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AHHOTaNMA

IIpeamer uccenoBanusi. BeImoaHEH aHaIN3 Pe3ynbTaTOB YUCICHHOTO MOJIETMPOBAHHUS 3aBUCHMOCTH HAMPSHKEHHOCTH
9NEKTPUUECKOTO MO OT Pa3MEPHOCTH M T€OMETPHH 30JI0THIX HAHOCTPYKTYP M MX OPUEHTAIIMH OTHOCHTEIBHO
MOJISIPU3ANNY MTAJalouero u3nydenus. Meroa. MonenupoBannue HAIPSHKEHHOCTH AIIEKTPUYESCKOTO OIS BOIN3H
SIMHUYHON HAHOCTPYKTYPBI OCYIIECTBIEHO C MPUMEHEHHEM METO/la KOHEYHBIX PAa3HOCTEH BO BPEMEHHOH 00IacTH
(Finite-Difference Time-Domain, FDTD). FDTD-meron — ¢ dexTuBHEIH TeopeTndyecknii cnocod HcciiefoBaHus
B3aHMOJICHCTBHS AJIEKTPOMArHUTHOM BOJIHBI M IUIa3MOHHBIX HAHOOOBEKTOB. MccieqoBaHbl 0OBEKTH — €IUHUYHBIC
30JI0ThIE HAHOCTEP)KHH, UMEIOIIME PA3IMYHYI0 TeOMETPHIO (LMIHHIP, CHEePOLMINHADP, BBITSIHYTHIA JJIUIICOUT) U
Bapbupyemyto nonywiuny (L = 10-120 am). McTounnk u3nyyeHns — MI0CKONOIIpH30BaHHas BosiHA (A = 632 HM).
OcHoBHBIE pe3yIbTaThl. B pe3ynbraTe mpoBeIeHHOTO MOJAECTHPOBAHUS OMpEIeeHa JOKAINU3aUs YIEKTPUIECKOTO
0715 BOJIM3M HAaHOCTPYKTYP, a TAKKE MOTydIeHb MAKCHMAJIbHbIE TEOPETHIECKIE 3HAUCHUS HAPSKEHHOCTU OIIMKHETO
anekTpryeckoro nosst. [TokazaHo, 4To 3aBHCHMOCTD MAKCHMYMOB HAIPSKCHHOCTH AJIEKTPUIECKOTO OIS OT HOJIY/ITHHBI
30JI0TBIX HAHOCTPYKTYP IIPH UX MPOAOIBEHOM OpHEHTANH HMEeT HeJIMHeHHbIH xapakrep. [IpakTuyeckast 3 HAYUMOCTb.
[oxydeHHbIe TEOPETUYECKUE PACUSTHI HANIPSHKEHHOCTH JIEKTPUYECKOTr0 MO BOJIN3U UCCIEYeMbIX IIa3MOHHBIX
HaHOOOBEKTOB MO3BOJIAIT B JAJIbHEHIIIEM OIIPE/ICNIUTh ONTHMAJIbHBIC TapaMeTphbl HAHOYACTHUI] U YCIIOBHS BO30YKICHHS
IUIa3MOHHOTO pe30oHaHca. B pe3ynbrare BO3MOXHO CO3JaHUE ONTHYECKUX CTPYKTYP C BHICOKHM CHTHAJIOM yCHIICHUS
KOMOMHALIMOHHOTO PACCEesIHUS CBETA, AETCKTUPYEMOTrO OT MCCIIEAYEMbIX BEIIECTB, HAXOAAIMXCS BOIM3U TakoH
CTPYKTYPBHI.
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Abstract

The presented work reflects and analyzes the results of numerical simulation of the electric field strength dependence
on the dimensionality and geometry of gold nanostructures as well as their orientation relative to the polarization of
the incident radiation. The simulation of the electric field strength near a single nanostructure was performed using the
Finite-Difference Time-Domain (FDTD) method. FDTD modeling is an effective theoretical way to study the interaction
between electromagnetic waves and plasmonic nanoobjects represented by single gold nanorods with different geometry
(cylinder, spherical cylinder, elongated ellipsoid) and variable half-length (L =10-120 nm). The radiation source
was a plane-polarized wave (A = 632 nm). As a result of the simulation, the localization of the electric field near the
nanostructures has been determined and the maximum theoretical values of the near-field strength have been obtained.
The dependence of the electric field strength maxima has been demonstrated to be nonlinear on the half-length of gold
nanostructures in case of their longitudinal orientation to E-vector. The obtained theoretical calculations of the electric
field strength near the plasmonic nanoparticles, including gold nanorods, allow us to determine the optimal nanoparticle
parameters and excitation conditions for the plasmon resonance occurrence which in turn provides an opportunity to
create SERS-structures with a high Raman scattering enhancement.
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BBenenune

Wnentudukaius 1 onpeaeicHue HU3KOKOHIICHTPH-
POBaHHBIX BEIIECTB — OJHO U3 OBICTPO PA3BHUBAOIIMXCS
HaIpaBJeHUH B CIIEKTPOCKOMMYECKOM aHanu3e. JJaHHbIi
AHAJHU3 YCICIIHO MPUMCHSETCSI B OHOJIOTHH, TCOJIOTHH,
xumud [ 1], menumae [2], MoHETOpHHTE atMocdepsr [3],
B MCKJIUCIUIUIHHAPHBIX 00IACTAX, a TAK)KE B IMPOMBIIII-
nerHoit cepe [4]. B mocreanee nBagnaruieTne Hanbo-
Jiee BOCTPeOOBAaHHBIM METOJIOM CIIEKTPOCKOIIAH SIBIISCTCS
METOJ] THTaHTCKOTO KOMOWHAIIMOHHOTO pacCesHUS CBETa
(F'KPC). braronapss BOSHUKHOBEHHUIO MTOBEPXHOCTHOTO
TUTa3MOHHOTO PE30HAHCA B IUTAHAPHBIX CTPYKTYPax M JIOKa-
JIM30BaHHOTO ITOBEPXHOCTHOTO TIA3MOHHOTO PEe30HAHCa B
HAHOCTPYKTypax [5], JaHHBII METO] MO3BOJISIET MPOBOANUTH
BBICOKOTOUHBIN CTPYKTYPHBIM aHanu3 coennHeHui [6—8].
[pu pa3paboTke aKTHBHBIX ONTHYCCKUX CEHCOPOB IIMPOKO
HCTIOJIE3YFOTCS] METAJUIBL: 30J10TO, CepeOpo, TUIATHHA, ME/Ib,
a Taxke ux KoMnosutsl [9, 10]. OgHUM U3 Ba)KHBIX aclek-
toB Mertoga 'KPC — coBepuieHcTBOBaHUE U CO3[JaHUE
HOBBIX KOH(QUTYpAIUi CTPYKTYp, YCUINBAIONINX HHTCH-
CHUBHOCTh CHUTHAaJIa KOMOWHAITMOHHOTO PAacCEsTHHUS CBETA.
B Hacrosiee Bpemst quana3oH 3HAY€HUH YCUIIEHUS] CUTHa-
J1a KOMOMHALMOHHOTO PACCESHUS CBETA COCTABISET OT 103
10 1014 [11]. Bapsupys mapaMeTpsl INIAHAPHBIX CEHCOPOB,
ocHoBaHHbIX Ha 3 dexre 'KPC, a Takke onTHUYCCKHE
CBOMCTBA METAJUINYECKUX HAHOYACTHII, a7ICOPOUPOBAHHBIX
Ha MOBEPXHOCTH, MOKHO KOHTPOJHUPOBATH T€HEPAIUIO
TUTa3MOHHOTO PE30HAHCa, TEM CaMBIM JIOCTUTAsl OJNBLINX

3HaueHnit koodpunmenra ycumienns ['KPC u yBennunBas
npenen oOHapyxkeHus 00bekToB [12, 13]. BoaMokHOCTH
co3nanus paznuuHbix [ KPC-ctpykTyp TpebyeT B mep-
BYIO OYepe/ib TEOPETHUECKOH OIEHKH MX 3(P(PEKTHBHOCTH.
B nanHOM BOTpOCE MTOMOTAIOT METOBI MAaTEMAaTHIECKOTO
pacdeTa ONTHYECKUX CBOHCTB HAHOCTPYKTYp [14]. Onun
13 IIPUMEHSIEMBIX BEIYHCIUTEIBHBIX METOIOB, B YACTHOCTH
JUIS 1IeJed MIa3MOHUKH M HaHOONTUKU — METOJ KOHEed-
HBIX pa3HocTel Bo BpemenHo# oomactu (Finite-Difference
Time-Domain, FDTD) [15].

B ocnose uucnennoro FDTD-Merona nexxuT nauckpe-
TU3alUs ypaBHeHHH MakcBesuia, umeromux auddepen-
nuanbHy0 Gopmy [16]. MeTox KOHEUHBIX Pa3HOCTEH BO
BPEMEHHOH 00J1aCTH MOIIHBIHN 1 () (EKTHBHBIA YHCICHHBIH
UHCTPYMEHT [JIsl UCCIIEJOBaHUS B3aUMOAEHCTBUS dJIEK-
TPOMAarHWTHOHM BOJIHBI C TUIA3MOHHBIMH HAaHOOOBEKTAMHU.
Bapbupyst napameTpbl HAHOOOBEKTOB M HCTOYHMKA TTaJIa10-
IIIET0 N3JTyHYEHHs, MOXXHO PACCUMTATh CEUCHUSI SKCTUHKIIHH,
MaKCHMaJIbHBIC 3HAUCHUSI HATPSHKEHHOCTH JJIEKTPUIECKOTO
OIS, OTCIEUTh €T0 JIOKAIN3AINIO BOIU3H HCCIIEAYyEMBIX
CTPYKTYP, a TAK)K€ OLICHUTb YCUIICHUS JIIEKTPOMArHUTHOTO
M3IIy4eHHs] HaHOCTpYKTypamu. O030p HayuyHbIX padoT, B
gactHOCTH [17-19], mokazan, 4To Npu CpaBHEHHM SKCIIe-
PUMEHTAJIBHBIX U TEOPETUYECKUX JTaHHBIX, PACCUUTAHHBIX
FDTD-mertonoM, HaOMIOAAIOTCS OTKIIOHEHUSI ME)KTY HUMH.
Tem He MeHee OOIIYI0 TEHICHIINIO SKCIEPUMEHTAIBHBIX
3HAYEHUH TEOPETUUECKUE PACUEThI MOT'YT IIPOrHO3UPOBATb.
K B03MOXHBIM (hakTOpam, MPUBOISIIMM K Pa3HOTIIACHIO B
JTAaHHBIX, CTOMT OTHECTH OCHOBHBIC HEOCTATKH JAHHOTO
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BnusiHne pasamepHoOCTU, rEOMETPUM 1 OPUEHTALMN HAHOCTPYKTYP Ha pacnpefeneHne aN1eKkTprUYeckoro noss. ..

METOa — CTYINEeHYaTylo anmnpokcumManuio [20], a Takxke
HaKOIUIEHHE YUCIIEHHOW OIMOKH JJUCIIEPCUH CO BPEMEHEM
MonenupoBanus [21].

[lepcriekTnBa YMCIIEHHOTO aHAIM3a HAMPSKEHHOCTH
AIIEKTPUYECKOTO TIOJIS, TEHEPUPYEMOTO BOIM3H aHU30TPOII-
HBIX HAHOYACTHUI[, B YACTHOCTH 30JI0THIX HAHOCTEP)KHEH
BapbUPyEeMOi MOP(OIOTHH, CBI3aHO C BO3MOKHOCTHIO
KOHTPOJIS 3aBUCUMOCTH JUTHHBI BOJHBI TIPOIOIEHON MOIIBI
IUTa3MOHHOTO pe3oHanca [22]. [lomyyenne nuka mpoaoib-
HOW MOJIBI IJIA3MOHHOTO PE30HAHCA B 00NACTH JUTHHHOBOI-
HOBBIX 3HaueHNH (800—1300 HM) MO3BOJSET YCUITUTH OUEHb
CJ1a0yr0 UHTCHCHUBHOCThH CHTHAJIa KOMOMHAI[HOHHOTO pac-
CesiHUSI CBeTa B JIaHHOW oOnacTu. Kpome Toro, BaXXHOCTh
JJAHHOTO JUana3oHa 3aKJII0YaeTcs B TOM, 4TO JIa3epHOE
BO30YyKACHHUE ¢ [uinHAMu BosH 785, 1064 n 1280 HM maet
MEHBIIYIO Jierpajanuio u GoroodecuBeunBanue oopasna,
YMEHBIICHHBIN (HOH (PITyOpEeCIIEHIINN U CYIIECTBEHHO OOITh-
Iy TIyOWHY MPOHUKHOBEHUS B OMOJOTHYECKIE TKAHU
IO CPAaBHEHUIO C KOPOTKOBOJTHOBBIMU UCTOYHHUKAMU [23].

B macrosmeit pabore ompeneneHs MaKCHUMAaJIbHBIC
3HAYEHUS HAPSIKCHHOCTH YJICKTPUICCKOTO MO BOTH3U
€IVUHUYHBIX HAHOCTEP>KHEH BapbUPyEeMO I€OMETPUH, A
TaK’Ke MPUBEACHBI OCHOBHBIE 2D-KapTHHBI pacTipeeIeHus
ommxaero E-mons.

I/IcnonbsyeMue METOABbI U MOAX0AbI

st peanu3zanuu ynciieHHoro moaenuposanus FDTD-
METOJIOM MPUMEHEHO TporpaMMHoe obecriederrne ANSY'S
Lumerical. B kauecTBe 0a30BOTr0O ajJropuT™Ma BeIOpaHa Me-
TOJMKA, OMHCaHHAs B paboTe [24], ¢ BHECEHHBIMU KOP-
pexkTupoBKaMu. B kauecTBe nCTOYHMKA BO3OYKIACHUS HC-
T10JTb30BaHa MI0CKO-TIONISIpU30BaHHas BosHa (A = 632 HM),
BEKTOP HAIPSHKEHHOCTH AJIEKTPUYECKOTO OIS KOJIeOeTcst
BOJIb OCH X. AMILIUTY/IA MaJIAfONIET0 OJIsl YCTaHOBJICHA
B IporpaMmMe co 3HadeHneM 1 B/m. VcTounuk mmockoit
BOJIHBI PAacIIONIOXKEH Ha PACCTOSIHUM 5 HM OT MCCIIEyeMOTO
00BbeKTa — 30JI0THIX (AU) HAHOCTEPIKHEH, KOTOPBIE UMEIOT
Pa3INYHYI0 TEOMETPUIO (IIITHHAD, CHEPOIMITUHD, BBITA-
HYTHIN SJUTMIICOU) U BapbHpyeMyro momyminuHay (L =10-
120 aM) ipu mocToIHHOM paguyce » = 8 HM. [lomoxenne

UCCIIlyeMbIX HaHOYACTHUI] B PaCUE€THON 00JacTH nUMeeT
MIPOJIOTIBHYIO U MONEPEUHYI0 OPUEHTALUIO0 OTHOCUTEIBHO
MOJISIPU3AINH TTaJafoIIero 3IydeHus. Bpemst cuMysium
coctasisuto 7= 1000 ¢e. ar ceTkn nmpuHUMaI 3Have-
HUA dx, dy, dz = 0,5 HM U1 TIOTYAJIUH HAHOCTEPIKHEH
10-80 uM, u 1 um g nonyaauH 100—120 am. Kaptunsl
pacnpenesnenus OnvkHero E-mons momydens! ¢ ToMOIbo
2D-MoHHTOpA, PACIIONOKEHHOTO B HAYaIbHBIX KOOP/HHA-
tax (x = 0; y=0; z=0) B mI0CKOCTH X—).

Pe3yJ'll)TaTbI HCCIeT0BAHUSA

B pesynbrare uccienoBaHus yCTaHOBJICHO, YTO TIPH
MIPOJIOJIEHON OPHEHTAINU 30JI0THIX HAHOCTEP KHEH OTHO-
CHUTEJIBHO BEKTOpa KoJeOaHNs HANPSIKEHHOCTH HIEKTPH-
YECKOTO MOJIsl HaOMIogaeTcsl HeMMHEHHAas 3aBUCHMOCTh
3HAUCHUH MaKCHMYMOB HalPsKEHHOCTH OJMKHETO 3J1eK-
Tpuaeckoro mois (puc. 1). Ha mpeacraBneHnsix rpadukax
BUJIHBI 110 J[BA MIMKOBBIX 3HAYEHHS HAIPSHKEHHOCTH TIOJIS.
[TepBoe MMKOBOE 3HAYECHHE HANPSHKECHHOCTH JJICKTpHUe-
CKOTO MOJIsl Uil BceX GOpM HCCIeAyeMBbIX eIMHUYHBIX
HaHOCTEp)KHEH (LMIHHIP, CHEPOLMINHID, BBITSIHYTHIH
IJUTUIICOUA) TOJIYUYCHO MPH MOTYAINHE HAHOCTEPIKHEH,
paBHO# L = 20 HM.

Bropoe nukoBoe 3Ha4eHNE HANPSHKEHHOCTH AIIEKTPHYCe-
CKOTO TIOJIsI HAOMIOAAETCS JUTl HAHOCTEPIKHEH IIMITHH/IPH-
4yecKkoil u cepoummmuapuaeckort hopm mpu L = 80 HM, a
JUTA SImuTiconnanbaoi — mpu L = 100 am. MccnenoBanme
JIOKaJIU3alNU IEKTPUIECKOTO TIOJIsl BOJIN3N €MHUIHBIX
HAHOCTEP KHEH MOKa3as0, YTO MMKOBbIE 3HAUCHNUS JIOKaJIb-
HOT'O 3JIEKTPUYECKOTO TIOJISl B IJIOCKOCTH X—) NPEUMyILie-
CTBEHHO JIOKaJM30BaHbl Ha DJIEMEHTaX HAHOCTEPIKHEH
C MakCUMaJlbHOW KpHMBH3HOI (puc. 2). JlaHHOE siBIeHHE
00yCIIOBJIEHO OBICTPOM MHIpanueil 3apsia BIOJIb OpHEH-
TUPOBAaHHBIX CTPYKTYp [25]. Taxxke Ha kapTUHAX pacrpe-
JICJICHUSI DJIEKTPUYECKOTO OIS [UIsl CIIydaeB [MIMHPHU-
YeCcKOW U CHepouIuHIPHICCKON popM HAOIOIATOCH
SBJICHNE CTOsIYEH BOJHBI, (POPMHUPOBAHNE KOTOPOH OBLIO
3a(UKCHPOBAHO MPH TONYUIMHE HAHOCTEP)KHEH, paBHON
L =40 um (puc. 2, a, b). Jauusrii 3¢pdext 00ycnoBieH
BO3HUKHOBEHHEM IIJIA3MOHHOMN MPOJIOTBHON MOJBI BBICO-
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! o S
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4 \
/ he
0 0] @ —~o—o 0—o 0
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Puc. 1. 3aBUCHUMOCTh MAKCUMAJILHBIX 3HAYEHHUI HAMPSHKEHHOCTH (F) 37IEKTPHUYECKOTO MOJIS OT TOJYUTHHBI JUIS [IWIHHIPHIECKOH (a),
cheponmnuHaApHUYecKoii (H) U FMTUNCOUAATBHOM (¢) POPM HAHOCTEPIKHEH MPU €ro MPOAOJIBHOI OPUEHTAIIMN OTHOCHTEILHO BEKTOpa
KoJIeOaHuUsI HANPSHKEHHOCTH 3JIEKTPHYECKOTO TIOJIS

Fig. 1. Dependence of the maximum values of the electric field (£) strength vs. the half-length for cylindrical (a),

spherocylindrical (b) and ellipsoidal (c) shapes of nanorods with its longitudinal orientation relative to the electric field strength
oscillation vector
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0,17 0,26

Puc. 2. PacnipenienieHust HAIPSUKEHHOCTH (E) BIEKTPUYECKOro MoJist BOIU3K SANHUYHBIX HAHOCTEPKHEH LIMINHIPHIECKOH (a),
chepormmupuueckoit (b) n amumIconansHoi (¢) hopm

Fig. 2. Near-field distributions (E) of electric field near single nanorods of cylindrical (@), spherocylindrical () and ellipsoidal (c)
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Puc. 3. 3aBHCHUMOCTh MAKCHMAJTbHBIX 3HAYCHUH HAPSHKEHHOCTH (E) JICKTPUUECKOTO TOJIS (@) OT MOMYIUTHHBI
VTS IITMHAPHYECKO# (b), chepOonmImHIpuIecKol (¢) U 3UTUICOnanbHOi (d) GopM HAHOCTEPIKHEI NP €ro MONEPEUHON
OpPHCHTAIIMN OTHOCHUTEJILHO BEKTOpA KOJICOAHUS HATIPSHKEHHOCTH 3JICKTPHYCSCKOTO TOJIS

Fig. 3. Dependence of the maximum values of the strength (E) of the electric field (a) vs. the half-length for cylindrical (b),
spherocylindrical (c) and ellipsoidal (d) shapes of nanorods with its transverse orientation relative to the electric field strength
oscillation vector

KOTO TIOPSJIKA C JJOKAIbHBIMH y3JIAMH BJOJb JUIMHHON OCH
HAHOCTEPIKHEH, rj1e (ha3a OCUUILISAINH TEKTPOHOB 3aBUCHUT
0T MecCTa JAUCIOKAIlMK Ha HaHodacTulax [26]. OTMmeTnwm,
4T0 (OPMHUPOBAHUE CTOSTYCH BOJHBI COPOBOXKIAETCSI T1a-
JICHUEM HaIpsHKCHHOCTH AJIEKTPUYECKOTO IMOJIsi BOJIH3U
€IMHUYHBIX HAHOCTEPKHEH.

[Ipu nonepeuHOl OpHEHTALNH €JUHUYHBIX HAHOCTEPIK-
HEll OTHOCHTEIIEHO BEKTOPA KOJICOAHUS HANPSKEHHOCTH
AIEKTPUYECKOTO MOJI1 BUJHO MOHOTOHHOE YBEJIIMYEHUE
MaKCHMaJIbHOTO 3HAYEHUS HATIPSHKEHHOCTH JIEKTPUYECKO-
TO MOJIA NPH YBEITMYEHNH Pa3Mepa HAHOYACTHL. MakcuMyM
3HAUEHHS HAPSKEHHOCTH AIEKTPUUECKOTO TI0JIST yCTAaHOB-
JICH /111 HAHOCTEPKHEH IUTUIICONIATTEHOM FreOMETPHUH TIPU
L =120 um (puc. 3, a).

OnekTpruyecKkoe MoJjie Ha JAJMHE BONHBI 632 HM mpH
IIOIIEPEYHON OPUEHTALUU HAHOCTEPKHEH OTHOCUTEIIb-

HO BEKTOpa KOJICOAHMST HAMPSHKEHHOCTH 3IEKTPUIECKO-
ro MOJIsk UMEET CJ1abyl0 HHTEHCUBHOCTh U B OCHOBHOM
pacmpesieneHo Ha GOKOBBIX TPAHIX HAHOCTEPXKHEH BIOIH
ocu y (puc. 3, b—d). 3ameTum, 4To IPU HWINHAPHYCCKON U
chepOIMITHHIPUUECKON TEOMETPHUSIX, TI0 MEPE YBEITHUCHUSI
MOJY/IJTMHBI HAHOCTEPKHEH, JTOKATH3aIUs MAKCUMAIbHBIX
3HAYEHUH JEKTPUUYESCKOTO MOJIS CMEIEHA K TOPIEBbIM
yIiiaM CTPYKTYPBIL.

3akJ/oueHnne

B pesynbrare npoBeeHHOTO0 MOJICTUPOBAHNUS OTIpe/ie-
JIeH XapakTep JIOKAIN3aIMK JIEKTPUIECKOro Mol BOJIH-
3U pacCMaTpPUBAEMBIX HAHOCTPYKTYP, & TaK¥Ke MOJTyUYEHbI
MaKCUMaJIbHbIE TEOPETUYECKUE 3HAUCHUS HAMPSKEHHOCTH
OIDKHETO 3JEKTpUYecKoro mojsi. [lokasaHo, 94TO 3aBHCH-
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BnusiHne pasamepHoOCTU, rEOMETPUM 1 OPUEHTALMN HAHOCTPYKTYP Ha pacnpefeneHne aN1eKkTprUYeckoro noss. ..

MOCTb MAKCUMYMOB HAIIPAKCHHOCTU DJICKTPUYICCKOTO IOJIA
OT MOJYAJIMHBI 30JI0TBIX HAHOCTPYKTYP IPU UX IIPOAOJIb-
HOH OpUCHTAllUU OTHOCUTCIBbHO BCKTOPA HAIIPAKCHHO-
CTH JJICKTPUYCCKOI'O ITOJISA UMECT HEJIMHEHHBIA XapakTep.

N —

10.

11.

12.

13.

14.

15.

16.

17.

Jluteparypa

Brode W.R. Chemical Spectroscopy. John Wiley & Sons, 1939.
Sahu R.K., Mordechai S. Spectroscopic techniques in medicine: The
future of diagnostics / Applied Spectroscopy Reviews. 2016. V. 51.
N 6. P. 484-499. https://doi.org/10.1080/05704928.2016.1157809
Xia J., Zhu F., Bounds J., Aluauee E., Kolomenskii A., Dong Q.,
He J., Meadows C., Zhang S., Schuessler H. Spectroscopic trace gas
detection in air-based gas mixtures: Some methods and applications
for breath analysis and environmental monitoring // Journal of
Applied Physics. 2022. V. 131. N 22. P. 220901. https://doi.
org/10.1063/5.0091263

De Bleye C., Chavez P.-F., Mantanus J., Marini R., Hubert Ph.,
Rozet E., Ziemons E. Critical review of near-infrared spectroscopic
methods validations in pharmaceutical applications // Journal of
Pharmaceutical and Biomedical Analysis. 2012. V. 69. P. 125-132.
https://doi.org/10.1016/j.jpba.2012.02.003

Xnebuos H.I. OnTuka 1 6M0GOTOHNKA HAHOYACTHUI] C TUIA3MOHHBIM
pe3onancom // KBanrtoBas anexrponuka. 2008. T. 38. Ne 6. C. 504—
529.

Boginskaya 1., Gainutdinova A., Gusev A., Mailyan K.,
Mikhailitsyn A., Sedova M., Vdovichenko A., Ryzhikov I.,
Chvalun S., Lagarkov A. Detection of organic substances by a sers
method using a special ag-poly(chloro-p-xylylene)-ag sandwich
substrate // Coatings. 2020. V. 10. N 8. P. 799. https://doi.org/10.3390/
coatings10080799

Aitekenov S., Sultangaziyev A., Abdirova P., Yussupova L.,
Gaipov A., Utegulov Z., Bukasov R. Raman, Infrared and Brillouin
spectroscopies of biofluids for medical diagnostics and for detection
of biomarkers // Critical Reviews in Analytical Chemistry. 2022. in
press. https://doi.org/10.1080/10408347.2022.2036941

Mandal P., Tewari B.S. Progress in surface enhanced Raman
scattering molecular sensing: A review // Surfaces and Interfaces.
2022. V. 28. P. 101655. https://doi.org/10.1016/j.surfin.2021.101655
Mosier-Boss P.A. Review of SERS substrates for chemical sensing //
Nanomaterials. 2017. V. 7. N 6. P. 142. https://doi.org/10.3390/
nano7060142

Goncharov V.K., Kozadaev K.V., Mel’nikov K.A., Mikitchuk E.P.,
Novikov A.G. Atmospheric laser deposition of sers-active colloids of
noble metals (Ag, Au, and Pt) / Journal of Engineering Physics and
Thermophysics. 2018. V. 91. N 5. P. 1291-1295. https://doi.
org/10.1007/s10891-018-1860-6

Cao Y., Zhang J., Yang Y., Huang Z., Long N.V., Fu C. Engineering of
SERS substrates based on noble metal nanomaterials for chemical and
biomedical applications // Applied Spectroscopy Reviews. 2015. V. 50.
N 6. P. 499-525. https://doi.org/10.1080/05704928.2014.923901
Prochazka M. Surface-Enhanced Raman Spectroscopy // Biological
and Medical Physics, Biomedical Engineering. Springer, 2016. 221 p.
https://doi.org/10.1007/978-3-319-23992-7

Zeng Z., Liu'Y., Wei J. Recent advances in surface-enhanced Raman
spectroscopy (SERS): Finite-difference time-domain (FDTD) method
for SERS and sensing applications // TrAC Trends in Analytical
Chemistry. 2016. V. 75. P. 162—-173. https://doi.org/10.1016/j.
trac.2015.06.009

Hao F., Nordlander P. Efficient dielectric function for FDTD
simulation of the optical properties of silver and gold nanoparticles //
Chemical Physics Letters. 2007. V. 446. N 1-3. P. 115-118. https://
doi.org/10.1016/j.cplett.2007.08.027

Yang Z.L., Li Q., Ruan X., Li Z., Ren B., Xu H., Tian Z. FDTD for
plasmonics: Applications in enhanced Raman spectroscopy // Chinese
Science Bulletin. 2010. V. 55. N 24. P. 2635-2642. https://doi.
org/10.1007/s11434-010-4044-0

Schneider J.B. Understanding the Finite-Difference Time-Domain
Method. School of electrical engineering and computer science
Washington State University, 2010.

Rafiee M., Chandra S., Ahmed H., McCormack S.J. Optimized 3D
finite-difference-time-domain algorithm to model the plasmonic

HOJ’Iy‘{eHHHe PE3YyIbTAaThI MOTYT OBITh MCIIOJIL30BaHbI npu
CO3J1aHMH BBICOKOYYBCTBUTCIIbHBIX OITUYCCKUX CEHCOPOB
JUIsL uenef/i HpHKﬂaHHOﬁ (bOTOHI/IKI/I W aHaJIn3a HU3KOKOH-
HOCHTPHUPOBAHHBIX BCIICCTB.

References

Brode W.R. Chemical Spectroscopy. John Wiley & Sons, 1939.
Sahu R.K., Mordechai S. Spectroscopic techniques in medicine: The
future of diagnostics. Applied Spectroscopy Reviews, 2016, vol. 51,
no. 6, pp. 484-499. https://doi.org/10.1080/05704928.2016.1157809
Xia J., Zhu F., Bounds J., Aluauee E., Kolomenskii A., Dong Q.,
He J., Meadows C., Zhang S., Schuessler H. Spectroscopic trace gas
detection in air-based gas mixtures: Some methods and applications
for breath analysis and environmental monitoring. Journal of Applied
Physics, 2022, vol. 131, no. 22, pp. 220901. https://doi.
org/10.1063/5.0091263

De Bleye C., Chavez P.-F., Mantanus J., Marini R., Hubert Ph.,
Rozet E., Ziemons E. Critical review of near-infrared spectroscopic
methods validations in pharmaceutical applications. Journal of
Pharmaceutical and Biomedical Analysis, 2012, vol. 69, pp. 125-132.
https://doi.org/10.1016/j.jpba.2012.02.003

Khlebtsov N.G. Optics and biophotonics of nanoparticles with a
plasmon resonance. Quantum Electronics, 2008, vol. 38, no. 6,
pp. 504-529. https://doi.org/10.1070/QE2008v038n06ABEH013829
Boginskaya 1., Gainutdinova A., Gusev A., Mailyan K.,
Mikhailitsyn A., Sedova M., Vdovichenko A., Ryzhikov I.,
Chvalun S., Lagarkov A. Detection of organic substances by a sers
method using a special ag-poly(chloro-p-xylylene)-ag sandwich
substrate. Coatings, 2020, vol. 10, no. 8, pp. 799. https://doi.
org/10.3390/coatings 10080799

Aitekenov S., Sultangaziyev A., Abdirova P., Yussupova L.,
Gaipov A., Utegulov Z., Bukasov R. Raman, Infrared and Brillouin
spectroscopies of biofluids for medical diagnostics and for detection
of biomarkers. Critical Reviews in Analytical Chemistry, 2022, in
press. https://doi.org/10.1080/10408347.2022.2036941

Mandal P., Tewari B.S. Progress in surface enhanced Raman
scattering molecular sensing: A review. Surfaces and Interfaces, 2022,
vol. 28, pp. 101655. https://doi.org/10.1016/j.surfin.2021.101655
Mosier-Boss P.A. Review of SERS substrates for chemical sensing.
Nanomaterials, 2017, vol. 7, no. 6, pp. 142. https://doi.org/10.3390/
nano7060142

. Goncharov VK., Kozadaev K.V., Mel’nikov K.A., Mikitchuk E.P.,

Novikov A.G. Atmospheric laser deposition of sers-active colloids of
noble metals (Ag, Au, and Pt). Journal of Engineering Physics and
Thermophysics, 2018, vol. 91, no. 5, pp. 1291-1295. https://doi.
org/10.1007/s10891-018-1860-6

. CaoY., ZhangJ., Yang Y., Huang Z., Long N.V,, Fu C. Engineering of

SERS substrates based on noble metal nanomaterials for chemical and
biomedical applications. Applied Spectroscopy Reviews, 2015, vol. 50,
no. 6, pp. 499-525. https://doi.org/10.1080/05704928.2014.923901

. Prochazka M. Surface-Enhanced Raman Spectroscopy. Biological

and Medical Physics, Biomedical Engineering, Springer, 2016, 221 p.
https://doi.org/10.1007/978-3-319-23992-7

. Zeng Z., Liu Y., Wei J. Recent advances in surface-enhanced Raman

spectroscopy (SERS): Finite-difference time-domain (FDTD) method
for SERS and sensing applications. 7rAC Trends in Analytical
Chemistry, 2016, vol. 75, pp. 162—173. https://doi.org/10.1016/].
trac.2015.06.009

. Hao F., Nordlander P. Efficient dielectric function for FDTD

simulation of the optical properties of silver and gold nanoparticles.
Chemical Physics Letters, 2007, vol. 446, no. 1-3, pp. 115-118.
https://doi.org/10.1016/j.cplett.2007.08.027

. Yang Z.L., Li Q., Ruan X., Li Z., Ren B., Xu H., Tian Z. FDTD for

plasmonics: Applications in enhanced Raman spectroscopy. Chinese
Science Bulletin, 2010, vol. 55, no. 24, pp. 2635-2642. https://doi.
org/10.1007/s11434-010-4044-0

. Schneider J.B. Understanding the Finite-Difference Time-Domain

Method. School of electrical engineering and computer science
Washington State University, 2010.

. Rafiee M., Chandra S., Ahmed H., McCormack S.J. Optimized 3D

finite-difference-time-domain algorithm to model the plasmonic

822

Hay4HO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5


https://doi.org/10.1080/05704928.2016.1157809
https://doi.org/10.1063/5.0091263
https://doi.org/10.1063/5.0091263
https://doi.org/10.1016/j.jpba.2012.02.003
https://doi.org/10.3390/coatings10080799
https://doi.org/10.3390/coatings10080799
https://doi.org/10.1080/10408347.2022.2036941
https://doi.org/10.1016/j.surfin.2021.101655
https://doi.org/10.3390/nano7060142
https://doi.org/10.3390/nano7060142
https://doi.org/10.1007/s10891-018-1860-6
https://doi.org/10.1007/s10891-018-1860-6
https://doi.org/10.1080/05704928.2014.923901
https://doi.org/10.1007/978-3-319-23992-7
https://doi.org/10.1016/j.trac.2015.06.009
https://doi.org/10.1016/j.trac.2015.06.009
https://doi.org/10.1016/j.cplett.2007.08.027
https://doi.org/10.1016/j.cplett.2007.08.027
https://doi.org/10.1007/s11434-010-4044-0
https://doi.org/10.1007/s11434-010-4044-0
https://doi.org/10.1080/05704928.2016.1157809
https://doi.org/10.1063/5.0091263
https://doi.org/10.1063/5.0091263
https://doi.org/10.1016/j.jpba.2012.02.003
https://doi.org/10.1070/QE2008v038n06ABEH013829
https://doi.org/10.3390/coatings10080799
https://doi.org/10.3390/coatings10080799
https://doi.org/10.1080/10408347.2022.2036941
https://doi.org/10.1016/j.surfin.2021.101655
https://doi.org/10.3390/nano7060142
https://doi.org/10.3390/nano7060142
https://doi.org/10.1007/s10891-018-1860-6
https://doi.org/10.1007/s10891-018-1860-6
https://doi.org/10.1080/05704928.2014.923901
https://doi.org/10.1007/978-3-319-23992-7
https://doi.org/10.1016/j.trac.2015.06.009
https://doi.org/10.1016/j.trac.2015.06.009
https://doi.org/10.1016/j.cplett.2007.08.027
https://doi.org/10.1007/s11434-010-4044-0
https://doi.org/10.1007/s11434-010-4044-0

K.1. MatBeeBa, A.1O. 3t06uH, N.U. KoH, N.T. CamyceB

properties of metal nanoparticles with near-unity accuracy //
Chemosensors. 2021. V. 9. N 5. P. 114. https://doi.org/10.3390/
chemosensors9050114

18. Grand J., Adam P.-M., Grimault A.-S., Vial A., Lamy de la
Chapelle M., Bijeon J.-L., Kostcheev S., Royer P. Optical extinction
spectroscopy of oblate, prolate and ellipsoid shaped gold
nanoparticles: experiments and theory // Plasmonics. 2006. V. 1.
N 2-4. P. 135-140. https://doi.org/10.1007/s11468-006-9014-7

19. XulJ., Kvasnicka P., Idso M., Jordan R.W., Gong H., Homola J., Yu Q.
Understanding the effects of dielectric medium, substrate, and depth
on electric fields and SERS of quasi-3D plasmonic nanostructures //
Optics express. 2011. V. 19. N 21. P. 20493-20505. https://doi.
org/10.1364/0E.19.020493

20. Jlapyrenxo K.C., benos I1.A. MozaenupoBaHie HHTETPAIbHBIX CXEM
Hanodotonuku: Meroq FDTD // Hanocucremsl: pu3NKa, XUMUS,
maremaruka. 2012. T. 3. Ne 5. C. 44-64.

21. Cheng Y., Chen G., Wang X.-H., Yang S. Analytical investigations on
FDTD numerical dispersion // Proc. of the IEEE MTT-S International
Conference on Numerical Electromagnetic and Multiphysics
Modeling and Optimization (NEMO). 2020. P. 9343614. https://doi.
org/10.1109/NEMO49486.2020.9343614

22. Ross M.B., Blaber M.G., Schatz G.C. Using nanoscale and mesoscale
anisotropy to engineer the optical response of three-dimensional
plasmonic metamaterials // Nature Communications. 2014. V. 5.
P. 4090. https://doi.org/10.1038/ncomms5090

23. Bedics M.A., Kearns H., Cox J.M., Mabbott S., Ali F., Shand N.C.,
Faulds K., Benedict J.B., Graham D., Detty M.R. Extreme red shifted
SERS nanotags // Chemical Science. 2015. V. 6. N 4. P. 2302-2306.
https://doi.org/10.1039/C4SC03917C

24. Kon LI, Zyubin A.Y., Seteikin A.Y., Samusev I.G. FDTD simulations
field on gold nanoparticles and silver nanorods // Proceedings of
SPIE. 2021. V. 11904. P. 1190411 https://doi.org/10.1117/12.2602518

25. Zeng Z., Quan X., Yu X., Chen S., Zhang S. Nanoscale lightning rod
effect in 3D carbon nitride nanoneedle: Enhanced charge collection
and separation for efficient photocatalysis // Journal of Catalysis.
2019. V. 375. P. 361-370. https://doi.org/10.1016/j.jcat.2019.06.019

26. Nicoletti O., Wubs M., Mortensen N.A., Sigle W., van Aken P.A.,
Midgley P.A. Surface plasmon modes of a single silver nanorod: an
electron energy loss study // Optics Express. 2011. V. 19. N 16.
P. 15371-15379. https://doi.org/10.1364/OE.19.015371

ABTOpBI

MarseeBa Kapuna UropeBna — Miaamuil Hay4YHBIH COTPYIHUK,
Banruniickuii penepanbHblii yHuBepcurer nmenn Mvmanynna Kanra,
Kamuuuurpazn, 236041, Poccuiickas ®enepanus, [ 57200305996, https:/
orcid.org/0000-0003-2585-163X, matveeva.k.i@inbox.ru

31001 Annpeii FOpbeBHnY — KaHIMAaT GU3NKO-MaTEMaTHIECKHX HAYK,
CTaplIuii Hay4yHBIH COTPYIHUK, banTuiickuii dpenepanbHblii yHUBEP-
cuter uMeHn Mmmanyuna Kanra, Kanununrpan, 236041, Poccuiickas
Deneparus, {g 57193159520, https://orcid.org/0000-0002-9766-1408,
azubin@mail.ru

Kon Urops UropeBny — mMiaamuii HayqHbIH cOTpyIHHK, banTuiickuit
(enepansublii yHuBepcuter uMenn Mvmanywna Kaunra, Kannaunrpan,
236041, Poccuiickas Oenepaunst, §§ 57218930458, https://orcid.org/0000-
0003-3271-1635, IKon@kantiana.ru

CamyceB Uibsa I'ennagbeBuY — KaHIUIAT (GU3HKO-MAaTeMaTHIECKUX
Hayk, qupekrop Hay4uno-oOpa3oBarenbHoro nentpa «@yHiaMeHTaibHas
u npukinagHas poronuka. Hanodoronukay, bantuiickuit hpenepans-
Hblil yHuBepcuTeT uMeHn Mmmanywina Kanra, Kanununrpan, 236041,
Poccuiickass ®enepaunst, {g 12779220200, https://orcid.org/0000-0001-
5026-7510, ISamusev(@kantiana.ru

Cmamws nocmynuna 6 pedaxyuio 28.06.2022
Ooobpena nocne peyenzuposanus 22.08.2022
Ipunsma x nevamu 26.09.2022

[@Nolel

properties of metal nanoparticles with near-unity accuracy.
Chemosensors, 2021, vol. 9, no. 5, pp. 114. https://doi.org/10.3390/
chemosensors9050114

18. Grand J., Adam P.-M., Grimault A.-S., Vial A., Lamy de la
Chapelle M., Bijeon J.-L., Kostcheev S., Royer P. Optical extinction
spectroscopy of oblate, prolate and ellipsoid shaped gold
nanoparticles: experiments and theory. Plasmonics, 2006, vol. 1,
no. 2-4, pp. 135-140. https://doi.org/10.1007/s11468-006-9014-7

19. XulJ., Kvasnicka P., Idso M., Jordan R.W., Gong H., Homola J., Yu Q.
Understanding the effects of dielectric medium, substrate, and depth
on electric fields and SERS of quasi-3D plasmonic nanostructures.
Optics express, 2011, vol. 19, no. 21, pp. 20493-20505. https://doi.
org/10.1364/0E.19.020493

20. Ladutenko K.S., Belov P.A. Nanophotonics integrated circuits
simulation: FDTD method. Nanosystems: Physics, Chemistry,
Mathematics, 2012, vol. 3, no. 5, pp. 44-64. (in Russian)

21. Cheng Y., Chen G., Wang X.-H., Yang S. Analytical investigations on
FDTD numerical dispersion. Proc. of the IEEE MTT-S International
Conference on Numerical Electromagnetic and Multiphysics
Modeling and Optimization (NEMO), 2020, pp. 9343614. https://doi.
org/10.1109/NEM049486.2020.9343614

22. Ross M.B., Blaber M.G., Schatz G.C. Using nanoscale and mesoscale
anisotropy to engineer the optical response of three-dimensional
plasmonic metamaterials. Nature Communications, 2014, vol. 5,
pp. 4090. https://doi.org/10.1038/ncomms5090

23. Bedics M.A., Kearns H., Cox J.M., Mabbott S., Ali F., Shand N.C.,
Faulds K., Benedict J.B., Graham D., Detty M.R. Extreme red shifted
SERS nanotags. Chemical Science, 2015, vol. 6, no. 4, pp. 2302—
2306. https://doi.org/10.1039/C4SC03917C

24. Kon LI, Zyubin A.Y., Seteikin A.Y., Samusev I.G. FDTD simulations
field on gold nanoparticles and silver nanorods. Proceedings of SPIE,
2021, vol. 11904, pp. 1190411. https://doi.org/10.1117/12.2602518

25. Zeng Z., Quan X., Yu X., Chen S., Zhang S. Nanoscale lightning rod
effect in 3D carbon nitride nanoneedle: Enhanced charge collection
and separation for efficient photocatalysis. Journal of Catalysis, 2019,
vol. 375, pp. 361-370. https://doi.org/10.1016/j.jcat.2019.06.019

26. Nicoletti O., Wubs M., Mortensen N.A., Sigle W., van Aken P.A.,
Midgley P.A. Surface plasmon modes of a single silver nanorod: an
electron energy loss study. Optics Express, 2011, vol. 19, no. 16,
pp. 15371-15379. https://doi.org/10.1364/OE.19.015371

Authors

Karina I. Matveeva — Junior Researcher, Immanuel Kant Baltic Federal
University, Kaliningrad, 236041, Russian Federation, fg 57200305996,
https://orcid.org/0000-0003-2585-163X, matveeva.k.i@inbox.ru

Andrey Yu. Zyubin — PhD (Physics & Mathematics), Senior Researcher,
Immanuel Kant Baltic Federal University, Kaliningrad, 236041, Russian
Federation, §§ 57193159520, https://orcid.org/0000-0002-9766-1408,
azubin@mail.ru

Igor I. Kon — Junior Researcher, Immanuel Kant Baltic Federal
University, Kaliningrad, 236041, Russian Federation, [§ 57218930458,
https://orcid.org/0000-0003-3271-1635, IKon@kantiana.ru

Ilia G. Samusev — PhD (Physics & Mathematics), REC Head of the
“Fundamental and Applied Photonics, Nanophotonics”, Immanuel Kant
Baltic Federal University, Kaliningrad, 236041, Russian Federation,
12779220200, https://orcid.org/0000-0001-5026-7510, ISamusev@
kantiana.ru

Received 28.06.2022
Approved after reviewing 22.08.2022
Accepted 26.09.2022

PaGoTa focTynHa Nno nMueH3nm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHU4eCcKuit BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5

823


https://doi.org/10.3390/chemosensors9050114
https://doi.org/10.3390/chemosensors9050114
https://doi.org/10.1007/s11468-006-9014-7
https://doi.org/10.1364/OE.19.020493
https://doi.org/10.1364/OE.19.020493
https://doi.org/10.1109/NEMO49486.2020.9343614
https://doi.org/10.1109/NEMO49486.2020.9343614
https://doi.org/10.1038/ncomms5090
https://doi.org/10.1039/C4SC03917C
https://doi.org/10.1117/12.2602518
https://doi.org/10.1016/j.jcat.2019.06.019
https://doi.org/10.1364/OE.19.015371
https://orcid.org/0000-0003-2585-163X
https://orcid.org/0000-0003-2585-163X
mailto:matveeva.k.i@inbox.ru
https://orcid.org/0000-0002-9766-1408
mailto:azubin@mail.ru
https://orcid.org/0000-0003-3271-1635
https://orcid.org/0000-0003-3271-1635
mailto:IKon@kantiana.ru
https://orcid.org/0000-0001-5026-7510
https://orcid.org/0000-0001-5026-7510
mailto:ISamusev@kantiana.ru
https://doi.org/10.3390/chemosensors9050114
https://doi.org/10.3390/chemosensors9050114
https://doi.org/10.1007/s11468-006-9014-7
https://doi.org/10.1364/OE.19.020493
https://doi.org/10.1364/OE.19.020493
https://doi.org/10.1109/NEMO49486.2020.9343614
https://doi.org/10.1109/NEMO49486.2020.9343614
https://doi.org/10.1038/ncomms5090
https://doi.org/10.1039/C4SC03917C
https://doi.org/10.1117/12.2602518
https://doi.org/10.1016/j.jcat.2019.06.019
https://doi.org/10.1364/OE.19.015371
https://orcid.org/0000-0003-2585-163X
mailto:matveeva.k.i@inbox.ru
https://orcid.org/0000-0002-9766-1408
mailto:azubin@mail.ru
https://orcid.org/0000-0003-3271-1635
mailto:IKon@kantiana.ru
https://orcid.org/0000-0001-5026-7510
mailto:ISamusev@kantiana.ru
mailto:ISamusev@kantiana.ru

