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AHHOTaLWA. TeopeTMUecKM U IKCMEPUMEHTANILHO UCCNE0BAHO BO3HUKHOBEHME (OTOHHDIX TaM-
MOBCKMX PE30HAHCOB B 3aMpeLlLeHHbIX 30HaX OHOMEPHOT0 CBEPXBbICOKOYACTOTHOTO POTOHHOTO
KpuCTanna npu ncnosib3oBaHUM NOFAOTUTENS 31EKTPOMArHUTHON SHEPrun, CO3aHHOTO Ha OCHOBE
BOJOCOAEPXALNX CTPYKTYP (MaTepuanbl «3eNEHOI» INEKTPOHNKM) B BUAE MATPULbl U3 Liennto-
NO3HOW Bymarn ¢ pa3nMyHOI MaccoBOi JoNeil HaNONHUTENs — AUCTUANMPOBAHHOI BOAbI AN
peanusauun mHtepdeiica ¢ ynpaensembiMu napamerpamu. Ha OCHOBaHWW pe3ynbTaToB KOM-
MbHTEPHOr0 MOAEMPOBAHMS C MCMONb30BAHUEM MeTOAa MATpuLbl NepeAaumn n 3KCNepuMeHTa
[LOKa3aHa BO3MOXHOCTb YNpaBneHns GOTOHHbIMM Pe30HaHCaMu TaMMa C NOMOLLbH M3MEHEHUS
TONWMHbI CNIOS LieNNK0N03bI, MACCOBOI 0NN AMCTUANMPOBAHHON BOABI U TOALMHDI BO3AYLIHOMO
3a30pa MeXay GOTOHHbLIM KPUCTaNNoM W CloeM Liennionosbl. Mpu yBennUeHnn TONWMHDI Len-
NHONI03HOIA Bymaru, cofepxalled AUCTUNNNPOBAHHYIO BOZy Npu eé MaccoBoii gone bonee 51%,
HabNOZA0TCA 3aTyXatolLme OCLANALMN YACTOT TAMMOBCKMX PE30HAHCOB B NEPBON 1 BTOPOIA 3a-
NpeLYEHHbIX 30HaX. YBEMUYEeHIUe TONLMHBI LIENNION03HON bYMark Takxe NPUBOAWT K 3aTyXatoLyum
oCLUANALMAM KOIPULIMEHTOB OTPaXEHUS B NEPBOIl N BTOPOI 3aNpeLu&HHbIX 30HaX, BENNYNHDI
KOTOPBbIX NpY 60bLIMX TONLYMHAX LieNNI0A03HON BYMaru CTaHOBATCS NOCTOSHHLIMW BEINYUHAMM,
3aBUCALYMMM KaK OT MAcCOBOIA J0NM BOAbI, TaK 1 OT 3a30pa MeXAY NocnesHUM cnoeM GoTOHHO-
ro KpucTanna v cnoem LennonosHoi bymarn. 3meHeHne napameTpoB uHTepdeiica ¢ noMoLybo
PerynnpoBKy BEANUNHbI BO3AYLIHOTO 3a30pa MeXAY GOTOHHBIM KPUCTANNIOM U CNOEM LIEANONI03bI
N03BONSET yNPaBAsTb aMNANTYAOI TAMMOBCKIX pe30HaHCOB. Ipy 3TOM ANs Kaxgoii GuKkcMpoBaH-
HOIA TONILLYMHbI CNOS LieINION03bI C KOHKPETHOI BENMUMHOI MaccoBOM J0AM AUCTUNANPOBAHHOI
BOAbI ANS AOCTVKEHWUS MAKCMManbHOA aMNANTY/bl TAMMOBCKOTO Pe30HaHca cnefyet BblbpaTh
BMOJHE ONpeseN&HHY BeNNYNHY BO3AYLIHOTO 3a30pa.

KntoueBble cnoBa: GOTOHHBII Kpuctans, TaMMOBCKWIA pe30HaHC, HTepeiic, Lenntonosa, Au-
CTUANMPOBAHHAA BOAQ, CBEPXBbICOKOUACTOTHbIIE AMana3oH
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Abstract. Background and Objectives: One promising direction for developing environmentally friendly electromagnetic wave absorbers involves
using structures thatincorporate polar liquids, such as water. This is because water in the microwave range exhibits both a significant real part and
a significant imaginary part of the complex permittivity. Such structures can be either continuous water layers or composite surfaces comprising
individually arranged periodic droplets. Compared to more traditional materials, electromagnetic radiation absorbers based on composite water-
containing structures offer several advantages, such as biocompatibility, availability, ease of fabrication, and optical transparency. One example
of such a composite is cellulose paper acting as a matrix, filled with distilled water. Composite structures based on cellulose and its derivatives
with inclusions of carbon nanotubes and silver nanowires are already known to be used as absorbers. Using an absorber made of such a composite
material as an interface layer in a photonic crystal enables the observation of various resonance effects arising from the specific properties of
the interface. Altering the electromagnetic characteristics of this interface layer leads to changes in the frequency and amplitude of the photonic
Tamm resonance. Therefore, it is of interest to study the emergence of Tamm resonances within the band gap of a microwave photonic crystal
that utilizes an electromagnetic energy absorber based on water-containing cellulose paper as the interface layer. Furthermore, this study aims to
demonstrate interface control by varying the mass fractions of distilled water. Materials and Methods: The experimental structure was fabricated
as a photonic crystal comprising alternating layers of two different dielectric materials inside a rectangular waveguide. A layer of cellulose paper
containing distilled water was sandwiched between two Teflon films and placed immediately adjacent to the last layer of the photonic crystal.
A vector network analyzer was used to measure the frequency characteristics in the 7-13 GHz frequency range. Numerical calculations for the
layered structures were performed using the transfer matrix method. Results: As the thickness of the cellulose paper containing distilled water
(with a mass fraction of more than 51%) increases, damped oscillations of the Tamm resonance frequencies have been observed within the first
and second band gaps. Increasing the cellulose paper thickness has also led to damped oscillations of the reflectivity coefficients in these band
gaps. For greater cellulose paper thicknesses, these values have been stabilized, becoming constant. The final values depend on both the mass
fraction of water and the size of the air gap between the last layer of the photonic crystal and the cellulose paper layer. Conclusion: Adjusting the
interface parameters by regulating the air gap between the photonic crystal and the cellulose layer allows for control over the Tamm resonance
amplitude. For each fixed cellulose layer thickness with a specific mass fraction of distilled water, a particular air gap value must be selected to
achieve the maximum Tamm resonance amplitude.

Keywords: photonic crystal, Tamm resonance, interface, cellulose, distilled water, microwave range
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Beepenne K BO3HUKHOBEHHIO Pe30HAHCOB B 3alperiéHHON 30He
(hoTOHHOTO KpHCTalla, Ha3blBaeMbIX MOBEPXHOCT-
HbIMU (OTOHHBIMU cOoCTOsTHUSIMU B CBU (hOoTOHHBIX
KpUCTasiax. B KaueCTBe MOTJIOTUTEJ el 3/IeKTpOMar-

Pe3onHaHcHbIe cBoricTBa CBY (hoTOHHBIX KpH-
CTa/UIOB 00yC/IOB/IeHbI UHTEPGhEPEeHLIMOHHBIMU (-
(ekTamMu, BO3HMKAIOIIMMU TIPU B3aUMOJENCTBUU
C HUMM 3/1eKTPOMarHuTHOro u3nyueHus [1-4]. Psag
Pe30HAHCHBIX 3P HEKTOB MOXKET OBITH 00YC/IOB/IEH

HUTHOU SHEpPruyl MOTYT OBITb WCIIO/IB30BaHBI CJIOU
MarepuaoB, 00/1aaloMX BBHICOKUMU I10TEPSIMHU,

ocobeHHOCTSIMH UHTepdelica CTPYKTYpbl (HOTOHHO-
r0 KpHUCTasa.

W3BecTHO, UTO WCMO/Mb30BAHUE B KauecTBe
uHTepdelica CTPYKTyp, COAEpPIKAIUX TIOIJIOTUTE-
JIA 371eKTPOMAarHUTHOW SHEPIUH, MOXET TIPUBO/IUTh

TeopeTuyeckas n MaTeMaTn4eckas usnka

HalrpuMep BBICOKOIIPOBOZSIIHE TTOTYTIPOBOAHUKO-
BbIe U MeTa//TMueCKUX HaHOC/IoH [5, 6].

OpHUM W3 HampaB/IeHUH pa3BUTHS SKOTIOTHUE-
CKU 0e30MacHbIX MOTTIOTUTe el 3/1eKTPOMarHUTHON
SHEPruM SIB/SIeTCS] WCIOb30BaHWE CTPYKTYP, CO-
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Jlep>KallyX TOJsIPHbIe XXKUAKOCTH, HAIpyMep BOAY,
MOCKOMBKY Boga B CBU-nrana3oHe xapakTepusyet-
Cs1 3HAUMUTE/IbHON Be/IMUMHOMN KaK JefCTBUTe/IbHOM
YacTU KOMIUIEKCHOM [M3/eKTpUYecKoi IpoHuliae-
MOCTH, TakK U eé MHUMOMU uvacTu [7, 8]. B KauecTBe
TaKUX CTPYKTYP MOTYT OBITb MCIO/Tb30BAHBI CILIOII-
HBIE CJIOV BOZBI ¥ CJIOU B BU7Ie OT/eJTbHBIX TTePUOAH-
YeCKH pacriofiokeHHbIX Karesb [9, 10]. Ctpykrypa
B BH/le OT/EeJbHBIX Karejb TpeACTaBseT CcobOMH
KOMITO3UTHYIO TIOBEDPXHOCTh, XapaKTepU3yHOIIyCs
3¢ PeKTUBHON KOMIUIEKCHOM [IU3/IeKTPUUeCKOU Mpo-
HUIaeMOCThI0. [lOmIOTUTeNN 371€KTPOMAarHUTHOTO
W3/Ty4eHMsI HA OCHOBe BOZOCOZEePIKAIlUX CTPYKTYP
M0 CpaBHeHUIO ¢ 6Oosiee TpaJULIMOHHBIMU MaTepua-
JlaMU{ Ha OCHOBe CJIOEB C BBICOKOM 3/1eKTPOIIPOBO/I-
HoCThIO [11-14], 06/afaroT psAgoOM MPEUMYILECTB,
TaKuX Kak OHMOCOBMECTUMOCTB, JOCTYITHOCTD, TIPO-
CTOTa HACTPOWKH, ONTHUeCKas MPO3pauyHoCTh. [1pu
3TOM BOJOCOZepsKalljiie IIOIVIOTUTEeNM MOTYT WUC-
NoJib30Bathcs B ceTsix Wi-Fi, coToBeix TenedoHax
1 OBITOBOM TeXHUKe [ijisi 0CIab/eHusT BPeAHbIX ISt
OpraHu3Ma 4ejioBeKa BO3/IeCTBUI 3/IeKTPOMarHUT-
HbIX BosH [10].

IMpu peamu3aruiyl pOTOHHOTO TAMMOBCKOTO CO-
CTOSIHUST HAO/IO[AeTCs JIOKaju3alyst 31eKTpruye-
CKOTO TIOJISi 37eKTPOMAarHUTHOM BOJIHBI BHYTPU
(hoToOHHOTO KpHCTa/i/la Ha TpaHulle ero uHTepdeii-
ca. V3MeHeHHe 371eKTPOMarHUTHBIX XapaKTepPUCTHK
vHTep(delica TPUBOAUT K M3MEHEHHIO YaCTOTHI
W aMIUTUTYAbl (POTOHHOTO TaMMOBCKOTO pe30HaH-
ca [15, 16].

B xkauectBe wuHTepdeiica € ympaBasieMbIMU
XapaKTepUCTUKaMA MOXXHO HCTIO/Ib30BaTh IIOIVIO-
TUTe/b B BHJE KOMIIO3UTHOTO Marepuasna. Takum
KOMIIO3UTOM MOJKET BBICTYTIATh IIe/ITF0/I03Hast Gyma-
ra, BBIMOJIHSAIOIIAS POJIb MaTpULIbI, HarlOJHUTE/IEM
KOTOPOM CJTYKUT AUCTWIIMPOBaHHas Boga. K HacTo-
SIIIIeMy BpPeMeHH M3BeCTHO NTPUMeHeHre B KauecTBe
TIOTVIOTHTe/Ie KOMITO3UTHBIX CTPYKTYDP Ha OCHOBe
L{eJI/TIONIO3bI U e€ ITPOU3BOAHbIX [17] ¢ BKIIOUeHUSIMU
Y3 YITIEPOJHBIX HAHOTPYOOK M cepeOpsiHbIX HaHO-
TpoBOJIOK [18-21].

B mnactostmieli paborte mpefCTaBiIeHBl pe3yiib-
TaThl UCCIeZIOBAaHUM 3 deKTa BOSHUKHOBEHHS TaM-
MOBCKHX PE30HAHCOB B 3arpeljéHHON 30He (hOTOH-
Horo kpucramia CBY-puamasoHa IMpu HMCMOb30-
BaHUM TIOTVIOTUTENSI 3/IEKTPOMarHWTHON SHEpruu,
CO3[IAHHOTO Ha OCHOBE BOZIOCOJEPIKAIUX CTPYKTYP
(Matepuasnbl «3e/1I8HOVM» 3/1IeKTPOHUKM) B BUjle MaT-
pHLBI U3 LIe/UTION03HON OyMaru C pa3n4HON Mac-
COBOM [j0/71eli HAro/HUTENSl — AUCTWUIMPOBAaHHOM
BOJbI /151 peasiM3aliui UHTepdeiica C yrpas/sieMbl-
MU TlapaMeTpaMH.

6

1. MogenupoBaHue CBY poToHHOro KpucTanna
C UHTepdeiicom B BMfe NOrNOTUTENS HA OCHOBE
Lienniono3Hoi bymaru

Hamwu uccnegosamics CBY dhotoHHBIE KpHCTa-
JIbl Ha OCHOBe TMPSIMOYTO/IbHOTO BOJIHOBOZA C JU-
3JIeKTPUYECKUM 3arlojTHEHUEM B BHJe TEePHOJUUECKU
yepeayroIuxcs cioeB kepamuku Al,Os; (HeueTHbIe
ciou, € = 9.6, tomiunHa 0.5 MMm) U TeduioHa (uet-
Hele ciod, € = 2.0, TomuuHa 18 mm). DPOTOHHBIE
KpUCTaIbl cocTosyii u3 11 cjioeB, cou TOJHO-
CTBIO 3allO/IHS/IM II0IIepevyHOoe CeyeHue BOJIHOBOZA.
KosmuecTBo C/I0€B BBIOMPANoCh W3 YCIOBUS [JOCTa-
TOYHOCTH [|JIsI TIOJTyUeHHsI SIPKO BbIPayKeHHOW 30HHOM
CTPYKTYPbl aMIUIUTYJHO-UYaCTOTHBIX XapaKTePUCTUK
(oToHHOTO KpHUcTa/Uia B X-AxarasoHe.

K ¢oTroHHOMY KpHCTa/Uly TPUMBIKANT OTPe30K
BOJIHOBOZ]a, 3ariOJIHEHHBIM CIJIOIIHBIM C/I0eM BO-
Jocofiep)aliell CTPYKTypbl TOMLMHOW d B BUJE
LIeJUTFO/IO3HOM OyMaru ¢ pa3jiMuHOM MacCOBOM Josiei
JMUCTUITUPOBAHHOU BoAbL. C 1Lie/ibi0 06ecreueHws mo-
CTOSTHCTBA MacCOBOM J0/W TUCTU/TUPOBAHHON BOJIbI
B TeueHHe BCero 3KCIeprMeHTa CJIOH LiesIF0/I03HOM
Oymary orpaHAUHMBAJICS C [JByX CTOPOH TOHKOH Teio-
HOBOM 11EHKOM (& = 2.0) TomumHoi 30 MKkM. Mexay
BOZlOCOZieprKalllell CTPYKTYpOM U TOC/IeHUM CJI0EM
(OTOHHOTO KpHCTayIa CO3ZABajiCs BO3AYILHBLIA 3a-
30p, TO/IIMHA L, KOTOpOro BapbupoBanach (puc. 1).

2 4

—~

trans

Puc. 1. Koncrpykuwst ogHomepHoro CBUY ¢oroHHOro Kpu-
CTaJlia C TIOIIOTUTEJIEM 3IEKTPOMArHUTHOTO n3nyuenust CBU-
[IViaria30Ha Ha OCHOBe BOZAOCO/EP)KAIllUX CTPYKTYP B KauecTBe
uHTepoeiica: 1 — cioit TedioHa, 2 — coit Al O3, 3 — MIEHKU
TedI0Ha, 4 — CJI0M KOMIIO3WTa B BH/E IIeJUTIOI03HON OyMaru
C pa3IMYHON MaccoBOM Zosell JUCTUIMPOBAaHHOM BOABL, 5 —
BO3/YLUHbIA 3a30D. Pinc, Prrans, Pref — BXOAHOM, NpOLUIEAIINN
Y OTPaKEHHBIN CUTHAJTBI
Fig. 1. Design of a one-dimensional microwave photonic crystal
with microwave absorber based on water-containing structures
as an interface: 1 —teflon layer, 2— Al, O3 layer, 3 —teflon films,
4 — composite layer in the form of cellulose paper with different
mass fractions of distilled water, 5 — air gap. Piuc, Prrans, Pref —
incident, transmitted, and reflected signals

7151 pacueTa 4aCTOTHBIX 3aBUCUMOCTelH K03hhu-
LIMeHTOB oTpakeHus1 Si;(f) U mpoxoxaeHust Sy (f)

HayuHbivi oTgen
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3/IeKTPOMarHUTHOM BOJIHBI MCIO/Ib30Basach MaTpu-
Ija Tepefjayy C/IOWCTOM CTPYKTYpPhl C pa3IUYHbIMU
3HayeHUsIMU [TOCTOSIHHOM paclpoCTpaHeHus 3/1eKTpo-

MAarHUTHBIX BOJH (Y; Y Y;+1) TIPY yueTe pacrpocTpaHe-
HUSI B BOJTHOBO/IE TOJIBKO BOJIHBI OCHOBHOTO THMa Hyg
[4, 22-24]:

Yi+1+Y; Yi+1—Y;
Lo Hexp (Vi1 —1) zigjr1) o2 exp (Y1 +Y)) 2jj+1)
Tis) = | g2 vty
i+1—Yj i+1 1Y)
o exp (= (Vi +1)) Zja1) o exp (= (Vi1 =) Zjj+1)
2Yjm 2Yj+1
Koo HLHeHTbl OTpaXkeHHst Sp; M Mpoxoxae- &6
HUS Sp; 3/IEKTPOMAarHUTHOM BOJTHBI, B3aUMO/I€HCTBY- ———
I0LI[eM CO CJIOMCTOM CTPYKTYDPOH, Oompefiesisiii uepe3s 40 T
3/IeMeHThbI MaTpuIlbl Tiepefaun Ty C MOMOIIIBI0 CO- s 7__‘““
OTHOLLIEHNH: 30 S I B o e Ve
TN[271] TN[laI]TN[2>2]_TN[172]TN[251]
Sll =T 4 A0 P21 20 —
TN [27 2] TN [27 2] | %
1,1 Tw[1,2] . ] aelaluls dattals Al AN BN
rae Ty = =T VT (i) =
TN[271] TN[272} j=N £J,(j+1) 7 8 9 10 11 12 f, GHz
= T(ZN,NH) : T(ZNfLN)...T(ZLz) : T(Zo71) — Mar- Puc. 2. OkcriepuMeHTanbHbIe YaCTOTHBIE 3aBUCUMOCTH [ieii-

pulia Tiepejjaud CIOUCTOW CTPYKTYPBI, COCTOSIIeN
u3 N cioes.

[TocTosiHHBIE pacrpoCTpaHeHUs 3JeKTpomar-
HUTHOM BOJIHBI: B TIyCTOM BOJIHOBOZE Yo, B [JU3JIEK-
TPUYECKUX CTI0SIX Yy, U B CJIO€ LIe/I/IF0I03HOM Gymaru
Yu6 C TOJHBIM 3arlo/IHEeHHeM BOJIHOBOZA IO TIofle-
PEUHOMY CeUeHHIO U C Pa3/IMYHON MacCOBOM Aomei
IUCTWITMPOBAHHOMN BOJBI — OBUTH PaCCUNUTAHBI C HC-
T10JTb30BaHNEM BBIPa’KEeHUM:

2 2
Yo =1/ % — WUy, Vi = A/ % — %€, o,
2
Yus = 4/ % - (028:680%7

e €5 — KOMIUIEKCHAs JAM9/IEKTPUYECKasl [POHH-
LJaeMOCTb CJI0s 1IeJUTIOJIO3HOM Oymarw, ® = 27f—
KpyroBasi 4yacToTa 3/eKTPOMarHWTHOM BOJIHBI; €
U Wy — 3JeKTpUuecKass U MarHWTHasl [TOCTOSIHHLIE;
€, — OTHOCUTeJ/IbHas AW3/1eKTpuyueckas MpOHHUIIae-
MOCTb AU3JIEKTPUUECKOTO CJIOS.

IMpu pacuéTe YaCTOTHBIX 3aBUCUMOCTeH KO-
s¢¢uLeHToB oTpakeHusi Sii(f) ¥ MPOXOXKIEHUs
S»1(f) GoToHHOrO KpHCTajiaa WCMOIB30BAIUCH
3KCIIepUMeHTa/lbHble 3HaueHusl [1eMCTBUTeNbHON
Y MHHMOM YacTell KOMITJIEKCHOW AM3/eKTpUUeCKOM
TpoHuUIIaeMoCTH €*(f) CIlost 11e/ITI0N03HOM Gymary,
“3MepeHHble B Auaria3oHe yactotr 7-13 GHz mpu
PAa3/TUYHBIX MACCOBBIX JOMAX X JUCTHTUPOBAHHON
BOZbI (pHcC. 2). I3MepeHUst YaCTOTHOM 3aBUCUMOCTH
€*(f)BBIMOMHSA/IMCH C KCIO/b30BAHUEM BEKTOPHO-
ro aHanuzatopa ueneii Agilent PNA-X Network
Analyzer N5242A (CIIIA, Agilent Technologies)
U mporpaMmmHoro obecrieuenuss Agilent 85071E
Materials Measurement Software [25].

TeopeTuyeckas n MaTeMaTn4eckas usnka

crBuTesbHON €' (f) (muauu 1) v muumoit € (f) (muuu 2)

yacTell KOMIUIEKCHOW [W3/IeKTPUYeCKOW TPOHULIAeMOCTU

€*(f) cnost yesumoN03HON Gymaru NpH MacCoBOH fjoiie [ju-

CTW/UTUPOBaHHOM BoAbl 51% (WITpHXOBbIe JMHUH) U 55%
(crinoiHble MMHUK) (LjBET OHJIAlH)

Fig. 2. Experimental frequency dependences of the real €' ( f)

(curves 1) and imaginary €”(f) (curves 2) parts of the

complex permittivity €*(f) of a cellulose paper layer with a

mass fraction of distilled water equal to 51% (dashed lines)
and 55% (solid lines) (color online)

Kaxk cnenyeT us pe3ynbTraToB pacueToB, IIprUMe-
HeHUe LIeJUTF0JI03HOM GyMaru ¢ pa3MuHOi MacCOBOH
Jloyieli TIOMSIPHOM >KUJKOCTU — JIUCTUJIMPOBAHHOM
BOJbI — B KauecTBe MHTep(elica NPUBOAUT K BO3-
HUKHOBEHUIO B [1€PBOM M BO BTOPOH 3arpelljeHHbIX
30HaX Ha YacCTOTaX frammi Y fTammz TA@MMOBCKHUX
Pe30HaHCOB, TOJI0KeHUe KOTOPBIX 3aBUCHUT OT TOJI-
IWHBI 11eJUTIOI03bI TTPU (PUKCUPOBAHHOW MaCCOBOM
Jone Bogbl (puc. 3).

[Mpu yBe/TMUEHUN TOJII[UHBI Le/ITI0NI03HOH 6y-
Mary, cojepkaljeil AUCTU/IIMPOBaHHYIO BOZAY IpU
eé MaccoBok gosie 51% u 55%, HabmMOAAOTCA 3a-
TyXawlue OCUWUISLUU YacCTOT fTammi ¥ fTamm2
TaMMOBCKMX De30HaHCOB B TMepBoil (puc. 4, a)
W BTOPOH 3ampeléHHbIX 30Hax (puc. 4, 6). Tax,
HarnpuMep, MPU MacCOBOM Josie 55% OCLUISLINU
B TI€PBO#1 3arpeléHHOM 30He KMcue3aroT MpPH TOJILLH-
Hax GosbuMx ~10.0 MM, a UX TIepHO[, COCTAB/ISIET
~3.0 MM. Bo BTOpO# 30He OCHWUISLIMKM HCUe3a-
IOT TMIPY TOJIL[MHAX OOJBIIUX ~5.5 MM C TIEPHOJIOM
~1.8 MM.

YBenuueHne TOJIIUHLI 1[e/UTIONIO3HON OyMa-
TU TaKXe NMPHUBOJUT K 3aTyXarolUM OCLAIALUAM
K03 GUIMEHTOB OTPa’kKeHUsI B TIePBOM W BTOPOM
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Puc. 3. YacToTHBIe 3aBUCUMOCTH: KO3(duIeHTa oTpaskeHus S11 B IIepBoi (&) ¥ BTOpOii (6) 3arpeiiéHHbIX 30Hax, Ko dury-

eHTa MPOX0XKAeHUs Sp1 B TepBOii (8) 1 BTOPOIi (2) 3ampeléHHbIX 30HaxX 11-coitHoro OoTOHHOTO KpUcTasia ¢ uHTepdeiicom

B BH/I€ LIe/I/TI0JI03HOM GyMary mpy (MKCHPOBaHHOM MacCOBO# [j0/ie AWMCTH/IMPOBAHHON BOABI 55% TIpU pa3InuHON TO/IIHHE

TIOT/IOMAIOILero 3/IeKTPOMarHUTHOe u3nydeHue ciost d, mm: 1 —0.1,2-0.2,3-0.4,4-06,5-0.8,6-1.2,7-1.8,8-2.4.
Kpussle 9 (711 S11) 1 10 (#/1s1 S21) OTBeUaroT C/Iy4yar0 OTCYTCTBUSA nomioTutess. L = 0.0 MM (LIBeT OHJIalH)

Fig. 3. Frequency dependences of the reflection coefficient S1; in the first (a) and second (b) band gaps and transmission

coefficient Sy in the first (c) and second (d) band gaps of an 11-layer photonic crystal with the interface layer in the form of

absorber made of cellulose paper at a fixed mass fraction of distilled water 55% for different thicknesses d, mm: 1 — 0.1, 2 —

0.2,3-04,4-06,5-0.8,6—-1.2,7—1.8,8— 2.4, Curves 9 (S11) and 10 (S>1) correspond to the absence of the absorber.
L = 0.0 mm (color online)

(puc. 5) 3ampeliéHHBIX 30HaX, BeJIMUKMHBI KOTOPBIX  KaK OT MAaCCOBOM /I0/IM BOJIbI, TAaK U OT 3a30pa MeXAY
NpU OOJIBLIMX TOIIMHAX LIE//TI0M03HON OyMaryl cTa-  MOC/eAHUM CJioeM (DOTOHHOTO KPUCTaaa U CI0eM
HOBSITCS TIOCTOSIHHBIMY BeJIMUMHAMMY, 3aBUCSLIAMA  LIEJUTFOJI03HON OymMaru.

8 HayuHbivi oTgen
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Puic. 4. 3aBUCHMOCTH YaCTOTbl TAMMOBCKOTO PE30HAHCA fTammi B MEPBOH (&) M framm2 BO BTOpoU (6) 3ampenjéHHbIX 30HaX
OT TOMIIUHEI d €105 LiesuTtoo3bl. MaccoBast fonst Bogp! 51% (kpussele 1) u 55% (kpuBble 2). L = 0.0 MM (LjBeT OHJIalH)

Fig. 4. Dependences of the Tamm resonance frequency frammi in the first (@) and frammy in the second (b) band gaps on the
cellulose layer thickness d. The water mass fraction is 51% (curves 1) and 55% (curves 2). L = 0.0 mm (color online)

3aBucuMOCTH KO3 dHIMeHTa TPOXOXKAEeHUs
B MepBO U BTOPOW 3ampeléHHbIX 30HaX OT TOJ-
IMHBI  CJI0S  LIEJUTIOJIO3HON Oymaru  sIBJISIFOTCS
MOHOTOHHO YObIBaroIUMu QyHKIUsIMU (puc. 6).

LS' LY d B

11Tamm1>

0
-5 P}“"\.

-10{_'}
-15
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/
IR
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0 1 2 3 4

11Tamm2>

-25

-30

5 d, mm

Puc. 5. 3aBucumocTH aMIUIUTYZ K03(hGULIMEHTOB OTpake-

HUSI TAMMOBCKOTO pe30HaHCa S11Tamm1 (KpuBas 1) B repBoi

U S11Tamm? (KpuBasi 2) BO BTOpPOM 3ampelljHHBIX 30HaX

OT TOJILMHBI d C/I0s1 LIeJUTH0/I03HOM Gymary. MaccoBast fo/st
BO/bI 55%. L = 0.0 MM (LIBET OH/IaH)

Fig. 5. Dependences of the amplitudes of the Tamm resonance

reflection coefficients S11Tamm1 (curve 1) in the first and

S11Tamm2 (curve 2) in the second band gap on the thickness

d of the cellulose paper layer. The mass fraction of water is
55%. L = 0.0 mm (color online)

Oco0eHHOCTH XapaKTePUCTUK (OTOHHBIX TaM-
MOBCKUX Pe30HaHCOB B MIePBO# Y BTOPOH 3arperréx-
HBIX 30HaxX (POTOHHOrO KpHCTalaa B 3aBUCUMOCTHU
OT TOJILWHBI C/IOS L{eJUTIOJIO3HON Oymaru MoryT

TeopeTuyeckas n MaTeMaTn4eckas usnka

OBITH OTpa’keHBl B BHJE [UarpaMMbl B KOODIH-
HaTax «aMIUTyAa (S11Tamm) — YactoTa (framm)»
(puc. 7). 3Ty fuarpaMMy MO>KHO Ha3BaTh «(pa30BbIM
NIOPTPETOM TaMMOBCKOTO Pe30HaHCa», KaXK/ast TOUKa
KOTOPOTO COOTBETCTBYeT onpedenéHHoll moawjuHe d
CJ10s1 11eJI/TIO/I03HOM GyMaru.

SZ]'I';\mm] | SZl'I'ammZ’ dB
0
-5
Fit \5?::,
‘\‘\\A\ 1 N
. \‘\.\\\E :
-25
2
-30
0 1 2 3 4 54 mm

Puc. 6. 3aBUCHMOCTH aMIUTUTYZ, KO3 (UIMEeHTOB ITPOXOXKIe-
HUSI TAMMOBCKOT'O pe30HaHCa $21Tamm1 B 1€pBOM (KpuBble 1)
U S21Tamm2 (KpUBBbIe 2) BO BTOPOM 3ampeléHHBIX 30HaX
OT TOJILLMHEI d C/I0s1 1eJUTFO/IO3HOM GyMard [ijisi MacCOBBIX
nonet Boabl 51% (TpeyrosbHbIe METKHM) U 55% (KpyIvibie
MeTKH). L = 0.0 MM (LJBeT OH/IaiiH)
Fig. 6. Dependences of the amplitudes of the Tamm resonance
transmission coefficients S21Tamm1 in the first (curves 1) and
S21Tamm? in the second (curves 2) band gaps on the thickness
d of the cellulose paper layer. The mass fraction of water is
51% (triangular marks) and 55% (circle marks). L = 0.0 mm
(color online)

[TonoykeHre pe30HAHCOB B 3alPeIEHHBIX 30HaX
oTipefieisieTCsl KakK TeOMeTPUUeCKUMU pa3MepaMu
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U 3JIeKTPOMAarHUTHBIMU XapaKTepUCTUKAMU LieJLI0- Kak cnenyet u3 pesynbraroB pacuera AUX ¢o-

703HOW Oymary, 3aBUCSIIMMH OT MAacCOBOW [OMM  TOHHOT'O KPHCTAslla, MPeJCTaB/lIeHHbIX Ha pUc. 8 1 9,

TIOJISIPHOM >KUJKOCTH, TaK U e€ pacIojiKeHUeM OT-  yBeJIMYeHHe BO3[YILUHOTO 3a3opa L Mexzay c1oem

HOCUTEJIbHO (bOTOHHOI‘O KpUCTaJ/ljla. L[E]IIHO]I03HOI‘/JI 6yMar1/1 " 110CJIeJHUM CJIoeM (bOTOH-
SllTammla S21Tamm17 dB SllTammZ’ SZ]TammZ: dB
0
0 |
X;:: ;%?,4r-/*’/"57” TE;:;;EEEEEZ,/./a//*'ZT

-10 o -10 ~

-20 \ / ‘/‘Tﬂ -20 (

-30 30 F

74 75 7.6 £ GHz 124 125 126  f,. GHz
ala 6/b

Puc. 7. lnarpaMMbl «aMIUTATYa — 9aCTOTa» TaMMOBCKOTO Pe30HAaHCa B ITepBO (KpuBbIe 1) ¥ BTOPOH (KpUBBIe 2) 3arpeleHHbIX
30HAX: S11Tamm1> $21Tamm1> JTamm1 — B TIEPBO# 3arpeIieHHOM 30He (&); S11Tamm2, S21Tamm2, fTamm2 — BO BTOPO# 3amperéHHon
30He oTOHHOTO KpHrcTaia (6). MaccoBas 1oss Bogbl 55%. L = 0.0 MM (L{BeT OHJIaliH)

Fig. 7. The “amplitude — frequency” diagrams of the Tamm resonance in the first (curves 1) and second (curves 2) band gaps
of the photonic crystal: S11Tamm1, S21Tamm1, fTamm1 in the first band gap (a); S11Tamm2> S21Tamm2, fTamm2 in the second band
gap (b). The mass fraction of water is 55%. L = 0.0 mm (color online)
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ala 6/b

Puc. 8. UacTOTHbIe 3aBUCUMOCTH KO3 dHLeHTa oTpaykeHHs1 S11 B TIEPBOii (&) 1 BTOpOi (6) 3anperéHHbIX 30Hax 11-croiHoro
(hOTOHHOTO KpHUCTasIa ITPY UCII0/Ib30BaHUH B KaueCcTBe MHTepderica MornoTUTe s 3/1eKTPOMarHUTHOTO U3/Ty4YeHHsI MUKPOBOJI-
HOBOTO /JIMana3oHa B BUZE CJI0sl L[eJUTFO/I03HOM GymMaru ToMIuHoM d = 0.5 MM TPH Pa3/IMUHBIX 3HAUEHUSIX BO3YIIHOTO 3a30pa
L,vmm: 1-0;2-0.25;3-0.5;4-1.0; 5-2.0; 6 —3.0; 7—3.5; 8—4.5; 91 10 (S21) — 63 uenmtono3Hoi bymaru (LjBeT OHJIaKH)
Fig. 8. Frequency dependences of the reflection coefficient S;; in the first (a) and second (b) band gaps of an 11-layer photonic
crystal with the interface layer in the form of absorber made of cellulose paper with a thickness of d = 0.5 mm for 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 — 4.5, 9 and 10 (S»1) — in the absence of
cellulose paper (color online)

10 HayuHbivi oTgen
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HOTO KpUCTajula NPUBOAUT K CMELLEeHUI0 YaCTOThI
TaMMOBCKOTO pe30HaHca B o0sacTb Oosiee HU3KUX
3HaueHU Kak B miepBoi (puc. 8, a u 9, a), Tak
Y BO BTOPO#A (puc. 8, 6 1 9, 6) 3amnpeleHHbIX 30HaX.

N3mMeHeHWe 4acTOTBI U aMIUIUTYAbI TaMMOB-
CKUX Pe30HAaHCOB B MepBOil 1 BTOPOU 3arpeléHHbIX

30Hax C yBeJMYeHHeM BO3[YIIHOIO 3a30pa MeXIy
IUIEHKOM U MOC/IeJHUM c10eM (POTOHHOIO KpUCTasl-
Jla mpepjcTabieHbl Ha puc. 10 u 11. Kak crienyer
W3 TpeJCTaB/leHHbIX pe3y/lbTaToB, C yBeJUUeHU-
eM BeJMYMHBI BO3YIUHOTO 3a30pa HabmozaeTcs
MOHOTOHHOE YyMeHbllleHHe YacTOThl TaMMOBCKHUX

S,,,dB S,,,dB
A 2
'5 '5 8 )i
7
|2 8 ’ 2.1
R\
-15 -15 L/
-20 -20 \
7 7.2 7.4 7.6 f,GHz 11 114 11.8 12.2 12.6f, GHz
ala 6/b

Puc. 9. YacToTHble 3aBUCHMOCTH KO3(duLiMeHTa npoxoxaeHus Sp; B MepBoi (a) u Bropoi (6) 3amperiéHHbIX 30Hax 11-
CJIOMHOTO (hOTOHHOTO KPHUCTA/I/Ia TIPU UCIIO/Ib30BAaHUK B KauecTBe WHTepdelica MOIIOTUTes 3/IEKTPOMAarHUTHOTO H3/TyUeHHs]
MHKPOBOJIHOBOTO /ifiaria3oHa B BH/ie CJI0si JUCTH/UIMPOBAHHOM BOABI TOMIMHON d = 0.5 MM TIpY pa3/IMYHbIX 3HaUeHHsIX BO3-
mytHoro 3a3opa L, mm: 1 — 0; 2 — 0.25; 3 — 0.5; 4 — 1.0; 5 — 2.0; 6 — 3.0; 7 — 3.5; 8 — 4.5; 9 — Ge3 1je/uT0/I03HOM Gymaru
(uBeT OHJIAMH)
Fig. 9. Frequency dependences of the transmission coefficient S» in the first (a) and second (b) band gaps of an 11-layer photonic
crystal with the interface layer in the form of absorber made of cellulose paper with a thickness of d = 0.5 mm for 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 — 4.5, 9 — in the absence of cellulose
paper (color online)
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Puc. 10. 3aBUCUMOCTH YaCTOTbI TAMMOBCKOTO Pe30HAHCA fTamm1 B MEPBO# (&) U framm2 BO BTOPO#i (6) 3arperiéHHbIX 30HaX
OT BeJIMUMHBI BO3/IYIITHOTO 3a30pa L MeXK/y CJI0eM LieJI/IH0/I03HOM OyMar 1 roc/eiHIM c/ioeM GOTOHHOTO KpucTauia. MaccoBast
Joist Boab! 51% (xpussle 1) 1 55% (kpuBble 2). d = 0.5 MM (LjBeT OHJIAMH)

Fig. 10. Dependences of the Tamm resonance frequency framm1 in the first (@) and frammp in the second (b) band gaps on the
size of the air gap L between the cellulose paper layer and the last photonic layer. The mass fraction of water is 51% (curves 1)
and 55% (curves 2). d = 0.5 mm (color online)

TeopeTuyeckas n MaTeMaTn4eckas usnka 11
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PEe30HAaHCOB B TMEpPBOM M BTOPOM 3ampelléHHBIX
30HaX.

B TO ke BpeMmst amrumTyAbl KO3(hGHUIMEHTOB
OTpakeHUsI S11Tamm YU TPOXOKAEHUS So1Tamm TaM-
MOBCKHUX PE30HAHCOB C YBEJTMUEHHEM BO3JYIITHOTO
3a3opa L B Auana3oHe 0—5 MM H3MeHSIHOTCS MOHO-
TOHHO B TI€PBOM 3aIpemiéHHoM 30He (S11Tamm1 YBeIH-

YUBAETCs, S21Tamm1 YMEHBIIAeTCs) U HEMOHOTOHHO
BO BTOPO# 3anpeliéHHoM 30He (ripu L = 1.75 MM Be-
JIMUMHA S11Tamm2 AOCTUraeT MaKCMMaabHOIO 3Haue-
HUS, S21Tamm2 JOCTUTAET MUHUMA/IbHOTO 3HaYeHHs])
(puc. 11). OTO CBUAETENLCTBYET O BO3MOXXHOCTU
peryJMpoBKM aMIUIUTYAbI TAMMOBCKOTO pe30HaHca
TOCPeJICTBOM HM3MEHEeHHS] BeJIMUMHBI L BO3AYIIHO-

SllTamml) SllTamm27 dB SllTamml’ Sll'l'ammZ’ dB
0 -4
H\‘\‘\‘\
s / s fil -6 \
' / Z ol ~ 2
-15 / - -8 =3
7 oINS
-22.5 -10 kw(
-30 -12
1.25 2,5 3.75 L,mm 0 1.25 2.5 3.75 L,mm
ala 6/b

Puc. 11. 3aBUCHUMOCTUM aMIUTUTYAbI KOS(MQUIUEHTOB OTPaXKEHUS S1i1Tammi ¥ S11Tamm2 (@) Y TIPOXOXKAEHUS S21Tammi
1 821 Tamm? (6) TAMMOBCKOT0 pe30HaHca B riepBoii (KpuBble 1) U BTOPO (KpUBbIe 2) 3arpeléHHbIX 30HaX OT BeJIMUHUHbI BO3AYIL-
HOTO 3a30pa L MeXx[y C/10eM Lie/UTF0I03H0M GyMary 1 oc/eHUM c1oeM (oToHHOro. MaccoBasi 10715 Bogpb! 51% (TpeyrosibHble
MeTKU) u 55% (Kpyr/ibie MeTKH). d = 0.5 MM (LIBET OHJIaiiH)
Fig. 11. Dependences of the amplitude of the reflection coefficients S11Tamm1 and S11Tamm? (@) and transmission coefficients
S21Tamm1 and S21Tamm2 (b) of the Tamm resonance in the first (curve 1) and second (curve 2) band gaps on the size of the air
gap L between the cellulose paper layer and the last photonic layer. The mass fraction of water is 51% (triangular marks) and
55% (circle marks). d = 0.5 mm (color online)
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Puc. 12. JuarpaMmbl aMIT/IUTy/la — YaCTOTa TAMMOBCKOTO pe30HaHCa S11Tamm1 (Kp¥Basi 1), S21Tamm1 (KpvBasi 2), fTamm1 B Mep-

Boii (@) ¥ S11Tamm2 (KpuBast 1), S21Tammpz (KpuBas 2), frammp BO BTOpOH (6) 3ampelréHHbIX 30HaX (OTOHHOrO KPHUCTAsIa,

KaKZiast TOUKa KOTOPOM COOTBETCTBYET OTlpe/ie/IéHHOM BesInurHe L BO34yLIHOro 3a3opa. MaccoBas 107151 Bozibl 55%. d = 0.5 MM
(uBeT OHJIAMH)

Fig. 12. Amplitude — frequency diagrams of the Tamm resonance S11Tamm1 (curve 1), S21Tamm1 (curve 2), framm1 in the first (a)

and S11Tamm?2 (curve 1), $21Tamm2 (curve 2), framm2 in the second (b) band gaps of the photonic crystal, each point of which
corresponds to a certain value L of the air gap. The mass fraction of water is 55%. d = 0.5 mm (color online)
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ro 3a3opa Npy (PUKCHPOBaHHOM TOMIMHe d Cr0si
BOJBI.

XapakTepucTUKu (DOTOHHBIX TaMMOBCKHX pe-
30HAHCOB B IIepBOIi U BTOPOM 3ampeléHHbIX 30HaX
(hOTOHHOTO KpHCTasjla B 3aBUCMOCTH OT BeJTMUNHbI
BO3YIITHOTO 3a30pa MpeJ[CTaBUM B BH/Ie AUarpaMMbl

B KOOD/IMHATaX «aMIUTUTYy[a — yactora» (puc. 12).

OTa Auarpamma npejcraBisieT «(a3oBblii OPTpeT
TaMMOBCKOT'O pe30HaHCa», KaKfasi Touka KOTOpOro
COOTBETCTBYeT OIpe/le/IEHHON BeIMuKHe L BO3ZyII-
HOTO 3a30pa.

2. Pe3ynbTaTbl IKCNEPUMEHTa U X 06CYXKAEHME

JKCIlepMMeHTa/IbHO MCC/Ie[0Bajicd OfHOMep-
HbIA (DOTOHHBIM KPHUCTAsUI, CO3[AHHBIA B COOTBET-
CTBUM C OIMCAHHON BbIlle Mofenblo. V3MepeHus
ObUTH BEITIO/THEHBI C TIOMOIIBI0 BEKTOPHOTO aHa/H-
3atopa uerneii Agilent PNA-X Network Analyzer
N5242A B puanasone uactor 7-13 I'Th. Okcnepu-
MEHTa/IbHO ObLJIO MCC/IeJOBAHO BIUSIHUE TOJIIIWHBI
d criost 1Ie//TF0/I03HOM OyMaru Tpy MacCOBOU [iofie
JIWCTUITUPOBAHHOM BO/IbI 55% Ha XapaKTepPUCTUKU
TaMMOBCKOT0 pe3oHaHca (puc. 13 u 14).

S, dB
0
%;
il
8
-10 y
I/ g
220 =
230
-40

7 72 74 7.6

ala

1, GHz

Kak crenyer 13 pesy/nbTaToB SKCIEPUMEHTA,
C POCTOM TOJIIVHBI LIEJITFO/IO3HON Oymaru mipu eé
MaJioi TO/LMHe IPOUCXOJUT yMEeHbIIIeHUE YaCTOThI
fTamm TaMMOBCKHX p€30HAHCOB B MepPBOU U BTOPOii
3amnpeléHHbIX 3oHax (puc. 15). [anbHeiiiee yBe-
JIMUeHHe TOJTIIUHBI 1eJUTI0I03H0M OyMar MpUBOJUT
K 3aTyXalolUM OCLWI/ISILIMAM YaCTOTbl TAMMOBCKO-
rO pe30HaHca.

B mepBoi1 u BTOPO# 3arpeniéHHbIX 30HaX MpU
MasbIX TOJIIWHAX CJI0s L[eJUTIONI03HOM Oymary Ha-
OnrofaeTcs pe3koe u3MeHeHHe K03 UIMEHTOB OT-
pakeHUs U NPOXOXKJEeHNs1 TAMMOBCKUX Pe30HAHCOB.
IMpu GOMBIIMX TOMIMHAX AMIUTATYABI OCLAJUIALAN
ko3¢ uLieHTa OTpa)keHUsI yMEeHbIIATCsl, 8 aMILTH-
TyAbl KO3(QQULIMEHTOB TIPOXOXKEHHS MOHOTOHHO
yOBIBAIOT CO CKOPOCTBIO, 3aBUCSILEH OT TOMIIUHBI
cnosi (puc. 16). V3MeHeHMe 3THUX XapaKTepUCTHUK
B 3aBMCUMOCTH OT LLIMPUHBI 3a30pa L oTpakeHO Ha
puc. 17 u 18.

YnpaBneHue 4acTOTOM U aMITIUTY/I0M TaMMOB-
CKUX PEe30HaHCOB, OCHOBBIBAsCh Ha pe3ysbTarax
KOMITBIOTEPHOTO MO/IeJTUPOBAHUS, AOCTUTanoCh U3-
MeHeHHUEeM CTPYKTYpbI MHTepdelica C OMOILIbIO BBe-
JleHUsI BO3/YLLIHOTO 3a30pa MeX/y (DOTOHHBIM KpH-
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Puc. 13. DKcriepuMeHTa/bHbIE YaCTOTHBIE 3aBUCMMOCTH KO3 QUIMeHTa 0TpaKeHus S11 B 1epBoii (a) 1 BTopoii (6) 3arnpernés-
HBIX 30Hax 11-coiHOro (hOTOHHOTO KprCTasIa MpY UCII0Ib30BaHNUH B KauecTBe HHTepdelica OIIOTUTeJIsI 3/1eKTPOMarHiTHOrO
W3/ly4eHUss MAKPOBOJIHOBOTO IMaria30Ha B BU/iE LIe/I/TI0/I03HOM Oymary rnpu (pUKCHMpOBaHHOM MacCOBOM flo/e JUCTHU/UIMPOBaH-
HOM BoAbl 55% [71s1 pa3nuuHoi TomiuHel d, MM: 1 —0.34; 2—0.56; 3—1.15;4-1.79; 5-2.0; 6 —2.2; 7—3.83; 8—4.7; 9—5.6;
10 — 6e3 uenmono3Hol dymaru. L = 0.0 MM (LiBeT OHJIalH)
Fig. 13. Experimental frequency dependences of the reflection coefficient Si; in the first (a) and second (b) band gaps of an 11-
layer photonic crystal with the interface layer in the form of absorber made of cellulose paper at a fixed mass fraction of distilled
water X= 55% for different thicknesses ¢, mm: 1 —0.34, 2—-0.56,3—-1.15,4-1.79,5-2.0,6-2.2,7-3.83,8—-4.7,9-5.6,
and 10 — in the absence of cellulose paper. L = 0.0 mm (color online)
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Puc. 14. DkcriepuMeHTanbHbIe YaCTOTHBIE 3aBUCUMOCTH KO3 QULIeHTa IPOXOKAEH!s Sp1 B IepBOi (&) ¥ BTOpoii (0) 3arperéH-
HBIX 30HaX 11-CJ10iHOrO POTOHHOTO KPUCTAJLIA [TPH UCII0/Ib30BaHUH B KaueCTBe HHTepdeiica MorIoTUTE s 3/IEKTPOMarHUTHOTO
W3/ly4eHUss MUKPOBOJIHOBOTO /IMaria30Ha B BU/iE Lie/IUTI0/I03HOM GyMary npu (UKCMpPOBaHHOW MacCOBOM /i0/1e JUCTU/UIMPOBaH-
HOM Bogbl 55% AJis1 pa3nnyHoi Tomuussl d, mm: 1 —0.34; 2 - 0.56; 3 -1.15;4-1.79; 5-2.0; 6 —2.2; 7 -3.83; 8—-4.7; 9 —
5.6; 10 — 6e3 Lenron03HoM Oymaru; L = 0.0 MM (LiBET OHJIakiH)
Fig. 14. Experimental frequency dependences of the transmission coefficient S»; in the first (a) and second (b) band gaps of
an 11-layer photonic crystal with the interface layer in the form of absorber made of cellulose paper at a fixed mass fraction of
distilled water X= 55% for different thicknesses d, mm: 1 —0.34,2-0.56,3—-1.15,4—-1.79,5-2.0,6-2.2, 7 -3.83,8—-4.7,
9 - 5.6, and 10 - in the absence of cellulose paper. L = 0.0 mm (color online)
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Puc. 15. 3aBMCMMOCTH YaCTOThl TAMMOBCKOTO DPe30HaHCa B MEPBON fTammi (@) U BTOPOH fTammp (6) 3arpeljéHHbIX 30HaX
OT TOJIIL[HBI CJI0S 1]eJUTIOI03HOM OyMaru

Fig. 15. Dependences of the Tamm resonance frequency in the first framm1 (a) and second framm2 (b) band gaps on the thickness
of the cellulose paper layer

CTaJIIOM U CJI0eM IIeJUTIO/I03HOM OyMaru ¢ GUKCUPO-  KPUCTA/UIOM U CJIOEM LIeJUTFOJIO3HON OyMaru TOHKHMX
BaHHOW MaCCOBOH /101l TUCTU/VIMPOBAaHHOM BOJIbI.  MeTasUTMueCKUX Aradparm, pa3Hoi TOJIIUHEI, C OT-

Bo3pyimHblid 3a30p B 9KCIIepUMeEHTe CO3/jaBajl-  BEPCTHEM PaBHbIM CEeUeHMIO BOTHOBOZA, UCIOMb30-
Csl C TIOMOLbIO PacrooXeHUss MexXy (DOTOHHBIM  BaHHOI'O IPU CO37aHUM (POTOHHOTO KpHCTasa.
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Puc. 16. 3aBHCUMOCTH aMILIUTYZ, K03 duIeHTOB oTpaskeHus S11 (KpuBble 1) U MPOXoKAeHUs S12 (KprBbIe 2) TaMMOBCKOIO
pe30HaHca B 1epBoY (a 1 BTopoi (6) 3anpeliéHHbIX 30HaX OT TOJILMHBI C/10s1 LIeJUTI0/I03HOM Oymaru (LjBeT OH/IaliH)

Fig. 16. Dependences of the amplitudes of the reflection coefficients S1; (curves 1) and transmission coefficients S, (curves 2)
of the Tamm resonance in the first (a) and second (b) band gaps on the thickness of the cellulose paper layer (color online)
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Puc. 17. OKcriepyMeHTa/IbHBIE YaCTOTHBIE 3aBHCUMOCTH KO3 QUIIMEHTOB OTPa)XeHHUs S11 ¥ KO3 QUIMEHTOB MTPOXOKAEHUS Soq
B 1epBoti (&, 6) 1 BTOpOi (8, 2) 3arperieHHbIX 30HaX MPU UCTO/Ib30BaHUH B KauecTBe UHTepGelica CJios Le//TF0I03bI TOJIMHON
d = 0.5 MM pu pa3/MuHbIX 3HaYeHusix 3a3opa L, mm: 1 —0; 2-0.5;3-0.9;4—-1.4;5-1.9;6-2.43;7-3.4;8-4.3;9-49
(uBeT oHJIAMH)
Fig. 17. Experimental frequency dependences of the reflection coefficients S11 and transmission coefficients S,; in the first (a,
b) and second (c, d) band gaps when using a cellulose layer with a thickness of d = 0.5 mm as an interface for different values
of the gap L, mm: 1 —0; 2—-0.5;3—-0.9;4—1.4;5—-1.9; 6 —2.43; 7 — 3.4; 8 — 4.3; 9 — 4.9 (color online)
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Puc. 18. 3aBUCUMOCTH YacCTOT fTammil ¥ fTamm? (KpvBbIe 1), aMIUIUTYZAbI Ko3dduiipeHTa oTpaxkeHus S11 (KpuBble 2) U Npo-
XOK7ieHust S12 (KpHBble 3) TAMMOBCKOTO Pe30HAHCa B MepBoii (&) U Bo BTOPOH (6) 3ampeliéHHbIX 30HaX OT BEJMUMHBI 3a30pa
(uBeT OHJIAMH)

Fig. 18. Dependences of the frequencies framm1 and framm?2 (curves 1), the amplitude of the reflection coefficient S1; (curves 2)
and the transmission S1, (curves 3) of the Tamm resonance in the first (a) and second (b) band gaps on the gap size (color online)

Kak crmefyer w3 pe3y/ibTaToB 3SKCIepUMeH-
ta AUX (DOTOHHOrO KpHUCTasia, MpefCcTaBleHHbIX
Ha puc. 17, yBe/lnueHWe BO3AYLIHOrO 3a3opa L
MEXXy C/I0eM LIeJUTIO/IO3HON Oymaru u mocsiefHUM
cs10eM (POTOHHOTO KpUCTa/lla MPUBOAUT K CMellle-
HUIO YacTOThl TAMMOBCKOTO pe30HaHca B 00/1acTh
Ooslee HU3KKMX 3HAUEHUH Kak B TIEPBOM, TaK U BO BTO-
pOi1 3arperrieHHbIX 30HaX.

V3meHeHre YacTOTBI U aMIUTUTYAbI TaMMOB-
CKUX Pe30HaHCOB B MepPBOM U BTOPOH 3arpeléHHbIX
30HaX C yBeJMUeHHeM BO3JYIIHOTO 3a30pa MeXAy
MIEHKOU Y IOC/1eIHUM c/10eM (DOTOHHOTO KpUCTaslIa
npeficTaBieHbl Ha puc. 18. C yBesnuueHueM Benu-
YMHBI BO3ZAYLIHOTO 3a30pa HaOIIOfaeTcss MOHOTOH-
HOe yMeHbllIeHHe YaCTOThl TAMMOBCKUX Pe30HaHCOB
B MepBOil U BTOPOU 3arpelléHHbIX 30HaX. B To xe
BpeMsi U3MeHeHUs aMIUTUTY/, TAMMOBCKUX pe30HaH-
COB B TIepBOIi 30He MOHOTOHHBI, a BO BTOpOH —
HEMOHOTOHHBL. CriefiyeT OTMeTHTb, TIPH 3HAUH-
Te/JIbHOM YMEeHbIIeHUH MacCOBOM [0/ MOJSIPHOM
JKMJKOCTH B LIeJUTIO/IO3HOH Oymare HEMOHOTOHHOCTh
V3MeHeHVsI aMIUTATYZ, Pe30HaHCOB BO BTOPOH 3aripe-
IIIEHHOM 30He ucye3aer.

MosKHO cfenaTh BBIBOZ, UTO PETY/IMPOBKA Be-
JIMUMHBI BO3JYIIHOIO 3a30pa MO3BOJISET yIIPaB/IATh
aMIUIUTYZ0H TaMMOBCKHUX De30HaHCOB. IIpu 3Tom
[T KaKI0W (DUKCUPOBAHHOMW TOJIIMHBI CJIOST 11eJI-
JIFOJI03BI C OTIpeZiesIEHHON MacCOBOM JJoiel AUCTUI-
JIMPOBaHHOW BOABI AJIS1 JOCTYDKEHHsT MaKCHMallb-
HOM aMIUIUTYAb! TAMMOBCKOTO pe30HaHCa CrefyeT
BBIOpATh OMpe/e/IEHHYI0 BEJIMUMHY BO3/YLIHOTO
3a3opa.

16

3aKnoueHne

B paborte paccMoTpeHBl OCOOEHHOCTH BO3-
HUKHOBeHUs1 ()OTOHHBIX TAMMOBCKUX De30HaHCOB
B 3ampelleHHbIX 30HAaX OJHOMEPHOW Op3rroBCKOM
cTpyktypbl CBY-zmaria3oHa INpW HMCMOIb30BaHUU
B KauecTBe MHTep(elica (POTOHHOrO KpUcTasiia Bo-
Jocofepsailelt CTPYKTypbl — 37eMeHTa «3eJIEHOM
3JIeKTPOHUKW», 00JIaJiaoIlero CBOMCTBaMM IIOT/IO-
tutesis CBU-3Heprum.

[TokaszaHo, YTO aMILIUTy/a M YyacTOTa TaMMOB-
CKHX DEe30HAHCOB peryjvpyeTcs TOILIMHON CJ10s
11eJ/UTIOJIO3bI, MacCCOBOW MIO/ed [IUCTUUTMPOBAHHOMN
BOJbI U TOJILMHOM BO3JYIIHOIO 3a30pa Mexzay ¢o-
TOHHBIM KPHUCTAJ/UIOM U CJ10eM Liesuttono3sl. ITocnes-
Hee obecrieurBaeT AOCTWKEHUE BLICOKOW UYBCTBU-
Te/IbHOCTU TaMMOBCKOTO pe30HaHCa K W3MeHEeHUIO
KaK TOJILUHBI C/105] L|eJ1/T10/103bl, TaK U MacCOBOM 10~
JI1 JUCTUUIMPOBaHHOM BOZBI B 3TOM CJIO€.

YcTaHOB/IEHO, UTO yBeJWYeHre TOJILIMHEI el
JFO/I03HOM Oymaru, copepykaiell JUCTHIIMPOBAH-
HYI0 BOJy TIpu eé MaccoBoil fone Gomee 51%,
TIPUBOJUT K 3aTyXarolUM OCLWUIALMSAM YaCTOTHI
Y aMIUIMTY[bl TAMMOBCKOIO pe3oHaHca. C yBenuue-
HUEM BO3[YILHOTO 3a30pa Hab/roaeTcsi MOHOTOH-
HOe yMeHbllIeH’e YaCTOThl TAMMOBCKHX Pe30HaHCOB
B [1€PBOI1 ¥ BTOPOM 3arpeLéHHbIX 30HaXx.

OKcrnepuMeHTasbHbIe JlaHHble TOATBEPXKAI0T
pe3y/bTaThl PacyeToB W JeMOHCTPUPYIOT 3QQeKT
BO3HUKHOBEHHSI JOTOHHBIX TAMMOBCKHX COCTOSIHUI
B 3alpeléHHOM 30He IIPYU HMCIO/Ib30BaHUM B Ka-
yecTBe WHTep(delica BOJOCO/AEpIKallleld CTPYKTYpPbI
B BH/Ie CJI0S 1ieJUTI0NI03bI C PUKCUPOBAHHOM Macco-
BOU Jj0/1e¥l IUCTU/VTMPOBAHHOM BOJBI.

HayuHbivi oTgen



An. B. Ckpuniasib v ap. Pe3oHaHCHble 3¢hhexTsl B CBY ()OTOHHBIX KpUCTasnax ¢ noraoTuTenem N @

PaspaboTaHHass MeTOMKa pacyeToB U U3Me-

peHUld MOXKeT TPUMEHSAThCS, B YaCTHOCTH, Kak
MPU KOHCTPYHWPOBaHUM TepecTpauBaeMbiX (QUIIb-
TPOB Y aTTEHI0ATOPOB, WCIO/b3YIOMINX B KaueCTBe
TIOTJIOTUTEJISl CTPYKTYPBl Ha OCHOBe LieJI/TFOJI03HOM
Oymard, Tak ¥ XapaKTeph3al[id HUCKYCCTBEHHO CO-
3/laBaeMbIX MaTepHaiOB Ha OCHOBE LIeJITFOJI03bI U eé
TTPOM3BO/IHBIX C PA3/TMYHBIMH BH/]JAMH BK/TFOUEHUH —
OT HeMpOoBO/SAIIUX JUIEKTPUKOB B BUZe AUCTUILIH-
POBaHHOM BOZIBI /10 TIPOBO/ISIIUX BK/IFOUEHHUH B BU7IE
HaHOTPYOOK.
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