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WCKYCCTBEHHO CO31AHHAA
AUCNEPCUA B MONIHOCTDIO
AN NEKTPUYECKUX
F’PAQUEHTHDIX
HAHOCTPYKTYPAX:
YACTOTHO-WU3BUPATEJ/IbHDIE
MOBEPXHOCTU PA3[IE/IA

U TYHHE/IbHbIE
IWWPOKOMOJIOCHbIE
MPOCBET/IMIOWNE NOKPBITUA

C.B.IIkamyaa', O.4.Boanan', A.B.Ilsapubype?,
10.A.0600°

MNokasaHa HeNoKa/NbHOCTb ONTUYECKUX CBOACTB
rpafiAMeHTHbIX AN3/IeKTPUYECKMUX HAHOMJIEHOK,
o6ycioB/IeHHas rNaaKUM NpoCTPaHCTBEHHbIM
pacnpegeneHnemM nokasartesns npejomMeHus,

C uenblo Nosy4eHus ocob6om naasmonono6HoM
AUCMepCUU HeNONSAPHbIX AN3/IEKTPUYECKUX NIEHOK,
onpepensiemon popmMmoi u pasmepamu 3Toro
pacnpegeneHus. PaspaboTaHbl U NPOTECTUPOBaHbDI
rpafiAMeHTHbIE NOJIHOCTbIO AU3NIeKTpUYecKue
HAHOCTPYKTYpbl, XapaKTepusylowmecss UCKYCCTBEHHO
CO34,aHHOW HEOAHOPOAHOMN HEeNoKaJIbHOM
Auvcnepcueit n o6ecneymBatoLLue LUIMPOKOMNOIOCHbIN
AHTUOTpaXKatoWU TYHHEbHbIA peXum

nepeHoca sHepruv B BUAUMOM U UHPPaKPACHOM
AunanasoHax cnekTpa. MoTok BO/JIHOBOW 3Heprum

B 3TUX CTPYKTYpax noaaepxuBaerca 6naroaaps
mHTepdepeHLUM 3aTyXatoWMX (3BaHECLLEHTHbIX)

M He3aTyxaowWwmx (AHTUIBAHECLEHTHbIX) MOZ,
o6pa3oBaHHbIX HeppeHeNeBCKUMU OTPAXKEHUAMU

ARTIFICIAL DISPERSION

OF ALL-DIELECTRIC GRADIENT
NANOSTRUCTURES:
FREQUENCY-SELECTIVE
INTERFACES AND TUNNELING-
ASSISTED BROADBAND
ANTIREFLECTION COATINGS

S.V.Shkatula', 0.D.Volpian', A.B.Shvartsburg?,
Yu.A.Obod?

The non-locality of optical properties of gradient
dielectric nanofilms, stipulated by smooth spatial
distributions of refractive index, is shown to
create the peculiar plasma-like dispersion of
non-polar dielectric films, determined by the
shapes and sizes of these distributions. Gradient
all-dielectric nanostructures, characterized by
the artificial heterogeneity-induced nonlocal
dispersion and providing the broadband
antireflection tunneling regime of energy
transport in the visible and infrared ranges, are
designed and tested. The wave energy flow in
these structures is supported due to interference
of evanescent and antievanescent modes formed
by the non-Fresnel reflections of these modes

on the discontinuities of gradient of refractive
index on the boundaries of adjacent nanofilms.
The transmittance spectra of these structures in
the visible and infrared ranges, characterized by
strong dispersion nearby the red edge of visible
range, almost constant high transmittance in
the near infrared range and weak dependence

of tunneling energy flow upon the multilayer
structure thickness, are calculated; the
experimental verifications of these effects are
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3TUX MOJA, B MecTax HeOA4HOPOAHOCTU rpaAneHTa
nokasaresisi NpesIoM/JIeHUS Ha FrPpaHULLaX CMeXHbIX
HaHonneHok. NMpousBeaeHbl pacyeTbl CNEKTPOB
NMponycKaHUs 3TUX CTPYKTYp B BUAUMOM

n UK-gmnanasoHax, XxapakTepusyoLwmuxcs CUJbHON
Aucnepcuen paaoM C AJIMHHOBO/THOBbIM Kpaem
BMAMMOrO AMNANasoHa, NoYTU HEU3MEHHbIM
BbICOKMM KO3 PnLMEeHTOM nponyckaHus B 6anxKHeM
MK-pmnanasoHe n cnaboit 3aBUCMMOCTbIO TYHHE/IbHOTO
MOTOKA 3HEepPruu OT TOJILLLUHbI MHOTOC/IOHOW
CTPYKTYpbl. MpepcTaBieHbl 3KCNepuMeHTa/ibHble
noaTeepxaeHus 3Tux spdpekrTos. OnpepeneHbl
nepcneKkTUBbl UCNOJIb30BAHUSA TYHHEIMPOBAHUS
CBeTa B rpajiMeHTHbIX cpeAax C Lenblo nepecMmoTpa
napapokca XaptmaHa. NMpuseaeHbl 06CcyXaeHUs
noTeHuMaNa UCNosb3oBaHUSA NepmoauYecKnx
rpaAVeHTHbIX NOJIHOCTbIO AN3/IEKTPUYHECKUX
HaHOCTPYKTYP A8 ONTUMMU3ALUN KOHCTPYKLLUKN
ONTUYECKUX BUCMEPCUOHHbIX 3/IEMEHTOB

M LN POKOMOJIOCHBIX MPOCBET/ISIOWMUX NMOKPbITUA AN15
BUAMMOMN n UK- ob6nacten cnekTpa.

1. BBEAEHUE

[lepcrieKTHUBB Pa3paboTKU ONTHUYECKHUX CXeM
B MacmTabax HAaHOMeTPOBOIO AHalla3oHa B BHUAU-
MoM u HK- guamnas’oHax CIeKTpa HeJABHO IIpH-
BJIeK/JIHM BHHMaHHe HAy4HOro coobilecTBa, 3aHU-
Maomerocsi npobjeMaMy ONTHUKH. JDTOT HHTepec
6bL11 06yCIIOB/IeH MTePBBIMU yCIleXaMU B pa3paboTke
ONTHYECKUX aHAJIOrOB 3JeKTPOHHBIX 3JIeMeH-
TOB, paboTalIMX B MHKPOBOJTHOBOM JHaIlla3oHe
4acToT. ITogo6HO cXxeMaM B MHKPOBOTHOBBIX JIOMe-
HaxX, BKJIIOYAIONMX B cebs 37eMeHTHl, pa3Mepsl
KOTOPBIX MeHbllle pabouux AJIHH BOJIH, ObIIK pas-
paboTaHbl HAHOCTPYKTYPBl C CYOBOJIHOBBIMU Pas-
MepaMHU 15l paboThl Ha AJIMHAX BOJH OIITUYECKOTO
ouamasoHa. Pu3MUYecKHe OCHOBBI 3THX ONTHYe-
CKHUX cxeM 06a3MpyIOTCS Ha 31eKTPOMAarHHUTHBIX

i g

presented. The perspectives to use the tunneling
of light in gradient media for reconsideration

of Hartman paradox are shown. Potential of
periodical gradient all-dielectric nanostructures
for optimized design of optical dispersive
elements and broadband antireflection coatings
for the visible and IR spectral range, respectively,
is discussed.

I.INTRODUCTION

Perspectives of optical circuits in nanoscales
for the visible and infrared spectral ranges
have captured recently the attention of optical
community. This attention was inspired by the
first successes in design of optical analogies
of microwave circuitry elements. Just as
circuits at the microwave domain involve
the elements, which are smaller than the
wavelengths of operation, the nanostructures
with the subwavelength dimensions for the
optical wavelengths were designed. The physical
fundamentals of these optical circuits are
based on the electromagnetics of all-dielectric
metamaterial structures, operating mainly with
the displacement currents. The miniaturized
nanometer-scale metamaterial elements with
displacement currents were shown to possess
the inductance and capacitance, behaving as
the nanoinductors and nanocapacitors [1]. The
“epsilon-near-zero” and “epsilon-very-large”
dielectric composites can provide the platform for
elaboration of nanoresistors for lumped optical
circuits [2, 3]. Extension of the radio technique
concepts to the optical domain paved the way
to the generation of magnetic fields at optical
frequencies by means of resonant excitement of
non-magnetic dielectric nanocylinders [4] and
nanospheres [5] by light. Note, that all these
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XapaKTepPUCTUKAX IIOJTHOCTBIO AHU3JIeKTPUUECKUX
MeTaMaTepHasoB, yIpPaBlseMbX B OCHOBHOM
C TIOMOIIbI0 TOKOB CMeIleHHS. BbIIM ITOKa3aHBHI
(1] MMHUaTIOpHBIe MeTaMaTepHaabl HaHOMeTpPO-
BOro MacmTaba ¢ TOKaMH CMelleHHUSs, obrajmaro-
IYe HHAYKTHUBHOCTBIO U EMKOCTBIO, KOTOPbIE BeyT
cebst Kak HAHOMHAYKTUBHOCTH M HAHOKOHJIEHCA-
TOpbl. J[U3TeKTpUUecKHe KOMIIO3UTHBIE CTPYK-
TYPBI C "IH3/IeKTPUUYECKON IIPOHUIIAeMOCTBIO BO3JIe
Hyns1" U "BBICOKOM AH3IeKTPUYECKON IIpOHHUIIae-
MOCTBIO" MOTYT obecreduTh 6a3y st pa3paboTKu
HAHOPE3HUCTOPOB [JISI CJIOKHBIX OINTHYECKHUX CXeM
(2, 3]. IlppuMeHeHHe KOHLENIUIM PaJHOTEeXHUKH
B OIITHKe IIPOJIOKHIIO MyTh K TeHepalluu MaTHUT-
HBIX I10JIell Ha ONTHYeCKHX YacTOTax C IIOMOIIBIO
Pe30HAHCHOTO0 BO36y>K/IeHH I CBeTOM HEMarHUTHBIX
OU3JIeKTPUYeCKUX HAHOLMJIHMHAPOB [4] M HaHOC-
dep [5]. OTMeTHM, YTO BCe 3THU 3JeMEHTBl MOIYT
OBITH IIOCTPOEHBl K3 IPOCTPAHCTBEHHO OJHOPO.I-
HBIX JU3TeKTPUUYeCKHUX KOMIIO3UTOB, XapaKTepH3y-
IOIMXCS HEKOTOPBIM QUKCHPOBAHHBIM 3HauUeHHEM
(MONOKUTENPHBIM HJIHM OTPHUILIATENIBHBIM) IH3-
JIeKTPUYeCKOM IIPOHHUIAeMOCTH. 3Ha4dMTe/lbHAA
4acTp oOmero HHTepeca K IIOJIHOCTBIO IH3JIeK-
TPUYeCKHUM  HAHOCTPYKTypaM oOycioBiaeHa
nporpeccom B QH3HKe U B TEXHOJOTHH TOHKHX
HeOJHOPOAHBIX IIJIEHOK, IIHPOKO HCIIOAb3yeMBIX
B KayeCTBe ONTHYeCKUX GUIBTPOB [6], mpocBeTIs-
IOIMX IOKPBITUM [7] U IepexoJHEIX CI0eB MeXIy
ABYMS CpelaMHU C Pa3sJIMYHbBIMU KO3QPUIIHeHTaMU
npenomaeHus [8]. TpaAHULIMOHHO KOHCTPYKIMS
3THUX YCTPOMCTB OCHOBBIBAeTCSI HA MHOTLOC/TIOMHBIX
CTPYKTYpaxX C pe3Ko 4epeAyIOIIHMMCS BBICOKHM Ty
M HU3KHM D) I0Ka3aTeIsSIMH IPeJTOMIeHHUS.
OnHaKo QYHKIIMOHAJBHOCTh AUINEKTPHUUYECKUX
HaHOOIITUYECKUX 3JIeMeHTOB MOXKeT OBITh pacIIU-
peHa C IIOMOIIbIO HMCIIOIb30BAHHUS TaK Ha3blBaeMbIX
rpafleHTHBIX OHU3JIeKTPUUYeCKUX CTPYKTYp, OTIH-
YAIOMMXCS HMCKYCCTBEHHO CO3/laHHBIM IIPOCTPAH-
CTBEHHBIM HEOZHOPOAHBIM HEIIPepBIBHBIM Pac-
npefelieHUeM JU3IeKTPUYECKON ITPOHHIIAEMOCTH.
[NagKkye MPOCTPAHCTBEHHBle M3MeHEHUs XHMUUe-
CKUX KOMIIOHEHTOB C HU3KHMM U BBICOKUM II0Ka3aTe-
JeM IpeloOMJIeHHsl B HaHOIUIEHKaX obecreunBaIOT
IIPOCTPAHCTBEHHOe paclpeflejleHHe HUX IIOKa3aTe-
JIer IIpeIoMJIeHH s, BapbHpYyIolleecs B HAHOMETPO-
BOM Macuitabe; aTu pacmpeneneHus 0becreyuBaloT
MOTeHIMaJ [J8 KOHCTPYHPOBAHHS OITHUYECKHUX
bunpTpoB [9] M IpOCBeTNSAIOMKX MOKPBITUM [10].
CrnocobHOCTh TpafiHeHTHBIX MeTaMaTepHasoB
YIIPaB/SATh paCIPOCTPaHeHHEeM 3/IeKTPOMarHUTHBIX
BOJIH B MacmITabax Mops/AiKa U HUKe JJIMHBI BOTHBI,
C y4éTOM HM3KHX IIOTepb H C1aboro paccesiHHUS,
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elements can be constructed from spatially
homogeneousdielectric composites, characterized
by some fixed value, both positive or negative, of
dielectric permittivity. A substantial part of the
general interest to all-dielectric nanostructures
is stipulated by the progress in physics and
technology of inhomogeneous thin films, widely
used as optical filters [6], antireflection coatings
[7], and transition layers between two media
with different refractive indices [8]. Traditionally,
the design of these devices was based on the
multilayer structures with steeply alternating
high n; and low n, refraction indices.

However, the functionality of dielectric nano-
optical elements can be broadened essentially
due to use of so-called gradient dielectric
structures, distinguished by predesigned
spatially heterogeneous continuous distribution
of dielectric permittivity inside the structure.
The smooth spatial changes of chemical
components with low and high refractive
indices in the nanofilms provides the spatial
distributions of their refractive indices, varied
at the nanometric scale; these distributions
offer the potential for design of optical filters
[9] and antireflection coatings [10]. The ability
of gradient metamaterials to govern the
propagation of electromagnetic waves on and
below the wavelength scales, accompanied by
low losses and weakened scattering, gives rise
to the series of unusual physical effects. Some
of these effects open up the new avenues in
the elaboration of miniaturized all-dielectric
systems, such as the all-dielectric nanoantennas
[11], dielectric sensing in waveguide channels [12],
and invisibility devices [13]. Formation of gradient
all-dielectric nanostructures with the prescribed
spatial distributions of refractive index n for the
controlled reflectance and transmittance of wave
flows is now a challenging task, important for
several problems of nanophotonics [14].

Gradient nanostructures, fabricated from
the dielectrics without free carriers, possess the
strong nonlocal heterogeneity-induced dispersion,
determined by the shape, gradient, and curvature
of refractive index 1inside this structure,
controlled by the technology of fabrication [15].
The attention is given below to the controlled
distribution of refractive index n(z) along the
direction z across the plate gradient dielectric
nanofilm. Formation of artificial plasma-like
dispersion and characteristic frequency Q in
these nanofilms proves to be feasible for some
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IIPUBOLUT K POCTY HEOOBIUHBIX PU3HUecKUX 3dPdek-
ToB. HexoTopble M3 3THUX 3PPeKTOB OTKPHIBAIOT
HOBBle BO3MOKHOCTH B pa3paboTKe MHHHATIOP-
HBIX IIOJIHOCTBIO JH3IeKTPUYECKUX CHCTeM, TaKUX
KaK HaHoaHTeHHBbI [11], 30HABI I/ BOJHOBOLOB
(12], HeBunmuMble ycTporcTBa [13]. dopmupoBaHHUe
IIOJIHOCTBIO JU3IeKTPUUECKUX I'PaJlUeHTHBIX HaHO-
CTPYKTYP C 3aaHHBIM IIPOCTPAHCTBEHHBIM pacIipe-
LeleHHeM IIOKa3aTessl IpeOMJIeHHS N [JIs1 KOH-
TPOJIsl HaJ IPOIyCKaHUEeM M OTpa’keHHeM II0TOKOB
3/IeKTPOMArHUTHBIX BOJIH SIBJISIETCS B HACTOSIIUM
MOMEHT CJIOKHOH 3a/iauelt, BasKHOM Jj1s1 HeKOTOPBIX
npobieM HaHOQOTOHUKH [14].

I'pagueHTHBIe HAHOCTPYKTYPhI, H3TOTOBIeHHbIE
M3 IU3TeKTPUKOB 6e3 cBOOOAHBIX HOCHUTeNeH, 0b/a-
OAOT CUABHOM HeJIOKaJbHOU HEOJHOPOAHO-HUHAY-
LI POBAaHHOM JHCIIePCHUEN, OllpefensieMon GOpMoOH,
CTeIleHbIO IPaJiieHTa U OTKJIOHEHHEeM IloKa3aTess
[peOMJIeHUSI BHYTPU CTPYKTYPBl, YTO KOHTPO-
IupyeTCcs TexXHOJIOTHeM H3roToBaeHHUs [15]. Hanee
PacCMOTPHUM KOHTPOJHpyeMoe paclpefeneHHUe
IIoKa3aTessl MIpeJoMIeHHUs N(z) BAOAb OCH AIIIH-
KaT rpajilueHTHON AHUIEeKTPUUECKOM HAHOIJIEHKH.
dopMHUPOBaHHE HCKYCCTBEHHOM IIJa3MOIIOL0OHOM
OUCIIePCHH M XapaKTepHUCTHUYEeCKOHM YacTOTH ()
B 9THX HAHOIJEHKaX OKa3blBaeTCSd BO3MOXHBIM
IJIsI HEeKOTOpHIX mpodwuier n(z); sta dacrora Q
pasfdensieT CIeKTpaJibHBle OHAMa30HBl, XapaKTe-
pH3yolluecs peaJbHBIM U MHUMBIM 3HauYeHUSIMU
BOJIHOBBIX BEKTOPOB B IIPO3PAdyHbIX HAaHOILJIEHKAX,
IIPOIYCKAIINX H3IydyeHHUe 6e3 moTepb. BonHOBas
3Heprus B [Ualla30He HU3KUX YacTOT < () pacrnpo-
CTpaHsieTcs 4epe3 3TH 'QOTOHHEIe baprepsl’ B TyH-
HeJIBHOM pe>XHMe IIOCPefCTBOM BOJTH C MHUMBIMHU
BOJIHOBBIMH UHCIAMHU (3aTyXaloUHe MOJIBI).

B mpenaraeMor CTaTbe OMMCBHIBAIOTCS HEOObIU-
Hble CBOMCTBA IIPO3PAauHOCTH TPaJUeHTHBIX U3~
JTeKTPHUYeCKUX IIepHOJHUYeCKHUX HAHOCTPYKTYP,
06yC/I0B/IeHHBIe 3aTyXAOIMUMHU U He3aTyXaoIMUMHU
MomaMHU. Teopus >PPeKTHBHOrO IepeHOCA H3NY-
YeHUS 4depe3 3THU CTPYKTYPHl NpeAcTaBlIeHa B pas-
Jese 2, COOTBeTCTBYIOIIMEe 3KCIIepUMeHTa/bHbIE
NaHHBIe, ITOKa3bIBalollHMe YacTOTHO-CeJeKTHBHBbIE
U IIPOCBET/SON[Me CBOMCTBA I'PaJHeHTHBIX HAaHO-
IJIEHOK, IIpefCcTaBileHbl B pa3fene 3. IlonydeHHBbIe
pe3y/abTaThl II03BOJSIOT IIepecMOoTpeTh (pasmen 4)
XOPOIIIO M3BeCTHBIM Iapasokc XapTMaHa [16] B pam-
Kax HeOoOBIYHOTO aMIIJIMTYLHO-$a30BOTO CIEKTPa
BOJIH, pAacCHIpOCTPAHSIONMXCS dYepe3 TIpaJUeHT-
HBIM GOTOHHBIN b6aphep. B 3ak/ilodeHHe OTMedYeHa
BO3MOXXHOCTb IPAaKTH4YeCKOro IIPHUMeHEeHUs 3THX
50PeKTOB A1 NPOEKTHPOBAHUS OINTHYECKHX
cXeM.

i

profiles of n(z); this frequency Q separates
the spectral ranges, characterized by real and
imaginary values of wave vectors in a transparent
lossless nanofilm. The wave energy in the low
frequency range w<Q is transmitted through
these “photonic barriers” in the tunneling
regimes by means of waves with the imaginary
wave numbers (evanescent modes).

This paper is aimed on the unusual
transparency properties of gradient all-dielectric
periodical nanostructures stipulated by the
evanescent and antievanescent modes. The
theory of effective radiation transport through
these structures is developed in Sec. II; its
experimental verifications, illustrating the
frequency-selective and antireflection properties
of gradient nanofilms, are presented in Sec. III.
The obtained results give the chance to revisit in
Sec. IV the well known Hartman paradox16 in the
framework of unusual amplitude-phase spectra
of waves, transmitted through the gradient
photonic barrier. Some applications of these
phenomena for the design of optical circuitry are
noted in the Conclusion (Sec. V).

Il. EFFECTIVE TRANSPORT OF
RADIATION SUPPORTED BY THE
EVANESCENT MODES IN THE GRADIENT
PERIODICAL NANOSTRUCTURES

We recall here some results exposed in a paper
(17]. Consider a simple problem of normal
incidence of linearly polarized EM wave with the
components E, and H, propagating in z-direction,
incident on the interface z=0 of a lossless
dielectric film characterized by continuous
distribution of refractive index n(z) =n,U(z) across
the film. Here, n, is the value of refractive index
of material on the interface z=0. Expressing the
field components E, and H, through the vector-
potential A(A, =¥,A =A,=0) [18]

v
Yoz’

1 0¥

- 22° 1
* cot’ =

one can reduce the set of Maxwell equations,
related to this geometry, to one equation

governing the generating function W,

’¥ ngU(z) o’ _

022 & ot 0. 2)

So far, as this equation will be used for analysis
of wave fields in the nanolayers with thickness
comparable or less han the wavelengths, any
suppositions concerning smallness or slowness
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2. DOPEKTUBHbIN MEPEHOC U3JTYYEHUSA

C NOMOLWbIO 3ATYXAIOWLNX MO/,

B rPAANEHTHbLIX MEPUOANYECKUX
HAHOCTPYKTYPAX

IIprBegeM 3mech HEKOTOpPbIe pe3yJIbTaThl, H3JIOKeH-
Hble B pabore [17]. PaccCMOTpPUM IPOCTYIO 3ajauy
0 HOpPMaJ/IbHOM MaJleHHH TMHEeNHO [0S pU30BaHHOL
3/IeKTPOMarHUTHON BOAHBI C KOMIIOHEHTaMH E,
u Hy, pacmpocTpaHSIOIENACs B z-HAaIPaBlIeHHUH,
Iafarpmiell B KOOpaAruHaTe z=0 Ha JU3IeKTPHYeCKYI0
IJIeHKY. [I7eHKa IIponycKaeT U3aydeHHe 6e3 IoTeps
M XapaKTepH3yeTcs HeNpepeiBHBIM paclpepese-
HHeM IoKasaTess IpeiomaeHUs n(z)=n,U(z) B more-
peyHOM HamIpaBJIeHHHU: I, O3HAa4YaeT BeIHYHHY
IoKa3aTeasd IIPeIOMJIeHHS MaTepHajaa B KOOPAH-
HaTe z,. BeIpakast KOMIIOHeHTHI 1ons E, u Hy 4depes
BeKTOp-TIoTeHIHaN A(A, =¥,A =A, =0) [18]

_Lo¥
T cot’

v
YT oz

o))

MOKHO CBecTH Habop ypaBHeHHMH MakcBessa, CBS-
3aHHBIX C 3TOM reOMeTpHeH, K OJHOMY yPaBHEHHIO,
omnpegensomeMy GyHKIHO W:

Y ngU(z) 0’ _

9z* ¢ ot 0. @

IToCKO/IBKY 3TO ypaBHeHUe byJeT KCII0/1b30BaThCS
OJ1s aHaJIKM3a BOJIHOBOIO IO/l B HAHOC/OSIX C TOJ-
IIMHOMW, CPAaBHUMOM WM MeHbIIeH AJHHBI BOTHBI,
niobble IMPeAIONIOKeHUS OTHOCUTENBHO MaJOCTH
WK MeJJIeHHOCTH H3MeHeHMUs II0JIel WM Cpefbl
SB/ISIIOTCS. HeleMCTBUTEIbPHBIMH, IIPU 3TOM Tpeby-
I0TCSI TOYHBble aHAJUTHUYeCKHe pelleHHs YypaBHe-
Husi (2). Bonbiloe MHOXKECTBO TOUHBIX peIlleHHH,
CBSI3aHHBIX C Pa3/IMYHBIMU pacipefeneHusMu U(z),
IIpeficTaB/IeHO B pabore [14]; MbI 6yeM HCIIOIB30BATh
ONMH M3 3THUX pe3y/l1bTaToB, obecredyrBasi pa3HOO-
bpasve TaKUX pelleHUI:

z 22\

U(z)_[1+L—1—L—ZZ] . (3)

T'ubrocTh Gopmynel (3) cBs3aHAa C B3aUMOAEH-

CTBHEM JByX CBOOOIHBIX ITapaMeTpoB L, u L,, nuMero-

IIHX PAa3MEePHOCTb JJIMHBI; 3TH IIPOCTPAHCTBEHHBIE

mapameTpsl L, u L, cBS3aHBI C TOMImUHON cios d

U MUHHMAJbHBIM 3HaYeHMeM I10Ka3aTess IIpPeloM-
JeHUS Ny

nO LZ
= Moy 2 4
D 1+yz’y 2L, @
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of variations of fields or media are invalid, and
the exact analytical solutions of Eq. (2) are in
need. The large family of exact solutions, related
to different distributions U(z), is presented in Ref.
14; we will use one of these profiles, providing the
diversity of such solutions

U(z)=(1+%—i—j] . (3)

The flexibility of profile (3) is connected with
the interplay of two free parameters L1 and L2
having the dimension of length; these spatial
scales L1 and L2 are linked with the layer’s
thickness d and the minimum value of refractive
index n,

1
d( n 2 d( n -
L2=E(n—0—1j ,L1=Z(n—0—lj 9

m

n, L
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Solutions of Eq. (2) with distribution U(z) (3)
describe waves with both real and imaginary
wave numbers, corresponding, respectively, to
propagating and evanescent modes. The spectral
ranges related to these regimes are separated by
some characteristic frequency Q, dependent upon
the shape and size of profile U(z),

Q:LVHYZ. (5)

n,d

The frequencies w=Q (w=<Q) fall to the
propagating (evanescent) spectral ranges. The
attention will be focused below on the low
frequency range w=<Q.Omitting for simplicity
the factor exp(-iwt) and introducing the new
variable n, one can present the solution of Eq.
(2), describing the field with frequency w inside
the layer as a result of interference of forward

(evanescent) and backward (antievanescent)
waves,
Bl exp(- e Z
w o [ XP( Pn)+Q Xp(pn)J’n:JU(zl)dzl, ©)
\/U(Z) 0
pszne, n,=n, uz—l,u=%21. (7)

Substitution of this function ¥ to the equalities
(1) brings the components of EM field inside
the gradient layer. Parameter Q, describing the
contribution of the backward wave to the entire
field inside the layer, has to be found from the
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PemieHUsl ypaBHeHHUsI (2) ¢ pacIipefereHHUEM
U(z) (3) omuCBIBAIOT BOJHBL C OeHCTBUTEIbHBIMU
M MHMMBIMU BOJHOBBIMU YHCIaMH, COOTBET-
CTBYIOLIMEe PACIPOCTPAHEHHI0 M 3aTYXaHHUIO MOJ.
CrieKTpasibHble [HAIAa30HBI, CBS3aHHBIE C 3THMHU
pPeKMMaMHU, Pa3[esioTcsl HEeKOTOPOM XapaKTepH-
CTHUUYECKOM 4acTOTOM () U 3aBUCAT OT GOPMBL U pa3-
Mepa dyHRuHK U(z):

szy—\/h_yz. (5)

n,d

YacToTel 0=2Q (w=Q) COOTBETCTBYIOT pacIIpo-
CTpaHsBIeMYycs (3aTyXalIleMy) CIeKTPaJbHBIM
JUara3oHaM. B manpHeHIIeM OCHOBHOe BHHMaHHe
OymeT cocpe0TOUYeHO Ha AHAIla30He HU3KHUX YacTOT
w=<Q. OnycKas A/ NPOCTOTh MHOKHUTeIb exp(-int)
Y BBOJISI HOBYIO IlepeMeHHYIO 1), MOXKHO IIpeJCTaBUTh
pellleHUe ypaBHeHHUS (2), OIUCHIBAS IIOJTe C 4YacTo-
TOM @ BHYTPH CJIOSI KaK Pe3y/lbTaT UHTepbepeHIIUHU
IIPSIMOH (3aTyxaloIer) U o6paTHOM (He3aTyxaloIer)
BOJIH:

_ B[ exp(—pn)+Qexp(pn) ]
JU(2) ’

p=w£le,ne:n0\/uz—1,u:%21. @)

n=fuz)dz,  ©

IToncTaHoBka ¢yHKUUK ¥ B ypaBHeHHe (1) I103BO-
74eT OIpefe/TuTh KOMIIOHEHTEI 37IeKTPOMAarHHUTHOTO
I10/1S1 BHYTPU FpaJiieHTHoOro cosi. [lapameTp Q, onu-
CBIBAIOUIMK BKJIAJ 0OpaTHOM BOJIHBHL B II0JIe BHYTPHU
CJ1051, IOJI>KeH OBITh Hali[leH U3 YCI0BH S HeIIPePhIBHO-
CTH Ha IPaHMIAX C/I0Sl. BaxkHO, 4YTOOBI B rpafilieHT-
HOM JIH3/IeKTPHKe BOJHBI C MHHUMBIMH BOJTHOBBIMU
YHCIaMH BO3HHKA/IH B IIPO3PadHOH Cpele C [eu-
CTBHUTE/NIBHBIM II0JIOKUTEIbHBIM 3HaUeHHeM I10Ka3a-
TeJlsl IIpe/lOMJIeHHS; B JAaHHOK CTaThe COOTHOIIeHHe
IJ1s1 TIoKa3aTesisl IIpeJIoM/IeHHs obecIieynBaeT Ij1as-
MOIIOO06HYI0 AHUCIIEPCHI0 THU3TeKTPHUYECKOTO CII0sI
6e3 cBOOOAHBIX HOCHTENEH; XapaKTepUCTHYecKas
4YacToTa () UTpaeT PoJib IIa3MEeHHOU YacTOTEL.

PaccMOTpHMM BOJIHOBOE II0JIe HM3KOM 4YaCTOTBHI
w=<Q, uzl o189 HNepUOAUYECKOM HAHOCTPYKTYPBHI,
cojepkallell m=2 MOAOOHEIX IpaHHUYAIIMX Ipa-
OUEHTHBIX HAaHOIJIEHOK C TONINMHOM d, HaHecéH-
HBIX Ha OJHOPOJHYIO IIPO3pPayHYI0 JH3IIeKTpHUe-
CKYIO IIOJIJIOKKY C IIOKasaTeJeM IIPeJIOMJIEHHMS Il.
IIprcBauBas 3HaueHHe mM=1 K IIePBOMY I'pPajHeHT-
HOMY CJIOI0 Ha OOpaTHOM CTOPOHE 3TOH CTPYKTYPBHI
U II0jIarasl, 4To M3Jly4eHHe MaJlaeT U3 BO3AYIIHOU
cpefibl Ha M- CJIOM, MOXHO 3alHCaTh CTaHAAPT-
HBble YC/IOBH S HeIIPePLIBHOCTH /151 KOMIIOHEHT I10JI51
Ha IpaHHUIle Mexay m U (m-1) ciioeM:

i g

continuity conditions on the layer’s boundaries.
It is essential that, in the gradient dielectric, the
waves with imaginary wave numbers arise in the
transparent medium with the real positive value
of refractive index; herein, the profile of refractive
index (3) provides the plasma-like dispersion of
dielectric layer without free carriers; characteristic
frequency Q plays the role of plasma frequency.

Let us consider the low frequency wave field
(w=Q, uz1) for the periodical nanostructure,
containing m=2 similar adjacent gradient
nanofilms with thickness d, deposited on a
homogeneous transparent dielectric halfspace
with refractive index n. Attributing the number
m=1 to the first gradient layer at the far side of
this structure and supposing the incidence of
radiation from the air on the m-th layer, one can
write the standard continuity conditions for the
field components on the boundary between m-th
and (m-1)th layers

exp(=pny) + Q. exp(PMy)
v[ exp(-pn, ) +Q,, exp(pn,) |+ 20, [ exp(-pn, )~ Q ,, exp(pn, |

_ ~-(1+Qu)
Y(1+Qm—l)_2ne (1—mel)’

2un :

Y:tiéz”%=ntd,mb:1Jg;fi ©
2

1=1n[i55§:£i]_ o

L+y’ -y

Application of the same approach to all the
adjacent layers of the gradient nanostructure
brings the explicit expression for it’s complex
transmission coefficient T,

o 2ivn [ch(h/l—u’z )}

i %—neArn

t= th(lﬁ ) (10)

ram g

(I-tA,,),

Parameters A, in (10) are linked by the chain of
recursive relations, obtained from the continuity
conditions on the interfaces between the m-th
and (m-1)th layers, where m>2

_1-Q, _ D (t+AL,)-Y
TU14Q, N (l+tAy,)-1t

The value of parameter A, in the first factor in
the product (10), calculated, unlike (8), from the

(11)
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exp(=pno) + Q. exp(py)
v exp(-pny)+ Q. exp(pn, ) |+ 21, exp(-pn, ) - Q. exp(pn, |

- _(]‘+Qm—l)
7(1+Qm_1)—21‘1e (l_Qm—l) ’

2un / 1
Y=\/ﬁ,ﬂo=ﬂ|z=d,l3ﬂo=l P_l,
2
Hr{LW ] o

Jl+y’ -y

8)

[IppMeHeHHe aHAJIOTMYHOIO IIOAXO04a KO BCeM
COCeIHUM CJI0SIM TpafHeHTHOH HaHOCTPYKTYPHI
II03BOJISIeT IIOJIYYUTE SBHOE BhIPasKeHHUe )il ee KOM-
IIJIEKCHOTO KO3 PUIireHTa IIponycKauus T,

2ivn [ch(l«h— w2 )T N
T, = [T1(1-tA,)
i+ % -N A, m=1

t:th(lsfl—u’z). (10)

INapaMeTpsl A, B dopmysne (10) cBSI3aHBI LieIbiO
PEKYPPeHTHBIX COOTHONIEHHM, IIOJIyYeHHBIX M3
YCJIOBUM HeIIpephIBHOCTH Ha IIOBEPXHOCTH pasjena
Mexay m- 1 (m-1)- cioeMm, roe m>2:

_l_Qm _ ne(t+Am—1)_Y
" 1+Q, D (l+tA,,)-vt’ (1)

3HaueHHe ImapameTpa A, B popmyie (10), paccuu-
TaHoe, B OT/IMUMe OT COOTHoIIeHHS (8), U3 yC/IOBHUSA
HeIIPephIBHOCTH Ha IpaHUIe MeXXIy IepPBbIM CJI0eM
M IIPO3pavyHOM IOJJIOKKOM C TOMIMHHOM h 1 mokasa-
TejleM IIPe/IOMJIeHHS N, KMeeT CefyIOUIUI BU/;

nA, - i(%— net]

nta, —i(%— nej
IIpy KMCIIONB30BAHUM BBIpASKEHUS (12) ciaenyer

pas3nIudYaTh ABe UMeoirecss GopMEI IIOJI0KKHU, 0be-

CIeYMBAIOIIKMe pa3lHYHbBe HaIpaBIeHUsS PacIpo-

CTpaHeHHUS BOJHBI, OTPaKeHHOMU OT HH’KHEN IpaHU

IIOIJIOKKH.

* Ecnu ocHOBaHUSA MOAJIOKKH I1apasljie/IbHbI, IIPs-
Mas U obpaTHas BOIHBI HHTepbEPUPYIOT; B 3TOM
c1ydae, 3HadeHMe /), BbITeKawlllee U3 YCIOBUM
HeIIpepBIBHOCTH, KUMeeT BU],

1-it,n onh
A, = S t,=tg| — |. 13
" n-it,” ° g( c J a3

A = (12)
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continuity conditions on the boundary between
the first layer and the transparent substrate with
thickness h and refractive index n, is

]
A —ilYont
nA, 1( n, )

ntA, - i(%— ne)

While using expression (12), one has to
distinguish two different shapes of substrate,
ensuring the different directions of wave,
reflected from the far side of substrate:

« If the substrate’s interfaces are parallel, the
backward and forward waves in the substrate
are interfering; in this case, the value A,=1,
following from the continuity conditions, is

t, =tg[¥]. (13)

« If the substrate’s interfaces are not parallel
(wedgeshaped substrate), the backward wave
reflected from the back side of substrate does
not interfere with the forward wave in the
substrate; in this case, Ay=1.

The expressions for coefficients T, for the case
of propagating waves (w>Q, us<1) follow directly
from (10)-(13) due to the replacements

Jul-1-5-iyJl-u? t— —itg(lxlu’2 —1),
ch(lxll—u’z)—)COS(I«/u’Z—l). (14)

A = (12)

_1-ign
n-it,’

0

Formulae (7) and (14) point out the peculiar
effect of heterogeneity-induced dispersion,
arising due to the spatial distribution of
refractive index in both cases w<Q u w=Q; it
is remarkable that this plasma-like dispersion
appears in the transparent dielectric medium
without free carriers.

It is remarkable that unlike the usual
reflection on the discontinuities of refractive
index, described by the classical Fresnel
formulae, expressions (10)-(11) are based on the
reflection and transmission of waves caused by
the discontinuities of gradient of refractive index
on the boundaries between m-th and (m-1th
films. These non-Fresnel spectra, visualizing
the drastic influence of artificial dispersion
on the transmittance of periodical gradient
nanostructures, containing several similar
adjacent layers (Fig. 1), are examined below.

All  forthcoming computational and
experimental results are obtained for the
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WuHoll d=140 HM, onucaHHbix popmyaoli (3)

and thickness d1=140 nm

d, Hm / nv

Puc.1. PacnpedeneHue nokasamenst npenomaeHuUs n 8 nepuoduyeckoli HAHoCMpykmype, cocmosiuieli U3 2padueHmHbIX CA0es MoA-

Fig. 1. Distribution of refractive index n in the periodical nanostructure, containing the adjacent gradient layers with profiles (3)

* Ecnu oCHOBaHHUS IOAJIOKKH He Iapaje/bHbl
(knuHOO6pPa3HOM QopMel), obpaTHas BOJHA,
OTpaskeHHasl OT HHXKHeH TPaHU IMOJIOXKKH,
He HHTepdepupyeT C NIPSIMOLK BOJIHOL; B 3TOM
crydae Ay=1.

BrlpaskeHHU S AJ1s1 KO3GPULIeHTOB T, A5 caydast
pacIpocTpaHsSIIMUXCA BOAH (w=Q, us<l) cienyioT
HeriocpefcTBeHHO U3 (10)-(13), yuuTHIBasl Ciefylo-
I Ke 3aMeHBI:

Jur-15-if1-u’, t— —itg(lxlu’2 —1),

periodical nanostructures, consisting from the
adjacent gradient nanofilms with the same
profiles of refractive index (3). The transmittance
spectra |T,|> for waves traversing these gradient
multilayer nanostructures are presented here for
the visible and infrared spectral ranges.

Note that the exactly solvable models of gradient
barriers, examined above, are based on continuous
distributions of the dielectric permittivity
€(z). However, these distributions, owing to
technological conditions, are actually formed by
plane layers of different geometrical and optical
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deposited on the wedge-shaped sub- strate with n=2.3

Puc.2. luckpemHeie "okHa npo3pauHocmu” (T, [>=1), B03HUKatoujUe 8 pexxume U3MeHsemo20 NoAH020 8HYMpPeHHe20 0MpaxkeHus,
919 cnekmpa nponyckaHus nepuodudeckux HaHocmpykmyp, codepxkawux m=10 u m=20 2padueHmHbIX nAeHoK (3) c napame-
mpamu: ny=1,9, y=0,577 u d=100 HM, HAHECEHHbIX Ha KAUHOBUOHYH NOOAOXKKY € n=2,3

Fig. 2. Discrete "windows of trans- parency” (|T,,J?=1) arising in the FTIR regime for the transmittance spectra of periodical
nanostructures, containing m=10 and m=20 gradient nanofilms (3) with parameters: n,=1.9, y=0.577, and d=100nm,

ch(lxll—u‘z)—>cos(1\/u‘2—1). (14)

dopmyisl (7) u (14) yKasslBalOT Ha 0CO6bI 3ddeKT
HeOJHOPOAHO-UHAYLIUPOBAHHON [IUCIEPCUU, BO3-
HUKalolen 61aromapsi MPOCTPAaHCTBEHHOMY pac-
npefeeHUIO II0Kas3aTess IIpelloMJIeHHSI B 06oux
cydadax: w<Q U w=(Q. IIpuMeyaTenbHO, UTO 3Ta
II71a3MOII0I06HAS JUCIIePCHs BOSHUKAET B IIPO3pad-
HOH IUIeKTPUYECKOH cpefie, He HUMeIoIeH cBobos-
HBIX HOCUTeJIeH 3apsifa.

CTOHUT OTMETHUTb, UTO B OTIIHUYHE OT OOBIYHOIO
OTPakeHHsl Ha TIpaHHUIle pasfena, KOTOpPoe OIIH-
CBIBaeTCSl KJAacCHYeCKUMH Qopmynamu PpeHens,
BeIpaskeHHUs (10) u (11) OCHOBBIBAIOTCS Ha OTpaske-
HUU U IIPOXOKIEHHUM BOJH, BBI3BAHHBIE HEOJHO-
PONHOCTSIMU TIpafHeHTa IIOKa3aTessl IIpelomIe-
HHUS Ha TpaHHUIAX MexAy m- u (m-1)-IIeHKaMH.
HedpeHeneBcKkHe CIEKTPHI, IIOKa3blBalOIIHe pe3Koe
BIMSIHHMEe HCKYCCTBeHHOH JHCIIePCHH Ha MPOIyCcKa-
HHe MepUOJUYEeCKUX I'PAJHUEHTHBIX HAaHOCTPYKTYP,
cofepsKalllX HeCKOJIBKO MOJOOHBIX COCTBIKOBAHHBIX
cioeB (puc.l), pacCMaTpUBAIOTCS HIKe.

Bce nanee mpencTaB/lieHHBble BBIUHC/IHTE/bHBIE
M OSKCIepHMeHTajJbHble Ppe3yl1bTaThl II0Jy4YeHBI
071 TepUoJUYeCKHX HAHOCTPYKTYP, COCTOSIIHX
M3 CMeXHBIX I'DafAHeHTHBIX HAHOIUIEHOK C OJHHa-
KOBBIMU IPOPUISIMU IT0Ka3aTess IpejoMiIeHHUs (3).
CrieKkTpbI IporyckaHus |T |? A5t BOJIH, ITPOXOASIIIHX
3TU IpajMeHTHble MHOI'OC/IIOMHBIe HaHOCTPYKTYPHI,
Ipe/iCTaB/IeHBl A1l BUAMMOro U MK- crieKTpaabHBIX
IHaIa30HoB.

ObpamaeM BHHMaHHe, YTO TOYHO pellaeMble
MoJeny IpPafHUeHTHBIX 6apbepoB, pacCMOTpeHHBIe
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thicknesses fabricated by means of magnetron
sputtering from Si and Ta targets in the oxygen
environment (for details see the problem 2 in Sec.
I1I). The discretized structure of £(z) is illustrated
in Fig. 1: to mimic the continuous distribution
of €(z) across each nanofilm, the geometrical
thicknesses of these layers are decreasing from 10

1.0
09 f
08
0,7
0,6
05 F
0.4 r
03 F
0,2
01F

0L 1 1 1 1 1 1 1 1
-16 -1,3 -10 -07

Tl

Puc.3 Cnekmp nponyckaHus [T > 2padueHmHol HaHoCMpyK-
mypbl, cocmosiell U3 m nAeHoK (3), HAHeCeHHbIX Ha MOACMYIO
No0NOXKY C nokasamenem npeaomaeHus n=1,52, ¢ y4emom
3HaueHull In(u). Fde nepemeHHas U onpedeneHa e ycaosuu (7).
Mapamempet Kaxxool naeHKu cnedyrouwue: no=2uy=0,577
Fig. 3. Transmittance spectra |T . |? of the gradient
nanostructures containing m films (3) and deposited on the
thick substrate with refractive index n=1.52 subject to the
values In(u), the variable u is determined in (7); parameters of
each filmaren,=2 and y=0.577
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BBIIIe, OCHOBAHBI Ha HeIPepPbIBHOM pacIlpefeie-
HUU AWIIeKTPUUECKOM MPOHUIAeMOCTH £(z). TeMm
He MeHee, 3TH pacIpejle/ieHHs, 3aBUCSIIHe OT Tex-
HOJIOTHYeCKUX YC/IO0BHI, Ha caMoM fejle GOPMUPY-
I0TCSI IIyTeM H3TOTOBJIEHMS IIJIOCKHUX CJIOeB C Ppas-
TUYHBIMH TeOMeTPHUUYEeCKUMH U OINTHYEeCKUMHU
TONIIMHAMU MeTOJOM MarHEeTPOHHOI'O pacIblIeHU S
KPeMHMS U TaHTaJlla B KHUCJIOPOAHOM cpefie (bonee
noxpobHast MHPopMalLlus IPUBefieHa B pa3jenel).

JUCKpeTU3HpOBaHHAS CTPyKTypa ¢€(z) mpen-
CTaB/leHa Ha pHC.l: [/ UMHUTALUHU HeIlPepbIBHOIO
pacnpefeneHus €(z) momnepexk KaskJoH HaHOIJIEHKH
reoMeTpUyeckre TOJIMIMHBI 3THX CJI0EB yMeHbIIA-
0TCA oT 10-12 HM BO3/Ie MHUHHUMYyMa €(z) mo 5-7 HM
B 0671aCTH ero O6pICTPOro M3MeHeHH s BOIM3U I'PaHHIL
HaHOIIJIeHKH [19].

Xopomas COrJIacoOBAaHHOCTb CIIEKTPOB IIPOIY-
CKaHUS, BBIYHC/ISEMBIX B PaMKaxX HeIpepbIBHOU
MoJe/H, C 3KCIIePHUMeHTaIbHbBIMU JaHHBIMHU (PHUC.2-
6), IOKa3plBaeT I[IPUMEHHMOCTh 'HeIIPepHBHON"
Mogmenu K obcyskpmaeMor Ipobneme rpaJHeHTHOMN
OITHKH.

3. TPAAVEHTHDIE MPOCBET/IAIOLWLUNE
YACTOTHO-U3BUPATEJIbHbIE MOKPbITUA,
CNOCOBCTBYKOWMUE TYHHEJIMPOBAHUIO
N3NYYHEHUA

Jlns BU3yanu3alMM HeOOBIYHBIX 3$PeKTOB HMHTEp-
depeHIIMM 3aTyXaOIIHUX M He3aTyXaloUUX BOJIH
B TpaJUeHTHBIX HAHOCTPYKTypaX PacCMOTPUM
B IIePBYI0 O4Yepe/b CIIeKTp MpomycKaHus |T,,|* mepuo-
OU4YeCKHX CTPYKTYP, HAaHeCEHHBIX Ha KJIMHOBUHYIO
IIOJJIOKKY, XapaKTepHU3yIOUHXCs 3HadeHHeM Aj=1
B ypaBHeHHUHU (12). Pe3ysbTaThl pacyéToB, IIPOBe/ieH-
HBIX C IIOMOIIBI0 GOPMYJ I KOMIUIEKCHBIX K03¢-
dunuenToB mponyckanusa T, (10)-(12), moxkasaHBbI
Ha pHC.2.

JlJ1sl pacIMpeHUs IPAaHUL, IPUMEHHUMOCTH 3THX
rpaduKOB IpeACTaBIeHBl YaCTOTHBIE 3aBHCHMO-
cT |T,|? ¢ momompio 6e3pa3mMepHON IepeMeHHOU
u (7). Ecium mapaMeTpsl T'PafilMeHTHBIX IIJIEHOK N,
U y PUKCUPOBaHBI, K03PdUIreHT [T, (0)]> coxpaHseT
CBOe 3HaueHUe [ 11060ro 3aJaHHOTO 3HaUeHHUS U
IJ1s. BOJIH C Pa3IMYHBIMHU YaCTOTAMH ®, IPOXOLS-
MMM CKBO3b IIEHKH (3) C pa3JIMYHON TOMIIHUHOM d,
CBsI3aHHBle (QUKCHPOBAHHBIM 3HadeHHeM Oe3pas-
MepHOro I1apaMeTpa L

2
ﬁz%dzL\/lW. (15)

n,u

TakuMm 06pasom, [Ias CTPYKTYP, IIOKa3aHHBIX
Ha pHUC.2, 3HAYeHHe IapaMeTpa L s Joboro 3Ha-
YeHHs IIepeMeHHOM U COOTBeTcTByeT UL=0,7u’l.
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B mpennoxkeHHON paboTe MOTYT 6bITh IIpeACTaBIEHB
OAaHHBIe O IIOJIHOM IIPO3PavyHOCTH (Ko3dduiirieHTE
nponyckaHus |T,(w)]?=1) AJsT HAHOCTPYKTYpP, COCTO-
Amux U3 10 mIeHok, B cay4dae ¢ u=1,4 1149 4acTOTHI
w=1,5-10> pax/c (A=1256 HM), a TaKKe IJIs YaCTOTHL
w=1015 pan/c (A=1884 HM), eclIH TONIIMUHBI ILJIEHOK
HMMeloT 3HaueHH s 100 1 150 HM COOTBeTCTBEHHO. OTH
060611eHHbIe CIIeKTPBL MOTYT OBITH [10JIE3HBIMH AJIS
ONTHMHM3ALHMH TONIUHB HAHOCTPYKTYPHI.
Hccnenyss mepeHOC 3HEpPrUM 3BaHeCLeHTHBIMU
BOJIHAMM, HYKHO IIOAYEePKHYTb, YTO HH IpsMaf,
HU oOpaTHasi BOJIHA He OIHCBIBAIOT IIOTOK TYHHEb-
HOI1 371IeKTPOMarHUTHOM 3HEePrHUH; 3TOT IIOTOK OIlpe-
nensieTcs WHTepbepeHIMel oberx 3BaHeCLIeHTHBIX
BOJIH, IIpeJICTaBJeHHBIX LleJ0M O¢yHKuuen P (6).
B oTauuyMe OT CTPYKTYpP, HaHECeHHBIX Ha KJIMHOO-
6pa3HYyIo IIOAJIOKKY, O KOTOPBIX YIIOMHHAJIOCH BBIIIIE,
6ornee cnokHBIM QeHOMeH HabniofaeTcs B CTPYKTY-
Pax, HaHeCeHHBIX Ha IJIOCKYIO ITOAJIOXKKY (13), KoTo-
PBIE OyIeT paccCMOTpeH HIKe; ceryac I0JI’KeH OBITh
IIPMHAT BO BHUMaHHe 3¢ PeKrT nHTepbepeHIIuH pac-
NIPOCTPAHSIOMIMXCS BOJAH B IIPO3PavyHOM IIOAJIOKKE.
TyHHeNBHBIN Pe>XKHM MJIS 3TOrO Clydasl pacCMaTpH-
BaeTcd Aajiee IJISL CTPYKTYP, COCTOSIIUX K3 CMeX-
HBIX TPaIHeHTHBIX HAHOIIJIEHOK; TOMIINHA KasKA0H
IIJIEHKK COOTBeTCTByeT 140 HM, IIOKa3aTejib IIpe-
JIoMJIeHHU S N(z) BAPpUPYETCSI B COOTBETCTBUU C COOT-
HomleHHeM (3) OT MaKCHMyMa Ij=2 10 MHHHMYyMa

1,0
ook e R = =0
08} | 1
07k |
06 F
05 F
04t
03k
02 f(
01f
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
500 700 900 1100 1300 1500 1700 1900 2100
A, HM / nm

[T]2

Puc.4. SxcnepumernmanbHeill (1) u meopemuyeckuli (2) cnex-
mpbl NponycKaHus 045 nepuoduYeckol HAHOCMpYyKMypsl,
codepykaieli 11 caoes (3); 3HaueHUs napamempos n, npuy
npueedeHsl 8 nodnucu K puc.3

Fig. 4. Experimental (1) and theoretical (2) transmittance
spectra for periodical nanostructure, containing 11 layers (3);
the values of parameters n, n,, andy are given in the caption
of Fig. 3

to 12nm near by the minimum of &(z) down to 5-7
nm at the area of its rapid variation close to the
nanofilm boundaries [19].

The good agreement of transmittance spectra,
calculated in the framework of continuous model,
with the experimental data (Figs. 2-6) shows
the applicability of “continuous” model to the
discussed problem of gradient optics.
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Puc.5. SxcnepumeHmanbHo noAyYeHHbIl cnekmp nponyckaxus nepuodu4eckol HAHOCMPYKMYpbl 8 MyHHeAbHOM pexXume: Kpu-
ble 1 u 2 coomeemcmeayom cmpykmypam, codepxxausum 7 u 11 2padueHmHbIX NAEHOK COOMBemcmaeeHHo
Fig. 5. Experimental transmittance spectra of periodical nanostructures in the tunneling regime: curves 1 and 2 correspond to
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Nin=1,5 (puc.l); Bce 3TM HAHOCTPYKTYPBl OCa>KIa-
JHCh Ha KBaplieBYI0 OJHOPOAHYIO IJIOCKYIO Gecripu-
MeCHYIO ITOJIOKKY C TOJMIIHUHON h=2 MM 1 moka3sare-
JIeM IpejoMyIeHUus n=1,52.

YTOoOBl IPOMJIIOCTPUPOBATh HEKOTOPBIE Xapak-
TepHble UepThl IlepeHoca BOJIHOBOK SHEPIUU uepes
FPaJHeHTHYI IIepHOJHUYeCKYI0 HAaHOCTPYKTYpY
B TYHHeJIbHOM peXHMe, Heo6X0AHuMO pacCMOTpeTh
C/leAyOUHe BBHIYHC/IMTEIbHbBIe U 3KCIepUMeHTallb-
HBbIe TPobIe MBI,

1. ®eHomeH MHTepdepeHLMH [JI 3BaHECLIeHTHBIX
U AHTHUOBAHECLeHTHBIX BOJIH B OLHOCIOMHBIX
M MHOTOCJIOMHBIX IPaJlMeHTHBIX HAaHOCTPYKTY-
Pax M ero BAHsIHHE Ha CIIeKTP IponycKaHu |T,|%;
B JAHHOM paboTe 3TH CIIEKTPHI PACCUHTAHBI AJISI
CTPYKTYPp, copepskamux 1, 5 ¥ 11 HaHOIIJIEHOK.
B oTnnyMe OT LAHHBIX, IIPUBEAEHHBIX Ha PHC.2,
MBI Oy/leM paccMaTpHUBaTh Cy4yall, Kor/a BOIHA,
OTpa’keHHas OT HHM)KHeH IPaHU IOAJI0KKH, BHO-
CUT BKJaJ B BOJIHOBOE I10jle BHYTPH IIOJJIOKKH.
Pe3ynbTaThl BBIYMC/IEHU M, BBIIIOTHEHHBIX C IIOMO-
b0 GOPMYJI AJIs1 KOMIIIEKCHOIO KO3pPUIIHeHTa
nponyckaHus T, (10)-(13), mokasaHsl Ha pHC.3.
CIIeKTp MPOIYCKAaHHUS IIPelCTaB/IeH 3[eCh uepes
6e3pa3mepHylo IepeMeHHy In(u), 3aBHCSIYIO
OT YaCTOTHI; JoTapudMHUecKas IIKaJa II03BO-
JsieT CKaTh TPadUKHU, YTOOBI CPABHUTH IIHPOKO-
IOJIOCHBIM CcreKTP |T,,|> B AuamasoHax, rjae mpo-
KMCXOOUT PAacIIPOCTPaHeHHE U 3aTyXaHHe BOJIH.

2. OKCIepUMeHTa/bHas IIpoBepKa 3TOH MoAeNH
C IIOMOIIbIO M3MePeHUT crieKTpa |T,|? A1s BblLIe-
YIOMSIHYTBIX CTPYKTYyp. ITH CTPYKTYPhl ObLIN
IIOJIyYeHbl IIyTeM MAarHeTPOHHOIO PaCIIblIeHHS
TaHTaJla U KpeMHHS B KHCIOPOLHOMN aTMmochepe
Ha IlepeMelaolyIocsi KBapLieBYIo IIOAJIOXKKY [15].
HeobxomuMbIl podUIIb [TOKa3aTesNs IpeoMIe-
HU4 N(z) 6BLT IIOyYeH IIyTeM IIepeMeHHOI0 Ipo-
CTPAaHCTBEHHOI'O pacIpefesieHHsl OKCHUA0B Ta,0s
1 SiO, B Hambl/IsIeMOM IJIEHKe, KOTOpoe KOHTPO-
JTIMPOBA/IOCh 3aJlaHHOM TPaeKTOpHeH IBH KeHUS
noaokKy [19]. CrekTp |T,|? AT aHATOTMYHBIX
YCJIOBUI OBLI TaKsKe BBIUHC/IEH; TeOPETHUUYeCKUH
U 9KCIIePHMEHTAJbHBIA CIIeKTPBl IPOMYCKaHUS
IoKa3aHbl Ha puc.4. [lysl Toro, 4Tobpl CPaBHUTH
5TH JaHHBIE, 37eCh NIPe/ICTaBIeHBl 0ba CIeKTpa,
B OTJIMYHeE OT PUC.2, KaK QYHKLMH JJIUHBI BOTHBI
B BakyyMe A. TeopeTHUeCKHe U SKCIIEPHUMEHTAIb
Hble KPHBbIe XOPOILO COIVIACYHTCS B BHUIKMOM
JuamasoHe, HMX pacxokaeHhe B HK-muarasoHe
He IIpeBbIIIaeT 2-3%.

3. HeoxxupgaHHasT 3aBUCUMOCTb KO3QOPULIMEHTA
MPONyCKaHUSI TPaJHeHTHOM HaHOCTPYKTYPhI
B peXHMe H3MeHSeMOIO II0JIHOTO BHYTPEHHero

¢
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t
WNNNHHOO OQOHKFENNNW
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Puc.6. ®a3osbie cnexmpbl npowedwux 60AH @; 8 pexxume
U3MeHSIeM020 N0AH020 BHYMpeHHe20 ompaxkeHust (U =1): Kpu-
eble 1, 2 u 3 coomeemcmaytom cmpykmypam, cooepxxaum1, 5
u 11 HAHONAEHOK COOMBEMCMaeHHO

Fig. 6. Phase spectra of transmitted waves @; in the FTIR
regime (u=1): curves 1,2, and 3 correspond to structures,
containing 1, 5, and 11 nano- films, respectively

I1l. GRADIENT ANTIREFLECTION

AND FREQUENCY-SELECTIVE
TUNNELING-ASSISTED COATINGS

To visualize the unusual effects of interference
of evanescent and antievanescent waves in the
gradient nanostructures, let us consider first
the transmittance spectra |T,|?> of periodical
structures deposited on a wedge-shaped
substrate, characterized by the value Ay=1 in
Eq. (12). The results of computations, carried out
by means of formulae for complex transmission
coefficients T, (10)-(12), is shown in Fig. 2. To
broaden the applicability of these graphs, the
frequency dependences of |T.|*> are presented
via the dimensionless variable u (7). If the
parameters of gradient film n, and y are fixed,
the coefficient |T,(u)|?> remains its value for
any given value u for the waves with different
frequencies ® traversing the films (3) with
different thicknesses d, linked by the fixed value
of dimensionless parameter v

2
ﬁ:“’szL\'“y . (15)

n,u

Thus, for the structures, depicted in Fig. 2, the
value of parameter v for any value of variable u
is v=0,7ul. Herein, the complete transparency
(transmission coefficient |T,(uw)|?=1) can
be provided, e.g., for the mnanostructure,
containing 10 films, in a case u=1,4 for the
frequency w=1,5-10"> rad/s (A=1256nm) as well
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OTpPa’keHHsI IO BCeH TOJIIHMHe CTPYKTYPHI.
Jl1s TIpOBepPKM 3THX pe3y/lbTaToB ObUIM IIpoOBe-
JeHBbl U3MepeHHUs KO3QQHUIIMeHTa IIPOIYCKaHUS
OJ1s1 IBYyX CTPYKTyPp, cofepkamux 7 U 11 HaHoC-
JI0eB COOTBETCTBEHHO. PasHHIlA MeXAYy 3TUMH
CIleKTpaMHu AocTuria 10% B BUOAMMOM AHalla-
30He. Mexxy Tem B MK-nuanasone rpa¢uxu T |?
pacxozsTcs cnabo.
9bdeKTUBHBIN TYHHEeIBHBIN IIePeHOC SHEePruU
yepe3 IepHOAHYeCKHe TPaJlueHTHBbIe HAaHOCTPYK-

TYypbl OCYIECTB/SIeTCS 3a C4YeT B3aHMMOJEHCTBHSA

KOMIIOHEHT 3BaHeCLeHTHBIX BOJH, BO3HHKAIOIIHX

B MeCTaX HeOJHOPOAHOCTH IpajflHeHTa II0Ka3aTess

[Ipe/IoOMJIEHHS Ha TPaHHIAX CMeXHBIX HaHOIIe-

HOK. AHa/Iu3 rpaduKOB Ha PHC.2-5 II03BOJISET BhIJE-

JTUTh HEKOTOpble HeOoOBIUHBIE OCOOEHHOCTH 3TOTO

IepeHoca.

a. JIUCKpPeTHBIM Psif, 4acToT obecredynBaeT IOJI-
Hoe mpomnyckaHue (|T,|?=1) B HepHOIHUYECKHX
HAHOCTPYKTYpaxX B TYHHeJIbHOM peXHMe IIpHU
YCIOBHSAX, OTMeYeHHBIX B IIOAIKCH K PHC.2.
Jl7ist CpaBHEHHUS U COIIOCTaBAeHHUS STUX HeoObIU-
HBIX "OKOH IPO3PavyHOCTHU" CO CTAHAAPTHBIM
CIIeKTPOM IIPOIYCKAHUSI BOJH, TYHHeTHPYIOIHX
CKBO3b JHCIIEPCHOHHYIO Cpeny, YyI06HO BCIIOM-
HUTb BBIIIEYIIOMSIHYTYIO aHAJIOTHIO MeXJIy pac-
IIPOCTPaHeHHeM BOJIH C HU3KOM 4acTOTOH (w<Q)
yepe3 IPafIUeHTHYIO0 IUIEHKY (3) U TyHHeIHpO-
BaHMHe 3JeKTPOMAarHUTHBIX BOJH C YacTOTOH
yepe3 OJHOPOAHBIK CJIOH IIa3MBI C I1JIa3MeHHOH
4aCcTOTON ), (W<wy). KOMIIIEKCHBIE KOIQPHLIH-
eHT IPOIYCKAaHHUS TAKUX IJIEHOK C TONIIMHOM h,
OCaKIAEHHBIX Ha OHIIEKTPHUYECKYIO IIOJJIOKKY
KANHOBUOHON GOpMBI ¢ Ko3pPHUIIMeHTOM IIpe-
JIOMJIEHHS I, MOSKHO 3amucath Kak T=|T|exp(id,),
BeTMYUHBl aMIIUTYABL |[T| 1 dasel ¢, cooTBeT-
CTBYIOT:

4nn2
|T|2= . nn, ,
(n-n?) sh?(ph)+n(n+1)’ch’(ph)

(n- ni)th(ph)}

(n+1)n,

0, = Arctg{ (16)
BenuunHa p 6puta ompezeneHa B dopmyne (7),
B TO BpeMsl KaK BeJHMYHHA I, COIJIaCOBBIBAETCS
C ee orrpefiesieHHeM B popmyile (7) B ciiydae ny=1,
BBe/is 3aMeHy Q- wy; n.=vu’-1 u u=0,/0>1.
BrIpaskeHHe (16) ommuceIBaeT MOHOTOHHOE y6LIBa—
HHUe CIeKTpa IPONYyCKaHHUS TYHHeJIbHBIX
BO/H |T,|* B CBA3K C yMeHbIIeHHEM HMX YaCTOTBI
®. M Hao60poT, yMeHbIIeHHe YaCTOTHI BOJIH, TyH-
HeTHPYIOIHUX Yepe3 IIepUOJUIEeCKYI0 CTPYKTYPY,
OpUBOAUT K KonebaHusM |T|? ¢ HOHUKOBBIMH
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as for the frequency w=10" rad/s (A=1884nm),

if the thicknesses of films are 100 and 150nm,

respectively. These generalized spectra may
become useful for optimization of thickness of
the nanostructure.

Investigating the energy transport by
evanescent waves, one hastostressoutthatneither
the forward nor the backward waves describe the
flow of tunneling electromagnetic energy; this
flow is determined by the interference of both
these evanescent waves, presented by the entire
function ¢ (6). Unlike the structures deposited
on the wedge-shaped substrate, considered above,
the more complicated phenomena in structures,
deposited on the flat substrate (13), are considered
below; the interference of propagating waves in
the transparent substrate have to be taken into
account now. The tunneling regime for this case
is examined below for the structures consisting
of adjacent gradient nanofilms; the thickness
of each film was 140 nm, the refractive index
n(z) was varying according to profile (3) from its
maximum n,=2 to its minimum n;,=1,5 (Fig. 1);
all these nanostructures were deposited on the
quartz homogeneous flat lossless substrate with
thickness h=2 mm and refractive index n=1.52.
To illustrate some salient features of effective
wave energy transport through the gradient
periodical nanostructure in the tunneling-
assisted regime, the following computational and
experimental problems for these structures are
considered below:

1. The interference phenomena for evanescent
and antievanescent waves in the single layer
and multilayer gradient nanostructures
and their influence on the spectra of |T|?
; these spectra were calculated here for the
structures containing 1, 5, and 11 nanofilms.
Contrary to Fig. 2, we will consider the case,
when the wave, reflected from the back side
of the substrate, makes the contribution
to the wave field inside the substrate. The
results of computations, carried out by
means of formulae for complex transmission
coefficients T, (10)-(13), are shown in Fig.
3. The transmittance spectra are presented
here via the dimensionless frequency-related
variable In(u); the logarithmic scale permits
to compress the graphs in order to compare
the broadband spectra of |T,|?, including both
propagating and evanescent spectral ranges.

2. Experimental verification of this model
by means of measurements of spectrum
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3HaueHUsIMHU |T|?=1; 3Ta 3aBUCHMOCTb IIOKa3aHa

Ha PHC.2 /ISl HeIIPO3PauyHbIX CTPYKTYP, COAePKa-

mux 10 1 20 cMe>KHBIX IIJI€HOK.

b. CunbHas YacTOTHAs 3aBUCHUMOCTh Ko03)pdu-
LlMeHTa IMpoIlycKaHUs (puUC.3), olpefensiomas
YacTOTHO-u36HpaTe/lbHbBle CBOMCTBAa HAHOIIO-
KPBITHH B BUIMMOM U OnM>kKHeM HHpaKkpac-
HOM CIIeKTPaJIbHBIX JHalla30HaX, Ie JHUCIIePCHU
IIMPOKO MCIIONB3yeMBbIX OIMMYECKHMX MaTepHhaJioB
06BIYHO HEe3HAYHUTEeIbHA.

c. I'myboxkue u y3kre MUHUMYMEBI (pHC.4 U 5) psiioM
C KOPOTKOBO/THOBEIM KpaeM BHJIHMOIO OHaIla-
30Ha criekTpa nponyckanus (|T|?<5%).

d. IIupokomonocHOe cnabomucrneprupymouee
IIaTO CIeKTpa ImpomyckaHus |T|? (puc.4) psmom
C IJIMHHOBOJIHOBBIM KpaeM BHJIHMOIO JHalla-
30Ha U HpUIerapierd 4dactu MK guamasoHa,
CBOLICTBEHHOE MHOIOC/AOMHBIM CTPYKTypaM
U KOTOpOe XapaKTepH3yeTCs BBICOKMM M IIOYTH
HeHM3MeHHBIM KO3QPUIIMEeHTOM IIPOIYCKAHUSI
(|T|>~85-95%).

e. Crmabas 3aBHCHMOCTB ITPOIIYCKAHMS HAHOCTPYK-
TyPBL B pe>KMMe H3MeHsSeMOro II0JIHOTO BHYTPeH-
Hero OTpa’keHHUs: TakUM obpasom, pasHHLA
B IIPOIIyCKAaHHH y HAHOCTPYKTYP, COmepsKaIIUX
7 ¥ 11 rpagMeHTHBIX HAHOCJIOEB, COCTaBHJa
nopsaaxka 1-3% (pHc.S); Ha JaHHBIM MOMEHT, TaK
KaK XapaKTepuCTH4YecKas 4acTora ) i CIIeK-
TPOB, IOKa3aHHBIX Ha pUC.4 M 5, OTHOCHUTCA
K JTHHEe BOTHBI A=1320 HM, 3TH CIIEKTPBI MOT'YT
CILY>KUTb IIPUMePOM 3¢ eKTHBHOI'O TYHHEILHOI0
IepeHoca 3Hepruu H3aydeHus MK-muamasoHa
yepes rpafieHTHbIe HAHOCTPYKTYPHL.

CBoricTBa (a—C) IOKa3pIBAIOT BO3MOKHOCTb KOH-
CTPYHUPOBAHHUS YaCTOTHO-U30HMpaTeNbHBIX IIOJI-
HOCTBIO JHUIEeKTPUYECKHUX TPaJHEHTHBIX MeTa-
[IOBePXHOCTEM, XapaKTepHU3yIOUHUXCS CHIbHOHN
HCKYCCTBEHHO-CO3[JaHHOM JHCIIepcHuell B TpebyeMoM
CIIeKTPaJIbHOM AHara3oHe; cBorcTBa (d) u (e) MoryT
obecriedynTh MOTEHIIMA [JIs1 CO3/IaHUS HOBOTO PSa
IIMPOKOIIOJIOCHBIX TYHHEJBbHBIX IPOCBETISIOMHX
IOKPBITHUH Il BUOUMOU U OnrskHer UK-obmactu
CIIeKTpa.

4. MEPECMOTP NMNAPAAOKCA XAPTMAHA

CoorHomenus (10)-(13), ompepensiomye KOMILIEKC-
HBIM KO3QPHIMEHT HmpomnyckaHus T, A1 IepHo-
OUYeCKUX TpPajUeHTHBIX HAHOCTPYKTYp, MOSKHO
3anucats B Buge T =|T,|exp(ip,). Mo HacTosiero
BpeMeHHM MBI paccMaTtpuBaiu 3QPeKTH, CBI3aH-
HbIe TOJIBKO C KBaJpaToM Moayns [T |%; mexnay Tem,
aHanu3 $a3oBoro cABHUra ¢, BOIHBEI, TYHHEJIHPYIO-
e 4Yepe3 HAHOCTPYKTYPY, HAaeT OCHOBAHHS MJIs

i g

|T,|> for the abovementioned structures;
these structures were fabricated by means
of magnetron sputtering of Ta and Si
components through the oxygen atmosphere
on the movable quartz substrate [15]. The
needed profile of refractive index n(z) was
provided by the variable spatial distribution
of oxides Ta,0; and SiO, in the sputtered
film, controlled due to prescribed motion of
substrate [19]. The |T,|? spectrum for the same
conditions was calculated too; the theoretical
and experimental transmittance spectra are
presented on Fig. 4. To ensure the comparison
of these data, both spectra are presented
here, unlike the Fig. 2, as the functions of
free space wavelength k. The theoretical and
experimental curves are fitted well in the
visible range, the discrepancy in the infrared

range does not exceed 2%-3%.

3. The unexpected dependence of transmittance
of gradient nanostructure in the Frustrated
Total Internal Reflection (FTIR) regime upon
the entire thickness of structure; to reveal this
dependence, the experimental measurements
of transmittance of two structures containing
7 and 11 nanolayers, respectively, were carried
out. The difference between these spectra
reaches 10% at the visible range; meanwhile,
at the infrared range, the graphs of |T|*> are
distinguished weakly.

The effective tunneling-assisted energy
transport through the periodical gradient
nanostructure is formed due to interplay of partial
evanescent waves arising at the discontinuities of
gradient of refractive index on the boundaries
of adjoined nanofilms. Inspection of Figures 2-5
permits to stress out some unusual features of
this transport:

a. The discrete series of frequencies providing
the complete transmittance (|T,[?=1) of
periodical nanostructures in the tunneling-
assisted regime under the conditions depicted
in Fig. 2. To compare and contrast these
peculiar “transparency windows” with the
standard transmittance spectrum of waves
tunneling through the dispersive medium,
it is convenient to recall the abovementioned
analogy between the low frequency w < waves
propagation through the gradient film (3) and
the tunneling of electromagnetic waves with
frequency x through the homogeneous plasma
layer with plasma frequency w, (w<w,). The
complex transmission coefficient of such film

ml?
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[10JIEeMH KM OTHOCHTE/IBHO BO3MOKHOCTH CBEPXCBETO-
BOI0 TyHHelIHPOBaHUA [20]. ®a3a BOJIHBI, TYHHeIH-
PYIOIler CKBO3b HEIIPO3payHBIH CJIOH, KaK H3BeCTHO,
dopmupyercs nyteM $a3oBBIX CKAUKOB Ha IpaHHUIle
ciost [21]. B ciydae ofHOPOLHOIO IJIa3ME@HHOTO €105
6onpmoi TommuHe (ph>>1), dasa ¢, (16) crpemuTcs
K IIpefe/IbHOMY 3HayeHHIO ¢,->¢,, IOCTOSHHAS
BeJIMYHMHA (g SIBJISIeTCS He3aBHUCHUMOM OT TOJILIMHBI
cnos h; 3necs, TyHHenbHOe $a30BOe BpeMs T, YMEHb"
IIAeTCs U OIlpefeseTcs Kak

_ 9%,

‘Cp = % . (17)
[TosTomy mopacTaHoBKa dasel ¢, u3 (16) B (17) mpuso-
AUT K TOMY, 4TO B CJly4Yae (<<, BpeMs T, yMeHbIIa-
ercs 10 3aKoHy exp(2wph/c). ToT dpakT, uTO BpeMs
TYHHEJIHPOBAHUS [JIsI HeIpo3paduHoro b6apsepa
He 3aBHCHUT OT IIMPHUHBI 6apbepa, MIPUBOSUT K I1apa-
IOKCaJbHOMY BBIBOAY (IIapafioKCy XapTMaHa): Ajis
6apbrepoB ¢ 60JIBIION TONIIMHON CKOPOCTh TYHHEH-
POBaHHSI MOKET CTaTh CKOJIb YTOJHO 60/IBIION U IIpe-
BBICHTBb CKOPOCTH CBeTa B BaKyyMe ¢ [16,20]. [IonbsITKH
OXapaKTepPH30BaTh 3TO CyIlepHU3/TydeHHe KaK $eHo-
MeH OIITHYeCKOT0 TYHHeJTHPOBAHUS CTaJKHUBAIOTCS
C IPOTHBOPEUYUBBLIMU TPebOBaHUSIMU: He06X0AHUMO
obecrieunTh "HachleHKe" Ga3bl ¢, U HCIIOIB30BATH
HeIIpo3pavyHBIM Oapbep C 6GONBIION TONIIMHOM
(ph>>1). OmHaKO BBINIOTHEHHE 3TOTO YCIOBHS IIpe-
ISITCTBYeT PerUCTPALlUU IIPOIIeIINX BOTH B CBSI3H
C 3KCIIOHEHIIHA/IBHBIM CIIaZloM ITOTOKA 3Hepruu (16)
IIpU IIepeceueHHUM HeIlpo3pauHoro bHaprepa
(T* = exp(-2pd)).

[IprMeYaTe/IbHO, YTO 3TO NPOTHBOPeYHe He BO3-
HUKAeT J/I1 TYHHeJIbHBIX 3QPeKTOB B IPafHeHTHBIX
CTPyKTypax, riae Habmiomaercs ciaboe 3aTyxaHHe
[I0TOKA SHEePrUHU JasKe 11 MHOIOCJIIOMHBIX OapbepoB
6onpIIOoN TOMIIMUHBL (pUC.5). Pa30BBIK CIEKTP IIPO-
IIe[INUX BOAH, PAacCUYMTAHHBIM IIPU TeX e YCJIo-
BHUSIX, KOTOPBIe OBIIH UCII0Ib30BAHBI 171 U3MepeHHU s
CIleKTpa IIpomycKaHus (pHc.3), IoKasaH Ha pHC.6.
[Togo6bHO aMIIUTYoHOMY CIeKTpy (pHc.3), a3oBbIi
CIIeKTP IIpefCTaB/lIeH Ha PUC.6 C IOMOIIbI0 He3pas-
MepHOI IlepeMeHHOH U; TaKoe IIpeficTaB/leHHe obe-
CIleYHrBaeT BO3MOKHOCTb HCIIOJIb30BAHHS TeX >Ke
CIIeKTPAJIbHBIX KPHUBBIX [/ Pa3IHYHBIX YaCTOT ®
Y TOJIIIMH IJIeHOK d, CBA3aHHBIX COOTHoIIeHueM (15).
[ToquepKHEM HeKOTOpble 0COO@HHOCTH 3THX CIIeK-
TPOB, IIOJIe3HBIX JIS1 aHAIKM3a ITapafiokca XapTMaHa
O/ TepUOSUYeCKHUX CTPYKTYp, CPOPMHUPOBAH-
HBIX M-M KOJIMYeCTBOM HAHOIUJIEHOK, HaHeCeHHBIX
Ha IIPO3PavyHYIO MO IOXKKY.

a. YBelM4YeHHe KOJAMYECTBA IIJIEHOK M IIPHUBO-

OUT K POCTY KPYTH3HBEI Ga30BEIX CIIEKTPAJIBHBIX
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with thickness h deposited on the dielectric
wedge-shaped substrate with refractive index
n may be written as T=|T|exp (ip,), the values
of amplitude |T| and phase ¢, are

2
4nn;

(n -n? )2 sh’(ph)+nZ(n+1)’ch’(ph) ’

ITf =

~ (n-n?)th(ph)
O = Arctg{w . (16)
The quantity p was determined in (7);

meanwhile, the value ne is coincided with its
definition in (7) in a case ny=1 due to
replacement Q- w,; n,=vu’-1 and u=0,/0>1.
Expression (16) describes the monotonic
decrease of transmission spectra of tunneling
waves |T,|> due to diminution of their
frequency w. To the contrary, the diminution
of frequency of waves tunneling through the
periodical structure results in oscillations of
|T|? with the peak values |T|?=1; this tendency
is displayed in Fig. 2 for the opaque structures
containing both 10 and 20 adjacent films.

b. Strong frequency dependence of transmittance
(Fig. 3), determining the frequency-selective
properties of nanocoatings in the visible and
near infrared spectral ranges, where the
dispersion of widely used optical materials is
usually insignificant.

c. Deep and narrow minima (Figs. 4 and 5)
near by the blue edge of the visible range of
transmission spectrum (|T|?<5%).

d. Broadband weakly dispersive plateau near by
the red edge of visible range and adjoining part
of infrared range of transmittance spectra |T|?
(Fig. 4), inherent to the multilayer structures
and characterized by high and almost
invariable transmittance (|T|?~85-95%).

e. Weak dependence of the transmittance
of nanostructure in the FTIR regime upon
its thickness: thus, the difference in
transmittance of nanostructures, containing
7 and 11 gradient nanolayers, is about 1%-3%
(Fig. 5); so far, as the characteristic frequency
X (5) for the spectra shown in Figs. 4 and 5
relates to the wavelength A=1320nm, these
spectra can exemplify the effective tunneling-
assisted transport of IR radiation through the
gradient nanostructure.

These properties (a)-(c) illustrate the possibility
to design the frequency-selective all-dielectric
radiant metasurfaces, characterized by strong
artificial dispersion in a needed spectral range;
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KPHUBBIX Ha OAMHAKOBBIX YACTOTHBIX HWHTEpBa-

max.

b. ®a3oBbIf ¢, CIIEKTP CTAHOBUTCS boJsiee MOIOTUM
B 00/1aCTU MEHBIIMX YaCTOT, T.e. OJIs OOJBIIMX
YaCTOT [IepeMeHHOH U.

c. ®a30BBIA COBUT [ 3aJaHHOM YacTOTHEL BO3-
pacTaeTr BBHAY pOCTa I, T.e. B pe3yjbTaTe yBe-
JTMYeHUs TOJNLIMHBI CTPYKTYyphl h=md, or m=1
oo m=11 jaeHoK.

YTo6Bl HCIIOAB30BaTh 3THU (GA30Bble CIIEKTPHI
Ui aHa/lKh3a CyHepuslydyeHHs B TYHHEJbHBIX
sdpdeKkTax, ynobHo cpaBHHBATH Pa3oBoe BpeMs T,
CO 'CBETOBBIM BpeMeHeM T,, OIpefeasieMbIM KaK
OTHOLIEHHe TOJLIMHBI CTPYKTYphl h K cKopocTu
cBeTa C. IlpencTaBieHHe BpeMeHH T, depes be3pas-
MEpHBIH I1apaMeTp U JaeT CJIefyIOIUH pe3ybTaT:

T n,

B u’ 9,

T, 2y l+y?mou’
Haxonst BeTUYHHY IIPOM3BOAHOM 0¢, /dU, UCXOA S
13 KPUBBIX Ha PUC.6, MOKHO 3aMeTHTh, UTO BO BCEM
CIIeKTPa/IbHOM AMara3oHe l<us3 OTHOLIEHHE T,/T,
OCTAETCsI CBEPXCBETOBBIM 2<T,/Ty<4; 3TO HepaBeH-
CTBO II03BOJISIeT OOOOIIUTH IOHSTHE CyIlepHU3Jyde-
HUS OJi TYHHeJIbHBIX 3p($eKTOB B IpaJHeHTHBIX

=

the properties (d) and (e) can provide the potential
for creation of a new family of broadband
tunneling-assisted antireflection coatings for the
visible and near infrared spectral ranges.

IV. HARTMAN PARADOX REVISITED

Expressions (10)-(13), determining the complex
transmission coefficient T, for the periodical
gradient nanostructure, can be written in a form
T =|Tm| exp (i¢,); till now, we were considering
only the effects, connected with the square
of modulus |T,|?>; meanwhile, the analysis of
phase shift ¢, of wave tunneling through the
nanostructure gives rise to the controversial
conclusions, concerning the possibilities of
superluminal tunneling.20 The phase of wave
tunneling through the opaque layer is known
to be formed by the phase discontinuities at the
layer’s boundaries.21 In a case of homogeneous
thick plasma layer ph >>1, the phase ¢, (16) tends
to the saturation ¢, - ¢, the constant value ¢ is
independent upon the layer width h; herein, the
tunneling phase time t, determined as [20]

T, = % (17)
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CTPYKTypax. KpoMe TOro, IouTH HEeHM3MeHHO BBICO-
KOe IIPOIIyCKaHHe B TYHHeJIbHOM pexkume (pHuc.5)
MOYKeT YAYULIUTh SKCIIepHMeHTaIbHble H3MepeHHU s
CKOPOCTH TYHHEJBHOTO MMIIyJIbCa, OCHOBAHHBIE
Ha CMeIeHHUH ITHKa UMIIY/IbCa [10C/Ie TYHHEeTHPOBa-
HUS [22]; ¢ IOMOIIBIO TPafUeHTHBIX HAHOCTPYKTYP
MOXXHO 0CnabuTh "mpollecC HM3MeHeHHS GOPMBL
HMMIIy/Tbca’, B KOTOPBIX HeITPO3pavyHasi Cpefia ocCja-
6/1s1eT MperuMyIecTBeHHO 'TI03HIOI YacTh' Mafalo-
I[er0 UMITY/IbCa, U, TAKUM 00pa3oM, BEIXOJHOM UK
OKa3bIBAeTCsI CMeIleHHBIM B CTOPOHY bojee "paHHHUX
BpeMeH". CieflyeT OTMeTHUTb, YTO BO BCeX 3KCIIepHU-
MeHTax, O0OyC/IOBIeHHBIX H3yUYeHHeM IIapafoKca
XapTMaHa, CKOpPOCTb TYHHEJIHPOBAHHS He COOTBeT-
CTByeT CKOPOCTH CHTHajJa M IPHHIUII IPUYHUHHO-
CTH He HapyLIaeTcs.

5. BbiIBOA4bl

PaspaboraHo 0600IIeHMe IMOHSTHUS TyHHEIBHOIO
3QPeKTUBHOTO IIepeHOCa H3Ay4YeHHs biaromaps
3BaHEeCLIeHTHBIM MOJAaM B IIPO3PauHbIX HEOAHOPOA-
HBIX Cpefax. IIokasaHBl pe3y/bTaThl, OTHOCSIIHECS
K CHJIBHOM MCKYCCTBEHHO CO3JaHHOM [IHCIIEPCHH,
BbI3BAHHOM HEOJHOPOAHOCTBHIO IIPO3PAauHBbIX I'Pagu-
e@HTHBIX IT0JTHOCTBIO JH3IeKTPUUeCKHX HaHOIIJIEHOK.
Jucrnepcus omnpefenseTrcs reoMeTpHel HeIlpephiB-
HBIX BOTHYTBIX NpodHIeH II0Ka3aTessl IIpeome-
HUS N(z) U CO3[aeTCs C Liebio GOPMUPOBAHUS CIIEK-
TPaJbHOIO0 AHAaIla30HA BOJIH C YHCTO MHHMBIMH
BOJIHOBBIM 4UMCIaMU. UHTepdepeHIMs 3BaHECIeHT-
HBIX U aHTH3BaHeCLIeHTHBIX MOJ, B 3TOM CIIEKTPaJlb-
HOM [Hara3oHe obecrmeumBaeT ocnabiaeHue TYH-
HeJIPHOTO peXMMa [/ IlepeHoca 3HepPruu dYepes
epuofHyYeckHe TpaJHeHTHble HaHOCTPYKTYPBHI.
[TonydeHs! 061IHe COOTHOLIEHHUS A5 KOMIIIEKCHOTO
Ko3pPHuIMeHTa IMPONYCKaHUS A/ pacCMaTpuBae-
MBIX HaHOCTPYKTYp, COLep>KallluX IPOH3BOJIbHOE
KOJIMYeCTBO CMeXHBIX I'PaJHeHTHBIX HaHOILJIEHOK.
CooTHOLIEHHUS MONY4YeHBl B paMKaX TOYHO pelllae-
MOHM MofenHu Hpodumns n(z). IKCIepUMeHTasbHbIe
H3MepeHHsl MNPONYCKaHHUS H3/Iy4YeHHUS B CTPYKTY-
pax, cogep>kamux 1, 5 u 11 HAaHOIJIEHOK C TOIIIHMHOU
B Cy6BOJIHOBOM AHalla3oHe, IIPOBOIKIIHCh B BUIH-
MoM U OmrskHeM MK-muamasoHax. PasHuIla MeXRIY
BBIUHC/IEHHBIMH M 3KCIEPUMEHTAJbHO II0Jy4YeH-
HBIMH CIIeKTPaMH COCTaBHJIa HECKOJBKO IIPOLIeH-
TOB. B paboTe oTMedYeHBI HEKOTOpble HeOOBIUHBIE
0CODeHHOCTH M3/yUYeHHs, TYHHeJIUPYIOLIero yepe3
rpafiieHTHblEe OU3TeKTPUUYecKHe HAaHOCTPYKTYpHL.
OHH BKJIIOYAIOT CHJIBHYIO JHUCHepcHI0 U ciaboe
IIpOIlyCKaHKe, ObOHapy>KHBaeMble PSIOOM C [JIHH-
HOBOJIHOBOH TpaHHIled BHUAKMMOIO OHala3oHa. A
TaKke — IIOYTH HeM3MeHHO BBICOKOe IIPOIyCKaHMe
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is decreasing; thus, substitution of phase ¢, from
(16) to (17) shows that in a case w << @, the time t
is decreasing as exp(2w,h/c). The fact that the
tunneling time for the opaque barrier does not
depend on the barrier width gave rise to the
paradoxical conclusion (Hartman paradox) that,
for the thick barriers, the tunneling speed can
become arbitrarily large, exceeding the vacuum
light speed c [16,20]. The attempts to record this
superluminality in optical tunneling phenomena
clash with the contradictive demands: to ensure
the saturation of phase ¢,, one has to use the
thick opaque barrier (ph>>1); however, the
fulfillment of this condition impedes the
registration of transmitted waves due to the
exponential decay of energy flow (16), traversing
the opaque barrier (|T|2 xexp(—ZPd)).

It is remarkable that this contradiction does
not arise for the tunneling effects in the gradient
structures under discussion: these structures
are shown to provide the weak attenuation of
energy flow even for the thick multilayer barriers
(Fig. 5). The phase spectra of transmitted waves,
calculated for the same conditions, which were
used for the measurements of transmittance
spectra (Fig. 3), are shown in Fig. 6. Like the
amplitude spectra (Fig. 3), the phase spectra are
presented in Fig. 6 by means of dimensionless
variable u; this presentation ensures the
possibility to use the same spectral curves for the
different frequencies w and different thicknesses
of nanofilms d, linked by the condition (15). Let us
stress out some features of these spectra, useful
for the analysis of Hartman paradox for periodical
structures formed by m gradient nanofilms,
deposited on the transparent substrate:

a. increase of the amount of films m results in
the growth of steepness of the phase spectral
curves at the same frequency intervals;

b. the spectra of ¢, become more gently sloping
in the area of lesser frequencies, i.e., for the
larger frequencies of variable u;

c. (c) the phase shift for the given frequency is
rising due to the increase of m, i.e., due to the
increase of structure’s thickness h=md, from
m=1to m=11 films.

To use these phase spectra for the analysis of

superluminality in the tunneling effects, it is

convenient to compare the phase time T (17) with
the “light time” t,, determined as the structure
thickness h divided by c. Presentation of time

T, via the dimensionless parameter u brings the

result
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B OmmkHeM HK-muamasoHe U He3HAYHUTEIBHYIO
3aBUCHMOCTh TYHHE/IbHOTO II0TOKA 3HEPTHUHU OT TOJ-
IIMHB MHOTOCTOMHOMN CTPYKTYpPhl. OTMedeHBl BO3-
MOKHOCTH MCIIOJIb30BAHHS TPaJHeHTHBIX HaHO-
OIITHYECKHUX CTPYKTYyp M[Jis aHajJH3a IapaJoKkca
XaprMmaHa. IToJIHOCTBIO AH3/IEKTPHUYECKHE MeTaMa-
Tepuasrl obecredrBaloT 6a3y 11 pa3paboTKu cpep
¢ TpebyeMON ITPOCTPAHCTBEHHOM NUCIIEPCHEH; pac-
CMOTPEHBI IePCHeKTHUBLl HMCIIOAb30BAHUSA TYHHEb
HOro ¢eHoMeHa B IpPaJHEeHTHBIX HaHOCTPYKTYpax
17151 pa3paboTKH HOBBIX MUHHATIOPHBIX ONITHYECKHUX
AHCIIEPCHOHHBIX 3/IEMEHTOB M IIHPOKOIIOJIOCHBIX
[IPOCBET/ISIIOUI X IIOKPBITUH.
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Taking the values of derivatives d¢,/ou from
the curves at Fig. 6, one can see that in all the
spectral range 1sus=3 the ratio t,/t, remains
superluminal: 2<t,/to<4; this inequality
permits to generalize the concept of
superluminality of phase times for the tunneling
effects in the gradient structures. Moreover, the
almost constant high transmittance in the
tunneling regime (Fig. 5) can improve the
experimental measurements of speed of
tunneling pulse, based on the displacement of
pulse peak after tunneling [22]; using of gradient
nanostructures can weaken a “pulse reshaping”
process, in which the opaque medium attenuates
preferentially the later parts of the incident pulse,
and so, the output peak proves to be shifted
towards the earlier times. It has to be noted that,
in all these experiments, induced by Hartman
paradox, the tunneling speed is not a signal
speed, and the Einstein causality is not
violated.

V. CONCLUSION

Ceneralization of the concept of tunneling-
assisted effective transport of radiation supported
by evanescent modes in the transparent
heterogeneous media is developed. Strong
artificial heterogeneity-induced dispersion
of transparent gradient all-dielectric lossless
nanofilms, determined by the geometry of
continuous concave refractive index profiles n(z),
is shown to form the spectral range of waves with
purely imaginary wave numbers. Interference
of evanescent and antievanescent modes in this
spectral range provides the weakly attenuated
tunnelingregime for energy transport through the
periodical gradient nanostructures. The general
expressions for complex transmission coefficients
for the discussed nanostructures, containing an
arbitrary amount of adjacent gradient nanofilms,
were derived in the framework of exactly
solvable model of profile ndzpb. The experimental
measurements of transmittance of structures
consisting of 1, 5, and 11 sub-wavelength
nanofilms were carried out in the visible and
near infrared spectral ranges, and the difference
between computational and experimental spectra
is shown to be limited by few percents. Some
unusual features of radiation tunneling through
the all-dielectric gradient mnanostructures,
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including the strong dispersion and weak
transmittance nearby the red edge of visible
range, almost constant high transmittance in the
near infrared range and insignificant dependence
of tunneling energy flow upon the multilayer
structure thickness, were visualized. Possibility
of using of gradient nano-optical structures for
the analysis of Hartman paradox is noted. The
all-dielectric metamaterials provide a basis for
dispersion engineering of media with desired
spatial dispersion; the perspectives to employ
the tunneling-assisted phenomena in gradient
metamaterial nanostructures for elaboration of
new miniaturized optical dispersive elements

and broadband antireflection coatings are
considered.
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