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FROM THE HISTORY OF UKRAINIAN ACADEMY OF SCIENCES
(TO THE 100TH ANNIVERSARY OF THE NATIONAL ACADEMY OF SCIENCES OF
UKRAINE)

V. A. Shenderovskyi

Abstract. The paper gives brief information on the fate of scientists, the scientific achievements
of which laid the foundation of the Ukrainian Academy of Sciences. The names of the first real

© B. A. lllennepoBchkuid, 2018
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members of the UAN (most of them) were practically forgotten and removed from encyclopaedic
books of the Soviet era, and the scientific heritage fell into oblivion.
Keywords: academy, department, education, scientific work
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Beryn

Inest ctBopenHs YkpaiHCBKOI akajaemii Haii-
nepiie BUHUKIA cepenl uieHiB HaykoBoro ToBa-
puctBa imeHi Tapaca llleBuenka, 3aCHOBaHOTO Y
JIsBOBI 1873 poky: «Toapuctso im. [lleBueHka
HaMarasaocs CBOEIO AiSUTbHICTIO HAOIU3UTHUCH JI0
TaKHX 3aBJIaHb, SIKi BAKOHY€ aKaJieMis HayK, 1 Ha
JIeSKUX IUITHKaX HAyKOBOI Mpalli BOHO 3 YECTHO
MOTJIO PIBHATUCH J0 aKaJeMill 1HIIUX HaIlii...»
Ane ies moTpeOyBaia YuHY.

8 ymuras 1917 poky Ha 3acigaHHi YKpaiHChKO-
ro HaykoBoro toBapuctsa (YHT) chopmysanu
Kowmiciro mist opranizanii Axagemii Hayk. On-
HakK JIMIIEe B TPaBHI HACTYITHOTO POKY, KOJIU Mi-
HICTPOM OCBITH B ypsai CKOpomnaachbKoro cTas
BimoMui icropuk Mukosna BacuieHnko, modanacs
poboTta. BacmieHko mociiJOBHO 1 HAIMOJETIN-
BO BIJICTOIOBaB KaHIUIATypy BepHanacekoro Ha
nocajay KepiBHMKa MaiOyTHBOT akajemii. He-
3abapom 3 IlonTaBu nmo KueBa mpuixaB i cam
Bepnancekuii. Came B 1iei niepiof] HalisicKpasiiie
NPOSIBUIIACS MTOABIKHUIIBKA JisUTbHICTH BepHa-
CBKOTO 3aIJI1 CTBOPEHHS YKpaiHCHKO1 akajemii
HayK. Y JUCTI 70 npodecopa CXiAHUX MOB y

Mocksi Araranrena Kpumcrekoro BiH, 3ampo-
IIYIOYM BYEHOTO JI0 OpraHizamii Akajemii Hayk
y Kuesi, 30kpema nuie: «... BBaKal0 BaKIIMBOIO
I[I0 YCTAHOBY 1 3 TOUKH 30py YKPaiHCHKOTO Bif-
POIKEHHS, 1 3 TOUKH 30pY 3araJIbHOMIOACHKOI. . >

i mymxu Bepraachkuii BUKIIaB TaKOX Y IPO-
rpaMHiil mpomoBi «Jlo 3acHyBaHHs YKpaiHCHKOT
Axanemii B Kuei» Ha nepuioMy 3aciiaHHi HOBO-
cTBopeHoi Komicii 3 BUpoOIeHHS 3aKOHOIIPOEKTY
YAH 9 nunns 1918 poky.

BepHnancekuii po3ymis: «BaxnuBo cTBO-
PUTH CHJIBHUHI IIEHTP HAYKOBUX JIOCIHIIKCHB
YKpaiHCHKOTO Hapoy, Horo icTopii, iioro MoBw,
npuponu Ykpainu. 3BuyaiiHo, Tpeba BecTH IIi
JOCHIHDKCHHS HE 32 HaI[lOHAJIBHOIO 03HAKOIO,
a B HaWIIUPILIOMY 3arajibHONIOICHKOMY Macl-
Tabi. Tpeba sikHAHIIBUALLE CTBOPIOBATH Kare-
Jpu 1 1abopaTopii, IHCTUTYTH, SIKI CIIOYATKY,
MOXKJIMBO, i OyZTyTh 3aHHATI pOCiTHaMHU. .. AJe
CTaHOBHIIE CKOPO 3MIHUTKCS, 00 Mmocaau B Aka-
nemii BuOopHi. Jly»e ckopo 3asBIsATh Mpo cede
MICLIEBI CUJINY.

i myxe mikaBi cnoraan BepHaachbKoro mpo
3acHyBaHHS AKajeMii HayK BIIepIe HAJApyKOBa-
HO Y IOBHOMY 00cs131 y 22 BHITYCKY IIOPiYHUKA
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«Hayxka 1 kyneTypa» 3a 1988 pik. Bomogumup
Bepnancekuit Hanncas ix 1943 poky Ha mpo-
XaHHS TOIIIIHBOTO Mpe3uieHTa AKaaeMii HayK
YPCP Onekcanapa boromonbiis. Och e ogHa
nutata: «Y Kuesi Moro dacy 1 B YkpaiHCbKUX
TEPUTOPIAIbHUX YyHiBepcuTeTax — KuiBchkoMmy,
XapkiBcbkoMy, O1eCbKOMY — 1IEHHO YKpaiHChKIi
BUYEHI Ha poOOTy He Moru BiamryBarucs. Ha-
BITaKH, Ha 1CTOPUKO-(PiTONTOTIUYHUX (haKyJIbTEeTaX,
JIe HaI[lOHATbHI TPATUIll MOTJIU TPOSBISATHCS
SICKPaBO 1 CHJIBHO, mMi101p podecopiB s Ykpa-
iHM OyB Haja3BHYAKHO HecnpusTIuBuil. Cucre-
MaTUYHO 32 TIOHAJ COPOK poKiB MiHiCTepCTBO
3aMilajio Kareapu icTopii ocobamu, KOTpi cTa-
BUJIUCS 10 YKPATHCHKOTO PyXy PI3KO HETaTUBHO
a0o Bopoke. B iux yHiBepcuTeTax 3aBxK/1IH iCHY-
BaJjia OUTBIIICTD, sIKA CHCTEMAaTHYHO MPOBOIMIIA
TeHeHIio pycudikariiy. Lls mymka BueHoro, Ha
JKaJb, aKTyallbHA 1 ChOTOJIHI.

He npumenmyroun posni YHT, icropuuna
CMpaBeNIUBICTh BUMArae BU3HATH, 110 BUPILIAIb-
HY pOJIb y CTBOPEHHI AKaJieMil BiIrpaay HayKoBi
cwid, 00’ eqHan1 BeprancekuMm 1 BacuneHkoM.

3 MeToro opraizamii YKpaiHChKOi akagemii
HayK OyJI0 CTBOPEHO KOMICIIO IS MiATOTOBKH 3a-
KOHOIIPOEKTY Tpo 3acHyBanHs YAH. Bueni Bu-
POOMIIM KOHIICTIIIIIO YCTAHOBH, B SIKIH 30iramucs
0 iHTEepecH TBOPYOI OCOOMUCTOCTI 1 HAYKOBOTO KO-
JIEKTUBY, ()yHIaMEHTAIBHOI Ta PUKIIAIHOT HAYKH.

Ane #ima [epra ciToBa BitiHa. Kou y Be-
pecHi BOHA moyana A00iratu KiHIs, TO 3pO3y-
MUJIOIO JJIsl BCIX CTaljia Mmopas3ka IMEeHTPaJTbHUX
nepxaB. Lle BigOmmocs 1 Ha HacTposIX 6araTbox
uneHiB Pagu MiHiCTpiB, TOXX reTbMaHy JIOBEIIOCS
peopranizoByBarH ii ckiaj. Jlo HOBOro kabiHeTy
demopa JInzorybda Oyino mpuiHATO KiJTbKa YWICHIB
3 YKpaiHChKOi IapTii comiamicTiB-heaepanicTis,
cepen akux Oys 1 [lerpo CteOHuIbKNM, TPU3HA-
YSHHUI MIHICTPOM HApPOIHOI OCBITH Ta MUCTEIITB.
CBO€10 HE37TaMHOIO €HEPTi€r0 3a KOPOTKUH Yac
BIH «II€PEBOJIUTH Yepe3 BCl CTaJii MiATOTOBKU
i 3aTBepKEHHS 3aKOH MPO YKpalHCHhKY aka-
neMiro Hayk». | Bxke 14 mucromama 1918 poky
3aKOHOM YKpaiHCHKOTO ypsiay Oyi0 3aCHOBaHO
VYKpaiHChKY aka/JeMilo HayK, TaKoX OyJlo cxBa-
JICHO 3aKOH Ipo 3eMelbHY pedopmy. Ha npomy
yKa3i CTOITh 1 MiAMKC MIHICTpa HAPOIHOI OCBITU
Ta MUcTelTB npu ypsanai Ckopomnaacekoro [letpa
CTeOHUIIBKOTO.

3ayBaxxuMo, 10 came 14 nucromnana 3amicTh
Kab6inetry Minictpis JIuzoryba yTBOpeHO 1HIIUI
KaOIHET 13 pOCIMChKMX MOHAPXICTIB (OCTaHHIM
MiHICTpOM OCBiTH B ypsiii CKopomaachkoro 0yB
Bononumup Haymenko). Otox 3aciyra [letpa
CTeOHUIIBKOTO, Xal TaM SIKUMH OyJIH 1HIII Horo
3100yTKH, € BU3HAYAJIBHOIO B 1CTOPii yKpaiH-
CBKOI HAyKH.

3rigHo 13 3alPONOHOBAHUM CTATyTOM, Hii-
caumu wieHamu YAH mornu Oyt He numie
rpoMaJisiHA YKpaiHcbKoi JlepkaBu, ane i ykpa-
THCBKI BUeHI 13 3axiqHoi YKpaiHu, a TAaKOXK 1HO-
3eMIIi 32 3Tr0JI00 JABOX TPETUH JIHCHUX UYJICHIB
YAH. Ilepmux akagemikiB Oyi0 MpU3HAYECHO
MOCTaHOBOIO ypany 14 nucromnana. Bevoro 12
NiMCHUX 4leHiB: reonoru Bonogumup Bepuan-
cbkuii Ta [laBno TyTkoBchkHii, G100r MuKkona
Kamenko, mexanik Ctenan TuMoOIIIeHKO, TpaBo-
3HaBenb Penip TapaHOBCHKUIN, CXOI03HABEID
Araranren KpuMcbknii Ta MOBO3HaBelb MHUKO-
na [letpos, miareict Crenan CManb-CTOIBKHH,
icropuku JImutpo baraniit Ta Opect JleBuiib-
Kuii, ekoHomicTu Muxaino Tyran-bapanos-
cbkuil Ta Bononumup KocuHChbKuU.

27 nmuctonaga 1918 poxy Bindynocs nepiie
3aCiIaHHs BUIIOTO OPTaHy HOBOCTBOPEHOI aKa-
newmii. [IpesuneaTom YAH Oyno omgHOCTaitHO
o0Opano Bomogumupa Bepraancekoro, Bite-mpe-
sugeHTom — JImutpa baranis, a HEOIMIHHUM
cekperapeM Araranrena Kpumcekoro. byno 3a-
TBEPJKEHO 1 TEpIi TPU BIAAIIN akagemii: Ic-
TOpUKO-dinonoriaauii, Pi3uKo-MaTeMaTUIHUH 1
Bignin comianbHUX HayK, sIKI OXOILTIOBAIH 3 1H-
CTHTYTH, 15 KOMICiH 1 HallioHAIbHY O10TI0TEKY.

[Ticns 3axomnenHs Kuesa OubIioBUKamMu, y
rpyasi 1919 poxy BepHanchkuii mojgas y Bij-
craBky 1 npe3unenrom YAH ctaB Opect Jle-
BUIIbKHH, a cama opranizaitis 14 gepsas 1921
poky Oyna mepeiiMeHoBaHa Ha BceykpaiHChKy
akagemiro Hayk (BYAH) i mianopsinkoBana Hap-
komary ocBiTu. Toro x poky no BYAH mnpuen-
HaHo KuiBChKy apxeoJioriyHy Kowmicito, Ykpa-
iHChKe HayKoBe ToBapucTBO Y Kuesi, [cropuune
toBapuctBo Hecropa Jlitonucus, Becenaponny
6i0morexy (tenep — HarionanpHa 6i0mioTeka
VYkpainu imeni B. Beprancekoro). Jlns misias-
HOCTI aKaJieMii HaJIaHO y KOPUCTYBaHHS caauly
nanciony rpadwuni JleBamonoi y Kuesi (Tenep —
npumitnenns [pesunii HAH Vkpainn).
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Merta Hamoi po3BiJiku — moaaTu 0ozaii cTuc-
7y iH(OpMaIliio Mpo JO0TI0 BYEHUX, HAYKOBUMHU
JOpOOKaMHU SIKUX 3aKJaaBcsl PyHIaMEeHT YKpa-
THCBKOT aKkajieMii HayK.

Bosomumup BepHaacbkuid
(12.03.1863 — 6.01.1945)
nepumii npesugent YAH,
wieH Pizuxo-maremarnanoro Bty (11 Binmin)

Haponuscs Bononumup IBanoBuy BepHnan-
cekuii B [letepOyps3i, e Ciyk1B Ha TOM yac Horo
0aTbKo.

1873 poky po3nodyaB HaB4aHHS B XapKiBChKiii
riMHa3zii, a mponoBxuB 1876 — y IleTepOyp3i.
1881 poxy OyB 3apaxoBaHMiIl Ha IPUPOTHUYE
BiJiIUIEHHS ()13UKO-MaTEeMaTUIHOTO (PaKyIbTeTy
[TeTepOyp3bKOTr0O yHIBEPCUTETY, KWW 3aKiHUHB
1885 poky 3 BiA3HAKOIO.

JIBa poKM MpaloBaB XpaHUTEIEM MiHepa-
JIOTIYHOTO MY3€I0 YHIBEPCHUTETY, MOTIM IMOTIIN-
OmoBaB 3HaHHs B [tanii, ®pannii, HimequuHi.
3 1890 poky — noueHT, a 3 1898-ro — mpodecop
MockoBcrKkoro yHiBepcuTeTy. 3 1914 poky odo-
JIOBAB T'EOJIOTIYHUN 1 MiHEpaJIOTIYHUN My3el
[TeTepOyp3bKoi akagemii, YICHOM SKOI — aKaje-
MikoM — ctaB 1909 poxky.

VY 1917 poui Bonongumupa BepHancbkoro
3anmpocuiid 10 TUMYacoBOTO ypsany Ha moca-
Iy 3aCTyITHUKA MIHICTpa OCBITH. A BXKe MICHs
JKoBTHEBOTO IIEPEBOPOTY BiH 3MyIlIEHHI OyB
sanumuTH [lerporpan i mepeixatu B Ykpainy,
Ha [lonTaBmuny.

Moro crasieHHs 10 GiIbIIOBU3MY GYII0 OTHO-
3HAYHE: ... 51 OUBTIOCA HA OLILULOBUYLKULL PYX K
Ha enuke Hewjacms. B ixuvomy cepedosuwyi Humi
8IOKpUBAEMbCSL PIOKICHUL 8 ICMOpii 00ypaueull
BNIUG HA HCUMMS NI00€ll 8ENUKUX 3NOYUHYI |
BEUKUX SPIUHUKIG. YOueyi, 3100ii, 2padidHCHUKU.
JI100u 3 ybo2o omouenHs 8NAUBATOMb HA IHCUMMSL
Pocii'i ecvoco ceimy...»

3 xoBTHS 1917 o 6epesens 1921 poky kuB i
NpalfoBaB B YKpaiHi, yCi 3yCHIIISI CIIPSIMYBaBILT
Ha CTBOpPEHHs YKpaiHChKoi akajaeMii Hayk. 1918
pOKy OyB OIHOCTaiHO 0OpaHui 11 mepIInum mpe-
3ugeHToM (OyB HUM 10 TpynHs 1919 poky).

V¥ 1920-21 pokax — npodecop Taspiiicekoro
yHiBepcuretry y Cimdepormnoni.
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1922 poky 3mymienuii nosepHytucs ao lle-
Tporpaza. 3a ioro y4acti Oysno ctBopeHo Pai-
eBuii iHCTUTYT y ckiaai AH CPCP, nupektopom
sKoTo BUeHHM OyB 3 1922 mo 1939 poky.

1935 poky nepeixaB 10 MockBH, 7e OpraHi-
3yBaB HM3KY HAyKOBHX KOMICIH, MpaItoBaB Hajl
MPOOJIEMOIO «KUTTS B KOCMOCI».

Bonoagumup BepHaacekuil cTaB 0CHOBOIIO-
JIO)KHUKOM BYEHHS Tpo Oiocdepy Ta Hoochepy.
BbyB o0panwuii mpodecopom JIOHTOHCHKOT IIKOITH
CJIOB’SIHCBKHUX CTYJIH, WwieHOM AKajaemii HayK
y ITapwmxki, Uecbkoi akameMii HayK 1 MUCTEIITB,
nivicanm wiedom HTII 3 1903 poxky. Ha #ioro
YeCTh Ha3BaHO MIHEpaJl BEpHA/IUT.

[Tomep Bomogumup IBanoBuu 6 ciuns 1945
poxy. I[ToxoBano BueHoro y Mocksi Ha HoBo-
JIIBOYOMY IIBUHTApI.

Cun I'eopriit emirpysas 1o CIIA, ne 3rogom
CTaB MpoQecopoM pocCiiichkoi icTopii €IbCHKOr0
YHIBEPCUTETY.

JlocsiTHEHHSI BUEHOTO y PaJAsIHChKI Yacu Mpu-
BJIACHMJIA POCilicbKa Hayka, BepHaachkoro Ha-
3WBAJU «BUIAATHUM PAJSTHCHKUM BUCHUM), HE
3raJlytodu MMpo HOro yKpaiHChKE KOPIHHSL.

Miuxkona Kammenko
(7.05.1855-29.03.1935)
rosioBa ®isuxo-maremaruaHoro Bty (11 Bingi)

Haponuscst Mukona ®eodanosuy Kamnierko
Ha XyTopi Becennii OnexcanpiBCbKOTO MOBITY
Karepunocnascrkoi ryoepHii (tenep cMt Bece-
ne 3anopi3bkoi obmacti) 7 TpaBHs 1855 poky
y OararofiTHi#l ciM’1 npiOHOMAaETHUX JBOPSIH
KO3aIIbKOTO TIOXOPKEHHS.

1875 poky 3akiHYMB 31 CPIOHOK MEIaLTIO
riMHa3ito. Bunry MeaudHy OCBITY crepIy 310-
OyBaB Ha MeIMYHOMY (aKysbTeTi MOCKOBCHKOTO
yHiBepcHuTeTy, a 1876 poky mepeBiBcs 10 Xap-
KIBCHKOTO YHIBEPCUTETY Ha MEIMUHUH (aKyIib-
teT. 1880 poxy Muxona Kamienko 3akiHIMB Ha-
BYaHHS B YHIBEPCUTETI 31 3BaHHSM IOBITOBOTO
JKaps.

1884 poxy yCHIIIHO 3aXHUCTUB JIOKTOPCHKY
JUCEPTAaLlilo, OJIep’KaB CTYIIHb JJOKTOPA MEAHY-
HUX HayK 1 3BaHHS MPUBAT-I0ICHTA OPIBHSIIb-
HOT aHaToMi.

3 1886 poky nepeOyBaB y Himeuunni ta Ita-
mii. Yepes 1Ba pOKU BUCHUH MTOBEPHYBCS 10 Xap-
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KOBa 1 MOYaB YHUTATH JICKI[i HA MEAUIHOMY 1
¢di3uKo-MaTeMaTHIHOMY (haKyJIbTETaX.

1888 poky nepeixas 10 Tomcbka, ne Kamnenka
MPU3HAYIIIA €KCTPAOPIAUHAPHUM Tpodhecopom
IMneparopcbKoro yHiBepcuTeTy 1o kadeapi 300-
JI0Ti1, TOPIBHSILHOI aHaToMii Ta (piziosorii. O4o-
JIOBAB MAJCOHTOJOTIYHI PO3KONKH B OKOJIMIISIX
Tomchka.

Pana MockoBcebkoro yHiBepeuteTy 1901 poky
Hajala oMy HAyKOBHH CTYIIHb JOKTOpPA 300-
JIOT11 3@ BEJTMKUN 00CSIT HAYKOBUX 300JI0TTYHHUX
JOCIIKEHD.

1906 poxky BueHUN TMMYacCOBO BUKOHYBAB
000B’s13kH peKTopa TOMCHKOTO YHIBEPCUTETY.

1912 poky 3a craHOM 3710pOB’4 TepeixaB 10
Kuesa.

[IpautoBaB y KuiBcbkoMy MOMTITEXHIYHOMY
IHCTUTYTIi, OYOIOBaB Kadeapy 300JI0Tii CiJib-
CHKOTOCIIOIAPCHKOTO BiAIIICHHS.

14 nuctomana 1918 poxy Mukony Karen-
Ka mpu3Hauymin akaaeMikom YAH. Brpomomxk
1918-1921 pokiB ovgonroBaB 2-uii Pi3uKo-mare-
matuuHuil Bigaul YAH, kadenpy aknimaruzanii
Ta 300JI0T1YHHI KaOiHEeT.

3 1918 poky no 1933 pik mparroBaB AUPEKTO-
poM Axkjimaruzariiiinoro caay YAH.

1919 poky pazom 3 Bonogumupom Kapapae-
BUM cTBOpHB y Kuesi 3o0m0riunuii mysei, OyB
1oro nupekropoM 10 1927 poky.

Murxkosa Karierko OyB AiiiCHAM YJI€HOM TOBa-
PHUCTB IPUPOAOIOCIIAHUKIB TPH XapKIBCHKOMY
ta KuiBcbkoMy yHiBepcuTeTax, XapKiBChKOTO
TOBapUCTBa JAOCTIAHUX HayK, KuiBcbkoro to-
BapuCTBa IOCIIHUKIB npupoau, Kuiscekoro
TOBApUCTBA CLIbCHKOTO rOCIOIAPCTBA.

1932-33 pokwu... Y crpamHi yacu ['onomomo-
Py BUCHUH TOTIOMAaraB XBOPUM, JAPYIOUH JTiKap-
CbK1 POCJIMHH HEMIUHUM 1 BUCHAKEHUM T'0JI0/10M
JIONISIM.

HayxoBwuit 1opo0Ook akageMika CKaJae MoHa/
200 HaykoBHX Tpallb 3 eMOpI1oJIOorii, T1CTOJIOT],
apXeoJIorii, mMaJeoHTOJIOT11, 300JI0T1i, aKIiMa-
TU3alii KyJbTypHUX pociuH B ymMoBax Cubipy
1 YKpainu.

1933 poky Mukona KalieHKo TSXKO 3a-
xBopiB. He cTano BUIaTHOTO BUEHOI0-010110-
ra 29 6epe3nst 1935 poky. [loxoBaHo Horo Ha
JIyk’ssHiBcbKOMY 1BUHTapi y Kuesi.

Magii0 TyrkoBcbKMIt
(1.03.1858-3.06.1930)
wieH Oizuxo-maremarnanoro Biyiuty (11 Binin)

[TaBno TyTkoBchkHit HaponuBcs 1 OepesHs
1858 poky B cenuui JIunosui tenepimHpoi Bi-
HHUIBKOI 0071aCTi B POJMHI CITY>KOOBIIS.

1877 poxy BCTYNMB Ha MPUPOTHUYE BiJTi-
JeHHs (i3uKo-mMaTeMaTnyHoro dakyiasrety Ku-
iBCHKOTO YHIBepcUTETYy. BUKIIIOUEHMIT 3 HBOTO
1879 poky 3a y4acTh y CTyACHTCHKOMY 3aKOJIOTI.
3akiHuuB Kypc y 1882 pori.

Yepes pik MO0 MpU3HAYIIN KOHCEPBATOPOM
MIHEPAJIOTIYHOTO 1 reoyioriyHoro kadinery. Ha
1i#f oca/ii BiH MPONPAIiOBaB OMHA/IAT POKIB.

1883 poky #oro oOpaau MOYECHUM HICHOM
KwuiBchKkoro TOBaprcTBa MpUPOI03HABIIB, 1886 —
nificaum uneHom [letepOyp3pkoro miHepasoriu-
HOTO TOBapUCTBa, 1888 — unenom bemnbriiicbkoro
TOBAPHCTBA I'eoJIoTii 1 majeoHToorii B bprocce-
i, 1889 poky — nmouecHum wieHoM ToBapucTsa
JTOOUTEIIB IPUPOI03HABCTBA, aHTPOITOJIOTIT Ta
eTHOrpadii mpu MOCKOBCHKOMY YHIBEPCHUTETI.

1895 poky moaaB CBiil MPOEKT BOJIOIMOCTA-
yaHHs1 KueBa apre3iaHChbKOIO BOJOIO. 3T0I0M
BIJIKpUB apTe31aHCHK]1 BOJIU 1 KAPCTOBI SIBUIIA HA
Bonuni 1 B binopycii.

Hacrtynni 18 pokiB y4eHuii BUkianaB npupo-
JI03HABCTBO, Teorpadito, ¢hizuky B mronax Ku-
eBa, Jlynpka, JKuromupa, npaioBaB Ha mocasii
no3amTarHoro criBpoOiTauka IlerepOyp3pkoro
T€0JIOTIYHOTO KOMITETY.

1911 poxy ITaBno TyTkoBChKUMII 3aXUCTHUB
JIOKTOPCHKY JTMCEPTAIlio, 1 TOTO X poky KazaH-
CBKHI YHIBEPCUTET MPUCYIUB HOMY BUEHUH CTY-
MiHb JIOKTOpa MIHEPAJOorii 1 TeoJIorii «rOHOpiC
Kay3a».

1919 poky — romoBa CiJTbCBKOTOCIIOAAPCHKOTO
HAayKOBOTO KOMITETy YKpaiHH.

3 1924 poky — royioBa HayKOBO-I0CiJHOT
kadenapu reosorii. Toro xx poxky cTBopuB I eo-
noriuHuii my3eit y Kuei. AKTUBHY yuacTb OpaB
TaKOX y OpraHizarii 0i0mioTekn Akaaemii Hayk,
[HCTUTYTY HayKOBOT MOBH.

VY 1923 poui BuaaB «CIOBHHUK T€0JIOTTYHOL
TEPMIHOJIOT11». ABTOp TIOHA/I TUCSYI CTa HAYKO-
BUX Tpallb.

1928 poky itoro obpano uienom BYIIBK i
nenytatoM KuiBChbKOT MiCBKpaIH.
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Hanpukinmi 1920-x pokiB BYEHOMY MPHUKPI-
MWK SIPJIUK «HAI[IOHAIIICTa.

3 uepBHs 1930 poky [laBno AnomioHoBUY
TyTKOBCBKHMI ITOMED.

Cuna Cepris TyTkoBchKoro — mpodecopa ic-
Topii KHuiBCHKOTO yHIBEPCUTETY — 3aapeIlTyBaIld
1 3HUTIAIIN.

Crenan Tumorenko
(23.12.1878 — 29.05.1972)
wieH Dizuxo-mareMaruaHoro Bty (I1 Bimmin)

Haponusca Crenan Tumonienko 23 rpyaHs
1878 poky B ceni [lImoriBka KonoTomnchkoro
noBiTy UepHiriBcbkoi ryoepHii y poauHi 3eM-
neMipa.

[TouaTkoBy OCBiTYy OTpHMaB Boma, 3 1889 no
1896 poky HaBuaBcsi y POMeHCbKOMY peaibHOMY
yuwii. 1896 BcTynuB 10 1BOX By3iB: [HCTH-
TYTy IUBUTLHUX 1HXKEHEPIB Ta [HCTUTYTY IMIIAXIB
y ITetporpazi. 1900 poxy ycminrHo 3aKiHYHUB
[HCTHTYT MUIAXIB, BiOYB OMMH PiK IUBIIBHOL
MOBUHHOCTI 1 TIOYaB MPAIlOBATH JJA0OPAHTOM Me-
xaH19HO1 Jadopatopii y [1nsxoBoMy iIHCTUTYTI.

1903 poky mepeioB mpaurBaTy 10 Mexa-
HiyHO1 nabopartopii [leTepOyp3pkoro momiTex-
HIYHOTO 1HCTHUTYTY.

HactymHoro poxy 3miiicHuB moi3aku 10 bep-
niHa Ta MronxeHa, a 1905 poky 30Bcim nepeixaB
1o Himeuunnu, jie ipaitoBaB y [eTTiHI€HCHKOMY
yHiBepcuteTi y JIronsira [panaris.

1907 poxy Crenan TUMOIIIEHKO OYOJIUB Ka-
dbenpy onopy marepiainiB y KuiBcbkomy momitex-
HIYHOMY IHCTHUTYTI.

1911 poxy BUHIIIOB APYKOM 3HAMEHUTHH TTiJI-
PYYHUK BUEHOTO 3 omopy marepiamiB. L{poro x
POKY MIHICTp OCBITH 3BiIIbHUB HOTO 3 p0OOTH 3a
MIATPUMKY CTYI€HTCHKOTO PYXY.

[Tepeixas no [lerepOypra, 1917 poky nmosep-
HyBcs 10 Kuesa, 1e orpumas nocaay mpodecopa
y KuiBChKkOMY MOJIITEXHIYHOMY 1HCTUTYTI.

1918 poky ctaB ogHUM i3 Tiepmux 12 mii-
CHUX WJIeHIB AKajeMil HayK, o4oiuB [HCTUTYT
MeXaHIKH.

Hacranu 6ypemni yacu. Buenwii criepiry Bui-
xaB 10 FOrocnagii, e BukianaB y 3arpedcbkoMy
MOJIITEXHIYHOMY 1HCTHTYTI, a 3rogoM — 110 CIIIA.
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3 1922 poky — criBpoOITHHUK OJHIET 13 (ipM, a
MOTIM IpatiBHUK (ipmu «Bectinraysy.

1927 poxy — npodecop Miunurancbkoro, a 3
BepecHs1 1936 poky — npodecop KamidopHhiii-
cpKoro yHiBepcutety y Crendopi.

1944 poxy noaaB y BiJICTaBKY.

Benuuesni 3aciyru TuMornieHka y iHxXeHep-
Hil CrIpaBi: BIH WIEH YUCICHHUX aKaJeMii 1 Ha-
ykoBuX ToBapucTB — YAH (1918), HTHI (1923),
VYBAH (1947), nouecuuit uinen ToBapucTBa
yKpaiHChbKUX 1HkeHepiB Amepuku (1953), unen
AMepuKaHChKOT HaIliOHaJbHOT, AHIIIIHCHKOT
KOpomiBchKoi, ITamilicekoi, [Tlonbcrkoi, CPCP
aKajeMiil 1HKEHEpHHUX HayK; OYECHUM UJieH
AMEpHKaHCHKOTO TOBAPHCTBA 1HKEHEPIB-MeXa-
HiKiB, CIIKH MIBEHIAPCHKUX 1HXKEHEPIB, WICH
[aTepHamionanbHOI acoriamii HUIAXiB 1 T. 1H.

OcranHi poku BUeHU IpoXkuB y deneparns-
Hill PecnyOmini Himeyunni y M. Byneprani, y
cBo€l Jouku ['apan.

22 tpaBHs 1972 poky Crenan TumoliieHko
nomep. [ToxoBanuii y aMmepukaHChKOMY MiCTi
[Tanmo-AuibsTo.

Jvmrpo baraniii
(7.11.1857-9.02.1932)

rosiosa Icropuxo-¢iosnoriunoro sixgiry (I Binzin)

Hapoauscs JImutpo baraniit 7 nucronana
1857 poky y cim’i pemicHuka-mumapst y Kuesi.
PaHo 3anummBCes CHPOTOO 1 BUXOBYBaBCs y Oa-
raToMITHIN CiM’1 CBO€ET TITKK 1O Matepi.

Criouatky HaB4aBcsl y napadisuibHOMy y4H-
U Ta mporiMHasii, nami — y 2-it KuiBcwkiit
riMHa3ii, sIKy 3aKIHYMB 13 30JI0TOI0 MEAAILIIO.
Bumy ocBity 3100yB Ha iCTOPUKO-(h1JIOTOTIY-
HOMYy (akynbTeTi KuiBchkoro ta XapKiBChKOTO
yHiBepcurertis (1876—1880).

1880 poky BcTynuB 10 KuiBChbKO1 rpomMaiy.

3 1881 poky — unien IctopuuHOro ToBapucTBa
Hecropa Jlitonucus.

1883 poky barariii craB gomeHToM Kadeapu
POCINCHKOI icTOpii XapKiBCHKOTO YHIBEPCHUTETY,
a 3 1887 poky — excTpaopauHapHHI Ipodecop
1iei kadeapmu.

VY 1906—-1910 pokax — pexktop XapKiBChKOTO
YHIBEPCUTETY.

VY 1906 ta 1910-1914 pokax — unen Jlepxan-
Hoi Pagu B [leTepOyp3i BiJ yHIBEpCUTETIB.
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VY 1914-1917 poxkax — ronoBa XapKiBChKOT
MICBKOT JTyMH, MICbKHUI rojoBa XapKoBa, OAHH
13 CITiB3aCHOBHHMKIB XapKiBChKOT IPOMaJIChKOT Oi-
Omoreku (HuHI — JleprkaBHa HayKoBa 610ioTeKa
im. B. Koponenka).

VY BepecHi 1917 poky O4OIMB XapKiBCHKY
«IIpocBity».

3 nuctonana 1918 poky — AificHU#N ulieH
VYkpaincekoi akagemii Hayk, 3 1919 — ronona ii
IcTopuko-¢i10m0Tri4YHOTO BiALITY.

Brponosx 1920-x-1930-x pokiB BUKIIaaB ic-
Topito Ykpaiau y XapkiBcbkomy i [TonraBcbkomy
IHCTUTYTaX HAPOIHOI OCBITH.

1926 poky — nepuuit tupexrop HaykoBo-o-
cimigHoro iHCTUTYTY M. Tapaca IlleBuenka.

Cepen 4nCIIEHHUX TPl 0COOIMBE 3HAYCHHS
MaroTh Ipalli, IpUCBAYeH] nociiakenHo Cro-
ooxxanmuum 1 [liBgernoi Ykpainu: «Ilctopis
miBHIYHOT 3emuti 10 monoBuHu XIV B.» (1882),
«Hapwucwu 3 icTopii KoJoHiI3aI1i1 CTeNOBOI OKpaTHH
MocxkoBcrkoi aepkaBu» (1887), «Hapuc ictopii
XapkiBcbkoro yHiBepcutety» (1893—-1904), «lc-
Topis MicTa XapkoBa 3a 250 pokiB HOTro iCHyBaH-
s (1905-1912), «Hapwuc 3 ykpaincekoi icTopio-
rpaii» (T. 1-11, 1923-1925), «Ykpaincbkuit
MaHapoBanuil ¢inocod I'puropiit CxoBopoa»
(1926).

[Tomep [Imutpo baraniii 9 mrororo 1932 poky,
MOXOBaHUH y XapKoBl Ha MICbKOMY KJIaJI0BUIIII.

Araranresa Kpumcbknii
(15.01.1871-25.01.1942)
HeonMiHHUH cexperap YAH,
wieH Icropuko-¢dinonoriunoro Bimaiay (I Bigin)

Araranren Kpumcekuii HapoauBest 15 ciuns
1871 poky y Bonogumupi-Bonuncekomy.

Haguagcs B yunnuii, a 3rogom y OcTpo3bKiii
nporiMHazii. 1881 poky Horo nepeBenu 10 4eT-
Beproro kinacy Jlpyroi kuiBcbkoi rimuasii Kpo-
Mepa. A Bike yepes pik — y Bigomy Koneriro [1aB-
na Tanarana. 3rogoM BCTymuB 10 JIa3apeBCbKOro
IHCTUTYTY CXiIHUX MOB Y MOCKBI, a uepe3 TpH
poku 10 MOCKOBCHKOTO YHIBEPCUTETY Ha 1CTO-
PUKO-(D1IOTOTIYHIHN (PaKyIbTET, SIKUH yCIIITHO
3akiHuuB 1896 poky.

VY 1896-98 poxkax, 3aBasiku ctunenaii Big Jla-
3apeBCHKOTO, TIepeOyBaB Ha cTakyBaHHI y Cupii
1 JliBaHi.

1898 poky craB noreHToM, a 3 1900 ax 1o
1918 poky — nmpodecop apadbcbkoi ¢inomorii i
icropii Cxomy B JlazapeBCbKOMY IHCTUTYTI CXif-
HUX MOB y MockBi. 3a 1eil yac HamucaB Kari-
TaJbHI Mpaui 3 icTopii Ta Jiteparypu: «lctopis
apa0chKoi JiTeparypu», «IcTopis mepchKoi JiTe-
parypm», «MycCylnbMaHCTBO 1 HOTO OyIy4YHICTbY.

3aranom BueHuil 3HaB 50 MOB, OmyOJIiKyBaB
noHaa 500 crareit 3 icTopii MOB, JiTEpaTypH,
etHorpadii HapoaiB bnusskoro i CepeaHboro
Cxony.

VY 1918 poui moBeprHyBcs 10 Kuepa i cra
oqHUM 13 opranizaropiB YAH i ii nepuum He-
OJIMIHHUM CEKpETapeM.

3 1921 poxky — nupekrop [HCTUTYTY yKpaiH-
CBKO1 HayKOBOI MOBH.

3 TpaBHs 1928 poky wieHn Akazemii OJHOIo-
nocHo nepeoOpanu Araranrena Kpumcbkoro Ha
HEOIMIHHOTO CeKpeTapsi, ajie ypsij He 3aTBEpIUB
HOro Ha Mocamy.

1929 poky JmiKBiAyBaIH yCi CXOJ03HABY1 yCTa-
HOBH, BCIX JIIST9iB KPUMCBHKOI JIiTepaTypH Ta Ha-
yku. Camoro Kpumcbkoro He 3HUIIIN (i3U4-
HO, HOTO MOYaly HUIIUTHA MOPAJIbHO, BIH CTaB
«OITAJILHUM aKaJIEMIKOM.

I Bce »x 3Ha100MBCS BUCHUI B Yaci, KOJIU MpH-
eqHanu 3axigHy Ykpainy o PansHcbkoi Yipa-
inn. Moro mocmamm 10 JIbBOBa SIK XKHUBHUIl 10Ka3
BHUCOKOT'O PIBHS paAsiHChbKOI HayKu. Tam Homy
BIIAIITYBaJIU T'yYHE BCEHAPOJHE BiJ3HAYCHHS
70-mitTs. 15 ciuas 1941 poky Haropoxuiu op-
nenoM Tpynosoro Yepsonoro [Ipanopa.

Ane Bxe uepe3 miBpoky, 20 smmHsa 1941 poky,
akayneMika Araranrena Kpumcbkoro 6e3miicTas-
HO 3aaperTyBajld 1 BIANPABUIN 0 B’ SA3HUIII B
nanekuit Kazaxcran. Tam BiH 1 3aTHHYB y THO-
peMHiit JikapHi 25 ciuns 1942 poky B micti Kyc-
TaHaM.

Buenoro 6yso peabiniToBano y 1957 pori.

Crenan Cmanb-Croubkuii
(9.01.1859 - 17.08.1938)
wieH Icropuko-¢dinonoriunoro Bimaiay (I Bimmin)

Haponuscs Crenan Cmans-Crorpkuii 9 cid-
Hs 1859 poky y ceni Hemunosi Ha [annuuni B
CEeTSTHCBKIN pOAMHI.

3 1865 poky HaBuYaBCs y CiIbCHKIN ITKO-
7i, 1867 poky — BCTYNHB J0 TPETHOIO KJlacy
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«TpuBia’gpHOI» mKkonmu B PamexoBi. OnuH pik
BiJIB1lyBaB «HOpMaJIbHYy» IIK0OJYy Yy JIbBOBI, 1
numie 1869 poxy Woro npuidHsIN 10 Oypcu mpu
CraBpomiriiickkoMy 1HCTUTYTI ¥ 3amUcaIu 110
Axanemiunoi rimHasii. ¥ 1878-84 pokax Ha-
BYaBCA CIoYaTky B UepHiBEUILKOMY YHiBEpCH-
TeTi — Ha (isonoriuHoMy (haKymIbTeTi, a Jaii —y
Binencrkomy, 1€ 1 3aXHCTUB CTYIIHB JOKTOpa
CJIOB’STHCBHKOT (pistomorii.

3 1885 poky — npoecop ykpaiHChKOI Ta po-
cificbkol MOBH 1 JiTeparypu y UepHiBelbKOMY
YHIBEPCHUTETI.

1885 poky o4yonuB Kagernpy, Ko KepyBaB 10
cepras 1914 (popmansHO — 110 MucTomana 1918
poky). Kisbka pokiB OyB gexkaHOM (PLIIOIOTTYHO-
ro (pakynbreTy, 3aCTymnaB pekropa, OyB AiiiCHUM
yieHom HTIH (3 1899 poky), nenyrarom aB-
CTPiiiCHKOTO MapiaMeHTy.

3 1892 no 1897 poku penarysas razetu «by-
koBUHa» 1 «Pycbka Pagay.

ITix wac [Teproi cBiTOBOI BiiHM BiB MPOCBIT-
HUIIBKY poOOTy B TaOOpPi YKpAiHCHKUX IOJIOHE-
Hux y Himeuuuni sk aissy Coro3y BusBosieHHs
VYkpainu.

1917 poxy Cmanb-Croupkuii — ronosa boiio-
Boi YnpaBu CivoBux Ctpinbuis, 1919 — nocon
3YHP y Ilpas3i. [lepeOyBaB mig HaryIs110M pajsH-
CBHKOT PO3BIAKH.

CraB onHuM 3 nepiiux 12-Tu A1MCHUX YIEHIB
Akaznemii HayK, iICTOPUKO-(1JI0JOTIYHOTO BiJTi-
Ty, 1 WIEHOM TpaBIiHHA AKanemii.

1928 poky BueHOTrO OYyi0 Tepe3aTBepIKEHO
y ckiagi niicanx wieHiB BYAH. Bix Toro wacy
iM’a akagemika Cremana Cmaib-CTOLBKOTO HE
3raayBajnocs B JokyMeHTtax BYAH.

1921 poky nmouaB mpaitoBaTu B YKpaiHChKO-
My BiibHOMY yHiBepcuteTi y Ipasi, OyB cepen
(byHaaTOpiB YHIBEPCUTETY, BUKJIaZa4eM Ha (ii1o-
cocpromy dakyasreti. Bocern 1921 poky oro
o0panu AekaHoM 11boro (akynasreTy. BonHnowac
BHKJIaJIaB yKpaiHChKY MOBY y BapuraBchkoMy
YHIBEPCHUTETI.

byB nepmmuM roinosorw YkpaiHcbkoi Moru-
JSTHCbKO-Ma3zennHChKoI akaieMii HayK, HayKOBOT
YCTaHOBH, 3aCHOBaHOI B TpaBHi 1938 poky mo-
cranoBoro Ypsany YHP B ex3uii.

[omep Crenan Mocumosua Cmab-CTorpKHit
17 cepnius 1938 poxky y Ilpasi.
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Muxkoaa Ilerpos
(12.04.1840 — 20.06.1921)
wieH Ieropuko-¢dinonoriynoro Bimmiay (I Bimii)

Haponuscst Muxkona Ilerpor 12 kBitHs 1840
poky y c. BozneceHchke MakapiiBChKOTO MOBITY
Koctpomcrkoi Ty0epHii y O6aratofiTHii ponuHi
JiSIKa.

OcBiTy oTpuMaB crioyatky y MakapiiBcbKo-
My nyxoBHoMmy yumimiii (1850-56), 3ronom y
Koctpomcrkiit nyxoBHil ceminapii (1856—60).
VY 186165 pp. HaBuaBcs y KuiBcbKiil 1yXoBHiH
akazemii.

3roJIoM NMpU3HAYEHU BUKJIAJa4€M CJIOBEC-
HOCTI 1 JJATUHCBHKOT MOBH Y BOJIMHCBKY 1yXOBHY
ceMiHapiro.

VY 1865 pomi Oynu omyOsiKoBaHiI HOTO J10-
CIiJKeHHs JiTepatypHoi cnaamuHau deodana
[TpoxonoBuya Ta Mutpodana /[oBraneBcskoro.

1868 p. onepxaB €BreHieBo-Pym’siHIIEBCHKY
npeMito 3a pociuipkeHHs «IIpo ciaoBecH! HayKu
Ta yjitepaTypHi 3aHATTS y KuiBchkiil akagemil
B1JI TTOYaTKy ii 70 nepeTBopeHHs B 1819 porri».

3 1870 poky — Buknagau KuiBcbkoi JyXoBHOI
axanemii (K A), 3rogoM JOIEHT, a 3 BEPECHS
1871 p. — exkcTpaopauHapHUiA TTpodecop Kade-
JpH Teopii CIOBECHOCTI Ta icTOpii pocCiiichKOi
JTepaTypH.

1873 p. — o6panuit unenom Pagu KuiBcbkoi
JyXOBHOT aKajemii.

3a iforo ininiarusu Bigkpuro ToBapucteo He-
cropa JliTormcris.

1875 poky 3axumae gucepraunito «IIpo mo-
XO/DKEHHSI CIIOB’ STHO-pOCiiicbkoro ,, [Ipomory*y i
OTPUMYE CTYITHb JTOKTOpa O0TOCIIOB’SI.

24 BepecHa 1896 poky oOpanuii Ha mocaay
opauHapHoro npodecopa.

VYV 1878-1919 pp. ouonmosas LlepkoBHO-apxe-
onoriunuit my3eit npu KJ{A.

YV 18841887 pp. penaryBaB «KuiBcbki enap-
XlaJIbHI BIZTOMOCTI».

10 tpaBus 1907 poky Pana XapkiBchkoro
YHIBEpCHUTETY Hajaia HOMY CTyHiHb JOKTOpa
POCIHCHKOT MOBH 1 CJIOBECHOCTI.

3 1911 p. — niticuuit unen HTILI.

3 1914 p. — nouecHuit uien Kazancbkoi 1yxo-
BHOI akajemii, 3 1916 p. — ujneH-KOpeCoHACHT
ITerporpancekoi AH, nouecHuit uwieH MockoB-
CBKO1 TyXOBHOT aKaieMii.
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14 muctonana 1918 p. oOpanuii gilicHUM uie-
HoM YAH Icropuko-dinonoriyHoro Biaainy.

ABTop «HapuciB 3 icTopii ykpaiHCBKOi JriTe-
parypu XVIII ct..» (1880), «Hapucis 3 ictopii
yKpaincekoi Jiteparypu XIX ct.» (1884). Hocmi-
JoKyBaB TBopuicTh CkoBoponu 1 KomsipeBcbkoro,
icropito KuiBchkoi akanemii. Po3risias ykpain-
CBKY JITEepaTypy SIK «CaMOJOCTATHIO TaTy3b).

B eTHOrpadiunux mpamsx HarojouryBaB Ha
BaXUIMBOCTI YKPAaiHCHKOTO €JIEMEHTY Y paHHIX
TBOpax M. I'oromns.

Momnorpadii: «Xonmckas Pyce» (1887),
«Bonbiaby (1888), «beccapabus» (1894).

[Tomep 20 yepBHs 1921 poky, moxoBaHuii Ha
baiikoBoMy 1IBHHTapi, 3a IHITMMH JAaHAMH — O1JIs
Kuiscbkoro Cesaro-®nopiBcbkoro Bo3necen-
CHKOTO MOHACTHPSI.

Opecr JleBunbkuii
(25.12.1848 — 9.05.1922)
wieH Icropuko-ginosoriunoro Bimginy (I Bixzin)

Haponuscsa Opect JleBunpkuii 25 rpyass
1848 poky y c. Masurii Kobensiibkoro mosity
Ha [TonTaBimHi y poiuHi JaBHBOTO CBAIICHHUIIb-
KOTO POJY.

3 9-TH pOKiB HaBYABCS y MPHUBATHIN IITKOJII,
a HeBZI0B31 — y [lonTaBChbKOMY JyXOBHOMY y4H-
JIMII.

1869 poky 3aKiHUMB CeMiHAPiIO 1 BCTYIIMB Ha
ictropuko-¢inonoriyanii akyasreT KuiBchbkoro
YHIBEPCUTETY.

1874 poky 3akiHUy€e HaBYaHHS 1 TPAIFOE BU-
KJanayeM y riMHasisx Kuesa, cekperapem-aino-
BOs1oM y KuiBChKiil KOMICIT 17151 pO3IVIsiAY AaBHIX
aKTiB.

JocnimxkyBas i myOikyBaB apXiBHI MaTepia-
mu 1o ictopii Ykpainu XVI-XVIII cromnite, rotye
1o BunanHs «Jlitonuc CaMoBUALIS.

VY nucrtonazni 1918 poxy JleBuubkuii crae
akagemikom YAH, a 3romom (1919-1921) B.o.
npe3uIeHTa, roJoBow CouiaabHO-eKOHOMIY-
HOTO Bifainy Ta KoMicii mo Buy4yBaHHIO Ha-
POIHOTO TIpaBa.

[Ipami: «Hapuc BHyTpimHBOI icTopii Ma-
nopocii y apyriit monosuni XVII ct.» (1874—
75), «Cnpoba mocnimxenns Jlitonucy Camo-
Buais» (1878), «Illnw6 na Pyci-YkpaiHi B
XVI-XVII ct.».

ABTOp YMCIICHHUX ICTOPUYHUX OMHCIB 3 KUT-
1 Boymui XVI cTomiTrs, a TakoxK 4aciB I eThb-
MaHHA X VII CT., sSIKi ApyKyBaB MepEeBaKHO y
«KuiBcbkiil crapuHi».

BukonysaB 000B’s13ku nipe3uenta YAH, komnu
3 KueBa Buixas B. BepHajacekuii, a y Oepe3Hi
1922 poxy oOpaHuii Ha ocay Npe3uICHTA.

9 tpaBHs 1922 poxy Opect JleBunpkuii mo-
Mep, nepedyBaroun Ha J[pabiBchkoMy JTOCIIA-
HoMy mouii. [loxoBaHuii y cycigubomy ceini
MuTtiamiBka, 3a Ko3albKuM 3BU4YaeM. Y 80-x
POKax IEpKBY PO3BATMIM OyJbI03€paMHu, 3HUKIIA
1 Mormia BueHoro, aine 1989 poxy ii Bonamocs
BITHOBUTHU.

Muxaiisnio Tyran-bapanoBcbkui
(20.01.1865 — 21.01.1919)
rosioBa Bigainy comianbuux nayk (III Bigmion)

Haponuscsa Muxaiino Tyran-bapaHos-
cbkuit 20 ciuns 1865 poky B ceni ComoHOMy
Kyn’sHchKOTO MOBITY Ha XapKiBUIUMHI y JIBO-
pAHCBKIM poauHi. Pix mo 6aThKiBChKIN MiHIT
MOXOJUTh 3 TaTapChkux moceneHiB XIV B. y
Jlutsi (moBHe mpi3Buiie — Tyran-Mip3a-bapa-
HOBCBKUI), MaTH — yKpaiHka 3 [lonraBuunu.

[TouaTkOBY OCBITY OTpHMaB yaoMma, MOTIM
HaBuaBcs y [-it KuiBebkiit Ta 11-if XapkiBcbkiit
KJIACUYHUX T1IMHA315X.

3 1884 poky — CTyI€HT NPUPOJHUYO-MATE-
MaTUYHOTO, a 3T0ZI0M MPABHUYO-EKOHOMIYHOTO
¢bakynbreTy XapKiBChbKOTO YHIBEPCHUTETY, JOTIO-
BHIOBaB cTy/ii y Anrmii (1892).

VY 1894 onyb6nikyBaB npamto «IIpomucio-
Bl KpU3H Yy CydacHiil AHMIII, IXHI IPUYUHU Ta
BIUIMB Ha HAapOJIHE KUTTA», 32 AKY 300yB y
MOCKOBCHKOMY YHIBEPCUTETI CTYIIHb Maricrpa
MOJIITUYHOT €KOHOMI].

1895 poky — mpuBar-A0IEHT MOJTITEKOHOMIT
[TeTepOyp3pKkoro yHiBepcuTeTy. LIporo sx poky
BCTYIHUB /10 B1JIbHOr0 €KOHOMIYHOTO TOBapUCTBA
(3 1896 — ioro romosa).

1899 poky — 3BUIbHEHUH 3a «BLIBHOAYM-
CTBOY.

1898 poky namucas mnpaitto «Pociiicbka ¢a-
OpuKa y MUHYJIOMY 1 HUHI», 32 Ky OTPUMaB
TOKTOpaT MOCKOBCHKOTO YHIBEPCHTETY.

VY 1901-1905 pokax — nepeOyBae Ha [Tonras-
IMHI, Oepe y4acTb y CyCIiIbHOMY JKUTTI.
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3 1905 poky — 3HOBY npuBart-go1eHT IleTep-
Oyp3bKOTO YHIBEPCUTETY, OTHOYACHO MTPOdecop
ekoHOMi4HOTO ¢akynabreTy lleTrepOyp3bpKoro
MOJIITEXHIYHOTO 1 KOMEPLIHHOTO IHCTUTYTIB, a
TaKOX MPUBATHOTO YHiBepcuTeTy LIIaHIBChKOTO
y MOCKBI.

I[Tpamui: «Hapucu 3 icTopii moniTHYHOT €KOHO-
Mii» (1901-1902), miapydHUK Ui BUIIOT IIKOIH
«OcHOBH MOMITHYHOT ekoHOMIT» (1-11€ BHI. —
1907, 5-e — 1924, ykp. moBoto — 1905), «Corti-
AIbHO-EKOHOMIYHI 1/1€amu Hamoro acy» (1913).

3 1906 poxy — roJIOBHUM pEAaAKTOP KypHATY
«BicHuk xoomnepariii», penarye suganas «Hosi
11ei B eKOHOMII1», Buaae KHUTY «ComianbHi
OCHOBH Koormepartii» (1916).

VY 1914-16 pokax cminsHo 3 M. I'pymes-
CHKHUM IIPAIFOBAB HAJI CHIIMKJIOTICAMIHUM JIOBiI-
HUKOM « YKpaiHCBKHI HapoJ B HOTO MUHYJIOMY 1
CHOTOJICHHI» (BHHIILIIO JIBA TOMH).

VY BepecHi-rpyaHi 1917 poky o6iiiMaB moct
TreHepabHOTO cekpeTapst pinanciB LlenTpanbHOl
Panu.

UYuras nekuii y KuiBcbkoMy yHiBepcHUTETI,
penaryBaB KypHal « YKpaiHChbKa KOOIeparisy,
OYOJIIOBAB YKpaiHChKE TOBAPUCTBO €KOHOMICTIB.

3 nuctonana 1918 poky — AificHUN ulieH
VYkpaiHCchKOi akaieMii HayK, O4OJIMB COITIaIbHO-
€KOHOMIYHUHN BIIJLNI, IEPIIUN KepiBHUK [HCTH-
TYTY KOH FOHKTYpPH.

Ha nmouatky 1919 poky 3a nanpasienssm J{u-
peKTopii y CKiIaai yKpaiHChKOI JUIIIOMAaTUYHOI
Mmicii nepeOyBaB Ha [lapusbkiii MUpHiil KOHpe-
peHIiii, e BupinryBagacs 10 €BpONy Micis
[Teprioi cBiTOBOI BiliHU.

HecnoniBano momep BiJl CEpIIEBOTO HAMAAy y
nots3i 21 ciuas 1919 poky, moxoanuii B Ojeci.

®enip TapanoBcbkuii
(24.05.1875 — 23.01.1936)
wieH Binainy conianbaux nayk (I Bigain)

Hapoauscsas denip TapaHOBCHKHH Yy
M. [TnoHCBhK BapmiaBebkoi ryOepHii y HOIbChKO-
POCIICHKIN ABOPSHCHKIA POAMHI.

3akiHuMB riMHa3io y Baprasi.

1891 poxy BcTynuB Ha IOpUIUYHUN (aKyib-
teT IMneparopcbkoro BapinaBcekoro yHiBepcu-
TETY, SKUi 3aKiHuIuB 1896 poky i1 OyB 3auIeHui
Ha Kadenpi icTopii pychbKoro mnpasa.
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VY 1902-1903 pokax — craxysaBcsi y Himeu-
unHi B yHiBepcuterax [aiinens6epra, [errinrena
1 bepmina.

1904 poky — my6mnikye moHorpadiro «tOpu-
JTWYHUN METON Yy JnepkaBHIN Hay1i. Hapuc po3-
BHUTKY Horo B HiMeuunHi».

1905 poky — 3axumae y IlerepOyp3i nucep-
Talllo 1 OTPUMYE CTYMIHb MaricTpa Jep>kaBHOIO
mpasa.

1906 poky — Bukianae y JlemMuaiBCbkoMy
IOpUIuIHOMY JTirel y M. SIpocnasii.

1908 poky — ekcTpaopauHapHUM mpodecop
kadeapu icTopii pychKoro mnpasa B JlepnTchbrkomy
(FOpiiBcbKkOMY) YHIBEPCUTETI.

1911 poky — 3axuiae JOKTOPCHKY AucCepTa-
uito y Cankr-IlerepOyp3pKoMy YHIBEPCUTETI.

VY 1912-1917 pp. 3aiimae nocay opAHHAPHO-
ro npodecopa kadenpu pycbkoro npasa Jlepmnt-
CBKOTO YHIBEPCHUTETY.

3 1918 poky — mpodecop 1 AeKaH IOPUINY-
Horo (pakynbTeTy KarepruHociaBchbkoro yHisep-
CUTETY.

14 nucronana 1918 poky oOpanuii aificHUM
yiieHoM niepioro ckinaay YAH y CormianbHo-eko-
HOMIYHOMY B1JUI1JI1. 3r0JIOM CTaB TOJI0BOIO Kade-
JIp¥ MOPIBHAJIBHOI 1CTOPIi IpaBa, CEeKpeTapemM
By, a 3 15 6epesns 1919 poky — ronoBoro
CouianbHO-eKOHOMIYHOTO Biaainy. Buknanas y
XapkiBcbkoMy 1 TaBpilicbkOMYy YHIBEPCUTETAX.

3 1920 poky — y emirparii y KopomniBcTBi cep-
0iB, XOpBariB 1 cioBeHIiB, podecop benrpana-
CBKOTO YHIBepcHUTETY, WwieH CepOchbKoi akaaemii
HayK.

1922 poky Buinio 2-¢ BUuAaHHs ioro «Yueb-
HUKA SHIKJIOTICTUH ITPABay.

3 1928 poky mpairoBa 1ie i y Pocilicbkkomy
HayKOBOMY IHCTHTYTI y benrpani.

lomoBHi mparmi: «Omisig nam’ STHUKIB Mar-
Ne0yp3bKOro IMpapa 3axiTHOPYChKUX MicT JIu-
ToBChKO1 enoxu» (1897), «Deomamizm B Pocii.
Kputnunuii ormsa» (1902), «Hapucu 3 icropii
nepskaBHoro npasa Pedi [Tocomuroi XVII ct.y.

Y 1931-1935 pokax Oynau HagpyKOBaHi
YOTUPU TOMHU (yHIaMEHTAJbHOI Mpall Bue-
Horo «lIcTopisi cepOCBKOTO TpaBa B JIepxkKaBi
HemanudiBy.

1933 poxy TapaHOBCBHKOTO OOpaHO aKaaeMi-
koM CepOcrkoi kopomiBchkoi AH. ByB unenom-
KopecnoHAeHTOM bonrapcekoi akagemii Hayk,
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CrnoB’aHcwkoro iHctutyty y Ilpasi, giicHuM
yieHoM [1obChKOTro HayKOBOTO TOBAPUCTBA Y
JIbBOBI.

PanrroBo nomep 23 ciuns 1936 poky, moxosa-
Huit Ha HoBomy 1iBunHTapi B benrpani.

Boaogumup Kocuncebkuii
(13.08.1864 — 5.11.1938)
wieH Bigainy comianpuux nayk (I Bimxion)

Hapoausca Bonogumup Kocuncbkuii 13
cepriast 1864 poky y cemi JlopomriBka ImyxiB-
ChKOTO MOBiTY YUepHiriBchkoi rydepHii, HUHI
ceno Smninbebkoro paitony Cymcbkoi 067acTi,
B 3aMOYKHIH JTBOPSTHCHKIHM pOJIMHI.

1883 poxy 3akinuuB Hosropoa-CiBepcbKy
riMHa3zito. Bumry ocBity 3700yBaB Ha (i3uko-
MaTeMaTnIHoMY (hakyinbTeTi MOCKOBCHKOTO YHi-
BEPCUTETY, AKuii 3aKiHuuB 1887 poky. BonHouac
CKJIaB €KCTEPHOM ICIIUTH 32 TIOBHHUH KypC IOpH-
JTUYHUX HayK.

CriouaTKy mpaIfoBaB y4uTeleM MaTeMaTUKU
B riMHa3is1X, y 1892-94 — npodecopcrkuii cTu-
neHaiatr kageapu MmojJiTeKOHOMIT 1 CTaTUCTHKH
MOCKOBCBKOTO YHIBEPCHUTETY.

VY 1895-97 pokax — HayKOBE B1JIpSJKEHHS
3a kopnoH (ITapwx, Jlonaon, bepnin, Jpesnen).

3 1900 poky — npuBar-I0LEHT Kadeapu mo-
JITAYHOI €KOHOMIT 1 CTaTUCTUKH MOCKOBCHKOTO
YHIBEPCHUTETY.

1901 poky — 3axucTuB AucepTaliio i oopa-
Huii 1902 poky Ha mocaay aj’ toHKT-ipodecopa
Pu3bKOTO MOTITEXHIYHOTO THCTUTYTY.

Ha npoMy eTani HayKOBOi JiSTBHOCTI CTa€
MPOBIAHUM (PaxiBUEM Y Taly31 MOJITEKOHOMII,
(hiHAHCIB 1 EKOHOMIKH CUTCHKOTO TOCITOIaPCTRA,
BHCJIOBJIIOE 17Ie}0 OpraHizalii iHCTUTYTY 3eM-
CbKUX 1H)KEHEDPIB.

VY 1904 pori o6iiimae mpodecopchKy ocaay
B HoBopociiickkomy yHiBepcureti, 1907 poky
3axUIIa€e JOKTOPChKY aucepraiiito, a 1909 — crae
opAMHApHUM TTpodecopoM Kadeapu oI THIHOT
€KOHOMII TP CUTBCHKOTOCTIONAPCHKOMY BiJi-
nenHi KuiBChKOTO MO TEXHIYHOTO IHCTUTYTY.

VY 1913-14 pokax nmepeOyBaB y HayKOBUX
BiapsmkeHHSX 10 HimeudnHu, ABcTpii Ta
[IBetinapii.

VY yacwu peBomtonii cepiry OyB wienom L{en-
TpanbHOi Panu, 3rogom Bxonuth 10 Kowmicii 3

BUTPALFOBAHHS 3aKOHOIIPOEKTY IPO 3aCHYBAHHS
VYkpaiHcbkoi akazeMii HayK.

14 nmucronana 1918 poky #oro npusHauYMIM
akageMikoM YAH, omHOYacHO BiH YBIHIIIOB 10
reTbMaHCBHKOTO ypsy, CIIOYaTKy SIK 3aCTYITHUK
MiHICTpa Ipaili, a 3roJIOM SIK MiHICTp Ipalli.

3a yaciB [lupexTopii 3myuieHuit Oys mnepe-
XOBYBATHUCH.

3 1919 poxky (micns knonotanb A. Kpumcbko-
ro ta B. Bepnancokoro nepen ronosoro PHK
YCPP X. Pakoscbkum) mpodecop Kocuncrkuit
noBepHyBcs 10 mpati B YAH ta KuiscbkoMy mo-
JTITEXHIYHOMY IHCTHTYTI.

3 rpynus 1919 poky mo 6epesenb 1921 poky
Kocuncekuit nepedysas B OecbkoMy MOJIITEX-
HIYHOMY IHCTHTYTI Ha MOcaJli ITaTHOTO npode-
copa CTaTUCTHKH.

1921 poky — umtae nekuii y Kam’siHerb-
[TopinbcbkoMy 1HCTUTYTI HapoaHOT OcBiTH. L[pO-
ro )X poKy eMirpye no BapmiaBu, ne craB rosuo-
Boto Pociiicbkoi akagemiunoi rpynu y Ionbmi.

1922 poky — oOpanwuii npodecopom Pociii-
CHKOTO HapOJIHOTO yHiBepcHuTeTy 1 Pocilickkoro
0puIudHOTO (akynsrety y Ipasi, untaB nekmii
y Bumomy xomepuiitHomy iHCTUTYTI Ta Pociii-
CBKOMY 1HCTHTYTI CLIbCHKOTOCIIONAPCHKOT KOO-
nepauii B [Ipasi i Ykpaincekiil rocionapchbkiit
akanemii B [TogeOpanax (YexocnoBauunHa).

31928 poky — npodecop xadenpu nomiTHIHOT
exoHoMmii JlaTBiiicbkoro yHiBepcutety. L{poro x
POKY BUKITIOUeHHIA 31 ckiiany BYAH.

3 1931 BuknagaB y PocilicbkoMy 1HCTHTYTI
YHIBEpCUTETCHKUX 3HaHb y Pusi.

OcHoBHI mpartii 3 TpoOieM pPO3BUTKY MOMi-
IIAIBKUX 1 CENITHCHKUX TOCTIOAPCTB, 36METbHOT
pEeHTH, Koolepalii, Hanpukian, « YKpaiHcbKa
koomnepartisi» (1918-19).

ITomep Bononumup Kocunebkuii 5 nucro-
nazna 1938 poky. IToxoBanuii Ha ITokpoBchKOMY
KnagoBuIl B Pusi.

3 yacy 3acHyBaHHs HamionanbHoi akagemii
HayK Ykpainu muHae 100 pokis. IMeHa neprmx
ii MiACHUX YJIEHIB HUHI MPAKTUYHO 3a0yTi 1 He-
3HaHi, xi0a 3a BUHATKOM Bonomumupa Bepuan-
cbkoro ta Araranrena Kpumcekoro. bararbox
IMEH HE 3HAWAEHO Hi B JOBIIHMKAX Ta E€HIU-
KIIOTIETiSIX PaJSTHCHKOT 100U, Hi B Cy4acHUX, SIKi
BUIIIIM 32 YaciB He3alexkHOCTi Ykpainu. Ixmi
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FROM THE HISTORY OF UKRAINIAN ACADEMY OF SCIENCES
(TO THE 100TH ANNIVERSARY OF THE NATIONAL ACADEMY OF SCIENCES OF
UKRAINE)

V. A. Shenderovskyi

Institute of Physics, National Academy of Sciences of Ukraine, ave. Nauky, 46, Kyiv, 03028,
(schender@jiop.kiev.ua, (044) 525-07-77)

Summary

In this investigation, we have the purpose to present at least some brief informations about the
fate of scientists, whose achievements laid the foundations of the Ukrainian Academy of Sciences.

The paper contains short sketches of the lifes and activity of scientists, whose scientific achieve-
ments have been steadily underpinned by the Ukrainian Academy of Sciences. The names of the
first full members of the UAN (most of them) were practically forgotten and removed from ency-
clopaedic books of the Soviet period, and their scientific heritage fell into oblivion.

On November 14, 1918, Ukrainian Government by the particular law founded the Ukrainian
Academy of Sciences. Also, the Government has appointed first academicians on November 14,
namely, only 12 full members. According to the proposed statute, the full members of the UAN
could be not only citizens of the Ukrainian State, but also Ukrainian scientists of Western Ukraine,
as well as foreigners, by the consent of two thirds of the full members of the UAN. On November
27, 1918, the first meeting of the supreme body of the newly formed academy took place.

The first three departments of the Academy were approved: Historical-Philological, Physical-
Mathematical and Social Sciences, including 3 institutes, 15 commissions and a national library.

Since the formation of the Ukrainian Academy of Sciences, 100 years have passed. The names
of its first members are now practically forgotten and unknown, may be, except for Wolodymyr
Wernadsky and Agathangel Krymsky. You will not find many names in reference books or ency-
clopaediae of the Soviet period, nor in modern ones published during the restored independency
of Ukraine. Their names were deliberately removed from scientific sources, and their scientific
heritage fell into oblivion.
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They are worth mentioning in the jubilee hundredth year of the modern Ukrainian National
Academy of Sciences.
Keywords: academy, department, education, scientific work
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3 ICTOPII YKPAIHCBKOI AKAJJEMII HAYK
(10 100-PIYYSI HAIIIOHAJIBHOI AKAJTEMII HAYK YKPATHH)

B. A. lllenoeposcovkuti

Inctutyt dizukn HAH VYkpainu, npocn. Hayku, 46, Kuis, 03028,
schender@iop.kiev.ua, (044) 525-07-77

Pedepar

Merta Hamoi po3Biiku — noAaTu 0ofaii CTHCITy iH(POPMALIiIO PO JOTI0 BUCHUX, HAYKOBUMH J10-
poOKaMu SIKMX 3aKJIaJ€HO MIABAIIMHU YKPaTHChKOI aKkaJeMil HayK.

VY po6oTi mogaHo KOPOTKY iH(OPMAIIiO TPO TOJIF0 BYSHUX, HA HAYKOBI JOPOOKH SKUX 31MEPTO
OCHOBH YKpaiHCBKOI akanemii Hayk. IMmeHa nepmmx aiicHux wieHiB YAH (6unbiicTs 3 HUX) OyI1o
MIPAKTUYHO 3a0yTO i BUIIyYEHO 3 CHIMKJIONEIUYHUX JOBITHUKIB paJsTHChKOT 100U, a HayKOBa cHaji-
IIMHA MOTpanuia y 3a0yTTs.

14 nmuctronana 1918 poky 3akoHOM yKpaiHCBKOTO ypsiny Oys0o 3aCHOBaHO YKPaiHCHKY aKaJeMito
Hayk. [lepmux akagemikiB Oyj0 MpU3HAYEHO MOCTAaHOBOIO ypsiay 14 mucromama, Bchoro 12 miii-
CHMX WJIEHIB. 3Ti/IHO 31 3aIPOIIOHOBAHUM CTaTyTOM, JiHCHUMU wieHaMu YAH moru OyTH He nuiie
rpoMasiHd YKpaiHcbkoi JlepikaBu, a i yKpaiHChKI BUeHI 3axinHoi YKpaiHu, a TaKOXK YYXKHHII 32
3rofior0 JBOX TpeTuH JikicHux wieHiB YAH. 27 nuctonaga 1918 poky Bia0Oysocs nepiie 3acijaHHs
BUIIIOTO OpraHy HOBOCTBOPEHOI aKaJeMii.

Byno 3arBepxeHo i nepii Tpu BigaiaM akaaemii: Icropuko-ginonoriuauii, @i3uko-mMareMarny-
HUil 1 Biaain couianbHUX HayK, SIK1 OXOIUTIOBAJIM 3 IHCTUTYTH, 15 KoMiciii 1 HallloHaIbHY 010110TEKY.

3 yacy 3acHyBaHHS YKpaiHChKOi akaaemii Hayk MuHys0 100 pokiB. IMeHa mepmmx ii miHCHUX
YJIeHIB HUHI IMpaKkTU4HO 3a0yTi i He3HaHI, Xi0a 3a BUHATKOM Bononumupa BepHancekoro it Ara-
tanrena Kpumcrkoro. baratbox iMeH He 3HaWeNT Hi B TIOBITHUKAX UM CHIUKJIONEISAX PaIsTHCHKOT
706U, Hi B Cy4acHHX, sSKi BUAIIUIN 3a 4aciB He3aneKHOCTi Ykpainu. [xHi iMeHa cBifoMo BuTydamu
3 HAyKOBUX JDKEPEJ, a HAyKOBa CMaJIIMHA MOTpaIuisiia B 3a0yTTs.

Bonu Baprti TOro, mo6 3rajartu ix y oBUIeHHUI coTuil pik HUHIIIHBOI HarionaneHoi akagemii
HayK YKpaiHu.

KurouoBi ciioBa: akanemis, BiIi, OCBiTa, HayKOBa Mpars
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®I3UKA HAHOTPAH3UCTOPIB: YCTPI, METPUKA TA KEPYBAHHSI
0. O. Kpyenax, M. B. Cmpixa

AHoTanis. TpaH3UCTOp € KIIOYOBUM €JIEMEHTOM IMPAKTUYHO OYy/Ib-SKOTO €JIEKTPOHHOTO MPH-
nany. Jlo xinms 20 CTOMITTS po3MipH MOJIBOBUX TPAH3UCTOPIB META-ieTEKTPUK-HAITBIIPOBITHUK
(MOSFET) nocsirmu HanomaciTady, a caM HaHOTPAH3UCTOp TEPIIUM cepel YCIX HAaHOPO3MIPHUX
eJIEKTPOHHMX MTPUCTPOIB CTaB 00'€KTOM MacOBOTO MPOMHUCIIOBOTO BUpOOHUIITBA. ChOTO/IHI JOBXKHU-

© 0. O. Kpyrsix, M. B. Crpixa, 2018
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Ha KaHaJy MPOBIJHOCTI TpaH3ucTopa Habau3muacs 10 10 HM, 10 HA JeKiTbKa HOPSIKIB MEHIIE,
Hix y nepmux MOSFET.

3aBJaHHA HAIIOi HOBOI cepli METOIMYHUX ONIAAOBUX CTaTed, OpIEHTOBAHMX HA JOCIIIHUKIB,
CTYICHTIB, aCIipaHTIB Ta BUKJIA1a4iB BUIO1 IITKOJIX — 0OrOBOPHUTHU (Pi3HMUHI MOJIEN1 1 IPUHIIUIIH, 1110
nexarb B 0CHOBI (pyHKIioHyBaHHA HaHopo3Miparnx MOSFET. Lli Mozneni 3acHOBaHi SIK Ha 3BUYHO-
MY TPaJIHUIIIHHOMY TIIXO0/I1 «3TOPU — BHU3», TaK 1 HA OUIBII CydacHOMY MiIXO01i, o Oepe CBii mo-
yaTok B poboTax Ponbda Jlanaayepa i 6yB possunytuii Cympiiio Jlarra i Mapkom JlyHactpomom.

Kuro4oBi ciioBa: HaHOENEKTPOHIKA, MTOJILOBUN TPAH3UCTOP, BOJIBT-aMIIEPHI XapaKTEPUCTHKH,
METpUKa TPAH3UCTOPIB, KEPYBAHHS TPAH3UCTOPAMH, BIpTyaJIbHUN BUTIK

PHYSICS OF NANOTRANSISTORS: STRUCTURE, METRICS, AND CONTROL

Yu. A. Kruglyak, M. V. Strikha

Abstract. The transistor is the key element of almost any electronic device. By the end of the
20th century, MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) sizes had reached
a nanoscale, and the nanotransistor itself was the first of all nanoscale electronic devices to be
the object of large-scale industrial production. Today, the length of the conduction channel of the
transistor has approached 10 nm, which is several orders of magnitude lower than in the first
MOSFET.

The task of this new series of our tutorial reviews directed to serve researchers, university
teachers and students, is to discuss the physical models and principles underlying the functioning
of nanoscale MOSFETs and based both on the traditional «top — down» approach and on a more
modern approach originating in the works of Rolf Landauer, developed later by Suprio Datta and
Mark Lundstrom.

Keywords: nanoelectronics, field effect transistor, current-voltage characteristics, transistor
metrics, transistor control, virtual source

®U3UKA HAHOTPAH3UCTOPOB: YCTPOMCTBO, METPUKA U YIIPABJIEHUE

0. A. Kpyenax, M. B. Cmpuxa

AHHoTauus. TpaH3uCTOP ABIACTCS KIFOUEBBIM JIEMEHTOM MPAKTHUECKHU JIF0OOOTO 3JIEKTPOHHOTO
npudopa. K koniry 20 Beka pazmepbl OJIEBBIX TPAH3UCTOPOB METAILI-AUAIEKTPUK-TIOTYTPOBOIHUK
(MOSFET) nocturmm HanoMaciTada, a caM HaHOTPaAH3UCTOP TIEPBBIM CPEIU BCEX HAHOPA3MEPHBIX
ANIEKTPOHHBIX YCTPOMCTB CTall OOBEKTOM MAacCOBOTO MPOMBIIUIEHHOTO Mpou3BojacTBa. CeromHs
JUIMHA KaHaJla MPOBOAMMOCTHU TpaH3ucTopa mpubnusmiack K 10 HM, 4TO Ha HECKOJIBKO MOPSIIKOB
MeHblIe, yem B nepBbix MOSFET.

3amaya Hamiel HOBOW CEpUM METOIMYECKHX OO30pHBIX CTaTei, OPUEHTHPOBAHHBIX Ha
UCCIIEIOBATEeNIeH, CTYJEHTOB, AaCIHUPaHTOB M IIperojaBaTesield BBICIIEH HIKOIBI — OOCYIUTh
¢busnyeckre MOAENM M IPUHIMIIBI, JIeXKAl[He B OCHOBE (DYHKIIMOHMPOBAHUS HAHOPA3MEPHBIX
MOSFET u ocHOBaHHBIE KaK Ha IPUBBIYHOM TPAJMLHMOHHOM IOJIXOJE «CBEPXY — BHHU3», TaK U
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Ha OoJiee COBpEMEHHOM MOIXo/e, OepylM cBoe Hauaio emie B pabotax Ponbda Jlangayspa, u
passurom Cynpuo Jlarta u Mapkom JlyHactpomom.

KuroueBbie cJ10Ba: HAHODIIEKTPOHUKA, [TOJIEBOM TPAH3UCTOP, BOJIBT-AMIIEPHBIE XapAKTEPUCTHKH,
METpHUKA TPAH3UCTOPOB, YIIPABICHUE TPAH3UCTOPAMHU, BUPTYAIIbHBIN UCTOK.

1. Beryn

Bunaxin tpansuctopa NpUHHSITO BBaXKATH
OJTHUM 13 HaWOLIbIIMX BIAKPUTTIB 20 CTOMIT-
Ts1. TpaH3UCTOPU BUKOPHCTOBYIOTH B €IIEKTPO-
HHIM cXeMi IPAKTUYHO KOXKHOTO €JI€KTPOHHOTO
npuiany. MubSpAu TPaH3UCTOPIB MICTSTHCS B
HalMX cMaprdoHax 1 IUIaHIIeTax, y BCiX Hail-
PI3HOMAHITHINIKX TaJXeTaxX, B HACTIIbHUX
KOMIT FOTEpax 1 B CYNEPKOMIT IoTepax, 0e3 IKux
MU BXK€ HE MOXKEMO YSIBUTH c001 21 cTomiTTS.

[TonboBuUi TpaH3UCTOP METal-/11€NeKTPUK-
HaninpoBiguuk (MOSFET, Metal-Oxide-
Semiconductor Field-Effect Transistor) 3 moris-
ny (i3ukH Horo Aii MOKHA 300pa3uTH CXEMOIO,
HaBeneHoto Ha puc. 1. Exexkrporn B MOSFET
PYXaroThCs Bil BUTOKY S 110 MPOBITHOMY KaHaITy
i BUXOmATh 31 cToKy D. CTpyMm 4epe3 TpaH3HcC-
TOp KOHTPOJIIOETHCS 3aTBOpOM G, sIKUil 130-
JbOBAHO BiJl KaHATY MPOBIAHOCTI Ji€NEKTPHY-
HUM TPOIIAPKOM, TOBIIMHA SKOTO B CyYaCHUX
IPUCTPOSIX YK€ MOXKE OyTH MEHIIOKO Bija 2 HM.
BinOyBaeTbest i MiHiaTIOpU3allisl MPUCTPOIO B
[IJIOMY: KOJIM HanmpuKiHili 20 CTOMITTS JOBKUHA
KaHaJly 3a3BU4aii ckiaaana onusbko 100 #u, TO
ChOTOJIHI — BKe HabmkaeTbes 10 10 wm.

3aTBOpP

BMTIK cTiK
B

miaKIaaKa

Puc. 1. Si-MOSFET: JliBopy4 300pa:xeHo NPUITHATY B
AHIVIOMOBHi¥i JIiTepaTypi cxeMy TpaH3ucTOpPA 3 MO3HA-
YyeHHsIM KOHTaKTiB — Butik S/Source, Ctik D/Drain,
3arBop G/Gate Ta nigknagka B/Body; nyHKTHPHOIO
JiHi€0 Moka3aHuii crpymonpoBignmii kanana. Ipaso-
py4 HaBefieHo Mikporpamy nepepisy MOSFET, orpu-
MAaHY Ha CKAHYBAJIbHOMY €JIeKTPOHHOMY MiKPOCKOIi,
Ha fAKii 100pe BUAHO BCi KOHTAKTH Ta JAie1eKTPUIHUI
NpoIIAPOK, AKHUIl i30,110€ 3aTBOpP G Bix KaHay npo-
BigHOCTI
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Ha puc. 2 300paxeHo0 THITOBY BOJIET-aMIIEPHY
xapaktepuctuky (BAX) MOSFET, nokianuuii
OIHUC SIKO1 Oyrie 31iCHEHO Aaii, B po3/aiai 5 miel
CTarTi.

JIHIAHA
JIVHKA OBJIACTb HACHYEHIISE

D | |

GS

v

JOTIOPOTOBA OBJIACTH VDS‘

Puc. 2. BonbT-amnepHi xapaktepuctuku n-MOSFET:
N0 BepTHKAJBHIN 0cCi BiIKIaJeHO CTPYM e1eKTPOHIB
, IkMii Teye Bix BUTOKY D /10 CTOKY S, a 110 ropu-

30HTANBLHIN ocu — Hanpyry nomix uumu V. Pizni
XapaKTepUCTHKH BilNMOBiIAIOTh Pi3HUM 3HAYEHHSIM

Hanpyru V¢ Ha 3arBopi G. Ilokasaui nBi Baxinsi
ainsiakn BAX nus micasimoporoBoi o6JiacTi Hanmpyr
Ha 3aTBOPi — JiHiliHY TiIIAHKY Ta 00/1aCTh HACHYEHHSI.
MaxkcumasibHa Hanpyra Mi:k 3aTBopoM G Ta CTOKOM

D — ue nanpyra xusiaenns V. HeBeauknii crpym
BUTIKAHHS B I0NIOPOToBiii o0sacTi Ha JiHiiiHIHA FinsgHIi
B 00paHOMYy MacIITA0i He MOMITHMIA.

Taxuit npuctpiit sk MOSFET € xirouoBum
€JIEMEHTOM y 0araTboX €IeKTPOHHUX CXEMax.
Bin MoXe BUKOHYBAaTH pOJib HU(PPOBOTO KOMY-
taropa (ON/OFF), ananoroBoro mocuiroBada
BXIJTHUX CHUTHAJiB, a00 >k 3a0e3medyBaTu iHII

byHKIii.
2. lemo 3 icTopii e1eKTPOHIKHK

Cxema KOKHOTO eJIEKTPOHHOTO MPHUIIaay Mic-
TUTb B3a€EMOIIOB’ 513aH1 KOMIIOHEHTH Ta MIPUCTPOI.
Omnopwu, KOHIEHCATOPH Ta IPOCeii — HalmpoCTi-
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111 eNeKTPOHHI KoMITOHeHTH. [IpoTe, enekTpoHi
CXeMH MOTPeOyIOTh TaK caMO HENIHIHHUX MpH-
cTpoiB. HalirpocTimmm 3 HUX € Ji0J, SIKUX Ma€
Pi3HY NPOBIJHICTH Yy 3aJ€KHOCTI BiJl HANPSAM-
Ky eJeKkTpuyHoro ctpymy. [lepii kpucraniyHi
JETEKTOPU — KPUCTAIHM HAIIBIPOBIAHUKA (TOA1
HaifuacTime cynbQiay Kaamiio) 3 IPUTUCHYTUM
METAJIYHUM BICTPSAM, SKI Majy BUIPSAMIISIOU]
BJIACTUBOCTI — BUHAWIIOB y 1874 pori npode-
cop ¢izuku CrpacOyp3pkoro yHiBepcureTy Kapn
@epaunann bpayn [1]. CniBpobiTHHYaOUH 3
iTamiicekuM imxkeHepoM ['ynbeapmo MapkoHi,
BpayH 4epe3 4BepTh CTOJITTS 3aCTOCYBaB CBiit
BUHAXIJ I ACTEKTyBaHHS paJlOCHTHATIB. 3a-
npornoHoBaHi MapkoHi i bpayHom nerexkTopHi
npuiiMadi (ki ToTpedyBasii TaKOK aHTEHH, KO-
JIMBAJIBHOTO KOHTYPY 31 3MIHHOIO YaCTOTOIO 1 Ha-
BYIIIHUKIB) IIBU/IKO 3aMIHHIJIU MIEPILi TPUMITUBHI
npuiiMaui 3 Korepepom, e MPOXOHKEHHS CTPyMY
3a0e31eyyBaaocs CIiKaHHSAM i i€ TeTeK-
TOBAHOI XBHJII METAJIEBUX OLIYPOK y CKIISHIN
aMITyJTi — Korepepi (came TaKy CXeMy 3aCTOCYBaB
JuIst cBOTO Tipuitmada B 1895 pori pociiicekuit
imkenep Mukomna [ToroB). ¥ 1909 pori MapkoHi
it Bpayn cranu naypearamu HoGemiBebkoi pemit
3 (bi3UKH.

[Tpote nerexTopHi npuitmaui Oynu ayxe Ka-
NpU3HI, M yac nepenadi Tpeda Oysno Bech yac
BOJUTH METAJIIYHUM BICTPSIM 110 KPUCTAIY, LITy-
KalOYM TOUKY 3 HaHKpaIIor0 YyTHICTIO. BinTak ix
CKOpPO 3aMiHWJIM MTpUKMayi 3 BAKYYMHUMH JIaM-
MOBUMH JIETEKTOPAMHU, SIKI MICTUJIM KaTOJ Mpsi-
MOTO POKAPIOBAHHS, 1110 EMITYBaB €JIEKTPOHU
y BaKyyM, i MeTaJIeBUil aHOA, TIPU MPHUKJIAAaHH1
JI0 SIKOTO TIO3UTUBHOT'O MOTEHIIIATY €JIEKTPOHU 3
KaTOy TIEPEXOIMIIN /10 aHOAY 1 IPOTIKaB CTPYM.
[Tpu mpoTuIekHIM NOISIPHOCTI HATIPYTU CTPYM
gyepes cucteMy He mpoxonuB. [lepmri cydacHi
BaKyyMHI Jiof1 CKOHCTpytoBaB y 1904 pori an-
rriensb [xon AmMOpo3 dremiHr.

Hesnossi, B 1907 pori, amepukanens Jli ge
dopecT BMICTUB MOMiX KAaTOJOM Ta aHOJAOM
MeTaniuny citky. [lonatoun Ha Hel HEBETMKUI
MOTEHIlial, MOKHA OyJI0 KOHTPOJIIOBATH CTPYM
MIJK aHOZIOM 1 KaTOJIOM, ITOCHJTFOIOYH THM JIETEK-
toBanuil curnai. Tak 3’sBuBcs Tpion. Llupoke
3aCTOCYBAaHHS BaKyyMHHX JaMIl COPUYMHHIIO
PEBOIIONIIO B TEXHII, JO3BOJIUIO 3pOOUTH Ma-

COBUM DPaJIio3B’s30K, a 3roJioM 1 TenebaueHHs,
YMOXJIUBUIO cTBOpeHHS Y 1940-x pokax nep-
IIMX KOMIT FOTEPiB, PO3BUTOK SIKMX CTUMYIIIOBAJIA
noTpeda MBUIKUX OOUHMCICHB 3a7a4 0aTiCTUKH
Ta kpunrorpadii mix yac J{pyroi cBiTOBOI BiliHH.
OpnHax 1 3 BaKyyMHHMH JIaMIIaMH1 iCHYBaJIU cep-
1103H1 Ipo0sIeMU — BOHU OyIy TPOMI3IKI, KPUXKi
i HaATO eHeproBUTPATHI. SK HACTIIOK, O1Tb-
IIICTh Yacy MpU poOOTI MepUINX KOMIT IOTEPiB
(s1K1 3aiiMany 0OCST BEMKOI KIMHATH) BUTpava-
Jacs Ha Te, 11100 BUSBUTH JIaMITy, 10 BUHIILIA 3
naay, i 3aMiHHTH ii.

Binrak 00’eKTHBHO 3’ sIBUIIAcs OTpeda CTBO-
peHHS HaJIWHUX, TOBTOBIYHUX 1 MEHII €HEpP-
TOBUTPATHHUX TBEPJOTUILHUX JIOJIB Ta TPIOJiB
(1o oTpuManu Ha3By TpaH3UCTOpiB). PoboTu B
IIbOMY HanpsMKy posnouanucs B CHIA ime Ha-
npukinmi [pyroi cBitoBoi BiliHu. [IpamaTnuHa
iCTOpIs MOSIBM TPAH3UCTOPIB MOB’sI3aHa 3 iM’sIM
amepHKaHChkoro BueHoro Binbsma ok (1910
—1989). Ilicns Biitnu BiH oyonuB y ben JlaGopa-
Topi3 rpymny ¢izuku TBepaoro Tina [1]. 3aBgan-
HSIM TpyIH OyJ10 OTpUMAaTH €(EeKT NOCUIICHHS Ha
HAMIBIPOBITHUKAX, 00 3pOOUTH MOCHITIOBaYi
KOMITAKTHIIIUMHY ¥ HAJIHHIIIAMU.

Crneprry [loxi 3ax0onuBCs 11€€10 caMme To-
JBOBOTO TPAH3UCTOPA, 300pa’KEHOTr0 Ha PUC.
1, ne mpoBiAHICTH B KaHAJI BiJl BUTOKY U 10
CTOKY MO)KHa Oyso O peryntoBaTé MpHUKIaieH-
HSIM HaIllpyTH JI0 3aTBOPY, 1 TAKUM YHHOM OTpPHU-
MaTH HEOOX1THUM e(EeKT MOCUIICHHS: MaJluid
CUTHAJI Ha 3aTBOPI MPHU3BOAUB OM 1O BETUKUX
3MiH CTpyMy B KoJii BUTIK — cTik. (Touno 3a
TaKOI0 CXEMOIO MpaIIOBAIM BaKyyMHi TpioJH,
JIe CTPYM MDX aHOJIOM 1 KaTO/I0M PETyITIOBaBCs
MOJAaHHSM HEBEJIMKOI HANpPyryu Ha MPOMIKHUN
€JIEKTPOJI — CITKY).

[TpoTe peanbHO Ha TOrOYaCHUX MOTAaHO BHU-
TOTOBJICHUX 3pa3Kax pealli3yBaT L0 1/1e10 He
BHanocs. Sk 3’sicyBaB OJUH 13 CHIBPOOITHHKIB
oxuni, I>xon bapziH, 30BHILIHE 10JIe EKpaHy-
BaJIOCs BEJIMKOIO KiIBKICTIO HOCIIB, 3B’I3aHUX
Ha CEHEePreTUYHUX CTaHaX Ha MOBEPXHI, 1 ak-
THUYHO HE MPOHUKAJO BCcepeauHy. Tak cyTo
eKCIEPUMEHTAJIbHE 3aBJIaHHS MOCIYKHJIIO I10-
IITOBXOM JIJISi CTBOPEHHSI Cy4acHO1 KBaHTOBO-
MEXaHI4YHO1 Teopii MOBEPXHEBHUX CTaHIB y Ha-
niBmpoBinHuKax (1946).
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Konu >k HaperTi Bei TpyaHoIi OyIo mojona-
HO ¥ mepl eKCriepuMEHTalTbHI 3pa3Ku MOJIbOBUX
TPaH3UCTOPIB TOTOB1, BUSIBUIIOCS, 1110 iICI0 IIIe
B 1925 pomi 3anmarentyBaB HOmniyc Jliniendensa
(1882 — 1963) — ¢13uk, sikuit Hapoauscs y JIbBo-
Bi, IOYaB HAayKOBYy Kap’epy B HimeuuuHi i mpo-
nosxuB 11y CILIA. Orpumanmuii Jlimiendensaom
NaTeHT BUKJIIOYAB MOXKJIUBICTh KOMEPLIHHOTO
BuKopucTanHs inei [lokii 1 Horo Koser.

Binrax Jlxon bapain pazom 3 Bonrepom
bparreiinoM 30cepenunucs Ha i/1e1 CTBOPEH-
HSl TPAH3UCTOPIB HA TOUKOBUX KOHTAKTaX, sKi
BuBuaB e Kapn ®@epaunana bpays. Lo inero
OyJI0 MPaKTUYHO peajizoBaHO B rpyaHi 1947-
ro — NpoTe Taki TPAH3UCTOPH BUSBUIIUCS HE-
TEXHOJIOTTYHUMH ¥ BEJTMKOTO PO3MOBCIOIKEHHS
HE OTPUMAIIH.

HaromicTp Illokiyi BBa)kaB mepcrneKkTUB-
HUM CTBOPEHHS TPAaH3UCTOpa Ha JABOX p-N-
nepexofax (eekT BUNPSAMIICHHS Ha HaIiBIPO-
BiITHUKOBOMY p-n-Tiepexojii orpumaB y 1941
porii B KreBi ekciepuMeHTalIbHO YKPaiHChKUH
¢13uk Bagum JlamkapeoB, nmpote 1 Horo po-
Oota numanacs Ha 3axo/i HeBimoMoro [2]). Ane
JUTsL TIOYaTKy Tpeba Oyio 3po3yMiTH, K came
HOCI{ 3apsily — €leKTPOHU U TIPKU — PYXatOThCs
i peKOMOIHYIOTh YCepeIrHI HaIliBIPOBITHUKA.
[Tokmi po3B’s13aB AudepeHItiaibHI PIBHSIHHS IS
nudysiitHoro i 1peiidoBoro pyxy HOCIiB, 10Oy~
JlyBaB MOJIeNIb PeKOMOIHAIIIT uepe3 JTOMIIIKOBI
piBai (Moxens lokni — Pina). OTpumani HUM
pe3ynbTaT! JIAMIN B OCHOBY (DyHAaMEHTAIbHOI
MoHorpadii «EnekTponu 1 1ipku B HaIiBIPOBII-
HuKax» (1950).

Sk HaCcHAOK 1UX 3ycliib, 1951 poky cxoki Ha
TPUHOTHX IaBYYKiB MEPIi HaIiBIPOBITHUKOBI
TPAH3UCTOPH, B SKHX HEBEJIMKOIO 3MiHOIO Ha-
npyry Ha 6a3i MoxHa OyJ10 e()eKTUBHO KepyBaTH
CTPYMOM Y KOJII «eMITep — KOJIEKTOp», Mmova-
JIM TIEPEMOXKHY XOJly TUIAHETO, CIIPUYMHUBILN
CIPaBXHIO TEXHOJIOTTYHY peBostonito. Kommak-
THi (TMOPIBHSHO 3 TPOMI3IKMMH JIAMIIOBHUMH TIO-
nepeaHuKaMu) TPAH3UCTOPHI pajionpuiiMadi
craiu (pa3oM 3 rpynoro «biTin3y, uui micHi uepes
111 ipuiiMadi JIyHaJIM) OJHUM 13 CUMBOIIIB 1960-x
pokiB. ¥Y 1956 pomui lllokni, bapainy it bparreii-
HY 32 BUHAWZCHHS TpaH3UCTOpa OyII0 PUCYIKE-
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HOo HoGeniBchky npemito 3 ¢izuku. Y 2002 pori
[Iokmi Oy70 MOCMEPTHO HA3BAHO «JIIOIUHOIO,
sIKa IpuHecia KpeMHild y KpemHieBy 1oMuHy».

VY noganbuiomMy 3 po3BUTKOM TEXHOJIOT1H Mo-
JIbOB1 TPAH3UCTOPHU 3 KOHTAKTOM METaJ-HaIlipo-
BiJTHUK, 3anareHToBaHi Jlimiendenbaom, y Moau-
¢ikanii MOSFET, 300paxeHiii Ha puc. 1 (ix ma-
COBe BHPOOHUIITBO po3mnodaniocs B 1964 porii),
BUTICHIIN TPAH3UCTOPHU HA IBOX p-N-TIepexoax,
3anporioHoBaHi [1lokii, 1 cTamm OCHOBHUM elie-
MEHTOM KOXKHOTO €JIEKTPOHHOTO PUCTPOIO [3].
[Tepury iHTErpalibHy MiKpOCXeMy — JIBa TpaH-
3UCTOPH, OIIIp 1 AEKIJIbKA KOH/IEHCATOPiB — OyI0
310pano 1959 poky Ha OJJHOMY KpUCTali KpeM-
Hil0 AiameTpy 2 cm (aktuyHo BpyuHy. Huni
Ha TakKidl TUIOMII MIKPOCXEM PO3MIIIYIOTh yKe
10° Tpan3uctopis. llle B 1965 poiri konuIrHii
cniBpo6iTHUK oK, MaiiOyTHIH CriB3aCHOBHHUK
xomnasii Intel ['opron Myp moMiTuB, 110 4HCIIO
TPAH3UCTOPIB y TAKUX IHTETrpajIbHUX CXEMax
MOJIBOIOETHCS 3 KOXKHOIO HOBOIO TEXHOJIOT1Y-
HOIO TeHeparlieo (3akoH Mypa) [4] — crioyatky
IIOPIYHO, a MOTIM Yepe3 KOXKHI MIBTOpa POKY.
Bin mepen6auuB, M0 Take MOJBOEHHS YHCIIA
TPAH3HUCTOPIB y UMM 30epekeThbes W Hajami e
IPOTSTOM IEBHOTO 4acy; ajie, HalleBHO, BiH HE
MIT IPUITYCTUTH, 110 [IeW eMITIPUIHHIA 3aKOH Ji-
SATHME BIIPOAOBXK MBCTOMITTS [5].

[Tpu 11bOMyY pO3MipH TPAH3UCTOPIB MOCTIIHO
3MeHITyBanucs. Ko BoHU CATHYIM HAITPUKIHII
1960-x — na moyarky 1970-x coreHsb, a MOTIM i
JIECATKIB MIKPOHIB, CTaJId TOBOPUTH PO MIKPO-
enexTpoHiky. Toxi x ¢i3uku po3poOHII IPOCTi
MaTeMaTu4Hi Mofeli TpaH3ucTopiB [6 — 9], sxi
Ha/IIHO OMUCYBAJM BCi IXH1 QyHKIIT i Oy 10-
CTaTHI JUIsl CXeMHHX Ta CUCTEMHUX TU3alHEPIB.
YTOUHEHH ¥ JalbIIUN PO3BUTOK LIUX MOJEIECH
Bi/1I0yBaBCs pa3oM i3 YIOCKOHAJICHHSIM MiKpO-
cucteMHux TexHounorii [10, 11]. 3 kokHOIO Tex-
HOJIOT1YHOIO T€Hepalli€lo po3Mipu TPaH3UCTOPIB
3MEHIIYBAIHCS B /2 Pasu (TOXK ILIOMIA, Ky 38-
HMae TpaH3MCTOp, 3MEHIIyBajacs B 2 pasu, i
YKCJI0 TPAH3UCTOPIB Y uuIi nojBoroBaiacs). [le-
pen 2000 pokom JOBKMHA KaHATY MPOBIIHOCTI
B TpaH3ucTopax pocsaruyna 100 ww, Mikpoenek-
TPOHIKa MEePETBOPHIIACS HA HAHOEJIEKTPOHIKY,
il HAHOTPAH3UCTOP CTaB CHMBOJIOM HAaHOTEXHO-
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JIOT1YHO1 PEeBOJIONII. YIIPOIOBXK MBOX MOMAIb-
[IUX ECATUIITH JOBKUHY KaHAIy TPOBITHOCTI
3MeHIWIM e B 10 pasiB 1 KJIOYOBE MUTAHHS
ChOTOJHI 3By4YHTh Tak: «Hackinbku cyyacHa
TEXHOJIOTisl I03BOJIUTH 3pOOUTH KaHAaJl MPOBiJI-
HOCTI KopoTIuM Bif 10 v ?7». Amxe, Xo4a Bxe
ynpoaoBx moHas 10 pokiB 3’ SBISAIOTHCS MOBIIO-
MJICHHSI TIPO CTBOPEHHS PI3HUMHU NMPOBITHUMHU
bipMamMu TOCTIAHUX 3pa3KiB MMOJIHOBUX TpaH-
3UCTOPIB 3 130JIbOBAaHUM 3aTBOPOM 13 TIOBKHHOIO
KaHally 5—7 HM, OJHAK Ba)KJIUBOIO IIEPEILKOI0I0
Ha [IUIIXY X MAacOBOTO BUPOOHMIITBA 3ajIHINA-
I0ThCsI, 30KpeMa, 0OMEXESHHSI TEXHOJIOT11 10HHOT
imrutanTanii. 1i oOMexxeHHST MU 0OrOBOPUMO B
HAIIUX HACTYIHUX CTATTSX.

[Ticnst mepexo/y B HAHO/IAIMA30H 3aMipH €J1eK-
TpOo(i3NUHUX XaPaKTEPUCTUK HAHOTPAH3UCTOPIB
CyTT€BO He 3MiHUIUCc. OQHAK IHIIOK CTalia
¢i3uKa IepeHeCceHHs eIEKTPOHIB BiJl BUTOKY 10
ctoky. Ham Metoanunumii orisin Oyne npucssue-
HO BUKJIaTy Li€i HOBOI ()i3UKU TPAHCIIOPTHUX
SIBUILI] Y HAHOTPAH3UCTOpaX.

3. IIpo ¢iznky HaHOTPAH3HCTOPIB

VY mepeBaxHii O1IBIIOCTI PI3HOMaHITHUX
TPAH3UCTOPIB iXHIO POOOTY KOHTPOIIOE BUCOTA
SHEepPreTHYHOro 0ap’epy, IKy MOXKHA 3MIHIOBATH
IISIXOM NPUKIIaJaHHs HAapyTH 10 3aTBopy. Lleit
Oap’ep MEepPelKoIKae PYXOBi €IEKTPOHIB Bij
BHUTOKY JI0 CTOKY. 3MiHOIO HanpyTu Vg, Mix 3a-
TBOpOM G 1 CTOKOM D MOKHA 3MiHIOBATH BUCOTY
I[OTO €HEPreTUYHOro 06ap’epy 1 TAKUM YMHOM
KOHTPOJIFOBATH CTPYM Yepe3 KaHaj MPOBIIHOCTI
TpaH3HUCTOpA.

Amnaniz pooorn MOSFET 3a3Buuaii mounna-
I0Th 3 BUpa3y

L =W QO V5.V ps) [{V)s (1)
ne W — mupuHa KaHally POBIAHOCTI B HANpsiM-
Ky, TIEPIICHIUKYIIIPHOMY IO PYXY €IeKTpOHiB, O
— PYXJIMBUH €JIEKTPOHHUH ITOBEPXHEBUH 3apsl,
() — cepenHs MBHIKICTE PYXy eleKTpoHiB. [To-
Oya0Ba MaTeMaTUYHOI MOJIei pOOOTH TpaH3HUC-
TOpa 3BOJIUTHCA 10 (PI3UYHOTO OIMHUCY EIEKTPO-
craruku (Q) 1 Tpancnopty (v). Ha toit uac sk

JU3aiH Ta OMUC EJEKTPOCTATUKH TPAH3HCTOpa
MaJIo 3MIHMJIMCS MPOTSITOM JEKITBKOX OCTaHHIX
JeCATUNITh, (pi3MyHa pUposIa i XapakTep rnepe-
HECEHHS eJIEKTPOHIB 3a3HABAU CYTTEBUX 3MiH
MIpOIO TOTO, SIK JIOBKMHA KaHaJy MPOBIIHOCTI
TPaH3UCTOPA pOOMIIACS BCE MEHIIIOO M MEHIIOH.

HapixHnuM KaMeHeM TpaauiiiiHo1 (i3uku Ha-
MiBIPOBIAHUKIB € piBHAHHSA Apeiidy Ta audysii

J,=nguE, +gD s ()

dx
SIKE CTBEPJIKYE, 110 TYCTUHA CTPYMY B OTHOPI1JI-
HOMY HaIiBIPOBIIHUKY B HANPSIMKY PyXY €JleK-
TPOHIB MPOMOPIiiiHA 10 eIeKTPUYHOTO OIS, a
3a BIZICYTHOCTI MOJISI CTPYM BU3HAUAIOTh €JIEK-
TPOHHU, 5K JUPYHIYIOTh HA3yCTpPid TPATIEHTY
KOHLIEHTPALlii EEKTPOHIB 71, ; TYT — — BEJIMYUHA
3apsy eNeKTpoHa,  — PYXJIMBICTH €JIEKTPOHIB,
D — xoedinient mudysii. Xoua OiapiicTs mii-
PYYHUKIB 3 (Di3MKHU HAMIBIPOBIIHUKIB, TOYU-
HAIOUMW 3 YK€ 3raJlaHo] BHINE KJIACUYHOI Mparli
Binbsima Illokii, po3NOYMHAIOTECS C PIBHSHHS
(2), HEMa€e MEBHOCTI OO TOTO, IO MPHUITYIICH-
Hs1, 3pO0JIeHI TIpU BUBEJCHHI IOTO PiBHSIHHS,
3aCTOCOBHI i 10710 HAHOTIPOBITHUKIB. CripaB/i,
HamniBkiaacuuse [12] 1 kBanToBe [13] moxento-
BaHHS MOKa3alld, [0 TPAHCIIOPT €JIEKTPOHIB y
HAHOPO3MIPHHX MPOBITHUKAX X0 1 BUSBIIIETHCSI
JTy’K€ CKJIQJIHUM SIBUILIEM, aJIe Pa3oM i3 THM TPO-
CTIIIUM TIOPIBHSHO 3 TPAHCIIOPTOM Y MAaCHBHUX
NPOBITHUAKAX.

HoBuii mijxij 10 ONKCY TPAHCIIOPTY €IEKTPO-
HiB, BIIOMHUH SIK MOJEIb MPYKHOTO PE3UCTOPA,
Oyro 3arporioHoBaHO Ponbom Jlanmayepowm mie
B 1957 poi [14], 3a10Bro 10 mosiBu peaabHUX
HAHOTIPOBIIHUKIB. Y I[iif MOJIEITi 3aMiCTb PiBHSH-
Hs (2) cTpyM 0OUUCITIOETHCS 32 GOPMYIIOIO

1=2L[T(EME)(f(E)- (E)EE. ©)

ne M(E) —4duciio Moj py 3HAUEHHI eHeprii
JOCTYIHUX IS TIPOBITHOCTI (IOKJIAIHIIIE PO
Gi3uYHUN 3MICT i€l BenuyuHu auB. [15, 16]),
f(E) ta f(E) — piBnoBaxHi (pynkuii Oep-
Mi Ha BUTOKY i Ha cToky, T(E) — koedimieHT
MIPOXOJKEHHS, SIKUH JIJIs1 0aTICTHYHOTO PEKUMY
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MPOBIAHOCTI, KOJIH €JIEKTPOH MPOXOAUTH KaHAaJ
0e3 po3citoBaHHS, T0piBHIOE 1, a 1yt audy3iitHo-
0 3MEHIITYEThCS 31 30UTBIICHHSIM IHTEHCUBHOCTI
po3scitoBanHs [16]. SIkio ayke yMOBHO IMOpiB-
HSATH KaHaJ MPOBIJHOCTI B HAHOTPAH3UCTOP1
3 MIMPOKOCMYTOBUM aBTOMOOUIBHUM IIOCE, TO
YHCII0 MOJI aHAJIOTIYHE 0 YMCIIa MapayieIbHUX
CMYT PyXy Ha II0ce, a Koe(ilieHT MPOXOHKEH-
HS JIGKHUTD B 00J1aCTi MK HyJIEM Ta OJMHHULICIO,
TOOTO € WMOBIPHICTIO TOTO, IO €NEKTPOH, 1H-
JKEKTOBaHUN y KaHaJl BUTOKOM, JiH/e 10 CTOKY.
JIst MacBHUX TIPOBITHUKIB MOKHA TIOKa3aTH,
[0 OMHUC CTPyMy uepe3 Bupas (3) i piBHIHHS
(2) mpu3BOAUTH O TOTOKHUX PE3yJbTATIB. AJie
BaXXJIUBO, 1110 BHpa3 (3) noOpe omnmcye came Ha-
HOTIPOBITHUKH, JJIs SIKUX 3aCTOCOBHICTh PIBHSH-
Hs (2) HE OUeBHIHA.

Panime B xypHaii «CeHCOpHa eNeKTPOHiKa 1
MIKpPOCHUCTEMHI TEXHOJIOT11» MH BXXE€ HaJpYyKyBa-
JM JAB1 cepii cTaTeid, MpUCBsUEH] MOEII MPYX-
Horo pe3ucropa Jlanaayepa, po3BUHEHIH 3r0JJ0M
y poborax Cymnpiito arra i Mapka Jlynncrpoma.
I[lepmra cepis Biakpuanacs crarreio [15], mpu-
CBSTYCHOIO OCHOBaM (hi3MKH BUHUKHEHHS CTPYMY,
dbopmynoBaHHIO 3akoHY OMa i MOHATTSI MOJ
MPOBITHOCTI B KOHLEMIT «3HU3Y — Bropy» IO-
Oy/lI0BU CydacHOi HAHOEJIEKTPOHIKH. Y TepIIii
crarTi Jpyroi cepii [16] Mu nanu mociigoBHUIA
BHUKJIaJ ocHOB mojneini Jlangayepa — Jlarta —
Jlynacrpoma (JIJJI), sika Bxxe 3HaNIILIIA IIMPOKE
3aCTOCYBAHHS IIPU aHAII31 SIK €JIEKTPOHHOTO, TaK
1 OHOHHOTO TpaHCTIOPTY B PE3UCTOPAX AK Ha-
HOPO3MIPHHX, TaK 1 IOBI'HX Y 00’ €MHUX.

[Tpu ibomy po3misan y [ 16] 3ailicHIOBaBCS IS
BUIIAJIKY, KOJI TEMIIEpaTypa KOHTAKTIB PE3UCTO-
pa ogHakoBa. Y [17] HAaTOMICTh MU PO3IIISIHYIU
tepmoenekTpuuHi edexrn 3eebdeka i [lensr’e B
mogaedni JI/IJI, a Takox SIKiICHO 0OTrOBOPHIIH 3aKOH
Binemana — ®@panna i OCHOBHI piBHSIHHS Tep-
MOEJIEKTPUKH 3 BIAMOBIIHUMHU TPAHCIIOPTHUMHU
koedimientamu. [Totomy B [18] Mu orpumanu
JOBEJICHHS JIJIsl PEe3yJbTaTiB, MOCTYIbOBAHUX
y [16], mpudomy 3pobunu e anst 1D, 2D i 3D
MPOBITHUKIB 3 TOBUIBHUM 3aKOHOM JIHCIIEpCii
1 OyZIb-SIKMM PEXUMOM TPOBIAHOCTI: OaicTUy-
HUM, TUQy31HHIM, 200 X TepeXiTHUM.

3 mo3utiiii TpancnopTHOi Mozeni Jlannayepa —
Harra — Jlynactpoma y [19] noOynoBano y3a-
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raJbHEHY MOJIEJb IIEpeHOCy Teria GoHOHaMH. Y
[20] MM po3mIsiHYIH, SIK y3arajlbHEHA TPAHCIOPT-
Ha mozens JIJIJI onmucye mpoBigHICT rpadeny.
Hapnaui, B [21] po3mistHyH posib pO3CiSIHHS B MO-
neni JIZUJI i mponeMoHCTpyBajy, IO MPU OMHUC]
TPAHCHOPTY €NEKTPOHIB Y MPOBITHUKY B AU(Y-
3IHHOMY pPEeXUMi BaXKJIMBY POJIb BIJIrpae cepes-
HS JIOBKMHA BUIBHOTO NPOOITy  , SIKa BU3HAYA€E
koedimienT npoxomxkenns . Hapemri, B [22]
OyJ10 pO3IISIHYTO KiHeTHYHE piBHAHHA bonbiiMana
(KPB), sike B 3acTOCyBaHHI A0 HaHOEIEKTPOHi-
KU PO3B’SI3y€ Ti 5K 3aBJAHHS, IO i y3arajJbHeHa
TpaHcnoptHa Mozens JIJIJI. Mu nponemoHcTpy-
BJIM: JUIS OIHUX 33/1a4 Kpallle BAKOPHCTOBYBAaTH
KPBb, a s npyrux — mozens JIJIJI.

CrarTio [23] Oyn0 mpUCBAYEHO METOIAM
BHUMIPIOBaHHS MPOBIIHOCTI i edekry Xomia B
CJIa0KMX Ta CWJIBHUX MarHiTHHUX IOJISIX, 30KpeMa
il 32 HASBHOCTI Iepernagy TemIeparyp Ha KOH-
TaKTax NpoBiAHKKA. B 3akiouHiit cTaTTi Apyroi
cepii [24] My po3MIAHY/IM SBUILE KYJIOHIBCHKOI
0J70KaM B OJHOEIEKTPOHHOMY TPAaH3UCTOP1 HA
OJTHI MOJIEKYITi 3 TIO3UIIIH JBOX PI3HUX ITiTXO/IB:
B KOHIICTILIi «3HU3Y — BrOpY» Cy4acHOI HaHOE-
JIEKTPOHIKH 1, JUISI TOPIBHSAHHS, B TPAAUIIIIHIN
KOHIIETILIi «3rOpH — BHU3)» 3 3aCTOCYBaHHSAM Ma-
KPOCKOITIYHUX BJIIACTUBOCTEH 1 MOHATH, SK-OT
€MHICTb TPOBIIHOTO KaHAITy TOLIIO.

[TincymyeMOBYIOUM HACTIAKH PO3TISIAY, 311~
CHEHOro Hamu B pamkax moznemi JIJIJT [15 — 24,
JJIs. HAHOTPAH3UCTOPIB, 3a3HAYUMO: AOCI MU
pO3MIs AN TPOTIKAHHS CTPYMY JIMILE HarliB-
KJIACUYHO. |HIIMMU ClIOBaMHU, MU PO3TIIAIAIN
CJICKTPOHHU JIMIIE K YACTUHKH, a iXHIO KBaH-
TOBO-MEXaHIYHY MPHPOY BPAaXOBYBaJIU OMOCE-
PEIKOBAaHO Yepe3 30HHY CTPYKTYPY MPOBITHOTO
KaHaiy, 3alpOBaKYIOYH MOHATTA €(EeKTUBHOT
MacH enekTpoHa. OJHak, i3 MoJabIINM 3MEH-
[ICHHSIM JOBKHUHU KaHATy MPOBITHOCTI Ieaai
HaraJbHIIIOI0 CTa€e MoTpeda B SBHOMY BUIIISII
BpaxyBaTu KBaHTOBY IPHPOJLY ENEKTPOHIB. MOX-
Ha OYiKyBAaTH, 110 KBAHTOBO-MEXaHIYHI e(heKTH
CTaHyTh BiIrpaBaTH BAaXIIUBY POJIb TOJI, KOJIU
MOTEHI[IaJIbHA €HEPTris MOYHE CYyTTEBO 3MIHIO-
BaTHCsI Ha MacIITadl Ae-OpOiTiBChKOT JOBKUHH
XBHJI1 €JIEKTPOHA.

[Tpocra ominka ae-OpOHITIBCHKOI JOBKUHU
XBWJI1 €NIEKTPOHIB y TEPMIYHO PiBHOBAXXHOMY
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3pasky Si nae 3HaueHHS On3bKo 10 1y, M0 BKe
He Habarato MEHIIE BiJl peajbHO JOCITHYTOI Ha
MPAKTHLI TOBKUHHU KaHAJTy POBIAHOCTI P Ma-
COBOMY BUPOOHUIITBI HAHOTPAH3UCTOPIB. SIK MU
B)XKE Ka3ajH, IPOTATOM OCTaHHIX JBOX JECSTH-
JiTh Oynu po3poOeHo HaAilHI i MOTYKHI Mozie-
711 KBaHTOBOTO TPAHCIIOPTY AJISi HAHOIIPOBIIHU-
KiB (y3aranbHeHnuit Bukiaa moneni JIJIJI moxnHa
3HalTH, 30Kpema, B MoHorpadisx [25—27]). Li
MOJIeJI MOKA3yIOTh: MPU 3MEHIICHHI JOBXUHU
KaHaly MopiBHAHO 3 10 #y nenani BaXIuBilIe B
SBHOMY BUIJISI/II BpaXOBYBaTH KBaHTOBO-MeXa-
HIYHY TIPUPOJYy TPAHCIIOPTY €JIeKTpoHiB. OKpe-
MO0 TIPOOJIEMOIO € ¥ KBAHTOB1 OOMEKEHHSI, SIKi
HAKJIaJa€ TOBIIMHA KaHATY MPOBITHOCTI BIITUO
MIKIaAKK (111 JOBKUHY KaHaiy B 20 #m 11 xa-
paKTepHe 3HAUYCHHS MOXE CTAHOBUTH OJHM3BKO 5
HM, i 1 KBAHTOB1 OOMEKEHHS CJIi/I BpaXOByBaTH
JUISL OTIMCY BEJIMYUH MOTEHIIAIbHUX Oap’epiB.,
K1 peaizoByIOThCs B KaHaui). OHaK y mijiomy,
IIpY JIOBKUHI KaHay IpoBiaHOCTI 10 1y 1 Ginib-
e, SK MM 100a4nMMo, HaIliBKJIACHYHA MOJIEIIh
IIe MpaIfoe T0CTAaTHhO HamiiHO [28].

4. ®iznuna crpykrypa MOSFET

Merta Haioi HOBOi cepii cTaTelf — MOsSCHUTH
i MareMaTuyHO omnucatd (i3uKy MPOIECiB, IO
B110YBarOTLCS B TPAH3UCTOPi, TOOTO OB’ A3aTH
CTPYMH, SIKi MPOTIKAIOTh Y TPAH3UCTOPI, 3 €JICK-
TPUYHUMU MOTEHIIIaJaMHU, 110 MOJAI0ThCS Ha
KOHTaKTH (y CydacHid JiTepaTypi dacTimie
BXKHBAIOTh TEPMIH «TEPMIHAIN») TPAH3UCTO-
pa (puc. 1). [lng moyatky KOpUCHO PO3IISIHYTH
TPAH3UCTOP SIK «UOPHY CKPUHIO», (hopMati3oBa-
HO, HE 3anIHOTIOI0YUCH Y (DI3UKY MPOIIECiB, AKi
B HBOMY BiJIOyBatOTHCSI.

Ctpym, 1110 MPOTIKa€E MiXK TepMiHAJIaMH S Ta
D, KOHTPOTIOETHCS €JCKTPUYHUM MOTECHIIIAJIOM,
SIKUH TIoJa€Thesl Ha TepMminan G (puc. 1). Y nes-
KHX BapiaHTax TPAH3UCTOPIB IIEH TEpMiHAT MOXKE
BUKOPUCTOBYBATHUCS ISl TiJIBEICHHS CTPyMY.
IO BUKOPHCTOBYIOTH 1 TepMiHai B. Po3pobie-
HO OaraTo BapiaHTIB TpaH3UCTOPIB [29], anme Bci
BOHU MAaOTh 37€OUTBIIIOTO TPH, 3piKa YOTHPH
tepMmiHanu. L{i TepMiHaIu MOXYTh Ha3UBATHCS
MO-PI3HOMY 3aJIe)KHO BiJ] THITY TPAH3HCTOPA.

Mu 30cepequMocs Ha KPEeMHIEBUX IOJbO-
Bux Tpanzuctopax Si-MOSFET i Ha moiapoBUX
TPaH3UCTOPaxX 3 BUCOKOIO PYXJIMBICTIO €JIEK-
tpoHuiB III-V HEMT (High Electron Mobility
Transistor), ajge po3BUHYTI AaJi MiAXOIU 3aCTO-
COBHI JI0 BCiX THIIIB ITOJIbOBUX TPAH3UCTOPIB.

Criepiry po3rIIstHEMO YCTpild 7-KaHATBHOTO Si
MOSFET. ¥V kpeMHi€Bi# ITaCTHHI p-TUITY €JICK-
TPUYHHUM T10JIEM (POPMYIOTH KaHaJ MPOBITHOCTI
N-TUITY 3 IBOMa OMIYHUMH KOHTAKTaMU BUTOKY
S ta croky D. KonTtakTHi 061acti S Ta D CUIBHO
JIETOBaHi JJOHOPHUMU JOMIIIKaMH. Y TPOBiJI-
HOMY KaHaJIl #n-TUIY PYXa€ThCS MOTIK €JIEeKTPO-
HIiB BiJl BUTOKY ¥ 0 CTOKY. Y BepxHill yacTuHi
IUTACTUHHU BUTOTOBIIAIOTH OMIYHHUN KOHTAKT 3a-
TBOpY G. AHAJIOTIYHUIA KOHTAKT BUTOTOBIISIOTh
y HIDKHINA 9aCTHHI TMAKIaKH B.

Y nomsoBomy Tpanzuctopi n-Si MOSFET
KaHaJbHUM CTPYMOM KEpYy€ eJIeKTpUYHE IOJIe,
SIKe BUHUKA€E TIPU MPUKIIATaHH] eIeKTPUYHOT Ha-
NPYTU MK 3aTBOPOM Ta CTOKOM.

Ha puc. 3 300paxxeHo mepepi3 i BUITISIT 3TOPH
n-Si MOSFET.

Ilepepis 360Ky

Burnsan sropu

Puc. 3. n-xanansuuii Si MOSFET: nepepi3 (Burasg

300Ky) i Burisa 3ropu. CxeMaTu4HO 300pakeHO KOH-

TAKTH BUTOKY Ta CTOKY (YOpHi KBaJpaT) Ta 3aTBOPY
(4opHHUIT IPSIMOKYTHHUK).

[Tin MeTasiYHUM KOHTAKTOM 3aTBOPY Mic-
TUTHCSA TOHKUH IIap JieJIeKTPUKa SiOz, a mijg
HUM — BY3bKHI IPOMIXKOK Si p-Tuiy. JloBxuHa
KaHaJlTy MPOBIAHOCTI € KPUTUYHHUM IIapame-
TPOM TPAH3UCTOPA, BOHA 3K BU3HAYa€ (DaKTHUHUI
pPO3Mip TpaH3UCTOpA Ha YMMI W MIBUIKICTH PO-
00TH TPaH3UCTOPA: YUM MEHILA , TUM OlIbIIa
1 mBHAKicTh. [IlupuHa kaHamy mpoBigHOCTI

BU3HAYA€ BEJIMYUHY CTPyMy B KaHami. [lns
KOKHOT TEXHOJIOTIYHOT reHeparlii BUpOOHHUIITBA

TPAaH3UCTOPIB 3HAYEHHS  Ta MIPOEKTYIOTh
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TaKUM YUHOM, 100 (YHKIIOHYBaHHS TpaH3HC-
Topa OyJI0 MAaKCUMATBHO €()eKTUBHUM.

B n-kananpnomy MOSFET ctpym 3a0esmne-
YYIOTh €JIEKTPOHHU B 30HI MPOBIJHOCTI KpeM-
Hi10. SIk 300paskeHo Ha puc. 4, MOXHa CTBO-
putu aHajoriunuil p-kanansauii MOSFET,
MPOBI/IHICTH SIKOTO TaKOX 3a0€3MeUyI0Th EJIEK-
TPOHH, aji¢ B BaJCHTHIN 30HI, 5Ki 3a3BUYAl
Bi3yasi3yloTh SK «JIipKU» B BaJCHTHIH 30HI.
p-Kanansanit MOSFET koHCTpyI010TH Ha n-Si
miaximanni. Kourakrai oonacri S ta D cuib-
HO JIETYIOTh aKIIENTOPHOIO JOMIIIKOI0. 3Bep-
HiMO yBary, mo V., < ausa p-MOSFET i mo
noTpioHo mpukaactu Vg < , o0 mepeBec-
™ p-MOSFET y pexum «ON». Ctpym npu
L[bOMY 1H)XKEKTYETBCS 31 CTOKY, @ HE MPOTIKA€E B
01k ctoky, sk y n-MOSFET. CyuacHy enektpo-
HIKY CKOHCTpyHOBaHO 3a TexHousoriero CMOS
(Complementary MOS — KM/IH / xommue-
MEHTapHa MeTall-IieJeKTPUK-HAMIBIIPOBIJHUK
CTPYKTYpa), Y SIKii KOOKHUH n-TpaH3UCTOp cHa-
PEHO 3 p-TPAaH3UCTOPOM.

n-MOSFET p-MOSFET

n-Si Ka#an

NpOBiAHOCTI MpoBiaHOCTi
> >

L L
p-Si n-Si

p-Si

KaHan

Puc. 4. llopiBusinusa n-MOSFET ta p-MOSFET.
3Bepnimo yBary, mo s n-MOSFET V. V.. >0,a
mast p-MOSFET Vs, Ve <0 . Crpym nporikae
Bix D no Sy Bunaagky n-MOSFET i Bix S no D y Bu-

naaky p-MOSFET.

VY npukiagHiil CXeMOTEXHILl TPaH3UCTOPH 3a-
3BUYal KOH(IrypyIOTh Tak, 11100 BOHU CIpuiimMa-
JIM BX1JIHY Hampyry i MpawioBaiy 3a BU3HAUYEHOT
BUXIJJHOT HanlpyTru. BXiaHy Hanpyry BUMIpIOIOTh
MDXK BOMa BXIIHHUMH TE€pMiHaJIaMH, a BUXIJTHY
Hanpyry — MK ABOMa BUX1THUMH T€pMiHAIaMHU
(muB. puc. 3). Bxignuii cTpym — 11e CTpyM, SIKHUii
BXOJIUTH B OJIMH 13 JIBOX BXIJHUX TE€pPMiHAIiB
1 BUXOJIUTBH 13 APYTOro BXIJTHOTO TepMiHaIy, a
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BUXITHHUHI CTPYM — II€ CTPYM, SIKHUH BXOJIUTH B
OJIVH 13 TBOX BUIXIJTHUX TEPMIHAIIIB 1 BUXOIUTH 3
JPYTOro BUX1IHOTO TepMiHaiy. B cxemoTexHiui,
3a JJOMOBJICHICTIO, CTPYM BBa)alOTh JIOJIaTHIM,
SIKIIO BiH BXOJUTh Y TEPMiHAJI, TOXK CTPYM BHUTO-
ky  Bn-MOSFET (puc. 4) nogarauii, a cTpym
BuToKy B p-MOSFET Bix’emuuii. OckiabKu
MU MO>XEMO BHKOPHCTOBYBATH TiIbKU TPHU TEp-
MiHaIH (TepMiHaAT MiTKIaJAKH B 0cOOMUBUH, BiH
JIO3BOJISIE€ HATAIITOBYBATH OMepalliliHi XapaKTe-
PUCTUKH TPAH3UCTOPA), TO OAWH 3 TEPMiHAIIB
noBUHEH OyTH 3’e€qHaHui abo i3 BxomoM, abo
3 BUXOJIOM. ICHYIOTH TpU MOXJIHMBI CXeMU BMHU-
KaHHS TPAH3UCTOpa — 31 CHUIBHUM BUTOKOM, 3i
CHUTHHUM CTOKOM, Ta 31 CIIIJTBHUM 3aTBOPOM.

Ha puc. 5 306paxeno n-MOSFET, BBiMKHe-
HUH 32 CXEMOIO 31 CIIIbHUM BUTOKOM.

D A
1 DS
| 1
G : Vm BUXij
1 | :
BXLA Vis -
| S| B

Puc. 5. n-MOSFET, BBiMKHeHHIi 32 cXeMOI0 3i CIIiJib-
HHUM BHTOKOM.

Bxinuna nanpyra Tyt Vi, a uxigna — V.

Buxianuii crpym / ps » @ CTPYM 3aTBOPY 3a3BHYail
Ays/Ke MaJINi, TOK BXiAHMIl CTaJINi CTPyM BBaXKaeMo

HYJbOBHUM.

VY 11pOMy BHITAJIKy CTaJUM BUXITHUM CTPY-
MOM € CTPYM BiJI CTOKY 110 BUTOKY {5, @ cTasorn
BUX1JTHOIO HAIIPYTOIO € HAIIPyTa M CTOKOM Ta
BUTOKOM V. CTasior0 BXiIHOIO HAIIPYTOXO € Ha-
npyra Mixk 3aTBOPOM Ta BUTOKOM Vg . Cramuii
BXIJTHUH CTPYM 3a3BHYAN AyKE MaJIHH 1 HUM, 5K
MIPaBUJIO, HEXTYIOTb.

Hac y nmepmy uepry mikaBUTUMYTh BOJIBT-
amniepHi xapakrepuctuku (BAX) TpaH3ucTopis.
Oco0OymmBo mikaBi aBa tunu BAX: BuxXiaHl Ta
nepenaBajgbHi XapakTepucTuku. s mobynoBu
Buxiguux BAX BiIKIIaIar0Th 3aJI€KHICTh BUXI/I-
Horo cTpymy ¢ Bij BuxinHoi Harpyru Vg mipu



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 4

CTaJIOMy 3HAY€HH1 BX1JHOI HaNpyru Vis . Jna
noOynoBu nepenaBaibHUX BAX BigkiianaroTh

3aNIeKHICTh BUXITHOTO CTPYMY I}s Bin BXimHOT
Harpyru Vg npu craniit Buxinuiit Hanpysi V) .

5. BoabT-aMIiepHi XapaKTepUCTUKH

Ha puc. 6 306paxeno BAX ineansHOTO pe-
3ucTopa. B boMy BUTIAIKY CTpyM MPOMOPIIiii-

HUM npukiaaeHii Hanpysi / =V R, ne  —omip
pesucropa.
4
1 I=V/R
3MCHIICHHSA I,
O 1
| + onopy K
1 ‘I t’ A" -
l ] .-
! e
1F N
R ; v e —
e ( 14

Puc. 6. BosbT-amMnepHa xapakTepucTHKA i1eajbHOT0
pe3ucropa.

Ha puc. 7 300paxkxeno BAX mxepena ctpymy.

I= Iu - V/RU

—
~

Puc. 7. Boabr-amnepHa XxapakTepucTHKA JxKepeJia
cTpymy. Kosu cTpym He 3ajieskuTh Bia Hampyru, ioro

BeJIMYHHA CTaJja (MyHKTHpHA JdiHisg). B peanbHux
JKepeiaxX CTPYMY CIIOCTEPIracTbes 3aJ1€KHICTh CTPyMY
Bi/l HANIPYTH, 1110 €eKBiBAJIEHTHO BBIMKHEHHIO Pe3HCTO-

pa napajieJbHO /10 JKepesa CTpyMy

Sx BugHO 3 puc.2, puxigai BAX n-MOSFET
MpU HEBEIMKUX 3HAYEHHSAX BUXIJHOI HAmMpy-
ru Vps Burnsapaots ax BAX nus izeansHoro
pesucropa (puc.6), a IpU BEIUKUX 3HAYCHHIX
Vps — ax BAX nns mxepena ctpymy (puc.7).
KokHa 3a7eXHICTh Ha pHC.2 BIATOBIIAE TIEB-
HOMY 3HaueHHIO Vi . s Vg, MeHmoro Bij
MEBHOTO KPUTUYHOTO 3HAYCHHS Vg7, CTPYM
OpONOPIIMHUN 10 HAanpyTH. B miit miniiHi#
(oMiuHii) 006JacTi TPAH3UCTOP MOBOJIUTH cebOe
SIK PE3UCTOP, OIIpP SKOTO BU3HAYAETHCS BX1THOIO
Hanpyrow Vg .

Haromicts B obnacti Vps > Vpgr (06macts
HACHYCHHS) TPAaH3UCTOP MOBOAUTH cele sK
JUKEPENO CTyMY, CHJIA SIKOTO TE€K BH3HAYAETHCS
snaueHHaM Vg . CTpyM zmeimo 30inburyerses 3i
30ibIIeHHIM Vg, 110 €KBiBaJIEHTHE TOMY, IO
1€ KEPEIIOo CTPYMY XapaKTepU3y€eThCsl CKIHUEH-
HUM 3HAYEHHSM BUXIJTHOTO OTOpY

Tpetst o6macTh GpyHKIIIOHYBAaHHS TPAH3UCTOPA
— 1Ie TIoToporoBa 00macTh, AJs kol Vg MeHie
BiJl IEBHOTO KPUTHUYHOTO 3HAUYEHHS, T.3. IOPOro-
Boi Haripyru . Jlist Vg <V crpym g myxe
HEBEJINKUI 1 HOT0 HE BUIHO HA JIHINHIN IUISHIN
B 00paHOMY Ha puc. 2 MacmTaoi.

Ha puc. 8 mopiBHsIHO BUXiHI 1 TIepeaaBaibHI
BAX s n-MOSFET. Buxigi XxapakTepUCTHKH
300pakeHo JTiBOpyY. 3adikCyeMO MeBHE HEBEITH-
Ke 3Ha4eHHs V), B JiHIHHIN 061acTi, ke JopiB-
HIOE V/, , 1 «TIpOKEHEMO» CTpyM I, 3a BCiMa
BIIMOBITHMMH 3HaueHHsIMU Vi, . 1le Ham gacth
nepenasanbHy BAX, no3naueny V,; Ha rpadiky
npaBopyd. SKIO MU Bi3bMEMO BKe OLIbIIIe 3HA-
uenns Vg B 00macTi HACMYEHHs, IKE JTOPIBHIOE
Visa > Vs » TO OEPAKUMO Iepe/iaBaIbHy Xapak-
TEPUCTHKY, MOo3Ha4YeHy Vs . 3 mpaBoi yaCTHHHU
puC.8 BUITHO, LIIO TTPU Ve <V, CTpyM I, nyxe
MaJHii.
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BuxigHi BAX nepenasanbi BAX

A A

V,

I 0 T Vi iV

DS Ds? DSl
Ds1

I

i
1
1
1
i
1
1
i
L

1
\

\Z

DSAT

V,

DS

Puc. 8. llopiBusinus Buxignux BAX n-MOSFET, BBim-
KHEHOI0 32 ¢XeMOI0 3i CIJILHUM BUTOKOM (JIiBOpYyY) 3
nepenapajbHuMu BAX nporo x Tpansucropa (mpaso-

py4). KpuBa, no3nauena VDS npaBopy4Y, Bianosigae
HeBeJUKOMY 3HAYEHHIO VDS B JiHilHiii 00JacTi Ha
rpadikax J1iBopyyY, a moznavena . — Ginbmomy

sHavenno V), B 001aCTi HACHYEHHS.

SIk MM [IOK@XKEMO JaJi, JUI aHali3y CTPyMy
I,¢ B obnacti Vs <V; (puc. 8, npasopyu) 3
MipKyBaHb 3py4HOCTi 3a3BM4aii BAKOPHCTOBY-
10Th Tpadik log,, 1,5 o« V,, (puc. 11).

6. Merpuka MOSFET

®ynkuionyBanas MOSFET mMoxHa onvcatu
JieCsITbMa METPUYHUMHU ITOKa3HUKAMMU:

Crpym 1y, uA/pim
Jlinikinui onip R, Om - tim

Buxinnuii onip 7;, Om - um

Tpancnposiguicts g,,, 4Cm/ pim

CTpyMm 1y, A/ um

Homnoporosuii po3kua (Subthreshold Swing)
SS, mB/oexaoa

3HUKEHHS 0ap’epy, 1HAYKOBaHE CTOKOM
(Drain-Induced Barrier Lowering),

DIBL , uB/B

[Toporosi Hanpyru V,.(lin), V,.(sat), B

Hampyra Hacu4yeHHs Ha CTOKY Vipsar»B

HaiiuacTime BUKOPUCTOBYIOTh caMe HaBeJIe-
Hi BUIIE OAWHUII BUMiproBaHHsA. Hanpuknan,
TPaHCIIPOBIIHICTh 3a3BUYAl HABOJISTH HE B CTaH-
naptaux oguHHIIX cuctemu CI Cw/m, a B 3Ha-
YHO HAOYHIIINX JJI1 HAHOMACIITA0IB OJUHUIISIX
MrCwm/mrm a00 maCm/mm. 3BEPHIMO TAKOXK yBary
Ha T€, 1110, TOBOPSIUM Y ITUX TEPMIHAX MPO CTPYM,
MU (PaKTUYHO MaEMO Ha yBa3l I'yCTUHY CTpyMy Ha
OJIMHMULIIO IIMPUHU KaHAITy IPOBIAHOCTI.
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Jlesiki 3 METpUUHUX IMOKa3HHUKIB TPAH3UCTOPA
MOXKHA MPOLTIOCTPYBATH Ha BUXITHUX XapaKTe-
puctukax n-MOSFET, BBIMKHEHOTO 32 CXeMOIO
31 critbHUM BUTOKOM (puc. 9). Ctpym [,y — 1ie
MaKCHMaJIbHUN CTPYM BUTOKY (a TOUHIIIE — MaK-
CUMaJIbHa IyCTHHA CTPyMY) MVWVDS:VDD . Ctpym
I ¢ 3a3BHYali XapaKTEPHU3YIOTh CaMe Yepe3 Horo
ryctuny B MA/um (a00 mA/um), ockinpku
MMOBHUM CTPYM JIIHIHHO 30UTBIIYETHCS 3 HIUPH-
HOIO KaHajldy MpoBiXHOCTI . JIiHIMHUN ormmip
— 1€ MiHIMaJbHUM OMip KaHAJIy MPOBIAHOCTI
Ry = (dI ,s/dV g );;: . Buxinuwuit onip 0Gumc-
JIIOIOTh QHAJIOTIYHO: 7y = (d] ps/dV ps );;:VDD , alle
BXKe B 007acTi HaCMUeHHA. TpaHCIPOBIAHICTH

8n = (dl DS/ d VGS) —Const 3Q3BUYAM HABOJATE JJIS
sHaueHHs Vg =V, . l1lo0 orpumarn icTuHHI
3HAYEHHS CTPYMY CTOKY M TPaHCITPOBIIHOCTI, 1X

VDD

VDS

HOTPIOHO NOMHOKHMTH 1€ Ha IMMPUHY W (um) ,
a JUIsl ICTUHHUX JIIHIKHOTO ¥ BHXIHOTO OIOPIB

TpaH3UCTOpa AUIUMO iX Ha mupuny W(um).

niniinmit BHXIZHHH

p orj
p
/ Tox Iy
R,y r -1, (V(;s =Vps= vnn)
A
! DS - i r\
HA/uM 5 ] -
i TPAHCIPOBILHICTL
1
1
v g = Al

GS Sm
! AV Vs
i
]

I | ]

OFF } v

bs

Puc. 9. Buxinui xapakrepuctuku n-MOSFET,
BBIMKHEHOI0 32 CXe€MOI0 3i CIHiJIbHUM BHTOKOM,

3 IEMOHCTPAUI€I0 YOTUPbOX MeTPUK [, R,y

[Ile Tpu METPHUKHN MOYKHA MIPOLTIOCTPYBATH Ha
nepenaBanbHux xapakrepuctukax n-MOSFET,
BBIMKHEHOTO 32 CXEMOIO 31 CIIJIbHUM BHUTOKOM
(puc. 10). [TokazaHo nBi pi3HI XapaKTEPUCTUKH
— 711 HU3bKUX Hanpyr V¢ (miHiitHa 001acTh)
i s Bucokux Vg (o6macte HacuuenHs). [1o-
3HAYEHO TaKOXK CTpyM I,y TOKa3aHWi Ha puC.
9. SIK110 BU3HAYUTHA MaKCUMAaJIbHNUI HaXMI 000X
XapaKTEPUCTHK 1 TOUYKH TIEPETHUHY BiIMOBITHUX
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npsaMux (iX 300pakeHo MYHKTHPOM) 3 BICCIO Ha-
MPYT, TO 3HAIIEMO MTOPOTOBY HANpyry . 3Bep-
HIMO yBary, 1o iCHYIOTb JIBl [IOPOTOB1 HAIIPYTH:
OJIHA BiAMOBiga€ NiHIHHINA (OMi4HII) 00sacTi
V,.(lin), @ Apyra — obnacTti HacuueHHs V,(sat),
npudomy V(sat) <V, (lin). BigzHaumo Takox,
mo nepexin /.. = 1,, B1AOyBaeThCs MOCTY-
MOBO U TOYKa, B SIKIM LeH mepexij 3aBepury-

€TbCS, 1 € Mmopora Hanpyra . Hapemrri, ctpym

1,..=1

OFF = 208 )y 0.V, (bakTH4HO TakOXK NI0Ka3aHO
Ha puc. 10, aje BiH 3aHaATO MaJluid, 00 HOTO
MOXKHA Oyi10 6auyuTH B 00paHOMY MacITaoi.

Vs =V,

HA/um DD

Puc. 10. ITepenaBaabhi xapaktepuctuxu n-MOSFET,
BBIMKHEHOI0 32 CXeMOI0 3i CIIJIbHUM BHTOKOM, 3 je-

moHcTpaniero Tpeox merpuk /.., V., (lin), V, (sat).

YHAOYHHUTH JAOMOPOTOBI XapaKTEPUCTH-
KaMUu 3pyuHille, SKIO BiJKIagaTu BUXIiJ-
HUH CTpyM [, y JdorapuMivHii ImKai, SK
e 300paxxkeno Ha pwuc. 11. OGunBa cTpymu

I, =1 I, =1
OFF DS Iy =0V pg=Vpy TR~ ON DS 1y 5=V ps=Vpp TA=
KOX 306pa>1(eH0 Ha IbOMY PUCYHKY. I[OHOpOFO—

Buii ctpyM MOSFET 3pocTae ekcroHeHIIiiTHO 3
Ves (puc. 10). Jlomoporosuii po3kun SS Bu3Ha-
YaEThCSI BUPA3OM

-1
SS =[d(log, 1) /dVy] 4)
1 3a3BUYai Ooro HABOIATH Y MB/dexada. Jlomo-
pPOTOBHI PO3KH — 1€ Taka 3MiHa HaNpyTH Ha
3aTBopi (3a3BU4ail y mB), sika NpU3BOIUTH J0

sminu ctpymy {ps B 10 pasis. Uum MeHmmii SS,
TUM MEHIIA HalpyTa Ha 3aTBOPi MOTpiOHA ams

IepeMUKaHHsl TpaH3ucTopa 3 pexumy «OFF» y
pesxxum «ON». 3rogom MU MOKakeMo, 1o ¢izuka
HiAOPOroBOi MPOBIIHOCTI Nepeadadae 3HaYCH-
H SS > 60 mBloexaoa . Y Tpan3ucropa n1o0poi
SIKOCT1 JJOTTOPOTOBUNA PO3KUJ] MIPAKTUYHO OHA-
KOBHH JUIs Iepe1aBalIbHUX XapaKTePUCTUK K
HU3bKO1, Tak 1 BUCOKOI Hampyru V¢ (puc. 10).
Yacto crioctepiraroTh 3011beHHS SS 31 30151b-
meHHsIM Vg, 1110 TOB’sI3y10Th 3 BUsiBaMu 2D
enekrpoctatiku MOS, 10 A€TaIbHOTO PO3IIsLY
SKO1 MU TepeiieMo mi3HilIe.

. iprM
Vis=Yis Lo
log,, 1 ps
(Ipg> nA/um) V,s=005B
CTpy™a
I
{ i > Vs

Puc. 11. llepenaBanbui xapakrepuctuxku n-MOSFET,
BBIMKHEHOI0 32 €XeMOI0 3i CIiJIbHUM BUTOKOM, 3 Jie-
mMoHncTpamnicio agox merpuk SS ta DIBL. Crpym

cToky I, HA HBOMY PHCYHKY BiIKJIA[EHO B Jorapud-
Y {ps Y PUCYHRY p

MiuHii mKaJi.

[TinmoporoBi XxapakTEPUCTUKH 3CYBAIOTHCS
JTBOPYY MIpOO 30UTBIIICHHS] CTOKOBOT HAIIPYTH
Vs . 1Lleit 3cyB OB’ A3y10Th 3 €(DEKTOM 3HMKEH-
Hs1 Oap’epy, 1HAYKOBAaHUM CTOKOM, JUJISl SIKOTO B
aHTJIOMOBHIH JIiTepaTypi 3aCTOCOBYIOTh a0peBi-
arypy DIBL. lleit epexT MOXHA BU3HAYUTHU SIK
TOPU30HTAIBHUH 3CYB HU3bKO- Ta BUCOKOBOJIb-
THUX TiJMOPOTOBUX XapaKTEPUCTHK, MOJIIe-
HUI Ha PI3HULIIO CTOKOBUX Hampyr. DIBL TicHO
MOB’sI3aHUI 3 IBOMAa MOPOTOBUMH HAlpyram,
300pakeHUMH Ha puc. 11. B izeansHOTO TpaH-
suctopa DIBL HynbOBHI 1 TOpPOTroBa HaNpyra HEe
3alexuTh Bin V@ Vy(lin) =V, (sat) =V

JI1st MOHSITTS IOPOTOBOI HANPYTH B JIiTEpa-
Typl 3aCTOCOBYIOTH JI€K1IbKa BU3HaueHb. Yacom
MiJT HEIO PO3YMIIOTh TaKy HAmpyry Ha 3aTBODI,
3a siKoi MuQy31HHANA CTPYM y KaHaJl JOPIBHIOE
nperidoBomy. OHaK MH Y HAIIOMY TTOJAJTBIIO-
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MY PO3IJISLIi BBAKaTUMEMO 11 TaKOIO HAIIPYTOI0
Ha 3aTBOpI, 32 SIKOT BJK€ MOMITHUN CTOKOBUMA
CTpyM. ICHYIOTH Pi3HI MiAXOAM M0 TOYHIIIOTO
BHU3HAUCHHS [IbOTO MOHATTs. Hampukian, Mox-
Ha BU3HAUUTH IO HAMPYTy TaK, SIK 300paxe-
HO Ha rpadiky I,g < Vs (puc. 10). A MoxHa
BYMHHUTH TO-IHIIOMY, K Ha puc. 11: Bubparu
HEBEJIMKUH CTOKOBHH CTpyM, Hampukia, 107
A/um, MO3HAYCHUN HA IbOMY PUCYHKY IYHK-
TUPHOIO JIIHIEIO, 1 BU3HAUUTH  SIK HAMPYTy Ha
3arBopi Vs , 3a AKOI CIIOCTEpiraTMMeThCs TaKuii
cTpyM. Tomy, HaBOJSYM OPOTOBY HANPYTY

, HEOOX1THO BKa3aTH, Ha KW caMe cmocio ii
OyJI0 BU3HAYEHO.

Haperri, 38epHiMO yBary Ha 1ie oHy 0ocTa-
BUHY. Ha pucynkax 1 ta 4 ctpym, sIKhil BXOIUTH
y ctik Tpan3uctopa n-MOSFET, mo3HaueHo sx

. B ineanpHOMY BHIIA/IKy TaKuil caMHid CTPyM
BUTIKa€E 3 Kanany nposignocti: 1, =—1Ig =1,
Ha mpakrtuiii Mae Miciie eBHUHM CTPyM BUTIKaH-
Ha' (B MAKIAIKY), TaK IO I,>1 B nopams-
IOMY BHKJIaJl CTPYM BUTIKAHHS MU HE BPaXOBY-
BaTHMeEMO 1 BBaxkaTumeMo, mo 1, =[5 |[=1p;.

7. KepyBaHHS TPaH3HCTOPOM

binpuiicTio TUNIB TPaH3UCTOPIB KEPYIOTh
IISIXOM KOHTPOJTFOBAHHS BUCOTH €HEPTETUIHOTO
0ap’epy B pe3ynbTari 3MiHU HAPYTH HA 3aTBOPI.
J1o Takux TpaH3UCTOPIB HAJIEKATh MOIBOBI TPaH-
sucropu MOSFET, HEMT, JFET (nonpoBuii
TPAH3HUCTOP 3 KEPYIOUUM p-N-TIEPEXOIOM), a Ta-
KOk OinosisipHi Tpanszuctopu HBT (Oimonsipamii
rereporpanzuctop) Ta BJT (Ginonsipuuii Tpan-
3UCTOp n-p-n abo p-n-p) [11, 30, 31]. [TpuHimnm
KepyBaHHS TPaH3MCTOPAMU JIETKO 3PO3yMiTH,
3BEPHYBILIUCH J10 IXHBOI 30HHO1 CTPYKTYPH.

Tpansucrop MOSFET € cyTTeBO nBOBUMIp-
HOIO CTpYKTypoto. [IpoTe, OiniblTy YacTHHY BaX-
muBuX ocobmuBocteit poborn MOSFET moxHa
3pO3yMITH 3 BUKOPUCTAHHSM JIMIIE OJHOBHU-

! B ykpaiHOMOBHi1 JiTeparypi Ui IBOTO CTPYMY

(leakage current) 4acTto BXKHMBAIOTh TEPMIH «CTPYM BH-
TOKy». [IpoTe B KOHTEKCTi (i3WKH HAHOTPAH3UCTOPIB IIe
MIPU3BOAUTE /IO TUTyTaHUHH 31 CTPYMOM dYepe3 TepMiHal
BUTOKY, 1 TOMy MU B IIUX CTaTSX BUKOPHCTOBYBaTHMEMO
TEPMiH «CTPYM BUTIKAaHH».

30

MIpHHX 30HHHX JliarpaM B3ZI0BX OCi X, Halpsm
SKO1 301Ta€ThCs 3 HAMPSIMOM PYyXy €JIEKTPOHA
B3/JIOBXK KaHaJly MTPOBIHOCTI BiJl BUTOKY /IO CTO-

Ky (puc.12).

v
=

Puc. 12. Ilepepiz n-MOSFET i cucrema koopauHar, Bu-

KOPUCTOBYBaHA /sl rpadgiuHoro 300pakeHHsi eHeprii

B 32JI€2KHOCTI Bi/l KOOPAMHATH TOUKM NPH PYXOBi Big

BHUTOKY B3/[10B:K KaHAJly NPOBiHOCTI 10 cTOKY. Bich

Z HaNnpaBJIeHO 32 PUCYHOK B3/10B:K INMPHHU KAHAJIY
nposigHocti W.

KoHTakTHI 00JacTi BHTOKY Ta CTOKY
n-MOSFET cuibHO j1eroBaHi JOHOpaMH, a KaHajl
MPOBITHOCTI 3a HYJABOBOI HAIPYTH HA 3aTBOPi
Mae JipKOBY MPOBIAHICTE. B onHOpigHO NeroBa-
HOMY MAacCHBHOMY HaITiBIIPOBITHUKY €HEPTisl 30H
HE 3aJICXKHUTH BiJ] KOOPAWHATH, TIPH IIbOMY PiBEHb
Ddepmi pO3TaIIoBaHU MOOJIHU3Y JHA 30HU
MPOBITHOCTI JUTSI HATTIBIIPOBITHUKA 1-THITY
Ta MOOJMU3y CTEJl BaJICHTHOI 30HU 1A Ha-
MBIIPOBIIHUKA p-THUITY.

V BepxHiii yacTuHi puc. 13 nokasaHi npocro-
POBO po3/ieHi 001aCTi BUTOKY Ta CTOKY A-THITY
1 KaHaJly MPOBIJHOCTI p-TUIY. Y PO3ALIEHOMY
CTaHl y BUTOKY Ta cToKy E. = E., a B KaHaii
nposigHocti E, = E, . [Ipore komu Bci Tpu 00-
JIACTi CIIOTYYCHI, eIEKTPOXIMIYHHMI MOTEHITia
y CTaHi piBHOBarv MOBMHEH CKPi3b OyTH OJHA-
koBuii ( £, = Const).
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Puc. 13. OgnoBumipHi 3onHi aiarpamu n-MOSFET y
cTaHi piBHoBaru. 3ropu 300paseHo piBHi eHeprii Bil-

OKpeMJIEHHX BUTOKY Ta CTOKY n-tumny (  — eHepris
JHA 30HU NPoBigHOCTI) /i KaHAJYy NPOBiAHOCTI p-TUIY

(  — eHepris cTeJii BajieHTHOI 30HM). BHu3y 300pa-
“KEeHO XiJ eHeprii B cTaHi piBHOBaru.

BupiBHIOBaHHS piBHSI XIMIIOTEHITIATY B3/IOBXK
TPaH3UCTOPA PU3BOIUTH J0 TOTO, IO 3apsI0Ba
piBHOBAra mopyIry€eThcs, i BAHUKAE EJIEKTPOCTa-
TUYHUHN MTOTSHITIaILHUN Oap’ep Mk 001acTsIMHU
BHUTOKY Ta CTOKY 3 OJIHOTO OOKY, i KaHaJIOM 3
npyroro. Ilepuri aBi o61acTi HaOyBarOTh MO3U-
TUBHOTO TIOTCHIIIAY TIOJSI p-n-TIEPEXO.Y, TKUN
3HIDKYE PIBHI €HEpTii:

Ec(x)=E. —qyp(x),
E,(x)=E, —qp(x),

ne inneke «0» mo3Havae BETMYUHY BIIMOBITHOT
€Heprii 3a BIZICYTHOCTI €JIEKTPOCTATUYHOTO TI0-
TEHIIaTy

OCKUIBKHM TPaH3UCTOP MepedyBa€e B PiBHO-
Ba3i, TO CTPyM y KaHaJli MPOBIIHOCTI HE TeYe.
HartomicTh BUHUK MOTEHITIAILHUN Oap’ep, SKHM
BIJIOKPEMITIOE €JICKTPOHHU Y BUTOKY BiJl €JIEKTPO-
HIB y cTOKY. Lle¥i enepreTuunmii 6ap’ep Bigirpae
BUpIIAIBHY POJIb Y POOOTI MOJILOBOTO TPaH-
3UCTOpA.

Puc. 14 nokasye, mo BigOyBaeThcs 3 mpodi-
JieM 30HM TIpoBiHOCTI Tpan3zuctopa n-MOSFET
MpH MPHUKIIAJICHH] TIO3UTUBHOI HANPYTH HA 3a-
TBOp. Ockinbku Vi =V, = , TO piBeHb XiMIO-
TEHI[IaTy Y BCiX TPhOX 00IACTAX MPAKTHUUHO OJI-
HaKOBH, TpaH3UCTOp nepeldyBae B piBHOBA3I,
CTPYM y KaHaJli MPOBIIHOCTI HE MPOTIKAE.

)

E

Il' -I- \‘\v“ =0
E(.(,\') ] il \

I \

1 \

1 \
I

E=E; / E:

Puc. 14. 3ouna crpykrypa n-MOSFET B piBHoBak-
HOMY CTaHi MPH HYJLOBiil Hampy3i Ha 3aTBOPi (MyHK-
THPHA KPHUBA) i mpu Besukiii Mo3uTHBHINA Hanpy3i Ha
3aTBopi (cyuinbHa kpusa). [IpukiaaganHs HANPYTH 10
3aTBOPY He MOPYIIYE PiBHOBATH, OCKIJIBKH TepMiHaI

3aTBOPY i30J1b0BaHU Bil KaHAY MPOBiTHOCTI.

Tepminas 3aTBOpY 130JIbOBAaHUH BiJ KaHAITY
MPOBITHOCTI B KPEMHI€BIH MiAKIAAII IAPOM
nienextpuky SiO,, ane NO3WTUBHMI IIOTEHIIA,
MOJaHUI Ha 3aTBOP, BILTUBAE HA 30HHY CTPYK-
TYpy HaliBIPOBiTHUKA. BiH MigBHIIy€e eIeKTPO-
CTaTUYHUH MOTEHINIaN y KaHai, 110, 3T1HO 3 (5),
3HIDKY€E SHEPTito JTHA 30HH MTPOBITHOCTI.

BaxxnuBo, 110 mpuKIageHHs] HallpyTry A0 3a-
TBOpY He 3Milrye piBHs Pepmi B KaHaI TIPOBIJI-
HoCTi. [IpukiiazieHHs] MO3UTUBHOI HANPYTH J0
3aTBOpY 3HIKYE piBeHb Depmi y MeTamiaHOMY
TepMiHaJl 3aTBOpPY, OJHAK, IIel TepMiHal 130-
JTHOBAHUU BiJ MigkIaaKu. PiBeHp DepMi kaHATY
MPOBIAHOCTI B MIAKIAAI MOXKHA 3MIHUTH, Tijlh-
KM TIPUKJIAJAI09H HAIPYTy 0 BUTOKY Ta/a0o0
CTOKY, OCKIJIbKH iXHi piBHI Depmi MoB’s3aHi 3
piBHeMm Depmi KaHATY TPOBIIHOCTI.

OTxe, MpUKJIaAaHHS HANPYTU 0 3aTBOPY
TUTBKU 3HHUXKYE 200 MiIBUIY€E MOTCHIIHHII
Oap’ep MOMIXK BUTOKOM Ta CTOKOM. AJle TpaH-
3UCTOP 3aJUIIAETHCSI B PIBHOBA3i, CTPYM Yy
kaHaii BiacyTHiil. Toil ¢akr, mo piBHOBara B
TPAH3HUCTOP1 HE MMOPYUIYETHCS MIPH MPUKIIAICH-
Hi MOTEHI1ady 10 3aTBOPY, SIK MU MOKaXXeMO
Mi3HIIIE, CYTTEBO IMOJETTIY€E aHATI3 eIeKTPO-
craruku MOS.

Komu 10 cTOKy MpHUKIaJeHO MO3UTHBHY Ha-
MIPYTY, EHEeprii 3MiHIOIOThCA TaK, SIK 11e 300paske-
HO Ha puc. 15. Butok 3a3emiieHo, Tox #oro pi-
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BeHb DepMi He 3MIHIOETHCS TOPIBHSAHO 31 CTAHOM
piBHOBary, a MO3UTHBHA HANpyra, NPUKIaJIeHa
JI0 CTOKY, OHMXY€ piBeHb DepMi Ha CTOIl Ha
BEJIMYUHY gV .

Puc. 15. 3mina eneprii AHa 30uu npoBigHocti F c( x)
B3/10B:K KaHaay nmpoBigHocTi n-MOSFET, koau npu-
KJIaJIeHO HAMPYTY /10 CTOKY i 10 3aTBOPY: MyYHKTHPHA
JIiHifl BiANOBiZa€ BeJMKOMY 3HAYEHHIO i Majiomy

, 4 CYyIJIbHA — BEJINKUM i

PosmiaabpMO criepiy TOM BUITAOK, KOJIU 10
3aTBOPY MPUKIIAIEHO HEBEIHUKY HAMpPYTY, a 10
CTOKY — BeMKy. Llelt Bunaaok 300paxeHo MmyHk-
TUPHOIO JIiHI€I0 Ha puc. 15. YV TpaH3ucTopi A0-
Opoi SIKOCTI BUCOTA EHEPTETHYHOTO Oap’epy Mixk
BUTOKOM 1 KaHAJIOM MPOBIAHOCTI KOHTPOIIOETh-
Csl MaiKe BUKITFOYHO HANPYTOI0, PUKIIAICHOO
JI0 3aTBOpY. SIKIIO Hampyra Ha 3aTBOpi Maia,
TO Oap’€ep AOCTATHLO BUCOKUH, 1 TUIBKHU JIIYCHI
€JIEKTPOHHU MAIOTh EHEPTil0, TOCTATHIO IS TOTO,
o0 mogonaTu e 6ap’ep 1 JOCATHYTH CTOKY.
Tpanzuctop nepedyBae B ctani «OFF», a ctpym
I,s = :iioro BU3HAYa€ MEPEBAKHO HE3HAUHMUI
cTpy™ Butikauss Loqr (puc. 11).

Komm i 10 cToKYy, i 10 3aTBOPY MPHUKIIAJACHO
BEIIMKY HANpyry, TO Hampyra Ha 3aTBOpi Mmij-
BUIIYE €IEKTPOCTATUYHUHN MOTEHIaN Y KaHali
MPOBIAHOCTI U 3HUIKY€E BUCOTY Oap’epy. ko
Oap’ep poOHUTHCS TOCTATHBO HU3BKUM, TO BXKE
3HauHa YacTHUHA EJIEKTPOHIB 3 BUTOKY MOXKE «IIe-
pecTpuOHYTH» Yepe3 HbOTO i pyXaTucs 10 CTO-
Ky. Tpanzuctop nepelysae B crani «ON» 3 Mak-
CUMaJIbHUM CTpyMOM 1,y npu Voo =V, =V,

(puc. 9).

32

OcHOBHUII pUHIKT POOOTH OUIBIIOCTI TUIIB
TPAH3UCTOPIB — KEPYBAHHS CTPYMOM IIIJISIXOM
3MIHU BHCOTH Oap’e€py BHACIIAOK MPUKIIAACHHS
HanpyTu Ha 3arBop. Llum daxTuuno BHUEpy-

eThes disuka cranis Tpansucropa Lorr Ta Loy
(puc. 9). OnHaxk, 1 po3yMiHHS BCi€i BOJIBT-
aMIEepPHOI XapaKTEePUCTHKU TPAH3UCTOPA CIiJ
3BEPHYTHCS JI0 JiarpaM 30HHOI CTPYKTYPH.

Ha puc. 16 300paxeHo pe3ysIbTaTi MOJIEITIO-
BanHs 3MiHu E(X) npu 36inbuenni nanpyru na
3aTBOpi B JiHINMHIN oOmacti BAX. Briagae B oko
Te, 10 IPU BUCOKHUX 3HAYCHHSX HANPYTH HA 3a-
TBOpi BenmunHa E.(X) 3MIHIOETHCS MPAKTUYHO
JHIKHO B3I0BXK KaHAIYy MPOBIAHOCTI, 10 BiAIO-
BiJJa€ TIPAKTUYHO CTAJIOMY €JIEKTPUIHOMY IIOJIIO,
SIK 1 CITiJT OYIKYBaTH IS JTiHIMHOT 00macTi BAX,
sIKa BIJIIIOBIIa€ PE3UCTOPY, KOHTPOIHOBAHOMY
HaINpyroo Ha 3aTBopi (puc. 7).

E.(x),
eB0.4

03
0.2
0.1
0
0.1
02— . . . "

X, HM

Puc. 16. Monemosanus ¢ynkuii £.(X) nas nano-
Tpan3ucTopiB. IIpukiaeHo HeBeIUKY HANPYTY 10
CTOKY: TPAH3HCTOP NMpauioe B JiHiiHoMy pexumi. Koxk-

Huii 3 rpadikis Binnosinae nesHomy 3uavennio V¢,
BeJIMYMHA K01 30i1bIIyEThCs 3ropu BHM3 [32].

Puc. 17 nemoHCTpy€E pe3ylbTaTi MOJEITIOBAH-
us Gyukuii £.(x) s nanorpansuctopis B 00-
JacTl HacuYeHHs. Miporo Toro, sK Aenaii Oilb-
I1a Hampyra Ha 3aTBOp1 3HMXKYe Oap’ep, Aenani
OlJIbLIE €JIEKTPOHIB 3 BUTOKY J0JIA0Th Oap’ep 1
Jlalnl pyxarTbes 10 cToKy. Llelt pucyHok Takox
MOSICHIOE, YOMY CTPYM CTOKY HACHUYYEThCS 1 1ai
Maii’ke He pocTe 31 301IbIIEHHSIM Halpyru Ha
ctoky. [IpuunHoOIO 11bOTO € 0ap’e€p Mi’K BUTOKOM
1 KaHAJIOM, SIKUH 1 0OMEXYE CTPYM 0 CTOKY.
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Fe(x). 0.4 Vi

0.2
0
02
0.4
08

0 5 0 5 10

X, HM

Puc. 17. MoagenwBanus QpyHKuii EC(X) JIJIsI HAHO-
TpaH3ucTopiB. IlpukiiageHo BeJMKy HANPYTy 10 CTOKY:
TPaH3UCTOP Npantoe B o01acti HacuuenHsa. Koxuuii 3

rpadikiB BilNoBiIae NeBHOMY 3HAYEHHIO VGS , BeJId-
4YHHA KOl 30lIbmYyeThes 3ropu BHU3 [32]. O0nacTh
BiITHHY MU 00roBOPHMO Mi3HilIe.

Lleit 6ap’ep noOpe BuaHO HA puc. 17 mpu Hail-
OUIBLIOMY 13 HAaBEJAECHMUX 3HAUeHb Vg, a TAKOXK
Ha OUTBII JOKJIAIHUX pUCYHKax 18: Ha KpUBHUX
(6) ta (r) mua V,, =V =0.6 . Ilpu mozemo-
BaHHI OyJI0 BUKOPUCTAHO HAIIBKJIACHYHUN OTIHC
TPAHCIIOPTY €JIEKTPOHIB y HAHOTPAH3UCTOPaX 3
KaHaJIOM MPOBIAHOCTI JOBXHHOI HE MEHII SIK
10 um [32 - 34].

0.4

Eq(x),
3B

-02

~15 -5 5 15 -15 -5 5 15

-15 -5 5 15 -15 -
X, HM

®) )
Puc. 18. MonenwBanus QpyHkuii Ec(x) JIJIsl HAHO-
TPAH3UCTOPIB:
(@) Vs =0.05B, V,_; o« 0.0 < 0.6B (puc. 16);
©) V,; =0.6B, V_, < 0.0 < 0.6B (puc. 17);
®) Vs =0.05B, V,; < 0.0 <= 0.6B8;
(r) V =0.6B, V,; <0.0=0.6B [32].

[Tpu 30inpIICHH] HANIPYTH Ha 3aTBOPi Oap’ep
MK BUTOKOM 1 KaHAJIOM MPOBITHOCTI HE 3HUKAE
(puc. 18r), 1m0 mepenKoIKae CTpyMOBI 3pOCTa-
TU. HaBiTh 3a ay’xe 3HaYHOI HANPYTH Ha 3aTBOP1
el HeBenMkmii 6ap’ep oxHak aumaerbes. Ciifg
nigKpecauTu: 0e3 1poro 6ap’epy i kepyBaHHS
HUM 3 00Ky 3aTBOpY He Oyio O 1 TpaH3ucTOpa.

8. BoabT-amMmnmepHa XapaKTepHCTHKa
MOSFET 3 no3uniii MoaeJii TepMoe1eKTPOH-
HOI eMmicii

Omnucaru BOJBT-aMIIEPHY XapaKTEPUCTHKY
MOJILOBOT'O TpaH3HUCTOpa B OaliCTHYHOMY pe-
KUMI CTPYMY, KOJIU €JIEKTPOH MPOXOAUTH Ka-
HaJI TIPOBITHOCTI, HE PO3CIIOIOUUCH, MAaTEMaTH4-
HO MOXHA, BUKOPHCTOBYIOUH MPOCTY MOJEIb
TepMoeNeKTpoHHOT eMicii. Po3rsitabMo BAX
n-MOSFET, BBIMKHEHOTO 3a CXEMOIO 31 CIILIb-
HUM BUTOKOM (puc. 9). CyMmapHuii ctpym cro-
Ky € PI3HHIICIO TBOX CTPYMIB — BiJl BUTOKY JI0
CTOKY (3J1iBa — HarpaBo) 1 BiJ{ CTOKY /10 BUTOKY
(cmpaBa — HaIIBO) 3 JOJaHHIM Oap’epy B 000X
HarnpsMKax:

Ipg =1 —Ipy - (6)

Mogenb TepMOeNeKTPOHHOI eMicii rependa-
Yae Te, Mo CTPyM {,, CTBOPIOETHCS TEPMIYHIMH
€JIEKTPOHAMHU, 3/laTHUMHU I10/10JIaTH MMOTEHI1H-
HUM Oap’ep. BigTak nei cTpyM mpomopIiiiHuiA
IMOBIpHOCTI fosaHHs Oap’epy E, Ha NUIAXy
€JIEKTPOHA B1Jl BUTOKY JIO0 CTOKY:

—Egg kT .
Ipoce ™™ (7
1 aHAJIOTIYHO T CTYyMY 1) -
I, o e o KT, ®)

ne E,, —0ap’ep Ha IUISIXY €JIEKTPOHA BiJl CTOKY
110 BUTOKY. OCKUIbKM NMPUKJIAICEHHS HAPyTH Ha
CTIK 3HIXKYE
HyJIb0BOMY DI/BL
Epy=Eg+qVps,

Ha CTOKY, T0 E,, > E, . Ilpn

TOXK

_ ~—qVps kT
I, /1,,=¢
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Sk miacyMoK ofepKyeMo

Lpg =1, (1= "), (9)

Ha Bepimuni 6ap’epy 3yCTpidarOThCs ABa TMO-
TOKH €JIEKTPOHIB — OJJUH IOTIK PyXa€eThCs Mpa-
BOpYY, a APYTUil — JIBOPYY; ajle BaXKJIUBO, 1110
BOHU PYXarOThCA 3 TIEIO K CAMOIO KIHETUYHOIO
SHEepri€lo, a, OTXKE, 1 3 OJHAKOBUMH IIBHIKOCTS-
M . CTpyMm € 100yTKOM NEPEHECEHOTr0 3apsiLy
Ha mwBuAKicTh. Y Bunaaky MOSFET enextponu
pyxaroThcsi B 2D-kaHami mpoBigHOCTI, TOMY TO-
TpiOHO BpaxyBaTH MoBepXHEBUH 3apsn (K/cm?).
CtpyM JOpiBHIOE

I = W@x:ovT )

N - .
ae Q =0 NMOBCPXHCBUU 3apda/l HAa BECPIIHUHI1
Oap’epy, CTBOPEHUH eJIEeKTPOHAMHU, SKi pyXa-
HOTHCA 3 JOAATHUMU HIIBUAKOCTIAMMU. Amnajor i‘-IHO

Iy =WQ|

TOMY CyMapHMH 3apsij Bil 000X HOTOKIB J10piB-
HIOE

Lip+ 1y — 1,

R 1+equus/kT
T ).10)

9._,=

3BiJicH 3HAXOIUMO CTPYM I, , miaCTaBIs-
emo ioro B (9) i octatouHo omepxkyemo BAX
I, oV, st 6amictuunoro MOSFET:

7qVDS/kT)

e—. 11
|Jx =0 (1+ 7qVDS/kT) ( )

[Tiznimme mu BuBenemo piBHsIHHA (11) OiabIn
CTpOT0, OOrOBOPUMO HOTO OOMEKEHHS 1 BU3HA-
YUMO IIBUAKICT . Pa3oM i3 TuM, 3araibHa
noBezliHka 6anictuuHoi BAX 1inkoM 3po3ymina
BKE 3 MO3UIIiH TPOCTOI MOJIENI TePMOETIEKTPOH-
HOI eMicii JUIs TpaH3UCTOpa 3 KOHTPOJIBLOBAHUM
6ap’epom.

[Tpoananizyemo Bupa3 (11) maist HU3BKHX 1
BHCOKHMX 3HAau€Hb HANPYTH Ha CTOKy V. Jlns
HU3LKMX 3Ha4eHb V) posknan y psn Teinopa
eKCTIOHEHT J1a€

34

(12)

— DS
|Jx 0 2kT/ GCHVDS R

CH
ne G, Ta R, — OpoBiIHICTH Ta OMip KaHATY
TpanzucTopa. Bupas (12) € 6anicTHaHUM aHao-
TOM JIiHIHHOT o0nacTi Ha puc. 9.

Tenep po3misiHeMo Bupas (11) ang Bunagky
BUCOKHUX 3HAa4€Hb V., B 00JaCTI HACHYCHHS
i 1 cTpyMm
CTOKY 3a3Ha€ HACUYECHHS IIPU Tos = 1Lig . Y 1npo-
My IPaHUYHOMY BHNanxky V,.>>kT g i (11)
CIIPOLIYETHCS J10

]DS - W |gx:0

TOOTO MU BUCOKUX 3HAUEHHSIX V¢ CTpyM He 3a-
JISKUTH BiJl HANIPYTH Ha cTOKY. OHAK, SIK MU T10-
6aunmo nani, epext DIBL cnpyuduHsie 3pOCTaHHS
3apsiLy gx:O 31 30UIBIIIEHHSIM HAIPYTH HA CTOKY,
TOX CTPYM IIPH BUCOKHX 3HAYEHHAX V)¢ Tpomo-
B)XKY€E 3pOCTaTH 31 30UIBIICHHSM HANpyTH, X04a
i 3HAYHO MOBUIBHIIIE, aHDXK Y JIIHIHHIN 00nacTi.

Tenep 3BepHIMOCS 10 NIEpeIaBAIbHUX XapaK-
TepUcTHK Ha puc. 11. BoHu sBns10TH CO00I0 32a-
nexxHocTi 1, o¢ V¢ mpu pikcoBaHUX 3HAUCHHSIX
Vs - 3adikcyemo 1o HapyTy Ha CTOKY HACTLlIb-
K{ BHCOKOIO, 0 CTPYM BU3HAYAETHCS BUPA30M
(13). [TocTaBmMo nMUTaHHS: SIK 3MIHIOETHCS 3apsi

(puc. 9). Y upomy BUTIAJKY Ly

|VT9

(13)

QX:O 31 3MIHOIO HalPyTH Ha CTOKY?
Jlns BUCOKUX 3HAueHb Vi, cTpyM [, =
tomy 3 (10) BumnuBae, o

9], 1= 52 (14

Ctpym I,; CIpUYHUHEHO TEPMOCIECKTPOH-
HOIO €MiCi€10 BUTOKY B HamMpsMKY /10 KaHAJIbHO-
ro Oap’epy. [IpuknaneHHs Hanmpyru 10 3aTBOPY
3HIKYE 1IeH 6ap’ep:

—Eg/kT _

(15)

—(Esp —qVgs/m)/kT
I,,oce e >

ne Eg, — BHcoTa Oap’epy mpu BXOJli HA HOTO 3
OOKy BHTOKY IIPH HYJIbOBOMY TIOTEHIIIaJIl Ha 3a-

tBopi (Vs = ),a 1/m —uacrka norenuiany Ha
3aTBOPI, 110 MPOOHUBAE NICTEKTPUUHY MTPOKIAIKY
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3arBopa. 3 (15) Ta (14) BuruuBae, 1o

Qo) =0Q|, ™™ . (16)
Tenep 3 (16) Ta (13) BumIuBae, mo CTPyM
3pocTae eKCTOHEHIIHHO 31 301MbIICHHSIM Ha-
IpyTy Ha 3aTBOPI:
Iy = W@VH |v, e (17)
Hecxnagno mokasart, 10 A 30UIBIIEHHS
ctpymy B 10 pasiB (ekaga) HanpyTy Ha 3aTBOPI
noTpioHo 30inpmutn Ha 2.3mkT/q > 0.060B
(mpu ximMHaTHiNW Temmneparypi, kT = 0,026
eB, m = 1). Takuil 1onOpPOroBUN PO3KUA
SS > 60 mB/0exaoa XapakTEpHUH IJISI TEPMO-
SJIIGKTPOHHOI eMicii uepes Oap’ep.
OTxe, BinnmoBigHo 10 (17), cTpyM CTOKY He
3aJIeKHTH BiJl HAIIPYTH HA CTOKY, OJJHAK, Y Peab-
HUX TPUCTPOSX yCE XK CIIOCTEPIraloTh HEBEINKE

3POCTaHHS CTPYMy CTOKY 31 36impmennsM Vs,
OCKUTHKH HaIpyTa Ha CTOKY MOB OH «J0TIOMa-
rae» 3aTBOPY 3MEHIIUTH PI3HUITIO MOTEHITIAJIB
MK BUTOKOM 1 KaHaJIbHUM 0ap’€pom, sIK I1€ 30-
OpaxeHo Ha puc. 19.

Epg Efp

i

; Vps

Puc. 19. CxemaTtuune 300paxenns epexty DIBL.

s onucy edexty DIBL mu notpebyBaTrmMe-
MO BpaxyBaHHS 2D-eJIeKTpoCcTaTuku, 10 40ro MU
MMOBEPHEMOCS TTI3HIIIIE.

Bupas (17) nokasye ekcnoHeHIiiiHe 3poc-
TaHHA [, oc Vg, mo oro Mu 6auumMo Ha puc.
11 mmwxkue Bix mopory . OmgHak, BUIIIE Bij MO-
pOTy CTPyM 3pOcCTae 31 301IbIIEHHAM HaMpyTru
Ha 3aTBOPI B)KE HE EKCITOHCHIIIMHO, a TPUOIH3HO
miHiitHo. [li3Himne, aHaNi3yI0uH eIeKTPOCTATUKY
MOSFET, mu nokaxkemo, 1o 3apsn (16) puiie
BIl  301dbIIyeThCA JIHIAHO 3 V¢ 3rifgHO 3
BHpa3aMH

OV Vis) == Co (Vs =Vp), Vp =Vig=Vps, C, =Kk, 50/tox,

(18)
ne C, — NMOBEpXHEBA €MHICTh J1€JIEKTPUYHOL
MPOKJIAJIKU, OOEPHEHO MPOMOpIliiiHa 10 i1 TOB-
WMHA f, , K,_— JIENEKTPUYHA IPOHUKHICTh Ma-
Tepiany NPOKIAJIKH, &, — MIENEKTPUYHA IPOHMUK-
HICTb BaKyyMy.

Otxe, BUXIJTHY XapaKTepUCTUKY TPAH3UCTOpA
MOSFET B 6anicTUYHOMY peXHUMi B LIJIOMY
JIOCTaTHBO MPOCTO MOSICHUTH 3 TIO3ULIIH TPOCTOT
MOJIeJli TepMOETIEKTPOHHOI eMicii ¢ ypaxXyBaH-
HSIM KOHTPOJILOBAHOTO 3aTBOPOM Oap’epy.

Bes ¢dizuka Tpan3ucTopa 3BoAUTHCS (aKTUY-
HO JI0 €JIEKTPOCTaTUKU W TPAHCIIOPTY €IEeKTPO-
HIB. A poJIb IHKEHEPHOTO AM3aiHy TPaH3UCTO-
piB, IK MU MOKAXXEMO JiaJli, KpUTUYHO 3pOCTAE 3
Miporo X MiHiaTIOpu3aiii.

Puc. 20 inrocTpye KIOYOBI IPUHLIKIIN BlIa-
JO0TO Au3aiiHy HaHOTpaH3UCTOpiB. BepmuHa
0ap’epy € KpUTUYHOIO TOYKOIO, SIKii BiMOBIAA€E
MoYaToK (hi3UYHOTO KaHaIy MPOBIIHOCTI, — Jai
MU Ha3UBaTUMEMO ii BIpPTyaJIbHUM BUTOKOM. Y
AKICHOMY TPaH3UCTOpPi1 BUCOTA Oap’epy CTPOro
KOHTPOITIOETHCS HAMPYTOI0 Ha 3aTBOPI 1 TUIBKH
JTy’Ke CI1a0Ko 3aJIeKUTh BiJl HAIIPYTU HA CTOKY.

BipTyasibHHii BUTIK HOPCTKO
0 (0) =—C {V -V ) KOHTPOIIOETLCH 3aTBOPOM 1
= AVes = Vr o :
A Maiiie He 3ATERUTD Bijl CTOKY
A

E

Tlpu BenmKux VD9 naaiHHs
HANpYId B0y BaeThes

[ePeBaKHO
B KiHL KAHAIy HA CTOKY

v

Puc. 20. Xix 6ap’epy sikicHo 3i0paHOro HAaHOTpPaH3UC-
Topa NPH BeJIMKUX HANIPYrax Ha 3aTBOpi if Ha cToky. B
TAKOMY HAHOTPAH3UCTOPi 3apsi/i HA BeplIMHi 0ap’epy
AyKe OJU3bKMIA 10 3HAYEHHS], 1110 MA€ Miclle B TPAaH3HC-
TOPi 3 J0BrUM KaHAJIOM MPOBiTHOCTI, KON 30BHiHIM
€JIeKTPUYHHM I0JIEM MOKHA 3HEXTYBATH. Y sIKicHOMY
HAHOTPAaH3UCTOPi 30BHIIIIHE MO0JIe HU3bKE HA MOYATKY
KaHaJly POBiIHOCTI, U NP BUCOKUX }/. Hanpyra na
CTOKY TiILKHM HEeCYTTEBO BILIMBAE HA 00JIACTh y paioHi
BepLIMHH 0ap’epy.
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[Tpn HM3BKUX V)¢ Ta BUCOKUX Vg TOTEHINAN
y KaHaJi crajae npuOIM3HO JHINHO, TOXK eeK-
Tpu4He nose npubausHo ctaie. [Ipu Bucokux
HarpyTrax 1 Ha CTOKY 1 Ha 3aTBOpP1 €JIEKTPUYHE
0JIE CHJIbHE I 3MIHIOETHCS B3/IOBXK KaHAIly He-
niniHO. [Ipu mouarky kanamy (0111 BEpIIMHA
O0ap’epy) eNeKTpuYHE 1MmoJie ciaaldke, ane Ois
CTOKY TIOJIe Jy»e CHiIbHe. B o0macTi HacH4eHHs
30UTBIIICHHS HAITPYTH HA CTOKY 301JIBIITY€ TTaTIHHS
MOTEHITIATY Ha AUISHIN KaHATY 3 CUJIBHUM TIOJIEM,
MpoTe Maiyke HE BIUIMBAE HA 00JaCTh MOOIU3Y
BepnHK Oap’epy (IIpU HEBEIUKOMY 3HAYEHHI
DIBL). Ockinbku caMme 00J1acTh 0OIU3Y Bep-
HA 6ap’epy KOHTPOJIOE cTpyM I g, TO BiH B
00s1acTi HACMYEHHS MEHII Yy TJIUBUH JI0 HAPYTH
Ha CTOKY.

Enextponu, mo B 0amicTUMHOMY HAaHOTpaH-
3ucTopi nogonanu 6ap’ep (puc. 20), pyxato-
4HCh y 01K CTOKY, HA0yBarOTh 3HAYHY KIHETHUHY
€HEepTito. Y 0CTaTHbO «MACHUBHUX)» TPaH3HC-
TOpax, SIKi MPaloTh y AUQPY31HHOMY pexumi,
ISl CHEPTis MepeaacThCs KPUCTAIUHIN TpaTIi
[IIIXOM eNeKTPOH-(POHOHHOTO po3cisHH. Of-
HaK, y 0aliCTUYHUX HAHOTPAH3UCTaX eNEKTPOHH
MPOITAIOTh IO CTOKY, HE 3a3HAI0YH PO3CIIOBAH-
HS, 1 SIK HACIIJIOK, IXHSI IIBUIKICTh y KiHIEBI1H
YacTHUHI KaHally Ayxke Beluka. OCKIIbKH CTPyM
€ 100yTKOM 3apsily Ha MIBUIKICTh, TO B 007acCTi
HACHYEHHSI TYCTHHA eJIEKTPOHIB MPH IXHil BHCO-
Kiif BUIKOCTI Oyzie qy’e HU3bKOK. Y Kiacuy-
Hilt Teopii MOSFET Ta yacTuHa kaHaiy, B sIKii
Ma/IiHHS MOTEHINIaTy BeJIUKe, a TYCTUHA eIeKTPO-
HIB Malla, Ma€ Ha3By 00JacTi BIATHHY KaHAIYy.
B TpaH3ucTopax 3 KOpOTKUM KaHaJIOM 007acTh
BIITHHY MOXKE 3aiiMaTi 3HaYHY YaCTHHY KaHaIYy,
OJIHAK, Y TOOPHX 3 MOIISAY €NEeKTPOCTaTUIHOTO
nu3aiiny HanoposMipaux MOSFET 3amxau mo-
BHUHHA OyTH HEeBeNIMKa 00JIaCTh MOOIN3Y BUTOKY,
110 TiepedyBae i KOHTPOJIEM 3aTBOPY M Xapak-
TEPHU3Y€ETHCS HEBEIUKHUM IMAIIHHSAM MOTEHITIaTYy.

TpaH3uCTOp 13 TOBrUM KaHAJIOM MPOBITHOCTI
IIPU BUCOKHX 3HAYCHHSX HAIMIPYTHU SIK Ha 3aTBOPI,
Tak 1 Ha CTOKy 300paskeHo Ha puc. 21. [TopiBHio-
109 HOTO 3 KOPOTKOKAaHATBHUM TPaH3UCTOPOM
Ha puc. 20, 6auuMo, 110 TYT MiJ KOHTPOJIEM 3a-
TBOpY mepelyBae Oinblla YacTUHA KaHAIy, aje
HEeBeJIMKa 00JIacTh BIATHHY MOOIU3Y CTOKY Of-

36

Hak HasBHA. Came 1151 00JIacTh BIATHHY MIPH BU-
COKIi Hampy3i Ha CTOKY CIIPUYUHSE HACHUCHHS
cTpyMy. B 001acTi HacH4eHHs CTpyM IepeBaKHO
3yMOBJICHUH TPAHCIIOPTOM €JICKTPOHIB y HU3b-
KOITOJIbOBIM YaCTHHI KaHAIy OOIU3y BUTOKY, a
HaWOIBIIIe TAAIHHS MOTEHITIATY B3IOBXK KaHATy
MIPUITAIA€ HA 00JIACTh 3 BUCOKUM EICKTPUIHIM
noyieM nmoonm3y ctoky. lI{oiiHO enexTpoHn BXO-
JISITh B 00JIACTh BiITUHY, SIK BOHU JTy’K€ IIBUIKO
MOTPAILISIOTh HA CTIK.

BIITHH KaHATy

/

Puc. 21. Cxemarnunmii xin £ (x) mas TpamzmcTopa 3
JAOBI'MM KAHAJIOM IIPOBITHOCTI IIPH BHCOKUX 3HAYCHHAX
HANPYIH K HA 3aTBOPI, TaK i Ha CTOKY. Y IbOMY BH-
NMA/JKy HU3bKe 30BHIllIHE eJICKTPHYHE 10JI¢ «IIOKPHUBAE»
3HAYHY YACTUHY KAHAJY NPOBiIHOCTI i 00JaCTh BigTH-
HY KaHaJy HeBesnka. /logaTkoBe 301/1b1IEHHS HANIPYTH
Ha CTOKY Jell0 3011b1Iye 00JaCTh BiATUHY, J10BKUHA
SIKOI, O/IHAK, OXOILTIOBATHMeE JIMIIIe HeBEIUKY YACTHHY
JIOBroro KaHaJ1y NpoBiiHOCTI.

OT1xe, y IKICHOMY HAHOTPaH3UCTOP1 00J1acTh
no0nu3y BepLIMHM O6ap’epy nepelyBae i Kop-
CTKUM KOHTpOJIeM 3arBopy. lle — HaliBa)kIuBi-
1a MeTa JAu3aiiHy HaHOTPaH3UCTOPIB, 1 BOHA
pOOUTHCS ena aKTyaJdbHIIIOK, KOJIU Bia0y-
BAETHCS JAIbIIe 30JIMKESHHS CTOKY i BUTOKY. Y
0aJIiCTHYHOMY HAaHOTPAH3UCTOP1 BC1 €JIEKTPOHH,
K1 1oj1oaanu 6ap’ep BipTyaJlbHOTO BUTOKY, IO-
TparuIsItoTh 6€3 po3CisiHHS Ha CTiK. [lu3aiiH enek-
tpocraruku MOSFET Hapokye HOBI mpobnemMu
31 3MEHIIICHHSIM JTOBKHHH KaHaJly MPOBITHOCTI,
npote (Hi3uyHI TPUHIMIN JU3aiHY JUIIAI0THCS
Ti % caMmi. Pa3zom 13 TuM, pi3ndHa mpupoa TpaH-
CIIOPTY €JIEKTPOHIB CYTTEBO 3MIHIOETHCS MIpOIO
TOTO, SIK TPAH3UCTOPH JIeATI MIHIATIOPU3YIOTh-
cs. QI3UYHO KOPEKTHUH OMHC eJeKTPOHHOTO
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TPAHCIIOPTY B HAHOTPAH3UCTOPAX CTA€ CYTTEBUM
enleMeHTOM iHxeHepHoro auzaiiny MOSFET.

3BepHIMO TaKOX yBary Ha Te, IO 30HHI Jia-
rpamu MOSFET cxoxxi Ha aHaJIOTi4HI AlarpaMu
IS OIMOSIPHUX TPaH3UCTOPIB HA JBOX p-N-
nepexonax BJT, ckonctpyiioBanux y 1951 pori
Binbsitmom [loxki 3 koneramu, siki 0 MOYaTKy
1970-x Oynu OCHOBHMMH NPUCTPOSIMHU TBEP/IO-
TinbHOI enekTponiku [11, 30]. B 060x Bunaakax
CTPYM KOHTPOJIOETHCS BUCOTOO Oap’epy [35].
Burtik MOSFET ananoriuawmii 1o emitepa BJT,
kanat MOSFET — go 0a3sm, a cTik — 40 KOJIEK-
TOpA.

10. BucuoBku

VY mepuriii i3 HOBOI cepii HaBYATBbHO-METO-
JUYHUX CTaTell, po3paxoBaHUX HA HAyKOBIIiB,
BUKJIQ/Ia4iB BHIIO] IIIKOJIH Ta CTYJCHTIB, MU JIaJIH
3arajbHUI ONHUC MOJTBOBOTO TPAH3UCTOPA METaI-
nienekrpuk-HaniBnpoBigiauk MOSFET, mo €
0a30BHM MPUCTPOEM CYHACHOI €TEKTPOHIKU. Mu
po3rsHynau gizuuny crpykrypy MOSFET Ta
HOTr0 BOJIBT-aMIEpHI XapaKTePUCTHKH ABOX TH-
B — BUXIJHI i iepenaBaibHi, onucanu 10 me-
TpuuHux nokazHukiB MOSFET, nocrataix mmis
aHaJi3y SKOCTI HAHOTPAH3HCTOPiB, OOTOBOPUIIH
NPUHIIMITY KEPyBaHHS MOJIbOBUMHU TPAH3HCTOPA-
MU 4yepe3 MPUKIAJaHHs HanpyTru Ha 3aTBop. [1o-
Ka3aHo, 1110 3aBK/H ICHy€e 06ap’ep Ha MEXI ITOMIXK
CTOKOM 1 KaHaJIOM TPOBIHOCTI, SIKHI OTpUMaB
Ha3BY BIPTYaJIbHOTO CTOKY. SIK MU MOKa)keMO
B HACTYIIHUX CTaTTAX, (DaKT iCHyBaHHS BIPTY-
aJIbHOTO CTOKY MPHBIB Y KIHLIEBOMY HiJACYMKY
JI0 pO3pOOKHU HAWOUIBII aIeKBATHOTO METOIY
aHalizy poOOTH HAaHOTPAH3UCTPIB, BIIOMOTO SK
METO/] BIpTyaJbHOTO BUTOKY/TPOXO/KeHHS. Lleit
MeToJ Oepe MoYaToK y moHepchbKux podorax P.
Jlannayepa, 1 6yB mi3Hime po3sunytuii C. Jlatta
i M. Jlyaacrpomom. CtarTs 3aBepIIyeThCS BU-
KJIQJIOM MaTeMaTHYHOI MOJIENI BOJIBT-aMITIEPHOT
xapakrepuctukn MOSFET B pamkax npoctux
YSIBIICHb ITPO TEPMOEIIEKTPOHHY €MiCiI0 K MpHU-
YMHY 1HXEKLIi eJIeKTPOHIB y KaHaJI MPOBiTHOC-
Ti. Y HACTYMHHUX CTATTIX Oyae MOKa3zaHo, IO
ITI0 MOJIEIb MOYKHA BUKOPUCTATH SIK OCHOBY JIJIS
aHaJi3y poOOTH HaHOTPAH3HUCTOPa 1 MOOYJOBH
JOCKOHAJIIINX MOJIEJIEH.

Hanani mu posrstaemo po6ory MOSFET y
TpaaULiHHOMY BHKJIAI 1 B MOZIENI BipTyaIbHOTO
BUTOKY, IPOAHANI3yEMO NP LOMY PiBHSIHHS
[Tyaccona — bonpiMaHa Ta HaOMMKEHHST BUCHA-
KEHHS, CHOPMYIIOEMO KpUTEpiil As cinadbKoi,
MOMIPHOT Ta CUJIBHOI 1HBEpCil, TOKaXeMO, K
3B’s13aHi TIOMDXK COOOI0 MOBEPXHEBUI MOTESHITI-
aJ 1 Hampyra Ha 3aTBOpi, OMUIIEMO PYXOMHM
eJIEKTPOHHUM 3apsi/i HUXKYE Ta BUILE BiJ MOPO-
rOBOI HAIIPyIr'u, HOro poOjb Y CTPYKTypax 3 JyxKe
TOHKOIO MiJKJIaJKOI0, po3risiHeMo edextu 2D
€JIGKTPOCTATUKH 1 CHOPMYITIOEMO MOJIEINb Bip-
TyaJIbHOTO BUTOKY 3 MO3ULIN MIAXOMy «3rOpU
— BHU3». Hacamkinenp Oyne moOyoBaHO aiek-
BaTHY (pi3UUHY KapTHHY TPAHCIIOPTHHUX SBUIIL Y
HaHOTPAH3UCTOPAX Y PaMKaxX KOHLEMIIT «3HU3Y
— Bropy» Jlannayepa — Jlarra — Jlynactpoma, i
MOKa3aHo ii 3B’430K 3 TPaJAULIHHUM MiAXOAOM
«3TOPH — BHU3Y.

OxpemMo B HACTYNHUX CTATTAX MM 3yNUHU-
MOCSI Ha KOPOTKOKAHAJIBHUX €(EeKTax, 3 SIKUX
MOKU MU JJOCTaTHHO JOKJIAIHO PO3IIISHYIM JIUILE
eeKT 3HIKEHHS 0ap’epy, IHAYKOBAaHOTO CTOKOM
DIBL. Iopsiz 13 HAM iCHYIOTh TaKOX 1HIII e(ek-
TH KOPOTKOTO KaHaly, 30Kpema, epeKT 3011b-
IICHHS JJOBXUHU MPOCTOPOBOTO 3apsily CTOKY
1 BUTOKY B 00’€Mi MOPIBHAHO 3 MEXKEI0 MOALTY
M1/13aTBOPHUM JTieNIeKTPUK/KaHaIbHUI HaIliBIPO-
BigHUK. Llei edekT BUABIAETHCS BXKE 3a CyOMi-
KpOHHUX JTOBXKWH KaHamiB (70—40 um) [36]. Ho
PO3IIISIY IBOTO Ta 1HIIUX KOPOTKOKaHAJIBHHUX
e(eKTiB MU TOBEPHEMOCS Ii3HiILIE.

Ha 3aBepiiieHHsI HArOJIOCIMO: CTATTS € HACI/I-
KOM IpocityXoByBaHHsI ogHuM 3 Hac (FOOK) kyp-
cy nekniii «Fundamentals of Nanotransistors»
[28], mpounTanux oH-naiH B 2016 porti mpod.
Mapkom Jlynncrpomom (Mark Lundstrom),
B pamkax iHiniatruBu Purdue University /
nanoHUB-U [www.nanohub.org/u]. B Hiii Ta-
KOX BUKOPHCTAHO HAlpallOBaHHS aBTOPCHKOTO
Kypcy «®i31uKa KOHJEHCOBAHOTO CEPEIOBUIIIAY,
sxuii M aprop (MBC) ynponosx ocTaHHIX
POKIB YMTA€E I MaricTpiB QaxkynbTeTy pamio-
(bi13UKH, EIEKTPOHIKM 1 KOMIT IOTEPHUX CHUCTEM
KuiBChKOTO HaIliOHAIBHOTO YHIBEPCUTETY IMEH1
Tapaca IlleBuenka.

37



10. O. Kpyrnsak, M. B. Crpixa

CnHcok BUKOPHUCTAHOI JIiTepaTypu

[1]. V. L. Ilchenko, O. T. Prokaza, M. V.
Strikha. Fizychni teorii: liudy, idei, podii.
Navchalnyi posibnyk (Luhansk: Elton-2: 2012).

[2]. M. V. Strikha, Ukr. fizych. zh., 59, No 8§,
830 — 839 (2014).

[3]. Bo Lojek, History of Semiconductor
Engineering (New York: Springer: 2007).

[4]. G. E. Moore, Electronics Magazine, 4 —7
(1965).

[5]. M. Lundstrom, Science, 299: 210 — 211
(2003).

[6]. S. R. Hofstein, F. P. Heiman, Proc. IEEE,
1190 — 1202 (1963).

[7]. C. T. Sah, IEEE Trans. Electron Dev., 11:
324 — 345 (1964).

[8]. H. Shichman, D. A. Hodges, /EEE J.
Solid State Circuits, SC-3: (1968).

[9]. B. J. Sheu, D. L. Scharfetter, P. -K. Ko,
M. -C. Jeng, IEEE J. Solid State Circuits, SC-
22: 558 — 566 (1987).

[10]. Y. Tsividis, C. McAndrew, Operation
and Modeling of the MOS Transistor (New
York: Oxford Univ. Press: 2011).

[19]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
13, No 2, 16 — 35 (2016).

[20]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
13, No 3,5-29 (2016).

[21]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
13, No 4,5 - 18 (2016).

[22]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
14, No. 1. 5-20(2017).

[23]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
14, No 2,27 — 45 (2017).

[24]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
14, No 3,5 -23 (2017).

[25]. S. Datta, Lessons from Nanoelectronics:
A New Perspective on Transport (Singapore:
World Scientific: 2012).

[26]. Yu. A. Kruglyak, Nanoehlektronika
«snizu — vverhy» (Odessa: TES: 2015).
[27]. S. Datta, Lessons from Nanoelectronics:

[11]. Y. Taur, T. Ning, Fundamentals of A New Perspective on Transport — Part

Modern VLSI Devices (New York: Oxford Univ.
Press: 2013).

[12]. D. Frank, S. Laux, M. Fischetti, Intern.
Electron Dev. Mtg. (IEDM), Technical Digest,
553 — 556 (1992).

[13]. Z. Ren., R. Venugopal, S. Goasguen, S.
Datta, M. S. Lundstrom, /EEE Trans. Electron
Dev., 50: 1914 — 1925 (2003).

[14]. R. Landauer, /BM J. Res. Dev., 1, Ne 3:
223 —231 (1957).

[15]. Yu. A. Kruglyak, N. Yu. Kruglyak, M.
V. Strikha. Sensorna elektronika i mikrosystemni
tekhnolohii. 3(9), No 4, 5 — 30 (2012).

[16]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
12, No 3,4 - 27 (2015).

[17]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.
12, No 4,5 - 18 (2015).

[18]. Yu. A. Kruglyak, M. V. Strikha. Sen-
sorna elektronika i mikrosystemni tekhnolohii.

13, No 1, 523 (2016).
38

B: Quantum Transport (Singapore: World
Scientific: 2018).

[28]. M. Lundstrom, Fundamentals of
Nanotransistors (Singapore: World Scientific:
2018); www. nanohub. org/courses/NT.

[29]. Kwork K. Ng, Complete Guide to
Semiconductor Devices (New York: Wiley
Interscience: 2002).

[30]. R. F. Pierret, Semiconductor Device
Fundamentals (N. York: Addison-Wesley:
1996).

[31]. I. M. Vikulin, V. L. Stafeev, Fizika po-
luprovodnikovyh priborov (Moskva: Radio 1
svyaz’: 1990).

[32]. M. Lundstrom, Z. Ren, IEEE Trans.
Electron Dev., 49: 133 — 141 (2002).

[33]. Y. Naveh, K. K. Likharev, /EEE
Electron Device Lett., 21, 242 — 244 (2000).

[34]. Z. Ren, R. Venugopal, S. Datta, M.
Lundstrom, D. Jovanovic, J. Fossum, IEDM,
Technical Digest, 715 — 718 (2000).



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 4

[35]. E. O. Johnson, RCA Rev., 34: 80 — 94 ductor Devices: Physics and Technology (John
(1973). Wiley and Sons: New York: 2012).
[36]. S. M. Sze, Ming-Kwei Lee. Semicon-
Crarts magiinuia qo pegaxmii 17.08.2018 p.

PACS numbers: 72.80.Ey, 85.30.—z, 85.30.De, 85.30.Tv, 85.40.—¢
DOI http://dx.doi.org/10.18524/1815-7459.2018.4.150488

PHYSICS OF NANOTRANSISTORS: STRUCTURE, METRICS, AND CONTROL

Yu. A. Kruglyak, M. V. Strikha*

Odesa State Environmental University,
Faculty of Computer Sciences
15 Lvivska Str, Odesa, Ukraine
(067) 725 2209, E-mail: kruglyak.yuall@gmail.com
* Taras Shevchenko Kyiv National University
Faculty of Radiophysics, Electronics and Computer Sciences,
4g Hlushkov Av, Kyiv, Ukraine
V. E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine,
41 Nauky Av, Kyiv, Ukraine, (044) 525 6033
E-mail: maksym_strikha@hotmail.com

Summary

The transistor is the key element of almost any electronic device. The fabrication of the working
field-effect transistor in 1947 and integrated circuits in 1959 was the beginning of the revolutionary
transformation of all electronics. In the course of the development of semiconductor technology, the
number of transistors in integrated circuits doubled annually. This doubling of the number of transis-
tors, accompanied by a continuous decrease in their size, continued at approximately the same rate
for more than 50 years. The MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) theory
was formulated in the 1960s. The length of the conduction channel of the transistor at that time was
hundreds of microns order. By the end of the 20th century, transistor sizes had reached a nanoscale,
and the nanotransistor itself became the first of all nanoscale electronic devices to be the object of
large-scale industrial production. Today, the length of the conduction channel of the transistor has
approached 10 nm, which is several orders of magnitude lower than in the first MOSFET.

The task of this new series of our tutorial reviews directed to serve researchers, university teach-
ers and students, is to discuss the physical models and principles underlying the functioning of na-
noscale MOSFETs and based both on the traditional «top — down» approach and on a more modern
approach originating in the works of Rolf Landauer who proposed the model of an elastic resistor
long before its experimental confirmation in nanoconductors. Suprio Datta and Mark Lundstrom
had rethought this model later and gave it the current sound and proved its applicability to electronic
devices as nanoscopic, and micro- and macroscopic with arbitrary dimensions of 1D, 2D and 3D
and operating in ballistic, quasi-ballistic and diffusion modes.

Keywords: nanoelectronics, field effect transistor, current-voltage characteristics, transistor
metrics, transistor control, virtual source
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Pegepar

TpaH3UCTOP € KITFOYOBUM €JIEMEHTOM HMPAKTUYHO Oy/Ib-SIKOTO €IEeKTPOHHOTO npuiiaay. CTBOpeHHs
JI0YOTO0 MOJILOBOTO TpaH3ucTopa B 1947 porii Ta iHTerpaibHux cxeM y 1959 pori ctano mogarkom
PEBOIOLIHHOTO TMEPETBOPEHHS BCi€l €JIEKTPOHIKH. 3 PO3BUTKOM HAIliBIIPOBIIHUKOBOI TEXHOJOTI1
YHCIIO TPAH3UCTOPIB B IHTETPATBHUX CXeMax IIOPIYHO MOABOIOBAJIOCS, 1 11€ TOABOEHHS, CYIIPO-
BOJIKYBaHE MOCTIHMM 3MEHIICHHSM pO3Mipy TPaH3UCTOPIB, TPUBAIO MPUOIU3ZHO 3 OJHAKOBOIO
mBHIKICTIO ToHa 50 pokiB. Teopis MOABOBOrO TpaH3UCTOPA METAJ-TICIEKTPUK HAIIBIIPOBITHUK
3 13oapoBaHuM 3arBopoM (MOSFET, Metal-Oxide-Semiconductor Field-Effect Transistor) Oyma
noOynoBaHa B 60-X pokax MMHYJIOTO CTOMITTA. Toxi TOBKMHA KaHATy MPOBIIHOCTI TPaH3UCTOpa
CTaHOBMJIA COTHI MiKpOHiB. J{o KiHIIg 20 CTONMITTSA pO3MipH TPAH3UCTOPIB JOCATIIM HAHOMACIITAO0Y, a
caM HaHOTPAH3UCTOP MEPIIUM Cepel BCIX HAHOPO3MIPHUX €NEKTPOHHUX MPUCTPOIB CTaB 00’ €KTOM
MacoOBOTO IIPOMHUCIIOBOTO BUPOOHHIITBA. ChOTO/IHI JOBXKHMHA KaHATY MPOBITHOCTI TPAH3UCTOPA Ha-
Ommsunacst 10 10 #u, 110 Ha eKijabKa nopsAaKiB MeHue, Hixk y nepmux MOSFET.

VY Hamriii HOBii cepil MEeTOIUYHO-OTTISAOBUX CTATEH, OPIEHTOBAHUX HA JOCIIIHHKIB, CTYJCHTIB,
acTipaHTIB Ta BUKJIAJa4diB BUIIOT IIKOJIH, MU OOTOBOPUMO (Bi3UYHI MOJIEINI 1 IPUHITUIIH, IO JIEKATh
B 0CHOBI (pyHK1ioHyBaHHs HaHOpo3MipHuX MOSFET. Lli Mozeni 3acHOBaHi SIK HAa 3BUYHOMY Tpa-
JTUIIAHOMY MIIXOJII «3TOPU — BHU3», TAK 1 Ha OUIBII Cyd4acCHOMY ITiIXO/i, 110 Oepe CBiif mo4aTok
e B podorax Ponbda Jlanaayepa, sskuii 3anponoHyBaB MOJEIb MPYKHOTO PE3UCTOPA 3370BIO 10
il eKCIepUMEHTAaJIBLHOTO MiATBEpAKeHHS B HaHONpoBiAHUKax. Cymnpiito darrta i Mapk Jlynactpom
MIEPEOCMUCIIIIN II0 MOJIENb, HA/IalH il HUHINTHE 3BYYaHHS 1 JOBEIH ii 3aCTOCOBHICTD JJISl €IeK-
TPOHHHUX MaKpo-, MIKpO- Ta HAHONIPUCTPOiB N0BUIEHOI BUMipHOCTI (1D, 2D 1 3D), 110 mpariiororh
y OanicTH4HOMY, KBa3i0amicTHYHOMY 1 TU(y31HHOMY peKuMaXx.

Kiro4oBi c10Ba: HaHOENEKTPOHIKA, MOJTLOBUNA TPAH3UCTOP, BOJIBT-AMIIEPHI XapaKTEPUCTUKH,
METpUKa TPAH3UCTOPIB, KEPYBAHHS TPAH3UCTOPAMH, BIPTYaIbHUN BUTIK
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A CHAOS-DYNAMICAL APPROACH TO ANALYSIS, PROCESSING AND
FORECASTING MEASUREMENTS DATA OF THE CHAOTIC QUANTUM AND
LASER SYSTEMS AND SENSORS

A. V. GlushkoV', V. V. Buyadzhi', V. B. Ternovsky?, A. V. Ignatenko’, A. A. Kuznetsova’,
A. Mashkantsev'

Abstract. The paper is devoted to problem of development of new mathematical and
computational tools for analysis and processing the measurements data of chaotic quantum and
laser systems and quantum devices (sensors). The chaos-geometric approach proposed includes a
combined group of non-linear analysis and chaos theory methods such as the autocorrelation function
method, multi-fractal formalism, wavelet analysis, mutual information approach, correlation
integral analysis, false nearest neighbour algorithm, Lyapunov’s exponents and Kolmogorov
entropy analysis, surrogate data method, memory functions, neural networks algorithms. There are
presented the most effective schemes for computing the Lyapunov’s exponents spectrum, Kaplan-
Yorke dimension, Kolmogorov entropy etc.

Keywords: chaotic quantum systems and quantum sensors— analysis and processing the
measurements data — chaos-geometric approach
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XAOC-TUHAMIYHHUA MIAXIT 10 AHAJI3Y, OGPOBKH TA ITIPOTHO3YBAHHS
JAHUX BUMIPIOBAHHSA JJIAA XAOTHYHUX KBAHTOBUX CUCTEM I CEHCOPIB

O. B. I'nywrxos, B. B. byaoocu, B. b. Tepnoscoxuii, I B. Ilenamenxo, I O. Ky3ueyosa,
O. Mawrxanyes

AnoTtauis. CtarTs npucBsiueHa npoodiaeMi po3poOKH HOBUX MaTeMaTHYHUX 1 OOYHCIIOBAIIEHUX
3aco0iB JJIs aHai3y i 00pOOKM JaHWX BUMIPIOBaHb XaOTWUYHHMX KBAHTOBHX 1 JIJA3€PHUX CHUCTEM 1
KBaHTOBHUX MPUCTPOIB (ceHcopiB). [IpomoHyemmii Xaoc-reoMeTpUYHUH MiJX1]] BKIIIOYa€E 00'€JHaAHY
rpyIly METOAIB HETIHIMHOTO aHaIi3y Ta Teopii XaocCy, TAKUX SK METOJ aBTOKOPEIAIIHHOT (PyHKIII,
MyJbTippakTaabHuil popmaltizM, BeHBIET-aHai3, METOI B3aEMHOT iH(pOpMAIlil, METO KOPEIIsIlii-
HOTO IHTerpasa, aJITOPUTMH MOMHJIKOBHX HAMONMKYMX CYCiJiB 1 CypOTaTHHX JaHUX, aHATi3 Ha
OCHOBI Moka3HUKiB JIsimyHoBa i enTpomnii Kommoroposa, dopmanizm QyHKIiH nam'sTi, Helipomepe-
*eBi anroputmi 1 iH. [Ipencrapneni HaOLIbII e(heKTUBHI CXEMH OOUUCIICHHS CIIEKTpa MOKa3HHUKIB
JIsmyHosa, posmiprocti Kammana-Mopxka, entponii Konmoroposa Tomo.

Ki1r04oBi ci10Ba: XaoTHYHI KBAaHTOBI CUCTEMH 1 KBAHTOBI CEHCOpH — aHaJli3 1 00poOKka JTaHuX
BHUMIPIOBaHb — Xa0C-T€OMETPUYHHUH ITiIX1]T

XAOC-TAHAMMYECKHWH MOJAXO0/ K AHAJIN3Y, OGPABOTKE 1
MPOTHO3UPOBAHMIO JTAHHBIX U3MEPEHUH JIJISI XAOTUYHBIX KBAHTOBBIX
N JA3EPHBIX CUCTEM U CEHCOPOB

A. Inywxos, B. Bysioorcu, B. Tepnosckuui, A. Uenamenxo, A. Kyzuneyosa, A. Mawkanyes

AnHorauusi. CraTbs TMOCBsIIEHa TmpoOiieMe pa3pabOTKH HOBBIX MAaTEMaTHYECKUX U
BBIYUCIIUTEIILHBIX CPEJICTB TSI aHAIM3a U 00pa0OTKH TaHHBIX M3MEPEHU Xa0THIECKUX KBAHTOBBIX
U JIa3€pHBIX CUCTEM M KBAHTOBBIX yCTPOICTB (ceHcopoB). [Ipennaraemplil xaoc-reoMeTpu4ecKuit
MOJXO/] BKJIFOUAET 00OBEAMHEHHYIO TPYIIITY METOJI0B HEJIMHEWHOTO aHAIN3a U TEOPUH Xa0ca, TaKUX
KaK METOJI aBTOKOPPEJSIMOHHON (PyHKIMU, MyIbTH(paKTAIBHBINA (OPMaTU3M, BEUBIET-aHAIN3,
METOJ] B3aUMHOM MHQOpMaLMU, METOJ KOPPEISALMOHHOTO UHTErpaja, alfOPUTMbI JIOKHBIX OJn-
YKAWIINUX COCENIEH U CyppOraTHBIX JAHHBIX, aHAJIM3 I'a OCHOBE MOKa3aresnen JIsmyHoBa u SHTpoOnun
Konmoroposa, ¢opmanusm GyHKIUI MaMsaTH, HEHpoceTeBble alropuTMbl U ap. [IpencraBineHsb
HanOonee 3(hhekTuBHBIE CXeMBI BEIUMCIICHUS CIIEKTpa Nokasareneit Jismynosa, pazmeprnoctu Ka-
mnana-Mopka, surpornuu KoMoroposa u T. 1.

KuroueBble ci10Ba: XaoTHUYECKHUE KBAHTOBBIE CUCTEMBI M KBAHTOBBIE CEHCOPHI — aHAJIU3 U 00-
paboTKa TaHHBIX U3MEPCHHI — Xa0C-TEOMETPHUSCKHMA MTOIXOT
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1. Introduction

At present time a development of new math-
ematical and computational tools for analysis
and processing the measurements data of cha-
otic quantum and laser systems and quantum
devices (sensors) is traditionally of a great im-
portance and actuality for further development
of modern quantum technologies, including
quantum optics and spectroscopy, quantum and
nano-and sensor electronics and different physi-
cal, chemical, even biological applications (see
Refs. [1-12]). The last decades have seen an
impressive progress in the understanding, mod-
elling and evet prediction of the evolutionary dy-
namics of different nonlinear complex systems
and analysis and processing the corresponding
measurements data.

For a long time different statistical methods
such as autoregression, moving average or com-
bined autoregression moving average (ARMA)
methods and their refined generalizations have
been used in numerical processing measure-
ments data for different systems, however, in
fact majority of this methods are linear and deal
with known principal and computational diffi-
culties [1]. Their nonlinear analogs such para-
metric or nonparametric ARMA type models
have the known advantages and disadvantages.
Both the accuracy and the reliability of analysis
on the basis of these statistical methods could be
strongly affected by the fundamental knowledge
of the complex temporal structure and nonlinear
interaction in a system.

In the last years a new approaches to envi-
ronmental measurements data analysis and pro-
cessing are provided by using methods of the
non-linear analysis, chaos, dynamical systems
theories [1-12]. In the modern technical studies
a role of the correct measurement data (spatial
and time series of main parameters) is very high.

Below we are interested by the measurement
data for of chaotic quantum and laser systems
and quantum devices (sensors) and their anal-
ysis and processing and development of new
mathematical and computational tools for their
correct analysis.

In this paper we consider a problem of devel-
opment of new mathematical and computational

tools for analysis and processing the measure-
ments data of chaotic quantum and laser systems
and quantum devices (sensors). The chaos-geo-
metric approach proposed includes a combined
group of non-linear analysis and chaos theory
methods such as the autocorrelation function
method, multi-fractal formalism, wavelet anal-
ysis, mutual information approach, correlation
integral analysis, false nearest neighbour algo-
rithm, Lyapunov’s exponents and Kolmogorov
entropy analysis, surrogate data method, memo-
ry functions, neural networks algorithms. There
are presented the most effective schemes for
computing the Lyapunov’s exponents spectrum,
Kaplan-Yorke dimension, Kolmogorov entropy
etc. Their computational realization is based
on the programs blocks of the “Geomath” and
“Quantum Chaos” computational codes [13-23].

2. A Chaos-geometric approach to process-
ing measurement data for complex systems

Our approach to analysis, processing and
forecasting the measurement data of chaotic
quantum and laser systems and quantum devices
(sensors) is based on the fundamental results [ 1-
6,13-15] and their generalizations. Formally, one
could consider scalar chaotic quantum or laser
system measurement parameter (say, an output
amplitude) s and write it as:

s(n)=s(t,+ nAr) = s(n),

where ¢, is a start time, Az is time step, and 7 is a
number of measurements.

As the preliminary step of the data processing
it is useful to check the known Gottwald-
Melbourne chaotic test [8]. It supposes studying
the parameter K, which is determined by a
limiting behavior of a root-mean-square shift:

M) = lim - L5/ +m) = ()T

n (1)
s(n) = Y s(/)cos(je)

I
The cases of K =0 and K = 1 correspond to a
regular and chaotic dynamics respectively.
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The first fundamental step of modelling is in
reconstruction of the phase space using as well
as possible information contained in s(z). From
the mathematical viewpoint, this procedure re-
sults in set of d-dimensional vectors y(n) replac-
ing scalar measurements. One should further to
operate with lagged variables s(n+t), where 7 is
some integer to be defined, results in a coordi-
nate system where a structure of orbits in phase
space can be captured. Using a set of the time
lags to create a vector in d dimensions,

y(n)=[s(n), s(n + 1), s(n + 27),...s(n +(d-1)1)], (2)

the required coordinates are provided. The di-
mension d is defined as an embedding dimen-
sion, d,.

In Refs. [1,8,9] a few approaches to the choice
of proper time lag are presented. This point is
important for the subsequent reconstruction of
phase space. The first approach is to compute the
linear autocorrelation function C,(3)

-%me+®—ﬂmm%ﬂ
c, ()=

%gMMJF

3)
E—iZN:s(m)
- Nm:]

and to look for that time lag where C,(0) first
passes through zero. This gives a good hint of
choice for t at that s(n + jt) and s(n + (j + 1) 1)
are linearly independent. However, a linear in-
dependence of two variables does not mean
that these variables are nonlinearly independent
since a nonlinear relationship can differs from
linear one. It is therefore preferably to utilize
approach with a nonlinear concept of inde-
pendence, e.g. the average mutual information.
Briefly, the concept of mutual information can
be described as follows.

Let there are two systems, 4 and B, with
measurements @, and b,. The amount one learns
in bits about a measurement of @, from measure-
ment of b, is given by arguments of information
theory [10]

44

Py (a;,b) J, 4

P,(a,)F (D)
where the probability of observing a out of
the set of all 4 is P (a,), and the probability of
finding b in a measurement B is P,(b)), and the
joint probability of the measurement of @ and b
is P (a, b,). The mutual information / of two
measurements ¢, and b, is symmetric and non-
negative, and equals to zero if only the systems
are independent.

The average mutual information between any
value a, from system 4 and b, from B is the aver-
age over all possible measurements of 7 (a,, b,),

1(a;,b,)= logz(

1p(1) = ZPAB(aiabk)IAB(aisbk) .

= 5)

To place this definition to a context of ob-
servations from a certain physical system, let
us think of the sets of measurements s(n) as the
A and of the measurements a time lag t later,
s(n + 1), as B set. The average mutual informa-
tion between observations at n and n + 7 is then

1p(1) = ZPAB(ai’bk)IAB(ai’bk) .

a; by

(6)

Now we have to decide what property of /(1)
we should select, in order to establish which
among the various values of t we should use
in making the data vectors y(n). One could re-
mind that the autocorrelation function and aver-
age mutual information can be considered as
analogues of the linear redundancy and general
redundancy, respectively, which was applied in
the test for nonlinearity. The general redundan-
cies detect all dependences in the time series,
while the linear redundancies are sensitive only
to linear structures. Further, a possible nonlinear
nature of process resulting in the vibrations am-
plitude level variations can be concluded.

The fundamental goal of the d, computing is
in further reconstruction of the Euclidean space
R? large enough so that the set of points d, can
be unfolded without ambiguity. The embedding
dimension, d,, must be greater, or at least equal,
than a dimension of the corresponding chaotic

attractor, d , i.e. d,>d .
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The correlation integral analysis is one of the
widely used techniques to study the signatures
of chaos in a measurement data time series. If
the measurement time series is characterized by
an attractor, then the correlation dimension d is
defined by a limit of relation of the log C(r) (C is
a correlation integral) to log of the corresponding
radius [11]:

C(r) = lim

lim s Y H= Y-y, 1), )

i,j
(I<i<j<N)

where H is the Heaviside step function with
H(u)=1foru>0and H(u)=0 foru <0, ris the
radius of sphere centered ony, ory, and N is the
number of data measurements. If the time series
is characterized by an attractor, then the integral
C(r) 1s related to the radius 7 given by

d = lim2eC")
i logr

(8)

where d is correlation exponent that can be
determined as the slop of line in the coordinates
log C(r) versus log r by a least-squares fit of a
straight line over a certain range of r, called the
scaling region. In a chaotic case, the correlation
exponent attains saturation with an increase in
the embedding dimension. The saturation value
of this exponent is defined as the correlation
dimension (d,) of the attractor.

Another approach to computing d, is the
false nearest neighbour algorithm. As a rule, the
simultaneous application of two methods pro-
vides more exact determination d,. The nearest
integer above the saturation value provides the
minimum or optimum embedding dimension
for reconstructing the phase-space or the num-
ber of variables necessary to model the dynam-
ics of the system. This concept can be applied,
since the embedding dimension determined by
both the correlation dimension and false nearest
neighbour algorithms are identical.

The further important step is determination
of predictability, which can be estimated by the
Kolmogorov entropy. The Kolmogorov entropy
is proportional to a sum of the positive Lyapu-

nov’s exponents. The Lyapunov’s exponents
spectrum is one of the fundamental dynamical
invariants for non-linear data system with a cha-
otic behaviour. Since the Lyapunov’s exponents
are defined as asymptotic average rates, they are
independent of the initial conditions, and hence
the choice of trajectory, and they do comprise an
invariant measure of the attractor. An estimate
of this measure is a sum of the positive Lyapu-
nov’s exponents.

The estimate of the attractor dimension is
provided by the Kaplan-Yorke conjecture d,

J

p
d = -+_a=l D)
L=J B

€)

J+l |

Jj+1

J
where j is such that > 4,>0 and 32 <0, and
a=1 a=1

Lyapunov’s exponents are taken in descending
order.

The dimension d, gives values close to the
dimension estimates discussed earlier and is
preferable when estimating high dimensions. To
compute the Lyapunov’s exponents spectrum, we
use a method with higher order polynomials fit-
ted map [1].

In Table 1 we present the main blocks of an uni-
versal approach to analysis and processing meas-
urement data for studied systems [1-5,13-23].

Table 1.

Chaos-dynamical approach to analysis and

processing environmental measurement data

for chaotic quantum and laser systems and
devices (sensors)

I. Preliminary study of data and assessment
of the presence of chaos:
1. Test by Gottwald-Melbourne: K — 1 —
chaos;

2. Fourier decompositions, irregular nature

of change — chaos;

3. Spectral analysis, energy spectra statis-
tics, the Wigner distribution, spectrum of
power
) 2
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II. The geometry of the phase space. Fractal
Geometry:
4. Computing time delay t (autocorrelation
function or mutual information,;
5. Computing embedding dimension d, by
the method of correlation dimension or

FNN algorithm;
6. Computing multi-fractal spectra. Wavelet
analysis;
I1I. Prediction:

7. Computing global LEs: A ; Kaplan-Yorke
dimension d,, KE, average predictability
measure

8. Determining the number of nearest neigh-
bour points NN for the best prediction results;
9. Methods of nonlinear prediction, neural
networks and quantum neural networks algo-
rithms, algorithm optimized trajectories

3. Prediction model and conclusions

The most complex topic of a chaos-geomet-
ric approach is realization of correct prediction
of a measurement data chaotic dynamics for
studied systems and devices. We propose to use
a new method, which is based on using the tra-
ditional concept of a compact geometric attrac-
tor, in which evolves the measurement data, plus
the implementation of neural networks (NNW)
algorithm [1,13,14]. The meaning of the con-
cept is in the doctrine of evolution attractor in
the phase space of the system and in a sense
the simulation (“guessing”) temporal evolution.
It’s about the fact that the phase space of a sys-
tem orbit some continuously rolled on itself as
a result of dissipative forces and the nonlinear
part of the dynamics, so it is possible to find in
the neighborhood of any point of the orbit y (n)
other points of the orbit y'(n), r =1, 2, ..., N,
arriving in the neighborhood of y (n) in differ-
ent time moments which differ of n. Of course,
then one can try to build different types of in-
terpolation functions that take into account the
whole neighborhood of the phase space, while
explaining how the neighborhood evolve from
y (n) around all points set near y(n + 1). In terms
of the theory of neural networks, the simulation
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of the evolution of the system can be described
by some generalized evolutionary neural dy-
namic equations. Simulating further the evolu-
tion of complex systems as appropriate neural
network evolution with elements of self-learn-
ing, self-adaptability, etc., there is a significant
opportunity to improve the quality of prediction
of the evolutionary dynamics of modelling the
attractor in a chaotic system. Modelling attrac-
tor by some record in memory, neural system
evolutionary process, i.e. the transition from the
initial state to the (next) final state, can be repre-
sented by a model of reconstruction of the full
record on distorted information, that is a model
of associative recognition. Domain of attraction
of different attractors are separated by separa-
trises or by certain surfaces in the phase space,
structure of which is quite complex. However,
it imitates the properties of the chaotic object.
The next step is to construct a parameterized
nonlinear function F (x, a), which transform y
(n) to y(n) B y(n + 1) = F(y(n), a), and use dif-
ferent, including the neural network criteria for
determining the parameters a. As the functional
form of displaying, one may use, for example,
polynomial basis functions. A measure of the
quality of the curve fit to the data, which is de-
termined from the condition, how exactly coin-
cide y(k + 1) with F(y(k), a) is a local deter-
ministic error: g,(k) = y(k + 1)-F(y(k), a).If the
mapping F (y, a) is local, then for each neigh-
bor to y(k) point, y(k) (r =1, 2, ..., N,) can

be written as (k) = y(r, k + 1)-F(y"(k), a),
where y(r, kK + 1) is the point in phase space,
which evolves y (r, k). To measure the quality
of the curve fit to the data, the local cost func-

tion has the form (in fact, the function value for

Ny Ny

the error): W(g’k):Zgz(;)(k)‘z/Z[Y(k)_@(rak»r
and the parameters,raleterminealby minimizing
W(e, k), are dependent on parameter a. More
formally, it is possible to start neural network
algorithm, especially in terms of training an
equivalent system of neural networks with the
reconstruction and forecasting neural system
state (correspondingly, correction of a).
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Therefore, we presented the possible com-
plex of mathematical and computational tools
for analysis and processing the measurements
data of chaotic quantum and laser systems and
quantum devices (sensors). The chaos-geomet-
ric approach proposed includes a combined
group of non-linear analysis and chaos theory
methods such as the autocorrelation function
method, multi-fractal formalism, wavelet anal-
ysis, mutual information approach, correlation
integral analysis, false nearest neighbour algo-
rithm, Lyapunov’s exponents and Kolmogorov
entropy analysis, surrogate data method, mem-
ory functions, neural networks algorithms. It is
self-understood that their concrete application
will have some special peculiarities in depend-
ence upon the measurement data quality of stud-
ied system or device.
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Summary

The aim of the work is to develop and present a new effective approach to analysis and process-
ing the measurements data of chaotic quantum and laser systems and quantum devices (sensors),
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which are of a great importance for different applications in quantum optics and atomic spectros-
copy, quantum and nano-and sensor electronics etc.

In the paper we consider new mathematical and computational tools for analysis and pro-
cessing the measurements data of chaotic quantum and laser systems and quantum devices (sen-
sors). The chaos-geometric approach proposed includes a combined group of non-linear analysis
and chaos theory methods such as the autocorrelation function method, multi-fractal formalism,
wavelet analysis, mutual information approach, correlation integral analysis, false nearest neighbour
algorithm, Lyapunov’s exponents and Kolmogorov entropy analysis, surrogate data method, memory
functions, neural networks algorithms. There are presented the most effective schemes for computing
the Lyapunov’s exponents spectrum, Kaplan-Yorke dimension, Kolmogorov entropy etc.

Keywords: chaotic quantum systems and quantum sensors — analysis and processing the mea-
surements data — chaos-geometric approach
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XAOC-IUHAMIYHUA MIAXIT 10 AHAJI3Y, OGPOBKH TA TIPOTHO3YBAHHS
JAHUX BUMIPIOBAHHSA JJ1S1 XAOTUYHUX KBAHTOBUX CUCTEM I CEHCOPIB

O. B. I'ywrxos!, B. B. Bysiooicu!, B. B. Tepnoscoxuir’, I B. Ilenamenxo’, I O. Ky3neyosad?,
O. Mawxkanyes’

'Onechkuii nep)kaBHU eKooriuHui yHiBepcuTeT, JIbBiBehKa 15, 65016, Onmecca
2HarmionaneHuii yHiBepcuTeT “Ojiecbka MOpchka akaaemis”, Jligpixcona 8, 65028, Oneca

Pedepar

Mertoro po6oTH € po3poOKa Ta MpeACTaBICHHS HOBOTO €()eKTUBHOTO MiAX01Y 710 aHaJIi3y Ta 00-
POOKM JTaHUX BUMIPIOBAHb ISl XAOTUHYHUX KBAHTOBHX 1 JJa3€PHUX CHCTEM Ta KBAHTOBUX MPUJIAIIB
(maTyuKiB), SIKI MAIOTh BEJIMKE 3HAYEHHS JUISl PI3HUX 3aCTOCYBaHb y KBAHTOBIM OITHIII Ta aTOMHIHN
CIIEKTPOCKOIT{, KBAHTOBI/, HAHO-1 CEHCOPHIN eNEKTPOHIIIi TOLIO.

CrarTs npucBsiueHa npo0ieMi po3poOKH HOBUX MAaTEMAaTUYHUX 1 00UHMCITIOBAJIbHUX 3aC001B JUIsI
aHai3y 1 OOpOOKHM JaHWUX BUMIPIOBAaHb XAaOTHYHHUX KBAHTOBHUX 1 JJA3EPHUX CHCTEM 1 KBAaHTOBUX
npucTpoiB (ceHcopis). [Ipononyemuii xaoc-reoMeTpUYHMNA MiAX11 BKIIIOYA€E 00’ €AHaHy IpyIy Me-
TOJIIB HEIHIHHOTO aHaJI3y Ta TEOPil XaocCy, TAKUX SIK METOJ aBTOKOPEIALINHOI (YHKIIT, MyIIb-
TippakTanpHUN GopmaiiaM, BEHBIET-aHAII3, METOI B3aEMHOI iH(pOpMaIrii, METoa KOpEesAIiHHOTO
iHTerpaa, aNnrOpuTMH MOMIJIKOBUX HAMOIMKYMX CYCiIiB 1 CypOraTHUX JaHWUX, aHaJi3 Ha OCHOBI
noka3HukiB JlsmyHoBa 1 entpomnii Kommoroposa, gopmainizm ¢(yHKIIH nam’sTi, HeiipomMepexeBsl
anroputmH 1 iH. [IpeacraBieHi HalO1IBIT ePEKTUBHI CXeMU OOYHMCIICHHS CTIEKTpa MOKa3HUKIB JIs-
1yHOBa, po3MipHocTi Kamnana-Hopka, enrponii KonMoroposa Tomo.

Kuro4oBi ci10Ba: XaoTHUHI KBaHTOBI CUCTEMH 1 KBAaHTOBI CEHCOPHU — aHaJll3 1 00poOKa JTaHuX
BUMIPIOBAaHb — Xa0C-T€OMETPUIHHH T IX1]T
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OPTIMIZED RELATIVISTIC OPERATOR PERTURBATION THEORY
IN SPECTROSCOPY OF MULTIELECTRON ATOM IN AN ELECTROMAGNETIC
FIELD: SENSING SPECTRAL PARAMETERS
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OPTIMIZED RELATIVISTIC OPERATOR PERTURBATION THEORY IN
SPECTROSCOPY OF MULTIELECTRON ATOM IN A DC ELECTRIC FIELD:
SENSING SPECTRAL PARAMETERS

A. A. Kuznetsova, A. V. Glushkov, M. Yu. Gurskaya, A. A. Buyadzhi, V. B. Ternovsky

Abstract. It is developed the optimized version of relativistic operator perturbation theory
approach to calculation of the Stark resonances energies characteristics (energies and widths) for
the multielectron atomic systems in an electromagnetic field. A new approach allows to perform
an accurate, consistent treatment of a strong field DC(AC) Stark effect and includes the physically
reasonable distorted-waves approximation in the frame of the formally exact relativistic quantum-
mechanical procedure. As illustration, some test data for the Stark resonances energies and widths
in the heavy multielectron atoms (caesium, francium) are presented and compared with results of

OT. O. Ky3nenona, A. B. I'mymikos, M. 1O. I'ypcbka, A. A. bysmku, B. b. TeproBcbkuii, 2018
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calculations within the alternative consistent sophisticated methods etc.
Keywords: multielectron atom in an electromagnetic field — modified relativistic operator
perturbation theory — Stark resonances

OIITUMI3OBAHA PEJIATUBICTCBKA OIIEPATOPHA TEOPISA 35YPEHD B
CIIEKTPOCKOIII BATATOEJIEKTPOHHOI'O ATOMY B EJIEKTPOMATHITHOMY
HOJII: AETEKTYBAHHSA CIHEKTPAJIBHUX ITAPAMETPIB

I O. Kysneyosa, A. B. Inywkos, M. IO. ['ypcoka, A. A. Bysioorcu, B. b. Teprnoecokuii

AHoTauis. Po3poGrieHa onTuMizoBaHa BepCist HOBOTO METOAY PENSATHBICTCHKOI ONEPaTOPHO] Te-
opii 30ypeHb 3 METOI0 OOUMCIIEHHS XapaKTEPUCTHK MTAPKIBCHKUX PE30HAHCIB (€HEpTii 1 IUPHUHN)
JUIs 0araToesIeKTPOHHUX aTOMHUX CHCTEM B €JIEKTpOMarHiTHoMy moii. HoBuif miaxin mo3Bosisie
BUKOHATH KIJIbKICHO MPEIU31HHUIMA 1 TEOPETUUHO MOCHIIJOBHUHN onuc cuibHO-11ons0B0ro (DC, AC)
edexty IllTapka i Bxitouae B cebe (pismuHO OOIpyHTOBaHE HAONMKEHHS MEPEKPYyUEHUX XBUJIb B
paMkax (hopMalIbHO TOUHOI PENIATUBICTCHKOT KBAHTOBO-MEXaHIYHOT IpolieaypH. B skocTi imocTpa-
1i1 IpeACTaBJIeHI JesiKi TECTOBI JaHi I €HEepriil 1 UPHUHU MITAPKIBCHKUX PE30HAHCIB Y BAKKUX
OaraTtoeneKTpOHHUX aTtoMmax (1e3iil, ppaniiii), sIKi HOPIBHIOIOTHCA 3 pe3yIbTaTaMU PO3PaxXyHKIiB B
paMKax aJbTepHATUBHUX MOCIIOBHUX METOIIB.

KirouoBi ciioBa: 6araroeneKTpOHHUN aTOM B €JIEKTPOMArHITHOMY T0JIi - MOJIM(iKOBaHa pelisi-
TUBICTCBKA OIlepaTopHa Teopisi 30ypeHb - ITAPKIBChKI pe30HAHCH

ONITUMMU3NPOBAHHAS PEJATUBUCTCKASA OIIEPATOPHAS TEOPUSA
BO3MYIIEHUM B CIEKTPOCKOIINYA MHOT'O3JIEKTPOHHOTI'O ATOMA
B JIEKTPOMAT'HUTHOM HOJIE: AETEKTUPOBAHUE CIIEKTPAJIBHBIX

ITAPAMETPOB

A. A. Kysuneyosa, A. B. I'iywxos, M. FO. ['ypckas, A. A. Bysaooacu, B. B. Teprnoeckuii

AHHoTauus. Pazpaborana onTUMU3MPOBAaHHAS BEPCHs HOBOTO METONA PEISTUBUCTCKOM ore-
PaTOPHOM TEOPUH BO3MYILEHHUN C LEIbI0 BBIYUCIICHUS XapaKTEPUCTUK SHEPIUM IITAPKOBCKUX pe-
30HAHCOB (PHEPTUU U LIMPUHBI) 11 MHOTORJIEKTPOHHBIX aTOMHBIX CUCTEM B JIEKTPOMAarHUTHOM
nosie. HoBbIN 1MOIXOM MO3BOJIET BBIIIOJHUTH KOJUYECTBEHHO IPELM3MOHHOE M TEOPETHYECKHU
nocienoBarenbHoe onucanue cuiabHomnoneBoro (DC, AC) sddekra [ltapka u BKIo4aeT B ceOs
¢u3nueckn 060CHOBaHHOE MPHOIMKEHNE UCKAKEHHBIX BOJH B paMKax (pOpMajIbHO TOYHOM pe-
JATUBUCTCKON KBAaHTOBO-MEXAaHMYECKOHM INpoluenyphl. B kauecTBe miumocTpaly MpeCcTaBICHbI
HEKOTOpBIE TECTOBBIE JAHHbBIE JJIS PHEPIMM M LIMPHUHBI IITAPKOBCKUX PE30HAHCOB B TSDKEIBIX
MHOTORJIEKTPOHHBIX aToMax (11e3ui, (hpaHIuii), KOTOpbIe CPAaBHUBAIOTCS C PE3yIbTaTaMU PacyeToOB
B paMKaXx aJbT€PHATUBHBIX [IOCIIEOBATENBHBIX METOOB.

KiroueBblie ¢j10Ba: MHOTOAJIEKTPOHHBIN aTOM B JIEKTPOMArHUTHOM TI0JIE€ - MOAU(DUIIMPOBAH-
Hasl PEJIATUBUCTCKAS OlepaToOpHas TEOPUs BO3MYILEHUH - IITAPKOBCKUE PE30HAHCHI
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1. Introduction

Studying optical and spectral, radiative and
autoionization characteristics of the multielec-
tron atomic systems in a electromagnetic fields
is traditionally of a great importance and actual-
ity for further development quantum optics and
atomic spectroscopy, quantum and nano-and
sensor electronics and different applications in
the plasma chemistry, astrophysics, laser phys-
ics etc. (see Refs. [1-17]). The calculational dif-
ficulties of the standard theoretical quantum me-
chanical approaches to the multielectron atoms
in a strong electromagnetic (electric) field are
well known. Here one should remember about
such phenomenon as the well-known Dyson one
for a strong field AC, DC Stark effect. Besides,
in contrast to the hydrogen atom, the non-rela-
tivistic Schrodinger and relativistic Dirac equa-
tions for an electron moving in the field of the
atomic core in many-electron atom and a uni-
form external electric field does not allow sepa-
ration of variables in the parabolic coordinates.
The known quasiclassical (WKB) approxima-
tion overcomes these difficulties for the states
lying far from the “ new continuum” boundary.
The detailed review of a modern states of art for
spectroscopy of multielectron atoms in an elec-
tric (laser) field is presented in Refs. [16-19].

In this paper we present the theoretical basis
of the optimized version of relativistic operator
perturbation theory (ROPT) approach to calcu-
lation of the Stark resonances energies charac-
teristics (energies and widths) for the multielec-
tron atomic systems in an electromagnetic field.
A new approach allows to perform an accurate,
consistent treatment of a strong field DC(AC)
Stark effect and includes the physically reasona-
ble distorted-waves approximation in the frame
of the formally exact relativistic quantum-me-
chanical procedure. The relativistic density-
functional approximation with the Kohn-Sham
potential is taken as the zeroth approximation in
the relativistic many-body perturbation theory
(RMBPT) formalism. There have taken into ac-
count all exchange-correlation corrections of
the second order and dominated classes of the
higher orders diagrams (polarization interaction,
quasiparticles screening, etc.). New form of the
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multi-electron polarization functional has been
used. As illustration of application of the pre-
sented formalism, new data on the energy and
spectral parameters for heavy alkali atoms in
an electric (electromagnetic) field are presented.

2. Relativistic operator and many-body
perturbation theory for multielectron atoms
in an electromagnetic field

Here we present a new relativistic quantum
approach to modelling the chaotic dynamics of
atomic systems in a dc electric and ac electro-
magnetic fields, based on the theory of quasi-
stationary quasi-energy states, optimized opera-
tor perturbation theory, method of model-poten-
tial, a complex rotation coordinates algorithm
method [16,17]. The universal chaos-geometric
block will be used further to treat the chaotic
ionization characteristics for a number of heavy
atomic systems.

Let us remind that in the case of the electro-
magnetic field atomic Hamiltonian is usually as
follows:

1,
H= 5P +V ,(r)+zF, cos(art). (1)

The field is periodic, of course one should
use the Floquet theorem; then the eigen-Floquet
states and quasi-energies E, are de-
fined as the eigen-functions and eigen-values of
the Floquet Hamiltonian 0 . In the
general form with using the method of complex
coordinates the problem reduces to the solution
of stationary Schrodinger equation, which is as
follows in the model potential approximation:

(-1/2-V>+V, (1) + oL, + Fz)¥,.(r) = E¥.(r)(2)

i.e. to the stationary eigen-values and eigen-vec-
tors task for some matrix A (with the considera-
tion of several Floquet zones): ( 4 — E]B)]E],>=O.
As a decomposition basis, system of the Sturm
functions of the operator perturbation theory ba-
sis is used. In relativistic theory one should start
from the Dirac Hamiltonian (in relativistic units):

H=op+pB-cZlr+JaFz.  (3)



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 4

Here a field strength intensity is expressed in
the relativistic units (F_= a’°F__; a is the fine
structure constant). One could see that a relativ-
istic wave function in the Hilbert space is a bi-
spinor. Using the formal transformation of co-
ordinates 7 —> reXp(i@ in the Hamiltonian
(3), one could get:

H(0)=(acp — Z / ryexp(—if) + B —~ aFz exp(i6) (4)

In comparison with an analogous non-rel-
ativistic theory, here there is arisen a technical
problem. In formulae (4) there is term b, which
can not be simply transformed. One of the solv-
ing receptions os a limitation of a sub-space of
the Hamiltonian eigen-functions by states of the
definite symmetry (momentum J and parity P).
These states can be described by the following
functions:

©)

W = l/r(f Yy ("’G)J.

g(nY,;(n,0)

Here /(/’) and spin 2 in the coupling scheme
give a state with the total momentum J and its
projection M =M. Action of the Hamiltonian on
the functions (5) with definite J results in:

~ _ do(J+1/2 .
O =a,(5, - 2D prep(-ioyey +

+ (B~ exp(-i0) ~aFz exp(~i0) ¥ ©)
r
...
P .

[0....071) 0 J
. H 9
p, =—i(l/r)d/dr)r, i=7/r, c - the Pauli ma-
trices; parameter w=-1, if [=J-1/2 and w=1,
if /[=J+1/2. In order to further diagonalize the
Hamiltonian (6), we need to choose the correct
basis of functions in the subspace (5), in par-

ticular, by choosing the following functions (the
sitter or water-like type):

F(r)Y,/ (n,0)
0

where

oM — 1/{ (7

oM = 1/1{

iG(r)Y ) (n, a)J ' )

It is easy to see that the matrix elements (6)
will be no-zeroth only between the states with

the same M. In fact this moment is a single limi-
tation of the whole approach. Transformation of
co-ordinates in the Pauli Hamiltonian (in com-
parison with the Schrodinger equation Hamil-
tonian it contents additional potential term of
a magnetic dipole in an external field) can be
performed by the analogous way. However, pro-
cedure in this case is significantly simplified.
They can be expressed through the set of one-di-
mensional integrals, described in details in Refs.
[14-17]. In Ref. [17] it is presented an effective
scheme, which provides a general receipt to
combine the OPT method with the RMBPT in
spherical coordinates for a free atom. The de-
tails of the used method can be found in the ref-
erences [17].

In Ref [17,20] it is presented our version of
the RMBPT approach to calculation of spectra
and spectral parameters of the multielectron at-
oms. It is clear that the spectra of multielectron
heavy atoms have essentially relativistic prop-
erties. So, correct theoretical method of their
studying can be based on the convenient field
procedure, which includes computing the en-
ergy shifts AE of the degenerate electron states.
More exactly, speech is about constructing sec-
ular matrix M (with using the Gell-Mann and
Low adiabatic formula for AE), which is already
complex in the relativistic theory, and its fur-
ther diagonalization [21,22]. In result one could
compute the energies and decay probabilities
of a non-degenerate excited state for a complex
atomic system. The secular matrix elements can
be further expanded into a PT series on the inter-
electron interaction. Here the standard Feynman
diagrammatic technique is usually used. Gener-
ally speaking, the secular matrix M can be rep-
resented as follows:

M=MD D@ p® 4+ ® [ (9)

where 37 is the contribution of the vacuum
diagrams of all PT orders (this contribution de-
termines only the general levels spectrum shift);
MY, M? m® are contributions of the 1-, 2-
and 3- quasiparticle (QP) diagrams respectively.
The matrix A" can be presented as a sum of the
independent one-QP contributions. Substituting
these quantities into (9) one could have sum-
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marized all the one-QP diagrams contributions.
In the empirical methods here one could use the
experimental values of one-electron energies,
however, the necessary experimental quantities
(especially for the rare-earth and other elements)
are not often available. The detailed procedure
for computing Re ® is presented, for example,
in Ref. [21,22].

We will describe an atomic multielectron sys-
tem by the relativistic Dirac Hamiltonian (the
atomic units are used) as follows [20,23-25]:

H = {acp,— fc* =Z/1;}+ D exp(i | o|r)(1-a,a)r;

’ (11)
where Z is a charge of nucleus, a,.a,are the Dirac
matrices, W, is the transition frequency, ¢ — the
velocity of light. The interelectron interaction
potential (second term in (3)) takes into account
the retarding effect and magnetic interaction in
the lowest order on parameter of the fine struc-
ture constant. In the PT zeroth approximation it
is used ab initio mean-field potential:

VPR = WD+ V(M +Ve(r )], (12)

with the standard Coulomb, exchange Kohn-
Sham V, and correlation Lundqvist-Gunnarsson
Ve potentials (look details in Refs. [18-20]).
An effective approach to accounting the multi-
electron polarization contributions is described
earlier and based on using the effective two-QP
polarizable operator, which is included into the
PT first order matrix elements.

3. Some results and conclusions

As illustration od the possibilities of the pre-
sented approach we carried out computing a
dependence of the Stark components energies
(/.Im]) upon electric field strength 7 for the Ry-
dberg states nD, , ,, (n=39-46) of the Cs and Fr
atoms (look figure 1) and compared the obtained
results with the empirical perturbation theory
calculation results by by Zhao et al [4].

Analysis of the data shows that the positions
(energies) of the Stark resonances in the present
calculation are in a physically reasonable agree-
ment with theoretical data obtained by Zhao et
al and experimental results. However, it should
be noted that the results for the width of reso-
nance could differ more significantly from each
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other. As it has been underlined in [40], in the
case of a weak electric field (naturally the widths
of resonances became very small), the methods
have difficulties in obtaining a stable value of
a width. In order to obtain the well-converged
results, it is necessary to use larger basis size.
Naturally, in a limit of a weak electric field the
well-known quasiclassical WKB approxima-
tion and standard PT calculation will be more
appropriate. One of the serious advantages of
the modified ROPT method is that an increasing
a field strength does not lead to an increase of
computational effort and there is no a conver-
gence problem [17].

a—
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Figure 1 (a) — Dependence of energy (cm  ; the energy
of the level for F,=0 is accepted as zero) of the Stark
components (j,|m) for the state 39D Cs upon the elec-
tric field strength F| (Experiment-[],0,A 0); Theory: 1
— empirical perturbation theory (on F,) data by Zhao
et al; 2 — our data; (b) — the Stark shift (MHz) for dif-
ferent (]',|mj|) for the state 44D Fr upon (our data)
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OPTIMIZED RELATIVISTIC OPERATOR PERTURBATION THEORY
IN SPECTROSCOPY OF MULTIELECTRON ATOM IN AN ELECTROMAGNETIC
FIELD: SENSING SPECTRAL PARAMETERS

A. A. Kuznetsova', A. V. GlushkoV’, A. A. Buyadzhi®, M. Yu. Gurskaya?, V. B. Ternovsky”?

'National University “Odessa Maritime Academy”, Didrikhson str. 8, 65028, Odessa
2(Odessa State Environmental University, L’vovskaya str. 15, 65016, Odessa
E-mail: kuznetsovaa232@gmail.com

Summary

The aim of the work is to develop and present a new effective approach to analysis and calcula-
tion of the energy and spectral parameters of heavy multielectron atoms in an electromagnetic field,
which are of a great importance for different applications in quantum optics and atomic spectros-
copy, quantum and nano-and sensor electronics, plasma chemistry, astrophysics, laser physics etc.
It is developed the optimized version of relativistic operator perturbation theory approach to
calculation of the Stark resonances energies characteristics (energies and widths) for the multielec-
tron atomic systems in an electromagnetic field. A new approach allows to perform an accurate,
consistent treatment of a strong field DC(AC) Stark effect and includes the physically reasonable
distorted-waves approximation in the frame of the formally exact relativistic quantum-mechanical
procedure. As illustration, some test data for the Stark resonances energies and widths in the heavy
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multielectron atoms (caesium, francium) are presented and compared with results of calculations
within the alternative consistent sophisticated methods etc

Keywords: multielectron atom in an electromagnetic field — modified relativistic operator
perturbation theory — Stark resonances

PACS 31.15.A-; YIK 539.184
DOI http://dx.doi.org/10.18524/1815-7459.2018.4.150501

OIITUMI30OBAHA PEJIATUBICTCBKA OIIEPATOPHA TEOPISA 36YPEHD B
CIIEKTPOCKOIII BATATOEJEKTPOHHOI'O ATOMY B EJIEKTPOMATHITHOMY
HOJII: AETEKTYBAHHSA CIHEKTPAJIBHUX ITAPAMETPIB

I O. Kysneyosa', A. B. [nywkoé’, A. A. Bysioocu?’, M. FO. I'ypcoka®, B. b. Teproscoruii!

'"Hauionanpauli yHiBepcuTeT “Onecpka Mopebka akanemis’”, iapixcona 8, 65028, Oneca
y b 9 9
2OechbKuii qepKaBHUN SKOJIOTIYHKN yHIBepcuTeT, JIbBiBChKa 15, 65016, Onecca

Pedepar

MeToro pobotu € po3podka Ta OOTPyHTYBaHHS HOBOTO €(DEKTHBHOTO MiAXOAY 0 aHAII3y Ta
PO3paxyHKy €HEPreTHYHHX Ta CHEKTPAIbHUX MapaMeTpPiB BaXKUX 0AararoeleKTPOHHHUX aTOMIB B
€JIEKTPOMArHiTHOMY TOJIi, YUCENbHI BEJIMUMHU SIKUX MAIOTh BEJIMKE 3HAUEHHS JJIS PI3HUX 3aCTO-
CyBaHb y KBaHTOBI/ ONTHIII Ta aTOMHI{ CIIEKTPOCKOITii, KBAHTOBI1H, HAHO-1 CEHCOPHIH €IeKTPOHILll,
Ximil m1a3Mu, acTpodizulll, Ja3epHii (i3uill TOILO.

Po3pobnena ontuMizoBaHa Bepcisi HOBOTO METOAY PEIIITHBICTCHKOI OIepaTopHOi Teopii 30y-
pPEHb 3 METOI0 OOYHCIICHHS XapaKTEPUCTHK IITAPKIBCBKUX PE30HAHCIB (SHEprii 1 MUPUHU) AJISA
0araToeIeKTPOHHUX aTOMHHX CHCTEM B e€JeKTpoMarHiTHoMmy mojii. HoBwii migxia g03BOJIIE€ BU-
KOHATH KUIBKICHO MPENU3IHHUN 1 TEOPETHYHO TOCIIIOBHUM omuc cuibHOononboBoro (DC, AC)
edexty IllTapka i Bkitouae B cebe (ismuHO OOIpyHTOBaHE HAONMKEHHS MEPEKPYyUYEHUX XBUJIb B
pamkax ¢popMaIbHO TOUYHOI PEIATUBICTCHKOI KBAHTOBO-MEXaHIYHOI poreaypu. B sikocTi imtocTpa-
1ii TIpeIcTaBIeH] JIesKi TECTOBI JIaHi JUIsl €HEeprii 1 MUPUH MTAPKIBCBKUX PE30HAHCIB Y BAKKUX
OaraTtoeneKTpOHHUX aTtoMmax (1e3iil, ppaniiii), sIKi HOPIBHIOIOTHCA 3 pe3yIbTaTaMU PO3PaxyHKIiB B
paMKax aJbTePHATUBHUX TEOPETHUYHUX METOIIB.

Kuro4oBi cjioBa: 6aratoeeKTpOHHUN aTOM B €JIEKTPOMAarHiTHOMY TOJIi - MoAu(iKOBaHa pe-
JSTUBICTCHKA OTIEpaTOpHA Teopis 30ypeHb - TAPKIBChKI PE30HAHCH
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PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES: HYBRID
DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS APPROACH TO SENSING
MOLECULAR CONSTANTS

A. V. Ignatenko, A. V. Glushkov, O. Yu. Khetselius, Yu. Ya. Bunyakova, A. A. Svinarenko

Odessa State Environmental University, 15, Lvovskaya str., Odessa, 65016, Ukraine
E-mail: ignatenkoav13@gmail.com

PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES: HYBRID
DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS APPROACH TO SENSING
MOLECULAR CONSTANTS

A. V. Ignatenko, A. V. Glushkov, O. Yu. Khetselius, Yu. Ya. Bunyakova, A. A. Svinarenko

Abstract. It is developed the optimized version of the hybrid combined density functional theory
(DFT) and the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron
spectra and molecular constants. The Fermi-liquid quasiparticle version of the density functional
theory is used. The density of states, which describe the vibrational structure in photoelectron
spectra, is defined with the use of combined DFT-GF approach and is well approximated by using
only the first order coupling constants in the optimized one-quasiparticle approximation. Using the
combined DFT-GF approach leads to significant simplification of the calculation and increasing an
accuracy of theoretical prediction that is confirmed by computing the molecular spectral parameters
for the molecules of CH, CO, HF etc.

Keywords: photoelectron spectra of molecules, new hybrid approach, Green’s functions,
density functional theory

O T B. Irnarenko, O. B. I'mymkos, O. FO. Xeneniyc, lO. f. bynsikosa, A. A. CBunapenko, 2018
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®OTOEJIEKTPOHHA CIHEKTPOCKOIIIA ABOATOMHUX MOJIEKYJI:
I'BPUIHUNA METO/I ®YHKIJIOHAJTY TYCTUHHU TA ®YHKIII I'PIHA Y
BU3HAYEHHI MOJIEKYJIAPHUX KOHCTAHT

I’ B. Ienamenxo, O. B. Itywrxos, O. FO. Xeyeniyc, FO. A. bynsakoesa, A. A. Ceunapenxo

AHoTauis. Po3BuHyTa onTuMizoBaHa Bepcis riOpuIHoi KoMOiHOBaHOT Teopii (PyHKIIIOHATY TyC-
tuan (DFT) i merony ¢ynxmiit ['puna (I'®) m1st KibKICHOTO ONUCY (POTOECTEKTPOHHUX CIIEKTPIB
JTIBOXaTOMHHX MOJICKYJI Ta MOJIEKYSIPHUX KOHCTAaHT. HoBuiil ribpuaHuii miaxig cyTreBo 06a3yeThb-
csi Ha (epMi-piTUHHINA KBa3i4acTUUHIN Bepcii Teopii GpyHKIioHany ryctiuad. ['yctuHa crany, sika
OIUCYE KOJIMBAJIBbHY CTPYKTYPY B (POTOEIEKTPOHHUX CHEKTpPaX, BU3HAYAETHCS 3 BUKOPUCTAHHIM
kom6OinoBanoro DFT-GF migxomy Ta ¢i3WYHO PO3yMHO ampOKCUMYETHCS 32 JOMOMOTOIO TiJIbKU
MEPUIOTO MOPSAKY KOHCTAHT 3B'SI3Ky B ONTHMI30BAHOMY OJIHOKBAa314aCTUHKOBOMY HaOIIIKEHHI.
Bukopucranns komGiHoBanoro DFT-GF migxomy nmpu3BOIuTh A0 3HAYHOTO CHPOIICHHS MOJIEKY-
JSIPHUX OOYMCIICHb Ta 30UIBIICHHS! TOYHOCTI TEOPETHYHOTO MPOTHO3YBAHHSA, IO TOBHICTIO Tij-
TBEP/DKYETHCS BIAMOBITHUMU OOUMCIICHHSIMH CIEKTpajJbHHUX mapamerpiB ais monekyna CH, CO,
HF Tomo.

Kurouosi ciioBa: GoToenekTpoHHUI CIIEKTp MOJIEKYIT, HOBHI TOpUAHUH MiXin, MeToa (pyHK-
uiit ['pina, Teopis QyHKIIOHATA TyCTHHH

®OTOIJIEKTPOHHASA CIIEKTPOCKOIIUSA ABYXATOMHBIX MOJIEKVYJI:
TUBPUJHBIIA METO/ ®YHKIIUOHAJIA IINIOTHOCTHU U ®YHKIUIA T'PUHA B
ONPEJAEJIEHUU MOJIEKYJISAIPHBIX KOHCTAHT

A. B. Uenamenxo, A. B. [iywkos, O. FO. Xeyenuyc, FO. A. Byusakosa, A. A. Ceunapenko

AnHoTanus. Pa3paborana onTUMU3UPOBAHHAS BEPCUS THOPUIHON KOMOMHUPOBAHHOW TEOPUU
¢ynkumonana wiotHoctu (DFT) u merona dynkumii I'puna (GF) s konM4ecTBEHHOTO OINuUca-
HUSL (POTOIIEKTPOHHBIX CIIEKTPOB JBYXaTOMHBIX MOJICKYJI W MOJEKYJSPHBIX KOHCTaHT. HoOBBIi
MOJXOJI CYIIECTBEHHO Oa3zupyercs Ha GepMHU-KUIKOCTHOM KBa3UIaCTUIHON BEPCUU TEOPHH (YyHK-
LMOHAJIA ITUIOTHOCTU. [II0THOCTH COCTOSHMMN, KOTOpasi OMMCHIBAIOT KOJEOATENbHYIO CTPYKTYpPY
B ()OTORIEKTPOHHBIX CIIEKTPAX, OMPEIEIAETCS C UCIOJIb30BaHUEM komMOuHUpoBaHHOro DFT-GF
MOJAX0Ja U (PU3UYECKU Pa3syMHO alIPOKCUMUPYETCS C UCIIOJIb30BAaHUEM TOJIBKO IEPBOTO MOPSII-
Ka KOHCTAHT CBS3M B ONTHMU3HPOBAHHOM OJIHOKBAa3MYaCTUYHOM INpHUOIMKkeHuu. Vcnonp3oBanue
xoMOuHupoBanHoro DFT-GF nonxona npuBOANUT K 3HAYUTEIBHOMY YIPOIIEHHUIO MOJIEKYJISPHBIX
pPac4eToB U yBEIMYEHHUIO TOYHOCTH TEOPETUYECKOTO MTPEACKA3aHUs], YTO MTOJIHOCTHIO TIOATBEPK 1A~
€TCsl pacueTaMy MOJIEKYJISIPHBIX CIIEKTpasIbHbIX apameTpos s mosiekyn CH, CO, HF u np.

KuroueBbie ciioBa: (pOTO31EKTPOHHBINA CIIEKTP MOJIEKYJ, HOBBI TMOPUAHBIN MOIXOM, METOA
¢byukuuii ['puna, Teopust GyHKIIMOHATA TUIOTHOCTH
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1. Introduction

The Green’s function (GF) method is very
well known in a quantum theory of field, quan-
tum electrodynamics, quantum theory of solids.
This approach naturally provided the known
progress in treating atoms, solids and molecules,
as it has been shown in many papers (c.f.[1-4]).
The experimental photoelectron spectra (PES)
of molecules usually show a pronounced vibra-
tional structure [1,2]. Many papers have been
devoted to treatment of the vibrational spec-
tra by construction of potential curves for the
reference molecule (the molecule which is to
be ionized) and the molecular ion. Usually the
electronic GF is defined for fixed position of the
nuclei. The cited method, however, requires as
input data the geometries, frequencies, and po-
tential functions of the initial and final states.
Since in most cases at least a part of these data
are unavailable, the calculations have been car-
ried out with the objective of determining the
missing data by comparison with experiment.
To avoid this difficulty and to gain additional
information about the ionization process, Ced-
erbaum et al [2] extended the GF approach to in-
clude the vibrational effects and showed that the
GF method allowed ab initio calculation of the
intensity distribution of the vibrational lines etc.
For large molecules far more approximate but
more easily applied methods such as DFT [3]
or from the wave-function world the simplest
correlated model MBPT are preferred [10]. In-
deed, in the last decades DFT theory became by
a great, quickly developing field of the modern
computational chemistry of molecules. In Refs.
[4,5] the authors underlined the elements of the
generalized approach to vibrational structure
in the PES of molecules, which is based on the
DFT and the GF approach and presented some
numerical illustrations of quantitative treating
the carbon oxide molecule parameters. It is im-
portant that calculational procedure can be sig-
nificantly simplified with using DFT formalism
in comparison with the classical GF method re-
alization.

In this paper we present the optimized ver-
sion of the hybrid combined DFT-GF approach
to quantitative treating the diatomic photoelec-
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tron spectra. The approach is based on the GF
method in the Cederbaum-Domske version [2],
Fermi-liquid DFT formalism [6-13] and use of
the novel effective density functionals (see also
[14-26]). The density of states is well approxi-
mated by using only the first order coupling
constants in the one-particle approximation. It
is important that the calculational procedure is
significantly simplified with using the quasipar-
ticle DFT formalism. Thus quite simple method
becomes a powerful tool in interpreting the vi-
brational structure of photoelectron spectra for
different molecular systems.

2. The hybrid quasiparticle DFT- opti-
mized GF approach

As usually, introducing a field operator

2

tree-Fock (HF) one—particle functions ¢, (e are
the one-particle HF energies and f denotes the set
of orbitals occupied in the HF ground state; R
is the equilibrium geometry on the HF level)
and dimensionless normal coordinates Q_ one
can write the standard Hamiltonian as follows:

with the Har-
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with n,=1(0), ief (igf), do=1(0), (ijkl) e, where
the index set v, means that at least and or
and  are unoccupied, v, that at most one of
the orbitals is unoccupied, and v, that and
or and are unoccupied. The  are the
HF frequencies; , are destruction and crea-
tion operators for vibrational quanta as

0, =(U/V2)(b, +b)),

0180, = (1/\2)(b, =) )
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The interpretation of the above Hamilto-
nian and an exact solution of the one-body
HF problem is given in refs. [1,2,4]. The usual
way is to define the HF-single-particle compo-
nent of the Hamiltonian (4) is as in Refs.
[1,5]. Correspondingly in the one-particle pic-
ture the density of occupied states is given by

J' dteih" (e—¢; )t<0|

—00

- M
Hy=3%, hob,
s=1

M
+ Z }/fs‘(bs + b;)(bs' + b;')

s,8'=1
gl 2]yl T 16)
2060, S T 4le000, ),

In a diagrammatic method to get function
(¢) one should calculate the GF G,,.(¢) first
[1,.2,5]:

1 +in ' H
No(e)=— "10),
L (€) 2 e N

A3)
b, +f g, +b)+ 4

Gyle) == [" dte” " (y| T{ a,())a;(0) } ) (6)

and the function
relation

(¢) can be found from the

N, (€) =almG,, (e —ain), a =—signe, . (7)
Choosing the unperturbed Hamiltonian

to be Z(e) one could define the
GF as follows:

G (t)=+5, iexp [— in'(e, ¥ Ag)t]~
Y| T ®

The direct method for calculation of N,(€ ) as
the imaginary part of the GF includes a defini-
tion of the vertical I.P. (V.I.P.s) of the reference
molecule and then of N, (e) The zeros of the
functions

J0) exp (£ in, - i)

=e —[e"p +2(e)L

B

D) ©)
where (e”” +2)k denotes the k-th eigenvalue of
the diagonal matrix of the one-particle energies
added to matrix of the self-energy part, are the

negative V. L. P. ‘s for a given geometry. One
can write [1]:

(V.LP) =s +F,)

1 0
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Expanding the ionic energy about the
equilibrium geometry of the reference molecule
in a power series of the normal coordinates of
this molecule leads to a set of linear equations in
the unknown normal coordinate shifts 60, and
new coupling constants are then:

g ==(1/\2 o, +F,)/00)],
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(11)

The coupling constants  and . are cal-
culated by the well-known perturbation expan-
sion of the self-energy part. In second order
one obtains:

(2) _ (/m, X)V/g, (k/ )Vk/
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and the coupling constant g, are written as [2,5]:
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The pole strength of the corresponding GF:
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The above presented results can be usefully
treated in the terms of the correlation and reor-
ganization effects. Usually it is introduced the
following expression for an [.P.:

4
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The first correction term is due to re-
organization, the remaining correction terms are
due to correlation effects. Then the coupling
constant g, can be written as

(V"W)z . 1[2

(kaﬂ B Vki’f )2
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The second coupling constant can be written

_ .ol & 1 0o 0 [ &
& y”(gfjuﬁg’ agl(g;’J (17)
7, 1s defined analogously

The key elements of novelty of our advanced
theory are connected with implementation of el-
ements of the quasiparticle Fermi-liquid version
of the DFT (QFLDFT) [1-3,8,17] to the GF ap-
proach. Let us note that the QFLDFT was de-
veloped in Refs. [1-3,8,17] is used to determine
the coupling constants etc. The master equa-
tions can be obtained on the basis of variational
principle with using the corresponding Lagrang-
ian of a molecule L.1It should be defined as a
functional of quasiparticle densities:

vo(r) = n, |©, ),

V(=Y n, VO, ([,
’ (18)

v, (1) =2 m[ @, ~D,D,].
A

The densities v, and v, are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an analog
in the HF or DFT theory and appears as result of
account for the energy dependence of the mass
operator X. A Lagrangian L, can be written as
a sum of a free Lagrangian and Lagrangian of
interaction: Lq = Lq" + L ™ where the interac-
tion Lagrangian is defined in the form, which is
characteristic for a standard DFT (as a sum of
the Coulomb and exchange-correlation terms),
however, it takes into account for the energy de-
pendence of a mass operator X:
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2

=L S Ao v, ), (19)
where F is an effective potential of the ex-
change-correlation interaction. The constants f,
are defined in Ref. [7]. The single used constant
B,, can be calculated by analytical way, but it is
very useful to remember its connection with a
spectroscopic factor F of the system [7]:

0
F,={1-—> [~ 20
sp {1 e kk[ (VIP)k ]} ( )

The terms 8), 0 and 2. is directly linked
[6]. In the terms of the Green function method
expression (7) is in fact corresponding to the GF
pole strength. The new element of an approach
is connected with using the DFT correlation
functionals , in particular, the Gunnarsson-Lun-
dqvist, Lee-Yang-Parr ones etc.(look details in
ref. [1,22]).

3. Some results and conclusions

In further calculation as potential V. we
use the exchange-correlation pseudo-potential
which contains the correlation (Gunnarsson-
Lundqvist) potential and relativistic exchanger
Kohn-Sham one [1,3]. As an object of studying
we choose the diatomic molecules of HF, CH,
CO for application of the combined Green’s
function method and quasiparticle DFT ap-
proach. In refs. [2,4] it was presented an analy-
sis and calculation of the photoelectron spec-
trum for the sufficiently complicated from the
theoretical veiwpoint molecules such as the
N, and CO molecules, where the known Koo-
pmans’ theorem even fails in reproducing the
sequence of the V. I. P.’s in the PES spectrum
[1-3]. Itis stressing, however it has been possi-
ble to get the full sufficiently correct description
of the diatomics PES already in the effective
one-quasiparticle approximation [1,2,5]. Anoth-
er essential aspect is sufficiently simple calcu-
lational procedure, provided by using the DFT.
Moreover, here the cumbersome calculation is
not necessary, if the detailed Hartree-Fock (Har-
tree-Fock-Rothaan) data (separate HF-potential
curves of molecule and ion) for the studied dia-
tomic molecule are available. Further it is easily
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to estimate the pole strengths p, and the values
g, When the change of frequency due to ioniza-
tion is small, the density of states can be well
approximated using only one parameter g:

0 n

Nk(e)zz.e_s S

n=0 n!

S =g*(how)” .

5(6 —€,+A€, +n- h(?)),

21)

In case the frequencies change considerably,
the intensity distribution of the most intensive
lines can analogously be well approximated
by an effective parameter S. Below we mean
that S° denotes the constant S calculated with
g° and S®? denotes the value derived from the
experimental spectrum. The deviations of the
one-particle constants g from the experimen-
tal ones are practically fully arisen due to the
correlation effects. In table 1 the experimental
(S°**) and theoretical (S™) values of the S param-
eter are presented for the molecules of CH, HF:
SYis the value without accounting for the cor-
relation and reorganization corrections [2]; S®
— the values of the parameter with accounting
correlation and reorganization corrections with-
in the simple (non-optimized) GF-DFT version
[5] and the present work results (see [1-5] and
Refs. therein).

Table 1.
The experimental (S*?) and theoretical (S*™)
values of the S parameter are presented for
different molecules (CH, HF): Sis the value
without accounting correlation and reorgani-
zation corrections; S® — the combined GF-

DFT method (b).
Molecule S 1w 3o

CH SO 0.22 0.105
S® 0.27 0.1134

S(th-this work) 0.38 0.120

HF SO 0.126 1.900
S® 0.192 2.053

Sth-this work) 0.313 2.115

Sexp) 0.35 2.13

It is interesting to list the similar data for
the CO molecule: S**(1m)=2.30; S*r(46)=0.27,
Se**(56)=0.04. It should be noted that more so-
phisticated calculation by Cederbaum et al [2]
gives the theoretical value S(4,56), which is
practically identical to the experimental values,
however the value S(1m)=2.59 is in some de-
gree different from S*P. The similar our data
are as follows: S"(1m)=2.32; S%(46)=0.268;
S"(56)=0.041. Note that our data are in physi-
cally reasonable agreement with the experi-
mental data. It is interesting to present the data
on the ionization potentials of the hydrogen
fluoride (say, the ion state *[1): the experimen-
tal value (16.01 eV), the Koopmans' theorem
(17.79 eV), the Hartree-Fock approximation
(15.6 eV), the equations-of-motion approach
(15.87 eV), this approach with accounting
for correlation and reorganization corrections
(15.97 eV). This results confirms the result
[1-3] that the correlation and reorganization ef-
fects are the important corrections to Koopmans'
theorem for this specific ionization potential.
The most important aspect of all consideration is
connected the principal possibility to reproduce
diatomic spectra by applying a one-particle the-
ory with accurate accounting for the correlation
and reorganization effects. The hybrid DFT-GF
theoretical approach can be prospectively used
for quantitative treating photoelectron spectra of
more complicated diatomic molecules.
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PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES:
HYBRID DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS APPROACH
TO SENSING MOLECULAR CONSTANTS
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Summary

The aim of the work is to develop and present a new effective approach to analysis and calcula-
tion of the photoelectron spectra of diatomic molecules, vibrational structure characteristics and at
whole molecular spectral constants.

It is developed the optimized version of the hybrid combined density functional theory (DFT)
and the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron spectra
and molecular constants. The Fermi-liquid quasiparticle version of the density functional theory
is used. The density of states, which describe the vibrational structure in photoelectron spectra,
is defined with the use of combined DFT-GF approach and is well approximated by using only the
first order coupling constants in the optimized one-quasiparticle approximation.

Using the combined DFT-GF approach leads to significant simplification of the calculation and
increasing an accuracy of theoretical prediction that is confirmed by computing the molecular spec-
tral parameters for the molecules of CH, CO, HF etc.

Keywords: photoelectron spectra of molecules, new hybrid approach, Green’s functions, den-
sity functional theory
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®OTOEJIEKTPOHHA CIHHEKTPOCKOIIISA ABOATOMHUX MOJIEKYJI:
I''bPUJIHUU METO/J ®YHKIHIOHAJIY I'VCTUHU TA ®YHKIIU I'PITHA Y
BU3HAYEHHI MOJIEKYJIAPHUX KOHCTAHT

I’ B. Ienamenxo, O. B. Inywkos, O. IO. Xeyeniyc, FO. A. bynaxosa, A. A. Ceéunapenko

Opnechkuii epkaBHUI eKooTiyHUM yHiBepcuTeT, JIbBiBchka 15, 65016, Onecca
E-mail: ignatenkoav13@gmail.com

Pedepar

Mertoro poboTu € po3poOKa Ta MpeCTaBIeHHS HOBOTO e()eKTUBHOTO IMIAX0AY A0 aHaIi3y Ta PO3-
paxyHKy ()OTOEIEKTPOHHUX CIEKTPIB IBOATOMHUX MOJIEKYJI, XapaKTEPHUCTUK KOJUBAIBLHOI CTPYK-
TYPH CIIEKTPY 1 B LIIJIOMY MOJIEKYJISIPHUX CHEKTPaIbHUX KOHCTAHT.

Po3BunyTa ontumizoBaHa Bepcis ridpuaHoi komOiHOBaHOi Teopii ¢pyHKIioHamy ryctunu (DFT)
1 metony ¢yHskuiil ['puna (I'dD) ans KibkicHOTro onucy (GoTOEIEeKTPOHHUX CIIEKTPIB ABOXATOMHUX
MOJIEKYJT Ta MOJICKYISIPHUX KOHCTaHT. HoBuii TiOpuaHuii miaxin cyTreBo 0asyeTbes Ha (hepmi-
piauHHIN KBaziyacTW4HINA Bepcii Teopii QyHKIIOHANY TyCTHHHU. ['yCTHHA CTaHy, SIKa ONHUCY€E KO-
JMBAIIBHY CTPYKTYPY B (POTOETIEKTPOHHUX CIIEKTPAX, BU3HAYAETHCS 3 BUKOPHCTAHHIM KOMOIHO-
BaHoro DFT-GF ninxony Ta ¢i3uuHO po3yMHO anpoOKCUMYETHCS 3a IOMIOMOIOK0 TIJBKH MEPIIOro
MOPS/IKY KOHCTAHT 3B’ 513Ky B ONTHMiI30BaHOMY OJHOKBA314aCTHHKOBOMY HAOIMKEHHI.

Buxopucranuns kom6inoBanoro DFT-GF niaxoay npu3BoauTh 10 3HaYHOTO CIIPOLIEHHS MoJIe-
KyJISpHUX OOYMCIIEHb Ta 30UIbIICHHS] TOYUHOCTI TEOPETUYHOTO MTPOTHO3YBAHHS, 1110 TIOBHICTIO MiJI-
TBEP/UKYETHCS BIAMOBITHUMU OOUMCIICHHIMH CIEKTpajbHUX mapamerpiB ais monekyia CH, CO,
HF romo.

KurouoBi cjioBa: poToeIEKTPOHHMI CIIEKTP MOJICKYJI, HOBHM T1OpUAHUH TTiX1/1, METOI (PyHK-
it I'pina, Teopis (pyHKLIOHATA T'yCTUHH
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CTEAPHHOBOIO KUCJIOTOIO I TIOJIIMETUHJIMETAKPUJIATOM Y
ITPOI'HO3YBAHHI JIJEHI'MIOPOI'EHHOCTI

I b. Xaneo, K. M. Mysuxa

Anorauisi. [IpencraBineHo pe3ynbraTi KBAaHTOBO-XIMIYHUX JOCIIKEHb EHEPrii B3aeMOIii Mk
MOJICKYJIaMU pyOpeHy 1 CTEapHHOBOI KHCJIOTOI), @ TAKOXK PYOPEHOM 1 MOJIIMETHIMETAKPUIATOM
(ITMMA). TIpoBeaeHi AOCTIKEHHS TTOKa3alid, 0 KoMIuiekcn pyopeny 3 [IMMA winHimm, HiXK
MIDXK pyOpEHOM 1 CTeaprUHOBOT KMCIIOTO0. e 1ae MOXKITMBICTD 3 BEJTMKOIO MipOIO HMOBIPHOCTI MPH-
mycTuTH, mo [IMMA Oyzae kpamum kaHauaaToM-aM}ihiIbHOO CITOIYKOFO JIJIsSI CTBOPSHHS TUTIBOK
Jlenrmropa-bnomkert 3 pyOpeHoMm, skuii € HeaMiiTbHOK MOJISKYIIOH0.

Karwu4oBi ciioBa: KBaHTOBO-XIMIYHUEH PO3paxyHOK, MOJICKYJISIpHA CHCTEMa, pyOpeH, MoiMe-
TUJIMETAKPUJIAT, CTEAPUHOBA KMCIIOTA, aMpi(iIbHICT
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QUANTUM-CHEMICAL INVESTIGATIONS OF RUBRENE COMPLEXES WITH
STEARIC ACID AND POLYMETHYLMETACRYLATE IN PREDICTION OF
LANGMUIROGENICITY

G. B. Khaled, K. Muzyka

Abstract. The results of quantum chemical studies of the energy of interaction between the
molecules of rubrene and stearic acid, as well as rubren and polymethyl methacrylate (PMMA)
are presented. Studies have shown that rubrene complexes with PMMA are stronger than between
rubren and stearic acid. This makes it possible to assume with a high degree of probability that
PMMA will be the best candidate-amphiphilic compound for creating Langmuir-blodgett films
with rubren, which is a non-amphiphilic molecule.

Keywords: quantum chemical calculation, molecular system, rubrene, polymethyl methacrylate,
stearic acid, amphiphilicity

KBAHTOBO-XUMHNYECKHE NCCJIEJJOBAHUA KOMIIJIEKCOB PYBPEHA
CO CTEAPMHOBOM KUCJIOTOM U MOJTUMETUJIMETAKPUJLJIATOM B
INPOI'HO3NPOBAHHUH JIEHI'MIOPOI'EHHOCTH

I b. Xaneo, E. H My3vika

AnHoranus. IlpencraBieHbl pe3ynbraTbl KBaHTOBO-XMMHYECKHX MCCIENOBAaHUM HSHEPruu
B3aUMOJICHCTBUS MEXY MOJEKYJIaMu pyOpeHa M CTeapuHOBOIN KHCIIOTOW, a Takke pyOpeHOM U
noauMmerunMerakpuiuiatom (IIMMA). [IpoBeneHHble HccIeqOBaHUS MOKA3ald, YTO KOMILIEKCHI
pyopena ¢ [IMMA Gonee npouHble, 4eM MEXIy pyOpeHOM M CTE€apMHOBOM KHUCIOTOH. DTO Aaer
BO3MO)KHOCTb C OOJIBIION CTENEHbIO BEPOSTHOCTH MPEAnoaoxuth, yro IIMMA Oyner my4imum
KaHAUJaToM-aM(PpUPUIBHBIM COETUHEHNEM Ul CO3[aHuUs MJICHOK JICHTMIOPa-0JI0IKeTT ¢ pyope-

HOM, KOTOPBIi sBIsieTcss HeaMbuUIHLHOU MOJEKYIOM.
KiroueBble cji0Ba: KBAHTOBO-XUMHUUECKUN pacdeT, MOJIEKYJIIpHasl cucTeMa, pyOpeH, mojauMe-
TUJIMETaKpUJIaT, CTEApHUHOBAs KMCI0Ta, aM(pU(UIBHOCTD

Beryn

HocnimkenHs  (i3UKO-XIMIYHUX — acIIEKTiB
KOHCTPYIOBaHHS MOJICKYJSIPHUX CHCTEM € OJI-
HIEI0 3 BOKJIMBHX 3a7a4 CeHCOpUKH. OJHHM 3
NPUKIIAIIB MOJIEKYISIPHUX CHCTEM, SIKI BUKO-
PHUCTOBYIOTBCS TIPU CTBOPEHHI CEHCOPHUX eJle-
MeHTiB € TuIiBkH Jlenrmropa-bromkert (JIB).
ITix JIb po3yMmitoTh MOHOMOJIEKYJISIPHI IIapu
MOBEPXHEBO AKTHUBHHUX OPTaHIYHUX PEYOBHH,
10 3HAXOAATHCS HAa MEXI PO3ILTY PIAKOi (K
MPaBUIIO, 1I€ BO/A) 1 ra3omoaioHo1 (moBiTps) da3
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[1]. Texunomoris JIb mo3Bosisie OTpUMaTH MOHO-
1 MYJIBTHINIAPOBI BHCOKOOPTaHi30BaHI TUTIBKH 3
KOHTPOJIBOBAHOIO TOBIIMHOIO, OPIEHTALIEI0 1
BHCOKOIO TTOBEPXHEBOIO HIUTBHICTIO JIFOMiHEC-
IIEHTHUX IEeHTpiB. ParionansHuii BUOIp Ma-
Tpuui JIb 11 1HKOpriopyBaHHS MOMIUKIIYHUX
apomatnyHux ByrieBoaHiB ([TAB) € axryans-
HOIO 3aJauel0 TPHU CTBOPEHHI TBEpaoda3zHUX
enekrpoxeminmominecueHnTHux (EXJI) cencopis
nst BuzHaueHHs [1AB [2].

Cxknannicts ¢opmyBanss 1wtiBok JIb 3 He-
JICHTMIOPOTEHHUMH PEUOBUHAMHM, A0 SKHUX Ha-
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nexarts [IABu € ocHOBHOIO TIpOOIEMOI0 CTBO-
penHsi ceHcopa Ha [IAB 3 BUKOpUCTaHHSAM TeX-
noutorii JIb. Ile mosicHio€ThCS TUM, TIIO PYOpEH
He € aM(piiTbHOI0 MOIEKYNIOI 1 He 3[aTeH
CaMOCTIHO yTBOPIOBATH OJHOPIJIHI 1 cTaO1Ib-
Hi JIB-MOHOIIapu Ha TIOBEpXHi BOAHOI cyOdasu
1, TakuM guHOM, JIb-mumiBkm [3]. OgauM 3 mia-
XOJIIB JI0 BUPIMIEHHS Takoi MpoOJieMU € CTBO-
penss JIB-miiBoK 3MilIaHUX OIHAPHHUX CHCTEM
Ha OCHOBI TEPMOJMHAMIYHO CTaOUIbHUX ami-
(bITEHUX MOHOMEPHUX a00 MOJIIMEPHUX CIOJTYK
3 iMMOOITI30BaHUMH B HHUX HeaM(ipiTbHUMHU
MoJekynamu. J{ist Toro, mo0 Kparie 3po3yMiTi
MIPUPOY MOJIEKYJIIPHUX B3aeMOJiH y Takux JIb-
CUCTEMaXx 3 HEJCHTMIOPOTEHHUMH PEYOBHHAMHU
JOLJIEHO TPOBECTH JOCHIKEHHSI B3a€MOZIT
MOJIETPHUX KOMIUIEKCiB Mojekyn [IAB ta awm-
¢bidiTbHUX pedyoBHH (TIOMYISIPHUX Y TEXHOIOT1{
JIb). 3naunmo, MO cTeapuHOBa KHUCJIOTA 1 TMO-
JTIMETUIMETaKpUIIaT € MPeICTABHUKAMU PI3HUX
KJIACiB CIIOJIYK 3 TOUYKH 30py OTPUMAaHHS 3MillIa-
HUX OlHapHUX cucTeM 3 HeaM(iiIbHUMU pe-
yoBUHAMHU (30Kpema, pyopenom). CreapuHOBa
KHCJIOTa — JICHTMIOpPOT€HHa cnoiyka, a [IMMA
— nosiimMepHa. [IpakTuyHuii iHTEpEC 10 BUBUCH-
HSl pyOpeHy B IIbOMY KOHTEKCTi IOB’S3aHHHU 3
rioro HeaM(DiiTbHUMHU BIACTUBOCTSAMH, a 3Ha-
YHTh, 31 CKJIQJHOCTIO YTBOPIOBATH OJHOPIIHHIMA
1 ctabinpuuit JIb-monomap. Kpim Toro, pyopen
Ma€ JIFOMIHECIIEHTHI BIACTUBOCTI, 110 BaYKJIIMBO
IpU CTBOPEHHI TBepAO(a3HUX ITIOMIHECIICHT-
HUX CEHCOPIB.

BukopucTanHs METO/IIB KOMIT IOTEPHOI XiMil
BXKE T0Ka3aB CBOI €(PEKTHBHICTb y CTBOPEHHI
CEHCOPIB HAa OCHOBI MOJIEKYJIIPHO IMIIPUHTOBA-
HuX nomimepis [4, 5]. Tak, y [6] 3 BUKOpUCTaH-
HSM MeTony (yHKIIOHaNa IyCTHHU Oyiio o0Opa-
HO Kpaiui kanaumar-moHomep (cepexn 13 mo-
CTYITHUX MOHOMEPIB) IS MIAOJOHY MeIamiHy.
[ToniGHMI miaXiA 1aB MOXKIUBICTH CIIPOTHO3Y-
BaTU CEJICKTUBHICTh MOJEKYJISIPHOI B3aeMOIIl
oOpaHoro MoOHOMeEpy 3 IabjoHamu, IO Ha-
JIeXaTh O OJTHOTO M TOTO K XIMIYHOTO KJIacy
peuoBuH [7]. Tomy [Isi pamioHadbHO BHOOPY
JIb marpuri mist Heamidineaux [TAB, Tex n0-
PEYHO BUKOPUCTOBYBAaTH METOIU KOMIT FOTEPHOI
XiMii, 30KkpeMa, KBaHTOBO-XIMIYHI PO3PaXyHKH.

Memoto oanoi poOOTH € TIPOBEIEHHS KBaH-
TOBO-XIMIYHUX HOCHIKEHL I BHUBYECHHS
MOKJIMBOCTI pyOpEeHY YTBOPIOBAaTH KOMILIEKCH
cknamy 1:1 31 cTeaprHOBOIO KHCJIOTOO 1 TOJIi-
metunmMerakpuiarom (IIMMA). Jlane poci-
JOKCHHS JTa€ MOYKJTUBICTD 3 BEJIMKOIO HMOBIpHIC-
TIO TIPUITYCTUTH, KA 3 JAHUX PEUOBUH € OUIBIIT
edextuBHOIO 5K JIb-MaTpuis uis 1HKOpHOpYy-
BaHHS pyOpeHy.

MeTonnka npoBeeHHs1 PO3PaxyHKiB

SIx Bimomo, [IMMA — ne miHIMHUA ITOMI-
Mep METWJIMETaKpHjary, SKuid Mae (Hopmyiry
[-CH,C(CH,) (COOCH,)-]. . st moGynoBu 1io-
JiMepiB Ta iX po3paxyHKy HEOOXiJTHO 3aCTOCO-
BYBAaTU CKJIAJHI Cy4acHI pO3paxyHKOBI METOAU
IpU 3HAYHUX BUTPATax PO3PaxXyHKOBOTO dHacy.
Tak sk B poOO0Ti HOTPiOHO MOPIBHATH 3/1aTHICTH
pyOpeHy 10 B3aemomii 31 CTEapUHOBOIO KHC-
nororo Ta 3 [IMMA, panionanbsHo Oyno BHII-
JTUTH YacTuHy Moiekynu [IMMA, chiBcTaBHY
3 MOJIEKYJIOK CTEapUHOBOI KHUCIOTH. Takum
YHHOM, B POOOTI MU BHKOPHUCTOBYBaIH (par-
menT [IMMA, mo mae dpopmyay [-CH,C(CH,)
(COOCH))-],

[TouarkoBe HAOMMKEHHS 10 TeOMETpii Mo-
JEKYIISIPHUX KOMIUIEKCIB pyOpeH-cTeapuHOBa
kuciaora 1 pyopen-IIMMA otpumano 3a joro-
MOTOI0 TPOLEAYPU MOJEKYISIPHOTO TOKIHTY 3
BUKOpHCTaHHAM nporpamu AutoDock Vina [8].
Jnst moOyn0BH TBOXKOMITOHEHTHHUX KOMILJIEKCIB
Ha TEPIIOMY eTari MPOBOAMBCS JOKIHT pyOpe-
Hy 1 CTEapHHOBOi KHCJIOTH, a TakoXX pyOpeHy
1 [IMMA, 3a pe3ynbraramu sikoro Oyno Bifi-
Opano 20 CTpyKTyp 3 HallMEHILIOIO 3arajibHOIO
CHEepTi€lO.

3 OoTpHMaHUX CTPYKTYp IBOKOMITOHEHTHHX
KOMIUJIEKCIB  Oynmo  BimiOpaHo 5 HalOUIbII
CTalOlIBPHUX 3a CEHEepri€ro, s [KuX Oyna
IIPOBEJIEHa MOBHA ONTHUMI3Allisl 1 pOo3paxoBaHi
eHeprii B3aeMOJii 3 BHKOPHCTAHHSM METOIY
teopiipynkiionanaenexkrpoHHoiryctuau (DFT)
(pynkuionan M06-2X) 3 6azucHuM HaOOpOM
cc-pvdz (M06-2X / cc-pvdz) [9]. BinmoBinHicTh
reoMeTpii KOMIUIEKCY MIHIMyMy Ha TOBEpXHi
norenuiiinoi eneprii (IIIIE) mniarBepmxeHo
pO3paxyHKOM  JpPyTUX  TOXIAHHUX  €Heprii
(recciaH), sIKI Many TUTBKU TO3UTHBHI BJIACHI
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3HaueHHs. EHeprii B3aemonii Mk MOJIEKylaMu
B KOMIUIEKCax OyJio po3paxoBaHO 3a JIOTIOMOT 00
Merony M06-2X / cc-pvdz i ckopuroBaHo Ha
MOMUJIKY Cyneprno3uuii 0asucHoro Habopy 3
BUKOPUCTAHHAM CTaHIAPTHOI npouenypu boris-
bepuapau (BSSE-kopekiist) [10]. Bei po3spa-
XyHKH BUKOHYBAQJIHCS 3 BHKOPUCTaHHSM TIPO-
rpamu Gaussian03 [11].

Enepriro B3aemonii B KOMIUIEKCaX PyOpeH-
JeHrMrooporesHa peuosusa (1:1) pospaxoByBa-
nu 3a popmymoro (1):

=E

- -
int CCE (Etotal of amphiphile total of rubrcnc) 2

ne E_ ., — ToBHa eHepris KoMILIeKca 3 BpaxyBaH-
HSIM CYTIEPIIO3UIIIIHOT MOMUIIKK OAa3UCHOTO Ha-
6opy (BSSE);

rotal of amphiphite ~ TTOBHA eHepris amdidiTbHOI pe-
YOBHHH;
— TIOBHA eHepTis pyOpeHa.

total of rubrene

PesyabTaTn T2 00roBOpeHHA

Jlnst Toro, mo6 yTBOprOBaTH CTAa0IIBHI JICHT-
MIOPIBCKI MOHOIIAPH HAa OCHOBI JBOKOMIIO-
HEHTHUX KOMILJICKCIB, MOJIEKYJIH, IO BXOISTh
JI0 CKJaJly KOMIUIEKCY, IOBUHHI MICTUTH II€B-
Hi (yHKUioHaNbHI rpynu. Lle mae MoxIuBiCTh
YTBOpPEHHS CHEMUPIYHUX MIDKMOJIEKYIIPHUX
B33a€MOJIIH Y IMX KOMIIJIEKCaX, TAKUX SIK BOTHEB1
3B’SI3KH, CTEKIHI-B3a€MO/II1, FaJIOr€HHI 3B’ SI3KHU.
Tak, MoneKynaa CTeapuHOBOI KHCIIOTH Mae€ Tif-
poxcunbHy 1 C-H rpyny, siki 31aTHI yTBOPIOBAaTH
BOJHEBI1 3B SI3KH B SKOCTI JIOHOpA MpoToHa. Ta-
KOX Il MOJIEKYyJla MICTUThb KapOOKCUJIbHY I'py-
my, sIka MOXK€ YTBOPIOBaTH BOJHEBI 3B’SI3KU B
AKOCTI akienropa nporona. Monekyna [IMMA
tako MictuTh C-H rpynu, siki 31aTH1 yTBOpIO-
BaTH BOJHEBI 3B’SI3KU B SIKOCTI JJOHOPA MMPOTOHA
1 ckmanHoedipHi Ipynu, siKa MOXYTb YTBOPIO-
BaTH BOJHEBI 3B S3KH B SIKOCT1 aKIENTOpa Mpo-
ToHa. Mornekyna pyOpeHy Mae T-CUCTEMY, SKa
MOX€ BUCTYTATH B SIKOCTI aKIIETITOpa IPOTOHA B
MDKMOJIEKYISIPHUX B3a€MOJIsAX. TakuM YMHOM,
B KOMIUIEKCaX PyOpeHy 31 CTEapUHOBOi KHCIIO-
Toro MoxunBe yTBopeHHs C-H ... O, O-H ... n
1 C-H ... m BogHeBuX 3B’s3KIB. Y KOMILJIEKCAX
pyopeny 3 [IMMA MoxuBe yTBOPEHHS TUTBKH
C-H ... O i C-H ... m BogHeBux 3B’s3KiB. Kpim

70

TOTO, JOCIIHPKYBaHI MOJIEKYJIH € TOCUTHh BEIIU-
KHMHU, TOMY B IIOBHY €HEPIil0 B3aeMOJii KOMII-
JIEKCY MOMITHUN BHECOK MOBUHHI BHOCHTH He-
cnenudivHi B3aeMoIii, 30KpeMa TUCTIePCiiiHi.

[IpoBeneHHsT KBAaHTOBO-XIMIYHOTO  MOJIE-
JIIOBaHHS KOMIUIEKCIB pyOpeHy 31 CTeapuHOBOI
KHCJIOTOIO 1 KoMILIeKciB pyOpeny 3 [IMMA 3a
JIOTIOMOT OO TIPOIETYPH MOJICKYISIPHOTO JOKiH-
Iy MOKa3aJio MOXKJIMBICTh YTBOPEHHS B HUX BO/I-
HeBux 3B’ s3kiB (Taom. 1).

Tabmurs 1

XapakrTepucTuku BoaHeBux 3B’sa3kiB (H...A,

A uD-H...A, rpaja) HaioiabII CTIHKMX KOMII-

JiekciB pyOpeHy 3i cTeapMHOBOI KHCJIOTOIO

(1a-1e) i 3 IIMMA (2a-2e) 3a faHUMHU MeTOAA
M06-2X/cc-pvdz

Kommnexkce 1a (B, = Kommieke 2a (E, =-12.79

-15.88 kcal/mol) kcal/mol)
O-H..m 2.55A 124° C-H..O 2.56 A 120°
C-H...m 2.69 A 151° C-H...m 2.73 A 128°
C-H...m 2.82 A 130° C-H...m 2.62A 137°
C-H...m 2.80 A 122° C-H...m 2.78 A 125°

Kommnexe 1b (E. = Kommneke 2b (E. =-13.82

int int

-10.86 kcal/mol) kcal/mol)

O-H..m 238 A 134°
C-H...m 2.68 A 158°
C-H..m 271 A 177°

C-H..O 224 A 163°
C-H..O 241A 130°
C-H...m 245A 172°
C-H...m 2.42 A 142°

Kommneke I¢ (B, =
-12.99 kcal/mol)

Kommneke 2¢ (B, =-14.42
kcal/mol)

C-H...m 2.55A 133°
C-H..m 2.82 A 133°
C-H...m 2.74 A 153°

C-H..O 2.32A 160°
C-H..O 222A 167°
C-H..m 247 A 137°
C-H...m 2.78 A 175°

Kommreke 1d (E, =

int

-14.08 kcal/mol)

Kommneke 2d (E, = -11.22
kcal/mol)
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C-H..O 239A 128°
C-H..m 276 A 120°
C-H...m 2.74 A 135°
C-H...m 2.67 A 131°

O-H..m 239 A 159°
C-H...m 2.77 A 154°
C-H..m 2.64A 147°

Kommuexc Te (E, =-18.11
kcal/mol)

Komnexce 2e (E, = -12.68
kcal/mol)

C-H..O 2.51A 120°
C-H..n 2.70 A 141°
C-H..m 2.79 A 141°

O-H..m 2.50A 151°
C-H...m 2.65A 144°
C-H..m 2.68A 163°

Ha puc.] mokazana cTpykTypa HalOLIbII
CTIHKHUX KOMILJICKCIB PyOpeHy 31 CTEapHuHOBOIO
kuciotoro 1 3 [IMMA Ta ix eHeprii B3aemomii
(E, ) 3a nanumu metona M06-2X/cc-pvdz. Bap-
TO 3a3HAYNATH, 110 KUIBKICTh BOJHEBUX 3B SA3KIB
B KomIuiekcax pyopeH 3 [IMMA Ttpoxu Oinb-
11e, HK B KOMIUIEKcax pyOpeH 31 cTeapuHOBOT
KHCJIOTOI0. MOXIINBO, 1€ TIOB’S13aHO 3 MEHIIIOI0
KUTIBKICTIO (DYHKITIOHATBHUX TPYII, 10 OEpyTh
y4acTh B KOMILJIEKCOYTBOPEHHI KHCIIOTH.

Enepris B3aemonii B 5 HaAOUTBII CTaOLTBHUX
koMmIuiekcax 3 IIMMA 3HaxoauThes B Alarna3oHi
-11.22 + -14.42 xkan / MOJb, SIKUI TPOXU MEH-
11e, HiXK OyJI0 pO3paxoBaHO I KOMILICKCIB Py-
OpeHy 31 creapruHOBO1 KUCIIOTOIO -10.86 + -18.11
Kkan / Momb. CepenHsi eHeprisi B3aeMofii, po3-
paxoBaHa 3a II'AThMa HAWOUTBII CTAOLTBHUMU
KOMITJIEKCaMH, CTAaHOBUTE 14.38 kkan / MoJIb 1715
KOMITJIEKCIB 31 CTE€apUHOBOI KHCIOTOIO 1 12.99
KKasl / mMonb juig komiuiekciB 3 [IMMA. Ilei
(hakT MOXKHA TIOSICHUTH 200 3HAYHOIO CTEPUIHOIO
Harpyroro B Mosiekyni [IMMA, 1110 3HaXouThest
B 3irHyTii KOH(OpMAIlii, 00 3HAYHUM BHECKOM Y
3arajbHy €HEPTii0 B3a€MO/IIT B KOMIUIEKCI €Heprii
BO/IHEBOTO 3B’s13ky O-H ... 7 ..

Bimomo, 110 MOJIeKysIH CTeapHHOBOI KUCIIOTH
1 [IMMA € nocuth KOHGOPMAIIHHO THYYKUMH
1, OT)Ke, MOXYTh NPUIMATH Pi3HI MPOCTOPOBI
¢dopmu. B pesynbrari npoBeIeHHS MOJIEKYIISp-
HOTO JOKIHTY OyJ10 OTpHUMaHO BUTHYTI KOH(DOP-
Marrii creapuHoBoi kuciotu i [IMMA. 3a nanu-
Mu KeMOpumKChKOro 0aHKy CTPYKTYPHUX J10-
CIIPKeHb B PEHTTEHOCTPYKTYPHOMY aHaTi31 IIi
MoJIeKynu MatoTh all-trans xondopmartito. s
CHEePreTHYHOI OIIHKH IUX KOH(pOpMalid MU
MIPOBEJIM PO3PAXYHOK BIIHOCHOI CTaOUIBHOCTI

JOCTIKYBaHUX MOJIEKYJ KBAHTOBO-XIMIYHUMU
METOAMH.

a

Eint = -12.68 kcal/mol
o

Pucynoxk 1 - CTpykTypa Haii0lab1I CTIHKIX KOMILIEK-
ciB pyOpeHny 3i creapnHoBoilo kucaoror i 3 IMMA: a)
U151 komIiekey le; 0) st 2e.

Po3paxynku mnokazanu, mo all-trans koH-
dopmallis B MOJIEKYJTl CTEapUHOBOI KHCIOTH
Ha 5.17 xkan / monb, a B mosiekyn [IMMA na
14.07 xkan / Monb OibIN BUTIAHA, HIXK BUTHY-
ta (Puc.2). Pe3ynprar nux po3paxyHKiB MO>KHA
MOSICHUTH CTEPUYHOI0 HANPYTOI B BUTHYTHUX
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KOH(poOpMaIlisX, IO MiATBEPHKYETbCS BUHUK-
HEHHSM YKOPOUYEHHUX KOHTAKTIB (B CTEApUHOBOI
KHUCIOTH: yKopodeHi koHtakty H...H 2.14 A
+231 A, B IIMMA: H..H 1.97 A + 230 A,
H...02.39 A +2.41 A npu cymi Banepsaas-
coBux pagiycis H...H 2.34 A, H...0 2.46 A).
Buxozasiun 3 Toro, mo A8 MOJEKYIM cTea-
puHOBOi Kuciotd 1 [IMMA Oinbin BUTHOO €

NN R

1
AE, kcal/mol 0
)
a X Py
o P
T f:‘: "
? .
I J‘J
C‘_‘j f:‘j‘ 9
1
AE, kcal/mol 5.17

all-trans koH(opMmarlist, HACTYITHUM €TaroM Ha-
IIMX JOCIIPKEHb OyB PO3paxyHOK JBOKOMIIO-
HEHTHUX KOMIUIEKCIB PyOpeHy 3 MOJIEKyJIaMHu,
10 3HAXONAThCA B 1iK kKoH(popmarii. Ha puc.3
MOKa3aHO HANOUIbLI CTIHKI KOMILJIEKCH PyOpeHy
31 cteapuHoBoi kucnororo (If-1i) u ¢ IMMA
(2f-2i) y xondopmarii all-trans, ix eneprii B3a-
emoii 3a manumu metoga M06-2X/cc-pvdz.

,'J_,{,‘
a’ @’ *,‘3

@lYa 2 &

e X FY 3
ol % » gy
JJ‘J -’\y

2
0

14.07

0) BUTHYyTa KOH(pOpMAaLis

Pucynok 2 - BignocHa cradinbHicTs koHdopmauiii B MoJieky/1ax creapuHoBoi kuciaoru (1) i IMMA (2): a) all-
trans koH(popmanis; 6) BATHYTa KOH(popMailis.

BucHoBku

Pesynbrati KBaHTOBO-XIMIYHUX pO3paxyH-
KIB TIOKa3ajld, M0 HaWOIIbIIy EHEepriro B3a-
emofii MaroTh komruiekcu 1f 1 2g, B KuX Mo-
nexynu 1oB’s3aHi Mk coboro C-H ... O 1 C-H

. T BOIHEBUMHU 3B’s3kamu ogHo4yacHO (Tabm.
2) 1 MarOTh HAWOUIBIY IUIONLY MEePEKPUBAHHS

72

cepell ONTHUMI30BaHMX KOMIUIEKCIB. 3aTe Hail-
HIDKYY €HEPril0 B3aeMOJli MalOTh KOMIUICKCH
1h i 2h. V xommiekci 1h Busgsneno tineku C-H
... O BoJiHEBHIA 3B S130K. A B KOMILIEKC] pyOpeH-
[IMMA 2h Bussnerno C-H ... O 1 C-H ... w Boz-
HeBi 3B’s3ku. OIHAK IUIONIA TEPEKPUBAHHS
MOJIEKYJI, IO B3aEMOIIOTh B IIMX KOMILUIEKCAX
€ MIHIMaJIBHOIO, 0 TMPU3BOIUTH /IO JTy)KE Ma-
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Eini = -7.44 kcal/mol

a)

Eint = -11.79 kecal/mol
0)

Pucynok 3 - CtpykTypa Haii0LIb1I CTiHKHX KOMILIEKCIB pyOpeHy 3i creapnHoBol kucjioToxo i 3 IMMA B kondop-
mauum all-trans: a) nas komnekcey 1i; 0) ans 2i

JICHBKOTO BKJIQJy JHMCIIEPCIHHOI CKIIAI0BOI HE-
cnerudiyanx B3aemoxiit (Tabmn. 2). Tomy mox-
Ha TIPHUITYCTUTH, 110 TIOBHA CHEPTisi KOMILICKCIB
3QJICKUTh SK BiJ eHeprii crenudiyHux B3a-
€MOJIiH, TaK 1 BiJI €HEePTiil TAKUX CKJIAIOBUX, K
eJIEKTPOCTATUYHI 1 AUCTIEPCIHHI B3a€MOIl MiXk
MOJICKYJIaMH.

Tabmus 2

XapakrepucTuku BogHeBuX 3B’sa3KiB (H...A,
A u D-H...A, rpax) ) Haii6iapm cTiliknx
KOMILIEKCIiB pyOpeHy 3i cTeapuMHOBOI KUCJI0-
Tor (1f-1i) i 3 IIMMA (2f-2i) B xoHpopma-
uii all-trans, ix eneprii B3aemonii (E, KKaJa/
MO0JIb) 32 TaHuMHU MeTona M06-2X/cc-pvdz.

Kommneke If (B, = -14.77 kcal/ Kommneke 2f (E, =

mol) -11.82 kcal/mol)
C-H..O 2.53A 121°
C-H...O 259 A 125°
C-H...m 2.78 A 127°
C-H..m 2.68A 167°
C-H..m 2.73 A 163°
C-H..m 2.77 A 169°
C-H..m 2.85A 131°
Kommuexe 1g (E, = -5.32 keal/ Kommexe 2¢g (B, =

mol)

-12.61 kcal/mol)

C-H...0 240 A 117°
C-H..m 2.84A 114°

C-H..O 237 A 165°
C-H...0 233 A 166°
C-H..n 2.73 A 130°
C-H...m 259 A 132°

Kommnexe 1h (E, = -2.00 kcal/

mol)

Kommneke 2k (B, =
-5.88 kcal/mol)

C-H...O 237 A 145°
C-H...O 2.44 A 122°
C-H...m 2.83 A 154°

C-H...O0 238 A 127°

Kommexc 1i (B, = -7.44 kcal/ Kommekce 2i (B, =

mol) -11.79 kcal/mol)

C-H..O 2.50A 125°
C-H...m 2.78 A 173°
C-H..m 2.87A 166°
C-H..m 2.77 A 133°

C-H...m 2.72 A 145°
C-H...m 273 A 142°
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QUANTUM-CHEMICAL INVESTIGATIONS OF RUBRENE COMPLEXES WITH
STEARIC ACID AND POLYMETHYLMETACRYLATE IN PREDICTION OF
LANGMUIROGENICITY

G. B. Khaled, K. Muzyka

Kharkiv National University of Radio Electronics, Department of Biomedical Engineering,
Laboratory of Analytical Optochemotronics, 61166, Ukraine, Kharkiv, Nauki Ave, 14

Summary

The aim of the work is to conduct quantum chemical investigations of the possibility of rubrene
to form 1:1 complexes with stearic acid and polymethylmethacrylate (PMMA), in order to assume
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with high probability, which of these substances are more effective as a Langmuir-Blodgett matrix
for incorporating of rubrene. Full optimization and calculation of the interaction energies between
the molecules in the complexes were carried out using density functional theory (M06-2X/cc-pvdz)
in Gaussian 03 program. The correspondence of the geometry of the complex to the minimum on
a potential energy surface is confirmed by the calculation of the second energy derivatives, which
had only positive eigenvalues. Full optimization and the interaction energies between the mol-
ecules in the complexes were calculated using the density functional theory (M06-2X / cc-pvdz)
in Gaussian 03 program. The correspondence of the complex geometry to the minimum on the po-
tential energy surface is confirmed by the calculation of the second energy derivatives, which had
only positive eigenvalues. The results of the calculations showed that the highest interaction energy
has complexes in which the molecules are simultaneously interconnected between themselves via
C-H ... O and C-H ... &, hydrogen bonds and have the largest overlap area among the optimized
complexes. It can be summarized that complexes of rubrene with PMMA are stronger than between
rubrene and stearic acid. Thus, it possible to assume with a high level of probability that PMMA
will be more suitable amphiphilic molecule for creating Langmuir-Blodgett films with rubrene,
which is a non-amphiphilic molecule.

Keywords: quantum chemical calculation, molecular system, rubrene, polymethylmethacry-
late, stearic acid, amphiphilicity

PACS 82.70.Uv YIIK 53.085.5, 681.586
DOI http://dx.doi.org/10.18524/1815-7459.2018.4.150506

KBAHTOBO-XIMIYHI JOCIIZKEHHSA KOMIIVIEKCIB PYBPEHY 31
CTEAPUHOBOIO KUCJIOTOIO I NOJIMETUJIMETAKPUJIATOM Y
IMPOI'HO3YBAHHI JIEHI'MIOPOI'EHHOCTI

I b. Xaneo, K. M. Mysuxa

XapKiBChbKHI HAI[IOHAIBHUI YHIBEPCUTET PAI0CIICKTPOHIKH, Kadeapa 010MeTMIHO1 iHX)EHEIT,
naboparopisi aHaIITHYHOI ONITOXeMOTPOHIKH, 61166, Ykpaina, M. Xapkis, np. Hayku, 14

Pegepar

MeToro po6GOoTH € IPOBEIEHHS! KBAHTOBO-XIMIUHUX JTOCIIJKEHb JIJIsl BABUEHHSI MOXIIUBOCTI PY-
OpeHy yTBOPIOBAaTH KOMILIEKCH CKiamy 1:1 31 cTeapiHOBOIO KUCIOTOIO 1 MOJIIMETHIMETAKPUIATOM
(ITIMMA)). [lane gociiiKeHHs JJO3BOJISIE 3 BEJIMKOI0 MMOBIPHICTIO MPUITYCTHUTH, SIKA 3 JJAHUX PEYO0-
BHH € OUTBIII €()EKTUBHOIO B SIKOCTI MaTPHIIi JICHTMIOPA-0JIOMKETT ISl IHKOPIIOPYBAHHS PYOpEHY.
[ToBHa onTuMmi3alis 1 po3paxyHOK €HEpriid B3aeMoAii MiX MOJIEKYJIaMU B KOMILUIEKCaX MPOBOAU-
JUCS 3 BUKOPUCTAHHSAM MeTonay Teopii gyHkuioHana ryctuau (M06-2X / cc-pvdz) B mporpami
Gaussian 03. BiamoBiHICTh TeOMETpii KOMIUIEKCY MIHIMyMYy Ha MOBEPXHI MOTEHIIIHHOT eHeprii
HiATBEPIHKEHO PO3PAXyHKOM JAPYTHX MOXITHUX €HEeprii, sIKi Majlu TiJIbKU MO3WTHUBHI BJIACHI 3Ha-
yeHHsl. Pe3ynpratu po3paxyHKiB MOKa3ajiu, 0 HaHOUIbIIY €HEprilo B3aEMOAIT MalOTh KOMILIEKCH,
B SIKMX MOJIEKY/ U 1MoB’s13aHi Mixk cob6oro C-H ... O 1 C-H ... © BogHeBUMU 3B’ sI3KaMU OHOYACHO 1
MaroTh HAaHOUIBINY IJIOULY NEpEKPUBAHHS Cepesl ONTUMI30BaHUX KoMIUiekciB. [IpoBeneHi noci-

75



I'. b. Xanen, K. M. My3uka

JOKEHHSI TIPOZIEMOHCTPYBAJIH, 10 KOMIUIeKCH pyOpeHy 3 IIMMA wminHimm, HiX MK pyOpeHOM i
CTEapUHOBOI KHUCJIOTOW. Lle 1ae MOXIHMBICTH 3 BEJIMKOIO MIPOI WMOBIPHOCTI MPHUIYCTHTH, IO
I[IMMA Oyne 6inbmn npuaaTHoro amdidiIbHO MOJEKYIO I CTBOPEHHS IUTIBOK JIeHTMropa-
Bbnomxert 3 pyOpeHoM, sikuit € HeaM(ipUIbHOIO MOJIEKYIOIO.

Kui04oBi cjioBa: KBaHTOBO-XIMIYHUHN pO3paxyHOK, MOJEKYJIsipHA CHUCTEMa, pyOpeH, mojimMe-
TUJIMETaKpUJIaT, CTEApUHOBA KUCIIOTa, aMpipUIbHICT
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MATEPIAII OJTA CEHCOPIB

SENSOR MATERIALS

VK 621.315.592
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CTPYKTYPHO-®A30BI IEPETBOPEHHS I EJIEKTPO®I3ZUYHI BTACTUBOCTI
KOMIIO3UIIIMHUX MATEPIAJIIB HA BA3I CUCTEMH “Si0,-B,0,-Bi,0,-Zn0-Ba0”

A 1 Jlenix, T. I. Jlaspenosa, H. M. Caoosa, B. A. bopwak, A. I1. banaban, H. I1. 3amoscvra

MixBinoMumii HayKOBO-HaBUAIbHUH (izuko-TexHiunmnii nenrp MOH i HAH Vkpaiau npu
OnecpkoMy HallioHaIbHOMY yHiBepcuTeTi imeHi l. . Meunukona,
e-mail: ndl_lepikh@onu.edu.ua

CTPYKTYPHO-®A30BI IEPETBOPEHHS I EJIEKTPO®I3ZUYHI BIACTUBOCTI
KOMITO3UIIIMHUX MATEPIAJIIB HA BA3I CUICTEMH “Si0,-B,0,-Bi,0,-Zn0-Ba0”

A. 1 Jlenix, T. I. Jlaspenosa, H. M. Caoosa, B. A. bopwak, A. I1. banaban, H. I1. 3amoscvra

AnoTauis. JlociKeHO MPOIecH CKIOYTBOPEHHS, KPUCTAi3allii, a TAaKOXK BUBYEHI (Di3HUKO - Xi-
MiuHi BracTuBocTi cuctemu “Si0,-B,0,-Bi,0,-ZnO-BaO” npu pi3HUX CIIiBBIIHOIEHHAX KOHIIEH-
Tpauiii BUXiJHIUX KOMIIOHEHTIB 1 JIETYIOUUX JOMIIIOK, BiJl IX TPaHyJIOMETPUIHOTO CKIIATy 3 METOIO
BUOOPY ONTHUMAIBHUX CKJIAJiB CTEKOJ JJISl Pe3UCTUBHUX, IPOBITHUKOBUX 1 IIEIEKTPHYHHUX HIAPiB
TOBCTOILTIBKOBHX €JIEMEHTIB T1OPUIHUX 1HTETPAILHUX CXEM, COHSIYHUX OaTapeid, MIKpOeIeKTPOH-
HUX CEHCOpIB Ta iH. PO3p0o0ieHo JerkomiaBke CKIIO JJIsi TOBCTOIUTIBKOBUX HAaHOKOMITO3HTIB, SIKE
HE MICTHTh TOKCHYHUX CITOJIYK CBUHITIO. Y SKOCTI OCHOBHOTO CKJIOYTBOPIOIOYOTO KOMIIOHEHTY 00-
PaHO OKCHJI BICMYTY, SIKHI HaJla€ MOXKIIUBICTh OTPUMYBATH O1JIBII JIETKOTUIABKI CTEKJIA.

Ki1r04oBi c10Ba: HAHOKOMITO3UTH, JIETKOTIIABKI CTEKJIA, TIOPU/IHI iIHTETpajIbHI CXeMH, CEHCOPH

© 4. 1. Jlemix, T. 1. JlaBpenoBa, H. M. Cagnosa, B. A. bopmak, A. I1. bana6an, H. I1. 3atoBchka, 2018
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STRUCTURAL-PHASE TRANSFORMATIONS AND ELECTROPHYSICAL
PROPERTIES OF THE COMPOSITE MATERIALS BASED ON
"$i0,-B,0,-Bi,0,-Zn0-Ba0" SYSTEM

Ya. I. Lepikh, T. I. Lavrenova, N. M. Sadova, V. A. Borschak, A. P. Balaban, N. P. Zatovskaya

Abstract: The processes of the glass forming and crystallization and also physical and chemical
properties of "SiO, - B,O, - Bi,O, - ZnO - BaO" system with the different concentration ratios of the
initial components and doping impurities, on their granulometric composition in order to choose
the optimal composition of the glasses for resistive, conductive and dielectric layers of thick-film
elements of hybrid integrated circuits, solar cells, microelectronic sensors, and others has been
investigated. The low-melting glass for thick-film nanocomposites, which does not contain toxic
compounds of lead, is developed. As the main glass-forming component, bismuth oxide is chosen,
which gives the possibility of obtaining more fusible glasses.

Keywords: nanocomposites, fusible glasses, hybrid integrated circuits, sensors

CTPYKTYPHO-®A30BBIE PEBPALLEHUSI Y 2JTEKTPO®U3UYECKHE
CBOICTBA KOMIIO3ULIUOHHBIX MATEPUAJIOB HA BA3E CHCTEMBI
"Si0,-B,0,-Bi,0,-Zn0-BaO"

A U Jlenux, T. U. Jlaspenosa, H. M. Caodosas, B. A. bopwax, A. I1. baraban, H. I1. 3amosckas

AnHoTauus. MccnenoBanbl mporieccrl CTeKI000pa30BaHusl, KPUCTAIUIN3AINH, & TAK)KE U3YyYEHBI
¢usuko - xumnueckue cpoiictpa cucremsl “SiO -B,0,-Bi,0,-Zn0O-BaO” npu pasnuyHbIX COOTHO-
IICHUSIX KOHIICHTPAIUI UCXOIHBIX KOMIIOHCHTOB W JICTUPYIONIUX MPUMECEH, OT MX T'paHyJIOoMe-
TPUYECKOTO COCTaBa C IEJIbI0 BHIOOPA ONTHUMAIIBHBIX COCTABOB CTEKOJ IS PE3UCTUBHBIX, MPO-
BOIISIINX M JUAJICKTPHUSCKHUX CIIOCB TOJCTOIUICHOYHBIX 3JIEMEHTOB TMOPUIHBIX WHTETPATHHBIX
CXeM, COJTHEYHBIX Oarapeii, MUKPOAJIEKTPOHHBIX CEHCOPOB U Ap. PazpaboTaHo ierkoruiaBkoe cre-
KJIO TSI TOJICTOTICHOYHBIX HAHOKOMITIO3HTOB, HE COJEpIKAIIee TOKCHYHBIX COSAMHCHUN CBUHIIA.
B kauecTBe OCHOBHOTO CTEKPOOOPA3yIOIIEro KOMIIOHEHTa U30paH OKCHJI BUCMYTa, KOTOPBIH 1aeT
BO3MO)KHOCTB ITOJTy4aTh OoJiee JIETKOIJIaBKUE CTEKJIA.

KuiroueBble ¢JioBa: HAHOKOMIIO3HTEHI, JICTKOIIJIABKHAE CTEKJIA, THOPHIHBIC HHTETPATLHBIC CXEMBI,
CEHCOPBI
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1. BCTVYII. HIOCTAHOBKA 3AJTAYI

HanomucnepcHi koMo3utu Ha 0asi “ckiio
— CIIOJYKH METalliB®, HMIMPOKO BUKOPHCTOBY-
IOTBCSI B MIKPOEJIEKTPOHIIl, 30KpeMa, y SIKOCTi
HAaHOKOMIO3HMIIHHUX TOBCTOILUTIBKOBUX  €JIe-
MEHTIB 0araropiBHEBUX TiOpHIHHMX IHTErpab-
Hux cxem (I'IC) Ta CceHCOpHHX €JEeMEHTIB.
Hanokomno3umiiiHi  eneMeHTH  (HOPMYIOTHCS
[UISIXOM BiJIaJly pe3UCTUBHUX MACT, SKi € KOM-
MO3HIIHHOK CYMINIIIIO TOPOMIKIB  (PyHKITIO-
HAJIBHOTO Marepiaily, CTEKJIO3B sI3KH, OpraHid-
HOi 3B’s3KM. B mporeci BiAmagroBaHHA IMacT
MOPOIIKU CKJIa OTUIABJISIOTHCS 1 CIIKAIOThCS B
CKJISIHY MAaTpPHUIIO, B SIKIH (IKCYIOTBCSI YaCTKH
¢byHKIIOHATBHOT (ha3u, YTBOPIOIOYH CTPYyMO-
NPOBiAHI JAHIIOTH. TOMYy KOMIUIEKC E€JIEeKTPO-
(bi3MYHUX BIIACTHBOCTEH HAHOKOMITO3UIITHUX
eJIEMEHTIB 3HAYHOIO MipOI0 3yMOBJICHUH BIac-
TUBOCTSIMH 1 CKJIQJIOM CKJISTHOTO 3B’ SI3yIOUOTO.

TakuM 4YMHOM aKTyaJbHOK 3a7a4el0 € J0-
CIIIJDKEHHSI TPOLECIB CKIOYTBOPEHHS, KPHCTa-
Ji3anii, a Tako)k BUBUEHHS (DI3MKO - XIMIYHHX
BractuBocted  cucremn  “SiO,-B,0,-Bi,0,-
Zn0-BaO” nipu pi3HHUX CITiBBITHOLICHHSAX KOH-
[EHTPAIIi BUXITHAX KOMIIOHEHTIB 1 JICTYIOUNX
JIOMIIIOK 3 METOI0 BUOOPY ONTUMAJIBHUX CKJIa-
JIB CTEKOJ JUIsl PE3UCTHBHHUX, MPOBITHUKOBHX
1 TIETeKTPUYHMX IIAPiB TOBCTOIUTIBKOBHX elle-
meHTiB ['IC, consuamx Oarapei, MiKpoOeeK-
TPOHHHX CEHCOpIB 1 iH. [1-4].

2. METO/IX I MATEPIAJIN

Ha mijictaBi BUBYCHHS TPOIIECIB CKIOYTBO-
penHs, ¢izuko-ximigaux BiactuBocteit (TKIIP,
TEMIIEpaTypa MoYaTky posm’sikmenns T mu-
TOMUI TIOBEPXHEBHH OMIp I, XIMiYHA CTIHKICTB)
Oy’710 BHOpPAaHO ONTHUMAJbHI CKJIAIA CTEKOJ JISI
TOBCTOILTIBKOBUX €JIEMEHTIB IHTETPAIIbHUX Mi-
KPOCXEM 1 CEHCOPIB.

@i3MKO-XIMi4HI BIaCTUBOCTI CTEKOJI HaBeIe-
HO B TaOm. 1.

TaGmuns 1.
dDiznKo-xiMiuHi BJACTHBOCTI CTEKOJI.

Temmne- T,° C | TKJIP p Ipu Kpucranizamiiiui
parypa (L, 20°C, BIIACTHBOCTI,
Bapkd, °C %107 Omxcm? | (300 ... 900)°C
300
rpax’)
900...1000 | 400 60 ... 80 10™- He
...450 5x10™ KPUCTAITI3YIOThCS

OTpuMaHi cTeksia MalOTh BHCOKY BOJOCTIii-
kicte (II rigpomitTmunmii knac). IlepeBaramu
CKJIa TAaKOX €: 3MEHIICHHS TeMIIepaTypH rmoyar-
Ky po3m’sakmeHHs (400—450° C); 30iabpIieHHs
MUTOMOT'O TIOBEPXHEBOTO OMOPY B JIECATH Pa3iB
(10™ - 5x10" Omxcm?), BIACYTHICTH TOKCHY-
HUX croiyk cBuHIO. CTekia MOXyTb OyTH
BUKOPHCTaHI MpPU OTPUMaHHI HAaHOKOMIIO3UTIB
Ui poOOTH Y BHCOKOBOJIBTHIN amaparypi 3 Ha-
npyroto (10 - 25) kB, a TakoX y SKOCT1 CKIISTHO-
ro 3B’S3yIOYOTO TOBCTOILUTIBKOBUX HAaHOKOMIIO-
3UIIHHAX €IEMEHTIB 7S NIeTIEKTPUYHUX IIapiB
6araropiBueBux I'IC i cencopis.

3HauHy posib y 3a0e3NeueHHi BiATBOPEHHS
1 cTabinmpHOCTI eNeKTpOo(i3UYHUX 1 MeXaHiy-
HUX MapaMeTpiB TOBCTUX IUTIBOK MA€ JHCIIEPC-
HICTh MOPOIIKIB ()YHKIIIOHAJIEHOTO Marepiany i
CKJI0(PITTH, 3aCTOCOBYBAaHHUX MPU BUTOTOBJIECH-
Hi macT. Xoua y iCHYIOYMX Ha TeNepilHiil yac
BUMOTaxX JHUCIEPCHICTh MOPOUIKIB JIsi TOBCTO-
IUTIBKOBUX TACT HE PErNIaMEHTOBAHA JJISl TAacT
NpUIaTHI TOPOIIKH 3 pO3MipaMH YacTHHOK
MmeHie 25 MkM. Tomy Oya0 TOCTIIKEHO BILTUB
Ha eNeKTPOQi3udHI BIACTUBOCTI MACT PO3MIpiB,
(dbopM 1 TUCTIEPCHOCTI YaCTUHOK IMOPOIIKIB, 3a-
CTOCOBYBAaHHMX IPH iX BUTOTOBJICHHI.

Jis mocmikeHb BUKOPUCTOBYBAJIMCh: CHC-
Tema anamizy 300paxkenb «QUANTIMET -
720» 1 pacTpoBHH E€IEKTPOHHUN MIKPOCKOM
(PEM), peHTreHiBChKHII MIKpPOCKOI, IO TPO-
csiuye (ITEM).

3. PE3VJIBTATH JOCJLIKEHB I iX
OBrOBOPEHHSI

Ha puc.l ans mopiBHSHHS HaBEIEHO Tic-

TOTpaMHU PO3MONLTY 3a PO3MipaMH YAaCTHHOK
PI3HUX TMOPOIIKIB CKJIA. AHali3 TicTOrpam J0-
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3BOJISIE 3pOOMTH TaKi BUCHOBKH: KpAIIOIO JHC-
NEPCHICTIO XapaKTEePU3YIOThCS MOPOIIKH CKIIa
CKJIQJIa€ TIEPEBAXHO Bija oiiB 10 8...11 MKM?.
ITopomiku ckiia mMapku 279-2 XapakTepu3yrOTh-
Csl BEJIMKUM PO3KHJIOM PO3MIpiB YaCTHHOK, IO
HETraTMBHO MO3HAYAETHCS HA BIATBOPEHHI €JleK-
TpOo(hi3UYHHUX MapaMeTPiB TOBCTOILTIBKOBUX Ha-
HOKOMITO3HTIB.

= |_3
=

O k) B Mm@ O
1

CriekTporpamMu po3nojiiay Mo MOBEPXHI CIie-
YeHOI MacTH MPOBIAHOI a3y pyTeHis, sSKi 3HATI
3a OTIOMOTOI0 PEHTTEeHIBCHKOTO MiKpOaHali3a-
TOpa y BUIIPOMiHIOBaHHI Ru, , MOKa3yroTh, 110
(GyHKIIOHATBFHUN MaTepial y HaHOKOMIIO3H-
Tax, BUTOTOBJIEHUX 3 MAcCT Ha 0a3i CKJIO MapKu
2006-8 - RuO, posnoninenuii O1IbII PiBHOMIP-
HO, HDK Yy TUTIBKaX Ha OCHOBI ITACT Ha 0a31 «CKJI0
mapku 279-2 - RuO,» (puc. 2.a, 2.0).

Crno 2006-8

T o8 1S5 mkm”

Cxmo 270-2

1 2 5 T 8

11 13 15 17 13 21 23 28 27 23 31 33 35 ¢ I"-.-"II{I"-.-"IE

Puc. 1. I'icrorpamu po3nogiiay 3a po3MipaMu 4aCTHHOK NOPOIIKIB cTekoJ Mapok 2006-8 i 279-2.

Puc. 2. CnekTporpaMu po3moijy no noBepxHi credyeHoi nacTu NpoBigHoi ¢a3u pyTeHilo, 3HATI 32 J0MOMOroI0
PEHTTEeHiBCHKOT0 MiKpoanaJi3aTopa y BUNPpOMiHIOBaHHi Ru,
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Sk mokazanu T0CHiKEHHS, BETUKUN PO3KU]T
PO3MipiB YACTHHOK MOPOIIKIB BUX1THHX KOMIIO-
HEHTIB MIaCT € OJHUM 3 ICTOTHHX YMHHHUKIB, IIIO
BIUIMBAIOTh HA BIIITBOPEHHS €NEKTPOQIZUIHUX
napamMeTpiB 1 HaJIWHICTh TOBCTOIUTIBKOBUX Ha-
HOKOMIIO3HTIB.

Tomy B poOOTi TOCHIKEHO CIITHHUHI BIUIUB
reOMETPUYHUX PO3MIpIB YAaCTHHOK CKJa Ta
CHIBBITHOIICHHS] KOHIICHTPAI[Il BHXITHUX KOM-
MOHEHTIB Ha eJIEKTPO(I3UYHI HapaMeTpH CUCTE-
MU Ha 6asi “ckio - RuO,” (puc. 3).

|+D,5m+1m—.—3m—0—5m| .
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Puc. 3. 3anexuictb IgR (Om/cm?) - a) Bix reomerpuy-

HHX PO3MipiB YaCTHHOK CKJIA i CiBBiAHOIIEHHS KOH-

ueHTpanii «ckio - RuO,» npu dikcopaniii Temnepa-

Typi BinnamoBannst 870°C. Posmip yacrunoxk RuO,
- 0,5 mxm. 6) TKC (10“xrpax?);

BcranosieHo, 1m0 i3 30LIbLIEHHSIM BII-
HOILICHHA CTPYMOINpoOBinHA (a3a — mocTiliHe
3B’s13yI0U€ B TACTaX MOBEPXHEBUH MU TOMUI OI1ip
IUTIBOK 3HIJKY€ETHCS, @ TeMIepaTypHuil koediri-
€HT OTOPY MEPEXOTUTH 3 001aCTI «-» B 007IaCTh
«+» 3HaYeHb. TakUM YMHOM, JOCIIPKEHI MapH
OIUCYIOTHCS KIACUYHOIO 3aJICKHICTIO BIIACTH-
BOCTEH BiJl CKJIQAy JJIsl TOBCTOTLIIBKOBUX PE3U-
CTHBHHUX MarepiaiiB. Bona oOymoBieHa 3MeH-
IICHHSM TOBIIMHU JI€JIEKTPUYHUX MPOILAPKIB
M)XK YaCTMHKaMU CTPYMONPOBiIHOI (a3u 1 po3-
Fally)XeHHSAM iX KJIACTEPHHUX JIAHIIOKKIB TPU
3MEHIIIEHH] 00’ €MHOT YaCTKH CKJIa.

Haii0inpmuii BIJIMB  PO3MIpIB  YAaCTHHOK
CTEKJIOPPUTH HA MUTOMHH OIp IUIIBOK Mae
MicCIle y 3pa3KiB 3 HU3bKUM BMICTOM JBOOKHCY
pytenito. Omip IIBOK pocTe i3 301IbIICHHIM
BMICTYy CKJIa, HAWOUIBII BHWCOKa IIBHJIKICTH
pOCTy MUTOMOTO OIOPY Ma€ Micle As CTe-
KIodputu 3 po3mipom gactuHokK 0,5 Mxm. [Tpu
3poctanHi KoHuenrpanii RuO, muromuit omip
HaOIMKAETHCS 10 TOCTIHHOTO 3HAYEHHS 1 HE 3a-
JISKUTH B1Jl PO3MipiB YACTUHOK CKJIA.

3aneXHICTh TUTOMOTO OIOPY BiJ PO3MIpiB
YaCTUHOK ISl BUCOKOOMHHMX IUTIBOK MOXKHA
OB’ s13aTH 3 POIIECaMH X CIIKaHHS 1 BILTABOM
JUCTIEPCHOCTI KOMIIOHEHTIB Ha T'€OMETPHYHI
pPO3MipU CTPYMOBEIyUUX JIAHIIOKKIB. I3 3MeH-
IICHHSM PO3MIpiB YACTUHOK CKJIA 301JIbIIIY€THCS
JOBXKHMHA 1 3MEHIIY€ETHCS IUIOMIA MOMEPEYHOro
NEePeTHHY JIAHIIOKKIB poBiHOT pa3u. B cucre-
Max «RuO, — CKI10» CIIOCTepIraeThes 3MilIaHui
XapakTep MPOBIAHOCTI SIK KOMOIHAIIis MTPOIIECIB,
AK1 BiIOyBalOTBCS B CTPYMOIPOBIAHIN (a3zi i
CKJISTHIN MarpuIli. B ruriBkax 3 BUCOKUM THTO-
MHUM OIOPOM OCHOBHHI BHECOK B IPOBIIHICTh
BHOCHTbH CTEKJIO(ppHUTa, OTXKe, cTaH i€l ¢a3u
BiJIirpae CyTTEBY pOJb B MPOIECI cTpyMoIiepe-
HOCY.

4. BUCHOBKHA

B pesynbrari npoBeneHUX JAOCTIKEHb PO3-
POOJICHO JIETKOIIIaBKE CKJIO JJISi TOBCTOILIIBKO-
BUX HAHOKOMIIO3UTIB, SIKE HE MICTUTh TOKCHY-
HUX CIOJIYK CBHHIIIO. 3p00JICHO BUCHOBOK, III0
y SIKOCTI OCHOBHOT'O CKJIOYTBOPIOIOYOTO KOMIIO-
HEHTY JOLIIBHO 00paTu OKCUA BICMYTY, KU
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HA/la€ MOXKJIMBICTb OTPUMYBAaTH OiNIBII JIETKO-
mraBki crekia. Jleryroui nomiuku (SiO, CdO,
Zn0O, MgO, B,0,) minibpani TakuM YUHOM, 100
3a0e3neuuTH HeoOXiTH1 (H13MKO-TEXHIUHI XapaK-
tepucTuky. [lepeBaraMu ckja €: 3MEHIIEHHS
TEMIIEPATYpu MOYaTKy po3m skiieHHa (400 —
450° C); 30iabIIeHHS] TUTOMOTO OBEPXHEBOTO
oropy B aecsaTh pasis (10'- 5x10" Omxcm) [4].

OTpumaHi  3aJEKHOCTI  €JIEKTPOpI3UIHUX
BJIACTUBOCTEH TOBCTOBIUIIBKOBHX HAHOKOMIIO-
3UTIB Bi ()a30BOT0 1 TPAHYJOMETPUYHOTO CKIIa-
Ny CKJISTHOTO 3B’SI3yI0UOTO, IPU PI3HUX CITIBBi-
HOIICHHSAX KOHLEHTpAIiil CTPyMONPOBIAHUX
KOMIIOHEHTIB 1 JIETYIOYMX JOMIMIOK, BiJ iX rpa-
HYJIOMETPHUYHOTO CKJIaJy HaJa€ MOXIIUBICTh
BUKOPHCTAaHHS TOBCTOIUTIBKOBUX EJIEMEHTIB Yy
SIKOCTI CEHCOPIB TEMIIepaTypH 1 BapitoBaHHS X
E®II napamerpamu.
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STRUCTURAL-PHASE TRANSFORMATIONS AND ELECTROPHYSICAL
PROPERTIES OF THE COMPOSITE MATERIALS BASED ON
“$i0,-B,0,-Bi,0,-Zn0-Ba0” SYSTEM

Ya. I. Lepikh, T. I. Lavrenova, N. M. Sadova, V. A. Borschak, A. P. Balaban, N. P. Zatovskaya

Interdepartmental scientific-educational physics and technical centre of MES and NAS of
Ukraine at Odessa I. I. Mechnikov National University, e-mail: ndl lepikh@onu.edu.ua

Summary

The processes of the glass forming and crystallization and also physical and chemical properties
of ,,Si0, - B O, - Bi,0, - ZnO - BaO” system with the different concentration ratios of the initial
components and doping impurities, on their granulometric composition in order to choose the opti-
mal composition of the glasses for resistive, conductive and dielectric layers of thick-film elements
of hybrid integrated circuits, solar cells, microelectronic sensors, and others has been investigated.
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The low-melting glass for thick-film nanocomposites, which does not contain toxic compounds of
lead, is developed. As the main glass-forming component, bismuth oxide is chosen, which gives the
possibility of obtaining more fusible glasses.

Low-melting glass for thick-film nanocomposites, which does not contain toxic compounds of
lead, has been developed. As the main glass-forming component, bismuth oxide is chosen, which
gives the possibility of obtaining more fusible glasses. Doping impurities (SiO,, CdO, ZnO, MgO,
B,0,) are selected in such way as to provide the necessary physical and technical characteristics.
The glass advantages are: decrease in the temperature of the softening beginning (400 - 450°C);
increase of the specific surface resistance ten times (10'* - 5-10"* Ohm-cm) [4].

The dependences of electrophysical properties of thick-film nanocomposites on the glass bind-
ing agent composition phase and granulometric at different concentration ratios of conductive
components and doping impurities on their granulometric composition has been obtained. They
indicate the possibility of using thick-film elements as temperature sensors.

Keywords: nanocomposites, fusible glasses, hybrid integrated circuits, sensors
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CTPYKTYPHO-®A30BI IIEPETBOPEHHS 1 EJIEKTPO®I3UYHI BTACTUBOCTI
KOMITO3UIIMHUX MATEPIAJIIB HA BA3I CUCTEMMH ¢ Si0,-B,0,-Bi,0,-Zn0-Ba0”

A. L Jlenix, T. I. Jlaspenosa, H. M. Cadosa, B. A. bopwaxk, A. I1. baraban, H. I1. 3amoscvka

MixBinoMunii HayKoBO-HaBUaIbHUH (izuko-TexHiunuii uenrp MOH 1 HAH Vkpainu npu
OnecpkoMy HallioHanbHOMY yHiBepcuTeTi imeHi l. . MeunukoBa,
e-mail: ndl_lepikh@onu.edu.ua

Pegepar

Po3po6neHo nerkoruiaBke CKJI0 sl TOBCTOITIBKOBUX HAHOKOMITIO3UTIB, SIKE HE MICTUThH TOK-
CHYHHUX CIOJYK CBUHIIIO. Y SIKOCTI OCHOBHOTO CKJIOYTBOPIOIOUYOTO KOMIIOHEHTY 0OpaHO OKCHJI Bi-
CMYTY, SIKH Ha/[a€ MOXIIUBICT OTPUMYBATH OLIBLI JICTKOMIABKi cTeka. Jleryroui qomimku (SiO,
CdO,ZnO, MgO, B,0,) mixibpani TakuMm 4uHOM, 00 3a0e3mednTn HEOOXimHI (i3HKO-TEXHIUHI
xapaktepuctuku. [lepeBaramMu ckiia €: 3MEHIICHHS TeMIepaTypy odaTky po3m’sikimeHHs (400 —
450°C); 301IbLICHHS TUTOMOTO TOBEPXHEBOTO ONOPY B AecsATh pasiB (10'- 5x10" Omxcm) [4].

OTpumaHi 3aJIEKHOCTI €IeKTPO(I3UIHUX BIACTUBOCTEH TOBCTOBILUTIBKOBUX HAHOKOMIIO3HWTIB
BiJ] (ha30BOT0 1 FPaHYIIOMETPUYHOTO CKIIa1y CKISTHOTO 3B S13yI04YOT0, TIPU Pi3HUX CITIBBITHOUICHHSAX
KOHIICHTpAI[I!l CTPYMOITPOBIAHMX KOMITOHEHTIB 1 JIETYIOUMX JOMIIIOK, BiJl iX TPAHYJIOMETPUYHOTO
CKJIaJly HaJa€ MOXIIMBICTh BUKOPUCTAHHS TOBCTOIUTIBKOBUX €JIEMEHTIB Y SIKOCTI CEHCOPIB TeMIIe-
patypu 1 BapitoBanHs ix EDII mapamerpamu.

JlocnikeHo mpolecu CKIOYTBOPEHHS, KpUCTai3allil, a TaKOK BUBYEH1 (Di3UKO - XIMIYHI BJIac-
tuBoCTI cuctemu “Si0O,-B,0,-Bi,0,-ZnO-Ba0” npu pi3HUX CIIBBiJHOMEHHAX KOHIEHTpALIA BU-
X1IHUX KOMIIOHEHTIB 1 JIETYIOUMX JOMIIIOK, BiJ{ iX TPaHYJIOMETPUYHOIO CKJIaly 3 METOI0 BUOODY
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ONTUMAJIBHUX CKIIAQIIB CTEKOJ JUIsl PE3UCTUBHUX, NMPOBITHUKOBUX 1 JiENEKTPUYHHUX IIApiB TOB-
CTOTUTIBKOBHX €JIEMEHTIB riOpUAHUX IHTEIPAIbHUX CXEM, COHSYHUX OaTapeil, MiKpOEIEeKTPOHHUX
ceHCOpiB Ta iH. Po3po0IeHO JIerKoruiaBKe CKIIO /IS TOBCTOIUTIBKOBHX HAHOKOMIIO3UTIB, sSIKE HE
MICTHTh TOKCHYHHUX CIIOJYK CBHHIIIO. Y SIKOCTI OCHOBHOTO CKJIOYTBOPIOIOUOTO KOMIIOHEHTY 00pa-
HO OKCHJ] BICMYTY, KM Ha/Ia€ MOXKJIMBICTh OTPUMYBATH O1JIbIII JIETKOTIJIABKI CTEKIIA.

Ki11040Bi c10Ba: HAHOKOMITO3UTH, JIETKOIIIABKI CTEKJIA, TIOPU/IHI IHTETpajIbHI CXeMH, CEHCOPH

84



Sensor Electronics and Microsystem Technologies 2018 —T. 15, Ne 4

MATEPIAIIV OJ1TA CEHCOPIB

SENSOR MATERIALS

VJIK 538.956
DOI http://dx.doi.org/10.18524/1815-7459.2018.4.150514

EJEKTPOIPOBIIHICTDb HOJIIMEPHOT'O KOMIIO3UTY PP-VO,

B. P. Konbynos, O. B. Bawepyk

JIHIpOBCHKUH HalliOHANBHUH yHIBepcHuTeT iMeHi Onecs [oHuapa
e-mail: kolbunov vadim@i.ua, vasheruk@ukr.net

EJEKTPONPOBIIHICTDb NOJIIMEPHOT'O KOMIIO3UTY PP-VO,

B. P. Konbynos, O. B. Bawepyk

Amnoranis. B po0oTi npecTaBneHi pe3yiapTaTi JOCTIHKSHHS eJICKTPOIPOBIAHOCTI TIPU MOCTIN-
HOMY CTPyMi 3pa3KiB HOJTIMEPHOTO KOMITO3UTY TOIMPOITiICH-T10KCH]T BaHA IO 3 00'€MHOIO YacT-
xoro VO, Bin 0,1 1o 0,7. ITokazaHo, 110 €JIEKTPOIPOBIIHICTH KOMIIO3UTIB HOCUTh HEPKOJIALIHHMI
xapaxkrep. [lepkomsimiitamii nepexiyn 3aaxoquThes B oomacti 0.3-0,35 00'eMHUX 4acTOK JTIOKCHILY
BaHa/1i0. BonbT-aMIepHi XapakTepUCTUKHU 3pa3KiB KoMnosuty i3 Bmictom VO, 6inbme 0,35 ma-
10Th S-11o1I0HY hopMy. VY 3aleKHOCTI €IEKTPHUYHOTO OMOPY 3pa3KiB KOMIIO3UTIB BiJl TEeMIEpaTypu
BUSIBJIICHO CTPHOKOMOIOHE 3MEHIIICHHS OTIOpY B 00JIaCTi TemMreparypu (pa3oBOro nepexoay HarliB-
nposigHuK-MeTan B VO,. Oco0amMBOCTI €1EKTPONPOBIAHOCTI nosiMepHux Komnosutis PP-VO,, mo
BUSIBJICHI Y Iill pOOOTi, T03BOJISIFOTH POOUTH BUCHOBKH PO MOXJIMBICTH CTBOPEHHS Ha iX OCHOBI
KPUTHUYHHUX TEPMOPE3UCTUBHUX EIIEMEHTIB.

Karouosi ciioBa: nosmimepuunii komnosut, VO,, €IeKTpONPOBIAHICTb, TEMIIEPATypHA 3allekK-
HicTh omopy, BAX

© B. P. Konbynos, O. B. Bamepyk, 2018
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ELECTRICAL CONDUCTIVITY OF POLYMER COMPOSITE PP-VO,

V. R. Kolbunov, O. V. Vasheruk

Abstract. The work presents the results of the study of the electrical conductivity of the direct
current samples of a polymer composite polypropylene-vanadium dioxide with a volume fraction
of VO, from 0.1 to 0.7. It is shown that the conductivity of composites has a percolation character.
The percolation transition is in the range of 0.3-0.35 volumetric particles of vanadium dioxide.
The volt-current characteristics of samples of a composite with a content of VO, of more than 0.35
have an S-shaped shape. In the temperature dependence of the electrical resistance of the samples
of composites, a jump-like decrease in resistance was found in the region of the temperature of
the phase transition of the semiconductor-metal in VO,. Features in the behavior of electrical
conductivity of polymer composites PP-VO,, discovered in this work, allow us to talk about the
possibility of creating on their basis critical thermoresistive elements.

Keywords: polymer composite, VO,, electrical conductivity, temperature dependence of
resistance, VCC

AJEKTPOITPOBOJTHOCTH ITOJIMMEPHOI'O KOMITO3UTA PP-VO,

B. P. Konbynos, A. B. Bawepyk

AHHoTauusi. B pabore mnpencraBieHbl pe3yibTaTbl HCCIEAOBAHHS BICKTPONPOBOIHOCTH
Ha TOCTOSHHOM TOKe 00pa3IoB MOJUMEPHOTO KOMIIO3UTA TOJIUIPONMICH—IUOKCH BaHAIUS C
obvemuoi nosei VO, or 0,1 mo 0,7. Ilokasano, 4T0 31€KTPONPOBOAHOCTE KOMIIO3UTOB HOCHT
NEePKOJSIIIMOHHBIN Xapakrep. [lepkonsuonHblil nepexoa Haxonutcs B oonactu 0.3-0,35 00beMHBIX
JoJIel IMoKcHa BaHausl. BobT-aMmnepHbie XapakTepUCTHKH 00pa3I0B KOMITO3UTA C COJEPKAHU-
em VO, 6onee 0,35 nmeror S-o6pasuyro popmy. B TemneparypHoOi 3aBUCMMOCTH JJIEKTPUYECKOTO
COIIPOTHUBIICHUS 00Pa3LIOB KOMIIO3UTOB OOHAPYKEHO CKaYKOOOpa3HOE YMEHBIIEHUE COMPOTHBIIE-
HUsL B 00JIACTH TEMIIEPATYPBI (ha30BOTO TEpeXxo/a NoaynpoBoaHuK-MeTai B VO,.O6HapyKeHHbIE
0COOEHHOCTH B TIOBEIECHUHU JIEKTPONIPOBOIHOCTH MOJMMEPHBIX KoMI03uT0oB PP-VO, mo3sosnsior
TOBOPUTH O BO3MOKHOCTH CO3JJaHMsI HA UX OCHOBE KPUTUUYECKUX TEPMOPE3UCTUBHBIX IEMEHTOB.

KurroueBble ciioBa: nomMmMepHblid KoMosut, VO,, 31eKTpOIPOBOIHOCTh, TEMIIEPATYPHAs 3aBH-
CUMOCTb conpoTuBieHus, BAX
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1. Beryn

Po3poOka cTabiapHUX 00’ €MHUX KPUTHIHHX
TEPMOPE3UCTOPIB HA OCHOBI KOMIIOHEHTA 3
($ha30BUM TMEPEXOAOM METaI-HaIiBIPOBITHHUK
(PIIMH) BaxkviBa TSI PSITy TATy3€H €JIeKTPOHIKH
Ta eNEKTPOTEXHIKH, JIe IJIIBKOBI CTPYKTYPH HE
MOXYTh OyTH BUKOpPUCTaAHI 4Yepe3 MOPIBHIHO
Maii po6oui ctpymu [1, 2]. HeBupimeHnow 10
TENepilIHbOro 4acy mpooOieMor0 TeXHOJIOTii
TEPMOPE3UCTOPIB, KA CTPUMYE iX BUPOOHHUIITBO
1 BUKOPHCTaHHS, € HECTAOUTBHICTh TTapaMeTpiB
marepiaity. Ll HecTabiIbHICTD MOBys3aHa 31 3Mi-
HOIO JIIHIMHUX PO3MIpIB 3pa3ka yepe3 nepely1oBy
kpuctamynoi perritku npu GIIMH [3, 4].

OnHUM 3 HampsMKiB MOJOJAHHS LHOTO
HEJI0JIIKY € po3poOKa Ha OCHOBI MOJIIKpUCTA-
TiyHuX mopomkiB VO, monimMepHHX
KOMIIO3HTIB, JI€ B SIKOCTI MAaTPUYHUX MaTepiaiB
BUKOPUCTOBYETHCS €MOKCHIHA cMmoia [5],
nojieTuseH [6] i momiTeTpadTOpeTHICH
(tedmon) [7]. Y 3B 3Ky 3 IIUM PO3IIISLIAOTHCS
SK TEePCIEKTUBHI HANPSIMKHU BIOCKOHAJIICHHS
BIJTOMUX HAIiBIPOBIJHUKOBUX MPHJIATIB
1 CTBOPEHHS €JEMEHTIB Ta MaTepialiB 3
HOBHUMHU (YHKIIOHATLHUMH BJIACTUBOCTSIMH,
IISIXOM BUKOPHUCTAHHS HaNOBHIOBAYiB 3
HEJNIHIHHOIO eJeKTPONPOBIIHICTIO, 30KpeMa
HaMIBIPOBITHUKOBOT BAPUCTOPHOI KepaMiku [8,
9] 1 mamiBpoBigauKiB 3 GIIMH [10].

BaxxmuBumM npu po3poOiii TakuxX MOJIIMEpHO-
HaITIBIPOBITHUKOBUX KOMIIO3UTIB € BUBUCHHS
BILUIUBY iX CKJIaJay, BIACTUBOCTEH MOJIiMEpPHOT
MaTpHIli 1 HaIliBIIPOBITHUKOBOTO HAIIOBHIOBaYa
Ha XapakTep eJIEKTPOIIPOBIIHOCTI KOMIIO3HTIB B
LJIOMY.

VY naniit pob0TI HaBeIEHO Pe3y/bTaTH JO0CIi-
JOKEHHS CKJIaJly, TEMIIEPAaTYPHHUX 3aJICKHOCTEH
OMOpy, BOJbT-aMIEPHUX XapaKTEPUCTUK
KOMIO3UTIB nojinponinen—VO,.

2. 3pa3ku Ta JeTaJjii eKCIepuMeHTy

BuxiTHUMU KOMITOHEHTAMH KOMIIO3HTY OYJIH:
IpiOHOAUCTIEPCHUNM KPUCTATIYHHN T1OKCH]T
Bananio (VO,), oTpuManuii METOIOM BiJHOB-
JeHHs nenTaokcuay Banauaio (V,0,) Byrienem
[11], 1 BrOpuHHMI I'paHyIbOBAaHUH MOMIMPOITIICH
(PP).

[Tporiec cMHTE3y KOMIIO3UTIB MOMIMPOITLICH—
VO, npoBoauBCs 33 TEXHOJOTIYHOI CXEMOIO,
O0nu3pkoro g0 omucanoi B [10] 1 BkIrouaB
HACTYIIHI eTaru:

— MeXaHIYHe MOAPIOHEHHS MOMIMPOTIICHY 10
pO3Mipy 4acToK MeHII 50 MKM;

— 3MIIIyBaHHS MMOPOIIKY IIOKCHAY BaHAIIIO
3 po3MipoM 4YacTUHOK MeHm 20 MKM 3
MOJIPIOHEHUM MOTINPOITIJIEHOM B MOPIIEIISTHOBIM
CTYIILIL;

— npecyBaHHs WUXTH i TuckoM 10 MIla 1
OTpUMAaHHS 3pa3KiB y BUTISIII JUCKIB TOBIITMHOIO
0,5-1 mm 1 giametpom 10 mMm;

— MpOTrpiBaHHs OTPUMAHUX JMUCKIB IIPU TEM-
nepaTypi MIaBIEHHS KPUCTATITIB TOTIIPOTIiICHY
~160 °C;

— JUJI4 TOJIINIIEHHS OJHOPIIHOCTI 3pa3KiB
MIPOBOJIMJIOCS TTOBTOPHE MEPETUPAHHS Marepia-
7y, npecyBaHHs miJ Tuckom 10 Mlla y Burmsani
nuckiB ToBIKMHOKO 0,5—1 MM 1 giametpom 10 mwm;

— BIIPECOBYBaHHSI B 3pa3KH €JIEKTPO/IIB 13 TOH-
KOi JIaTYHHOI CITKH;

— MpOTrpiBaHHs OTPUMAHUX JAMUCKIB IIPU TEM-
neparypi 0i1s 160 °C mpotsroMm 1 roauHu ISt
ocTaroyHoro (GopMyBaHHs Ta cTabimizamii Me-
XaHIYHUX BJIACTUBOCTEH 3Pa3KiB..

JocnimkeHHs TeMIlepaTypHUX 3aJIeKHOCTEN
MUTOMO]1 €JIEKTPUYHOT TPOBITHOCTI (200 omopy)
1 BodbT-aMnepHi xapaktepuctuku (BAX)
MPOBOJIUITNCS 3arajbHO BIJOMUMHU METOIAMH.
[Tpu 1bOMy 3pa30K pO3MIIIyBaBCS B EKpaHyIOUii
kamepi. TemmepaTypa KOHTpOJIIOBaJacs
3a JONMOMOTOI0 JabopaTOpHOTO PTYTHOTO
tepmometpa 3 TouHicTio £0,5°C. Peectparis
JaHUX TPOBOJMIIACS IICIs BCTAHOBICHHS
TEpPMOJAMHAMIYHOI PIBHOBAru JOCIIKYBaHOTO
3pa3ka 3 HABKOJHIIHIM CepelOBHILEM.
[IBuaKicTh 3MIHU TeMIOEpaTypu MOpH
JOCTIJKEHH] TeMIEepaTypHUX 3aJIEKHOCTEH
oropy Oyina He Buiie 1 °C/xs. 11100 He gomyctuTi
nmeperpiBy 3pas3kiB npu gociimkerHi BAX
MUTOMA eJIEKTPUYHA MOTY>KHICTH OOMEXKyBaacs
(<300 Bt/cm?).

3. EkcniepuMeHTAaJbHI pe3yJbTaTH Ta iX
00roBopeHHs!

Ha puc. | nmpuBeneHa 3anexHiCTh TUTOMO]
€JIEeKTPONPOBITHOCTI KOMIO3HUTY INpPH
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NOCTIHHOMY CTpyMi BiZl 00’€MHOI 4acTKu
KPUCTAJIUTIB BaHAII0.

[Tpu 30ibIIEHH] KOHIIEHTpAIlii HallOBHIOBAYa
NUTOMA €JEKTPONPOBIIHICTH KOMIIO3UTY
3pocTae 10 BEJIUYHUH, Kl XapaKTepHl AJd
EJEKTPONPOBITHOCTI MIOKCUAY BaHaJIIlO
[12]. ITopir mpoTiKaHHA p. B JOCHIIKYBaHii
HEOJHOPIIHIN CHCTEMI 3HAXOAUTHCS B JTialla30Hi
3HAYCHb Pro,= 0,3-0.35. [{e BiAMOBITa€E TEOpETHY-
HUM YSBIICHHSIM, BIIOMUM JUISI TIEPKOJISAIIIHOT
EJIIEKTPOMPOBITHOCTI B TaKMX KOMITO3UTAX
[15]. [Ipu mepexoai uepe3 TeMmIeparyp
®IIMH (~68°C) obnacTh 3a1€KHOCTI o, (pVozjl
3COBYETHCS B 00JIACTHh O1MBIIUX 3HAYECHD
00’€MHOT YaCTKH.

Ha puc. 2 HaBezneHi TeMneparypHi 3a1eKHOCTI
IUTOMOIO ONOpYy p, 1 TEMIEPATypHOIO
Koe(ili€HTa OIOpY 0., 3pa3KiB KOMIIO3MTIB BiJ
00’eMHHX YacTOK (ha3u JIOKCHIY BaHAIIO.

10"
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Puc. 1. 3ajexuicTh MUTOMOI €JIEKTPONPOBIAHOCTI G,
KOMIIO3UTY PP—VO2 BiJ 00'eMHOI KOHIIeHTpaUii Ha-
noBHOBaya npu temneparypax T, K: 1 - 293; 2 - 358.

J1s 3pa3KiB KOMIIO3UTY 3 00’ €MHOIO YaCTKOIO
niokcuay BaHanio 0,3 SK s TMOJTIMEPHUX
KOMITO3HUI[IHHUX MaTepialliB 3 HAllOBHIOBAYEM
VO, na ocuosi nomnieruneny [15] rak i
s moJiterpadropeTuneny [7] 3 poctom
TeMIIepaTypu 3’ SIBISIOTHCS 00JacTi 3pOCTaHHS
onopy (1), oro cTpuOKOMOAIOHOTO 3HUKEHHS
(2) 1 momanpIIOro 3pOCTaHHS A0 BUXITHOTO
(momepenHBOTO 3HUKEHHS) 3HaueHHS (3).
Banexuicts o (T) Mae «pe30HaHCHUI) BUIL: B
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obmacti (1) remneparypauii Koe(illieHT Oomopy
MO3UTUBHUI, B o0sacTi (2) - HeraTuBHUi, a 00-
nacTi (3) — 3HOBY MO3UTHUBHMI (puc. 20).
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Puc. 2. TemnepaTypHa 3aje:KHiCTb MUTOMOTO OMO-

py p, (a) Ta TemmepaTypHoro koegiuieura omo-

py o, (0) 3paskiB kommnosutis PP-VO, 3 06’ ecmHo10

KOHIeHTpamicw aiokeuay Banaaio: 1 - 0,3; 2 - 0,5;
3-0,7.

CtpubkononibHe 3MEHIIEHHS OMOpPY B
obnacti Temneparyp ~64°C (2) moB’si3aHo 3
($ha30BUM TEPEX0OAO0M METaJI-HAIMIBIPOBIIHUK
B VO, [12]. 3pocTanns p, B TeMIIEpaTypHUX
niana3onax e 1 Hwkae @IIMH (mo3uctopuuit
e(eKT), Moke OyTH IHTEPIPETOBAHO PO3PUBOM
[UISIX1B MPOTIKaHHS €IEeKTPUYHOTO CTPYyMY IO
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YJacTUHKaM (a3u, BHACIIIOK Pi3KOT0 301IbIICHHS
00’eMy mOJIMEPHOI MaTpulll y 3a3Ha4yeHii
TeMIIepaTypHOi 06JacTi.

31 3MEeHIIeHHSAM 00’ €MHOI YaCTKH TMOJIIMPO-
M1JICHOBOI MaTpHIll ii BIUIUB HA TEMIEPATYPHY
3aJIeKHICTh MUTOMOTO €JEKTPUUYHOTO OMOpPY
KOMIIO3UTY MocnabmioeTses. Tak, 1ys 3pa3ka
3 00’€MHOK 4aCTKOIO HamoBHIOBa4a p, , = 0,5,
nesike 301abIeHHs onopy (i mo3utuBHui TKO)
CIIOCTEPIraeThCsl TUIBKU B TEMIIEPATYPHOMY
nianasoni sumie ®IIMH (3).

Jns 3pa3ka 3 06’€MHOIO YaCTKOIO HaIoB-
HioBada p, .= 0,7 Mo3MCTOPHUX IIIAHOK
B TEMIIEPATypHHUX 3aJEKHOCTAX OMOPY HE
crioctepiraeTbcsa. Mae Micie TiJIbKU CTPUOKO-
noAiOHe 3MEHIICHHS OMOpPY, IO XapaKTepHO
JUISE TEPMOPE3UCTOPIB HA OCHOBI JIOKCHIY
BaHaznito [13]. Lle BiamoBiznae ysBICHHSAM IPO
NEPKOJISLIIHY €IeKTPOIIPOBIIHICT KOMITIO3UTIB
nociimkyBanoro tumy [14, 15]. Ilpu 06’ emunx
YacTKax KOMIIOHEHTY, [0 POBOAUTH Ta TIEpEBU-
IIy€ TOPOTroBe 3HAYCHHS, €IEKTPONPOBITHICTh
3pa3kiB KOMIIO3HUTY BH3HAYAETHCSI CaAMHUM
HAIIOBHIOBAYEM.

BonbpT-amnepHi XapakKTepUCTHKH JOCIi-
JUKYBAHUX 3pa3KiB KOMIIO3UTY MOJIMPONIIEH-
JIIOKCHJ] BaHAJII0 MalOTh 3HAYHY HEJIHINHICTh

(puc. 3).
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Puc. 3. BoabT-aMnepHi XapaKTepUCTHKHU 3pa3KiB
komno3utie PP-VO, 3 06'eMHOI0 KOHUEHTpaLi€w0

niokeuny Bananimo: 1-0,3;2-0,5; 3-0,7.

3 pOoCTOM Hampyru TEIJI0Ba MOTYKHICTD,
10 BUJIIAETHCA B 3pa3Ky, 3017bIIyeTHCS, 1

BiH HarpiBaeThcs. [Ipu Temnepatypi ¢asoBoro
Hepexoly HamiBIpoBiIHUK-MeTan y ¢asi VO,
Horo omip CTpUOKOTOMIOHO 3MEHIITYEThCS, IO
BeJIE 710 ICTOTHOTO MEePepPO3MNOALTY €IeKTPUIHOTO
nojsi B Takid CTPYKTypi, 1 00OyMOBIIO€
CIIOCTEPE)KYBaHY HENIHIWHICTD 1 S-TOAIOHICTH
BAX, mo Moxe mTpu3BeCTU 10 PO3IJIABICHHS
MOJIITPOM1JIEHOBOT MaTPHIL.

BAX nnst 3pa3ka 3 MEHIIUMHA 00’ €MHUMU
4acTKaMHU JIIOKCUIY BaHaAil0 3MIIIYIOThCS B
CTOPOHY BEJIMKHX HAINPYKCHOCTEH EIEKTPH-
4HOTO 10151 J[y1st 3paska kommosuty 3 p, ,=0,3 B
Jiarma3oHi BIIHOCHO BEJIMKHUX CTPYMIB (3a JIsH-
KOO HEraTUBHOI TM(epeHI1aIbHOT TPOBITHOCTI)
B BAX croctepiraerbcst mouatok cyOaiHeHOT
TUISTHKY, 10 BiAMOBiga€e 301IBIIEHHIO OTIOPY
3pa3ka BHACIIJOK TEIJIOBOTO PO3MHUPEHHS
MOJTIMPOTiICHOBOI MaTPHIII.
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Puc. 4. TemnepatypHa 3ajeKHICTb MUTOMOIO OMOPY

p, (a) Ta BOJIbT-aMIIepHUX XapaKTepucTHK (0) 3pa3Kis

komno3utie PP-VO, 3 koHueaTpaunicio giokcumy

Banafio p = 0,5 npu narpisanui (1) Ta oxosomKeHHi
(2) 3pa3ka.
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Jliist 3paskiB 3 O1IbIIOI0 00’ €MHOIO YaCTKOIO
ueit edpext He cmoctepirascsi. B npomy
BUNAAKy ApiOHOKpucTamiynui VO, yTBOpIoe
B MOJIIMEPHIN MaTpUIll MEPKOIALINHI KaHATH
NPOBIJAHOCTI, 0 OOYMOBIIOIOTH 3HA4YHE
3HMKEHHS BEJIMUMHHU MTUTOMOTO ornopy (puc. 2)
1 3MILICHHS BOJBT-aMIIEPHOI XapaKTEPUCTUKH
B 01K MEHILUX HANpPYKEHOCTEH €JIEeKTPUYHOTO
noJist (puc. 3).

Curin 3a3Ha4MTH, 110 POAHATI30BaHI TeMIIe-
paTypHi 3aJIEKHOCTI MUTOMOTO €IEKTPUIHOTO
onopy p(7T) 1 BAX B nociipKkyBaHOMY KOMITO3HTI
MalOTh TiCTepe3UCHM Xapakrep (puc. 4), 1o,
MalyTh, TIOB’SI3aHO 31 CTPYKTYPHUMU 3MIHAMHU
yepe3 ®IIMH B nmiokcuai Bananiw [4, 5], a
TaKOXX XapaKTepOM MPOTIKaHHS peslaKCaIliitHuX
nporieciB aedopmariii B momepax.

4. BUCHOBKH

VY po6oTi 1mokaszaHo, 10 eIeKTPOIPOBITHICTH
KOMITIO3UTIB PP-VO, Hocuts MEePKOTSAMIHHIT
XapakTep, a BOJIbT-aMIICPHI XapaKTEPUCTUKHU
MarTh S-moAioHy hopmy.

B TemmnepatypHiii 3aJ1€KHOCT1 €1EeKTPHYHOTO
OMOpy 3pa3KiB KOMIIO3UTIB BHUIBIECHO
CTpUOKOMOAiOHE 3MEHIIECHHS OMNMOpPY B
obnacti Temneparypu $a3zoBOoro mepexoay
HaIBIPOBITHUK-METAJ B IIOKCUI1 BaHAIIO, IO
€ JIOCTaTHIM JJIsl 3aCTOCYBaHHS B KPUTHUHHX
TEPMOPE3UCTUBHUX EICMECHTAX.

J71st KoMITO3UTIB 3 00’ €MHOIO YaCTKOIO MEHIIIE
mopora MPOTiKaHHSA BHUABICHO 301JbIICHHS
OTIOpY, SIKE TOB’S3y€ETHCS 13 PO3PUBOM KiJ
MPOTIKAHHS CJIEKTPHYHOTO CTPyMy IO
yactuHkaMm (aszu VO, BHACITIJOK Pi3KOTO
30inpmIeHHS 00’ €My MOJIIMEpHOT MaTpuli 3
POCTOM TEeMITepaTypH.

31 3MeHIIeHHSAM 00’ €MHOI YaCTKH JT1OKCUIY
BaHaJil0 B KOMIO3UTI, BOJNbT-aMIEpHI
XapaKTePUCTUKHU 3MIMYIOTHCSA B CTOPOHY
BEJIUKUX HAMpPY>KEHOCTEH eIeKTPUYHOrO MOJs,
ampu p, ,<0,3 i BITHOCHO BEIMKHX CTPyMax
crocTepiraerbcsa No4aTok cyOdiHeHHOT
JIUISHKH, 110 BIAMOBiAa€ 301JbIICHHIO OMOPY
3pa3ka BHACIIJOK TEIMJIOBOTO PO3MIUPEHHS
MOJIITPOIIJIEHOBOT MaTPHLLL.
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Summary

Development of stable volumetric critical thermistors on the basis of a component with phase
transition metal-semiconductor on the basis of polycrystalline powders VO, polymer composites.
The work used empirical research methods. The results of the study of composition, temperature de-
pendences of resistance, volt-ampere characteristics of polypropylene-VO, composites are presented.

The analyzed temperature dependences of the specific electrical resistance p(7) and the VCC
in the investigated composite have a hysteretic character associated with structural changes due to
phase transition in vanadium dioxide, as well as the nature of the occurrence of relaxation processes
of deformation in polymers

The work presents the results of the study of the electrical conductivity of the direct current
samples of a polymer composite polypropylene-vanadium dioxide with a volume fraction of VO,
from 0.1 to 0.7. It is shown that the conductivity of composites has a percolation character. The
percolation transition is in the range of 0.3-0.35 volumetric particles of vanadium dioxide. The volt-
current characteristics of samples of a composite with a content of VO, of more than 0.35 have an
S-shaped shape. In the temperature dependence of the electrical resistance of the samples of com-
posites, a jump-like decrease in resistance was found in the region of the temperature of the phase
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transition of the semiconductor-metal in VO,. Features in the behavior of electrical conductivity
of polymer composites PP-VO,, discovered in this work, allow us to talk about the possibility of
creating on their basis critical thermoresistive elements.

Keywords: polymer composite, VO,, electrical conductivity, temperature dependence of resis-
tance, VCC
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Pedepar

Po3poOka cTabiibHUX 00°‘€EMHUX KPUTUYHHUX TEPMOPEZUCTOPIB HA OCHOBI KOMITOHEHTA 3 (ha30BUM
IIEPEXOIOM METal-HaMIBIPOBIAHUK Ha OCHOBI MOIIKPUCTANIYHUX nopomkiB VO, momimMepHux
KOMIO3HTIB. B po60Ti BUKOPHCTOBYBAJINCS METOIM EMIIPUIHOTO JOCIIIKEHHS

HaBeneHno pe3yiapraT JOCTIIHKCHHS CKIady, TEMIIEPATYPHUX 3aJI€KHOCTEH OMOpY, BOJIBT-
AMIIEPHUX XapaKTEPUCTHK KOMIIO3HTIB mojinpomiien — VO.,.

[TpoananizoBaHi TeMIepaTypHi 3aJIeKHOCTI MUTOMOTO €JIEKTPUYHOTO onopy p(7) 1 1 BOJBT-
aMIIepHOi XapaKTePUCTUKH B JTOCIIHKYBAaHOMY KOMIIO3HTI MAarOTh TiCTEPE3UCHHUN XapakTep, 1110,
MOB)SI3aHO 31 CTPYKTYPHUMH 3MiHaAMH uepe3 (a30BUil mepexig B AIOKCH1 BaHAJII0, a TaKOXK
XapaKTepoM MPOTIKaHHS peslakCalliifHuX MporeciB aedopmariii B mojgimepax.

B po6oti npencraBieHi pe3ybTaTy J0CTIHKEHHS eJIeKTPOIPOBIIHOCTI MPH MOCTIHOMY CTpyMi
3pasKiB MOIIMEPHOTO KOMIIO3MTY MOJIIPOINLIEH-I0KCH BaHaLI0 3 00>eMHOK0 9acTkoo VO, Bix
0,1 mo 0,7. IToka3zaHo, 10 €IEKTPOINPOBIAHICTh KOMIIO3UTIB HOCUTH MEPKOJAINHUI Xapakrep.
[Tepxossimivinmii iepexia 3HaxoauThes B obmacti 0.3-0,35 06’ eMHUX 4acTOK JAIOKCHIY BaHAIIIO.
Bonbr-aMiiepHi XxapaKTepUCTUKHM 3pa3KiB KOMIO3MTY 13 BMicToM VO, Ginbie 0,35 Maroth S-nomiony
dopMy. Y 3aJIe)KHOCTI €JIEKTPUYHOTO ONOPY 3pa3KiB KOMIIO3HUTIB BiJl TEMIIEPATypH BHUSBICHO
CTpUOKOIOIIOHE 3MEHIIIEHHS OTIOPY B 00J1acTi TeMnepaTypH (a30Boro rnepexoay HariBIPOBIIHUK-
meTan B VO,. OcoOmMBOCTI €NEKTPONIPOBIAHOCTI MomiMepHux Komnosutis PP-VO,, mo Bussieni
y it poOOTi, JO3BOJISIOTH POOUTH BUCHOBKH PO MOXJIMBICTH CTBOPEHHS HA IX OCHOBI KDUTUYHUX
TEPMOPE3NCTHUBHHUX E€IICMEHTIB.

Kirrouogi ci10Ba: nomimepruii komnosut, VO, €NEKTPONPOBIIHICTh, TEMIIEPATYPHA 3aIIEXKHICTh
onopy, BAX
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BOJIOTI'O I ETAHOJIO UYTJ/IMBICTD TOHKHUX IIVIIBOK JIOKCHUAY OJIOBA,
OTPUMAHUX 3 BUKOPUCTAHHSAM ITOJIIMEPIB
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BOJIOTI'O I ETAHOJIO YYTJ/IMBICTD TOHKHUX IIVIIBOK JIOKCHUAY OJIOBA,
OTPUMAHUX 3 BUKOPUCTAHHSAM INOJIIMEPIB

JI. M. @inescoka, A. 1. Yebanenxo, M. A. Knouxos, B. C. I pinesuu, B. A. Cuunmuna

Anorauisi. Jlociukeni enekrpodizaHi BIaCTHBOCTI HAaHOPO3MipHUX mapiB SnO,, OTpUMaHKUX
3 BUKOpUCTAaHHAM [1BA y SIKOCTI CTpYKTYypyro4oi 100aBKH, B IPUCYTHOCTI MapiB BOAU Ta €TAHOIY
NpU KIMHATHIH Temrieparypi. BctanoBieHo Maiixe 1ecaTUKpaTHE MiABUIIICHHS TPOBITHOCTI JOCTi-
JDKYBaHUX MIAPiB B MPUCYTHOCTI MapiB BOJM 1 I’ ITUKPATHE B IPUCYTHOCTI MapiB €TaHOIy MOPiBHS-
HO 3 3HAYEHHSM Yy CYXOMY TIOBITpI, TIOB’sSI3aHE 3 TUCOIIATUBHOO a/ICOPOITIEI0 BOIM 1 €TAHOTY Ha 1X
noBepxHi. BcraHOBNIeHNI aHOMaIBHUN XapaKTep TeMIepaTypHOi 3aJIeKHOCTI TEMHOBOTO CTPYMY
IapiB JIIOKCUAY OJIOBa B MPHUCYTHOCTI mMapiB Boau B iHTepBaii Temmepatyp 40-90 °C, o’ s3aHwmii
3 JecopOLifHIMHU TIporiecaMy Ha moBepxHi. OTprMaHi pe3yabTaTH MOKa3yITh MOXKIIUBICTh BUKO-
PUCTaHHS TOCIIKYBaHUX IIAPiB JIOKCHUTY OJIOBA JISI KOHTPOJIIO BOJIOTH 1 €TAHOIY MPU KIMHATHIN
TeMIepaTypi.

Kurouosi ciioBa: Jliokcun 010Ba, BOJIOTOYYTIUBICTh, €TAHOIOYYTIINBICTh
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SENSITIVITY OF THIN TIN DIOXIDE FILMS OBTAINED WITH THE USE OF
POLYMERS TO HUMIDITY AND ETHANOL

L. Filevska, A. Chebanenko, M. Klochkov, V. Grinevych, V. Smyntyna

Abstract. Electrophysical properties of nanosized SnO, layers obtained using PVA as a structural
additive in the presence of water and ethanol vapor at room temperature have been investigated.
It is established almost the tenfold increase of conductivity of investigated layers in the presence
of water vapor and the five times one in the presence of ethanol vapors compared with its value
in dry air which is caused by dissociative adsorption of water and ethanol on their surfaces. An
abnormal nature of the dark current temperature dependence of tin dioxide layers in the presence
of water vapor in the temperature range 40-90 °C is associated with desorption processes on the
surface. The obtained results show the possibility of using the investigated layers of tin dioxide for
a moisture and ethanol detection at room temperature.

Keyword: tin dioxide, moisture sensitivity, ethanol sensitivity.

BJIAI'O U OTAHOJIO YYBCTBUTEJIBHOCTb TOHKHUX IIJIEHOK JIOKCHUIA
OJIOBA, IOJYYEHHBIX C UCITIOJIB30OBAHUEM I1OJIUMEPOB

JI. H. @unesckas, A. I1. Yebanenxo, M. A. Knouxos, B. C. I punesuu, B. A. Cmbinmuina

Annorauust Mccnenosansl 5MeKTpOQU3NIECKME CBOWCTBA HaHOpa3MepHBIX cnoeB SnO,,
MOJTyYEHHBIX ¢ Hcnonb3oBaHueM [IBA B kauecTBe cTpykTypupyromei 100aBKU, B MIPUCYTCTBUU
apoB BOABl M JTAHOJNA NPU KOMHATHOM TemmepaType. YCTaHOBJIEHO IOYTH JECATUKPATHOE
MOBBILIEHHE MPOBOAMMOCTH UCCIEIYEMbIX CJIOEB B MPUCYTCTBUU MAapOB BOABI U MATHUKPATHOE B
MPUCYTCTBUH NAPOB 3TAHOJA TI0 CPABHEHUIO CO 3HAYEHHUEM B CYXOM BO3JlyXe, CBSI3aHHBIE C JIHC-
COIIMATUBHOM aJCOPOIMEN BOABI M ATAHOJIA HA X TTIOBEPXHOCTU. YCTAHOBJICHHBIN aHOMAJIBHBIN Xa-
pakTep TeMIepaTypHOi 3aBUCUMOCTH TEMHOBOT'O TOKa CJIOEB AMOKCHA 0JI0BA B IPUCYTCTBUH Ia-
poB Bozibl B uHTepBaje temmneparyp 40-90 °C olycnoBiieH AecopOLMOHHBIMU MPOIIECCaMU Ha MO-
BepXHOCTH. [loyueHHbIE pe3ynbTaThl MOKa3bIBAlOT BO3MOXKHOCTD MCIIOJIb30BAHUS UCCIIEI0BAaHHBIX
CJIOEB JMOKCHUA 0JI0BA JJIsi KOHTPOJIS BIIark U 3TaHOJa MPU KOMHATHOH TeMIieparype.

KuroueBslie ciioBa: /[uokcuz 010Ba, BIaro4yBCTBUTENBHOCTD, 3TAHOJIOYYBCTBUTEIIBHOCTD.
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Benukuii iHTEpec 0 HAMiBIPOBITHHKOBUX
ra3oBHUX CEHCOPIB Ha OCHOBI IUIIBOK JIIOKCHUTY
0JIOBa 3yMOBJIEHIH BIJTHOCHOIO JEIIEBH3HOIO,
BHCOKOIO YYTJIHUBICTIO 1 XIMIYHOIO CTIHKICTIO
croinyku. OCKUIbKM IpOLIEC 30HAYyBaHHS rasy
MOB’sI3aHUM 3 XIMIYHUMH pPEakIisiMd Ha TI0-
BEPXHi, YyTJIMBICTh TAKUX CEHCOPHUX €JIEMEH-
TIB 3aJI€KUTH B1J1 AKTOPIB, K1 iX 3yMOBIIOIOTH,
30KkpemMa, Biag mopdororii iX moBepxHi, X Mi-
KPOCTPYKTYPH, XIMIYHHX CIIOJIyK Ha TMOBEPXHI,
temrepatypu i Bosorocti [ 1]. Came ToMy BIUTHB
BOJIOTH aTMOC(HEpHOTO TIOBITPSI HA TIPOBIIHICTh
SnO, 3aBxan HEOOX1HO BPaXOBYBaTH IPU BHU-
KOPHCTaHHI IIbOTO MaTepialy B IKOCTi CEHCOPA.

JlocuTh BUCOKI poOo4i Temmieparyp (O1u3b-
k0 200°C 1 61J1bI1I€) CTPUMYIOTH MOKIIMBOCTI 3a-
CTOCYBaHHsI CEHCOPIB Ha OCHOBI JIIOKCUIY OJIO-
Ba. 3HIDKEHHS po0040i TeMIepaTypHu METaI00K-
CHJTHOTO aJCOPOLIIHO-UyTAMBOTO EIEMEHTY K
HACJIJIOK TIOCHJICHHS KIHCTHKH ITOBEPXHEBUX
peakIiiii BinmOyBaeTbcs MpHU 30UIBIICHH] KiJb-
KOCTI JIOCTYITHHUX LIEHTPIB afcopOiii ra3y Ha 1o-
BepxHI 11iBKU. Cepes MEeTOA1B 3HIKEHHS po0o-
YUX TEMIIEpaTyp CEHCOPIB Ha OCHOBI JIIOKCHUTY
oJoBa MoaudiKkallis MOBEPXHI KaTaliTHIHUMH
JoMIIKamMu [2], cupsiMOBaHUI Ha ajcopOIiitHi
IIEHTPH ONTHYHUN a0bo MONBOBHH BIUIHB [3] Ta
iH. OMHUM 13 TUIAXIB TOJONAHHS i€l TpooIe-
MU € HaHOCTPYKTYPYBaHHS aJCOpOIiitHO-4yT-
JUBOTO Martepiany. 30Kkpema, aBTopu [4], BU-
KOPHCTOBYIOUH B CEHCOPI JIBOOKUCY a30Ty Ha-
HOMPOBONIOKK SnO, SIK 9y TJIMBUI €IEMEHT, JI0-
CSITJIM 3HKEHHSI HOTO po00Yoi TeMmnepaTypH 110
50 °C. B [5] meTo/10M BUCOKOYACTOTHOTO MarHe-
TPOHHOTO PO3MUJIEHHS OTpUMaHi IBku SnO,,
IO CKJIAJAIObCs 3 OPIEHTOBAHUX IMEPIEHIUKY-
JSIPHO TIAKIAAII KPUCTAIUTITIB-HAHOCTPUIKHIB.
Taka mopdororis 3abe3neunsia 4y TJIHBICTh TUTI-
BOK JI0 TIapiB eTaHoiy mpu Temmeparypi 38 °C
BHACJIIJIOK JOCTYIy Ta3iB J0 IMOBEpPXHI 3epeH
MPAKTUYHO T10 BC1M TOBIIMHI TUTiBKH. {7151 oTpH-
MaHHS HAHOPO3MIpHUX (OpPM JIOKCHUIY OJIOBa
[IMPOKO BUKOPHUCTOBYIOTHCS 30JIb-T'€]Ib METOTH.
3omb-TeNh a00 PO3YMHU HAa MOTO OCHOBI TMOE]-
HYIOTh BUCOKY CTYITIHb THYYKOCTI 3 TPOCTOTOIO,
MOXIJIUBICTIO 3MIHHM BJIACTHBOCTEH Matepiany i
YTBOPEHHS KPUCTAIITIB [6].

B po6oti nocnimxkeni enekrpodiznyHi Ta ai-
COpOIIITHO-9IyTINBI BIACTUBOCTI JI0 TIApiB BOAH

Ta €TaHoNy MpU KIMHATHINA TeMIlepaTypi HaHO-
PO3MIpHUX IIapiB JBOOKHUCY OJIOBA, OTPUMAHUX
3 BukopuctanHsaMm mnoiimepy (I[IBA) y sxocri
CTPYKTYpYI04Oi JO0OABKH.

MeToau oTpuMaHHs 3pa3KiB Ta MPOBeJIeH-
HA TOCTiTKeHD

[Ilapu SnO, oTpuMaHi IPOCTHM i EKOHOMIY-
HUM 30J1b-T€JIb METOJIOM, B SIKOMY B SIKOCTI IIpe-
KypCcopy BUKOPHCTAaHHUH JiXJIOpialleTHIaneTo-
HaT 0J10Ba [ 7], B SIKOCT1 CTPYKTYPYIOUOi pEUOBH-
HU BUKOpHCTOBYBaBcs momiBiHinanerar (I1BA)
[8]. Po3unHu BUXITHUX PEUOBHH B aIleTOHI 3Mi-
ITyBJIMCS] B HEOOX1THUX Tporopirisax. ['enb, mo
YTBOPUBCSI, HAHOCUBCS HA CKJISTHI ITiIKIIAIKH,
ITICJISL 9OTO TIPOBOUBCS BUCOKOTEMIICPATYPHHIMA
BiJIMTaJl Ha TOBITPi. Y pe3yibTari BiAmany, Mo
3a0e3rneyyBaB po3naj 1 BUAAJICHHS MPOAYKTIB
po3maay IpeKypcopy 1 MojiMepy, a TaKoX J10-
OKHUCJICHHS, yYTBOPIOBAJMCS TOHKI IIApH JIBO-
okucy ojosa. IIpodini moBepxHi, OTpUMaHi 3a
noroMororo ACM-MHUKpOCKOITT, TOKa3aiH, 110
NOBEPXHs IIBOK SnO, Mae pPO3BUHEHY CTOBII-
9acTy CTPYKTYPY 13 CEpEIHIM MONEPEIHUM PO3-
MipoM kpucTanitip 6muspko 20 A. Takum um-
HOM, OJICpXKYBaHi 30JIb-T€llb METOJIOM ILTiBKH
JIOKCH]Ty OJIOBAa € HAHOCTPYKTYPOBAHUMH 3 BU-
COKUM CTyII€HEM PO3BUHEHOCTI MOBEPXHI.

Metonuka BUMIpIOBaHb €IEKTPODIZUIHUX
XapaKTEPUCTUK HaHOMIIBOK SnO, 6asyeThest Ha
cragaaptHomy ¢ikcyBanHi BAX 1 T3TT, to0to
peecTpariii 3aJ1eXHOCTI CTPYMY BiJ MPHUKIIAJIe-
HOI 710 3pa3ka Harpyru abo 3MiHH TeMIeparypu
3paska. [l BUMIpIOBaHHS €IEKTPUYHHUX XapaK-
TEPUCTHK NOCTIKyBaHi miiBku SnO, 3abe3me-
YyBaJIUCS KOHTAKTaMH 3 1HIIO0, SKUH TEPMIdHO
HaIWIIOTh Y BUCOKOMY BaKyyMi Ha IOBEpXHI
TUTIBOK y BUIVISAL JIBOX TMapajeIbHUX CMYKOK.
Bincranp Mik eneKTpogaMu CTaHOBUIIA 2 MM.

Pe3yabTatu T2 00TrOBOpEeHHs

Bonbr-amnepHi XapakTepUCTUKH OTPUMAHHIX
wiiBok SnO, BUMIPIOBAJIUCH HA MOBITPI, B Ma-
pax Boau Ta etaHoiy (puc. 1). MoxHa nmomitu-
TH, 1110 3HAYEHHS CWIM cTpyMy Ha BAX B mapax
BOJIM MaiKe Ha MOPSIOK OLIbIINe, HIXK TPHU TUX
K€ 3HAUEHHX MPHUKIaieHo] Harpyru Ha BAX B
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arMocepi cyxoro noBiTps. [TiaBuIIeHHS eek-
TPOIIPOBIAHOCTI B Iapax BOAU MOB’sI3aHE 3 IUC-
OIIIaTMBHOIO a/ICOPOITIEI0 BOIM HA TTOBEPXHI J10-
CJIIJI)KYBaHUX TUTIBOK [9]. BiAmoBinHO 10 LOTO
M€XaHi3My Ha MOBEPXHI MIKpo Kpuctaia SnO,
MOJIEKyJIa BOJU AUCOIIOE Ha T1IPOKCUIIBHY T'PY-
ny OH i H". I'pyna OH" nokaini3yeTbcst Ha 1O-
BEPXHEBOMY aTOMI1 OJIOBA, BIJIJIal0YH €JICKTPOH
y 30HY IPOBIIHOCTI HamiBNpoBigHuKa. [IpoToH
H* 3axormiroeTbest agcopOOBaHUM Ha TOBEPXHi
ioHoM O, yTBOprorouM HelTpaneHy rpymy OH.
Takum yuHOM, Y pPe3y/IbTari Mporiecy aacoporii
MOJIEKYJI BOIU (POPMYIOTHCS ABI T1IPOKCHIIBHI
rpynu OH 1 3nukae ion O. lle npuBoauTs 110
30uTBIIeHHS TTpoBigHOCTI [10].

10° |-
2
3
1
10 |
«
10-7 |
10% |
| |
5 50 500
U,B
Puc. 1. BoJubT-aMnepHi XapaKTepHUCTHKH ILIBKH

SnO, B noirpi (1), B mapax Boju (2) i B napax erano-
ay (3). (T=290 K).

EnexTponpoBiHiCTh MIIBOK B Mapax €TUJIO-
BOTO CITUPTY TAKOXK 301JIBIIYETHCS, aJI€ MEHIIIOIO
MIpPOIO B TOPIBHSHHI 3 Mapamu Bojau. binbmn
po3Mipu W OUIBII CKJIaJHA CTPYKTypa MoJie-
kyau eranony (C,H,OH) nix monekynu Boau
YCKJIaJIHIOIOTh aCcOopOLil0 €THJIOBOTO CIHUPTY
Ha MMOBEPXHI IUIIBKU JIOKCUAY oioBa. Jlo Toro
K, TI1J] Yac JUCOLIaTUBHOI afcopOiii Bij Moie-
KyJIM €TaHOJy MOXKE BiJIIICTTUTHCS JIUIIE OIHA
OH' rpymna, sika, JOKalli3ylOuuCh Ha MMOBEPXHE-
BOMY aTOMIi OJIOBa, BiJIJIA€ JINIIIE OIMH EICKTPOH
y 3ony nposignocti SnO,. [Iporon H, sk y BuU-
NaaKy AUCOINAIil MOJEKYIN BOIHU, IIPHU IILOMY
HE YTBOPIOETHCSI.
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TemnepaTypHa 3aJeKHICTh €IEKTPOIPOBIJI-
HOCTI IiBKKM SnO, B IPUCYTHOCTI IapiB BOAM
(puc.2), MICTUTh «aHOMAJIBHY» JUISHKY 3MEH-
[ICHHS. TPOBIIHOCTI 3 POCTOM TEMIIEPATypH.
IIpu pocsruenHi temneparypu Onuszbpko 90 °C
crajaroya AUISHKA 3MIHIOETHCS 3pPOCTAI0UOIo.
EnexTponpoBiiHiCTh 301IBIIYIOTHCS 3 TEMITEpa-
TYpOIO 32 €KCTIOHEHIIIaJIbHAM 3aKOHOM 3 €Hep-
riero aktusaiii (0,56-0,6) eB. BumiproBanns 3a-
nexxnocti G(T) y mopsiiky 0Xoo/pKeHHs 3pa3ka
SnO, BKa3yroTh Ha HasABHICTh y HET FiCTEPE3HCY.
CX0XHull «aHOMAJIBHHI» XiJIT KPHBOI TeMmIiepa-
TYPHOI 3aJISKHOCTI MPOBITHOCTI CIIOCTEPIraBcst
aBropamu [11] 1 Mmoxke OyTH TOSCHEHHH y Ta-
kuit crnoci6. IliaBUIIEHHS TemIeparypu Beje
o necopbmii ¢izuyHO aacopboBaHOi Bomu I
riipokcusibHuX Ipyi. Lle 361birye Ha moBepx-
Hi mriBkK SnO, KiIBKICTh MICIb ISt aAcopOLii
KHCHIO, 110 MPUBOIUTH IO 3HMKEHHS MPOBIJI-
HocTi. [lomanplie miBUILNEHHS TeMIepaTypu
BHUKJIMKA€E JIECOPOIliI0 KUCHIO M, BIJIMOBIJIHO,
HiABHIY€ MPOBigHICTh. Ha KOPUCTH OCTaHHBO-
ro CBIAYUTH TOM (aKT, 1110 OTPUMAHI 3HAYECHHS
eneprii aktusarii 3 (0,56 - 0,6) eB 6au3bki 10
po3paxoBanux B [12] enepriii mecopOuii mMo-
nexyssproro kucHio (E =0,59 eB) 3 mosepxni
TIOKCHly OJioBa. BUHHKHEHHS TicTepe3ucy B
zanexxHocti G(T) aBropu [13] moB’s3y10Th 3 1O-
ripmeHHsM Audy3ii MOJEeKysl BOAM ¥ KUCHIO B
HAaHOPO3MIPHHX MOPax TUIIBKH JTIOKCHTY OJIOBA.
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Puc. 2. TemneparypHa 3aJiesKHiCTh eJIEKTPONPOBi/-
HocTi naisku SnO, B nmapax soau. (U=80 B).
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JlocnikeHHST KIHETUKH 3MiH IPOBIIHOCTI
wapis SnO, B NPUCYTHOCTI Ta BIACYTHOCTI
napiB  BOOM Ta €TaHONY MpH KIMHATHIH
TEMIIEpaTypl TOKa3aJl0 BUCOKY IIBUAKICTh
peaxuii 4y TJIMBOTo 1apy. 3MiHa IPOBITHOCTI Ha
MOPSAIOK MPU KOHTAKTI 3 MapaMu BOIU Ta MpPH
ix BupanenHi BigOyBanacs npotarom 10 c. Ilpu
YoMy, TICTsi BUAQJICHHS BOJIOTH BijOyBasIoCs
MOBHE BIJTHOBIICHHS BEJIMYMHU CUJIH CTPYMY.
[Tapu eraHomy 3MIHIOIOTH CHJIYy CTPYMY JIHILE
B 5 pasiB, ajie TAaKOXX HIBUIKO B1JHOBIIOETHCS
il mouaTkoBa BenuunHa. [IpuBeeHi pe3ynbpraTiu
CBIJTYaTh PO MOXKIIMBICTh 3aCTOCYBaHHS BKa3a-
HUX IUIBOK SnO, B AKOCTI 4y TJIMBUX €JIEMEHTIB
JUTSI CEHCOPIB BOJIOTH Ta MapiB €THIIOBOTO CIHP-
Ty, 1110 MPALIOIOTh TPU KIMHATHIM TeMneparypi.

F107, A

Puc. 3. Kinernka 3min nposiznocri mapis SnO, B
NMPUCYTHOCTI Ta BiacyTHocTi mapiB Boau (KBagpaTH)
Ta eTaHoJy (TPUKYTHUKH)

3akioueHHs

BcraHoBneno Mmaiike necsTHUKpaTHE MiIBU-
IIEHHS TPOBITHOCTI JOCHIKYBaHUX IIapiB B
IIPUCYTHOCTI MapiB BOAM MOPIBHSHO 3 3HAYEH-
HSIM Y CYXOMY TIOBITpI ITOB’si3aHe 3 JUCOIIaTHB-
HOIO a7ICOPOIIi€I0 BOIM HA iX MOBEPXHI.

[Tapu eTanoy TakoX BeIyTh A0 30UTBIICHHS
MPOBIAHOCTI MIAPiB JIIOKCHUIY OJIOBA, ajie MEH-
II0I0 MipOIO, HIK MTapu BOAU. 3yMOBJICHO OCTaH-
HE po30bKHOCTAMHU B po3mipi Mosekyn C,H.OH
1 H,O, a Takox pi3HMM XapakTepoM AMCOLIaIii
MOJIEKYJI €TAHOIY 1 BOAM Ha nmoBepxHi SnO,.

BcTaHOBIIEHO HASBHICTH aHOMAJLHOTO Xa-
pakTepy TeMIepaTypHOi 3aIeKHOCTI TEMHOBOTO
CTPYMy IIapiB JIOKCHy OJIOBA B NMPHUCYTHOCTI
napiB Boau B iHTEepBati temreparyp 40 — 90 °C.
[TinBUIIICHHS TEMITepaTypy CTUMYIIIOE JIecopo-
miro ¢Gi3uIHO ajncopOOBaHOT BOAM Ta TiApo-
KCHJIBHHX TPYII, MICIIE SIKHX 3aIIOBHIOETHCS KUC-
HEM 1, SIK HACJIJIOK, CTIOCTEPITAETHCS 3HIKECHHS
MIPOBITHOCTI.

OTtpumaHi pe3yabTaTiu MOKA3yI0Th
MOJIMBICT BUKOPUCTAHHS  JOCIIIKYBaHUX
mapiB JIIOKCHUIY OJIOBa ISl KOTPOJIFO BOJIOTH 1
€TaHOJy IIPU KIMHATHIN TeMIIepaTypi.
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SENSITIVITY OF THIN TIN DIOXIDE FILMS OBTAINED WITH THE USE OF
POLYMERS TO HUMIDITY AND ETHANOL
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Summary

Aim. Establishing the sensitivity of thin tin dioxide layers’ conductivity obtained using a poly-
mer, to water vapor and ethanol at room temperature.

Methods. SnO, layers are obtained by a simple and economical sol-gel method, in which the
Bis-(acetylacetonato)dichlorotin was used as a precursor, while polyvinyl acetate was used as a
structuring substance. The measuring method of the electrophysical characteristics of SnO, nano-
films is based on the standard fixation of Volt/Current characteristics, Dark Current Temperature
Dependence, and conductivity kinetics in the atmosphere of dry air and in the presence of vapors

of detectable substances.

Results. It is established almost the ten times increase of conductivity of investigated layers in
the presence of water vapor and the five times one in the presence of ethanol vapors compared with
the values in dry air which are due to dissociative adsorption of water and ethanol on their surfaces.
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An abnormal nature of the dark current temperature dependence of tin dioxide layers in the pres-
ence of water vapor in the temperature range 40 - 90 °C is associated with desorption processes on
the surface.

Conclusions. The sensitivity of tin dioxide thin layers conductivity obtained using a polymer to
water vapor and ethanol at room temperature is shown. It is concluded about the possibility to use
them for humidity and ethanol control at room temperature.

Keywords: tin dioxide, sensitivity to humidity and to ethanol
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BOJIOT'O I ETAHOJIO UYTJIIMBICTD TOHKHUX IIVIIBOK JIOKCHUAY OJIOBA,
OTPUMAHHUX 3 BUKOPUCTAHHAM ITOJIIMEPIB

JI. M. @inescora, A. Il. Yebanenro, M. A. Knouxos, B. C. I pinesuu, B. A. Cmunmura

Onecbkuit HarlioHANBHUH YHIBepcuTeT iMeHi [.I. MeunukoBa, Byn. /[Bopsiaceka, 2, Oneca, 65082,
Vkpaina, lfilevska@gmail.com

Pegepar

Meta. BcTaHoBIeHHS HAasBHOCTI YyTJIMBOCTI MPOBITHOCTI TOHKHX IIapiB JIOKCHIY OJIOBA,
OTPUMaHHUX 3 BUKOPUCTAHHSIM IOJIIMEpY, 10 MapiB BOAM 1 €TaHOMY NPU KIMHATHIN TeMIlepaTypi.

Meroau nocaimkenns. [lapu SnO, oTpuMaHi MPOCTUM 1 EKOHOMIYHHUM 30JIb-T€JIb METOJIOM,
B SIKOMY B IKOCTI NIPEKYPCOPY BUKOPUCTAHHUM IIXJIOPAIaLETHIIALIETOHAT OJI0BA, B IKOCTI CTPYKTY-
PYIOUO1 peYOBMHU BUKOPUCTOBYBABCS MOJiBiHIIaeTaT. MeTouKa BUMIPIOBaHb €IEKTPO(I3HUHIX
XapakTEPUCTUK HaHOIIIBOK SnO, 6asyeThes Ha crangaprHomy ¢dikcysanni BAX, T3TT, 1 kinetu-
KM MPOBITHOCTI B aTMOC(]epi CyXoro MOBITPs 1 B MPUCYTHOCTI TapiB ACTEKTYEMHUX PEUOBHH.

PesyabTaTu qociaixkeHHsi. BcTaHOBIIGHO Maibke AECITHKPATHE MiABUINEHHS MTPOBITHOCTI J10-
CJIIJKYBAaHUX HIapiB B MIPUCYTHOCTI MapiB BOJU 1 I1"AITUKPATHE B MPUCYTHOCTI MapiB €TaHOIY I0-
PIBHSIHO 3 3HAYCHHSIM y CYXOMY TIOBITPi MOB’sI3aHE 3 IMCOIIaTUBHOIO aJICOPOIIEI0 BOIU 1 €TAHOTY
Ha iX moBepxHi. BcTaHoBIeHUI aHOMaJIBHUI XapakTep TeMIEepaTypHOi 3aJeKHOCTI TEMHOBOTO
CTpyMy LIapiB J10KCHIY OJIOBa B MPHUCYTHOCTI MapiB BoAM B iHTepBaii temneparyp 40 — 90 °C
OB’ I3aHUH 3 ACCOPOIIMHUMHY MPOIECaMH Ha IMOBEPXHi.

BucHoBku. BcranoBneHa 4yTiaMBICTh MPOBIAHOCTI TOHKMX IIApPiB JIOKCHIY OJOBA, OTPHUMAa-
HUX 3 BUKOPUCTAHHSM IOJIIMEPY, /10 MapiB BOAM 1 €TAHOIY MpU KIMHATHIM TeMIeparypi Mokasye
MOXJIUBICTh X BUKOPUCTAHHS 11 KOHTPOJIIO BOJIOTH 1 €TaHOITY ITPHU KIMHATHINA TeMIeparypi.

Kurouosi ciioBa: Jliokcu 010Ba, BOJOTOYYTIUBICTh, €TAHOIOYYTIUBICTh

929



B. I Menbhuk, 1. U. bopues, A. /1. Bacunenko, A. B. Cnuukuii

CEHCOPW TA IHOOPMALINHI CUCTEMM

SENSORS AND INFORMATION SYSTEMS

VIK 621.317
DOI http://dx.doi.org/10.18524/1815-7459.2018.4.150520

OIITUMM3ALIUSA CTPYKTYPbI U AJITOPUTMA PABOTbI
BBICOKOYYBCTBUTEJIBbHOM MYJIbTUCEHCOPHON CUCTEMBI C
NMIEJAHCHBIMHU ITPEOBPA3OBATEJIAMU

B. I’ Menvnux, I1. U. bopwes, A. /I. Bacunenxo, A. B. Cauyxuii

WNuctutyT snexrpoaunamuk HAH Ykpaunsl mip. [1obenst 56, . Kues-57, 03057, Ykpauna,
ten. +38-044-366-25-11, E-mail: melnik@jied.org.ua

OIITUMM3ALIUSA CTPYKTYPbI U AJITOPUTMA PABOTbI
BBICOKOYYBCTBUTEJIBHOM MYJIbTUCEHCOPHOMU CUCTEMBI C
NMIEJAHCHBIMHU ITPEOBPA3OBATEJIAMU

B. I’ Menvnux, I1. U. bopwes, A. /I. Bacunenxo, A. B. Cauyxuii

AnHoTanusi. B pabore paccmarpuBaeTcsi HOBBIM CHOCOO MapasuleIbHO-IIOCIIE0BATEIBHOIO
npeoOpa3oBaHus clabbIX UHPOPMATHBHBIX CUTHAJIOB MPU MHOTOMAPaMETPOBBIX MCCIIEIOBAHUSIX
OBICTPONPOTEKAIOIINX TpoliecCOoB. Pa3paboTaHHOE pelieHue MO3BOSET MOMy4uTh |8-OUTOBBIE
pe3ynbrarsl ¢ yactoroi 100 'y mpu aCHHXPOHHOCTH OTCYETOB U3MEPSAEMBIX BEJIMUMH HE Xyxke £3,3
MCEK, BBICOKOI 4yBCTBUTEIBHOCTU U MOJABICHNUHU IToMeX ¢ yacTtoToil 50 I'u. Paccmorpena cTpyk-
Typa ¥ aIrOpuT™M padoThl yHU(DUIIMPOBAHHOTO TPEXKAHAIEHOTO U3MEPHUTEIBHOTO OJI0Ka HAa OCHOBE
MOCTOBBIX Lienieil nepeMeHHoro Toka u uaterpupyromux ALl tuna MAX-132, pazpaboranHbie
B UHcTutyTe anexrponunamuku HAH Ykpaunsl. [IpuBeneHbl pe3yabraTel TECTUPOBAHUS TAKOTO
ycTporcTBa. [IpeaiokeHHbI H3MEPUTENIbHBIN KaHAI MOYKET MCIOJIb30BAThCS B OJHOKAHAIBHOM

© B.T. Menbnuk, I1. K. bopmies, A. JI. Bacunenxko, A. B. Cnunkuii, 2018
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pexume ¢ JTI00BIM U3 TPEX CEHCOPOB C TPEXKPATHBIM MOBBIIICHHEM YaCTOTHI OTCUYETOB MJIH C CO-
OTBETCTBYIOILMM CY>KECHUEM IIIyMOBOM IOJIOCHI.

KiroueBble cJjioBa: MHOTOKaHajdbHAas CEHCOpPHAs CHCTEMa, YYBCTBUTEIBHOCTBH, OBICTPO-
JIeNCTBUE, TIOMEXOYCTOMUMBOCTb, MHTErpupytomue AL

OIITUMIBALISI CTPYKTYPHU TA AJITOPUTMY POBOTH
BUCOKOUYYTJIUBOI MYJIBbTUCEHCOPHOI CUCTEMU 3
IMIIEJAHCHUMU JATYNKAMHA

B. I Menvnux, 11. I. bopwos, O. /. Bacunenxo, O. B. Cniyvkuii

AHoTanis. B po6oTi po3risaaeTscsi HOBUM croci0 mapaienbHO-1I0CIIJOBHOTO EPETBOPEHHS
CHUTHAJIIB JIJIs GararornapamMeTpoBUX A0CTIKEHb BUAKOTUTMHHUX MPOIIECIB 3 BUKOPUCTAHHIM BU-
COKOUYTIUBUX MYJIBTHOI0CEHCOPHUX cucTeM. Po3pobiieHe pimeHHs 103Bossie oTpuMatH 18-06iToBi
pe3ynbratd 3 yactororo 100 I'i mpu acHHXPOHHOCTI BiJUTIKIB BUMIPIOBAHUX BEIUYMH HE TipIie
+ 3,3 Mcek, BUCOKY Yy TJIMBICTh Ta NMPUAYIIEHHS 3aBaj 3 yactororo 50 I'. Po3misiHyTo cTpykTypy
Ta AJITOPUTM poOOTH YHI()IKOBAHOTO TPHOXKAHAIBHOTO BUMIPIOBAJILHOTO OJIOKY HAa OCHOBI MOC-
TOBHX KiJ1 3MiHHOTO CcTpyMy Ta iHTerpyrounx ALIT tumy MAX-132, siki po3pobieno B [HcTUTyTI
enexkrponuHamikd HAH Ykpainu. 3anpornoHoBaHMI BUMIpIOBaIbHHNM KaHa MOXKE BUKOPHUCTOBY-
BaTHUCh B OJJHOKAHAJIBHOMY PEXHUMI 3 Oy[Ib-sIKIiM 3 TPbOX CEHCOPIB 3 TPUPA30BUM ITiJIBUIICHHIM
YaCcTOTH BiJIJTIKIB 200 3 BIAMOBITHIM 3BY>KEHHSIM IIIyMOBO1 CMYTH.

KuarouoBi cioBa: OararokananbHa CEHCOpPHA CHCTEMA, YYTIMBICTh, IIBUIKOMIS, 3aBaOCTIH-
KicTb, iHTerpytounii ALIII

OPTIMIZATION OF THE STRUCTURE AND ALGORITHM OF THE WORK
OF THE HIGHLY-SENSITIVE MULTI-SENSORS SYSTEM WITH IMPEDANCE
TRANSDUCERS

V. G. Melnik, P. 1. Borshchev, A. D. Vasylenko, A. V. Slitskiy

Abstract. The paper considers the new method of parallel-sequential transformation of signals
for multi-parameter studies of fast processes using highly sensitive multi-biosensor systems. The
developed solution allows to obtain 18-bit results with a frequency of 100 Hz, with asynchrony
of samples of the measured values no worse than + 3,3 msec, high sensitivity and suppression of
interference on the frequency 50 Hz. The structure and algorithm of operation of the unified three-
channel measuring unit based on AC-bridges with using the integrating type ADC MAX-132,
which are developed at the Institute of Electrodynamics of the National Academy of Sciences of
Ukraine, are considered. The proposed measuring channel can be used in a single-channel mode
with any of three sensors with three-fold increase in the sampling frequency.

Keywords: multichannel sensor system, sensitivity, speed of measuring, noise immunity, inte-
grating ADC
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BBEJIEHHME. Ilpu pa3pa0OoTkax BBICOKO-
IIPOU3BOAMUTEIBHBIX MHOTOKaHAJIbHBIX H3Me-
PHUTEIBHBIX CUCTEM U KOHTPOJII MHOromnapa-
METPOBBIX AMHAMHUUYECKHX IPOLIECCOB BCEraa
BO3HUKAET MpoOjIeMa COBMEIIEHHUS BbICOKOM
4acTOTHI U IOCTaTOYHOM CUHXPOHHOCTH OTCYE-
TOB 10 COBOKYITHOCTH OIIPEIEISIEMbIX BEIUUNH
C BBICOKOW YyBCTBUTEIBHOCTBIO, [IOMEX0YCTOM-
YMBOCTBIO U IIPUEMJIEMOM CJIOXKHOCTBIO amma-
paTHO-POrpaMMHOT0 Komriekca. OcoOeHHO
aKTyaJlbHa JaHHas mpoOseMa B OWOMEIHITNH-
CKHX M3MEPEHHMSX, B YACTHOCTU IIPU MOCTpOE-
HUM BBICOKOYYBCTBUTEIBHBIX OHMOCEHCOPHBIX
CUCTEM, TMOCKOJIBbKY IOJYYEHHE KaXKIOro OT-
cyeta TpeOyeT OBOJIBHO JUIMTEIBHOIO HaKo-
IUIEHUST SHepruu cnaboro curHana. OOBIYHO
JUIl €€ peleHUs NPUMEHSIOT I1apajulesIbHO-
MIOCJIEZIOBATENIBHYIO0  OpPraHM3alMIo IIpolecca
U3MEpPEHUs], KOIZa 4acTh MpeoOpa3oBaHUN U3-
MEpsIeMbIX BEJIMYMH BBIMOJIHSAETCS OIHOBpE-
MEHHO (MapajuieJIbHO) OTAEIbHBIMH BETBAMHU
M3MEPUTENILHOTO KaHaja, a Ipyras — ero oomei
YaCThIO MOCJEAOBATENLHO BO BpEMEHHU. Takoil
MyTh MOBBIIIEHUS] UH()OPMAIIMOHHON MPOU3BO-
JUTEIIBHOCTH U3MEPUTENBHBIX CPENICTB IIMPOKO
IIPUMEHSIETCS, B YaCTHOCTH, B PACTIPEIETICHHBIX
cucremMax cOopa JaHHBIX. MeTozibl opraHusa-
LMY TapajliebHO-TI0CIEA0BaTENbHBIX IPOLIEC-
coB 1U(GPOBOI 00paOOTKM JAaHHBIX U CPENICTBA
JUIs HUX JIOCTaTOYHO XOPOILIO OTpabOTaHbl U
LIMPOKO NMpUMEHSI0TCs, Hanpumep [1-3]. B To
K€ BPEMsI B MEPBUYHBIX 3BEHBSX U3MEPUTEIIb-
HBIX KaHAJIOB, Iie (OPMUPYIOTCS IMEPBUYHBIE
JlaHHBIE, UIMEIOTCS 3HAYUTEIbHBIE PE3EPBBI IS
yBeIMYeHUs: 00beMOB MH(pOpMAIMH, MOJIydae-
MBIX B €IMHUILY BPEMEHHU.

B uMnenaHcoMeTpuuecKuX CEHCOPHBIX CH-
CTeMax NEPBUYHBIA U BTOPUYHBIA U3MEPUTENb-
Hble npeoOpa3oBaTean 00pa3yloT MOCTOBYIO
LIENb PE3UCTUBHOIO, EMKOCTHOTO MM KOHIYK-
TOMETPUYECKOIO THIA, KOTOpas BbIACISAET U
HOPMHPYET 110 BEJIMUYUHE C1a0blii MHQOpMaTHB-
HBII CHUTHAJ MEPEMEHHOI0 TOKa, KOTOPBIM MO-
KET UMETh 4acTOTy B IIMPOKOM JUara3oHe (110
necsatkoB kI 1 6osee). Bmecrte ¢ reneparopom
TECTOBOIO CHUTHAJIa, CHHXPOHHBIM JETEKTO-
poM u ALl mocroBas nenb 0Opazyer eAUHbIN
0110k MpeoOpa3oBaTelss NaCCUBHOM 3/eKTpHue-
CKOM BEJIMYMHBI B KOJ, COYETAIOIIUNA HYXKHBIC
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(YHKIMH C BBICOKON YYBCTBUTEIHHOCTHIO, IO-
MEX0YCTOMYHMBOCTBIO, IPOCTOTON KOHCTPYKIIMH
U HEBBICOKOM CTOMMOCTBIO. Takue KauecTBa
B CYIIECTBYIOIIUX H3MEPUTEIbHBIX CUCTEMaX
JIOCTUTAIOTCSA CTPYKTYPHO-aJITOPUTMUYECKUMHU
pEeLIeHUsIMU, KOTOPbIE OIPAaHUYMBAIOT BO3MOXK-
HOCTHM M3BECTHBIX METOJIOB MapasijiebHO-IIO-
CJIeI0BATEIbHOIO IPEe0Opa30BaHMUS CUTHAJIOB.
B otoii pabGore paccMmarpuBaeTcs HOBBIN
Croco0 mapasuIenbHO-TIOCIEA0BATEILHOIO Tpe-
oOpa3oBaHust ISl 3-X CEHCOPHOM CHCTEMBI, TI0-
3BOJISIFOIIMM TOJTYYUTh BBICOKYIO YAaCTOTY BblJa-
YM JAHHBIX MO KKJIOMY U3 KaHAJIOB C XOPOIIeH
CHHXPOHHOCTBIO M3MEPEHHUI  OIpeesieMbIX
BEJIMYMH U JOCTAaTOYHO TIIyOOKOM IMOJaBICHUH
MHAYCTpHANIbHBIX nomeXx ¢ yactotoit 50 I'u. Ta-
Kasi CUCTeMa peaju3yeTcs Ha OCHOBE YHU(DULH-
POBaHHOTO 0a30BOr0 M3MEPUTENLHOTO MOIYIIS,
pa3paboTanHoro B MHCTUTYTE ANEKTPOIUHAMU-
k1 HAH Vkpaunsl, copeprkaiiero 3 BbICOKOUYB-
CTBUTEJBHBIX, |8-OUTOBBIX, WHTETPUPYIOIIUX
(“multi-slope”) ALII (tuma MAX-132, nanpu-
Mep) 1, COOTBETCTBEHHO, 3 MOCTOBBIC CXeMHI [4].
Koopnunanus crema JaHHBIX ¢ CEHCOPOB IPOM3-
BOJIUTCS TIO METO/Y, NMPEAJIOKEHHOMY B [5].
[IpennoxeHHbIil criocod U3MepeHus: KpaTko
coctoutT B ciuenyromieM. Takruposanue AILIIT
MPOU3BOJUTCA C YacTOTOH, oOecneyuBaromeit
JUIMTEIbHOCTh IUKJAa IpeoO0pa3oBaHus (BbI-
nadau pesyiasraroB) 10 mcekx. MHTETpHpOBaHUs
WH(GOPMATHBHBIX CUTHAJIOB B HUX TPOUCXOIST
B TEUEHUH NMPUMEPHO 3,3 MCEK. MOCIIe KOMaH/IbI
3amycka coorBeTcTBytomero ALIIL 3amycku 3-x
ALl BBIMONHSIOTCA TOCIEIOBATENIBHO 4Yepe3
3,3 mcek. IlomapHoe ycpenHeHue pesyibTaToB
2-X CMeXHBIX TpeoOpazoBanuii ogHoro AILIII
MO3BOJISIET OJIABUTh UHAYCTPUATIBHYIO ITOMEXY
¢ yactoroi 50 I'l ¥ MOIXY4YUTH IOJIOCY MIPOITY-
ckanus kaHana 150 I'n. [TonydenHsie mpu 3ToM
JJAHHBIE MOTYT JOTOJIHUTEIBHO YCPEIHATHCS
JUISL CY?KEHMS! IIIyMOBOM ITOJIOCHI KaHala. Ycpe-
HEHUE IIATH Nap pe3ybTaToB MO3BOJISIET CY3UTh
ee 10 50 I'n. Bergaya gaHHBIX B 3TOM citydae
TaKke npoucxoaut yepe3 10 mcek. nmpu acuH-
XPOHHOCTH M3MEpeHu B 1-M M 3-M KaHajax
43,3 MceK. 10 OTHOLIEHHUIO KO BTOPOMY KaHaly.
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CTPYKTYPA U AJITOPUTM PABO-
Thl MHOTOKAHAJIbHOM CUCTEMBI.
PaccmoTpum Oonee neTanbHO M3MEpUTENbHBIC
BO3MOKHOCTH TPEXKaHAJIBHOTO OJIOKa Ipeodpa-
30BaHUS CUTHAJIOB CEHCOPOB C TPEMSI UHTETPH-
pyromumu  18-6utoBbiME  “multi-slope” ALIIT
tuna MAX-132, peann30BaHHOTO Ha OCHOBE
yHU(HUIIpOBaHHOTO 0a3oBoro momyiass MXP-
4. Ha puc.l uzobpaxena ero Oiok-cxema, a Ha
puC.2 —BpeMEHHbIE JauarpaMMbl paOoThl INpU
takToBOM yactoTe 200 k11 (ukt mpeoOpazoBa-
Hus 10 Mcek).
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Pucynox 1. YHuduuupoBaHuslii ObIcTpoAeiicTBYIO-
muii 010K nMpeodpa3oBaHusi CUTHAJIOB CEHCOPOB MHO-
TOKAHAJBLHOM U3MePUTENbHON CUCTEMBI.

Cencopsl S1 — S3 u3MepsieMbIX BEIUYHH
MOJKJIIOYA0TCs K u3MepuTenbHbM Hensm MC1
— MC4. Ha Hux noyaetcsi CMHHyCOMIaJbHbIN Te-
CTOBBIM curHail TS ¢ 4acToTol, ONTHMaJbHOMI
I1st ceHcopoB oT 1udposoro reneparopa GTS,
KOTOPBIM TakTHpPyeTCs HMMITyJbCaMU C YacTo-
Toli f |, hOpMUPYEMBIME MUKPOIIPOLIECCOPHBIM
koHTposuiepom MPC.

TaxroBble MMITyNbCBI ¢ yacToTOM f,, OIM3-
kol k 200 k', ucnonw3yrores 411 TaKTUPOBa-
nusa ALII ADC1 — ADC3. OnrtumanbHO€ 3Ha-
YEHHUE ATOM YacTOThI OMNPEAEISETCS YacTOTON
WHAYCTpPHAIBHBIX MMOMeX. TakToBas dYacTtoTa
okoisio 200 x['11 coOTBETCTBYET CETSAM C 4acTo-
ToH 50 I'. OTkioHEeHUE sz OT ONTUMAJIILHOTIO
3HAYCHUS CHIDKAET KOA(D(GUIIMEHT MOIABICHHUS
CETEBBIX TIOMEX, MOATOMY IIeJIecOo00pa3Ho pe-
TymMpoBarh f, Ipu KONeOaHUAX 4aCTOTHI CETH.
Perenne 3Toii mpoOIeMbl MOKET OBITh 3aa4eit
JUTSI TTOCJISTYFOIINX Pa3pabOoToOK.

Ha Bxogmax AIIIl ycraHoBieHBI KitOU€BbBIC
CUHXpOHHBIE JIeTeKTOpbl SD, KOTOpbIe yIpaB-
JSIOTCS OMOPHBIM curHajioM RS, cuHbazHbM
iy kBazaparypHbeiM ¢ TS. Bmecte ¢ ALl onu
00pa3ytoT (ha309yBCTBUTEIBHBIE BEKTOPHBIC
MHUKPOBOJIBTMETPBI, TO3BOJISIIOLINE ONPEACIIAT
nse coctapistomue (Re u Im) nadopmaruBHbIx
CUTHAJIOB CEHCOpPOB. YUMTHIBAsi Majoe BpeMs
uHTerpupoBanus (3,3 Mcek.), auamna3zoH pado-
4quX 4acToT T'S OrpaHuyeH CHU3Y U UMEET IIPaK-
TUYECKUE Mpeseibl OT IUHUL] 10 HECKOJIbKHUX
coted kI 1. [Ipu Be1OOpe pabodeit 4acToThl Cie-
JIyeT TaK)K€ YUUTBIBATh KEJIATEIbHOCTh KPAaTHO-
CTH €ro IMepuoja U BPEMEHU HHTETPUPOBAHUS
AIIII [6]. B To ke BpeMsi OTMETHM, UTO 3aTOp-
M03uB SD, MBI MOXXEM H3MEPSATh MI'HOBEHHBIE
3Ha4eHUs MHPOPMATUBHBIX curHaios. [Ipu pac-
CMaTpHUBaEMbIX MapaMeTpax KaHajia 3TO MO3BO-
JsIeT TIPOBOJIUTH U3MEPEHHUs B 001acTi nHppa-
HU3KHX (J103BYKOBBIX) 4aCTOT.

[Tepexmtouarens SW1 ciayxuT 1ias 1oju-
KIIIOUEHUs] HMH(OPMATUBHBIX CHUTHAJIOB CEH-
COpPOB, BBLICIEHHBIX U MPOHOPMHUPOBAHHBIX
n3MeputensHpiMu HensiMu MC, k BxonaMm da-
304yBCTBUTENIBHBIX MHUKPOBOJIBTMETPOB. B nx
BEPXHEM IOJIO)KEHUH OJOK (PYHKLHOHUPYET B
TPEXKaHaJIbHOM PEXHME, & B HUKHEM IOJIOKE-
HUU NIEPEBOAMUTCS B OJHOKAHAJIBHBIN PEXUM C
MOBBILICHHOW YYBCTBUTEIBHOCTBIO U OoJee
TyOOKHM TIOJIaBJICHHEM BCEW COBOKYITHOCTH
rapMOHMK MHAYCTPHUAIBHOW MOMEXU. JTO 0-
CTUTAeTCsS OCYIIECTBIEHUEM HENPEPHIBHOTO
WHTETPUPOBAHUS HMH(DOPMATUBHOTO CHUTHaja
OJTHOTO U3 CEHCOPOB, KOTOPBIH MMOCTYIAET C BbI-
xoaa u3mepurenbHoi e MC4 Ha BXOJIbI BCEX
MUKpPOBOJIBTMETPOB. JlaHHBIE MpeoOpa3oBaHUs
tpex ALII ycpenHstoTcs MUKPOKOHTPOILIEPOM
3a 2 nukia ux padotsl. [Ipu a3Tom ob1iee Bpemst
MHTErpupoBaHus coctasiseT 20 Mcek., a Hc-
I10JIb30BAaHHAsl PHEPTUsl CUTHAJIA YBEIMUYMBAET-
cs B 6 pa3. JIUCKpeTHOCTh peoOpa3oBaHUs IIPU
ATOM Bo3pacTaet a0 20 OUT B quama3oHe BXO[-
HBIX curHaioB +0,5 B. MUHUMAIIbHO BO3MOXK-
Hasi aCHHXPOHHOCTh U3MEPEHUM MPH MOCIe10-
BaTEJIbHOM IOAKIOUYEHUH TPEX CEHCOpoB S1 —
S3 nepekmtouarenem SW2 coctaBut £20 Mcek.
Takol peKuM MOXKET UCIOJIb30BATHCS JJI UC-
cienoBaHus Oojiee MEIJIEHHBIX MPOIECCOB CO
ciabbiMu MH(OPMATUBHBIMU CUTHaiaMu. [lpu
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HEOOXOIMMOCTH MMETh OOJIbIIEe, YeM 3, YHCIIO
KaHAJIOB, MOYKHO OPTaHW30BaTh MMapajuIeIbHYIO
paboTy HECKOIBKUX TaKUX YHUPHUIIUPOBAHHBIX
U3MEPUTENIBHBIX OJIOKOB.

PaccmoTpum BpeMeHHBIE aHarpaMMBbl MOJTY-
YeHHsI 1 00pabOTKH JaHHBIX AJis1 Haubolee ak-
TyallbHBIX PEKUMOB U3MEPEHUH.

Ha rpajguke 1 mokazaHo pacnosiokeHHE BO
BpeMeHu 6-Tu komaH 3amycka ALIT-1 — ALIIT-
3(,1,1,..6, 6, 6,). Komanas! 3amycka u,
COOTBETCTBEHHO, MHTEPBAJIbI MHTETPUPOBAHUS
PacmoiIoKeHbI CO CBUTOM Ha BpEeMs MHTErpHU-
poBanusi, paBHoe 3,3 Mcek. (rpaduku 2 - 4). Ta-
KHM 00pa3oM, B IIUKJIE TIPEOOpa30BaHuUs OJJHOTO
AIIIl mpoucxoauT HENPEPHIBHOE HHTETPUPO-
BaHME CUTHaNa nocnegosareabHo Tpemst ALIIL
[IpeoOpazoBannbie B 1IU(POBOM KOJ pe3ysbTa-
ThI 3TUX UHTETPUPOBAHUHN (BBIXOAHbBIC JaHHBIE)
BbijatoTca KaxapiM u3 AL ¢ 3agepxkoil Ha
JIBa MHTEpBajla UHTerpupoBaHus (rpaduku 5
- 7). OH1 MOTYT OBITh OOBEIMHEHBI B OOIIHIA

20

0 10

MOTOK JIaHHBIX C 4acToToi okoio 300 oTcueTos/
cek. (rpaduk 8) UM KUCIIOJIB30BATHCS OTIEIBHO
JUTSL TPEX Pa3HBIX CUTHAJIOB.

CoBMeCTHOE HCHOJIb30BAaHUE PE3YIbTATOB
unTerpupoBanus tpemst ALl B uukie npeo6-
pazoBanus oaHoro AIIIl mo3BosisieT moay4uTh
MHTEPBAJ yCPEAHEHUs (LUK HHTETPUPOBAHU)
CUTHAaJIa paBHBIA BPEMEHH IHKJIa TPeoOpa3oBa-
Hus ALl (rpadux 9). YcpenHeHHbIEe JaHHBIC
3a TaKOM IUKJ BHIPAOATHIBAIOTCS C 3aJIEPIKKOM
Ha JiBa BpeMeHU HUHTerpupoBanus (rpadux 10).
Hcnonp3yst ckonb3siiiee ycpeaHeHHue OOIIero
MOTOKA JTAHHBIX MOXXHO BbIJaBaTh PE3YJIbTAThI
¢ yactoroi okosno 300 I'm. MuTerpupoBanue
curHana kaxapiM u3 ALIT npoucxoaut B Teue-
Hue 3,3 Mcek ¢ MHTepBajaMu okoso 10 Mmcek.
Ycpennenue pe3yabTaToB JIByX CMEKHBIX MHTE-
rpupoBanuii (rpaduxu 11 — 13 u 16) mo3Boss-
€T MOAABUTh UHyCTpUaibHyto nomexy (50 ')
MPYU YacCTOTE BBbIAAYM JAHHBIX KaxxabiM ALIIT
okouto 100 I'm 1 gacToTe 00ILIEr0 HOTOKA OKOJIO

30 50

Iao
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>
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16

MepBbIii pesynbTar
Panee pesynbTaTbl BbIAAIOTCA Yepes 10 mcek. |

Pucynok 2. BpemenHble guarpaMmbl (PyHKUHOHMPOBAHMS MHOIOKAHAJIbHON HM3MepPHUTEJIbHOH CHCTEMbI €
YMeHbIIEeHHOI ACHHXPOHHOCTBIO NPe00pPa30BaHUIl CHTHAJIOB M NMOJABJIeHHEeM CeTeBbIX OMeX.
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300 I'u. IIupuHa 1rymMoBO# MOJIOCH IPOITyCKa-
HUSA IIpU 3TOM cocTasiseT 150 I'm.

Jnst MakcUMallbHO TIIyOOKOTO TO/AaBIEHUS
CETEBOM MOMEXU MHTEPBAJ MEXKIY CMEKHBIMU
MHTETPUPOBAHUSAMU JOJKEH OBITH TOYHO PaBEH
MIOJIOBUHE NIEPHOAA HANIPSIKEHUS B CETU. JTOTO
MOXHO JOCTHYb COOTBETCTBYIOLIUM BBIOOPOM
yacTtoThl TakTupoBaHus ALl u MOMEHTOB BBI-
Jlauy KOMaH/ BBIMIOJIHEHUS LIUKJIOB U3MEPEHUS C
yueToM anropurMa padotst AL

Pesynbrarel ycpenHeHHs Hap CMEXHBIX OT-
cueToB Kaxaoro u3 tpex ALl moryt nomnonHu-
TEJILHO YCPEIHATHCS 3a 2 IMKIIa peoOpa3oBaHuit
(rpaduk 9) u BeIaBaTHCA ¢ YacTOTOM OKOJIO 100
I'n (rpaduk 14). To ke camoe moy4aercs, €Ciu
ycpenHaTh AanHble Tpex ALIL B A1ByX CMEXHBIX
nukiax. Obiee BpeMsi HHTETpUPOBaHUSI CUTHA-
Ja cocTaBisieT npu 3ToM 20 MCeK IpH MoJI0ce
nponyckanus kaHana 50 ['u. MoxxHO ycpenHsTh
JTAaHHBIC U OOJIBIIETO YKCIIa UKIIOB (Tpaduk 15)
C TOH K€ CKOPOCTBIO BBIAAYM JAHHBIX U CYKEHU-
€M LLIYMOBOM MOJIOCHI JJIs1 TIOBBIILIEHHSI YyBCTBU-
TEJIbHOCTH, OJIHAKO BpeMs 3aJEpP>KKH BbLIauu
JIAHHBIX TPHU 3ToM Bo3pacrtaeT. Ha rpaduke 17
OTMEUYEHBI MOMEHTHI 3aIlyCKa M3MEPEHUI U Io-
Jy4YeHUsl TEpPBOr0 pe3yabrara C YCpPEeJHEHHUEM
JTAHHBIX IIECTH [UKJIOB MPeoOpa3oBaHM B Kak-
nom AL YacTtoTa BbIIa4M JaHHBIX MPH 3TOM
cocraniser 100 orcueToB/cek, a moysoca NpoIry-
ckaHus KaHana 17 ', moaToMy cleyeT y4uThI-
BaTh, YTO MPU CKAYKOOOPAa3HOM M3MEHEHUH CHUT-
HaJla HOBBIM YpPOBEHb JAHHBIX MpPeoOpa30BaHMUS
YCTaHOBUTCSA Ha IIECTOM OTCYETE.

PE3YJIBTATbBI SKCHEPUMEHTAJIb-
HbBIX MCCJEJOBAHHUM. C wucnonb3osa-
HUEM 00pa3a-nmpoTOTUIIAa HOBOTO YHUPHUITUPO-
BaHHOTO 0a30Bor0 MOmyJst MXP-4, cozmanHoro
Ha OCHOBE PaHEe MCIOJIb30BABILIETOCS MOILYJIS
MXP-3 [7], ObtM TpOBEIECHBI HKCIEPUMEH-
TaJbHbIE HCCIENOBaHUS pPa3pabOTaHHOTO all-
ropuTMa paboThl U3MEpHUTENbHOrO KaHana. Ha
pHuC. 3 MpencTaBiIeHbl PE3ybTaThl W3MEPEHUS
CMOJIEJINPOBAHHOTO MOJIE3HOTO CUTHAJIA (4acTo-
ta 4,5 I'u, ammmaryna 120 MxB) nipu Bo3neii-
CTBUHM CMOJEJIMPOBAHHOM NoMexu (dactora 50
I'u, ammuutyna 800 MxB) B pexxume nonapHoro
YCPEOHEHMsI PE3YIbTATOB 2-X CMEXHBIX MHTE-
ITpUpPOBaHUN CUTHaNA. B 3THX 3KcniepumeHTax

taktupoBanue ALl nmpoucxoausno ¢ 4acToTon
196,6 xI'u, nmpu koropoit ALIIT npousBogut 96
OTCYETOB B CEKYHIY, T.e. Ha 4% MeHbIIe uX
ONTUMAJIBHOTO Yucia A noaasienus 50-rep-
IIOBO# IoMexH, a Takxke ¢ yactoroi 205,4 kI,
ONMM3KOM K ONTUMAaTIbHOU. JTO MO3BOJISIET OIle-
HUTh TIyOWHY TOAABIICHUS TOMEXU TPU OT-
KJIOHEHHUAX YacCTOThl CETH OT HOMHHAJIBHOTO
3HaueHHsd. B cBs3U ¢ 3TUM OOCTOSATEIHCTBOM,
MpU MOJYYEHUU OCHUIUIOIPAMMBI MTOMEXHU TO-
Jy4aroTcsi OMeHusl MU3-3a HE KPaTHOCTU YacTOT
OTCYETOB C YaCTOTOM CETH.

Ha puc. 3a nokazana ocuuwiiorpamMmma CHr-
HaJjla pU OTCYTCTBUU CETEBO MOMeXH, Ha puC.
30 — ocumitorpaMma CMECH CUTHAJIa U IOMEXH
0e3 rmojaByIeHUs MOCIIEIHEN, Ha KOTOPYIO HAJIO-
KEHA OCIIIJIOTPAMMa PE3YyJIbTaTOB U3MEPEHMUSI
C MOMAapHBIM YCPEAHEHUEM CMEKHBIX OTCUETOB
AITI, a Ha puc. 3B — OCIMJITIOTPaMMBbI IOMEXHU
0e3 mojaBieHus U ¢ nojasieHueM (6e3 curxa-
na). Ha puc. 31, o npeacTaBieHbl pe3ylbTaThl
TaKMX K€ HM3MEPEHHM IpU 4YacTOTE OTCYETOB
AIII, 6muskort k ontumansHou (100,5 otc./
cek). [Ipu 3TOM OCTaTouHBI ypOBEHb MOMEXH
(U3-3a UCKAKEHUI HAIIPSDKEHUS CETH) CHUYKAET-
Csl IPAKTHUYECKH JI0 YPOBHS BHYTPEHHHUX IITyMOB
W3MEPUTEITLHOTO KaHaja (puc. 3e).

Ha puc. 3%, 3 npeacrasieHbl 0CHULIOTpaM-
MBI JaHHBIX, MOJYYCHHBIX IPH OTCYTCTBHUH
CMOJICIMPOBAHHBIX CUTHAlla U ToMexu. Bapu-
alMy OTCUETOB CBSI3aHbI C BHYTPEHHUMH IIIY-
MaMH 3JIEMEHTOB CXEMbl U MHBIMH BHEIIHUMH
U BHYTPHUCXEMHBIMU MoMmexamu. Ha puc. 3k Ha
OCHMJUIOTPAMMY JAHHBIX, MOJYYEHHBIX B OJ-
HOM M3 KaHaJoB 0e3 yCpeIHEeHHUs] OTCYETOB, Ha-
JIOKEHA OCIMIJIOTpaMMa C YCpEeIHEHUEM TMap
CMEXKHBIX OTCYeTOB (mojaaBiieHue S0-reproBoit
[IOMEXH), B pe3yJbTaTe YEro YyMEHbIIWIHUChH
BBICOKOYACTOTHBIE COCTAaBJISIOLINE BapHAaIlHii
orcueToB. Bo BTOpoM cilyyae amruiMtyaa Ba-
puanuii He npesbllaeT +4 en. JUCKPETHOCTH
(8 MxB). Ha puc. 33 mokaszana ocuusuiorpam-
Ma JJaHHBIX, MOJTY4Yae€MbIX OT OJIHOTO CEHCcopa
C HapaJuleJIbHbIM MONAPHBIM YCPEIHEHUEM OT-
CYeTOB B Tpex kaHajax (rpaduk 14 Ha puc. 2).
AMIUIMTY]a Bapualvii B 3TOM Cllydae He Ipe-
BhIIaeT +£2 en. nuckpetHoctu (4 mxB). Ha rpa-
¢ukax mMacmTad €IUHUIBI IO TOPUIOHTAIBEHOM
ocu — 0,01 cek., mo BepTuKaabHOil — 2 MKB. Dk-
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Pucynok 3. OcumiiorpaMmbl pe3yJibTaTOB H3Mepe-

HHS T0JIE3HOTO CHTHAJIa MPHU BO3IEHCTBHHU CeTEeBOit

TMOMEXH B pPesKHMe MOMAPHOT0 YCPeXHeHUs pPe3yJibTa-
TOB CMEKHBIX 0TCYETOB.
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BUBAJICHTHAs] JAMCKPETHOCTh MpeoOpa3zoBaHus
KaHaja BO BCEM €ro JMHAMHUYECKOM Jlhana3oHe
(£0,5 B) B TakoM pexxumMe U3MEpPEHUs TOCTUTa-
eT 21 nBOMYHOrO paspsiaa, a BpeMs MOITyUEHHUs
pe3yibraTa 1nocjie cKaukooOpazHOro U3MEHEHUs
curHajia paBHo 20 Mcex .

BBIBO/IbI. PaccMoTpeHHbBIE METOABI TAPAJI-
JIeNIbHO-TI0CIIeIOBATENILHOTO NMPeo0pa3oBaHus U
00pabOTKU CUTHAJIOB CEHCOPOB MO3BOJISIIOT CY-
[IECTBEHHO TOBBICUTH OBICTPONEHCTBHE BBICO-
KOUYBCTBHUTEIBHBIX MHOTOKaHAJIBHBIX CEHCOP-
HBIX M3MEPHUTEIbHBIX CHUCTEM, YMEHBUIUTH WX
JTMHAMAYECKHE MOTPEITHOCTH M3-32 AaCHHXPOH-
HOCTH IOJY4€HUS JAHHBIX B Pa3HBIX KaHaJIaX U
IIPU 3TOM COXPAHUTh BBICOKYIO pa3pelIaroilyro
CTIIOCOOHOCTB, XOPOIIIee MOJaBICHHE CETEBBIX
JPYTUX UHAYCTPHAIIBHBIX TIOMEX.

Pa3zpaGoranHast CTpyKTypa H3MEpUTEIBHO-
ro OJOKa ¢ MapauIeIbHO-TI0CIE0BATEIbHBIM
npeoOpa3oBaHUEM CUTHAJIOB MO3BOJISIET peau-
30BaTh MPEIOKEHHBIE METO/bl M3MEPEHUil u
MPUMEPHO Ha MOPSIOK MOBBICUTH HH(MOpMAIIH-
OHHYIO IPOU3BOIUTEIBHOCTh YHU(PHUIIMPOBAH-
HOTO 0230BOT0 MMITEAHCOMETPUYECKOTO MOJTY-
7151 6€3 €ro 3HAYNTEIILHOTO YCIIOKHEHHS.
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OPTIMIZATION OF THE STRUCTURE AND ALGORITHM OF THE WORK
OF THE HIGHLY-SENSITIVE MULTI-SENSORS SYSTEM WITH IMPEDANCE
TRANSDUCERS
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Summary

The paper considers the new method of parallel-sequential conversion of weak informative sig-
nals for multi-parameter studies of fast processes. Its essence consists in using for the simultaneous
transformation of the sensor signals of several integrating ADCs, the number of which corresponds
to the ratio of the integration interval and the ADC conversion cycle. Their starts are performed
alternately, after the integration is completed in the previous ADC, therefore the data output at the
end of their conversion cycles occurs at intervals equal to the integration time of the signals. These
data can be combined into a common stream with a correspondingly higher sampling rate. With the
ADC conversion cycle time of 10 msec, averaging the results of two adjacent cycles provides in-
terference suppression at the frequency of 50 Hz. Sharing of the integration results of several ADCs
during the conversion cycle of one ADC allows to increase the signal averaging interval up to the
ADC conversion cycle time. The structure and algorithm of functioning of the unified three-sensors
measuring unit based on the AC bridge circuits and high-sensitivity “multi-slope” ADCs of the
MAX-132 are developed at the Institute of Electrodynamics of the National Academy of Sciences
of Ukraine. The device allows to obtain 18-bit results on three channels with a sampling frequency
of 100 Hz, when the readings of the measured quantities are asynchronous is not worse than + 3.3
msec, while providing high sensitivity and suppression of interference with a frequency of 50 Hz.
The results of its testing showed that the random error with respect to input signals of the ADC is
approximately + 5 uV in the range +0.5V. This measuring unit can be used in single-channel mode
for one sensor with a threefold increase in the sampling frequency or with a corresponding reduc-
tion in the random error.

Keywords: multichannel sensor system, sensitivity, speed of measuring, noise immunity, inte-
grating ADC.
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Pedepar

B po0orti po3misaaeTscsi HOBUM €roci0 mapajienbHO-MOCIITOBHOTO MEPETBOPEHHS CIAOKHX
1H(OpPMaTUBHUX CUTHAJIIB MPH OararornapaMeTpOBUX JTOCIIHKEHHIX HNIBUAKOIUIMHHUX MPOILIECIB.
Horo cyTh monsarae y BUKOPUCTAHHI 15 OTHOYACHOTO MEPETBOPEHHS CHTHAIIB CEHCOPIB JeKilb-
kox iHTerpyrounx ALII, 4mcno sSKuUX BIANOBiAa€ KPAaTHOCTI 1HTEpPBALy IHTETPYBaHHS Ta IHKITY
nepersopenns ALITL. Ix 3amycku BUKOHYIOTBCA MO uep3i, Micis 3aKiHYEHHs iHTErpyBaHHS B IO-
nepeanbomy AL, Tomy Buada 1aHUX 1O 3aKIHUEHHIO IX LIMKJIIB NIEPETBOPEHHs BiAOYBa€eThCA 3
1HTEepBaJlaMy, 1110 JOPIBHIOIOTh Yacy iHTerpyBaHHs curHamiB. Lli mani MoxyTe OyTH 00’€qHaHI B
3arajibHAN MOTIK 3 BIAMOBITHO OUIBII BUCOKOI YaCTOTOIO BUOIPOK a00 BUKOPHUCTOBYBATHUCH OKpe-
MO B JIK1ITbKOX KaHasax. [Ipu TpuBanocti nukiny neperBoperHs AL 10 mcek ycepeaHeHHs pe-
3yJbTaTiB JIBOX CYMDKHHMX LUKJIIB 3a0e3reuye mpuaylieHHs 3aBaj 3 dyactoToio 50 I'm. Crinbhe
BUKOPHCTaHHS Pe3yNbTaTiB iHTerpyBaHHs Aekinbkoma ALIIT 3a yac nukiy mepeTBOpeHHs! OTHOTO
AT no3Bosisie 30UIBIINTH 1HTEPBAJ YCEPETHEHHS CUTHAIY 10 TPUBAJIOCTI LIUKITY MEPETBOPEHHS
AULII. Posrsinyto po3pobineni B [nctutyTi enekrpoaunamiku HAH VYkpainu cTpyktypy u airo-
PUTM pOOOTH YHI(PIKOBAHOTO TPHOXCEHCOPHOTO BUMIPIOBAJILHOTO OJI0KY Ha OCHOBI MOCTOBHUX K1JI
3MIHHOTO CTpyMy W BHcokouyTimBuX “multi-slope” ALl tumy MAX-132. Tlpuctpiii no3BoJsie
orpuMatu 18-0iTOBI pe3yabTaTH MO TPHOX KaHajax 3 yacToToro BHOipok 100 I't mpu acuHXpOH-
HOCTH BIJTIKIB BUMIPIOBAaHUX BEJIMYMHA HE Tipiie + 3,3 Mcek, 3a0e3meuytouu Mpu bOMY BUCOKY
YyTJIUBICTh Ta NMPUAYIIEHHs 3aBaj 3 yactotoro 50 I'm. Pesynmbsratu #oro TectyBaHHs Iokasaiu,
10 BHUIAKOBA MOXMOKa 1o BXigHuM curnanam ALIIl craHoButh nmpubnu3Ho + 5 MkB B niana3zoHi
+ 0,5B. Jlanuii BuMiproBaJibHU GJIOK MO’K€ BUKOPHUCTOBYBAaTHCh B OJJHOKAHAJILHOMY PEXUMI JIJIS
OJTHOTO CEHCOpa 3 TPUPA30BHM ITiJIBUIICHHSIM YaCTOTH BiJTIKIB 200 3 BIAMOBIIHUM 3MEHIIICHHIM
BUIIA/IKOBOT TTOXUOKH 32 paXyHOK YCEPEAHEHHS Map CyMDKHHUX BIAJIIKIB 1Mo BCiM TpboM ALIIL.

KuouoBi cioBa: GararokaHajgbHa CEHCOPHA CHCTEMa, UYTIWBICTH, IIBUJIKOIISA, 3aBaJOCTIiHl-
KiCTh, iHTeTpYyrounii ALIIT
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PEKOMEHJAI[T]
MisknapoaHoi koHdepeHii 3
iHpOpMaNIiTHO-TeTeKOMYHIKANIHHUX
TEeXHOJIOTii Ta pajgioeleKTPOHiKH
(YkpMiKo’2018/UkrMiCo’2018)

B VYkpaini 3 11 o 14 Bepecus 2018 p. Ha 6a3i
Onecpkoi HaIlOHATBHOT aKaeMii 3B 3Ky iMeHi
O.C. Ilonoga BigOynacs Tpers IEEE Mixkna-
ponna koHdepeHuiss 3 indgopmauniiHo-TeIe-
KOMYHIKALIifHUX TEeXHOJIOTiH Ta pagioesex-
TpoHiku (YkpMiKo’2018/UkrMiCo’2018).

Opranizatopamu koHpepennii 6ynu I[EEE
Ukraine Section (KwuiB), IEEE Kharkiv SP/
AP/C/EMC/COM Societies Joint Chapter, IEEE
Kyiv ED/MTT/CPMT/SSCS/COM Societies
Joint Chapter, HarjionanbHUN TeXHIYHUHN YHI-
BepcuTeT YKpainu «KuiBChKHIl MOTITEXHIYHHMA
iHcTuTyT iMeHi Irops Cikopcbkoro», Omechka
HaIrioHanpHa akaaeMis 3B’ s3Ky iMeHi O.C. Ilo-
noBa 3a ydacTi MiHicTepcTBa OCBITH 1 HayKH
VYkpainu, HamionaneHoi akangemii Hayk Ykpai-
HU, IPOBIIHUX YHIBEPCUTETIB YKpaiHU Ta iHHO-
BalllfHUX TTAPTHEPIB.

Y cBOeMy BCTYIHOMY CJIOBI HAyKOBHI Ke-
piBHUK KoH(epeHuii akagemik HAH VYkpainu
M. IO. InbueHko po3mnoBiB Mpo poOOTYy KepiB-
HOTO KOMITETY IIIOJI0 OpraHizarii KoH(pepeHIlii,
npo 1i 3arajgpHi NOKa3HUKH Ta TEHAEHIT, pe/-
CTaBUB HOBUX KEPIBHUKIB CEKILil KOH(pepeHIlii,
OXapakTepHu3yBaB TEHJEHIIli Cy4acHOTO PO3BU-
TKy 1H(pOpMaIiiiHO-TeIeKOMYHIKAIMHUX TeX-
HOJIOT1H IOI0 pearizaiii nmepeadadeHs axkase-
Mika B. M. I'mymikoBa, 31ICHEHHS SIKHUX CTa€
6a31coM pO3BUTKY IM(PPOBOT EKOHOMIKH Ta 1H-
(dhopmariitHOro CycrijabCTBa.

[Tig yac BIAKPUTTS KOH(epeHIii 10 yJacHu-
KiB 3BepHyBcs 3actynHuk ronosu IEEE Kharkiv
SP/AP/C/EMC/COM Societies Joint Chapter a-p
TexH. Hayk B.B. IlapmnikoB. IlpuBiTanus Bix 3a-
cTynHuKa MiHICTpa OCBITH Ta HAayKd YKpaiHH
Maxkcuma BitaniiioBuya Ctpixu 3a4unTaB cTapii-
muHa koHepenmii i erinoro IEEE mpodecop
KIII im. Iropst Cikopcekoro a-p ¢i3.-Mar. Hayk
10. M. Ilonnasko, a Big iMeHi ronoBu OnecbKol
oOmacHO1 neprkaBHOI anmiHicTparii Makcuma
Bonoaumuposnya CrenaHoBa moOaXkaHHs yCITi-
X1B Y4aCHUKaM KOH(EpEeHIlii 3a4uTaB IpOPEKTOp
13 HaykoBoi pobotu OHA3 im. O. C. Ilomosa
KaHJ. TexH. Hayk B. A. Kanryp.
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Ha nieHapHOMY 1 4OTHPBOX CEKIIMHHX 3a-
cimanusax Oyio 3acmyxano 117 momoBinew, siki
BHCBITJIMJIN JOCSITHEHHS 27 YHIBEPCHUTETIB 1 Ha-
YKOBUX YCTaHOB YKpaiHM, HayKOBHUX Ta OCBIT-
HIX 3akmaniB BenukoOputanii, B’ernamy, Ita-
nii, Jlarsii, CILIA Ta iHmmX kpaiH.

Bucokwuii piBeHb MI>XKHApOIHOI HAYKOBO-TEX-
HIYHOT KOH(EpeHIIi 3a7aIi aBTOPHU JIOTIOBIJIEH,
3 SIKUMU YYaCHUKHU O3HAHOMUIIMCS MiJT Yac Iiie-
HapHOrO 3acimaHHs. HaiiOinpmmii iHTEepec Ta
yBary ciryxadi MpOosiBUJIH JI0 IOTIOBIICH BIIOMHUX
HayKOBIIiB, 30kpeMa «Introduction into the Gen-
eral Theory of Infocommunications» (I1. Bopo-
6ieako, OHA3 im. O.C. [Tomosa), «Intrusion De-
tection of Traffic Realizations Based on Maching
Learning using Fractal Properties» (/[. Arees,
T. Paaginosa, JI. Kupuuenko, B. bynmax, XHVY-
PE), «Frequency Estimation of Signals by ES-
PRIT Method using SSA-based Preprocessing»
(B. Bacwmimun, XHAY), «Magnetoresistance of
GaP0.4As0.6 Whiskers at Low Temperatures»
(A. Hpyxwunin, JI. OctpoBcbkuii, FO. XoBeHko,
H. JIsax-Karyii, HY «JIbBiBchka [loniTexHikay),
«On Weakly Damped EM Energy Transport
along Linear Ag Nano-Waveguides through L-
corners and T-junctions» (A. Yemnokx, OHA3
im. O.C. ITomoBa) Ta iHIIHX.

Cepen AOTOBifICH, BUTOJNIOMICHUX HA CEKIIi-
X KoH(epeHlii, OyJ0 4MMano OpUTriHAIbHHUX
JIOCHIPKeHb, IO BIJAMOBIIAIOTh aKTyaIbHUM
HanpsiMaM HayKOBOTO TOUIYKY. 30KpeMa, ydac-
Hukd Cekuii Ne 1 «InpoxomyHikawii» Bia3Ha-
YUK HAayKOBY Ta IMPaKTUYHY 3HAYYIIICTH JI0-
nosini asropiB C. BummueBoro, O. Jlsamyka,
C. XKyxka (KIII im. Irops Cikopcekoro) «Two-
stage Filtration of Digital Images with Regions
of Constant Intensity in the Presence of Additive
Uncorrelated Noise», y sikiii po3IISIHYTO H1AXO0-
A TOJI0 TMOOYIOBU JBOCTAiNHOT (iabTparrii
300paxeHb, KA CKJIATAEThCSI 3 MACHUBIB BiJlO-
MHUX KOHCTAHT 1HTEHCUBHOCTEM 1 ITOIIKOIKEHUX
JIOJJATKOBUX HE3B’SI3aHUX IIYMOBHX 3pa3KiB.
3HaYHMI 1HTEpeC HAYKOBI[IB BUKJIHMKANA J0-
noBiab aBTopiB O. Mockaienko Ta B. Mocka-
nenka (CyMCBbKUH Jep)KaBHUH YHIBEPCHUTET)
«Growing Convolutional Neural Network for
Malware Traffic Detectiony, y sikiil po3risiHyTO
MOJIelb, 0 0a3yeThCsl HA HEWPOHHIN Mepexi
31 3TOPTKOIO I BUSIBIICHHS XapaKTEPUCTHUK Ta
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notoyHoi kiacudikanii Tpadiky 3 MeToro jae-
TEKTYBaHHsI IIK1JUIUBOT0 Tpadiky Ha OCHOBI HO-
BUX METO/IIB HABYAHHS MEPEXi, IKI BU3HAYAIOTh
npaBuja MPUUHATTS PillICHb.

VY Cexkii Ne 2 «TenexomyHikartii» BHKJIMKaIA
3HA4YHy 3alikaBleHicTh nonoBiaps T. IImenso-
Boi (OHA3 im. O. C. [lonosa) «Communication
Device in d-Dimensional Square Grid», y sxiii
HABEIEHO aHal3 BJIACTUBOCTEM MOAEN] 17eanb-
HOTO TEJEKOMYHIKAL[IITHOTO MPOTOKOIY JIBOMa
kiacamu Mepex [lerpi 13 3a3HaueHHsM iX mepe-
Bar Ta HEJOMIKIB. 3arpOOHOBAaHO BUKOPUCTAHHS
po3dapboBanux mepex Ilerpi mis moOymnoBu Ta
aHaJIi3y TMPOCTOpPY CTaHIB MOJIEII Ta 3aCTOCYBaH-
Hs HECKIHUeHHHX Mepex [leTpi st ananizy Biac-
TUBOCTEH MOJEIeH METOIaMH JIHIHHOI anreOpu.
VBary yuacHukiB Cekiii Ne 2 mpuBepHYyia Takox
nonoBias aBropiB JI. YpuBcekoro, A. MommuH-
cbkoi, C. Ocumuyka, A. Ilemkina (KIII im. Irops
Cixopcpkoro) «The Comparative Assessment of
Corrective Parameters for Antinoise Convolutional
and Block Codes», y skiii 00rpyHTOBaHO METO-
JIMKY TIOPIBHAHHS XapaKTEPHCTHK 3TOPTKOBUX 1
OJIOKOBHIX 3aBaJOCTIMKUX KOJIB Yepe3 3BEICHHS
napaMeTpiB 3TOPTKOBUX KOMIB 70 E€KBIBAJICHT-
HUX TapameTpiB OiokoBux komiB. [TokazaHo, 110
3TOPTKOBI KO JIOIJIbHO BUKOPHCTOBYBATHU TiJIb-
KU B pa3l HasIBHOCTI OKPEMUX MOMUJIOK Y KaHaJIl 1
KOJIM BKJTUBUM (PAKTOPOM € TIPOCTOTA peastizariii
KOZIepa, B TOM 4ac K OIOKOBI KOIM MArOTh Kpallli
KOpETYyBaJIbHI BIACTUBOCTI Ta CKJIA HIIII aJITOPUT-
MU KOTyBaHH:/IEKOTyBaHHSI.

Cepen nomoBizield, BUTOJOIICHUX Ha CEKIi
Ne 3 «PamiorexHika», CiI BiA3HAUYUTH IOIO-
Bizb aBTOpiB O. Jlucenka, FO. Bonka, O. Puban-
k1 (CyMmcbkuil ep:kaBHUN yHIBepcuTeT) «Non-
linear Theory of Multiharmonic Two-Stream
Superheterodyne FELs with Helical Electron
Beamsy, npucBsiueHy BJOCKOHAJIICHHIO TEXHIKH
Ja3epiB Ha BUIBHUX eJIeKTpoHaX. Takoxk cXBalb-
Hi BIITYKH YYaCHUKIB CEKIil oTpuMaia podboTa
aBTopiB A. JlutBunenko, C. Trrokosca, Jl. IIi-
KynmiHca, A. AOontiHca (Pusbkuii TeXHIYHHMA
yuiBepcuret) «The Impact of Waveform on the
Efficiency of Wireless Power Transfer Using
Prefabricated Energy Harvesting Devicey, npu-
CBsIUEHA JIOCIIIPKEHHIO BILTUBY (JOPMHU CUTHAITY

Ha e(PEKTUBHICTh CUCTEM OE3MPOBOJOBOTO 30U-
panns eneprii (Energy Harvesting).

I[Tig gac pobotu Cekirii Ne 4 «Enexrponika»
3HAYHUN 1HTEpeC BUKJIMKaJIa JOIMOBIAb aBTOPIB
M. Impuenka, O. XKuBkoBa, A. 3azepina (KIII
im. Irops Cikopcbkoro) «Metamaterial Cells
Equivalent Circuit, Degenerated Oscillation and
Electromagnetically Induced Transparency», y
SKIH JTOCTIKEHI BIACTUBOCTI MeTamarepiaiiB
13 BUKOPUCTAHHSIM MOJIENI, IO J1a€ 3MOTy aHa-
J3yBaTH XapaKTEPUCTHKH MeTamarepialliB Ta
nepeadayaTd MOXKIMBOCTI iX €(EeKTUBHOTO BU-
kopuctanHs. llikaBoro Oyna TakoX J0ONOBIAb
aBtopiB I. KoBryna, C. Ilerpamyk, FO. boiiko
(Xmenpuunpkuii HY) «Stress Estimation for
Encapsulated Electronic Packages Subjected to
Thermal Impactsy, y sikiii HaBeZIeHI pe3yJabTaTH
eKCIIEpUMEHTAJIbHUX JIOCTIPKEHb HAIIHHOCTI
SJICKTPOHHMX TIPHJIAJIB 11T TETUIOBUM HaBaHTa-
KEHHSIM, 10 JY>K€ Ba)KJIMBO BPaxXOBYBATH IPH

3a pileHHsAM CEKIId BU3HAYEHI HaWKpaIl
JIOTIOBI/Ii, BUTOJIOIIEHI MOJOIMMHU BYEHHMH —
yuacHukamu Kongepeniiii, a came:

- Cexkuis Ne 1 «IndpoxomyHikamii» BH-
3HAJIa HaWKpamiow aomnoBias benutes Makcu-
Mma IBanoBuua (HY «JIbBiBChKa MONITEXHIKAY,
K.T.H., CTapIIOT0 BHKJIaJga4a Kadeapu TeIIeKo-
MyHikaiii), HapomxeHHs 18.07.1990 poky;

- Cexuist Ne 2 «TenexomyHikarii» BU3Ha-
7a Haiikpamioro jaonosiib HeszopoBoi Onenu
CepriiBan (XHYPE, acucrenra kadenpu iH-
(OKOMYHIKAIIHOI 1H)XKEHepil), HapOIKCHHS
26.05.1992 poky;

- Cexkuis Ne 3 «Papgiorexuika» BuU3HA-
7a Hakkpamor aonoBias OctpoymoBa IBaHa
BiktopoBuua (HAY, k.T.H.,, nouneHra xkade-
JIpM acpOHAaBITAlIMHUX CHUCTEM), HApOHKCHHS
03.07.1983 poky;

- Cexkmis Ne 4 «Enexktponika» BH3HaIa
Halikpamoro fgomosinb [llamapaina Aprema Bo-
nopumupoBuda (Cym/lY, acmipanta kadenpu
€JIEKTPOHIKU Ta KOMIT IOTEPHOI TEXHIKHU), Hapo-
JokeHHst 26.07.1992 poky.

IIpoBenena koHdepeHuis 30eperia ta 3a-
KpinuJjia cBoi 0co0/IMBOCTI.

Ilo-nepmie, BiAnOBiAHO 10 MemopaHIyMy
MiX opraHizaropamu KOH(pepeHIii Ta KepiBHU-
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mu opranamu IEEE xougepennis YkpMiKo
HiATBEpIMIa CTaTyC 3apeecTPOBaHOI B CHCTe-
mi koH(pepenuiit IEEE, Tomy Mae MOXIJIUBICTh
PO3MICTUTH Marepiayid BigiOpaHUX JOTOBimeH
B enekrponHomy pecypci IEEE Xplore Digital
Library, sikuii iHIEKCY€TbCS HAYyKOMETPUUHUMHU
6azamu nanux (Scopus, Web of Science, Google
Scholar Ta in.).

IMo-apyre, 3a opraHizalli€ro Ta MmiJICyMKaMH
NpOBENIeHHsI KOH(EPEHIIisl MiATBepAnIa CTaTycC
6a30Boi koH(pepenmii Haykooi pagum MiHic-
TEpCTBa OCBITH 1 HAyKu YKpaiHu, 110, 30KpeMa,
CIpsIMOBaHa Ha PO3IVIS JIOTOBIJEH, sIKi Bif-
JI3EPKATIOIOTh 3MICT JIeP>KOIOKETHOI HAyKOBOT
TEMaTUKU YHIBEPCUTETIB YKpaiHH.

Jlo KepiBHOro koMmiteTy KoH(epeHIil yBi-
v 8 uneniB Cekiii Ne 5 «Enexrponika, pa-
TiOoTeXHiKa Ta TelekoMyHikalii» HaykoBoi paau
MOH Vxkpainu.

16 13 24 uneHiB 11i€i CeKIii € aBTOpaMH Ta
CHiBaBTOpaMH JOMNOBiJel Ha koH(pepeHuii, sKi
BiJIMIOB1TafOTh TeMaTHili aepkoromkeTnux H/IP.

Ilo-TpeTe, OILIHKY HAyKOBOTO PiBHS POOIT
3aivicHioBany wieHn Cekmii No 5 Ta iHIIUX Cek-
it HaykoBoi panu MiHicTepCTBa, SIKi BBIAIILTH
no ckiaany IIporpamHoro komitety Ta Oyiau
y4aCHUKaMU IJICHAPHUX 1 CEKLIMHUX 3aciaHb
KOH(EepeHIIii.

Ho cxknany [IporpaMHOTro KOMITETY BBIHIIUIH
npeacTaBHUKU 17 HalllOHaTbHUX YyHIBEpCUTeE-
TiB, 6 HayKOBHUX, 30KpeMa aKaJeMIUuHUX, yCTa-
HOB YKpainu, 24 1HO3eMHUX HAyKOBUX IICHTPIB,
30kpema Bapmascbkoi nomitexHiku (Ilombima),
Jpesnencbkoro TexHigHOTO yHiBepcutery (Hi-
Me4Y4rHa), PH3bKOTO TEXHIYHOTO YHIBEPCUTETY
(JIaTBis) Ta iHIIHUX.

Yeboro G6axxaHHs B3TH y4acTb y KOH(pepeH-
1ii BusBriM aBTopu 181 H0omoBink, 13 sskux 97 %
— QHIJIOMOBHI.

3arayioM CBOi JIOTIOBi/Ii HAJIiCIIAIN TIPE/ICTaB-
Huku 40 ycraHoB, cepenu skux — 27 3BO 1 Hay-
KOBHX YCTaHOB YKpaiHH, 13 HayKOBHX YCTaHOB
Ta yHiBepcuTeTiB 3 BenukoOpuranii, B’eTnamy,
Itanii, Ipaky, Ilakucramy, IliBmennoi Kopei,
CIIA Ta iHmIMX KpaiH.

Haiibinpiry KinbKiCTh JOTMOBiAEH Haxicia-
mu KIII im. Iropst Cikopebkoro (28 momoineit),
XHY im. B.H. Kapazina (21 momnosias), HY
«JIpBiBCchKa moOmiTexHIKa» (21 HOMOBIB).
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Jo Iporpamu KoH(epeHIIil micias peneH3y-
BaHHs OyJ10 BKJItoYeHo 136 nonosinei, po3noi-
JIeHUX 32 4 HampsIMaMH.

3HayHa YaCTHHA JIOTIOBIJIeH HAyKOBIIB 3 yHi-
BEPCUTETIB BIAMOBIIAIOTH TEMATHUIIl JIEPKOIO-
mxetHUX HJIP (a came 70 31 117 BurosiomeHux,
100TO 60%).

98 nomogine#t (54% Bia MONAHKUX) MPOUIILIN
B1101p 1 pEKOMEHI0BaHi 710 PO3MIIIICHHS B €JICK-
tponHoMy pecypci IEEE Xplore Digital Library.

ITo-ueTBepre, y KOH(DEpeHIIIT B34JIU y4acTb
Ta MATPUMAIH 1i TPEICTAaBHUKU MPOPUTEHUX
MiIPUEMCTB Ta IHHOBAIIHHO OPIEHTOBAHMX 1H-
(dhopMaIiitHO-TeJIEKOMYHIKAIIHHUX ~ KOMITaHiMH,
10 Ma€ CIPUATH MOTIHOJICHHIO CITiBIpalli yHi-
BEPCUTETIB 1 HAYKOBHX YCTAHOB 13 MPOMHCIIO-
BICTIO Ta O13HECOM.

30kpeMa, cepel  MapTHEPiB-OpraHizaro-
piB koHpepennii — komnanii Nokia Ukraine,
Lifecell. TOB «Tenexapt-Ilpunan» sk nianpu-
€MCTBO-CITIBOPraHi3aTop BHPIIIAIO MHUTAHHS
(h1HAHCOBOTO 320XOYEHHS aBTOPIB KpaIuX J0-
MOBIICH — MOJIOIMX YYCHUX.

Ha miacTaBi po3miis ity BUTOJIOIICHUX JOTIOBI-
neit, npomno3utiii [IporpamMHoro koMirety, Horo
CHIBIOJIB 32 HampsMaMu poOoTu KoHpepeHIi,
TOJIOBYIOUHMX Ha 3aCiIaHHAX CEeKIlii KoH(epeH-
1isl peKOMEHYE:

l. Baxxatu Tpetio IEEE Mixknapon-
HY KOH(pepeHlilo 3 iHdopManiiiHO-TeIeKO-
MYHIKalliiHUX TeXHOJIOTIH Ta paaioeIeKTpo-
Hikn (YxkpMiKo’2018) Takoro, mo BifOymnacs
sk 0a3oBa koH(pepeHiis HaykoBoi pagn Minic-
TEpCTBa OCBITH 1 HAyKH YKpaiHM 3a HampsiMoM
«EnekTponika, pagioTexHika Ta TeJIEeKOMYHIKa-
1ii», gKa CpsIMOBaHa, 30KpeMa, Ha PO3MIIs J10-
MOBiJIEH, 10 BIA3EPKANIOIOTh 3MICT JIepikKOr0-
JxeTHOT HaykoBoi TeMaTuku 3BO Ykpainu.

2. Bin3zHaunTti Baromuii BHECOK B Op-
raHizanito KoH(epeHIii Ta B Ipoueaypy 3aiy-
yeHHsl KoH(pepeHuii B ctpykrypy IEEE Vkpain-
cekoro BimminenHs IEEE, a takox perioHanb-
nux npeacraBaukiB (IEEE Kharkiv SP/AP/C/
EMC/COM Societies Joint Chapter, IEEE Kyiv
ED/MTT/CPMT/SSCS/COM Societies Joint
Chapter).

3. Big3HauuTH, IO 3HAYHA KIJIBKICTh
JIOTIOBIZICH BIZMOBIZA€ 3MICTY JCPKOIOIKETHOT
HaykoBoi Tematuku 3BO Vkpainu 3a Hanpsima-
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mu pobotu Cexkuii Ne 5 «Enekrponika, pasio-
TEeXHIKa Ta TelekomyHikamii» HaykoBoi pamau
MOH VYkpainu; BpaxyBaTu BU3HA4YCHI B HUX pe-
3yABTATU TIPH TPOBEACHHI HAYKOBOI EKCIIEPTH-
3W Ha eTarax 3aBepIICHHs Ta PeKOMEHIAIH 10
BinkputTs HOBUX HJIP.

4. OpranizaniiHoMy KOMiTeTy KoH(e-
peHIlii miAroTyBaTH MPOMO3UIlii MOA0 BIOCKO-
HAJICHHS MMPAKTUKU Ta METOJIMKH MEPEBIPKH J10-
MIOBi/ICH 32 03HAKOIO OPUTIHATBLHOCTI.

5. 3BepHyTHCS A0 MiHIicTEepcTBa Ha-
VKU Ta OCBITH YKpaiHU 3 MPOIO3UIEI0 JTOTO-
BHUTH OCBITHI NPOrpaMH 3aKJIadiB CEPEAHbOT
OCBITH 3a HanpsMoM «lHdopmaruka» Temaruy-
HUMU MaTepiajiaMy, sKi BUCBITIIOIOTh 3HAYHHM
BHECOK y PO3BUTOK Cy4acHUX iH(opMariiHux
TEXHOJIOT'1H BITYUM3HAHUX YUEHHX, 30KpeMa aKa-
nemika B.M. I'nymikosa (Bian. M.IO. [npaenko).

6. Hagenewni B ogarky A momoBiji, siKi
BHUCBITJIIOIOTH HOBI, paHillleé HE OMyOJiKOBaHI
pe3ysbTaTH HAyKOBUX JIOCIIIKEHb, PEKOMEHIY-
BaTH ISl PO3MIILIEHHS B €IEGKTPOHHOMY pecypci
IEEE Xplore Digital Library.

TepMiH ToIaHHS MaTepiamiB IJIs PO3MIIIICH-
us (Biam. JI.C. Imo6a) — mo 10.10.2018 p.

7. PexomenayBatu HaBeleHI B JOJATKy
B nmonogizi, siki BUTOJIONICH] HA KOH(epeHIii Ta
PEKOMEHIOBaH1 BiJMOBIAHUMH CEKI[ISIMU, IS
PO3MIILIEHHS Y BITYU3HIHUX (PaXOBUX HAYKOBHUX
BUJAHHSX, 30KpeMa B MIKHAPOTHUX KypHalax
«Information & Telecommunication Sciences»
(KIII im. Irops Cikopcbkoro), «CeHcopHa enek-
TpOHiIKa Ta MIKpoCcHCTeMHI TexHoioriiy (OHY
im. L.I. MeunukoBa), « TenekomyHikariii Ta pai-
oenekTpoHika» (HY «JIbBiBChbKa MOMITEXHIKA»)
Ta IHIINX BUJAHHSIX.

Tepmin mogaHHs MarepiamiB A0 peAaKIlii —
10 10.10.2018 p.

8. IIpomoBXKUTH MPAKTUKY HATOPOAKEHHSA
MOJIOAMX YYeHHX — YYaCHUKIB KOH(pepeHLii 3a
Kpalli JI0NOBI/l Ha HACTYMHHUX KOH(EpeHLIsX
YkpMiKo.

9. Jomnogini, BkioueHi no IIporpamu
KoH(pepeH1ii, po3MICTUTU B 30ipHUKY MaTepi-
ajiB MixHapoaHoi koHepeHItii 3 iHhopmariii-
HO-TEJIEKOMYHIKaIliHHUX TEXHOJIOTIH Ta pajio-
enekrpoHiku (YkpMiKo’2018/UkrMiCo’2018)
3a y3rojpkeHHsM 3 kepiBHUIITBOM IEEE 1 micns
nmyOmikarii pekoMeH10BaHUX MaTepialiiB KoHpe-

penuii B exekrponHomy pecypcei IEEE Xplore
Digital Library (Biamn. JI.O. Ypuscbkuii).

10. PexomenayBaru Cekirii Ne 5 «Enex-
TpPOHIKa, pPAaTIOTEXHIKA Ta TEIEKOMYHIKalii»
Haykosoi pagu MOH VYkpainu po3misiHyTH mij-
CyMKH pobotu koHpepeHiii YkpMiKo’2018 na
CBOEMY YE€pPrOBOMY 3acCiaHHI.

1. PexomenayBatu  criemianizoBaHUM
BUeHUM pagaMm 3BO, sKi NparoTh y Tarysi
3HaHb 17 «ENeKTpoHiKa Ta TeJIeKOMYHIKaIii»,
BB)KATH JOIUIHHOIO MIATPUMKY Y4acTi 37100y-
BaviB HAyKOBOTO CTymeHs JokTropa (imocodii
B po0OOTI HAyKOBO-TEXHIYHUX KOH(EPEHIIH 1]
erimoto IEEE, 30kpema B mixkHapogHiii KoH]e-
pentii YkpMiKo.

3BepHyTHcs 10 MOH VYkpainu 3 nmpono3uiti-
€10 10noBHATH « Tumuacosuii [lopsnok npucy-
JUKEHHSI HayKOBO-OCBITHBOTO CTYTEHS JOKTOpa
¢inocodii» BUMOrorw BBa)KaTH 3aTIKOBUMH ITy-
OmikamissMu Marepiayiiv 3700yBadiB Ha MIXKHa-
POIHUX KOH(MEPEHIIISAX, K1 1HACKCOBaHI B MIXkK-
HapOJHUX HayKOMETPUYHUX Oa3ax Scopus, Web
of Science Ta iH. (Bian. M.1O. Inpuenko).

12. Tadopmariiro mpo pe3yabTaTd TpPOBe-
JeHHs KOoH(]epeHwii, mocuiaHHg Ha MmyOuiKarii
Ta 30IpHUK MarepiajliB pO3MICTUTH Ha CaMTi
koHbpepentii YkpMiKo’2018 mo 20.09.2018 p.
(Bimm. I.JI. Co30HHK).

[IpoindopmyBaTu BCiX aBTOpIB, K1 Hajaicia-
U omoBial Ha KoHdepeHIito YkpMiKo’2018,
PO MiJICYMKH KOH(EPEHIIii Ta 3apOCUTH iX 10
yuacti B koH(pepenuii YkpMiKo’2019.

3anponoHyBaTy peAaKkilisiM MPOBIIHUX CIe-
mianizoBanux Buganb IEEE ta Ykpainu po3wmic-
TUTH Marepiajd Mpo pe3yJbTaTH IMPOBEICHHS
KOH(EepeHIIi.

3anmponoHyBaTH PEAAKIIsIM LHUX BHUJIAHb
PO3MICTUTH TakoX 1H(OpMALI0 PO TEPMIHU
Ta YMOBH oprasizamii koHdepenmii YkpMi-
Ko’2019.

13. 3BepHyTHCS 10 BCIX YYaCHUKIB KOH(e-
peHItii Ta iXHIX KOJIET 13 MPOTIO3UIIIEI0 B3STH
OLTBII aKTUBHY Y4acTh Yy pOOOTI MIKHAPOAHOI
opranizauii IEEE Ta ii ykpaiHChKUX Migpo3fi-
7B, 30KpeMa Ha TMi/JCTaBi CIJIauyBaHOTO YJIEH-
crBa B [EEE.

14. AKTHBI3yBaTH 3alpoOIlEHHS J0 Y4acTi B
koHbpepeniii YkpMiKo npoBigHux 3akopoH-
HUX YYEHHUX, 110 MPALIOIOTh B YHIBEPCUTETAX 1
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Pexomenpanii MixkaapoaHoi KoH(epeHIlii 3 iHhopMaIiifHO-TeIeKOMYHIKaI[IHHIX TEXHOJIOT1H Ta

panioenexrponiku (YkpMiKo’2018/UkrMiCo’2018)

HAyKOBUX YCTaHOBax 0araTboX KpaiH CBITY, 30-
Kpema MpeACTaBHUKIB YKPAaiHCHKOI Aiacriopu.

15. Big3naunTi moAsgKor0 BCIX YIEHIB
Kepinoro, Opranizauiiinoro, IIporpamHoro
Ta BHKOHABYOrO KOMITETIB SIK OpraHi3aTropiB
koHbpepeHIii. OKpeMo TOIsJKYBaTH PEKTOPY
Onecpkoi HaliOHaJIBHOI akazemii 3B 43Ky iM.
O.C. Ilomosa mipo. I1.I1. Bopobienky Ta mpen-
CTaBHMKAM akaJieMii 3a 3Ha4Hl W yCHiIIHI 3y-
CHJUIA IOJI0 OpraHizalii npuiioMy Y4YacHHUKIB
KOH(EpeHIii Ta MPOBEIECHHS MJICHAPHUX 1 CEK-
MIWHAX 3aCiIaHb.

16. Opranizaiilo Ta MpOBEICHHS Ha-
ctynHoi MizkHaponHoi koHpepeHuii 3 indop-
MalliifHO-TeJIeKOMYHiKalliHHIX TeXHOJI0-
rii Ta pagioenexkrponiku (YxkpMiKo’2019/

114

UkrMiCo’2019) y nepion 3 10 o 13 BepecHs
2019 poky mopyuntn nirouomy KepiBHOMY KO-
MITETY.

PexomennyBatn KepiBHOMYy KomiTeTy BIO-
ckoHaMUTH ckJan [IporpaMHOTO KOMITETY Bif-
noBigHo 1o Bumor IEEE Ta 3 ypaxyBanHsM 110-
cBimy opranizanii YkpMiKo’2018.

17. MicueM TpOBENEHHS  HACTYII-
Hoi koH(pepenuii YkpMiKo’2019 Buznauu-
@ OIeChbKy HaIlOHATBHY aKaJeMii0 3B’SI3KY
O.C. IlomoBa BiZIMOBITHO /10 TOOAKaHb YYaCHH-
KiB KOH(epeHiii.

Pexomenparnii cxBameno Ha Ilnenapho-
My 3acinanHHi KoHgepeHuii YkpMiKo’2018
14.09.2018 p.



JIOJIATOK A

Hormo

Honmatox A

BiJII,

BuronomeHi Ha Tpetiit IEEE Mixknapoaniii kondgepenuii 3 inpopmaniiino-
TeJeKOMYHIKALIIHMX TEXHOJIOTIH Ta pagioe/IeKTPOHIKHU
(YxpMiKo’2018/UkrMiCo’2018)

Ta PEKOMEHI0OBaH1 BiJIMOBITHUMH CEKITISIMH JIJIST PO3MITIICHHS

B enekrpoHHOoMy pecypcei IEEE Xplore Digital Library.
EC# E#C Authors Title
1 1181 Vorobiyenko P. Introduction into the G.ene.ral Theory of
Infocommunications
Radivilova T., Kirichenko L., Bulakh V., Intrusion Detect} on of Trqfﬁc Rgahzatmns
Based on Maching Learning using Fractal
2 195 Ageyev D. .
Properties
. . The Method of Impact Analysis for Access
3 |166 Rolik O., Zharikov E., Yasochka M., Networks with RIP and OSPF Protocols
Butenko M.
4 | 158 Kuznetsov A., Shekhanin K., Steganography hiding of information in the
Kolhatin A., Kavun S. file system structure
Klymash M., Demydov I, Beshley Structures Assgssment of Data-Centers
5 | 154 . Telecommunication Systems for Metadata
M., Kostiv O. .
Fixation
6 | 116 Vasylyshyn V. Frequency Estimation of Signals by ESPRIT
Method using SSA — based Preprocessing
7 | 67 Pavlikov V., Hl];i)lggzie\l; Van, Zhyla$., UWB Aperture Synthesis: Investigation of
ry ’ Spatio-Spectral Sensitivity Domain
Tatarchuk D., Didenko Yu., Borisov A., Planar composite structures for microwave
8 | 29 ) .
Poplavko Yu. devices electromechanical control
Chemical composition and some structural
Klymov O., Kurbatov D., Frolov A. properties of Zn(1-x)Mn(x)S semiconductor
9 | 65 .
films obtained by close-spaced vacuum
sublimation
Druzhinin A., Ostrovskii 1., Khoverko Y., Magnetoresistance of GaP(0.4As0.6 whiskers
10 | 18 .
Liakh-Kaguy N. at low temperatures
On weakly damped EM energy transport
11 | 23 Chepok A. along linear Ag nano-waveguides through L-
corners and T-junctions
Section 1: INFOCOMMUNICATIONS
Baliar V., Petrik Yu. Resource allocation for delivery of MPEG
12 | 137 . .
video content via [P based systems
131 6 Avramenko V. Operative recognition of the form of the

numerical functions
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Kaidan M., Andrushchak V., Stryhalyuk B.,

Intelligent Data Flow Management Based on

Kychak V.

14 (177 Dumych S. Optical Label Switching Technology for
Photonic Transport Network
15 1 139 Globa L., Moroz A. Big Data processing for telecom operator
system
Nakonechniy O., Lysenko V., Koval V., Infocommunication Technologies for
16 | 117 Kalian D. Multichannel Monitoring of Synchronization
Signals and Energy Efficiency Control of
SMART- and Mikro-Grid Electrical System
Vyshnevyi S., Liashuk O., Two—stage filtration of digital images with
17 | 42 Zhuk S. regions of constant intensity in the presence of
additive uncorrelated noise
Mazurkiewicz O., Lopashchenko I. Estimation of face detection accuracy of
18 | 16 . . o .7
Viola-Jones algorithm in video applications
Panchenko O., Beshley M., Kyryk M., Investigation and Implementation of Methods
19 | 176 Beshley H. for Controlling the Intensity of Flow of
Information Protocols
Maksymyuk T., Luntovskyy A., Gazda Ju., Artificial Intelligence based 5G Coverage
20 [ 178 Klymash M. Design and Optimization using Deep
Generative Adversarial Neural Networks
21 | 9o Stephanovich O., Kuznetsova K., Steganography hiding of information using
Tarasenko Yu., Polins'ky O. 3D printing technologies (Ne92)
Moskalenko A., Moskalenko V. Growing Convolutional Neural Network For
22 | 57 ;
Malware Traffic Detection
23 |150|  Akolzina O., Gorbenko I, Kachko E. Rescarch of post-quantum public key
encryption algorithm
. Development of Software System for
24 | 175 Beshley M., Toliupa .S" Pashkevych V., Network Traffic Analysis and Intrusion
Kolodiy R. ;
Detection
25 | 77 Korchynskii V., Increase of transmission security based on
Kildishev V., Golev D. timer signal construction
2% | 53 Penkin Yu., Khara G., Kucherenko V., Software and hardware protection of control
Lytvynov O. channels in unsecure medium
Section 2: TELECOMMUNICATIONS
Oreshkov V., Balashov V., Barba I., Compensation of Crosstalk in the Parallel
27 | 15 Iegupova O. Operation of G.Fast Systems over TPP Type
Multi-Bundle Telephone Cables
Staschuk O., Stepanov D., Bahachuk D. Determining the Length of the Amplifying
28 | 73 Section Limited by Four-Wave Mixing for the
Non-Zero Dispersion-Shifted Fiber
29 | 127 Romanov O., Nesterenko M., Veres L. Integration of Modern Protocols IP-
Telephony In IMS Architecture
Shmeleva T. Communication Device in d-dimensional
30 | 103 .
square Grid
. . Pulse-code modulator for processing of
31 | 39 Kychak V., Vasylkivskyi M., Huz M., weakly intense signals in the terahertz

frequency range
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32| 9 Vasylkivsky M., Correction method of clock signals jitter in
Bortnyk G., Kychak V. telecommunication systems
Nikityuk L., Tsaryov R., Lavreka K., Method of Optimum Synthesis of
33 | 88 Shulakova K. Reconstructed Broadband Subscriber Access
Network
Avdeyenko G. Prototype of unidirectional microwave
34 | 143 wireless communication system with spatial
signals processing
Horbatyi I., Ki4selychnyk M. Investigation of the Efficiency of Methods for
35 | 124 Forming and Processing of Signals in
Wireless Communication Systems
36 | 171 Uryvsky L., Yakornov E., Tsukanov O. Method for determining the coordinates of
sensors in wireless sensor networks
Principles of Constructing a Neural Network
37 | 36 Boyun V. for the Selection and Primary Processing of
Information with Elements of the Human
Visual Analyzer
38 | 64 Fediushyna D., Model and Method of Li-Fi Network
Romanov O., Tho Dong Calculation with Multipath Light Signals
Lemeshko O., Yeremenko O., Mathematical Model of Calculating the
39 | 96 Persikov A., Vavenko T. Maximum Number of Disjoint Paths in
Secure Routing
Lebedenko T., Linear-Quadratic Model of Optimal Queue
40 | 106 Kholodkova A., Management on Interface of
Aymen Al-Dulaimi Telecommunication Network Router
Osypchuk S., Uryvsky L., The Comparative Assessment of Corrective
41 | 120 Moshynska A., Pieshkin A. Parameters for Antinoise Convolutional and
Block Codes
4 | 159 Kuznetsov A., Kolovanova le., Analysis and Investigation of Properties of
Panchenko V., Florov S. Algebraic Geometric Codes
Miskiv V.-M., Prudyus 1., Yankevych R. Code Binary Sequences Optimization Based
43 1149 . . .
on Their Algebraic Representation
44 | 180 Strelkovskaya 1., Solovskaya 1., Predicting characteristics of
Makoganiuk A. self-similar traffic
Lemeshko O., Tensor QoE-based Routing Model with
Yevdokymenko M, Evaluation of the Quality Rating
45 1108
Yeremenko O.,
Ahmad Hailan
46 | 111 Ilyashenko A., Kovalenko T., Diacoptic Method of Inter-Area Routing in
Nevzorova O., Ali Salem Ali the Telecommunication Network
Khodniev T., Varfolomieiev A., Comparison of RTSP and GigE Vision Video
47 113 Lysenko O.,Antonyuk O. Streaming Technologies in Terms of
Communication Path Utilization Efficiency:
an Experimental Approach
Investigating Ant Colony Optimization
48 | 169 Klymash Yu., Shpur O., Strykhaliuk B. Algorithm for Increasing Routing Efficiency

in Self-Organized Networks
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Lozhkovskyi A., Levenberg Ye. Calculation of Waiting Probability in the
49 1 2 Single-channel System with Self-similar
Network Traffic
Narytnik T., Rassamakin B. Coverage Aarea Formation for a Low-Orbit
50 | 179 Prisyazhny V., Kapshtyk S. Broadband Access System with Distributed
Satellites
Section 3: RADIO ENGINEERING
Nonlinear Theory of Multiharmonic Two-
51 | 44 Lysenko A., Volk Yu., Rybalko O. Stream Superheterodyne FELs with Helical
Electron Beams
Rassokhina Yu., ngh—Efﬁqlency Microwave Power Amplifier
52 1128 . on Basis of Defected Ground Structure
Chernov D., Colantonio P.
Resonators
bi ki Dumbbell-Shaped Defected Ground Structure
53 | 121 Komarov V., Ba}ry inO., Rasso ina Yu., Resonator Filter for High-Efficiency
Krizhanovski V. . .
Microwave Power Amplifiers
Chernov A., Kazmirenko V., Prokopenko Micromechanical Tuning of CPW-Based
T Yu., Vandenbosch Guy A. E. Resonator
A Method for Intelligent Synthesis of
» B Yushchenko A. Bandpass Filters and Its Electrodynamic Basis
56 | 47 Degtyarev A., Dubinin M., MaslovV., Spatial-energy characteristics of focused
Muntean K. modes of metallic terahertz laser resonator
57 | 27 Penkin Yu., Katrich V., Nesterenko M., Estimation of Surface Impedances for Thin
Dumin O. Metallic Films by a Waveguide Method
. Method of Decrease in Level of the Return
58 | 46 Lepikh Ya., Karpenko A. Radiation of the Aperture Antennas
Electromagnetic Waves
59 | 54 Zinher Ya., Adamenko Yu., Adamenko V., Fifth-Order Lowpass Filters on
Nelin E. Electromagnetic-Crystal Inhomogeneities
Yeliseyeva N., Berdnik Katrych V., Directional and Polarization Patterns of
60 | 94 Nesterenko M. Impedance Monopole Placed on Square Metal
Screen
61 | 52 Mayboroda D., Pogarsky S., Gazaryan R. Microstrip Monopole Antenna with
Complicated Topology of Slot Discontinuities
62 | 109 Vovchuk D., Khobzei M., Zhadan I. Prop'ertles of Antennas Modified by Wire
Media
63 | 131 Filins'kyy L.,Bukharov S., Dual Vivaldi Antenna for
Tsypko L.,Galych M. Telecommunications
Goriushkina A., . . . .
64 | 19 Zavolodko A., Svyd ., Comparative Analysis of Slg‘nal Processing
. Methods Secondary Surveillance Radar
Maistrenko H.
Svyd 1., Zavolodko A., Impact of Fluctuation Interferences to the
65 | 21 Maltsev A., Goriushkina A. Responders Performance of Secondary
Surveillance Radar System
66 | 40 Zhuk S., Tovkach L. Adaptive Filtration of Radio Source
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Movement Parameters Based on the RSS-
Measurement Sensor Networks in the
Presence of Anomalous Measurements

Emelyanov L.,

Features of Signals Reception and Processing

67135 | Miroshnikov A., Domnin I, Rogozhkin E. at the Kharkiv Incoherent Scatter Radar
6 | 60 Lishchenko V., Kalimulin T., Khizhnyak 1., | The Method of the Organization Coordinated
Khudov H. Work for Air Surveilliance in MIMO Radar
Ostroumov I., Kuzmenko N. Performance Analysis of Passive Positioning
6 | 97 by Distance Measuring Equipment and
Automatic Dependent Surveillance Broadcast
Data
Kuzmenko N., Ostroumov L. Aircraft location detection by Airborne Collision
70 | 98 )
and Avoidance System data
Hryvachevskyi A., Fabirovskyy S., Prudyus Evaluation of image informativeness in
71 | 151 L. multispectral monitoring systems with image
fusion
Polikarovskykh O., Gula L., Kovtun L., Dlr.ect digital frequency sypthesmer witha .
72 | 81 combined method of synthesis output harmonic
Karpova L. .
signal
Zinher Ya., Adamenko Yu., Adamenko V., | Delta Models of Frequency-Selective Structures
73 | 104 )
Nelin E.
Semenov A., Frequency Divider Based on a Transistor Structure
74 | 91 Savytskyi A., with Negative Resistance and an I-V curve of A-
Semenova O., Kychak V. type
Providing Technical Invariance of Crystal
75 | 118 Pidchenko S., Taranchuk A., Spivak A. Oscillators Based on Autonomising Dual-Loop PLL
System
. Experimental Investigation of Class E Power
Makarov D., Kryzhanovskyi V., e . .
76 | 138 Krizhanovski V..Grebennikov A. Am!:)llfler with Shunt Filter for Reduced Duty
Ratio
Litvinenko A., Tjukovs S., Pikulins The Impact of Waveform on the Efficiency of
77 | 170 D., Aboltins A. Wireless Power Transfer Using Prefabricated
Energy Harvesting Device
Section 4: ELECTRONICS
Iterative Algorithm for Estimation of Plasma
Melnyk 1., Piasetska N. Boundary Position in High Voltage Glow
78 | 5 Discharge Electrodes Systems with Spherical
Cathode, Conic Anode and Plane Additional
Electrode
79 | 76 Osadchuk A., Zhahlovska E. Koval D. Liquidometer with a Frequency Output on the
Basis of Capacity Sensor
Zhylenko T., Gaponova O. Statistical analysis of aluminized coatings
80 | 85 . .
obtained by electrospark deposition
31 | 28 Poplavko Yu., Didenko Yu. Spontaneous Polarization or Manifestation of

Peculiar Internal Structure

119



JIOJIATOK A

Tsizh B., Aksimentyeva O. Ways to Improve the Sensitivity and
82 | 10 Selectivity of Gas Sensors Based on
Polyaniline
Sugak D., Yaknnevych U., Buryy O., The Experimental Investigations and
83 | 147 Modeling of Copper lons Diffusion into
LiNbO3 Crystal
Huzenko O., Dobrozhan O., Kurbatov D., Ag, ZnO, Cu2ZnSnS4 nanoinks for printed
84 | 135 .
Opanasyuk A. electronics
Iichenko M., Zhivkov A., Zazerin A. Metamaterial Cells Equivalent Circuit,
85 | 26 Degenerated Oscillation and
Electromagnetically Induced Transparency
36 | 134 Karbovnyk I., Chalyy D., Lukashevych D., | Electrical Properties at Low Temperatures of
Klym H. PEDOT-based nanocomposites
Klym H., Shpotyuk O., Hadzaman I. , Microstructure of modified
87 | 133 Karbovnyk I. Cu0.4Ni0.4C00.4Mn1.804 Ceramics for
Temperature Sensor Electronics
Vasiljev A., Kozonushchenko O., The Resistivity of Thin Layer Formed in Si by
88 | 110 - o
Vasiliev T. Proton Beam Irradiation
Petrovska H., Yaremchuk 1., Malynych S., | Optimization of Recording Technology of the
89 | 84 Bobitski Ya. Surface Relief Diffraction Gratings on Base of
GaAs
Fitio V., Bendzyak A.j, Yaremchuk I., Properties of Metal/Dielectric/Metal and
90 | 45 Bobitski Ya. Dielectric/Metal/Dielectric Nanowaveguide
Structures
. Research of Mechanical Influences on
o1 1123 Botsman I, Nevliudova V. Flexible Printed Circuits Parameters
Nevliudov 1., Gurina D., Garyachevskaya I. | Methods of preparation real image for quality
92 | 115 . )
control of manufacturing flexible structure
Voliansky R., Sadovoi A., Sokhina Yu., Stability Analysis of Micro-Electrostatic
93 | 114 . , )
Volianska N. Actuator’s dynamic
Afanassyev D., Ubizskii S., Zhydachevskii Photon Counting with Synchronous
94 | 153 Y., Rabyk V. Background Subtraction for Time Resolved
Optically Stimulated Luminescence Readout
Ubizskii S., Afanassyev D., Zhydachevskii Set-up for Pulsed OSL Readout of YAP:Mn
95 | 152 Y., Dosimetric Detectors
Luchechko A. Rabyk V.
Baida I., Kulikov K., Timofeyev V. Regarding the Influence of Short-wavelength
96 | 43 .
Phonons on Intervalley Scattering
Gordienko Yu., Levchenko A., Shcherban I. | Physical decoding of multivarious images in
97 | 83
SMM
Kovtun I.,, Petrashchuk S., Boiko Ju. Stress estimation for encapsulated electronic
98 | 102 . .
packages subjected to thermal impacts
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JIOJIATOK B

Honmatok B

Jlomosii,

Burojiomeni Ha Tpetiii IEEE Mizknapoaniii kongepenuii 3 indpopmauiiino-
TeJeKOMYHIKAIiIHHUX TEXHOJIOTIH Ta paaioe/eKTPOHIKH
(YxpMiKo’2018/UkrMiCo’2018)

Ta PEKOMEH0BaH1 BIAMOBIAHUMH CEKIISIMH JIJIs1 PO3MIIIICHHS
y BITYM3HSIHHX ()aXOBUX HAYKOBHX BHJIAHHSX.

EC# 4 Authors Title
Volokyta A., Duc Thinh Vu, The Programming Language for Embedded
1 | 82 . :
Rehida P. Devices
2 | 100 Smimov A., Kuzn?tsova T., Mikheev Complex Discrete Signals in Steganography
3 1161 Kiyan A., Belozertsev I., Revak L., Code-based schemes of formation and verification
Malenko E. of the digital signature
4 | 37 Gnatyuk S., lavich M., Zhmurko T., Deterministic quantum cryptography protocol
Yubuzova Kh. model for depolarized quantum channel
s | 140 Ponomar V., Yesina M., Gorbenko Comparative analysis of key encapsulation
Yu. mechanisms
Nariezhnii O., .
610 oo, | Sdechmelatukor he oo qunm
Krivich M., Florov S. g
7 | 63 Globa L ., Kurdecha V., Shoferivskyi | Comparison of Three-Tier Architecture with Two-
A. Tier
Bunmn 3., Avc!eyenko G, UWB Reception and Transmission Based on
8 | 142 Narytnik T. .
Antenna Decoding
9 | g0 Romaniuk V., Stepanenko E., Zhuk Method of collecting monitoring information in
A., Romaniuk A. wireless sensor networks with UAV
10 | 58 Gurin O., Legenkiy M., Ryabykh V., Selective Properties of Azimuthal-Symmetric
Seniuta V. Diffraction Mirrors of a Terahertz Laser
Kaliberda M., Pogarsky S., Roiuk M. Diffraction by Double Layer Graphene Strip
14 Lytvynenko L. Grating
Piza D., Romanenko S., EstimatiQn of'losses 1n jammers compen.sation at
12 | 145 Moroz G., Semenov D. the classification-training sample formation by the
frequency method (Ne145)
The D-Trees Method and its Application to the
13 | 56 | Shapovalov Yu, Bachyk D., Chaban | Analysis of Linear Periodically-Time-Variable
K., Shapovalov 1. Circuits by the Frequency Symbolic Method
Druzhinin A.. Khoverko Yu.. Nichkalo Technological Micromachining of Silicon Wafer
14 | 70 ’ y for Fabrication of Micro/Nano Structures

S., Kogut 1., HolotaV.
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Some structural and optical properties of CZTGeS
15 | 78 Shamardin A., Kurb;.itov D., Hovorun | thin films obtained at different substrates
T., Medvids A. temperature
Hreb V., Vasylechko L. High temp.erature stru'ctural behaviour of potential
16 | 112 multifunctional material SmCo00.5Cr0.503
Solid Solutions Lal-xRxFeO3
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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 (bronmerenr 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-

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.
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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
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(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-



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.

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, 110 CTaTTs OpHTi-
HaJIbHA; Hi CTaTTs, HI pUCYHKH JI0 HEl He Oyiu
OMyOJIiKOBaHI B IHITUX BUJIAHHSX.

Binxuneni ctaTTi HE TOBEPTAIOTHCS.
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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
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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



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

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-
mats (see above), or in the text format (with
columns separated by interval, commas, or
tabulation characters).

9. At the article text end one must indicate
surnames, names and patronymics of all authors,
the mail address, the phone, a fax, e-mail (for the
correspondence).

10. List of references should be 1,5-spaced,
with references numbered in order of their ap-
pearance in the text. The bibliography is printed
only by the roman type (cyrillics represents in
transliteration).

The literature registration order should conform
to DAS of Ukraine requirements, for ex-ample:

[1]. LM. Cidilkov skii. Elektrony i 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. Figures and tables captions should
be printed in the manuscript double-spaced af-
ter the list of references. Footnotes should be
avoided if possible.

Only high-quality pictures can be accepted.
Inscriptions and symbols should be printed in-
side picture. Negatives, and slides are not ac-
cepted.
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Each figure should be printed on a separate
page and have a size not exceeding 160x200 mm.
For text inside figures, use 10pt. Measurement
units should be indicated after a comma (not in
blankets). All figures are to be numbered in or-
der of its appearance in the text, with sections
denoted as (a), (b), etc. Placing the figure num-
bers and captions inside figures is not allowed.
On the backside, write with a pencil the paper
title, author(s) name(s) and figure number, and
mark the topside with an arrow.

Photographs should be submitted as original
prints. Color printing is possible if its cost is
covered by the authors or their sponsors.

12. The article must be signed by author (all
authors) with the date indication on the last page.

Authors bear full responsibility for irre-
proachable language make out of the text, es-
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pecially for a correct scientific terminology (it
should be verified under terminological diction-
aries of the appropriate speciality).

13. The date of article acceptance is that one
when the final variant comes to the publisher
after a prepublication review.

After obtaining the proof sheet the author
should correct mistakes (clearly cancel incorrect
variant with blue or black ink and put the correct
variant on border) and send urgently the revised
variant to the editor by e-mail.

Author’s signature at the article end vouches
that author grants a copyright to the publisher.
Author vouches that the work has not been pub-
lished elsewhere, either completely, or in part
and has not been submitted to another journal.

Not accepted manuscripts will not be re-
turned.
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