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AHHOTaLMs. TeopeTUyeckn 1 KCNepPUMEHTANbHO UCCNe0BaHO BO3HUKHOBEHIE GOTOHHBIX TaM-
MOBCKIX PE30HAHCOB B 3anpeLLeHHbIX 30HaX O4HOMEPHOr0 CBEPXBbICOKOYACTOTHOTO GOTOHHOIO
KpucTanna npu NCnoNb3oBaHNM B KauecTse MHTepdeiica CTPYKTYpbl, COAepXalLieil cnoii guctunnn-
POBaHHON BOZbI, XapaKTepu3ytoLLencs BbICOKUM 3HaueHneM AeiCTBUTeNbHON 1 MHUMOIA YacTeid
KOMMNIEKCHOI AU3NeKTPUYECKO NPOHNLLAEMOCTU B TPEXCAHTUMETPOBOM Avana3oHe ANUH BOMH.
Ha ocHOBaHWUY pe3ynbTaToB KOMMbIOTEPHOTO MOAENMPOBAHIS C UCMO/b30BAHUEM METOAA MaTpU-
Libl Nepefaun 1 3KCNepuMeHTa AokasaHa BO3MOXHOCTb ynpaBaeHns GOTOHHLIMI pe3oHaHCaMu
TaMMa ¢ NOMOLLbI0 M3MEHEHNS KaK TONWMHBI CNOS AUCTUANMPOBAHHOIN BOAbI, Tak W BeAMuM-
Hbl BO3/YLLHOrO 3a30pa MeX/y GOTOHHLIM KPUCTANOM U COEM BOAbI. YCTAHOBAEHO, YTO NpU
YBENNYEHNM TONLLMHBI CNOS AMCTUANMPOBAHHON BO/bI HABNKAAIOTCA OCLUANSLMN YACTOTbI U aM-
NAUTYZLI TAMMOBCKOTO Pe30HaHCa Kak B epBoi, Tak v BO BTOPOIi 3anpeLyeHHoii 30He 04HOMepHOIi
6p3rroBCKOi CTPYKTYpbI CBEPXBBLICOKOUACTOTHONO ANaNa30Ha, 3aTyXatolLue Npu 60MbLLION TONLLMHE
cnost Bogbl. [pw 3T0M HanbonbLLas aMnAUTYAa TAMMOBCKOTO Pe30HaHCa JOCTUTaeTcs Ans Kaxzaon
TO/ILLMHBI CI0S1 BOAbI NPV ONPe/eNeHHOM 3HaUeHNM BO3YLLHOTO 3a30pa.
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Abstract. Background and Objectives: The methods to control the characteristics of microwave devices on photonic crystals are based on the high
sensitivity of resonance states in the forbidden band to the creation of volume defect in the periodic structure and the features of its interface.
The appearance of surface photonic Tamm states in microwave photonic crystals adjacent to the electromagnetic radiation absorber layer can
be considered as interface states. Currently, there is an increasing interest in the possibility of using structures containing polar liquids, such as
water, both in the form of continuous layers and in the form of individual periodically located drops as an absorber of electromagnetic energy in
microwave technology, since water in the microwave range is characterized by both a significant value of the real part of the complex permittivity
and an imaginary part of the complex permittivity. At the same time, microwave absorbers based on water-containing structures, compared to
more traditional materials based on layers with high electrical conductivity, have a number of advantages, such as biocompatibility, availability,
ease of adjustment, optical transparency. The appearance of analogs of photonic Tamm states is also possible in the presence of an interface in
the form of a polar liquid layer characterized by a positive value of the real part of the complex permittivity and a significant value of the imaginary
part of the complex permittivity. When choosing a polar liquid as an absorber, it is necessary to take into account that both the real and imaginary
parts of the permittivity significantly depend on the frequency of the probing microwave signal. For the appearance of photonic Tamm states in
a photonic crystal with an interface in the form of a polar liquid layer, the imaginary part of the complex permittivity of which is several orders
of magnitude smaller than this value for metal nanolayers, the thickness of the liquid layer should be of the same order of the wavelength of
electromagnetic radiation, unlike conducting nanolayers. In this case, the electric field of the electromagnetic wave turns out to be partially
localized in the liquid layer. In this regard, it is of interest to carry out theoretical and experimental research of the resonance characteristics
of microwave photonic crystals associated with the effect of the appearance of photonic Tamm states in the forbidden band, depending on the
parameters of the interface based on a structure containing water in the form of a continuous layer. Materials and Methods: To carry out the
research of Tamm states, a photonic crystal consisting of alternating layers of two types of dielectrics was created. Its last layer was separated
from the distilled water layer by a thin dielectric film. The distance between the film and the last layer of the photonic crystal could be adjusted.
A vector network analyzer was used to measure frequency characteristics in the frequency range of 7-13 GHz. Results: It has been established
that with an increase of thickness of the distilled water layer, oscillations of the frequency and amplitude of the Tamm resonance are observed
both in the first and in the second forbidden bands of the one-dimensional microwave Bragg structure, damping at a large thickness of the water
layer. In this case, the greatest amplitude of the Tamm resonance is achieved for each thickness of the water layer at a certain value of the air
gap. Conclusion: Based on the results of computer modeling using the transfer matrix method and experiment, the possibility to control photonic
Tamm resonances by changing both the thickness of the distilled water layer and the size of the air gap between the photonic crystal and the
water layer has been established.
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BBepieHune

B ocHoBe MeTO[OB yIipaB/ieHUsI XapaKTepu-
ctukamd CBU-ycTpoiicTB Ha OCHOBe (DOTOHHBIX
KpUCTaaioB [1-6] /iexuT BbICOKasi YYBCTBUTE/Ib-
HOCTh PEe30HAHCHBIX COCTOSIHMI B 3arpelleHHOM
30He K CO3[,aHHI0 00bEeMHBIX HapylleHWid Mepuo-
MUYHOCTH OP3TTOBCKOU CTPYKTYpHI (BO3HHKHOBE-
Hue fedektHbIx Mog) [7-11] u ocobeHHOCTSIM ee
uHTepdetica [12, 13].

B kauectBe MHTep(hENCHBIX COCTOSTHUM MOX-
HO pacCcMaTpuBaTh BO3HHKHOBEHHE IMOBEPXHOCT-
HbIX ()OTOHHBIX TaMMOBCKUX cocTosinuii B CBU
(OTOHHBIX KpUCTa/laX, TPaHWYALUX CO CJI0eM
TIOTJIOTUTEJISI 37IEKTPOMarHUTHOTO U3JTyUeHVs], BbI-

TBepaoTeIbHas 3NIEKTPOHNKA, MUKPO- Y HAHO3/IEKTPOHMKA

TOJIHEHHOTO B BU/Ie TIPOBO/SIILET0 HAHOC/IOS, TIPU
oTpesie/ieHHbIX 3HAUeHWSX TOJNIIVH U YIeJIbHBIX
3JIeKTPOIIPOBOJHOCTEH 3TOTO CJI0sI, KOMIUIEKCHAs
JV3MeKTpUYecKass MPOHUIAeMOCTb KOTOpOro 06-
JlafjaeT OTpULaTeNbHON [elCTBUTEIbHON 4acThbiO
Y 3HauuTebHOW BEJIMUMHON MHUMOM 4acTU OTHO-
CUTebHOU AN3/IeKTpUUe CKOM MPOHULIaeMoCTH [12,
13]. Takoe uHTepdelicHOe COCTOsSIHME XapaKTepu-
3yeTCst BOSHUKHOBEHHEM SIPKO BBIPa)KeHHOTO pe3o-
HaHca B (GOTOHHOM 3arpelijeHHOM 30He. OTMETHM,
YTO TOBEPXHOCTHOE TaMMOBCKOE COCTOsTHHE KakK
COCTOsIHME BO3HUKaroIIlee Ha rpaHule GOTOHHOTO
KpHUCTasijia U OIHOPOAHOIO C/I0s1 WU CJ1051 MeTaslI0-
IU3IEKTPUYEeCKOTO HAaHOKOMITO3UTA, XapaKTepH3y-
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IOLLUXCSI OTPULIATeTbHOM J13/IeKTprUYeCKOU MPOHU-
1]laeMOCThbIO (IPOBOJsAILAsl Cpejja Ha YaCTOTaxX HUXKe
7Ia3MeHHO¥), OMHCBHIBAETCS B JOBOJILHO OO/BIIOM
yucae paboT MpU pacCCMOTPEHUM CBOWCTB (OTOH-
HBIX KDHUCTAJ/IJIOB B ONITUUECKOM /lharia3oHe 4acToT
[14-24]. TIocko/IBKY XapaKTepHOW 0COOEHHOCTHIO
(hOTOHHOrO TaAMMOBCKOI'O COCTOSIHUSI SIB/ISIETCS JIO-
Ka/in3anus 3/1eKTpUUeCcKOro Mosist 3/1eKTpOMarHuT-
HOW BOJTHBI BHYTPH (POTOHHOTO KpUCTaa BOIU3U
nHTep@etica GOTOHHOTO KPUCTAJIIa, TO U3MEHeHHe
rapameTpoB c/0si GOTOHHOTO KpHUCTasia, mpuJje-
raroiero K uHtepgeicy, U XxapakKTepUCTUK CaMOT0
uHTepdelica MOKeT IPUBOJUTH K U3MEHeHHUI0 Xa-
paKTepUCTUK (POTOHHOI'O TAMMOBCKOT'O Pe30HaHca.

B cnyuae, korma (OTOHHBIM KpUCTaia rpa-
HUYUT C MPOBOJSIIUM CJIOEM, TOJLIMHA KOTOPOTO
Ha MHOTO TOPSIZIKOB MeHbllle JJIMHbI BOJHBI 3J1eK-
TPOMAarHUuTHOro usnyuyenuss B CBU-guamnasone, us-
MeHeHUe 3/1eKTPOIIPOBOAHOCTH U TOJLLMHBI IPOBO-
JALIETO CJI0s1 He MPUBOAUT K M3MEHEHHUI0 YaCTOThI
TaMMOBCKOTO Pe30HaHCa, a TOJbKO K W3MeHeHUIO
ero amrmutygel [12, 13]. [Ipu 5TOM ynipaBieHue ya-
CTOTOUM TaMMOBCKOT'O Pe30HaHCa BO3MOYKHO TOJIBKO
M3MeHeHUeM CTPYKTyphl uHTepdelica, Hampumep,
XapaKTepUCTHK C/10s (POTOHHOTO KpUCTasa, Mpu-
JIeTarol1Lero K MpoBOJsLIEMY CJIOHO.

B HacTosi1ee BpeMsi yCUIUIICS UHTEPeC K BO3-
MO>XHOCTH NIPUMeHEeHUs1 B MUKPOBOJIHOBOM TeXHO-
JIOTMY B KaueCTBe IIOIVIOTUTEJIS 3/1eKTPOMarHuTHOU
SHEepruu CTPYKTYP, COAepXKallluX TOJIsipHbIe XKUJ-
KOCTH, Harpumep, BOAY, KakK B BHUJe CIJIOLIHBIX
CJI0€eB, TaK U B BUJe OT/eJ/IbHbIX ITePUOJUUeCKH pac-
TI0/I0XKeHHBIX Kariesib [25], mockonbky Bosa B CBU-
Jlvana3soHe XapakTepu3yeTcs 3HauuTebHOW Besu-
YMHOW Kak JeHCTBUTE/NIbHONW YaCTU KOMILIEKCHOU
[W3eKTpUYeCKOM MPOHULIAeMOCTH, TaK 1 MHUMOMN
YacTU KOMIUIEKCHOM AN3/IeKTprUUeCcKO MpoHULiae-
MocTu. IIpy 3TOM OTMeuaeTcs, UTO MOIJIOTUTEIN
3/IeKTPOMarHUTHOIO U3/1yueHus1 MUKPOBOJIHOBOTO
JanasoHa Ha OCHOBe BOJOCOJep’KaljuX CTPYK-
TYp 1O CpaBHeHUIO C Oosiee TpaJUIMOHHBIMU
MaTepuasiaMd Ha OCHOBE CJIO€B C BBICOKOU 3Jiek-
TPOMPOBOJHOCTBIO [6, 7, 26-29], 0bmagatoT psiom
MPEUMYIIECTB, TAKUX KaK OMOCOBMECTUMOCTb, J10-
CTYITHOCTb, IIPOCTOTA HACTPOMKH, ONITUUeCKas I1po-
3payHocTh [25, 30].

OpHako BO3HMKHOBEHHEe aHa/loroB (¢OTOH-
HbIX TAaMMOBCKHX COCTOSIHUA BO3MOXXHO M TpHU
HaJuuuM uHTepdelica B BUJe CJIOS TOJIIPHOU
JKUJKOCTH, XapaKTepU3yHoIeHcs M0I0KUTeTbHON
BEJIMUMHOU [1eMCTBUTE/ILHOM UaCTU KOMITJIEKCHOM
[V3eKTPUYeCKOM MPOHMLIaeMOCTH U 3HAuWTe/Ib-
HOIl BeJMUMHONM MHHUMON YaCTHM KOMILJIEKCHOM
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Ju3yieKTprueckoil npoHutiaemoctu [31]. Ilpu BbI-
Oope B KayecTBe TIOTJIOTUTEJIS TIOMSPHYIO JKUJ-
KoCTb [32] Heob6XoAUMO YUWUTBHIBaTb, UYTO KakK
JeHiCTBUTe/IbHAs, TaK U MHHUMas 4acTU [U3JIeK-
TpUUeCKOU MPOHULIAeMOCTH CYLL|eCTBEHHO 3aBUCST
OT yYacToThl 30HAupyojero CBY-curnana. Ha-
npumep, B Auamna3oHe yactoT oT 7 go 13 GHz
MHUMasl 4acTb KOMILJIEKCHOM [Ju3/IeKTpHUYeCKOU
MPOHULIAEMOCTU 3TUJIOBOTO CIIMPTa He TMpeBhI-
maer 5 eJuHUl, B TO BpeMs KakK /I BOJpI
3Ta BeJMUMHA NPUHUMAaeT 3HAueHWss OT 25 .0
35 eguHULI.

[ns1 BOSHUKHOBeHUs (DOTOHHBIX TAMMOBCKHUX
coCTOsTHUM B )OTOHHOM KpHCTasl/ie Cc MUHTepdeiicom
B BUJIe CJI0s TIOJIIPHOM JKUJKOCTU, MHHMMasl 4acCTb
KOMILJIEKCHOM /IU3/1eKTPUYeCKOH MPOHULIAeMOCTU
KOTOPOM Ha HECKOJIbKO TIOPSIIKOB MeEHbIle 3TOU
BeJIMUMHBI /111 MeTa/l/Inue CKUX HaHOCJ10€B, TOJLU-
Ha CJI0s1 JKUIKOCTU [JO/DKHA OBITH OTHOTO MOPSIIKa
C JJIVHOM BOJIHBI 3/1eKTPOMAarHUTHOIO U3/ly4eHHUs
B OT/IMUMe OT NPOBOJALIMX HaHOC/I0eB. B sTom
cyvyae 3/eKTpUYecKoe I0Jle 3/1eKTPOMarHUTHOU
BOJIHBI OKa3blBaeTCsl YaCTUYHO JIOKa/HM30BaHHBIM
U B CJI0€ JXKUJKOCTHU.

B cBsA3M c 5TUM TipejcTaB/sieT WHTepecC Teo-
peTuueckoe U KCIiepuMeHTa bHOe UCCIeJoBaHue
PEe30HaHCHBIX XapaKTePUCTUK CBEPXBbICOKOYACTOT-
HbIX (DOTOHHBIX KPUCTA/JIOB, CBSI3aHHBIX C 3¢-
(heKTOM BO3HUKHOBeHUSI (POTOHHBIX TAaMMOBCKHX
COCTOSIHUM B 3alpell[eHHOM 30He, B 3aBUCUMOCTU
OT MapamMeTpOB WHTep(delica Ha 0CHOBe CTPYKTYPHI,
cojieprkallieit BoJly B BUie CIIJIOIIHOTO CJIOSI.

1. KomnbloTepHoe MoAenMpoBaHue yNpaBneHus
XapaKTepMCTUKaMM1 TaMMOBCKMX Pe30HAHCOB

B puanazoHe uactor 7-13 GHz wuccnepo-
Banbl CBUY (oToHHBIE KpHUCTa/UTLI HAa OCHOBE
NIPSIMOYT'OJILHOTO BOJIHOBOZIA C JU3J/IeKTpUYeCKUM
3aro/siHeHWeM: B BHJe MepUoJUYeCcKU udepeayro-
muxcs cjaoeB Kepamuku Al,O; (HeueTHbIe CJIOH,
€ =9.6, TomuuHa 0.5 Mm) 1 TedrioHa (UeTHBIE CJI0H,
€ = 2.0, tonuHa 18 MM). POTOHHbBIE KPUCTA/IIbI
cocTosiu U3 11 cioeB, C/I0U MOJTHO CTHIO 3aITOMHSIN
NorepeyHoe ceyeHue BOJIHOBO/A.

K doTtoHHOMY KpHCTasny NpUMbIKaa OTpe3oK
BOJIHOBO/]a, 3aIl0JIHEHHBIM CIIJIOLIHBIM CI0€M JAU-
CTU/IIMPOBAHHOMN BOJbI, TOMLUHON d. Crol BOJbI
OTJieI7ICS OT IoC/iefiHero cjioss (POTOHHOTO KpH-
CTaj/yla TOHKOW TeduioHOBOW m/ieHKOW (€ = 2.0)
tomuuHor 30 HM. [oTMOMHUTENbHO MeXAy MJeH-
KOW U TIOCTIeIHUM CjioeM (POTOHHOTO KpHCTasia
C037iaBajiCcs BO3ZAYIIHBIN 330D, TOML[HWHA L KOTOPO-
ro perynuvpoBanach (puc. 1).

HayuHbivi oTgen
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Puc. 1. KoHctpykuust oqaomepHoro CBY ¢oTtoHHOTO KpH-
CTajyla C TIOIJIOTUTE/eM 3JIeKTPOMarHWTHOTO W3/1yueHust
CBY-zuana3oHa Ha OCHOBE CTPYKTYPHI, coZepKalleil Boay
B BH/Je CIUIOLIHOTO CJIOsI, B KaueCcTBe UHTepdelica: 1 — coi
TedoHa, 2 — cnoii Al,O3, 3 — neHka TeduioHa, 4 — c/lou
IVCTUITMPOBAHHOM BO/IBI, 5 — BO3YLIHBIN 330D

Fig. 1. Design of a one-dimensional microwave

photonic crystal with an interface layer as microwave

electromagnetic radiation absorber based on a water-

containing structure in the form of a continuous layer: 1 —

Teflon layer, 2 — Al,O3 layer, 3 — Teflon film, 4 — distilled
water layer, 5 — air gap

Hnst pacueTa 4acTOTHBIX 3aBUCHMOCTEHN KO3(-
¢uimentoB oTpaxenuss Sii(f) U kKoabduimeHTa
npoxXoXkaeHust Sy (f) 3/IEKTPOMarHUTHOM BOJTHBI UC-
T0JTb30Ba/IaCh MaTpUIia Nepefaun CJIOMCTON CTPYK-
TYPBI C pa3/IMUHBIMU 3HauUeHUsIMU TTIOCTOSTHHOM pac-
TPOCTPAHEHUs 3TeKTPOMArHUTHBIX BOJH BOJIHBI ;
U Y;y1 TIPH yueTe paclpOCTPAHEHHUS B BOJHOBO/E
TOMBKO BOJTHEI 0OCHOBHOTO Thma Hy, [1, 33-35]:

T(z)jn) =
'YJJrl +Y; (V=) 2jj1) Vi~ Yf ((Vprtyy) 2jjn)
o 2'Y]+1 2Yj+1
Yin =i YJ —(YjY)) 2j,41) ) YTV +Yf —(Yj=Y)) 2j,j+1) ’
Y 2Y¥in

€

KOTOpasi CBA3bIBaeT Ko3(huimenTol Aj, B u Aj,q,

Bj,, onpefensronie aMIInTyzpl NajaoIiux 1 oT-

pa’keHHbIX BOJIH T10 00e CTOPOHBI OT 'PaHULIBI Z; 11,
COOTHOIIIEHNEM

A]+1 =T (Zj,j+1) . A] . (2)

Bju B;

KosddurmenTs! oTpakeHust S1; U IPOXOXKe-

HUsl Sy 5/eKTPOMarHuTHOM BOJIHBI, B3auMo/ei-

CTBYIOLLIeH CO CJIOUCTOM CTPYKTYDOH, Orpeensiiv

yepe3 371eMeHThI MaTpUL{bI Ilepesiaun Ty ¢ TOMOILbI0
COOTHOLLIEHUI:

__T)21]
S“__T[z 2’ 3
o _ TILUTR2-Ty[1,2 T2, 1] )
21 = T2,2] )

TBepaoTeIbHas 3NIEKTPOHNKA, MUKPO- Y HAHO3/IEKTPOHMKA

rae

0
T =
=N T J(j+1) 4)

=T (zvn+1) - T(zv-1n). T(z12) - T(201)
— MaTpwIia repefiauu CJIOUCTON CTPYKTYPhI, COCTOSI-
et u3 N cioeB.

[TocTosiHHBIE DPACIPOCTPaHEHUs 3/IeKTpoMar-
HWUTHOM BOJIHEI Yy, Yy, Yaun COOTBETCTBEHHO B ITyCTOM
BOJIHOBO/IE, B [U3JIEKTPUUECKHX CJIOAX U B CJI0€
TOJIIPHOM  JKUIKOCTH, TIOJTHOCTBIO 3aIlOJTHSIOIINX
BOJTHOBO/], 10 TIOTIEPEUHOMY CEUEHHI0, ObLIU paccuu-
TaHbI C UCTIOb30BaHUEM BhIpaXkKeHUit:

2 )
Yo =1/ —5 — W €M,
a
2 5
’YA:\/E—(D €20 140, (5)

2
_ T 2 K
'Y)Kl/l,q — ; — Smm{gOHOv

TAe €, — KOMIUIEKCHas [AU3/IEKTPUUECKas MPOHHU-
LIaéMOCTb CJIOSl TIOJIIPHOM J>KUJKOCTH, O = 2T f—
KpyroBasi yacTOTa 3/IeEKTPOMarHUTHOW BOJIHBI; €
U g — 37eKTpHUYeCcKass ¥ MarHUTHasl TOCTOSTHHBIE;
€, — OTHOCHUTe/IbHasl JW3/IeKTpuuecKas IpOHuLiae-
MOCTb [TU3/IEKTPUUECKOTO C/I0SI.

YacToTHast 3aBUCUMOCTb KOMIUIEKCHOM JU3/IeK-
TPUYECKOH MPOHUL[AeMOCTH €* () JUCTU/UTMPOBAH-
HOU BO/IbI OTIpeZiesisijiaCh Ha OCHOBE MOJIeNH JIBYX-
YyacTOTHOM /lebaeBCcKo penakcanuu [32, 36-40]:

Ag, Ag;
8* =&+ . + . ) 6
() 1+i2nfty 1427 f13 ©)
rge €. = 3.96 — onTUyeckas AU3/IeKTpHUUeCcKas Ipo-

HUL[aeMOCTb, A&; = 72.15 1 Ag3 = 2.14 — aMII/IUTY/bl
penakcauuy, T; = 8.32 ric 1 T3 = 0.39 11c — BpeMeHa
penakcarmu [32].

Onst BBISICHEHUS] OCOOEHHOCTEM TIPOSIBJIEHUS
Y BO3MO)KHOCTH yTIpaB/ieHHs1 (OTOHHBIMU TaMMOB-
CKMMHU pe30HaHCaM{d B CTPYKType OJHOMEPHOTO
CBY ¢otonHoro Kpuctasia ¢ uHTepdelicoMm B BUze
TIOT/IOTUTEJIST 37IEKTPOMAarHUTHOTO W3TyUYeHHsT MUK-
POBOJTHOBOTO [Maria3oHa Ha OCHOBe CTPYKTYDBI,
cofiepsKallieii BoAy B BHfe CIVIOIIHOTO c/1ost (CM.
puc. 1), ObUT BBITIOJHEH pacueT Ko3duuyeHTa
TIPOXOXK/IEHUS] M OTPa)KeHUsl B Ziaria3oHe yacToT 7—
13 GHz.
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Kak cnemyer u3 pe3ynbTaToB pacuyera, Ha
AUX (OTOHHBIX KDHUCTA/NJIOB Kak B TEPBOM, Tak
M BO BTOPOM 3ampelljeHHbIX 30HaX Ha YacToTax
fTamm1 Y fTamm? BO3HUKAIOT TAMMOBCKHE Pe30HaHChI,
T10JI0KEHHE KOTOPBIX 3aBUCHT OT TOMLLUHBI C/I0S1 11~
CTWUTUPOBAHHOM BofbI (pHC. 2, a, 6).

Ilpu yBe/nuueHUM TOJILMHBI C/10S JUCTWJUIU-
POBaHHOUW BOABI HAOTIOAETCST MOHOTOHHOE YMeHb-
LIeHWe YacTOThl frammi: TAaMMOBCKOIO pe30HaHCa
B IIepBOM 3armpellieHHOe 30He B Juaria3oHe TOJILUH
0-2.0 MM (cM. pucC. 3, &) ¥ YaCTOTHI frammp BO BTOPOU
3arpelleHHON 30He B Auarna3oHe ToawuH 0-1.2 Mmm

S,,.dB ﬁ

'y
-10

10
-20
9
-30
-40
7 72 74 7.6 7.8 1, GHz
ala

(cMm. puc. 3, 6). [TanbHekIIee yBeTMUEHHUE CJI0ST BOJBI
NIPUBOAWT K 3aTyXarolUM OCLWUIALUSAM YaCTOThI
TaMMOBCKOT'O Pe30HaHCa.

N3meHeHne amrivtys Ko3¢pQpuLMeHTOB OTpa-
>KeHHsI TAMMOBCKOTO Pe30HaHCa S1iTammi B €PBOM
Y S11Tammz BO BTOPOM 3arpelljeHHBIX 30HaX C yBe-
JIMYeHHWeM TOJIIWHBI CJIOS BOJBI TIPEJCTaBIeHbI
Ha puc. 4. Kak cnefyet 13 ripe/iCTaB/IeHHbIX Pe3yilb-
TaToB, C yBeJIWYeHHeM TOJIIMHBI d C/I0sl BOABI Ha-
OMFOIAOTCS OCLHWIISALIMA aMITTATYbl TAMMOBCKHUX
PE30HAHCOB, 3aTyXalollye TPH OOJBIION TOJIUHE
c1ost Bogel. I1pu 5TOM O CM/IISILIMY aMIUTUTYAbI TaM-

S,dB
6 R
2 /
-10 / /
i |
-20
9
-30
12 122 12.4 12.6 12.8 f, GHz
6/b

Puc. 2. YacTOTHBIe 3aBUCHMOCTH KO3 dULIIeHTa OTPaKeH sl S11 B IepBOH (&) 1 BTOpOii (6) 3arpelieHHbIX 30Hax 11-cioliHoro

(hOTOHHOTO KpPUCTa/I/Ia MPH UCTIO/IL30BaHUU B KaueCTBe UHTepdetica MOrJIOTUTE/IS 37IEKTPOMarHUTHOTO U3/TyUeHUs] MUKPOBOJI-

HOBOTO JJaria3oHa B BU/Ie CJI0SI JUCTWI/TMPOBAHHOM BOJBI Pa3/IMUHOM ToMLuHbl d, mM: 1 —0.04,2-0.1,3-0.2,4-0.4,5- 1.0,
6-1.5,7-2.0,8-2.5,9u 10 (S21) — 1py1 OTCYTCTBUU C/10s1 BoAbl; L = 0.0 MM (LiBeT OH/IalH)

Fig. 2. Frequency dependences of the reflection coefficient S1; in the first (a) and second (b) forbidden bands of an 11-layer

photonic crystal using as an interface an absorber of microwave electromagnetic radiation in the form of a distilled water layer

of different thickness d, mm: 1 - 0.04,2-0.1,3-0.2,4-04,5-1.0,6-1.5, 7 — 2.0, 8 — 2.5, 9 and 10 (S»1) — without the
water layer; L = 0.0 mm (color online)

fummlx GHz i

7.72
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7.56
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7.4
o, mm
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ala

Sz, GHz

12.7

12.6

12.5
\ Ro—o ¢ O ——&—4
12.4

12.3

0 075 15 225 3

6/b

375 45 525 d, mm

Puc. 3. 3aBUCMMOCTH YaCTOTbI TAMMOBCKOTO Pe30HAHCA fTammi B MEPBOM (&) ¥ framm» BO BTOPOH (0) 3ampelrieHHbIX 30HaX
OT TOJILMHBI d €105 Bozpl. L = 0.0 MM (L|BeT OH/IalH)

Fig. 3. Dependences of the Tamm resonance frequency frammi in the first (@) and frammo in the second (b) forbidden bands
on the thickness d of the water layer. L = 0.0 mm (color online)
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A. B. Ckpunanb v gp. YnpaBneHne pe3oHaHcamu B OHOMEPHOW BP3rroBCKOV CTPYKTYpe

B

MOBCKHMX Pe30HAHCOB BO BTOPO# 3allpelleHHOi 30He
3HAUUTe/IbHO MEeHbIIIe.

\// —

S, 11 Tamm1> Sx 1Tamm2> dB
'
w
<
I~

A
=
o—4

"
S

0 1 2 3 4 5 dmm

Puc. 4. 3aBUCUMOCTH aMIUTUTYZ, KO3(hOHULIMEHTOB OTpake-

HUSI TAMMOBCKOTO Pe30HaHCA S11Tamm1 B MEPBOU U S11Tamm?

BO BTODOM 3arpellieHHbIX 30HaX OT TOJILWHBI d C0s1 BOABIL.
L = 0.0 MM (LIBET OHJIaiH)

Fig. 4. Dependences of the amplitudes of the reflection

coefficients of the Tamm resonance S11Tamm1 in the first and

S11Tamm? in the second forbidden bands on the thickness d of
the water layer. L = 0.0 mm (color online)

Ocob6eHHOCTH XapaKTePUCTUK (POTOHHBIX TaM-
MOBCKHMX PE30HAHCOB B M€PBO U BTOPOH 3aripelieH-
HBIX 30HaX (POTOHHOTO KPHUCTA/jia B 3aBUCHUMOCTHU
OT TOJIIWHBI CJIOST BOABI MOTYT OBITH TpefCTaBie-
HBI B BY/le AiarpaMMbl B KOOpAMHAaTaxX aMIUIUTy[a
(SllTarnm) — dacToTa (fTamm) (PHC 5: a, 6)’ KoTOpas
MOXeT OBbITh Ha3BaHa «(a30BLIM MOPTPETOM TaM-
MOBCKOTO pe30oHaHca». [Tpu 3ToM Kaxk/jasi TOUKa Jiua-
rpaMMbl COOTBETCTBYET OIpefe/ieHHOW TOJIIHe d
CJ1051 BOJBL.

YnpaBrieHWe 4acTOTOM U aMIUIATY[ON TaMMOB-
CKMX DEe30HAHCOB [IOCTUrajioCch W3MeHEeHUeM CTPYK-
Typbl UHTepeiica: CO37aHUeM BO3ZYIIHOTO 3a30pa

74 7.5 7.6 7.7 frww» GHz
0
-10 @46
f{ LT OO~

N

-40

raie

S\ 1 Tamum > dB

ala

MeyKy TedUIOHOBO TI/IEHKOU 1 TToC/IefHUM cJ10eM ¢o-
TOHHOTO KpHUCTasla.

Kak crenyer u3 pesynsratoB pacueta AUX ¢o-
TOHHOTO KPHCTaJIa, TIPeICTaB/IeHHBIX Ha puc. 6, a, 6,
yBeJIMUeHWEe BO3AYILHOIO 3a3opa L Mexpay IUeH-
KOU Y Moc/edHUM c/ioeM (DOTOHHOTO KpUCTaslia TIpu
(bMKCcHUpOBaHHOM TommIMHE ¢ CJI0S BOABI TPUBOAUT
K CMEIIIeHHI0 YaCTOThH TAMMOBCKOTO pe30HaHca B 00-
facTe Oosee HU3KMX 3HAUEHWH Kak B TIEPBOM, TaK
Y BO BTODOM 3ampellieHHbIX 30HAaX (CABWT UYaCTOTHI
BO BTOPO#A 3arpelrieHHol 30He 6osiee ueM B [jBa pasa
TPEeBOCXOJUT aHA/IOTUYHBIM CABUT B TIEPBOM 3aripe-
1I[eHHOM 30He).

VI3MeHeHMe 4aCTOTHI U aMIUTUTY/[bl TAMMOBCKUX
Pe30HaHCOB B TePBOi U BTOPOH 3arpellleHHbIX 30Hax
C yBe/IMUYeHreM BO3/IYLLIHOTO 3a30pa MeXy TIeHKOU
Y TOC/IeAHUM C/10eM (DOTOHHOTO KpYCTasl/ia rpeficTaB-
JieHbI Ha puc. 7 1 8. Kak ciefiyeT 13 rpefCcTaB/IeHHbIX
pesyneTatoB (cM. puc. 7, a, 6), C yBe/lMuyeHueM
BeJIMUMHLI BO3AYIIHOTO 3a30pa HaOJIO#AeTcss MOHO-
TOHHOE yMeHbllIeHHe YaCTOTbl TAMMOBCKHX Pe30HaH-
COB B I1ePBOM U BTOPOM 3amnpelljeHHbIX 30Hax. Ilpu
3TOM B TIEpBOY 3aripelljeHHON 30He 3Ta 3aBUCUMOCTb
B [JAvana3oHe 3a30poB oT 0 go 4.5 MM sBrsieTcs
JIMHEeMHOM.

B 1O >xe BpeMsi aMIUIMTYyZbl TAMMOBCKHX pe30-
HaHCOB C yBe/JMYeHHEeM BO3/yILLIHOIO 3a30pa U3MeHs-
FOTCSl HEMOHOTOHHO KaK B TIEPBOM, TaK 1 BO BTOPOM 3a-
TpeLLeHHbIX 30Hax (CM. pUC. 8), UTO CBUJETEbCTBYeT
0 BO3MOXKHOCTHU PEry/MPOBKHU ITyOWHBI TAMMOBCKOTO
pe3oHaHCa H3MeHeHUeM BeJMUMHbl L BO3AYILHO-
ro 3asopa npu (UKCUPOBAHHOM TOJMILMHE d CJIOS
BOJIBI.

12.3 12.4 125 12.6 127 frams GHZ

Y

S,

11 Tammas

dB

6/b

Puc. 5. [luarpaMma aMIuUIMTya — 4aCTOTa TAMMOBCKOTO Pe30HAHCA S11Tamm1, fTamm1 B TIePBO# (&) ¥ S11Tamm?, fTamm? BO BTO-
poii (6) 3arpereHHBIX 30HaX ()OTOHHOTO KPHUCTAsLIa, KaXK/asi TOUKAa KOTOPOM COOTBETCTBYET OIpe/ie/ieHHOH TommuHe d c1ost
BozbL. L = 0.0 MM (LjBeT OHJIalH)

Fig. 5. Amplitude — frequency diagram of the Tamm resonance S11Tamm1, fTamm1 in the first (a) and S11Tamm?, fTamm? in the
second (b) forbidden bands of the photonic crystal, each point of which corresponds to a certain thickness d of the water layer.
L = 0.0 mm (color online)

TBepaoTeIbHas 3NIEKTPOHNKA, MUKPO- Y HAHO3/IEKTPOHMKA
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Puc. 6. YacToTHBIE 3aBUCUMOCTH Ko3(hdHiiieHTa oTpakeHus1 S11 B 11epBoii (&) 1 BTOpoii (6) 3arpeljeHHbIX 30HaxX 11-ciioiiHoro
(hOTOHHOTO KpHCTaJI/Ia PU UCII0/Ib30BaHUHY B KaueCTBe MHTepdeiica MOIVIOTUTeIs 37IeKTPOMarHUTHOTO U3/Ty4YeHHs] MUKPOBOJI-
HOBOTO JYara3oHa B BH/le CJI0s AUCTH/UTHPOBAHHOM BOABI TOMIMHON d= 1.75 MM TIpM pa3/iWuHbIX 3HAYeHHsIX BO3ZYILIHOTO
3asopa L, mm: 1 -0,2-0.25,3-0.5,4-1.0,5-2.0,6—-3.0, 7 — 3.5, 8 u 9 (S21) — Ipxt OTCYTCTBUU CJI0s1 BOABI (LiBET OHJIAKH)
Fig. 6. Frequency dependences of the reflection coefficient S1; in the first (a) and second (b) forbidden bands of an 11-layer
photonic crystal when using as an interface an absorber of electromagnetic radiation of the microwave range in the form of
a distilled water layer with the thickness ¢ = 1.75 mm at different values of the air gap L, mm: 1 — 0, 2 - 0.25, 3 -0.5,4— 1.0,
5-2.0,6-3.0,7—-3.5, 8 and 9 (S21) — without the water layer (color online)
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Puc. 7. 3aBUCMMOCTH YaCTOTbI TAMMOBCKOTO Pe30HAHCA fTammi B MEPBOM (&) ¥ framm» BO BTOpOH (0) 3ampellieHHbIX 30HaX
OT BeJINUMHBI L BO3AYIIHOTO 3a30pa MEXY TUIEHKOH U MoCIeHUM cnoeM (OoToOHHOTO KprcTtamia. d = 1.75 MM (LjBeT OHJIaiiH)

Fig. 7. Dependences of the Tamm resonance frequency framm: in the first (a) and frammp in the second (b) forbidden bands
on the value L of the air gap between the film and the last layer of the photonic crystal. d = 1.75 mm (color online)
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Puc. 8. 3aBUCHMOCTH aMIUIATYZ, KO3((QULIMEHTOB OTPaKeHHs!

TaMMOBCKOTO Pe30HaHCa S11Tamm1 B TIEPBOM U S11Tammp BO BTO-

POI1 3ampellleHHbIX 30HaX OT BeJIMUMHbI L BO3JYLLHOIO 3a30pa

MeXXy TUIEHKOW U TIOC/IeIHUM CjioeM (OTOHHOTO KpHCTaslia.
d=1.75mMm

Fig. 8. Dependences of the amplitudes of the reflection

coefficients of the Tamm resonance S1{Tamm1 in the first and

S11Tammp in the second forbidden band on the value L of the air

gap between the film and the last layer of the photonic crystal.
d =1.75mm

HayuHbivi oTgen



A. B. Ckpunanb v gp. YnpaBneHne pe3oHaHcamu B OHOMEPHOW BP3rroBCKOV CTPYKTYpe

B

Oco0eHHOCTH XapaKTEPUCTHK (POTOHHBIX TaM-
MOBCKHX PEe30HAHCOB B TIePBOM U BTOPOW 3aripeliieH-
HBIX 30HaxX (DOTOHHOrO KpHUCTa/la B 3aBUCUMOCTH
OT BeJIMUYMHBI BO3AYILHOTO 3a30pa MOTYT OBITh TIpe/i-
CTaBjieHbl B BHJe AWarpaMMbl B KOOpJMHATax am-
mTya — vactora (puc. 9, a, 6), Kotopasi MOXeT
ObITh Ha3BaHa «(a3oBBEIM TIOPTPETOM TaMMOBCKOTO
pe3oHaHca». [Ipy 3TOM Kakzast TOUKa JjpiarpaMMBbl CO-
OTBETCTBYeT OTIpe/ie/ieHHOM Be/IMurHe L BO3AYIIHOTO
3a3opa.

" #T

‘Slll'mmul L] dB
'
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=138

68 696 712 728 744 £, GHz

AT T

S\Wm\n\l: dB

-30
Frumes GHZ
6/b

Puc. 9. ,HI/IanaMMa dMIVIUTYd — 4YaCTOTa TaMMOBCKOI'O pe-

30HAHCA S11Tamm1, fTamm1 B MEPBOH (&) U S11Tamm2, SfTamma2

BO BTOpOM (0) 3arpeljeHHbIX 30HAaX ()OTOHHOTO KPUCTAsLIa,

Ka)K7lasi TOUKa KOTOPOM COOTBETCTBYET OIpeJeleHHON Besu-
yyHe L BO3AylIHOro 3a3opa. d = 1.75 MM (LiBeT OHJIaiiH)

Fig. 9. Amplitude — frequency diagram of the Tamm resonance

S11Tamm1, fTamm1 in the first (a) and S11Tamm2, fTamm2 in the

second (b) forbidden bands of the photonic crystal, each point

of which corresponds to a certain value L of the air gap. d =
= 1.75 mm (color online)

2 Pe3ynbTaThl 3KCNEPUMEHTANbHbIX I/ICCI'IEAOBHHMﬁ

OKCIepUMeHTalbHO MCC/Iefi0BajICs OfHOMep-
HbIM (POTOHHBIN KPUCTAJI, CO3ZAHHBINA B COOTBET-
CTBUM C OIHCAHHOH BbIlle Mofenbio. V3mepeHus
ObUTH BBITIO/THEHBI C TIOMOILIHI0 BEKTOPHOTO aHA/IH-
3artopa uerieii Agilent PNA-X Network Analyzer

TBepaoTeIbHas 3NIEKTPOHNKA, MUKPO- Y HAHO3/IEKTPOHMKA

N5242A (Keysight Technologies, CIIIA) B aua-
nasoHe vactoT 7-13 GHz. i U305LUM BOZBI
CII0JIb30Basach Te(I0OHOBas IJIeHKa MeXJy (POTOH-
HbIM KPUCTaJ/UIOM U C/I0eM BOJbL.

OKCrepUMeHTaNIbHO ObLJI0 UCC/IeZ0BAHO BJIM-
sTHUe TOMIUHBI d C1osi [TUCTUJUTUPOBAHHOM BO-
[bl Ha XapakTepUCTHMKUM TaMMOBCKOI'O pe30HaHca
(puc. 10, a, 6).

$,,.dB

-10 ¢

7.0 72 7.4 7.6

$,,.dB

11.5 12.0 12.5
6/b

/. GHz

Puc. 10. OxcriepuMmeHTanbHble YaCTOTHbIe 3aBUCUMOCTH KO-
s¢dunpenTa orpaxenus Si; B nepBoi (a) u BTOpOi (6)
3ampelleHHbIX 30HaX 11-c/0iiHOro (OTOHHOrO KpucTasia
TIPY WCIIONb30BaHMM B KauecTBe MHTepdeiica MOIIOTUTeIS
3/IEKTPOMArHUTHOTO U3/TyueHUsi MUKPOBOJIHOBOTO /varia-
30Ha B BH/E CJI0S [JUCTH/UIMPOBAaHHOW BOZABI pa3/IMUHON
tomuwmHel d, mm: 1 —0.06, 2 - 0.15,3-0.3,4-0.6, 5 1.0,
6-1.2,7-1.74, 8 —3.05, 9 — 1pu OTCYTCTBUU CJIOS BOJBL;
L = 0.0 MM (1IBeT OH/IalH)
Fig. 10. Experimental frequency dependences of the
reflection coefficient S1; in the first (a) and second (b)
forbidden bands of an 11-layer photonic crystal using as an
interface an absorber of microwave electromagnetic radiation
in the form of a distilled water layer of different thickness d,
mm: 1 - 0.06, 2 -0.15,3-0.3,4-06,5-1.0,6 - 1.2,
7 —1.74, 8 — 3.05, 9 — without the water layer; L = 0.0 mm
(color online)

Kak cnenyer w3 pe3ynbTaToB 3KCIIEPUMEHTA,
MpU yBeJWYeHUH TOMIUHBI CJI0SI JUCTUUIMPOBaH-
HOW BOZIbI HAOMIONAETC MOHOTOHHOE yMEHBIIIEeHHe
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YacTOTHl TAMMOBCKOTO pe30HaHCa Kak B IepBoM 3a-
TIpel[eHHOM 30He B AuamnasoHe TommuH 0-1.7 MM
(puc. 11, a), Tak ¥ BO BTOPOH 3ampeIieHHON 30He
B Auarna3soHe tommuH 0-1.2 mm (puc. 11, 6). dans-
Helilllee yBe/IMUeHHe C/I0s BOZbLI TIPUBOJUT K 3a-
TYXaloliM OCLIWIISLMSIM YacTOThl TaMMOBCKOI'O
pe30HaHca.

.fTamu\H GHZ

7.7

75 il

74
d, mm

ala

Jrumes GHz

1.26

d, mm

6/b

Puc. 11. 3aBUCMMOCTHM 4acTOTBI TaMMOBCKOIO pe30HaHCa
fTamm1 B TepBOi (&) U fTamm2 BO BTOPOIi (6) 3ampelieHHbIX
30HaX OT TOJIIUHEI d €105 BOABL. L = 0.0 MM (IBET OHJIAlH)

Fig. 11. Dependences of the Tamm resonance frequency

fTamma in the first (a) and frammo in the second (b) forbidden

bands on the thickness d of the water layer. L = 0.0 mm
(color online)

V3meHeHWe aMIIUTYbl TaMMOBCKHX pe30-
HAaHCOB B TepBOM W BTOPOM 3ampelleHHBIX 30Hax
C yBe/IMUeHUeM TOJIIMHbI CJ10s1 BOJbI TIPe/ICTaB/IeHbI
Ha puc. 12.

Kak criefyer 13 ripefcTaB/ieHHbIX pe3yJIbTaToB,
C yBe/lMUeHWEeM TOJILVHBI d CJ10s1 BOABI Habmoza-
IOTCS1 OCLWUISIMM aMIVIUTY/bl TaMMOBCKHX pe30-
HAHCOB, 3aTyXaroljfe NPH OOJIBIION TOJIIMHE CJI0S
Bogpl. IIpy TOM B mepBoil 3ampellleHHOM 30He Ha-
OmrofaeTCsT 3HAUMTe/IbHOe W3MeHeHVe aMIUTHTYZIbI
TaMMOBCKOTO pe3oHaHca. [Ipy 6o/bLIMX TOMIMHAX
CJ1051 BOZIbI YaCTOThI M aMIUIUTY/bl TAMMOBCKHX Pe30-

HAHCOB CTPEMATCA K CBOMM IIpeAe/IbHbIM 3HAYeHHAM.

ViipaBnieHye YacTOTOW U aMILIUTY/0H TaMMOB-
CKUX PpE30HAHCOB, OCHOBBIBAsSCH HAa pe3ysibTaTax

406

KOMITBIOTEPHOTO MO/eTMPOBaHMs, JOCTUraoch W3-
MeHeHHeM CTPYKTYphl MHTep(elica: co3faHueM BO3-
JYLLHOTO 3a30pa MeXX/ly TeIOHOBOM IJIEHKOM U MOo-
C/IelHUM c710eM (POTOHHOTO KpUCTaslia.

Bo3ayiiHeIi 3a30p B 9KCIIepUMeHTe CO37aBasl-
€Sl C TIOMOLIBIO PacIo/IOKeHUsT MeXIy (OTOHHBIM
KPUCTA/IOM U CI0eM BOZibl TOHKUX MeTa/UTN4yeCKHX
Avadparm pasHON TOMIIIMHEL, C OTBEPCTHEM, PaBHBIM
CEeYeHHI0 BOJIHOBOJIA, WCIIONB30BAHHOTO TIPH CO37ja-
HUU (POTOHHOTO KpHUCTasIIa.
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Puc. 12. 3aBUCMMOCTH aMIUIATYZ, KO3(QQUIIMEHTOB OTpaske-

HUSI TAMMOBCKOTO pe30HaHCa S11Tammi B ME€PBOM U S11Tamm?

BO BTOpOM 3arpelljeHHbIX 30HaX OT TOMIMHBI d CJI0S1 BOIBL.
L = 0.0 MM (1jBeT oHJIaliH)

Fig. 12. Dependences of the amplitudes of the Tamm resonance

reflection coefficients S11Tamm1 in the first and S11Tammp in the

second forbidden bands on the thickness d of the water layer.
L = 0.0 mm (color online)

YBenMueHue BO3ZYIIHOIO 3a30pa MeXZY Il/IeH-
KOM W mocieqHuM cjoeM (DOTOHHOTO KpUCTaia
npu (UKCUPOBAHHOW TOJIIMHE CJ0S BOABI, Kak
3TO CJlefiyeT U3 pe3y/bTaToOB U3MepeHUsl YaCTOTHBIX
3aBUCUMOCTEH K03 bULIeHTa OTpakeHUs S, Mpe-
CTaB/eHHBIX Ha pUC. 13, 14 NpUBOAUT K CMELLEHUIO
YacTOThI TaMMOBCKOTO pe30HaHca B obsacte Oosee
HU3KKX 3HaueHWH Kak B MepBOM, Tak U BO BTOPOH 3a-
TpellleHHbIX 30HaX, YTO COIVIACYeTCs C pe3y/bTaraMu
pacuera.

W3 aHanu3a pe3ysbTaToB 5KCIEPUMEHTa, Ipef-
CTaB/IeHHbIX Ha puc. 13 u puc. 14, Takxke crefyer,
YTO PperyavpoBKa BeJMYMHBI BO3JYLIHOIO 3a30pa
T103BOJISIET YTIPAB/IATh aMIUIUTY[0M TaMMOBCKUX pe-
30HaHCOB. [Ipy 3TOM [71 KaXk[oi (QUKCUpOBaHHOU
TOJILLUHBI CJIOS1 BOABI /S OCTHXKEeHUsT MaKCUMaJlb-
HOM aMIUIMTYyZbl TaMMOBCKOIO pe30HaHCa Clefy-
eT BbIOpaTh OMpe/ie/IeHHYI0 BEJIMYMHY BO3/YLIHOTO
3a3opa.

[NonyueHHble 5KcriepyMeHTa/IbHbIE iaHHbIe 110/
TBeP>KJAt0T pe3y/bTaTbl KOMIIbIOTEPHOIO MO/e/IMpo-
BaHUSI (OTOHHBIX TAaMMOBCKHMX Pe30HAaHCOB B Ofi-
HOMepHOU OparroBckoli cTpykrype CBU-guarna3oHa

HayuHbivi oTgen
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Puc. 13. DKcriepuMeHTabHbIe YaCTOTHbIE 3aBUCMMOCTH Ko3GduiieHTa OTpaXkeHus S11 B epBoii (&) 1 BTopoii (6) 3arpelieH-

HBIX 30Hax 11-c0HOTO (POTOHHOTO KpHCTaIa PY UCITO/Ib30BaHNH B KaueCTBe HHTepelica OrIOTHTeIs 371IeKTPOMarHiTHOTO

W3/Ty4eHUs] MUKPOBOJIHOBOTO AWaria30Ha B BU/e CJI0sl AUCTU/UTAPOBAHHOM BOJBI TOMLIWHOM d = 1.75 MM TpY Pa3IMYHbIX 3Ha-
YeHUsIX Bo3Ay1lIHoro 3a3opa L, mm: 1 -0, 2-0.27,3 -0.47, 4 — 0.98, 5 — Ipx OTCYTCTBUU CJ10s1 BOABI (LjBET OH/IAlH)

Fig. 13. Experimental frequency dependences of the reflection coefficient S1; in the first (a) and second (b) forbidden zones of

an 11-layer photonic crystal when using as an interface an absorber of electromagnetic radiation of the microwave range in the

form of a distilled water layer with a the thickness d = 1.75 mm at different values of the air gap L, mm: 1 -0, 2-0.27,3-0.47,
4 -0.98, 5 — without the water layer (color online)

S,,dB S.,.dB =
- ]O L.
= ]0 k
_20 L
-20 L
-30
-40 ! ! I -30 \ L
7 2 7.4 7.6 7.8 f, GHz 11.5 12 12.5 /. GHz
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Puc. 14. SKcniepuMeHTabHbIe YaCTOTHBIE 3aBUCUMOCTH Ko3GduiieHTa OTpakeHus S11 B epBoii (&) 1 BTopoii (6) 3arpelijeH-

HBIX 30Hax 11-ciiofiHOro (POTOHHOTO KpHCTasia Ipy UCI0Ib30BaHUU B KaueCTBe HHTepdelica MOIOTUTe s 3/1IeKTPOMarHUTHOTO

W3/Ty4eHUs] MUKPOBOJTHOBOTO Maria30Ha B BU/e CJI0S1 AUCTU/UTAPOBAHHOM BOJBI TOMIWHOMN d = 3.05 MM IpY Pa3/IMYHbIX 3Ha-
YyeHUsIX Bo3AyLiHoro 3a3opa L, mm: 1 -0, 2-0.27,3-0.47, 4 —0.98, 5 — 1px OTCYTCTBUU CJ10s1 BOABI (L|BET OHJIAIH)

Fig. 14. Experimental frequency dependences of the reflection coefficient S;1 in the first (a) and second (b) forbidden bands of

an 11-layer photonic crystal when using as an interface an absorber of electromagnetic radiation of the microwave range in the

form of a distilled water layer with the thickness d = 3.05 mm at different values of the air gap L, mm: 1 -0, 2 -0.27,3-0.47,
4 -0.98, 5 — without the water layer (color online)

TIpY MCTIO/IB30BAaHMM B KauecTBe UHTepdetica ciost
JVCTWIIMPOBAHHON BOJBI.

3aKnyeHune

PaccmoTpeHBl  0COOEHHOCTH  BO3HUKHOBEHHS
(bOTOHHBIX TaMMOBCKMX DEe30HaHCOB B 3arpellleH-
HBbIX 30HaX OJHOMEPHOW OpP3ITOBCKOM CTPYKTYPbI
CBU-puara3oHa TpU MCIO/Mb30BaHUM B KaueCTBe

TBepaoTeIbHas 3NIEKTPOHNKA, MUKPO- Y HAHO3/IEKTPOHMKA

uHTepdetlica CTPYKTYphI, cofiepxKallieli BoAy B BUje
CIJIOILIHOTO CJIOS.

BhbImosiHeH pacyeT C WCTIO/B30BAaHUEM MeToa
MaTpHLIbI ITepesjaul XapakTepHUCTHK TaMMOBCKHX pe-
30HaHCOB B MEPBOM W BTOPOH 3ampelljeHHBbIX 30HaX
TIPY M3MeHeHUU TOJIIIWHEI CJI0S1 JUCTUTUPOBAaHHON
BOZIbI I CTPYKTYDBI UHTepelica.

[TokasaHo, UTO aMIUIMTY[a U YacToTa TaMMOB-
CKHX Pe30HAHCOB Pery/IMpyeTcs KaK TOIIIMHON CJI0sT
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JKUJIKOCTH, TaK M TOJILMHON BO3JYIIHOTO 3a30pa
MeXXay (OTOHHBIM KPUCTA/ZIOM W CJIOEM AUCTU-
JMpOBaHHOW Bogol. ITocnennee obecrieunBaeT Jo-
CTWKeHHe BbICOKOM UyBCTBUTETbHOCTH TAMMOBCKOTO
Pe30HaHCa K W3MEHEHWIO TOJIIIWHBI CJI0ST TIOJISIPHOM
>KUJIKOCTH.

YCTaHOB/IEHO, UTO YBeIMUeHWe TOJIIIUHBI CJI0sT
JUCTWI/TMPOBAHHOW BO/BI TIPUBOJUT K 3aTyXaroLIuM
OCLIWUISALIMSIM YaCTOThl U aMIUTUTYAbl TaMMOBCKO-
ro pe3oHaHca. C yBe/iMueHHeM BO3JYIIHOIO 3a30pa
HabmolaeTcsi MOHOTOHHOE YMeHbBIIIeHWe YaCTOThI
TaMMOBCKHMX PE30HAaHCOB B TIEPBOM W BTOPOH 3aripe-
L[eHHbIX 30HaX. [Ipy 3TOM B TepBOil 3arpereHHOM
30He 3Ta 3aBUCHMOCTh B JiMaria3oHe BeJIMYMH 3a30pOB
ot 0 10 4.5 MM sIB/IsIeTCS TMHeMHOM.

OKCIepUMeHTa/TbHbIe JIAHHBIE TTO/ITBEPIKIA0T
pe3y/bTaThl PacueToB U JeMOHCTPUPYIOT 3ddekT
BO3HUKHOBeHHsT (DOTOHHBIX TaMMOBCKUX COCTOSTHUM
B 3alipellieHHO 30He MPY UCTI0/Ib30BaHUHY B KaueCTBe
uHTepdetica CTPYKTYpHI, cofiepiKailieii BoJy B BU/e
CTUIOIIHOTO CJIOSL.

ITonydeHHbIe pe3y/bTaThbl MOTYT OBITh WCTIOJb-
30BaHbl, B YaCTHOCTH, KaK TPHU KOHCTPYHWPOBAHUU
V3KOTIOJIOCHBIX  TtepecTpanBaeMbix CBY-¢unbTpos
Ha orpaxeHue u CBU-aTTeHr0aTOpOB Ha OCHOBe (o-
TOHHBIX KPUCTAsJIOB, HWCMOMb3YIOIIUX B KauecTBe
TIOTTIOTUTEJIST CJIOW BOJBI, TaK U XapaKTepu3aluud Me-
TacTPYKTyp, COAEp’KalluX BKJIFOUEHUs] BOAbI B BU/E
CIUIOLIHOTO CJIOSL.
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