inofcro-ri,icro-cir
rincnrofirrio,LSFLriin
rirui-connirioiciycnr663
n;Fi.5.3(f)ofr300u,icro-ciro
rincnrofirrio,LSFLriin
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rirui-connirioiciycnr614
n.

Nx,nyzxrinrufrorci
inySiorynDruo.Accorinoforu
(4-4)ofr-inucfrcrrirniy,ccufrcrrir
niyiN=2.362×1021c-3froF=0.30J/c2inxrin.
Tnicricconnofxciiiconiniycn
riɛ*=7.10+2.57i(ñ=2.71+0.47i),froDruoin
foru(4-2)n(4-3).

TnSioiuoricLIPSSforionon
iicon.InSio,xiuuinfficcyfcorη
corronoLIPSSiorinionnrio.T
Siounrinffcofrouurfc,n
fcornfiinfcorFro(F,)=(0.1,0.4)for
rouurfc[SYP+83,BRK09].Fi.5.4ro-inionη
fornorincinriion(θ=0)λ=800nforunxci
iicon(ñ=3.6959+0.0047i)nxciiicon(ñ=2.4751+0.0013i).
TrorizioniroYxi.InFi.5.4,fur
inicyin-rrocnociiLSFL
inroinnyrnicuroorizionnin
riocoorn.Onunxciiicon,
LSFL  i rio of Ʌ=800/1.04=769.2 n.
Conirinrninoicinicuor-inucfr
crririnxrin(Fi.5.3),LSFLonxci
iiconrricoirioofɅ=800/1.08=740.7
n,iciconinixrinruinFi.5.3.So
offcofrouurfc(urfcnnorucur)n
inr-urninoiciniccnconriuoLSFL
forion.

Fiur5.4:2Doffficcyfcorηforin-cryiniicon
funcionofnorizLIPSScorKx,Ky,fornorincin
riion(θ=0)λ=800nfor:()unxciiicon(ñ=3.6959+0.0047i);()
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xciiicon(ñ=2.4751+0.0013i).TorizionEiinicin
ou-rroin().

5.1.3LIPSSxrinonicricfuiic
Aoroufuiic(-SiO2)iurforofiic

;noniiconioxiiriycoo,ioiifi
.Purfuiicrniionrurof1202
◦Cnofninrurof1585◦C[Ojo04].Dicric
fuiiciryuoic riuoioo
rniioninicrrn(fro180ninurio
riono2.5μininfrrrion),nocofficinof
rxnion.Fuiiciiiyorock
orrrurxcurionnirro.
Biioicrori,fuiiciokyriin
icrocronic n croory uoi cnic
rinc,iicricrn,irurorinrn
nciiyforcicoificion[Mi12].

Inorroini LIPSSforiononfuiic,
incrinnurofrurorfuncof
F=3.23-3.8Jηc-2iffrnoonfuiic.T
orooyofLIPSSiorySEMnrioiciyof
riinyzy2D-FFT.

Fi.5.5oSEMiofLIPSSforonfu
iiciincrinunur(N)ofinryorizr
riionfixfuncF=3.23Jc-2.InFi.5.5(),fr8
u, HSFLri i ircion rnicuror
orizionroriinirrio,ic
ui-connirioiciycnr239nir
rny2D-FFT;InFi.5.5(),fr10u,HSFLri
ui-connirioiciycnr274nir
rny2D-FFT;InFi.5.5(c),fr20u,rrky,n
urfcrucurrincnrofirrio.Hor,
HSFLonyxiinriryofo;Fi.5.5()o
fr50u,LSFLriinfuoui-conn
irioiciycnr575niircionro
rorizion.
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Fiur5.5:SEMiofiiconurfcfrirriionfuncF=3.23
J•c-2yfru:()N=8;()N=10;(c)N=20;()N=50.Tr
orizionircioniinicin()iou-rro.No
iffrncinci.

Fi.5.6oSEMiofLIPSSforonfu
iiciincrinunur(N)ofinryorizr
riionfixfuncF=3.80J∙c-2.InFi.5.6(),fr4
u,LSFLriiircionrororizionr
or iinirrio. LSFLri 
ui-connirioiciycnr681ny2D-FFT;In
Fi.5.6(),fr6u,LSFLriiircionro
rorizionroriinirrio,in
ui-connirioiciycnr614n(iny
2D-FFT);InFi.5.6(c),fr10u,LSFLriiircion
rororizionroriinirrio,
iui-connirioiciycnr646ny
2D-FFT;Fi.5.6()ofr20u,LSFLriin
fuoui-connirioiciycnr557
niircionrororizion.
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Fiur5.6:SEMiofiiconurfcfrirriionfuncF=3.80
J∙c-2yfru:()N=4;()N=6;(c)N=10;()N=20.Tr
orizionircioniniciou-rroncronin
().

Inury,rroyofLIPSSonfuiic,
inoinHSFLrirnicurororizion(ircion
i rk ┴E),LSFLrirororizion
(ircionirk║E). Wiincrofru,
LSFLrioiciyruycr,oininrnof681-
558n,iirocofLSFLonunnniicon.
Rrky,funcofF=3.23Jc-2,iincrin
nurofru,rniionfroHSFLri(┴E)o
LSFL(║E)ior.Hor,irfuncofF=3.80J•c-2,
onyLSFL(║E)riror.

Coriiconucor,icricri
rrn.Forfuiic,niuoE=9V
[Mi12].Sincoonnry(1.55V)inxrini
ucrnn,noinrorionkc,
inornrncyfor800-nioinnii.In
Sio,LIPSSforiononniconucorr
coonyriuoinrfrncnincinr
inxciurfccronic.Cori
iuion rrfcionoin(oi oonr
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rfconniconucorurfc),rrof
incoinicnrfrcinoukicricrinuk
nurfcffciix.Soinrfrncnrfrc
iiniciniyofurfcyrnxciurfc
cronicyniornroinLIPSSforion
onicric ri.TcoxiycnoyonSi
orynoiffrnLIPSScrcriic.Forx,
LSFL(║E)onfuiicriffrnfroLSFL(┴E)on
unn n iicon in our xrin. T crin
crcriicnffcoficricfuncioninfuiicon
LSFLforioniiniinnxCryFDTD
iuion.

Iniion,focufoconuorinnii
oufficinyiforririnrocofnoninroic
orion(oo-ionizion),inonrionoffr
croninconucionn.Vriounoninrffcruin
froronrfiinicric rin
iionfrcronrininfocrionffc
nryoiiononurfc.Forx, or
rniionfroHSFL(┴E)inofuncoLSFL(║E)ini
funconfuiic,roffcoffrcrrir
niy.

Finy,LIPSSonicricriroiffrnfro
LIPSSonniconucor,cuofrnrn
roriuoicricfuncion.Tiicuin
nxcr.
5.1.4LIPSSxrinonin-cryuroy
CMSX-4

CMSX-4inur-irn,incrynick-
oyicooiionin62.17Ni,12.58A,9.86Co,7.45
Cr, 2.17T, 2.11W,1.29Ti, 0.94R,0.38Mon1.05or
ninoicrcn.CMSX-4 inoinof
1455C,noiinoinof2730C.CMSX-4oiniy
of8.90/c3.Toycnorikrurof
1163C. Nick-uroyr iyufor
urininircrfninnornriony
[RGN07].TrforCMSX-4cnrooo ic
yforioncniuiinricurroynic
coniionofiinoin.Iniion,yro-
riconininnoi-nounri.



74

Fi.5.7iSEMiofyico-(γ(Ni)n
γ’(Ni3A))icrorucurofCMSX-4frouionnin
rn,oincuicorrγ’(Ni3A)rciiin
nof0.6μrinγ(Ni)rixi
cnniofroxiy90n[MMT+07].Afrfr
ion,uco- rixrucurcouinucurfc
nnorucur,nncinnnocurfcrounn
rooinLIPSSforion.

Fiur5.7:SEMiofo-icrorucurofin-cry
uroyCMSX-4[MMT+07].

Urorurioninnick-uroy
CMSX-4niniofriniffrnc.Tr
rinrocinro(in-oionroin
CMSX-40.30.03J/c2[MMT+07])incuinconiionfor
nriniuiyr, orin rocincuin
onofock.Zn.’iniion[ZCF+11,
ZCF+12]o,iirornoficy,fr
ion rouco-i-fruncy LIPSS(LSFL), i
i-fruncyLIPSS(HSFL)nikonCMSX-4.Si
rioiciirror730-760nforLSFL,360nfor
HSFLioircionrnicurororizion. W
ifoooroofocurfcooryinforin
LIPSS.

TurfcofNi-uroyCMSX-4
oiyconnion oricrocurifin
oiof0.05εA2O3union.Tuuny
cninnuronicnofor5~10 inrioro
foconrion.TrfrciinxofCMSX-4
urycrocoicouior(Ui,
HoriJoinYon)ñ=2.05+4.24i800nn.

Wfirrininfuncofoccuuionin
cuuirinoroooyouion.Inorr
oiniLIPSSforion,nincrinnurofru
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roiffrnoonCMSX-4.Torooy
ofr-inuc rioic icrorucur  xin
orioriySEMnrioiciyofriinyzy
o-inionFFourirTrnfor(2D-FFT).

Fi.5.8oSEMiofLIPSSforonCMSX-4
urfciincrinunur(N)ofinryorizr
riionfixfuncF=0.507J•c-2.ForN=1,or
rnno-rourncnnnooonurfcincnrof
irrio[Fi.5.8()].ForN=4,-rkHSFLri
iircionrororizionrnrn,
i,finLSFLriiircionrnicuror
orizionroriinirrio.AoN=10,
finLSFLriror(Fi.5.8(c,,)).Ti
ouioniconfiry2D-FFTnyiofrn(Fi.5.8
(f-j)),uinocriionincfruncyoin.If
Fi.5.8(f)onooofinrioicrnforN=1u
ryrnoyrouoooy,HSFLririnforo
nurofu(Fi.5.8()).Fi.5.8(),2D-FFTrofiofFi.
5.8() N=4confir HSFLri i uiconn
rioiciy cnr  337 n n LSFLri i 
uiconnrioiciycnr725n.ForN=10,HSFL
rincrLSFLriror.Rrky,cuof
fcinrkinrininFi.5.8(c),ircionoff
LSFLrinrfcicn[Fi.5.8(c)].Fi.5.8()i
2D-FFTofFi.5.8(c)oHSFLriiuiconn
rioiciycnr349nnLSFLriirioiciy
ucnr665n.ForN=20,HSFLriiircion
rororizionir[Fi.5.8()].Fi.5.8(i),
2D-FFTofFi.5.8(),oLSFLriiuiconn
rioiciycnr672n.AnkinofHSFLrii
ircionrnicurororizionrorin
uiconnrioiciycnr343n, icn
rorinrfrnc[ZCF+11,ZCF+12].ForN=50,oLSFLn
HSFLriiircionrnicurororizionr
or[Fi.5.8()].Fi.5.8(j)i2D-FFTofFi.5.8()
oLSFLriiuiconnrioiciycnr656
nnHSFLriirioiciycnr328n.Ii
norioiciyofLSFLricriincrin
nurofru.

Inury, orooyofLIPSSonCMSX-4o
rkinofLIPSS:LSFLrnicurororizion,
HSFLrororizionnHSFLrnicuror
orizion. LSFLrnicurororizion
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rioiciyof725-629nnrioiciycrruy
inincrinnurofru.HSFLror
orizionxiininiiLIPSSforion,in
rioiciyofou340-350n.Arunurincr,
HSFLrororizionirn HSFLri
rnicurororizionririoiciyof
ou340n,nryfrioiciyofLSFL.
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Fiur5.8:SEMiofCMSX-4urfcfrirriion in
incrinnurofinryorizrufuncofF=0.507
Jηc-2.Trciunurrfoo:()N=1;()N=4;(c)N=10;
()N=20;()N=50;(f)2D-FFTofi(),rrninrioiciyin
k-c;()2D-FFTofi();()2D-FFTofi(c);(i)
2D-FFTofi();(j)2D-FFTofi().Trorizioni
iniciou-rroin().

5.1.5LIPSSxrinonorouoyZr-BMG
nicorronincryoyZr-CA

Zr- Buk ic  (Zr-BMG) r oi
non-cryinicoyiiorroic-crucur
ni riuorfor icrooriuockof
cryi,rinounriniocioninrirucur.
Zr-BMGZr41.2Ti13.8Cu12.5Ni10B25.5(%)iuiinourork.

TicrucurofZr-BMGcnconroynnin
cirurocryizionrur,i
rurnnnini.Rfrnc[Wn02]o
icrucurofZr-BMGrnforocryin:
inificnounofZr2Cu(ron,=0.32n,c=1.14
n),nMZn2yofLZrTiNi(x,=0.52n,c=0.85
n),nounofZr2Nifrnninno
773Kfor5our.Inourork,Zr-cryinoy(Zr-CA)
oinynninZr-BMG800Kfor50our.Afr
cryizionofZr-BMG,icrucurnroricn.

Sin-ioiZr-BMGnZr-CAruin
xrin.Poiinonyionnuin
oririizono0.1ε.Zr-BMGnCA
forxrinrinifiycronck-criffrcion
(EBSD)nconfirorouorcryin.Toic
inicofZr-BMGnZr-CArux-iuy
uincorciior(Ui, HoriJoin Yon).
Unr800n-nirriion,rfrciinxof
Zr-BMGiñ=3.114+3.679inrfrciinxofZr-CAiñ
=2.591+3.301i.Bfornfrfrion,r
cninnuronicnofor5~10in.

Tfirrikinncofroincionof
urfcooryforori.Turfcoooiof
Zr-BMGnZr-CArnyzuinSEM.Fi.5.9
rnSEMiofriinZr-BMGnZr-CAurfci
fooincrcriic.Zr-BMGurfcfci
oroun(fcoioninFi.5.9()rfrnc).
Tnninrnnonroninfuncon
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CA,orrnofi-niyrnoy-iriu
nno-riciizrn200nonZr-CAurfc
(Fi.5.9()).Trinrinicyrorocof
r-cryizion,nrinuurfcinno-rournc
in100-200nrnn200-300ncin.

EnryiriX-rycrory(EDX)nyiof
ciccooiion(ininFi.5.9())inicin
ncooinnnoricrZrnCuonrin
oninno-ricofZr2CucryininZr-CA.T
oiffrnoori ironinfuncon
forionofLIPSS.

Fiur5.9:SEMiof()Zr-BMGurfcn()Zr-CAurfc.T
rncofnno-ricunrournciiiforcryin
oyurfcniroucofnninrocur.In:EDXnyiof
nno-cryi.

Inorroiniicrucurffcon LIPSS
forion,corionxrinou LIPSSforionon
Zr-BMGnZr-CArcrriou.T orooyof
r-inucrioic icrorucurixinorioriy
SEMnrioiciyofriinyzyo-inion
F Fourir Trnfor(2D-FFT). Tiffrncofurfc
oooyinyznicuinfooin.

Arfuncof0.38J∙c-2,LIPSSonZr-BMG i
incrinunurfro1o50roninFi.5.10(1-f1).
Inconr,LIPSSonZr-CAroninFi.5.10(2-f2).Exc
LSFLrirnicurororiziononoZr-BMG
nZr-CAfr1u,HSFLrirororizion
ronyonZr-CAiin10u.TrioiciyofLIPSSi
nyzyoinionF-Fourir-rnfor(2D-FFT).Fi.
5.11()i2D-FFTofFi.5.10(c1),rrnini
rioiciyink-c,icoLSFLrirnicur
ororizioniuiconnrioiciycnr742
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nonZr-BMG.Inconr,Fi.5.11()i2D-FFTofFi.
5.10(c2), ico LSFLri rnicuror
orizioniuiconnrioiciycnr708nn
HSFLrirororizion iuiconn
rioiciycnr384n.

Arfuncof0.15J∙c-2,LIPSSonZr-BMGi20,50,
100uroninFi.5.10(1-i1).Inconr,LIPSSon
Zr-CAroninFi.5.10(2-i2).TiffrnciLIPSS
onZr-BMGo orrurnLIPSSonZr-CA.Tii
cu Zr-BMGckcryi,rinounrin
iocioninri,niiroforrurriuo
iciy.

Arfuncof0.60J∙c-2,LIPSSonZr-BMGi1,2,4
uroninFi.5.10(j1-1).Inconr,LIPSSonZr-CA
roninFi.5.10(j2-2).Oiouy,fr4ru,Zr-CA
LIPSSincnr.Hor,ocnrifurfc
iouLIPSSonZr-BMG.Ticnuinconncioni
cincrinicknof,oicoiy“iui”
yr inunii ouionor
ciry.
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Fiur5.10:SEMiofZr-BMGnZr-CAurfcfrirriioni
inryorizruiffrnfunc:(1-f1)Zr-BMG,(2-f2)
Zr-CAϕ=0.38Jηc-2;(1-i1)Zr-BMG,(2-i2)Zr-CAϕ=0.15Jηc-2;(j1-1)
Zr-BMG,(j2-2)Zr-CAϕ=0.60Jηc-2.Tunurioninry
i.Tcricorizionircionofriinici
ou-rroin(1,2).

Fiur5.11:()2D-FFTofFi.5.10(c1),rrninirioiciyin
k-conZr-BMG;()2D-FFTofFi.5.10(c2),rrnini
rioiciyink-conZr-CA.

Inury,iffrncofurfcoooiinorou
ncryinZr-uroyffcLIPSSforion.Tr
iffrncofLIPSSuonccuuionofru
rioufuncror:(1)Aorfunc,LIPSSon
Zr-BMGoorrurcnLIPSSonZr-CA.(2)A
orfunc,xc LSFLrirnicuror
oriziononoZr-BMGnZr-CA,HSFLriro
rorizionronyonZr-CAiin10u.(3)A
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irfunc,Zr-CALIPSSincnr.Hor,
ocnrifurfciouLIPSSonZr-BMG.

Corinruyucforionof
HSFLri on Zr-CAironyrocific
nno-rucur urfc of Zr-CA i  i niy of
nnoric,iLSFLnrioncnroninii
rounor-inucoinoooyono
urfcinr ofr-inuciionrounn
corruion. Wiicuconuncofiniy
nno-roun oncronicnry iriuionin
iciniyofurfcinnxCr.

Hor,innocroun,Zr-BMGnZr-CA
rnooiroynicfurnoyroic
crcrforZr-BMGn orricrcr ir
roynicrniionoinfor Zr-CA. Troic
ocrcrofZr-BMGiruyronifor
uiy rrnn n orooy of LSFL. T HSFL
orooyonZr-CAnoninunrynrnfro
ro-ikforoinnr-rucurxurin,uinuy
incni.Tioroninr-rionn
finroyniciuinuiincorni
cnrioforriforion. Wioucnin
rucurncooiionofZr-BMG.

5.2Cryizionffcurinfionof
Zr-BMG

Birucurcn,uioniifrucur
uyr,niorrucurcninZr-BMG.
Foconrcninuccryizioninoorou
ri[ZLZ+15,LHW+15,EKK+14].Inourcnyiof
urfccryizioninricrirforuin
cnnincron icroco(SEM,ZiSur55FEG-SEM),
uiinHKL-OxforInrunEBSDycoo
of NoryIIcrn Cnn5ofrui.EBSD
cuiiionrrforiccrinoryin
fro7o20kV,iorkinincof15ni
of70◦ircoorizon.TirouionofEBSD
iyicy ou 20n×60n×10n (orizon xi×i
xi×)[SMF+14].DircinrroionofEBSDrn(EBSP)
iuonyzicrucuryEBSDnyifr
LIPSSforion.



83

Fi.5.12()oSEMiofLIPSSonZr-BMG
urfc,iciy50urfuncof0.67J∙c-2.
Fi.5.12()iEBSDiffrcionrn, urfro
rionrkinrcroinFi.5.12().EBSDiffrcion
rnoxincofcryininnno-izrion
onLIPSS,icioyron,oniyZr2Cu.I
ioizourucurrony
riyinurofunrnoyicyfounin
rir.

Fiur5.12:()SEMiofLIPSSonZr-BMGurfcfr50u
rfuncof0.67J∙c-2.()EBSDiffrcionrnurfro
rionrkinrcroin().

5.3Concuion
Inicr,xrinoff-LIPSSonixiffrn

rircrriou,inoinunn,iconucor
iicon,icricfuiic,in-cryuroyCMSX-4,
orouoyZr-BMGnicorronincryoyZr-CA.
TxrinruofLIPSSrrciyuriz
o.

Onunn,rroyofLIPSS:LSFLnHSFL
rirnicurororizion.ForLSFLonW,SPP
oconriuonyoinorxnforLSFLforionon
nrW.TiniiSPP-rinrfrncnuun
rin-iSPP-rcouininicrrioiciy
inriryrncnrrofirrio,
icinoconiniourxrinruofr
rioiciyincnrr.Inru,iiuionifSPP
conriuoLSFLforiononunn.

Foriicon,rronyLSFLrirnicuror
orizion. Wiincrofrunur,LSFL
rioiciyruycr,iciinrnof744-614
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n.LSFLforiononiiconcnxinySioryn
Druo,rininffcofrouurfc(urfc
nnorucur)ninr-urninoicinic.

Forfuiic,rroyofLIPSS:HSFLri
rnicurororizion(┴E),LSFLriro
rorizion(║E).Incoficric,rfrcii
coonnyrrronronrfxiiiyfuncion
ofocfunccnforn.

ForCMSX-4,rrrkinofLIPSS:LSFL(┴E),
HSFL(║E)nHSFL(┴E).LSFL(┴E)rioiciyof
725-629nnrioiciycrruy in
incrinnurofru.HSFL(║E)xiininii
LIPSSforion,inrioiciyofou340-350n.A
ruincr,frHSFL(║E)irnHSFLri
(┴E)ririoiciyofou340n,nryf
rioiciyofLSFL.

IncorionofLIPSSonZr-BMGonZr-CA,y
ucforionofHSFLrionZr-CAirony
rocificnno-rucururfcofZr-CAii
niyofnnoric,iLSFLnrioncnron
iniirounor-inucoinoooyon
ourfcinrofr-inuciionrounn
corruion.Hor,innocroun,Zr-BMGn
Zr-CA rn ooi roynic fur noy 
roiccrcrforZr-BMGnorricrcr
irroynicrniion oinfor Zr-CA. T
roic o crcr of Zr-BMGi ruy
roniforuiyrrnnnorooyofLSFL.

Fro i ofic rucur,r-inuc
cryiziononorouoyZr-BMGiincycron
ck-criffrcion(EBSD).AouLIPPSrnriny
orou,roEBSDiffrcionrno
xincofcryininnnocriononLIPSS,ic
iyronZr2Cu.

LIPSSxrinruinicriroi
xrinforiniinLIPSSforioncni
innxcr.
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Cr6
LIPSSforioncnin
rooficro/nno-rucur
HrrocuinnuricoinofMxuion
oicofiinrcionirouurfc,izinro
ofnnorucurinrininrioiccrfirn.
Wiuoffrncronicrcionriion
ofiyouifi.

LIPSSforioninocoxcin of yic
roc, icninroucin Cr2. LIPSS
forioniffc yirriionn riconiion.
Pricury,urfrcninucrnincnof
oicroriin r, icninin
icuinCr4.InCr5,f-LIPSSxrinon
unn,iicon,n icuroyinrrucur
confiurion(CMSX-4, Zr-BMGn Zr-CA)oiffrn
LIPSScrcriic, or, LIPSSfor on
ricoonoin:LSFLrucurforrnicur
ororizion,rincoonforioncni
ofrurLIPSSon,iconucornoy.

BcuofcoxiyofLIPSSforion,ro
cniofoLIPSSfurrnoyfuyunroo.
SrcniofLIPSSforionninrouci
irrinrckinCr2.Aon,Siory
iiyccocriLIPSSforion,on
inrfrnc nincinrnurfc-cr
cronic[SYP+83,YPD+83].Sioryiufu
nuroc, icrioniffrcionoxin
rioic oiccouinfurn ric jor LIPSS
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crcriicinir,inuiifor.Hor,Sioryi
nroxiouionofcrfiinucyi
rouurfc o[SYP+83]. Fini-iffrnci-oin
(FDTD)rocircinuricocniu
inrfrncncrinofcronic on
rou urfc[SRO+12]. Trforin orro orco
roxiioninSiory,FDTDiuionruo
iniuiiyLIPSSforiononrouurfcn
rooficro/nno-rucurinLIPSSforion.

Inicr,fir,FDTDoirifyinroucn
niiuoiucofSioryoncori
i.Scony,ocizurfconinnnorucur,i
ffconcrincronic,roof
icro/nno-rucurinLIPSSforionrinroucn
nyzyFDTDiuion.Finy,forioncni
ofLSFLnHSFLonruroyrrciynyz
nicu.

6.1FDTDo
Mx’uionrfunnonycriionof

i-rinrcion.DiffrniMx’uionrin
o,incuinAr’,Fry’,Gu’for
cricfi,nGu’fornicfirciy.

HE
E 
  (6-1)

E
H 
 (6-2)

0 H (6-3)
0 E (6-4)

Hrii,μiriiy,εiriiiy,σi
conuciiy,EicricfinHinicfi.

Fini-iffrnci-oin(FDTD) o cno
Mx’uionnuricy.Toinroucy
Yin1966[Y66].InY’ori,Mx’curuion
(6-1)n(6-2)rxrinCrinfr.Tonuricy
uuion,cnr iffrncr ufor
fini-iffrncxrionofcnirii.For
x,yincnriffrncoriiuion
(6-1)on Xxinnoinorriy
urcrin,onrrifooinfini-iffrncu
uion[TH05]:
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(6-7)
Hrurcrininici,Δiiincrn,
Δicincrn,ni,jnkricrizc
coorin.

Fi.6.1o Yunic.In Yc,cricn
nicficorcoonnririu.Eccoonn
of En Hirciyurroun yfourcircuin
coonnofHnE.Ar-inioncicconi
of uiiciyofuc Yc. To-cfro
rrnnofYciuforirii,nin
ccoonnofHicounoruinriouE,
nEcoonnrufroHncycr
in.Ancronicinrcionrucuriino
cicyininroriuofriiiyo
ccricficoonn,nriiyocnic
ficoonn[Y66].

Fiur6.1:YunicuforFDTD[Y66].

Inorronuriuionccurcy,inionof
Yc(Δx,Δy,Δz)rcony

(Δx,Δy,Δz)≤λ/(10n) (6-8)
rλirn;nirfrciinxof
iu.WninionofYcrrin,inorr
onurori’nuriciiy,incrnΔ
fooconiion[TH05]:
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Hr,cii;(Δx,Δy,Δz)rinionof
cri.UnixiPrfcycyr(UPML)o
uorin ounryconiion,ooi nonyic
rfcion.FDTDonorfuninrinoofor
inrniffrcioiciciuion[TH05].

Inicr, FDTD oiuocou
inoonounryiriuionofcronicfion
urfc.

6.2FDTDiuiononSiory
SiorynryiocriLIPSS

forion,oninrfrncnincinrn
urfc-crcronic [YPD+83,SYP+83].T
Siorycnricjorfurofrioicfirnn
oiccouin,orroxicriionofroun
ninrcioncnirouinFDTD.

Inicion,fir,SioouLIPSSforonG
nAiccu.Nx,coriSiory,3D-FDTD
iuionruoioufinunici
LIPSSoiiononGnA.Finy，FDTDiuionon
nryiriuioninucynnocironurfcr
rforoinioriinofLIPSSforonrou
urfc.
6.2.1SioryouLIPSSforonGnA

J.E.SiooryofLIPSSforiony
ociinFourircoonnofLIPSSicorronin
Fourircoonnofinoonounryoiionn
urfc[SYP+83].Siorycricricfiinniy
iriuioncrynincinonin,rouurfc
rion,oiiucnn.InSi
ory,urfcrouniuiccorinofcor
nfiinfcorF.Sioryroinxrionfor
inoonou nry oiion onurfc, ici
roorionoη(K,Ki)×|(K)|,rfficcyfcorη(K,Ki)
crifficcy i icrounon
inoonounryorionK;|(K)|rrnur
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ofiuofurfcrounK.Iiuri
rorornryir.|(K)|rioy
forurfcioonouyiriuroun,n
fficcyfcorη(K,Ki)xiirkcrinKu,o
fficcyfcorη(K,Ki)riniririoiciy
[SYP+83].

Tfficcyfcorη(K,Ki)iccuccorino
foruofSioryinrfrnc[SYP+83].Tfcor
nfiinfcorFro(F,)=(0.1,0.4)forrou
urfc[SYP+83].Fi.6.2()io-inionηfor
1060-n-orizrriionincinonGincin
n60.TrorizioniroXxi.T
rfrciinxofGiñ=4+0.1i1060-nn.InFi.
6.2(),rrcryorinrcincircurrn
corronouirioicfinryrninrc.
In -corc(η ),ourincnr
(2π/λ)×in(60) iriuof(2π/λ),rifro
yncroniconiioninoinonuconrionn
urfccrcornnon-noryincin
[SYP+83].Inoonounryfocuonr
i-rofinrcincircurrn,icro
rionircionofri,rnryoiionk.Fi.
6.2()io-inionηfor1060-n-orizr
riionincinon Gincinn60.Tr
orizioniroYxi.InFi.6.2(),cnor
inrcincircurrnnofn-rucuroui
crocircinKxxi.Inoonounryoiion
occurrfrniyinrncorroninoofn-
rucur.
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Fiur6.2:2D-ηfor1060-n-orizrincinn60
n(F,)=(0.1,0.4).()2D-ηfor-orizronG(ñ=4+0.1i);()
2D-ηfor-orizronG;(c)2D-ηfor-orizronA
(ñ=1.8+9.3i).()2D-η for-orizron A.Torizion
ircioniinicyckrro.

Fi.6.2(c)rrno-inionηfor1060-n
-orizrincinonAincinn60.Tr
orizioniroXxi.TrfrciinxofAi
ñ=1.8+9.3i1060n n.Hrcnorony
inrcincircurrn.Inoonounryfocuonr
ofinrcincircurrncorroninoxrnr
o.Fi.6.2()io-inionηfor1060-n-oriz
rincinonAincinn60.Trorizion
iroYxi.InFi.6.2(),inoonounryfocu
onrofoucrocirccorroninorico.

Inirxrin,J.E.Si,J.F.Youn.ror
LIPSSon G,Si, Anryinryoriz1060-n
nnoconru.Incinnnorizionr
cninxrin.Tynyzinforionfro
Fourirrnfor of LIPSS inxrin Frunofr
iffrcionrnroucyxoin LIPSS-rn
urfcocr.Forx,Fi.6.3o
oorofiffrcionrnrfconGurfci
LIPSSnry-oriz1060-nriionincin
nof60.Trr3yofri:y+,y-,ycn
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xcionyrioninFi.6.3.Ty+ny-
rrnrirnicurororizion,ny
+rrio,iy-rrrionr
n.Tiffrncinnriircyfro
yncroniconiioninoinonuconrionn
ricornnon-noryincin[SF86].
Tycrrnrirororizion. W
rnionoiioinFi.6.3icycorron
oriiriocoornro
orizion.TxcionyrioronynonG,
or,nononAnyincinn.Tifurono
xiciyrfroSiorynyinrfori
ouinkorooffckniofcu
roc[YPD+83].

Fiur6.3:PoorofiffrcionrnrfconGiLIPSS
fricy-oriz1060-nriionincinnof60.T
orizionircioniinicyirro[YPD+83].

InSiory,cronicfiicooino
oniuin n rnr coonn. T oniuin
coonniorrnnroniforocfi
cocion,iciryriionrincinfininn
roxiouionfororizionin.Trnr
coonncri uicrin, iciry
rurionri[SYP+83].Frorcrinoofccurcy
ycorrcuinnuricroc.
6.2.23D-FDTDiuionouLIPSSonGnA

Sioryonyoinoonounryoiion
nrouurfc.Inorrouynryrnfrfro
cronicfiourfcorin
rouurfc,onryiriuiononn
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rouurfcofGnArccuy3D-FDTDo.T
rouurfciirriincinnof60iniri
-or-orizr u of 20-n urion 1060-n
niniuion o.Trfrciinicr
conoinFi.6.2.Turfcrouniui
ccorinofcornfiinfcorF.Tnnoric
iizof25n×25n×40nruccorino
fcorof0.4,iciroricric
roriy.Tri10%ofurfcrfiui
nnoricinrnonnr,ccorinofiinfcorF
of0.1.Trnofrouurfcrioni0-40ninZ
xi.Tukriiourfcnirio
urfc.TincinniinXOZn.T-orizioni
onXxin-orizionionYxi.Tcricfi
iu of n io 1 V/. To-fi
cr-fi(TFSF) onrfc cyr(PML)
ounryruiniuion.Bcuiuioniof
20nnoconnoof oryincour,ony100
foconiniofonurconiuion
i.Tiuionruo100foconrnou
forccuionccurcy.

Afir,xoiconucorGiiun
ruronin Fi. 6.4. Fi. 6.4()ou
i-rE2foriuioniforGnof
Z=0.15μourfcincof-orizn
incinn60.Fi.6.4()i2DFourirrnforofFi.
6.4(),iciiirofficcyfcorηinFi.6.2().
Ty+ininrcincircurrnnxciony
riorninFi.6.4().Soxcionyrio
cnninonu,noinkoroofinr-u
fcknrunoinurfcrooinRf.
[YPD+83].

Fi.6.4(c)oi-rE2foriuioni
forGnofZ=-0.03μnourfcy
-oriznincinn60.Fi.6.4()i2D
FourirrnforofFi.6.4(c).Tinrcincircurrn
ico iffuocizion(ioucificy fin
cor)nofn-rucurouicroin
circonKxxirninFi.6.4().CorinFi.6.4()
iFi.6.4(),oucrocircxiourfc,
uyrnocryfinourfc.Doucro
circrinucyinrfrncncri
nincinr[YPD+83].Bourfc,ffcof
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inrfrncncrinincinrco
kiniofo.Tofn-rucurronyn
ourfc,oofn-rucuronr
orizionrroinrfrncncri
nrfrciinG.

Fiur6.4:()Ti-rE2forGZ=0.15μourfcfor
-oriznincin60;()2D-FTof();(c)Ti-rE2
forGZ=-0.03μourfcfor-oriznincin
60;()2D-FTof(c);()Ti-rE2forGZ=-0.03μo
urfcfor-oriznincin60;(f)2D-FTof().

For c of-orizion, Fi. 6.4()o
i-rE2(foriuioni)forGnof
Z=0.15μourfcfornincinn
60.Fi.6.4(f)i2DFourirrnforofFi.6.4(),ici
iirofficcyfcorηinFi.6.2().InFi.6.4(f),
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oucrocircrnocr,ofn-rucuron
Kxxinofn-rucuronKyxir,ic
roninFi.6.2().Tofn-rucuron
rorizionrroinrfrncncr
inrfrciiinGiiicurin
x.

Nx,AiiunruroninFi.
6.5.Fi.6.5()oi-rE2foriuioni
forAnofZ=0.15μourfcincof
-oriznincinn60.Fi.6.5()i2D
FourirrnforofFi.6.5(),iciiirofficcy
fcorηinFi.6.2(c).Ty+ny-riin
inrcincircurrnnxcionyrior
ninFi.6.5(),inicriiriiiFi.6.2(c),
xcxcionyrio.

Fi.6.5(c)oi-rE2foriuioni
forAnofZ=-0.03μnourfcfor
-oriznincinn60.Fi.6.5()i2D
FourirrnforofFi.6.5(c).Toucrocircn
xcionyriornoninFi.6.5().Tiicu
ArrxincioncofficinniconucorG
nicouorouurfcrion.Iniof
offcofinrfrncncrin
incinrirruyourfcnnry
iriuionrnforinoGuinofk-cor
c.
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Fiur6.5:()Ti-rE2forAZ=0.15μourfcfor
-oriznincinn60;()2D-FTof();(c)
Ti-rE2forGZ=-0.03μourfcfor-orizn
incin60;()2D-FTof(c).

Afriuionofnryiriuionon
nrouurfcofGnA,foun3D-FDTD
ocniucofSioryuccfuynoffr
orinforionounryrnfrrin.Soiu
FDTDooiniLIPSSforion.
6.2.3FDTDiuiononnryiriuioninucy
nnocironurfc

InorroinixcionyrioinFi.
6.4(),3D-FDTDiuionforGironGurfcr
nyz.Iniuiono,iriocin
coorinoriinniriui0.1μ.Tincinn
nincinnof60inXOZnnin
of1060n.TorizionionXxi.Tcricfi
iuofnio1V/.Prfccyr
(PML)ounryiuiniuion.Siuionrur
oninFi.6.6.



96

Fi.6.6()oi-rE2iriuionon Gf
urfciGirofriuR=0.1μinucy
nof1060-nnincinnof60.T
cronicnryiriuionco-ikonX
xinionryouionrounir.Fi.
6.6()iinryiofFi.6.6(),icorioic
ouioncry.Fi.6.6(c)i2D-FTofFi.6.4(),ico
ocrocircincnrnrofircirc
corroninoiffrcion.Txcionyrior
juncionofircirc.SoxcionyrioinFi.
6.4()ruonry ouioninucyin
nnoriconurfcrincinn, icin
iniiuffc,juinoininrfrncnincin
ncr.

Fiur6.6()Ti-rE2iriuiononGfurfciG
irofriuR=0.1μinucyn of1060-n
nincinnof60;()Binryiof();(c)2D-FTof
().

Inorrouynryoiioninucynn
ofir,8irruiin o.
Siuionruronin Fi.6.7. Fi.6.7()o
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i-rE2iriuioninucynof1060-n
nonGfurfciiGirofriu
R=0.1μoiiononoofi.InFi.6.7(),cronic
nryiriuioniuofnryouioninucyc
ir.Fi.6.7()iinryiofFi.6.7(),ic
orioicouioncry.Fi.6.7(c)i2D-FTofFi.
6.7(),icoocrocircincnrnrof
ircirc,iiryonry oiioninuc y 1
ir.

Fiur6.7:()Ti-rE2iriuiononGfurfciiG
irofriuR=0.1μinucynof1060-nn
incinnof60;()Binryiof();(c)2D-FTof().

Anurofironurfcincr,urfc
rounir.Tnryoiioninucyrou
urfciu ofnry oiioninuc yry
nnoriconurfcinFi.6.4(),ncorninrfrnc
nnnoric.AFi.6.4()o,nryoiion
yrouurfciinFi.6.6(c)n6.7(c)inon
ofcnroucrocirc.

Inury,xcionyrioinFi.6.4()ru
onryouioninucyinnnoriconurfc
nincinn,icininiiuffc,inoin
inrfrncnincin ncr . T
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xcionyriorrnriror
orizioniriocoorn.T
nryoiioninucyrouurfciinyuof
iniiuffcofnnoriconurfc.Iniion,
corninrfrncnnnoricyoyroin
nryouion,iciicuincion6.6.

6.3 Lociz urfc on (LSP) n
crincronic(SEW)

InSiory,riionrnnrcronicfi
rucurinrouurfcyroniconucor, ic
ionkcof“urfc-cr
”concinnonooicoriofriforion
ricuryforiconucor.Riionrnnrnr
noniuinorizion,oyrnocicriion
fi.Hor,riionrnnifyirionrion
inirnunryiniu,oyriiroriionfi.
Hor,yicnurofriionrnnnocry
cifi[SYP+83].

For ,inofriionrnnfinfor
iconucor,xciionofurfcononrouurfc
yniornroinLIPSSforioninSiory
[SYP+83].Trroyofurfcon,curfc
onorionnocizurfcon.Surfcon
orion(SPP)rroin,iricronic
couocronofconucoricricinrfc.
SPPcnxciy-cincniu. Wni
inrciicurfc,ruincronniy
 yroonurfcof ,finin
urfc on orion. Oino ronfruncy
nncof coxriiiy,onxii
ronfruncynncinourfconronnc
[Mi07].

Onorn,ocizurfcon(LSP)r
non-roinxciionofconucioncronofic
nnorucurcouocronicfi.LSPcn
xciyirciiuinion[Mi07].
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Fiur6.8:Drinofrcinncronicfi[Mi07].

Wnrirririciu-nizin
iroronurfc,crincronic(SEW)i
inuc.SEWcnoyioourco.LSPi
couocrincronic.Forx,Fi.
6.8ocofoonou,ioroicrofriu
iicricconnεinurrouninioroic,non-orin
iuiiuicricconnε(foriuir,
ε=1).Riuiinrnofu-nu.Wn
riirriycricfiE0,inuccricfi
Eouirirrnyioourcoc
rcnr.Tioonirrnyforu:
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(6-10)
Tiforuoioourcxrinc

ronnnncnunrconiion|ε+2ε|iiniu.
Tironncicocizurfcon(LSP)
[Mi07].Inyic,icronicfiinucn
ffcirorinforconrincrononurfc,o
ronnccnri,inofiificionoini
ninnr-fizonouir.

Fronorioinofoic,ronnynnc
ioourconncninfficincyiic
nnoriccrnoriinir,ur
yxincioncrocionCx,incuincrincrocion
CcnorioncrocionC.Tcorronincro
cionforcrinnorionCcnCcnccu
iforu[Mi07]:
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x CCC  c (6-13)
rk=2π/λ.Froforu(6-13),ronnnof
irriniriλx=400n.

TronnnncnoforizioninLSPinn
onincinr n. Tronny nnc
orizioninLSPcnurycrincrocionin
frfi.InorroiniffcofLSP,3D-FDTD
iuiononcrincrocionofinArin
irornAironfAurfcrcrriou.In
iuiono,ornir
riuof50n.TincinnroonZxi
n nrnof300n-1200n.T 
orizioniinXxi.Trcnricoorinoriin.
Tiuofcricfiinnio1V/.
Siuioniionouforroionin
iuionc.To-ficr-fi(TFSF)oi
uonyzcrfi.ADruoiuion
ufroPik[P85].Tiuionrur
oninFi.6.9.

Fi.6.9oinArinirxiu
crincrocion400n n, in A
ironfAurfcxiucrincro
cion363nn,rinnnoricon
urfciirLSP,inicronnfruncyi
cooonofricinir.Noronn
nironnoricizn[Mi07].

Fiur6.9:ExincioncrocionofinAiriniroron
fAurfcinnrnof300n-1200n.

In orroinicrin crcriic of
nnoricofiffrnri,3D-FDTDiuionon
crincrocionofinironfurfcfor
ryofriA,Gniicrcrriou.In
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iuiono,irriuof50n.
TicricfuncionofA,Gniicinunxcir
uionufro Pik[P85]. Or
iuionconiionrinFi.6.9.Tiuionru
roninFi.6.10.

Fiur6.10:Exincioncrocionofinironfurfcin
nrnof300n-1200n,forryofri:A,G
niic.

Fi.6.10onAironfAurfc
ronnnncnincrin363nn,
or,oGniicirnincrin
crincrocionicrinn,iou
ronnnncninfruncyrn.Fi.6.10r
nnoriconurfcucronrcrin
nncnnoiconucornicricnnoric,
cuofLSPon.

Inury, nnoriconurfcron
crinnncnoriininfroLSP,inicronn
fruncyicooonofricinir.

ForLIPSSforion,Si oinicncry
inonofurfc.Tnuroficniy
r oion, uc  iffrc  i ncn
coonn[GA06]orurfconorion(SPP).Ii
ruinfooin,ifSPPro,iino
ncrynufficinconiionoonofLIPSS.W
ioinouourfcoorynrncof
nnoric(nnorournc)ornnoo. Wifocufir
oninnnoricffcnioincrin
crcriic,roofLSPiinrnyrn.
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6.4Trooficro/nno-rucurinLIPSS
forion

Moiyfurofckcryi,rinounri
niocion,focuonZr-BMGZr44Ti11Cu10Ni10B25(%)
iniriininiiLIPSSforionfro
oooicncooiionioin.
6.4.1Micro/nno-rucururinLIPSSforionon
Zr-BMG

TxrinofLIPSSforiononZr-BMGn
inroucinScion5.1.5. Wfoofiroooycn
uonccuuionoffirincinuinFi.5.10,ic
oLSFLirioiciyof73040nforyfour
concuiinryorizru.

Wnrunryiofin-u
ionro,firrucnurfcin
ocizinoonou nnriofinrinicurfc
fcorinucocnucionofrnforion[IZA15].
Trfornnorucuronurfcrinoinny
rno nnr,ninFi.5.10(1).Tifur
foonry incrcriicofnurfion
rociri,ui-iocoricin,ui-uofrur
nrurrinnro-cnicrxion i
roynicouionooryoncriicoin
[CCA+12].Tinconuncionofnnocurfc
rucur.

Wfooooniourcnorioffi
inrfrncurfc.
6.4.2 Enry ouioninucyinurfc
nnorucur

Inorroiniffcofurfcnnorucurin
LIPSSforioncnrio,firnyznryouion
inucyinurfcnnorucuruinFDTDiuion.
Tn,crionrnofnry ouionr
u,uyconirininrcioniincinfi.
Toconucornioorronizircific
crinfur,iuionrcrrionZr-BMGn
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icric ri iic  o. Finy, nr-fi
nncnofocizurfconiicu.

TFDTD oiuocouinoonou
cricfiiriuiononurfcinrncofin
crr.Effcofinirforconnrurfc
ofBMGrnyz.Turfciirrinorincinc
iniriinryorizruof50furionFWHM
800ncnrn.InooryinFi.6.11(),
iririuof0.1εiocincoorin
oriin.BMGnrurfciZ=0.Tincinn
roinZxifroourcn.Trorizioni
onXxi.Tiuofruio1V/.Bcu
icricconnofZr-BMGcniurinr
uurionof50forfuncninrroni
ini,rfrciinxofZr44Ti11Cu10Ni10B25ik
conn of ñ=2.27+3.34iin FDTDiuion.
To-ficr-fioiuonyzcr
fi[AT02]. Wrcorizioncorofn
orizionifinonEx,nucricfiEx
ui-rrnofi.Corninrcionincuin
incinfiino Xircion. Uoninrcion,n
ocricfiEzcoonnonyincucr
fi.

TruinFi.6.11()oi-rE2roun
BMGirconBMGnrurfcforonu
urionof50finXOZn.Ti-runiyi
uinoionrynryfiiriuion.Tinrfrnc
ncrinincinrfikcin
cnourcnnurfc.Tcricfi
nryiriuionrrnionriyinrurinrfrnc
rnnrioicnryouionronurfc.
T1D-FFTofnryouiononurfciinininof
Fi.6.11(),icocinrioi72720n.T
rioniyonoryofnnoricon
urfc.
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Fiur6.11:()Scicoryofinrcion.()Ti-rE2u
rinyBMGir(riu=0.1ε)onBMGurfcinXOZ
n.1D-FFTofE2uonurfciinrin().Aoriiccoorr
cuoizi.NoXxinYxirin
iffrnc.

Fiur6.12:()Tonryiriuionrnonurfcrifro
ionryfi(i-rE2)i()iFourircooiion.(c)
Enryiriuionofinrfrnirrn(i-rEx2)onurfc
i()iFourir(FT)cooiion.NororizionionX
xi.Iniccoorrrufor()n().
.
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Winfocuoncrinnrynfirnfor
cofϕ=100-nironurfc.Fi.6.12()i
i-rE2iriuiononurfcuino
ionryrucurnryrn.Tioincnn
innryouioncofronr-finncn
ofnno-rournc.Airrinc
fi ouionior,rinycrinrnn
inrfrnciincinfi.FTnyiinFi.6.12()
oo incoonnini -corc
(K=2/i=800n),coonnorinonKxxi
(nucorronino ouionrnicuro
orizionxi)nirifruncycoonnon
Kyxi(iouionroorizion).Tr
coniniourriourrcork[ZCL+15].

Inorronyzoriinofouion,
rifiEx2coonn(uinocrnryu
corroninoruinficoonniniciniyof
urfcconininincinorizion)inFi.6.12(c,).T
inrfrnirnoiiriuniriuion
ofi,iiffrncroirfruncy
coonnonKy(Fi.6.12()). Wconcuir
ifruncycoonnixoriin,crinin
crcriicrnnoniinrfrniinrcionon
orizionircion.

Toconucornioorronizir
cificcrinfur,nryouiononori:
Zr-BMGniicrnyzyFDTDiuion
rciy.Tnryouionrinucyicn
icriccrin cnr, uino rournc n
nnooinurfc.TiroinFi.6.12
iuin3D-FDTDiuion.Toizinrron,
icricconnofiicinnon-xcircon.In
FDTDiuion,rfrciinxofiiciñ=1.45+0i
unr800n-nirriion.

Aizofurfcnnorucuricoro
nofr,crinicnocii
Micrin,u orrnrcrinn
inrfrncnononinoinincinncrfi.
TrurnyznoninFi.6.13inrofurfc
rniriuionnfiiffuionrn.
Ti-rE2iriuinonurfcinXOYnfor

cofBMGriiuiny800-nniinin
Fi.6.13().Tioionryiyourn.
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Ti-rcricfiniuE2iriuioniri-ik
onorizionircionncinrioi
72720n.Iinoofinroornr-fiiffuion
rn.Fi.6.13(c)okcricfiEzinXOZ
n. WnoxiuEzi1.25,irnincin
rfiniu,inicinnnncncni.To
rifyoicxniiro rirori,
ricuryoconucicrcriic ic yn
cocicrociionoroory,rify
iuionincoficric iu.Fi.6.13()o
i-rE2iriuiononurfcinXOYnfor
iicirofizoconiicrinxci
yn.Ti-rE2iriuioniixofrn
iorioiciiinyfionourfc,
cnrcinrior571n,727nrciy.Trio
of571niroinrfrncnrfrciin
iicncri.Trioof727niro
inrfrncnincinnncrion
oofurfc. Wuorcrionrnof
nryouionnnonurri.Fi.6.13()
ocricfiEzinXOZn.TxiuEzi0.25in
ic.

Forcorion iironurfc,nry
ouionynnociroonBMGniicro
iniy3D-FDTDiuion.Inoconiion
inFi.6.13()n(),inofir,nirri
conir,riuof0.1μnicnrcon
urfcnrurininFi.6.13(,f).Fi.6.13()i
i-rE2inXOYnforoonBMG,ic
orninFi.6.13().Fi.6.13(f)o
i-rE2inXOYnforooniic,ico
rninFi.6.13(). Wyconcu
nnocricoroonurfcyroinnry
ouiononurfcinucyinrfrncnincin
rncri.

NoxiuEzinBMGironrn
xiuEzinicricriiic,ninFi.6.13(c,
).Sucnr-finncncnikyinoocizurfc
on(LSP)on ,nynon-roinconucion
cronicociioncouocronicfi[Mi07].
LSPryicroucofixciionofrucuri
froicronnronnxciioncnrinocy
fiificion.
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Tcrcriic rnin Fi. 6.13()n nr-fi
nncninFi.6.13()rrnoniincLSP
xciionoccuronBMGirunrrirriion.
LSPnnccricfiinnr-fizonofBMG
irurfc,ifyinuyiofcrin
infuncinnryouiononurfc.

Fiur6.13:()Ti-rE2inXOYnforir(riu=0.1
ε)onBMG;()Ti-rE2inXOYnforironiic;(c)
MxiucricfiEzinXOZnforironBMG;()
MxiucricfiEzin XOZnforironiic.()
Ti-rE2inXOYnforoonBMG,(f)Ti-rE2in
XOYnforooniic.

6.4.3LSFLforionfrouicrincnr
Bonruonincrincnr,cnicu

fiiffuioniconoifruncyLIPSSforion.
TN-unncofurfcoooyuonirriion
iniccuuiffccnrufoo.Wn
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fuiconfurfcioroun,
u-nurfcrucur inr,uc
nnocirnnnoco.Toriinof
rucurcnociiinoonouiriuionof
-rniionnucioncnr[AIZ12]. Au-n
urfcicrucuruonirriioncncrii
yoniyxci LSPncioourc. An
inrfrncnonon nincinfin
crfioccur,ionofrurryic
nofri.Tounryoiioncnu
conriuonrionofLIPSS.

Inorrouinrcionnuiio
ourc,cincuinonuiBMGiron
nrurfcrnyzyFDTDiuion.Iniuion
o,BMGironnrurfcriu
of0.1μ.Tincinn  i800n n
roonZxi,norizionyro
Xxi.SiuionruroninFi.6.14nFi.6.15.

Fi.6.14()oi-rE2iriuioninucy
oirryincof4μ. Wor
ryuroiionofoiniiurn,ino
onofui-rrioicyinrc
inrcionoin.Acricfiofincinni
fininX-xi:Ex,cricfiEzcoonnonyco
frocrfi.TcricfiniuEincu
rcoonn:Ex,EynEznicuionry
rn oci i c of coonn i
i-r ur coonn of  fi, rificiy
iionnry-ikcoonn.Fi.6.14()o
i-rEx2iriuion,iciiiroFi.6.14().Fi.
6.14(c)oi-rEz2iriuionicrio
ofou400n, icrifrocorninrcion
nocrinourc,i ijuifio.
Inrfrncffcnincinncrr
xiizinxcoonn, izcoonniony
oriininfrocrin.

InorroronurofcornffcinEziriuion
iouinoininrcioniincin (in
orizionircion,inrfrnicionofincinfi
onooccuronZicconinonycrrfc),
FDTDiuionofinrcionn2ioourcin
ncofincinnirfor.Inio,o
ioourciincof4μroconBMGurfc
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oninFi.6.14().Boioourccric
fiiuof1V/,nof800n,u
rioof50fnoriziononXxi.Fi.6.14()
oi-rE2iriuioninucyocorn
ioourc,iciiiroFi.6.14(c)inon
crio.Soi-rEz2iriuionrrifro
corninrcionnocrinourc,no
iffrnrioiciynxcinoifruncyLIPSS.
Iniion,uofi-rEz2iucornEx2,
ocorninrfrncncrinourcon’y
niornroininiiLIPSSforioninourc,iuion
yofuncionofcrrconcnrion.Tnry
iriuionrnfininrurricoinyfro
inrfrncncrin nincinr.
CorinFi.6.14()i6.14()n6.14(c),concu
nryouioninucyonnorucurcofro
inrfrncncrinincinn,n
ofrocorninrcionncrourc,
or,inrfrncncrinincinn
yriryroinic.

Fiur6.14:()Ti-rE2iriuioninucyor-irri
ir(riu=0.1 ε)ryincof4 μ;()
Ti-r Ex2 iriuion;(c) Ti-r Ez2 iriuion;()
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Ti-rE2iriuioninucyuuinrcionofocorn
ioourciincof4μ.

Inorroiurouurfcinucyfr
u,furfci1000cuicnnoricinrno
iriuiononurfciuiforFDTDiuiono
[SRO+12].Tcuicricizi40n×40n×40n.T
urfcizi25μ×25μ.Tincinnro
onZxi.I nof800nn
orizioninonXxi.

Fiur6.15:()Ti-rE2iriuionjuorouurfcfor
nnofcrr.()2D-FFTofinniyiriuionin(),
uonKy=0ionooofFi.6.15().Aoriiccoor
riuoizi.

Fi.6.15oi-rE2juorou
urfc,nnryouioncnni.T
nryonurfciouirniiro
yicri,oninFi.6.15().Fi.6.15()o
2D-FFTofFi.6.15(),froicnryouion
iriuioncrioof76920niircion
rnicurororizion.Toricrur
ronyiofxrinconirinno
fckiurconirr.

EnouFDTDinocificoouionourc,
roincniz.Tfinncnroun
icnnorucuroinooniLSPinon.T
oicinic cn o SPP roion n Cooi
Diffrci Encn W(CDEW)cnxcion
Zr-BMG[GA06,LM7].Hornrcrinn
inrfrncoiufficinoinicoicouionon
urfc.
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6.5Roofon-inionnno/icrorucur
nooryfcinLIPSSforion

Trncoffcnirroincrinr
riion ryicuinirur(ircn
rocinrfrnc[MTA+14, MTA+13])nun
runforinonofcrfi.Forx,
fcinrrkycnircionoffLSFLri
nrfcinFi.5.8(c).Trionnoryof
fcnrcorifiicoxnor
iriononui-oyCMSX-4.
6.5.1 Lr u xour ifix orizion
ircion

WiinnionouyrooffcininFi.5.8(c)
inLIPSSforion,u-icron-izrooonf
CMSX-4ycniccrc.TAFMiof
rooionin Fi. 6.16(). Fi. 6.16()o
cro-cionizofroofroAFM.Troo600n
ini,40ninnoriiiof75n,150
n,rciy.

To r  fur of  inrcion n
u-icron-izroonr,rooixoy
ucciuncoffrurorizion
nifunco oificionro.Tr
orizionfornnof67.62iroo.Ti
ynouccioiou1con.Tr
funci1.15J•c-2.Fi.6.16()oAFMiof
rooirriy N=1u, N=2un N=4u
rciyinrionooooyofnon-irrio.
AfrN=1u,rirroucoiofroo,
iirrioiciy.Wiincrinnurofu
rioiiziyunu,ninriny,
rirnruyrofurryfroroo.

Wicuornouion.Fi.6.16()o
cro-cionrofiofnoirriroo.Fi.6.16(c)o
cro-cionrofiofroofrN=1u.Afrfir
u,riofroorcyniof
ri cr.Fi.6.16()ocro-cion
rofiofroofrN=2u.Norirrouco
iofroononriroucinyiin
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roofrN=2u.AunurincroN=4,
rnxniy i orriinrouc
furryfrorininFi.6.16().Troinn
ri-rucurroucinyofroocn
xinuinociznr-fiffc.Lociznr-fi
nryouioncnrincrinrnroun
kofriinoncricfinncn.A
oniinonofocizurfcon(LSP)cn
conriuonr-finry ouion, ionic
nr-finncn[Sn13,DZP+13,HSR+14,LM07],ruin
inonroonrriiny.
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Fiur6.16:()AFMiofroooyN=1,2,n4u.T
rorizioniinicyou-rroin()nrfunci
1.15J/c2;(-)cro-cionrofiofroo:()noirri;(c)fr
N=1u;()frN=2u;()frN=4u.
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6.5.2Effcofryinorizionircionon
roo

Inorrouyffcoffrorizionin
rncoffcofnioroicori,rooino
irriy N=4fruunc iiffrnr
orizion.Tynouccioou1
con.Trnryi1.15J∙c-2.Fi.6.17oSEM
iofroooy N=4uoyinr
orizionircion.

Fiur6.17:SEMooofroooyN=4u,nn
inrorizionnroorfooin:()82.38,()52.38,(c)
22.38.Lrorizionxiionou-rronrfunci
1.15Jηc-2.

InFi.6.17(),rorizioniui-rnicuro
roo,kinnnof82.38irooxi.Ini
cririnyrorooniriuin
rin-ikoiofroo.InFi.6.17(),r
orizionnof52.38irooxi.Sori
nrrooririuroroo.Hor,
riocyfroroororinrnicuro
rorizion.InFi.6.17(c),rorizionn
of22.38irooxinriririuiny
rnicurororizion,or,oriin
roorrnicuroroo.Tiinicin
iciniyofrooficoxrucurno
uci.Tyicyriforionirooi
nryonurfciorrniionrocr
ino.Inorroiniffcofinr-oryfc
inLIPSSforion,nry ouioninyzyFDTD
iuion.
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6.5.3FDTDiuiononffcofinrroo
FDTDoiuocoucricfiiriuion

nrroo.Troo oiuioniz
oinfroFi.6.16().TrfrciinxofCMSX-4i
2.05+4.24iino,corroninocori.T
rooiirrinorincinciniriinryoriz
ru.Truioi50-fuurion
FWHMnof800n.Forconninc,r
inrinirriionofnrynininrri,
niuofinurcricfiio1V/oin
ircorionofficoncnrionffcirco
inu.Conouionrfcy cyr oiu
orinounryconiion.

InorroiniffcoforizioninFi.6.17,
FDTDiuionrrforforonrooiu-icron
cionunrirriion iiffrnrorizion.For
iiciy,onrcnuroonoyurfcicon
rooo.Torooiof600nn
of80ninrcncrocion.InFDTDo,
rooiinonYxiinXOYnnGuin
riunooiniouinionizof
ffcr.TincinrroonZxi.
Tniuofrcricfiio1V/.Tiuion
ruiniffrnorizionroninFi.6.18.

Fi.6.18oi-rcricfinryE2on
urfcinucyruiiffrnorizion.InFi.
6.18(),unrrorizionrnicuroroo,
nryouionouiofrooiroroon
iriuinorinuroin, icriiro
rin-ikiriuionofriinFi.6.17().An
nroonrorizioncrruyfro
90o60,30n0,nryouionouiofrooo
crruy(Fi.6.18(-c)).Tronifcorir
ofcroocninuccrurfc
roinrnicuroroo,icinrfri
incinrfi,inonry ouionro
roo.Tcrurfcrninnonn
nroonrorizion,onycoonnof
incinriorizionrnicuroroocn
inuccrurfc.Trfor,nn
roonrorizioncrruy,cr
urfc  niucr ,ncnry
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ouionrnicuroroocr.Tixin
ouionofrirorooinFi.6.17.

InFi.6.17()nroonorizionrory
iinfroorooniy,rrrrkyoiffrn
LSFLriircion:roroonrnicuror
orizion.Trirnicurororizioncn
xinyinokininrfrncnincinrn
crurfcinucyurfcroun.Tri
roroocnxinyinrfrncn
incinrncrurfcinucyroo.In
Fi.6.17(),unrrorizionrnicuroroo,
crurfcroroorxci,oyy
roonioroicoory.Lrorizionioro
norcorofroo,oororizionn
crurfc inucyrooconriuo
rncofriin Fi.6.17().In Fi.6.17(),r
orizionknof52.38irooncr
urfcrorookn,inoonyfri
nrroorroroo,or,ri
ircioninzonyfrorooirinyr
orizion[YPD+83,SYP+83].InFi.6.17(c),rorizion
nof22.38iroo,crurfc
rorooioo kforriforion,ori
ircioniinyrinyrorizion.Rrky,
friinroorrnicuroroo,ici
icuinfooin.
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Fiur6.18:Ti-rcricfinryE2onurfcinucy()
90orizru;()60orizru;(c)30orizr;
()0 orizru.Trorizioniinic i
ou-rro.

Tuionofrorinionofriinroocou
iyunroouinxincoffcinroo.
TrnrrirnicurorooinFi.6.17(c)
courforxinycr inroo
inucyrocrooriofroo.Ii
ruonnooforri,ifir
uinucion. Afrfu,ori
corrnr.Wnrorcroo
ri,crinroor.Troooi
onnoocroriiuforFDTDiuion,on
inFi.6.19().Trorizionnof22.38i
roo.TiuionruioninFi.6.19().

Fiur6.19:()Groooiorocroori,oo
roninicoor;()Ti-rcricfinryE2onurfc
inXOYn.Trorizioniiniciou-rro.

Fi.6.19()oi-rcricfinryE2on
urfc.Birorinionofrirnoui
roo,nonorrioicnryouionin
roo.Tinrfrncnincinrncr
inrooruinforionofrnrri
iniroo. Trnrriinroocou
xinycrinroo,iciinucyo
ri.

Worrforcr inucy
nnorucuryniornroinLIPSSforion,ici
coniniconcuioninrfrnc[MTA+14,MTA+13].In
iionocofin-uioninrfrnc[MTA+14,
MTA+13],ui-uionifckrocni
n nnorucur. Lrioncn rouc nurfc
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nnorucur,i,nnnorucurinuciffrn
crurfc,inonfck-rinnry
ouionoionurfc.Trforriforionin
ui-uiruoffckrocnin
nnorucurinoinynicouionincrin
rn.

6.6FDTDiuionforHSFLforion
Hi-i-fruncyr-inucrioicurfcrucur

(HSFL)rinyincinurfrfi,iiriiyo
ci rucurrouion o λ/2,  oni
icioninnno-cinin.InCr5,HSFLforion
onCMSX-4(Fi.5.8)nZr-CA(Fi.5.10)nor.In
icion,oriinof HSFLonCMSX-4nZr-CAr
inirciyinfooin.
6.6.1HSFL(┴E)onCMSX-4

Inorroiurouurfcinucyfr
u,furfci1000cuicnnoricinrno
iriuiononurfciui3D-FDTDiuiono
[SRO+12,SRH+10].Tcuicricizi50n×50n×40n.
Turfcizi25ε×25ε.Tincinn 
roonZxi.Inof800nn
oriziononXxi.

Fi.6.20()oi-inrurfiE2nin
nrinniyuforouurionjuo
rouurfc.Tioninnryrnfor.
Tnryonurfcirforiy ou.Fi.
6.20()o2D-FFTofFi.6.20(),froic
nryouioniriuionirioof714-769.2
n iircionrnicurororizion.
SiuionruriLSFLriinxrin
ruinFi.5.8(c).Inccorncirciouicuion
[LZC+15],ironiyiiinrfrncn
incinrncronurfc iny
conriuonryouioninFi.6.20()niccn
roucLSFLrirnicurororizion.Exc
inrfrncnincinrncr ,
inrfrncncrourcoyroinnry
ouion,icuinfooin.
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Fiur6.20:()Ti-inrE2iriuionnryorjuorou
urfc.()2D-FFTofinniyiriuioninin().

Inorroufurruffcininrcion
nurfccrourc,niizniifio
iuouinrcioninrncof ui
crr. Toirconnrurfcof
CMSX-4iuinynrnyzy3D-FDTD
iuion.Iniuion o,CMSX-4iron
nrurfcriuof0.1ε.Tincinn
roonZxinorizionircioni
roXxi.Acricfiofincinni
orizonXxi,onycricfiEzcoonn
oriinfrocrfi.Tu,inrfrncn
incinrncrcoiiincric
fiExiinrfrncncrourccnn
incricficoonnEz.Anryorin
cricficoonnEyiucrnExnEzc,
cricfiEyiriuioninoicuinfooin.
SiuionruroninFi.6.21.

Fi.6.21()oi-inrEx2iriuioninuc
yoirryincof4ε,nnry
ouionrnrioiciyofiyrn800
n.Tociinryouionoriinfro
inrfrncnincinrncr , ic,
onrniiriy,oconriuoLSFLri
forion.Ai,Fi.6.21()oi-inr
Ez2iriuion.Tiocrioiciyiyrn
400n,icrifrocorninrcionno
crinourc(iirocofinrfrncofcounr
roiniinfrin/2).InFi.6.21(),
iuofofi-rEx2uniyi
ou6V2∙-2,iuofinoonoui-rEx2
i ou 0.86 V2∙-2. A  corion, iu of
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i-rEz2iou0.066V2∙-2,ucrnEx2.
Conuny,nricinr-incir,corn
inrcionnocrinourcy kro.
Hor, in  c of or-rn n  of
nno-rucur,uofi-rEz2cninificny
rr.Iniuionconiion,oir i
riuof0.1μryincof0.67μrnyzin
3D-FDTD. Moror,ixirry
incof0.67μronyz.Tiuionrur
oninFi.6.22.

Fiur6.21:()Ti-inrEx2iriuioninucyor-irri
irryincof4μ;()Ti-inrEz2
iriuion;NororizionionXxi.

Fi.6.22()oi-inrEz2iriuioninuc
yoirry0.67μniuof
i-r Ez2 iou0.28 V2∙-2. Fi. 6.22()o
i-inr Ez2 iriuioninuc y ix ir
ry0.67uniuofi-rEz2i
ou0.5V2∙-2.Coriuof0.8V2∙-2in
iuofinoonoui-rEx2,Ez2oconriu
onryouion.Tirioofnryouion
rninFi.6.22()iou360nrifroFFTnyi,
icicoorioofHSFLriinFi.5.8(c).Ti
iicorninrcionnocrinourc
yyniornroinnryouionincof
or-rnnofnno-rucur.Tiifcorcn
uyinrninforionofHSFLriiircion
rnicurororizion.
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Fiur6.22:()Ti-inrEz2iriuioninucyoir
ryincof0.67μ;()Ti-inrEz2iriuion
inucyixirryincof0.67μ.

In orroiniforion of HSFLri
rnicurororizion,rouurfcoiui
ccorinoSEMinFi.5.8(c)nofrou
urfcio100nin3D-FDTD o.In
iuionconiioninFi.6.20,FDTDiuionrur
ininFi.6.23.Fi.6.23()oi-inrEx2
iriuion,iccrioiciyof692n.A
i, Fi. 6.23()oi-inr Ez2 crin
iriuion.Tiiniccrioiciyof375n,ic
conriuoforionofHSFLriinFi.5.8().

Fiur6.23:Ti-rcricfinryiriuioninucyrou
urfcfrofiur 5.8(c):() Ti-inr Ex2 iriuion;()
Ti-inrEz2iriuion.

Inury,HSFL(┴E)iiriocoo
fof LSFLriocnxinycorn
inrcionncrinourcincofor-rnn
ofnno-rucurfrorouurfc.
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6.6.2HSFL(║E)onCA
ALIPSSxrinonZr-BMGnZr-CAn

inroucinCr5.1.5,rrurfcoinir
oo rnc onroic BMG or i-niy
nno-rournc fro rnoy iriu 
nno-cryi i riz o 200 n on
rcryizoy(Fi.5.9). Wiforrrio
cificiuiyrrnnofnrriroun
rn,ronrronrioiiono
foriifruncyrirucur.

Wfooiniioooycnuonccuuion
ofincinu.Fi.6.24oSEMiofLIPSSon
Zr-BMGnZr-CAfrirriionfuncϕ=0.38J/c2y
inryoriz1,2,n4rurciy,icr
rinriofFi.5.10(1,2).

ForZr-BMG,fr4u,rrcrLSFL(┴E)i
rioiciycnr742n(Fi.6.24(c)).Inconr,fr4
u,rroLSFL(┴E)irioiciycnr708
nnHSFL(║E)irioiciycnr384non
Zr-CA(Fi.6.24(f)).Ini,fr1u, nynno-c
roruionronZr-CA,icrroinii
nno-riconZr-CAurfcforxrin.Afr2u,
oorHSFLrirororizionron
Zr-CA.Afr4u,HSFLricoonrnLSFL
rirnicurororizionoronZr-CA.
Frocorionxrin,HSFLforiononZr-CAi
rocificnnorucururfcof Zr-CA i
nnoric.
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Fiur6.24:SEMiofurfcfrirriioniinry
orizrufuncϕ=0.38J/c2:()Zr-BMGfr1u,()
Zr-BMGfr2u,(c)Zr-BMGfr4u,()Zr-CAfr1u,()
Zr-CAfr2u,(f)Zr-CAfr4u.Tunurionin
ryi.Tcricorizionircionofriinic
iou-rroin(). LSFL(┴)rrn LSFLri
rnicurororizion.HSFL(‖)rrnHSFLrir
ororizion.

Tcronicouionoffiiriuionr
ronyinfuncyurfc[SYP+83,GFS82,SRO+12,
ZCL+15,LCC+16].WninZr-CAcn
iniiinrnroun i on o BMGn Zr-CA,
uunrxouriniciniyofroi
noooyfur,froocizcnrforrniion
[AKO+14]oorrcorruion. Winry
iriuionfooinxourofrouurfciriny
ocffc rinyin-nnoriccrinn
ui-nnoriccociinr-couincrinffc.
TffconLSFLinryicuniyinionry
rucurfiiriuioninoininrfrncffc, 
concnrroffinHSFLrucurorinro
fi.

Afir,roofnnoricincronic
nry ouionon Zr-CAurfciiniy3D
fini-iffrnci-oin(FDTD)iuion.Uin
FDTD oinFi.6.12, iZr-CArfrciinxñ
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=2.59+3.30i,crinnrynfirninucy
innno-rournciininFi.6.25forcof
ϕ=100-nironfZr-CAurfc.

Fiur6.25:Enryiriuionrnrounnnocoooicfur
ofϕ=100nironfZr-CAurfc.()Tonryiriuion
rnrifroi-rE2i()iFourirrnforion(FT).
(c)Iniino X-coonnofnryiriuionrifro
i-rEx2i()iFT.NororizionionXxi.
Iniccoorcrufor()n().

SiiroFi.6.12,incnninnryouion
co fro  nr-fi nncn    of
nno-rournc,irrincfiouionon
Kxirinycrinrnninrfrnciincin
fi(Fi.6.25()).Tirifruncycoonn
ixoriin,crinincrcriicrnnoni
inrfrniinrciononorizionircionKy(Fi.
6.25()). Tfirnnryinnnoc
oooicfuriifinrorrincofn
nofric.

Fiur6.26: Enryiriuionrnfornnofnnoc
oooicfurofrnoyiriunnoriconfZr-CAurfc.
()Tonryiriuionrnrifroi-rE2i()i
FT.NororizionionXxi.
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Fi.6.26rrnounryrnruinfro
rucurionryfiiriuionincofiniy
nofnnoric(1000nnoriciizof
40n×40n×40nririurnoyonfurfc
iizof25μ×25μ).Fi.6.26()ii-rE2
iriuionurfc,iiFourirnyiininFi.6.26
().Aincofnnoric,rcnK-c
nyinFi.6.26orioicifuriicor
inonKx(rucurrnicurofi).TirKu
ofou1.25(corroninoλ/1.25)rfuroLSFL
oriininfroinrfrncncrnincinfi.
TfuronKyiirifrunciinHSFL
rnniunur,oriinininoinrfrnc
ncrin, ironinr-riccouinn uu
corninrcion. Wrforrifurin
HSFLnoocorninrcioniincinfin
inr-riccrininrcioniouinoinouin
inrcion i  incin fi. Hor, ou n
cronic(EM)rocifiinionnyi,
onroroEMinrrioniconr
yicyocioHSFLrinificnyrnoof
LSFL,uinorroiiyofforion,ooin
conricionixrinru.Tffcnon
riciznrforkinoccounnr-fi
inrcionrounnnoric.

Aconrynyioffiinrcioniin
nnocooryfuroinurfurof
rucurfiinnr-rnofnnoric.Aociz
finncnioinonorizionco
iiryinFi.6.25().Tfinncnfcorn
onorynizofnnofur.Fi.6.27()u
inoincofiffcyruininionffcof
nnoriciiffrnizofϕ=100n,ϕ=200n,
ϕ=400nnϕ=800nonnryririuion.Orin
i-rE2iriuiononX(Y=0)inFi.6.27(),
noonr-finncnnnincrofouionon
rrccoinfroinrfrncnincinn
cr.Touionconrxiizn
ricizrocincin nuinn
incrincrinfficincyifinncn
y iforuniz. W concufor
nno-riciiziiroooronZr-CA
urfc,nr-finncn yyroin
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cronicnryouion.Ai,for
irizofnnoric,inrfrncncr
nincinrcoronr.Ticoriinfcor
inforinLSFLrirnicurororizion.

Fiur6.27:()Ti-rE2iriuiononurfcXOYn
inucyirofiffrnir:ϕ=100n,ϕ=200n,ϕ=400
n,ϕ=800n; ()Ti-inrE2iriuiononY=0xiinucy
iriiffrncion:ϕ=100n,ϕ=200n,ϕ=400n,ϕ=800
n;(c)Ti-r E2 iriuionon XOYninucyfour
irofϕ=100ninurofu.To:firincinu,
i:onrucurinrc iconu,oo; or
onriininrcioniforu.Trioinr
inicyinkcoor.Torizionircionofincinn
ionXxi.

Wcufinncninnr-firn
onryocizioninuorrin.
Conirinrioiononiircionriny
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rrininro-ciryconcion[VD12],for
nnioroic(inr)rofornno-furon
orizionircion.Auinrirocor
rionoffi-nncnorrfunco
in-oionro, cnornofck
cnioiniincrofnurofu.

TxrinruicininofFi.6.24(-f)
oryruouionfroricoonfor
iNryinfro1o4.Aryfr2nu,i
fruncyorrurrucurforonircionofr
orizionfronnofnynno-ric(Fi.6.24()).
AfrN=4u,rnofHSFLcofuyii.Ti
uoryoiofHSFLfurininfuncy
fckrocnurfcnnorucurnr
u.

Wrioiurocyconirin
oooicffcofnr-finncn.Tffci
iuizinfooin3D-FDTDiuionuinZr-CA
furfcioironurfc,ui
urfco,nrurininFi.6.27(c).Tir
ofirio100n. Truo
i-rE2iriuiononXOYniincoin
uonrioooy.Nr-finncnrin
nryouion,nxiunryiiriu
ofironXxi,coniniorizion
ircionofincinn.Iiruriro
firinrionorin xiunry,oinii
nno-riccoonronXxifrfirru,
forinonorri.Tiiro rifon
uionroi nociin
nncnrion.Accorinoxiunryiriuion
incofN=1uinFi.6.27(c),nxornnorucur
oiuiinconofFDTDiuion.In
 iuion coniion, fr  con u, 
i-rE2iriuiononXOYnonfurror,
onincofN=2uinFi.6.27(c).Mxiunry
ocizonofiniiorri,conriuin
oiionnrnonXxi.Tiioconfirfr
nirriiononincofN=4uinFi.6.27(c).
Tiroccnuoonofon
rucurrinr-inciinyiniiiriuion
ofnno-ric.Tcnriocniforcofny
rnoiriunno-riconZr-CAurfc,conriuino
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forionofiniiHSFLri.Tu,fckroc
corniniuioninFi.6.27(c)cno
orizion-inioroicroofrucurinircion
roorizion.

TorocuyninfunconLSFL,
crinnonizofcrr.Aizofinii
nno-ricnorrinrruyiincrin
ru,conrofnryouionoriininin
corninrcionnincoinfincr
incr(oninFi.6.27(,)),conriuino
nncnofLSFLrirnicurororizion.
Tu-nnizffcofurfcnnorucur
conin iLIPSSouioninxrininFi.
6.24(-f),inicHSFLriforinfirru,
nLSFLriforinfooinuiirizof
urfcnnorucur.TouionofoHSFLnLSFL
riiincrinuricuinfooin.

SiiroFi.6.27(c),fckcouinrun
rouurfcinnoricincuinnr-fi
inuconioniiuyFDTDo.Iniuion,
iniirouurfcoifurfcinnof
nnoric(500nnoriciizof100n×100
n×50n(n×i×i)ririurnoyon
furfc iizof10×10 ).Torizion
ircionofruionXxi.Afrrouurfci
irriycru,onionofrynnoric
onorizionircionoccurccorinonr-fi
nryiriuion,inoouionofurfcoori.
Innxu,urfcoofnooriiuin
iuion,inonnry ouion. T
iuionruroninFi.6.28,rrninfck
nrunrouooriinoin
nr-fiinuconion.Fi.6.28(-)rrciy
i-rE2iriuionuofN=1,2,3,4,i
corroninFourirrnforionroninFi.6.28(-)),
icoinricouionofnryiriuion.A
inr-ricincicororuonion,
nrro HSFL-ikin r coin rn i ric
inrconnciononXxi(Fi.6.28(,)).Tuuinfunc
noooynfi couy iiin
nforcnofLSFLinurofu,inconiion
roooryouion roric
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onion ninrconncion. Tiinic  rinforc
corrionncrinnricuori.

Fiur 6.28: Ti-r E2 iriuion for n n of
rnoy-iriunnoricujconr-fiinuconionfor
uof()N=1,()N=2,(c)N=3,()N=4.TcorroninFourir
rnforionrrciyinin(,f,,).Torizionircion
ofincinnionXxi.

Inury, ruyof HSFL(║E)i
inrinicyrorncofnno-crounon
urfcyxrinniuion.DiffrnfroHSFL
(┴E)forion inyuocorninrfrncn
crfi,roocnrioforHSFL(║E)forion
ryinoniniiunioroicnr-finncnroc
ncociixcrinninrfrncffcriny
incin fi n inr-ric couin. T nr-fi
nncncoiornforricizin200-400
nrnncnrinioroicrucurroon
orizionircion,iinunnifck. W
icuoniiuionrocfck-rinffc
ncocicrinconcurooooy-rouionof
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HSFL.Euycrinncorninrcioniincin
ficonriuoLSFLforion.

6.7FDTDiuionforLIPSSforionon
fuiic

Tcronicouionoffiiriuionr
rinyicricfuncionofri.Wn
cronicnryiriuioninucynno-oon
Zr-BMGnfuiicurfcriffrninFi.6.13(,f),
xrincinuy/2roion. Woi
nryiriuionfooinxourofrouurfci
rinyocffcrinyin-nnoocrinn
ui-nnoocociinr-couincrinffc. W
concnrronnrionofouirnin
conxofLIPSSonfuiic.

Afir,roofnnooincronicnry
iriuiononfuiicurfciiniy3D-FDTD
iuion.Conirincnofoicinxin
xcifuiicinuroruurioninRf.[SCA+14],
onyunxcifuiiciiur.InFDTDo,
rfrciinxofunxcifuiiciñ=1.453+0i[P85].
Tcrinnrynfirninucyinnno-o
iininFi.6.29forcofϕ=100-niroon
ffuiicurfc.
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Fiur6.29:Enryiriuionrnrounnnocoooicfur
ofϕ=100niroonffuiicurfc.()Tonry
iriuionrnrifroi-r E2 i()iFourir
rnforion(FT).(c)IniinoX-coonnofnryiriuion
rifroi-rEX2i()iFT.Iniccoorrrufor
()n().

SiirocniicuforBMGinFi.6.12,
nryiriuioninycofrofiouion,rin
ycrinrnninrfrnciincinfi(Fi.
6.29(,c)).TifruncycoonnKx=3.5iro
HSFL(┴E)(Fi.6.25(,)),iifruncycoonn
Ky=1.5iroLSFL(║E)(Fi.6.25(,)).Tfirn
nryinnnocoooicfuriifi
nrorrincofnnofric.

Inorroiurouurfcinucyfr
u,furfc i1000cuicnnooinrno
iriuiononurfciuiforFDTDiuiono
[SRO+12].Tcuicricizi25n×25n×50n
(n×i×i).Turfcizi25μ×25μ.T
incinn roon Zxi.I
nof800nnorizioninonXxi.
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Fiur6.30:()Ti-rE2iriuiononurfcfornnof
rnoy-iriunnoo.()2D-FFTofinniyiriuionin().
NororizionionXxi.

Fi.6.30oi-rE2forouurion
onrouurfc,rrninnry ouion.T
nryonurfciouirniiro
yicri,oninFi.6.30().Fi.6.30()o
2D-FFTofFi.6.30().Tnryiriuioni
rioofɅ=800/3.5=229n(┴E)nɅ=800/1.5=533n(║E),
icrciyrronyiofHSFL(┴E)
nLSFL(║E)onfuiicinCr5.1.3.TLIPSS
foriononfuiiccnrforroinrfrnc
nincinrnurfccrinucyrou
urfc.

Inury,cor i LSFL(┴E) on n
iconucor,ircioniffrncofLSFL(║E)onfu
iiccnxinycronicnryiriuion
inucynnoo,iciinrinicyroicric
funcion.TLIPSSforiononfuiiccnro
inrfrncnincinrnurfccr 
inucyrouurfc.

6.8Concuion
W oncronic rci on LIPSS

forion.FDTDoiuocounryiriuion
nionryrnofcronicfion o
urfcrooryrionnnocroun.LIPSS
foriononuinunrniurnyzcoriy
ySifficcyorynFDTDiuion,offrin
inforionounryrnfrfrocronicfi
ourfcorinrouurfcincof
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icniconucinri.Wrnionoin
inccurcyuinFDTD.

Ticiono ourfckinoccounoc
oori,iunnoricInorroini
roofnnorucurinLIPSSforion,ffcofociz
urfcon(LSP)in Annoricncrin
crcriicof A, G,iicnnoricrrciy
ini y FDTD iuion, rin  
nnoric onurfc  ucronrcrin
nncnnoiconucornicricnnoric,
cuofoniyxciLSPonnnocroruion.

ForLSFLforioncni,iniiLIPSSouion
iincrinnuroffrurnyz,kinino
ccoun urfc oooy ouion. Uin FDTD, 
cronicccuionoroofcrinroun
iniiucnrfir,inicinnryouioni
inyrifroinrfrncnincinrn
cri. Winicicoicofriffc
oncinrionrnofnryouionforinurfc
nnorucurorin ri.For ,LSPcn
xcionurfcnnorucur,nncincricfiin
nr-fizonnicrin.AnLSFLforioncnrioi
urooryinoninrfrncnincinrn
cri,In iion, ffc of on-inion
nnorucur ori(uicron-iz roo) on LSFL
forionriniyFDTDoininfuncon
orinion.Scificyr,i ori
fficincyofrirorooiro
criniuofcrurfcinucy
cininrcoonniorizionrnicuro
roo.

ForHSFL(┴E)onCMSX-4,FDTDiuionconfir
corninrfrncncrourcyroin
nry ouion, conriuinoforion of HSFL
rnicurororizion.

ForHSFL(║E)onZr-CA,roocnrioforHSFL
forionryin oniniiunioroicfi-nncn
rocncociixcrinninrfrncffc
rinyincinfininr-riccouin.Tfi
nncncoiornforricizin200-400
nrnncnrinioroicrucurroon
orizionircion,iinunnifck. W
icuoniiuionrocfck-rinffc
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ncocicrinconcurooooy-rouionof
HSFL.

ForHSFL(┴E)nLSFL(║E)onicricfuiic,
ryoncoofSiory,roocnriofor
forionryinoninrfrncnincinr
nurfccrinucyrouurfc.

Or,LIPSSforioncnxinyoinry
ouiononurfcicronicffc.Tnry
ouioninycofroinrfrncnincin
rncrurfc ,incony
inrfrncncrurfc .Scrurfc
rinucyurfcnnorucur,ucurfc
roun,fcin(roo),nnoonnnoricon
urfc.Lrioncnroucnurfcnnorucur,
i,nnnorucurinuciffrncrurfc
,ino nfck-rinnry ouion
oionurfc.
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Cr7
Concuionnrci

Inrnork,uif-LIPSSforionon
oiyxrinnFDTDiuion.Ti o
iniforion cnioff-LIPSSryinon
furorincronicfioin.

T orkicuiniirionxorf-LIPSS
forion cni on r oi,inoin ,
uinoy,iconucornicric.Scificy,i
focuoniniinroofurfcoooin
infuncof icro/nno-rucurin LIPSSforion. Uin
urfcoffinoooi,fcofcorin
ociFDTDiuionxiciiniiun
cociroinLIPSSforionofnno-o,nno-ir,
inr u-icron roo, ui-nnoric, rou
rnoizurfc.Trurnuoxin
LSFLnHSFLforiononiffrnri.

T innoriinruofcurrn orkr
foo.

7.1Concuion
FooinrnofrocinoinLIPSSforion

ocniuoronuoic
ron of urfxci ri. Trnin oic
roriofiicon,unnnZr-BMGxciyurfr
ur uryin-cooro-ni-ro
ioryrciy. Our urnoiffrn
coxynicrocofoicroriinn
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iconucorxciyurfu.Tuinic
Dru-ikronincofSi,non-onicoonic
rniioninWiniciniyofro,uuy
crinconncyofoicroriofuinoyin
iofircificniyof.Aoro,ri
rniionoror-niyionizror.T
rnin urn r con i oriori
nyi of ri zon fro  oooy n
rucur/cooiionoinofi.

Exrinoff-LIPSSonixiffrnrircrri
ou,nnyzySEMnAFM,oiniffrnLIPSS
on unn,iconucoriicon,icricfuiic,
in-cryuroyCMSX-4,orouoyZr-BMGni
corronincryoy Zr-CArciy,roiin
xrinruforiniinLIPSSforion
cni. Exc iy xin LSFL(┴E) on
iconucoriicon,unn,oyCMSX-4,Zr-BMGn
Zr-CA,ci HSFL(┴E)onCMSX-4n HSFL(║E)on
Zr-CAror.DiffrnfroiyxinLSFL(┴E)
oniconucorn ,LSFL(║E)xion
icricfuiic,rinrooficricfuncionin
ircion of LSFL. By EDX,nyi ofcic
cooiiononriinonZr-BMGoi
cniofciorizioniork.Tnyiof
icrucuro Zr-BMGyoroufr
irriion,xcionyiooccryizionn
unrio,cckyEBSD.

ToiniLIPSSforioncni,FDTDoi
uocounryiriuionofcronicfion
urfcoiiffrnnno-rucur.Incorioni
Siory,FDTDiuionrciyoffrinforionou
nryrnfrfrocronicfiourfc
orinrouurfc.Toiniffcof
nnoricincrinfi,crincrcriicof
A,G,iicnnoricrrciynyz,rin
nnoriconurfcucronrcrin
nncnnoiconucornicricnnoric,
cuofonixciionofLSPonnnorournc.
LIPSSforioncnxinyoinryouion
onurfcicronicffc.Tnry ouion
inycofroinrfrncnincinrn
crurfc(forLSFL(┴E)),incony
inrfrncncrurfc (for HSFL(┴E)),
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rinLSFLnHSFLiffrnforioncni.
Scrurfcrinucyurfcnnorucur,uc
urfcroun, fcin(roo), nnoon
nnoriconurfc.Sciy,forHSFL(║E)onZr-CA,
rucnriofor HSFL(║E)forionryon
iniiunioroicfi-nncnroc,inrinicy
rorncofnno-crounonZr-CAurfc
ncociixcrinninrfrncffcriny
incinfininr-riccouin.Toinurfc
oooyofck-rinnryouionoion
urfc.CoriLSFL(┴E)onniconucor,
ircioniffrncofLSFL(║E)onfuiiccn
xinycronicnryiriuioninucy
nnoo,iciinrinicyroicricfuncion.T
LIPSSforiononfuiiccnroinrfrnc
nincinrnurfccrinucyrou
urfc.

TrnforioncniofLIPSSnr
iciiyii. T oionyicforurfc
rucurofiffrnriincronicfioin
nonoincucoxroc,ucincuion
ffc,ronicnrionnroynicofonor
ri.Toncffcofion
onLIPSSforion.T ofocucronic
oriinofLIPSSforionnroroniriry
fcorfornryouionnforionofLIPSS.

7.2Prci
Trfor ork nyrci.Fro

funnoinofi,fooinironn
xnioncnon.Exnknoonurfri
xciionnrucurouioninconiionofLIPSScn
oinyoinrni-roiory
o(..uinurconinuuro)oryinin
ncinrofroincronicnrucurffc
(froi-roiffrcionocor-orion).

Tcnconyxrinfooin
LIPSSroynic.ForxrinofLIPSSforion,
rforiniionronruinoory
ofLIPSSySEMnAFMouciLIPSSforion
cni.Tcnxniyniccoonn.On
funn,oryofxrinrno
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uciLIPSSforioncni,forx,i-n
c-ro u-ro icrocoy i [RDS+13],
u-roorici[MMP+08].Tynicof
LIPSSforioncnorf–nicfrxciion
yxrin.

Froccuionoinofi,rnorkiny
focuoninrinrcionofcronicfi,ofuur
orkiinononinrffcinFDTDiuion,uc
rninoicrori,ronicnrion,oicKrrffc
n o on. Bi ffc of cronicfi,
roynicof onor rino
ffcLIPSSforion,ocoxoincuin
cronicfi,roynic of on or
riniryroynicouioniiniin
fuurorkforLIPSSforion.

Anorcninorkouiniionof
yicnurofriionrnnoniconucorinSi
ory,rioninriionrnnn
ocizurfcon. Wiuunu cnico
ryicnurofriionrnnnirioni
iocizurfcon.

Finy,fuuruiiincuicionofLIPSSn
rninoicroriofxciri.LIPSSroi
f,rcino-coooforurfcicro/nno-rucurin.
Excriionicion,ucurfcin,riooy,
y-frcoorin,rkinncoin,rrkicionof
LIPSSii-fficincyurforurfc-nncRn
crocoy(SERS)[MDL+14].Anorroiinicionof
LIPSSi -cin rinforurfc onic
ui[HZC+09].Onorn,rninoicrori
ofxciriyurfroniicion
inoonicicnoicicin.Forx,urf
icofurfconcouinccorino
nonon-o-on rniion in xci unn y
foconruinCr4.

Dircnncinunrninoff-LIPSS
foriononoi,oficrnofuion
rocinrnork.Wconfirrrio
ofnruionnrnurofunryri
on.Wiinionrrcin.
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