VJIK 535.341

I'. A. IlerpoBcebka, L. 5. AApemuyk, I. M. Mypaaii,
B. M. ®itbo, S1. B. Boonubkuii
Hamionansawmii yniBepcurer “JIbBiBChKa momiTexHika”
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JocaixkeHo nepiogyHi CTPYKTYPH Ha OCHOBi NPSIMOKYTHHX JH(paKIiiHUX MeTaleBUX
(cpi6J10) rpaTok Ha gienexkTpuumiii (mosikapGonart) Ta MeraneBiii (cpidso) migkaaakax A ix
3actocyBaHHs ik SERS-nigknanok. OnTuMizoBaHo reoMeTpu4Hi napamMeTpy rpaTok sl pi3HUX
JAOBKHH XBWJIb 30y/I:KYIOUOT0 BUNPOMiHIOBaHHSA. [lJIsi ONTHMI30BaHUX CTPYKTYP 3 3aJaHMMH
napaMeTpamMu i Ha pi3HMX JOB/KHHAX XBHJIi 30y1:KeHHsI PO3PaxOBaHO PO3MOALT KOHUEHTpauii
€JIEKTPOMATHITHOTO MOJIs1 TA KOe(piieHT MiACHIeHHs METOI0M CKIHUeHHUX eJIEMEHTIB.
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Raman spectroscopy is an extremely sensitive and effective method for studying the
structure of macromolecules and their changes. The specially designed SERS substrates are
one of the ways to enhance Raman signals. Such substrates can significantly increase the
sensitivity of optical diagnostics of materials in the ultra-small quantities. It is important for
different applications in science, industry and human activity. At present time, the problem of
design and optimization of the different substrates for enhance Raman signals remains
relevant. The periodic structures on base of, both metal gratings on a dielectric substrate and
metal gratings on a metal substrate can be used as SERS-substr ates.

In this work, modeling of the distribution of an electromagnetic field and an enhanced
factor by periodic structures consisting of rectangular diffraction metal (silver) gratings on a
dielectric (polycarbonate) and metal (silver) substrates have been carried out for excitation
wavelengths of 532 nm (Nd: YAG laser on the second har monics), 633 nm (He-Ne-laser) and
785 nm (diode laser) for maximum enhancing of Raman signals. The optimal grating
parameters are determined which provide maximum concentration of electromagnetic field
for these wavelengths of exciting radiation. The modeling results showed that maximum
enhanced field is obtained for the given wavelength and grating period only at certain values
of the grating thickness and the filling factor. Periodic structures on the basis of the metal
grating on the metal substrate showed significantly higher enhance of the electromagnetic
field (90 units) compared to structures based on the metal grating on the dielectric substrate

141



(15 units). Consequently, such structures are more suitable for effective application as SERS-
substrates.
Key words: grating, periodic structure, electromagnetic field, SERS-substr ate.

Beryn

PamaniBcbka CIIEKTPOCKOIIiS € HAI3BUYaiHO YyTIIMBHM 1 e()eKTHBHHM METOJIOM BHUBYCHHS OYIOBH
MaKpOMOJIEKYII 1 iX KOH(opMaIliifHUX 3MiH, BOHA YCITIITHO BUKOPUCTOBYETHCS TAaKOXK JJIs ieHThikalii Ta
BH3HAUCHHS JIy’K€ MaJIUX KUIBKOCTEH PEYOBHMHH, 1110 aKTYyaIbHO JJIs (hapMallii, eK0JIOrii, aHATITHIHOT XiMil
[1], 6iocencopuku [2], GiomemuuHol MiarHOCTUKH Ta HaHoMemuian [3]. OaHuM 31 CrOCO0IB MMiACHIEHHS
paMaHIBCbKMX CHTHATIB € BHKOPUCTaHHs CcreiianbHo crpoektoBanux SERS-minkmamok [4]. SERS-
MIJKIAIKA AaTyTh 3MOTY 3HAYHO 30UIBIIMTH YyTJIHUBICTh ONTHYHOI AIarHOCTUKU PEUOBHH B YJIbTpaMalIux
KUIBKOCTSX, III0 BaXJIMBO SK JJI MaTepialliB, sKi BXXK€ BUKOPHCTOBYIOTHCS, TakK 1 Ui THX, sKI OyayTh
CHUHTE30BaHI Ui PI3HHUX Tally3ed HayKd, BHPOOHHMIITBA 1 >KUTTEMISIIBHOCTI JFOJIEH, 30KpeMa XiMii,
MaTepialo3HaBCTBa, MEAMIIMHHK, O10JoTii, PO3pPOOJICHHS Ta KOHTPOJII SKOCTI JIKiB, €KOJIOrii,
KpUMiHaTiCTHKH TOIO [5]. Halfuacriire Sk miaKIagku BUKOPHUCTOBYIOTE 30J10Ti, CpiOHi (piflie MmIaTHHOBI,
nanaieBi, MifHi) HIOPCTKI MOBepXHi abo HaHOMOpHUCTI miiBku [6], rpatku [7], doronHi kpuctamu [8],
xsuiteBoau [9], pesonaropu [10] Ta HaHOYACTHHKH OGJIATOPOJHHMX METANIB, PO3MIPH SKUX HAabaraTo MeHIIn
BiJ JOBKMHH XBWJIi CBiTia, mo mamgae [11]. Tlix gac mpoXomKeHHS JTa3epHOTO MPOMEHs 10 IOBEPXHi
3pa3ka BUHHKAE CHJIBHO JIOKaji3oBaHe cBitioBe moje. [lincuieHHs 3yMOBJICHE JBOMa MEXaHi3MaMu —
CNEKTPOMArHITHUM 1 XiMiuHUM. [liICHIICHHS JTOKaTi30BaHOTO ENEKTPUYHOTO MO € Hale(eKTUBHIIINM
METOJIOM MIiJBUIICHHS YyTJIMBOCTI CIEKTPOCKOMIUYHUX METOMIB JOCHIpKeHHs. Konu Monekyna morjimHae
abo posMinieHa ayke ONHM3bKO IO TiJCHJICHOrO TOJsS, TO Ha IOBEPXHI CIIOCTEPIraeThCs IMiCUIICHHS
paMaHIBCBKOT'O CHUTHaNy. Y BHUNAJKy pPaMaHIBCHKOTO pO3CIIOBAaHHS CBITIa Yy CIEKTPiI PO3CISIHOTO
BHITPOMIHIOBAHHS 3 SIBIIAIOTECS HOBI CHEKTPasIbHI JIiHII, BIACYTHI y CIIEKTPi MEPBUHHOTO (30yKyI0UO0To)
BUIPOMiHIOBaHHS. KinbKicTh 1 po3TamlyBaHHS HOBHX JIiHIH BH3HAYAIOTHCS XIMIYHHM CKIQJOM i
MOJIEKYJISIPHOIO OYZIOBOIO PEUOBHHH, TOMY KOXKHA PEUOBHHA Ma€ YHIKATBHUIN paMaHIBCHKUN CIEKTp, SIKHH
MOXE BHKOpHCTOBYBaTHCS st ii imeHTudikamii. KpiM Toro, aHamiz 3pa3kiB METOJOM paMaHIBCHKOI
CIIEKTPOCKOITii € 0E3KOHTAKTHUM 1 HEpyHHIBHUM.

Omxe, mo0 3poOMTH IO METOAMKY 3arajlbHOBKMBAaHOI, HeoOXimHo, mo0 SERS-migkmamku
e(peKTHBHO MIICHITIOBAIN pPaMaHiBChKE PO3CISIHHS [UISl ITUPOKOTO KIacy MOJEKYISIPHUX CIIOJIYK, TPUIOMY
MiZCHJICHHS OyJIO MpHOIM3HO OAHAKOBHUM I10 BCIH IMOBEPXHI MIAKIAIOK, OKPIM TOro, MIKIaAKH OyIH
MOPIBHSIHO JICHIEBUMHM Ta Oyjga MOXJMBICT iX 0araropa3oBoro 3acTocyBaHHA. ToMy ChOTOAHI
3aJMIIAETHCS AKTYallbHUM 3aBJaHHA MPOCKTYBaHHA Ta ONTUMI3alii MEpiOAUYHUX CTPYKTYp JUIS
MaKCHUMAaJIBHOTO MiJICHJICHHS paMaHiBCHKUX CHUTHaMiB. Sk mepioguuHi cTpykrypu it SERS-migkagok
MOYKHa BUKOPMCTOBYBATH METaJIeBi IPATKM 1 HA JieTSKTPUYHIN MiAKIAALI, 1 Ha MeTajaeBii migkmazmi [12,
13]. Tpeba BpaxyBatH, 10 i1 €PEKTHBHOTO MiJACHIEHHS PaMaHIBCBKHX CHTHAIIB HEOOXiTHO 30yaAUTH
MMOBEPXHEBI IJIA3MOHHM, SK1 MIJCHIIIOIOTh HE JIMIIE BUIIPOMIHIOBaHHS, IO MAaja€, a i BUIIPOMIHIOBAHHS
JIMIIONST HAa CTOKCOBIM MOBXHMHI XBHJI. 3aJ€KHO BiJ THUIY NEPiOAUYHOI CTPYKTYpH 1 JOBXKHHH XBHII
30y/DKeHHST HeoOXimHO mimibpath Taki TapameTpu TIpaTkd, 3a SKUX KoedillieHT MijCHIIeHHS Oye
MakcumaibHuM [14].

Y poboTi TEOPETUYHO JOCIIPKEHO MEPIOANYHI CTPYKTYPH Ha OCHOBI TU(PPAKIIHHIX MPSIMOKYTHHX
IpaToOK THITy MiAKIaaKa 3 TonikapOoHaTy, IpaTka 31 cpibiia Ta migkmagka 1 IpaTka 31 cpibma uis
3actocyBaHHs iX sk SERS-migxmanok. Jns qux cTpyKTyp 3 pi3HUMH NapaMeTpaMH i Ha Pi3HUX JOBXKHHAX
XBUJIb PO3PaXx0oBaHO KOCPIIIEHTH MiJACUICHHS €ICKTPOMATHITHOTO OISl METOJIOM CKIHUEHHHMX €JIEMEHTIB.

TeopernuHe 00IpyHTYBaHHSA

OCKITbKM  IHTEHCHBHICTh PaMaHIBCHKOTO PO3CISHHS Ty)XK€ Mayia, TO JUIS CIHOCTEPEeKEHHS
paMaHIBCBKUX CIIEKTPIB HEOOXIAHO BHUKOPHUCTOBYBAaTH Ay)K€ YYTJIHMBY amaparypy, HOTYXKHI Kepea
BHIIPOMIHIOBaHHS, a Takox SERS-minkmaaku mis miacunenHs moss. OKpiM TOro, mij yac BUOOPY JpKepen
BUIIPOMIHIOBaHHS HEOOXIZIHO BpPaxOBYBaTH, MIO TOJIOBHHM JDKEPENIOM TMEPENIKOA y paMaHIBChKIH
criekrpockorii € ¢uyopectiennis. [1{o6 yHukHyTH miei mepemkonw, ans 30y[KeHHS Tpeba BHOHpaTH
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Jla3epu 3 JOBKMHAMH XBHJIb, IO MEpeOYyBalOTh 3a MEKaMU CMYrd 30y/DKEHHS JFOMIHECHEHINT. VY Iii
pO0OTI po3paxyHKH BUKOHAHO [UTsl TaKuX J0BkHH XBWiIb: 532 uMm (Nd: YAG na apyriit rapmoniiti), 633 Hm
(He-Ne mazep) Ta 785 uM (miomuuii masep), OCKUIbKM y pa3i BUKOPHCTAHHS KOPOTIIHNX TOBXXHH XBHIIb
30UTBIIYETHCS HMOBIPHICTh BUHUKHEHHS (PITyOpeCIIeHIIii.

[1ix yac BUOOPY mepioay IPAaTOK BPaxOBYBAJIUCH TaKli OOMEXKEHHS: SKIIO ITiIKIaJKOI0 € JieIEKTPHK,
TO MAaKCHMaJbHO JONYCTHMHN TIepioJ TIpaTKH BHU3HAYAETHCS JIOBKMHOIO XBWIII 30Y/KCHHS Ta

JISIEKTPUYHOI0 TPOHMKHICTIO JieleKTpuKa L £1 /,/e , & A — JIOBXMHA XBUJI 30y/KeHHS, €, —

JIeJeKTpUYHA TPOHUKHICTh JIEJIEKTPHKA; SKIIO MaTepiaioM MiAKIAIKH € MeTall, TO MAaKCUMAJbHO
JOMYCTUMUHM TIEPIOJT IPATKU 3aJISKUTh JIMIIE BiJl TOBKHHHM XBWII 30y/DKCHHS L £

[HTEHCUBHICTh MIICHJICHOTO CUTHANY 3aJIOKUTh BiJ MIACHJICHHS Ha JOBXHHI XBWI 30yKCHHS 1
CTOKCOBIH JIOBXKHMHI XBWJII BiMOBIIHOT MOJIeKynu [14]

I s£rs :|aR|2|gng|2|07 1)
1e or — Koe(ilieHT, SIKUi BUpaxkae eeKTUBHICTh paMaHiBCHKOTO MpoIiecy; g; — KoeimieHT miCuIeHHs Ha
JOBXKUHI XBUJII 30y/DKCHHS; (r — KOe(IIIEHT MiJCHJICHHS HA CTOKCOBIM JOBXKHHI XBHII Mojekynu; lg —
IHTEHCHBHICTh 30yIKYIOUOTO BUIIPOMIHIOBAHHS.

Pe3yabTaTi YUCJI0BHX €KCIIEPUMEHTIB

OO0’ ekTOM JOCTi/KEHHsT BHOPAaHO TEPiONUYHI CTPYKTYpPH Ha OCHOBI TPSIMOKYTHHUX METaJIEBUX
(cpibmo) mudpakiifiHuX TPaTOK Ha JieaeKTpHuHiil (moiaikapboHaT) Ta MeTaneBii (cpibio) mimkIagkax.
JienekTpruHa TPOHUKHICTH MojikapOoHaty nopiBHIOE 2,9. JlienekTpuuHi cTaii cpibiia BUKOPHCTAHO 3
poboru [15].

Jnst pi3HUX JOBXHH XBHJIb 30y/DKYFOUOTO BHITPOMIHIOBaHHSI BH3HAYalld ONTHMANbHI TapaMerpH
I'PaToK, sKi 3a0€3Meuy0Th MaKCUMaJIbHE MIJACHIICHHS 10JIs1. Pe3ynbraT MOACIIOBAHHS IMOKA3aJIH, 110 JJIs
3aJ]aHMX JOBXKWHH XBWII W MEpioy IPaTKH JOCATTH MAKCUMAIIBHOTO TiICHIICHHS TTOJIS MOXKIIMBO JIUIIIE 32
MEBHUX 3HAYCHBb BUCOTH IpaTKH i pakTopa 3amoBHeHHs (puc. 1).
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KoeiuienT miacuenns, g
KoediuieHT niacuneHHs, gi

L 1 1 1
0,1 02 03 04 05 0,00 0,02 0,04 0,06 0,08 0,10

dakTtop 3anoeHenus, F Bucota rpatku h, MM

Puc. 1. 3anexcuicmo koegiyicuma niocunenns 6i0 mosuguru ipamku 01t Asz=0,633 mxm s tpamku 3 nepiodom
A=0,37 mxm 3a pakmopa 3anosnenns 0,2 (a) ma 3anedxicnicmo koepiyicnma niocunennst 610 paxmopa 3ano0eHeHHs.
ons tpamiu 3 nepiooom A =0,37 mrm i moswunoro 0,01 mxm

VY pe3yiabTaTi YUCIOBUX CKCIEPUMEHTIB BCTAHOBJICHO, 1[0 MAKCHMMAJIbHO JOIMYCTHMI MEPIOau s
MertaieBux (cpibio) rpaTok Ha mienekTpuuHii (mMomikapOOHAT) MiAKIAAI 3aJIEKHO Bif JOBXKWHHM XBHJI
30y mkenns srigno 3 [14] cranoBmars: 0,3 MM st A=0,532 mxMm, 0,37 mkm s A,;=0,633 MkM Ta
0,46 mxm st A,5=0,785 mxm. ToBIimHA rpaTku 3MiHIOBadachk y Mmexkax Big 0,001 mxm g0 0,1 mxMm, dakTop
samoBHeHHS — Bixm 0,1 g0 0,5. OnTuManbHUMM MMapamMeTpaMH IPaTKU JJid MaKCHMaJbHOTO IiJICHJICHHS
CJIGKTPOMArHITHOTO MOJIsA €. 3a JOBXMHM xBum 30ymxeHHs 0,532 mxMm 1 mepiogy A=0,3 MkM — BucoTa
rpatku h=0,005 mxMm i dakrop 3amoBuenns F=0,1; mist A36=0,633 mxm i mepioxy 0,37 mxm — h=0,01 mMxm i
F=0,2; nns ms A36=0,785 mxm i mepioxy 0,46 mxm — h=0,005 mxm i F=0,16. ¥ pospaxyHKax 0OMexXHMOCS
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quire xBuiiero 30ymkenns 0,633 mxm. Ha puc. 2 HaBe[eHO PO3MOIT KOHIIEHTPALlli €ISKTPOMArHiTHOTO
MoJIsl Ta PO3MOALT KoedillieHTa MIICHICHHS y MEKax OIHOrO Mepioay Ui JAOBXKUHU XBHJI 30yKCHHS
0,633 MkM 3a ONTHMaJbHUX MapaMeTpiB IpaTku. MOJENIOBaHHS EIEKTPOMATHITHOTO MOJsl Yy TIpaTKax
31HICHEHO METOIOM CKIHYEHHHUX E€JIEMEHTIB.
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Puc. 2. Po3noodin erexmpomaznimmnozo nons (a)i koegiyienma niocunenns (6)
Y Medrcax 00Ho20 nepiody 3a 0oexcunu xeui 30yoaxcenns 0,633 mxm y tpamyi 3 A=0,37 mxm h=0,1 mxm i F=0,2

JIist IepioAMYHUX CTPYKTYp Ha OCHOBI MeraneBoi aAu(pakiliiiHoi rpatku Ta MeraneBoi (cpibio)
MiIKIIaIKA OTITUMAITBHI TapaMeTpH Taki: 3a JOBXKUHU XBU 30y pkeHHst 0,532 MkM i1 mepiogy A=0,5 Mmxm —
Bucora rpatkn h=0,02 Mmxm i cdakrop 3amoBHenns F=0,5; mms A,s=0,633 Mmxm i mepiomy 0,6 Mkm —
h=0,03 mxm i F=0,5; mms mams A5=0,785 mxm i mepiogy 0,75 mxm — € h=0,05 mxm i F=0,5. Ha puc. 3
HaBEJCHO PO3IMOALT KOHIICHTpAIll €IEKTPOMArHiTHOrO MOJs Ta PO3MOAUT KoedillieHTa MiJACHUICHHS B
MeKax OJHOI0 Iepiony Uil TOBKHHU XBHIII 30y/pKkeHHs 0,633 MKM 32 ONTHMAaIbHUX HapaMeTPiB IPATKH.
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Puc. 3. Po3noodin erexmpomaznimmnozo nons (a)i koegiyienma niocunenns (6)
6 Medncax 00H020 nepiody 3a 00excunu xeuni 36yoaxcenns 0,633 mxm y pamyi 3 A=0,6 mxm, h=0,03 mxm, F=0,5

MeraseBi nepioAnyHi CTPYKTYpPH IOKa3aJd 3HAYHO BHWILE ITiJICHICHHS €ICKTPOMArHITHOIO ITOJIS
(90 BizH. o1.) MOPIBHSAHO 3 MeTanofieNeKTpudaHuME cTpykTypamu (15 BimH. on.). Takuit camuii pe3ynbrar
BHILTHBAE 3 JOCIIKEHE PO3MOALTY KOHIIEHTPAIlT eJIEKTPOMATHITHOTO OIS Ha Tpatiti (puc. 2, a i puc. 3, a).

Bapro 3a3HaunTH, MO MiJ 4Yac po3MISAAy MUTAHHS, OB S3aHOTO 3 MiJACHICHHSM pPaMaHIBCHKOTO
po3ciroBaHHS ancopOOBaHMX MOJICKYIN, TpeOa BpaxoBYyBaTH JBI oueBUIAHI oOcTaBuHH. [lo-niepiie, mooau3y
MOBEPXHI MeTally, BUIIPOMIHIOBAaHHS, 1110 Majae, 1 po3cisHe, OyAyTh MiICHIICHI TOPIBHAHO 3 00’ emom. e
BiZIOYBA€THCS 32 paXyHOK PE30HAHCHOTO 30y/PKEHHSI IIOBEPXHEBUX EINEKTPOMATHITHUX XBUJIb HA HMIOPCTKIH
noBepxHi. KpiM TOro, B OKpeMHX CTpYKTypax Ha MOBEPXHi, a TAKOX y MalluX 130Jb0BaHUX YACTHHKAX
ICHYBaTHMYTb JIOKAJbHI PE30HAHCH, TTOB’ 3aHi 3 OPYIICHHSIM il €0 CBITIa KOJNIEKTHBHOI €IEKTPOHHOT
ociisinii. Ile mpusBene A0 30UIBIICHHS 1HIYKOBAHOTO JMITIONBHOIO MOMEHTY MOJICKYJIH, PO3MILICHOT
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nmobnu3y merany. [lo-apyre, SKIIO B pasi i30JIbOBaHOI MOJIEKYJIM PaMaHIBCbKE PO3CIIOBaHHS € HACIIIKOM
MOIYJIAIIT KOJMMBaHHS MOJICKYJIM 1 EJIEKTPOHHOI NoJsApu3allii, TO Mix Yac aacopOIii HeoOXigHO
PO3IIIAAATH MOJNSPU30BAHICTh CUCTEMH MOJIEKYJla — MeTaj, 10 03HAaYa€ MOsSBY HOBUX 30Y/DKEHHX CTaHiB,
3YMOBJICHUX MOXKJIMBICTIO TTEPEHECEHHS 3apsly, a TAKOXK JIOKAIbHUMH 3MIHAMH HIUTBHOCTI ENIEKTPOHHOT'O
3apsay MoONIM3Y MOBEPXHI, 10 BUHUKAIOTh BHACTIIOK XIMIYHOT'O 3B’ 3Ky, a00 TYHEIIOBAHHS CICKTPOHIB
METay JI0 MIiCIIsl pO3TalllyBaHHS MOJICKYJIIH.

BucHoBku

31iCHEHO MOJIECTIOBaHHS PO3MOJLTY EIEKTPOMArHITHOrO MOJIA 1 KoedillieHTa MiACHIICHHS Ha
NepioIMYHUX CTPYKTypax, IO CKIAAI0ThCs 3 MPSIMOKYTHHX AU(PpPaKIiiHUX MeTaneBux (cpibio) rpaTok
Ha JieNeKTpuuHii (moaikapOoHaT) miAKIaai Ta METaaeBOl IpaTKK HA MeTaJIeBill MiIKIaali U JOBKUH
xBwiIb 30ymkeHHs 532 um (Nd: YAG Ha npyriit rapmoniii), 633 um (He-Ne naszep) ta 785 um (miomHwuii
Ja3ep) I MaKCHMAJIBHOTO IACHICHHS PaMaHiBCHKMX CHTHANIB. MaKCHMAIbHOTO IMiACHIEHHS MO ISt
3aJaHUX 3HA4YeHb JOBXHHU XBWJI 30y/DKYIOUOTO BUIIPOMIHIOBAHHS MOXKIIMBO JIOCSTTH JIMINE 32 TIEBHUX
3HaYeHb BUCOTH TIPAaTKU 1 (hakTopa 3amoBHEHHS. B pe3ynbTaTi YMCIIOBHX EKCIIEGPUMEHTIB BHOpPaHO
ONTHMAJIbHI TapaMeTPH TPATOK ISl PI3HUX JOBXKUH XBHIIb 30Y/IXKYIOUOTO BUIIPOMIHIOBAHHS.

[NoBHicTIO MeTaNeBi MePioIUYHI CTPYKTYPH NMPUAATHIIII sl epeKTUBHOTO 3acTocyBaHHs Ik SERS-
MIJKIAIKA, OCKUIBKM 3a IX JOMOMOIOK MO)KHA 3HA4YHO OLTbIIe MiACHINTH €JISKTPOMArHiTHE IONe
MOPIBHSIHO 3 METAJ-ieNIEKTPUIHUMH TEPiOTUIHUMH CTPYKTYpaMH.
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