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®I3UKA B YKPAIHI - TOCATHEHHS, IPOBJIEMU, IEPCINIEKTUBU

B. M. Jlokmes

Bigninenns ¢izuku 1 actponomii HarionansHOT akazemii Hayk Ykpainu
e-mail: vfa@nas.gov.ua

Bin penakii

24 xBitHa 2018 p. BigOymucs 3aranbHi 300pu Bigginenns ¢izuku i acrporoMii HAH Ykpainu.
31 3BITHOIO 1OTOBIIIO 3a nepion i3 kBiTHA 2017 p. BUCTYNUB akaaeMik-cekperap BDA akagemik
HAH VYkpainu Jloktes B. M.

VY n0moBiZli MiCTUTBCS, Ha HAIly AyMKY, BaXXJUBUH 1 I[IKABUW aHAJTITUYHHUN MaTepiaj, 110
CTOCYETBCSI CTaHy CIpaB B raxy3i BITYM3HAHOI (PI3UKH 1 HAYKHU B IIJIOMY 32 OCTaHHIN Mepiof yacy.

Po3misiHyTO cTaH crpas, Miclie 1 posib HayKu B YKpaiHi, y pO3BUTKY €KOHOMIKHU JIep:KaBH, il
CYCIIJIbHE 3HAUEHHS y B3a€MO3B'A3KY 3 OCBITOIO JJIsi MAalOyTHHOTO YKpaiHH, CTaBIEHHS 0 HAyKH
JIEpKaBU.

KputraHO 00roBOPIOIOTECS MUTAHHS PeOPMYBaHHS CaMOi akaieMil HayK, IPOITOHYIOThCS IIISX
1 3ac00U HEOOXITHUX 3MIH.

Ha namy nymky, momoBins JIokreBa B. M. Oyze mikaBoto AJisl UMTadiB HAIIOTO XKypHAITY. Baaum
MuxaiinoBud J100'sI3HO TTOTOAMBCS HA IMyOJIIKaIII0 CTATTI 3a MarepiajaMu JOTOBI/I B HAIIOMY
KypHaJi.

From edition

At April, 24, 2018 general meeting of Department of Physics and Astronomy (DPhA) of NAS
of Ukraine was held. The report for the period since April, 2017 was made by DPhA Head, full
member of NAS of Ukraine Loktev V.M.

In our opinion, the report contains the important and interesting analytical material, which
concerns the state of affairs in the area of domestic physics and a science integrally for the last
period.

© B. M. Jlokres, 2018



B. M. JlokteB

The state of affairs, a place and a role of science in Ukraine, in the development of a national
economy, its public value in interrelation with education for the future of Ukraine, the State attitude

to a science are considered.

The questions of the National Academy of Sciences reforming are critically discussed, the ways

and manners of necessary changes are offered.

In our opinion, the academician Loktev V. M. report will be interesting to the readers of our
Journal. Vadim Mikhajlovich has kindly agreed to the publication of the article on the report

materials in our Journal.

®I3UKA B YKPAIHI - JOCSATHEHHS, TPOBJIEMH, IEPCIIEKTUBA

B. M. Jloxmes

AHoTauisi. Y cTarTi MICTUTBCS aHAITUYHUN MaTepiall, 0 CTOCYEThCS CTaHy CIIpaB B Tary3i
BITYM3HSHOT (PI3UKH 1 HAYKHU B IIJIOMY 3a OCTaHHIN Iepio]] yacy.

Po3rsHyTO craH crpaB, Miclie 1 poidb HaykKHd B YKpaiHi, Y pO3BUTKY €KOHOMIKH JI€p>KaBH, il
CYCIIJIbHE 3HAUEHHS y B3a€MO3B'A3KY 3 OCBITOIO JJIsi MAaOyTHHOTO YKpaiHH, CTaBIEHHS 0 HAyKH

Jiep>KaBHu.

KputnuHo 06roBoproroThesi MUTaHHS peOpMyBaHHS caMoOi akaJieMil HayK, IPOIIOHYIOThCS IIJISX

1 3ac00U HEOOXITHUX 3MIH.

KrouoBi ciioBa: Hayka, ¢izuka, akagemisi, MIKpo- 1 HAHO -eJIEeKTPOHIKa, Teopisi, EKCIEPUMEHT

PHYSICS IN UKRAINE - ACHIEVEMENTS, PROBLEMS, PERSPECTIVES

V. M. Loktev

Abstract. The article contains analytical material concerning the state of affairs in the field of
domestic physics and science in general over the last period of time.

The state of affairs, the place and role of science in Ukraine in the development of the state
economy, its social significance in relation to education for the future of Ukraine, the attitude to the

science of the state are considered.

The issues of the academy of sciences reforming are critically discussed, the way and means of

necessary changes are proposed.

Keywords: science, physics, academy, micro and nano-electronics, theory, experiment

[Tpencrarisro HalKpaIil pe3ybTaTH, OTPHMa-
Hi B YCTaHOBaX BIUIUICHHS (DI3WKH 1 aCTPOHOMIT
HAH Vkpainu 3a MuUHyaMi pik 3a THMH Marepia-
JIaMH, iK1 HaJJaJId IHCTUTYTH.

B InctutyTi disuku, y BiAaLIl, MO0 OYOIIOE
I. B. buoHChbKHUI, BUBYAIKUCS MPOLIECU JIa3ep-
HO1 aOJsii Ha Marepianax, siki, K CIO/iBalOTh-
Csl aBTOPH, MAlOTh MEPCHEKTUBHU 3aCTOCYBaHHS
B OMNTOENEKTPOHHUX a00 TEeIeKOMYHIKAIiiHUX
Mepekax. 30KpeMa, TOCITipKyBaucs eexTH, sSKi
CYHPOBO/DKYIOTH JIIF0 MOTYXHUX (EMTOCEKYH/I-

6

HUX IMITYJIECIB TIpY 00pOOI1Ii HUIMH TOBEPXOHb.
Came 11e 1 TOKa3aHo Ha puc. 1: 371iBa BU MO-
JKeTe MPOCTEKUTH Y Yaci, sIK 3MIHIOETbCS MicLie
MOBEPXHi, SKE€ ONPOMIHEHE TaKUM IMITYJIbCOM.
Bumno, mo po3mip i1 (opma NOMIKOIKEHOTO
MICIIsl 3MIHIOETBCS, a 4epe3 MpuOIu3HO 8§ Ha-
HOCEKYH/I 10 TIOBEPXHI BiJl MICIISI OTIPOMIHCHHS
MOYMHAIOTH MOIIKUPIOBATUCS XBUII, SIKI MOXHA
Ha3BaTu yaapHuMmHd. IIpoaHamizoBani yci cranuii
nporiecy 30y/KeHHS, HAPODKEHHS 1 TepMatizarii
BUTbHUX HOCIiB, YTBOPEHHSI IIEHTPIB MOTJIMHAH-



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 3

HS, BUKWJY BHXITHOTO Marepiany, yTBopeHHs Bce 1e mokasaHno y mpasiii yactusi puc. 1, (30-

HAJ[3BYKOBOT XBHJII.

Puc. 1

Kpim Toro, HayKkoBIIi 3raaHoro BTy Ha-
BYMJTUCS] pOOUTH JOCUTH BEIHKI MACHBU TaKUX
YTBOPEHB 1 32 PO3POOJICHUMHU HUMHU TEXHOJIOT1-
SIMH OJTHOIMITYJIBCHOI JIa3epHOI a1l MOXKYTh
MEPETBOPIOBATH 1X Yy J3epKajia ab0 MIKPOJiH3H.

KpeMa MoKa3aHi IUISIMU MiKpo300pakeHb, chop-
MOBaHI IMMU MIKPOOTITUYHUMHU €JIEMEHTAMH).
HaiiBa)xuBIIMM ~ pe3ysIbTaToM, OTPHUMAaHUM
MUHYJIOr0 pokKy B IHcTuTyTi (Di3MkM HamiBIpo-
BITHUKIB, BU3HaHO cTBOpeHHs B. C. JInceHkom,
O. M. HazapoBuM pa3oM 3 CHiBpOOITHUKAMHU 11i-
JI01 HU3KU JIFOMIHO(OPIB Ha OCHOBI HAHOIIOPOILI-
KiB KpeMHilo 3 ByreneM. Merbcss mpo HaHo-
gacturku SiO, posmipom Bix 10 1o 30 HMm, ski
micist iXHboi 00poOKM y crenialbHUX OpraHiy-
HUX pO3YMHaX MOKPHBAIOTHCS BYIJICLIEBUM IlIa-
poMm, ane 3 po3puBamMHu. SIKIIO TOuHiIIe, TO OyI0
BCTAHOBJICHO, IO 3a JACSKUX TEPMIYHUX YMOB
Ha TIOBEPXHI HAHOYACTHHOK BHACIIJIOK MipOJTi-
3y (GopMyIOThCSI Tpa)eHOBI METIOCTKH, PO3MIp
SIKUX BapilOETHCS MK 2-Ma 1 6-10 HM. (puc. 2).

Increase of annealing

temperature

g / Higher cross-
| linking

Low cross-linking " @R

89" graphitization” ™. ' =

I :

Increase of pyrolisis temperature — Higher cross

linking

Puc. 2

[Ticnst ompomiHeHHST B yabTpadioieTOBOMY
Jliara30Hi Taki OPOIIKH caMi ITOYMHAIOTh CBITH-
TH, aJle B 1HIIOMY 1 Jy’Ke IIMPOKOMY Aiana3oHi
4acToT, MPUIOMY CBITIHHA € OutuM. Temneparypa
MpoJTi3y BU3HAYAE po3Mip TpadeHOBHX IIMATOY-
KiB, SIKi aBTOpY HA3UBAIOTh HAHOKJIACTEPAMHU, 1110
OB’ s13aH1 3 YACTUHKOIO, HA MTOBEPXHI SIKOT BOHU
YTBOPHWINCS, PI3HUMH XIMIYHUMH 3B’ SI3KaMHU
8i-C abo 8I-0-C.

B InctutryTi Metanodizuku 0. M. KopaJunb,
T. O. KocopykoBa i I. C. ®ipcToB 3po0mimm
BOXJIMBUH KPOK Yy JOCIHIJKEHHI BHCOKOCH-
TPOMIMHUX CIUIaBIB, a came: BCTAaHOBMJIH, IO
6-xommoneHTHa cucteMa (CoMCn)07(A10alm)33
BIIOPSAIKOBYETHCS 3a TUIIOM B2.
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1500kV  78nA 100K X

|66 mm
LX 1000 BSDODM tif

Puc. 3

[To-nepire, Harasao, M0 3a Cy4YaCHUM O3HA-
YEHHSIM JI0 BHUCOKOCHTPOMIMHHMX CIIONYK BiJI-
HOCATh TaKl CyMilll METajiB, B sIKii KUIbKICTh
KOMITIOHEHT HE MEHIIA 5, a BMICT KO)KHOI mepe-
OyBae y miana3osi (5-35)%. [lo-apyre, enTpormis
3MILIYBaHHs y TAKMX CUCTEMax JIOBOJI BUCOKA,
TOMY BiJIITOBI/IHI CIUIaBU OTPUMAIIU TaKy Ha3BY.
30Kpema, CIUIaB, PO KUK WIETHCS, MA€ JTy>Ke BU-
COKY MIIHICTb, SIKY CHIPHYMHIOIOTH TPUKIWHHI
CIIOTBOpEHHS rpatku B2.

B InctutyTi TeOpeTndHOi i3UKK HaWIliKaBi-
muM y 2017 polii BUBHAHO TOCIHIIKEHHS, TPO-
Bezene 0. b. Iajiaineem i iioro rpymnoto y cri-
BaBTOPCTRBI 3 CIIBPOOITHHKAMH PaTio(hi3HIHOTO
¢axynbTeTy KHiBChbKOTo HalliOHaIBHOTO yHIBEp-
curery iMeHi Tapaca IlleBueHka, sike CTOCYETHCS
OOYHUCIICHHS MAarHiTHHUX CTaHIB y C(HEpUIHUX
oOosnonkax. Haranaro, 1o piBHO 6 poOKiB TOMY
s JIOTIOBiIaB MPO PE3yNbTaTh L€l TPy 3 BU-
BUCHHS BJIACTUBOCTECH 1 1MepeOyI0BU MarHiTHUX
BUXOPIB Y MarHiTHUX HaHOUCKax. Tenep ineTsb-
Cs TIPO TE K came, aje B IHMIUX 00 €KTax — cy0-
MIKpOMETPOBUX OOOJIOHKAX PI3HUX PajiycCiB i
TOBIIHH.

Puc. 4

[Toxazano, 1110 3aJ1€KHO BiJ] TCOMETPUYHUX Ta
MarepiajJbHUX apaMeTpiB OCHOBHUH CTaH TakKol
000JIOHKH MOe OyTH 200 MepHIiabHUM (pHC.
JiBOpyY), a00 BUXPOBHUM (TIpaBOPYH), IPUUOMY
0o0M/IBA 11 CTAHHW MICTATh BUXPOBY CKJIAJIOBY Ha
nosocax. Pe3ynsTatoM po3paxyHKy €Heprii Iux
CTaHIB 3 ypaxXyBaHHSIM KOPOTKOCSKHOT 0OMIHHOT
Ta JAJIEKOCSDKHOI Mar”iTo-AHUIIONBHOI B3a€EMO-
i MDK HaBEACHUMHM YIOPAIKYBaHHSIMH BU-
HUKae (Ha3oBUil mepexia mpu 3MiHi BiJHOIICHHS
pamiycy 0oOOJIOHKM 10 ii TOBIMHHU. BiH mmiaB-
HUI, 32 PaXyHOK PO3BOPOTY JIOKAJIbHUX Hamar-
HIY€HOCTEH, TOMY HaJICKUTH 10 APYTOTrO POAY.

VYV TonoBHIi acTpoHOMiYHIN _oOcepBaropii
H.T. I'ycena Ta 1O. 1. I30T0B 11pOBeM BUMIpIO-
BaHHs Ha yHikampHOMY KocMiyHOMY Teneckori
Xab0ma 1 BiakpwiH ranaktuky 115442443, sxii
BiZI0YBarOTHCSl aKTHUBHI MPOLIECH 30pPEYTBOPEHHH,
1 IOKa3aHo, 110 BOHA € MOTY)KHUM JDKEPEJIOM 10-
HI3yIOUOTO BHUIIPOMIHIOBAHHS, SIKE Ma€ Maibke
HernepepBHUM crektp (puc. 5).

J1154+2443

Puc. 5

[Tpy 1bOMY BUIPOMIHIOBAHHSI TIOIIUPIOETHCS
B TQJIAKTUIIl, JI€ TONIMHAETHCS, aje MPUOITH3HO
46% BUXOOUTH 11034 11 MEXI.

Ha mymKy aBTOpiB, came Taki raJJakTUKH Bij-
TIOBIJIAJIbHI 32 BTOPWMHHY ioOHi3arii0 Bcecity y
Tak 3BaHi TemHI Biku, fka Maja Miclle y YacH,
KoM BiK camoro BcecBiTy He mepeBHUIIyBaB
1 MIpa. poKiB.

B Iucturyti marmetmsmy O. 1. Toscro-
JUTKiHuM pazom 3 M. Hoaimgykom y cmiBm-
pari 3 C. M. Psouenkom 3 Iuctutyty i-
suku, B. M. Kamuroro 3 HTVYY «KIII im.
Irops Cikopcekoro» Ta A. I. Bigoycom 3
[HCTHTYTY 3arajgpbHOI Ta HEOPraHIYHOI XiMii iM.
B. 1. BepHancbkoro po3po6i1eHO METOIUKY MO-
JICITIOBAHHS TIOBE/IIHKY aHCaMOJII0 MarHITHUX Ha-
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HOYACTUHOK, 3aHYPEHUX Y PIJMHY, Ha SIKY JIIOTh
3MIHHI TIOJISI PI3HOI YacTOTH Ta aMIUTITYIH, IO
Jla€ 3MOTY 3HAMTH BHECKU y MArHiTHY CIIPUNHSIT-
JIMBICTBH €T PIIKOI CHCTEMH 3aJICXKHO Bl pO3Mi-
Py HAHOYACTHWHOK, a TAKO)XK BU3HAYUTH CIIOCOOM
onTHUMI3aIii IXHIX MapaMeTpiB I TOCIATHCHHS
HEOOX1/1HOT MOBEIIHKU TaKUX CyCHeH31H.

EdexTuBHICTD 11i€1 METOAUKH TIPOJIEMOHCTPO-
BAaHO Ha TMPUKJIAJl HAHOYACTHHOK JIETOBAHUX
JIBOBAJICHTHUMH MeTanamu ManraHiTiB (ba,8r)
MnO3, siKi BBaKaOThCS IEPCIIEKTUBHUMMU 1HIYK-
TOpaMH MAarHiTHOI HaHOTINepTepMii. 3/IaTHICTh
TaKUX PO3YMHIB HAHOYACTHHOK AaBTOMATUYHO
KOHTPOJIIOBaTH HEOOX1HY TemIepaTypy Harpi-
By TOB’si3aHa 3 TUM, 110 Temmneparypa Kropi Ha-
HOYACTHHOK 3aJISKUTh BiJl IX pO3MIpYy, 1 IUIIXOM
111100py OCTaHHBOTO MOXKHA JIOCSITTH MTPUITUHEH-
HS MIPOIIECy iX HarpiBaHHS BHACHIOK MEPEXOIy y
HEMarHiTHUH cTaH (puc. 6).

Puc. 6

B I[HcTuTyTI NpuKiIagHuX npobiaem (i3uky i
6iodizuku A. I. Micioporo 3 criBpoOITHUKaMU
MIPOBEJICHI JIOCIIKEHHSI MMOBEPXHEBUX BJIACTH-
BOCTEH CTBOPEHUX HHMHU IUTIBKOBHX CTPYKTYD
3 IMMOOUTI30BaHUMH, TOOTO, HACKUIBKU 5 3pO-
3yMiB, HEPYXOMHMH, MOJIEKyJaMH KymMapuHy-4
(ue 4 OeH30JbHMX KUIbLS), SIKI JO3BOJISIOTH 3a
criekTpamMu (piryopecrieHIili BU3HaYaTH HAsBHICTh
y TIOBITpI allETOHY, BIAPI3HIIOYH HOro Bij XiMid-
HO CXOKOTO Ha HROTO €THJIOBOTO cnmpty. Lle mo-
3BOJTHJIO CTBOPHTH CEHCOPH 3 Uy TJIMBICTO JIO arle-
TOHY Ha piBHi-10° y moBitpi (puc. 7).

Puc. 7

[omnpasaa, aBTOpU HE TOBIIOMMIIN, SKUMH €
BIZITIOB1/IHI MApaMETPH y Cy4aCHUX CEHCOPIB 1 Y1
KpaIluii 3a HUX CTBOPEHUI HUMU CEHCOP.

[{poropiunmii pe3yasrar ML “IHcTUTYT pU-
KJIQJHOI ONTUKHA OTPUMAHUN JOCUThH BEJIIUKUM
KOJIEKTHBOM CaMOT0 LIbOTO LIEHTPY CIUIBHO 3
[HCTUTYTOM MOHOKPHUCTAJIIB, CTOCYETBCS PO3-
poOkwu mig kepiBHUIITBOM B. b. Tapanenka Tax
3BaHOIO IMITYJILCHOTO MIKpoJia3epa 3 aKTUBHUM
CEpEIOBUIIEM Ha

Puc. 8

OCHOBI iTpili-aymoMiHieBoro rpanary (YAO) 3
nomimkamu Er (eBpomiil) abo Yb (irep6iit),
SIKHI CBITUTB, 110 BAXKIIMBO, y O€3MEUHIH IS OKa
noBxkuHI XBu 1.6 MM (puc. 8). OcranHe criu-
paeThbcst Ha TOM (akT, 10 (OKycyroua cucrema
OKa (poriBKa 1 KpUINTAJIUK) y I CIIEKTpaJIbHIN
TUISTHIIL Ma€ JOCHTh BHCOKH KOEQIII€HT TO-
IJIMHAHHS, SIKUH, BIIACHE, 1 3a0e3Meuye BITHOCHO
Mally 4acTKy €Heprii, sika JOXOIUTb /10 CITKIBKH.
Haranato, 1o cepen Jukepen BUIIPOMIHIOBaH-
HS y BKa3aHii o0acTi € 6arato Takux, 1110 BUPO-
OJeHi 31 CKJ1a 3 TUMH K JJOMIIIIKaMH, IPOTE BOHO
Ma€ HU3bKY TeIUIONpOBiAHICTh. Po3pobnena ke-
pamMika, HaBIAKH, pa3oM 3 YyIOBHMHU ONTHIHH-
MH XapaKTEPUCTUKAMHU - BHCOKa IMPO30PICTh HA
reHEepOBaHil JTOBKUHI XBUIII 1, BOJAHOYAC, 3HAYHE
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MIOTTIMHAHHS JUIS TIOTHUX HaKadoK B o0Omacti 940
HM - XapaKTepU3y€eThCs PEKOPIHUMH KOeilli€H-
TaMH TETUTONPOBITHOCTI.

Y ®i3uKO-TEXHIYHOMY I1HCTHUTYTI HH3BKUX
remneparyp O. B. loadinum 3 criiBpoOiTHHKA-
MU IIiJ] 9aC OXOJIOJDKEHHSI 0 Te€BUX TeMIlepa-
TYpP KPEMHIi-OKCHIHOTO aepOreJIto, SKUi ITUPOKO
BUKOPUCTOBYETBCS JUI TEIIOI30JIsA1Ili, 30Kpema,
KOCMIYHHUX araparis, BIIEpIIE CIOCTEPEKEHA He-
MOHOTOHHA TEMIIEpaTypHa MOBEIiHKa HOro Te-
IUIOBOTO po3mMpeHHs. | nei, 10 neBHoi mipw,
HECTIO/IIBAHUH pe3yNbTaT BU3HAHUN y 1IbOMY iH-
cTuTyTi HalikpamwM y 2017 pori (puc. 9).

SIKIIo TPOXW JAETANBHIIIE, TO MPSIMUMHU EKC-
MEpPUMEHTAMH Ha YHIKaJIbHIN AiIaTOMETpHYHIMI
yCTaHOBIII, sika € HarioHanbHUM HaJa0aHHSM,
BCTAHOBJIEHO, 1110 31 3HIKEHHSM TeMIIEpaTypH i
JIOCSITHEHHSI KPIOTeHHO1 00macTi KoediIlieHT Te-
IUIOBOTO PO3ILIMPEHHS aeporellio 3pOCTae Maii-
K€ Ha TIOPSIIOK, MPOXOASYN Yepe3 MaKCUMYM,
yepes 110 BUHUKAE 3arpo3a pyiHyBaHHS TEILIO-
130715111 AEAKMX KOHCTPYKTHBHHUX €JIEMEHTIB
pakeT, 30KpeMa iXHIX MaJMBHUX 0aKiB

Puc. 9

IHcTUTYT pamiodi3uky i eNEKTPOHIKH Mpe-
CTaBUB IIbOTO POKY SIK OCHOBHHUU pE3yIbTaT
CTBOpeHHs rpynoro criBpoOiTHuKiB IPE mifg ke-
piBauntBoM II. M. MeJieskuka, 10 CKIaay siKol
BXOJIMJIN TakoX BueHi Kazaxcrany 1 ®pantii an-
TEHM HOBOTO KJIAcy, a caMe: aHTE€HHU JUQpaKiiii-
HOTO BUIPOMIHIOBAHHS, sIKa Ma€ HU3KY IMEpeBar.
[i Burnsn cxemarnuno nokasauo Ha puc. 10.
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@DaKkTHYHO CTHIOYATKy aHTeHa Oyia, SKIIO TakK
MOXKHA CKa3aTH y JaHOMY BUIAJKYy, repenoda-
4yeHa, TOOTO pO3paxoBaHa, a MOTIM - CKOHCTPY-
foBaHa. SIK 3a3Ha4YalOTh aBTOPH, AHTEHH LIbOTO
KJIaCy € TeXHOJIOTIYHHMH, TIPOCTHMH aKCiaIbHO-
CHUMETPUYHUMHU aHTEHAMU 3 BOPOHKOIIOIIOHOIO
JiarpaMoro CrpsiIMOBAaHOCTI, sIKi 32 CBOIMU €JIeK-
TPOOMHAMIYHUMH XapaKTEPUCTUKAMU JI03BOJIS-
I0Th BUKOPHUCTOBYBATH iX y cydacHux 5G KoMy-
HIKaIIHUX CHUCTEMAX.

[{ikaBoto (hi3MIHOIO OCOOJIMBICTIO CTBOpE-
HUX aHTEH € Te, 1[0 B HUX BUKOPUCTAHUI XBH-
Tp0BUH aHanor edexrty BauioBa-UepeHkona,
TOOTO e(peKT mepeTBOPEHHS MOBEPXHEBUX EIICK-
TPOMAarHITHUX XBWJIb Y XBHJI1 00’ €MHI1, KOJIH 110~
BEPXHEB1 XBWJII CIELIabHO CKIIAJeHOI IpediH-
9acToi BIIKPUTOI CTPYKTYpH TEHEPYIOTh IIOJE,
0ararto y YoMy CX0ke Ha BJIaCHE TI0JIe TIOTOKY 3a-
PSIDKEHHX YacTUHOK. [Ipu 11bOMy OCTaHHE CBO-
€10 EKCIIOHEHIIAJIbHO CIa/Ial0vu0l0 YaCTHHOIO
MIPOHUKAE Y JOCUTh ONTHUYHO WIUIbHE Cepel-
OBHILIE 1 HOPOXKY€E Y HbOMY 00’ €MHI XBUIII, SIKi,
HABITIAKH, 3racaloTh Ty>Ke CIA0KO, TOIHPIOIOYHCH
Ha JOCTATHRO BEJIMKI BiJICTaHI.

v PanioactpoHOMiYHOMY IHCTHUTY-
1i O. O. KonoBajsienky, B. B. 3axapenky i
C. M. €piny 3i cmiBpoOITHUKAMH THCTUTYTY
(poboTa BUKOHYBaNacs y MUHYJIOMY pOILl, a pe-
3YIIBTATH TUTBKH TOTYIOTBCS JI0 APYKY) 13 3aCTOCY-
BaHHAM cucTeMu 1udposoro (azyBaHHs, TOOTO
TOYHIM YaCTOTHIN 1 YaCOBIH MPHB s3Il TA 3aMUCY
onr(ppOBAHOTO MACHBY JTaHWX) BIAIOCS TIO CYTi
00’eTHAaTH B OJMH 1HCTPYMEHT JIBa YHIKAJIbHUX
pamioteneckonu — YTP-2 i I'VPT, — nepuuii 3
SKUX Ma€ HaJBUCOKY YYTJIUBICTb, & IPYTHd —
JTy’Ke UPOKY CMYTy pobounx 9acToT (puc. 11).
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Puc. 11

L1e, 3 oqHOTO OOKY, T03BOJIUIIO Y KiJIbKa pa3iB
PO3LIMPUTH Jliala30H Paaio4yacTOTHOTO BHIIPO-
MIHIOBaHHS IyJIbCApiB, a 3 1HIIOIO, - OUIbIIE HIXK
Ha TOPSAIOK IMOKpAIlaTH TOYHICTh BH3HAUYCHHS
TaKOTrO BXXJIMBOTO TapaMeTpy, K Mipa JHcIep-
cii 3aIi3HI0BaHHS IMITYJIbCIB IIPH IX MOILUPEHH] y
KOCMIYHOMY CEPEOBUIIIl BiJ| MyJabCAPIB JI0 PO3-
TaIIOBaHOTO Ha 3eMJIi pajioTeneckory. Bucoka
TOYHICTh J]a€ MPUHIIMIIOBO HOBHM CTIOCIO BUMI-
pPIOBaHHS I1HTETPaJbHOI KUIBKOCTI €JIEKTPOHIB
Ha MPOMEHI 30pY, SKa 3MIHIOETHCS HA Yacax Bif
TOJIMH 10 MICAIIB 1 HaBITh OUIkIIIe. | Ha ciraiml mmo-
Ka3aHo JIBa PsIU CIEKTPiB - BepxHiil Bix ['YPTy,
a HIOKHIN - Big YTP-2.

B Iuctutyti ioHocdepu 1. ®. Jdomuinum,
JI. 5. €EmenbsinoBum 1 M. B. JIsimenkom Ha
BUKOHAHHS JIOTOBOPY MK I[HCTUTYyTOM i0HOC(E-
pu Ta XapKiBCbKUM HaI[lOHAJIbHUM YHIBEpPCHUTE-
TOM TOBITPSHUX CUJ YKpaiHU B pamMKax Yroau
Mk HAH VYkpainu Ta I'enmradom 3C Vipainu
IIPOBEJICHI JIOCIIIKEHHS 10HOC(hepH 3 METOIO BU-
3HAYeHHS 11 peakiii Ha TeoMarHiTHI 30ypeHHs
pi3HO1 iHTeHCUBHOCTI (puc. 12).

12 18 0 6 12 18 0 6

Puc. 12

30KkpeMa, OTpUMAaHO 1 MPOAHATI30BaHO JaHi
BUMIpPIOBaHHs JIMHAMIYHHUX TIPOLIECIB B 10HOC-
(depHiii TIa3Mi HaJ IEHTPATbHOEBPOTICHCHKIM
pETiOHOM B OIHOMY 3 IMKJIIB COHSYHOI aKTHB-
HOCTI B yMOBax He30ypeHoi armocdepu Ta 30y-
pEeHb TPUPOAHOTO MOXOMKeHHs. Yeprosuil pas
HiATBEp/HKEHO OararoakTopHICTh BIUIMBY I'€0-
MarHiTHuX Oyp Ha 3MiHHU MMapaMeTpiB 10HOChepH
Ta 1i EBOJIFOLIIIO.

YV JloHenpkoMy (hi3UKO-TEXHIYHOMY 1HCTH-
1yTi A. C. CaB4eHKOM Yy CIiBaBTOPCTBI 3 KoJie-
raMu 3 KUTBKOX KpaiH JOCHIIKEHO TPATKy TaKUX
JOCUTH M€ €K30THYHHUX HETIHIHHUX MarHiTHHX
30y/KEeHb, K CKMPMIOHM Y MarHiTHOMY MeTai
FeGe, y cTpyKTypi SIKOTO BiACYTHSI IPOCTOPOBA
1HBepcCis.

Xova Taki 30y/mKeHHS BIOMI JaBHO, MOX-
JUBICTb YTBOPIOBATH HHUMH TpaTKy, MOAIOHY
JI0 Tparku BUXOpIB AOpPUKOCOBA, BCTAHOBJICHA
KUIbKa pokiB ToMy. CKUPMIOH — 1€ OJIUH 3 THIIIB
MAarHiTHUX COJITOHIB, sIKI BUHUKAIOTh y KpHCTa-
nax 0e3 LEeHTPy iHBepCii 3a HAIBHOCTI B3aEMOIIT
J1357101IMHCHKOT O, SIKA Y JAHOMY BHIIQIKy OLIbIla
3a 3BUYAHUHN 130TPOITHHUIA OOMiH.

B Inctutyti (hisMKy KOHIEHCOBAHUX CHUCTEM
5. M. lnbHUIBKHM pa3oM 3 KOoJIEraMH 3 THIIUX
YCTaHOB MPOBENICHO TOCHIHKEHHS KIHETUKH (POTO-
130Mepu3allii 1 YaCOBOi €BOJIOLT BIIOPSIIKYBaHHS
MOJIEKYNT B @300€H3MHOBMICHUX MOJIMEPHUX Ma-
tepianax. CIniji HaroJIOCHTH, IO 111 (POTOKepOBaHi
Marepiany BCe LIMPLIE 3aCTOCYBYIOTHCS Y PI3HHX
chepax, 30kpemMa MEIUITUHI, Y BUIVISII CEHCOPIB,
HaHOIIA0IOHIB, IITYYHUX M 5131B. B 0CHOBI po6o-
TH IIUX MaTepiaiiB JIeKaTh Taki (i3H4HI IPOLECH,
SIK TIOTVIMHAHHS CHEPTii OKPEMHMH TPYyIIaMH, IO
BXOJISITh JI0 CKJIaay MOMIMEpiB, ii mepeHic /10 iH-
WX TPYTL, JIe BOHA IIEPETBOPIOETHCS Y MEXAHIUHY
nito (puc. 13). Haifyacriiie Take nepeTBOPEHHS
3a0e3MeuyeThCs BKE 3a BITHOCHO MajIoro OMpoMi-
HEHHS 1 TEeMITepaTypax, 3HAYHO HIDKYHX 32 TEMITe-

patypy Iepexofty y CKIsiHy (asy.
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B IuctutyTi enexkrponnoi ¢izuku €. FO. Pemera,
B. A. Kesiemen pazom 3 acmiipanrom Lllangopom
Jlemenem, 1110 3apa3 Mparroe B YTOpIIMHI, BIep-
I11€ BUMIPSIUIM PO3CIIOBAHHS €JIEKTPOHIB Ha MOJIe-
kyni pimyopomerany CF4 (puc. 14).
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T ; ; . .
10" E \ ? E
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0 30
Puc. 14

I monekyna Ta ii paguxanu CFn gysxe gacto
IIPUCYTHI y IIa3Mi ra3oBOr0 po3psiay, ra30BUX
Ja3epax, HamiBIPOBIAHUKOBUX MpoIlecax, aTMoc-
depi TOIO, TOMYy BUBYEHHS SIK BOHU >KUBYTH B
YMOBax €JIEKTPOHHOTro abo 10HHOro OGomOapry-
BaHH 1 Ha IO PO3MAJIAIOTHCS, € BAKIUBUM IS
SIKICHOTO 1 KUTBKICHOTO MOJIENIOBAHHS IUIA3MO-
BUX TPOLECIB, MOTPEO AESIKUX BUCOKUX TEXHO-
JIOT1H Ta eKOJIOT1i.

Ha mpomy akTudHO OCHOBHA HAayKOBa 4Yac-
TUHA 3BITY, 10 CTOCYETHCS HALUMX PE3YJIbTATIB,
MOYKHA CKa3aTH, BUuepraHa. SIk iX oliHioBaTH?
Mu iX momaemo sK Taki, o y OUTbIIN 91 MeH-
U CTETEH] BIAMOBIIaIOTh CBITOBOMY PIBHIO.
A 110 Take CBITOBHMH PiBE€Hb 1 YUM BiH BH3HAa-
4YaeThCcsi, MU He yTouHioemo. Illo mpu upomy
Mae Marucst Ha yBasi? Xoua O Te, 110 YM MOYKHA
X 3iCTaBUTH 3 TUMH, SIKI BXOIATH [0 YUILHOI JI€e-
CSITKH CBITOBHUX y KO)KHOMY ITOTOYHOMY POIIi, 110
OTIPHJIIOIHIOETHCS] HAHOUIBII BU3HAHUMH Y CBITI
KypHaAJIaMU.

12

I xoua Haj sickpaBUX TOAIN y CBITOBIH (i3uIl
OyJI0 JTOCTaTHBO JIO3BOJIBTE JUIsi TIOPIBHSHHS 32
B)KE HAILIOIO TPAJIUIIIEI0 HA3BATH KiJIbKa pe3yJbTa-
TiB, sIKi 32 peHTHHraMu «Science» abo «Naturey,
BU3HAaHI 32 HAWBAXKJTUBIIII y CBITI.

SKII0 TOBOPUTH TPO HAMCYTTEBIIII CBITOBI
JOCSITHEHHSI TIPUPOJIHUYOTO 32 MUHYJIHUH PiK, TO
TaKUMH OUTBIII-MEHIII OHOCTAHO BHU3HAHO Ha-
CTYTIHI, IPOTE TOPSAIOK HABPS/1 YA MOKHA BU3HA-
TU PEUTUHIOBUM:

1. Hacammnepen, 1 e BXe Tak 4M 1HAK-
e Oararo 3By4ajio, — rpaBiTaiiiiHi XBUii. 3 of1-
Horo Ooky, HoOemiBChbKHII KOMITET HAropoauB
HoGemniecbkoro npemieto Jlaiinepa Beiica, bappi
bepima 1 Kina Topna, sxi Ha getexropi JITO y
2015 pori Brepie CHOCTEpPIraad 3JIUTTS JTBOX
YOPHHMX [P Ta MOPOKEH1 HUM IpaBiTallliH] XBU-
7. Xoua ixHs dikcarris 3paszy Oysia BACOKO OIliHe-
Ha, ICHyBaB IEBHUIA CKericuc, a Ha HobemiBehky
BIZI3HAKY aBTOpH uekanu pik. Tenep e rpasirta-
IIAHWIA XBUJILOBUW CUTHAJI, CIPUHHATHIA HE TiJTh-
ku cuctemoro JIIT'O, a ¥ iHmMMH TeTEKTOpaMH,
OyB BHUKJIMKAaHUM IHIIO HEWMOBIPHOKO TOJIi-
€10 — 3NUTTSIM HEUTpOHHUX 3ip y ['anmakrui, 1o
BijaneHna Big Hac Ha 130 MJIH CBITOBHX POKIB.
Bin noBiB, 1m0 TpasiTamiiiHi XBWI1 IIACHO JI0-
CTYITHI JII1 Ha3eMHUX BUMIpIOBaHb. 3ipKH, M0
3IMWIIHCS, Ty’Ke SICKpaBi, HAA3BUYANHO INIBHI,
a iXH1i niameTp ouiHeHuil Bcboro y 10 kM mpu
Bazi, OuteIii, Hixk ConsyHa. [Ipu mpoMy mpu-
HHsTHI 17 cepmHs rpaBiTAlliiHUN CIIJIECK BH-
SIBUBCS HAHUCWJIBHIIIMM 3a yCl momepenHi 1 OyB
HACTUTBKH MTOTY>KHUM, 1110 HOTO MOYYJIH 1 moOadu-
1 6mu3bKo 70 pi3HHUX TENECKOINiB, BKIIOYAIOUU
JIIT'O, yuMm Oyno eKcrnepuMEeHTaIbHO BCTAHOB-
JIEHO, 110 IIBUIKICTh €JIEKTPOMArHiTHUX 1 TpaBi-
TaIifHIX XBUJIb OJTHAKOBA!

2. Ile oquu o cyTi Qi3u4HUN pe3yib-
TaT, 1m0 orpumMaB HobOemiBChKy nipemiro, mpasa,
3 XiMi1, — Kpi0€IEeKTPOHHHI MiKPOCKOIL. 3aBsIKU
oMy Terep 3’sSBHJIACS MOKJIUBICTB JOCIHIIKY-
BaTH pyX, B3aeMojito i Gpopmy meBHHX OioMo-
JEKyd, W0 HEJOCTYIMHO IHIIMMHU METOJaMHU.
binbiie Toro, aeski KIITHHHI TPOIIECH BAAIOCS
HACTUTBKH Bi3yalTi3yBarTH, 110 BOHH OyJIv 3arica-
Hi Ha TUTIBKY, fIK Y KiHO.

3. UeTBepToro CcTaja HOBAa TEXHOJIOTIS
BUIIpaBleHHs TeHiB. Haranmaro, mo 1Ba poku
ToMy OyiM BUHAIIEHI TCHETUYHI HOXHII, SKi
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MOXYTh T€H BIJOKDEMHTH BiJl MOJIEKYJIH Ta 130-
moBaru. Tenep ke y 'apBap/ii CTBOPUIIN XIMIYHY
TEXHOJIOT'1I0, SIKa JO3BOJISIE 3MIHIOBATH OYKBHU Te-
HETUYHOTO Koaty. L{e ToHKa, ajie BUCOKOTOUHA Me-
TOAMKA € HEOE3IIEYHO0, 00 HIXTO HE 3HAE, MICIIS
CKIJTbKOX 3MiH OYKB I'€H CTaHe HEKePOBAaHHM a00
B3araji He6e3neunum. Bognowac 3 60 000 Bixo-
MUX TeHETUIHHX BiXWJICHB, IO CIIPHYUHIOIOTH
pi3HI XBopoOu, 35 000 moB’s13aHi JIHIIE 3 OJHIEIO
OyKBOIO, OTKE MOYKHA JIUIIIE YSBUTH, SK MOXE
3MIHUTHCS] MEIULIMHA, KOJIU BIAIIOBIAHA METOIHU-
Ka CTaHe 3arajibHOJJOCTYITHOO X04ua 0 Y BETUKUX
MeEeHTpax.

4. Y tpaBui y CIIA 3anareHtoBani JiKd
Bl paky, SKi BK€ MPOJAIOTHCS IIiJ HAa3BOIO
«Keitrpyna». Lleit npenapar e onuH 3 Oara-
TBOX, SIKI 3aCTOCOBYIOTBCSI 1151 OOPOTHOM 3 LIEI0
Hapa3i HEBHIKOBHOI XBOpoOoro. Moro mpuH-
mumnosa BigMiHHICTE Big YCIX iHIIMX — MOX-
JUBICTh BUKOPUCTAHHS Mpu Oaratbox (opmax
paKy — sIK 3a3Ha4a€eThCs, Ipu BCiX. Tak, 3 KOHTp-
OJIbHOI TpyIu 86 Ba)KKMX OHKOXBOpHX IoHaz 50
OyJ10 TIepeBeNIeHO y TPYILy PU3HKY, TOOTO TpyITy
HE XBOPHUX.

5. BcranoBnennss uepe3  OypiHHS
JTy’Ke CTaporo Jboay B AHTApKTHLII, SIKUH 30epi-
ra€ my3upi 3 MOBITPSIM 3€MJTi, MOJIOJIIIO Ha 2,5
MJTH POKIB, 1110 YaCTKa BYTJICKUCIOTH Y HHOMY €
HabaraTo MEHIIOIO.

6. 3HaXOKEHHSI Ha TEPUTOPIl HUHIIII-
HBOT0 MapoKKo YeperiB JIOAWHH, SKi OLiHEH] y
300 000 pokiB, Tzl SIK paHiIIe BBAKAIOCS, IO il
Bik 200 000 poxkiB.

7. [HKeHepHO-TeXHIYHUI  pe3ynbrar
Macka, sKuii CTBOPUB 1 3aIllyCTUB pakeTy Oara-
TOPa30BOTO BUKOPUCTAaHHS. BBakaeTbes, MO 1€
HACTUTBKU 3/ICIIEBUTH 3AITyCKH, M0 iX 3MOXKYTh
3MIIACHIOBATH HE TUIBKU HAW3aMOXKHIII KpaiHu.

8. CTBOpEHHS HOBOIO JETEKTOpa
HEUTPHUHO, SIKUI € MOOLTBHUM 1 BaXKUTh YChOTO
14 xr. IlpuHIIMT HE TIOBIIOMIISETHCS, aJie SKIIO
3raJlaty, 10 Cy4acHi JeTEKTOpU — 1€ BeIUYe3Hi
Ha3eMHi a00 Mi3eMHI CIOPY/AH, TO IPOrpec OiIb-
11e, Hi’K OYEBUIHUMN._

9. Hapemiri, oqHOYacHO ABOM KOMaHJaM BYe-
HUX BJIQJIOCSI CTBOPUTH CTPYKTYpH, IepeadadeHi
y 2012 poui — Tak 3BaH1 TEMIOPaJIbHI KPUCTAIH.
3BUYalHI KPUCTAJH — 1€ CUCTEMHU, ITEPIOUYIHI Y
NpOCTOpi, a TeMIOpaibHi —y vaci. Tenep nesika ix

noo0a peanizoBaHa eKCIIEPUMEHTAIBHO. 3a J10-
IIOMOT OO JIa3€pHUX IMITYJIbCIB MIEBHE MICIIE CIIe-
1[iaJIbHO MPUTOTOBJIEHOI KPUCTAIIYHOT CUCTEMHU
CTPYKTYpHO BHBOAMJIOCS 3 PIBHOBAru, i MOTIM
CIIOCTEPITaBCsI TIEPIOJUIHUNA MPOIIEC MK BUXII-
HOIO 1 CTBOPEHOIO CTPYKTYpaMH, SIKi IEPEXOANIN
ofIHA B iHIy. BiH iCHYBaB JOCTAaTHBOIO JIOBIO, IO
1 Jajo MiACTaBU Ha3BaTH CHUCTEMY TEMITOpPasib-
HUM KpuctaioMm. CripaBa y ToMy, 10 3a3BHYait
noz1iOH1 Iporiecu 3BOAATHCS JI0 peslaKcarlii y piB-
HOBa)XHUI CTaH, TOMy peaii3alis TaKuX CUCTEM
BBaKaJIacsl HEMOXJINBOIO, 1110 00rOBOPOBAJIOCS
KibKa pokiB. HacmpaBni, JaBHO BiIOMO KBaH-
TOBE IUIABJICHHS TOBEPXHI TBEPJOTO Ielito, sIKe
TEX HOCHUTbH IMEPIOUYHUN XapakTep, MpoTe Bij-
TIOBi/IHE TIOPIBHSIHHS HE POOMIIOCS. ..

Ha npomy 3aBepiry necsatky. XoTiB Ou crio-
JIIBaTHCh, i pe3yIbTaTH CBiYaTh, HA SIKUX TOJIO-
BHUX HampsMax (yHJaMEHTAIbHUX TMOIIYKIB
KOHIICHTPYIOTHCSI OCHOBHI 3yCHIIISL TOCITITHUKIB.
SIk Ha M€He, B OCTAHHE JIECATUIITTSA TAKUMU € Ha-
YKH TIPO JKUTT, 1110 BCIM HaMm odeBuaHO. Komn x
3rajayBatu (13UKY, y Hiil HAHOUIbLI aKTyaJlbHU-
MH 3 TOYKH 30py (PyHIAaMEHTAIbHUX 3HAHb 3a-
JUIIAIOThCA (Pi3UKa BUCOKHX E€HEprii, acTpodi-
3MKa, HaHO(]13HKa, 0COOIMBO ByIIeNeBa, (pi3uka
Ha/THU3bKHUX TEMIIEPATyp 1 TOCHIHKEHHS SIBHIL,
K1 HaOJIMXKaIOTh a00 MPOSICHIOIOTH CTBOPEHHS
KBaHTOBOTO KOMIT IOTepY. BaKIMBHM TakoxX €
CHHTE3 IITYYHHUX MarepianiB. MaeTbcs, 30Kpe-
Ma, Ha yBa3i MOUTYKH CTLILHUKOBOI, SIK y TpadeHi,
CTPYKTYpPH, SIKy O yTBOPIOBAJIM aTOMHU 1HIIINX €Jie-
MeHTIB. SIKII0 HemaBHO 1€ OyJio Ha piBHI MpiH,
TO TETep TaKUX MarepianiB COTHI, HUMHU 3aiiMa-
I0ThCS, X BXKE HE TUIbKHM CTBOPIOIOTH a00 BHBYA-
I0Tb, @ i 3aCTOCOBYIOTb.

HasBy 111e kifibKa (hi3UUHUX Pe3ysbTaTiB, sSKi
BIIPOJIOBXK POKY 51 COO1 3aHATOBYAaB.

[Touny 3 crocTepe)keHHsT HAMOLIBIN BifyIase-
HOI Ha ChOTOJIHI YOPHOT JIipH, sIKA 3HAXOTUTHCS Y
IEHTPI JIy’Ke SICKPaBOTO KBazapy, IO BHUIIPOMi-
HIOE CBITJIO 3 4acy, koimu BcecBiTy Oyno BCbOTO
680 muH pokiB (tenep aech 14 mupxa). Cam BiH
nocsrae_3emui yepe3 13 mipa pokis. 3arajaka y
TOMY, SIK TAKHUH TIraHTCHKUI 00’ €KT MIT' BUPOCTH
3a TAaKU KOPOTKUH 4Yac.

Otpumanns MetoioM 3 /1 IPUHTIHTY HepXKaBi-
10401 CTaJIl, 1110 Ma€ 3HAlUTH 3aCTOCYBAHHS JIE 3a-
BIOJTHO - BiJl pakeT 10 peakTopiB. Hepkasitouiit
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crami 150 pokiB i BoHa BUPOOJISETHCS TUIABIICH-
HSIM PI13HUX IHTPEAIEHTIB 3 ITOCII1TOBHUM 3aKaJIto-
BaHHAM. 3HAIOUM KIHILEBY 3€PHUCTY CTPYKTYpPY
1 11 cimabki micus, BueHi JIuBepmopcrkoi j1abo-
paropii mepeBen BCe Ha MOBY MpOTpaMu ISt
31 npuHTepa, sIKa BIATBOPIOBAJTA_TY K 3€pHUC-
Ty CTPYKTypYy, ajie 06e3 BIacTHBHX il 1e(eKTiB,
TOOTO MPHUHTEP 1X HE BIATBOPIOBAB, a SKIIIO BOHU
3’SIBJISUTUCS, TO BUKOPUCTOBYBABCS Jla3ep IS iX-
HBOT'O 3HEIITKOJKEHHSL.

Ille omuu marepiano3HABYMM pPE3yJbTAT, IO
BHUKJIMKAaB Benukuil Qypop. YV Kapncpye crBo-
PEHO MEXaHIYHUIM MeTamarepiai 3 CHHTETHYHOIO
CTPYKTYPOIO.

Ile mMikpokyO, sIKHW i TUCKOM HE CTHCKa-
€ThCS, A, HABIAKH, PO3MIUPSEThCA. oro cTpyk-
Typa MICTUTh KuIbLig Ha rpansax. Koau Tuck oro-
YyIOUOr0 CepeIOBUIIA 3pOCTAE, KUTbIIS TEXK CTUC-
KYIOTbCS, ajle 3aBISIKH CHELiaJIbHOMY KPIIUICHHIO
y BepIIMHAX Ky0a, IMOYMHAIOTH PO3TOPTATHCS
TaK, IO CTpyKTypa 30umbinyeThes. LlikaBo, 1mo
110, MOYKHA CKa3aTH, irpaliky BUAyMaiu (i3uKy,
a MOBIJJOMJIEHHS PO HET HaJJPYKOBAHO B XKypHai
Pry3.Key.X.

Bynu 1ikaBi MOBiIOMIIEHHSI MPO 3aIyCK Yy
HimeuunHi HaliOTYKHILLIOTO y CBITI PEHTTEHIB-
CBKOTO Jla3epy Ha BUIBHUX ENEKTPOHAX, SIKHUi
pPOOHUTH MOXKJIMBHUM MPOCTOPOBE PO3IUICHHS 0
MIKOMETPIB 1 MpsIME CHOCTEPEKEHHS XIMIYHHUX
peaxitiii, abo

Ha CTBOPEHHSI TOHKO-IUTIBKOBOTO Marepialy,
KU 3a0e3neuye pekopane - 10 14° -dapane-
€BCbKE 00epTaHHs, 1110 Ha MOPSIIOK MiJBHIIYE
YyTIUBICTh JISSIKMX CEHCOPIB, Ta HA, HAPELITI,
OTPUMAaHHS METAJIYHOTO BOJHIO.

3ayBaxcy, 110 KOJIM MTOPIBHATH HAIlll Kparlli pe-
3yJIBTATH 31 CBITOBUMH, TO SIKOTOCH BEJTMKOTO TIe-
pETHHAHHS MMOMITUTH HEMOXJIHMBO. be3nepeuHo,
MU 3aiMaeMOCs aKTyaJlbHUMU IIUTaHHAMH, aJie 3
BIJIOMUX TIPUYUH AUKTYBATH MOJIY UM BUKJIUKATH
CBITOBHI PE30HAHC HaBPAI YU MOXKEMO, 1 3rafl0K
PO HAC y MiJICYMKOBUX CTaTTAX 5, HA XaJlb, HE
3ycTpidaB. Moxe, i depe3 Te, 0 MU MaeMO
BITHOCHO MaJjio poOIT y HalKpalux *XypHaiax,
X04a BOHH TPAILISIOTHCS.

TuM He MeHI, CUTyaIllo 3 MyOmiKaisMu y
Hallli akazeMiuHiil ¢i3uui s 6 He Ha3BaB Kpu-
qymio0 — npudmzno 40% podit Mu myOmiKye-
MO B IHO3EMHHX XYypHaJax 3 iIMIaKT-(pakTopamu.

14

Moxe, ckopilie, pobiemMa y MiJBUILEHHI aBTO-
PUTETY BITUU3HSHUX KYpPHAIIB.

BuBueHHs Gi3uKH 1 3aHATTS (HI3UKOIO HE OJTHE
1 Te X, TOMy CKOpPOUYBaTH TOAWHU 3 (i3UKH Ha
IHKEHEPHO-TEXHIYHUX (PaKyabTeTax BUILIB, a
TAM OUIBIIE Y IIKOJIAX HEMPHUITYCTHUMO, X04a il
Hamoro MOH 1 kepoBaHMX HMM YHIBEPCHUTETIB
30BCIM 1HIII — CHPOCTUTH, CKOPOTHTU abo mo-
BHicTIO TIprOpary. Taka mosiTHKa, MiaTpUMYyBa-
Ha, 1o peui, HAITH VYkpainu, HenanekorsiiHa,
CIIPUYMHIOE JIeTpajalito 1HTenekTy. HasiTh
MPU CXWJIBHOCTI JI0 TyMaHITapHOI MisTTLHOCTI
MOBCSIKACHHE JKUTTS 4acTO BUMArae BiJ JIIoAei
JIOTIYHOTO MUCJICHHS, KPEaTUBHOCTI, BMIHHS BU-
OKpPEMJTIOBATH TOJIOBHE, YsBJIEHb Mpo BcecBir i
HAyKOBOTO CBiTOIIsNY. be3 xoua 6 MiHIMaIbHOT
NPUPOTHUYOI TiITOTOBKU IIOTO HE OMAaHYEII, a
OT>K€ HE BiAMOBIJaTUMENI BUMOTaM 4acy.

VY 1mpoMy ceHci, ToOTO BU3HaHHI poii (izu-
KM, Tajaro, OyJe He 3aiBOIO 1 Taka 1H(opMaris:
10 xBiTHA 11.p. ipe3uaeHT Pocii B.B.I1yTiH Bin-
BinaB HaykoBuii nentp «KypuaroBcbkuil iHCTH-
TyT», 1€ MpoBiB Liuil neHs. [loBimomitto, 110
el eHTp He BXOIUTH A0 CKIIaay akaaemii, aje
fioro Oromxer 180 mupn. pyOmiB, AreHTCTBa,
o 3iiicHIoe ympaBiiHHA 1HcTUTyTamMu PAH
— 100 mnpna., a akagemii — 4 mipa. Tak ot, mif
yac Bi3uTy Oyno Hi Oararo Hi Majio 3asBJICHO,
10 KOHIICTIIIISI IHHOBAI[IHHOTO PO3BUTKY €KOHO-
Miku Pocii TepnuTh HeBIady 1 1110 HEOOX1THO TT0-
BEPHYTHUCS JI0 HAAIHHOIO Ccrioco0y BUIPABICHHS
cuTyauii uepe3 Bunepekaounii po3sutok BITK.
[Tpu upOMy MIaHY€THCS 3MIHUTH MPABOBUM CTa-
Tyc 15 iHCTUTYTIB (hi3UYHOTO MPOQLI0, CIUCOK
SIKUX HE OyB OTOJIOIICHUH, a TPIOPUTETOM BHU3HA-
YeHO OY/IIBHUIITBO KPYITHUX YCTAHOBOK Y Tay3i
sanepHoi (i3uKH 1 (Pi3UKK BUCOKUX €HEpriid. A 3a-
rajJbHUM HaIpsSMOK BUXOY 3 KPHU3M TakuUi: yci
CKUTbKHU-HEOY/Ib A1€3/1aTHI 3aJTUIIKH aKaJeMIqHO-
ro KoMIUIeKcy OyayTh nepeopieHtoBani Ha BITK.
VY cnoBax IlytiHa ne Tex mnpo3Bydano: «Jlis
BO3BPAIICHUS TEXHOJIOTHYECKOTO  JIMJIEPCTBA
HaM HY)KHO TINATEJIbHO BHIOpAaTh MPUOPUTETHI,
I7Ie MBI HE TIOTEpPSUT TPEUMYIIIECTBA — aTOMHAs
MPOMBIIIUIEHHOCTh M KOcMOCy». OCh Taki «HayKo-
BO-OpraHi3alliiiHi» HOBHHI Bijl HAIIOTO MiBHIY-
HO-CXIJTHOTO CyCiJa.

Jlo3BOMNBTE CTHCIIO 3yMUHUTHCS Ha CITIBIIpAIll
3 BUIIMMHU HAaBYAJBHUMHM 3aKjazamu, abo, 110



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 3

onne i texx, MOH. fIkimo xapakrepusyBaT L0
CHIBIPALIIO B LIIIOMY, TO BOHA € 1 BiI0YBA€EThCA Y
HOPMAaJIbHOMY PEXHMI, SIKUM HaBPS YU BUKIIHU-
Kae 3arepeycHHsI.

Bu 3naere, mo MOH Vkpainu croinpHO 3
HAIIH VYkpainm Bech 4ac BHUTAIy€ «HOBAIlii»
(He ruTyTalTe 3 IHHOBALISIMH) Y MIKITBHOMY Ha-
BYaHHI, OJIHA 3 SKHX, [TOJIaHa JTy)Ke TyJHO, cTajia
MEPErIIOM MIKUTBHOT IPUPOIHUYO]T MITOTOBKH.
[TpakTH4yHO BiH 3BiBCA 10 BUIIyUEHHS (i3UKH pa-
30M 3 aCTPOHOMI€0, XiMii Ta O1oi0orii sIKk OKpe-
MUX MPEIMETIB 3 HaBYAJIbHHUX MPOTpaM 3aralib-
HOOCBITHIX CEpEeIHIX MK 1 00 €IHAHHS [UX
JUCIUILTIH y OJIOKU a00 3BEJIEHHS YCIX JI0 OHIET
M7 Ha3BOIO «IPUPOAO3HABCTBOY». 3MEHILICHHS
TOJIMH 3a3Hajia 1 MaTeMaTHuKa, Xo4a i He TaKoro
panukanbHoro. Jlo peyi, ckazaHe € eleMeHTaMu
3arouarkoBaHoi MOH ocBiTHROT pedopmu, Ynm
SIK TIPUKJIAJIOM TTO3UTUBHUX 3PYIIEHb MUIIA€Th-
Csl ypAI.

L1i Tak 3BaHi HOBOBBEJCHHS 3a4EIMIIA BUMUTE-
JIB IUX TPEIMETIB, aje CyIpOTHB BUSBHIM TiTb-
KU (P13UKH, K1 HE CKJIAJIM PYKH 1, TOYaJI O0pOTh-
Oy. Uepe3_ YDOT BoHM 3BEpHYIIMCH JI0 BiIIJICHHS
3 MPOXaHHSM II0Ch BiATH. | Bix imeHni BDOA Oys
TTITOTORJICHUH JIMCT Ha a/IPECy OYLTHHUKIB JICPKABH,
SIKUIA, 1110 BOKJIMBO, TMIIHACATN TIEPITHIA Bille-Tipe-
suneHT HAH VYkpainu, npesunentu YOT 1 VAA,
OIIMH 3 BIJOMUX BYUTENIB 1 TAaKOXK s. Y HBOMY
KOPOTKO BUKJIaJanacsi CyThb MUTAHHS, BUCIOB-
JIOBAJIOCS HAIllE CTaBJeHHs a0 monitukn MOH
1 TOBOPUJIOCS PO MOXJIMBI, IIKIJUIUBI AJIs ep-
YKaBH, HACITIJIKU TaKUX 3MiH, SKIIIO BOHU OYyITyTh
cxBasieHi KM. JluBHO, aJie 1ieii JHCT CrpalfioBas,
1 MOH Ha Bumory Ypsity CKJIMKajo, SsK BOHHU M0-
THOOJISIFOTh HA3UBATH, CIIYXaHHS 3 LOTO MHUTaH-
HSl.

Mu, npuHaiiMH1, MO’KEMO 3aCB1TUYUTH HEDOP-
MaJbHY y4acTh akajemii y MOKpallaHHi MIKiIb-
HO1 OCBITH, X04a, SIK MEHI 3 CYMOM CKa3aB OJUH
3 BUMTENIB, 3apa3 y IIKOJaX MaiKe HeMa BH-
KJIaJa4iB, K1 MOTJIM O BHKJIaJaTH pO3pOOIeHY
3a yyacti HAH VYkpainu nporpamy. Llum xoTiB
3aKIHYUTH, ajie JTHAMH Ji3HaBcs, mo 1 MOH, 1
HAITHY nponoBXyroTh YHHHUTH OIip BIIPOBa-
JOKEHHIO HAIIMX Tporpam, a CBOi BCIMa CHJIAMHU
MIPOIITOBXYIOTh Y TITKOJIH.

[TutanHsa ¢iHaHCOBOTO CTaHy HAIIMX YCTa-
HoB. IluTanHsg HACTIABLKH OOmroue, IO OOIHTH

HOT0 MOBHICTIO HEMOXJIMBO. MU 1HKOJIM HaBITh
HE 3aMHCITIOEMOCS, SIKUM BOHO € Terep, 00 cTaH
3 (piHaHCYBaHHAM 1 akajemii, 1 HAyKH B IIIOMY
B 371a€ThCSI MEH1 KpUTHYHUM. OCOOIHUBO TAMYIII
MOJIO/IL, SIKI Ha Hel HE pO3paxoOBYIOTh, BUMYILIE-
Hi BIIAIITOBYBATHCS 332 KOPJIOHOM, 00 HOpMab-
HO JKUTH Ha OTPUMYBaHI 3a HEMOBHUIA poOounit
THKJIEHb MI3€PHI I'POILI, K1 iM MOJKHA 3aIpOIo-
HYBaTH, HEMOXXJIUBO.

I B3arami HaiiBaxkue Termep He 3alyYUTH MO-
JOAY JIIOAWHY 10 IHCTUTYTY, a yTpUMaru ii.
3aprara HU3bKa, aje MU PO3yMIEMO, IO ILE
OB THITIOYMM OYJIO 1 3aJMIIA€THCS MUTAHHS
KUTIIA. 3HANTHU 5K pOOOTY 32 KOPIOHOM, SIK BUSIB-
JISIETHCSI, HE TIPoOJIeMa, 1y Oy/Ib-sKiid, HaBITh Hali-
yCIIIIHIMIIH, 3aKopAoHHIN naboparopii mpario-
I0Th KOJIMIIHI CHIBPOOITHUKHM HAIUX YCTAHOB.
Mu faBHO cTajaM MICIIEM ITITOTOBKH KBamidi-
KOBaHUX KaJIpiB, a HaIlll 3aXi/IHi KOJIETH aKTUBHO
3alpOIyIOTh TAJIAHOBUTUX YKpAiHLIB 1, OlIblLIIe
TOTO, ICHYIOTh MPOrpaMu MO iX 3aJTy4eHHIO 10
Kpain €Bponu i AMEpHKH.

SIK1110 >k TOBOPUTH B LILJIOMY, TO Ha (OHI jaes-
KOro, SIK 3rajyBajiocs, criaay (hpiHAHCYBaHHS Ha-
YKH, € KpaiHU 1 HaBiTh LTI PETiOHH, JIe BOHO HE
HOTIPIIYETHCS, 1110

Puc. 15

BHUJIHO 3 HaBeneHoro Puc. 15, Ha sxomy mist
TIOPIBHSHHS TTOKa3aHa BijjoMa CUTyarlis 3 (iHaH-
CYBaHHSIM HayKu B YKpaiHi, e BXKe HE OIMH PIK
BOHO TMPOJIOBXKYE CBOE majiiHHs. [{e yacosa ricto-
rpama, a B aOCONOTHUX BIJICOTKax KapTUHA Ha-
crynHa (puc. 16): y BizcoTkax
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Puc. 16

BHII nepen BenyTs I3pains 1 [liBnenna Kopes,
Jie 15 1rdpa Oibie 4-X, 1 aech 10 kpain BUALIA-
10Th 2% 1 61b111e. Lleii po3nomin icHye 3 HeBeIH-
KUMU ToripaBkamu mpuOin3Ho 10 pokiB 1 HIYOTo
HPUHLUIIOBO HOBOTO HE MICTUTh - MU IIPOJIOBKY-
€MO TIACTH 3a/IHIX, MalOYU NP I[bOMY HE TUIBKH
COpPOMHMUI Bi/ICOTOK, a i He3aBuaHuii BHIL. Tomy
BHUMOTH JIO HAC MOCIJaTH Y TAaKUX YMOBax YiJIbHi
MicCIIs Xoua O Ha IeKUX HamnpsiMax He BUTPHMY-
FOTbh JKOJTHOI KPUTHKH

[ToBTOpIO, MM — CHIAAKOEMITI TTOTYXKHOI 1, 6€3
nepeOiIbIIeHHS, IepeI0BOT y HAYKOBOMY PO3BH-
TKOBI Jiep»aBH, B sIKii HAyKOB1 JOCIII>)KEHHS Be-
JIUCS TI0 ychoMy GpOHTY. AJie Xi0a He sSICHO, 1110
Hapasi B YKpaiHi IIHUPOKOTO (PPOHTY TOCIIIKEHb

UDC 53, 52
DOI 10.18524/1815-7459.2018.3.142040

HeMa, MU (DaKTUYHO MPOTaBHJIIH TOSIBY Y CBITOBIM
HayIll UTAX HAIPsMiB, 00 X HIXTO HE BIJICIIIKO-
BYBaB. A KOJIM IPO HUX 3HAJIH, IIOCh 3aII0YaTKY-
BaTy 3a OpaKoM KOIITIB 1 KaJpiB HE MOIJIH.
Pazom 3 akazieMi€ro MU IEPeKUBAEMO CKPYTHI
4acH, pO3BUBATUCS B ICHYIOUMX YMOBAX HEJIETKO,
a 3a (hiHAHCOBOTO TOJIOIOMOPY — MPAKTUYHO He-
MOXXJIIBO, TOMY HE JIHMBHO, III0 MU TOTPAITWIA Y
CTaH JIe[KOi CTarHarii, BUXiJ 3 IKOTO BUMAarae pe-
cypcis. Ix HeocTarHbo a60 Hema, xoua OyIb-ska
Oe3IIsUTbHICTh HIBUJIKO BCTYIA€ y MPOTUPIYUS 3
IHTEHCUBHUM PO3BUTKOM BCHOTO 1 BCSI HaBKOJIO
Hac. HaBiTh y Takiil, HeCpusTIMBIN 1151 TBOP-
401 po0OTH, CUTYaLlll akaJieMii HaJIe)KUThb OlIbIIa
YacTHHA POOIT BUCOKOTO PiBHS, SIKi BHKOHYIOTh-
csi B YKpaiHi. Ajie IIOPOKY, JUBJISYHCH CBITOBI
JOCSITHEHHSI, BIMYYBAEI, IO IBOTO KPUTUIHO
masio. PiHaHCYBaHHS, 3a sIKE MU MaeMo OyTH
me ¥ BOSYHI, HE MOXE 3a0€3[IeUYNTH OHOBJIEH-
HS aKajeMii B ii TenepilHbOMY CKJIaJl, OTKE He
BHUKJIFOUEHO, 110 Tpeda ymMaTd 1 B HANPIMKY il
cKopoueHHsl. BonmHouac, HEOOXiTHO CTyKaTH B
yci aBepi, 11100 100UTHCS HE TUIBKU PO3IIUPEHHS
IPaHTOBOI MITPUMKH 13 30epeKeHHSIM 0a30B01, a
i1 CyTTEBOTO 301IIBILICHHS caMuX IpaHTiB. [Ipore it
eKCIIepTH3a SIK TIOTIEPE/IHS, TaK 1 3aKIIFOYHA MAIOTh
OyTH HEe3ICKHUMH 1 MPO(PECIHHO TOCKOHATTUMH.

Crarrs Hagiiuia go penakiii 27.08.2018 p.

PHYSICS IN UKRAINE - ACHIEVEMENTS, PROBLEMS, PERSPECTIVES

V. M. Loktev

Department of Physics and Astronomy of the National Academy of Sciences of Ukraine,
e-mail: vfa@nas.gov.ua

Summary

The results of the scientific and technical activities analysis of the research institutes and
structures of Ukraine subordinated to the Department of Physics and Astronomy of the National
Academy of Sciences of Ukraine for the period from April 2017 to April 2018 are presented.

The essence of the most significant scientific and technical results, both fundamental and ap-

plied, is briefly described.
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It also shows possible perspectives of scientific achievements in terms of their use in the rel-
evant branches of science, technology, the national economy, as well as in special technology.

There are authors and author groups that actively and fruitfully worked on the important scien-
tific problems solving that have received appropriate recognition of the scientific community.

In particular, the results of studying the of laser ablation processes on materials with real appli-
cation prospects in optoelectronics and telecommunication systems are shown. The work has been
done by a team from the Institute of Physics under the guidance of the Corr. of NAS of Ukraine
I. V. Blonsky.

In the Institute of V. E. Lashkarev Semiconductor Physics in the department headed by Corr. of
NAS of Ukraine V.S. Lysenko has been created a series of luminophores with the ability to change
the light frequency range. These works are close to the development of the technology and imple-
mentation.

It should be noted also the complex development of the combined team from the Institute of
Magnetism (prof. Tovstolitkin O. 1.), Institute of Physics, Corr. NAS of Ukraine (Ryabchenko S.
M.), from NTUU “KPI them. Igor Sikorsky “ (prof. Kalita V.M.) and from the Institute of General
and Inorganic Chemistry them. V. I. Vernadsky (prof. Bilous A. G.) - a method for modeling the
behavior of a ensemble of magnetic nanoparticles immersed in a liquid, under the influence of the
variable in field amplitude and frequency.

A number of important scientific results were obtained by teams of institutes in cooperation with
foreign partners.

It is noted that this practice, especially in the face of a financing gap for Ukrainian science, can
bring significant results.

The results obtained by our institutes and the achievements of foreign collectives which rec-
ognized by the most important in the world according to the results of the journals “Science” and
“Nature”, on the situation with the publications has been compare. The financing of physical sci-
ence in Ukraine and the world is estimated, attention is paid to exacerbating personnel problems.
which is due, in particular, to the rapid growth of the departure of talented young people abroad for
work in prestigious scientific institutions.

Keywords: science, physics, academy, micro and nano-electronics, theory, experiment
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®I3UKA B YKPAIHI - JOCSATHEHHS, TIPOBJIEMHU, IEPCIIEKTUBA

B. M. Jlokmes

Binninenns ¢izuku i actpoHomii HarioHansHoT akagemii Hayk Ykpainu
e-mail: vfa@nas.gov.ua

Pegepar

HageneHi pe3ynbraTi aHajaizy HayKOBO-TEXHIYHOI TIsUTBHOCT]I HAyKOBO-OCIITHUX IHCTUTYTIB 1
CTPYKTYp YKpaiHu, o mignopsakoBani BigainenHto ¢i3uku i actponomii HarioHanbHOT akageMii
HayK YKpainu 3a nepion 3 kBiTHs 2017 no kBitens 2018 p.
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[Toxa3zaHi TakO)X MOXJIMBI NEPCHEKTHBH HAYKOBUX JOCATHEHb 3 MO3MIIN iX BUKOPUCTAHHS Y
BIJIOBIAHMX TaJly35X HAayKH, TEXHIKH, HAPOAHOIO TOCIOAAPCTBA, a TAKOXK Y CHEI[laIbHIM TEeXHIIIl.

BigzHauaroThCsl aBTOpU Ta aBTOPCHKI KOJEKTHBH, 110 AKTHUBHO 1 IUIIAHO MPAIlOBAINM HaJ
PO3B’A3aHHSAM BaXJIMBUX HAyKOBHUX MpoOsieM, SKi OTpUMAalld BiANOBITHI BU3HAHHS HAyKOBOI
CIUIbHOTH.

30KkpemMa, MoKa3aHo pe3yJbTaTH BUBUCHHS MPOLECIB J1a3epHOi admsuii Ha MaTepianax, 1o Ma-
I0Th pealibHi MEePCIeKTUBU 3aCTOCYBaHHS B ONTOEJIEKTPOHII Ta TEJICKOMYHIKAIIMHUX CHCTEMaXx.
Pobora BukoHaHa kojekTUBOM 3 IHcTUTYTY (i3uku mij kepiBHULTBOM 4i.-kop. HAH Vkpainu
I. B. bioncekoro.

B incTutyTi i3uku HamiBnpoBinHUKIB iM. B. €. JlamkapboBa y BiJIiJICHHI, K€ OYOJIIOE YJI.-KOP.
HAHY Vkpainu B. C. Jlucenko, cTBOpEeHO HU3KY JIIOMIHO(OPIB 3 MOMKIIMBICTIO 3MIHM J1ara3oHy
gacToT cBiueHHs. L{i po6oTu 6:1M3bKi 70 PO3POOKH TEXHOJIOTII 1 BIPOBAKECHHS.

Criz 3a3HaYUTH TaKOXK KOMIUIEKCHY PO3pOOKY 00’€IHAHHOTO KOJIEKTUBY 3 IHCTUTYTy Marhe-
tu3my npod. Toscronmutkina O.1. , Incturyty @isuxu uwi.-kop. HAH VYkpainu Pa6uenka C. M., npod.
Kamutu B. M. 3 HTYY “KIII im. Iropst Cikopcskoro” Ta npod. bimoyca A. I'. 3 [actutyTy 3aranpHoi
Ta HeopraHiyHoi Xximii im. B. 1. BepHaacbkoro — MeTOnMKy MOJIETIOBAHHS MOBEAIHKH aHCAMOIIO
MAarHiTHUX HAHOYACTUHOK, 3aHYPEHUX Y PIUHY, MiJ] €0 3MIHHOTO 32 aMILTITY/I0IO 1 YaCTOTOKO MOJIS.

Husky BajJIMBHX HAayKOBMX pe3YJbTarTiB OTPUMAHO KOJEKTMBAMH IHCTUTYTIB y Koomepauii 3
1HO3eMHHMH MAPTHEPAMHU.

Haronomryetscs, 1o came Taka npakTHKa, 0cOOIMBO 3a YMOB JepiuuTy (hiHaHCYBaHHS YKPATHCHKOT
HayK{ MOYKe IIPUHOCUTH BaroMi pe3ysbTaTH.

3MiBCTABISAIOTHCS 32 HAYKOBOIO 3HAYMMICTIO OTPUMAaHI HAIIUMU IHCTUTYTaMH Pe3YJIbTaTH 3 IOCSAT-
HEHHSIMU 3apyODKHHMX KOJIEKTHBIB, 1110 BU3HAHI HABaXJTUBIILIMMHU y CBITI 3a pe3yJbTaTaMu KypHAaJIiB
“Science” 1 “Nature”, curyamito 3 myOmikarismMu. OmiHIOETbCs (iHAHCYBaHHIM (DI3MYHOI HayKH
B YKpaiHi 1 CBiTi, 3B€pTAETHCS yBara Ha 3aroCTPEHHI KaJpoBi MpoOIeMH. 110 3yMOBIICHA, 30KpeMa,
CTPIMKHM 3pOCTaHHSM BHi3/y TaJJAHOBHUTOI MOJIO/I 32 KOPAOH ISl POOOTH Yy TIPECTHKHUX HAYKOBHX
3aKIaax.

KurouoBi ciioBa: Hayka, ¢izuka, akagemisi, MIKpo- 1 HAHO -eJIEeKTPOHIKa, Teopisi, EKCIEPUMEHT
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HUMIDITY SENSORS BASED ON Sn0,-Co,0,-Nb,0-Cr,0, SEMICONDUCTOR
VARISTOR CERAMICS

A. V. Gaponov

Abstract. The varistor effect in SnO,-Co,0,-Nb,O-Cr,O, ceramics with different additions is
accompanied by a strong humidity-sensitivity effect in the low-field electrical conductivity. The
low-field electrical conductivity and dielectric permittivity of ceramics are increased when air
relative humidity rises from 10 to 93%. Such effects are observed both in the samples prepared by
solid-phase sintering without or with CaO addition and in the samples prepared by liquid-phase
sintering with CuO or V,O, additions. The lowest humidity-sensitivity effect was found in the
liquid-phase sintering samples due to the more solid structures and the secondary phases which
are located between the SnO, grains. For the studied samples the values of humidity sensitivity
coefficient 1.8-103-3.2-10° at low electric fields and the nonlinearity coefficient 30-57 at high
electric fields (E, = 5.3-7 kV-cm™) were calculated. The properties of oxide ceramics are explained
by electrical conductivity which is controlled by the grain-boundary potential barriers. The barrier
height decreases with the increase both of air relative humidity at low electric fields and of voltage
at high electric fields. Strong humidity sensitivity is a key factor for sensor application of SnO -
based ceramics.

Keywords: humidity sensor, tin oxide, varistor, oxide ceramics, grain boundary, electrical
conductivity
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CEHCOPH BOJIOTOCTI HA OCHOBI HATIIBITPOBIJIHUKOBOI BAPUCTOPHOI
KEPAMIKH $Sn0O,-Co,0,-Nb,0-Cr,0,

O. B. I'anonos

Anorauisi. Bapucropunii edexr y SnO,-Co,0,-Nb,O.-Cr,O, kepamili 3 pisHUMH JIOMiIIKaMH
CYIPOBO)KYBABCS CUIIBHUM BOJIOTOYYTJIMBUM €()EKTOM IS €JIEKTPUYHOI IPOBIAHOCTI y cllabKoMy
noJi. ENexTponpoBiiHICTh y CIIA0KUX TMOJISAX 1 JieJeKTpHUYHA MPOHUKHICTh KepaMiKu 3011bI1yBa-
JIMCh TIPH 3pOCTaHHI BiIHOCHOI BosorocTi moBiTps 3 10 1o 93%. Taki edexT crocTepiraiuch siK
JUTSE TBepAO-(ha3HUX CHHTE30BaHMX 3paskiB 0e3 abo 3 CaO moMIMIKor, Tak 1 JUIsl pigko-(hasHUX
cunTe30Banux 3paskis 3 CuO abo V,0, nomimkamu. HalimeHnry BoJOrouyTiIMBiCTh MalOTh PiJIKO-
(a3Hi cHHTE30BaH1 3pa3KH y 3B sA3KY 3 iX OUIBII HIIIEHOIO CTPYKTYPOIO i ICHYIOUUMH BTOPUHHUMHU
daszamu, sxi po3TamIoBYOTECS MiXk 3epHaMu SnO,. [l K0CIDKEHNX 3pa3KiB 00YMCIIEH] 3HAYEHHS
koedimienTa BojgoroayTauBocTi 1,8-10%-3,2-10° npu cnaOkux eNeKTPUYHKX IMOJSIX 1 KoedilieHTa
HeniniiHocTi 30-57 npy cunbHUX enexrpuuHux nojsx (E, = 5,3-7 kB-cm™). Bnactusocti okcu-
HOI KepaMiKi TOSICHIOIOTBCS €JIEKTPUYHOIO MPOBIJHICTIO, KA KOHTPOJIOETHCS MOTCHLIATbHUMHU
Oap’epamu Ha Mexax 3epeH. Bucora Oap’epiB 3MEHIIYETHCS SIK 31 30UTBIIICHHSM BiTHOCHOI BOJIO-
TOCTI OBITPS PU CIA0KUX EIEKTPHUYHUX MOJISX, TAK 1 HAIPYTH IPU CUIIBHUX eJIEKTPUYHHX MOJISX.
Bennka BOOrouyTiAMBICTD € KIIFOYOBUM (PAKTOPOM JIJIsi CEHCOPHOTO BHKOPUCTAHHS KEPaMiKHU Ha
ocHOBi Sn0O,.

Kiro4oBi cjioBa: ceHcop BOJIOTOCTI, OKCHJ] 0JI0BA, BAPUCTOP, OKCHIHA KepaMika, MeKa 3€peH,
€JICKTPUYHA MTPOBIIHICTh

CEHCOPBI BJIA’)KHOCTU HA OCHOBE MOJTYITPOBOJTHUKOBOW
BAPUCTOPHOI KEPAMMKH SnO -Co,0,-Nb,0_-Cr,0,

A. B. I'anonos

Annoranus. Bapucropueiit s¢pdexr 8 SnO,-Co,0,-Nb O.-Cr, O, kepamuke ¢ pa3iu4HbIMHA 10-
0aBKaMU COIPOBOXKJIAJICSI CUJIBHBIM BJIarO4yBCTBUTENIBHBIM 3(DPEKTOM AJisi AIEKTPUUECKON Hpo-
BOJIMMOCTH B cJIaOOM T10j1€. DIEKTPOIPOBOAHOCTh B CJIA0BIX MOJSAX U AUAJIEKTpUYECKas MPOHU-
L[aEMOCTh KEPAMMKH yBEJIMYUBAINCH IPU MOBBIIIEHUN OTHOCUTEIBHON BJIaXXHOCTH Bo3ayxa ¢ 10
110 93%. Takue 3¢ hexTsl HAOMIOIATUCH KaK JUIsl TBEPA0(A3HBIX CHHTE3UPOBAHHBIX 00pa3IloB 0€3
win ¢ CaO n06aBKOM, Tak ¥ I KHUAKOPA3HBIX CHHTE3UPOBaHHBIX 00pasuos ¢ CuO wm V, 0,
no0aBkamu. HauMeHbIIyi0 BIaro4yBCTBUTEIBHOCTh HMMEIOT JKUIKO(A3HbIE CHHTE3MPOBAHHBIE
o0pa3ipl B CBA3M € UX Oojiee MIIOTHOW CTPYKTYpPOM M CYLIECTBYIOIIMMH BTOPUYHBIMU (hazamu,
KOTOPBIE pa3MEIIATCs Mex Ly 3epHamu SnO,. [l neCnenoBaHHbIX 00pa3ioB BEIYMCIIEHBI 3HAYE-
Hust ko3 durrenTa BiaroayBcTBuTebHOCTH 1,8-10°-3,2-10° pu c1abbIX JMEKTPUUECKUX TTOJISAX
1 ko3pdunuenta nenuneitnocTu 30-57 npu CUIIBHBIX dNeKTpHueckux nonsax (E, = 5,3-7 kB-cm™).
CBolicTBa OKCUIHOW KEPAMHMKHU OOBSICHSIOTCS JJIEKTPUUYECKOW MPOBOJMMOCTBIO, KOTOpasi KOHT-
ponupyeTcs MOTeHLMaIbHBIMU OapbepaMM Ha TpaHUIlax 3epeH. Boicora 6apbepoB yMeHbIIAETCS
KaK IIPY MOBBIIIEHUH OTHOCUTEIBHOMN BIQYKHOCTHU BO3/LyXa IIPU CJIA0BIX AIEKTPUUECKUX MOJSIX, TaK
Y HaPsDKEHUS IPU CUJIBHBIX 3JIEKTPUUECKHX MOJIsAX. bosbIiast BlIarouyBCTBUTEIBHOCTD SIBIISETCS
KJIFOYEBBIM (DAKTOPOM JUISi CEHCOPHOTO UCTIONIb30BAHMsI KEPAMUKH Ha 0CHOBE SnO,.

KuroueBble ci10Ba: ceHCOp BIIaXKHOCTH, OKCH/T 0JI0BA, BAPUCTOP, OKCHUJIHASL KEpaMUKa, TpaHuIa
3epeH, ANEKTPUYEeCcKasi IPOBOJIUMOCTb
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1. INTRODUCTION

Tin dioxide is well known as a material for
the manufacture of gas sensors [1-4], humidity
sensors [3-7] and varistors [8-14]. The tin oxide
based ceramics has non-Ohmic electrical con-
ductivity which is caused by the grain-boundary
potential barriers [8 - 14]. It is the two Schottky
barriers at the SnO, grain boundaries which are
connected in opposite directions.

One of the important properties of SnO,-
based varistor ceramics is the sensitivity of its
electrical conductivity to the air relative humidi-
ty [3-8]. The humidity-sensitive or varistor prop-
erties can prevail depending upon the additions
to the ceramic samples. The combining of both
properties is due to the grain-boundary nature
of both effects [15-18]. Therefore the devices
with combined properties of a relative-humidity
sensor and a varistor can be used. For example,
such ceramics were investigated earlier in SnO,-
Zn0O-Co0 system with Si0,, GeO, or Bi,0, ad-
ditions [8] and in SnO,-Co,0,-Nb,0.-Cr,0O,
system with Bi,O, [15, 16], VO, [17] or CuO
[18] additions. The GeO,, Bi,0,, V,0, and CuO
oxides have low melting temperatures which
are less than burning temperatures of samples.
Therefore ceramics with these additions have
liquid phases in the process of sintering.

Recently we have found that CaO and BaO
additions to tin oxide based ceramics can pro-
vide varistor effect [19]. Such ceramics have no
liquid phases at sintering but have intergranular
inclusions. The behaviour of these ceramic ma-
terials in air with different relative humidity is
very important for sensor application.

In order to study the influence of different
oxides on the humidity sensitivity and other
electrical properties of SnO_-based ceramics we
investigated Sn0O,-Co,0,-Nb,O,-Cr,O, varistor
system with several additions prepared by solid-
phase sintering (without additions or with CaO
addition) and liquid-phase sintering (with CuO
or V,0O, additions). The electrical properties of
ceramics which were sintered differently have
not been thoroughly investigated before. The re-
ceived results are presented in this paper below.

2. EXPERIMENTAL DETAILS

The samples (99.4-x) SnO, - 0.5 Co,0, -
0.05 Nb,O; - 0.05 Cr,0, - x A (mol. %), where
x = 0 or 0.5, A = CaCO,, CuO or V,0,, were
prepared by a conventional mixture method.
Mixture of powders was wet-milled with dis-
tilled water, dried and pressed in tablets 12 mm
in diameter and about 0.7 mm thick under axial
pressure 45 MPa. Pressed tablets were sintered
in air at the temperatures 1250°C during 1 hour.
While heating the tablet with carbonate addi-
tion, the decomposition CaCO, with CO, emis-
sion took place and this compound changed into
CaO [19].

The microstructure of ceramics was studied
by the scanning electron microscope Zeiss Su-
pra 35VP. The shrinkage of the samples y was
calculated by the expression

_D,-D
DO

/4 ; (1

where D and D are the diameters of the sample
before and after sintering respectively.

Electrical characteristics were obtained after
storage of the samples in the room conditions
during four months after the sintering in order
to achieve the stability of their electrical prop-
erties [17]. In-Ga-eutectic electrodes were used
in tested samples. Current-voltage character-
istics were recorded by applying dc voltage in
air with fixed relative humidity w and measur-
ing the steady-state current. The possible self-
heating of samples during the measurement was
detected as the increase of current at a fixed
voltage. The results were obtained avoiding the
self-heating of the samples. They are presented
as the dependence of the current density j on the
electric field £ to compare properties of differ-
ent materials.

The nonlinearity coefficient f was calculated
by

_E dj _d(log,) _ log(ji/ )

o j dE  d(ogE) logE /E,,)’

2)

where E and £ are the applied electric fields cor-
responding to the current densities j, =1 mA-cm™
and j,,=0.1 mA-cm™ respectively.
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The fixed values of air relative humidity w in
the 10-93% range were obtained by putting sam-
ples into a closed chamber above the surface of
water solution of a proper salt for about 1 hour
before starting measurements. Current-voltage
characteristics were recorded at w, = 10% and
then at higher relative humidity. Before the next
increase of the relative humidity the samples
were kept again at w, = 10% and current-volt-
age characteristics were recorded again. The ir-
reversible changes of conductivity were not ob-
served. The humidity sensitivity coefficient
Oy “0,

S = 3)

O

wl

was calculated at electric field 0.5 E and rela-
tive humidity w, = 10% and w, = 93%.

The temperature dependence of dc electri-
cal conductivity o(7) was obtained at heating
of samples in air. It allows estimating the grain-
boundary potential barrier height ¢, in high-
temperature part of o(7) dependences. The val-
ues of ¢ is only slightly less than the activation
energy of electrical conduction £_[20] found by
formula

E, ~—02-Alogo (4)
A(1000/T)
where o is the electrical conductivity and 7 is
the absolute temperature. Low-temperature part
of o(T) dependences contains an anomalous area
related to non-zero relative humidity [15 - 18].

The dielectric permittivity of the ceramics at
different values of air relative humidity was cal-
culated by formula

o Ch
g, S ’ (5 )
where / is the sample thickness, S is the elec-
trode area and ¢, is the electric constant. The ca-
pacitance C at frequency 1 kHz was measured
by LCRG meter Tesla BM 591.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The micrographs of all studied ceramic mate-
rials are shown in Fig. 1. The obtained parameters
for these samples are presented in Table 1. The
average grain size of SnO,-Co,0,-Nb,O.-Cr,0O,
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sample is 3.54 pm. This material was sintered
enough but its porosity is significant (Fig. 1a).
For that reason this ceramics has the environ-
mental sensitive effects. The sample with CaO
addition has the less porous structure (Fig. 1b)
and slightly less value of average grain size
(2.58 pum) than the SnO,-Co,0,-Nb,0.-Cr,O,
sample. It is probably connected with the seg-
regation of the ion Ca** with large ion radius
(104 pm) on the grain boundaries of SnO, (ion
radius for Sn** 67 pm) [19]. This leads to the
unfavorable conditions for SnO, grain growth
and the worsening of burning. This conclusion
is proved by a smaller value of linear shrinkage
for the sample with addition (6.25%) as com-
pared to that for the sample without CaO addi-
tion (8.25%). The SnO,, Co,0,, Nb,O,, Cr,O,
and CaO oxides have melting temperatures
which are considerably higher than the burning
temperature of ceramics (1250°C). Therefore
the sintering of samples with and without CaO
addition is a solid-phase one.




Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 3

(d)

Fig. 1. Micrographs of the as-sintered surface of SnO,-
C0,0,-Nb,0.-Cr,0, ceramics without (a) and with
CaO (b), CuO (¢) and V, O, (d) additions.

In the micrographs of ceramics with CuO
and V,0, additions the tin oxide grains and the
intergranular layers are seen (Figs. 1c and 1d).
These layers occur rather inhomogeneously
throughout such samples. They locate between
the SnO, grains at CuO addition (Fig. 1¢) and
even covered the surface of SnO, grains at V,0,
addition (Fig. 1d). These are CuO-pure [18] and
V,0,-pure [17] secondary phases which are lig-
uid at the high burning temperature and solidify
during cooling at the sintering. The CuO-rich
liquid phases foster the grain growth at high
temperatures in the process of burning [18].
Therefore the average grain size in such ceram-
ics (5.8 um) is more than that in the ceramics

without addition. The V,O.-rich intergranular
layers are randomly distributed throughout the
sample and inhibit the grain growth [17]. The
SnO, grains rise only to 3.23 um at sintering of
ceramics with V O, addition. The linear shrink-
age of SnO,-Co,0,-Nb,0.-Cr,0, samples with
CuO and V0O, additions is large enough (10.92
and 12.17% respectively). The great values of
the linear shrinkage confirm the presence of
a liquid component at burning and the forma-
tion of materials with the strong solid structure
(Figs. 1c and 1d). Thus, the sintering of ceram-
ics with CuO and V,0, additions is a liquid-
phase one.

The structural peculiarities of the studied
samples must correlate with their electrical prop-
erties. The appearance of different intergranular
inclusions and layers at the sintering can change
the conditions of grain-boundary potential bar-
rier formation. So, the electrical characteristics
of examined ceramics are investigated and pre-
sented below.

3.2. Electrical characteristics

Current-voltage characteristics of SnO,-
based ceramics with different additions mea-
sured in air at room conditions are presented in
coordinate j(E) in Fig. 2. The obtained electrical
parameters of this ceramics are presented in Ta-
ble 1. j(E) characteristic of SnCoNbCr sample is
highly nonlinear (Fig. 2, curve 1) with values of
nonlinearity coefficient f =~ 50 and breakdown
electric field £, = 5630 V-cm'. The relative di-
electric permittivity ¢ = 274 of this sample is
quite high due to the formation of the sufficient-
ly large grains (see Fig. 1a) and the existence
of thin depletion layers at the grain boundaries
[10, 12].

The CaO addition leads to the some increase
of electric field £, up to 7000 V-cm™ (Table 1)
though the value of nonlinearity coefficient re-
mains quite high (f# = 30). The observed increase
of the electric field £, in the sample with CaO
addition (Fig. 2, curve 2) is due to the decrease
of the average grain size (see Fig. 1b) and to the
increase of the number of grain boundaries per
unit length correspondingly. The relative dielec-
tric permittivity of the sample is also correlated
with average grain size [17]. Therefore the value
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of dielectric permittivity of the ceramics with
CaO addition ¢ = 78 is less than that for SnO,-
Co0,0,-Nb,0,-Cr,0, sample.

E, Vlem

Fig. 2. j(E) characteristics of SnO,-C0,0,-Nb,0_-Cr O,
ceramics without (1) and with CaO (2), CuO (3) and
V,0; (4) additions at room conditions.

In ceramics with CuO addition the average
grain size is larger than for the ceramics without
addition. So, the electric field £ is less (Fig. 2,
curve 3), but the dielectric permittivity is larger
(Table 1) than that of SnO,-Co,0,-Nb,0.-Cr,0,
ceramics. The sample with CuO addition exhib-
its quite large value of nonlinearity coefficient
S = 57. Probably, the tin oxide grains are wet
sufficiently by the CuO-pure liquid phases at the
sintering (see Fig. 1¢) and therefore the Co,O,
and Cr,O, oxides are homogeneously distrib-
uted on the sample. These additions are respon-
sible for the high nonlinearity of current-voltage
characteristics of the ceramics [10].

The VO, addition to the SnO_-Co,0,-Nb,O.-
Cr,O, ceramics causes the significant decrease
of the nonlinearity coefficient and the increase
of breakdown electric field (Fig. 2, curve 4). The
vanadium oxide forms quite conductive phas-
es which cover SnO, grains (see Fig. 1d) and
working as an electric shunt to the grain bound-
aries [17]. Therefore the nonlinearity of current-
voltage characteristics became considerable less
and it became impossible to reach the break-
down electric field £, (atj = 1 mA-cm?) in our
experiment. Besides, the sample with V,0O, ad-
dition exhibits lower value ¢ = 14 (Table 1) due
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to the influence of vanadium oxide phase with
not high relative dielectric permittivity [21, 22].

The high nonlinearity of current-voltage
characteristics in SnO,-Co,0,-Nb,0.-Cr,0, ce-
ramics and in ceramics with CaO and CuO ad-
ditions (f = 30 - 57) is attributed to the grain-
boundary nature of conductivity for different tin
oxide based varistors [8-19]. In these samples
the grains are quite conductive but grain-bound-
ary areas are resistive due to the formation of
grain-boundary potential barriers during sinter-
ing of ceramics in air atmosphere. Therefore the
Sn0O,-Co,0,-Nb,0,-Cr,0O, sample has low-field
electrical conductivity 6 =9.1-10""* Ohm'-cm’'.
The values of electrical conductivity became
larger with the addition of CuO and VO, oxides
to the ceramics (Table 1). Such samples have
quite conductive intergranular phases and, con-
sequently, the electrical conductivity of ceram-
ics increases.

The decrease of low-field conductivity ¢ up
to 3.5-10"° Ohm™'-cm™ is observed in the case
of CaO addition (Table 1). This effect is con-
nected with the decrease of the grain size (as
a result, the significant decrease of the grain
boundary cross-section and the increase of grain
neck resistivity) and also to the increase of the
grain-boundary potential barrier height (see lat-
er about this). The eftect with lowered low-field
conductivity is reproducible if air relative hu-
midity increases. In such conditions the sample
with CaO addition has the lowest electrical con-
ductivity.

2.4 26 28 30 3.2 34
10° 77K

Fig. 3. Temperature dependences of electrical conduc-
tivity of Sn0O,-Co,0,-Nb,0.-Cr,0, ceramics without
(1) and with CaO (2), CuO (3) and V, 0O, (4) additions.
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To explain the observed alteration of the low-
field conductivity in the ceramics with different
additions the temperature dependences of elec-
trical conductivity were investigated (Fig. 3).
The obtained values of the activation energy of
electrical conduction E_ of studied samples are
presented in Table 1.

and V, O, additions respectively. It causes the
increase of low-field electrical conductivity
in these samples (Fig. 2). With adding CaO in
Sn0O,-Co0,0,-Nb,0,-Cr,0O, ceramics the acti-
vation energy of electrical conduction slightly
increases up to 1.03 eV which leads to the de-
crease of conductivity (Fig. 2).

Parameters of SnO,-Co,0,-Nb,O_-Cr,O, ceramics with different additions at room conT(;litgzI}s'
Parameters Additions

— CaO CuO V,0;
Average grain size lg, um 3.54 2.58 5.80 3.23
Linear shrinkage y, % 8.25 6.25 10.92 12.17
Electric field £, V-cm' 5630 7000 5280 | 23710%*
Nonlinearity coefficient f 49.9 30.4 56.7 2.4%
Dielectric permittivity ¢ 274 78 489 14.4
Electrical conductivity o, Ohm™-cm’! 9.1-10% | 3.5-103 | 3.2-10"% | 4.5-10"
Activation energy of electrical conduction £, eV 0.97 1.03 0.91 0.94
Humidity sensitivity coefficient S 318180 | 220540 1830 8920

* atj=10%A-cm

All o(T) dependences are quite complicated:
they cannot be approximated by a straight line in
the whole studied temperature range 20 - 150°C
(Fig. 3). At low temperatures in the range about
20 - 50°C the decrease of low-field conductiv-
ity at heating is caused by desorption of water
molecules [15 - 18]. The humid air at room con-
ditions can penetrate inside the ceramics and
reach grain boundary areas. At heating water
molecules evaporate and electrical conductivity
of samples decreases (Fig. 3). Further tempera-
ture growth (50 - 150°C) gives thermally-acti-
vated increase of low-field conductivity.

The obtained value £_ = 0.97 eV for SnO,-
Co0,0,-Nb,0.-Cr,O, sample gives quite correct
estimation of the barrier height [20]. The ad-
dition of different oxides leads to some varia-
tion of a(7) dependences (Fig. 3). Commonly,
the values of activation energy are quite high
(Table 1). The weak decrease of £_up to 0.91
and 0.94 eV is found for ceramics with CuO

Thus, in the SnO,-Co,0,-Nb,0.-Cr,O, sam-
ple and in the ceramics with different additions
the electrical conductivity is controlled by the
grain-boundary potential barriers. The therm-
ionic emission across the barrier is the most

probable conduction mechanism near about
20 - 150°C.

3.3. Effect of humidity on the electrical
properties

Low-field electrical conductivity of various
tin oxide based ceramics is increased with the
growth of air relative humidity [3 - 8, 15 - 18].
However, the humidity sensitivity of solid-phase
sintering and liquid-phase sintering ceramic ma-
terials is studied insufficiently. Therefore we de-
cided to study current-voltage characteristics of
all obtained samples at different humidity of air.

For example, the j(E) dependences of SnO,-
Co0,0,-Nb,0,-Cr,0,-CuO ceramics measured in
air with various relative humidity are shown in

25



O. B. I'annonos

Fig. 4. They are close to linear ones at low elec-
tric fields but they are highly nonlinear at higher
electric fields. The rise of relative humidity from
10 to 93% causes the strong shift of low-field
part of j(E) characteristics to higher current but
high-field part of these characteristics changes
weakly (Fig. 4). This effect is reversible and
reproducible. If such samples are placed in dry
air (with relative humidity 10%) after humid air
(with relative humidity 34 - 93%), then their
characteristics return to the initial state.

10
E, Viecm

Fig. 4. j(E) characteristics of SnO,-Co,0,-Nb,O.-
Cr,0,-CuO ceramics in air with relative humidity 10
(1), 34 (2), 51 (3), 82 (4) and 93% (5).

For comparison the humidity sensitivity of tin
oxide based ceramics with different additions,
we presented in Fig. 5 the j(E) characteristics
of all investigated samples in air with relative
humidity 10 and 93%. The rise of relative hu-
midity causes the increase of low-field electrical
conductivity for all ceramics. The sample with
CuO addition showed the lowest increase than
the other samples (Fig. 5). The intergranular
layers of CuO-pure secondary phases prevent
the access of the humid air into the electrical ac-
tive areas of grain boundaries and diminish the
role of barrier-related sensitivity mechanism.
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10° 10’ 10° 10° 10*
E, Vicm

Fig. 5. j(E) characteristics of SnO,-Co0,0 -Nb,0_-Cr,0,

ceramics without (1, 1°) and with CaO (2, 2’), CuO (3,

3’) and V,0, (4, 4’) additions in air with relative hu-
midity 10% (1, 2, 3, 4) and 93% (1, 2°, 3%, 4°).

In order to estimate the influence of humidity
on the characteristics of studied samples the val-
ues of humidity sensitivity coefficient S are pre-
sented in Table 1. For the solid-phase sintering
ceramics the addition of CaO oxide causes the
decrease of the value S. It can be explained by
the segregation of the secondary solid phases at
the grain boundaries [19] and the decrease of the
environmental influence on the electrical prop-
erties of ceramics. For the liquid-phase sintering
samples with CuO and V, O, additions the hu-
midity sensitivity is less (Table 1) because such
ceramics are more solid and less porous. Be-
sides, solidified at sintering the CuO and V,0;
secondary liquid phases located at grain bound-
ary areas and even cover surface of SnO, grains
(see Figs. 1c and 1d) and partially prevent the
penetration of humid air into the grain bound-
aries. For that reason the electrical conductiv-
ity increases less at higher humidity. Therefore
humidity sensitivity of liquid-phase sintering
samples is lower than that of the solid-phase
sintering ceramics.

The high humidity sensitivity of studied ma-
terial is explained by the grain boundary con-
trolled conduction mechanism [8, 15 - 18]. The
observed increase of the low-field electrical
conductivity with the rise of air relative humid-
ity (Figs. 4 and 5) can be caused by the decrease
of the grain-boundary barrier height. It was
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shown earlier that the potential barrier height
decreases only by nearly 20% if air relative hu-
midity reaches about 80% [16]. Therefore the
grain-boundary potential barriers at high humid-
ity are still sufficiently high to be decreased at
high voltages. Thus, highly-nonlinear j(E) de-
pendences are still observed at high values of
relative humidity (Figs. 4 and 5).

The rise of low-field electrical conductivity
at the increase of air relative humidity is con-
nected with the adsorption of water molecules
at the near-surface areas of studied ceramics.
These molecules can dissociate according to the
equation

H,O— H" +0OH . (6)

The quite mobile proton H" can penetrate to
the grain-boundary areas and interact with ox-
ygen which has been chemisorbed there at the
sintering of ceramics in oxidizing atmosphere.
For that reason the total negative charge at the
near-surface grain boundary can become lower
in absolute value. This leads to the decrease of
potential barrier heights. Therefore in air with
higher relative humidity the grain-boundary
barriers are lower at the near-surface areas of
sample and the low-field electrical conductivity
of ceramics is larger than in air with lower rela-
tive humidity.

If the samples were placed into the dry air
(with relative humidity 10%) after recording
of current-voltage characteristics, desorption
of water molecules began. The grain-boundary
potential barrier heights are increasing and the
low-field electrical conductivity of samples is
decreasing. The j(E) characteristics return to the
initial state.

The existence of the grain-boundary poten-
tial barriers in studied ceramics is confirmed by
the following observed facts: strong non-Ohmic
conduction at relatively low electric fields (see
Fig. 2), thermally-activated electrical conductiv-
ity (see Fig. 3) and reversible increase of dielec-
tric permittivity with the rise of relative humid-
ity. The last statement is related to the decrease
of grain-boundary barrier height as well as the
width of these barriers at higher air humidity.
The less the grain-boundary barrier width is the

larger dielectric permittivity of sample is. This
conclusion is proved by the values of dielectric
permittivity for all samples with different addi-
tions (Table 2). The dielectric permittivity of ce-
ramics is increasing with the rise of air relative
humidity.

Table 2.

Dielectric permittivity of SnO,-Co,0O,-

Nb,O.-Cr,O, ceramics without and with

Ca0O, CuO and V,O, additions at different
values of air relative humidity

Relative Additions

humidity. | 20 | cuo | V0,
%
10 2457 | 77.2 |483.3| 14.2
34 2545 | 77.5 |484.3| 143
51 275.8 | 86.7 [505.8| 27.1
82 399.1 |223.5569.4| 3759
93 885.1 |265.5(677.01876147

Thus, the discussed humidity-sensitive effect
in tin oxide based ceramics leads to the increase
of low-field electrical conductivity in humid air
in comparison with dry air. The obtained results
for SnO,-based humidity-sensitive ceramics al-
low using it as the sensors that are the devices
for measuring the air relative humidity.

4. CONCLUSIONS

The humidity-sensitive properties and varis-
tor characteristics are observed in solid-phase
and liquid-phase sintering of SnO,-based ce-
ramics with different additions. These peculiari-
ties are explained by the decrease of the grain-
boundary potential barrier height and width on
relative humidity (at low electric fields) and on
voltage (at high electric fields). The estimated
values of barrier height of studied samples are
0.91 - 1.03 eV. Low-field electrical conductiv-
ity and dielectric permittivity of investigated ce-
ramics are increased with the rise of air relative
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humidity. The lowest humidity sensitivity coef-
ficient S = 1830 and highest nonlinearity coet-
ficient # = 57 at electric field £, = 5280 V-cm'
were obtained for SnO,-Co,0,-Nb,0.-Cr,0O,-
CuO sample. The values S is decreased with
CaO addition (solid-phase sintering) and greatly
decreased with CuO and V0 additions (liquid-
phase sintering). The CaO addition provides the
lowest value of low-field electrical conductivity
for studied samples. The observed decrease of
the conductivity at low field correlates with the
experimentally found increase of the activation
energy of electrical conduction and the decrease
of the grain size. The studied ceramics are pro-
spective materials for humidity sensors and va-
ristor production.
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Summary

The aim of this article is to study the influence of different oxides on the humidity-sensitivity
properties and electrical characteristics of SnO,-based semiconductor ceramics. In this paper we
have investigated SnO,-Co,0,-Nb,O.-Cr,O, varistor ceramics with three various additions prepared
by solid-phase sintering (without or with CaO addition) and liquid-phase sintering (with CuO or
V, 0, additions).

The microstructure of samples was studied by the scanning electron microscope. The current-
voltage characteristics, the values of dielectric permittivity of the ceramics at air relative humidity
10 - 93% and the temperature dependences of electrical conductivity were recorded.

The low-field electrical conductivity and dielectric permittivity of ceramics are increased when
air relative humidity rises from 10 to 93%. Such effects are observed both in the samples prepared
by solid-phase sintering and in the samples prepared by liquid-phase sintering. The lowest humidity-
sensitivity effect was found in the liquid-phase sintering samples due to the more solid structures
and the secondary phases which are located between the SnO, grains. For the studied samples the
values of humidity sensitivity coefficient 1.8-10°-3.2-10° at low electric fields and the nonlinearity
coefficient 30-57 at high electric fields (£,=5.3-7 kV-cm™) were calculated.

The properties of oxide ceramics are explained by electrical conductivity which is controlled by
the grain-boundary potential barriers. The barrier height decreases with the increase both of air rela-
tive humidity at low electric fields and of voltage at high electric fields. Strong humidity sensitivity
is a key factor for sensor application of SnO,-based ceramics.

Keywords: humidity sensor, tin oxide, varistor, oxide ceramics, grain boundary, electrical con-
ductivity
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Pedepar

Mertoto 1i€i CTaTTi € BUBYEHHS BIUIMBY PI3HUX OKCHJIIB Ha BOJIOTOYYTJIMBI BIACTUBOCTI i elleK-
TPUYHI XapaKTEPUCTUKHU HAIlIBIIPOBIHUKOBOI Kepamiku Ha 0CcHOBI SnO,. B wiii po6oTi Mu mposesu
nocniukeHHs BapuctopHoi kepamiku Sn0O,-Co,0,-Nb,O-Cr,0, 3 TpboMa pi3HUMH JOMIlIKaMH,
BUTOTOBJICHOI IUISIXOM TBEpA0-(hazHoro cuHTe3y (6e3 a60 3 CaO moMimikoro) 1 piako-(ha3HoOro CHH-
te3y (3 CuO abo V, O, nomimkamn).

MikpocTpyKTypa 3pa3KiB 10CIHI/PKEHA B CKAHYIOUOMY €JIEKTPOHHOMY Mikpockori. bynu 3apee-
CTPOBaHI BOJIBT-aMIIEPHI XapaKTEPUCTUKH, 3HAUYCHHS A1CIEKTPUIHOT MPOHUKHOCTI KepaMiKu MpH
BiJTHOCHIH Bostorocti noBiTps 10 - 93% 1 TemneparypHi 3aJ1€KHOCTI €1eKTPUYHOI TPOBIIHOCTI.

EnexTponpoBigHicTh y CTAOKUX MOMAX 1 TieeKTpUIHA TPOHUKHICTh KepaMiKH 301IbITYBAIUChH
IpU 3pocTaHHi BiHOCHOI BojorocTi moBiTps 3 10 10 93%. Taki edextu crocTepiraiuch K A
TBEpIO-(Pa3HUX CUHTE30BAHUX 3pa3KiB, Tak 1 A piaKo-(ha3HUX CUHTE30BaHUX 3pa3kiB. HaliMeH-
Ty BOJIOTOYYTJIMBICTh MArOTh PiaKO-(ha3HI CHHTE30BaHI 3pa3Ku y 3B’S3KYy 3 iX OLIBIN IILIHHOIO
CTPYKTYPOIO i iCHYIOYMMHM BTOPUHHUMH (hasaMu, sIKi pO3TamIOBYIOThCs MiXK 3epHamu SnO,. Js
JOCIIDKEHUX 3pa3KiB 004MCIIeHI 3HaYeHHs koedimienta BoiorouyimBocti 1,8:10°-3,2-10° mpu
cMabKuX eNEeKTPUYHUX TOJIAX 1 KoedilieHTa HenmiHiHHOCTI 30 - 57 IpH CHIIBHUX €JIEKTPUIHHUX I10-
nax (£ =5,3-7 kB-em™).

BnacTuBoCTI OKCHJHOT KepaMiKH MOSCHIOIOTHCS €JEKTPUYHOIO MPOBIIHICTIO, SIKa KOHTPOJIIO-
€ThCS TIOTEHIIIAJILBHUMH 0ap’epaMu Ha Mekax 3epeH. Bucora Gap’epiB 3MEHITYEThCS SIK 31 3017Tb-
IICHHSM BiTHOCHOI BOJIOTOCTI MOBITPS MPU CIA0KUX EIEKTPUYHUX MOJISX, TAK 1 HAIPYTH IPU CHITb-
HUX €JIEKTPUYHUX MOJISIX. Benrka BOJIOrOuyTIHBICTh € KIIFOYOBUM (PaKTOPOM JUIsi CEHCOPHOTO BH-
KOPHCTaHHs KepaMiku Ha 0cHOBI SnO.,.

Kiro4oBi cjioBa: ceHcop BOJIOTOCTI, OKCHJ] 0JI0BA, BAPUCTOP, OKCHIHA KepaMika, MeKa 3€peH,
€JIEKTPUYHA [TPOB1IHICTh
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ONITUMIBALIA NPOUEAYPU BUSHAYEHHS JIAKTATY TA ITIIPYBATY
Y CHPOBATIII KPOBI 3A IOIIOMOTI'OIO BIOCEHCOPHOI CUCTEMHA

1. C. Kyuepenxo, A. B. Tononvnixosa, /. B. Knusxcnuuxoesa, O. O. Conoamxin

AHoTauis. Metoro 1aHoi poOoTH Oysa onTUMI3allis MPoIeTypy OTHOYACHOTO BU3HAYCHHS KOH-
[EHTpaIliif TaKTaTy Ta MmipyBaTy B CHPOBATIIi KPOBI JIFOAWHU 3 BUKOPHCTAHHSIM 010CEHCOPHOT CHC-
temu. CHucTeMa CKJiaianach 3 JBOX aMIIEPOMETPUIHUX 010CEHCOPIB HAa OCHOBI MipYBAaTOKCH/IA3H Ta
JIAKTATOKCUAA3H BiMOBITHO, IO MiAKIIOYAINCh A0 OJHIET BUMIPIOBAIBHOI CXEMH Ta OJHOYACHO
MpAIOBAIM B €IMHINA BUMIpIOBaIbHINA KoMipii. B po6oti Oyno nepeBipeHo 3alieKHICTh BIATYKIB
010CEHCOPHOT CUCTEMHU BiJl CTYTICHS PO3BEACHHS CUPOBATKU KPOBi B poOodiit Komipii. Jlocmimkeno
BiJITBOPIOBAHICTH BIATYKIB 1 3MiHY KaJiOpyBaJIbHUX KPUBUX 010CEHCOPHOI CHUCTEMHM MPH POOOTH 3
CHPOBATKOIO KpOBi. BU3HAa4eHO KOHIIEHTpAILlii JaKTaTy, MipyBaTy Ta iX CIiBBITHOIICHHS B 3pa3Kax
CHpOBATKHM KPOBI 1 TIOKa3aHa BUCOKA KOPEJIALis OTPUMAHHUX PE3yJbTaTiB 3 TaHUMH KOHTPOJIHHOTO
MmeTony. JloBeneHo, 1o 3anpornoHoBana 610C€HCOpHA CUCTEMa MPUAaTHA IS IIBUIKOTO BU3HAYCH-
Hs JIAKTATYy, MipyBaTy Ta iX CIiBBIIHOMICHHS 1 MOXKe OyTH BUKOPHCTAHA TIPU METUIHIH J1arHOCTHUII
BiJIMTOBITHUX 3aXBOPIOBAHb.

Karouosi cioBa: ammnepomerpudHuii 010CE€HCOD, JIAKTaT, MipyBaT, CIiBBIIHOMICHHS JaKTaTy 1
mipyBary, CHpOBaTKa KpOBi

© I. C. Kyuepenxo, f. B. Tononehnikosa, /[. B. Knmknukosa, O. O. Connatkin, 2018
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OPTIMIZATION OF THE PROCEDURE OF LACTATE AND PYRUVATE
DETERMINATION IN BLOOD SERUM USING A BIOSENSOR SYSTEM

1. S. Kucherenko, Ya. V. Topolnikova, D. V. Knyzhnykova, O. O. Soldatkin

Abstract. The purpose of this work was to optimize the procedure for simultaneous
determination of concentrations of lactate and pyruvate in human serum using a biosensor system.
The system consisted of two amperometric biosensors based on pyruvate oxidase and lactate
oxidase, respectively, that were connected to one measuring circuit and simultaneously operated in
a single measuring cell. In the work, the dependence of the responses of the biosensor system on
the dilution of serum in the working cell was tested. The reproducibility of the responses and the
change in the calibration curves of the biosensor system when working with serum were studied.
The concentrations of lactate, pyruvate and their ratio in blood serum samples were determined and
a high correlation of the results with the data of the control method was shown. It is proved that the
proposed biosensor system is suitable for the rapid determination of lactate, pyruvate and their ratio
and can be used in the medical diagnostics of the relevant diseases.

Keywords: amperometric biosensor, lactate, pyruvate, lactate to pyruvate ratio, blood serum

ONITUMM3ALMA NTPOUEAYPHI OITPEAEJIEHUSA JIAKTATA U IIUPYBATA
B CBIBOPOTKE KPOBH C IOMOII[bIO BUOCEHCOPHOMN CUCTEMBI

U. C. Kyuepenko', A. B. Tononvnurosa’, /[. B. Knuocnuxoea®, O. O. Condamkun'?

AnnHoTtanus. [{espro JaHHOI pabOThI ObUIA ONITHUMHU3AIUS TTPOIISTYPhI OTHOBPEMEHHOTO OIPE/I-
CJICHUSI KOHIICHTPALIMH JIAKTaTa U UPYyBaTa B CHIBOPOTKE KPOBH YEIOBEKA C MCIOJIb30BaHUEM OU-
OCEHCOPHOI cucTeMbl. CHCTEMa COCTOsIIA U3 JIByX aMIIEPOMETPUUECKUX OMOCCHCOPOB Ha OCHOBE
MUPYBATOKCHUIA3bl M JIAKTATOKCHIa3bl COOTBETCTBEHHO, YTO TOAKIIFOYAIUCH K OTHOW H3MEPUTEITb-
HOU CXEME M OJIHOBPEMEHHO paboTalli B €MHOM U3MEPHUTENBbHOI stueiike. B paboTe Oblia nmpoBe-
pCHA 3aBHCUMOCTb OTKJIMKOB OMOCEHCOPHON CHCTEMBI OT CTCIICHU Pa3BEICHHS CHIBOPOTKH KPOBU
B paboucii siueiike. VcciieoBaHa BOCIIPOU3BOJMMOCTh OTKJIMKOB M M3MEHEHHUE KaJIMOPOBOUHBIX
KPHUBBIX OMOCCHCOPHOM CHCTEMbI IIPU paboTe ¢ CHIBOPOTKOM KpoBU. OnpeieieHbl KOHIICHTPALUU
JIaKTara, MUpyBaTa U UX COOTHOIICHHE B 00pa3Iiax CHIBOPOTKU KPOBH U MOKa3aHa BBICOKAsl KOP-
peIISIUs TIONYYCHHBIX PE3yJIbTaTOB C JaHHBIMH KOHTPOJILHOTO MeToja. JlokazaHo, 4TO Tpesio-
’KeHHasi OMOCEHCOpHAsI CUCTEMa MPUTOHA JJIsi OBICTPOTO ONPE/ICICHHUS JIAKTaTa, MUPyBaTa U UX
COOTHOIIICHHSI U MOXET OBbITh MCITOJIb30BaHA MPH MEIUIIUHCKOM JUArHOCTHKE COOTBETCTBYHOIIUX
3a00JIEBaHU.

KirueBble cjioBa: aMepoMeTpUUYSCKUil OMOCEHCOD, JIAKTAT, MMPYBAT, COOTHOIIICHHUE JIAKTaTa
U MUPYBaTa, ChIBOPOTKA KPOBU
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1. BCTYII

JlakTar € mpoAyKTOM METaboIi3My TITFOKO-
3M Ta yTBOPIOETHCS 3 MipyBaTy B aHAEPOOHUX
ymoBax. [liABUIIEHHS KOHIICHTpAIlii JIaKTaTy
(;rakTaranu103) B KpOBI BHHUKAE MIPHU TiHEPITPO-
JYKIIi JaKTaTy 3a aHaepoOHMX YMOB BHACIIIOK
TKaHWHHOT rinokcii. ['inokcis BuHWKae npu Oa-
raTbOX IMaTOJIOTIYHUX CTAaHAX, HAIPHUKIA] iIIe-
Mii, 3HaYHOI KPOBOBTpPATH, ac(Pikcii, MHEBMOTO-
paxci. Takox JaKTaranu103 BHHUKAE a00 MOCH-
JIFOETHCS TIPU HEAOCTATHROMY KITIPEHCI JIAKTary,
30KpeMa MpHU HEJAOCTAaTHOCTI HUPOK, MEUYiHKH,
niaberi, Tomno [1]. Tomy BUMiprOBaHHS KOHIICH-
Tpamii JaKTaty y KpOBi BHUKOPHUCTOBYETHCS Y
BIJUTUICHHSIX peaHiMaIlii JJIs OIMIHKU TSHKKOCTI
CTaHy MAIli€HTa, IPOTHO3Y IMOBIPHOCTI IIOKO-
BUX CTaHIB Ta KOJAICYy i CMEPTHOCTI MAaIi€HTIB
[2]. Tak, cTabiiibHa KOHIIEHTpAIisl JIAKTaTy B
KpoBi Oinbime 5 MM Ha (OHI TSHKKOTO armja0-
3y (pH xpoBi menme 7,35) mae mporuo3 80%
cMmeptHOCTi [3].

Ha cporopnimHiii AeHb MeTabONiuHI CcXe-
MU BHHHKHCHHSI Ta TepeOiry JaKTaTaumaosy
€ MPEeAMETOM JIUCKYCli, OCOOIMBO Y BMIIaJKax,
OB’ SI3aHUX 13 CENTHYHUMHU cTaHamu [4]-[6].
OnHak poO3pI3HEHHS MNPUYMH JIAKTaTalUJ03y
Mae€ IIHHE IIarHOCTUYHE 3HAYCHHS I HEBI-
KJIQJHOI Teparlii, 1 B KJIHIYHAX YMOBaX 3 II€0
METOI0 BH3HAUYaIOTh BIAHOIIEHHS JIAKTaTy /0
mipyBarty y BeHO3HIH kpoBi. Komm kiiTmHHE
JTVXaHHS MOpYIICHE 1 € 1eiuT KUCHIO, OKHC-
JICHHS TipyBaTy 3MEHIIYETHCS, IPU LLOMY Ha-
KonuuyeThbes 0araro BigHoBIeHUX popm HAJIH
i ®AJIH,, i BiAHOIIEHHS JIAKTaTy 1O MipyBaTy
3pocTae, Ha POHI 3POCTAHHS KOHIIEHTpaIlii 000X
cyocrpariB. Haromicts, mopymenHs (yHKii
nipyBaraerigporenasu 0nokye muki Kpebea ta
JTUXAIBHUHN JIAHIIOT HA CAMOMY IIOYaTKy, TOMY
BiJTHOBJICHI ()OPMH HE HAKOMHYYIOTHCS, 1 CITiB-
BIJTHOIIIEHHS HE 3MIHIOETHCA. TaKOXK BIJHOIIECH-
HS JIAKTaTy 0 MipyBaTy y BEHO3HIH KPOBi BH-
KOPHCTOBYETHCSI Ul PO3PI3HEHHS BPOIKCHUX
TUCQYHKIIN TipyBaTAEriIPOreHa3HOTO KOMII-
JeKcy Ta 1HmMX (GOpM BPOKEHOTO JIaKTaTa-
U103y Y HOBOHAPOKEHMX, VIS J1arHOCTUKU
CENTUYHUX CTaHiB [7].

[Tpu migBHIEHIH KOHIIEHTpAIi JIAKTAaTy B
HOBOHAPO/PKEHUX MPOBOAATH BU3HAYCHHS KOH-

[EHTpalii mpyBary Ijs JOAATKOBOI Ji1arHOCTH-
KU, aJi¢ BeJIMYMHU CITIBBIIHOIICHHS JIAKTaTy 10
nipyBary AEUOo BiAPI3HAIOTHCS B PI3HUX JIiTEpa-
TypHHX DKepenax. 3riqHo 3 ARUP Laboratories
(CIIA), ciiBBigHomeHHs Ounbmie 30 BKka3zye Ha
MOPYIICHHS JUXAJIBHOTO JaHILora abo IHUKIy
Kpebca, B Tol 4ac siK CIiBBIIHOIICHHS MEHIIIE
25 BKasye Ha MOpYUIEHHs MeTaboi3My MipyBa-
Ty. Meaununi naboparopii Maiio (Mayo Medical
Laboratories, CIIIA) BBaxkaioTh, 1m0 Ae(eKTH
JUXAJBHOTO JIAHIIIOTA 3a3BHYail MPUBOIATH 10
CHIBBIJHOIICHHS JIAKTATy N0 MipyBary Oijblie
20, B TOi1 Hac sk qedeKTH MipyBaTAETiIpOreHas-
HOTO KOMIUIEKCY — /IO CITiBBiIHOIICHHS MEHIIIE
10. TakuM yuHOM, B 00OX BHIIAJKaX HHM3LKE
CHIBBIIHOIIICHHS CBITYHUTH PO MPOOIEMU B PO-
00Ti mipyBaTAETiAPOreHas3n, a BUCOKE — PO T10-
pyIIEHHS! poOOTH MITOXOH/PIH.

KpiMm MeanuHux 1ineit, BU3HaYS€HHS KOHIICH-
Tpauiii Ta CIiBBIAHOIIEHHS JIAKTATY /10 MipyBaTy
Moxe OyTH 1H(pOpMaTHBHUM JJIs1 Xap4OBOi MPO-
MHCIIOBOCTI, 30KpeMa, JJIsi KOHTPOJIO JESKHUX
MPOIIECiB OPOJIIHHS Ta OMIHKYU SKOCTI MOJIOUHUX
IpOIyKTiB [8].

TpagumiitHuMu ~ METOAAMH  BHMIPIOBAHHS
JAKTaTy Ta MipyBaTy B KIIHIYHIA MPaKTULI €
cunekrpometpis [1] Ta duyopumerpia [9], ta-
KOX 3aCTOCOBYIOThCS Taki Metou sik AMP [10]
Ta BUCOKOC(EKTHBHA PiIMHHA XpomaTtorpadis
[11]. OmHak 1i MeToau MOTPEeOYIOTh TPUBAIOT
nornepeaHbpoi 00podku mpodbu Giomarepiany, a
TaKOX HasiBHOCTI KBasli()iKOBAHOTO MEPCOHATY
Ta CKJIQJHOTO 1 Aopororo obnanHaHHs. bioceH-
COpHI METOJIM € TaKOX BUCOKOTOYHHMMH, LIBHU]I-
KHMHU Ta CEJIEKTUBHUMH, NPH IIbOMY MOTpely-
IOTh HE3HAYHUX 00’€MIB 3pa3KiB O10JIOTIYHHUX
PLOVH TSI aHATi3Y.

Ha cporoaHi icHy10Th po3po0Oku 6ioceHcopiB
JUIS aHANI3Y JIAKTATy Ta MipyBary, K s KIiHIY-
HOI IarHOCTUKH, TaK 1 IS 1HIIUX MOTped, 30-
Kpema xap4yoBoi mpomucioBocti. Tak, Canbay
et al. po3pobun 610CEHCOPHY CHUCTEMY ISl O/1-
HOYACHOTO BUMIPIOBaHHA JIAKTaTy Ta MipyBaTy
Yy MOJIOYHOKHCIIMX MPOAYKTaX Ha OCHOBI OaKTe-
piit Lactobacillus delbruecki, immoGini3oBaHIX
y mapi nomnimnipoiny [8]. Revzin et al. pozpobunu
naboparopHuil MPOTOTHN 010CEHCOPHOTO MACH-
BY Ui OAHOYACHOTO BHMMIPIOBaHHS IJIIOKO3H,
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nakrary Ta mipyBary [12]. Omnak cuctem uu
MYJIBTHOI0CEHCOPIB AJISi OTHOYACHOTO BUMIPIO-
BaHHs KOHIIGHTpAllil JIaKTaTy Ta MipyBary, sKi
6 Oynu anpoOoBaHi MpU poOOTI 3 CUPOBATKOIO
KpOBI, J10Ci HE OyJI0 OMUCaHO.

Tomy metoro naHoi po6otu Oyna onTumiza-
I[isT aMIIEPOMETPUIHOT O10CEHCOPHOI CUCTEMH
JUI OJHOYACHOTO BM3HAYEHHS KOHLIEHTpALii
JIAKTaTy Ta MipyBaTy 1 iX CHIBBIAHOIIECHHS B CH-
pOBaTIi KPOBI JIIOAWHU Ta MOPIBHAHHSA OTPUMa-
HUX PE3yNbTarTiB 3 KOHTPOJIBHUM METOJOM BHU-
3HAUEHHSI JIAKTATy 1 MipyBaTy.

2. MATEPIAJIM 1 METO/IA

Mamepianu

J11s1 BUrOTOBJICHHS 010CEIIEKTUBHUX CIIEMCH-
TiB 010CEHCOPHOI CHCTEMH BUKOPHCTOBYBAJIU
depmentu nakraroxcunasy (JION) i3 Pedicoccus
sp. (K® 1.1.3.2) 3 aktuBHICTIO 35 OJI. aKT./MT Ta
nipyBatokcuaaly (IIOM) 3 Aerococcus sp. (KD
1.2.3.3) 3 akTUBHICTIO 54 Of1. aKT./MT BUPOOHU-
urBa Sigma-Aldrich Chimie (CLLIA).

CyOcTparamMmu 0i0CEHCOPHOI CHUCTEMH BH-
CTyHajqu JIaKTaT HATpil0 Ta TMipyBaT HATPIIO
BupoOHunTBa Sigma-Aldrich Chimie (CILA).
Takox B pPoOOTI BHKOPUCTOBYBAIM OWYaunit
CHpOBAaTKOBUH anbOyMmiH, ¢(oTomnomimMep mo-
TBIHIANKOTONb, IO MICTUTh CTHUPHIIPHUIN-
HoBi rpynu (PVA-SbQ), 25% Bonuuii pozunH
DIyTapoBOTO  albpjAeriny, M-(eHUIeHAiaMiH,
Mg(NO,),, HEPES, 4-aminoantumipun Ta
HarpieBa cinb  3-(N-eTun-3-mMeTHIaHTIHO)-
2-T1IpOKCUTIPOTIAHCYIIb(HOHOBOT KHUCJIOTH
(EMI'K) Bupo6uuursa Sigma—Aldrich Chimie
(CHIA). Tiaminnipogocdar (TIID) y Bursai
miodimizary Ui NPUTOTYBAaHHS PO3YHMHIB IS
i’ exuiil OyB BupoOneHuii pipmoro «Biofarmay
(Ykpaina). Inmn HeopraHiuHi CHONYKH, 110 BU-
KOPHCTOBYBAJIUCS B pOOOTI, Oy BITYUU3HSHOTO
BUPOOHHUIITBA T4 MaJIM CTYHiHb YUCTOTH ,,X.U.*
Ta ,u.j.a..

3pa3ku CHpPOBAaTKM KpOBI Jronedt  Oynu
m00’s13H0 HamaHi KUiBCHKUM MICHKUM HayKo-
BO-TIPAKTUYHUM IIEHTPOM HedpoJorii Ta remo-
miami3zy. 3pa3kd MICTHIM BiTHOCHO HEBEIHKI
KOHIeHTpalii mipysary (1o 50 MxM), Tomy B
JeK1IbKa 3pa3KiB OyJIo MITYYHO J0JAHO MipyBar
JUIS TIEpEeBIpKU POOOTH G10CEHCOPHOI CUCTEMHU
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B yChbOMY Jiamma30Hi MOXKJIMBUX KOHIIEHTpAIIii
mipyBary i CHiBBIAHOIIEHB JAKTATy JI0 MipyBaTy.

Bueomoenenns biocenekmusHux enemenmie

biocenektuBHi enemeHTH 610CEHCOPIB OTPHU-
MYBaJM NUISIXOM iMMOOimizamii (epMeHTIB i
JOTIOMDKHUX PEYOBMH Ha TOBEPXHIO aMIIepo-
METpUYHUX TepeTBopioBauiB. Ilepen iMmo0i-
Ji3aIi€l0 YyTIUBY MOBEPXHIO MEPETBOPIOBAYIB
Mo (iKyBa M IUTIBKOIO 3 TOMi((heHneHaiaMiH)
y, METO/I HaHECEHHs K01 OyB OMHMCAaHUU B TO-
nepenHiit podoti [13]. Jana mmiBka 3amo0ira-
Ja OKHCHEHHIO IHTep(epylouuXx pPEuoBHH, SKi
MoraM OyTH MPUCYTHIMH B 3pa3Kax CHPOBATKU
KPOBI.

Buxinnuii po3uuH JUIsi BUTOTOBJICHHS Mipy-
BaT-4yTiauBOro OioceHcopa mictuB 20% (TyT
1 mani — macoBa yactka) [1OJ1, 5% BCA, 10%
rminepony B 100 MM ¢docdarnomy Oydepi, pH
6,5. Buxiguuii po34uH 1Js1 BUTOTOBJICHHS JIaK-
TaT-4yTauBoro 6ioceHcopa mictuB 8% JIO/,
4% BCA,10% rainepoay B 100 MM docdarHo-
my Oydepi, pH 6,5. Jlani po3dunHu 3MiNTyBaId 3
13,3 % BomuuM pozunHoM PVA-SbQ y npormo-
puii 1:1. Oxgpasy micis bOro CyMilll HAHOCHIIU
Ha YyTJIUBY [TOBEPXHIO MIEPETBOPIOBAYA 1 OMPO-
MiHIOBaIX 11 yabTpadioneToBUM CBITIOM IPO-
TSITOM 25 XB. 32 gornoMororo YO msamnou Kd-4M
i (hopMyBaHHs 010CENEKTUBHUX MEMOpaH.

Memoouxka eumiprosanns

B skocTti poboumx mepeTBOpIOBaviB IS
CTBOpEHHsI 010CEHCOPHOi CHCTEMH BUCTYHAJU
TUTATUHOBI JTUCKOBI EJIEKTPOIU BIACHOTO BH-
pPOOHMIITBA, SIKI OMMCAHI y MONEpeAHid poOoTi
[14]. Bonu cknaganucst 3 IUIATUHOBOTO JPOTY
niamerpom 0,5 MM, 3anastHOTO y CKIISIHIN TPyO-
mi. [licns HaHeceHHs BiNMOBIAHUX ()EPMEHTIB
Ha YyTIMBI 00ONACTI MEPETBOPIOBAYIB OTPUMY-
BaJIM 010CEHCOpH, UYTIUBI JI0 JIAKTATy Ta Mipy-
Bary. /[Ba GioceHcopu, JONOMIKHMUU IJIATUHO-
BUH enekrpoa (rutatuHoBuil apiT) Ta Ag/AgCl
eJIEKTPOJI MOPIBHSAHHS i €HYBaJIU 10 MOTEH-
miocrary PalmSens (PalmInstruments BV, Hi-
JIepIIaHN) 13 BUKOPUCTAHHAM MYJIBTHUILIEKCOPY
Ti€l k ¢ipMu. Bumipu npoBoanin 3a KIMHaTHOT
TEMIepaTypu y BIIKPUTIH BUMIpIOBaJIbHIN KO-
Mipii 06’emoM 1,5 MII IpH OCTIHHOMY TTepeMi-
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IIyBaHHI Ta IpU MOCTiiHOMY noreHIiani +0,6 B
BigHOocHO Ag/AgCl enexTpona MOpIBHSHHS.
B sxocti po6odoro Oydepa BUKOPHCTOBYBAIN
25 MM HEPES, no sxoro mgomaBaliM Ko-
dakTopu mipyBaToKCHa3d — 10OHM MAarHio
(125 mxM Mg*"), TTI® (500 MmxM) Ta ionu doc-
¢dopuoi kucnoru (20 MM), 1 moBogunu pH 1o
7,4. Yci nochipkeHHS NPOBOAWINCH IOHAM-
MEHIIIE Y TPHhOX MMOBTOPHOCTSIX.

Memoouka ghomomempuuno2o usHaueHHs
nakmamy ma nipysamy

Jis (hoToMeTpUYHOrO BHMIpPIOBAaHHS KOH-
LEHTpaIliil JlaKTaTy Ta MipyBaTy 3acTOCOBYBa-
JIMCh KOJIBOPOBI peaKlii.

BuMiproBaHHS POBOIWINCH y TNTACTUKOBHX
KIoBeTax 00’emMoM 1 mil. ¥V KIOBETYy I07aBaju:
0,3 MM EMIK, 0,1 MM 4-amiHOQHTHUIIPUHY,
1 ox. axT. nepokcuaasu xpony, 25 mM HEPES,
pH 7,4, Ta anikBOTY CUPOBAaTKU KPOBI KOHKPET-
Horo mamienTa (10 MK 111 BU3HAUEHHS JTaKTaTy
ta 100 MK 17151 BU3HAYCHHS MipyBaTy). 3aIrycK
peaxuii mouynHaBcs npu goaaBanHi 0,56 of. akT.
nakrarokcuaasu abo 0,74 om.akT. mipyBaTOKCH-
nas3u. Jlakrar oxuchioBascsa JIOL no mipysaty i
NEPOKCHUTY BOJHIO, SIKHI B MPUCYTHOCTI MEPOK-
cunasu pearysaB 3 EMI'K 3 yTBopennsam ¢io-
JIETOBOI CIIONYKH. [HTEHCHUBHICTH 3a0apBIIEHHS
Oyna mporopiiiiHa KOHIEHTpalii Jakrary y
npo6i. AHaJIOTIYHO BiZOYBajIOCh i BU3HAYEHHS
nipyBary, ockineku I1O]] okucHioBana mipyBat
1 yTBOpIOBaJIa IEPOKCH/] BOJIHIO.

OCKiIbKH CHpOBaTKa KPOB1 MOXE MAaTH IeEB-
He 3a0apBlICHHS HaBITh Y PO3BEICHOMY BUIJISI-
Jli, @ TAKOXK MICTUTH BIACHHUH MMEPOKCH/] BOHIO,
3HaueHHs abcopOuii (IHTeHCUBHOCTI MOTTIMHAH-
HS CBITJIa PO3YMHOM) JTOCIIPKYBAHOTO PO3YHHY
nepen nonaBanusM JIOJ] uu [TO/] npupiBHIOBa-
au 1o Hyns. Ilicng uporo B KiOBETy IodaBasid
JIOM uum ITIO/I 1 inkyOyBaiu mpoTAroM 5 XB, ITic-
IS YOTO BUMIPIOBAJIM 3HAUEHHS a0COopOIIii mpo-
o6u. I1inOip onTumansHOTO Yacy iHKyOauii Oymo
MIPOBENIEHO MOIEPEAHBO.

BumiproBanns abcopO1ii po3unHy cupoBat-
K{ TIpOBOAMIIOCH criekTpodoTtomerpom Thermo
Electron Corporation Bio Mate 5. Ha mouarky
poboTtu Oyno mifidOpaHO ONTUMANIBHY IOBXKH-
HY XBHWJII CBITJa JUIsi BUMIpPIOBaHHA aOcopOIil

— HAMBUIIUI MK MOIIMHAHHS MPOIYKTY Peak-
i1 criocTepiraBcs Mpu JOBXKHHI XBHII 555 HM,
1 came 110 TOBKMHY XBUJII BUKOPHCTOBYBAIU Y
BCiX (hOTOMETPUYHHUX BUMIipPIOBAaHHSIX.

AOcopO11it0 HEBIOMOTO 3pa3Ky MOPiBHIOBA-
JM 3 TONEpPEeTHbO OTPUMAHUMM KaiiOpyBalb-
HUMH KPHMBHMMH, $IKI TIOKa3yBaJld 3aJIeKHICTh
abcopOi11ii po3unHy BiJ] KOHIIEHTpAIH JIAKTaTy
Ta MipyBaTy.

3. PE3YJIBTATH TA IX OGTOBOPEHHSA

Ipunyun pobomu biocencoproi cucmemu

PoGora 6ioceHcopHOT cucTemMu 6a3y€eThCst Ha
HACTYMHUX (PePMEHTATUBHUX peakuisx. Jlak-
TaT-9yTuBuil Giocencop wmictuth JIOM, sika
OKHCHIOE JIAKTAaT JI0 MipyBarTy, FeHEPYIOUU OTHO-
yacHo nepokcun BoaHio (1). IlipyBar-uyTinBuit
6iocencop mictuth I1O/1, sxa meperBoproe mi-
pyBar i pocdar Ha anetmidocdar, ByrieKucIni
ras ta nepokcuja BoxaHio (2). Yropenuii H,0,
PO3KJIaZA€THCS HA Uy TIMBIM MOBEPXHI EPETBO-
proBauiB B peakuii (3) 1 mosiBa B Hiif eNEKTPOHIB
MPU3BOIUTH JI0 BIATYKIB O10CEHCOPIB.

JOo[

Jlaktar + O,  —  mipysar + H,O, 0))

oA
ITipyBat + docdar + O, — anerundocdar + CO, + H,O,

(2)
+0,6 B

H,0, — 2H +0,+2¢ 3)
Po3poOky Ta neranpHuil omuc OioceHCOp-
HOI cucTeMH OyJaO MPEACTAaBICHO aBTOPaMHU
B noniepenHiit po6oti [15]. Kopotko, 3a ontu-
MaJbHUX YMOB (IUB. po3nin «Meroauka BH-
MIpIOBaHHS»), JIHIMHUNA lama30H BU3HAYCHHS
nakTary ctaHoBuB Bix 5-1000 MxM, a mipyBaty
—10-5000 MmxM. MiHiManbHa MeXa BU3HAYCHHS
JaKTary ckianana 3 MkM, a mipyBaty — 5 MKM.
TpuBamicTh OHOTO aHaNI3y Oyna 5 XB.

11io6ip onmumanvbHo2o po3eedents cuposam-
KU KpoGi

B npunnumi 6ioceHcopHa cucTeMa rnpujaTHa
JUIs BU3HAYCHHS JIAKTaTy Ta MipyBaTy y HEPO3-
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BEJICHIM CHPOBATIII KPOBI, alie IIe HE € JOLib-
HUM, OCKUJIBKH CUPOBATKa MICTUTh BEJIHKY KiJlb-
KiCTh KOMIIOHEHTIB (O17KH, JiMiau, (parMeHTH
3pyHHOBAaHUX KIITHH), SKI MOXYTb aacopOy-
IOThCS Ha Uy TIHBiH noBepxHi 6ioceHncopis [16],
[17]. Lle mpu3BOAMUTH 0 mOTipmieHHS AUQY3ii
PEUYOBHH JI0 TIOBEPXHI 1 3MEHIICHHS 4y TIUBOCTI
6ioceHcopa.

Jlyis 3MeHIIIeHHs BIUIMBY KOMIIOHEHTIB 3pa3-
Ky 1 301bIIEHHS KUIBKOCTI 3pa3KiB, SKi MOXYTh
OyTu npoaHaizoBaHi 610CEHCOPHOIO CHCTEMOIO
6e3 HeoOXiIHOCTI 3aMiHHM 610CEHCOPiB, MOTPiO-
HO TIPOBOJIUTH PO3BEICHHSA 3pa3Ky. Jpyra HeoO-
X1IHICTh Y PO3BEICHHI 3pa3ka MOJsTrae B Hal-
TO BHCOKI/ KOHLIEHTpAIIil JJaKTaTy B CUPOBATIIi,
SKa 4acTO TEpEBUILY€E JIHIKHUKN Tiama3oH po-
60TH naKTaT-yyTIMBOro 6iocencopa. Po3senen-
HS 3pa3Ky J103BOJISIE 3MEHIIMTH KOHILEHTPALIiIO
JIaKTaTy, 00 HANeBHO TOMACTH B JIHINHY [Ii-
JSIHKY poboTu GioceHcopa.

B Hamomy Bumajaky po3BeAeHHS BigOyBa-
€ThCsI O€3MOCepeIHb0 Y PoOOUiit Komipili, TOO-
TO TonepeHb0i 00pOOKU MPOOU MPOBOJUTH HE
noTpiOHO. 3BakatouM Ha MiHIMAJIBHO MOXKJIMBY
KOHIIEHTpAI[II0 JIaKTaTy y cupoBarui (Onu3b-
ko 0,5 MM), MOXJIHMBO pO3BOAMTH TPOOy 10
150 paziB. O6’em pobOouoi Komipku OioceHco-
pa craHoBuTh 1,5 mui, BigmoBimHo 150-kparHe
pPO3BE/ICHHS MOTpeOye JOAaBaHHSA 10 KOMipKHU
10 Mkn cupoBarku. MU BUPIIIWIA JOCIITUTH
3aJISKHICTh BIITYKIB Ol0ceHCOpa BiJ JA0aHOTO
00’eMy cupoBartku kposi (Puc. 1).

Biaryk GioceHcopa, HA
(]
|
S
\

T T T T T
0 50 100 150 200 250 300

O6'eM foaaHol cUpoBaTKK, MKI

Puc. 1. 3anexuicTh BiAryKy JakTaT-4yTJIUBOro 0io-
ceHcopa Big 00’eMy cHPOBATKH KpPOBi, sikuii 0yJj10 10-
AAHO 10 pPo0040i KOMipKH.
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BusiBuiock, mo BIATYK 3pocTae JiHIMHO
npu nonaBanHi 10 100 Mk cupoBarku (TOOTO
15-kpatHOTO PO3BEACHHS), MICJISA YOTO 301Jb-
[ICHHS BIATYKIB CTa€ MOBLIBHINIMM, IO CBif-
YUTh MPO TOTIPIICHHS YyTIUBOCTI GioceHcopa
NP HAATO BUCOKIH KOHLEHTpAIl CHPOBATKH.
Ile MOXHA TOSICHUTH HETaTMBHUM BILTHBOM
KOMITOHEHTIB CHPOBAaTKUA Ha PoOOTy Oi0CEHCO-
pa. Jlns mipyBaT-4yTJIIMBOro OioceHcopa CHo-
cTepirajach aHajoriuHa KapTHHA, aje Tiana3oH
MOXIIMBUX PO3BEIECHb CHUPOBATKU OyB 3HAYHO
BYXXUUM: MiHIMaJbHa MeE)Xa BH3HAYCHHS IIi-
pyBary cTaHOBHJIM 5 MKM, a MiHIMajbHa KOH-
LEHTpaIlisl ipyBaTy B CUPOBATI KPOBi 32 HOP-
MajbHUX YMOB — 40 MKM, TOMy MakCHUMaJIbHO
MOJKJIMBUM € 8-KpaTHE pO3BEACHHA 3pa3Ky. B
MOAANBIIINA POOOTI BUKOPUCTOBYBAIM S-KpaTHE
PO3BEICHHS 3pa3Ky JUIsl 3a0e3medeH s HadliHO-
ro MoMaJaHHs KOHIIeHTpalii mipyBary Ta JaKTa-
Ty B MEXI JIIHIHHOTO Jliana3oHy poOoTH 6ioceH-
COPHOI CUCTEMH.

llepesipka énaugy cuposamxu Kpo6i Ha Kali-
OpysanbHi Kpugi 6iocencopHoi cucmemu

Sk Oynmo 3ramaHo paHime, nepeadadanocs,
IO i 9Yac BUMIipIOBaHb CUPOBATKU KPOBI Bif-
OyneThCs OCaJKEHHS pEYOBHH Ha MOBEPXHi 610-
CEJIGKTUBHOI MeMOpaHHu 010CEHCOPIB, L0 MpPHU-
3BeJI€ 10 MOCTYIOBOTO 3MEHIIECHHS YyTIMBOCTI
6ioceHcopis. Tomy HeoOXigHO OysI0 MOPIBHATH
KamiOpyBanbHI KpuBI OI0CEHCOPHOI CHCTEMH
JI0 Ta TICIs aHaJi3y CUPOBAaTKU. SIK BUSBHUIIOCH,
micyiss 7 BUMIPIOBaHb CHPOBAaTKM KpPOBI 4yT-
JTUBICTh O10CEHCOPHOI CHCTEMH HE TUIBKU HE
3MEHIINJIACH, a HaBITh 30ibInuIack Ha 10-20%
(Puc. 2). MIMOBipHO Iie TIOSCHIOETHCSA MOCTY-
MOBUM BiJTHOBJICHHSM aKTHUBHOCTI (hepMEHTIB
micist iMMOO1Ti3aIlil, B TOM Yac K OJIOKyBaHHS
YyTJIUBOI TOBEPXHI KOMIOHEHTaAMH CHPOBATKU
Oyno HecytTeBuM. Lleit edekT cuin BpaxoByBa-
TH TIpH TPOBEJCHHI BUMipioBaHb. Hampukmnan,
JUIS pO3PaxXyHKIB KOHIIEHTpPALI PEYOBUH MOX-
JMBO BUKOPUCTOBYBAaTH CEPEIHIO YYTIUBICTh
0ioceHCOpiB 0 Ta Micis aHali3iB CHUPOBATKH,
a0o0 BBecTH Koe(]ilieHT 301UIbIICHHS Yy TIUBOC-
Ti 6i0ceHcopiB 3 yacoMm. Takok MOXKJIMBE BUKO-
pHUCTaHHS METOAY CTaHJApTHHUX JOJaBaHb, JJIS
SIKOTO HE TIOTPiOHE TONIEPEHE OTPUMAHHS Kalli-
OpyBaJbHUX KPUBHX.
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Puc. 2. KaniopyBa/ibHi KpuBi JJakTaT-4yTJINBOIO 0i0-

cencopa (A) Tta mipyBar-uyTiauBoro oiocencopa (b),

orpumadi 10 (1) Ta micast (2) ceMu BUMipIOBaHb CHPO-
BAaTKM KPOBI.

Biomeopiosanicms 6ioeykie biocencopHoi

cucmemu Ha CUpo8amKy Kposi
BinTBOproBaHicTh BIATYKIB 010CEHCOpPIB €
BAXJIMBOIO AHATITUYHOIO XapaKTEPUCTHUKOIO,
fKa TOKa3ye pPO30LKHICTH MK pe3ylbTaTaMu
JEK1IbKOX BUMIPIOBaHb OJHOTO 3pas3ky. Jlms ii
OLIIHKK Oys0 oTpuUMaHo 7 BIATYKiB OGioceHcop-
HOI CHCTEMHM Ha JO/aBaHHS CUPOBATKU KpPOBI
10 pobouoi komipku (Puc. 3). I1ig uac Bumipro-
BaHb, 3MEHILICHHS BIATYKIB HE CIIOCTEPIranoch.
BigHocHe cepeqHbOKBaIpaTUYHE BIAXUIICHHS
BIJITYKiB JIAKTaT-4YyTJIMBOTO Oi0CEHCOpa CTaHO-
Buio 4,5%, a mipyBar-uytiuBoro — 9,3%. Lle
CBIIYUTH NPO JJOCTATHHO BUCOKY TOYHICTH 0i0-
CEHCOPHOI CHCTEMH 1 MOMJIMBICTH ii MpakTHy-

HOTO BHKOPUCTAHHS JJIs1 6araropa3oBOro BUMi-
PIOBaHHS pealbHUX 3pa3KiB.
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Puc. 3. BinTBoproBaHicTh BiAryKiB JJAKTAT-4yTJIHBOI0

Oiocencopa (A) Ta mipyBar-4yTiauBoro diocencopa (b)

NPH NPOBEJIeHHI MOCHII0BHIX BUMIPIOBAaHb CHPOBAT-
KH KPOBIi.

Busznauennsa xonyenmpayii nakmamy, nipy-
eamy i ix cnig8iOHOWEHHS ) 3PA3KAX CUPOBAMKU
Kpogi

[Ticna onTuMmizamii nporeaypy BUMIpIOBaH-
Hs OyJ10 MPOBEIEHO BU3HAYEHHS KOHLEHTpAIil
JIAKTaTy Ta MipyBaTy y CEMH 3pa3kax CUpOBATKU
KpoBi Jrofeil. bioceHcopHI BUMIpIOBaHHS MPO-
BOJWINCH 13 BHUKOPUCTAHHSAM KaJliOpyBaJIbHUX
KPUBHX, B TOH Yac sIK KOHTPOJIBHUM METOJIOM
BUCTyNaB (OTOMETPUYHUNA METOJ BH3HAYCH-
Hs nakTary Ta mipysaty (Ta6mn. 1). Takox Oynu
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noOynoBaHi kopesnsuiitHi rpagiku (Puc. 4). Ko-
pemsuis (R?) mixk pe3ynsraramMu, OTPUMaHUMH
3a JIOTIOMOTOI0 JIAKTaT-4yTIMBOTO OioceHcopa i
¢doromerpieto cranoBuina 0,944, pesynpraramu
nipyBar-4yTIMBOrO OGioceHcopa i POTOMETpier0
— 0,964, m0 € JOCUTH BUCOKHM MOKA3HHUKOM 1
CBIIYUTH MPO CITIBBITHOCHICTh PE3yNbTariB 0i0-
CEHCOPHOI CHUCTEMHU Ta KOHTPOJBHOTO METOJA.
TakuM 4MHOM, OIOCEHCOPHY CHUCTEMY MOXKHA
BUKOPHCTOBYBATH ISl BU3HAYEHHS KOHIIEHTpPA-
il JmaKTary, mipyBaTy i iX CHIBBiAHOIIEHHS Yy
CHPOBATII KPOBI.

JIoLIbHO TOPIBHATH OTPUMAaHI pe3yibTaTu
3 JITepaTypHUMHU JaHUMH. 30Kpema, B poOOTi
[18] B 7 3mOpOBUX JIIOCH Y CTaHI CIIOKOIO KOH-
LIEHTpAIlisl JIaKTaTy B KpOBi OyJa BCTaHOBIIEHA
sk 0,8 £ 0,03 MM, a mipysary — 0,11 + 0,04 MM.
CriBBiTHOIICHHS JIAKTaTy A0 IMipyBaTy CTaHO-
BwiIo 8,9 + 3,2. B iHmiii po0OoTi 1OCHiIKyBaIn
KOHIIEHTpAIIil JIaKTaTy 1 CIiBBITHOLICHHS JIaK-

Tary 110 mipyBary y 60 maIi€HTiB 3 IIOKOBUM
cTtaHoM 1 Jsakraranmuao3oMm [19]. V Bumagky
CEeNTUYHOTO MIOKY, KOHILIEHTpALlli JIaKTaTy cTa-
HOBMIIH Big 4,6 MM 1o 12,2 MM, a criBBigHO-
IICHHS JIaKTaTy A0 mipyBary — Big 19 no 37. B
MAI€HTIB, Kl OYXYBaIM, KOHIEHTpAIIis JIak-
TaTy 3MeHmmiIack 1o 2,8 £ 0,4 MM, a criBBiz-
HOIICHHS JIAKTaTy A0 MipyBaTy 3MEHIIMWIOCH 0
14 £ 1 micns 24 roguH. Y BUMAAKY KapiOreH-
HOTO IIIOKY, KOHIIEHTpALlisl JIAKTaTy cKiaaana 4
+ 1 MM, a criBBiTHOIIECHHS JIAKTATy 10 MipyBa-
Ty — 40 + 6. B inmiii poGoti Oyau BCTaHOBIIEH]
CHIBBIJHOIICHHS JIaKTaTy 10 mipyBary B 110 mi-
Tel 3 TOCTPOIO TIEUiHKOBOIO HEOCTATHICTIO, K1
cra"HoBuid Big 2,8 mo 170,0, a meaiaHHe 3Ha-
yeHHs ckianano 22,5 [20]. Takum unHOM, HatI
pe3yJIbTaTH BUMIPIOBaHb KOHILIEHTpALIN JaKTa-
Ty Ta MipyBary i1 iX CHIBBIAHOIIEHHS, HAaBEIEH]
B Tabm. 1, € HiJIKOM CIIBCTAaBHUMH 3 JIITEpaTyp-
HUMH JaHUMHU.

Taomuus 1.

Pe3yabTaTH BU3HAYEHHS KOHIIEHTPAIili JIAKTATYy Ta mipyBaTy B CHPOBATIIi KPOBi 3a /10-
NOMOT 010 DioceHCOPHOI cucTeMu Ta GOTOMETPHYHOIO METOAA.

. . CmiBBigHO-
KoHnuenTpariis nakrary KonnenTpariist mipyBaty
Howmep HICHHS
3pasKy biocencop, dortomerpis, biocencop, doromeTpis, JIaKTary 10
MM MM MKM MKM nipyBaTy
1 2,7+0,7 3,0+0,7 113£19 121 £21 24
2 1,4+0,3 1,1£0,3 116 £18 108 £20 12
3 1,1 +£0,3 1,1+£0,3 98 + 15 91 +14 11
4 0,6 0,1 0,54 +£0,2 31+4 25+4 19
5 1,3+0,3 1,3+0,4 3243 27+5 41
6 1,2+0,3 1,0+0,3 26+ 6 35+7 46
7 1,4+0,3 1,6 £0,6 134+ 17 146 =20 10
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Puc. 4. Kopensinia Mik pe3yJbTaTaMu BU3HAYEHHS

KOHLeHTpaniii JakTaty (A) Tta nipyBaty (B) B cupo-

BaTUi KpoBi 3a aomnomMorow OioceHcopa Ta ¢orome-
TPUYHOI0 MeTOAA.

4. BUCHOBKH

B po6oti ontumizoBaHO 0Gi0CEHCOPHY CHC-
TEMy JJi OJIHOYAaCHOTO BHM3HAYEHHS KOHIIEH-
Tpaliil JaKkTaty Ta mipyBaTy B CHUpPOBATLi Kpo-
Bi. BcTaHoBIIEHO, IO ONTUMAaIbHE PO3BEACHHS
CUPOBATKHU KPOBI I MPOBE/ICHHS BUMIPIOBAHb
CTaHOBUTH 5 pa3iB. [lokazano, 1o micis mocmi-
JIOBHUX aHaJi31B 7 3pa3KiB CHUPOBaTKH KpOBI,
010CEHCOpHa cUCTEMa JIEMOHCTPYE HE3Ha4YHe
301IBIIEHHS YYTIMBOCTI 70 CyOCTpariB, 1O,
HMOBIPHO, TOSICHIOETHCSI TMOCTYNOBOI aKTH-
Bailicro (epMEeHTIB B CKiIaal 010CEIEeKTHBHUX
€JeMEHTIB micis ix iMMoOimi3amii. BigTBopro-
BaHICTh BIATYKIB O10CEHCOpPHOI CHCTEMHU IpH
po6OTI 3 cupoBaTkorO cTaHoBUIA 4,5% 15 TaK-
Tar-9yTIMBoOro 6iocencopa ta 9,3% — mipyBar-
9y TJIMBOTO.

[TpoBeneHo BUMIpPIOBaHHS  KOHLIEHTpALil
JaKTary 1 mipyBary B 7 3pa3kax CHpPOBATKH
KpOBi, BU3HAYEHO CITIBBIIHONICHHS JIAKTATY JI0
mipyBary 1 MOKa3aHO BUCOKY KOPEJIAILII0 OTPHU-
MaHHMX PEe3yJbTaTiB 3 KOHTPOJIBHUM METOJOM
— (oTOMETpUYHUM BHU3HA4YCHHSAM. Po3pobiena
0loceHCOpHa cHcTeMa MOXKE BHKOPHCTOBYBA-
TUCh y KJIIHIYHIA iarHOCTHIII 3aXBOPIOBAHb,
SIK1 TIOB’s13aHi 31 3MiHAMH B KOHIICHTPAIisX JIaK-
TaTy Ta MipyBaTry y CUpOBATLi KPOBI.

MNOJSAKA

PoGora BukoHaHa 3a (piHaHCOBOT MIATPUMKHU
HAH Vkpainu B pamKax 1iJIbOBOT IPOTpaMu Ha-
ykoBux nociimkenb HAH Ykpainu «Po3ymai»
CEHCOpHI MMPUJIAJI HOBOTO MOKOTIHHS HAa OCHOBI
CY4YacHUX MatepialliB Ta TEXHOJIOTIi.

CIIMCOK BUKOPUCTAHOI JIITEPATYPU

[1] C. S. Pundir, V. Narwal, and B. Batra,
“Determination of lactic acid with special em-
phasis on biosensing methods: A review,” Bio-
sens. Bioelectron., vol. 86, pp. 777-790, Dec.
2016.

[2] O. Kruse, N. Grunnet, and C. Barfod,
“Blood lactate as a predictor for in-hospital mor-
tality in patients admitted acutely to hospital: a
systematic review,” Scand. J. Trauma. Resusc.
Emerg. Med., vol. 19, no. 1, p. 74, 2011.

[3] Z.Zhang and X. Xu, “Lactate Clearance
Is a Useful Biomarker for the Prediction of All-
Cause Mortality in Critically Il Patients,” Crit.
Care Med., vol. 42, no. 9, pp. 2118-2125, Sep.
2014.

[4] B. Suetrong and K. R. Walley, “Lactic
Acidosis in Sepsis: It’s Not All Anaerobic,”
Chest, vol. 149, no. 1, pp. 252-261, Jan. 2016.

[5] E.Nuzzo, X. Liu, K. Berg, L. Andersen,
and M. Doninno, “Pyruvate dehydrogenase lev-
els are low in sepsis,” Crit. Care, vol. 19, no.
Suppl 1, p. P33, 2015.

[6] M. Garcia-Alvarez, P. Marik, and R.
Bellomo, “Sepsis-associated hyperlactatemia,”
Crit. Care, vol. 18, no. 5, p. 503, Oct. 2014.

[7] F.-G. Debray, G. A. Mitchell, P. Allard,
B. H. Robinson, J. A. Hanley, and M. Lambert,
“Diagnostic Accuracy of Blood Lactate-to-Py-
ruvate Molar Ratio in the Differential Diagno-

39



I. C. Kyuepenko, S. B. Tononshikosa, J[. B. Knmxunkosa, O. O. Conpatkin

sis of Congenital Lactic Acidosis,” Clin. Chem.,
vol. 53, no. 5, pp. 916-921, Mar. 2007.

[8] E. Canbay, A. Habip, G. Kara, Z. Eren,
and E. Akyilmaz, “A microbial biosensor based
on Lactobacillus delbruecki sp. bacterial cells
for simultaneous determination of lactic and py-
ruvic acid,” Food Chem., vol. 169, pp. 197-202,
Feb. 2015.

[9] Q. Xue and E. S. Yeung, “Indirect fluo-
rescence determination of lactate and pyruvate
in single erythrocytes by capillary electropho-
resis,” J. Chromatogr. A, vol. 661, no. 1-2, pp.
287-295, Feb. 1994.

[10]G. D. Graham et al., “Proton magnetic
resonance spectroscopy of cerebral lactate and
other metabolites in stroke patients.,” Stroke,
vol. 23, no. 3, pp. 333-40, Mar. 1992.

[11] A. Hallstrém, A. Carlsson, L. Hillered,
and U. Ungerstedt, “Simultaneous determina-
tion of lactate, pyruvate, and ascorbate in micro-
dialysis samples from rat brain, blood, fat, and
muscle using high-performance liquid chroma-
tography.,” J. Pharmacol. Methods, vol. 22, no.
2, pp. 11324, Sep. 1989.

[12]A. F. Revzin, K. Sirkar, A. Simonian,
and M. V. Pishko, “Glucose, lactate, and pyru-
vate biosensor arrays based on redox polymer/
oxidoreductase nanocomposite thin-films de-
posited on photolithographically patterned gold
microelectrodes,” Sensors Actuators B Chem.,
vol. 81, no. 2-3, pp. 359-368, Jan. 2002.

[13]T. Borisova et al., “An amperometric
glutamate biosensor for monitoring glutamate
release from brain nerve terminals and in blood
plasma,” Anal. Chim. Acta, Mar. 2018.

[14]1. S. Kucherenko, D. Y. Didukh, O. O.
Soldatkin, and A. P. Soldatkin, “Amperometric
biosensor system for simultaneous determina-

40

tion of adenosine-5’-triphosphate and glucose,”
Anal. Chem., vol. 86, no. 11, 2014.

[15]Y. V. Topolnikova, D. V. Knyzhnykova,
I. S. Kucherenko, S. V. Dzyadevych, and O. O.
Soldatkin, “Development of amperometric bio-
sensor system for simultaneous determination
of pyruvate and lactate,” Sens. Electron. Micro-
syst. Technol., vol. 14, no. 4, pp. 13-26, Dec.
2017.

[16] G. Rocchitta et al., “Enzyme biosensors
for biomedical applications: Strategies for safe-
guarding analytical performances in biological
fluids,” Sensors (Switzerland), vol. 16, no. 6. p.
780, May-2016.

[17]N. Wisniewski and M. Reichert, “Meth-
ods for reducing biosensor membrane biofoul-
ing,” Colloids Surfaces B Biointerfaces, vol. 18,
no. 3—4, pp. 197-219, Oct. 2000.

[18] M. A. Mintun, A. G. Vlassenko, M. M.
Rundle, and M. E. Raichle, “Increased lactate/
pyruvate ratio augments blood flow in physi-
ologically activated human brain,” Proc. Natl.
Acad. Sci., vol. 101, no. 2, pp. 659-664, Jan.
2004.

[19] B. Levy, L.-O. Sadoune, A.-M. Gelot, P.-
E. Bollaert, P. Nabet, and A. Larcan, “Evolution
of lactate/pyruvate and arterial ketone body ra-
tios in the early course of catecholamine-treated
septic shock,” Crit. Care Med., vol. 28, no. 1,
pp. 114-119, Jan. 2000.

[20] A. G. Feldman, R. J. Sokol, R. M. Hardi-
son, E. M. Alonso, R. H. Squires, and M. R.
Narkewicz, “Lactate and Lactate: Pyruvate Ra-
tio in the Diagnosis and Outcomes of Pediatric
Acute Liver Failure,” J. Pediatr., vol. 182, p.
217-222.e3, Mar. 2017.

Crarra Hagiiinoia 1o pegaximii 16.08.2018 p.



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 3

UDC: 543.06 + 577.15 + 543.553
DOI 10.18524/1815-7459.2018.3.142042

OPTIMIZATION OF THE PROCEDURE OF LACTATE AND PYRUVATE
DETERMINATION IN BLOOD SERUM USING A BIOSENSOR SYSTEM
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Summary

Aim: optimization of the procedure for simultaneous determination of concentrations of lactate
and pyruvate in human serum using a biosensor system.

Methods. Biosensor system contained two amperometric biosensors, connected to one measur-
ing circuit and simultaneously worked in a single measuring cell. Both biosensors were based on
platinum disk electrodes. Using the PVA-SbQ photopolymer, the pyruvate oxidase was immobi-
lized on the sensitive surface of one electrode, and lactate oxidase — on the second electrode. In the
presence of lactate and pyruvate, the corresponding enzymes produced hydrogen peroxide, which
was detected using an amperometric measurement method.

Results. The dependence of responses of the biosensor system on the degree of serum dilution
in the work cell was checked. It was investigated how the calibration curves of the biosensor sys-
tem change after work with serum. The reproducibility of biosensor system responses when work-
ing with serum has been studied. The concentrations of lactate, pyruvate and their ratio in serum
samples were determined and compared with the results of the control method.

Conclusions. The amperometric biosensor system is adapted for the determination of the con-
centrations of lactate and pyruvate and their ratio in serum. It is proved that the proposed biosensor
system is suitable for the rapid determination of lactate, pyruvate and their ratio and can be used in
the medical diagnosis of certain diseases.

Keywords: amperometric biosensor, lactate, pyruvate, lactate to pyruvate ratio, blood serum
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ONITUMIBALIA TIPOUEAYPU BUSHAYEHHS JIAKTATY TA IIIPYBATY
Y CUPOBATIII KPOBI 3A IOIIOMOI'OIO BIOCEHCOPHOI CUCTEMHA

1. C. Kyuepenxo', A. B. Tononvnixosa', JI. B. Knusicnuxosa’, O. O. Condamxin'?

THcTUTYT MOJIEKyIsIpHOT Oiosorii i renetnkr HAH Ykpainu,
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Pegepar

Meta: onTuMi3allisi IpoLeaypy 0JJHOYACHOTO BU3HAUCHHS KOHIIEHTpALI JIaKTaTy Ta MipyBaTy
B CHPOBATIIi KPOBI1 JIFOIWHU 3 BUKOPUCTAHHAM 010CEHCOPHOT CUCTEMH.

Metonu nocaigkeHHsi. bioceHcopHa cucTemMa Ha OCHOBI JIBOX aMIEPOMETPUYHHX O10CEHCO-
piB, IO MiJKIIIOYAINCH IO OJHIET BUMIPIOBAJIBHOI CXEMH Ta OJHOYACHO IMPAIIOBAIH B €UHIN BU-
MiproBanbpHIN Komipii. O0uaBa 6ioceHcopa Oyny Ha OCHOBI IIATUHOBHX JMCKOBHUX €JIEKTPOIIB.
3a poromororo Gotononimepy PVA-SbQ Ha 4yTIuBY NOBEPXHIO OJJHOTO €IEKTPOLy Oyno iMMOOi-
J130BaHO (PEPMEHT MipYBAaTOKCHIA3y, a Ha IPYroMy eNeKTpoJli — JJakTaTokcuaasy. [Ipu HasiBHOCTI
cyocTpariB pepMEeHTH MPOIYKYBAIN EPOKCH]] BOJIHIO, SIKUH 1 peeCTpyBaBCH.

Pe3yabraTu nocaigxenns. [lepeBipeHo 3anexHICTh BIATYKIB 010CEHCOPHOI CUCTEMH BiJl CTY-
NICHsI PO3BE/ICHHS CUPOBATKU KPOBiI B poOouiil koMipii. JochmimkeHo, K 3MIHIOIOTbCS Kaliopy-
BaJIbHI KpUBI 010CEHCOPHOI CHCTEMH Miciisi poOOTH 3 CUpOBaTKOIO. IlepeBipeHo BiATBOPIOBAHICTh
BIATyKiB 010CEHCOPHOI CHCTEMH MpU poOOTI 3 CHPOBATKOIO. BU3HAYeHO KOHILEHTpAIl JaKTary,
mipyBary Ta iX CIIBBIHOILIEHHS B 3pa3kax CHUPOBAaTKU KPOBI 1 MOPIBHSAHO OTPUMaHI pe3ysbTaTh 3
JAHUMHU KOHTPOJIBHOTO METO/TY.

BucHoBKkH. bioceHCOpHY CHCTEMY aJanToOBaHO Ui BU3HAYCHHS KOHILIEHTpAIIil JaKTary 1 mipy-
BaTy Ta iX CHIBBIJHOIIECHHS y CHpOBarii KpoBi. /loBeaeHo, 110 3anpornoHoBaHa 010CEHCOpHa CHC-
TeMa MpHJIaTHA JJIs IIBUIKOTO BU3HAYEHHS JIAKTATy, MipyBaTy Ta iX CHiBBIIHOIIEHHS 1 MOXke OyTH
BUKOPHCTaHa MPH MEAUYHIHN JIarHOCTHUII IESIKUX 3aXBOPIOBAHb.

KirouoBi ciioBa: amnepomeTpuuHuii 010CE€HCOD, JIAKTaT, MIpyBarT, CIiBBIIHOMICHHS JaKTaTy 1
nipyBary, CHpoBaTKa KpOBi
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IHTEPEH®EPEHIINHI CACTEMMH SIK ®OTOHHI KPUCTAJIN
H. JI. Jleaxonenxo, O. I1. Osuapenxo

AHoranis. BnactuBocTi (P OTOHHUX KPUCTAJIIB - ITYYHO CTBOPEHUX OaratomapoBux CTPyKTyp,
B SIKUX JII€JEKTpUYHA IPOHUKHICTh 1 TEOMETPUYHI PO3MIPU 3MIHIOIOTHCS 3 MEPIOJIOM, SIKI MOXKHA
MOPIBHATH 3 JOBKHUHOIO XBHIII - PO3TIISLIAIOTHCS MIUISIXOM PO3PaxyHKyY iHTep(depeHiii cBitia B 3a-
JaHii Oararomaposiii cuctemi. OOUUCIIEHHS IPOBOJMINCSA 32 JOIIOMOI0I0 pO3pOOJIEHUX MTPOrpaM,
CKJIaJICHUX 3 BUKOPUCTAHHSIM MaTpu4HUX MeTo/1B. OCHOBHA yBara npuauisiiacs BIUIUBY 1e(eKTiB,
MOB'SI3aHUX 3 MOPYLIECHHSIM MEPIOJUYHOCTI IapiB, HA KUIBKICTh 1 pO3TallyBaHHs JO3BOJICHHX 1 3a-
OOpPOHEHUX 30H Yy MIHUPOKOMY CIIEKTPAIBbHOMY Jiana3oHi. HaBeneHo criekTpalibHi 3alIeKHOCTI KO-
ediuieHTa BIAOUTTS, apryMeHTy nojiHoMa Yebuiesa 1 MOAyJIs apryMeHTy noiiHoma YeOuiiesa.

Po3paxyHOK ONTHYHHUX XapaKTEPUCTUK OaraTouiapoBUX MOKPHUTTIB 3a JIOIIOMOTO0 MATPUYHOTO
METOAY J103BOJISI€ BUSHAYUTU HASIBHICTb 30H 3arOPOIKEHHS JJIs IEPIOAUYHUX Ta AEPEKTHUX CUC-
TEM 1 3aIPONOHYBATH iX 3aCTOCYBaHHSI B IKOCTI KOHTPACTHOTO a00 By3bKOCMYIOBOTO IHTEP(pEPEH-
IHHOTO (IIBTPA.

Kurouosi ciioBa: ¢hoToHHI kpucTanu; iHTepdepeHInis cBiTia; 6aratomapoBa cucTeMa; MaTpud-
HUI METOJ

© H. JI. Ipsixonenko, O. I1. OBuapenko, 2018
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INTERFERENCE SYSTEMS AS PHOTONIC CRYSTALS

N. Dyakonenko, O. Ovcharenko

Abstract. Photonic crystals that are the artificially created multilayer structures, which dielectric
permittivity and geometric dimensions vary with a period comparable with the wavelength, were
examined by the calculation of interference of light in a given multilayer system. The developed
calculation programs using the matrix method make it possible to obtain the given optical
characteristics (reflection, transmission, etc.) for any multilayer coatings. The main attention is paid
to the analysis of the effect of defects associated with the violation of the layer periodicity. Spectral
dependences of the reflection coefficient, argument of Chebyshev polynomial and argument module
of the Chebyshev polynomial are given.

Calculation of the multilayer coatings optical characteristics with the help of the matrix method
made it possible to determine the presence of barrier zones for periodic and defective systems and
to propose their application as a contrast or narrowband interference filter.

Keywords: photonic crystals; interference of light; multi-layered system; matrix method

NHTEP®EPEHIIMOHHBIE CUCTEMbI KAK ®OTOHHBIE KPUCTAJIJIbI

H. JI. Jleaxonenko, A. I1. Osuapenko

AnHoTanus. CBoicTBa (POTOHHBIX KPHUCTAIUIOB — UCKYCCTBEHHO CO3JJaHHBIX MHOTOCIOMHBIX
CTPYKTYpP, B KOTOPBIX IUIICKTPUYECKas INPOHULAEMOCTb M T€OMETPUYECKHE pa3Mepbl H3Me-
HAIOTCS C NIEPUOJOM, CPAaBHUMBIM C JUJIMHOM BOJIHBI — PacCMATPUBAIOTCS IIyTEM pacyeTa MHTEep-
(depeHnn cBeTa B 3alaHHONM MHOTOCIIONHHON cucTeMe. BBIYMCIeHHsS MPOBOIMINCH C TTOMOIIBIO
pa3paboTaHHBIX MPOrPaMM, COCTABICHHBIX C UCIIOJIIb30BAaHHMEM MAaTpPUYHBIX MeTOJ0B. OCHOBHOE
BHUMAaHNE YACISUIOCH BIUSHUIO Je(EKTOB, CBI3aHHBIX C HAPYIICHUEM MEPHOANIHOCTH CIIOEB, HA
KOJINYECTBO M PACIIOIOKEHUE PAa3pEUICHHBIX U 3aIIPEIICHHBIX 30H B IIMPOKOM CIIEKTPAJIbHOM JH-
ammazone. [IpuBeneHBI CIEKTpabHBIE 3aBUCUMOCTH K03 duiinenTa orpakeHus1, apryMeHTa MOJIH-
HoMa YeOrImeBa n MOy apryMeHTa noirHoMa YeObimesa.

Pacuer onTryeckux XxapakTepUCTUK MHOTOCJIOMHBIX ITOKPBITHM € TOMOIIBIO MATPUYHOTO METO-
Jla TIO3BOJISIET ONPEAEIIUTh HAJIUUNE 30H 3arpakIeHus Ui NepUOJUIECKUX U I€PEKTHBIX CUCTEM
U IPEUIOKUTh UX IPUMEHEHUE B KAUECTBE KOHTPACTHOTO WJIM y3KOIOJIOCHOTO MHTEPPEPEHLINOH-
HOTO (UIIBTpA.

KiroueBble cjioBa: (GOTOHHBIE KPUCTAIUIBI, MHTEPPEPEHIIUS CBETA; MHOTOCIONHAS CHCTEMA;
MaTPUYHBIA METOJ
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Y cyvacHi# omnTHmi BEIHKY pOIb
BIIITPalOTh IIAPyBaTONEPIOANYHI CEPeIOBHIINA
- Tak 3BaHi GoToHHI kpucTtanu [1]. 3miHa
napaMeTpiB IapiB Ja€ MOXKIIUBICTD YIPABISATH
BJIACTUBOCTAMH (DOTOHHUX KPHCTANIIB, IO
BIJIKPUBAE MIMPOKI MOKIIUBOCTI JIsI CTBOPEHHS
ONTUYHUX 130JITOPIB, POTOETEKTPHUIHUX
MepETBOPIOBAUIB COHSIYHOTO BUITPOMIHIOBAHHS
Ta IHIIHUX ONTOEJEKTPOHHHUX HNPHUCTPOIB.
BiiacTuBOCTI Takux cepenoBHIN 0OYMOBIICHI
(GbopMyBaHHSIM JT03BOJICHUX 1 3a00POHEHUX 30H
I €JIeKTPOMAarHiTHOIO BUIIPOMiHIOBaHHS.
[Mopymenas nepiogM4HOCTI B (HOTOHHUX
KpHcTajlax NPUBONUTH 10 BUHHUKHCHHS
«aedexTHux mon». s Moxa sBisie coboro
XBHUIIIO, €JIIEKTPOMArHiTHe Moje sKOoi
JOKadi30BaHO MOOAHM3y Ae()EKTHOTO IIapy.
Bussaeno, mo 31 301IbII€HHSIM TOBIIHHU
nedexTHoro mapy miku AePEKTHUX MOJ
3MIIYIOTBCS B 00JIaCTh HU3BKHUX YacToT [2].

BuBueHHs crieKTpiB BIAOUTTS 1 MPOIYCKaHHS
OTHOBUMIPHOTO (POTOHHOTO KpHcTasa 3 Ae(heKToM
3 MOHOIIIAPYy HAaHOYACTHHOK IMOKa3alio, [0 B
3aJIeKHOCTI BiJl OCHIIOBHOCTI IIApiB, 10 BUKO-
pHCTOBYBaJIack, B (JOTOHHOMY KpHUCTalli Ae()eKTHa
MOJla MOXK€ MPUIYIIYBATHCS, KOJU MOHOIIAP
PO3TAIIOBYETHCS OMKue 10 KpaiB ado, HaBMAKH,
10 cepenuHu nedekTHoro mapy [3].

HasiBHI Ha CHOTONHIMIHIA J€Hb pe3yibTaTu
TEOPETUYHHUX JOCTIDKEHb Ne(EKTHHX MOJ B
(OTOHHUX KpUCTaNax HEe HANAIOTh MOBHOTO
omucy naHoro edekry. OnmHak, icHye no0pe
po3pobIIeHa Teopisi GaraTonapoBUX MOKPUTTIB,
B SKIi ONHUCYETHCS TMOBEIIHKA 3a00POHEHUX
1 7J03BoJIeHMX 30H (0OJacTeil  BUCOKOTO
BiJIOMBAHHSI 1 BHCOKOTO TIPOITyCKaHHs) [4].

Y ToHKHX MIiBKax Ime € ao0pe Bigome
ssuuie iHTepdepenuii. Jlo3Boseni 1 3a00poHeH1
30HHU, II0 CIIOCTEPIraroTbCcs y (GOTOHHUX
KpHUCTajax, sBISIOThH COO0I0 HE IO 1HIIE, SIK
iHTeppepeHUiiHI MAKCUMYMHU 1 MIHIMyMH.
[HTepdepen il cucTeMu, MO CKIaTal0ThCs
3 4epryBaHHs IUIIBOK HEOOXIAHOI OMTHYHOT
TOBIIMHU 3 BUCOKUM 1 HU3BKUM IOKa3HUKAMHU
3aJIOMJIEHHS], JO3BOJISIOTH 3MEHIIUTH BIIOUTTS
CBITJIa Y BY3bKiii a00 IMIMPOKIii 00JIaCTi CIIEKTpa
(MOKPUTTA, IO TPOCBITIIOIOTH), MiJBUIIUTH
BIJIOUTTA ITaJar04oro CBITJIAa HA AUIBHUIAX
pi3HOI CceKTpanbHOI MUPUHU (A3€pKaia),

BUJIJIUTH BY3bKy CHEKTpajbHy 00JacTh
MOHOXPOMAaTHYHOIo cBiTiIa (1HTep(epeHLiHH]
CBITIO(IIBTPH).

V naniii poOOTi OCHOBHA yBara MpuIiIS€TbCs
BIUIUBY J1€(EKTIB, MMOB’A3aHUX 3 MOPYLIEHHAM
NepioOJUYHOCTI IMapiB Ha KIiJbBKICTh 1
po3TalryBaHHS JO3BOJCHUX 1 3a00POHEHUX 30H
B IIMPOKOMY CIIEKTPaJIbHOMY Jliala30Hi.

Haii6is1p1roro mommpeHHs OCTaHHIM 4acoM
OTPUMaB MATPUUYHUNA METOJ PO3PaxXyHKY
ONTHUYHHUX XapaKTEPHUCTHK 1 BIaCTHBOCTEH
OararomapoBux MokpuTTiB [4]. [Ipu BuBYEHHI
MOIIUPEHHS MII0CKOT MOHOXPOMATHYHOT XBUJI1
B IIapyBaToi CTPYKTYpi, OCTAHHIO 3PYyYHO
XapaKTepU3yBaTH YHITAPHOIO 2X2 MATPULICI0 M
(Tak 3BaHOIO XapaKTEPUCTHYHOIO a00 MaTPUIICIO
iHTepdepenuii). {1t onHoro mapy 3aBTOBLIKA t
3 TIOKa3HNKOM 3aJIOMIICHHS 1, XapaKTePHCTHYHA
MaTpHIsE MA€ BUTTISL

cos(p,) *sinfp,)
i”jsm(Bj) éOS(Bj)

ne Bj = 0,5mvgc, — ¢dba3zoBa TOBUIMHA MIAPY,
g = 4njtj/X0 — 10 BUpPaKeHA y OAMHUIIX YBEPTI
JIOBXXUHUA XBUJII 7‘0 ONTHUYHA TOBIIMHA ILIAPY,
¢, = cos(Gj).KyTH 3aJIOMJICHHSA 6J. B ycCix
CpEIOBHINAX MOBSA3aHI MOMIK COO0I0 Ta KyTOM
naAiHas 3akoHoM CHerutiyca n, sin(ej)=const.

EpexTuBHI MOKa3HUKU 3aJOMIIEHHS u,
JIOPIBHIOIOTh n.c, s S-Ta nj/cj 17 P- ckitamoBoi
MoJIsipH3aIlii majgardoro ceimia. Yactora n=k0/ 1,
e | — morouna moBXXKHMHA XBUIIL.

VY pa3i GaraTomapoBOr0 MOKPHUTTS, SKE
ckiagaeTbes 3 K TOHKUX OJHOPIHMX IIApiB,
XapaKTepUCTHYHA MAaTPUI Oy/ie MaTH BHIJIS:

J

K

Al.,k :Hmj _

J=1

BukopucroBytouun 1ni mMaTpuill MOXKHa
pO3paxoByBaTH aMILIITYAHI Koe]imieHTH
BIZIOUTTS Ta MPOITYCKAHHS:

_ (Au”o _Azzu)"‘i(”ouAlz - AZI) ’
(Alluo + Azz”)+ i(”o”Alz + Azl)
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2u,
(Al Uy + Azzu) + i(”o”Au + A21)

1 BIZIMTOBITHI €HEPreTUYHI KOeDIIieHTH:

R:‘r2

2

T==|tf.
u,
Jnsi mepioAMYHUX CHCTEM, IO MICTATH
N nepioais, nanpukaan S N(ab)S, maTpuns
iHTEepdepeHIlii Moxke OyTH TIpeICTaBlIeHa Yepes
MaTpHIIO Mepioay

M= mm , romi A= MY 1 BUpaxeHa uepes
a H s

TMOJIHOMH Ye6uiieBa HepIIOro T, 1 apyroro U
poxy

All,22 = TN iO-S(Mn _M22)UN—1 5

A,,, =M, U._
1221 12219 N e

T,=cos| Narccos(A)] ;
U, =sin| Narccos(A) | / sin| arccos(A) ]
3 apryMeHTOM A=O.5(M11+M22)

B obnactax cnexkrtpa, ais akux | A [> 1,
Koe(]iieHT BiIOUTTS 3 POCTOM UHMCIIA TIEPiOiB
Oyne mparmytu ao oaumHuii. Ile i € Tak
3BaHl 00JacTi BUCOKOTO BiIOUTTA a00 30HHU
3aropoKEHHSI.

Ha rpadikax HaBemeHi CreKTpaJbHI 3a-
JeXKHOCTI KoediuieHta Bigourts R (v), apry-
MeHTy noniHoma YeOumesa A(v) (kpanku) i
MOJYJIs apryMeHTy nosiHoMa Yebumesa |A(V))|.
y nianasoni Big 0,9 mo 1,1 (cyuinbHi ninii). B
yCIX po3paxyHKax mapu a i b mepenbaganucs
pO3MIpOM B OJHY YBEPTh AOBXKHUHH XBUIII
(gj = 1) ¢ nokasHukamu 3ajgomieHns n = 2,2 i
n, = 1,32. Cepenosuiia, mo odOpamiisik 6araro-
IapoBy CUCTEMY S 1 S Opanucs 3 MOKa3HUKaMH
3aJI0MJICHHs n, =n = I.

Hnsa nBox mapiB K = 2 nHalinpocTimoro
nepiony (ab) Ha HWKHIA 3aJIE)KHOCT1 BUIHO
MOKJIMBa 0071acTh BUCOKOTO BiAOUTTS (puc. 1).
Ha puc. 2, ne K = 10, N = 5 Haifnpocrimoro
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nepiony (ab), Ha 3anexHocTi R (V) sBHO mpo-
sIBUJIacs 00JIacTh BUCOKOro BimOuBaHHSA, aje Ti
HIMpUHA, AUB. A (V) 3aIumImiIacs KOJUIITHBOIO.
Ha 3anexnocti A (V) [uIs CUMETPUYHOTO TIepi-
ony (a2ba) K = 3 BuaHO 1B1 MOXIIHBI 00J1aCTI
BHUCOKOTO BimOuBaHHsS B obOmactsax v 0,51 1,5
(puc. 3). [list TakOrO X CUMETPUYHOTO Tiepiosa
(a2ba), ane 3 yrcnom mapiB K =15, N =35, tobto
cucreMa [a2ba a2ba a2ba a2ba a2ba] Ha 3amex-
HOCTI R (V) IBHO mposiBIIIHCS 00J1aCTi BUCOKOTO
BigOuBaHHs B oOnacTax gactot 0,51 1,5, ane ix
TUPUHY 3aTUIIHIIACS KOJHUIIHIME (puc. 4).

Puc. 1. CnekTpajbHi 3ajdexHocTi koedinienta

BiaOuTTa R(V), aprymenTty nojinomy Yeouiena A(v)

(kpanku) Ta ioro Moayaio |A(V)| (cyuinbHi ginii). Kinb-
kicTh mapiB K=2, naiinpocrimuii nepiox (ab).

oM e o @

Puc. 2. CnekTpajbHi 3ajexHocTi koedinienta
BiaOuTTa R(V), aprymenTty nojinomy Yeouiena A(v)
(kpanku) Ta ioro moayaio |A(V)| (cyuinbHi ginii). Kinb-
kicTh mwapiB K=10, N=5, naiinpocrimmuii nepion (ab).
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Puc. 3. CnekTpajbHi 3anexHocTi koedinienTa
BinoutTa R(v), aprymenTty nosninomy Yedumena A(v)
(kpanku) Ta iforo MmoxyJro |A(V)| (cyuinbHi Jinii). Kinb-
kicte mapiB K=3, N=5, naiinpocrimuii nepiox (ab),
cuMeTpU4YHHii nepioxa (a2ba).

o
ERERO
T T T

T L

Puc. 4. CnexTpajbHi 3anexHocTi koedinienta

BinoutTa R(v), aprymenty mosninomy Yedumena A(v)

(kpanku) Ta iforo MmoxyJro |A(V)| (cyuinbHi Jinii). Kinb-

kicth mapiB K=15, N=5. Toii e, mo ii Ha puc.3 cu-

MeTpu4Hmii nepioa (a2ba), TodTo cucrema [a2ba a2ba
a2ba a2ba a2ba]

I[Ipossis nedekTiB, ski moB’si3aHi 3
MOPYIICHHSM MEPIOIMYHOCTI IapiB MOKa3aHO
Ha puc. 5-7. UBepTbXBHJIbOBA CUCTEMA «31
300em» ab2abab na 3amexHocTax R (v) i
A (v) nemMoHCTpye 00JacTh MPOMYCKaHHS
npu v = 1. Kpim Toro, 3 3amexHocti A (v)
CHIIYIOTh PO3TalIOBaHI CUMETPUYHO V = | 1o
TPU OAATKOBUX 00jacTi 3aropopkeHHs. Jist
TPHOX MEPIOAIB YBEPTHXBUIBOBOI CUCTEMHU «31
300em» 3 (ab2abab) obGnacTe mpomycKaHHS
npu v = 1 Ha 3anmexHocTax R (v) 1 A (v) moxe
OyTH BHKOpHCTaHAa B SKOCTI Tak 3BaHOIO
KoHTpacTHoro ¢inerpa. [Ipum npomy Ha A (V)
SIBHO TPOSIBIISIIOTHCS PO3TAIIOBAHI CUMETPUYHO
v =1 10 TpH A0JaTKOBHUX 00JIACTi 3arOPOIKEHHSI.
Ha 3anexnoctsax R (v) i A (V) cuMeTpu4yHOIO
YETBEPTHXBHIIBOBOI CHUCTEMU «31 300eM» 4(ab)
a2ba4 4(ba) (puc. 7) BUIHO JOCHUTH BYy3bKa
obnacte mpomnyckanusa npu v = 1. Taka cuc-

TeMa 3a3BUYail BUKOPUCTOBYETHCSA B SKOCTI
BY3bKOCMYTOBOTO iHTEep(epeHLiiiHoro ¢iabTpa.
Kpim Toro, 3 3amexnHocTi A (V) CIiayOTh
pO3TalIoBaHi CUMETPUYHO V = | I0maTKOBi
0071aCTi 3arOPOIKEHHS.

1
0.8F
0.6

Puc. 5. CnexTpaabHi 3amexHocTi koedimienra

BigourTa R(v), aprymenty mojinomy Yeouiena A(v)

(kpanku) Ta iioro Moayaio |[A(v)| (cyuiabHi Jinii).
YUBepThbXBHILOBA cHCcTeMA “ 3i 300eM ” ab2abab.

: | U m 7
oz /\AN\AJ\ /\JMI\/’\

Puc. 6. CnexTpajbHi 3amexHocTi koedimienra

BigourTa R(v), aprymenTty mojinomy Yedouiena A(v)

(kpanku) Ta iioro Mmoayaio |[A(v)| (cyuiabHi Jinii).

Tpu nmepioan 4YBepTHXBUJILOBOI cHCTeMH “ 3i 300eM ”
3(ab2abab) 3 puc. 5.

_.i/\/\/\ [\sﬂ : A/lf\ﬂf\/\

[4] - 'J't

— LU

0 0.5

Puc. 7. CnexTpajbHi 3ajdexHocTi koedimienta

BiaOurTa R(V), aprymenTty mojiinomy Yeduiena A(v)

(kpamnku) Ta iioro moaymio |A(V)| (cyuinbHi ainii). K=19.

CuMeTpuYHA YBepPTHXBWILOBA cucTeMa “ 3i 300em ”
4(ab)a2ba4(ba).
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[TopiBHsNBHUI aHAaII3 HAaBEJCHUX PHCYHKIB
MOKAa3ye, 1110 MPO CTPYKTYPY CHEKTpa BiIOUTTS
(po3ramryBaHHS 1 KITBKICTb 30H 3arOPOKEHHS)
JUIs OararomapoBUX CUCTEM 3 OyIb-SIKMM YHC-
JIOM TIEPiO/IiB MUTKOM MOYKHA CYTUTH 32 TaHUMU
3aNeKHOCTI A (V) IUIS OTHOTO TIEPiofy.

TakuM 4UHOM, PO3PaXyHOK ONTUYHUX XapaK-
TEPUCTHUK OAraToapoBUX MOKPUTTIB 3a IOTIOMO-
rOI0 MaTPUYHOTO METONy JO03BOJISIE BU3HAYMTH
HASBHICTb 30H 3arOPOKEHHS JIJISl IePIOINIHUX
Ta JIe(EeKTHUX CHCTEM 1 3alporoHyBaTH ix 3a-
CTOCYBAHHS B SIKOCTI KOHTPAacCTHOTO a00 BY3bKO
CMYTOBOTO iHTepepeHLIIHOTO BiIbTpa
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Summary

Abstract: Photonic crystals that are the artificially created multilayer structures, which dielectric
permittivity and geometric dimensions vary with a period comparable with the wavelength, are
becoming increasingly important in modern optics. Control of the properties of photonic crystals
is possible by changing the parameters of the layers, first of all, by forming allowed and forbidden
zones for electromagnetic radiation. The behavior of forbidden and allowed zones, which are the
regions of good reflection and transmission, is determined by calculating the light interference in
a given multilayer.

The developed calculation programs using the matrix method make it possible to obtain the given
optical characteristics (reflection, transmission, etc.) for any multilayer coatings.

In this paper, the main attention is paid to the analysis of the effect of defects associated with the
violation of the layer periodicity on the number and location of allowed and forbidden zones in a
wide spectral range. Spectral dependences of the reflection coefficient R(v), the argument A(v) and
argument module |4(v)| of the Chebyshev polynomial are given. The carried out calculations were
based on the assumption that the layers a and b were quarter-waves (gj = 1) with refractive indices
n,=2.2 and n, = 1.32, while the framing media S, and S had refractive indices n,= n = 1.

Calculation of the multilayer coatings optical characteristics with the help of the matrix method
made it possible to determine the presence of barrier zones for periodic and defective systems and
to propose their application as a contrast or narrowband interference filter.

Keywords: photonic crystals; light interference; multilayer system; matrix method
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ITHTEPEH®EPEHIIMHI CACTEMH SIK ®OTOHHI KPUCTAJINA
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Pedepar

VY cyuacHiil ONTHIIl BEJIUKY POJIb BIIIFPAIOTh TaK 3BaHl (POTOHHI KPUCTAJIU - IUTYYHO CTBOPEHI
OaraTomapoBi CTPYKTYPH, B SIKHX JTIeJIEKTPUIHA POHUKHICT 1 T€OMETPUYHI PO3MIPH 3MIHIOIOTHCS
3 TIepioIoM, SIKMI MOKHA TTOPIBHATH 3 JIOBKUHOIO XBUJII. 3MiHA ITapaMeTpiB MIAPIB JJa€ MOKIUBICTh
YIPABISITH BIACTUBOCTIMH (DOTOHHUX KPHUCTaIiB. BIaCTHBOCTI TakMX cepeaoBHI 0OyMOBIECHI
dbopMyBaHHSIM JO3BOJICHUX Ta 3a00POHEHMX 30H JJIS €IEKTPOMArHiTHOTO BUIPOMIHIOBAHHS.
[ToBeninka 3a00pOHEHHX 1 JO3BOJICHHX 30H (00IaCTeH BUCOKOTO BiIOUTTS 1 BUCOKOTO MPOITYCKAHHS)
OTIUCYETHCS MIJIAXOM PO3paxyHKy iHTepdepeHIii cBiTia B 3a7aHiil 0araTomapoBiid cUCTEMI.
OO6urcneHHs 3HaYHO MOJIETIIYIOTHCS 3aBISKH pO3pOOIeHUMU MporpaMaM. Po3paxyHku, mpoBeeHi
3a JJOTIOMOTOI0 MaTPUYHOTO METOAY, 03BOJSIOTh OTPUMATH 3aJaHl ONTHYHI XapaKTePUCTUKHU
(xoedilieHTH BIIOUTTS, MPOMYCKAHHS 1 T. 1H.) AJIs OyAb-SIKUX OaratoumiapoBUX MOKPHUTTIB.

VY naniii poOOTI OCHOBHA yBara MpUIIIAETHCS BIUIMBY JAS(EKTIB, MOB)SI3aHUX 3 TOPYIICHHSIM
NEePIOAUYHOCTI IapiB Ha KUIBKICTD 1 PO3TAIIyBaHHS JJO3BOJICHUX 1 3a00POHEHHX 30H B IIMPOKOMY
cneKkTpaibHOMY jdiarna3oHi. Ha rpadikax HaBeneHi CrieKTpaibHI 3aJIeKHOCTI Koe(ili€eHTa BITOUTTS
R (v), aprymenty noninoma Yebuiena A (v) 1 Moayist apryMeHTy noiiHoma Yebumesa | A (v) |. Y
BCIX po3paxyHKax mapu a i b mepeabayanucs po3MipoM B OIHY YBEpPTh JTOBKUHH XBHIII (g=1Dc
MOKa3HUKaMU 3aoMiieHns n, = 2,2 in, = 1,32. Cepenosuina, 1o o0pamisii 6araromapoBy CUHCTEMY
S, 1S Opanucs 3 MOKa3HUKaMHU 3aJIOMJIEHHS ny =n = 1.

Po3paxyHOK ONTHYHUX XapaKTEPUCTUK OAraTomapoBUX MOKPHUTTIB 32 JOIMOMOTOI0 MaTPHYHOTO
METOTy JTO3BOJISIE BU3HAYUTH HAsIBHICTH 30H 3aTOPOIDKEHHS IS IEPIOAMIHUX Ta Ae(DEKTHUX CHCTEM
1 3aMPOTIOHYBATH iX 3aCTOCYBaHHS B SIKOCTI KOHTPACTHOTO 200 BY3bKO CMYTOBOTO iHTEphEpeHITii-
HOrO QinbTpa.

Kuouosi ciioBa: ¢hoToHHI kpuctany; iHTepdepeHIiis CBiTIIa; OararomapoBa CUCTEMa;
MaTpUYHHUI METOJ
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BILIMB OJJHOBICHOI JE®@OPMAIIIl TA TIIJPOCTATUYHOI'O TUCKY
HA BJJACTUBOCTI TOHKUX HIAPIB InSb
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BILIMB OJJHOBICHOI JE®OPMAIIIl TA TIIPOCTATUYHOI'O TUCKY
HA BJIACTUBOCTI TOHKUX HIAPIB InSb

A. O. [pyocunin, 1. U. Map'amosa, O. I1. Kympaxoe, H. C. Jlax-Kaeyii

AHoTtauis. J{ocmikeHo TeH30MEeTPUYHI XapaKTePUCTHKH TOHKUX IIapiB aHTUMOHITY 1HIIIFO, K
HEJIETOBAHUX, TaK 1 JIETOBAHMX 13 PI3HOIO KOHIEHTPAIIIE€I0 JOMIIIKH TEIypy B IIUPOKOMY Jiara3o-
Hi nedopmariii (€ = £ 1,3 x 107 Bign. ox.) i Temmeparyp (- 180 + + 100) °C. HaiiBumii 3Ha4eHHsI
KoeiIieHTa TeH309yTIMBOCTI Oyiu ofiepxkaHi /i 3pa3kiB InSb n-Tuimy npoBiHOCTI, JeTOBaHUX
TEJypOM J10 KOHIIeHTpaIlii (4 + 7) x 10'® cM™, Ha OCHOBI SIKUX MOKYTh OyTH CTBOPEHI Yy TJINBI elie-
MEHTHU TeH30/1aTuuKiB. Takok OyJ0 BUBUEHO BIUIMB T1IpOCTATUYHOTO TUCKY 10 5000 Gap Ha TOHKI
mrapu InSb, sk HeneroBai, Tak i JeroBaHi TEIypoM 1 IUHKOM. Bru3HaueHi 3HaueHHs KOedillieHTiB
TiIPOCTaTHYHOTO THCKY ISl IUX IIapiB Ta iX TeMIIepaTypHi 3aJIeKHOCTI B IHTEPBaJl TEMIIEPATyp
(- 75 = + 80) °C. HaiibinpIma 9y TauBICTh A0 TIAPOCTATUYHOTO THCKY BHsBIEHA B 3pa3kax InSb,
neroanux 1uHKoM (K . = 46). Jlano pekoMeH/allii o0 3aCTOCYBaHHs TOHKKX mmapis InSb sk
YYTJIMBUX €JIEMEHTIB JaTYMKIB THCKY.

Kio4oBi ci1oBa: TOHKI mIapu aHTUMOHITY 1H/II0; TEH30PE3UCTHBHI BIACTHBOCTI; KOS(IIIEHT
TEH309YTJIUBOCTI, TIJPOCTATUIHUHN TUCK

© A. O. pyxwuHiH, L. . Map'ssmoga, O. I1. Kyrpakos, H. C. Jlsx-Karyii, 2018
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THE INFLUENCE OF UNIAXIAL STRAIN AND HYDROSTATIC PRESSURE ON
PROPERTIES OF InSb THIN LAYERS

A. Druzhinin, I. Maryamova, A. Kutrakov, N. Liakh-Kaguy

Abstract. Piezoresistive characteristics of undoped and doped by tellurium with different
concentration InSb thin layers were studied in wide range of strain (¢ = + 1.3 x 107 rel. un.) and
temperature (- 180 ~ + 100) °C. The highest values of the gauge factor were obtained in n-type
conductivity InSb thin layers doped by tellurium to concentration of (4 + 7) x 10'® cm?. Sensitive
elements of strain gauges could be created on the basis of such layers. The influence of hydrostatic
pressure up to 5000 bar on electrophysical properties of undoped and doped by tellurium and zinc
InSb thin layers were also studied. The values of the hydrostatic pressure coefficients for these layers
and their temperature dependences were determined in the temperature range (- 75 + + 80) °C. The
greatest sensitivity to hydrostatic pressure (K, .. = 46) was revealed in InSb samples doped with
zinc. Recommendations for the use of InSb thin layers as sensitive elements of pressure sensors
were given.

Keywords: indium antimonide thin layers; piezoresistive properties; gauge factor; hydrostatic
pressure

BJIUSIHUE OJHOOCHOM JJE®OPMAIIUU U TUJIPOCTATUUYECKOI'O JABJIEHUSA
HA CBOHMCTBA TOHKHX CJIOEB InSb

A. A. Apyscunun, U. U. Mapamosa, A. I1. Kympaxos, H. C. Jlax-Kaeyu

AnHoTauus. lccrenoBaHO TEH30METPUYECKHE XapaKTEePHCTHKA TOHKUX CJIOEB aHTHUMO-
HUJa WHIUSA, KaK HEJeTHPOBAHHBIX, TaK M JIETMUPOBAHHBIX C PA3HOM KOHIIEHTpAIMEH Ipume-
CH TeTypa B IIMPOKOM juanazone nedopmarmu (¢ = £ 1,3 x 10 BigH. 01.) ¥ Temrmeparyp
(- 180 + + 100) °C. Bricokue 3HaueHHs] KOIPPHUIIMEHTAa TEH30UYBCTBUTEIILHOCTH OBUIN TTOTYYCHBI
st 00pastoB  InSb  n-Tuma TPOBOIMMOCTH, JIETUPOBAaHHBIX TEJUIyPOM C  KOHIIGHTpAIHEH
(4 +7) x 10" cM, Ha OCHOBE KOTOPBIX MOT'YT OBITh CO3/JaHBI UyBCTBUTEIILHBIC HIEMEHThI TCH301aTu -
KOB. Taxke ObII0 M3y4YeHO BIUSHIE THApOCcTaTnaeckoro nasieHus 10 S000 6ap Ha anekrpodusnueckne
CBOMCTBAa TOHKHMX cJOoeB InSb, Kak HelerupoBaHHBIC, TaK W JIETUPOBAHHBIC TEUIYpOM M IIHH-
koM. OmnpezeneHsl 3Ha9eHUsT KOA(POUIMEHTOB THAPOCTATUYECKOTO JABICHUS I 9THX CJIOEB M HX
TEMIIEpaTypHbl€ 3aBUCUMOCTU B MHTepBasie Temreparyp (- 75 + + 80) °C. Haubonbiast 4yBCcTBU-
TENTBHOCTh K THIPOCTAaTHYECKOMY JIaBICHHUIO OOHapykeHa B oOpasiax InSb, serupoBaHHBIX UHKOM
(K e = 46). JlaHbl peKOMEHJALMH TI0 NPMMEHEHMIO TOHKHMX CJI0€B InSb Kak 4yBCTBHUTENBHBIX
HIIEMEHTOB JJATYMKOB JIABJICHHSL.

KiwueBble cJjioBa: TOHKHE CJIOM AHTHMOHHMJA WHIUS; TEH30PE3UCTUBHBIC CBOWCTBA;
KO3((UIIMEHT TEH3049yBCTBUTEIBHOCTH, TUAPOCTATHUECKOE JABIICHHE
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1. Beryn

Ha cporomni kpemHiii 1 repmaHiii € OCHOBHH-
MU MaTepiajiaMu JUIsl CTBOPEHHS Ha X OCHOBI
CCHCOPIB MEXaHIYHHUX BEJIIMYUH, 3aBJISIKH BHCO-
Kifl TEH3049yTJIMBOCTI ITUX MaTepialliB y IIUPO-
KoMy iHTepBaii Temneparyp [1]. Cain 3ayBaxu-
TH, IO TAKO)X CTBOPEHI CEHCOPH MEXaHIYHHX
BETMYMH Ha 0a3l HAMMBIPOBIAHUKOBUX HUTKO-
MOAIOHNX KPUCTAIIB, 30KpeMa TaKuX SIK KpeM-
Hill 1 TepmaHiii [2]. bararbMa J10CITiKCHHSIMH
T’ €30PE3UCTUBHMUX BJIACTUBOCTEN MIKPO- Ta Ha-
HOKPUCTAJIIB KPEMHIIO 1 TepMaHit0 BUSBIEHO Ti-
raHTCBHKI 3HAUEHHS iX KoeillieHTa TeH309y TIIH-
BOCTI 32 HU3BKHX Temneparyp [3-6]. [Tonepenni
pobotu aBTOpiB [7, 8] MOBENH, 110 HUTKOMOA10-
Hi kpuctaym Si, Ge 1 TBepaoro pozunny SiGe i3
KOHIICHTPAIIIEIO JIETYIOYOi JOMIIIKK B 00MacTi
MEPEexXo1y MeTal-IieJeKTPUK, € TePCICKTUBHU-
MU MaTrepiajlaMu JiJIsi CTBOPEHHS BUCOKOUYTITH-
BHX CEHCOPIB MEXaHIUHUX BEJIMYHWH, ITpaIe3/1aT-
HUX B 0071aCT1 HU3bKHX TeMIieparyp. Sk pesymb-
TaT Ha OCHOBI IIUX KpUCTaIiB Oyiu po3polieHi
HAIIyTIMBI CEHCOPHM MEXaHIYHUX BEJIWYHH,
mpaine3iaTHi Mpu KPIOTEHHHUX TeMIleparypax
[2]. [IpoTe TexHiUHMI TIporpec B 0o0OIacTi Ha-
VKM 1 TEXHIKM BUMAarae TOIIyKy HOBHX HarliB-
MPOBITHUKOBUX MaTepialiB, MPHUIATHUX IS
MPOCKTYBaHHS UYyTIUBUX CJICMCHTIB JIaTYHKIB,
JIi€3IaTHUX B CKJIAIHUX YMOBax €KCILTyaTallii.
B npomy muiani cnonyku A3BS5 npencraBisitioTh
3HAYHHUU THTEpPEC OO0 BUBYCHHSI iX EJICKTPO-
(GIBUYHUX BIACTHBOCTEH, a TakoX sK Oararo-
OOIIsIFOUNi MOJIETBHUM MaTepiai s BUBUCHHS
MarHiTo- Ta 1 €30PE3UCTEHTHUX €(PEeKTIB y MIH-
poxomy iHTepBasi Temmeparyp [9-12]. Conyku
A3BS5 Takoxk po3MISAAIOTHCS SK MEePCIEKTHUBHI
Marepiajii CeHCOPHOI eJIEKTPOHIKU. Y Tomepe-
JHIX poOoTax aBTopiB [13, 14] BUBUaBCS BIUTMB
TiIPOCTAaTUYHOTO TUCKY Ha BIACTUBOCTI MIKpO-
KPHUCTAIIB aHTUMOHITY TJIif0 N-TUITY. B pe3yb-
TaTi TMPOBEJIECHUX JOCTIIHKEHb OYyJIO CTBOPEHO
JATYUK TiIPOCTaTUIHOTO TUCKY, M1€3JATHUNA 10
5000 Gap.

Meroro maHOi poOOTH € BHBYCHHS BILTUBY
OfMHOBiCHOI aedopmaiii Ta TiAPOCTaTUYHO-
ro TUCKY Ha TOHKI IIapy aHTUMOHITY 1HIIIO 3
PI3HOIO KOHIIEHTPAITIEI0 JIETYIOUO1 TIOMIIIKY Ha
peaMeT iX BUKOPUCTAHHS IS CTBOPSHHSI 4yT-
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JTUBUX €JIEMEHTIB CEHCOpiB Aedopmarlii Ta Ti-
POCTaTUIHOTO THCKY.

2. MeTonnka eKCliepUMEHTY

O0’exToM nOCHIIKEHb Oyau TOHKI LIapu
QHTUMOHIY 1HAII0, JUISI OTPUMAaHHS SIKMX BH-
KOPHCTOBYBABCSI METOJ HAMIPABICHOT KPUCTAi-
3arii po3miaBy, CTUCHYTOTO MIDX ITiIKJIaJIKaMH.
B pesynbrari orpumMano ToHki mapu InSb ToB-
mwHOoI0 10 + 30 Mxm. Po3mipu mocmimxkysa-
HUX YyTJIUBUX €JIEMEHTIB CTAHOBIIIHU: JIOBKHUHA
1 + 2 mwm, mupuna 100 +~ 200 MKM 1 TOBIIMHA
10 + 20 mxM. OMi4HI KOHTaKTH 1 CTPYMOBUBOIH
JI0 YyTIMBHUX €JIEMEHTIB CTBOPIOBAIUCH METO-
JIOM IMITYJIBCHOTO MIKPO3BapIOBAHHS 30JI0TOTO
MIiKpOAPOTY.

JocnipKyBanuch Tpu TPyIy 3pa3KiB:

e  Heneroadi 3pa3ku InSb 3 koHIeHTpaITi-
€10 OCHOBHHX HOCIIB 3apsay (2+3) x 10'¢ cm?;

e 3pa3ku InSb 3 koHIEHTpali€0 TeIypy
(4=7)x 10"%cm? - 1,5 % 10" cm™ ;

e 3pasku InSb neroBani MMHKOM 3 KOH-
neHrpariiero 1x 101 cm.

J11st BUBYEHHSI BITUBY OHOBICHOT iehopma-
i1 Yy TJIUBI €JIEMEHTH Ha OCHOBI TOHKHX IIapiB
InSb 3akpimmtoBancy Ha CTajeBid Tpagyro-
BaJIbHINM Oaiii, ska miggaBaigack aedopmarlii &
=4+ 1,3 x 10” BigH. OII. y IIMPOKOMY iHTEepBaJi
temmnepatyp (- 150 + + 100) °C. docmipkeHHs
XapaKTEePUCTUK YyTAUBUX €IEMEHTIB HA OCHOBI
TOHKMX IIapiB aHTUMOHIY 1H/II0 PH BUBYEHHI
BIUIMBY TipocTatuyHoro tucky ao 5000 Oap,
MPOBOJIMJINCH Y CHENiaIbHOMY COCY/l BHCOKO-
ro THUCKY, 3T1IHO METOAWKH, HaBeIEHId B po-
6oti [13] . CtpyMOBUBOIM UyTJIMBUX €JIEMEH-
TIB TPUBApIOBAJINCH 0 TEPMETUYHHX KIEM B
00’eMi MOPIIHS, MICIsA YOro BHYTPIIIHINA 00’ €M
cocyla MiJ THCKOM 3allOBHIOBAIH CYMIIIIITIO
racy Ta TpancdopmaropHoro macia. Omip 3pas-
KiB aHTUMOHIy 1H/Ii0 BUMIPIOBAaBCsI B IHTEpBa-
11 remneparyp (-75 ++100) °C 1 tucky Big 0 1o
5000 Gap.

3. EkcnepuMeHTAIbHI pe3y/bTaTH Ta iX
00roBOpeHH

BrnacTrBOCTI TOHKHX I1apiB aHTUMOHITY 1HIIO
N-TUITY MPOBIAHOCTI JIOCHTIPKYBAIMCH B IIMUPOKO-
My iHTepBaii Temneparyp (- 180 =+ 100) °C. Ha
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puc. 1 mpeacraBiaeHo TeMIlepaTypHi 3aJIeKHOCTI
OTIOpY, SIK HEJIETOBAaHUX 3Pa3KiB, TaK 1 JISTOBAHUX
TEITYPOM J0 KOHIIeHTpaIii 4x10'¢+ 1.5x10" cm3,
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Puc. 1. TemneparypHi 3ajie:KHOCTI BiIHOCHOI 3Mi-

HU ONOpPYy HeJjeroBaHux TOHKUX mapiB InSb (1)

i 3 xoHmeHTpamicio Temypy: (4+7)x10'¢ cm3 (2);
(1+1.5)x10"% cm3 (3).

Busineno, mo HaiiMeHIy TeMIlepaTypHy 3a-
JISKHICTh ONOPY MaroTh 3pa3ku InSb cunbHO se-
rOBaHi TeJypoM J1o KoHnentpamii (1 +1,5) x10"
CM™ , JUIS SIKMX TeMIIepaTypHUI KOe(ilieHT O110-
py (TKO) y nocnigxyBaHOMY IHTEpBai TEMIIE-
paryp cranoBuTh puom3HO 0,18 % xrpar’.

B pesynbrari mochimKeHb TEH30PE3UCTHB-
HUX BJIACTUBOCTEW TOHKHMX miapiB InSb n-tumy
MPOBIAHOCTI B IIUPOKOMY Jiana3zoHi aedopma-
it e =+ 1,3x107 BigH. o. 1 Temmeparyp (- 150
+ + 100) °C BusiBIEHO JiHIHHUN XapakTep 3a-
JISKHOCTI BITHOCHOT 3MiHH OTIOPY BiJl 1eopMa-
i 71 BCIX MOCIHIIKYBaHUX 3pasKiB (puc. 2).
Po3paxoBaHo 3Ha4eHHs KOoe(illl€EHTa TEH304yT-
JIUBOCTI JUTSI WX 3pa3KiB, TEMIIEPATyPHI 3aJIeikK-
HOCTI SIKHX HaBEJCHO Ha puc. 3.

-8

-15

-10

5

04
€ x107, oT

5
H.eq,.

Puc. 2. Binnocna 3mina omopy Bin aedopmamii 3a

Temneparypu 20 °C uist HeJIeroBaHUX TOHKHX LIApiB

InSb (1) i 3 koHuenrTpauieo Teaypy: (4+7)x10'¢ em?
(2); (1+1.5)x10"8 cm3 (3).
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Puc. 3. TemnepatrypHi 3aiexHocTi koedimieHTa TeH-

304yTJMBOCTI HeJleroBaHMX TOHKHX mmapiB InSb

(1) i 3 koHuenTpamico Teaypy: (4+7)x10' cm3 (2);
(1+1.5)x10"% em3 (3).

3 miABIMIEHHSIM KOHIEHTpalii AOMIIIKUA Te-
Jypy 3HA4eHHs KoeQiLl€HTa TEH304yTJIUBOC-
T 3MEHUIYETbCA 3a a0COJIIOTHOIO BEJIWYMHOIO
(puc. 3, xpuBi 2 1 3). J171st 1iUX 3pa3KiB Ha KPUBUX
TEMIIEpaTypHOI 3aJIeKHOCTI KoeillleHTa TEeH-
304y TJIMBOCTI CHOCTEPIratoThCs EKCTPEMYMH B
obnacri temmneparyp (- 40 + 0) °C i MOHOTOH-
Ha 3MiHa Koe(illi€eHTa TeH304yTIMBOCTI 3a ab-
COJIFOTHOIO BEJIMUYMHOIO MO0 OOUIBI CTOPOHHU Bij
BUSIBJICHOTO eKCcTpeMyMy. [IpHHIMTIOBO BiAMIH-
HUI XapakTep Mae TeMIIepaTypHa 3aJIe)KHICTh
koe(ilieHTa TEeH30YYTIMBOCTI JJisi HEJeroBa-
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HUX TOHKHMX IIapiB InSb n-tumy mpoBigHOCTI
(puc.3, kpusa 1). 3a temneparypu -30 °C Bia-
OyBa€eThCsl 1HBEpCisl 3HaKa KoedirieHTa TeH30-
YyTJIUBOCTI, 3yMOBJICHA TEPEX0/IOM JI0 BIACHOT
€JIEKTPOIPOBIAHOCTI.

TakumM YMHOM, B pe3ylbTaTi MPOBEICHUX
JOCTI/PKeHb BCTaHOBJIECHO, IO 3pa3ku InSb
3 KOHLEHTPALI€0 OCHOBHUX HOCIIB 3apsry
(2+3)x10" cm? mMarOTh HaAWBUIIMKA KOE]IIIEHT
TeH304yTInBoCTI K=-46 3a Temneparypu 20°C,
ayie, OCKUTbKM BiH Ma€ CHJIbHY TEMIIEpaTypHY
3aNleXKHICTh, YYTJIUBI €JIeMEHTH Ha OCHOBI Ta-
KOro Marepiajy [IOLIJbHO BUKOPHCTOBYBATH
3a KIMHATHOI TeMmrieparypu. YyTinuBi enemeH-
TH Ha OCHOBI InSb 3 KOHIIEHTpali€O TEemypy
(4=7)x10" cm? 3 Koedili€eHTOM TEH304yTIH-
BocTi K=-35 MOXHA BUKOPUCTOBYBATU ISl PO-
00TH y TemnepaTypHomy iHnTepBaii Bix - 100 °C
1o + 80 °C.

JlocniKeHHs BIUTUBY T1IpOCTaTUYHOIO THUC-
Ky 1o 5000 Gap, Ha BIACTUBOCTI TOHKHX IIIapiB
AHTHMOHIY 1HJIIO, JITOBAHUX JIOMIIIKAMHU Te-
Jypy Ta LUMHKY, IPOBOAWIOCH B IHTEpBaJll TEM-
neparyp (- 75 ++ 100) °C . Ha puc. 4 HaBene-
HO 3JIKHOCTI BITHOCHOI 3MiHH OIOpY 3pa3KiB
InSb Bix rizgpocTaTHYHOrO THCKY 3a KIMHATHOI
TEeMIIEpaTypH AJIsl HEJIETOBAHUX 3Pa3KiB 1 7151 Jie-
FOBAHUX BIJMOBIAHUMH JOMIIIKAMH. SIK BUIHO
3 puc. 4, 1 3aJEKHOCTI MPAKTUYHO JiHIMHI
JUIS BCIX 3pa3KiB y BChOMY JIOCIIKYBAaHOMY
niarna3oHi TUCKY. 3HaYeHHs Koe(ilieHTiB riapo-
CTaTUYHOTO THUCKY 3a Temmeparypu 20 °C, pos-
paxoBaHi 3a pe3yJbTaTaMy eKCIIepUMEHTATbHUX
JAHUX JUTSI TOCITIKYBAaHHUX 3pa3KiB CTAHOBISTh
BianoBigHo (19,4 + 27,2) x10° Gap™! mist Hene-
roBaHux 3paskiB, ~50 x10° Gap™!' misa nmerosa-
HuX Zn g0 1x10"%cm>1 (9,5 + 11,4)x107 Gap™!
JUIS JIETOBaHMX Teaypom o 1x10'7 cm™

JlocnikeHo TakoXkK TeMIepaTypHi 3ajex-
HOCTI Koe(ilieHTa TiAPOCTaTHYHOTO THCKY B
iHTepBasi Temneparyp Big - 75 °C ngo + 60 °C
JUTsL OMIMCaHUX BUIIE TPhOX Ipym 3paskiB InSb,
pe3yNIbTaTH SIKUX HaBeJeH1 Ha puc. 5.
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Puc. 4. BinnocHa 3mina omopy Bia rizpocraruyHoro
THCKY 3a Temmneparypu 20 °C 1Jis HeJleroBaHUX TOH-
kux mapiB InSb 3 koHHeHTpaui€ew HociiB (2 + 3)x10'°
em? ( (1); 3 koHueHTpauicw Teaypy 1x10'7 em3 (2) i
nuHKy 1x10' em (3).
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Puc. 5. TemnepartypHi 3aj1exHocTi KoedinienTa rigpo-

CTaTMYHOT0 THUCKY HeJIerOBaHUX TOHKHUX mmapiB InSb

(1); 3 konueHTpauicw Teaypy 1x10'7 em3 (2) i uuHky
1x10" em3 (3).

3 pe3ynabTaTiB MPOBEAECHUX JIOCIHIHKEHb
y  KIIMaTM4HOMY  Jiarma3oHi  Temmeparyp
(- 60 + + 60) °C BuaHO, 10 Ha KPUBIiH TeMIie-
paTypHOi 3aJeKHOCTI KoedilieHTa Trigpocra-
TUYHOTO THCKY JUIS HEJIETOBAHWX TOHKHX IIIa-
piB InSb n-Tumy npoBigHOCTI 3a TeMIiepaTypH,
O1M3BbKOT 10 KIMHATHO{, CIIOCTEPIraeThCcsl Mak-
cumyM (puc. 5, kpuBa 1). MakcumanbpHe 3Ha-
YeHHS KOoe]iIi€HTa TiIpOCTaTHYHOTO TUCKY IS
X 3pa3kiB gocsirae ~32 X107 d6ap™'.
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3HAYHO MEHIIO YYTIUBICTIO IO TiAPOCTa-
TUYHOTO THUCKY BOJIOAIIOTH TOHKI Iiapu InSb
N-THITY MTPOBITHOCTI, JIETOBaHI TEIYPOM JI0 KOH-
nenrparii 1x10'7 cm?. 3 xapakrepy oaepxaHoi
TEMIIEPATypPHOT 3aJI€KHOCT1 Koe(illi€HTA T1]Ipo-
CTaTUYHOTO TUCKY (pHUC. 5, KpuBa 2), BUTHO 110
B iHTepBaii Temneparyp (- 75 + - 20) °C 3nHa-
YeHHsI Koe(iLi€HTa T1IpOCTaTUYHOIO TUCKY He-
BEJIMKE 1 MPAKTUYHO 3aJTMIIAETHCS HE3MIHHUM,
OHAK TMpH MiJBUIICHHI TeMIepaTrypu Horo
3HAQUEHHS MOHOTOHHO 3pOCTa0Th, JOCATAIOYH
(13,5 + 16,5) x10° 6ap™! 3a Temneparypu + 60
°C. 1li 3pa3ku MaroTh CIIaOKy 3aJIeKHICTh OIO-
Py BiJ TeMIlepaTypy B KJIIMaTUYHOMY Jl1alla30H1
TeMIIeparyp.

YyTauBi e1eMEHTH Ha OCHOBI TOHKHUX IIapiB
InSb p-tumy, neroBani HUHKOM 3 KOHIICHTpAIIi-
ero 1x10'"cm, MaroTh HABUIIY Yy TJIMBICTD JI0
rizpocraruyHoro THcKy. Ha kpuBiii Temmepa-
TYpHOI 3aJI€KHOCTI KOe]illieHTa TigpocTaTHy-
HOTO THUCKY CIIOCTEpITaeThCs YITKO BUPAKECHHIM
MakcuMyM 3a Temneparypu ~ +35°C (puc. 5,
kpuBa 3). Pesynprar mpoBeAeHUX ITOCIIIKEHb
JIOBOAMTDH, 110 YYTJIWBI €IIEMEHTH Ha OCHOBI
TOHKUX I1apiB InSb eroBaHuX MUHKOM JIOIILITb-
HO BHKOPHCTOBYBATH JUISI BUMIPIOBAaHHS THCKY
3a (pikcoBaHUX Temmeparyp, a0 BUKOPUCTOBY-
I0YH CIeliaIbHI METOIU TePMOKOMIIEH AT,

BUCHOBKHA

[Tpu nocHiKEHHAX TeMIepaTypHUX 3alexK-
HOCTEH OMopy pe3uCTOpiB HA OCHOBI TOHKHX
mapiB InSb n-tumy npoBigHOCTI, 32 Temmepa-
typ (- 180 + + 120) °C BusBIEHO, IO HAMEH-
a TeMIepaTypHa 3alle)KHICTh OTpUMaHa IS
3pa3KiB JICTOBAaHUX TEIYPOM JO KOHILIEHTpALii
(1 +1,5) % 10" cm? . BeraHoBieHo, 1110 HaiiBH-
Ui koeimieHT TeH30uyTIuBocTi K = - 46 nipu
20°C marotp HeneroBaHi 3pasku InSb n-tumy
IIPOBITHOCTI 3 KOHLIEHTpAIlI€l0 OCHOBHMUX HO-
ciiB 3apsay (2+3)x10' cm?. Jlns cTBOpEeHHS
TEH30PE3UCTOPIB  HAHOUIBII ONTHUMAaTLHUMU
XapaKTepUCTUKAMHU BOJIOJIIOTh TOHKI IIapH
InSb n-tumny, neroBani TeTypoM 10 KOHIIEHTpa-
il (4+7)x10' cm3, ki MarOTh JOCTATHBO BH-
COKI 3HA4eHHsI Koe(ili€HTa TEH30YyTIMBOCTI
(K,poc = - 35) 1 BiTHOCHO c1abKy HOro 3anex-
HICTb BiJl TEMIIEPATYPH.

[Tpu gociiKeHHl BIUIMBY TiPOCTaTHYHOTO
trucky 10 5000 6ap Ha ToHKI mapu InSb BusB-
JICHO JIIHIWHY 3aJIeKHICTh 1X OMOpPY BiJ THUCKY.
Haii0i1p111010 4yTIUBICTIO A0 TiAPOCTaTHYHOTO
THUCKY B O0JIACTI IOATHUX TEMIIEpaTyp Xapak-
Tepu3yroThes 3pasku  InSb p-tumy nposigHOC-
Ti, JJIeroBadi HUHKOM 110 1x10' cMm (K, o = 46).
Taxi mapu MOXXyTh OyTH BUKOPUCTaHI AJIs1 CTBO-
PEHHS BHCOKOUYTJIIMBUX JAaTUUKIB TUCKY, Ipa-
1e31aTHUX B iHTepBaii temmeparyp 0 + +60°C.
st O11bII IIMPOKOTO IHTEpBANly TEMIEpaTyp
JIOLIbHO BUKOPUCTOBYBATH 3pa3ku InSb 3 koH-
LEHTpAIli€r0 HOCITB 3apsaay (2+3)x10 cm.
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THE INFLUENCE OF UNIAXIAL STRAIN AND HYDROSTATIC PRESSURE
ON PROPERTIES OF InSb THIN LAYERS

A. Druzhinin, I. Maryamova, A. Kutrakov, N. Liakh-Kaguy
Lviv Polytechnic National University
Summary

Aim of the work is to study the influence of uniaxial strain and hydrostatic pressure on the
electrophysical properties in indium antimonide thin layers with different doping concentration
for creation on their basis sensitive elements of mechanical sensors acting in the temperature range
(-60 + +60)°C.

Piezoresistive properties of undoped and doped by tellurium InSb thin layers were studied in
wide range of strain (¢ ==+ 1.4 x 107 rel. un.) The samples with current contacts were fixed on the
steel calibration beam. The resistance of the indium antimonide thin layers was measured at the
operated current 1 mA.

The lowest temperature dependence of resistors on the basis of n-type conductivity InSb thin
layers was revealed on the temperature dependences in range (- 180 + + 120)°C. The largest value
of gauge factor K = - 46 at temperature 20°C were found in undoped samples of InSb with majority
concentration (2 + 3)x10'* cm?. The n-type InSb thin layers doped by tellurium to concentration of
(4 = 7) x 10" cm™ with sufficiently high value of gauge factor (K, .. = - 35) and relatively weak its
dependence on temperature has the most optimal characteristics for the creation of strain gauges.
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The linear dependence of the resistance to the pressure of the InSb thin layers was found in the
study of the effect of hydrostatic pressure up to 5 000 bar. The p-type conductivity InSb samples
doped with zinc to concentration 1x10' cm™ have the greatest sensitivity to hydrostatic pressure
(K, = 46) at positive temperatures. These layers could be used to create high-sensitivity pressure
sensors, capable of operating in the temperature range (0 +~ + 60) °C. InSb samples with a concen-
tration of charge carriers (2+3) x10' ¢cm™ should be used for a wider range of temperatures.

Keywords: indium antimonide thin layers; piezoresistive properties; gauge factor; hydrostatic
pressure

VK 621.315.592
DOI 10.18524/1815-7459.2018.3.142044

BILIVB OJJHOBICHOI JIE®@OPMAIIIl TA TITIPOCTATUYHOI'O TUCKY
HA BJIACTUBOCTI TOHKUX HIAPIB InSb

A. O. [pyocunin, I. U. Map'amosa, O. I1. Kympaxoe, H. C. Jlax-Kaeyii
Hamionansuuii yHiBepcuTeT “JIbBIBChKa MOJIITEXHIKA”

Pedepar

MeToro poOOTH € BUBYEHHS BIUIMBY OJHOBICHOI jaedopMallii Ta TigpoCTaTUYHOTO THCKY Ha
eJIeKTpo(i3UYHI BIACTUBOCTEH TOHKHX IAPiB aHTUMOHIY 1HIIIO 3 PI3HOIO KOHLIEHTPAIIEIO JIETY-
10401 JOMIIIKH JJIS CTBOPEHHS Ha X OCHOB1 UyTJIMBUX €JIEMEHTIB CEHCOPIB MEXaHIYHUX BEIUYUH,
nie3natHUX B iHTepBaii Temmeparyp (- 60 + + 60) °C.

VY mupokomy Aianasoni aedopmartiii ¢ ==+ 1.4 X 107 BigH. oj1. 0yI10 TOCITIHKEHO I’ €30pE3UCTUBHI
BJIACTMBOCTI HEJIETOBAHUX Ta JIETOBAHUX TEIYPOM TOHKHX IapiB InSb n-tumy nposigHocTi. 3pa3-
KU 13 CTBOPEHUMH CTPYMOBUMH KOHTAKTaMH 3aKPIIUTIOBAJIUCH HA CTAJIbHIN KamiOpyBabHii Oaii.
Omip TOHKHUX MIapiB aHTUMOHITY 1H/I1F0 BUMIPIOBAJIM MPU KEPyrouomy cTpymi 1 MA.

[Tpu gociKeHHAX TeMIepaTypHUX 3aJIeKHOCTEN OMOpy PE3UCTOPIB HA OCHOBI TOHKHUX IIapiB
InSb n-tuny nposigHoCTi, 3a Temneparyp (- 180 + + 120) °C BusiBieHO, 1110 HaiiMeHIIA TeMIepa-
TypHa 3aJICKHICTh OTPUMaHa JJIsl 3pa3KiB JIETOBaHUX TEIYpPOM 10 KoHmeHTpamid (1 + 1,5) x 10'®
cM”. BeranosieHo, 1o HaiBumui koedinient tensouytmusocti K. = - 46 npu Temneparypi
20 °C maroTh HejeroBaHi 3pa3ku InSb 3 KOHIIEHTpAII€0 OCHOBHHUX HOCITB 3apsaay (2+3)x10' cm.
Jlis CTBOpPEHHS TEH30PE3UCTOPIB HAMOLIBII ONTUMAIBHUMHU XapaKTePUCTUKAMH BOJIOJIIFOTh TOHKI
mapu InSb n-Tumy, JeroBani TexypoM 10 KoHueHTpaii (4 + 7) x10'° cm?, siki MaroTh 10CTATHBO
BHCOKI 3HaueHHs KoedimienTa Ten304yMBocTi (K, .. = - 35) 1 BIIHOCHO c1abKy HOTO 3aJI€KHICTh
Big Temmeparypu. ToHki mapu InSb n-tumy, jgeroBasi TexypoM 10 KoHIeHTparii (4 + 7) x10%cm?,
K1 MArOTh JJOCTaTHbO BHCOKI 3HAaY€HHsA Koedimienra Ten304yTauBocTi (K .. = - 35) 1 BiTHOCHO
clabKy MOTo 3aJeKHICTh Bijl TEMIIEpaTypH BOJOAIIOTh HAWOUIBII ONTUMAIBHUMH XapaKTepHCTH-
KaMU JUTsi CTBOPEHHS TEH30PE3UCTOPIB.

[Tpu mocnipKeHH] BIUTMBY TiApocTaTHYHOTO TUCKY 10 S000 6ap Ha ToHKI mapu InSb BusiBIeHO
JiHIMHY 3aJeKHICTh X 0onopy BiJ THCKY. Hail011b11010 Yy TIMBICTIO 10 TiAPOCTATUYHOTO THUCKY B
o0macTi JoJaTHUX TeMIEpaTyp XapaKTepu3ylThes 3pa3ku InSb p-Tumy mpoBigHOCTI, JieroBaHi
IIUHKOM J10 KoHIeHTparii 1x10' cm (KzooC ~ 46). Taki mapu MOXXyTb OyTH BUKOPUCTaHI AJisi
CTBOPEHHS BUCOKOUYTJIMBUX JIaTUMKIB THCKY, parie31aTHUX B iHTepBaji Temmeparyp (0 ++ 60) °C.
Jnist G1IbIII IMPOKOTO 1HTEPBALY TEMIIEpaTyp JOLLTFHO BUKOPUCTOBYBATH 3pa3ku InSb 3 koHIleH-
Tpali€ero HOCIiB 3apsay (2 + 3) x10% cm.

KuouoBi ciioBa: TOHKI Iapy aHTUMOHITY 1HAII0; TEH30PE3UCTUBHI BIACTUBOCTI; KOSDIIEHT
TEH3049YTJIUBOCTI, T1JJPOCTATUYHUIN THUCK
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®OTOHHI TA EJIEKTPOHHI BJIACTUBOCTI JIATEPAJIBHUX TETEPOCTPYKTYP
HA OCHOBI ®YHKIHIOHAJII3OBAHOI'O I'PA®EHA T A1€I0 CTATUYHOI'O
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P. M. Banabau, O. A. Konosan, A. I Conomenxo
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®OTOHHI TA EJIEKTPOHHI BJIACTUBOCTI JIATEPAJIBHUX TETEPOCTPYKTYP
HA OCHOBI ®YHKIHIOHAJII3OBAHOI'O I'PA®EHA 1T A1€I0 CTATUYHOI'O
TUCKY

P. M. Banabau, O. A. Konosan, A. I Conomenxo

AHoTauisg. Metonamu QyHKIIIOHATY €JIEKTPOHHOI TYCTHHHU Ta IICEBIOMOTEHINANY 13 MepIInuX
NPUHIUITIB OTPUMaHI MPOCTOPOBI PO3MOAUIN TYCTHHU BAJICHTHHUX E€JIEKTPOHIB, PO3MOALIN €lleK-
TPOHHHX CTaHIB y BaJICHTHIH 30HI Ta 30HAX MPOBIAHOCTI, AI€TEKTPUIHI MATPHULII Ta MAKPOCKOTTIYH1
BITHOCHI TIPOHUKHOCTI JIaTepaJIbHUX T€TEPOCTPYKTYp Ha OCHOBI (DYHKIIIOHAJI30BaHOTO rpadeHa
K (POTOHHOTO KpUCTAITY MiJ] II€I0 CTATHYHOTO THUCKY.

KuarwouoBi cioBa: narepanbHa reTepocTpyKTypa, (DyHKIiOHANI30BaHUN TpadeH, (yHKIIOHAI
eJIEKTPOHHOI TYCTHHH, TICEBIOMOTEHIIAI i3 MEpIIuX MPHUHIHUIIB, eIEKTPOHHA 3a00pOHEHa 30Ha,
CTIEKTp MOTIMHAHHS, CTATUYHUHN THCK

© P. M. bana6aii, O. A. Konosan, A. I. Conmomenko, 2018
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PHOTONIC AND ELECTRONIC PROPERTIES OF LATERAL HETEROSTRUCTURES
BASED ON FUNCTIONALIZED GRAPHENE UNDER ACTION OF STATIC
PRESSURE

R. Balabai, O. Konoval, A. Solomenko

Abstract. Within the framework of the methods of the electron density functional and the ab
initio pseudopotential, the spatial distributions of the valence electron density, the distribution
of electron states by energies in the valence and conduction bands, dielectric matrices and the
macroscopic relative permeability of lateral heterostructures based on functionalized graphene as a
photonic crystal depending on the action of static pressure were obtained.

Keywords: lateral heterostructure, functionalized graphene, the electron density functional, ab
initio pseudopotential, electronic band gap, absorption spectrum, static pressure

®OTOHHBIE U DJIEKTPOHHBIE CBOVICTBA JIATEPAJIBHBIX TETEPOCTPYKTYP
HA OCHOBE ®YHKIIMOHAJM3UPOBAHHOI'O TPA®EHA IO JEHCTBUEM
CTATUYECKOI'O JABJIEHUA

P. M. Banabau, A. A. Konosan, A. I Conomenxo

AHHoTauusi. Metogamu (yHKIMOHAJIAa SJIEKTPOHHON IUIOTHOCTH M IICEBAONOTCHIMANA W3
IIEPBBIX IPUHLMUIIOB IIOJYyYEHbl IIPOCTPAHCTBEHHBIE PACIPEIEICHUS IUIOTHOCTH BaJIEHTHBIX
NIEKTPOHOB, PACIIPEACIICHHS] AIEKTPOHHBIX COCTOSIHUI B BAJICHTHOM 30HE U 30HaX IPOBOJUMOCTH,
JUNIEKTPUYECKNE MaTPULIBI 1 MAKPOCKOIIMYECKUE OTHOCUTENIBHBIC IIPOHUIIAEMOCTH JIaTepaIbHbIX
TeTepOCTPYKTYp Ha OCHOBE (DYHKIIMOHAIU3UPOBAHHOTO Irpad)eHa Kak (OTOHHOrO KpHcTaia Hox

HCI;'ICTBI/ICM CTaTUYCCKOI'O JaBJICHUA.

KiroueBble ci10Ba: jiarepalibHasi FeTepOCTPYKTypa, QYHKIMOHATH3UPOBAHHBIN TpadeH, QyHK-
OroHall 3JICKTpOHHOI>i IUIOTHOCTH, IICCBAOINOTCHI A U3 IICPBBIX IIPHUHIHIIOB, 3JICKTPOHHAA 3aI1pe-
IIEHHAs 30HA, CHEKTP MOIVIOMIEHHS], CTATUYECKOE JaBICHUE

1. BCTYII

I'padeH MUPOKO BUKOPUCTOBYETHCS SIK AK-
TUBHHH, TaK 1 HEAKTUBHUN MaTepial i JaTdu-
KiB THCKY. Y MPOEKTYBaHHI I’ €30€IE€KTPHUUHOTO
natyuka TpadeH Moxe OyTH BHMKOPUCTAHUMN
K eJNIEKTPOJHUM Marepial uid MIATPUMKHU
1’ €30€JICKTPUYHUX MaTepialliB, a TaKoX J100a-
BOK JI0 I1’€30€JICKTPUYHHX MOJIIMEpiB, AJIs IO-
CWJICHHS I’ €30€JIEKTPUYHOCTI. 3[aTHICTh PI13KO
3MIHIOBaTH OIip poOWTH TpadeH i1eaTbHUM
aKTMBHHUM MaTepiajioM y 6ararbox KOHCTPYKIIi-
SX JaTddKa 1 €30pe3UCTHUBHOTO THMY. [paden

MOX€ TaKOX BUKOPHCTOBYBATHUCS K aKTHMBHUH,
TaK 1 HEAaKTUBHHUI MaTepiaa B EMHICHUX JaTd-
Kax THUCKY, SIKI MalOTb BHCOKY €JIEKTPONPOBIiJI-
HICTh, YYTJIUBICTh Ta BEJHUKY IUIONIY MOBEPXHi
[1]. ABTOpH pobOoTH [2] TOBIAOMIISIIOTH TIPO HE-
JHIMHICT NPOTUHY 1 BEIMKY aMIUTITYJHY Bi-
6parito TpadeHOBHX JUCTIB. IX BiIXUIeHHS Ta
OCHOBHA YacCTOTa € JIOCTaTHBO BEIUKHUMH, TOMY
BOHHU IEPCIIEKTUBHI Y 3aCTOCYBaHHI Ul CEHCO-
piB BHCOKO1 Uy TJIIMBOCTI Ta pe3oHaropis. [lopis-
HSIHO 3 JIaTYMKaMH Ha OCHOBI KpemHito [3], siki
MaroTh TUIOBI JiHIMHI PO3MIpH MOPAIAKY COTHI
MIKpOH, po3Mipu TpadeH-CeHCopa OCSATAI0ThH
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KiJIbKa MIKpOH. Uepes iX MEHIIIy TUIOLTY 1 MEHIITY
TOBIIMHY HOpMaJi3alis 4y TAUBOCTI Ha MOPSI0K
OUTBINA HIXK JUIS 3BUYAHHUX T €30PE3UCTUBHUX
JaTYUKiB THCKY Ha ocHOBi Si. Ix mposzopicts,
THYYKICTb Ta I1’€30PE3UCTEHTHICTh € BATOMUMHU
nepeBaraMu y BUKOpUcCTaHHI. OCHOBHOIO TpO-
011eMO10 TP MPOEKTYBAHHI MPO30PHUX JAATUHKIB
TUCKY, SIK CBiA4aTh aBTOpHU [4], € i1eanpHEe MO-
€IHaHHS BUCOKOI ONTUYHOI MPO30POCTI Ta yT-
JIMBOCTI BUCOKOTO THCKY. YpaxyBaHHS LIUX BU-
MOT, 3a3BUYal, TOCATAETHCA KOMIIPOMICOM MK
MPO30PICTIO Ta BUKOPUCTAHHSIM Bi3epyHKOBOT
JEeKTPUYHOI MIOBEPXHI, IO MiBUIIYE Ty TIIN-
BICTh JIO THUCKY, aJIe 3MEHIITY€E MPO30PICTh. Y po-
00Ti [5] po3mIAmatOThCs 1B MOXKIIUBI KOH(Iry-
pauii po3MilieHHs HITpuIy 60pa i rpadeny ans
CTBOPEHHSI JIaTYMKIB TUCKY aTOMHOTO MacIITa-
Oy. ABTOpH [6] TOBIIOMIISIFOTH PO CEHCOPHHMA
eJIEMEHT TUCKY Ha OCHOBI T'€TE€pOCTPYKTYpH Hi-
Tpun 6opa/rpaden/nitpun 6opa. lllapu HiTpumy
00pa BUKOPHCTOBYBAJIUCH JJISl 3aXUCTY Tpade-
HOBOTO IIApy BiJl OKUCJICHHS Ta 3a0pyaHEHHS.
ABtopu [7] NponOHYIOTh KOMIIO3UTHUHN AATYUK
THUCKY CEHJBIY-THITY HAa OCHOBI KapOOHOBOT Ha-
HOTpYyOKH Ta rpadeny. ¥ crarti [8] posmisaa-
€THCSl 1HTETPOBAaHMM Ha MIKPOQIIIOIIHY erac-
TUYHY TPYOKy JHCT rpadeHa, sKui, 3aBASKU
3MiHI CBOTO EJIEKTPHUYHOTO OMOpY, 3a0e3meuye
BUMIpIOBaHHSI THUCKY. [lOBIOMIISIETBCS TaKOXK
[9] mpo cTBOpeHHS JaTdnMKa THCKY 1 TeMITepaTy-
pu Ha ocHOBI iHTepdepomerpa Padpi-II’epo, y
CKJIazl sikoro € rpadeHoBa ITiBKa. YyTauBicTh
nonioHoro cencopa ctanoBuTh S01,4 am/klla. V
po6orti [10] aBTOpH AEMOHCTPYIOTH JOLLIBHICTh
BUKOPUCTaHHS TpadeHa sIKk CTUCHYTO-IUTIBKOBO-
o JJaTYUKa TUCKY, 1110 CKIIAIa€ThCS 3 MEMOpaHH,
sIKa TIOKPUBA€E ra3oBy MOPOXKHUHY. OCHOBHOIO
BIZIMIHHICTIO BI1J 3BUYAWHUX JaT4YUKIB THCKY
€ HAsBHICTh BIIKPUTOTO KaHATy BHUKHUAY, SKHI
HiATPUMYE CEpEHIN THCK BCEpEeIUHI TOPOKHHU-
HU, PIBHUI THCKY HaBKOJIMIIHBOTO CEPEIOBH-
ma. [logiOHuii HaT4MK Mpaloe MUIIXOM CTHUC-
KyBaHHS Tra3y B MOPOXHMHI, IO 3HAXOAMUTHCS
I1J] THCKOM HAaBKOJIUIITHBOTO CEpeIOBHINA. AB-
topu [11] mocmiauau MoAenb CEHCOPHOTO €M-
HICHOTO JIaT4YMKa TUCKY, IO CKIAJa€ThCs 3 Tpa-
(deH-noMMepHOI TeTepOCTPYKTYpPHOI ILTIBKH,
JJaMIHOBaHO1 Ha MOBEPXHIO JTIOKCHUIY KPEMHIIO
KpeMHi€BO1 miacTuHu. KOHCTpyKIisi H03BOJIsIE
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THY4YKii TrpadeH-moniMepHiid IUIBII YacTKOBO
HABHCATH HAJI TiIKIAJIKO0, TIPH IIbOMY THUCK Ha
MeMOpaHy TIPHU3BOIUTH 10 BIAXUIICHHS, SIKE Bij-
HOBJTIOETHCS HABITh IICIS MEPEBUILEHHS pO0O-
4Oro Jllana3oHy TUCKy Ha memOpany B 10 pa3is.
Aptopu [12] MOBIAOMIISIFOTH TIPO BHCOKOYYTIIH-
BUM, HAJATOHKUI Ta MPO30PHUM JaT4YUK THUCKY HA
OCHOBI ToppoBaHOTO TpadeHa, KU Mae HABU-
COKY eKCIDTyaTaliiHy dyTiauBicTh (6,92 klla'),
II0 3MIHIOETHCS BiJI XapaKTEPUCTHUK, BIACTHBHUX
130JI1TOpaM, B HEAKTUBHOMY CTaHI J0 Xapak-
TEPUCTUK TMPOBIAHMUKA MiJ] Yac CTUCHEHHS. Y
poborti [13] neMoHCTpy€eThCS THYYKHH, YIBTpa-
YyTIMBUN CEHCOP PE3UCTUBHOTO THITY HA OCHOBI
rpadeHa. 3aBIsSKH BEJIMKIN BiZCTaHI MK Trpade-
HOBUMH IIapaMH Ta YHIKaJbHIA V-TIOniOHIN Mi-
KPOCTPYKTYpI, UyTJIUBICTh JaTYUKa TUCKY J0CS-
rae 0,96 xlla! npu mmpokoMy Jiarma3oHi THCKY
(0-50 xITa). MaTunku THCKY € (pyHIaMEHTaIbHU-
MU KOMIIOHEHTaMH [IPUCTPOIB €JIEKTPOHHOI HIKi-
pu [14,15]. ABropu [16] MOBIZOMIISIOTE PO PO3-
pobieHi Ha OCHOBI rpad)eHy TaKTUIbHI CEHCOPU
Ta eJIEKTPOHHY LIKIPY, IKI MOXKYTh MaTH IIHPOKE
3aCTOCYBaHHS B TIEPEIOBi POOOTOTEXHIIll, MOHI-
TOPUHTY OXOPOHH 3710POB’sI, ITYYHOMY 1HTEJIEK-
T1, IHTepdecax JIIOAUHO-MAIINH TOILO.

Ha BiamiHy Bij BKe ICHYHOUMX MEXaHI3MiB
POOOTH TaTYUKIB TUCKY, TPOTIOHOBAHA HAMHU MO-
JIeJIh SIBJIsIE COOO0 MPUHIIMIIOBO HOBHM MMIIX1 Y
MPOCKTYBaHHI MOMIOHUX AaTdyukiB. OCHOBHUM
eJIEMEHTOM € JlaTepajibHa TeTepOCTPYKTypa Ha
OCHOBI1 (DYHKIIIOHAJII30BaHOTO JIUCTa TpadeHa,
SKUH a00 PO3TAllOBaHMKM Ha TBEPIINA JieieK-
TPUYHIN MIAKIAAN y KaMepi AOCHTIKYBaHOTO
CEepeIOBUIIA, IO CTBOPIOE BIUIMB HA OJHY IO-
BEepXHIO JHcTa rpadeHa, abo BUILHO MiABIIIe-
HUM y KaMepi B TOJIOKEHHI, 1[0 CTBOPIOE Ha
nucT rpad)eHa OJHAKOB1 BIUTMBH JTOCI1KYBaHO-
rO cepe/ioBHINa Ha 00M 1Bl MOBEepxHi jucTa. Ha-
SIBHI MEPIOMYHI YepryBaHHS TUITHOK YHCTOTO
rpadena (C) Ta ¢dyHKIIOHATI30BaHOTO Tpade-
Ha (CH) [17] , sixi MarOTh pi3HY Ji€IEKTPUIHY
MPOHUKHICTh, NAI0Th MiJICTaBH PO3TIISAIATH TaKy
CTPYKTYpY B sikocTi (hoToHHOTO KprcTtaiy (PK)
1 JOCJIIKYBaTH 3MiHY HOTO BJIACTUBOCTEH Y 3a-
JISKHOCTI BiJ] TUCKY 30BHIIIHBOTO CEPEAOBUIIIA.
Metoau po3paxyHKy, IO BHKOPHUCTOBYIOTHCS
HaMHM, SKi 3aCTOCOBYIOTh (DYHKIIIOHAN eJleK-
TPOHHOI TYCTHHHU, € TOBHUM YHIBEpCaTbHUM



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 3

IHCTPYMEHTOM JUIsI BUBYEHHSI (DOTOHHUX KpHUC-
tajmiB. JlJis BCTaHOBJEHHS 3aKOHOMIPHOCTEH
3B 53Ky (DOTOHHUX Ta €JIEKTPOHHHUX BIACTHBOC-
Tell JaTepalibHUX TE€TEPOCTPYKTYp Ha OCHOBI
(GYHKIIIOHAI130BaHOTO rpadeHa 1o BiJHOLIEH-
HIO /10 CTaTUYHOTO THCKY 30BHILIHBOIO Cepesi-
OBMILA, BUKOPUCTOBYIOUH aBTOpChbkuil ko [18],
Oyl OTpUMaHI IPOCTOPOBI PO3MOALIN TYCTHHH
BAJICHTHUX €JIEKTPOHIB, PO3MOAUIN €JIEeKTPO-
HHHX CTaHIB y 30HaX BaJICHTHI! Ta MPOBITHOCTI,
JUEeNEeKTPUYHI MaTpUlll Ta MaKpOCKOIMIYHI BiJI-
HOCHI ITIPOHUKHOCTI.

2. METOIU JOCIIKEHHSA

TpaaumiitHo, aHami3 (OTOHHUX BIIACTUBOC-
teit @K poOuThcs yncenbHUMU MeTofamu. lc-
Hy€e 0arato 4McenbHUX MOJIEeH MPOXOIKEHHS
eJleKTpoMarHiTHUX XBwib y DK, ocHOBaHHUX
Ha Takux meronax, sk Plane-Wave-Expansion-
Method, Finite-Difference-Time-Domain-
Method a6o metonu BracHUX Moa. OCHOBHUMH
cepen HUX BHU3HaHi: metox [leHapu, Mo BUKO-
PUCTOBY€E YMOBH KBa3iMEepiOAMYHOCTI TOJISA Y
@K, Tak, mo AJs1 OTpUMaHHS KOC(IIiEHTIB Y
JUCHEPCINHOMY PIBHSIHHI JOCUTb BUPIIIUTH
piBHsSHHS MakcBenaa 4YUCeNbHO (HampHKIA,
METOZIOM KIHIIeBUX PI3HHIIb) B MEXKaX OJIHI€T KO-
Mipku; meto bioxa-dnoke, 1110 MPU3BOIUTH J10
HECKIHYEHHOT CUCTEMHU JTUCIIEPCIHHUX PIBHSHb
[IIXOM PO3KJIAJIaHHS TOJISI TI0 TPOCTOPOBHM
rapMOHIKaM.

Peaxkriist TBEpOTO TijIa Ha 30BHINIHE 30yprO-
104€ eJIEKTPOMATHITHE I0JIe, TOJIOBHAM YHHOM,
€ PEaKIli€ro eNIeKTPOHIB, TOMY Ba)KJIMBO, BUBUA-
toun @K, pazom i3 AieNeKTPUYHUMU BIIaCTUBOC-
TSMH OTPUMYBATH iHPOPMAIIIIO PO BIACTHUBOC-
T1 €JIEKTPOHHOI IifcucTeMu. Tak, BUKOpUCTaH1
HaMU PO3PaxyHKOBI METO/H, 110 3aCTOCOBYIOTh
(yHKIIOHAT €JIeKTPOHHOI T'YCTUHH, € IMOBHO-
L[IHHUM YHIBEpCaJIbHUM 1HCTPYMEHTOM JAO0CIi-
mxeraas OK. YV Hammx 0OYHUCITIOBAIILHUX €KC-
NEPUMEHTAaX OTPUMaHI MPOCTOPOBI PO3MOALIN
IYCTUHU BAJICHTHUX €JEKTPOHIB, €JIEKTPOHHI
EHEPreTUYH1 CIEKTPU Ta JieICKTPUYHA (PYHK-
I[isl, IO OMHCYE JIHIWHUN BITKIUK TBEPIOTO
T1JIa Ha 30BHINTHE €JICKTPUIHE TI0JIe, MOJICITEHUX
®K. Pesynwraru Oynu ofiepskaHi 3a TOIOMOT OO
aBTOPCHKOT'O MporpamMHoro xoxay [18, 19].

OCHOBHI CTaHU €JIEKTPOHHO-SAEPHOI CHCTe-
MU BUSBJISUIMCS 32 JOIOMOIOI0 CaMOy3rojKe-
Horo pimenHs piBHsAHb Kona-Illema. Enexrpo-
HHI 3MiHHI BU3HAUAJIUCh NIpU (PIKCOBAHUX aTOM-
Hux octoBax. Ciinyroun 3a Konom-1llemom [20,
21], enekTpoHHa rycTHHA OyJia 3amycyBaiacs B
TepMiHaX 3alHATHX OPTOHOPMOBAHUX OJIHOYAC-
TUHKOBHMX XBWJIbOBUX (DYyHKIIIH:

- - |12
nr) =) -
i

(1)

Touka Ha MOBEpXHI MOTEHI1AJILHOT €HEPrii B
HaOmmwkeHnHi bopHa-Onmenreiimepa Bu3Havyasa-
Csl MIHIMYMOM €HEPreTUYHOro (PyHKIIOHATY 110
BIIHOIICHHIO JIO XBWJIOBUX (DYHKITIN:

Ely LR L afl=3]dry q— :—m V"}V/i )+

+Ulpl (R b e ). 2)

ne {R j} — KOOPJIMHATH aTOMHHX OCTOBIB, {,} —
yC1 MOKJIMBI 30BHIIITHI BIUTMBH Ha CUCTEMY.

VY 3aranbHONPUIHATOMY (HOPMYIIIOBAHHI Mi-
HIMI3allisg €HEePreTUIHOro (yHKIoHaIy (2) 1o
BIIHOIIICHHIO JI0 OJHOYACTHHKOBHUX OpOiTasiei
MpH HAKJIAJEHUX HAa HUX JOJATKOBHX yMOBax
OPTOHOPMYBAHHS TMPUBOIAUTH 10 OJXHOYACTHH-
koBuX piBHsSHL Kona-Illema [21]:

{—Z;VQ +a%l(%)}l//f (;)= EY; (;)

[Tpu po3B’s13yBaHHi WX PIBHSHb BUKOPHCTO-
ByBaBCs (popmaiizM IMCEBIOMOTEHINIaNy, 3T1THO
3 SIKHM TBEpJE TUIO PO3IIISIIAETHCS SIK CYKYyI-
HICTh BaJICHTHHUX €JIEKTPOHIB Ta 10HHHUX OCTO-
BiB. Y HaOIIMKECHHI TICEBIOIOTEHIIIaTy orepa-
TOp TICEBAONOTEHIIANY Vpg, KM OMHUCYE B3a-
€MOJIII0 BAJICHTHUX E€JICKTPOHIB 3 OCTOBOM, Ma-
JUH, a BIAMOBIHA TICEBIO-XBUJILOBA (DYyHKIIISA
rianka. [IceBnonoTeHiian moBUHEH MPaBHILHO
NPEACTaBISITH JIAJCKOIII0uy TPUPOAY OCTOBA
Ta JIaBaTH 3MOTY OTPUMATH PIIICHHS y BUTIISAII
TICEBIO-XBHJIbOBUX (DYHKITIH, SIKI CITIBITJIal0Th
3 TIOBHOIO XBMJILOBOIO (DYHKIII€IO0 32 MEXaMHU
paziyca ionHoro octosa r,. Kpim toro, 6axano,
00 TICeBJIONOTEeHITial OyB MEPEHOCUMUM, IIe
O3HaYae, M0 OJIUH 1 TOW K€ MCEeBIOMOTEHINAI
MOke OyTH BUKOPUCTAHUU TPU PO3paxyHKaxX B
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PI3HUX XIMIYHHX OTOYEHHSX 1 1aBaTH pe3yJbTa-
TH 00YMCIIEHHS 3 MOPIBHSAHHOIO TOUHICTIO. TakK,
beuener, Xemenn 1 Illmitep 3ampomonyBamm
AQHATITUYHUH TPUIATHUHA BUIIICO3HAYCHUM YMO-
BaM TMiceBnomnoTeHIian. llei mceBmomoTeHmian
13 MepIIKUX MPUHIHUIIB BUKOPUCTOBYETHCS HAMH
[22, 23].

[ToBHUIT KpUCTaNIYHUIN NOTEHL1aa Oyay€eTh-
Csl SIK CyMa 10HHUX TICEBOTIOTCHIIAIIB, SKiI HE
MEPEKPUBAIOTHCS 1 TIOB’s13aHi 3 10HaMH| (siapa i
OCTOBHl €JICKTPOHM ), PO3TAIIOBAHUMH Ha TIO3H1-
misx R 55 SK1 TIEPIOJUYHO MOBTOPIOIOTHCS IS
KpPHUCTAJIB:

Vonlt ) Vb)= ZEA - Es) @

Jlis HenepioANYHUX CHUCTEM, TaKUX SIK TOH-
Ka IuTiBKa abo kiactep, npobieMa BiJICyTHOCTI1
MePIOUIHOCTI OOXOAUTHCS METOJIOM CYTIEPKO-
Mipku [24, 25]. B Mexax sSKoro Kiiactep, HarpH-
KJIa1, IEPIOANYHO MTOBTOPIOETHCS, alie BiJCTaHb
MIXK KOKHUM KJIACTEPOM Ta HOTro MepiouYHUM
MOBTOPEHHSAMHU HACTIIbKM BEJHMKa, 10 IX B3a-
emolliss HexToBHA. [loBCromHA NEpPIOJUUHICTD
KpHUCTaNIYHOI (200 IITYYHOT) PEIIITKH CTBOPIOE
MepioJUYHUN TOTECHIiad 1 TaKUM YHUHOM Ha-
KJIa/Ia€ TaKy K MEpiOANYHICTh HA EJIEKTPOHHY
rycTuHy (MaeTbcsi Ha yBa3l Teopema bioxa).
[Totenmian Kona-Illema mepiognyHoi cucTeMH
NPOSIBIISIE Ty caMmy HepiOJUYHICTb, 110 M pemniT-
Ka, a opOitani Kona-Illema MmoxxyTh OyTH 3amu-
cani B opmi broxa:

w(r)= v (%)= explif -7 (7 ).

e f € BEKTOpOM i3 Tepmoi 30Hu Bpuimoena.
Iumeke ! mepebirae YCl, MOXKJIUBI €JIEKTPOHHI
crand. Dynkuis u \r,k) Mae nepiogu4HicTH
POCTOPOBOi pemriTku. Bona moxke Oyt po3-
KJIaZieHa B psij 3a MIIOCKUMHU XBHIsAMU. Lle 06-
IPYHTOBYE BHKOPHCTAHHS IUIOCKUX XBHIb SIK
3arainpHO1 0a3u, 00paHOT HAMU, JIJIs1 PO3KIIAICH-
HS TIepioUYHOT YacTUHU opOiTaneit. OCKITbKH
TUIOCKI XBWJII YTBOPIOIOTH MMOBHUMA Ta OPTOHOP-
MOBaHHUM Habip (QyHKIINA, TO BUKOPUCTAHHS iX
JUTSL PO3KJIAJICHHS] OJTHOYAaCTUHKOBUX OpOiTaneit
Ma€ BUTIIS;

)
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v, (.7)= \/_\/_Zb ( + G )exp ik + G,
(©)

Je G € BeKTop 0oOepHEHOro MpocTopy, () -
00’eM eJeMEeHTapHUX KOMIPOK, KOTpP1 3alIOBHIO-
I0Th KpUCTaJ a0 IITYyYHY CYNEPPEUIiTKy Y BU-
MaJKy HENEPiOAUIHUX 00’ €KTIB.

PiBusinHs (6) micast Dyp’e-mepeTBOpEeHHS
Ma€ TaKui BUIVISIT Y 0O€pHEHOMY TTPOCTOPI:

> (/’c+G)z (Ot

o L12m (7

+VKS(7€+5,%+@‘) j(%+§):0,

ne Vi - noreniian Kouna-lllema:

VKS(%+@J;+5'):VPS(k+G k+G‘) ®)

+VH(5' 5)+ VXC( 5).

Vic € OOMIHHO-KOPENSLiHUM MOTEHIiAIOM,
JUTSL IOTO PO3paxyHKy MH BHUKOPHCTOBYBAIU
anpokcumarito Cinepini-One, mapameTpu3oBa-
Hy Ilenpro Ta 3yHre.

VY 3araJlbHOMY BHUIIAJIKy BHPA3H, IO OIHCY-
IOTh MTOTEHIIAIM B3a€MO/1i, KOMIUIEKCHI. BHuko-
pPUCTaHHS aTOMHHMX 0a3HUCiB, IO MICTITH OIepa-
110 iHBepcii B CBOilM IpyImi TOYKOBOI CUMETPIi,
MPU3BOUTEL JI0 TOTO, MmO Dyp’e-KOMIIOHEHTH
MIPH PO3KJIaJIl BCiX BUPA3iB € peaIbHUMHU.

OCHOBHOIO BEIMYMHOIO B (popMaizmi QpyHK-
I[IOHAJTY €JIEKTPOHHOT TYCTUHH € TyCTHHA eJICK-
TPOHHOTO 3apsiay. BoHa oliHIOETbCS HA OCHOBI
CaMOY3TO/KEHOTr0 pimeHHsT piBHSHHS (7), sKe
MTOBUHHO BHKOHYBATHCS B YCIX TOYKaX HEMPH-
BOJIMMOT YaCTUHH 30HU bpumioena:

plG)=-2 YIZTS (i +GrvaGl (i +G).

Jj oaeT G' (9)

ne iHgexc J nepebirae yci 3aHATI CTaHH, k €
BEKTOPOM i3 Tiepmioi 30Hu Bpummoena, Ny e
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yycno omneparii ¢ B Toukosiit rpymi I atom-
HOTO 0a3KCy, MHOKHHUK 2 BpPaXOBY€ BUPOIKEH-
HICTb 3a CIIIHOM.

Po3paxyHKOBiI 3ycHiuisi MOKHa CKOPOTHTH,
SKIO BUKOPHCTOBYBATM METOJ CHELIabHUX
TOYOK. € pi3HI MAXOAH MI0J0 BHOOPY IHX TO-
4yok. Tak, MO)KHA BUKOPHUCTOBYBATH PIBHOMIpHI
a00 HepiBHOMIpHI CiTKU ['-TOUOK, MOXHA 3 TIpU-
HHATHOIO TOYHICTIO 3aMIHUTH CYMYBaHHS 3a
KIHIIEBMM YHMCJIOM CHELlaIbHUX TOYOK IO OMHIEL
TOYKH B 30HI bpiuntoena. MokHa 0OMeXHUTUCS
mumre [-Toukoro B 30HI bpimiroena, ocoOnmBo
1€ CTOCYETHCS IITYYHHUX TEPIOAMIHIX.

Po3nonin enexTpoHiB MO €HEeprisiM OTpuMy-
BaBCH IIUITXOM YHCIOBOTO OOYMCIIEHHS TOX1AHOT

AlgloAN/ AE | ne AN — KilbKiCTh J03BOJIEHHX

CTaHiB, 10 MPUNAAAOTh HA MPOMIXKOK €Heprii
AE , 13 OTPUMAHOTO MiJ] Yac JiaroHaii3arii Ma-
Tputli Kona-Illema oqHOYaCTHHKOBOTO €HEpTe-
TUYHOTO CHEKTPa, KiTbKICTh 3HAYE€Hb B SKOMY
KOHTPOJIIOETHCSI PO3MIPOM PO3KIIAAY XBHIBOBOT
¢dbynkuii. BignoBigHo mo igeomorii ¢pyHKIiOHa-
Ja eJeKTPOHHOI T'YCTUHU KUIBKICTh 3alHITHX
craHiB pu 7' = 0K BHU3HAYAJIKCS MTOJOBUHHOIO
KUIBKICTIO €JIEKTPOHIB y aroMHOMY Oaswuci (y
3B’SI3Ky 3 HEBPAaXyBaHHSM CIIIHY €JICKTPOHA).
JlinifiHU# BIAKJIMK TBEPAOTO TiJIa Ha 30ypeH-
HS — €JICKTpUYHE ToJ1e, (POHOHM Ta 1HII — OTIH-
CYETBCS JIEIEKTPUYHOI0 MATPUICIO. Y HaIIUX
OOYHUCITIOBATIPHUX ~EKCIIEPUMEHTaX CTaTHYHA
JIeTIEKTpUYHA MAaTpPHI KPUCTAIIYHOI CHCTe-
MU OIIHIOBaNacsi 13 ENEKTPOHHOI CTPYKTYpH
il OCHOBHOTO CTaHy (3aMHATHUX 1 HE3aWHATHX
craniB). JlieJeKTpHYHA MaTpHI Gg - (jg;)

MPEJICTaBIsUIAcs B O0OEpHEHOMY TPOCTOPI 1 3a-

JeKana Bl XBUIBOBOIO BEKTOpa ¢ Ta 4acTo-
TH KOJIMBAHb €JIEKTPOMArHiTHOTO 30ypIOI04oro
nons g (G — BEKTOpU OOEepHEHOT peHnTKH)
HeniaronanpHi eeMeHTH MaTpui 66,6" BH3HA-

YaloTh JIOKaJbHI eQeKTH mois. MakpockomiyHa
JienexkTpuyHa (hyHKIiS BU3Hauanacs [26]:

- = 1
€y (q+G)= — = (10)
o0 \4
[Ilo6  orpumark  eIeMEHTH  MaTpuIll

PO3B’s13yBaJIi PIBHSAHHS B 00EpHEHOMY ITPOCTOPI:

4 7z0?

S (5): %% +ﬁ7566'(q)’ (an
‘q+G

—

—

e HOJ'I?IpI/ISOBaHHiCTI) Z@@'(q) BU3Ha4YaJ1acs sAK

zaa,(a):;Aggu(a)zg@@), (12

e li)= b o) - S lcl6n-6). (13)
g+G| @

Zga(;):é <v,;c~ef"(‘;+5); c,i+‘:1_>‘<€c,‘7c:+ é‘ei(;’+6 F vjc.> ’(14)

ne 1HAEeKCH ¢,k nepedupany CTaHu 30H MPO-

BIJIHOCTI, BaJIeHTHO1 Ta bpuuttoena [26].
OOMiIHHO-KOPEISIIIHHNT BHECOK MaB BH/I:
2
K (; ;v)_ a EXC _ dVXC
b

= ap(;bp(;')_ dp p(;)(r_r'),

OTtpumMaHa AieleKTpU4YHa MaTPULS € EpPMITO-
BOIO 1 3aBJSKM HASBHOCTI LIEHTPY 1HBEPCii Mo-
JIeNIBHOTO KPHUCTay € cUuMeTpuuHoro. [i miaro-
HaJi3amis TPU3BOAUTH 0 OTPUMAaHHS BJIACHUX

- U i
3HAYEHD f (q) Ta BiacHux QyHkuit V'\g+G):

Ze‘l (5 +G,q+ 5‘)1/”’ (5 + 5‘)262 (&)V,f (5 + 6).
=

(16)

(15)

Bexrop Z] 3HAaXOJUTHCS B MEXAX 30HU bpuii-
JIFOCHA, a BJIACHI 3HAYCHHS Ef,)K(aq); O3Ha4al0Th
«IIeNeKTPUYHY 30HHY CTPYKTYpYy». 3HaAHHS
BJIACHMX 3HAU€Hb Ta BJIACHUX (QYHKIIIH Jienek-
TPUYHOI MaTpUIll € BaXIMBUM. BoHM ciyxarh
JUId Bi3yausizalii eKpaHyBaHHS B peaJbHOMY
MPOCTOPi, MEepPeAaaroTh 1HPOPMAIlII0 TPO €JIeK-
TPOHHMX BIATYK TBEPJOTO TiJIa Ta A03BOJISIOTh
aJIeKBaTHO BPaxyBaTH CUMETPII0 KPUCTAITY.

[ToBHa eHepris Ha O/IHY €J€MEHTApHY KOMIp-
Ky Mae Bursifg [27]:

Yol s et
+ DS (6—6')AV17’:"(% +G,k+ 5‘)///(% + 5)//,*(% +6‘)+

5.G.Glil.s

skl b {Taforsz o,

— 7.8 h —

ne & mae sHavenns i3 nepwoi 3b, G _ BEKTOP

E, Q= z‘w(km) (k+G)2+ 4

(17)
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00CPHEHOI IPATKH, 1. (/; + 6) — XBHJIbOBA (DyHK-
1
misg, ! — mo3Havae 3aMHATI CTaHU JIsT IEBHOTO

i, ,o(G) € KOoeQIIieHT 3 pO3KJIaJy TI'YyCTHHU
BAJICHTHHUX EIIEKTPOHIB, ~ HYMEPYE aTOMH B
eJIeMEHTapHii Komipii, S Gj,e CTPYKTYpPHUM
dbakropom, V; € nokanbuuil (/-He3aneKHUI)
chepuIHO CUMETPUYHUH TICEBIONMOTEHITIAT, -
No3Ha4a€ KBaHTOBE opbiTanbhe uucno, AV, €

HesoKasbHa (/-3anexHa) nodaska 1o Vo, Z, —
3apsl 10HA, Y g,aq — 1€ €Hepria MajaenyHra Tod-
KOBHX 10HIB B OTHOPIAHOMY Bijl’€MHOMY (OHI.

Cuna, 1o Ji€ Ha aToM § € BiJ’ €MHOIO IOXIJI-
Hoto FE,, mo 6asucHomy BekTopy ’s. Bupa3sm,
10 MICTSTh HESIBHY MOXiJHY XBUJIHOBOI (DyHK-
111, TOPIBHIOIOTH HYIIIO 32 TEOPEMOIO XelIMaHa-
Oeiinmana. Tomy po3paxyHOK CHJI BUKOHYETHCSA
3a ¢popmynoro [27]:

FoFiaF (1)

JIe CKJIQJIOB1 €JIEKTPOHHOI Ta 10HHOT B3a€MOJIT
BIJIIIOBIIHO:

Fo= chZp*(a)Z'e"E;‘ v, (6)— (19)
—Mn (k +G)//(k +GXG G')e” (k +Gk+G)
1ci
=27 ZZ Fy Z GGsm(G(TS ))e g
(20)
xerfc(n‘ ‘) ‘ ‘

3

+2Z.0° 7. -
s'#Es 1

X

ne x =1+ ;s - ;s , Q. —06’€eM KOMipKH Ha OJIUH
aroM, ; — OazucHUM BEKTOp aroma § y KOMip-
ui, Z . 3apsijl 0CTOBA, ] — BEKTOp DEIiTKH,
Cyma 1o [ BHKITIOYA€ JOAHOK, Y AKOMY MpH
s#s' BEKTOP [=0 , 11 — mapametp 301KHOCTI

CyMH y QyHKIT EBaJIsza erfc.

3. OB’EKTHU TA PE3YJILTATH
JOCJIIKEHHS

Hns nocmipkeHHs (OTOHHUX Ta €IEKTPO-
HHUX BIJIACTUBOCTEH JaTepalbHUX TeTepo-

64

CTPYKTYp Ha OCHOBI rpadena Oyna po3poOiieHa
MOJIETTb CYTIEPPEIITKH, KA SBJISIE COO0I0 Tepi-
OJIMYHE YepryBaHHS JUISTHOK YHCTOTO rpadeHa
(C) Ta ¢ynkuionanizoBanoro rpadena (CH)
(puc. 1). IlpumiTuBHa KOMIpKa CYNEppPELIiT-
KM POMOIYHOTO THITy Majla TakKi TapaMeTpH:
a=996A,b=882A, c=5,29 A i BigrBopIo-
Baja MpH TPAHCIALIT TBOBUMIPHHUM (HOTOHHHIMA
Kpuctai. [eoMeTpuyHi BIaCTUBOCTI POMOIYHOT
KOMIpPKH TaKi, 110 3pYYHO B €KpaHHHX IMO00y-
JIOBaX BUKOPHCTOBYBAaTH JleKapTOBY CHCTEMY
KoOpAWHAT. Po3Mip mpuMITHBHOT KOMIpKH y Ha-
NpAMKY 7 OOGMpaBCs Tak, 106 YHHKHYTH B3a-
€MOJIii aTOMHUX IJIONIMH, IO TPAHCITIOIOTHCS B
[[OMY HampsMKY. P03Mlp1/1 IPUMITUBHOI KOMIp-
KM y HAaNpsIMKaX X Ta y OOMpaimcs Taki, moo
NPy TPAHCISMII OpraHi3yBaTW HECKIHYCHHUH
muct rpadena. Koopimuaty y miommHi XY
aToMiB aTOMHOTO 0a3uCy, 1110 BiATBOPIOBAIH [i-
JISHKU rpadeHy Ta rpadany, BU3HAYAIUCS SIK
cepenHe apupMeTUIHE BiAMOBITHUX CTPYKTYp-
HUX TlapaMeTpiB HECKIHUEHHMX JIUCTIB rpadeHa
Ta rpadana, a came JOBKUHU 3B’SI3Ky MIXK aTo-
mamu C. AToMHHI 0a3uc MicTuB 48 aTroMmis, 3
sxux 32 aromu C Ta 16 aromiB H. O6uncneHus
MPOBOAMIIOCS TUTBKK Juist ['-Touku 30HU bpui-
JIO€HA CyNEePPEIiTKH.

.
bl [ e . ® .
[
o ( . b CH
[ ] L ] [ ] [ )
° . C C
X
] [ ] L 1 L ]
y | > | L @
e 'y e “ o
e - ° .
a

Puc. 1. lIpumiTHBHA KOMipKa cymeppemriTKu 3 aTOM-
HHUM 0a3HCOM J1aTEePaTbHOI reTepocTPYKTYpH rpaden/
rpadas - yreoprowda oqiuHULsA GOTOHHOI0 KpHUCTAJIA.

JlocnipkeHHs TMoNArano y BUSIBICHI 3MIH
(OTOHHUX Ta eNEKTPOHHUX BIACTUBOCTEH JIare-
pasbHOI TeTEepOCTPYKTYypU Tpaden/rpadaH mifg
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JEI0 CTAaTUYHOTO THUCKY 30BHINIHBOTO CEpell-
oBumia. MonentoBaHHs peakiiii atoMmiB  (oTo-
HHOTO KPHUCTaIy Ha JiI0 THUCKY 31HCHIOBAJIOCH
IIISXOM 3MIHH KOOPJMHAT aTOMHOTO 0a3ucy,
o BizOuBano piBHOMipHE cTucHeHHs DK 3
000X TIOBEpXOHb TrpadeH-TpadaHOBOTO JIUCTA.
BBaxanocs, 1mo i CTaTUYHOTO THUCKY IPO-
SIBJISTIACS TIIBKM Ha TIOJIOKEHHI aTOMIB T1Ipo-
reny (H), sxi € y cknani rpadany (CH), To6TO
Ha X BigcTaHb 10 rpadeHoBoro kapkacy. s
NOp1BHSHHS Oys10 00paHo I’ SITh CTYIEHIB CTHUC-
HeHHs: 1) 6e3 crucHenHs (0%) - Bincrans C-H
a = 1,12 A (CH), 2) crucuenns Ha 2,5%, Bin-
cranb C-H 3menmena na 2,5% Bin a_, rpadana,
3) ctucHenns Ha 5%, 4) ctucHenHs Ha 7,5%, 5)
crucHeHHs Ha 10%. O1iHKa TUCKY 30BHIITHBOTO
CepeIOBHILA 3111 ICHIOBAIACH 13 PO3PAXYHKY CHII
Ha ocHOBi (popmyn (17-20), sxi misim Ha aro-
MU TiPOTeHy 31 CTOPOHM pPEUITa OCTOBHOI Ta
€JIEKTPOHHOI mifcucreM. Ha mincrasi TpeTbo-
ro 3akoHy HploTOHa 04eBHAHO BBa)KaTH, IO IIi
cuii Oy/M peaxili€ro piBHOIO MO MOJIYIIO, aje
IIPOTHJIEXKHOIO 32 HANIPSIMKOM Ha 30BHIIIHIN Me-
XaHIYHUH BIJIUB CTaTHYHOTO THCKY. Y pe3yib-
TaTi Oy/ii OTpUMaHi 3HAYEHHS CHJI, 10 JIFOTh Ha
KoxeH aroM rifporeny (H) mpu npuknagansi
BiamoBigHOro TUCKY (Tabm. 1), sxi motim Oymm
yCEepeIHEeHI.

JIyist OIIHKM THCKY 30BHIIITHBOTO CEPEIOBHIIA
13 OTPUMAHUX 3HAY€Hb CHJI BITHIMAJIMCS 3HAYEH-
HSI CHJI, III0 BIIMOBIJIAIA BiZICYyTHOCTI CTHCHEHHS
(Tabm. 2). IlepepaxyHOK OIMHHUIb BUMIPY THUCKY
3 a.0. B HxA 37ilicHIOBaBCS 3 BUKOPHCTAHHSM BH-
pasy 1 HxA =1 a.0.x2,29371x107, o 6yB oTpH-
MaHUH 13 CHIBBIHOIIECHb OTMHUIH BUMIPIOBAHHS
(bI3UYHUX BEIUYHH.

[llono enextponnux BrnactuBocted DK Ha
OCHOBI rpadeHa, Ha pHc. 2 300paskeHi KapTH po-
CTOPOBOTO PO3IMO/UTY TYCTHHH BaJICHTHHX €JICK-
TpoHiB OK mpu pi3HUX 3HAUEHHSIX TUCKY 30BHIIII-
HBOTO cepeoBHIIa. BuiHO, 3MiHA TUCKY TIPU3BO-
JMTH JI0 TIepeOyIoBU ENEKTPOHHHUX «XMap» KO-
BastleHTHUX 3B s13KiB C-H, a came 10 30iabIIeHHS
IHTEHCHBHOCTI TYCTHHM BaJEHTHHX EJIEKTPOHIB
B3/IOBK IIUX 3B’ SI3KIB.

3MiHa IIUPHHU €JIEKTPOHHOT 3a00pOHEHOT 30HH
@K npu  pi3HUX 3HAYEHHSAX THUCKY 30BHIIIHBO-
TO CEepelloBHINA TIPUBOAUTHCS Ha rpadiky puc 3,
YHCJIOBI 3HAUYEHHS IIMUPHUHU €JIEKTPOHHOT 3a00po-
HeHoi 30H1 K npu pi3HUX 3HAYEHHSX THCKY Ha-
BOASTHCS B Ta0. 3. CyTTeBe 3MEHIIEHHS IIUPUHU
enekTpoHHO1 3a0oponenoi 3ouu DK crocrepira-
€ThCS IIPU MOTO CTUCHEHHI i JII€I0 30BHIIIHBOTO
TUCKY OUThII HIK Ha 5%, 110 CBIUUTH MPO MOCHU-
JICHHS IPOBiTHUX BiacTuBocTel OK.

Taomuus 1.

3Ha4veHHs1 ¢ (B a.0.), IO AiKOTH HA KOKeH aToM rigporeny (H), npu pi3HUX 3HAYEHHSIX TUCKY
30BHIIIHBOTI'0 CepeIoBHIIA.

ot H 0% 2.5% 5% 7.5% 10 %
CTHUCHCHHA CTUCHCHHA CTUCHCHHA CTHUCHCHHA CTHUCHCHHA

1 1.672 1,741 1.815 1,894 1,979

2 1,647 1,719 1,794 1,876 1,963

3 1,622 1,695 1,773 1,856 1,945

4 1,673 1,743 1,816 1,895 1,98

5 1,647 1,718 1,794 1,875 1,963

6 1,673 1,742 1,816 1,895 1,98

7 1.674 1,743 1.817 1,896 1,981

8 1,622 1,695 1,773 1,856 1,945

YCCPEIHCHE 1,65 1,72 1,80 1,88 1,96

3HAYCHHA
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Tabmuns 2.
3HaYeHHs] CTATHYHOTO THCKY 30BHIIIIHBOTO C€PeIOBUINA B Pi3HUX OMMHHISX BUMIpY.

Ne Tuck, % Tuck, a.o. Tuck, H-A
1 0 0 0

2 2,5 0,07 16,06:10°
3 5 0,15 34,41-10°
4 7.5 0,23 52,76-10°
5 10 0,31 71,11-10°

Puc. 2. [IpocTopoBi po3nonijiu rycTunu BajeHTHUX ejiekTpoHiB MK 111 i303Hauens 0,6-0,5 Bin MakcuMaIbLHOTO NPU
Pi3HHX 3HAYEHHSX TUCKY: 31iBa - HanpasBo 0%, 5%, 10%.

h

5

;1_ _

7

2 .

14

0 T T T T }'
0 25 5 7.5 10 %% CcTHCHEeHHA

Puc. 3. 3MiHa LINPHHY €J1eKTPOHHOT 3200POHEHOT 30HM NPH Pi3HUX 3HAYEHHSX THCKY 30BHILIHBOI'0 CepeI0BHINA.

Tabmurs 3.
3HaYeHHs] IIUPHHM eJIeKTPOHHOI 3a0opoHeHol 30HH PK npu pisHNX 3HAYEHHAX THCKY 30-
BHIIIIHBOT'O CePeIOBUILA B Pi3HUX OMHHULSAX BUMIPY.

CtucHenns, % E,, a.o0. E, eV
0 0,14 3,81
2,5 0,16 435
5 0,17 4,63
7,5 0,12 3,27
10 0,06 1,63
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[ono doronnux BrnactuBocteit ®K, BoHH
00roBOpIOIOTHCS y Tabnmuusx 4, 5 Ta pUcyHKax
4-6. Tak y Tabnuimi 4 HaBeIeHI MaKpOCKOMIY-
Hi gienexTpuyuHi npoHukHocTi @K mpu pizHHX
3HAQUEHHSX THCKY 30BHIIIHBOTO CEpeIOBUINA,
OO4YHCIICHI 13 IIeTIEKTPUIHOI MaTPHIIi, 1110 OTPH-
Mmana 3a popmynamu (10-16). Cnocrepiraerscs
aH130TpOMIs JIieNeKTpUYHUX BiactuBocTeit K
IpU PI3HUX HANpsIMKaxX BEKTOpa eNeKTPUYHO-
ro moisi 30yproroYoi eIeKTPOMArHiTHOI XBHWII
(EMX), mo BusHO 3 Tabnuui 4. [Ipu HanpasieHi
BEKTOpa EJIEKTPUYHOTO Mo 30yprorouoi EMX
mapaeibHO HampsIMKaM BiCi y Ta jaiaroHaib-
HOMY HamlpsiMKy T} + )7] (muB. puc. 1) 3HaueHHSA

MaKpOCKOIIYHOT JIENEKTPUYHOT MPOHUKHOCTI
OJM3BKI OO0 OAWHMIN, IO CIIBIAJAE 3 JiEJIEK-
TPUYHOIO TTPOHHMKHICTIO BaKyyMy 1 He miependa-
Yae 3aJIOMJICHHS €JIEKTPOMArHITHOTO TMPOMEHS
MIPU PO3MOBCIOMKEHI B3JOBXK IMX HAMPSIMKIB
®K. Tomi sk mpu HampaBlieHI BEKTOpa eJeK-
TpuuyHOro mnoJjs 30yprorodoi EMX mapanensHo
HATIPAMKY Bici X — Iieif HAmpPsIMOK XapakTep-
HUW THM, IO BiH CIIBHAAA€E 3 OiIBIIOI CTOPO-
HOIO MPSAMOKYTHHUKa yTBOprotouoi oguauii OK
(nuB. puc. 1), - MakpoCKOIiYHa Ji€JIEKTPUYHA
MIPOHMKHICTB 301IBIIYETHCS B 2,61 pa3u 1o Bij-
HOIICHHIO JI0 PO3IMOBCIO/PKEHHS 110 1HIIUM Ha-
TIPSIMKaM.

Taomuus 4.

MaxkpockoniyHa JaiejieKTpuYHa NPoHUKHicT, DK npu pisHUX 3HAYEHHAX THUCKY 30BHilI-
HBOT'0 CepeIOBHINA.

Hanpsimicn sexropa CTuCHEHHS CTPYKTYpH
CJICKTPHUYHOT'O ITOJIA PYKTYP
30yprorouoi EMX 0% 2,5 % 5% 7,5 % 10%
E|lX 2,61 0,95 0,93 0,92 0,91
E|Y 1,00 1,00 1,00 1,00 1,00
E||X+Y 0,96 0,97 0,97 0,98 1,00
Tabmuig 5.

JloB:kUHM XBWIb MiKiB criekTpy norsimHanHsg @K y 3aiekHoCTI BiJl HAPSIMKY BeKTOpPA 10-
NepevHol MoJsipu3auii eJJeKTPUYHOro 1moJst 30yprowdoi EMX npu pi3HHX BeJTMHYHHAX CTHC-

kanua PK.
Crucuenss, % A, HM TIpu E I X A, HM TIpA E I Y A, HM TIpU E I X +Y
0 0,82 258,47 94,82
2,5 29,84 275,46 106,41
5 43,42 291,63 144,65
7,5 57,51 286,54 100,36
10 106,31 291,25 36,70
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187

176

L

166

150

136

¥,

0,82 Amm 29,84 A EM

43,42 A BHM 57,51 h, M

106,31 &, am

Puc. 4. Cnexrp normuuanusi ®K y nanpsiMky 36ypiorouoi EMX £ | X npH pi3HHX 3HAYeHHSIX THCKY 30BHiLIHBOTO

cepeaoBumia (3jaiBa Hanpaso 0%, 2,5%, 5%, 7,5%, 10%, BepTuKaJbHA Bichb — iIHTEHCUBHICTH MOIINHAHHS).

132 133

125

102

J

L

117

J

|

258,47 A, um 275,46 &, HM 291,63 &, am 286,54 A, 1M 291,25 i, M

Puc. 5. Cnexrp norinnanus ®K y nanpsimky 30yprorouoi EMX E | X npu pi3HAX 3HAYEHHSX THCKY 30BHILIHBOTO
cepenoBua (3iaiBa Hanpaso 0%, 2,5%, 5%, 7,5%,10%, BepTUKa/JIbHA BiCh — IHTEHCUBHICTb NOTJIMHAHHS).
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147

138

131

147

L

108

L

94,82, am 106,41 A, am 144,65 3, am 100,36 A, um 36, 70 %, HM

Puc. 6. Ciextp norsmuanas ®K y nanpsivky 36yprorouoi EMX £ | X IpH pi3HUX 3HAYEHHSIX THCKY 30BHIIIHHOTO
cepenoBuina (3jaiBa nanpaso 0%, 2,5%, 5%, 7,5%, 10%, BepTukajbHa Bicb — iIHTEHCUBHICTH MOVINHAHHS).

JIOBXKHMHU XBUJIb €JIEKTPOMArHiTHOTO BUIIPO-
MiHIOBaHHSI, 110 J03BOJICHI BIACHUMHU 3HA4YCH-
HaAMH fienexkTpuaHoi maTpuil K, onepxyroTh-
csl 13 po3B’s3Ky piBHSAHHSA (16) mpu ;_> 0.vY
111 TOBrOXBUJIBOBIN IPAHUII BEKTOP ~ O3HAYAE
BEKTOp MONEPEYHOI MONIsipu3aiii enelngquro
nonst F . Ha puc. 4 — puc. 6 ta Tabmuui 5 npu-
BOJSITHCS BJIACHI 3HAYCHHS JICIEKTPUYHHUX Ma-
tpullb ®K (cnextp nommuanus ©K) y 3anex-
HOCTI BiJ] HAIIPSIMKY BEKTOpPa MOMEPEYHOT MOJIsi-
pu3arlii enekTpuyHoro mois 30yprorouoi EMX
IpU PI3HUX 3HAYEHHSIX THUCKY 30BHIIIHBOTO
cepeioBUIla. BiacHi 3HaYeHHs Ni€IEKTPUYHOL
MaTpuii Oyau mepepaxoBaHi HUIAXOM iX CITiB-
CTaBIICHHS 3 €JIEKTPOHHUM CIEKTPOM Y BifIIO-
Bi/IHI TOBXUHH XBHJIb. TaK, y HAPAMKY E | X
3a BIJICYTHOCTI CTUCHEHHSI IOBKUHA XBHUIII TIKY
B criektpi normuHaHHSI OK cranoButs 0,82 HM
(g MOBXKHMHA CHIBHAJAE 3 MOPSAKOM Iapame-
TpiB yTBOprotouoi ogunuii ®K), mo Bianosimae
06IacTi M’SIKOTO PeHTTeHy. Y HanpsvMKax £ | Y
Ta E| | X +Y | 0pH p13HUX 3HAYCHHIX TUCKY J10-
BXXKMHHU XBWIb MIKIB y crekTpi normHanas OK
3HAXOAATbCSA B 00J1acTi yabTpadioneToBoro Bu-
MIPOMIHIOBaHHS.

[Tpu 30ibIIEHH] TUCKY 30BHILTHBOTO Cepesi-
opuia Ha @K, niku B ciektpi noruHaHHsI DK,
10 BiJMOBIAIOTh HANPSIMKY BEKTOpa IoIepe-
YHOT MOJIsIpU3allii eJIEeKTPHUYHOTO MO0JIs 30ypIOtO-
q0i EMX E I X, 3CYBaIOThCS B OiK 30iIbIIeHHS

JOBXHH XBWJIb, NMPH IIbOMY X IHTEHCHBHICTh
smeHmyeThes. [{omo peakmii @K Ha 361ab111eH-
HS THCKY B HampsMKax BEKTOpa IOINEpedHOl
NONAPU3AIli  €NEKTPUIHOTO | 0TSt 30y prorodoi
EMX E|Y ta E||X+Y]|, To BOoHa He3Ha-
YHa Ta HEMOHOTOHHA, 1I HE MOXXHA BBa)KaTu
neTekTyodor0. Crnijl 3ayBaKuTH, IO Came JUis
HanpsAMKy E | X Oyno 3adikCOBaHO 3HAYCHHS
JEeNIeKTPUYHOI MaKpOCKOMIYHOT NMPOHUKHOCTI,
10 3HAYHO BIJPI3HSIIOCS BiJ| pelTa 3Ha4eHb
MIPH 1HIIMX HaMpsIMKax.

[TyOmikarisi 3acHOBaHa Ha JIOCIIJKCHHI,
HajlaHOMy 3a miaTpuMku [panty ®@onny ¢dyH-
JaMEHTAJIbHUX JOCIiKeHb (mpoekT D76 / 70-
2017).

4. BUCHOBKHA

Mertonamu (QyHKITIOHATY eeKTPOHHOI TYCTH-
HU Ta TICEBIONOTEHITIANY 3 MEPIINX MPUHITUIIIB,
BUKOPUCTOBYIOYM aBTOPCHKMU KO, Oyau OTpH-
MaHi MPOCTOPOBI PO3MONUIA TYCTUHHM BaJICHT-
HUX €JIEKTPOHIB, PO3MOAUIN EICKTPOHHHUX CTa-
HIB y BaJICHTHI}! 30HI Ta 30HaX MPOBIIHOCTI, [i-
eNEKTPUYHI MaTPHIli Ta MAKPOCKOMIYHI BiTHOCHI
NPOHHUKHOCTI JIaTepaJIbHUX T€TEPOCTPYKTYp Ha
OCHOBI (pyHKIIIOHaNI30BaHOTO rpadeHa sk Goro-
HHOTO KPUCTAITY ]l IIEF0 CTATHYHOTO THCKY.

[TinBuIIEeHHST THUCKY MOCHWIIIOE KOBaJIEHTHI
C-H 3B’s3kM (QyHKIIOHATI30BaHOTO rpadeHa,
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10 TPOSIBISETHCSA y 301IBIICHHI 1HTEHCUBHOC-
Tl TYCTUHH BaJICHTHUX €JIEKTPOHIB B3JJOBXK Ha-
MPSIMKIB 3B’ SI3KiB.

Croctepiraerbcss  30UIBLIICHHA — IIMPHHU
€JICKTPOHHOI 3a00pPOHEHOI 30HM JaTePaTbHUX
TeTEPOCTPYKTYp Ha OCHOBI (PyHKITIOHAIII30-
BaHOTO TrpadeHa sk (POTOHHOTO KPUCTAILY MpU
roro crucHenHi n0 5 %. Ilpu momambpromy
ctucHenHi (7,5% ta 10%) mmpuna 3a60poHe-
HO1 30HH Pi3KO 3MEHIIY€ETHCS, 10 CBIAYUTH MPO
MOCHUJICHHS TTPOBITHUX BJIACTUBOCTEH TeTepo-
CTPYKTYpH.

CriekTp TMOITMHAHHS TETePOCTPYKTYpH Ha
OCHOBI (pyHKITIOHaM30BaHOTO TpadeHa sk (o-
TOHHOTO KpHCTAy 3a BlIlcyTHOCTl CTHCHEH-
HS JUIS HATIPSAMKY F I Y BEKTOpa MONEPEYHOI
NOJSIpU3aIlii eJIeKTPUIHOTO TONS 30ypIOrOYOi
€JICKTPOMArHiTHOT XBWJII Ma€ MK ISl XBHJIb
nopxkuHoro 0,82 HM, 110 Bigmosimae oOmacTi
M’SIKOTO peHTreny. [liIBUIeHHs TUCKY 30BHIILI-
HBOTO CEpEeIOBUINA HA TIOBEPXHIO TETEPOCTPYK-
TYp IPU3BOAUTH JI0 3CYBY MIKiB iX CIIEKTPIB IO-
IJIMHAHHA B O1K JOBIIUX XBHWJIb 13 3MEHIIICHHSIM
IHTEHCUBHOCTI.

st HampsIMKiB E I Y ta E I [X +7Y J pu
PI3HUX 3HAUEHHSIX TUCKY ITIKH CIIEKTPIB IOTIIHU-
HaHHS TeTEPOCTPYKTYP 3HAXOASTHCS B 00JIACTI
yABTPa]i10I€TOBOTO BUIPOMIHIOBAHHSI.

MaxkcumMasnbHe 3HAYCHHS JieTIeKTPUIHOT Ma-
KPOCKOIIYHOI MPOHUKHOCTI TETePOCTPYKTYpHU
Ha OCHOBI (DYHKIIOHAJI30BaHOTO TpadeHa sk
dboTtoHHOTO KpHcTamy Oyno 3adiKCOBaHO ISt
HANPAMKY F I X BEKTOpa TOMEPeyHOi MOJAPHU-
3aIlii eJEeKTPUIHOTO OISl 30ypIOr0UOi eeKTPO-
MarHiTHOT XBHJII.

JlarepanbHa reTepoCTpyKTypa Ha OCHOBI Tie-
piognuHO (hyHKIIOHANII30BaHOTO TpadeHa Mae
BJIACTUBOCTI (D)OTOHHOTO KPHUCTaJy, KOTp1 3aje-
’KaTh BiJl TUCKY 30BHIIIHBOTO CEPEIOBUIIIA.
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PHOTONIC AND ELECTRONIC PROPERTIES OF LATERAL HETEROSTRUCTURES
BASED ON FUNCTIONALIZED GRAPHENE UNDER ACTION OF STATIC
PRESSURE

R. Balabai, O. Konoval, A. Solomenko

Kryvyi Rih State Pedagogical University, 54 Gagarina Ave., Kryvyi Rih, 50086, Ukraine; Phone:
(0564)71-57-31, e-mail: balabai@i.ua, konovaloa@gmail.com, solomenko.anastasiia@gmail.com

Summary

The purpose of this work is to establish the laws of the connection of photonic and electronic
properties of lateral heterostructures on the basis of functionalized graphene in relation to the static

pressure of the external environment.

Methods of research. The electron density functional and the ab initio pseudopotential.
Results of research. Within the framework of the methods of the electron density functional
and the ab initio pseudopotential, the spatial distributions of the valence electron density, the dis-
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tribution of electron states by energies in the valence and conduction bands, dielectric matrices
and the macroscopic relative permeability of lateral heterostructures on the basis of functionalized
graphene in relation to the static pressure were obtained.

The increase in pressure enhances the covalent C-H bond of functionalized graphene, which
manifests itself in increasing the intensity of the density of valence electrons along the bonding
directions.

There is an increase in the width of the electronic bandgap of lateral heterostructures when they
are compressed to 5%. With further compression (7.5% and 10%) the width of the band gap is
sharply reduced, which indicates an increase in the conductive properties of the heterostructures.

The absorption spectrum of heterostructures in the absence of compression for the E || X direc-
tion of the vector of transverse polarization of the electric field of the perturbing electromagnetic
wave has a peak for waves of length 0.82 nm, which corresponds to the area of soft x-ray. The in-
crease in the environment pressure on the heterostructure surface leads to a shift of the absorption
spectrum peaks toward longer waves with decreasing intensity.

For directions E||Y and E| [X + Yl] at different pressure values, the peaks of absorption
spectrum of heterostructures are in the region of ultraviolet radiation.

The maximum value of the dielectric macroscopic permeability of the heterostructure based on
functionalized graphene as a photonic crystal was recorded for the E | X direction of the vector of
transverse polarization of the electric field of the perturbing electromagnetic wave.

Conclusions. Lateral heterostructures on the basis of functionalized graphene has the properties
of a photonic crystal, which depend on the environment pressure.

Keywords: lateral heterostructure, functionalized graphene, the electron density functional,
ab initio pseudopotential, electronic band gap, absorption spectrum, static pressure
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®OTOHHI TA EJIEKTPOHHI BJIACTUBOCTI JIATEPAJIBHUX TETEPOCTPYKTYP
HA OCHOBI ®YHKIIOHAJII3OBAHOI'O I'PA®EHA IIIJ AI€10 CTATUYHOI'O
TUCKY

P. M. Banabai, O. A. Konosan, A. I Conomenxo

KpuBopi3pkuii nepskaBHUM nieaarorivyHuid yHiBepcuteT, np. ['arapina, 54, Kpusuii Pir, 50086,
VYkpaina; Ten.: (0564)71-57-31, e-mail: balabai@i.ua, konovaloa@gmail.com,
solomenko.anastasiia@gmail.com

Pedepar

Meta po6oTu. BcTaHOBUTH 3aKOHOMIPHOCTI 3B’ 513Ky ()OTOHHHUX Ta €JIEKTPOHHUX BIIACTUBOCTEH
JaTepaJbHUX FeTepOCTPYKTYP Ha OCHOBI (DyHKIIIOHAI130BaHOTO Tpad)eHa no BiJHOMICHHIO 0 CTa-
TUYHOTO THCKY 30BHIITHBOTO CEPEIOBHIIA.

Metonu pociaimkennsi. OyHKIIOHAT €JIEKTPOHHOI TYCTHHHU Ta TICEBIOMOTEHINAN 13 MEepIINX
MPUHIIUIIIB.

Pe3yabraTu nocaigkenns. Metonamu GyHKIIOHATY €JIEKTPOHHOI TYCTHHU Ta MCEBIOTIOTEHII-
ajy 3 IEPIIUX TPUHITUITIB, BAKOPUCTOBYIOYM aBTOPCHKUI KO/, OyJIM OTpUMaHi TPOCTOPOBI pO3IO-
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JIUTA TYCTHHU BaJIGHTHHUX €JICKTPOHIB, PO3MOIUIH €JIEKTPOHHUX CTaHIB y BAJICHTHIH 30H1 Ta 30HaX
IIPOB1JTHOCTI, JI€IEKTPUYHI MaTPHIIl Ta MAKPOCKOIIYHI BIIHOCHI IPOHUKHOCTI JIaTepajbHUX reTe-
POCTPYKTYp Ha OCHOBI ()YHKITIOHATI30BaHOTO TpadeHa sik GOTOHHOTO KPUCTAITY i TI€F0 CTaTHY-
HOTO THCKY.

[linBumennst Tucky nocuitoe koBajgeHTHI C-H 3B’s3ku dyHKITIOHATI30BaHOTO TpadeHa, 1o
MIPOSIBIIIETBCS Y 301JIBIIIEHH] IHTEHCUBHOCTI TYCTHUHHM BQJICHTHHX €JICKTPOHIB B3/I0BX HANPSIMKIB
3B’SI3KIB.

Crioctepira€eTbcst 30UIbIIEHHS NIMPUHU €JIEKTPOHHOT 3a00pOHEHOT 30HU JIaTepaibHUX IreTepo-
CTPYKTYp TipH ix cTtucHenHi 10 5 %. [Ipu nogansmomy ctucuensi (7,5% ta 10%) mupuna 3abo-
POHEHOI 30HH Pi3KO 3MEHIIYETHCS, 10 CBITYUTH PO MOCUICHHS NPOBIAHUX BIACTHBOCTEH rere-
POCTPYKTYD.

CnekTp momMHaHHA TeTepPOCTPYKTYP Ha OCHOBI (DyHKIIIOHAi30BaHOro rpadeHa sk GoToHHO-
ro KpUCTaJly 3a BiJICyTHOCTI CTUCHEHHS Ui HanpsMKy E | X Bekropa momepeyHoi mosispu3arii
EJICKTPUYHOTO TI0JIST 30yPIOI0Y0] €JIEKTPOMArHITHOT XBHJII MA€ MK ISl XBHJIb TOBXKHHOIO 0,82 HM,
10 BIAMOBIa€ 00acTi M’ AKOTO peHTreny. [liBHIeHHsST TUCKY 30BHIIIHBOTO CEPEIOBHUIIA Ha T0-
BEPXHIO T€TEPOCTPYKTYp MPU3BOAUTH JI0 3CYBY IMIKIB IX CIEKTPIB MOITHUHAHHSI B OIK JOBIIUX
XBHIIb 13 3MCHIICHHSM IHTCHCHBHOCTI.

JIns HaNpSIMKIiB £ I Yy 1a E [ TX +Y IIPU PI3HUX 3HAYEHHAX THUCKY MIKU CHEKTPIB MOTIMHAHHS
reTepPOCTPYKTYP 3HAXOIATHCS B 00JACT1 YABTPa(]ioseTOBOro BUIPOMiHIOBAHHS.

MakcumanbHe 3HA4YeHHS JICNIEKTPUYHOI MAaKpOCKOMIYHOI NMPOHMKHOCTI T€TEPOCTPYKTYpH Ha
OCHOBI (DyHKIIIOHaII130BaHOTO rpadena K pOTOHHOTO KpHcTaimy Oyno 3aikcOBaHO IS HAIIPAMKY
E || X BexTopa nonepeyHoi Noispu3alii e1eKTpHYHOro Mojsl 30yprorodoi eJeKTPOMAarHiTHOT XBHIII.

BucnoBku. JlatepanpHa reTepocTpykTypa Ha OCHOBI MEepIOJUYHO (YHKIIIOHATI30BaHOIO T'pa-
(heHa Mae BIacTHBOCTI (DOTOHHOTO KPHCTAITY, KOTPI 3aJ1€KaTh BiJ] TUCKY 30BHIIIHHOTO CEPEIOBHIIIA.

KarouoBi cioBa: natepanbHa reTepocTpykTypa, (QyHKIIOHANI30BaHUN TpadeH, (yHKIIOHAIT
eJIEKTPOHHOI TYCTHHH, TICEBIOMIOTEHINIAI i3 MEPIINX MPHHIHUIIB, eIEKTPOHHA 3a00pOHEHa 30Ha,
CHEKTp MOTIMHAHHS, CTATUYHHUM THUCK
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OBPOBKA JAHUX CUCTEMHU IU®POBUX CEHCOPIB TEMIIEPATYPHU 3
METOIO ONITUMIBALIIl EHEPTOBUTPAT «PO3YMHOI'O» BYUHKY

JI. C. Monacmupcokuu, A. B. botiko, O. 1. [lempuwun, B. M. Jlo3uncokuii
Kadenpa pagioenekTpoHHUX 1 KOMITFOTEPHUX CUCTEM, (GaKyJIbTET SICKTPOHIKH Ta
KOMIT FOTEPHHUX TEXHOJOTiH, JIbBIBCHKUI HalllOHAJIBLHUN yHIBEpCUTET iMeH1 IBaHa dpaHka,
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OBPOBKA JAHUX CUCTEMHU IU®POBUX CEHCOPIB TEMIIEPATYPHU 3
METOIO ONITUMIBALIIl EHEPTOBUTPAT «PO3YMHOI'O» BYIUHKY

JI. C. Monacmupcokuu, A. B. botiko, O. 1. [lempuwun, B. M. Jlo3uncokuii

AnoTtanisi. Ha ocHOBI onTuMi3aliiiiHo1 00poOKH TaHUX CUCTEMH MUPPOBUX CEHCOPIB TEMIIepa-
TYPH 3 METOIO 3MEHIIIEHHS] CHEPTOBUTPAT «PO3YMHOT0» OYMHKY 3alTPOIIOHOBAHO TMPOCTY MOJIEIb
€HEePTOoOoIIaTHOTO 3aMiCEKOTO OyTMHOYKa. Mojienbh 0a3yeTbesi HA YUCEIbHIN ONTUMI3allii peKUMIB
Horo GyHKIIIOHYBaHHS. PO3TIISIHYTO CUCTEMY 3 OJHUM TEIUIOBHM JDKEPEIIOM (HarpiBayem) 31 3MiH-
HOIO TIOTY)KHICTIO Ta 3 MOHITOPUHTOM 30BHIIITHBOI Ta BHYTPIIIHKOI TEMIIEpaTypH B OYJJMHOUKY B
yaci. BpaxoBaHo AeHHUI Ta HIYHUI Tapu(u OIIIaTH 3a eJIeKTpoeHepriro. Ha 0oCHOBI 1TUX NaHuX i3
3aCTOCYBaHHSM TakeTy Pyomo po3paxoBaHO 4acoBi JiarpaMu ONTHMAIBHOTO 32 OTUIATOI0 Ta KOM-
dbopToM HarpiBy 3aMiChbKOTO OyIMHOYKA JJIS PEKUMIB BiJICYTHOCTI MEIIKAHIIIB Ta JIS PEKUMY iX

MOCTIMHOTO MpokuBaHHs. [IpuBeneHO Ko MporpamMu po3paxyHKYy.
KurouoBi ciioBa: “po3ymHuii” OyIMHOK, EHEPTOMEHEPKMEHT, MaTeMaTHIHa OTITUMi3allis

©. JI. C. Monactupcekuit, S. B. boiiko, O. 1. [lerpumun, B. M. Jlosuncskuii, 2018
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DATA PROCESSING SYSTEM OF DIGITAL TEMPERATURE SENSORS IN ORDER
TO OPTIMIZE ENERGY COSTS OF SMART HOME

L. Monastyrskii, Ya. Boyko, O. Petryshyn, V. Lozynskii

Abstract. The aim of this work is the development of heat regime management of smart home,
which satisfies conditions of comfort and economy. The investigation deals with the problem of
minimization of payment of consumed energy for heating of smart home. Saving is possible due to
the different power supply tariffs. Cheaper payment was implemented with the use of optimization
time diagram of discrete inclusion of heater in different cost of energy tariffs. It was installed
values of minimum Emin and maximum Emax energy possible for house in condition of permanent
inclusion of heater. Time step of introduced energy was egual to one hour.

The model of smart house represents system of linear algebraic eduations, solution of such give
set possible chart options of discrete inclusions of heater. From a set of option was selected the
case that answers minimum of payment of heating. It was created the calculation program by
Python with using library Pyomo.

The code of program is given in the appendix.

Keywords: smart house, energy management, mathematical optimization

OBPABOTKA JJAHHBIX CUCTEMbI HU®POBBIX CEHCOPOB TEMIIEPATYPbI
C HEJBIO OITUMHU3ALUNUN DQHEPI'O3ATPAT « YMHOI'O» IOMA

JI. C. Monacmuipckuii, A. B. boiiko, O. U. Ilempuwun, B. M. Jlosunckuti

AnHotanus. Ha ocHoBe ontuMuzannoHHONW 00paOOTKU aHHBIX CUCTEMbI LIM(PPOBBIX CEHCO-
POB TEMIIEPATYPBHI C LIEJIBI0 YMEHBIIEHHSI JHEPro3aTpaT «YMHOT'0» JOMa MPEAJI0AKEHO MPOCTYIO MO-
JIeTb DHEProcOeperaroIero 3aropoiHoro 1omMa. Mozens 0azupyercs Ha YUCICHHON ONTHMU3ALNN
PEXUMOB €ro (PyHKIIMOHUpOBaHUs. PaccMoTpeHa cuctema ¢ OJHUM TEIUIOBBIM MCTOYHUKOM (Ha-
rpeBaTesieM) ¢ IEPEMEHHON MOITHOCThIO U MOHUTOPUHIOM BHEIIIHEN U BHYTPEHHEH TeMIIepaTypbl
B JIOMUKE BO BPEMEHH. Y YTCHbI JHEBHOW M HOYHOU Tapu (bl OTIATHI 32 AIeKTposHepruto. Ha ocHo-
BE€ ATUX JaHHBIX C IPUMEHEHHEM IakeTa Pyomo paccunTaHbl BpeMEHHBIE JUarpaMMbl ONTHMAJIb-
HOTO II0 OIjIaTe ¥ KOM(OPTY HarpeBa 3aropoiHOIO J0Ma JUIsl PEKUMOB OTCYTCTBHUS )KUTEECH U JI1s
peXHMMa UX MOCTOSHHOTO MpoxuBaHus. [IpuBeeH ko mporpaMmsl pacyera.

KuoueBnle cjioBa: "yMHBINA" 10M, JHEPTOMEHEKMEHT, MaTeMaTHUeCKask ONTUMU3ALIH
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EKOHOMUTH eNeKTpOeHeprilo ChOTO/IHI CTa€e
nenagl HEOOXIAHIIIOI TEHJEHIIEI0, SIKa 0-
[IoMara€e 3axUCTUTH JOBKULIS Ta 3a0MIaJAUTH
KOITH. B OocCTaHHI pOKM JIOASM BIAoCs ic-
TOTHO 3MEHIIUTH PIBE€Hb CHOXHUBAHHS €Heprii
Ta pecypciB moOyTtoBuMH mpuiagamu [1,2].
BusiBnsterscs, mo 50% pecypciB CIIOKUTHX B
NPUBAaTHUX JOMOTOCIOAAPCTBAaX MPUIAJAI0Th
Ha moOyToB1 mpunaau. SIkOu Bci OyauHKH OyiH
yCTaTKOBaHI Cy4aCHUMH BOJIO- Ta €Hepro30epi-
ralouuMu MpuiazaMu, MOXXHa Oyno O 3eKoHO-
MHUTH 3HauHy YacTUHY eJeKTpoeHeprii. Tomy
1H)KeHEepU KOMITaH1# MpaIoloTh Ha/l pO3pOoOKOI0
HOBHUX €HEpro3depirarounux TEXHOJIOTH B MO0Y-
TOBUX MNpUIIaLaxX, 3MEHUIYIOUU NP I[bOMY He-
TaTUBHUN EKOJIOT1YHUH BILUIUB 1 HE 320Ky~
104M Ha KoM(opTi .

BaxnBoro (hyHKII€}0 MEHEIKMEHTY €Hep-
TeTUYHOI CUCTEMH «PO3YMHOro» OyIHMHKY € ii
ontuMmizamis. Pesynprarn onrtumizaiii 1ar0Th
MOXJIUBICTh 3a0€3ME€YUTH OJHOYACHO SIK KOM-
(GopTHI yMOBH MPOXUBAHHS JIIOIEH TaK 1 MiHi-
MI3yBaTH T'POILIOBI KOIITH , IO BUTPAYAIOTHCS
Ha €Hepro3abe3NedyeHHs] «PO3yMHOIo» OyIHMH-
Ky. CyudacHi «po3yMHI» OyIUHKH MOXYTb IPO-
BOJUTH €HEPTeTUYHHN MEHEIDKMEHT B PEKUMIi
peasbHOTO Yacy MpHU YMOBI 3aCTOCYBAHHS aJIeK-
BaTHUX MaTeMaTUYHHUX MOZECJIEH Ta iX po3pa-
XyHKIB, TOOTO PO3B’SI3Ky 3a7ad ONTUMI3aLli K
M0 30HI TeMIiepaTypHOro KoMdopTy, Tak 1 1o
MiHiMi3a1lii TPOIIOBUX BUTPAT.

3anmponoHOBaHa HaMH MOJEIb Tependavyae
HasIBHICTh O/IHOTO HArpiBHUKA 3 PETYJIbOBAHOIO
NOTYXHICTIO (g, <+ ¢ )3 1BOMa Tapudamu Ha
OILIaTy, HIYHUM 1 JICHHUM, SIKi BiJIPi3HSIOTHCS B
2 pasu.

[TepenOauaeTbess CTBOpEHHS KOM(OPTHHX
ymoB B Oynuuky (7, =7 =~ T ) 1pu npu-
cyrnocti monei, ta 7, = (T, ,~ T, ,) T1pu
BiJICYTHOCTI Jtoneld B OynuHky. [lepembaueno
BpaxyBaHHS J0OOBHX 3MIH 30BHIIIHBOI TEM-
nepaTypu, sKi 3a7aroThCs OroauHu. B pobo-
Ti BpaXxOBYIOTb TEIUIOBTPATH, SKi MPOMOPLINHHI
IUIONII KOHCTPYKIIII, PI3HUI TeMIepaTyp Mixk
BHYTPIIITHIM 1 30BHINIHIM TOBITPSAM, a TaKOX
3aNIe)KHICTh TEIUIOBUX BJIACTUBOCTEH 00’ eMy
MOBITPSL 1 CTiIH, CTENl Ta MAJOTH OYyIWHKY:
4, = 4q,- 4, 1€ q,— NOTY)KHICTb HarpiBy 6arapei,
¢, — NOTYXKHICTb, IO 3aJMIIMIACS B KIMHATI, ¢,
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— Brparu. Eneprosrparu g, = SAT/R , ne S —
iona KOHCTpYKIii, A7 — pi3HUILS TeMIepaTyp
BCEpeNMHI Ta 330BHI OyIHWHKY, R — TEMJIOBH
OITip KOHCTPYKIIi.

Buxozsiuu 3 yMOB TeIs10BOro 6anaHcy MoxHa
po3paxyBaTu Aiarpamy HarpiBy Oatapei (g(t))
npu sKiA 3a0e3nmeuyroThes 3aaHi (KOMQOpPTHI)
TEMIIEpaTypHI YMOBHU 1 OIHOYACHO ONTHUMI3Y-
I0TbCS  (MIHIMI3YIOTBCSL 32 OILJIATOI0) BUTPATH
Ha OMaJICHHS B YMOBAaX aKTUBHOTO MTPOKHBAHHSI
(1) Ta BigcyTHOCTI Jronek B OymuHKy (2). 30-
BHIIITHI A00OB1 TeMreparypu 3MiHIOBAJINCh Bif
-25 °C no +3 °C tenua (puc.1B ). Temneparypu
3MIHIOBAINCH B aianazonax T, =20+ 22,5 °C,
T, = 8 = 10 °C, BignosiaHo, s pobo4oro ta
YEeproBOro peKUMIB OTAJCHHS OyIUHKY.

30kpeMa, B poO0YOMY peXHUMI OyIUHKY IS
3a0e3nevyeHHs MepeadadyeHnx YMOB Oarapes
OyIa BKJIIOYEHA Ha MOTYKHICTh ~ 20 BT3 6 10 7
rox panky (Puc. 1a). Tox Bcepenuni OyauHKy 3
0 1o 7 rox. Temmneparypa He3HAYHO OMYCTUTHCS,
a3 7 no 8 ron. mignimMerses o I, (22,5 °C) , a
naii mwiaBHo omyctuthes 1o 7 (20 °C) (puc.

16).20J"\ ‘

04 T T T
0 5 10 15 20

—8— Tennosa eHepris

q. KBT-TOL4

Puc. la

o
toc —&— TemnepaTypa B NPUMILLEHH]
20.002 4

Puc. 16

Puc. 18

—e— 30BHILIHA TeMnepaTypa
-

u T T T
0 5 10 15 20
t rop.

Puc. 1a. Yacora giarpama noTy:kHOCTI ¢, HATPiBaJIBLHOTO
eJleMeHTy B YMOBAX MOCTilHOTO MPO:KUBAHHS JIKOT €.

Puc. 16. YacoBuii po3nonij remneparypu B Oy1uHky, °C.

Puc. 1B. IloronnaHa Temneparypa 30BHIIIHBOTO cepesi-
OBHIIIA «PO3YMHOI0» OYIMHKY B po6ouomy peskumi, °C.

Po3paxyHku i1 YMOB 4YeproBOrO peXH-
My (YHKIIIOHYBaHHS «pPO3YMHOT0» OyIUHKY
(8+10° C) mokazanu HEOOXIAHICTH BKJIIOYECH-
Hs Oarapei Ha notyxHicTh 12 Bt 3 0 10 7 rox.,
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(mpu LpOMy Temneparypa B 1oMi pocte 3 8,0 110
8,25° C) , a mani - BuKiro4eHHs Oarapei g0 21
roj. 1 BKIIFOYEHHS Ha HeBenuKy ( 2 BT) moTyx-
HicTh Ha 1 rox. o 23 rox., mob Temmneparypa B
nomi He Brasia Hkue 8°C (puc. 2a).

[Ipy Manux 3HAYEHHSX TEIUIONPOBITHOCTI
K (~0,05) remneparypa B OyIUHKY 3 4acOM I10-
BUIBHO I1aJa€ 1 100 3MEHIIUTHA TEMII 11 MaiHHsA
B 1HTEpBaJli 6—7 rojA. paHKy BKIIOYA€ThCS Ha-
rpiB, KM 1 3a0e3nedye B OyAMHKY TeMIIepary-
py, 6mm3bKy 10 8 °C 1o 24 rog.

20

—e— Tennoea eHepria

q. kBTrog

Puc. 2a

T T T T
5 10 15 20

t,°C

—8— TemnepaTypa B NpUMilLeHHi
8.0004 paTyp pumity

8.0002 1 Puc. 26

8.0000

Puc. 28
—8— 30BHIlLHA TeMNepaTypa
-

u T T T
[ 5 10 15 20
t, ron.

Puc.2a. Po3paxyHok 4acoBoi 3a/1€KHOCTI MOTYKHOCTI
HArpiBy (, «pO3yMHOr0» OYIHHKY /ISl Y€ProBOro pe-
KUMY (PYHKIIOHYBAHHS.

Puc. 26. Po3noaia Temnepatrypu BecepeauHi OyIMHKY B
YMOBaX 4eproBoro pe:xumy, °C.

Puc. 2B. IloronuHua Temmeparypa 30BHIlIHHOTO ce-
penoBHIa «Po3yMHOro» oyaunky °C.

[Ipu BenuKHX 3HAYEHHSX TEIUIONPOBITHOCTI
ctin K ( ~ 0,5) remneparypa B Oyaunky 3 0 10
9 rox. pocre B okoui 8° C, a nami 1o 24 roj. mo-
BepTaeThes 10 piBH 8 °C. SIKIIO TeMIT MmaiiHHS
TEeMIIEpPaTypH 3alIBUJIKHHA, TO BKIIOUAETHCS HE-
BEJIMKUI TOJJATKOBUI HArpiB B OCTaHHI TOJMHH

(puc.3).

TakuM YMHOM, IPY KPAIIOMY YTEIUJICHHI CTiH
1 3MEHUIEHH] BTpaT TeIlla Yepe3 30BHIIIHI KOH-
CTPYKIIii OyTMHKY B yMOBaX MEHIIOI iX TEIIOo-
NPOBIAHOCTI , TPUBATICTh BKJIIOYCHHS HarpiBy
€ MEHIIIO0, HIXK B IPOTHJICKHOMY BHUITAJIKY.

—8— Tennosa eHepris
20+

q, KBT-ron

Puc. 3a

T y y T
0 5 10 15 20

—e— TemnepaTypa B NPUMILLEHH

Puc. 36

—&— 30BHilIKA TemnepaTypa
-

Puc. 38

T T T T
0 5 10 15 20

t, ron.

Puc. 3a. /liarpama noty:kHocTi HarpiBHHKa (, PH BH-
cokiii TensionposiaHocti ctin (K=0,5).

Puc. 36. TemneparypHa aiarpama BcepeauHi «po3yM-
HOT0» OYIMHKY MPHU BHCOKiil TemionmpoBiTHOCTi cTiH
(K=0,5).

Puc. 3. IlorogunHa TemMmepaTypa 30BHIlIHHOIO ce-
peaoBUIIa «PO3YMHOro» oynuuky °C.

BucHoBku

Ha ocHoBi onTuMizariiiiHoi 0OpoOKH JTaHHUX
cUCTeMHU LU(POBUX CEHCOPIB TeMmIeparypu 3
METOI0 ONTHUMI3alli €HEeProBUTPaT «PO3yMHO-
ro» OyIuMHKY 3alporoHOBaHA IMPOCTa MOJENb
37ICILIEBICHHS] €HEPro3aTpaTr «pPO3yMHOro» Oy-
JMHKY, SKAA MOXKE TpAIfoBaTh K B «po0O0Y0-
My» PEXKHMI TakK 1 B «UEpProBOMY» pPEKHUMax
(mpu BincyTHOCTI moneit). Take pyHKioHyBaH-
HSl XapaKTepHe JUIsl 3aMICbKUX OyJIMHKIB B YMO-
Bax poOOYUX JIHIB (YEPTOBUN PEXKHM) Ta CBST-
KOBHX (BUXITHUX) JHIB — POOOYUIT pEKIM.

Monens BpaxoBye H000BI 3MiHH 30BHIII-
HIX TeMIIepaTyp, a TaKoXK MOABIHHMIA Tapud Ha
oryary enekTpoeHeprii. OnTuMi3oBaHi 4acoBi
PO3MOAUIN BBEACHOI MOTYKHOCTI Ta TEMIEpaTy-
pu B OyAMHKY NMPU YMOBI MiHIMaJIbHOI OILIATH
3a eJIEKTPOEHEPTiIO.

[Toka3zaHo BIUIMB 30BHIIIHIX TEMIEpPaTyp Ta
TeII0(I3UYHUX TapaMeTPiB KOHCTPYKIIH Oy-
JTUHKY Ha TEIJIOBUHM OalaHC, 30KpeMa BETUYUH
TEIJIOEMHOCTI Ta TEIJIONPOBIAHOCTI €JIEMEHTIB
KOHCTPYKIIH «po3ymHOro» Oyausky. [lpu mpo-
eKTyBaHHI peaJlbHUX CHCTEM EHEprooiaaHoC-
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Ti 3aMiCBKOTO OyIMHOYKAa MOXKHA 3aCTOCYBAaTH
Mikpokomn'totep tumy Raspberry Pi, a Takox
MiKpoKOHTposepu Arduino, nudpoBi AaTYUKH
TEeMIIepaTypu Ta BOJOTOCTI, paiioyacTOTHI MO-
Tyl 3B’ SI3KY.

Cnucok BUKOPHUCTAHOI JiTepaTypu

[1]. A. R. Boynuegri, B. Yagciterin, M. Bay-
sal. Energy Management Algorithm for Smart
House wint Renewable Energy Sources.4 th
Internanational Conference on Power Engineer-
ing, Energy and Electrical Drives., pp.1753-
1758, Istambul, 2013.

[2]. Pipattanasomporn M., Kuzlu M., Rah-
man S. An Algorithm for Intelligent Home En-
ergy Management and Demand Response Anal-
ysis, Smart Grid, IEEE Transactions on, vol.3,
no.4, pp.2166 - 2173, Dec. 2012.

Crarts magiinuia qo pegaxmii 15.05.2018 p.
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# One
#import math as m
from pyomo.environ import *
import

plt
import numpy as np

matplotlib.pyplot as

model =
ConcreteModel (name="0ne”)

opt = SolverFactory(‘'glpk’)

#opt = SolverFactory(‘ipopt’)

#opt.options[ ‘max iter’] =
10000

#cva =1.23 # kJ/m"3 K
#Va = 50

#cvb = 1.34e3

#Vb = 10.0

#C = cva*Va + cvb*Vb

#k = 0.56 # W/mK
#1 = 0.5
#K = k*1
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cva = 1.23 # kJ/m"3 K

Va = 150

cvb = 1.34e3

Vb = 20.0

C = cva*Va + cvb*Vb

k =0.1 # W/mK

1 =20.5

K = k*1

model.t = [1 for i in range (24)]

model.P = [1,1,1,1,1,1,1,1,2,2
I2I2I2121212121212121212121l]

#model.P = dict(zip(model.t,
P))

# 0 1 2 3 4 5
6 7 8 9 10 11 12 13 14
15 16 17 18 19 20 21 22 23

#Text = [-1, -2, -4, -4, =5,
_5/ _61 _41 _3/ _]—r Or 3/ 8!
10, 22, 25, 26, 20, 17, 15, 10,
5, 3, 2]

#Text = [-1, -2, -4, -4, -5,
-5, -0, -4, -3, -1, 0, 3, 8,
10, 12, 12, 13, 12, 10, 9, 0, 2,
2, 1]

Text = [-14, -18, -19, =21,
-22, -24, -21, -18, -15, -8, -5,
-3, -1, 0, 2, 2, 3, 2, -1, -5,
-10, -12, -13, -=24]

Tmin =20.0

Tmax =22.5

gmax = 30

Tbeg =20.0

gbeg = 10.0

model.qg = Var (model. t,
initialize=gbeg, bounds =
(0.0, gmax) )

model.T = Var (model. t,
initialize=Tbeg, bounds = (Tmin,
Tmax) )

def obj rule(model) :

return
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sum([model.P[i] *model.qg[i] for i

in model.t])

model.o = Objective (rule=obj
rule, sense=minimize)
eps = le-6
def cntrl (model, 1i):
if 1i!=0:
return (C* (model.T[i]

- model.T[i-1]) == (model.g[i-1]

+ K* (Text[i-1] - model.T[i-11)))
else:

return (C* (model.T[i] -

(model.g[0] + K* (Text[1]

Theqg)
- Tbeg)))

def cntrn(model, 1i):
if i!=0:
return abs( C* (model.T[i]
- model.T[i-1]) - (model.qg[i-1]
+ K* (Text[1i-1] - model.T[i-11)))

<=eps
else:
return abs( C* (model.T[i]
- Tbeg) - (gbeg + K*(Text[i] -
Tbheg))) <=eps

def cntr (model, 1):
if 1!=0:
dif = C*(model.T[1] -
model.T[i-1]) - (model.g[i-1] +
K* (Text[i-1] - model.T[i-11))
else:
dif = C*(model.T[1]
- Tbeg) - (gbeg + K*(Text[i] -
Tbeqg))
if dif >= 0.0:
return dif <= eps
else:
return -dif <= eps

#return C* (model.T[1] -
model.T[i-11]) model.qg[i-1] +
K* (Text[i-1] - model.T[i-11)

#al[i] * model.y[1] >= b[i]
model.constr =
Constraint (model.t, rule=cntr)

s S EEE LR L LR LS
Ei o o o o o
SRR R R LR

results =
tee=True)

results.write ()

model.solutions.load
from(results)

opt.solve (model,

tml = []
gl = []
TL = []
for v in
objects (Var,

model.component
active=True) :
print (“Wariable”,v)
#print (type(v))
varobject = getattr (model,
str(v))
for index in varobject:
if str(v) ‘g’
tml.append (index)
gl.append (varobject[index].
value)

else:
T1l.append(varobject[index].
value)
print (%
varobject[index] .value)

Y, index,

print (tml, gl, T1)
ta = np.array(tml)
ga = np.array(qgl)
Ta = np.array(T1l)
fig = plt.figure ()

plt.subplot (3, 1, 1)
plt.plot(ta, ga,

plt.
plt.

subplot (3, 1, 2)
plot (ta, Ta, ‘-o’)

plt.
plt.
\_OI)

subplot (3, 1, 3)
plot (ta, np.array (Text),

fig.savefig (‘t3.png’)
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DATA PROCESSING SYSTEM OF DIGITAL TEMPERATURE SENSORS IN ORDER
TO OPTIMIZE ENERGY COSTS OF SMART HOME

L. Monastyrskii, Ya. Boyko, O. Petryshyn, V. Lozynskii
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Summary

The purpose of the work was to create a mathematical model of energy management of the
«smart» house and to optimize the calculation of such a model based on experimental data arrays
of digital temperature sensors both inside and outside the house. The initial conditions should en-
sure comfortable conditions in the house (the temperature does not exceed the specified interval)
minimize payment for the consumed electricity, taking into account the existence of daily and night
rates. At the same time, hourly changes in the outside temperature of the building and the value of
the thermal and physical parameters of the building structures were taken into account.

In the process of calculations the thermal balance equation with the optimization of energy con-
sumption through the Pyomo package was solved. The objects of modeling were devices of univer-
sal heating, ventilation and air conditioning (HVAC). The GNU Linear Programming Kit (GLPK)
package was used as a sun. GLPK implements the Karush-Kuhn-Tucker optimal conditions in the
process of solving optimization problems of linear programming.

As a result of calculations it was obtained the time (daily) diagrams of heater capacity, which
provide comfortable living conditions and the minimum payment for the consumed electricity.
Such time charts can be used for the programming of autonomous heating and air conditioning sys-
tems, the algorithm of which will be determined by the averaged data of the temperature indices of
the environment, and the adjustment of operating modes will be carried out only at significant de-
viations from the predicted values. Such an approach provides for simplification of the life-support
systems management algorithm in complex systems of a «smart» house. Another scenario of using
the results can be the periodic recalculation of the operating modes of devices based on continuous
monitoring of temperature indices. In the proposed model, it is possible to integrate algorithms of
intellectual data analysis, in particular, forecasting on the basis of neural networks technologies.

The program for forming a model in terms of the Pyomo package created by the Python lan-
guage is given.

Keywords: smart house, energy management, mathematical optimization
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OBPOBKA JAHUX CUCTEMHU HUPPOBUX CEHCOPIB TEMIIEPATYPU 3 ME-
TOIO ONTUMI3BAILIL EHEPTOBUTPAT «PO3YMHOI'O» BYIUHKY

JI. C. Monacmupcwkuti, A. B. botiko, O. I. Illempuwun, B. M. Jlo3uncoxkuu

Kadenpa panioenekTpoHHUX 1 KOMI IOTEPHUX CUCTEM, (PaKyIbTET €EKTPOHIKH Ta KOMIT FOTEPHUX
TEeXHOJIOT1H, JIbBIBChKHI HAIlIOHAIBHHUH YHIBepcHuTeT iMeH1 [Bana dpaHka,
Byn. [Iparomanosa, 50, m. JIbBiB,
oleg.lpml@gmail.com

Pedepar

Mertoro po6oTH Oys10 CTBOPEHHSI MaTEMaTUYHOI MOJIEII EHEPIOMEHEKMEHTY «PO3yMHOI0» Oy-
JTUHKY Ta TMPOBEICHHS ONTHUMI3aliifHOTO0 pO3paxyHKy Takoi MOJEJi Ha OCHOBI EKCIIepHUMEHTAIIb-
HUX MacHBIB IaHUX HU(POBUX JIaTUMKIB TEMIIEPATYPH SIK BCEPEAMHI, TakK 1 330BHI OyaUHKY. Buxis-
HUMH yMOBaMU Oys10 3a0e3neueHHs] KOM(POPTHUX YMOB B OyAMHKY (TeMIepaTrypa He BUXOJUTH 3a
3aJJaHU{ IHTEpBa) Ta MiHIMI3allil OIJIATH 32 CIIOXKUTY €JIEKTPOCHEPriio, BPAaXOBYIOUM iCHYBAaHHS
JIEHHOTO Ta HiYHOro TapudiB. [Ipu boMy BpaxoByBaJIMCh IOTOIMHHI JIaH1 3MIHU 30BHILIHBOI TE€M-
neparypu OyaMHKY Ta 3HAYCeHHsI TeIUTO(I3UIHUX MTapaMeTpiB KOHCTPYKIIiH OyIuHKY.

VY mpoteci po3paxyHKiB PO3B’si3yBalii PiBHSHHS TEIUIOBOTO OajaHCy 3 ONTHMI3aIlI€l0 eHepro-
3arpar 3 JonomMoroo mnakery Pyomo. O6’ekroM MozentoBaHHs Oyiu yHIBepcajbHI NpUIaau Ha-
rpiBaHHs, BeHTWIALIT Ta koHauIitoBanHs moBiTpss (HVAC). B sikocTti conBepa Oyii0 BUKOPHUCTAHO
nakeT GNU Linear Programming Kit (GLPK ). GLPK peani3ye ontumansai ymoBu Karush-Kuhn-
Tucker B mponeci po3B’si3Ky ONTUMI3aLIHHUX 3314 JIHIHHOTO IPOrpaMyBaHHSI.

VY pe3ynbrari po3paxyHKiB OTPUMAaHO 4acoBi (7000B1) giarpaMu MOTY>KHOCTEH HarpiBHUKIB, SKi
3a0e3neuyroTh KOM()OPTHI YMOBH POKUBAHHS Ta MiHIMAJIbHY OIIATy 32 BUTPAYCHY €JIEKTPOCHEP-
rito. Taki 4acoBi AiarpaMu MOXyTb OyTH BUKOPUCTaH1 JIJIsl POTrpaMyBaHHsI aBTOHOMHHUX CHUCTEM
OTAJICHHS Ta KOHIUIIFOBaHHS, aJITOPUTM (PYHKIIOHYBaHHS SIKUX Oy/le BU3HAUaTHUCS yCEPEAHEHUMHU
JAaHUMHU TEMIIepaTypHHUX MMOKAa3HHUKIB 30BHIIIHBOTO CEPEOBHUINA, & KOPEKTYBaHHS PEXKUMIB poOO-
TU 31ACHIOBATUMETHCS JIMIIE 3a 3HAYHUX BIAXWUJIEHB BIJ] MPOTHO30BAHMX 3HAYCHb. Takud MiAXiJ
3a0e3meyye CIpPOIIEHHS aJlTOPUTMY KepyBaHHs CUCTEMAaMHU KHUTT€3a0€3MEeUEeHHs B CKJIQHUX CHC-
TeMax “po3yMHOro” OynuHKY. [HIIMi crieHapiii BAKOPUCTAHHS pe3ysIbTaTiB MOXKE MOJIATaTh B Mepi-
OJIMYHOMY IIEpEepPaxyHKy peKUMIB poOOTH MIPUCTPOIB HA OCHOBI HEMEPEPBHOI'O MOHITOPUHTY TEM-
HepaTypHUX MOKa3HHUKIB. Y 3allpONOHOBAaHI MOJENII MOXHA JIETKO IHTErpyBaTH aJlrOpUTMHU 1HTE-
JIEKTYaJIbHOTO aHaJi3y JaHUX, 30KpeMa, IPOrHO3yBAaHHS HA OCHOBI HEMPOMEPEKHHUX TEXHOJIOTIH.

[TpuBoauTtbest nmporpama ¢opMyBaHHS MOJEdl B TepMiHAaX makery Pyomo, cTBopeHa MOBOIO
Python.

Kirouosi ciioBa: “po3ymHMi” OyAMHOK, GHEPrOMEHEIKMEHT, MaTeMaTHYHa ONTUMI3allis
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EXPANDING THE BANDWIDTH OF A SEISMIC SENSOR
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EXPANDING THE BANDWIDTH OF A SEISMIC SENSOR

V. Zhukovskiy, A. Gokhman, and L. Vilinska

Abstract. If we reduce technologically the frequency of natural oscillations of the pendulum
of a seismic sensor below 1 Hz, then its performance characteristics become unacceptable. It is
shown that by adjusting of the transfer function of the seismic sensor by the transfer functions
of the typical dynamic units, a horizontal platform can be obtained in the low frequency region
of the amplitude-frequency characteristic. An equation of a proportional-integral-differential
controller in a discrete form is proposed in which a feedback signal is calculated using the STM32
microcontroller. Application of the modern microcontrollers to generate a feedback signal allows
to flexibly adjust the frequency response of a seismic sensor by directly selecting weight factors,
as well as making it remotely tuned. Such a solution combined with the proposed optical method
of converting mechanical vibrations into electric allows achieving a high degree of miniaturization
of the oscillatory system and obtaining a high level of signal-to-noise ratio of the hardware part.

Keywords: seismic sensor, transfer function, bandwidth, signal / noise ratio

©. B. K. Kyxoscekuii, O. P. T'oxman, JI. M. Biniaceka, 2018
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PO3IIUPEHHA CMYT'H TIPOITY CKAHHSI CEMCMIYHOT'O CEHCOPA

B. K. ’Kykoscvkuii, O. P. oxman, JI. M. Binincoka

AHotanis. TeXHOJIOTIYHE 3HWKCHHS YaCTOTH BJIIACHUX KOJMBAaHb IHEPTHOI MacH CEHCMIYHOTO
cercopa Hik4e 1 [ mpu3BOANTE 10 HEMPUITYCTHMOTO 3HMKEHHS €KCIUTyaTalliiHIX SIKOCTEH Tpu-
namy. Y nmaHiii poOOTi MOKa3aHo, M0 KOPEKTYIOUH NepeaBaibHy (DyHKIII0 CEHCMIYHOTO CeHcopa
nepeaaBaIbHIMK (DYHKIISIMU THITOBUX TUHAMIYHHX JIAHOK, B HU3BKOUACTOTHIN 00JIACTI aMILTITY I~
HO-9aCTOTHOI XapakrepucTuku (AYX) MOXXHa OTpUMAaTH TOPU3OHTAIBHY JIAHKY. ABTOpaMH IPO-
MOHYETHCS PIBHSHHS MPONOPUIHHO-IHTETpabHO-AU(EPEHIIATBHOTO PETYISATOPAa B TUCKPETHOMY
BUIISIIL, 110 STKOMY 32 JOMOMOTOI0 MiKpOKoHTposiepa STM32 po3paxoBy€ThCsSI CUTHA 3BOPOTHOTO
3B's13Ky. BUKOpUCTaHHS Cy4acHUX MiKpOKOHTPOJIEPIiB sl TeHEpallii CUTHATY 3BOPOTHOTO 3B'SI3KY
JT03BOJISIE€ THYYKO KopuryBatd AUX celicMiYHOTO CEHCOpa 3a paXyHOK 0e3M0oCcepeIHbOro Miadoopy
BaroBHX Koe(ilieHTIB, a TAKOXX TUCTAHLIHHO HOTO HANAro[KyBaTH. Take pillieHHs B MO€IHAHHI 3
3alPONIOHOBAHUM OINTHYHUM CIIOCOOOM MEPETBOPEHHS MEXaHIYHUX KOJIUBAHb B €JICKTPUYHI JI0-
3BOJISIE JOMOT'THCSI BUCOKOTO CTYIIEHIO MiHIaTIOpH3aiii KOJUBaJIbHI CUCTEMH 1 OTPUMATH BHCOKUI
piBEHb CITIBBITHOIICHHS CUTHAJI/IITYM arlapaTHOI YaCTHHH.

Kurouosi ciioBa: ceiicMiuHmii ceHcop, nepeaaBaibHa (QyHKIISA, CMyTra MPOIYCKaHHSI, CITiBBiJI-
HOIIICHHS CUTHAJ / TIIyM

PACIHIMPEHME ITOJIOCHI TPOITY CKAHUSI CENCMHUYECKOI'O CEHCOPA

B. K. ’Kyroeckuii, A. P. ['oxman, JI. H. Bununckas

AHHoOTanus. TeXHOIOrNYECKOE CHUKEHHE YaCTOThl COOCTBEHHBIX KOJI€OaHUI MHEPTHOM MacChl
ceficMuuecKoro ceHcopa Hike 11’1l MPUBOAUT K HEAOIYCTUMOMY CHHUKEHHIO HKCIUTyaTalllOHHBIX
KadecTB pudopa. B ranHO# paboTe mokazaHo, YTO KOPPEKTUPYS NEPEAATOUHYIO PYHKIIHIO CEHCMU-
YECKOI'0 CEHCOopa MepeAaToYHbIMU (PYHKIUSIMU TUIIOBBIX JUHAMMUYECKUX 3BEHbEB, B HU3KOYACTOT-
HOM 00J1aCTH aMIUTUTYIHO-4aCTOTHON XapakTepucTuku (AYX) MOKHO OTYyYUTh FTOPU3OHTAIILHYIO
ionaaKy. ABTopaMHu IpeagaraeTcs ypaBHEHUE IPONOPLUUOHAIBHO-UHTErpaIbHO-AUPPEepeHn-
aJIbHOT'O PEryJIATOpa B JUCKPETHOM BHJIE, IO KOTOPOMY IIPU ITOMOIIM MUKpOKOHTposuiepa STM32
paccuuThIBae€TCA CUTrHal oOpaTHOM cBsA3U. Vcrosib30BaHHE COBPEMEHHBIX MHUKPOKOHTPOJLIEPOB
JUISl TEHEpalliy CUTHalla 00paTHOM CBsI3U MO3BOJIsIET THOKO KoppekTupoBaTh AUX celicMuuecKoro
CEHCOpa 3a CYET HETOCPEICTBEHHOTO MOA00Pa BECOBBIX KOA(P(UIIMEHTOB, a TaKXkKe MPOU3BOIAUTH
€ro yJaJleHHYI0 HacTpoiKy. Takoe pelieHue B COYETaHUU C IPEUIOKEHHBIM ONITUYECKUM CIIOCO-
00M npeoOpazoBaHUs MEXaHUYECKUX KOJIEOaHUM B 3JIEKTPUUECKHE ITO3BOJISIET JOOUTHCS BHICOKOM
CTENIEHU MUHHUATIOpU3ALMK KOJIeOaTeIbHON CUCTEMbI U MOJIYYUTh BHICOKUI YPOBEHb COOTHOIIE-
HUS CUTHAJI/IIIYM anmapaTHO 4acTH.

KuroueBble ciioBa: ceiicMuueckuii ceHcop, epearouHas pyHKIHs, 10J10ca MPOIyCKaHus, Co-
THOILICHHUE CUTHAJI / IIIyM
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Introduction

The development of broadband low-frequen-
cy seismic sensors is limited by a problem in
providing low natural frequency of the moving
mass. If the natural frequency is below 1 Hz it
is necessary to use a pendulum locking mecha-
nism for moving the device. Additionally the
temperature instability in the pendulum posi-
tioning increases, the overall mechanical reli-
ability of the seismometer decreases. Presently,
natural frequency of 1 Hz is the lower limit val-
ue for seismic sensors because its subsequent re-
duction yields unacceptable reduction in device
performance.

The present study is focused on the approach-
es to expand the seismometer bandwidth, and
examines the ways to improve its performance.

Device Operation Principle

The operation principle of any seismometer
from the most ancient to the most modern is
similar [1-4]. The main element of the device is
a mass pendulum suspended on the bottom part
of the device. Ideally, the pendulum should have
no mechanical or electromagnetic connections
with the housing. However, it is unrealizable
in the Earth’s gravity conditions. The housing
of the seismometer is rigidly connected with
the soil, and therefore begins to move due the
ground motion, and due to the mass inertia prop-
erties the pendulum should not move.

In seismic sensors are often used pendulums
with swing center being in rest or delay relative
to the earth surface movement. The rest degree
of the seismometer swing center character-
izes its performance and is determined by the
ratio of the ground motions period T, to that
of the seismometer pendulum natural oscil-
lations T,. If T, / T, << I, the swing center al-
most does not move and the vibrations are re-
produced accurately; if T,/ T, is close to 1, the
vibrations may be distorted due to resonance; if
T,/ T,>> 1, when the soil moves very slow, the
inertia properties are not evident and the swing
center moves almost as a single unit with the
ground and does not measure the ground motion.

All characteristics of a seismometer can be
derived from the equations of motion of its me-
chanical parts [1]:
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2 2
d §+28@+a)§x:—Kd f,
dt dt dt
where X is the recorded seismogram, 5 -
ground displacement, & - damping constant,
w, =27 /T, T, -the pendulum natural vibra-
tions period , K - coefficient depending on the
structural properties of the seismometer (normal
gain).
If the ground motion is a harmonic function
& =&, cosat, then the solution of equation
(1) has the following form:

(1)

x =x+x,(w)cos(wt + @), )
where x characterizes the natural vibrations of
the pendulum, x,- oscillation amplitude in the
recording device. It should be noted that param-
eter x depends on the time and at ¢ >1 x it
tends rapidly to zero and therefore can be ne-
glected in equation (2). The seismometer sen-
sitivity can be characterized by the frequency
dependence of the vibration amplitude:

o’K
xy (@) =&, 5 ) S,
\/(wo -0’ ) +4s’w

€)

The curve x,(w)/&, (Fig. 1) is called the
amplitude-frequency characteristic (AFC) of the
seismometer.
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Fig. 1. shows that the seismometer sensitivity decreas-
es exponentially for frequency values below the reso-

nance one.
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A universal method to decrease the lower
limit of the seismometer transmission is to using
a reverse filter [5]. For simplicity reasons con-
trol theory can be used. To expand the seismom-
eter bandwidth the transfer function (3) should
be adjusted by transfer functions of typical dy-
namic links [6]:

x,(®) = P - transfer function of the propor-
tional gain,

x;(w)=1/x,(w) - transfer function of the
integrator,

x,(®) = Dx,(w) - transfer function of the
differentiator,

P, I, D -weighting coefficients.

The adjusted transfer function X (w) is:

X(@) = x,(@)+x, (@) +x,(@)+ x, (@) (4)

The AFC of the corrected seismometer trans-
fer function is presented in Fig.2 [5].

By changing the coefficients of the typical
dynamic links it is possible to obtain the desired
transfer function of the seismometer.

110 T T T T

100

0iF

LAmplitude

oo

1=107"F

110

=107
ool 01 1 0 100 Ll

Frequency

Fig. 2. The AFC 1 — of inertial mass 2 - of proportional

gain, 3 - of integrator, 4— of differentiating link (the

corresponding line in the figure coincides with 1) 5 - of
seismometer.

Fig. 3 is a block diagram of a wideband feed-
back seismometer, which comprises a propor-
tional, integral and differential regulation unit.

Px(z)

I x(ydt
)
D
Feedback dt
™ _/ Oscillation converter|| Qutput
Ground oscillation + T
x(7)
Pendulum

Fig. 3. Block diagram of a broadband seismometer.

A regulator, comprising the above mentioned
units is called PID regulator. The feedback con-
trol equation in this case takes the following
form:

dx(t)

U@)y=Px(t)+1 jx(t)dt +D

Parameter K in equations (1) and (3) could
depend on frequency. For example, electromo-
tive force of induction is a function of frequency
and goes to zero at low frequencies for convert-
ing the electrodynamics method. Therefore for
design of low-frequency seismic sensors in the
following ways can be used to exclude such ef-
fect:

- varying the capacity by changing the
distance between the plates;

- varying the coil’s inductance by adding
a core;

- changing the photocurrent conduction at
photodiode illumination.

Note that optical recording method of vibra-
tion is most protected from interference. This
method has a proven itself in atomic force mi-
croscopy. Successful results of using laser in-
terferometric seismic sensors are known [7,
8]. These seismic sensors have high sensitivity
and are relatively simple, but their drawback is
a laser which has a short lifetime (about 10000
hours) and requires complex temperature sta-
bilization. High power consumption of seismic
sensors cause’s additional problems in case of
autonomous power supply. Converters using
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optocouplers (light emitting diode / photodiode)
are less sensitive to swings of the pendulum.
Moreover, their lifetime is 10 times longer; they
are more economical and require no additional
circuitry of the temperature and the current sta-
bilization. Signal / noise ratio in optical trans-
ducer is much higher than that of the capacitive
and inductive.

A method for calculating the integrator and
differentiator to adjust the frequency response
of seismic sensors assembled on analog chips
is proposed [5]. However, modern microcon-
trollers allow avoiding the analog control by
adjusting the frequency response coefficients
directly in equation (5), which in discrete repre-
sentation looks as follows:

U(t) = Px(6)+ IZ[W}N +

+ D[x(t + At) — x(t — A1)]/ 2A¢ (6)

where At — time between subsequent measure-
ments.

The operating principle of the digital seis-
mometer (Fig. 4) is that the transmitter signal by
analog-to-digital converter (ADC) is digitized
and the control signal is calculated according
to Eq. (6). Control signal generator with a pulse
width modulation (PWM) is applied directly to
an electromagnetic feedback coil.

Microcontroller

¥ 1

Digital
inputfoutput

PWM Uit ADC |-

Feedback l
™ 7/ Oscillation converter
D
x(f)

Pendulum

Fig. 4. Block diagram of a digital seismometer.

The digital input / output interface allows set-
ting the seismometer by entering weighting co-
efficients and receiving a digital signal for data
recording and visualization.
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Obviously, this approach significantly sim-
plifies the calibration procedure and allows re-
mote configuration of the seismometer distantly
using digital communications and the Internet.

Discussion

There are many reasons to create over min-
iature digital broadband seismic sensors. Just
based on ARM micro STM32F3 line it is pos-
sible to create a digital seismometer with a 90
dB dynamic range. When used with optical
mapping technique, requiring no powerful mag-
net and a coil, such a device may be less than
a matchbox, along with batteries and wireless
digital communication means.

This miniaturization of devices allows solv-
ing a number of problems, like:

- decreasing the measurement equipment
cost due to lower material consumption;

- reducing the cost of installing seismic
sensors by stowing smaller diameter wells;

- delivery of equipment to remote places
by unmanned aerial vehicles;

- creating systems for seismic spectrum
images recognition, etc.

Conclusions

The most effective way to expand the range
of seismic sensors is the method of adjusting the
frequency response by the feedback.

Using an optical method for converting seis-
mic signals into mechanical allows high degree
of oscillating system miniaturization and en-
ables to get the highest level of signal / noise
ratio of hardware.

The use of modern microcontroller to gen-
erate the feedback signal allows higher flex-
ibility in adjusting the frequency response of a
seismometer by a more convenient selection of
weights and enables to perform remote configu-
ration.

The work was carried out within the frame-
work of the state budget topic on the order of the
Ministry of Education and Science of Ukraine
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EXPANDING THE BANDWIDTH OF A SEISMIC SENSOR
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Summary

Sensitivity of seismic sensors to oscillations, whose frequency is lower than the frequency of
natural oscillations of its inert mass, decreases exponentially. The technological reduction of the
natural frequency below 1 Hz results in an unacceptable decrease of the device performance char-
acteristics.

The main goal of this work was to investigate the possibility of improving the amplitude-fre-
quency response (AFC) of sensor by introducing of a special type of feedback.

Experimental and theoretical methods of investigation were used. By selecting typical dynamic
interrelations and weights in the MATCAD environment, an equation was obtained that provides
the generation of a feedback signal. For the experimental model of an optical seismic sensor, whose
natural oscillation frequency is about 10 Hz, the input signal was added with this signal.

Results of the study. It is found that solving of a feedback equation using a microcontroller and
mixing this signal by means of pulse width modulation with an input signal provides the substan-
tially simplify of the technology of manufacturing of seismic sensors.

Conclusions. By combining a direct solution of the equation to generate a feedback signal with
an optical method of converting mechanical oscillations to electrical ones, seismic sensors with a
high degree of miniaturization can be obtained by eliminating massive inductors and permanent
magnets. Miniaturization of devices allows solving a set of problems:
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Reduction of the measuring equipment due to the lower consumption of materials;
Reducing the cost of installing seismic sensors due to the smaller diameter of the filling wells;
Delivery of equipment to hard-to-reach places by unmanned aerial vehicles;
The creation of reconnaissance and signal systems with the recognition of seismic images
from the spectrum of seismic vibrations, etc.

Keywords: seismic sensor, transfer function, bandwidth, signal-to-noise ratio
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PO3IIUPEHHA CMYTH IPOITYCKAHHSI CEMCMIYHOT'O CEHCOPA

B. K. JKykoscokuii’, O. P. I'oxman', JI. M. Binincoka’

! TliBneHHOYKpaTHCHKUH HAIllOHAIBHUH Meaaroriyaui yHiBepcutet iM. K. J[. VinuHcskoro,
Opneca, 65020, Ykpaina
2 OnechbKa JiepikaBHa akaieMist OyIiBHUIITBA 1 apxiTekTypH, Omeca, 65029, Ykpaina

Pegepar

UyTiuBicTh CEMCMIUHUX CEHCOPIB /10 KOJIMBAaHb, YACTOTA SKUX HIXKYE YACTOTH BIACHUX KOJIU-
BaHb HOTr0O IHEPTHOI MacH, eKCIIOHEHLIaIbHO 3MEHIIYEThCS. TeXHOMOriuHe 3MEHIIEHHS BIACHOI
gacToTH HIwK4e | [’ mpU3BOAMTE 10 HEMPUITYCTHMOTO 3HIKCHHS €KCIUTyaTalliiHAX XapaKTepuc-
TUK MIPUIIATY.

Memoro nanoi po6otu OyIio T0CIHIHKSHHS MOKIHBOCTI TIOJTIMIICHHS aMIUTI Ty THO-9aCTOTHOT Xa-
pakrepuctuku (AUX) ceHcopa 3a paxyHOK BBEIECHHS 3BOPOTHOTO 3B’SI3KY CIIEL1aJIbHOTO BUITISY.

3aCTOCOBYBAJIUCS €KCTIEPUMEHTAIBHO-TEOPETHYHI Memoou docaioxcennsi. nsgaxom migdopy
TUTIOBUX JWHAMIUYHUX JJAHOK Ta BaroBux koedirmientiB B cepenosuii MATCAD, otpumaHno piB-
HSIHHS, SIKE JTO3BOJISI€ TEHEPYBaTH CUTHAJ 3BOPOTHOTO 3B’s3Ky. J[sl ekcriepuMeHTaIbHOI MOIel
ONTUYHOTO CEHCMIYHOTO CEHCOpa, y SKOTO 4acToTa BIACHUX KOJMBaHb Oau3bko 1001, BXigHMIA
CUTHAJI CKJIaJIaBCS 3 UM CUTHAJIOM.

Pezynemamu oocnioscenns. 1lokazano, 1o pilieHHs pIBHIHHS 3BOPOTHOTO 3B’ SI3KY 3a JIOTTOMO-
rOI0 MIKPOKOHTpOJIEpa 1 3MIIIyBaHHS 1IbOTO CUTHAIY, 32 JIOTIOMOTOI0 HIMPOTHOIMITYJIBCHOI MOAY-
TS11, 3 BXITHAM CHTHAJIOM J03BOJISIE iICTOTHO CIIPOCTUTH TEXHOJIOTII0 BUTOTOBIICHHS CEHCMITHHIX
CEHCOPIB.

Bucnoexu. Tloeaayroun miaxia 6e3mocepeTHLOr0 BUPIMICHHS PIBHSHHS JIJIs TeHEpallii CUTHATY
3BOPOTHOTO 3B’A3KY 3 ONTUYHUM CHOCOOOM MEPETBOPEHHS MEXaHIYHUX KOJHMBAHb B €JIEKTPHYHI
MO’KHA OTPHUMAaTH CEHCMIYHI CEHCOPH 3 BUCOKUM CTYIEHEM MIHIaTIOpu3allii 3a paxyHOK B1IMOBU
B1JI MACUBHHX KOTYIIOK 1HAYKTUBHOCTI 1 MMOCTIHHMX MarxiTiB. MiHiaTropu3allisi pUIaIiB 103BO-
JIsi€ BUPIILIUTH UUTHHA P poOIiem:

- 37CILLIEBJIEHHS BUMIPIOBAJILHOTO 00Ja/IHAHHS 32 PaXyHOK MEHIIOI BUTpAaTH MaTepiaiB;

- 3MEHIIEHHS BUTPAT Ha YCTAaHOBKY CEMCMIUHUX CEHCOPIB 32 paXyHOK MEHIIIOTO JllaMeTpa 3a-
KJIQJHUX CBEP/JIOBUH;

- J0CTaBKa 00JIaHAHHS 10 BAKKOJAOCTYITHUX MICIh OC3MUIOTHUMHU JIITAIBHIUMU arapaTaMu;

- CTBOPEHHS PO3BiIyBaJIbHO-CUTHAIBHUX CHCTEM 3 PO3Mi3HABaHHSAM CEHCMIYHHMX 00Opa3iB Mo
CHEKTPY CEHCMIYHUX KOJIMBAHB 1 T. I.

KurouoBi ciioBa: celicMiuHuil ceHcop, nepenaBaibHa (QyHKIIS, CMyTra NPOIYyCKaHHs, CIIBBI/I-
HOILIGHHSI CUTHAJ / IIyM
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BAJIEHTUHY AHJIPIHOBUYY
CMMUHTHUHI - 70!

8 sepecnsa 2018 p. eunosnrocmocs 70 poxis 8io
OHsl HAPOOIICEHHS 3A8. KAheOpolo eKCnepuMeH-
manvhoi Qizuxu Qoecbko2o HAYIOHATLHOZO0
yuigepcumemy imeni I. 1. Meunuxosa, kepienu-
Ka ¢hizuxo-mexniunozo yeumpy HAH Ykpainu
ma MOH Ykpainu, paonuxa pekmopa OHY
imeni I. 1. Meunuxosa,
00KMopa QizuKo-mamemamuyHux Hayx, npo-
¢ecopa,
3aCnyHCeH020 Oifa HayKu | mexHiku Yxpainu,
naypeama [lepacasnoi npemii Yepainu 6 eanysi
HAYKU 1 MexHiKu
CMUHTHHH BAJIEHTUHA AH/JPIHOBHYA

[To 3akiHYEHHIO 3 BiA3HAKOIO (PI3UYHOTO
dakynprery 1 acmipanTypu OpechKoro nep-
’aBHOTO yHiBepcutety iMmeHi I. . MeunnkoBa
B. A. CmunTtuna 3 1974 p. 10 TenepimHbOTO
qacy MOCTIHHO MPaLIO€ TaM HAYKOBUM CITiB-
POOITHUKOM, 3aCTYITHUKOM JieKaHa (HI3UIHOTO
(bakyapTeTy 3 HayKOBOi pOOOTH, MPOPEKTOPOM
(1992-1995) ta pexropom (1995-2010). ITix fioro
kepiBauTBOM OHY 3100yBae craryc Haiio-
HasibHOrOo (2000 p.), HaropomxkeHuit IlouecHoro
I'pamoToro KabGinety MinicTtpiB Ykpainu
(2000 p.) Ta mociB mepiIe Micle y peUTHHTY
KJIacuyHuX yHiBepcuteTis (2005 p.).

B. A. CMuHTHHA — BiZIOMUI 1 aBTOPUTETHUI
¢bi3uK, mpami SKoro BU3HaHI B YKpaiHi Ta 3a ii
MexaMu. Bin € aBTopoM 15 HayKOBUX MOHO-
rpadiii (6 6e3 ciiiBaBTOpiB), IoHa 300 craTeit y

MIPOBITHUX 3aKOPJOHHUX BUaHH:X (30 6e3 crmi-
BaBTOPiB), 38 aBTOPCHKUX CBIIOITB Ta MATCHTIB
(7 6e3 cmiBaBropiB) Ta 15 migpyuynukis (7 6e3
criBaBTOpiB), pekomeHaoBanux MOH VYkpainu.
Bceboro HaykoBux myo6umikariii monaz 700.

OCHOBHI HAayKOBl1 pe3ylbTaTH OTpUMaHi
B. A. CmuHTHHOIO B 001acTi (Pi3UKU MOBEPX-
HEBUX SIBUII Ta CEHCOPHUKH IPH JOCIHIHKEHH1
MOBEPXHI IUTIBOK, IIAPIB, CKIAJHUX MAKPO-, Mi-
KpO- Ta HAHOMOPYBATUX CTPYKTYP 1 KBAHTOBUX
TOYOK HaIliBIPOBIJHUKIB. BiH po3B’s13aB MpHH-
IIUTIOBO BaXJIUBY (hi3UUHY NPOOIEMy LiJIecHps-
MOBAHOTO BIUTUBY Ha a7COPOLiiiHI BIACTUBOCTI
MOBEPXHI; PO3BUHYB TEOPII0 YHIBEPCAIBHOIO
BU3HAUEHHs a/copOLifHOI YyTIMBOCTI Marepi-
aJliB, METO/IB ii MPOrHO3yBaHHs 1 HOpMyBaHHS.
Briepie 3anponoHyBaB METOJ| €IEMEHTHO] Jia-
THOCTHKH CKJIQJy TIOBEPXHi, KU 0a3yeTbcs Ha
pe3ynbTarax B3aeMmojii Mk OiorpadiuHUMH Ta
azicopOOBaHMMM aTOMaMu TOBepxHi. Bussus
HOBMI THIT HEOAHOPITHOCTI Ha MOBEPXHI — Xe-
MOPCOPOIIHHO-ETEKTPUYHUI JOMEH, KU Bif-
MOB1JIa€ 32 KOMIUIEKC BIIEpIIE HUM BHBYCHHX
MOBEPXHEBUX SBUII: XEMOCOPOLIHHO CTUMY-
JIbOBaH1 KOJIMBaHHSA CTPyMY, BiJ’eMHHH aude-
peHuiiHuil omnip Ta HacuueHHs BAX, cencubi-
mi3amis Ta JeceHcuOumi3alis MOBepXHI SK Ha-
CIIIJIOK XeMocopOLiiHOi reHeparii 1 posnamy
HEeHTPiB (OTOUYTIMBOCTI. Brepie BCTaHOBUB
¢bi3uyHUNA MexaHi3M HEeBITBOPIOBAHOCTI BIac-
THBOCTEN MOBEpXHI MIBOK A B, po3spobus i
BIIPOBAIMB METOJUKY YIPABIiHHA iX aJIcopO-
LIHHUMU BJIACTUBOCTSAMH, PO3KPUB (Hi3MUHI
3aKOHOMIPHOCTI ~HEMOHOTOHHOi  IOIIApOBOT
3MIHHM XIMIYHOTO CKIay iX MOBEpPXHi, 3p0OUB
BaroMUil BHECOK Y PO3BUTOK (PI3UYHUX OCHOB
nporeciB (GOpMyBaHHS KJIACTEPHUX Ta CITKOBUX
CTPYKTYp HECTEXIOMETPHUYHHX ITOBEPXHEBUX
aToOMIB, 3alPONOHYBaB EKCIpPEC-METOJH BCTa-
HOBJICHHS MIPUPOAM K LIEHTPIB aacopOrii, Tak
i agcopOOBaHMX YACTMHOK Ha moBepxHi. Hum
CTBOPEHO 1 IepeJaHO 3aMOBHUKAM CEPil0 HOBUX
azcopOuiiiHO YyTIMBUX eneMeHTiB. Lleit komm-
JeKC poOIT, pa3oM 3 IHIIUMH, BiI3HAYCHUU Y
2007 p. depxaBHOO MpeMi€to YKpaiHu 3 HAyKH
1 TEXHIKH.

B pesymerari nochmijpkeHb SBUI Ha IIO-
BEPXHI Ta Ha MEXI PO3JIUTYy MiJ KepiBHULITBOM
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B. A. CMUHTUHM OTpHMaH1 IPUHIUIIOBO HOBI HA-
YKOBI pe3yJIbTaTh CTOCOBHO MOBEPXHEBUX e(ek-
TiB, BCTAHOBJICHI (Pi3MYHI MEXaHI3MH HarpaBie-
HOTo (hopMyBaHHS (PyHKIIIOHATBHUX ITapaMeTPiB
MOBEPXHI EMITaKCIaIbHUX CTPYKTYp MIKpO- 1 Ha-
HOTETEepOIepeXo/1iB, KBAHTOBHX TOYOK B X CKJIa-
Jli; CTBOPEHI HOBI T€TEPOCUCTEMH PEeCTpallii 30-
OpakKeHHS; PO3BHHYTO TEOPIIO MEPEHOCY 3apsiLy
B HElZICaJIbHUX T€TEPOCTPYKTYPaAX.

B pesynbrari aHamizy ¥ MOAENIOBaHHS IIO-
BEPXHEBHUX EJIEKTPOHHO-MOJICKYJISIPHUX, €JIeK-
TpO(I3UYHUX TPOLECIB TiJ KEPIBHUITBOM
B. A. CMUHTHHH CTBOpEHI HOBI MiKpOEJeK-
TPOHHI CEHCOPHU Ul 1HTENEKTyaJbHUX CHCTEM
KOHTPOJIIO (QI3UYHUX, XIMIYHUX, O10JIOTIYHUX Ta
EKOJIOTTYHHUX 00’ €KTIB.

B o6nacTi HaHOO10(i13UKM CKIIAAHUX CTPYK-
Typ i cuctem B. A. CMHHTHHOIO OTpUMaHi Baro-
Mi HayKOBi pe3yJbTaTH, 10 € 3HAYHUM BHECKOM
y PO3BUTOK JTOCIIKECHh HAHO010(h13MUHUX CEH-
COpiB, HAHOTETEPOIIEPEXOiB, HAHOJIAMIHATIB,
HAHOCTPW)KHIB, HAHOZIPOTIB Ta 1HIIHUX CTPYKTYP.
VY cTBOpEHUX 32 HOBOIO PO3POOICHOIO ITiJT HOTO
KEPIBHUIITBOM TEXHOJIOTi€10 HAaHOO10(hi3UIHUX
CEHCOpax BCTAHOBIIEHO MEXaHi3M B3aeMOJii
KBaHTOBUX TO4OK CdS 3 61070T14HOIO0 MaTpu-
11€10, B SIKiii BOHU BUKOHYIOTbH POJIb TPAHCAIOCEpa
HEEJIEKTPUYHOTO CHHT ATy Y (DOTOMOMIHICIIEHTHE
BUIIPOMIHIOBaHHS, BU3HAYEHA POJIb HAHO000-
JoHKU ZnS Ha HaHokpucTanax CdS Ta BcTaHOB-
JIeHO 11 3HaueHHs y (popMyBaHHI iX CEHCOPHHX
BJIACTUBOCTEH y CKJIaJli HAHOTETEePOIEePEXoy
ZnS-CdS. KBanrosi Touku CdS Ta HaHO000JI0H-
Ka ZnS BUTOTOBJIEHI 32 pOo3p00ICHOIO i HOoro
KEPIBHULITBOM HOBITHBOIO TEXHOJOTIEIO.

[Tig xepiBaunTBOM B. A. CMUHTHHH PO3pO-
O1eHa HOBa TeXHOJIOTIYHA Iardopma Ta Ha ii
OCHOBI BUTOTOBJICHI HaHOO10()i3UYHI CEHCOP-
HI CKJIaJHI1 CTPYKTypHU Ha 0a3i HaHOIAaMiHATiB
(atomic layer deposition), HAHOCTPHKHIB, HAaHO-
JIPOTIB, 1HIIIMX HAHOMATEPIaiB y BUIJISAL CKIIaI-
HUX KOMITO3HIIH AlZnO-TiO2 Ta 1HIIUX OKCUIB
metaniB. Hum Bu3zHaueHi pi3uyuHi MexaHi3MHU
YyTIMBOCTI CKIJIAIHUX CTPYKTYP 10 O10TOTIHHUX
00’€KTiB, 30KpeMa, 110 neiiko3y BPX Ta canbmo-
HEJTM, BCTAHOBJICHA TIPUPO/Ia LEHTPIB Yy TIIMBOC-
Ti CTBOPEHHUX TiJl HOTO KEPIBHULITBOM HAaHOO10-
(bi13UYHUX CEHCOPIB 710 O10JOTIYHUX CYOCTaHIIIH

920

SK B 00J71aCTi €eKCUTOHHOI, TaK ¥ 1eEeKTHOI JTt0-
MiHecLeHIii 6a30BUX HAHOCTPYKTYp. MeTomgamu
XPS, SEM, AFM Ta iHmmMu 3aco6aMu mpsiMux
JOCIIPKEeHb MOP(OIIOTii Ta €JIEMEHTHOTO CKIIa Ty
MOBEPXHI HAHOO10(I3UYHUX CEHCOPIB BU3HAUCHO
XapakTepHi 0COOIMBOCTI TEXHOJIOTIYHOI IJIaT-
dbopmu 1151 IX CTBOPEHHSI.

3a J0MOMOT0I0 HOBOTO PO3POOIIEHOTO TiJT Ke-
piBHHIITBOM B. A. CMUHTHHH METOJy HEeIeK-
TPOJIITHYHOTO TPABIEHHS Si CTBOPEHI OpUTi-
HaJIbHI HAaHO- Ta Me30MopyBari 6i0(hi3uYHI CeH-
COpH, Yy TJIUBICTh SKHUX JI0 010J0TTYHUX 00’ €KTIB
Ii/IBUIIIEHa HAHECEHHM Ha TIOBEPXHIO Ta B IIOPH
Si (10-15 am) meTonom atomic layer deposition
HanoyactuHok TiO,.

MeToa0M MOBEPXHEBOTO MJIAa3MOHHOTO pe-
3oHacy (III1P) Bu3HauyeHi agcopOUiiHO Yy TIIN-
Bi BJIACTHBOCTI HaHomapie SnO, Ta KBAHTOBHUX
Touok Ag. 3a nomomororo I[P BcranoBmeHi
ONTUMAJIbHI PO3MIPH KBAHTOBUX TOUOK Ag, sSIKi
YCHIIIIHO 3aCTOCOBAHI SIK CKJIa/I0BI aHTUCETITHKA
Ta K (paKTOp CTUMYITIOBAHHS 3arO€HHS MOILIKO-
JOKEHOT HIKIpH.

HaiiBaxxnuBinn pesynsrati 3axuiieHi y 10
JIOKTOPCHKUX Ta 0araTboX KaHIAMJIATCHKHUX JHC-
epTallisx, OTpPUMaJIM HarOPOI1 Ha MIKHAPOAHUX
Ta BITYM3HSIHUX BUCTaBKaxX, BiI3HAYCHI TPhOMaA
Hepxasaumu Ilpemisimu Ykpainu B ramysi Ha-
yku 1 Texuiku (2007, 2009 ta 2011 pp.).

B. A. CMuHTHHA € BU3HAHUM KEPIBHUKOM Ha-
YKOBO{ IIKOJIU 3 (D13MKH MMOBEPXHI HAMIBIPOBI/I-
HUKIB, SIKa BU3HAYA€E CTaH JaHoi ramy3i Ha [liBaHi
VYkpainu 1 BriuBae Ha il po3BUTOK B YKpaiHi.
BiH e(eKkTuBHO Kepye CTBOPEHUM HUM (i3HUKO-
texHiyHuM nentpom HAH Vkpainu ta MOH
VYkpaiau, € roJI0BOIO CIeiaNi30BaHOI paay 1Mo
3aXUCTY JOKTOPCHKUX TUCEPTALliif, 3aCTYTHUKOM
rosioBu HayxoBoi Pasiu 3 ¢i3uku HaniBopoBiTHU-
kiB ipu I1pe3unii HAHY, OyB Biue-npe3uaeHToM
Vkpaincbkoro ®@izuunoro ToBapucTBa, 4ICHOM
Komitety 3 JlepkaBHUX mpemiit Ykpainu, 3a-
crynaukoM ['onoBu I1iBreHHOTO HAYKOBOTO IICH-
tpy HAHY. 3aBasku ioro 3ycusuisM B OCTaHH1
poku OnechbKuil HAyKOBUI PErioH CTaB OJHUM
3 BIJOMUX HAyKOBUX LIEHTPIB B Traiy3i (i3ukwu,
30KpeMa, (pi3UKU HAaHOCTPYKTYP.

Bin ronoBHuil pemakrop xypHaiiB «Porto-
eNeKTpoHiKa», «CeHCopHa eJIEKTPOHIKa Ta MiKpo-



Banenruny Anapiiiopuay Cvuntusi — 70!

CHCTEMHI TEXHOJIOT1» (BXOAATH 710 HAyKOMETPUY-
Hoi Oa3u «Index Copernicus») Ta oprasizarop
Bceykpaincekoro 3'i3ny «®isuka B Ykpaini”, I 1
III BeeykpaiHchkix KoH(EpeHItii 3 (pi3uku HamiB-
NPOBIHUKIB, BOCbMH MiKHApOIHUX KOH(pepeH-
i «CeHcopHa EeNeKTPOHIKAa Ta MIKPOCHCTEMHI
TexHOJOor11», KoHrpeciB EUROSENSOR.

B. A. CMuHTHHA CTBOPUB HAayKOBO-JOCIIi-
Hy 1a00paTopito CEHCOPHOI €NEeKTPOHIKH, Bif-
KpUB HaBYaJIbHO-HAYKOBUM LIEHTP MEIUYHOI Ta
6iomoriyHoi ¢i3ukH, (i3UKO-TEXHIYHUH LEHTP
noBiliHOTO mianopsakysanass HAHY ta MOH
VYKpaiHu, IKHMH yCIIIIITHO Kepye.

B. A. CvmuHTHHA — e€nuHU Bim YKpaiHu
NOCTIHHUM  wiIeH  BiJOIPKOBOTO  KOMITETYy
EUROSENSOR, unen €Bpomnelicskoro ¢pizud-
Horo ToBapuctBa Ta Omntuynoro ToBapucTBa
AMepUKH, KEpiBHUK Ta YYacCHUK HAayKOBHX
mporpaM B HAI[lOHABHUX IIGHTpax JJOCIHi-
Jokenb Itanii, @panmii, Himeuunnu, OiHnsHmIl,
[Topryranii Ta iH., B IESKUX 3 HUX 3aM0YaTKYy-

BaB HOBI HAaNpPsIMKHU JIOCTIKEHb B Tany3i (i3u-
KU MOBEpXHEBUX sBUIL. BiH edekTuBHO Kepye
pPOOOTOI0 YKpPATHCHKUX TPYH Y €BPONEHCHKHX
HayKoOBO-AocHiHuX nporpamax FP-6, FP-7.

B. A. CMUHTHHAa Ha BHUCOKOMY HayKOBOMY
piBHI uyuTae po3poOJICHI HUM HOBITHI CIHEl-
Kypcu «lloBepxHeBi sBMIA y HamiBIPOBIJI-
HUKax», «DI3UKO-XIMIYHI SBUIIA HA TIOBEPXHI
TBEPAUX T U «DOTOENEKTPUYHI MPOLECH Y
HAIIBIPOBIIHUKAX» Ta (PyHIAMEHTaJIbHI Kyp-
cu «Ontuka», «®dizuka aroma» Ta «®Dizuka
CEHCOPIB» e(h)eKTUBHO Kepye MiJrOTOBKOIO Mari-
CTpiB, aCHipaHTIB, TOKTOPiB (pisocodii i JOKTO-
paHTiB 3 (I3UKU MOBEPXHI Ta EKCIIEPUMEHTAIIb-
HOI (i3MKH, SIK 3ampoLICHUN Tpodecop YuTae
KypCH JIEKIIiH 32 KOPZAOHOM.

HisutbHicTs B. A. CMUHTHHHM y Tay31 HayKu
Ta OCBITH BiJ[3Ha4eHa OaraTbma ACpKaBHUMU
HaropogaMmu. BiH — 3aciyxeHW# Aisiu HAayKH i
TexHIKH YKpaiHu, jaypear [lepxaBHOI mpemii
VYkpainu B ramy3i HayKH i TEXHIKH, KaBaJIep OpAe-
Hy «3a 3aciyrw» III ctynens, ioro Haropomxe-
HO Takox IlouecHumu I'pamoramu BepxoBHOI
Pagu Ykpainu Ta Kabinery MinicTpiB Ykpainu,
[Touecnumu Bigznakamu HAH VYkpainu «3a Ha-
YKOBI IOCSITHEHHS» Ta «3a IMiATOTOBKY HAYKOBO1
3MiHWY, BigzHakamu MOH VYkpainu. Banentun
AnppiiioBud CMUHTHHA TaKOX BiA3HAUCHUN
Haropoaamu 7 KpaiH CBITY.

To x BiTaeMo Bac, BenbMHUIIAHOBHUI
Banentune AunpiiioBuuy 3 IOBineem i1 3uanmo
MIIHOTO 3/I0pOB’sl, OIAromoxy4us, HacHard i
MOAANBIINX TBOPYUX YCIIXiB!

Peoaxyis
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ITHOOPMALIA J1JIs1 ABTOPIB.
BUMOI'M 1O O®OPMJIEHHSI CTATEHN Y )KYPHAI

Kypuan «CeHcopHa €IEKTpPOHIKA 1 MIiKpO-
CHCTEMHI TEXHOJIOTI» IMyOIiKy€e CTaTTi, KOPOT-
Kl MOBIIOMJIEHHS, JIUCTU N0 Pemakiiii, a Takox
KOMEHTapi, 110 MICTATh pe3ynbTaTtu (hyHIaMeH-
TaJbHUX 1 IPUKIAIHUX JAOCTIIKEHb, 32 HACTYII-
HUMH HapsSIMKaMU:

1. ®i3uynHi, XiMiYyHI Ta IHIN SBHIIA, Ha
OCHOBI SIKUX MOXXYTh OyTH CTBOPEHI CEHCOPH

2. IIpoexTyBaHHS 1 MaTeMaTH4YHE MOJIEIIO-
BaHHSI CEHCOPIB

3. Cencopu pi3MYHUX BEITMYUH

4. OnrtuyHi, ONTOENEKTPOHHI 1 pamianiiHi
CEHCOpHU

5. AKyCTOENEKTPOHHI CEHCOpHU

6. XimiuyHi ceHcopH

7. Biocencopu

8. Hanocencopwu (¢izuka, marepiaiu, TeX-
HOJIOT'i5T)

9. Marepianu ais CEHCOPIB

10. TexHnomorisi BAPOOHHIITBA CEHCOPIB

11. CeHncopu Ta iHbOpMAaIIiifHI CHCTEMHU

12. MikpocuCTeMHI Ta HAHOTEXHOJOTIi
(MST, LIGA-texHomoris Ta iH.)

13. Jlerpanmaris, MeTpoJoris i cepTudikaris
CEHCOPIB

Kypnan myOmikye TakoX 3aMOBJICHI OIVISAN
3 aKTyaJbHHX MUTaHb, UI0 BIAMOBIJAIOTH HOTO
TEMaTulli, MOTOYHY iH(POPMALII0 — XPOHIKY,
MepCOHaITIi, TJIATHI pEeKJIaMHI ITOB1JIOMJICHHS,
OTOJIOIICHHS LII010 KOH(EPEHIIIH.

OCHOBHHI TEKCT CTATTI IIOBUHEH BiIIOBiIa-
tu BuMoram [Tocranosu [Ipe3unii BAK Ykpainu
Bim 15.01.2003 p. Ne7-05/1 (bronerenr BAK
Vkpaiau 1, 2003 p.) i OyTH CTPYKTYpOBaHHM.
Marepianu, 1mo HajcunaioTbes 10 Pegaxii, mo-
BUHHI OyTH HanMcaHi 3 MAaKCUMAaJIbHOIO SICHICTIO
1 9ITKICTIO BHKJIQAY TEKCTY. Y TMOIAHOMY PYKO-
nuci MoBUHHA OyTH OOIPYyHTOBAaHA aKTYaIbHICTh
pO3B’si3yBaHOi 3ajadi, chopMyiIbOBaHAa MeTa
JOCIDKEHHS, MICTUTHUCS OpUTiHATbHA YaCTHHA
1 BUCHOBKH, III0 3a0€3MEeYyI0Th PO3yMIHHS CYTi
OTPUMaHUX PE3YyNbTaTiB 1 iX HOBU3HY. ABTOPH
MOBUHHI YHUKATH HEOOIPYHTOBAHOTO BBEACHHS
HOBMX TEPMIHIB 1 BYy3bKONPOQUIbHUX KAPTOH-
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HUX BHCJIOBIB.

Penaxkuisi )kypHaly IpOCUTh aBTOPiB IPHU Ha-
NpaBJIeHi cTaTel 70 APyKy KepyBaTUCs HACTYII-
HUMU TPaBUIIAMHU:

1. Pykomnucu NOBHHHI HAJCUIATHCS Y IBOX
MPUMIPHUKAX YKpaiHChKOIO, a00 pPOCIHCHKOIO,
a00 aHMIIMCHKOIO MOBOIO 1 CYITPOBOKYBATUCS
daitnamu Texcty i mantonkiB Ha CD. Pykomnucw,
AK1 TPOMNOHYIOTHCS aBTOpaMu 3 YKpaiHu abo
kpain CHJ] no BuaaHHS aHIIIHCHKOIO MOBOO
000B’A3KOBO JIOTIOBHIOIOTHCSI YKPaiHOMOBHOIO
abo pociiicbkOMOBHOIO Bepcieto. Enekrponna
Korist Moke OyTH HajiciaHa eJIeKTPOHHOIO IOo-
HITOIO.

2. IlpwuitasaTtHi popmaru texcty: MS Word
(rtf, doc).

3. IlpwuitaarHi rpadiuai GpopmaTtu Ui pu-
cyukiB: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. PucyHnku cTBOpeHi 3a J1010-
MOTOI) MPOTPAMHOTO 3a0€3MEUYCHHS /ISl MaTe-
MaTHYHUX 1 CTATUCTUYHUX OOYHMCIICHb, TOBUHHI
OyTH TIEpETBOPEHI 10 OHOTO 3 IUX (HOPMATIB.

4. Ha crarti aBTOpiB 3 YKpaiHM MaroTh
OyTH eKCTIepTHI BUCHOBKH IPO MOKJIUBICTH BiJI-
KPUTOTO APYKY.

Pyxonucu HaaCHIIATH 32 aIPeCOIO:
Jlemix Spocnas iy, 3act. roi. penakropa,
OpnechKuii HalllOHAIBHUN YHIBEPCUTET iMe-
i I. I. MeunukoBa, MHH®TIL] (HJ1JI-3),
Byn. JIBopsiHcbka, 2, Opeca, 65082,
VYkpaina.

Tenedon / paxe +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://semst.onu.edu.ua

30iticHioembesi  aHOHIMHe  peyeH3)Y8aHHs
pyKonucie cmametl.



IIpaBuia NiATOTOBKH PyKOMHUCY:

Pyxonucu moBUHHI CynpOBOIKYBaTHCS 0(i-
[IHHUM JIUCTOM, MAMMCAaHUM KEPIBHUKOM yCTa-
HOBH, Je Oyna BHKOHaHa pobOora. Lle mpaBuio
HE CTOCYETHCS pOOIT MPEACTABICHUX aBTOPAMHU
13 3aKOPIOHY UM MIXKHAPOIHUMHU TPYIIAMH aBTO-
piB.

ABTOpCBKE TIPaBO MEPEXOIUTh Buaasirio.

TuTynpHMI apKy1I:

1. PACS i VuiBepcanbuuii JlecsatkoBuii Koa
Knacudixanii (YAK) (s aBropis i3 kpain CH/)
— Y BEpXHbOMY JIIBOMY KyTi. JlomyckaeTscs jie-
KIJIbKA BIIIJIEHHX KOMaMM KOJIB. SIKIO HISIKI
KoIM Kiacudikaiii He mo3Ha4deHi, kou(u) Oyme(-
yTh) BU3HaYeHO Penakiiiinoro Komeriero.

2. Ha3Ba pob6otu (1o HEeHTpY, MPONUCHUMHU
Jitepamu, wWpudT 14pt, xupHO).

3. Tlpi3Bume (-a) aBropa(-iB) (IO MEHTPY,
mpudT 12pt).

4. Ha3Ba ycTaHOBH, ITOBHA ajpeca, Tenedo-
HU 1 (akcH, e-mail 11 KOKHOTO aBTOpa, HUXK-
ye, yepe3 OJJMH 1HTEpBaJl, OKPEMUM PsIIKOM (10
LHEeHTpy, Wwpudt 12pt).

5. Anoranist: 1o 1000 cuMBOIIiB.

6. KimtodoBi ciioBa: iXHs KiJIBKICTh HE TIOBH-
HHa TepPEeBHIyBaTH BOCbMU CITiB. B 0coOmmBux
BUIAJIKaX MOYXHA BUKOPHCTOBYBAaTU TEPMIHU 3
JBOMa — 4M TpboMa cioBamu. Lli cioBa noBu-
HHI OyTH PO3MIIICHI /I aHOTAITIEI0 1 HAKCaHi
TI€I0 CaMOIO MOBOIO.

[T.m. 2,3,4,5,6 mOCniJOBHO BUKIIACTH YKpaiH-
CBHKOIO, aHITIHCHKOIO 1 POCIHCHKOI0 MOBAaMH.

Jlnst aBTOPIB 3 3aKOP/IOHY, SIKI HE BOJIOJIIOTH
YKpaiHCBKOIO 200 POCIHCHKOI0 MOBaMH, M. 2-5
BUKJIAIAI0THCSI aHTITIHCHKOI0 MOBOIO.

7. J10 KO’)KHOTO MPUMIpPHUKA CTATTi J0Aa-
I0ThCS pedepaTH YKpaiHChKOIO / pOCiChKOIO
(B 3aJI€)KHOCTI Bl MOBH OpHTiHATY CTaTTi), Ta
aHTITINCHKOI0 MOBaMU (KOXKEH pedepar Ha OKpe-
MoMy apkyuii). OcoOauBy yBary ciija npuii-
JSATH HAMCAaHHIO PE3IOME CTATTi aHTIIIHCHKOIO
MOBOI0. {11 IbOTO AOLIIBHO KOPUCTYBATUCS
MoCIyraMy KBadi(piKoBaHMX CHEIialiCTiB-JIiHT-
BICTIB 3 MOJAJBIINM HAyKOBUM peIaryBaHHSIM
TekcTy aBTopoMm(-amu). [lepen cmoBom «pede-
par» HeoOXiTHO HalMuCaTH MOBHY Ha3BY CTATTi
BiIMOBITHOIO MOBOIO, YJIK, mpi3BuIa Ta iHiri-
aJM aBTOPIB, HA3BU YCTaHOB. Pedepar obcsrom
200-250 cniB Mae OyTH CTPYKTypOBaHUM: MeTa

(diTkO chopMyITHOBaHA), METOAU JIOCIIKCHHSI,
pe3yabpTaTh JOCIIKEHHS (CTUCIIO), y3araib-
HeHHs a00 BuCHOBKH. [licist TekcTy pedepary 3
a03a11y po3MIIIyIOThCSI KIIFOYOBI1 CIIOBA.

8. Tekct cTarTi NOBUHEH OyTH HaIpyKOBaHUM
yepe3 1,5 iHTepBanu, Ha O61ToMy marnepi popma-
Ty A4. Ions: 3miBa - 3¢Mm, crpasa - 1,5¢Mm, BBep-
Xy 13Hu3y - 2,5cMm. lpudt 12pt. Ilixnzaronoskwu,
SIKITIO BOHU €, TIOBUHHI OyTH HaJIpyKOBaHI MpO-
MUCHUMH JIITEpaMH, KUPHO.

PiBHsiHHS MOBUHHI OyTH BBE/EHI, BUKOpPHUC-
toBytoun MS Equation Editor abo MathType.
PoGotu 3 pykonmucHUMYU BCTaBKaMU He MpUiiMa-
10Tbcs. Tabnuui nmoBuHHI OyTH Ipe/CTaBiIeHI
Ha OKpEeMHX apKymiax y (opmari BiIIMOBITHUX
TEKCTOBUX (hopMariB (AMB. BUILE), YU Y popma-
T1 TEKCTY (3 KOJIOHKaMH, BIIIIJICHUMHU 1HTEpBa-
JaMH, KOMaMH, KparkaMm 3 KOMOIO, YU 3HaKaMu
TaOyIIOBaHHSA).

9. V KiHLI TEKCTy CTaTTi yKa3aTH Ipi3BULIA,
iMeHa Ta mo 0aThbKOB1 YCiX aBTOPIB, MOIITOBY
anpecy, renedon, dakc, e-mail (a1 kopecnon-
JIEHITiT).

10. Crimcok nitepaTypu MOBUHEH OyTH HaJI-
pykoBaHuil yepe3 1,5 iHTepBasu, 3 JiTepary-
pOXO, IPOHYMEPOBAHOIO B IIOPSAAKY II IOSBU B
TekcTi. bidmorpadis IpyKy€eThCs THIIIE JIATHHU-
1er0 (KUPWIUIS TOAA€ThCA B TpaHCIITepallii).
[Topsimox odopmiieHHs JjiTepaTypd MHMOBUHEH
Binmosigatu BuMoram BAK Vkpainm, Hampu-
KITQI:

[1]. .M. Cidilkov skii. Elektrony 1 dyrki v
poluprovdnikah. Nauka, M. 450 s. (1972).

[2]. J.A. Hall. Imaging tubes. Chap. 14 in
The Infrared Handbook, Eds. W.W. Wolfe, G.J.
Zissis, pp. 132-176, ERIM, Ann Arbor, MI
(1978).

[3]. N. Blutzer, A.S. Jensen. Current readout
of infrared detectors // Opt. Eng., 26(3), pp. 241-
248 (1987).

11. ITignucu 10 pUCyHKIB 1 TaOIULIb TOBUHHI
OyTH HaJIpyKOBaHi B PyKOIIHCi 3 IBOMa IIpo0ia-
MU TICIIs CHUCKY JIiTeparypu. BHHOCOK, SIKIIO
MOJKJIMBO, Oa)KaHO YHUKATH.

[TpuiiMaroThCsl TITBKM BHCOKOSIKICHI PUCYH-
ku. Hamucu 1 cuMBoIM OBUHHI OyTH HaJAPYKO-
BaHl ycepenuHi pucyHky. Herarusu, cnaiiau, i
JIIaTIO3UTHBH HE MPUIMAIOTHCS.

KokeH pHCyHOK MOBHMHEH OyTH HaJpYyKOBa-
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HUI Ha OKpEMOMY apKylIli 1 Matu po3Mip, II0
He niepesuirye 160x200 mm. 11t TEKCTY Ha pH-
CyHKaX BUKopucToByHTe mpudT 10pt. OnuHui
BUMIpy MOBHHHI OyTH MO3HAYEHI MiCIs KOMH
(He B KpyDJIUX Jy’KKax). YCl pUCYHKH HOBHHHI
OyTH TPOHYMEpOBaHI B MOPSJKY iX IMOSBH B
TEKCTi, 3 YaCTUHAMU IMO3HaYeHUMU 5K (a), (0),
1 T.A. Po3MmileHHs: HOMEpIB PUCYHKIB 1 Halu-
Cy yCepenuHI MaJlfOHKIB HE J03BOJISIOThCA. 3i
3BOPOTHOI CTOPOHH, HAIUILITH OJIBIEM Ha3BY,
npizBuIie(a) aBropa(-iB), HOMEp MaJlfOHKA 1 TT0-
3HAUTE BEPX CTPLIKOIO.

®otorpadii moBuHHI OyTH OpPUTIHATIBHUMHU.
KonbopoBuil IpyK MOXKIIMBHM, SKIIO MOTO Bap-
TICTh CIUIAUY€THCSI ABTOPAMHU YM iX CIIOHCOpPa-
MH.

12. Crarta Mae OyTu mignucaHa aBTOPOM
(yciMa aBTOpamu) 3 3a3HAYCHHSIM JaTH Ha OCTaH-
Hill CTOPIHIII.
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ABTOpH HECyTb MOBHY BiJNOBIJANbHICTh 32
Oe3goranHe MOBHE O(OPMIIEHHSI TEKCTY, OCO-
OJMBO 3a IPaBWIIBHY HAyKOBY TepMiHOJOTIHO (ii
CIIiJ 3BIpATH 32 (DaXOBUMM TEPMIHOJIOTIYHUMHU
CJIOBHUKAMH).

13. Jlaroro HagXOMKEHHS CTAaTTI BBAXKAETHCS
JICHb, KOJIM JIO PEIKOJIETi HaIIUIIIOB OCTATOUHHA
BapiaHT CTATTI MICIs PELIEH3yBaHHS.

[Ticns omepskaHHS KOPEKTYpPHU CTATTI aBTOP
MTOBUHEH BUIIPABUTH JIHIIIE TIOMIIKH (4iTKO, CH-
HBOIO 200 YOPHOIO PYUYKOIO HENPaBHIBHE 3a-
KPECIIUTH, a IOPs/1 3 IIUM Ha TOJ1 HAIKUCaTH Tpa-
BIJIBHUI BapiaHT) 1 TEPMIHOBO BiJIICJIATH CTATTIO
Ha aJpecy PeIKoJIeTii eNeKTPOHHOO TTOIITOO.

[Tigmuc aBTOpa y KiHIII CTATTi O3HAYaE, 1110
aBTOp Iepeiac mpaBa HA BUAAHHS CBOET CTATTI
penaxiii. ABTOp rapaHTye, 10 CTaTTs OpHTi-
HaJIbHA; Hi CTaTTs, HI pUCYHKH JI0 HEl He Oyiu
OMyOJIiKOBaHI B IHITUX BUJIAHHSX.

Binxuneni ctaTTi HE TOBEPTAIOTHCS.



INFORMATION FORAUTHORS

THE REQUIREMENTS ON PAPERS
PREPARATION

Journal «Sensor Electronics and
Microsystems Technologies» publishes articles,
brief messages, letters to Editors, and comments
containing results of fundamental and applied
researches, on the following directions:

1. Physical, chemical and other phenom-
ena, as the bases of sensors

2. Sensors design and mathematical mod-
eling

3. Physical sensors

4. Optical, optoelectronic and radiation
sensors

5. Acoustoelectronic sensors

6. Chemical sensors

7. Biosensors

8. Nanosensors (physics, materials, tech-
nology)

9. Sensor materials

10. Sensors production technologies

11. Sensors and information systems

12. Microsystems and nano- technologies
(MST, LIGA-technologies et al.)

13. Sensor’s degradation, metrology and
certification

The journal publishes the custom-made re-
views on actual questions appropriate to the
mentioned subjects, current information —
chronicle, special papers devoted to known sci-
entists, paid advertising messages, conferences
announcements.

The basic article text should meet the SAC
Ukraine Presidium Decree requirements from
15.01.2003 Ne 7-05/1 (SAC Bulletin Ne 1, 2003)
and be structured. The materials sent to Editors,
should be written with the maximal text presen-
tation clearness and accuracy. In the submit-
ted manuscript the actuality of problem should
be reflected, the purpose of the work should
be formulated. It must contain an original part

and conclusions providing the received results
essence and their novelty understanding. The
authors should avoid the new terms and narrow-
profile jargon phrase unreasonable introduction.

Journal Edition asks authors at a direction of
articles in a print to be guided by the following
rules:

1.Manuscripts should be submitted in dupli-
cate in Ukrainian, English, or Russian, a hard
copy and supplemented with a text file and fig-
ures on a CD. Manuscripts which are offered by
authors from Ukraine or CIS countries to the
edition in English are necessarily supplemented
by Ukrainian or Russian version. An electronic
copy may be submitted by e-mail.

2. Acceptable text formats: MS Word (rtf,
doc).

3. Acceptable graphic formats for figures:
EPS, TIFF, BMP, PCX, CDR, WMEF, MS Word
and MS Graf, JPEG. Figures created using soft-
ware for mathematical and statistical calcula-
tions should be converted to one of these for-
mats.

4.  For articles of authors from Ukraine
there should be expert conclusions about an op-
portunity of an open print.

Manuscripts should be sent to:

Lepikh Yaroslav Illich, The
Vice Editor, Odessa National I. I.
Mechnikov University, ISEPTC

(RL-3), str. Dvoryanskaya, 2, Odessa, 65082,
Ukraine.
Phone/fax +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://semst.onu.edu.ua

Manuscripts of articles anonymous reviewing
is carried out
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The manuscript preparation rules:

The manuscripts should be supplemented
with the Official letter signed by a chief man-
ager of the institution where the work was per-
formed. This rule does not apply to papers sub-
mitted by authors from abroad or international
groups of authors.

Copyright transfer to the Publisher.

Title Page:

1. PACS and Universal Decimal Classification
code (for authors from CIS) in the top left cor-
ner. Several comma-separated codes are allowed.
If no classification codes are indicated, the
code(s) will be assigned by the Editorial Board.

2. Title of the paper (central, capital, bold,
14pt).

3. Name (-s) of the author(-s) below, in one
space (central, normal face, 12pt).

4. Name of affiliated institution, full address,
phone and fax numbers, e-mail addresses (if
available) for each author below, in one space
(central, normal face, 12pt).

5. Abstract: up to 1000 characters.

6. Keywords: its amount must not exceed
eight words. In the specific cases it is acceptable
to use two- or three-word terms. These words
must be placed under the abstract and written in
the same language.

Items 2,3,4,5,6 must be presented in series in
Ukrainian, English and Russian languages.

For authors from abroad which do not know
Ukrainian or Russian languages, items 2-5 may
be presentd only in English.

7. To each copy of the article abstracts in
Ukrainian / Russian (depending on language
of the original all authors.of article), and the
English language are applied (each abstract on
a separate sheet). The special attention should
be given to the writing of the article summa-
ry in English. For this purpose it is expedient
to use the qualified experts - linguists with the
further scientific editing the text by the author
(-s). Before the word “abstract” it is necessary
to write the full article name by the appropriate
language, UDC, surnames and the initials of
the authors, names of affiliated institutions. The
abstract in volume of 200-250 words must be
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structured: the purpose (precisely formulated),
research methods and results (shortly), gener-
alizations or conclusions. After the text of the
abstract from the item key words are placed.

8. Article text should be printed 1,5-spaced
on white paper A4 format with a 12pt, margins:
left — 3sm, right — 1,5, upper and lower — 2,5sm.
Titles of the sections if it is present should be
typed bold, capitals.

Equations should be entered using MS
Equation Editor or MathType. Papers with hand-
written equations are not accepted. Notations
should be defined when the first appearing in
the text.

Tables should be submitted on separate
pages in the format of appropriate text for-
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