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KYJIOHIBCBKA BJIOKAJIA TA OJHOEJEKTPOHHUM TPAH3UCTOP Y PAMKAX
KOHIENIII «3HU3Y — BTOPY» CYUYACHOI HAHOEJIEKTPOHIKH TA B
TPAJIALITAHINA KOHOENIII «3rOPH — BHU3»

0. O. Kpyenax, M. B. Cmpixa

AHoTalifA. Y METOIUUHII OISAI0BIH CTAaTTi, pO3paxoBaHiil HA HAYKOBIIIB, BUKJIA/IauiB Ta CTYACHTIB
BUIIOT IIKOJIH, TPOAHAI30BaHO SIBUILE KYTOHIBCHKOT OJIOKaAM B OMHOEIEKTPOHHOMY TPaH3UCTOpI Ha
OJIHiI} MOJIEKYi 3 TTO3UIIIH ABOX PI3HUX MiXO/IB: B KOHIIEMIIIi «3HU3Y — BrOPY» HAHOETIEKTPOHIKH 1, IS
TIOPIBHSHHS, B TPAAUIIIIHINA KOHLEMIIIT «3rOpH — BHU3» 3 3aCTOCYBAaHHSIM MAaKpPOCKOIIIYHUX BIACTHBOC-
TeH 1 MOHATH, SIK-OT EMHICTH IMPOBITHOTO KaHATy TOIO. B pamkax moOynoBaHoi exeMeHTapHoi Teopil
OHOEJIEKTPOHHOTO TPAH3UCTOPA MU OTPUMAITH YHUCENIbHI OI[IHKH JJISI MEX HAMPYT, Y AKUX MOXKIIHBE

© 0. O. Kpyrmsix, M. B. Crpixa, 2017



1O. O. Kpyrnsk, M. B. Crpixa

NEPEHECEHHsI CTPYMY 3 BUTOKY Ha CTIK, @ TAKO’K YMOB 1 apaMeTpiB, 3a SIKMX MOXKIIUBE eKCIIEPUMEH-
TaJbHE CIIOCTEPEKEHHS SBHILA «KYJIOHIBCHKOI OJ0KaIN», KOJIH CTPYM HE MPOTIKAE 32 HEHYIbOBOT
HaMpyTry MK BUTOKOM 1 CTOKOM.

KuirouoBi ciioBa: Hanodi3uka, HAHOCJIEKTPOHIKA, KYJIOHIBChKA 0JI0Ka 1a, OJHOCIEKTPOHHUI TpaH-
3UCTOP

COULOMB BLOCADE AND SINGLE-ELECTRON TRANSISTOR WITHIN “BOTTOM -
UP” APPROACH IN MODERN NANOELECTRONICS AND WITHIN TRADITIONAL “UP
- BOTTOM” CONCEPT

Yu. A. Kruglyak, M. V. Strikha

Abstract. In a tutorial review article directed to serve researchers, university teachers and students,
Coulomb blocade in one-molecule single-electron transistor SET is discussed under the «bottom — up»
approach of modern nanoelectronics, and, for comparison, within the traditional “up-bottom” concept,
using macroscopic characteristics, such as the capacitance of coducting channel etc. In a developed
elementary theory of SET we obtained numeric estimations for limits of voltages for possible electronic
transport from source to drain electrodes, as well as for conditions and parameters, under which
experimental observation of Coulomb blocade effect with zero current through SET under non-zero
voltage between source and drain is possible.

Keywords: nanophysics, nanoelectronics, Coulomb blocade, single-electron transistor SET

KYJIOHOBCKASI BJIOKAJIA 1 OMHOXJIEKTPOHHBII TPAH3UCTOP B PAMKAX
KOHIENINH «CHA3Y - BBBEPX» COBPEMEHHO HAHOJIEKTPOHUKH U B
TPAJULIMOHHOI KOHLIENIUU «CBEPXY — BHI3»

0. A. Kpyenak, M. B. Cmpuxa

AHHOTanms. B MeTommueckoit 0030pHOII cTaThe, pacuuTaHOM Ha UCCIeA0BaTelNei, mpenogaBaTenen
Y CTYJCHTOB BBICIIEH LIKOJIbI, IPOAHATM3UPOBAHO SBICHUE KYJIOHOBCKOM OJIOKAIbI B OTHOAIEKTPOHHOM
TPaH3UCTOPE HA OAHOU MOJIEKYJIE C ITO3ULIUM IBYX Pa3HbIX MOAXOI0B: B KOHLEIIUU «CHU3Y — BBEPX»
HAHOXJIEKTPOHUKHU U, U1 CPABHEHMS, B TPAAULIMOHHON KOHLICTILIUU «CBEPXY — BHU3)» C UCIIOJIb30BAHU-
€M MaKpOCKOIIMYECKUX CBOMCTB U ITOHATHUH, TAKUX, TAK €EMKOCTb IIPOBOZALLIETO KaHaJIa U I1p.. B paMkax
IIOCTPOCHHOM DJIEMEHTAPHON TEOPUH OJHONIEKTPOHHOIO TPAH3UCTOPA MBI IIOTYyYHWIIM YUCICHHBIC
OLICHKH JUISl IIPEJEIIOB HAIIPSKEHUMN, B KOTOPBIX BO3MOYKEH IIEPEHOC TOKA OT UCTOKA K CTOKY, a TAK¥Ke
YCIIOBUH M TApaMETPOB, IPHU KOTOPHIX BOZMOXKHO SKCIIEPUMEHTAIbHOE HAOIIOIEHHE IBUIICHHS «KYJIO-
HOBCKOM OJIOKaJIb», KOTJIa TOK HE MPOTEKAET MPH HEHYJICBOM HAIPSHKEHUH MEXKITy CTOKOM M CTOKOM.

KiroueBble cjioBa: HaHO(pU3MKA, HAHOAIEKTPOHHKA, KYJTOHOBCKAas OJ10Kaa, OHOIIEKTPOHHBIN
TPaH3UCTOP
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1. Beryn

[TpomoBxkyrouu 3HAHOMUTH BITUYM3HSHUX BH-
KJIaJ[a4iB, acIipaHTiB 1 CTYICHTIB, Kl UYUTAIOTh
KypcH a00 HaBYAIOTHCS Ha PI3HUX CHeliali3amisax
Gbi13U9HOTO 1 1HKEHEPHOTO MPOodIIIIo, 13 CY4acHOIO
KOHIICTIIIIEI0 «3HU3Y-Bropy» BUKJIAJaHHS (i3H-
KM HAaHOCHUCTEM, aBTOPOM siKoi € npod. Cympiiio
Harra (Supriyo Datta), 1o neBHoi Mipu anbrep-
HATHBHOIO TPAAMIIIMHIN, IO BIIITOBXY€ETHCS BiJl
PO3MIIsAY QHAJIOTTYHUX SIBUL y BEJIMKUX 00’ €MHUX
NPOBIAHUKAX, MU PO3IIsIHYNH B [1] Moznens Jlan-
nayepa — [Jlarra — Jlynncrpoma (JIZIJI), sxa Bxe
3HaWIIa MUPOKE 3aCTOCYBaHHS MPH aHAMI31 SIK
€JIEKTPOHHOTO, TaK 1 (POHOHHOTO TPAHCHOPTY B
pe3ucTopax SK HAaHOPO3MIPHHX, TaK 1 JOBIHX UM
00’ €eMHHUX.

[Tpu ubomy posmsia y [1] 3miicHioBaBcs st
BUIIAJIKY, KOJIM TEMIIEpaTypa KOHTAKTIB Pe3UCTOpa
ofHaKoBa. Y [2] HATOMICTh MU PO3IVISIHYIH TEPMO-
enektpuyHi eextu 3eebdeka 1 [lenbT’e B Moaeni
JIJIJT, a Takox sikicHO 0OroBOpHMIIM 3aKOH Binema-
Ha-DpaHIa i OCHOBHI PIBHSHHS TEPMOEIEKTPUKU
3 BIATIOBIIHUMH TPAHCIIOPTHUMHU KOE(il[iEHTaMH.
[Totomy B [3] Mu oTpumanu 1OBEAEHHS IS pe-
3yIbTaTiB, MOCTYIHOBAHUX Y [2], mpuyoMy 3po-
ounu e quist 1D, 2D u 3D npoBiAHKKIB 3 JOB1JIb-
HUM 3aKOHOM JucIiepcii 1 Oyb-IKUM pexuMOM
HPOBIAHOCTI: OanicTUYHUM, TUdy3iiHUM, a0 XK
HEePEeXiTHUM.

3 no3uiil TpaHcnopTHOi Mozeni Jlannayepa —
Harra — Jlynnctpoma y [4] noGynoBaHO y3arajib-
HEHY MOJIeNb IiepeHocy Teruia poHoHamu. Y [5]
MU PO3IVISHYIH, K y3arajJlbHeHa TPAaHCIOPTHA
mozens JI/IJI onucye npoBignicTs rpageny. Ha-
Jaii, B [6] MU pO3IIISIHYJIM POJIb PO3CISIHHS B MO-
neini JIZUJI # mponeMoHCTpyBaju, 110 MPH OMHUCI
TPAHCIOPTY €IEKTPOHIB Y POBITHUKY B TUQy3iii-
HOMY PEKHMIi Ba)KJIMBY POJIb BIJIrpae cepeaHs
JOBXKHMHA BUILHOTO NpoO0Iiry A, sika BU3HAYa€ KO-
edinient npoxomxenns 1 . Hapemri, B [7] Oymno
PO3TIISIHYTO KiHETHYHE PIBHSAHHSA bonbimana
(KPB), sixe B 3aCTOCYBaHHi 10 HAHOEJIEKTPOHIKU
PO3B’sI3y€ Ti K 3aBJIaHH, 110 i y3arajJbHeHa TpaH-
crnoptHa mozens JIJIJI. Mu nponemMoHcTpyBamnu:
JUTSL OTHUX 3aa4 kpaiie BukopuctopyBaru KPb, a
s apyrux — monens JIJLL

Crartio [8] Oylo mpUCBAYEHO METOJAaM BU-

MIpIOBaHHS MPOBITHOCTI i edexTy Xoma B ciad-
KHUX Ta CHJIbHMX MarHiTHUX MOJISX, 30KpeMa i 3a
HasBHOCTI Mepenaay TemIeparyp Ha KOHTaKTax
NpoBiJHUKA. B HIli MU TakoX 0OrOBOPHIH, SIK
YHUKHYTH IIPY BUMIpPIOBaHHI BIUIUBY apTe(aKTiB,
TaKuX, SIK OMip Ha KOHTaKTaX, Ta HEKOHTPOJIbOBA-
HUX TEPMOETEKTPUYHHUX €(EKTiB, Ta MPOJAEMOH-
CTpYBaJIH, SIK 311HCHIOETHCS 00OpOOKa pe3ynbTaTiB
MIPU KOHKPETHUX BUMIPIOBaHHSX.

[Mubmmii po3mis KOHIENIil «3HU3Y-Bropy»
Cy4acHO1 HAHOEJEKTPOHIKU Ta 1HIIUX ACTEKTIiB
BukopucTanHs moneni JIJIJI unray 3Haiige B [9,
10]. ¥V wmiii cTarTi MM HATOMICTh IIPOAHAIIIZy€EMO
SIBUILE KYJIOHIBCHKOI OJIOKaJN B OAHOEIEKTPOH-
HOMY TPaH3HUCTOPI Ha OJHIM MOJIEKYNi B paMKax
KOHLEMIII] «3HU3Y — Bropy» 1, AJIsl HOPIBHSHHSA, B
TPAIUIIHIN KOHIEMIIIT «3TOpH — BHH3Y 3 3aCTOCY-
BaHHSM MAaKpPOCKOIIIYHUX BIACTHBOCTEH 1 NOHSATH,
SK-OT €EMHICTb TIPOBITHOTO KaHAITy TOIIIO.

Panime Mu po3misgand KBaHTOBUH TPAHCTIOPT
€JIEKTPOHIB y MPY>KHOMY HPOBITHUKY METOJOM
HepiBHOBaXHUX QyHKUiNA ['pina (HPDI') B ma-
TpuyHOMY 300paxkenHi [11, 12]. [IpoBigHuk onu-

CyBaBCsI MaTpHIIEIO raMiIbTOHIaHy [H |, B3aemo-
JTist MK KaHAJIOM TIPOBITHOCTI ¥ KOHTakTaMu | Ta

2 onucyBalUCs MaTPULSIMH BJIacHOI eHeprii [, ]

Ta [X,], a B3aEMOJis €IEKTPOHA B KaHalll 3 HOro
JOBKUJUISIM OITUCYBAJIacsi MATPUIICIO BIACHOI €HEep-

rii [X,], sika MOXe pO3IIsaTUCS SIK JOJATKOBUIA
BipTyallbHUM KOHTAKT (puc.1).

S D

L]

L2

Puc. 1. IIpoBignuk B3aemonie 3 konTakTamu ([, ]

Ta [2,]) i HaBkoaUMIIHIM cepexoBumem ([Z,]).
IIpuxiagena 10 NpoBiTHMKAa HANIPYTra BU3HAYAETh-
csl Pi3HUIEI0 eJeKTPOXiIMiYHHMX NMOTEHIHAJIB

M=y =gV .
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SIKiio meperniveHi BXiJiHI MaTpuIll BU3HAYEHi, TO
3aj1a4a 3BOJUTHCS IO YOTUPHOX PiBHSHG (6), (13),
(14) 1 (16) y [11], po3B’s30K SIKHX BH3HA4Ya€ BCIO
enekTpoizuKy Haroro pesucropa. OJHaK B3a€EMO-

JIit0 BCepeInHI KaHaiy [X,] mMu abo B3arai He Bpa-
XOBYBaJIM (KOTEPEHTHHI TPAHCIIOPT), a00 po3isiia-
JIM TUTHKU TIPOLIECH MPYKHOTO Je(ha3yBaHHsI, OIHCY-
BaHi piBHsHHAME (1) B [12] Ta (176) — (178) y [13].

Taxuit BubIp [X,] He 103BOJIsE BpaXyBaTu OOMiHY
SHEPTi€I0 3 HABKOJIUIIHIM CEPEIOBHIIIEM, 1 BIUTUB HA
TPaHCHOPT €JIEKTPOHIB 1€ CEPEIOBHUIIE YAHHUTD TilTb-
KU BHACJIJIOK BpaxyBaHHs OOMiHY IMITyJbCaMH Ta
«hazammy» [12, 13]. @akTaHO B IIX pOOOTAX 1MLIO-
CsI TIPO TIPYXKHI PE3UCTOPHU 3 ypaxyBaHHSAM KBAHTO-
BoMexaHIYHHX edekriB. 3aranpauii metoq HPOI
3aCTOCOBYBABCS JI0 TIPY’KHUX PE3UCTOPIB 32 aHAJIO-
Ti€l0 70 PO3MIsiAy MPYKHUX MPOBITHUKIB 3 BUKO-
PUCTAaHHSM KIHETHYHOTO piBHSIHHS bonbimana
(KPB) [7, 14— 16].

Sk MOXKHA BHMTH 32 MEXi MOJIEII MPYKHOTO
pesucropa? J{isi KBa3iKJIaCUYHOTO €JIEKTPOHHOTO
TPAHCIIOPTY HETIPYXKHI B3a€EMOJIii MOYKHA BpaxyBaTH
B pamkax (opmainizmy KPb. Ananoriuso e Mox-
Ha 3pOOUTH JJIs1 KBAHTOBOTO TPAHCIIOPTY B paMKax
merony HPOI. Posmisn npyxHoro nedasyBaHHs B
[12, 13] BpaxoBye Juie OKpeMi B3aeMOii, OLTbII
MOBHUH PO3IVIA MOXKHA 3HAWTH B KIIACHYHHUX PO0O-
tax [17—19].

MopemntoBaHHS IPOBITHHUKIB 13 CUMETPUYHUMHU
koHTakTamu (puc. 28 B [10]) He MoXxe ciryryBaru
KPUTEPIEM BIIMIHHOCTI M I00pOIO TEOPETUYHOIO
MOJICTUTIO Ta He3a10BUIbHOK. EdekTuBHOI0O Tepe-
BIPKOIO MOJIETICH HEMPY>KHOTO PO3CISTHHS MOXKE CITy-
ryBaTd KaHaj MPOBIAHOCTI, 300paXeHUI Ha pHC.
29 B [10], B sikoMy BeCb CTPyM Ha 000X KOHTaKTax
00yMOBIICHO HETIPYKHUMH ITPOLIECAMHU.

A B3araini, siKi MeXi 3aCTOCYBaHHSI METOIY
HPOI™?

Meton HP®I" Gyio po3pobiieHo Ha modarky 60-x
POKIB Ha OCHOBI KBaHTOBOi 0araTto4acTHHKOBOI TEO-
pii 30ypens (BUT3) [20 — 22]. 3naBanocs, mo BYT3
MOXXE, B IPUHIIMII, BpaxyBaTH Oy/Ib-sIKi B3a€MOII.
AJte 11e He 30BCIM TakK, 00 IIe BCE K TaKu Teopist 30y-
pEHb, SKa B IEBHOMY PO3yMiHHI Haraye 004ncieH-

a1 (1—x)" uepes posknan 1+ x + x>+ x° +..., 0

MOXHa poOuTH, Ko |x |<1. B 3BopoTHOMY BH-
MaJIKy e po3KJaj He3aCTOCOBHUM, 1 MOTPiOHI

8

1HII TAXOIU, HE MOB’sI3aHi 3 Teopiero 30ypeHb
(abo x MOTPiOHO IIyKaTH 1HIINI MaJuii mapameTp
Teopii 30ypeHs).

Jo piBHOBaxHUX 3aaa4 3amictb bBUT3 moxHa
€(eKTUBHO 3aCTOCOBYBATH, HANPUKJIIA], METOAN
Teopii QYHKILIOHATY T'YCTHHH, SKi HIUPOKO BHKO-
PHUCTOBYIOTH Y KBaHTOBIH XiMii [23]. MonenmtoBaH-
HSl HEPIBHOBA)KHUX 33/1a4 3HAYHO CKJIajHiIe, 60
3a BIJICYTHOCTI piBHOBAaru BUHUKAE IIJIMHA CIIEKTP
0araTO4aCTUHKOBHUX CTaHIB, SIKI CKIaIHUM YHHOM
B3aEMOJIIIOTH 13 KOHTakTamu. OJHaK 3a3BUYaii y Tii
a0o 1HIIIH crierianbHii 3a1a4i Pi3uKy TpaHCTIOPT-
HOTO TIPOIECY BIAAETHCS TaK ab0 1HAKIIIE YCIIITHO
MOJIEITIOBATH.

[cHYI0TB, OITHAK, €KCTIEPUMEHTAIILHO CIIOCTEepe-
KyBaHi (haKTH, sIK-OT SBUILE KYJIOHIBCBKOI OIOKaIM
MIPU TPAHCIIOPTI OTHOTO elIeKTpoHa [24 — 26], konu
TpauLiiiHa XapTpi—(pOKIBCbKa MOJIEb BpaxXyBaHHS
MDKETICKTPOHHOI B3a€EMOJIIT B paMKax Teopii caMmo-
Y3TO/IKEHOTO TOJISI HE TPaIlioe. X04a He BUKITIOUe-
HO, 110 B Maii0yTHLOMY HOLIACTUTH MOOYAyBaTH

Taki MaTpuIi BIacHoi eneprii [X] Ta [EZ”] B MeTO-
11 HPOT, 106 po3noBcronuTH HOro 1 Ha Il SIBUIIIA.

2. KynoniBcbka 0J10KaJa Npu TPAHCHOPTI
O/THOTO eJIEKTPOHA

JloTpumytodnch 6a30BUX MOJIOKEH KOHIICTIIi
«3HU3Y — BrOPY», 32 QaHAJIOTI€I0 3 HAUMPOCTIIINUM
OIHOPIBHEBUM PE3HCTOPOM 3 OJHIEI0 MOIOIO MPO-
BofiTHOCTI 3 eHepriero £ (§3.1 B [27]), po3risHb-
MO JIBOMOJIOBU PE3UCTOP, KOXKHHIA 3 IBOX PiBHIB
SKOTO 3aiHATO OJJHUM EJIEKTPOHOM — OJHUM 31
CIIHOM «YTOpY», IPYTHUM — 31 CIIIHOM «YHH3», 1110
MaloTh OJIHY ¥ Ty caMy eHeprito & (puc. 2).

S D

Hi

Puc. 2. Buxigna cxeMa HamiB3anoBHEHHX CTaHIB
y AIBMILI KYJIOHIBCHKOI 0JI0KaIu.
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Tako IPUIYCTIMO, 110 eNEKTPOXIMIYHHIA TT0-
TEHIa] 4 30iraeThCs TOYHO 3 EHEPri€lo PiBHIB &,
1 TOMy KO>KHUH 3 piBHIB 3alIOBHEHO HAIIOJIOBUHY,

ockinbku Gepmisebka QyHKIIA f; |, ,=0.5 [1].
Crin o4iKyBaTH BUCOKOTO 3HAYEHHS TIPOBITHOCTI,
00 eJIEKTPOXIMIYHHI MTOTEHIIIAJ JISKUTH ITOCEPEI-
MH1 KOYKHOTO 3 JIBOX OJTHAKOBO PO3IIMPEHUX PIBHIB
eneprii € [1, 27].

OnHak, SIKII0 MUTOMA (B IEpEepaxyHKy Ha OJIUH
€JIEKTPOH) €HEepris 3apsKyBaHHS IPOBIIHUKA
(mepemimieHHs 330BHI JI01aTKOBOTO €JIEKTPOHA B

ueit nposinuuk) U, [10] nocTarHpo Bennka, TO
CIIEKTp €Hepriil y MpoB1IHUKY 3MIHUTBCS: OJIUH 13
PIBHIB 13 IUM JOJATKOBUM E€JIEKTPOHOM ITiHI-

MeThCs BULIE Ha BennuuHy U, (puc. 3).

S D
&+ U[]

L2

Puc. 3. KynoniBcbka 0J10kaia 3 mo3ullii KOHIeN-
wii «3HU3Y — Bropy»: ABOXMOJAOBHII KaHAJ MPOBiI-
HOCTI (pHc. 2) 3 ypaxyBaHHSIM eHeprii 3apsaIKyBaH-
HSI Ma€ CYTTEBY MEHIY TYCTHHY CTaHiB B OKOJi
eneprii £ = u , a, oTKe, if cyTTEBO GilIBIIMIA OMip,
SIKIIIO IATOMA eHeprisi 3apsizKyBaHHsI MPOBiIHNKA

U, nocraTHbo BejnKa.

YoMy Bropy He 3CyBa€ThCs i IpyTruil piBeHb 3
enexTpoHoM? Tomy, 1110 piBeHb €HEPrii 3 eNeKTPo-
HOM HE MOXKE «B1UyBaTH» IMOTEHIIiaJ], CTBOPCHUN
IIUM Taku enekTpoHoMm. Lleit edext camoB3aemonii
HE BPAaXOBYETHCA B OOMEKEHOMY METOJII CaMOy3-
rojukeHoro nojust Xaprpi — @oka, i TOMy MM BBa-
xkanu [10], mo nns cucrtemu N €IEKTPOHIB

U =U, N . HatomicTp y 11030aBJIEHOMY LIOTO 00-
MEXKEHHS MiIX0JI B METOJII CAMOY3TOIKEHOTO
nofist [28 — 30], Kou KOXKHHIA PIBeHb [ BiT4yBae

nito noreHuiany U, , AKUH 3a1€XUTh BiJ 3MIHU
qHcia eNeKTPOHIB, sIKi 3aiMarOTh YCi piBHI, KpIM

1-r0, MAEMO:

U =Uy(N=-N)). ()
Sxmo Bukopucraru (1) samicte U =U N , Mu
OJIEP)KUMO KapTHUHY 3aCEJICHOCT1, 300pakeHy Ha
puc. 3, 3 €IEKTPOXIMIYHUM TMOTESHITIAJIOM 4 TIO-
OJIM3y MOJIM TIPOBITHUKA, 3aCEJICHOT OTHUM EJIEK-
TpoHOM. ToMy caMOy3ro/lKeHUI pO3B’SI30K y pam-
Kax migxomy 6e3 0OMeKeHb BUIIISIaTUME TaK:

N, =1, U,=U, N,=0, U,=0, (2)

110 O3HAaJae: HIKHINA piBeHb 3aceneHo (N, =1),

a pesynbryrounii norenuian (U,, =U,) 3cyBae
piBEHb Ul €JIEKTPOHA 31 CIIIHOM «Bropy», 1 1ei

piBenb Oyne nopoxHim (N,, =0). Ockinbku 3cy-
HYTHUH yropy piBeHb He 3aCeJIeHHH, TO MOTEHIIial,
SKUH «BIIYYyBa€» HIOKHIN piBeHb, JOPIBHIOE HYIIE-

Bi (U, =0), 1 el piBeHb HE 3a3HAE 3CYBY.
dn

L xapTHHA CUMETpPUYHA IIOJI0 3aMiHU «BrO-
py» Ha «BHU3»:
N,=l U,=U, N,=0, U,=0.

up

)

[eit Habip (3) Takox € po3B’s3KoM. YHCEIbHO
MpoIeaypa CaMOYy3roKEHHs MPSIMyBaTUME /10
OJTHOTO YH J10 Apyroro po3B’si3ky (2) uu (3) B 3a-
JISKHOCTI, 30KpeMa, Bij TOTO, XapaKTEePU3yBaTH-
METhCSl ITOYaTKOBE HAOIMKEHHS B iTepaliiiHomy
npoueci Oinbumm 3HavendsM N, au N, .

SIBuIIe KyTOHIBCHKOT OJI0Ka M MOYKHA CTIOCTE-
pirary, sIKIIO0 MUTOMA €Hepris 3apsaKyBaHHs U,
Habararo mepeBuIIye TeIIoBy eHeprio k7 1 Bif-
TTOB1IHE PO3MHUBAHHS CIIEKTPAILHUX JIHIM TTPOBII-
Huka. [Ipu qogaBaHHI OTHOTO €JIEKTPOHA JI0 MPO-
BiJIHMKa HOTo nmoTeHuian 30inburyerbes Ha U, /q .
JIy1st MacHBHHX TIPOBITHUKIB IIEH MOTEHITI A CKJIa-
Ja€ MiKpOBOJIBTH YU HABiTh MEHIIE, 1 HOTO HE
MOXKHA CIIOCTEPIraTH HaBITh MPHU TyXKe HU3BKHX
TeMIleparypax, — aJpke Oynb-sIKHi eHEPTreTUIHHMA
napameTp MpOBiTHUKA PO3MHUBAETbCA HA kT, 110
CTaHOBUTH ~ 25 MeB npu kiMHaTHIi TeMneparypi
1~ 200 mxeB nipu Temneparypi ~ 1K . O1xe, edexr
3apsiKyBaHHS MPOBIHUKA, 10 CIIPUYHHSIE SBUIIIS
KYJOHIBCBKOI OJTOKa/Ii, MOYKHA CIIOCTEpIiraT AJis
JOCTAaTHBHO MAJIMX MPOBITHUKIB (SIKIIIO EHEPTist U,

9
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HAIPUKIIAJ, CTa€E NOPAAKY 1 meB, 1ie MOXHa 3po-
OWUTH 3a TeJieBUX TeMIiepaTyp). AJe s MpoBija-

HHKIB MOJIEKYJIIPHOTO po3Mipy eHepris U, Moxe
CKJIaJIaTH COTHI MeB, 1110 J1a€ MOXKIMBICTE CIIOCTE-
piratu siBUILE KyJOHIBCHKOI OJIOKaaW HaBITh MPH
KiIMHATHIN TeMIlepaTypi.

€ wie i npyruii GpakTop, KUt OOMEKy€e MOKITH-
BICTh CIIOCTEPEKEHHS €(eKTy KYJIOHIBCHKOi O110-
kazu. OKpiM TeMIepaTypHOTO PO3MHUBAHHS BCiX
SHepreTUYHUX MapaMeTpiB pesucropa ~ k7T icHye
me W Oinbm (yHAaAMEHTaIbHE PO3MIMPEHHS

¥ ~ h/t, OB’ s13aHe 3 4aCOM MPOJIBOTY ¢ EIEKTPOHA
yepes npuctpiid. Eexr 3apsipKyBaHHs NPOBIIHUKA
MOKEMO CIIOCTEPIraTH TUIBKU TO1, KOJIU KYJIOHIB-

cbKa LiMHa U, CyTTEBO NEPEBHUILYE L€ PO3ILIU-

penns U, > h/t. CnoctepexeHHs e(eKTy Kylo-
HIBCBHKO1 OJIOKa/IM HaBITh [Tl HAMEHIIIUX MTPOBII-
HUKIB Tiepe0ayae HasiBHICTh JOOPUX KOHTAKTIB Y
BUMIPIOBAJIbHIN CXeMi.

3rooM M1 OOTOBOPHUMO YMOBH CIIOCTEPEKEHHS
KYJIOHIBCBHKOT OJIOKa/I B TPAAULIITHOMY KOHTEKCTI
yepe3 KOHTAKTHI ONOpU W mapamMeTpu3aliio BCiX
B3a€EMOJIH B KaHall MPOBITHOCTI CyMapHOIO €M-
Hictio [31, 32]. A 3apa3 nepeieMo 10 po3nIsiLy
BOJIbT-aMIIepHUX XapakTepucTuk (BAX) 3raganoi
JIBOXPIBHEBOI MOJIEITI.

2.1. BoibT-amMiiepHi XapaKkTepuCTHKHU

Mu cpoCTHMO PO3IIISII TBOXMOIOBOI MOJIEi
NPOBIIHUKA: HEXal WOro piBHI eHeprii (ikcoBaHi
11010 BUTOKY S 1HE 3a3HAI0Th €J1€KTPOCTAaTUYHOIO
BBy [10] 3 60ky croky D . Hextyrouu enek-
TPOH-eeKTPOHHOIO B3aeMoieto (U =0), omepxy-
emo sikicani Xin BAX, 300paxenwii Ha puc. 4.

Hanpyra

Puc. 4. SIxicunii xin BAX 1B0XM010BOT0 pe3ncTopa
npu U=0iU=UN.
10

[{oiiHO eneKTpOXIMIYHUM MOTEHIIAN £, HEepe-
THE €HEpriio PIBHIB &, SIK CTPYM Bipazy XK JOCAT-
HE CBOI'0 MaKCHMaJIbHOTO 3HAUEHHS.

SIK110 Ha HAaCTYITHOMY eTarll BpaxyBaTu e(exT
3apsKyBaHHS IIPOBITHUKA YePe3 CaMOy3TO/LKEHUI

norenuian U = U, T0 3pocTaHHsA CTPyMy BiIOyBa-
TUMETBHCA B MEXKax IICBHOI'O z[iar[a30Hy 3a HIKaJIOIO

Hanpyr nopsaaky ~ U, /q , OCKUIbKY 3apsiKyBaHHS
3CyBa€ piBHI Bropy i norpidHa Ouibllia Harpyra,
1100 L1JIKOM MTOKPUTH PiBHI €HEprii MPOBIHUKA.

Skmo x ypaxyBaTtu €(eKT caMmOB3aEMO/IIT B
niaxoai 6e3 oomexens (1), mu ogepkumo BAX 3
MIPOMIKHUM ILJIATO, TIOXO/DKEHHS SIKOTO LTIOCTPY€
puc. 5.

e+

e+l

Townimmit ananis
y npoctopi Poka

Ji=Up(N - N)

Ui = U()N

Hanpyra

Puc. 5. Tounime po3rtamyBanHsa miato Ha BAX
3riiHO 3 aHAi30M y npocTopi Doka.

SIK BHJTHO 3 30HHUX Jliarpam Ha pHc.S, Crepiry
MOJIOBUHHUN BHECOK Yy TIOBHY IPOBIAHICTH /A€
TIIBKHM HIKHIM piBEeHb (AiarpaMa mocepenuti), a
MMOBHOTO CTPyMY MH JOCSTHEMO TiJTbKU TOi (ia-
rpama npaBopy4), KOJIM MOJaHO JOCTaTHIN MOTEH-

mian g, , mo0 piBeHb XIMIOTEHLIATy paBoOpyd

OIIMHMBCS BUIIE BiJ piBHA 3 eHeprieo £+ U, .
Ile mpoMmikHE TIATO CIpPaB/i HEOJIHOPA30BO

CTIOCTEPIrajii eKCIIepUMEHTAIbHO, aJle KiJIbKICHO

HOro BHCOTa JOPIBHIOE HE MOJIOBHHI, a IBOM Tpe-

THHAM BiJl TOBHOTO cTpyMy 2¢/t . I{ro BiaMiH-
HICTh HEMOXKJIUBO TMOSICHUTH B paMKaX OJHOYAC-
TUHKOBOI Mozeni nmpoBigHuka. OaHak, i MoXHa
OPUPOAHUM YMHOM OTPHUMATH MPHU MEPEXOl A0
npoctopy Doka.
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2.2. Mojae/siloBaHHS 3apsiI2KyBaHHSA NMPOBi/I-
HHUKA B (pOKIiBCHKOMY NMPOCTOPi

Mu Bke BUKOPHCTOBYBAJIM OMUC KBaHTOBO-
ro CTaHy MpoBigHHUKA B mpocTopi Poka [33, 34].
SIKII0 B OAHOYACTUHKOBINA MOJIECNIi MU TOBOPHMO
PO 3aIIOBHEHHS YH CITyCTOLICHHS PiBHIB €HEprii
MPOBIJHUKA €IIEKTPOHAMH Yepe3 KOHTAKTH, TO
(OKIBCBKE 300paKeHHS ]a€ MOMKITHBICTh TOBOPUTH
PO TepexiJ yCiel CUCTEMH eJIeKTPOHIB MPOBij-
HUKa 3 OTHOTO CTaHy B JPYTHI.

Tak, puc. 6 1eMOHCTPYE OTHOPIBHEBUH pE3HC-
TOp B OAHOYACTHHKOBOMY 300paK€HHIi 1 B Mpo-
cropi Poka: cran 0 — mopoxHiii, a cran | — 3a-
CeJICHUM.

Puc. 6. OnHoMon0BMii pe3UcTOpP B OAHOYACTHHKO-
BOMY 300paxkeHHi (J1iBopyy) i B pokiBcbKOMY Npo-
cTopi (mpaBopyy).

Ha puc. 7 oqHOUaCTMHKOBY MOJIEJIb IBOXPIBHE-
BOT'O PE3UCTOpPa 31CTABJICHO 3 HOTO X (POKIBCHKUM
300paXXEeHHSIM, SIKE JEMOHCTPYE YOTUPH MOKIIUBI
CTaHM MPOBITHUKA, K1 BIIPI3HAIOTHCS 3aCeNEHIC-
TIO LIUX CTaHIB €JIEKTPOHAMHU.

/ 11

— E=2£+UU
0of — —10
E=¢
— E=0
00

S A

Puc. 7. IBoxMo10BMIii pe3ucTOP B OAHOYACTUHKO-
BOMY 300paxeHHi (JiBopy4Y) i B (OKiBCbKOMY NPO-
cTopi (mpaBopyy).

B 3aransHOMy BUnajaky N-piBHEBUIl pe3uCTOp

mae 2" craniB y nmpoctopi ®oka. Mu 1ie mosep-
HEMOCS JI0 PO3IIISLY IIHOTO 3arajbHOTO BHIIAKY.
A 3apa3 po3IITHEMO PIBHOBOKHUM CTaH y MPO-
ctopi ®oka. [Iponenypa oduncaeHHsT TMOBIPHOC-
Ti TOTO, IO CHCTEeMa MepedyBaTHMe B CTaHi i, B
yMOBax piBHOBaru no0pe Bigoma [33, 34]:

1
_ 1 wvonr
pi=—e€ g >

~ 4

ne Z — HOpMyBaJbHa CTala.

Hexait Mu xouemo 3HalTH PiIBHOBAXXKHE YHUCIIO
€JIEKTPOHIB # Y IBOXMOJOBOMY IPOBIJTHUKY (pHC.
7) B 3aJI©KHOCTI BiJl €IEKTPOXIMIYHOTO TIOTEHITia-
ay p. Ans n 'y GOKIBCBKOMY IMPOCTOPI MAEMO:

n= ZNipi =Po1 + P10t 2Py 5 ®)

1ie IMOBIPHOCTI p, obuncioThes 3a (4). Hexait

e=10kT 1 U, =20kT . OGuncneHHs 1arTh rpa-
(hixu, 300paxkeHi Ha puc. 8.

E &+U,
112 l

0 . . . ;
0 10 20 30 40
wkT
dn
du 1
(Hopm.)
0.5
0 , . . .
0 10 20 30 40 50

w’kT

Puc. 8. PiBHOBaKHe 4MC/I0 €JICKTPOHIB 71 Y IBOX-
MO10BOMY NpPOBiTHUKY (puc. 7) ax pyukuis 1 /kT
npu & =10kT ta U, =20kT [9].

11
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[TpoBianicTs mponopiiiiHa dn/d u i, 3rigHO 3
dopmymnoro Jlanmayepa [1], HaOyBae mikoBUX 3HA-

4YeHb IIpU (=& Ta u=¢+U,. 3BepHIMO yBary
Ha Te, 1[0 YUCIIO EJIEKTPOHIB Y KaHaJli 3MIHIOEThCS
Ha OJMHMUIIO, IOHHO 4 HalOyBae 3HaYEHHA &, 1

nani 3HaueHHs € + U, sk 1 g Oysno ouikyBartu 3
puc. 3. 3a3HaumMo, OJHAK, 1110 MPU I[bOMY MH HE
po3IsAay, K Ha puC. 3, Ba OJJHOCICKTPOHHI
CTaHU 3 PI3HUMH eHeprisiMu. Mu HaTOMICTh PO3-
IJIs1a7U IBA OJJHOEJEKTPOHHI CTaHU 3 TI€H0 XK
CaMOI0 CHEPTI€l0, aJie BPaxyBaJld €HEPTii0 B3aEMO-
nii B mpocropi ®oka (puc. 7).

Came miKoBi 3HAYEHHS MPOBITHOCTI CHIOCTEPI-
rafoTh €KCIIEPUMEHTAIBHO B HU3bKOBOJIETOBOMY
PEKUMI KyJOHIBCHKOT OJTOKA I [ HAHOPE3UCTO-

piB 3a ymoBH, mo U, mepeBullye K TEIIOBY
eHeprito kT , Tak 1 pyHIaMEHTAJIbHE PO3ITUPEHHS

(Uy>hit).

HuskoBosnbTHA MPOBIAHICT € PIBHOBAXKHOIO
BiactusicTio [9, 10], 1 ans 11 onucy AOCUTH PiB-
HOBaXXHOI cTaTUCTUYHOI MexaHiku. CTpym 3a
MeXaMH peXUMY JIIHIMHOTO BIATYKY MPH BUILIN
Harpy3i notpedye BXXe METO/IB HEPIBHOBAXKHOT
CTATUCTUYHOI MexaHikH. Jlaii MH MOKakeMo, SIK
oZIep KaTu IJIaTO Ha PIBHI Bl TPETUHHU BiJ] IOBHO-
ro cTpyMmy (puc. 5) IUIAXOM OOYUCIEHHS CTPYMY
IIPU BUCOKIH Hampy3i B (OKIBCHKOMY 300paKeHHI.

2.3. O0uucjieHHs cTPpyMYy B QoKiBCbKOMY
npocropi

st o6umcienHs cTpyMy MoTpiOHO 3amucaru
PIBHSIHHS /1711 IMOBIPHOCTI TOTO, LII0 CUCTEMA TIe-
pedyBa€e B OJTHOMY 3 JIOCTYITHUX CTaHIB, IPU L[bO-
My cyMa WMOBIPHOCTEH 3a BCIMa MOKJIMBUMH
CTaHaMHU MOBUHHA JIOPIBHIOBATH oauHUII. Tak,
JUTSL CTPYMY B OTHOPIBHEBOMY PE3UCTOP1 B HarliB-
kiacuuHi Mmoneni (§3 y [13]) mu manu:

VDo =VoD = P Ipg =V Iv, = p=v (v +v,)
(6)

i€ JIIBUI KOHTAKT IepeBOJUTH CUCTEMY 31 cTaHy 0

B CTaH | 31 MIBUAKICTIO V;, @ IPAaBUH KOHTAKT I10-
BEPTA€ CUCTEMY B ITOYATKOBUI CTaH 31 HIBUIKICTIO

v, , IpU IIbOMY OOHUJBa MPOLECU B CTaHI PIBHO-
Barv MOBUHHI BPIBHOBAXXYBAaTH OJWH OJHOTO, 1

Mae MiCIie CIIBBIHOIIEHHS p, + p, = 1. B KiHIe-

12

BOMY IIJICYMKY CTPYM JOPiBHIOE

v1v2
I=qv,p,=qg———>
V] +V2

(7

110 BIIMOBIA€ PE3yJbTaTOBI, OTPUMAHOMY paHiIe
B OJIHOYAaCTHHKOBIH Mozem (§3 B [13]).

Taxuit miaxig 0coOaMBO €hEKTUBHHMA MTPH PO3-
VISl CUCTEM 3 JIEKUIbKOMA CTaHAMHU, K1 B3a€MO-
nit0Th. PO3MIIsIHEMO, HAaNpUKIIaA, JBOXPIBHEBUN
pe3ucTop, Ha KU MOAAHO TAaKy HaIpyry, 110
€JIEKTPOHH, SIKI BXOJATh y MPOBIIHUK 3 JIIBOTO
KOHTaKTY, IEpEeBOATH cucteMy 3i crany 00 y cran
01 a6o 10, ane e B 11 - yepe3 BenHMKe 3HAYCHHS

MTOMOI eHeprii 3apsxyBannsa U, (puc.9) .

VaN

01

s

_‘//‘10

00

- e

Puc. 9. YMoBHU nosiBM NJ1aTo Ha piBHi ABi TpeTHHH
Bi/l MIOBHOTO CTPyMy (IMB. pHc. 5).

[Mokaxemo, 110 MJIaTO Ha PiBHI B TPETUHH Bij
3HAYEHHS MOBHOTO CTPYMY (pHC. 5) 3’ABIA€THCA
came 3a yMOB, KOJIM CUCTEMa He MOXKE TIepEeTH B
crad 11, a MOXKe TIIBKHM 3aIUIINTH HOTO.

3 KIHETUKH TPOIIECIB 32 YYACTIO TUTBKH TPHOX
crani 00, 01 Ta 10 32 yMOB AMHAMI4HOI PiBHO-
Barv MaeMo:

Doi + Pio _

Poo V)

2v,
b

2V, Py = V5(Poy + Do) = (8)

3BIJKM 3 ypaxyBaHHSIM HOPMYBaHHS

Poo T P T Pro = 1 OZICPIKYEMO!

2v,
2
2v, +v,

Pyt D= )
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TOX y KIHIIEBOMY TiICYMKY CTPYM JIOPiBHIOE

2vy,
2v, +v,

3a yMOBH OJIHAKOBOCTI MPSIMUX 1 3BOPOTHUX

I=qv2(p01+p10)=q (10)

IOTOKIB €JIEKTPOHIB Yy MIPOBIAHUKY (v, =V, ) 3 (10)
3 OYEBHJIHICTIO BUILIMBAE, 110 CTPYM JOPIBHIOBA-

THMeE caMme 2 /3 BijJ HOro MaKCUMAaJILHOIO 3HAUYEH-
HSL:

2
I = 3 qv, . (11)
Takuil pe3ynbrar HEMOXJIMBO OTPUMATH B OJI-
HOYACTHUHKOBiN mMozneni. Hamr nBoxmomoBwii pe-
3UCTOP 32 YMOB, SIKI MU PO3IVISIIAEMO, MOXKE TIepe-
oysatu B ctanax 00, 01 Ta 10, ane ne B crani 11.
B omHOUaCTHHKOBIN MOJIEITl €IEKTPOH MOXKE TIepe-
OyBaTu B OyIb-IKOMY 3 ITUX CTaHIB 3 IMOBIpHIC-
TI0 1/3. SIKI10 €MeKTPOHM HE B3a€EMOMAIIOTH OIUH
3 OHUM, TO WMOBIPHICTh 3aCEJIUTH CTaH JBOMA
€JIEeKTPOHAMHM (31 CTIIHAMU «BTOPY» Ta «BHH3Y)
cranoputume 1/9. HacmipaBi sk Taka MMOBIpHICTh
JIOPIBHIOE HYJIEBI, ITI0 BKa3y€ Ha CHJILHO KOPEIbO-
BaHUM pyX e’eKTpoHiB (puc. 10).

€ €+ U,

<
oo

2
>

<
s

KOpenAaiia

CrpyM (HOpM.)

<
ho

% 20 40
qV/kT

Puc. 10. [Ipomizkne nmiaro Ha BAX (puc. 5) Bigno-
Bila€ CMJILHO KOPEJHLOBAHOMY CTAHOBI €JIEKTPOHIB.

JIOTpUMYIOUHCH TTO3UIIN KOHIIEMIIT «3HU3Y
— Bropy» [9, 10, 33], Mu po3nIsiHyIM SBHILE KY-

JIOHIBCBKOT OJI0Ka/Ii B MOJIEKYJISIPHIH €JIeKTpOoHilli
B IIpUCTpPOi, 0a30BaHOMY Ha PYCi OTHOTO-€MHOTO
enekTpoHa. TpaauiiitHo, OfHAK, SBUIIE KyJIOHIB-
CBHKOi OJIOKAI pO3MIISIIAI0TH 3 TIO3HIII KOHIICTIITI T
«3TOpH — BHH3Y», 3aCTOCOBYIOYH TaKe MOHATTS, SIK
€MHICTh HaHONPOBiAHUKA. Po3rsiHbMO (i3UKy
KYJIOHIBCHKOI OJIOKQIM y ME¥XKaX 1 IbOTO ITiIXOTY.

3. OnHOeJIeKTPOHHHUI TPAH3UCTOP HA OHIN
MOJIEKYJTi

VYrpomorx nepioro aecatimiTrst XX cTomiTTs
YCIIIXU MOJIEKYJISIPHOI €1€KTPOHIKH BTUIUTHCS, 30-
KpeMma, B CTBOPEHHSI OTHOEIEKTPOHHOTO TTOJILOBO-
ro Tpansucropa (Single-Electron Transistor/SET)
Ha OJHIM MOJEeKyJi - HAMpUKJIad, Ha MOJEKYi
oensoiny - [35 — 43], cxeMaTu4HO 300paKEHOTO
Ha puc. 11.

LY /I'
Monexyaa . - \-\.T_.
.

- FerTi

A IATBOP | g
'

Harpyra
= r

M M"-H}T}' HE/EHI
T TR

7 A B .
[V, |Kongescatop L V- Hampyra
M oy ML& .
T (-¥2 ) BHTOHOM i
S CTOHOM

el

Puc. 11. Ilpunuunosa cxema SET. Enepris eek-
TPOHHHUX CTaHIB MOJeKYJU M KOHTPOJWETHCS
€J1eKTPOCTATHYHUM T0JIEM 3aTBOPY.

Posrnapaiots 1Ba MeXaHI3MU MEPEHECEHHS
enexkTpoHiB y SET: KorepeHTHEe TyHEIIOBaHHS U
MOCIiI0OBHE TyHemoBaHH. KorepeHTHe TyHeno-
BaHHS PEai3yeThCs B BUMAJKy CUIILHOTO 3BS 3KY
MoJieKynu M 3 MeTaneBolo MOBEPXHEIO €JIEKTPO-
NiB, HaMpUKIad, yepe3 cyabdimaai micTku. Yac
KUTTSI €JICKTPOHIB HA M KOPOTKHM, €ICKTPOHH
HE BCTUTaIOTh JIOKANi3yBaTUCS W pyXaloTbCs KO-
TepPEeHTHO J0 CTOKOBOro enekrpony. Ilpu xore-
PEHTHOMY TYHETIOBaHHI HAasIBHICTh €JIEKTPOHHUX
CTaHiB MoJIeKynn M y BiKHI TyHEJIOBaHHS HE
000B’s13KOBa, CJICKTPOHH MOXYTh 31HCHIOBATH
TPAHCHOPT YEPEe3 «XBOCTUY» KOPOTKOKUBYUHX PO3-
UIMPEHUX CTaHIB MOJIEKYIIU, HAIIPUKJIIa1, HAWHUXK-
yoro He3anmoBHeHOTo ctany (Lowest Unoccupied
Molecular Orbital/LUMO) (puc. 12).

13
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[TocnigoBHE TyHENIOBaHHS Peaii3y€eThCs B BU-
MaJIKy CJIa0KOro 3Bsi’3Ky MOJIEKYJH 3 MTOBEPXHEIO
€JIEKTPOJIiB. XBUJIBOBI BIACTHBOCTI €JIEKTPOHA
JO3BOJISIIOTH MOMY JI0JIaTH TyHENbHUH Oap’ep, a
HOTO KOpPIYCKYJISIpHA NMPUPOJa TPU3BOJUTE 10
JUCKPETHOCTI NMEPEHECEHHs 3apsi1y, BHACTIIOK
YOro 3a MEBHUX YMOB Y TYHEJIbHUX HAHOKOHTAK-
Tax BUHUKA€E MPUTHIYECHHS €JIEKTPOHHOTO TpaH-
CTIOPTY, KOJIM 32 HEHYJIbOBOI HAIIPyTH MiX BUTO-
KOM 1 CTOKOM CTPyM MK HUMH JIOPiBHIOE HYJIEBI
(e sBUIE OTPUMAJIO HA3BY «KYJIOHIBCHKOI 0JI0-
Kanm» [24]).

Mortekynu — 11e HaHOPO3MipHI MPOBIAHUKH. 3i
3MEHILIECHHSAM PO3MipiB MPOBITHUKA 3MEHIITYEThCS
1 1ioro enekTpuyHa €eMHICTh. ChOTO/IHI BXKE MOXKHA
eKCIIEPUMEHTAJIbHO J1OCHIIKYBaTH HACTIIBKU

MaJti MPOBIAHUKH, IO IJIs HUX eMHIcTh C yxe

TaKa, 0 HaBiTh KyJIOHIBChKa eHeprist ¢°/C oHO-
ro JIOAATKOBOTO €JIEKTPOHA Ha MOJEKYJi MOXe
BUSIBUTHCS ICTOTHOIO. 32 TAaKUX YMOB CJIiJI Bpaxo-
BYBAaTH BIUTUB KYJIOHIBCHKUX €(DEeKTiB Ha mepeHe-
CEHHS 3apsiay Yepes Mojekyimy. Uepes mi edekru
MOX€ peajizyBaTHCs SBUIIIE KyTOHIBCHKOI OI0Ka-
JIM, KOJIA JIO €JIEKTPO/IIB MPUKIIAIEHO HEHYIbOBY
HAIpyTy, a CTPYM Yepe3 MPOBITHUK HE MPOXOAUTb.

HagezniMo nipocTHii mpuKiIa ] KyJI0HIBChKOT 010~
Kaau. Po3mistHbMo KoHIeHcarop 3 emHicTIo C i

3apspamMu +Q Ta —(Q Ha obkiankax. Enexrpo-
CTaTUYHA EHEePTis TAKOTO KOHAEHCATOPa IOPIBHIOE

Q’/2C = CV?/2, ne nampyra Mix o0KJIaaKaMu

V = Q/C .IlocTaBMO MUTaHHS: 3a KO HAPYTH
CTa€ MOXKJIMBE TYHEIIOBaHHS €JIEKTPOHA 3 OJHIET
00KIaIKu Ha pyry? SIKIIO €eKTPOH TYHEIOE 3
HETraTUBHO 3aps/KEHOTO €JIEKTPO/Ia Ha MMO3UTHBHO
3apsJDKEHUH, TO 3apsA]l Ha OOKJIA/IIlI CTa€E PIBHUM

0-|q

, @ 3MiHa HEePrii, 0 JOPIBHIOE

(0-1q1)/2C-0%2C =(¢* -2|¢g|0) /1 2C , (12)

MoBUHHA OYTH BijI’€MHA, 1100 MPOoIec MEPEHECEeH-
HS1 €JICKTPOHA CYIIPOBOKYBABCS BUTPAIIIEM CHEP-
rii ¥ ctaB MmoxiauBuM. Tomy 3 (12) BUIHO, 1110
CJIICKTPOHHUI TPAHCIOPT CTAa€ MOXKJIMBHUH 3a Ha-

npyr V > |q| /2C, i, HaBIaKH, BIH HEMOXKJIMBUH 32

14

|V| < |q| /2C .Y 1pOMy IpyroMy BUTAIKy MAa€EMO
HYJIbOBUH TYHEIBHUU CTPYM 3a HEHYJIHOBOI Ha-
MIPYTH Ha OOKJIaKaX, 0 1 € HAUIPOCTIIITUM TIPH-
KJIa/IOM SIBUIIIA KYJOHIBCHKOI OJIOKa/IH.

TyHenroBaBILIM 3 BUTOKY Ha MOJIEKYITy M, enek-
TPOH KUBE Ha HI JOCTaTHHO JOBIO, BCTUTAE
JIOKaJi3yBaTUcs 1, TAKUM YMHOM, «BTPAyae BCIO
iH(dopMaIiro mpo cBoro nepeaictopiro. [loganpe
TYHEJIOBAaHHS [[LOTO €JIEKTPOHA Ha CTIK BXKE HISK
HE TMOB’si3aHe 3 WOro TYHENIOBAHHSIM 3 BUTOKY
Ha MoJekyny. Lle - MexaHi3M MOCHIiI0BHOTO Ty-
HeoBaHHA. ExcriepuMeHTanbHO mokaszaHo [37],
10 peaizyBaTHCS BIH MOXKE TIJIbKH 32 HASIBHOCTI
JUCKPETHOTO €JIEKTPOHHOTO CTaHy MoJieKynu M
y BiKHI TyHEIIFOBaHHS, HaNpuKIa, ctany EA (Bia
Electron Affinity — eeKTHOHHA CIIOPiAHEHICTBD),
110 BIJIMOBI/Ia€ 3aXOIIEHHIO MOJIEKYJIOIO T0/IaTKO-
BOTO €JIEKTPOHA 1 IepeXo/1y ii B 3apsHKCHHUI CTaH
M, eHeprisi IKOro BU3HAYAETHCS CIIOPITHEHICTIO
Motekyiu 10 enektpona EA, abo x crany IP (Bin
Ionization Potential — moTeHmian ioHi3arii), mo
BIJITIOB1/Ta€ BTPATi OTHOTO €JIEKTPOHA MOJIEKYJIOFO,
10 TIEPEXOANTh y 3aps/KEHUI cTaH M™, eHepris
SIKOTO BU3HAYAETHCS OTEHIIAJIOM 10HI3aLii MoJie-
kynu IP (puc.12).

(%)

Puc. 12. KorepenrTHne (a) i nmociigoBne (0) Ty-

HenoBaHHA edekTpoHa B SET. LUMO (Lowest

Unoccupied Molecular Orbital) — crann HaliHmK4101
He3aceJIeHOI MOJIeKYJ/IsIPHOI opOiTaJri.

Po3ramryBanns piBHiB eHeprii £4 Ta [P ogHo-
Pa30BoO 3apsKEHUX CTaHIB MOJIeKyinu M~ ta M™,
TaK caMo SIK 1 BUILMX KPaTHUX 3aps/UKEHUX CTaHIB
y KaHaJl TYHEJIOBaHHS, PEryJI0€ThCs MOTEHIa-

JIOM Ha 3aTBOPi V, , O T03BOJISE «3A4UHATH 1
«BITYMHATHY KaHAJ TYHEJIOBAHHS €JIEKTPOHIB.
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3.1. EnemenTapna teopist SET

3B’s130K MOJIeKyliu M 3 yciMa TpproMa eJIeKTpo-
nmamu (puc. 11) emHICHUI: 3MiHa TOTEHITIATY Oy/Ib-
SIKOTO 3 €JIEKTPOMIB TATHE 32 COOOI0 3MiHY €JeK-
TPOCTaTUYHOI eHeprii Mosiekyan M. J[Ba enekrpo-
1 (BuTik S 1 crik D) moB’si3aHi 3 M TyHENbHO i
NEPEHECEHHS €IEKTPOHA MOXKIMBE TUTBKU MIXK
LIUMU eJIeKTporaMU. TyHHENIbHUN 3B’ 30K O3Ha-
qae, 110 eNEKTPOH, SIKUi Oepe ydacTh y mporieci
TpaHCHOPTY, epedyBae abo Ha M, abo Ha oTHOMY
3 IUX JBOX eNeKTpofiB. CIPOCTIMO CHUTYAIIIo.
[TpumyctiMo, 110 BCi B3a€MOJIT MIX €JIEKTPOHOM,
KU [IEPEHOCUTHCS HAa MOJIEKYTy M, Ta pemrToro
eNeKTPOHIB K MoJieKynu M, Tak i 000x
AIIEKTPOJIIB, MOJKHA ITapaMeTPHU3yBaT CyMapHOIO
emuictio C . [IpumyctiMo Tak camo, 110 3Ha4eHHS
C He 3aJIeKUTH BiJ TOTO, B SIKOMY 3apsiOBOMY
ctaHl nepeOyBae Mosiekyna M. Toxi enexkrpocra-
TUYHA €Hepris Mojekynu M 3 N enekTpoHaMHu

JIOPIBHIOE
0% 2C = (Ng)'/2C. (13)

IToBHa eneprig monekyau M 3 N enekrpo-
HaMH JIOPiBHIOE

E(N)= iEi +(Ng)*/2C,

i=l1

(14)

ne E. — eHepris i-ro e1eKTpoHa B CaMOY3roJlKe-
HOMY TIOJIi pelTH eJIeKTpoHiB. [Tpu mosiBi B Moste-
Kyl M 101aTKOBOTO €JIEKTPOHA TIOBHA €HEpris
CTa€ PiIBHOIO

N+1

EW+1y= E + W F Dl Dal”

15
par 2C (15)
a KOJIn eHeKTpOH 3aJIUnIae MOHeKyﬂy M-
N-1 AT
E(N-1)=Y E, +%, (16)
i=1

Toxk pizHULA E(N)—E(N —1) nopiBHIOE ejek-
TPOXIMIYHOMY MOTEHLIaly N-ro eleKTpoHa

iy =E(N)=E(N -1)=E, +(N —-1/2)¢*/ C(17)

10 BU3HAYAETHCS SIK MiHIMaIbHA €HEprisi, He0O-
X1/IHa 171 JOAaBaHHS B CUCTEMY  N-TO €JIEeKTpO-

Ha. [I[oHO 4, BUABHMTHCS MEHLIOKO Bifl fg Ta [,

N-ii enekTpoH nepeiae Ha M. [{ns nonaBaHHs 10
MoOJIeKyIM M 3 N eJIeKTpOHaMH 1€ OAHOTO €JIeK-
TPOHA EJIEKTPOXIMIYHUI MOTEHIIIaJl CTAHOBUTH

2

:uN+1:/JN+%+AEN: (18)

ne AE, =E, , —E, noBuHHe OyTH MeHIIE BiX i

U 1 pp, 00 Take J0AAaBaHHS CTAJIO MOXKIIUBE.
Jlst ciipolieHHs pealibHOl CUTYaIlil PUITYCTIMO,

mo AE, c1abKo 3aJ1eKUTh Bijl BEINYUHH 3apsiLy
Ha MOJIEKY/i M, Tak 110 Jjaii MU OITyCTHMO 1HIEKC

Ny AE, . Takum unHOM, eHepria N+1-ro enek-
TpOHA MOBWHHA OyTH O1IBINIOI BiJ eHeprii N-ro
€JIeKTPOHA Ha BEJIMYMHY €HEprii 3apsKyBaHHS

q*/ C + AE .Tlepimmii ToJaHOK B €HEPTii 3apsKy-

BaHHs Mosiekynmu M — e enepris ¢°/C = E,., He-
00XiHa JIJIs TOJIAaHHS KYJIOHIBCHKOTO BiIITOBXY-
BaHHS MDXK elekTpoHamu. Jpyruil noganok AE
— 1€ Pe3yJIbTaT JUCKPETHOCTI CIEKTPY MOJICKYIIH.

[IpoimtocTpyeMo OTprMaHi BUCHOBKH Ha PHC.
13 nns nBOX cuTyaliii: (a) mepeHeCceHHsl eIeKTPo-
Ha HeMOXJuBe (cTaH TpaH3ucTopa «offh) i (0)
MepeHEeCeHHs J103BOJIEHE (CTaH TPaH3UCTOpa
«ony»). Hexail y mepuiomMy BHUITaaKy €HEpreTHYHA

miarpama SET taka: u,,, > 4y > g > Uy, a B Ipy-

TOMY BHIAJKY Uy > Uy, > Us > Uy - B mepmomy
BUIIQ/IKy KaHAJIOM TYHEJIOBAaHH: € Mosiekynaa M 3
N enexrponamu. HallOmkuuii piBeHb 3 €HEpriero

Uy, HE 3alIOBHEHUHN eJIEKTpPOHAMU M JIEKUTH
BuIE BiJ eHeprii depMi eIeKTpoaiB BUTOKY U
CTOKY, B KaHaJll TYHEJIIOBAaHHS HEMA€ >KOJIHOTO
BIJIBHOTO PiBHS, IEPEHECEHHS €JEKTPOHA «OJIOKO-
BaHe», CTaH TpaH3ucTropa — «ofth.

[Ipotunexna curyartist 300paxxeHa Ha puc. 130.

B xaHani TyHeNIOBaHHS € CTaH 3 €HEPrieo U, .,
€JIEKTPOH MOYKE MEPENTH 31 CTOKOBOTO €JIEKTPOIY
Ha BUTIK. EnexTpuunuii ctpym MoxkHa 3abe3neun-
TH LIUISIXOM NEPI0IUYHOT 3MIHH 3apsJ0BOTO CTaHy
MOJIEKY/IM B KaHajl TyHedroBaHHs 3 N Ha N + 1.
3MIHUTH YHUCIIO €JIEKTPOHIB Ha MOJIEKYN M MOX-
Ha 3MIHOIO MTOTEHLIATy 3aTBOPY Ve OCKIJIbKH caMe
BiJl HHOT'O 3AJIC)KUTh EHEPTisl 3aps/IKyBaHHS MOJIe-
KYJIH.
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[Aei=Hg By = Hy]

[Hp=Fnsp =Hs =My

s
Hy

.l\ I
(x) (6}

4 N7 ” N /\m-r “ N+2 (n)
0]
Ve

Puc. 13. Ilepenecenns enexkrpona B SET. liarpamn
eHeprii 300paskeHi IJs1 1BOX Pi3HUX cHUTyamii. Y
BHIIAJKY (2) YHCJI0 eJIeKTPOHIB MoJieKyJn M ¢ikco-
BaHe 3i 3HaueHHSIM N, HepeHeceHHs eJIeKTPOHA Ha
M «0J10KOBaHe», cTaH TpaH3ucTopa — «off»; y Bu-
najaky (0) 4ncsio eJeKTPoHiB Ha MoJstekyai M ocuu-
Jio€ Mixk 3HadeHHaMu N ta N+ 1, cran — «on»; (B)
KYJOHIBCBhKi ocHWJIALII (YMOBH. 011.).

XapakTepHa 3aJeKHICTh MPOBITHOCTI G BiJ
MOTEHITIATy 3aTBOPY V,BSETYy BHUIJISIII TTOCITi-
JIOBHOCTI PI3KHX MIKIB Ta JOJHMH, IO CIIOCTepira-
€THCSI €KCTIEPUMEHTAIBHO 32 HEBEITUKUX 3HAUYEHb
PI3HMII TIOTEHIIIAIB HA €JeKTPOJax BUTOKY W
CTOKY, 300pakeHa Ha puc. 13B. B nonmmaax 4yucio
€JeKTPOHIB MoJiekynu M mopiBHoe N — 1, N,
N+ 1, N+ 2 Tomo, i cTpyM OJOKYETHCS €HEPTI€I0

3apsKyBaHHS qz/ C + AE , 1110 BiIMIOBIIa€ CUTY-
artii Ha puc. 13a. I[Tiku mpoBiTHOCTI BiAMTOBIIAIOTH
cutyarii Ha puc. 130, Koiu 3apsI0BHIA CTaH MO-
JIEKYJIM B KaHAJT TYHEIFOBAHHS OCIIMIIFOE MIXK JIBO-
Ma CBOIMHU 3HaYeHHsIMH. Harpukiaz, mik mpoBij-
HOCTI MK aoiauHamu 3 N ta N + 1 enekTpoHaMu
BIJIMOB1Ta€ OCIMJIATIIT MOJIEKYIn M MixX 11 3apsiio-
Bumu ctaHamu 3 N ta N + 1 enexrponamu. Lle —
KYJIOHIBCBKI OCITHJISAIIII.

Jlnst criocTepeskeHHs KyJIOHIBCHKUX OCIUTISIIIN

eHepris 3apsapKyBanns Monekymu g/ C + AE mo-
BUHHA OyTH Habarato OiJBIIOI BiJ TEMJIOBOI
e”eprii k7" . B iHmomy pasi TemnoBi (uuykTyarii
«TIEPEKPUBAIOTHY» KYJIOHIBCHKI OCIIMIIALLI.

Taxoxx HEOOX1HO, 00 YKCIIO ENEKTPOHIB MO-
JeKynu Oya0 HaJiifHO BU3HAUEHOIO CIIOCTEPEXY-
BAaHOIO BEJIMYMHOIO, 1110 HE (PIYKTYIO€ B PiBHO-
BakHOMY cTaHi. [lokaxkeMo, 1110 1€ TATHE 3a COo-
0010 BUMOTY BHCOKOT pE€3MCTUBHOCTI KOHTAKTIB

16

MDX MOJIEKYJIOIO Ta eJIEKTPOAAMHU BUTOKY i CTOKY.
Jist cpoIlieHHs BBAKaTUMEMO OTIOPHU KOHTAKTIB
MIX BUTOKOM 1 MOJIEKYJIOIO, 1 M MOJIEKYJIOIO 1

CTOKOM CHUMETpUYHUMU 1 piBHUMH R . Toni gac
BXOJDKCHHSI €JICKTPOHA B MOJICKYJTY Yepe3 KOHTAHT
(abo BUXOMY 3 Hel) MOXKHA OI[IHUTH 32 MOPSIKOM
BEJTMYHH 32 BiJIOMOIO (hOPMYJIOH0:

At~RC. (19)

3 iHmoro 60Ky, BXOJIS4YM B MOJIEKYTy (a00 BH-
XOJISTUH 3 Hel) eIEKTPOH 3MIHIOE ii eHepriio Ha

2
s~

3BepHIMO yBary Ha Te, 110 BEJIUYHHU, OIH-
cyBani (19) 1 (20), BxoasaTs y pyHAaMEHTaIbHE
CHIBBIIHOIICHHS HEBU3HAUYECHOCTEH:

(20)

AeNt~q’R. > h. (21
3 (21) BumnuBae, 1o, A7 YHEMOXIHBICHHS
(urykTyauiii 3apsly B pIBHOBaXKHOMY CTaHi, Kijb-

KICTHO OIp KOHTaKTy R TOBUHEH Habararo Ie-
PEBUIIYBAaTH KBAHT €JIEKTPUYHOTO OIOPY, KU
BU3HaUaeThcs crajoi ¢onH KruitmiHnra

%2 ~ 25,812 xOwm [1]. OTxe, 11 eKCIIepHMEH-

TaJBHOTO CIIOCTEPEKECHHS KYITOHIBCHKHUX OCITUJISI-
i HeOOX1AHO, MO0 BUKOHYBAIIUCS JIBI YMOBHU
OIHOYACHO:

q°/C+AE > kT, (22)
R > iz (23)
q

Teopito OAHOETEKTPOHHOTO MOJIHOBOTO TPaH-
3UCTOpPa BXKE pO3pOOJIEHO JOCTATHHO TITHOOKO [24
— 26, 44, 45]. SIBuiie oqHOEIEKTPOHHOTO Mepe-
HOCY BUBUEHO €KCTIEPUMEHTAJIBHO JIJIs PI3HUX Ha-
HOPO3MIPHUX CHCTEM: METAJIYHUX HAHOYACTUHOK
[46], HaMiBOPOBIIHUKOBUX TeTEPOCTPYKTYp [47,
48], HamiBOPOBITHUKOBUX HAaHOKpHUCTAIB [49],
ByIJIEIIeBUX HaHOTPYyOOk [50, 51] 1 okpemux mo-
nexyn [35 —43].
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3.2. YMOBHM nepeHeceHHsl eJIeKTPOHA 3 BU-
TOKY Ha CTiK

Jlns 3HAXO/KEHHS YMOB, 32 SKUX MOXKJIHBE
NEPEHECEHHS €JIEKTPOHA B OJHOCIEKTPOHHOMY
TPAH3HUCTOPI 3 BUTOKA HA CTIK, BUIUIIEMO OYe-

BUJHI CIIBBIAHOLICHHS MiX eHepriero FE,(N)
MOJICKYJIU C YHCIIOM JJIEKTPOHIB Ny IIOYaTKOBOMY

He3apsJUKEHOMY CTaHi Ta eHepriamu E (N') i

E(N") enexTpoHiB y BUTOLI Ta CTOLl, BPaXOBY-
104M Ty 00CTaBHHY, IO IPU MEPEXO/i OJHOTO
eJICKTPOHA 3 BUTOKY Ha MOJICKYITYy CHEPTisl CUCTe-
MM ITOBUHHA 3HU3UTHUCSA [42]:

E,(N')+Ey(N)2 E(N'=1)+ E,(N+1) (24)

AHaJnoriyaa HepiBHICTh ITOBUHHA BUKOHYBAaTH-
Csl 1 IPH TIEPEeXO/1i OAHOTO EJIEKTPOHA 3 MOJICKYIIH
Ha CTIK:

E (N +1)+E,(N")2 E,(N)+E,(N"+1).(25)

SIkio poboTy BUXOY €IIEKTPOHA 3 METAITy TO-
3HaYUTH W , TO MakcMasibHa €HEPTis CJIEKTPOHA

B €JICKTPO/Ii CTOKY cTaHoBUTUME —W+¢qV/2, ne
V' — pi3HHIA MOTEHIiaNiB, MPUKIAJCHA IO MOJIe-
Ky M. SIKIIO IpUIyCTUTH, 110 3 BUTOKY Ha MO-
JEKyJ1y TYHEJIO€ €JIeKTPOH 3 MAaKCUMAJIbHOIO
CHEPTi€l0, TO 3 OUYEBUIHICTIO, MAEMO

E(N)—E((N'-1)=-W+qV/2. (26)

Toni ymoBa TyHENIOBaHHS OTHOTO €JIEKTPOHA
3 BUTOKY Ha MOJIEKYIly HaOy/e MoAaJblIoro BU-
sIAy:

~W+qVI2+E,(N)>E,(N+1). (27)

OckiIbKM MiHIMaJIbHA €HEPris eIeKTPOHa B

eIEeKTPOJl CTOKY le —W—qV'/2, To npu nepe-
XOJIi EJICKTPOHA 3 MOJICKYJIM Ha CTIK OICPIKYEMO:

Ey(N+1)>-W—qV/2+E,(N). (28)

3anpoBaJuMO €HEPTiio 3apsaKyBaHHS MO-
JeKynu

AE,(N)=Ey(N+1)-Ey(N). (29)
Tomi 3 IBOX OCTaHHIX HEPIBHOCTEH OTPUMAEMO
YMOBH TIEPEHECEHHS €JIEKTPOHA 3 BUTOKY Ha CTIK SIK:

q\VI|I22AE,(N)+W 2—q |V |/2. (30)

VY 1poMy BHpa3i HE BPaXOBAHO TiJbKH BILJIUB

TNOTEHLaITy 3aTBOPY V, Ha CIIEKTP MOJIEKYJIH, BU-
KOPUCTOBYBAHOI K KaHaJ JJIsl €IEKTPOHHOIO
TpaHcnopty. Hexail y nepiiomy HaOnuxeHHI Mae
MicIIe JTiHIHHA 3aJIeKHICTh €Heprii 3apsKyBaHHs
BiJl IOTEHIliaTy 3aTBOPY:

AEM(N,Vg):AEM(N)+aqu, (1)
JIe KOHCTaHTa 3B 3Ky o € MapameTpoM Teopii.
OcTaroyHo YMOBHU IICPECHCCCHHA CIICKTPOHA 3 BU-
TOKY Ha CTiK 3alIMIITYTHCA SK:

gV 1122 AEG(NV)+W 2—q|V]/2. (32)

Camoy3ro/pkeHi po3paxyHKH 3 YpaxyBaHHIM
MOJISIpU3allil MOJIEKYJIH €eKTPOCTaTUYHUM T10-
JeM 3aTBopy nokazanu [31, 32], mo 3HaYeHHS
KOHCTAHTH 3B’ 3Ky 3aTBOPY B BUIIAJIKy MOJIEKYIIU
OeH3omy Onm3ka a0 1, a 3ajeXHICTh €HEepTil 3a-
PAIDKYBAaHHS MOJICKYJW BiJl TIOTEHITIATy 3aTBOPY
cripaBi 6iu3bKa 210 JiHiiHOI (31). 3 BUKOpHCTaH-
HSIM IIUX CHiBBiAHOIIEHB, ouH 3 aBTopiB (FOOK)
po3paxyBaB Jiarpamu 3apsaoBoi cTabiTbHOCTI
OJTHOEJIEKTPOHHOTO MOJIHOBOTO TPAH3UCTOpPA HA
MOJIeKYJI1 O€H30JTy, SIKi MMOKa3yIOTh 3aJIEKHICTh
YHUCIIa 3apsAHKCHUX CTaHIB MOJICKYJI B KaHAJ1 Ty-
HEJTIOBaHHS BiJ HAaIlPyTH, 10 OJA€THCA Ha eJIeK-
TPOJX BUTOKY 1 CTOKY, 1 BiJl TOTEHIIIATy 3aTBODY,
BUXOSMYH 3 niepmonpuHiumis [52, 53]. Eneprito
3apsKYBaHHS MOJICKY/IH Oyii0 0OYHCIIEHO B Ha-
OommkeHH1 Teopii PyHKIIOHATY TYCTHHHU, a B3a-
€MOJIIF0 MOJICKYJIH 3 1 IOBKUIIAM y pealiCTUIHIN
MOJIeJIi HAHOTpaH3KUCTOpa OyJI0 BpaxoBaHO CaMo-
y3rojpkeHo. byno 3HaiiieHo yMoBU (yHKITIOHY-
BaHHSI TaKOTO OHOMOJIEKYJISIPHOTO TOJIbOBOTO
HaHOTPAH3UCTOPA Ha MOJICKYJI1 OCH30ITY.

4. BuCHOBKHU

Mu nipoaHaizyBaJiM SBHIE KYJIOHIBCHKOI OJ10-
KaJli B OJHOEJICKTPOHHOMY TPaH3UCTOP1 Ha ONHIN

17
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MOJIEKYJIi 3 MO3UIIIN JTBOX, 3aBasIOCs O, MPUHITH-
MIOBO Pi3HUX MIIXO/IB: B KOHLEMIT «3HU3Y — Bro-
PY» HAaHOEJIEKTPOHIKH, B SIKii BaXKJIUBY pOJIb Bifi-
rpae miaxia y Teopii caMoy3roKeHoro nois 0e3
0OMeXeHHS 3a CIIIHOM Y (POKIBCHKOMY MPOCTOPI, 1,
JUTS TIOPIBHSIHHS, B TPAAULIIAHIN KOHIETIIi «3ropu
— BHM3» 3 3aCTOCYBaHHSIM MaKpOCKOIIYHUX BiIac-
TUBOCTEH 1 MOHATH, IK-OT EMHICTh MPOBIIHOTO
KaHaJIy TOLIIO.

[Tpu upomMy mMu Opasii 10 yBaru JBa MeXaHi3-
MU niepeHeceHHs enekTpoHiB y SET: korepeHTHe
TYHEJIIOBaHHS ¥ MOCIiqoBHE TyHeItoBaHH:A. Ko-
TePEHTHE TYHEJIIOBAHHS PEasli3ye€ThCsl B BUIMAKY
CHJIBHOTO 3B’ 3Ky MOJIEKYTH M 3 MeTajeBolo 1o-
BEPXHEIO eNIEKTPO/IIB, HAIIPUKIIA, Yepe3 Cynbdif-
Hi MiCTKH. Yac )KUTTS eJIEKTPOHIB HA M KOPOTKHiA,
eJIEKTPOHU HE BCTUTAIOTh JIOKaJi3yBaTUCS 1 pyxa-
IOTHCSI KOTEPEHTHO JI0 CTOKOBOTO enekrpoay. [lpu
KOT'€pEHTHOMY TYHEJIOBaHHI HasBHICTh €IEKTPO-
HHHUX CTaHiB MOJICKYJH M y BiKHI TYHEJIIOBaHHS
He 000B’SI3KOBA, EJIEKTPOHU MOXKYTh 3/11ICHIOBAaTH
TPAHCIIOPT Y€Pe3 «XBOCTH» KOPOTKOKUBYUUX PO3-
[IMPEHUX CTAHIB MOJICKYJIH.

[TocnigoBHE TyHENIOBaHHS peai3y€eThCs B BU-
NaJKy CJIA0KOTo 3Bs’3Ky MOJIEKYJIH 3 IIOBEPXHEIO
€JIEKTPOJIiB. XBUJIbOBI BIACTHBOCTI €JIEKTPOHA
JO3BOJISIIOTH MOMY JI0JIaTH TyHENbHUH Oap’ep, a
HOTO KOpPIYCKYJISIpHA NMPUPOJA TPU3BOJUTE 10
JUCKPETHOCTI NMEPEHECEHHs 3apsi1y, BHACTIIOK
YOro 3a MEBHUX YMOB Y TYHEJIbHUX HAHOKOHTAK-
Tax BUHUKA€E MPUTHIYECHHS €JIEKTPOHHOTO TpaH-
CTIOPTY, KOJIM 32 HEHYJIbOBOI HAIPyTy MiX BUTO-
KOM 1 CTOKOM CTPyM MK HUMH JIOPIBHIOE HYJIEBI
(e sBUINE OTPUMAJIO Ha3BY «KYJIOHIBCHKOI 0J10-
KaJiny).

B pamkax moOynoBaHoi enemMeHTapHOI Teopii
OJTHOEJIEKTPOHHOTO TPaH3UCTOpPa MU OTPHUMAIIU
YHCENIbHI OLIHKY JUIS MEX HAIIPYT, Y SIKMX MOXITH-
BE MIEPEHECEHHS CTPYMY 3 BUTOKY Ha CTIK, @ TAKOX
YMOB 1 MapameTpiB, 3a IKHUX MOXIIUBE €KCIIEpH-
MEHTAaJIbHE CIIOCTEPEKEHHS SBUINA KyJOHIBCHKOT
Ooxau.

Ha 3aBepiieHHs1 HAroJ0CiMO: CTAaTTS B MEPLINA
YacTHUHI € HACJIIJKOM MPOCIYXOBYBAaHHS OJHUM
3 Hac (FOOK) kypciB nekuiit «Fundamentals of
Nanoelectronics, Part II: Quantum Models», mpo-
yutaHux oH-1aiH B 2012 12015 pokax mpod. Cy-
npiiio Jlarra (Supriyo Datta) B pamkax iHiliaTUBH
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Purdue University / nanoHUB-U [www.nanohub.
org/u]. B Hiil Tako)k BUKOPUCTAHO HATIPAIFOBAHHS
aBTOPCHKOTO Kypcy «Di3uka KOHAEHCOBAHOTO Ce-
penoBuinay, skui iHmmi asrop (MBC) ynpomosx
OCTaHHIX POKiB YUTA€ JIJIsI MAriCTPiB (PaKyJIbTETY
paniodizuku, eNeKTPOHIKM 1 KOMIT IOTEPHUX CHC-
TeM KuTBCHKOTO HAIliOHATBHOTO YHIBEPCUTETY
imeni T. I'. lleBuenka.

Asropi nmpo BasguHi H. FO. Kpymsik 3a jonmomo-
Ty B poOOTi HaJT CTATTEIO 1 B MiATOTOBIII i1 710 IPYKY.
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Summary

In a tutorial review article directed to serve researchers, university teachers and students, Coulomb
blocade in one-molecule single-electron transistor SET is discussed under the «bottom — up» approach
of modern nanoelectronics, and, for comparison, within the traditional “up-bottom” concept, using
macroscopic characteristics, such as the capacitance of conducting channel etc.

We took into consideration two mechanisms of electron transport in SET: coherent tunneling and
serial tunneling. Coherent tunneling occurs in the case of strong binding between molecule M and
metallic electrode surface. The lifetime of electron at M is short, electrons have no time to localize
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there and they move in coherent way towards the drain electrode. Under coherent tunneling there is
no necessity for electronic states of M molecule in tunneling window; electrons can provide transport
through the “tails” of the molecule short-living broadened states.

Serial tunneling occurs in the case of weak binding between molecule M and metallic electrode
surface. Electron’s wave properties enables this electron to overpass the potential barrier, while its
corpuscular properties determine the discrete character of charge transport; therefore under certain
conditions at tunneling nanocontacts the supression of electron transport occurs, with zero current
through SET under non-zero voltage between source and drain (this effect is known as Coulomb
blocade).

In a developed elementary theory of SET we obtained numeric estimations for limits of voltages for
possible electronic transport from source to drain electrodes, as well as for conditions and parameters,
under which experimental observation of Coulomb blocade effect is possible.

Keywords: nanophysics, nanoelectronics, Coulomb blocade, single-electron transistor
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Pedepar

VY MeTonuYHii OTNIAIOBIM cTAaTTi, pO3paxoBaHiii Ha HAyKOBIIIB, BUKJIAAa4iB Ta CTY/ICHTIB BUIIO]
IITKOJTH, TIPOAHAIII30BAHE SBHIIE KYJOHIBCHKOT OJIOKAaIU B OMHOCIEKTPOHHOMY TPAaH3UCTOP1 HA OTHIN
MOJIEKYJI 3 MO3UILIIH ABOX PI3HUX MiAXO/IB: B KOHLEMIT «3HU3Y — BIrOPY» HAaHOEJIEKTPOHIKH 1, ISl 1O-
PIBHSIHHS, B TPAJWIIHIN KOHLIEMIIT «3rOpH — BHU3» 3 3aCTOCYBAaHHAM MaKpPOCKOIIIYHUX BIACTUBOCTEH
1 TIOHSATH, IK-OT EMHICTh TIPOBITHOTO KaHAITy TOIIIO.

Mu Opanu 10 yBaru JjBa MexaHi3MH IepeHeceHHs eneKTpoHiB y SET: korepeHTHe TyHenoBaHHS
i TOCITiZIOBHE TyHEMIOBaHHS. KorepeHTHE TyHETIOBaHHS Peati3y€eThCs B BUIIAAKY CHIIBHOTO 3Bs 3Ky
MOJIEKYM M 3 MeTaJIeBOIO TOBEPXHEIO €JIEKTPOIIB. Yac )KUTTA eJIeKTPOHIB Ha M KOpPOTKUI, €eKTPOHU
HE BCTUTaIOTh JIOKAJII3yBaTUCS 1 pyXalOThCsl KOTEPEHTHO JI0 CTOKOBOTO enekTpoy. [Ipu korepeHTHOMY
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TYHEJIOBAaHHI HasBHICTh €JIEKTPOHHUX CTaHIB MOJIEKYJAH M y BiKHI TyHENIOBaHHS HE 00OB’S3KOBa,
EJIEKTPOHHN MOXKYTh 3/IIHCHIOBATH TPAHCIIOPT Yepe3 «XBOCTH» KOPOTKOKUBYUYHX POIIMPEHHUX CTAHIB
MOJIEKYJIH.

[TocniloBHE TyHENIOBAHHS Pealli3y€ThCsl B BUIAJKY CIAO0KOTO 3BSI 3Ky MOJIEKYJIH 3 TIOBEPXHEIO
€JIEKTPO/IiB. XBUJIbOBI BJIACTUBOCTI €JIEKTPOHA JO3BOJISIIOTH HOMY J0J1aTH TyHEJIbHUN Oap’ep, a Horo
KOPITYCKYJISIpHA TIPUPOJIa MPU3BOAUTH 10 AMCKPETHOCTI EPEHECEHHS 3apsly, BHACIIIOK YOTO 3a MeB-
HUX YMOB y TYHEJIbHUX HAHOKOHTAKTaX BUHHUKA€E MPUTHIYCHHS €JIEKTPOHHOTO TPAHCIIOPTY, KOJIU 3a
HEHYJBOBOT HAIPYTH M1’ BUTOKOM 1 CTOKOM CTPYM MI’K HUMH JIOPIBHIOE HYJIEBI (11€ SIBUIIE OTPUMAIIO
Ha3BY «KYJIOHIBCHKOI OJIOKaIn»).

B pamkax moOynoBaHOi eneMeHTapHOi Teopii OJHOEIEKTPOHHOTO TPAH3UCTOPAa MU OTPUMAIHU
YHUCEIIbHI OL[IHKY JUIsI MEX HaMpYT, y AKX MOXKJIMBE IEPEHECEHHS CTPYMY 3 BUTOKY Ha CTIK, a TAKOX
YMOB 1 apaMeTpiB, 3a SKUX MOXJIMBE €KCIEPUMEHTAIbHE CIIOCTEPEKEHHS SIBUIIA KYIOHIBCHKOI
Os0KaIu.

KuiouoBi cjioBa: HaHodi131Ka, HAHOEIEKTPOHIKA, KyJOHIBChKA OJIOKaIa, OJTHOCIICKTPOHHUHN TpaH-
3UCTOP
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NEW APPROACH AND MICROSYSTEM TECHNOLOGY OF ADVANCED NON-LINEAR
ANALYSIS AND MODELLING CHAOTIC ENVIRONMENTAL RADIOACTIVITY
DYNAMICS

A. V. Glushkov, O. Yu. Khetselius, Yu. Ya. Bunyakova, V. V. Buyadzhi, Yu. V. Dubrovskaya,
A. A. Kuznetsova

Abstract. We firstly present an advanced mathematical formalism and new microsystem technology
to analysis, modeling and prediction of the environmental radioactivity dynamics at whole, and chaotic
time series of the radionuclide dynamics in particular. It inlcuded a qualitative analysis of dynamical
problem of the typical environmental radioactivity dynamics, reconstruction of the phase space with
using methods of correlation dimension algorithm and false nearest neighbor points, determination of
the dynamic invariants of a chaotic system, including the global Lyapunov exponents, the Kaplan-York
dimension d, , Kolmogorov entropy etc. The forecasting block contains new (in a theory of environ-
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mental radioactivity dynamics and environmental protection) methods and algorithms of nonlinear
prediction such as methods of predicted trajectories and neural networks modelling. As an illustration,
the first data of analysis of the time series for the radon pore activity are presented and indicated on
availability of the low- (and indeed middle) dimensional chaos.

Keywords: radionuclides concentration dynamics, new mathematical models, new microsystem
technologies, time series analysis and prediction modelling

HOBMH MIIXIJ I MIKPOCUCTEMHA TEXHOJIOI'TSA BIOCKOHAJIEHOT'O
HEJIIHIMHOT O AHAJII3Y I MOAEJIOBAHHS XAOTUYHOI JINHAMIKH
KOHIIEHTPAIIIMA PAIIOHYKJIMIIB Y HABKOJIMIIIHLOMY CEPEJOBHUIIY

O. B. I'nywxos, FO. A. Byuskosa, B. B. Bysioocu, FO. B. /[yoposceka, 1. O. Ky3ueyosa,
0. IO. Xeyeniyc

AHoTauis. Bnepiie Mu npencraBisieMo yJOCKOHAJICHUH MareMaTuyHUN (Gopmalii3M Ta HOBY
MIKpPOCHCTEMHY TEXHOJIOTIIO JUISl aHaJIi3Y, MOJICJIFOBAHHS Ta IPOTHO3YBAaHHS IMHAMIKU Pall0aKTHBHOCTI
HaBKOJIMIIHBOTO CEPEOBHUINA B LIJOMY Ta XaOTHUYHUX YaCOBUX PsJiB, 30KpeMa JUHAMIKHU
pamionykiiniB. HaBeneni sKiCHUN Ta KITbKICHUHN MiAXiJ 10 MPOOIEMHU aHATI3y YaCOBOI TUHAMIKH
PaslioaKTUBHOCTI y HABKOJIMIITHBOMY CEPEIOBHIILY, PEKOHCTPYKIIi (ha30BOT0 MPOCTOPY 3 BUKOPUCTAH-
HSIM METO/IIB aJITOPUTMY KOPEISALIHHOT pO3MIPHOCTI, TOMUJIKOBHX CYCIIHIX TOUOK, €(PEeKTUBHHUHN MiIX1]
JI0 BU3HAUCHHS JUHAMIYHUX 1HBapiaHTIB XaOTUYHOI CUCTEMH, B TOMY YHMCII TNIO0ATFHUX MMOKA3HHUKIB
JIamynosa, posmiprocti Kannana-Mopka, entpomnii Konmvoroposa tomto. IIporuo3nuii 610k MicTUTH
HOBI (B Teopii TUHAMIKH paZi0aKTUBHOCTI HAaBKOJIMITHHOTO CEPEIOBHILA Ta OXOPOHY HaBKOJIHUIIHbO-
r0 CEpeZ0BHUINA) METOIU Ta AJTOPUTMHU HETIHIHHOTO MPOTHO3YBAHHS, Y T.4. METOIU MPOTHO3YBaHHS
TPaEKTOPiil Ta MOJIEIIOBAHHS HEMPOHHUX Mepexk. SIK LIrocTparlis, MpeacTaBieH] Mepili JaHi aHai3y
YaCOBUX PAAIB 7Sl HOPOBOI aKTHBHOCTI PaJIOHy 1 BKa3aHO Ha HAsIBHICTH €JIEMEHTIB I€TEPMIHUCTUYHOTO
Xaocy.

KurouoBi ciioBa: nuHaMika KOHLIEHTpaliil palioHYKIiiB, HOBI MaTeMaTU4YHI MOJei, HOB1
MIKPOCHCTEMHI TEXHOJIOT11, aHaJli3 Ta MPOTHO3YBAHHS YaCOBHX PAIIiB

HOBBIH MOAXOJ 1 MUKPOCUCTEMHAS TEXHOJIOT USI
YCOBEPIIEHCTBOBAHHOI'O HEJIMHEMHOI'O AHAJIN3A U MOJEJIMPOBAHUSI
XAOTUYECKOM JUHAMWKHA KOHIEHTPAIIN PAJTMOHYKJIUI0OB B
OKPYKXAIOIIEW CPEJIE

A. B. I'nywros, FO. A. Bynskosa, B. B. bysioocu, FO. B. J[yoposckas, A. A. Ky3neyosa,
0. IO. Xeyenuyc

AHHOTauus. Mbl BIIepBbIe MIPEACTABIISEM YCOBEPIIEHCTBOBAHHBIA MaTeMaTn4ecKuil (popMasinzm u
HOBYIO MUKPOCHCTEMHYIO TEXHOJIOTHIO JJIs aHAJIN3a, MOACIUPOBAHNS U IIPOrHO3UPOBAHUS JUHAMUKHU
PaaOaKTUBHOCTH OKPY KAIOLIEH CpeIbl B LIEJIOM U Xa0TUYECKUX BPEMEHHBIX PSIIOB, B YaCTHOCTH, JU-
HaMHKH PaguoOHYyKINA0B. [IprBeeHbl HOBBIN KaueCTBEHHBIN U KOTMYECTBEHHBIHN MOAX0/ K podiieme
aHaJM3a BPEeMEHHOHN JMHAMHUKHU PaJHMOaKTUBHOCTH B OKPY>KaIOLIeH cpee, peKOHCTPYKIUHU (a30BOTo
IIPOCTPAHCTBA C UCIIOJIB30BAHUEM METOJIOB AJITOPUTMA KOPPEIALUOHHON Pa3sMEPHOCTH, JIOKHBIX CO-
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CeIHUX TOYeK, 3((HEKTUBHBIN MOIXO K OMPEICICHUIO TMHAMUYECKUX HHBAPUAHTOB XaOTHUECKOM
CHCTEMBI, B TOM YHCJIe TI00aIbHBIX TT0Ka3aTeneit JIsmyHosa, pasmeproctn Kamnana-Hopka, saTponun
Komnmoroposa u 1ip. [IporHo3HbIi 670K COAEp>KUT HOBBIE (B TEOPUM JUHAMHUKH PaIMOAKTUBHOCTH OKpPY-
JKaAIOLIEH Cpeibl M OXpaHbl OKPYKAIOLIEH Cpeibl) METO/IBI U AJITOPUTMbI HEJTMHEWHOTO ITPOrHO3UPOBA-
HUs, B T.4. METO/bI IPOTHO3UPOBAHUS TPACKTOPUM U MOZACIMPOBAHUE HEMPOHHBIX ceTell. B kadecTBe
WJUTFOCTPALIMH, ITPEICTABIICHBI IIEPBbLIC JAHHBIC aHAIN3a BPEMEHHBIX PsI0B U1 IOPOBOM aKTUBHOCTHU
paZOHA U yKa3aHO HA HAJIMYKUE 3JIEMEHTOB JCTEPMUHUCTUYECKOIO Xa0ca.

KuroueBble c10Ba: MHaMuKa KOHLEHTpaLMi palOHYKJIM0B, HOBbIE MaTEMATUUYECKUE MOZEIH,
HOBBIE MUKPOCUCTEMHBIE TEXHOJIOTUH, AHAJIU3 U IIPOrHO3UPOBAHUE BPEMEHHBIX PSI0B

1. Introduction

The correct quantitative description of envi-
ronmental radioactivity dynamics is one of the
most actual and important problem of the ap-
plied radioecology and radioactive environment
protection with (look for example, [1-5]). The
key problems of the atmospheric, hydrological
and soil radionuclide dynamics includes the re-
search radionuclide transport in the atmospheric,
hydrological, soil etc environment respectively,
the terrestrial radionuclide dynamics - research
radionuclide transfer and migration in the terres-
trial environment, marine radionuclide dynamics
- research radionuclide transfer in the marine en-
vironment and radiological hydrology - research
radionuclide transfer from land to fresh water en-
vironments due to hydrological phenomena. The
main purposes of modeling, measurements and
forecasting approach include to evaluate and pre-
dict environmental radionuclide transfer and ra-
diation through using computer simulations and
other methods, to develop improved technologies
to monitor and measure radiation, to develop me-
chatronics systems and remote control technolo-
gies that will enable sampling and other opera-
tions in areas where humans cannot approach, to
make analysis and archiving of research outputs
and research samples produced by IER and other
institutes around the world. Problem of studying
the dynamics of chaotic dynamical systems arises
in many areas of science and technology [16-20].
We are talking about a class of problems of iden-
tifying and estimating the parameters of interac-
tion between the sources of complex (chaotic)
oscillations of the time series of experimentally
observed values. Problem of an analysis and fore-
casting the impact of anthropogenic pressure on
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the state of atmosphere in an industrial city and
development of the consistent, adequate schemes
for modeling the properties of the concentration
fields of air pollutions has been in details consid-
ered, for example, in Ref.[15].

Let us remind [1-6] that most of the models
currently used to assess a state (as well as, the
forecast) of an environment pollution are present-
ly by the deterministic models or simplified ones,
based on a simple statistical regressions.

The success of these models, however, is lim-
ited by their inability to describe the nonlinear
characteristics of the pollutant concentration be-
haviour and lack of understanding of the involved
physical and chemical processes. Certainly, these
models can’t principally used in treating the cha-
otic nature systems (see [7-21]). Although the use
of methods of a chaos theory establishes certain
fundamental limitation on the long-term predic-
tions, however, as has been shown in a series
of the papers (see, for example, [7-22]), these
methods can be successfully applied to a short-
or medium-term forecasting. In Ref.[5,15,16]
there are presented the successful examples of the
quantitatively correct description of the tempo-
rary changes in the concentration of nitrogen di-
oxide (NO2) and sulfur dioxide (SO2) in several
industrial cities (Odessa, Triste, Aleppo and cities
of the Gdansk region) with discovery of the low-
dimensional chaos.

The main purpose of this paper is formally
to present an advanced mathematical formalism
and new microsystem technology to analysis,
modeling and prediction of the environmental ra-
dioactivity dynamics at whole, and chaotic time
series of the radionuclide dynamics in particular.
It inlcuded a qualitative analysis of dynamical
problem of the typical environmental radioacti-
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vity dynamics, reconstruction of the phase spa-
ce with using methods of correlation dimension
algorithm and false nearest neighbor points, de-
termination of the dynamic invariants of a chao-
tic system, including the global Lyapunov expo-
nents, the Kaplan-York dimension d, , Kolmogo-
rov entropy etc. The forecasting block contains
new (in a theory of environmental radioactivity
dynamics and environmental protection) metho-
ds and algorithms of nonlinear prediction such as
methods of predicted trajectories and neural ne-
tworks modelling. As an illustration, the first data
of analysis of the time series for the radon pore
activity are presented and indicated on availabil-
ity of the low- (and indeed middle) dimensional
chaos. All calculations are performed with using
“Geomath”, “Superatom” and “Quantum Chaos”
computational codes [15-84].

2. Advanced technique to analysis radionu-
clide dynamics in environment systems

As usually, we start from the first key task on
testing a chaos in the time series of environmen-
tal radioactivity dynamics. Firstly, as usually, one
should consider scalar measurements of the sys-
tem dynamical parameter, say, radionuclide con-
centration:

(n)=s(t,+ nA 1) =s( n). (1)
Here ¢, is a start time, Af is the time step, and n
is number of the measurements. The first step
of the whole methodology begins with the use
of a known test for the presence of chaos in the
system noise, which was proposed Gottwald and
Melbourne [7]. Its main idea boils down to the
choice of some constant ¢, rather, several values of

¢, which further define the value (with accounting
for Eq.(1)): :

p(n)= Y F(j)eos(je), 2

and then mean-squared shift:

N
M) = fim Y [p(+m - pF > ()
j=1

and at last a asymptotic growth rate M(n):

log M (n)
logn

K =1lim

n—>0

(4)

According to Ref. [7], in the case of regular
dynamics M (n) is a limited function of n with a
unit probability; respectively, in the case of cha-
otic dynamics M(n)=V(n)+O(1) for some V>0. If
the parameter K = 0, a dynamics of the studied
system is considered as a regular, in the case of
K =1 one should talk about chaotic dynamics.
The fundamental idea of our approach to studying
the dynamical radionuclide characteristics in at-
mospheric and others environment is ideological-
ly reduced to chaos-cybernetic analysis, playback
(and reconstruction) phase space of the system
and, accordingly, the phase trajectory prediction
about the temporal evolution of the dynamical pa-
rameters. Further in order to implement the ide-
ology simulation of compact geometric attractor
and apply a chaos-cybernetic specified phase tra-
jectories algorithm to restore the phase space of
the system one should use the concept of average
mutual information, and secondly, the concept of
using properties of the relevant linear autocorre-
lation function. In terms of mathematical mod-
eling the problem reduces to the consideration of
unambiguous mapping form:

F.,=G(F), (5)

where F e R ?is a vector of environmental state,
D is a dimension of the system, 7 is a discrete time,
G is a D-dimensional mapping.

In order to reconstruction a phase space of the
radionuclide environment system one should use
ideas by to Packard et al [8]. The main idea is that
direct use of lagged variables s(n+t), where 7 is
some integer to be defined, results in a coordinate
system where a structure of orbits in phase space
can be captured. Using a collection of time lags to
create a vector in d dimensions,

y(n)=[s(n), s(n + 1),s(n + 21),..,s(n +(d-1)1)], (6)

the required coordinates are provided. In a non-
linear system, s(n + jt) are some unknown nonlin-
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ear combination of the actual physical variables.
The dimension d is the embedding dimension, d,
(see details, for example, in Refs. [7-9,15-18]).
The choice of proper time lag is important for the
subsequent reconstruction of phase space. There
are known two effective algorithms to solve this
problem, namely, method of autocorrelation func-
tion C,(6) and an average mutual information ap-
proach.

The goal of the embedding dimension deter-
mination is to reconstruct a Euclidean space R?
large enough so that the set of points d, can be un-
folded without ambiguity. The embedding dimen-
sion, d,, must be greater, or at least equal, than a
dimension of attractor, d , i.e. d, > d . The corre-
lation integral analysis is one of the widely used
techniques to investigate the signatures of chaos
in a time series. The analysis uses the correlation
integral, C(r), to distinguish between chaotic and
stochastic systems.

According to [13], one should calculate the
correlation integral C(r). If the time series is char-
acterized by an attractor, then the correlation inte-
gral C(r) is related to the radius r as

d= limM , (7)
i logr

where d is correlation exponent. If the correla-
tion exponent attains saturation with an increase
in the embedding dimension, then the system is
generally considered to exhibit chaotic dynamics.
The saturation value of correlation exponent is
defined as the correlation dimension (d,) of the at-
tractor (see details in refs. [4,23,24]). As alterna-
tive method to computing embedding dimension,
one could use an algorithm of the false nearest
neighbor points by Kennel et al [9] (look [10-15]
t00).

The main idea is as follows. In dimension d
each vector y(k) has a nearest neighbour y*¥(k)
with nearness in the sense of some distance func-
tion. The Euclidean distance in dimension d be-
tween y(k) and y""(k) is called as R (k):

R2(k) =[s(k)—s™ () +[s(k +1) =™ (k + DT +
ot [s(k +t(d = 1)) = s™ (k +1(d - D).

(8)
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R (k) is presumably small when one has a lot a
data, and for a dataset with N measurements, this
distance is of order 1/N"?. In dimension d + 1 this
nearest-neighbour distance is changed due to the
(d + 1)st coordinates s(k + dt) and s"V(k + dt) to

R, (k)= R: (k) +[s(k +dt)—s™ (k +dv)]’- ©)
Further one could define some threshold size
RT to decide when neighbours are false. Then if

sk +drt)—s™ (k +dv)|

L&, (0
R, (k)

the nearest neighbours at time point k are declared
false. Kennel et al. [9] showed that for values in
the range 10 <R <50 the number of false neigh-
bours identified by this criterion is constant. In
practice, the percentage of false nearest neigh-
bours is determined for each dimension d. A value
at which the percentage is almost equal to zero
can be considered as the embedding dimension.

One of the most important results of a mod-
ern chaos theory is that studying the chaotic
time series based on the standard linear analysis
methods (including standard Fourier analysis) is
fundamentally not possible. For this reason, it is
not possible to indicate a trajectory of the most
probable evolution of dynamic system on the ba-
sis of linear analysis methods even when a phase
space is reconstructed. For nonlinear systems
with a chaotic chaotic dynamics a great interest
represents using of invariants which that do not
change during evolution of a system. Besides, it
is important fulfilling the additional condition of
constancy of invariants even under little changes
of the initial conditions.

As one of the fractal dimensions (correlation)
has been described above, further we consider the
Lyapunov exponents. In fact, analysis on the basis
of the Lyapunov exponents was carried out to de-
termine a stability of linear and nonlinear systems.
In fact a spectrum of the Lyapunov exponents is
one of dynamical invariants for non-linear system
with chaotic behaviour. As usually, the predict-
ability can be estimated by the Kolmogorov en-
tropy, which is proportional to a sum of positive
Lyapunov exponents. The limited predictability
of the chaos is quantified by the local and global
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Lyapunov exponents, which can be determined
from measurements. The Lyapunov exponents
are related to the eigenvalues of the linearized dy-
namics across the attractor. Negative values show
stable behaviour while positive values show lo-
cal unstable behaviour. For chaotic systems, be-
ing both stable and unstable, Lyapunov exponents
indicate the complexity of the dynamics. The
largest positive value determines some average
prediction limit. Since the Lyapunov 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 Lyapunov
exponents. The Kolmogorov entropy measures
the average rate at which information about the
state is lost with time. The estimate of the dimen-
sion of the attractor is provided by the Kaplan and
Yorke conjecture (see details in Refs. [7-15]):

J

2
d ='+&a
=7 B

(11)

J+l |

Jj+l

Z:;ku <0’ and

the Lyapunov exponents are taken in descending
order.

To compute the Lyapunov exponents, one
should use a method with linear fitted map, al-
though maps with higher order polynomials can
be used too (e.g.[4,13]. Another new approach
has been recently developed by Glushkov et
al and in using the neural networks technique
[17-20]. Summing up above said and results of
Refs. [1-3], the whole technique of analysis, pro-
cessing and forecasting any time series of the ra-
dioactive pollutants in different geospheres will be
looked as follows (see figure 1).

J
where j is such that Z_:,M >0 and

I. Analytics and the environmental radioactivity dynamics, the “Arnold-
analysis”

II. Preliminary studying and conclusion regarding a chaos availibility

[ 1. The Gottwald-Melbourne test: K — 1 — chaos |

2. Energy spectrum, statistics, power spectra, Wigner-Dyson
distribution, ...,
U

III. The phase space geometry. The fractal geometry

3. A method of the time lag, algorithm by Packard-
Takens, advanced autocorrelation function or average
initial information algorithms

4. Determining embedding dimension dz by the method
of the correlation dimension or algorithm of the false
nearest neighbor points

\ 5. Computing multifractal spectra, wavelet-analysis |

IV. Forecasting process in the environmental radioactivity dynamics

6. Computation of the global Lyapunov dimension L;
determination of the Kaplan-York dimension
dy and average limits of predictability Prya
(advanced algorithms)

7. Determining the number of nearest
neighboring points NN for the best
forecast results (analysis of qualitative indicators), ...

8. New methods and algorithms of nonlinear prediction
(methods of predicted trajectories, stochastic propagators and
neural networks modelling with blocks of the polynominal
approximations, wavelet-expansions ...

Figure 1. General compact scheme for compu

tation of the characteristics of the environmental

radioactivity dynamics time series and a non-linear
analysis, modelling and prediction.

The last block indeed includes the methods
and algorithms of nonlinear prediction such as
methods of predicted trajectories, stochastic
propagators and neural networks modelling,
renorm-analysis with blocks of the polynomial
approximations, wavelet-expansions [4.23,24].
All calculations can be performed with using
“Geomath” and “Quantum Chaos” computational
codes [4,21-38].

3. Illustrative results and conclusions

As an illustration of the presented approach
we have preliminarily studied the temporal
dynamics of of the radon pore activity. The data
of measurements on the monitoring stations of
the Petropavlovsk-Kamchatsky geodynamical
poligone [2,3]. It has been earlier shown that the
radon density flow can be treated as perspective
characteristics in  studying geodynamical
porcesses in epy Earth’s crust. We have carried
out a preliminary computing the time series for the
radon pore activity (data from [29,30]; Figure 2)

29
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using the above presented approach. In Table 1 we
list the data of the preliminary computation of the
key invariants: time lag (t) correlation dimension
(d,), embedding dimension (d,), Kaplan-Yorke
dimension (d,), two Lyapunov exponents, the
Kolmogorov entropy for the time series of the
radon pore activity (preliminary data). The
preliminary data indicate on availability of the
low- (and indeed middle) dimensional chaos in
the time series of the radon pore activity.

20.08 25.08

15.08

31.07 05.08 10.08

Figure 2 . The temporal dynamics of the radon
pore activity at a depth of the sensor arrangement
(1.0 m and 0.1 m).

Table 1.

Time lag (t) correlation dimension (d,),

embedding dimension (d;), Kaplan-Yorke

dimension (d,), two Lyapunov exponents, the

Kolmogorov entropy for the time series of the
radon pore activity (preliminary data)

T d d A A d

2 E L Kentr

9 5,6 6 0,018 | 0,001 | 4,31 | 0.019

This is in agreement with the fractal picture
data [2,3]. To reconstruct the corresponding chaot-
ic attractor, the time delay and embedding dimen-
sion were computed on the basis of the methods
of autocorrelation function and average mutual
information, correlation dimension, false nearest
neighbours. The presence of the two (from six)
positive A suggests the system broadens in the line
of two axes and converges along four axes that in
the six-dimensional space.

It is important to underline that the Kaplan-
Yorke dimensions, which are also the attractor
dimensions, are smaller than the dimensions ob-
tained by the algorithm of false nearest neigh-
bours. Computing K_ and correspondingly an

30

average limit of predictability can show the limit
to which the corresponding amplitude of the av-
erage intensity can be provided. In any case, one
should keep in mind that usually a limited set of
data may probably lead to an underestimation of
the actual dimension of the system.
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NEW APPROACH AND MICROSYSTEM TECHNOLOGY OF ADVANCED NON-LINEAR
ANALYSIS AND MODELLING CHAOTIC ENVIRONMENTAL RADIOACTIVITY
DYNAMICS

A. V. Glushkov, Yu. Ya. Bunyakova , V. V. Buyadzhi, Yu. V. Dubrovskaya, A. A. Kuznetsova,
O. Yu. Khetselius
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Summary

The aim of the work is to develop and present a new approach and correspondingly a new
microsystem technology for advanced non-linear analysis, modelling and forecasting the environmental
radioactivity dynamics and apply it to studying a temporal dynamics of the atmospheric radionuclides
such as radon and others. The new approach includes a qualitative analysis of dynamical problem of the
typical environmental radioactivity dynamics, reconstruction of the phase space with using methods
of correlation dimension algorithm and false nearest neighbor points. To reconstruct the corresponding
chaotic attractor, the time delay and embedding dimension were computed on the basis of the methods
of autocorrelation function and average mutual information. The correlation integral algorithm has been
used to compute the fractal dimension. The approach includes an effective computing of the dynamic
and topological invariants of a chaotic system, including the global Lyapunov’s exponents, the Kaplan-
York dimension, Kolmogorov entropy and others.

The forecasting block contains new (in a theory of environmental radioactivity dynamics
and environmental protection) methods and algorithms of nonlinear prediction such as methods of
predicted trajectories and neural networks modelling.

As an illustration, the first data of analysis of the time series for the radon pore activity are
presented and indicated on availability of the low- (and indeed middle) dimensional chaos. The
data of measurements on the monitoring stations of the Petropavlovsk-Kamchatsky geodynamical
poligone have been analysed. The presence of the two (from six) positive the global Lyapunov’s
exponents suggests the system broadens in the line of two axes and converges along four axes that
in the six-dimensional space. It is important to underline that the Kaplan-Yorke dimensions, which
are also the attractor dimensions, are smaller than the dimensions obtained by the algorithm of false
nearest neighbours. It has been confirmed that the radon density flow can be treated as perspective
characteristics in studying geodynamical porcesses in the Earth’s crust.

Keywords: radionuclides concentration dynamics, new mathematical models, new microsystem
technologies, time series analysis and prediction modelling
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HOBMHA MIAXIA I MIKPOCUCTEMHA TEXHOJIOTI'TS BIOCKOHAJIEHOT'O
HEJITHIMHOT'O AHAJII3Y I MOAEJTIOBAHHS XAOTUYHOI JMHAMIKH
KOHIEHTPAIIA PAJIOHYKJIUIIB Y HABKOJUIITHAOMY CEPEJOBHUIIY

O. B. I'nywxos, FO. A. Byuskosa, B. B. Bysoocu, FO. B. /[yoposcvka, I. O. Ky3ueyosa,
0. IO. Xeyeniyc

Opnechkuii nepkaBHUM ekoNoriyHui yHiBepcuret, JIpBiBchKka 15, Onmecca, 65016
E-mail: odeku.intsci@gmail.com

Pegepar

Merta poOoTu momsirae y po3poOIli Ta mpe3eHTallii HOBOTO MiJX0ay Ta, BiAMOBIIHO, HOBOI
MIKPOCUCTEMHOI TEXHOJIOT1i JAJIsI MOTTMOIEHOTO, BIIOCKOHAIEHOTO KUTbKICHOTO JTOCIIKSCHHS 4aCOBOT
Ta IPOCTOPOBOI TUHAMIKHM KOHIIEHTpPALIN PaJiOaKTUBHUX 3a0pyIHIOI0OYMX HABKOJIMIIIHE CEPEIOBUIIIE
(armocepy, rizpochepy TOIIO) PEUOBUH Ta 3aCTOCYBAHHS ii 10 BUBYEHHS XapaKTEPUCTUK YACOBUX
psIiB KOHLEHTpAIill 3a0pyqHIOI0UMX aTMOc(epy paliOHyKIiIiB TUIY PaJOHY Ta IHIIHX.

HoBuil migxia BkIOYae SKICHUM Ta KUIBKICHUM aHai3 MPOOIEMH 4acOBOI NHHAMIKH
PaIioaKTUBHOCTI JOBKLLIS, PEKOHCTPYKIIiO (ha30BOr0 MPOCTOPY 3 BUKOPUCTAHHIM METO/IIB aJITOPUTMY
KOPEJSIIIHOTO IHTerpaiy Ta METOLy MMOMUJIKOBHUX CYCiIHIX TOUOK. [IJis1 peKOHCTPYKIIi1 BiIMOBITHOTO
Xa0THUYHOTO aTPaKTOpy, OOYMCICHHS 3aTPUMKHU Yacy Ta pO3MIpHOCTI BKJIaIEHHS BUKOHAHE Ha OCHOBI
METO/IIB aBTOKOPEIALiHOT PyHKIT Ta cepenHboi B3aeMHOI iHpopMallii. AITOPUTM KOPEISALiIHHOTO
1HTerpaja BUKOPUCTAHUM 17151 0OUMCIIEHHS KOpesiitHoi po3MipHOCTi. I1iaxia npupoaHbo BKIIIOYAE
e(eKTHBHE OOYMCIICHHS TUHAMIYHUX Ta TOMOJOTTYHUX 1HBAP1aHTIB XaOTUYHOI CUCTEMH, B TOMY YHUCI1
I106aNBHIX OKAa3HUKIB JIsmyHoBa, posmiprocTi Kannana-Mopka, entponii KonMoroposa Ta iHmmx.

[IporHo3Huii 610K MiCTUTH HOBI (BIIEpIIIE B TEOPIi AMHAMIKH Pai0aKTUBHOCTI HABKOJIUIIIHHOTO
CepeZIoBUIIA Ta OXOPOHY JOBKIJIISI) METOJU Ta aJITOPUTMH HENIHIHHOTO MPOTHO3YBaHHS, TaKi SIK
METOJIU TepeI0aYeHNX TPAEKTOPIH Ta MOIETIOBAaHHS HAa OCHOBI HEHPOHHUX MEPEK.

Sk imrocTpanis, TpeaCcTaBIeH] pe3yabTaTu aHalli3y JaHUX I10 MOPOBii aKTUBHOCTI PaloOHY
1 BIepIie BKa3aHO Ha MOXKJIMBY HasBHICTh €JIEMEHTIB xaocy. [IpoaHanizoBaHO aHi BUMipIOBaHb
Ha CTaHI[IsIX CIIOCTEpPEKEeHb Ha reoguHamMiuHoMy mousirosi IlerponaBioBchk-KamyaTchkoro.
HasBHiCTB 1BOX (3 II€CTH) MO3UTUBHUX INI0OATBHUX MOKa3HUKIB JIsImyHOBa nepenbdayae, mo cucreMa
PO3IINPIOETHCS B JIHIT ABOX OCEH 1 CXOAUTHCA Y3I0BXK YOTUPHOX Ocel y 6-MipHOMY mpocTopi. Baxnso
miaKpecuTH, mo posMmipricTs Karnana-Fopka, sika € Takox pO3MipHICTIO aTpakTopy, MEHIIA, Hixk
PO3MIpHICTh, OTPUMaHa HAa OCHOBI alropuTMy ¢aiablIMBUX HaOmmwkuux cyciais. [linTBepaxkeHo,
II0 MOTIK T'YCTHMHH PaJloHy MOKHA PO3IIISAJATH K NMEPCHEKTUBHY XapaKTEPUCTUKY NPHU BUBYCHHI
reolMHaMIYHUX TIOPIIEHb Y 3€MHIN KOpi.

KurouoBi ciioBa: nuHamika KOHIEHTpALii paJiOHYKIIiiB, HOBI MaTeMaTH4Hi MOJIENi, HOBI
MIKPOCHCTEMHI TEXHOJIOT1{, aHaJli3 Ta MPOTHO3YBAHHS YaCOBHX PAIIB
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OIHODRJIEMEHTHOE IIPUEMHOE YCTPOMCTBO JIJIsI PETUCTPALIAN
N3JIYUYEHUA CYB-TT'/TTI'u IUAITA3OHA HA OCHOBE KPEMHHMEBOI'O
ITOJIEBOI'O TPAH3UCTOPA

U. A. Jlvicrok, A. I’ Tonenxos, C. E. [[yxnun, B. I1. Pesa, A. B. lllesuux-1Illexepa, ®@. ®. Cuzos

AHHoTanus. B pabore paccMOTpeHO MPHUEMHOE YCTPOUCTBO JIsl pETUCTPALHH AJIEKTPOMAarHUTHOTO
mznyuenusi cyOo-TI'/TT'y nuanmazoHa crekTpa, YyBCTBUTENIBHBIM D3JIEMEHTOM KOTOPOTO €CTh
KPEMHUEBBIN MOJIEBON TPAH3UCTOP, MOJKIIOUEHHBIM K aHTEHHE 3aTBOPOM U UCTOKOM. OmHcaHo reo-

MCTPUIO YYBCTBUTCIIBHOI'O 3JICMCHTA, ITPHUHIUII pa6OTLI IMPpUEMHOT'O YCTPOﬁCTBa, MCTOAUKY H3MC-

pPEHUS] YyBCTBUTEILHOCTH U MOLTHOCTU 3KBUBaJeHTHOHU 1mymy (NEP). JIis mpueMHOro ycTponcTBa

pa3paboTaHa U U3TOTOBJIEHA ChEMHAs cHCcTeMa acepuyecKux JUH3, MPUBEICHA U3MEpEeHHas (yHK-

Ul paccessHusl TOUkM Ha yactore u3nydeHus 140 I'Tu. Ha sToii ke yactoTe M3MydeHHUs] MPOTECTU-

poBaHa paboTa MPUEMHOTO YCTPOMCTBA, M3MEPEHa YyBCTBUTEIbHOCTh S=2,8%10° B/BT 1 MOIIHOCTH
skBuBaneHTHas mymy NEP=4,3x10"° Bt (I'un) 2.
Kumrouesie ciaoBa: cyo-TI ', TI'n, Si-MOSFET, noneroii Tpanzuctop, NEP, npueMHnk
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OJIJHOEJIEMEHTHWH MPUUMAJBHUNA TPUCTPIN 1151 PEECTPALIL
BUIIPOMIHIOBAHHS CYB-TI'w/TI'u AJIAITASOHA HA OCHOBI KPEMHIEBOI'O
IOJIbOBOI'O TPAH3HUCTOPA

L O. Jluciok, O. I Tonenxos, C. €. /{yxnin, B. I1. Pesa, A. B. lllesuuk-Lllexepa, @. @. Cuzo8

AHoTanisg. B po6oTi po3misiHyTO NpUiiMaIbHUNA TPUCTPIN UIS peecTparii eleKTpOMarHiTHO-
ro BurnpomiHioBanHsa cyO-TI'/TI' 1 niama3oHy cHekTpa, YyTIMBUM €JIEMEHTOM SIKOTO € KPEeMHIEBHI
MOJIBOBUN TPAH3UCTOP, MIIKIIOUEHUH 0 aHTEHU 3aTBOPOM K BHTOKOM. OIMHUCAHO T'€OMETPIl0 UyT-
JMBOTO EJIEMEHTY, MPUHIMII POOOTH MPUUMAIBHOTO MPHUCTPOIO, METOAMKY BHUMIPIOBAHHS YYTIIH-
BOCTI 1 TIOTY>KHOCTI eKBiBaJIeHTHOI mymy (NEP). [lisi mpuiiMaibHOTO TPHUCTPOIO po3poliieHa Ta
BUTOTOBJICHA 3’MOMHA CHCTEMa JIiH3, HaBEJIEHO BUMIPSHY (YHKIIIO PO3CISHHS TOYKM HAa YacCTOTI
mkepena BunipominioBanHsa 140 I'T'u. Ha miit yactoTi BUNpOMiHIOBaHHS! BUIIPOOYBaHO poOOTYy MpH-
HAMaJIbHOTO TPUCTPOIO, BUMIPSHO 4yT/auBicTh $=2,8%10° B/BT Ta MOTYXHICTh €KBIBAJICHTHY IIyMYy
NEP=43x10" Bt (I'u)'~.

Kurouosi cioBa: cy0-TI ', TT'n, Si-MOSFET, nonsoswuii Tpan3uctop, NEP, npuiimau

SUB-THz/THz RADIATION DETECTOR DEVICE BASED ON Si-MOSFET

L O. Lysiuk, A. G. Golenkov, S. E. Dukhnin, V. P. Reva, A. V. Shevchik-Shekera, F. F. Sizov

Abstract. A sub-THz/THz radiation detector device based on Si-MOSFET has been presented.
Si-MOSFET source and gate connected to an antenna serves as a detector element. Geometry of
the Si-MOSFET antenna, principle of device operation, method of estimating the sensitivity and
noise equivalent power (NVEP) have been described. A removable system of aspheric lenses has been
developed and made for this detector device, a measured point spread function of the system of
aspheric lenses has been given at the frequency 140 GHz. The detector device has been tested at the
same frequency; sensitivity and NEP of the detector device have been estimated and they are equal to
$§=2.8x10° V/W, NEP=4.3x10"° W (Hz)""2, accordingly.

Keywords: sub-THz, THz, Si-MOSFET, NEP, detector

BBenenune

DNeKTpOMarHUTHOE H3JIyueHHe cyOTeparep-
moBoro u TtepareproBoro (cyo-TI'y/TI'm) nma-
Ma3oHa CIEKTpa aKTUBHO HUCIOJb3yeTcs B OWO-
JIOTHM, MEIUIIMHE, CHUCTeMax Oe30MacHOCTU H
KOHTPOJIS, a TaKXke APYyrux o01acTaxX HayKu U
TexHUKH [ 1, 2]. OIHUM U3 BaXKHBIX HAPaBICHUN
ABJIIETCS  JUCTAHLMOHHBIM  Hepa3pyILIarOIINAN
KOHTPOJIb CKPBITBIX MPEAMETOB HAXOASAIMXCS B
HEMETAJUNINYECKUX KOHTEHHEPAX M3TOTOBJIEHHBIX

13 MaTepuasoB, MPO3padHbIX B TEparepLoOBOM
nuanasone (Oymara, MjiacTHUK, MEHOIUIACT, pe3u-
HAa, TKaHb, KEpaMHKa U JIp.). DTU U IpYTUe IPUIIO-
KEHHSI TPEOYIOT HAJICKHBIX, JICIIEBBIX, YYBCTBH-
TEJbHBIX MPUEMHHUKOB U3Ty4YeHUs, paOOTaIONINX
MIPY KOMHATHBIX TEMIIepaTypax.

Kak mnpaBuio, MOIIHOCTh SKBUBAJICHTHAs
mymy NEP (noise equivalent power) Heoxiax-
JAeMbIX WJIH CJIa000XJIaXKIAeMbIX MPHEMHUKOB
cyO-TI'w/TT 11 u3myyeHust HAXOAATCA B TUATIA30HE
NEP =10°..10"Bt/T'ii"2.
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Cpenu TpemIoXEHHBIX B TMOCIEIHEE BpeMs
MIPUHITUIIOB JeTekTupoBanust cyo-T1/TI ' usimy-
YEeHUs] MOXKHO BBIICNIUTH MPUEMHHUK H3ITYYCHHUS,
OCHOBaHHBIH Ha 3(p(eKTe BBIMPSMIICHHS BBICOKOYA-
CTOTHOTO MHAYLIMPOBAHHOTO TOKA B KaHAJIE MOJICBO-
r0 TPaH3UCTOpa OOYCIIOBIEHHOTO HEJTMHEHHOCTHIO
AMEKTPUUYECKUX XapaKTEPUCTUK TpaH3ucTopa [3-5]
WA TEHEepaIy TJIa3MEHHBIX KojieOaHuil [6] B Ka-
Hasne. [Ipu OTHOCHUTETHHO HEOOMBINONW CTOMMOCTH
€IMHHUIIBI TPOTYKIIUH UCTIOJIb30BaHUE CTAHAPTHON
KPEMHHUEBOM TEXHOJIOTUH ISl U3TOTOBJICHHS T10JIe-
BBIX TPAH3UCTOPOB Kak mpueMHUKoB cyO-TI /T
W3JTy4eHHs] TIO3BOJISIET YITYUIIUTh CTAOMIBHOCTD U
MIOBTOPSIEMOCTb MX XapaKTEPUCTUK.

B pabote paccmoTpeHa BO3MOXHOCTh HCTIONB30-
BaHMsI B KauecTBe cyO-T1 '/ TT 11 mprieMHUKOB Kpem-
HHUEBBIX METAJUI-OKCHI-TIOTYPOBOJJHUKOBUX TI0-
neBbIXx Tpan3uctopoB (Si-MOSFET, silicon metal
— oxide — semiconductor field — effect transistor)
[3-4] m mpoBepeHa ero padota Ha yactore 140 [T

Hns peructpammu  cyo-TI'y/TI ' u3myyenus
MPEIIOKEHO MPUEMHOE YCTPOHCTBO, COCTOSIIIEE U3
Si-MOSFET Tpan3ucTopa ¢ HOAK/IIOYeHHOH K HeMy
AHTEHHOM U ycuiuTeneM. B mprueMHOM ycTpoiicTBe
MpeyCMOTpEHa CheMHasi COOpKa 13 ac(hepruIecKux
JIMH3, KOTOpasi UCIIOJIb3YETCs MPU HEOOXOIUMOCTH
st poxycupoBku cyO-TI'yTI' m3myuyenust Ha
YyBCTBUTEJBHBIN AIEMEHT.

IIpuemubiii 31ement Si-MOSFET Tpan3zucrop

B kauectBe mnpuemMHuKa OBLT HCIONB30BAaH
n-xaHanbHbIA kpemHHeBbI Si-MOSFET Tpanzu-
CTOp C MOJKITIOYEHHOM MEX/Ty 3aTBOPOM U HCTOKOM
anteHHou (puc. 1 a). [{ng W3rotoBieHUs MpUEM-
HuKa ObUT ucnonb3oBad 350 um CMOS texHomo-
rudeckuii mpouece ¢upmbl X-Fab Semiconductor
Foundries AG. IIporiecc BKITIOYaeT W3rOTOBICHHE
n-xaHajabHIX MOSFET Tpan3ucTtopoB B H30H-
poBanHOM «kapmaHe» (ISOMOS), 3 cnost metan-
JIMYECKOW pPa3BOJKU IIUH, MMOJHMKPEMHHEBBIC KOH-
nencaropbl Ha 0,001 OM KpeMHHUEBOW MOIJIOKKE
p-tuna, opueHtamuu  <100>, ¢ snuTaKcHAIBEHBIM
cnoem (8,0£1.2) Om cMm. Ilocnme wusroroBneHUs
TPaH3UCTOPOB TOUIOKKA ObUTa YTOHEHa 10 TOJ-
uHbl 290 MxM. [eomeTpuyeckue pa3mepsl TpaH-
3UCTOpa — IIMpHUHA KaHana =0,5 MKM, 1J1Ha KaHa-
na [=0,35 mxMm. BuiHo, 4T0 rabapuTHBIE pa3Mepsl
aHTeHHbI (mmHa =350 MM, mmpuHa h=190 MKM,
pamuyc KpuBH3HBI /=170 MKM) HaMHOTO OOJIBIIIE
pa3mepa Si-MOSFET tpanzucropa (cm. puc 1 0).

40

AHTeHHa ONITUMHU3UPOBAHA TSl IETEKTUPOBAHUS
Ha yactore 280 ['Tu. PaccuntanHble ciekTpasibHbIE
XapaKTEPUCTUKH HAMPABJIEHHOCTH D) ¥ KO>(pduiy-
enra ycunenus G, [7] npencrasienst Ha puc 1 B).
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Puc. 1 I'eomeTpusi npueMHUKA U3JIy4eHHs] C AHTEH-
HOIi: a) TOmOJIOrHsl N-KAaHAJIBHOIO KPEeMHHEBOIO
MOII-Tpan3ucropa; 0) BHeLIHUII BUJ AHTEHHbI (ra-
OapuTHbIe pasmepsl 190 n 350 mxm, pagnyc KpUBHU3-
Hbl =170 MKM), B) pacCUMTaHHbIe CIIEKTPaJIbHbIC
XapaKTepUCTHKH HanpaBjieHHOcTH D 1 ko3 punu-

eHTa ycwienusi G, CpoeKTHPOBAHHOM aHTEHHBI.
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I[puHuun padoTbl U KOHCTPYKIHUS

[Tpu nonagaHuy Ha aHTEHHY TPaH3UCTOpa Cy0-
TI'w/TI'n w3nydeHWss B aHTEHHE WHIYIUPYETCS
BBICOKOYACTOTHBIH TOK, YaCTh 3TOTO TOKA IONaja-
et B kaHan Si-MOSFET tpan3uctopa u BbIIpsIM-
JII€TCA TPAH3UCTOPOM 32 CUYET €r0 HEIMHEHHOU
XapaKTEpPUCTUKH, B PE3yJIbTaTe Ha UCTOKE U CTOKE
MOSIBJISIETCS. TIOCTOSIHHOE HAIpsiHKEHUE, KOTOpOoe
YCWIMBACTCs YCHIHUTENeM, ¢ Koddduimentom
ycuienus o Hamnpsbkenuto 2000. Beixon ycuiu-
TEJS SBJISIETCS BBIXOJIOM MPUEMHOTO YCTPONCTBA.

[Ipy ncronp30BaHUM NPUEMHOIO YCTPOMCTBA
PEKOMEHYETCS YBEJINYMBATh MOIIHOCTh M3ITyye-
HUSI, KOTOpast TIONaaeT Ha YyBCTBUTEIBHBIN die-
MEHT C TOMOUIbIO JIMH3 WK 3epkai. s storo
cyo-TI'w/TI 'y m3nyuenue hokycupyercsi BHEIIHEH
JMH30M WM 3epkasioM Ha aHTeHHy Si-MOSFET
TpaH3HUCTOPA.

Jnst pOKyCHpOBKH M3ITyUeHUs HA aHTEHHY TpaH-
3UCTOpa MOXKHO TaK)K€ UCIOJIb30BaTh ChEMHYIO CH-
CTEMY JIMH3, KOTOpasi COCTOUT U3 JIBYX IJIOCKO-BbI-
MYKJIBIX achepuiecKnX JIMH3, TIOBEPXHOCTh — TH-
nepOoNIon1, KOTOpasi MO3BOJISET CKOPPEKTUPOBATH
abepparii U chOKyCHpOBaTh U3ITyUYCHUE B MUHH-
MaJIbHOE I10 pa3Mepam IISITHO.

Ha puc. 2. npencrasiensr (ororpadus crpo-
EKTHPOBAaHHOTO M M3rotoBjaeHHOro cyo-TIm/TI
NPUEMHOTO YCTpOMCTBA (a), a TaKKE CXeMa €ro
TECTHUPOBAHUS CO CheMHOU COOpKOM M3 acdepuye-
ckux JuH3 (0).

Marepuanom 1st CbEMHON CUCTEMBI JIMH3 BbI-
Opan marepuan 3D neyaru — noauctupoa (HIPS),
MOKa3aTelb IpeJoMIeHus Kotoporo n=1,56.
HIPS wumeer omHOpomHOE CTaOWMILHOE MPOIY-
ckanue okono 80-90%, HauuMHAs C IJIMHBI BOJI-
HbI ~ 200 MxMm. JlnameTp (HOKyCHUPYIOIHUX JTUH3
D = 36 MM, OTHOCUTENIbHOE OTBepcTHE TUH3 D/
f=1/1.38. Jlns1 M3roTOBJICHHMS JIMH3 U KOPITyCa HC-
MOJIb30BaHa aliIuTHBHAs TexHosorus 3D neuatw,
MO3BOJISFONIAS ¢ TOYHOCTHIO 10 100 MKM, 110 11 -
POBOI MOJIENIN, U3TOTOBUTD U3IEIHSI CO CIIOKHBI-
MU IIOBEPXHOCTSMHU, 10 AOCTYIHOH IIEHE.

Ha puc. 3 npencraBnena ¢yHKus pacces-
Hust Touku ot 140 I'Ty ucrounuka, chokycupo-
BaHHAs CHEMHBIMH acPEepUUICCKUMHU IJTUH3AMU
B IUIOCKOCTh TNpHUEMHHUKa (KoopauHaTel X, Y).
PacueTHbIe U SKCTIEpUMEHTANIBHBIE JTAHHBIC TICH-
TPaJIBLHOTO MaKCUMyMa (PYHKITUU PACcCEeSTHUS TOY-
KU - aucka Diipu (Airy), uMeroT On3Kue 3Haye-
Hus (D Airy-oale = 6,7mm, D Airy-mess 8 MM), cooTBeT-
CTBEHHO, 3TOT THUII JIMH3 MOXKET MCIOJIb30BATHCS
JUTSI TEParepIioBbIX CUCTEM 3PCHUSI.

Puc. 2. a) ®ororpadgus M3roToBJIeHHOI0 OHOIJIE-

MEHTHOI'0 IPHEMHOI0 ycTpoiicTBa; 0) ororpadus

cxembl perucrpanuu cyo-TT'n/TI'm usaydenus c

HCIOoJIb30BaHueM ucTouHuka Ha 140 I'T'n u cnem-
HOI cOopkM U3 achepuveCKUX JUH3.

S

Axis. mm

Puc. 3. ®ynkuusi paccessHusi TOUYKH, OCTPOECHHOI
cucremoil acepuyeckux JIMH3 IS NPHEMHOIO
ycrpoiictBa Ha yactore 140 I'T'n.
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MeTtoauka u3MepeHUsi YyBCTBUTEJIbHOCTH
u NEP npueMHHKA U3J1yYeHUS

OnHUM U3 OCHOBHBIX IapaMeTpPOB IMPUEMHHU-
Ka m3nydeHus spisercs NEP (noise equivalent
power) - MOIIHOCTb, SKBHMBAJECHTHAs IIyMY.
3nauenue NEP onpenenser MUHUMAJIbHYIO MOII-
HOCTb M3JIy4€HUs, KOTOPOE MONagacT Ha MIPUEM-
HUK U KOTOPYIO OH MOXET PErucTpUpoBarh, Ipu
YCIIOBUHU, YTO OTHOILIEHHE CHUTHAJ/IIYyM pPaBHO
€IMHULE.

Hns onpenenenust NEP npueMHHUKa HEOOXo-
JIUMO 3HATh €ro YyBCTBUTEIILHOCTh U LIIyM:

Unoise
—S )
e U = — aMIUIMTy#a [Iyma B IOJOCE YacTOT
1 ', S - 9yBCTBUTEIBHOCTD IPHUEMHHKA.

UyBCTBUTEIHHOCTH MPUEMHHUKA OTIPEIEIISIETCS
OTHOIIICHUEM U3MEHEHHMsI HanpspkeHus: U Ha npu-
E€MHHKE TPU MOTIOIIEHUH TPUEMHUKOM H3ITyde-
HUS MOTITHOCTH W-

NEP = (1)

2)

MoIHOCTh, KOTOpas MONafaeT Ha MPHEMHUK,
OlpeseNsIach MHTETPUPOBAHUEM PacCHpee/ICHUs
MHTEHCUBHOCTH W3JIy4€HHs MO TUIOUIAIH AaHTEH-
HbL. J{71s ynpolieHus pacyeTos, IJIOIIAAb AHTEH-
HBl CYMTAJIACh MPSMOYTOJIBHUKOM CO CTOPOHAMHU
a=350 mxm u b=190 mxm. IlpocrpancTtBeHHOE
pacrpesieneHe HMHTEHCUBHOCTH U MOIIHOCTb
My4yKka B TUIOCKOCTH PACIOJIOXKEHUS NMPHEMHHKA
u3MepsUIach AKCIepuMeHTanbHo. st ymoOcTBa
MHTErPUPOBAHUS SKCIIEPUMEHTAJIbHAS KPUBAsk MO-
KeT OBbITh anmnpoKCcUMHUpoBaHa (yHkiueii [aycca.

VIcTOuHUK M3ITydeHUs] MOIYTHPOBAJICS Ha Ya-
crore 49 I'u. BeinpsiMiieHHOE BBICOKOYACTOTHOE
HalpsHKEHUE KPEMHHUEBBIM IOJIEBBIM TPAH3UCTO-
POM YCHIIMBAJIOCh YCHUJIMTENEM, aMIUIUTYIA BbI-
NPSMJICHHOTO HalpsHKEHUS! Ha BBIXOJE YCHIINTE-
151 uaMepsnachk ocummtorpagom Tektronix TDS
2012. lymbl mpUEMHOrO yCTpPOMICTBa B OTCYT-
CTBMU U3JTy4EHUS U3MEPSUINCh CUHXPOHHBIM Je-
tektopoM (lock-in amplifier) SR830.

Pe3yabTarsl H3MepeHHnii U pacuyeToB

[Tpuemnuk ocsemancs 140 I'T'u ucrounukom
M3JIyYEHHS 110 CXeMe, MOKa3aHHOW Ha puc. 4, u3-

42

JTy4EeHUE OT UCTOYHHKA (DOKYCHUPOBAIOCH HA MPH-
€MHHUKE BHEIIHEN (TOPOIIacTOBOM JIMH3O0M.

2

s

Puc. 4. Cxema 11 u3MepeHusl OTKJIMKA, pacnpese-
JIeHHsl HHTEHCMBHOCTH ¥ MOIIHOCTH M3JIyYeHHs B
IUIOCKOCTH PACHOIOKeHUs JeTeKkTopa: 1 - ucroy-
HHUK u3aydenus ¢ yacroroii 140 I'Tu, 2 - ¢rTopo-
IUIACTOBOM JIMH3a, 3 - MPUeMHUK U3ay4deHus (Si-
MOSFET tpaH3ucTop — AJIsl ©3MepeHusl OTKJINKA,
nupodiekTpuk MI'-30 — 1151 u3mMepenus pacmnpe-
nejaeHuss uHTeHcuBHocTH, THZ12D-35-VP — nas
H3MepeHHus1 MOLHOCTH).

Jnst u3smepeHust mpoCTPaHCTBEHHOIO pacIipe-
JIeJICHUS] UHTEHCUBHOCTH M3JIYyUYEHUsI UCIIONb30-
BaJIaCh aBTOMAaTU3UPOBAHHAs JIBYXKOOPAUHATHAS
ONTUYECKAss CHCTEMA CKaHUPOBAHUSI C THUPOI-
JEKTPUYECKUM NPUEMHHUKOM m3iydeHuss MI'-30.
Pa3zmep uyBcTBUTENBHOTO 31eMeHTa 1X1 MM.
[TonydyeHHble KpHBbIE HOPMHUPOBAIUCH MO MAaK-
CUMyMYy, pe3yJbTaT B BUJE MPOCTPAHCTBEHHOIO
pacnpeieseHrs THTEHCUBHOCTH IIPEACTABIICH Ha
puc. 5.

1,0

L =S
|

E —0—Xr=2 mm

D/ .\Nm =Y r=14mm
| om
3 08 iR
= oo
n \
T
iy "

OOMM

T
-10 0 10
X,y, mm

Puc. 5. PacnpenejieHue HMHTEHCHUBHOCTH BH0JIb
oceil X, Y B INI0OCKOCTH NEPHEHIHKYJIAPHON K OII-
THYECKOii ocH.
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I'maBHBIM MakCUMyM pacIpelelleHUs WHTEH-
CUBHOCTH B 00OMX B3aMMHO-TIEPIIEHINKYISIPHBIX
cpe3ax amnmpoKcuMupyeM (QyHKLUeH pacmpeze-
nenus ['aycca:

P
](an/):Ee Y s (3)

rie B — HOPMHPOBOUHBIA KO3(pdULUEHT, U
00 ,ﬁ,ﬁ
2 2
B= .[ Ie C dxdy = m.r,’ P - momHOCTh U3y
—00—00

YeHHsI OT UCTOYHHKA, CPOKYCUPOBAHHAS HA TIIO-

CKOCTb pacHOJOXKEHMsI HpueMHuka. HW3mepss
paccTosiHue, IJeé WHTEHCHUBHOCTb B OCHOBHOM
MaKCUMYM€ YMEHBIIAETCS B € pa3, HAXOJUM Xa-
pakTepHbIE pa3Mepbl MPOCTPAHCTBEHHOIO pac-
IPEJIENEHHs] HHTEHCUBHOCTH (3) 7 =2 MM 110 ro-
PU30HTAIU U ry=1 .4 MM 110 BepTHKaIH (CM. puc. 5).
[Tpu 3TOM M3MEpEHHBIH auameTp Diipu s Gro-
pOIJIACTOBOM JIMH3BI MPHUOIU3UTENILHO pPaBEH
8 MM, TaK)Xe KaK U JJi1 CbeMHOM CUCTEMBI JIH3.

st u3smMepeHuss MOIIHOCTH U3JIy4EHHs B Me-
CTO PACIIOJIOKEHUSI TPAH3UCTOPHOTO NMPUEMHHUKA
M3JIy4eHHUs] YCTaHABIMBAJICA MUPOIJIEKTpUUE-
CKUll u3Mepurenab MomHoctu Gentec ¢ 1€TEKTO-
pom THZ12D-35-VP, koTopslii uMeeT pabodyro
aneptypy 12 mwm. Ilpu u3MepeHUH MOILIHOCTHU
U3ITyYEHUs] UCTOYHMUK paboTajl B HENPEPHIBHOM
pexume. U3 puc. 5 cieayet, 4To0 MHTEHCUBHOCTh
M3JIy4eHHUs] 3HAYUTEIbHO YMEHBILIAETCS Ha pac-
CTOSIHUM OoJiplieM, 4yeM 6 MM (paguyc amepry-
pBl u3Mepurens MomHoctu). [loatomy yacThio
MOIIHOCTH M3TyY€HHUsI, BBIXOJSIIEH 3a aneprypy,
MOXHO TIpeHeOpeyb.

MouHocTh, U3MEpPeHHass € [OMOIUIbIO
THZ12D-35-VP, npunumMaercst 3a MOIIHOCTh P B
dopmyie (3).

MormurHocTs W, KoTOpast monaiaeT Ha IUI0IIa b
JIETEKTOpa, paBHa:

al2 b/2

W= [ [1Gyddy,

-al/2-b/2

(4)

rie a u b— nauHa ¥ upuHa aHTeHHbI. Mcnonb3ys
(3)-(4), momyyaem BbIpa)KeHHE I MOITHOCTH W,
KOTOpasi ONaJaeT Ha aHTCHHY:

W=nF, (3,
e 7 — K0d((HUIIMEHT, KOTOPBIH yKa3bIBaeT, Kakas

YaCTb MOHOIHOCTHU B INNIOCKOCTHU PACIHOJIOKCHUS
IMpHUEMHUKA IOTIA1A€T HAa IPUCMHUK, 7] OIIPEACTIA-
€TCA COOTHOILICHUEM

2 2
al2 b/2 XV
1 2

T

ﬂrxry —al/2-b/2

dxdy . (6).

UucnenHoe uHTerpupoBanue (6) gaer 3Haye-
Hue 7=7,5%107.

C NoMOIIbI0 aMITTUTYAHON MOAYISIHMH TTOITY-
YeHa 3aBHCUMOCTD HAIPSDKEHHS aMILTUTYIbI BbI-
xona U mpueMHOro YCTpOWCTBAa OT MOUIHOCTHU
Iy4ka P B ce4eHuu, I1e pacloyIoKeH IPUEMHBIN
nosieBoil Tpansuctop (puc. 6). Mcnons3ys rpa-
¢dbuk, ompenensieM KOAIQOHUIMEHT MPOIOPIIHO-
HAJIBHOCTH k B COOTHOLICHUN

U=kP ),

rne k = 2,1x10° B/Bt. Comtacao dopmyne (2) u
ucnonb3ys (5) u (7) onpenensieM 4yBCTBUTENb-
HOCTBb S ycTpoiicTBa:
k
S = (8)9
n

otkyma $=2,8x10° B/BT.

0 1 2 3 4
P, MmBT

Puc. 6. 3aBUCHMOCTH aMILUIUTYAbI HATIPSIZKEHUST HA
BbIX0/le IPHEMHOI0 YCTPOHCTBA 0T MOUIHOCTH U3-
JydyeHusi chpOKyCHPOBAHHOIO B NepPHeHIMKYJIAP-
HOM MJIOCKOCTH K ONTHYECKOH oCH, B MecTe pac-
110JI0:KeHHs] KPEMHHEBOI'0 110/1€BOr0 TPAH3UCTOPA.

[llym mpuemHoro ycrpoiictea U . 1pu OT-
KJIFOYEHHOM HMCTOYHMKE M3IYyUYEHUs U3MEpSIICA C
nomonipto SR830 u pasen U =1,2x10* B (T'm)™".
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Paccuurannas no ¢opmysne (1) MOIIHOCTB 9K-
BUBAJICHTHAs Iymy NEP nprueMHOro yCTpoHCTBa
paBHa NEP=4,3x10"'° Bt (I'r)""2.

[Iymbl pa3pabOTaHHOTO MPHEMHOTO YCTpPOii-
CTBa ONPEIEISUINCH HE TOIBKO IIyMAMH JIETEKTO-
pa (1oJeBOro KPEeMHHUEBOIO TPaH3HCTOpa), HO U
IyMaMu ycuiaurens. J{ias yMeHbLIeH!s IyMOB U
yily4yuieHus 3HaueHus: NEP Hy>KHO UCIIOJIb30BaTh
YCWINTENb C MEHBIIMMHU LIyMaMH.

BriBoanl

B pabote omwmcan TpUHOMII W peamu3anus
MIPUEMHOTO yCTPOWCTBA JIJISi PETHCTPAIMH DJIEK-
TpoMarauTHoro u3nydeHus cyo-TI'n/TTn nua-
Ma3oHa Ha OCHOBE YYBCTBUTEIHHOTO 3JIEMEHTA
— KPEMHHUEBOTO MOJIEBOTO TPAH3UCTOPA.

Jusa cyo-TI'/TT'n nuamasona cmekTpa MHo-
Ka3aHa BO3MOXKHOCTh H3TOTOBJICHUS JIMH3, TIO
HOBOM TEXHOJIOTHH, METOAOM ITOCIOMHOTO CO3-
naHus PU3NIECKOro 00BEKTa ¢ UCTIOIH30BAHHEM
mudposort 3D-monenu. IlpencraBiensr Onu3kue
10 3HAYEHHUIO PACUETHBIE U AKCIIEPUMEHTAIbHBIE
JMaHHBIE IIEHTPAJbHOTO MaKCUMyMa (YHKIIHH
paccestHUs TOUKH -7ucka Diipu (D Airy-cale 6,7 MM,

irgemeas 8 MM), 4TO TMOKa3bIBAET BOZMOXHOCTh
MpUMEHEHUs BbICOKOTOUHOM 100 MKM TexXHOJIO-
run 3D meyaTu AJIsi M3rOTOBJICHUS] ONMTHYECKUX
Jeranei, paboTaronx B MIJIZTAMETPOBOM JHa-
Ma3oHe CIEeKTpa.

[IpoBenena oreHKa OCHOBHBIX IapaMeTPOB
paspaboranHoro mnpuémHuka cyo-TIm/TI' wus-
JyYEHHUs], TAKUX KAK YyBCTBUTEIBHOCTh U MOLUI-
HOCTb, SKBUBAJICHTHAS IIIyMY.

Ha yactote 140 I'T'11 uyBcTBUTENBHOCTD paBHA
§=2,8x10° B/BT, MOIIHOCTh OJKBHBaJIEHTHAs
mrymy cocraisier NEP=4,3x10"° Br (I'm) .
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Crenyrommum marom, ObII0 ObI LIEIECO000pas3-
HO CO3JaHHUE MHTETPUPOBAHHOIO NPUEMHUKA U3-
JIy4eHHUS] BMECTE C YCHJIMTEIEM HU3TOTOBICHHOM
Ha OJTHOM KpHCTaJLIC.
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SUB-THz/THz RADIATION DETECTOR DEVICE
BASED ON Si-MOSFET
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Summary

The aim of the work was to develop, produce and measure the sensitivity and NEP of the uncooled
sub-THz/THz radiation detector device based on a Si-MOSFET sensitive element. To manufacture
Si-MOSFET, 350-nm CMOS technological process was used. The system of aspheric lenses was pro-
duced with 3D printer. Spatial distribution of the radiation intensity in the plane of sensitive element
location was ascertained by scanning. The transferred power to the antenna of sensitive element was
obtained by integration of the radiation intensity over the antenna area. The sensitivity and NEP of
detector device at the radiation frequency 140 GHz were estimated as follows: $=2.8x10° V/WT Ta
NEP=4.3x10"" Wt (Hz) 2. The obtained values of sensitivity and NEP allow making the conclusion
that is detector device can be used to detect sub-THz/THz electromagnetic radiation.

Keywords: sub-THz, THz, Si-MOSFET, NEP, detector
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OJHOEJIEMEHTHUI NPUNMAJIbHUM IPUCTPIN 151 PEECTPALIIT
BUIIPOMIHIOBAHHS CYB-TI'w/TI 'y JIAITA3BOHA HA OCHOBI KPEMHIEBOI'O
MOJILOBOI'O TPAH3UCTOPA

L. O. Jlucrok, O. I Toneuxos, C. €. /[yxuin, B. Il. Pesa, A. B. [llesuuk-Illexepa, @. . Cuz06

InctutyT dizuku HamiBnposinHUKIB iM. B.€.JlamkapsoBa HAH VYkpainu,
03028, Kuis, np. Hayku 41, Ten./dpaxc 525-62-96

Pedepar

Mertoro poboTu Oyiio po3poOKa i BUTOTOBIICHHS HEOXOJIOIKYBAHOTO MPUUMATBHOTO IPUCTPOIO IS
JIETEKTYBaHHS €JEeKTPOMarHiTHOro BunpoMiHooBaHHs cyO-TI'/TI' niana3zoHy cHeKTpy 4yTJIMBUM
€JIEMEHTOM SIKOTO € KPEMHI€BUN MOJIbOBUM TPAaH3UCTOP, MIJKIIOYEHUN 70 aHTEHU 3aTBOPOM M BU-
TOKOM Ta BU3HAYEHHS OCHOBHHX IMAapaMeTPiB MPUIMAaIBLHOTO MPUCTPOIO: UYTIUBOCTI TA MOTYKHOCTI
eKkBiBaJIeHTHOI yMy (NEP). [I1s1 BUTOTOBJIEHHS! KPEMHIEBOTO TOJIBOBOI0 TPAH3UCTOPY BUKOPUCTAHO
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350 am CMOS TexHonoriuynuii npouec. Cuctemy acepudHux JiH3 OTPUMAHO 3a Jonomoroio 3D
npyky. CkaHyBaHHSM BH3HAUY€HO MPOCTOPOBUM PO3MOALT IHTEHCUBHOCTI B TUIOLIMHI 3HAXOKEHHS
YyTJIUBOTO €JIEMEHTY NPUHMaIbHOIO MPUCTPOrO. 10Ty KHICTh, 110 NaJa€ HA AHTEHY YyTIMBOIO elle-
MEHTY MPUCTPOIO OTPUMAHO HUIIXOM IHTETPYBaHHS IPOCTOPOBOTO PO3MNOALTY IHTEHCUBHOCTI I10 ILIO-
11l anTeHu. BusHaueHo napaMeTpu npuilMaibHOTO NPUCTPOIO Ha YacToTi BunipominioBanus 140 [T
gyTauBicTh $=2,8%10° B/Bt Ta NEP=4,3%x10"'° Bt (I'ty) 2. OTprmaHi 3Ha4eHHs 9yTIuBOCTI Ta NEP
JO3BOJIAIOTH 3pOOUTH BUCHOBOK, IO JaHUI MpUUMAaNbHUN MPHUCTPi Moxke OyTH 3aCTOCOBAHHM s
peectparii enexkrpomarHiTHoro cyo-TT /T 1 BumpoMiHrOBaHHS.
Kurouosi cioBa: cy0-TI ', TT', Si-MOSFET, nonsosuii Tpan3uctop, NEP, npuiimau
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®OPMYBAHHS XAPAKTEPUCTHK ITPUCTPOIB HA ITAX METOJIOM
CEJIEKTUBHOI OJIIPU3 AL

A 1 Jlenix

MixBinoMumii HayKoBo-HaBuanbHUH (izuko-TexHiunuil nentp MOH 1 HAH VYkpainu npu
OnecbkoMy HallloHaIbHOMY yHiBepcuTeTi iMeHi . I. Meunukoga,
ByJl. JIBopsiHCBKa, 2, 65082, Oneca, Ykpaina, e-mail: ndl lepikh@onu.edu.ua

®OPMYBAHHS XAPAKTEPUCTHK ITPUCTPOIB HA ITAX METOJIOM
CEJIEKTUBHOI MOJIIPU3 AL

A 1 Jlenix

AHoTanisg. OnucaHi NPUHLNI, KOHCTPYKTUBHI 1 TEXHOJIOTI4HI pillieHHs (pOpMYyBaHHS OCHOBHHX
XapaKTePUCTUK MPUCTPOIB HAa MOBEPXHEBUX aKyCTHUHUX XBWIAX ([TAX) 3 1’ €30€1eKTpUYHUM 3BYKO-
MIPOBOJIOM 3 BUKOPUCTAHHSAM HOBOTro MeTony. CyTh MeTO/1a OJISrae y popMyBaHHI IUISIXOM CEJIEKTUB-
HOI ToJIsIpU3allii I’ €30aKTUBHUX TUISTHOK Ha 3BYKOIPOBOJI 3 KOH(ITypalli€to X TpaHHIlb, 10 MAIOTh
dbopMy oruHar4oi 3a/1aHOT IMITYJICHOT XapaKTePUCTHKHU MpucTporo Ha [TAX.

Ku1rouoBi ci10Ba: nmpucTpiil Ha MOBEpXHEBUX aKyCTUYHUX XBUJIISIX, 11" €30KEPAMIYHHIA 3BYKOIIPOBI/,
CeJIeKTUBHA MOJISIpU3aLlis

© 4. 1. Jlenix, 2017
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FORMATION OF THE DEVICES ON THE SAW CHARACTERISTICS BY A METHOD OF
SELECTIVE POLARIZATION

Ya. I. Lepikh

Abstract. A principle, constructive and technological solving of the formation of the device on
the surface acoustic waves with piezoelectric acoustic duct basic characteristics with the use of a new
method has been described. The essence of a method consists in formation by selective polarization
the piezoactive regions on the acoustic duct with a configuration of their borders which have the form
of the bending around the given pulse characteristic of apparatus on SAW.

Keywords: the device on the surface acoustic waves, piezoceramic acoustic duct, selective
polarization

®OPMUPOBAHUE XAPAKTEPUCTHUK YCTPOUCTB HA ITAB METOJIOM
CEJIEKTUBHOM NOJIAPU3AILIUA

A U Jlenux

AHHoTauus. OnucaHbl IPUHIIBII, KOHCTPYKTUBHBIE U TEXHOIOTUYECKUE pelIeHus] POPMHUPOBAHUS
OCHOBHBIX XapaKTEPUCTUK YCTPOICTB Ha MOBEPXHOCTHBIX akycTHueckux BoiHax (ITAX) c
MbE303JEKTPUUYECKUM 3BYKOIPOBOAOM C HCIOJIb30BaHHEM HOBOro merona. CyThb MeToJa COCTOUT
B ()OPMHPOBAHUU IyTEM CEJIEKTUBHOW MOJSIPU3ALMH MbE30AKTUBHBIX YYaCTKOB Ha 3BYKOIIPOBOJIE
C KoH(purypauumeil HX TIpaHMI, KOTOpble HMeEIOT ¢GopMy orudaromeil 3aJaHHOW HMMITYJIbCHOM

XapaKTepUCTUKH ycTpoiicTBa Ha [TAB.

KiaroueBbie ciioBa: YCTpOﬁCTBO Ha MMOBCPXHOCTHBIX aKyCTUYCCKUX BOJIHAX, HBG3OKepaMquCKHﬁ

BCTYII

Knacuunum MeTonoM popMyBaHHS €leKTpUY-
HUX XapaKTePUCTUK MPUCTPOIB HAa MOBEPXHEBUX
akyctnuHux xBuisx (IIAX) e meron, npu sikomy
Ha [TOBEPXHI 11’ €30€JEKTPUYHOIO 3BYKOIIPOBOLY 3
MOCTIHHUM MO BCHOMY 00’ €My BEKTOPOM HOJISIPH-
3a1ii CTBOPIOETHCS CUCTEMA 3yCTPIYHO-IITHPHO-
BuX neperBoproBadiB (3LUII), 3 sxkux npuHaiiMHI
OZIMH € 3BAKCHUM IEPEKPHUTTSAM ENEKTPOiB a0
MM criocodoM [ 1]. TexnomoriyHo, HalvacTiIe,
HE BJIA€THCS JIOCUTh TOUYHO BIATBOPUTH B TOIO-
sorii 3LIIT po3paxyHKOBY (yHKIIIIO anmoaM3aIii.
Kpim Toro, taka crpykrypa 31IT cnpuunsnse mno-
ABY sy BTOPUHHUX €()EKTIB, 1110 CIIOTBOPIOIOTh
XApaKTEPUCTUKU IIPUCTPOIB.
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IHOCTAHOBKA 3A1AYI

Icuye npuctpiit Ha [TAX [2], mo ckiIagaeTsb-
Cs1 3 MOHOKPHCTAJIIYHOTO 3BYKOIIPOBONY 3 KpPEM-
HIIO, IO HE MA€ T’ €30€JIEKTPUYHOTO e(PeKTy 1 3
MOCTIHOIO J1I€JIEKTPUYHOI MPOHUKHICTIO TIO
BChOMY 00’€My, Ha TIOBEpXHi siIKOoTo chopMoBaHi
JUJISTHKH, 1110 MAIOTh IT"€30€JEKTPUIHUIN e(eKT, a
Ha Hux po3mimeni 3T qyis nepenaui 1 npuiiomy
MIOBEPXHEBOI aKyCTUYHOT XBUIIL.

OpHak Takui MPUCTPINA Ma€ PsiT ICTOTHUX He-
JIOJIIKIB:

-  HH3bKa e(QEeKTHBHICTh IMEPETBOPEHHS
€JIEKTPUYHOTO CUTHAJIy B aKyCTUYHHUH 1 Hazas,
YHACIIIOK HU3BKOTO Koedilli€eHTa eJIeKTpoMexa-
HIYHOTO 3B’A3KY I’ €30IL1IBKOBUX CTPYKTYP;

- CKJIQJHICTh KOHCTPYKIi, IO MICTUTh
BEJIUKY KUIBKICTh KOHCTPYKTHBHUX €JIEMEH-
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TiB TOHKOILJTIBKOBOTO IIApyBaTOr0 BUKOHAHHS
3 pi3HUX 3a (PI3MYHMMHM MapaMeTpaMu marepia-
JIB: 3BYKOIIPOBiJ 13 KpEMHiI0, MeTajeBa IUIiBKa,
1’ €30eJIeKTpryHa TuTiBKa 3 ZnO 1 3HOBY MeTajeBa
riBska 31T,

- CKJIQJHICTh TEXHOJIOTii BUTOTOBIIEHHS Ta-
KOTO MIPUCTPOIO BHACHIJIOK HEOOXiAHOCTI 3a0€3-
MIEUYEHHS BUCOKOI'O CTYIEHs Opi€HTallli KpucTati-
TiB 1’ €30ILTIBKH, CTEXIOMETpIi ckiay, 1o0poi Ta
cTabuUTbHOT B Yaci aaresii 70 MIAKIAIKA 1 TUTIBKA
IO IUTIBKY;

- HHM3bKa HAJIAHICTh KOHCTPYKIIii, yHACIi-
JIOK BEJIUKOT KiITBKOCTI 3’ €/IHAHb €JIEMEHTIB.

BukopuctaHHS B SKOCT1 3BYKONIPOBOAY
1’ €30KEepaMiKH PO3LINPIOE MOXKIUBOCTI popmy-
BaHHS XapaKTepUCTUK MpucTpoiB Ha [TAX.

V [3], nanpuxnan, 3BaxxyBanss 31T Bukony-
€THCSI IIIISTXOM (POPMYBAHHS B T’ €30€TEKTPUUHIN
TUTACTHHI O0JIACTi 3 PI3HUM CTYTICHEM TOJIspH3a-
11, 1110 JOCATA€THCSI TETJIOBUM BILTUBOM Ha 3BYKO-
MIPOBIJI, 110 MPU3BOIUTH /10 3MiHU BETUYMHH KOE-
¢imieHTa eNekTpOMeXaHiyHOTO 3B’ 513Ky B 00JacTi
postamryBanHs 3IIII1. Ognak Takuii crocid6 mMae
PSiZl OUEBUHUX HEIONIKIB, 30KpeMa, CKIaIHICTh
PO3paxyHKy MPOCTOPOBOI KOH]Iryparii Ternio-
BOT'O TI0JIsI, HEOOX1THOTO JJIs peatizaiii 3aaHoi
¢ynxuii 38axyBanss 311, a Takox TeXHOIOT14H1
CKJIQQHOCTI, TTOB’sI3aH1 3 HEOOXIJHICTIO TOYHOT
JIOKaJTi3allii TETIOBOTO MOJIs Y TeIIONPOBITHOMY
marepiaii, o € HaJACKJIAIHOIO 33/1a4€lO0.

OCHOBHA YACTHHA

Hawmu 3arponionoBano [4] meTon ¢popMyBaHHS
xapakTepucTuk npucTtpoiB Ha [TAX 3 Heanmoau3o-
BanuMu 31T nuistxoM ceneKTHUBHOL MONsIpU3anii
I’ €30KEpaMIqHOI0 3ByKOIIPOBOLY.

[Tpu upomy 3BaxxyBanus 3III, mo micTuTh
€JIEKTPOAH OJHAKOBOI JIOBXKUHH, 3M1HCHIOETHCS
CTBOPEHHSIM y K€paMi4YHOMY 3BYKOIIPOBO1 Adi-
JISTHOK, 1[0 MAlOTh I’ €30€JEeKTPUYHI BIACTUBOC-
Ti 3 MOCTIHHUM Yy MeXax c(hOpMOBaHOI AUISHKH
eNeKTpo(I3UUHUMHU NTapaMeTpaMu, 30KpemMa Ko-
e(dilieHTOM eneKTpoMexaHiuyHOro 3B’ sA3Ky. [Ipu
oMy KoH(piryparii (rpaHuIli) moaspu30BaHIX
JTUISTHOK MaloTh (OPMY OTMHAIOYOI IMITYJIbCHOT
XapaKTEepUCTUKH [IePEeTBOPIOBaya /(t), OTpUMaHoOi
BiJ MOT0 3aJ1aHOl MepeIaTHOi XapaKTEPUCTHKU
H (@) muisxom 3BOpOTHOTO nepeTBopeHHs Dyp’e

h(t) = THO(a)) exp(jot)dw , (1)

a neanmoguzoanuii 3IIIT po3ramoBanuii Ha il
nunsHOl. Jpyruit Heanoauzosanuit 3UIIT posra-
IIIOBY€ETHCS HA APYTIiH MOISIPU30BaHIN JUISHIII 3BY-
KOIIPOBO/IA, IKUI MOYKE MaTH TAKOXK TOTIOJIOTIIO 32
dhopmymnoro (1), abo MpSIMOKYTHY.

dopma OruHAIY0i PO3PaXOBYETHCS Ha
CTazil MPOEKTyBaHHSA MPUCTPOIO 3 BUKOPHUC-
TaHHSAM (I3UKO-MaTEeMaTUYHOT MOJEeJl Hai-
O1NbII MPUAATHOI AJIsI 3ByKOTIPOBOIB 3 CUJIb-
HUX I1’€30€JEeKTPHUKIB, A0 SKUX BIAHOCHUTHCS
1’ e30kepamika. Takoro Moxe OyTH MOJAENb €K-
BIBAJICHTHUX CXEM.

Ha mepmomy erami BUTOTOBIEGHHS HaHO-
CUTBCSI Ha TOBEPXHi, poOody 1 TPOTHIIEK-
Hy, CyLlJIbHa MeTajliyHa IJIiBKa OOMeXKeHa
PO3paxOBAaHOK OTHWHAIOYOIO 1 3IIHCHIOETHCS
CTAaHJApPTHUN TIpoIeC TMoJsipu3anii Kepami-
ku. [licns mporo Ha MONSIPU30BaHI UISHKU
11’ €30KepaMiKi METOJOM TOHKOTLTIBKOBOI TeX-
HOJIOT1i HAHOCSATHCS HEanmoAN30BaH1 3 PIBHUM
MEePEeKPUTTAM EJIEeKTPOIiB 3yCTPIUHO-IITUPHO-
Bl meperBoptoBaui. l{lum nocsiraerbcst 3MeH-
HICHHS BIUIMBY Ha OCHOBHI XapaKTepUCTHU-
k1 npuctpoiB Ha ITAX nii psny BTOPMHHHX
edekTiB 1 JocsAraloThcs OUIBII TOYHI Mapame-
TPU PO3PAXyHKOBUX XapaKTEPUCTHK.

[lepeBaru Takoro Mmeroay GopMyBaHHS Xapak-
TepucTuk npuctpoiB Ha [TAX 3 i’ €30kepaMiuHUM
3BYKOIIPOBOIOM OYEBUIHI: 3MEHIIYIOTHCS [Iii BTO-
pUHHUX e(DEeKTiB, 110 CIIOTBOPIOIOTH XapaKTEePHUC-
TUKU IPUCTPOIB, 00yMOBJIEH], 30KpeMa, HEPIBHO-
MIpPHICTIO MeTai3alii akyCTUYHOTO KaHajly, BH-
KJTFOYA€ThCSl TeHEpallis 1 MepEeBUITPOMIHIOBAHHS
cur"airy yactuHoro enekrpomais 31111 3a mexamu
aKTHBHOI (MOJIpU30BaHoi) 001acTi, 3a4aH01 rpa-
HUISIMU TTOJISIPU30BAHOI TUITHKH 3BYKOIIPOBOLY,
3a0e3mnedyeThess OUThIT TOYHA peaizarlis po3pa-
XyHKoBO1 (pyHk1ii 3BaxxyBanHs 3T 1 mixBuiry-
€ThCS TEXHOJIOTIYHICTh MIPUCTPOIO BIIJIOMY.

3anponoHOBaHUI METO]] YCIIIIHO BUKOPUCTA-
HO TP pO3p0o0I1Ii CMyToBHUX (BIIBTPIB 3 POOOUUMH
yacToTamH B AianasoHi Bia 5 1o 30 MI'n 31 3Byko-
IPOBOAAMH 3 I’ €30KEPaMiKM CUCTEMHU ITUPKOHAT-
tutanat ceuHio (L[TC).

B pospobnenomy Hamm mpuctpoi Ha [TAX
BUKOPHCTOBYETHCS ~ KEpaMiuHUH  3BYKONPO-
BiJ, IO CKJIAJa€ThCsd 3 JUISHOK, II0 MAaloTh
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I’ €30€JIEKTPUYHUIN €(EeKT, SKi YepryloThes 3 Ii-
JSHKaMH, 110 HE MaroTh Horo, npuuomy 3LIII
po3ramioBaHi 0e3MmocepeIHbO Ha AUITHKAX, M0
MaroTh I’ €30€JIeKTPUUHUI eeKT, a JieneKkTpud-
Ha MPOHUKHICTH IIUX AUISHOK Y JIBa pa3u OlIbIa
3a TIENeKTPUYHY MPOHUKHICTH IUISHKH, IO HE
Mae 11’ €30e(DeKTy.

Taka KOHCTPYKIlisi MOXe OyTH peajli3oBaHa B
CMYToBHUX (UIBTpax, JUCIEPCIMHUX 1 OararoBij-
BIJTHUX JIHISX 3aTPUMKH TOIIIO.

[Tpuctpiit Ha nmpuxmani pinerpa Ha [TAX cxe-
MaTHYHO MPEACTaBIEHO Ha puc. 1.

1 2 3

Puc. 1. Anogusania 3IIII MmeTrogoM celeKTHBHOIL

noJsipu3aunii Mo OruHaw4ii iMIyJIbCHOI Xapak-

TepPUCTHKHU. 1 — 3ByKONPOBifA, 2 — MOJSIpU30BaHA

n’e3oKkepamika, 3 — oruHawya QyHkuis anogusa-
uii, 4 — 31II.

Ha Bxigumii 3LUIT 3, po3ramoBanuii 6e3mo-
CEpeHbO Ha IMOJSIPU30BAHIN MUIAHIN 2 KepaMid-
HOTO 3BYKOIPOBOAY, TOAAETHCS ENEKTPUIHUN
curHai, sikuil 30ymxye [TAX, 1o mommproeTsest
B oOmuaBa Ooku Bix 3III. [locsararoun BuXigHO-
ro 3UIIT, ITAX nepeTBOpIOETHCS B €EKTPUUHUN
curHaji. EQexTUBHICTh NEPETBOPEHHS €NEeKTPHY-
HOTO CHUTHAJy B aKyCTWYHMH 1 Ha3aja ooox LTI
BHCOKA YHACIIiJJOK BUCOKOTO 3HAYEeHHS Koeilli-
€HTa EJIEKTPOMEXAHIYHOTO 3B’S3Ky A, piBHOTO
s 1 e3okepaMiku cuctemu LITC 6mu3bko 0,5.
[Ipu 1bOMy cHUTHAJI TPSIMOTO HABEACHHS 3 Of-
noro 3IIII na apyruii, 0OyMOBIEHUI €MHICHUM
3B’SI3KOM MK HUMHU 4epe3 MaTepiall 3ByKOIPOBO-
Iy, ICTOTHO MEHIIMI YHACIIIOK TOTO, IO JieJIeK-
TPUYHA IMPOHUKHICTH 3BYKOIIPOBOJY Ha AUISHII
4 mix 3LIIT y 2 pa3u MeHma, HiXX B 00nacTsIx
posramryBauHs 3LUIT. €muicTs Mix 31T y 1160-
My BUINAJKY, BUXOASUM 3 3araJIbHUX MIPKyBaHb,
MoOke OyTH 3amucaHa 3 TOYHICTIO O MOCTIMHOI
CIIBBITHOIIICHHSM
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C gL
d >
1€ & — BIIHOCHA JIeJIEKTPUYHA IPOHUKHICTh Ma-
Tepiay 3ByKONpoBoay Ha aAusHIi Mix 3HIIT;

L - aneptypa 3LUII;

d — Bincranb Mix 3LIIT.

EdexTuBHICTh 3HMKCHHS BEITUYMHUA CHUTHA-
my mpsMoro HaBeneHHs 3 ogHoro 3UIIT Ha iHmmiN
Iy’Ke BeJIMKa, 110 3a0e3neuye OJepiaHHS 1CTOT-
HOTO MOJIIIIEHHS eeKTPUYHUX XapAKTEPUCTUK, a
KOHCTPYKIIisl IPUCTPOIO, 10 MICTUTH 3BYKOIIPOBIJ
3 kepamiku 1 3HIIT Ha HBOMY TpaHHUYHO MPOCTA.
3MEHIICHHS JIIeJIEKTPUYHOI MPOHUKHOCTI 3BYKO-
npoBoay Ha aunsHI Mix 3UIIT mo3Bomsie Takox
30UTBLIMTH BEPXHIO MEXKY YaCTOTHOTO Jlara3oHy
BUKOPUCTAHHS 11" €30KepaMiKH, YHACIIO0K HIyHTY-
touoi emHocti Mk 3UIIT. Kpim Toro, nanuii npu-
CTpiit OLITBII TEXHOJOTTUYHUMI, TOMY 1[0 HE BUMArae
HAHECEHHs 1 €30ILUTIBOK 3 BUCOKOOPIEHTOBAHUMU
KPHCTAJIAMH 1 BEJTUKOIO KUTBKICTIO TEXHOJIOTTYHUX
orepauiil ajas CTBOPEHHs 0araToIiapoBoi CTPYK-
TYpH, MAa€ MEHIIIy TPYAOMICTKICTb 1 BapTICTh, YHa-
CJIJIOK I[LOTO, @ TAKOXK YHACIIZOK OLIbII HU3BKOT
BapTOCTI KEPAMI4HOTO 3BYKOIIPOBOY.

[lepeBaramMu Takoro KOHCTPYKTUBHOTO PillIeH-
HSl B TIOPIBHSIHHI 3 BIJOMUMHU OCOOJIMBO MOMITHI
P BUKOPUCTAHHI MOro B 0araroBiJIBIIHHUX JIi-
HIsIX 3aTPUMKH, JI€ € Benuka KinbkicTb 31T, mixk
SIKUMH 1CHY€ €MHICHUI 3B’ SI30K MOHMKEHUN y Ja-
HOMY BHUIIQ/IKy MEHILIUM 3HAYEHHSM & HETIOSAPU-
30BaHUX JUISHOK KEPaMiKU.

B pammit uyac npuctpoi nHa IIAX 3
1’ €30KEPaMiYHUM 3BYKOTIPOBOIOM MOXKYTh BHUKO-
PHUCTOBYBAaTUCS B PAJIOEIEKTPOHHIN amaparypi,
y TOMY YMCIi B paionpuiManbHii, sK GuIbTpu
IpeceseKIii, eJeMEHTIB TeTepOIUHIB, 3MillyBa-
4iB, (DUIBTPIB NPOMIKHOI YAaCTOTH, IETEKTOPIB
tomgo. OCHOBHUM OJIOKOM, IO BU3HAYa€ SKICHI
MOKa3HUKU pajionpHiiMadya € MiJICUIoBad IMpo-
MmikHOT yactotu (ITY). [lo nmux moka3HUKIB Bijl-
HOCHUTbBCS Yy TJIUBICTh, BUOIPKOBICTb IO CYCIAHBO-
My KaHaJly, CMyTa BiITBOPEHUX YaCTOT, HENIHIHH1
MepeKpydIyBaHHs TOMIO. YCi BOHU BH3HAYAIOTHCS
B OCHOBHOMY (insTpom [T4.

VY nopiBHsiHHI 3 po3poOmtoBanumMu [TAX dinb-
TpaMHM 3 BUKOPUCTAHHAM Y SIKOCTI 3BYKOIIPOBOY
MOHOKpHUCTaia IMPONOHOBaHUN (UIBTP 13 Kepa-
MIYHHUM 3BYKOIPOBOZOM OKpIM TOIO Ma€ Ha IO-
PSIOK MEHIITY BapTiCTh.
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BUCHOBKHA

3anpornoHoBaHMi 1 TOCHIKeHUH MeToa (Hop-
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iB Ha [IAX 3 m’e30kepaMiYHUM 3BYKOIIPOBOJIOM
[UIIXOM CENEKTUBHOI TMOoNspu3aiii AUISHOK 3
po3TranryBaHHSIM Ha HUX Heanomau3zoBanux 3IIT
€ TOCUTh €(PEKTUBHHH 1 3a0e3Meuye CyTTEBE 3HU-
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Summary

The principle, constructive and technological decisions of the formation of the device on surface
acoustic waves (SAW) with piezoelectric acoustic duct basic characteristics with the use of a new
method has been described. The essence of a method consists in formation by selective polarization
the piezoective regions on the acoustic duct with a configuration of their borders which have the form
of the envelope curve of the given pulse characteristic of the device on the SAW. The form of the en-
velope curve is calculated on a device design stage with the use of physical and mathematical model
by the most suitable for acoustic duct from strong piezoelectric materials to which piezoceramics
concerns. The model of the equivalent circuits can be such.

At the first fabrication stage on the working and opposite surfaces, the continuous metalic film lim-
ited by calculated envelope curve is putted and the standard ceramics polarization process is carried
out. After that on the polarized piezoceramic regions by a method of thin-film technology nananodized
interdigital converters (IC) with equal electrode overlapping are putting. It gives the reduction of the
influence on the devices on SAW basic characteristics the action of some secondary effects and more
exact parameters of calculated characteristics are achieved.

In particular, owing to uniformity of metallization of the acoustic duct working surface by the IC
electrodes of equal overlapping the essential decrease of the signal diffraction losses, and the non-
polarized part of ceramics which is between entering and exit IC has essentially smaller value of
dielectric permeability and by that essentially decreases a signal of direct passage from an input of the
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device on an exit, and that in turn allows to reduce the distortion of the device basic characteristics.
It is necessary to notice, that the method of selective polarization gives a principle opportunity to
use effect of the signal transformation by polarization of acoustic duct with mutually perpendicular
vectors of polarization on the regions of accommodation of entering and exit IC.
Keywords: the device on the surface acoustic waves, piezoceramic acoustic duct, selective
polarization
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®OPMYBAHHS XAPAKTEPUCTHUK MPUCTPOIB HA ITIAX METO0OM
CEJEKTHUBHOI NNOJSIPU3AIIIT

A 1 Jlenix

MixBitoMuMii HayKOBO-HaBUanbHUM (izuko-TexHiynuii nenrp MOH 1 HAH Vkpainu npu
OnecpkoMy HallioHaIbHOMY yHiBepcuTeTi iMeHi . I. Meunukoga,
ByIL. JIBOpsiHCBKa, 2, 65082, Oneca, Ykpaina, e-mail: ndl lepikh(@onu.edu.ua

Pegepar

OrnrcaHi IPUHIKI, KOHCTPYKTUBHI 1 TEXHOJIOTTYHI pilieHHs ()OPMYBaHHS OCHOBHHUX XapaKTepHC-
TUK IPUCTPOIB Ha NMOBepXHEBUX aKycTUYHUX XBWIIX (ITAX) 3 n’€30€eneKTpUUHUM 3BYKOIIPOBOIOM 3
BUKOPHCTaHHSAM HOBOTo Metoay. CyTh MeTOmy Tpoiisirae y (OpMyBaHHI IUISIXOM CEJIEKTUBHOI OIS~
pu3allii n’€30aKTUBHUX JUISHOK Ha 3BYKOIIPOBO/I 3 KOH(DIrypaIi€ro IXHiX IpaHullb, [0 MatOTh Gopmy
OTMHAI0YO1 33/1aHO1 IMIYJIBCHOT XapaKTepucTUKU nMpuctporo Ha [TAX. dopma oruHa040i po3paxoBy-
€ThCSI HA CTa/lli MPOEKTYBaHHS MPUCTPOIO 3 BUKOPUCTAHHIM (PI3UKO-MaTEMATUYHOT MOZIEI HAlOLIbII
NPUIATHOI 7Sl 3ByKOMPOBO/IB 3 CHJIBHUX II’€30€JIEKTPUKIB, 10 SKUX BITHOCHUTHCS I’ €30KepaMika.
Takoro Moxke OyTH MOJIENTb €KBIBAJICHTHUX CXEM.

Ha nepioMy etarni BUTOTOBIIEHHSI HAHOCUTBCS Ha MTOBEPXH1, poOoUy 1 MPOTUIICKHY, CYL[IbHA Me-
TajiuyHa IUIiBKa 0OMEeXeHa PO3paxOBaHOIO OTMHAIOYOIO 1 3/IHCHIOETHCS CTaHIAPTHUN MpoLeC MoJis-
pu3arii kepamiku. [liciast IbOTO Ha MONSPU30BaAHI AUISHKU IT"€30KEPAMIKH METOIOM TOHKOTLITIBKOBOT
TEXHOJIOT1i HAHOCSATHCS HEANoM30BaH1 3 PIBHUM MEPEKPUTTAM €JIEKTPO/IIB 3yCTPIYHO-IIITHPHOBI TIe-
perBoproBaui (3LUIT). [lum nocsraeTbest 3MEHILICHHS BIUTMBY HAa OCHOBHI XapaKTEPUCTUKU MPUCTPOIB
Ha [TAX nist psy BTOpUHHHUX €(EKTiB 1 JOCATAIOTHCS OUTBII TOYHI MapaMeTpy pO3PaxyHKOBUX Xa-
PaKTEpPUCTHUK.

30Kkpema, BHACIIJIOK pIBHOMIPHOCTI MeTalizallii po6o4oi MOBEpXHi 3BYKONPOBOJA €JIEKTPOAAMHU
3ILIT piBHOTO EPEKPHUTTS CYTTEBO 3MEHIIYIOTHCS AU(PaKIIiiiHiI BTpaTH CHUTHAITY, a HETIOJIIPH30BaHa
YacTUHA KepaMiKH, 1110 3HAXOAUTHCS MK BXITHUM 1 BuXigHuM 31T, Mae CyTTeBO MEHIIE 3HAUEHHS
J1eNEeKTPUYHOT MPOHUKHOCTI 1 THM CAMUM CYTT€BO 3MEHUIYETHCS CHUTHAI MPSIMOTO MPOXOKEHHS 3
BXOJy NMPHUCTPOIO HA BUXIJI, 1 IO B CBOIO YEPTY JO3BOJISIE 3MEHIIIUTH CIIOTBOPEHHSI OCHOBHUX Xapak-
TEPUCTHUK MPUCTPOIB.

Cuin 3ayBaskuTH, 1110 METOJ CEJIEKTUBHOI NOISIPU3ALIi] 1a€ MPUHIIUIIOBY MOXKIIUBICTh BUKOPUCTATH
edexT TpanchopMmariii CHTHaIY IUISIXOM MOJIIPHU3aIlii 3ByKOTIPOBO/Y 3 B3aEMHO MEPIICHANKYISIPHUMHE
BEKTOpaMU MOJIIpU3aIlii Ha JUITHKaX po3MillleHHs BXiaHOTo 1 BuxigHoro 3IIIT.

KurouoBi ci1oBa: npucTpiil Ha MOBEpXHEBUX aKyCTHYHUX XBUJISIX, 11" €30KEPaMiuyHHM 3BYKOIIPOBI/,
CEJICKTHBHA MOJIIpU3aLlis
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TEXHOJIOTTYHI ACHHEKTH OTPUMAHHSA TEPMOEJIEKTPUYHOI'O PbTe

1. B. Topiuok, I. M. Jliwyuncekuu, C. I. Myopuii, O. C. Obepemox, T. O. Cemxo, I. M. Xayesuu,
O. M. Mamxiscokuii, I /]. Mameik, P. O. /[3ymed3eti

Awnorauis. [IpeacraBneHo pe3yabpTaTi JOCTIHKEHHS (Pa30BOro CKIIAAY i CTPYKTYpHOTO CTaHy CHH-
TE30BAHMX 3a PI3HUX TEXHOJOTIYHUX (DAaKTOPIB MOJIKPUCTATIUYHUX 3JUBKIB O€340MIIIKOBOTO TETy-
pHIy CBHHIIO Ta BUTOTOBJICHHX Ha IX OCHOBI METOJOM IpEeCyBaHHs MOPOIIKY 3pa3kiB. [IpoBeneHo
BUMIPIOBAHHS TEMIIEPATYPHUX 3aJI€KHOCTEH MUTOMOI eJIeKTPONPOBIAHOCTI, KoedirienTa Tepmo-EPC
Ta Koe(illieHTa TEeIIONPOBIIHOCTI. BCTaHOBIEHO BIIMB TEMIIEpaTypH BiJnaily 3pa3KiB Ha iX TepMo-
eJIEKTPUYHI BIACTUBOCTI.

Ki1ro4oBi ciioBa: Tenypu CBUHIIO, CUHTE3, IPECYBAHHS, TEPMOEIEKTPUYHI BIACTUBOCTI
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TECHNOLOGICAL ASPECTS OBTAINING OF THE THERMOELECTRIC PbTe

L. V. Horichok, I. M. Lischynskyy, S. I. Mudryy, A. S. Oberemok, T. O. Semko, 1. M. Hatsevych,
O. M. Matkivskyy, G. D. Mateyik, R. O. Dzumedzey

Abstract. The results of the research of phase composition and structural state of synthesized by
various technological factors polycrystalline ingots of undoped lead telluride and made based on
them samples by pressing the powder. Measurement of the temperature dependences of conductivity,
Seebeck coefficient and thermal conductivity are made. The influences of annealing temperature of
samples at their thermoelectric properties are researched.

Keywords: lead telluride, synthesis, pressing, thermoelectric properties

TEXHOJIOTHYECKHUE ACIIEKTBI HOJYYEHUSA TEPMOJJIEKTPUHYECKOI'O PbTe

U. B. I'opuuox, U. M. Jluwuncoxwiii, C. U. Myopuiii, A. C. Obepemox, T. A. Cemxo, U. M. Xayesbviy,
A. H. Mamxuscokoi, /]. Mameux, P. A. [[3ymeo3seii

AnHoTauus. [IperncraBieHbl pe3ynbTaThl HCCIEIOBaHUS (Ha30BOrO COCTaBa U CTPYKTYPHOTO
COCTOSIHUSI CHHTE3UPOBAHHBIX IMPH PA3TUYHBIX TEXHOJOTHUECKHUX (haKTOpax IMOJUKPHCTAIINYEC-
KHUX CIIUTKOB OECIPUMECHOTO TEJUTypH/Ja CBHHIA M M3TOTOBJICHHBIX HAa MX OCHOBE METOIOM IIpe-
CCOBaHMs TOpoIka obpa3ios. [IpoBeaeHO M3MepeHHE TEeMIIEPaTyPHBIX 3aBUCUMOCTEH yAeTbHOMN
ANIEKTPONPOBOAHOCTH, KodduimerTa tepmo-C u kodrdumnmenTa TermmonpoBogHOCTA. YCTaHOB-
JICHO BIUSTHHUE TEMIIEPaTyphl OTXKHUra 00pa3IoB HA UX TEPMOAIIEKTPUIECKUE CBOMCTBA.

KuroueBble ciioBa: Teulypul CBUHIA, CHHTE3, IPECCOBAHNE, TEPMOIIEKTPUUECKHE CBOMCTBA

1. BCTVYII

Tenypua CBUHII0O — HANIBIPOBITHUKOBHUH
MaTepial, SKHH BHUKOPUCTOBYETBHCS IS
CTBOPEHHS Ha HOT0 OCHOB1 TEPMOEIEKTPUUYHUX
NepeTBOPIOBAYIB CEPEeaHBOTO Jiama3oHy
temmneparyp (200-500)°C. B octanHi pokH, 3 eKo-
JIOTIYHUX MIPKYBaHb, CIIOCTEPITAETHCS TCHICHITIS
JI0 BUBYCHHS O€3CBUHIICBUX TEPMOEIEKTPUUHUX
matepianiB [1-3]. Ilpore, ix BIacTuBOC-
Ti, TPYAOMICTKICTh METOAIB OTPHUMAHHS 1, IO
HE MEHIIl BaXJMBO 3 MPAKTUYHOI TOYKHU 30Dy,
co01BapTICTh, AAIOTh MiJCTaBU BBAXATH, IO Y
KOPOTKOCTPOKOBIH MEPCHEKTUBI MHUPOKOTO
NPaKTUYHOTO BUKOPHUCTAHHS TAKUX CIOIYK
HE OYIKY€THCS. 3 OISy Ha e aKTyallbHUMU
3aJIUIIAIOTHCS JOCHIKEHHS TENypPUAY CBUHIIO,
3 METOIO ONTHMI3allii TEXHOJIOTii 1Oro OTpUMaHHs
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Ta MOKPAIICHHS OCHOBHHUX €KCIUTyaTaIliifHUX
XapaKTEePHUCTHUK.

He3sBaxxaroun Ha 3HaYHY KUTBKICTh IMyOJTiKaIlii
B Cy4YacHIW HayKOBi{ MEpPiOAMIIl TPUCBIUCHY
TepPMOEIEKTPUIll, BIIHOCHO HebOarato yBaru B
Cy4acHHX po0O0TaxX MPUIUIIETHCS TEXHOIOTTUHUM
acrekTaM OTPUMaHHS TePMOEIEKTPUYHHX 3Pa3KiB,
0COOJIIMBO OTPUMAaHHUX METOJIOM MpPECyBaHHS
nopomkiB [4-7]. BapTo 3a3HauuTH, mMo 3
MPaKTUYHOT TOUYKHU 30Dy, BUKOPUCTAHHS METOAY
NpeCyBaHHS MOPOMIKIB € O11bII e(EeKTUBHUM
y TIOPIBHSAHHI 3 1HIIUMHU CIOCO0aMH, OCKIUIIbKH
MOXXHa OTPUMYBATH 3pa3ku MoTpidHoi popmu
3 BUCOKMMHU MEXAHIYHUMHU BIACTUBOCTIMHU.
TepMoeeKTpUUHI TTapaMeTpu MPHU IbOMY HE
CYTTE€BO BiJPI3HIIOTHCSA BiJ] BIaCTHBOCTEHU
MOHOKpPHCTATIYHUX 3pa3KiB [8].
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B naniii po6oTi 3po0OieHO aKLIEHT Ha
JOCJIKEHH1 BIUIMBY TEXHOJIOTTYHUX (PaKTOPiB
CHUHTE3y MOJIKPHUCTANIYHUX 3JIMBKIB Ha iX
¢dazoBuil ckiag, CTPYKTypHUU CTaH, a TaAKOX
Ha TEPMOEJEKTPHUYHI BIACTUBOCTI 3pa3KiB
OTPUMaHUX METOJOM XOJOJHOTO MPECyBAHHS.

2. METOAUKA EKCIIEPUMEHTY

CuHTe3 MaTepialliB MPOBOJAUIHU Yy BaKy-
YMOBAHUX 10 3alMIIKOBOTO THUCKy 10 Ila
KBapuoBux ammnynax. [Ipu mpomy BUKOpHUCTO-
BYBaJli CBHHEIb 3 BMICTOM OCHOBHOTO
komMmoHeHTy 99,99% Tta Tenyp — 99,999%.
AMITyIY pO3TaIOBYBAIUCH Y TI€4i TOPH30HTAIBHO.
Jns yHUKHEHHS Pi3KOTO 301IBIICHHS THCKY
napy TeXypy y aMIyii Ta CTBOPEHHS YMOB IS
SKHAMKPAIIoro MmepeMillyBaHHs PO3IUIaBICHUX
KOMIIOHEHTIB, CHHTE3 3[IiICHIOBABCS y KlJIbKa
eramiB: HarpiBanHsa 10 500 °C (17 °C/xB), Bu-
tpumka 1 rox; marpiBanus go 700 °C (7 °C/ xB),
BUTpUMKaA 3 roxa; HarpiBauHs g0 1020 °C (11
°C/xB), BUTpUMKa 1 roJ; OXOJOJKEHHS 0
900 °C (4 °C/xB); rapTyBaHHS Ha MOBITPI.
OTpuMaHi 31UBKH, T0BXKUHOKW < 10 cM, Ta mo-
nepeyHuM posmipoM < 1.5 cM, noapiOHIOBaIU Yy
araToBiil cTymnii Ta, BUIUIMBIIM (pakiii po3mipy
(0,05 - 0,5) mm, mpecyBanu mig Trckom 2,0 I'Tla.
OrpuMaHi HMJIIHAPUYHOT popmMu 3pa3ku 3
d = (5-8) MM Ta h = (5-8) MM migmaBam Bignamy
y BaKyyMi 4M Ha MOBITPI.

®a3oBuil cKkjiaj] 1 CTPYKTYPY CUHTE30BAHUX
3IUBKIB Ta 3pa3KiB JOOCHiAXYBalu
X-mudpakiiftHuMu METOIaMU Ha aBTOMATHYHOMY
nugpakromerpi STOE STADI P (Bupobuuk ¢ip-
Mma ,,STOE & Cie GmbH”, Himeuunna). O6po6-
Ky €KCIIepUMEHTAIbHUX TU(PaKIiiHIX MacH-
BIB MPOBOJMIIN 32 JAOIOMOTOI0 MAaKETy Mporpam
STOE WinXPOW (Bepcis 3.03) ta PowderCell
(Bepcis 2.4).

EneMenTHH# Ckjaa Ta po3mOALT JOMIMIOK
o MUOMHI 3pa3KiB JOCHIIKYBAJIN METOJIOM
BTOPUHHOI 10HHOI Mac-criekTpomeTpii (BIMC).
Jlns BuMipiB OyJlO BUKOPHCTAaHO 10HHO -
MiKpO30HIA0BUM Mac-cuekTpomeTrp IMS 4F
(BupoOHUK (pipma “Cameca”, @pannis). Po3-
MMUJICHHS TTOBEPXHI 3pa3KiB MEPBUHHUM 10HHUM
MIyYKOM TIPOBOAMIIOCS B PEXKHUMI IMPSIMOKYTHOTO
pactpa 200 MmxM x 200 MKM IIiJl KyTOM IaJliHHS
- 45°. Enepris Ta cTpyM Iy4ka NEpPBUHHUX 10HIB

O," cknananu 12.5 xeB Ta 0.4 MKA, BIJIITOBITHO.
JleTekTyBaHHS BTOPMHHUX 10HIB Bia0yBajiocs 3
o giamerpoM 60 MKM B IIEHTPI pacTpa, 1o
JI03BOJISLIO0 TI030yTHCS e(peKTy Kparepa.
Hocnigxenns Mmopdosaorii moBepxHi Ta
BUMIpPIOBaHHS MIKPOTBEPAOCTI 3pa3KiB MPOBOIUIN
3 BUKOpHUCTaHHAM TBepromipa NEXUS 412A.
JlomaTkoBO MIKpOCTPYKTYypa 3pa3KiB BUBYAJIACH
3 BUKOPUCTAHHSAM CKaHYIOYOTO €JIEKTPOHHOIO
MIKpOCKOIIa B TIOEHAHHI 3 €HeProIUCIepCIiTHIM
peHTreHiBcbkuM anamizom (mpucrabka ESEM FEI
Quanta 200 FEGi, npuckopioroua Harpyra 15 kB).
BuwmiproBanHs ctanoi XoJuia TPOBOIUIIH Y
NOCTIHHUX MarHiTHUX Ta €JEKTPUYHUX IMOJAX
YOTHUPU30HI0BUM MeToioM. CTpyM yepes 3pa3ku
ckmagaB = 100-500 mA. MaruiTHe nosie Oyio
HaIpsIMIICHE TIEPIICHANKYIISIPHO JI0 TIOB3I0BXKHBOT
OC1 IMWTIHAPUYHOTO 3pa3ka 3a iHaykii 1,5 T
Benuunny  Ttepmo-EPC o 1 muTtomy
€JICKTPOIIPOBIIHICTh G BU3HAYAJIU 33 CTaHIApPT-
HOI0 METOJMKOI0O Ha YCTaHOBIIl cXeMma fKOi
HaBeleHa Ha pwuc.l. 3pa3ok 3aTHCKAIA MiX
JBOMa MITHAMHU CTEPXKHSMH  TIOMIIICHUMH
y mu U, mo HarpiBac HOro 1o 3aJaHoi
Temreparypu BuMmiptoBanHs. Ha oauH 3 MigHUX
CTepXKHIB HamoTaHo mi4 U, mifd CTBOPEHHS
rpagienty temmneparypu (=5°C) Ha 3pa3ky. Bu-
MIpDIOBaHHS ~TEMIIEpaTypd TPOBOIWINA  JIBO-
Ma XA-TepMomnapaMy IMOMIIIEHUMHU B OTBODH,
BUCBEpAJICHI y 3pa3Ky. EnexkTponpoBiiHICTh
BU3HAUAIM  BUMIPIOIOYH cmax  3MiHHOI
HaIpyry, ska reHepypanach Jukepenom U, Ha
JocIipKyBaHoMy 3pas3ky. [Ipu upomy, omHa 3
BITOK KOXXHOI TepMONapu BHKOPUCTOBYBalIach
ak ctpymomniasil. Koediuient tepmo-EPC Ta
MUTOMA EJIEKTPONPOBIIHICTh BUZHAYAIUCH 3T1HO

bopmym:
Uepc U, -1

T

, 0= .
(T2 _Tl) U3p 'ReT -S

Tyt U3p — cnmaj Hampyru Ha 3pasKy npu
NPOXOJKEHHI 3MIHHOTO cTpymy, R — omip
€TaJIOHHOTO pe3ucropa, U  — chaj Halnpyru Ha
€TaJIOHHOMY PE3UCTOPi, S — MIIoIIa MOIEePEYHOTO
nepepizy 3paska, | — BiicTaHb MiIXK TepMOIIapaMH,
Uepc — BEJIMYMHA TepMo-EPC, .Tl , T, — Temnieparypu
XOJIOZJHOT'O Ta rapsyoro KiHiliB 3pa3ka.

TennonpoBiAHICTH 3pa3KiB BH3HAYATH

METOJIOM PaJiaIbHOTO TEIUIOBOTO MOTOKY (pHC. 2).
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Jlns peanizaliii 1aHOTO METOY Y3IIOBXK OCI IIH-
JIHAPUYHOTO 3pa3Ka MOMILIAETHCS HarpiBay, 110
CTBOPIOE TPAJIIEHT TEMIIEPaTypHu B paialbHOMY
HanpsaMKy. OcTaHHIA BUMIPIOETHCS IBOMA TEPMO-
napamMu, po3TamoBaHUMHM B3J0BX pajiyca. Ko-
eQilieHT TemIonpoBiaHOCTI k oGuncIIOeThCS 32
bopmynoro:

I‘l 1

k:qln 1'2 27T(T1—T2)

b

e q — eJIeKTpUu4Ha HOTy)KHiCTI: Ha OJUHUIIO
JIOBKHMHH HArpiBaia, .Tl 1 T‘2 — TEMIIEpATypH 3pa3Ka
Ha BiJICTaH1 I, Ta r, BijJ OCi.
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Puc. 1. Cxema BumiproBanHs KoedinieHTa Tepmo-
EPC Ta nutoMoi enektTponpoBiaHocTi: 1 — 3pa3ok;
2, 3 — MiaHi cTep:kHi; 4 — KBapLHoOBa TPpyOKa.
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Puc. 2. Cxema BUMipHOBaHHS TeNJIONPOBiIHOCTI
MeTOI0M PaJiaibHOI0 TEMJI0BOI0 MOTOKY:
Q — narpienuxk; T, i T, — Temneparypu 3pa3ka Ha
BiCTaHi | Ta r, BiX OCi.

3. PE3YJBTATU EKCIIEPUMEHTY TA
IX AHAJII3

CuHTe30BaH1 3a ONHUCAHOK BUIIE METOIUKOIO
3MUBKU XapaKTepU3yBalUCh OJHOPIAHOIO
MOBEpXHEI 0e3 BUAMMHUX MaKponedexTis.
JI7isi BCTAHOBJICHHS BIJHMBY TEXHOJOTIYHUX
¢akTOpiB Ha CTPYKTYpHHUI cTaH 1 (a30BUi
CKJIaJ] IOCIIJKYBAaHUX MarepialliB peHTI€HIBChKI
TudpaKkTOMETPUUHI TOCIIKESHHS TMPOBOIUIH
OKpEeMO JJIsi CHHTE30BaHUX 3ITUBKIB (MTOIPiOHEHUX
Oe3mocepeHbO TMepe] MPOBEACHHAM
BHMIPIOBaHb ), MMOPOIIKY po3MesieHoro 3a 10 qHiB
710 TIPOBEJICHHSI aHaJli3y Ta MPECOBAHUX 3pa3KiB,
SIKi, SIK 1 37TUBKH, TIOAPIOHIOBATIN OEe3MOCEPETHBO
nepen BuUMipoBaHHiIMHU. OTpuMaHi
JuQpakTorpamMu MpeacTaBiIeHO Ha pHc. 3.a.

VYci mocaimkyBaHi marepianu onHodaszHi,
crpykrypHoro tuny NaCl. [Ipu cniBcTaBieHH1
OTpUMaHUX AUPpPAKTOrpaM 3 TEOPETUUYHOIO
CHOCTEpITaeThCsl BIAHOCHE MNMOCHUICHHS
IHTEHCUBHOCTEHW JiHIT audpakmiiHOTO
BinOuBaHHs y HanpsaMky (100), oo cBiAYUTH PO
HasBHICTH TEKCTYpPH 3pa3KiB. Ii mosiBa 3ymMmoBiieHa
HaNpPSMJICHUM POCTOM KPHUCTAIITIB (puc. 4) 3a BH-
OpaHMX TEXHOJIOTIYHUX YMOB CHHTE3Y.
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[TapameTrpu eleMEeHTapHUX KOMIPOK
Uil 3JIUBKIB, TOOTO CBI)KO PO3MEJIEHOTO
Marepiany, 1 BATPUMAHOTO MOPOIIKY B MexXKax
noxubku onnakosi (a, = 6,4577+0,0010 A,
a,, = 6,4580+£0,0010 A). Jlns npecosanoro
1 BiAMaJeHOTo 3pa3Ka CHOCTepiraeThcs
3MCHIICHHS TTapaMeTpa eJIeMEHTapHOT KOMIpPKHU
(agp=6,4564i0,0010 A) Ta nesxa 3miHa cTpyKTYpH
peduekciB (puc. 3.0), y HOPIBHAHHI 3 TOPOIIKOM.
Jesaxuii 3cyB BOIK O1NBIIMX KyTiB MOXe OyTH
3yMOBJICHHUI HABEJICHHSM ITPH NIPECyBaHHI HATIPYT,
110, 3 OIVISIAY Ha BENUKI THCKH, € 3aKOHOMIPHUM.
PosmupenHs mikiB Moxxe OyTH 3yMOBJICHE SIK
HasIBHICTIO MIKpOHANpyr TakK 1 3MIHOIO, a came
3MEHIICHHSM, po3MipiB 00nacTeil KOrepeHTHOro
poscitoBanHs. Ominka 3a ¢Gopmynoro Jlebas-
[Ilepepa manux po3mMipiB BU3HAYECHA HA OCHOBI
pednekcy (200) cranouth 158 um (K = 0,9)
st 3pa3ka Va ta 128 am (K = 0,9) nns 3paska
Vc. MoxHa mpUOYyCTUTH, IO B Tpoleci
MPEeCyBaHHs YaCTKOBO PYHHY€ETHCS Opi€HTalliiiHa
HANPSMIICHICTh 3€PEH MUISIXOM 3KOJIOBAHHS, 10
30KpemMa, Mpu3BOAUTH 1 10 3MeHeHHs OKP.
JlaHe mpUNyIIeHHs] YaCTKOBO MiATBEPAKYETHCA
1 3MIHOIO y CHiBBITHOIIEHHSIX 1HTEHCUBHOCTEH
nudpakmiaux mikis 1(200)/1(220). Tak ans
3pa3ka Va 115 BeJIMYMHA CTaHOBUTH ~ 2,5, 3pa3ka
Ve — =2,1, a 1is TeopeTuyHoOl AU paKkTorpaMu
«igeanpHoro kpucrany» — <1,5. Tobto
MpecyBaHHsI IPU3BOMTH JI0 3MEHITICHHS TEKCTYPH.

Baprto 3a3HauyuTH, MmO NpakKTU4YHA
PIBHICTh IapaMeTpPiB €JIEMEHTAPHUX KOMIPOK
CBI)KOPO3MEJIEHOTO 3JIMBKY Ta BUTPHUMAHOTO
MOPOIIKY IO CBIYUTH PO TE, IO HANPYTH,
HaBeJEH1 NMpHU PO3MENIOBaHHI, B Ipoleci
BUTPUMKHU HE 3HIMAIOTHCSI.

XapaKTepHOI O3HAKOI JOCHIIAXYBaHUX
3pa3KiB € X BHCOKa r'yCTHHA Ta, BIAMOBIAHO,
HU3bKa TopyBarticTh (puc.5). [ns 3pa3kiB mpe-
coBaHux mia TuckoMm 2 I'Tla Ta BigmaneHux npu
230 °C, B 3a1€XHOCTI BiJ IHIINX TEXHOIOTTUHUX
YMOB, BEeJIMYMHA P, BUSHAUYCHA METOIOM TiJIpo-
CTaTMYHOTO 3Ba)XKyBaHHS (MeTomoM Apximena),
cTaHoBUTH p, = (8,15-8,20) r/cm’. Ipu mapamerpi
eJIeMEHTapHOT KOMIpKH a = 6,456 A peHTIreHIBChbKa
ryCTHHA cTaHOBUTHME p, = 8,268 r/cm’. Takum
YUHOM, BIJHOCHA TYCTHHA MPECOBAHUX 3Pa3KiB
cTaHoBUTH He MeHIe 98,57 %.
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Puc. 3. Tuppaxrorpamu 3paskis Pb  Te . (Va -

3JIMBOK, Vb — mopomok, V¢ — npecoBanuii 3pa3ok)

(a) Ta cnmiBCcTaBJIeHHS CTPYKTYpH peduiexcis (220)
AJis1 HUX (0) (Tuck mpecyBanus 2 I'lla).
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Puc. 4. MikpocTpyKTypa CKOJY CHHTEe30BAHOIO
3JUBKY (MepHeHInKYJISIPHO 10 MOB3I0BKHbOI 0Ci)
(a) Ta yacTHHA 3JIMBKY TeJIypUAYy CBHHIIO (0).

BapTto 3a3HaunTH, 110 BiTHOCHO BUCOKI TUCKU
npecyBaHHS 3a0€3MeUyIOTh TaKOK OTPHUMAaHHS
OJHOPIAHOTO MO BUCOTI 3pa3ka HaBiTh IpHU
BiTHOCHO HECHPUATIMBUAX BiTHOUICHHSX BHCOTH
3paska A0 Horo paaiycy. 3rigHo [9], npu BiTHOCHO
HEBHUCOKUX THCKax (necsitku MIa) Ta BigHOIIEHH]
h/r = 1, HepiIBHOMIPHICTH PO3IOALTY THCKIB MOXKE
nocsratu 10 50 %, 110 npu3Bese i 10 aHAIOTTYHUX
HEOJHOPIAHOCTEH K TYCTHHH 3pa3Kka, Tak 1 Horo
BJIacTUBOCTEH. Tak mpu TUCKY NMpeCyBaHHS
0,6 I'Tla MiKpOTBEPAICTh HEBIANAIECHOTO 3pa3Ka
Pb,_Sb Te, , (ppakuii (0-0,5) Mm) 3 60Ky myaHcoHa
Ha 20 BiJICOTKIB BHIIA HIXK 3 IPOTHIICkKHOTO. [Ipn

S8

tucky 1,5 I'Tla BiqnoBiiHI 3HAYEHHS CTAHOBIIATH

505.6 MIla ta 514.4 MIla, 1o He IEPEBUIILYE MO~

XUOKH BUMIPIOBAaHHS.

Puc. 5. Ctpykrypa mnoBepxHi 3pa3kiB (30L1b11eHHS

400x) oTpuMaHuX NPU THCKY npecyBanHs 2,0 I'Tla:

He BignmajeHux (a) i BigmajeHux Npu Temmeparypi
230 °C (6) Ta 500 °C (B).
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Biananeni npu 230 °C 3pa3ku 6€370MiIIIKOBOTO
PbTe xapakTepusyroTbCsd HUKYOI TBEPAICTIO
(H, = 350 Mlla) y nopiBHsHHI 3 HEBIMAIEHUMH
(H, = 510 MIlIa). Ilomanbue 30iNbIIEHHS
temneparypu Bignany no 500 °C He 3MiHIOE
BEJIMYMHU MIKPOTBEPIOCTI.

Bucoxka miinbHICTh Ta BiACYTHICTh 3HAYHOI
MOPYBATOCTI MPECOBAHUX 3Pa3KiB HAMIMOBIPHIIIIE
€ MPUYUHOI0 TOTO, IO BiAMaa Ha MOBITPI HE
NPU3BOJUTH 10 3HAYHOTO OKHUCHEHHS BCHOTO
00’eMy 3pa3ka, MpHU SKOMY CIHOCTepiraisach
Ou gerpajganis TEPMOEIEKTPUUYHUX
BiacTuBocTei. HaTtomicTh, mociuigxyBaHI
3pa3ku 6e3 3acTOCyBaHHS JOAATKOBOTO 3aXHUCTY
XapaKkTepu3yBajauch 4acOBOIO CTAOLIBHICTIO
TEPMOCIEKTPUYHHUX BIACTHBOCTEH Ha MOBITPI
Ha MpOTA31 HE MEHIIE TPhOX THXHIB (B
yMOBaxX MPOBEIEHHS €KCHEPUMEHTY, TOOTO
MEePIOUYHUX HATrpPiBaHb-OXOJOJKEHB), IO
JO03BOJISIJIO MPOBOJUTH MPAaKTUYHO BECH
KOMIIJIEKC IOoCHikeHb. KoHIIEHTpallisi KUCHIO,
3T1JHO Pe3yJbTaTiB JOCIHIJ)KEHHS METOJA0M
BIMC, cyTTeBor0 € nuine Ha MOBepXHi (pHC.
6). To6TO, MOXHA CTBEPJXKYBaTH, 1110 OCHOBHI
MpOIIECH Ha SIK1 BIJIMBAE BiAmal 1 siki cTabimi-
3yI0Th BIIACTHBOCTI 3pa3Ka, MPOTIKaIOTh B HOTO
00’emi. JlaHuii BUCHOBOK MiATBEPIKYETHCS JO-
CJIIJDKECHHSIM TEPMOCIIEKTPUIHHIX BIACTUBOCTEH
3pa3KiB, BiJMAJICHUX y BaKyyMi 3a aHAJOT14HOi
TeMIIepaTypHu, 1 BIACTUBOCTI SKHX B MeEXax
NMoXMOKW BUMIPIOBAHb HE BIAPI3HSJIUCH Bij
BJIACTUBOCTEH Bi/NAJICHUX HA MOBITPI 3pa3KiB.

I, r.u.

Puc. 6. 3ane:xxHocTi iHTeHCHBHOCTEI JiHill KapOOHY,

OKCHCEeHY, TeJIypy Ta miomMoymy y cnexkrpax BIMC

Bil yacy TpasJieHHs s 3pa3kiB PbTe Bignanennx
npu Temmnepatypi 230 °C na nosiTpi.

Ha ocHoBi nocnigxeHHs edexty
Xonna mpu KiMHaTHUX TeMmIeparypax,
BCTAHOBJIEHO, L0 y JOCJIIKYBaHUX 3pa3zKax
XOJITIBChbKa KOHIIGHTpallisi HOCiiB CTaHOBHUTH
(0,8-1,2) 10" cm, a pyxuuictb (110-130) cm?/
(B ¢). BimHoCcHO HEBHCOKi 3HAUCHHS KOHIICHTPA-
1ii HOCIiB CBiTYaTh MPO HECYTTEBE MOPYIICHHS
CTEX10MeTpii 3pa3KiB B MPOLEC] IPOBEACHHS TEX-
HOJIOT1YHHX OTIepalliii iX OTpUMaHHS.

Tunosi TemmepaTypHi 3aJ1eKHOCTI TEPMOETICK-
TPUYHUX TapaMeTPiB HEJIETOBAHOTO TEIYPHUIY
CBUHIIIO IIPEJCTaBIeHO Ha puc. 7. Biactupocri
HeBiAMaleHUX 3pa3KiB Ta BiANAJIEHUX NPHU
T = 230 °C npakTtu4HO HE BiAPi3HAIOTECA. [lpu
temneparypax Huxue 200 °C 3pa3ku BUSBISAIOTH
nipkoBuit Tum nposigHocti. Koedimient Tepmo-
EPC mpu 100 °C cranoButh =~ 400 mxB/K.
3 poctom Temneparypu B okoui 200 °C Tun
MPOBITHOCTI 3MIHIOETHCS HA €JIEKTPOHHUH 1
npu 300 °C a = 250 mxB/K. Temneparypua
3aJICKHICTD €NIEKTPOTPOBITHOCTI /IS BCIX 3pa3KiB €
HEMOHOTOHHOIO 3 MiHIMYMOM IIpY TEMIIEPATypi, 110
BiAMoBigae p-n-nepexoay. Koedimient Temmonpo-
BIJIHOCTI y AOCIIKYBAaHOMY Jiaria3oHi TeMIepaTyp
MIPAKTHYHO HE 3MIHIOETKCS 31 3MIHOIO TeMIIepaTypu
1 cranoButh ~(0,004-0,006) B1/(c™m K).

Bignan nmpu 500 °C mpu3BOAUTH A0
3HAYHOTO MiABHUIICHHS €JIEKTPONPOBITHOCTI
Marepiaiy, KU B JTOCIIKyBaHOMY JIiana3oHi
TeMIIeparyp MpOsBIILE JUILIE P-TUM HPOBIAHOCTI.
TeruonpoBigHICTE MaTepiady MpH BOMY CYTTEBO
HE 3MIHIOEThCS.

[TpuunHOIO AKICHUX 3MiH €JIEKTPOIPOBIAHOCTI
Marepially Moxe OyTH SIK peCTPYKTypHu3amis
MDK3EPEHHUX MEXK, 3a(hiKCOBaHA TP TOCIIIHKSHH1
CTPYKTYpH MOBEPXHI 3pa3KiB, Tak 1 Moaudikaiis
ioro nedexrtHol niacuctemu. Ilpore, 3rigHo
[10-11], nedexrna mizcucrema PbTe mpakruuno
MOBHICTIO TrapTYEThCA MPH 3HAYHO BUIIKX 32 500
°C Temneparypax. TakuM 4uHOM came 3MEHIIICHHS
OIIOPY MIX 3€pHaMH, 3 SIKMX [TPECOBAaHUMN 3pa3okK, €
OCHOBHOIO IPUYHHOIO POCTY BETUUUHH G.

[MomoBXeHHS YaCOBHUX PEXKHMIB CHHTE3Y
HE NPU3BOJUTH A0 MOKPALIEHHS OJHOPIJHOCTI
3MUBKiB. I MiATBEPIKEHHS YM CIIPOCTYBAaHHS
IIOTO BHCHOBKY IPOBEJEHO CHHTE3 3JIUBKIB 3
MaKCUMaJIbHO MOKJIMBUMH BUTPUMKaMH Ha PI3HUX
peKMMax CHHTE3Y 3JIMBKIB, 1110, SIK OUiKyBaJIOCh,
MMOBUHHO O MPHU3BECTH J0 OTPUMAHHS 3pa3KiB 3
BHUCOKHM CTYIEHEM CTEXIOMETPUYHOCTI.
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Puc. 7. TemnepaTypHi 3aje:kHOCTi muTomMoi

eJIEKTPONpoBiAHOCTI ¢ (a), koediuienTa Tepmo-
EPC o (0) Ta xoedinienTra TenjgonpoBigHocTi
k (B) 3pa3kiB PbTe (XV) oTpuMaHuX MeTOA0M
npecyBanus nopomky (0,05-0,5) MM mig Tuckom 2
I'lla. 3pa3ku 1Sa, 1Sb — Binnanaeni npu 230 °C, 2,
3 — He BigmaJuewi, 2”, 3” — BigmaJseni npu 500 °C.
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CunTe3 npoxoauB y Kijgbka eTamiB. CrodaTky
B TI€Yax BCTaHOBIOBajachk Temmeparypa 500 °C,
3a SIKOT BC1 KOMITOHEHTH MEPEXOIUIIN Y PiaKy (a3y.
JIns miABUIEHHS TOMOTEHHOCTI CIIONYKHU TPHU
L1l TeMIieparypi BUKOHYBAJIOCh MepeMilTyBaHHs
pO3IUIaBY, MIJISXOM MOTONIYBaHHS Me4i Ha KyTH
+ 30°. ITicns poro eneKkTporiy BUTPUMYBajach
Brpoaosxk 50 rox mpu craniii Temneparypi ais
nudys3ii peaoBuH. [1oTim B mieui BCTaHOBIIOBAIACH
temneparypa 970 °C i 3HOBY BUKOHYBaJOCH
nepeminryBaHHs po3ruiaBy. [licis miporo miy BcTa-
HOBJIIOBAJIACh TOPU3OHTAIBHO 1 B TAKOMY CTaHI1
npouec cuntesy TpuBaB 70 roxa. OXoomKeHHS
€JICKTPOTIeUl TPOBOIUIIOCH 10 Temmeparypu 450
°C 3 mBuakictio 5 °C K/rox, a Hagam — 3 aBidi
OUTBIIIOI0 MIBUAKICTIO JI0 KIMHATHOI TEMITEPATYPH.

3a BUOpaHUX yMOB CHHTE3Yy, 3TiJHO 3
pe3yiabTaTaMu PEHTTEHIBCHKOTO AUQpPaKTO-
METPHUYHOTO aHaji3y, 3JHUBOK BUSBUBCS
nBodaznum. OcHoBHa ¢aza — PbTe, a B obmacri
KyTiB 20 ~ 31° 3adikcoBaHoO IiK, IO BiAMIOBiIa€
¢a3i yuctoro ceuHIO Pb (puc.8).

[Ipu nocnigxeHHlI NMOBEPXH1 3JIHUBKY
CKaHYIOUYUM €JIEKTPOHHUM MIKPOCKOTOM
MiTBEPHKCHO HASBHICTH BKIIFOYCHD JOAATKOBUX
dba3 (puc. 9). 3Baxxkarouu Ha OCOOJMBOCTI
T-X pgiarpamMmu B 0o6macTi TOMOTEHHOCTI
PbTe, xpucranizamiss Ha TOYATKOBUX CTaIisfgX
MOe BimOyBaTHUCS 3 OTpUMaHHs MaTepiany
3 HAJCTEXIOMETPUYHUM XaJIbKOI€HOM, IO B
pe3ynbTaTi, 1 € HaliMOBIPHIIIOK MPUYNHOIO
HasIBHOCTI BKJIIOUeHb MeTaly. [Ipu mBuakomy
OXOJIOJKeHH1 (31MUBOK V) naHuUM eexT
BIZICYTHIH Uepe3 Maluil 4ac, MPOTATOM SIKOTO
MOXxe Big0yBaTucs qu]y3is KOMIIOHEHTIB JJId
ix knactepusanii. [Ipu Temmeparypax < 500
°C obnacte romorenHocti PbTe He € Takoro
ACHUMETPHUUYHOIO, SIK B OKOJI TeMmIeparypu
TUTaBIICHHSI, @ TOMY HiSIKUX KJIACTEPOYTBOPIOIOYHX
MPOIIECiB HE BiJJOYyBAETHCS.

Ha ocHOBi cTpykTypHUX Ta (a3zoBux
JOCTIIPKEHHS] IPECOBaHMX 1 BiJMaJCHUX 3Pa3KiB
BHUTOTOBJICHUX 3 IIHOTO X 3JIMBKY BCTAHOBJIEHO
HasBHICTh y HUX OKpiM (pa3u CBUHIIIO TAKOX
BKJIFOUEHHS (ha3u yucroro tenypy (puc. 8). Haii-
IMOBIpHiIIe, HAICTEXIOMETPHYHUN POZUYMHEHHUN
3a BUCOKOI TeMIlepaTypu B MaTpulll TeIyp Mpu
BiJiIaJli 3pa3KiB 3a TEMIIEPATYpH, NpH SKiil Horo
PO3UMHHICTh 3HAYHO HW)XKYa, BUTIAJIA€ B OKPEMY
hazy.
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BaxxnuBo 3a3HaunTH, 110 Ha AuQpakTorpamax
MIPECOBAHOTO 1 BIAMAJICHOTO 3pa3ka 3aKOHOMIPHO
3’SBISIOTHCA TAKOX MiKU BiJ (pa3zu oKCcHIy
ceuHp. [Ipote pednekc ganoi dasu B obnacTi
20 = 28,5° mpakTU4HO cIiBHajae 3 pediaekcom
da3u Tenypy cTpykTypHOro tumy As (B oOmacTi
20 = 38° (ikcyerbes (aza Teaypy CTPyKTYPHOTO
TUIy Se), 0 YCKIAAHIOE 1X 11eHTU(IKALII0 Ta
PO3ALICHHS.

PbO (Te)

3pasok

I, BIAHOCHHX OAMHHUB

3nuToK

28 33 38
20, rpag.

I, BIAHOCHMX OgMHHLL

27 27,2 27,4 27,6

20, rpag,.

6)

27,8 28

Puc. 8. ®parment audpaxkrorpamu 3jJuBka 14-

36 Ta BUTOTOBJIEHOIO 3 HHOTO 3pa3ka (14-36 SG)3

BiJ3HaYeHUMHU peduiekcamMu Bia noxaTtkoBux ¢as

(a); crpykrypa peduexcis (200) nas 3auBkKiB V i
14-36 (0).

Puc. 9. SEM - 300pa:xkenHsi nopepxHi 31uBka PbTe
14-36 (a) Ta npecoBaHoro 3pa3ka (0) Ha SIKHX
(ikcyeTbcst HASIBHICTH BKIIIOYEHB 10ATKOBUX (ha3.

3 MOPIBHSAHHS CTPYKTYPHU pedieKciB 3IMBKIB
14-36 Ta Va (puc. 3.9 0), BUAHO 110 IS TIep-
1IOTO 3 HHUX JiHII € MUPIIUMHU, 0 BKa3y€e Ha
MEHII1 001acTi KOT€PEHTHOTO PO3CiI0BaHHS abo
HasIBHICTh 3HAUHUX MikpoHampyT. Lls 3akoHO-
MIpHICTbh MPOSIBISETHCS SIK MPU CIIBCTaBICHHI
T(pakTorpaM 3JMBKIB, TaK 1 IPECOBAHUX 3PA3KIB.
SIKII0 MPUITYCTUTH, IO PO3LUIMPEHHS 3yMOBIICHE
JIUIIIEe 3MIHOIO PO3MipiB 00JacTeil KOTepEeHTHOTO
po3ciroBaHHs, TO /ISl 37uBKa 14-36 Bennunna D,
BH3HAUYCHA 32 HaWIHTEHCUBHIMIUM pedrexcom
(200) cranoButh 102 am (K = 0,9), mo 3HauHo
MEHIIIE HIXK JIJIA 3pa3kiB V. Y BUMAAKY SKIIO Y
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PO3LIMPEHHS 3HAYHUM € BHECOK MIKPOHAIPYT,
TO BIAKPUTHUM 3aJMIIAETHCS 3AIMUTAHHS, YOMY 32
OLTBIII PIBHOBRKHUX YMOB BEITMUMHA € € OO0
HIX JIJIS1 TAPTOBAHUX 3JTUBKIB?

4. BUCHOBKHA

s oTpuMaHHS OAHO(A3ZHUX CTPYKTYPHO
OMHOPIAHUX MOJIKPUCTANIYHUX 3JIHBKIB
rapTyBaHHS Ha TIOBITPI € OUIbII MPUHHATHUM HIXK
MOBIJIEHE OXOJIOKCHHS.

Binman xomogHoO mpecoBaHHUX 3pa3KiB
NPU3BOAUTH JO IX YHIIJIBHEHHS, a IMpHU
T, ey = 500°C BinOyBa€eThCS PECTPYKTypH3ALIis
MDKKPUCTATIYHUX MEX, 1110 3a0e3neuye 3HauHe
T1IBUIIICHHS TUTOMOT €JIEKTPOTIPOBITHOCTI.

OTpUMaHHSIM TEPMOEJEMEHTIB METOI0M
npecyBaHHsA mopowmky mig Tuckom 2 ['Tla
3a0e3Meuy€eThCsl OTPUMAHHS 3pa3KiB 3 BHCOKOIO
OJTHOPIAHICTIO B3J0BX OCI HNpecyBaHHS
Ta HHU3bKOI MOPHUCTICTIO IO € MPUYUHOIO
HEMIPOHUKHOCTI KUCHIO BIVIO 3pa3Ka Ta CTBOPIOE
YMOBH JJIs1 TepMidHOT 00pOOKM Ha MOBITP1 O€3
Jerpajaaiii Horo BIacCTUBOCTEH.

Asmopu 60sauni Cinveii Kocmman i [lempi
Llennan 3 Incmumymy ximiunoi gizuxu meepoux
mamepianie Makca Ilnanka 6 m. /[pezden
3a nposedenus memanoepagiunux i CEM
00Ci0dCceHD.
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Summary

Lead telluride is a semiconductor material used to create thermoelectric converters of medium tem-
perature range (200-500) °C. The paper presents the results of the study of the influence of technological
factors on the synthesis of polycrystalline ingots of PbTe on their phase composition and the structure
and thermoelectric properties of the samples obtained by the method of cold pressing of the powder.

Synthesis of materials was carried out in vacuumed quartz ampoules. The resulting ingots were
crushed and pressed at a pressure of 2.0 GPa. The phase composition and structure of synthesized ingots
and samples were investigated by X-diffraction methods on an automatic diffractometer STOE STADI
P. Elements composition and distribution of impurities on the depth of samples were investigated by
the method of secondary ion mass spectrometry. Surface morphology was studied using a scanning
electron microscope. Holl measurements were carried out in constant magnetic and electric fields us-
ing a four-zone method. The magnitude of the Seebeck coefficient a was calculated by measuring the
voltage at the ends of the samples at a temperature gradient =5 °C. The specific electrical conductivity
o was determined by measuring the voltage drop on the sample at the passage of alternating current.
The coefficient of thermal conductivity k was determined by the method of radial heat flux.

As a result of the studies, it was found that in order to produce single-phase, structurally homo-
geneous polycrystalline ingots, the quenching in the air is a more acceptable process of synthesis
completion than slow cooling. Annealing of cold pressed samples at T <500 °C leads to their seal,
without significant effect on the values of a, ¢, k. At Tannealing =500 °C, the intercrystalline boundaries
are restructured, which provides a significant increase in the specific electrical conductivity.

The obtaining of thermoelements by pressing the powder under pressure of 2 GPa ensures the ob-
taining of samples with high homogeneity along the compression axis and low porosity, which causes
the impenetrability for oxygen deep into the samples and creates conditions for thermal processing on
the air without degradation of its properties.

Keywords: lead telluride, synthesis, pressing, thermoelectric properties
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Pedepar

Tenypun CBUHIIO — HaMiBIPOBITHUKOBUN MaTepial, SKUH BUKOPUCTOBYETHCS NIl CTBOPECHHS
Ha HOro OCHOBI TEPMOEJIEKTPUYHUX MEPETBOPIOBAYIB CEPEAHHOIO JAlana3oHy TeMIepaTyp
(200-500) °C. B po0oTi mpencTaBieHo pe3yabTaTh JOCTIIKEHHS BIUIMBY TEXHOJOTIYHUX (haKTOPiB
CHHTE3Y MOJiKpHucTanidyHux 371uBKiB PbTe Ha iX ¢a3oBuil ckiag Ta CTpYKTypy 1 TEPMOEIEKTPUYHI
BJIACTUBOCTI 3pa3KiB OTPUMAHUX METOIOM XOJIOAHOTO MPECYBaHHS MOPOIIKY.

CuHTe3 MarepialliB MPOBOJAMIJIM Yy BaKyyMOBaHUX KBapLOBUX aMmnyiax. OTpuMaHi 3JUBKH
nozpiOHIOBamu Ta npecysanu mig TuckoM 2,0 I'Tla. da3oBuii ckinaj i CTpyKTypy CUHTE30BaHUX 3JIMBKIB
Ta 3pa3KiB JOCIHIKYBaIu X-AU(PpaKkiiHUMU MeToAaMHi Ha aBroMatuuHomy audpakromerpi STOE
STADI P. EnemeHTHHIA CKJIaJ] Ta PO3MOILT IOMIIIIOK IO ITMOWHI 3pa3KiB T0CIiKYBaJId METOIOM BTO-
PHHHOT 10HHOT Mac-crieKTpomeTpii. MopgoIioris moBepXHi BUBYAJIACh 3 BUKOPUCTAHHSAM CKaHYIOYOTO
eJIeKTPOHHOro Mikpockomna. JlocaimkenHs epexkty Xoimia NpoBOJMIN Y NOCTIMHUX MAarHiTHUX Ta
eJIEKTPUYHMX TOJISIX YOTUPU30HIOBUM MeToloM. Bennunny koedinienta repmo-EPC BupaxoByBasu
BUMIPIOIOYH HANpyTy Ha KIHISIX 3pa3ka IpH CTBOpEeHOMY rpaaieHTi Temmneparyp ~5°C. [Tutomy
€JIEKTPONPOBIAHICTh G BU3HAUAIM BUMIPIOIOUHU CIIaJ HAPYTH Ha 3pa3Ky IpU MPOIMYCKaHHI 3MIHHOTO
ctpymy. Koedimient TernonpoBigHocTi k BU3HAUATIM METOIOM PaiiallbHOTO TEIIOBOTO MOTOKY.

B pe3ynbrari npoBeaeHnx A0CIiKeHb, BCTAHOBIICHO, IO JUIsl OTPUMAHHS OJJHO(DAa3HUX CTPYKTYPHO
OIHOPITHUX MOJIKPUCTAIIYHUX 3JIMBKIB rapTyBaHHS Ha MOBITP1 € OUIBII NPUHHATHUM TEXHOJIOTTYHUM
MPOLIECOM 3aBEPLICHHS CUHTE3y HIK MOBLIbHE OXOJIO/KEHHS. Biman XxonoqHo MpecoBaHUX 3pa3KiB
npu T < 500 °C. npu3BoauTh 10 iX YIIUIbHEHHS, 0€3 CYyTTE€BOTO BIUIMBY Ha BEJIWYHMHU 0, G, k. [Ipu
T oy = 200 °C B1a0yBa€eTbCsl pECTPYKTYypH3allisi MUKKPUCTAIIYHUX MEX, [0 3a0e3euye 3HauYHe
1ABUILEHHS TUTOMOI €JIEKTPOIPOBIAHOCTI.

®opMyBaHHS TEPMOEJIEMEHTIB METOIOM INpeCcyBaHHs Mopouky mig Tuckom 2 I'Tla 3abe3neuye
OTPHMAaHHS 3Pa3KiB 3 BUCOKOIO OJTHOPIIHICTIO B3/IOBXK OC1 MPECYBaHHS Ta HU3HKOIO MOPYBATICTIO, 110
€ MPUYMHOIO HEIIPOHUKHOCTI KMCHIO BIVIMO 3pa3ka Ta CTBOPIOE YMOBH JUIsl TEpMIYHOI 0OpOOKHU Ha
noBiTpi Oe3 Aerpajarii Horo BIaCTUBOCTEH.

Kuro4oBi ciioBa: Tenypua CBUHLIIO, CHHTE3, IPECYBaHHS, TEPMOEIEKTPUYHI BIaCTUBOCTI
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NEW APPROACH AND MICROSYSTEM TECHNOLOGY OF ADVANCED ANALYSIS
AND FORECASTING THE AIR POLLUTANT CONCENTRATION TEMPORAL
DYNAMICS IN ATMOSPHERE OF THE INDUSTRIAL CITIES

Yu. Ya. Bunyakova , A. V. Glushkov, O. Yu. Khetselius, V. V. Buyadzhi, A. V. Ignatenko,
N. Bykowszczenko

Abstract. We present the results of an advanced analysis, modeling and forecasting a temporal
dynamics of the air pollutant (dioxide of nitrogen) concentrations in an atmosphere of the industrial
city (Odessa, Ukraine; Gdansk, Polland) using comlex of new models and microsystem technology.
An advanced non-linear analysis technique and modern chaos theory and dynamical systems
methods have been applied. In order to analyse a measured time histories for the nitrogen dioxide
concentrations in the Gdansk region the phase space of the system had been reconstructed by delay
embedding. The mutual information approach, correlation integral analysis, false nearest neighbour
algorithm, Lyapunov’s exponent's analysis, and surrogate data method are used for comprehensive
characterization. The correlation dimension method provided a low fractal-dimensional attractor thus
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suggesting a possibility of the existence of chaotic behavior. Statistical significance of the results was
confirmed by testing for a surrogate data. A chaotic behavior in the nitrogen dioxide concentration time
series at several sites in the Gdansk city is numerically investigated and the Lyapunov’s exponents, the
Kaplan-Yorke dimension and Kolmogorov entropy are precisely computed. An advanced computing
has confirmed an existence of a low-D chaos in the cited system and given the improved short-
terminal forecast of the atmospheric pollutants fluctuations dynamics.

Keywords: new mathematical models, new microsystem technologies, anthropogenic factor,
atmospheric pollutants fluctuations, time series analysis and prediction

HOBUH MIIXIJ I MIKPOCUCTEMHA TEXHOJIOI'TSA BIOCKOHAJIEHOI'O AHAJII3Y
1 IIPOTHO3Y YACOBOI JMHAMIKHN KOHIIEHTPAIIIA 3ABPYITHIOIOYNX PEYOBHUH
B ATMOC®EPI IIPOMUCIIOBUX MICT

0. A. Bynaxosa, O. B. I'nywikos, O. IO. Xeyeniyc, I’ B. lenamenxo, H. bukoswenko, B. B. Bysoarcu

AHotauis. [Ipencrasneni pe3ynpraTi BAOCKOHAJICHOTO aHalli3y, MOJIEIIOBAHHS 1 MPOrHO3yBaHHS
9acoBO1 TUHAMIKM KOHIICHTpAIlill 3a0pYyIHIOIOUMX PEYOBHH (JIBOOKHCY a30Ty) B arMocdepi nmpomuc-
noBux wmict (Oneca, Ykpaina, Imancek, Ilonbpia) 3 BUKOPUCTAHHSAM KOMIUIEKCY HOBHUX MOZAENEH i
HOBOI MIKPOCHCTEMHOT TEXHOJIOT1i. 3aCTOCOBaHI METOUKA HEJIHIHOTO aHaJi3y, TeOpis Xaocy 1 Me-
TOIY TEeOpii AMHAMIYHUX cucTeM. [l aHami3y BUMIPSIHIX YaCOBUX MEPIOAiB KOHIICHTPAIlIH TIOKCUTY
a3oty (a3oBHii MpocTip cucTeMu OyI0 PEKOHCTPYHOBAHO METOJOM 3aTPUMOK. 3 METOI0 BUKOHAHHS
YAOCKOHAJIEHOTO aHaJli3y BUKOPUCTOBYIOTHCSI METO/I B3a€MHOI iH(pOpMaLlii, aIrTOPUTM KOPEIISALIHHOTO
iHTerpaja, aJifOPUTM MOMUIKOBUX HAMOIMKYMX CyCi/iB, aHAJ3 HA OCHOBI MOKa3HUKIB JIsAmyHOBa i
METOJI CypOTraTHHUX JaHUX. MeTo KopensuiiHol pO3MIPHOCTI 103BOJIUB BUSIBUTH JUBHUNA aTPaKTop 3
HU3BKOIO (hpaKTaIbHOI po3MipHicTIO. CTaTHCTUYHA 3HAYUMICTh Pe3yabTaTiB Oylia miITBepaKeHa Tec-
TYBaHHSIM CypOTaTHHX AaHUX. B paMkax BIOCKOHAJIEHOTO MiJXOIy YMCEIBHO IOCIHIPKEHa Xa0THYHA
MOBE[IHKA YaCOBHX PsI/1iB KOHIIGHTpallii IBOOKHCY a30Ty Ha IEKIJIbKOX caifTax B MicTax Ozneca (Ykpa-
ina) i Tnancek (ITonkema), po3paxoBani nmokasHuku Jlsmyrosa, posmipuocti Kamnmana-Hopka i en-
tpomisi Kommoroposa. Baockonanenuit miaxi npupoaHo MiATBEPAUB iICHYBaHHS JETEPMIHUCTHYHOTO
Xa0Cy B JOCIIJKYBaHiil cuctemi. 3aponoHOBaHO HOBUI €(EKTUBHUN METOJ KOPOTKO-1 CEpPEeIHbO-
TEPMIHOBOTO MPOTHO3YBAaHHS YacOBOi AMHAMIKM (PIyKTyaliii KOHIEHTpAIiil 3a0pyaHIOI0YNX aTMOC-
(depy pedoBHH Ha MPUKIIAAL TBOOKHUCY a30Ty

KirouoBi ciioBa: HOBI MaTteMaTHUHI MOJENi, HOBI MIKPOCHCTEMHI TEXHOJIOTIi, aHTPONOTEHHUI
BIUIMB, QUIyKTYyalii atMochepHux 3a0pyaHIOBaYiB, aHAIII3 TA IPOTHO3YBaHHS YaCOBHUX PAIIB
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HOBBIN MMOAXOJA 1 MUKPOCHUCTEMHASA TEXHOJIOTUA
YCOBEPHIEHCTBOBAHHOI'O AHAJIN3A U ITIPOTHO3A BPEMEHHOM
JTUHAMUKHA KOHIEHTPAIIUM 3ATPA3HSIONINX BEIIECTB B ATMOC®EPE
INPOMBIIIVIEHHBIX T'OPOAOB

0. A. Bynaxosa, A. B. I'nywrxos, O. FO. Xeyenuyc, A. B. Henamenxo, H. bvikoswenko, B. B. Bysoacu

AnHoTanus. [IpencraBineHsl pe3ynbrarbl YCOBEPUIEHCTBOBAHHOIO aHAIM3a, MOJACIMPOBAHUS U
IIPOrHO3MPOBAHMS BPEMEHHOM TMHAMUKN KOHLIEHTPALM 3arpsA3HSIOIINX BEIIECTB (JBYOKUCH a30Ta)
B aTrMocdepe MpoMbIIIIeHHBIX TopoaoB (Onecca, Ykpauna, [ mansck, [Tonbina) ¢ ucnoiap3oBaHueM
KOMIUIEKCA HOBBIX MOJIEJIE U MUKPOCHUCTEMHBIX TEXHOJIOTUM. [I[puMEeHEeHBI METOAMKA HEIIMHEUHOTO
aHaJIM3a, TEOPUsl COBPEMEHHOIO Xa0ca U METObI JUHAMHUYECKUX CUCTEM. [l aHamm3a U3MEPEHHBIX
BPEMEHHBIX IEPUO/I0B KOHLIEHTPALMI AUOKCH A a30Ta (pa30BOE IPOCTPAHCTBO CUCTEMBI ObLIO PEKOH-
CTPYUPOBAHO METOJIOM 3ajiepeK. C 1esIbI0 BBINOIHEHHS YCOBEPILIEHCTBOBAHHOIO aHAIN3a UCIIOJb-
3yIOTCS METOJI B3aMMHOM MH(OpPMAIINH, AITOPUTM KOPPETSIIHOHHOTO MHTETPaia, aITOPUTM JIOKHBIX
OmKalIMX cocelel, aHalIu3 Ha OCHOBE IOKa3aTresiel JIsmyHoBa M METOA CyppOraTHBIX JaHHBIX.
Meto KOppESIMOHHON pa3MEepHOCTH TIO3BOJIWII BBISIBUTH CTPAHHBIH aTTPAKTOp ¢ HHU3KOHM (pax-
TaJIbHOM pa3MepHOCThIO. CTaTHUCTHYECKasi 3HAYMMOCTh PE3YJbTaTOB Oblla MOATBEPKACHA TECTUPO-
BaHHWEM CYppOTraTHBIX JaHHBIX. B paMKax yCOBEpLIEHCTBOBAHHOIO IIOJX0/1a YHCIECHHO UCCIIEA0BAHO
Xa0THYECKOE MOBECHUE BPEMEHHBIX PsIIOB KOHIEHTPALMU JIByOKHCH a30Ta Ha HECKOJIBKHUX calTax
B roponax Onecca (Ykpauna) u ['nanbck (Ilonbina), paccunransl nokasarenu JIsamyHoBa, pa3MepHOC-
i Kannana-Mopka u suTporms Koamoroposa. YcoBepIIGHCTBOBAHHEIH MOIXOJ €CTECTBEHHO MOJI-
TBEPAWII CYIIECTBOBAaHUE AETEPMUHUCTHUECKOIO Xa0ca B HcclienyeMon cucreMe. IIpennoxken HOBBI
3 PEKTUBHBIN METOJ] KOPOTKO-H CPETHE-CPOUHOTO TPOrHO3UPOBAHHS BPEMEHHOMN JUHAMUKH (ITyKTY-
Al KOHIEHTPAIUK 3arps3HAIONINX aTMoc(epy BEIIeCTB Ha MPUMEPE JBYOKHCH a30Ta.

KuroueBbie cJjioBa: HOBbIE MaTeMaTU4YECKUE MOJIENIM, HOBBIE MUKPOCUCTEMHBIE TEXHOJOTHUH,
AHTPOIIOTEHHBIE BO3JICHCTBUS, (PIYKTyalluu aTMOC(EPHBIX 3arps3HUTENCH, aHATN3 U POTHO3UPOBA-
HUE BPEMEHHBIX Ps/I0B

1. Introduction

At the present time one of the most actual,
important and fundamental problems of mod-
ern applied ecology, environmental protection is
a problem of the quantitative treating pollution
dynamics in the industrial cities and at whole re-
gions and a search of new mathematical tools for
analysis, modelling and forecasting a temporal
dynamics of the air pollutant (dioxide of nitrogen)
concentrations in an atmosphere of the industrial
cities and regions [1-20]. It is well known that the
most models, that are currently used to estimate
the air pollution level, are either deterministic or
statistical, but their skilfulness are still limited
due to both inability for describing non-linearities
in pollutant time series and lack of understanding

involved physical and/or chemical processes. In
Ref. [6] there is an analysis of the CO, O, con-
centrations time series. Also, it was shown that O,
concentrations in Cincinnati (Ohio) and Istanbul
are evidently chaotic, and non-linear approach
provides satisfactory results [6]. In ref. [1-3]
there is an analysis of the SO,, CO, O, concentra-
tions time series in a few industrial cities and it
has been definitely received an evidence of chaos.
More over it has been given a preliminary short-
range forecasting atmospheric pollutants dynam-
ics using the non-linear prediction method. These
studies show that chaos theory methodology can
be applied and the short-range forecast by the
non-linear prediction method can be satisfactory.

In this paper we present the results of an ad-
vanced analysis, modeling and forecasting a
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temporal dynamics of the air pollutant (dioxide
of nitrogen) concentrations in an atmosphere of
the industrial city (Odessa, Ukraine and Gdansk,
Polland) using a complex of new models and mi-
crosystem technology. An advanced non-linear
analysis technique and modern chaos theory and
dynamical systems methods have been applied
(in versions [1-3,14-22]). An advanced comput-
ing has confirmed an existence of a low-D chaos
in the pollutant dynamics and given the accurate
short-terminal forecast of the atmospheric pollut-
ants fluctuations. All calculations are performed
with using “Geomath”, “Superatom” and “Quan-
tum Chaos” computational codes [14-78].

2. Technique of analysis and computing at-
mospheric pollutants fluctuations temporal
dynamics

The key elements of the technique of comput-
ing atmospheric pollutants fluctuations dynam-
ics are described in details in Refs. [1-3,14-22].
Here we are limited only by the key aspects. Let
us consider scalar measurements:

s(n)=s(t,;+ nAr) = s(n), (1)
where ¢, is a start time, Az is time step, and n is
number of the measurements. In our case s(n) is
the time series of the atmospheric pollutants con-
centration. As processes resulting in a chaotic
behaviour are fundamentally multivariate, one
needs to reconstruct phase space using as well as
possible information contained in s(n). The main
idea is that direct use of lagged variables s(n+t),
where T is some integer to be defined, results in
a coordinate system where a structure of orbits in
phase space can be captured. Using a collection
of time lags to create a vector in d dimensions,

y(n)=[s(n),s(n + 1),s(n + 27),...s(n +H(d-1)7)],
()
the required coordinates are provided.

The dimension d is the embedding dimen-
sion, d,. The goal of the embedding dimension
determination is to reconstruct a Euclidean space
R? large enough so that the set of points d, can
be unfolded without ambiguity. The embedding
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dimension, d,, must be greater, or at least equal,
than a dimension of attractor, d , i.e. d, > d,. So,
to analyse a measured time histories for the ni-
trogen dioxide concentrations, the phase space of
the system had been reconstructed by the delay
embedding.

Further the advanced versions of the mutual in-
formation approach, correlation integral analysis,
false nearest neighbour algorithm, Lyapunov’s
exponent’s analysis, and surrogate data method
are used for comprehensive characterization [7-
15]. The correlation dimension method provides
a fractal-dimensional attractor. Statistical signifi-
cance of the results was confirmed by testing for
a surrogate data. The choice of proper time lag
is important for the subsequent reconstruction
of phase space. First approach is to compute the
linear autocorrelation function C,(6) and to look
for that time lag where C,(9) first passes through
0. This gives a good hint of choice for t at that
s(ntjt) and s(n+(; +1)1) are linearly independ-
ent. Alternative approach is given by a nonlinear
concept of independence, e.g. an average mutual
information [8] (see [14,15 too).

In order to compute an attractor dimension one
should use the correlation integral analysis, which
is one of the widely used techniques to investigate
the signatures of chaos in a time series. According
to [9], one must compute the correlation integral
C(r). If the time series is characterized by an at-
tractor, then the correlation integral C(r) is related
to the radius 7 as [9]

d= 1imM
i, logr

: 3)

where d is correlation exponent. If the correla-
tion exponent attains saturation with an increase
in the embedding dimension, then the system is
generally considered to exhibit chaotic dynam-
ics. The saturation value of correlation exponent
is defined as the correlation dimension (d,) of the
attractor (see details in refs. [1,9]).

Further let us note that the spectrum of the Lya-
punov’s exponents is one of dynamical invariants
for non-linear system with chaotic behaviour. The
limited predictability of the chaos is quantified by
the local and the global Lyapunov’s exponents,
which can be determined from measurements.
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The Lyapunov’s exponents are related to the ei-
genvalues of the linearized dynamics across the
attractor. Negative values show stable behaviour
while positive values show local unstable behav-
iour. The predictability can be estimated by the
Kolmogorov entropy, which is proportional to a
sum of the positive Lyapunov’s exponents. For
chaotic systems, being both stable and unstable,
the Lyapunov’s exponents indicate the complex-
ity of the dynamics. The largest positive value de-
termines some average prediction limit. 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 at-
tractor. An estimate of this measure is a sum of
the positive Lyapunov’s exponents. The estimate
of the attractor dimension is provided by the con-
jecture d; and the Lyapunov’s exponents are tak-
en in descending order. To compute Lyapunov’s
exponents, we use a method with linear fitted map
[2], although the maps with higher order polyno-
mials can be used too.

The principally important topic is develop-
ment of an advanced approach to prediction of
chaotic properties of complex systems. Our key
idea is in the using the traditional concept of a
compact geometric attractor in which evolves the
measurement data, plus the implementation of
neural network algorithms. The existing so far in
the theory of chaos prediction models are based
on the concept of an attractor. The meaning of the
concept is in fact a study of the evolution of the
attractor in the phase space of the system and, in a
sense, modelling (“guessing”) time-variable evo-
lution.. From a mathematical point of view, it is
a fact that in the phase space of the system an or-
bit continuously rolled on itself due to the action
of dissipative forces and the nonlinear part of the
dynamics, so it is possible to stay in the neighbor-
hood of any point of the orbit y (n) other points
of the orbit y" (n), r = I, 2, ..., N,, which come
in the neighborhood y (n) in a completely differ-
ent times than n. Of course, then one could try
to build different types of interpolation functions
that take into account all the neighborhoods of the
phase space and at the same time explain how the
neighborhood evolve from y (n) to a whole fam-

ily of points about y (n+1). Use of the informa-
tion about the phase space in the simulation of the
evolution of some geophysical (environmental,
etc.) of the process in time can be regarded as a
fundamental element in the simulation of random
processes. In terms of the modern theory of neural
systems, and neuro-informatics (e.g. [16,17]), the
process of modelling the evolution of the system
can be generalized to describe some evolutionary
dynamic neuro-equations (miemo-dynamic equa-
tions). Imitating the further evolution of a com-
plex system as the evolution of a neural network
with the corresponding elements of the self-study,
self- adaptation, etc., it becomes possible to sig-
nificantly improve the prediction of evolutionary
dynamics of a chaotic system.

Considering the neural network (in this case,
the appropriate term “geophysical” neural net-
work) with a certain number of neurons, as usual,
we can introduce the operators S, synaptic neuron
to neuron u, u,, while the corresponding synaptic
matrix is reduced to a numerical matrix strength
of synaptic connections: W= |w,||.

The operator is described by the standard acti-
vation neuro-equation determining the evolution

N
ofaneural network in time: s, = sign(}_w;s, —6,),
Jj=1
where 1< i <N. From the point of view of the the-
ory of chaotic dynamical systems, the state of the
neuron (the chaos-geometric interpretation of the
forces of synaptic interactions, etc.) can be repre-
sented by currents in the phase space of the sys-
tem and its the topological structure is obviously
determined by the number and position of attrac-
tors.

These idea have been used in order to make
more advanced the wide spread prediction model
which is based on the constructing a parameter-
ized nonlinear function F (X, a), which transform
y(n)toy (n+ 1) =F (y (n), a), and then using
different criteria for determining the parameters
a. As it is shown by Schreiber [13], the most com-
mon form of the local model is very simple :

dy
s(n+An)=al" + Zaﬁ")s(n -(j-Dr)» @

j=l
where A n - the time period for which a forecast.
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The coefficients a_g.k), may be determined by a

least-squares procedure, involving only points
s(k) within a small neighbourhood around the ref-
erence point. Thus, the coefficients will vary
throughout phase space. The fit procedure
amounts to solving (d, + 1) linear equations for
the (d, + 1) unknowns. Further, since there is the
notion of local neighborhoods, one could create a
model of the process occurring in the neighbor-
hood, at the neighborhood and by combining to-
gether these local models to construct a global
nonlinear model that describes most of the struc-
ture of the attractor. In order to get more advanced
prediction of chaotic dynamics we have applied
the polynomial model with using the neural net-
work algorithm [16].

3. The advanced data for the nitrogen diox-
ide concentrations time series of the industrial
cities and conclusions

In our study, we used the nitrogen dioxide
concentration data observed at several sites of the
Gdansk on 2003-2004, namely, the multi year
hourly concentrations (one year total of 20x8760
data points) and the Odessa on 2001-2006, name-
ly, the multi year hourly concentrations (one year
total of 20x6570 data points). The temporal series
of concentrations (in mg/m*) of the NO, are pre-
sented in figure 1 (for two sites). Let us note that
in the Gdansk region, the Agency of Regional Air
Quality Monitoring (ARMAAG) provides pres-
ently the 24-h forecasts of air quality levels using
the model called CALMET/CALPUFF (CAL-
PUFF) (see [1-4] and ref. therein).

0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760

Figure 1a. The temporal series of concentrations
(in mg/m’) of the of the NO, (cite 1; see text).
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Figure 1b. The temporal series of concentrations
(in mg/m’) of the of the NO, (cite 2; see text).

In Figure 2 we list the computed Fourier spec-
trum for the studied NO, time series. Having re-
gard to the irregular nature of the changes of con-
centration it is not surprising that these spectra
look the same as in a random process. In figure 3
we list the computed dependence of the correla-
tion integral C(r) of radius r for different embed-
ding dimensions d for the NO, at one of the sites
of the Gdansk during 2003.

1E+8E
1E+7k
1E+6}
1E+5E
1E+4+
1E+3F
1E+2E

C L1l L1l Ll I MR
IE4  1E-3 IE2 1E-1 1EH
Figure 2. The Fourier spectrum for the NO, con-

centration series in the Gdansk region:
X — frequency, Y - energy (see text).
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1E-6
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1E+H0 1E+1 1E+2 Cr)

Figure 3. The dependence of the correlation inte-

gral C (r) of radius r for different embedding di-

mensions d for NO, (b) at the site 6 of the Gdansk
during 2003.
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In the Table 1 we list the data for the time
lag calculated for first 103 values of time series.
The autocorrelation function for all time series
remains positive. In the Table 2 we present our
advanced data on the correlation dimension (d,),
embedding dimension (d,), Kaplan-Yorke dimen-
sion (d,), two Lyapunov’s exponents (A ,A,), the
Kaplan-Yorke dimension (d,), and average limit
of predictability (Pr__, hours) for time series of
the NO, at sites of the Gdansk (during 2003 year).

Table 1

Time lags (hours) subject to different values

of C,, and first minima of average mutual

information,I . , for the time series of NO, at
the sites of Gdansk

C,=0 | c,=01 [¢=05] 1,
Site 1
SO, | - | 138 |7 | 10
Site 2
SO, | 103 | 55 E IE

From the table 2 it can be noted that the Ka-
plan-Yorke dimensions, which are also the attrac-

tor dimensions, are smaller than the dimensions
obtained by the algorithm of false nearest neigh-
bours.

Firstly, one should note that the presence of
the two (from six) positive A, suggests the system
broadens in the line of two axes and converges
along four axes that in the six-dimensional space.
The time series of the NO, at the site 2 have the
highest predictability (more than 2 days), and
other time series have the predictabilities slightly
less than 2 days. The concrete example is pre-
sented in Figure 4, where the empirical (solid line
1) and theoretical forecasting (solid line 2 by the
Schreiber-type prediction algorithm with neural
networks block and dotted line 3 by the stand-
ard Schreiber-type algorithm) concentration lines
NO, (for the one hundred points) are presented.

In whole an analysis shows that almost all the
peaks on the actual curve repeated on the prog-
nostic difference between the forecast and the ac-
tual data in the event of high concentrations of
the ingredients can be quite large. The prediction
line 2 looks more exact in comparison with actual
data. More detailed analysis of this fact will be
presented in another paper.

Table 2

The correlation dimension (d,), embedding dimension (d,), first two Lyapunov’s exponents,

E(), 1,), Kaplan-Yorke dimension (d,), and average limit of predictability (Pr__, hours) for
time series of NO, at the Gdansk sites (during 2003)
t | & | de | | w» | d | Pram | K
Site 1
NO, 9 5,31 6 0,0185 0,0060 4,11 41 0,68
Site 2
NO, 8 5,31 6 0,0188 0,0052 3,85 42 0,66

30 50

Figure 4. The empirical (solid line 1) and forecastin

60 70 80 50 100

g (solid line 2 and dotted line 3) NO, concentration

lines for the last one hundred points (see text).
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Here we only note that the results of our com-
putational forecasting can be considered quite
satisfactory.
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Summary

The aim of the work is to develop and present a new approach and correspondingly a new mi-
crosystem technology for advanced analysis, modelling and forecasting the air pollutant concentration
temporal dynamics in atmosphere of the industrial cities and apply it to studying a temporal dynamics
of the air pollutant concentrations for the concrete large industrial cities We present the results of an
advanced analysis, modelling and forecasting air pollutant (on the example of the dioxide of nitrogen)
concentrations in an atmosphere of the Odessa (Ukraine) and Gdansk (Polland) using a group of new
models and new microsystem technology.

An advanced non-linear analysis technique and modern chaos theory and dynamical systems meth-
ods have been applied. In order to analyse a measured time histories for the nitrogen dioxide con-
centrations in the Gdansk region the phase space of the system had been reconstructed by delay
embedding. The mutual information approach, correlation integral analysis, false nearest neighbour
algorithm, Lyapunov’s exponent’s analysis, and surrogate data method are used for comprehensive
characterization. The correlation dimension method provided a low fractal-dimensional attractor thus
suggesting a possibility of the existence of chaotic behaviour. Statistical significance of the results was
confirmed by testing for a surrogate data.

A chaotic behaviour in the nitrogen dioxide concentration time series at several sites in the Gdansk
and Odessa cities is numerically investigated. Different topological and dynamical invariants such
as the Lyapunov’s exponents, the Kaplan-Yorke dimension and Kolmogorov entropy and others are
computed. It has been shown that an advanced computing has confirmed an existence of a low-D
chaos in the cited system. For the first time new advanced approach is presented and applied to quite
satisfactory short-terminal prediction of the atmospheric pollutant fluctuations dynamics.

Keywords: new mathematical models, new microsystem technologies, anthropogenic factor, at-
mospheric pollutants fluctuations, time series analysis and prediction
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Pedepar

Meta po6otu nossirae y po3po0Oiii Ta npe3eHrarii HOBOro miJxoxy Ta, BiAMOBIIHO, HOBOI MIKpO-
CUCTEMHOI TEXHOJIOTI JIJIsl HOIIMOIEHOr0, BIOCKOHAJIEHOTO aHai3y, MOJIEIIOBaHHS Ta MPOTHO3yBaH-
HSl YaCOBO1 JMHAMIKU KOHILIEHTpAIilil 3a0py/JHIOBauiB MOBITPS Ta 3aCTOCYBAHHS il 10 BUBYEHHS 4aco-
BOT IMHAMIKM KOHIIEHTpAIll 3a0py/AHIOIOUNX aTMOCc(epy PEUYOBUH JJIsl KOHKPETHUX 1HAYCTpPiaJIbHUX
MicT. B po0oTi mipeacTaBieHi pe3yabTaTd BIOCKOHAJICHOTO aHai3y, MOJICTIOBAHHS 1 TPOTHO3YBaHHS
94acOBOi JUHAMIKH KOHIIEHTpAIl{ 3a0pyIHIOIOUNX PEYOBHUH (IBOOKHUCY a30Ty) B arMocdepi mpoMuc-
noBux MicT (Oneca, Ykpaina, ['nancek, [lonbiia) 3 BUKOPUCTaHHIM KOMIUIEKCY HOBUX MOJEJeH 1 HOo-
BOi MIKPOCHCTEMHOI TEXHOJIOT1].

3acTocoBaHl METOMKA HEJIIHIHOTO aHali3y, Teopis Xaocy 1 METOJU Teopli AMHAMIYHUX CUCTEM.
Jnst aHamizy BUMIpSHHX YaCOBUX MEP10/AIB KOHIEHTpaLIl AI0KCUTY a30Ty (a30BUM MPOCTIP CUCTEMU
OyJ10 PEKOHCTPYHOBaHO METOJIOM 3aTPUMOK. 3 METOIO0 BUKOHAHHS YOCKOHAJIEHOTO aHaJli3y BUKOPHC-
TOBYIOTHCSI METO]] B3aEMHOI 1H(POpMAaIlii, AITOPUTM KOPEJISLIMHOIO 1IHTErpaia, aifOPUTM OMUIKOBUX
HaNUOIMKYMX CYClJiB, aHaJI13 Ha OCHOBI ITOKa3HUKIB JIsimyHOBa 1 METOA CyporaTHUX JJaHuX. MeTon Ko-
PEIALIIHOT PO3MIPHOCTI J103BOJIMB BUSIBUTH AUBHUI aTPAKTOP 13 BIANOBIIHOIO (hpaKTaibHOI po3Mip-
HicTio. CTaTHCTUYHA 3HAYUMICTh pe3yabTariB Oysia MATBEPAKEHA TECTYBAaHHSIM CYpOraTHUX JIaHUX.

B paMkax BIOCKOHAJIEHOTO MiAXOAY YMCETBHO JOCIIKEHA XaO0TUYHA TOBEIIHKA YaCOBHUX Ps/IiB
KOHIICHTpAIIil BOOKUCY a30Ty Ha JACKUIbKOX caiTax B mictax Omeca (Vkpaina) 1 [mancek (I[Tompia).
Po3paxoBaHi pi3HOMaHITHI TOIMOJIOTIYHI Ta JMHAMIUHI 1HBapiaHTH, 30KpeMa, Moka3HuKu JIsmyHoBa,
posmiprocti Kammana-Hopka, entpomis Konvoroposa Ta immm. BrockoHamenuii mioxin mpupomaHo
MIATBEPUB ICHYBAHHS JIETEPMIHICTUYHOIO Xa0Cy B IOCIIKYBaHIi cucTeMi. 3aporoHOBAHO HOBHM
e(eKTUBHUN METOJI KOPOTKO-1 CEPEIHbO-TEPMIHOBOI0 MPOrHO3YBAaHHS YaCOBOI IMHAMIKH (UIyKTyaLii
KOHIICHTpAIi}l 3a0pyIHIOIUNX aTMOC(hepy PEYOBHH HA MPHUKIIAJl JBOOKHUCY a30TYy.

KutouoBi ciioBa: HOBI mMaremMaTuyHi Moeli, HOBI MIKPOCHCTEMHI TEXHOJIOT1i, aHTPONOTECHHHM
BILIUB, QIIyKTYyalii arMoc(epHux 3a0pyIHIOBaYiB, aHaJ3 Ta IPOrHO3YBaHHS YaCOBUX PSIIiB
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TEOPETHYHI OCHOBH OIIIHKU CTAHY EJEKTPO/IB TEPMOIIAP Y ITPOIIECI
EKCILTYATAIII

O. Kouan

AHoTauis. Y cTarTi po3NIIHYTO NPUYMHNA BUHUKHEHHS TOXHOOK TEPMOEIIEKTPUYHHX ITEPETBOPIO-
BauiB (TEIl) BukiIuKaHux JerpagaiifHuMu nporecamu y enekrpogax repmonap (TIT) — moxubku Bixg
npeiidy QyHKIii mepeTBOpeHHs 1 TOXUOKH Bijl HAOyTO1 y MpOIIeCi eKCIuTyaTallii TepMOeIeKTPUIHOT
HeoaHopigHOCTI enektpoaiB TII. IIpoaHani3oBaHO YMOBH, B SIKUX MPOSIBISIFOTHCS IIi IOXWOKH, a Ta-
KO TOKa3aHO B3a€MO3aJICKHICTh MK UMM ITOXUOKaMH 1 IPOaHaIi30BaHO MOXKJIMBICTh BU3HAUCHHS
noxubku TEIT Ha micti ekcruryarariii Ta 6€31eMOHTaKHOTO JA1arHOCTYBaHHs cTaHy enekrpoxiB TII.
3anporoHoBaHo Mipy nerpanarii enekrpoiB TII — exkBiBaleHTHHUI Yac eKCIUTyaTarlii.

Ki1r04oBi ci10Ba: TepMOeIeKTpUUHUI TEpEeTBOPIOBaAY, TepMonapa, apeid GyHKIIiT mepeTBOpEeHHS,
HaOyTa HEOJHOPIAHICTh TEPMOECIEKTPOIIB, BU3HAYCHHS TTOXHOKH Ha MICIli eKCILTyaTallii, JIarHOCTy-
BaHHs cTaHy enektponiB TII, ekBiBaJeHTHHUI yac eKcIuTyararii

© O. Kouan, 2017
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THEORETICAL FUNDAMENTALS OF ESTIMATION OF THERMOCOUPLE LEG
CONDITIONS DURING OPERATION

O. Kochan

Abstract. The causes of the thermocouple (TC) errors due to degradation processes in TC legs, such
as the error due to drift of conversion characteristic and the error due to thermoelectric inhomogeneity
of TC legs acquired during operation, are considered in this paper. The conditions under which these
errors manifest themselves are analyzed. Also, the interdependence between these errors is shown as
well as the opportunity of determining the error of' a TC in situ and the nondestructive self-diagnosis of
the state of TC legs during operation is considered. The measure of the degree of TC leg degradation
such as the equivalent operating time is proposed in this paper.

Keywords: thermocouple, drift of conversion characteristics, acquired thermoelectric
inhomogeneity, determination of error in situ, diagnosis of TC leg conditions, equivalent operating
time

TEOPETUYECKHUE OCHOBBI OHEHKH COCTOAHUSA QJIEKTPOAOB TEPMOIIAP
B NPOLECCE 9KCIIVIYATALIUA

O. Kouan

AHHOTanus. B crarbe paccMOTpPEHBI NPUYMHBI BOSHUKHOBEHUS IOIPEIIHOCTEN TEPMOIEKTPHU-
YeCKHUX INpeoOpa3oBareseii BbI3BAaHHBIX JETPAJAllMOHHBIMU IPOLECCAMU B 3JIEKTPOJAX TEPMO-
nap — MOTPENIHOCTH u3-3a Jperida GyHKIMU nmpeoOdpa3oBaHus U MOTPEHIHOCTH M3-332 MpHOOpeTeH-
HOM B IPOLECCE HKCIUIyaTallMd TEPMOIIEKTPUYECKOM HEOIHOPOAHOCTH IJIEKTPOLOB TepMomap.
[Ipoananu3upoBaHbl YCIOBHUS B KOTOPBIX 3TH MOTPEIIHOCTU MOSABISIIOTCS. Takke Ioka3aHa B3auMO-
3aBHUCHUMOCTb MEK/Y 3TUMU MOTIPEIIHOCTAMU U MPOAHAIU3UPOBAHA BO3MOKHOCTD OIIPEEICHUS 110~
IPELIHOCTH TEPMORJIEKTPUUECKOTO Mpeoldpa3oBaressi Ha MECTE SKCIUTyaTallMd U Oe31eMOHTaXHO-
IO JMarHOCTUPOBAHHs COCTOSIHHA DJIEKTponoB Tepmomnap. [Ipemiokena mepa cTeneHu aerpajanuu
TEepMOIIapbl — SKBUBAJIEHTHOE BpEMSl HKCILTyaTall1u.

KuioueBble ci1oBa: TepMOIJIEKTPUUIECKUIM TIpeoOpa3oBarelb, TepMonapa, apeid GyHkiuu mnpe-
o0Opa30BaHusl, IPUOOPETEHHASI HEOJHOPOJHOCTh TEPMOIIEKTPOJIOB, OIPE/IEICHUE MOTPEIIHOCTH Ha
MECTE IKCIUTyaTallly, TUATHOCTUPOBAHUE COCTOSIHUSA 2JIEKTPOJOB TEpMOIap, IKBUBAJIEHTHOE BPEMS
JKCILTyaTalnH.
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Beryn

HesBakatoun Ha psifi HEIOJIKIB, TEPMOEIEK-
tpuuHi neperBoproBaui (TEII), uyrnuBum ene-
MeHTOM sikuX € Tepmornapu (TII), mupoko Buko-
puctoBytoThes [1]. OnHuM 13 IX OCHOBHHUX HENO-
TiKiB € aerpagaunis enexrponiB TII mpu aii Buco-
KX TeMIIEpaTyp y mpoueci ekcruryaranii [2 - 4].
Herpanamist posiBisie cede sik moxuOka TIT Bix
npeiidy dynxuii neperBopenns (OII) TII (3mina
@Il Ha npots3i yacy ekcruyataiii TII) abo sk
nmoxuOka Bij HAOyTOl Imij yac eKcruryararii Tep-
MOEJIEKTPUYHOI HEOAHOPITHOCTI enekTpoaiB TII
(3MiHa TeHEepOBAaHOI TEPMO-€.p.C. B YMOBaX 3Mi-
HU TIPOQiTI0 TeMIepaTypHOTro MOJsS MpPU CTaTHX
Temreparypax pooouoro i BUIbHUX KiHLIB). ¥ [5]
MOKA3aHo, 1110 MaKCUMaJIbHI MOXUOKU BiJ Apeitdy
@II TTI Ta Bix ii HAOYTOT TEPMOETIEKTPUIHOT HEO-
nmHOpigHOCTI piBHI. g BractuBicTs moxu6ok TII
MOCITYXXHJIa TEOPETUIHOIO OCHOBOIO JUISI PO3PO-
OnmeHHs MeToiB Bu3HadeHHs moxuOku TII [6] Ta
JIIarHOCTYBAaHHS CTaHy iX eJIeKTPOiB [7] mig yac
il excruryararii. [lomanpiie BUBYCHHS B3a€MHOL
3alIe)KHOCTI 000X MOXUOOK Ja€ 3MOTY CTBOPUTHU
METOAM BU3HAYEHHS E€KBIBAJIEHTHOTO Yacy eKc-
ruryaranii TIT.

Cran npeaMeTHoi o0s1acTi

3a 3akoHoM 3eebeka [1], nominaneny E. Ta
niticny E} Tepmo-e.p.c. KOXKHOI JIJIAHKH €NeK-
TpoxiB TII MOkHA BUSHAYHUTH SIK
N _
E' =e,(T.,-T, ),

1

E, =(ey+ne ) (T, -T )

i+l 4

(M

ne ey, Ae. — HOMiIHaJIbHA IIMTOMAa TEPMO-€.p.C.
(TepMoeNieKTpUYHa 3JIaTHICTh) TEPMOENEKTPOoIa
Ta 1 noxuoka; 7;,,, 7, —TeMneparypu Ha KiHISIX
JUISHKHA TEPMOEJIEKTPOA.

BinxuneHnHs muTomMoi TepMo-e.p.C. BiJl HOMi-
HaJbHOI Ae; MOXHA IPEIACTABUTH K CyMy IIO-

yatkoBoro Ae°“’ Ta mabyroro y mporeci exc-
TuTyaraii AeiNAB

Ae, =AY + Ae’” . Metonu kopekuii mouar-
xoBoro Binxunenns TII Ae " posrmauyTi y [8]
Ta 3BOMATHCS 10 BUu3HaueHHs nmoxuoku TII mepen
BBOJIOM y ekciutyartaiito. [Ipu upomy Hi apeid

@I TII, ani HaOyTa TepMOEIEKTpUYHA HEOTHO-

BIJIXUJIEHD, TOOTO

piamicts Ha moxubky Ae

BOHMH 1I€ HEC BCTUIJIN 3’${BI/ITI/IC$I.
A T

HE BIINIMBAKOTh —

Bl B B2

A

c2 D

< L

Puc. 1. Posmimenns enexkrpoais TII y pisnux
npoduIfAX TeMIepaTypHOro moJjs.

Ha puc. 1 nokazano po3MillleHHsI €JIEeKTPO/IB
TII npu excruryaranii. [Ipodine mocTiitHOT exc-
ryataitii moznaueno ABCD. Tepmo-e.p.c., Te-
HepoBany TII mix gac excrutyararii, 3rigHo (1),
CTBOPIOIOTH Ti 11 AUISTHKH, 1110 3HAXOASATHCS y Tpa-
nienta temmneparypu, Tooto BC. Inmi mainsHkm
TEpPMO-€.p.C. He TeHepyIoTh. Jlerpanais, sik O0yi10
nokazaHo y [2 - 4], npubnu3HO mpomnopiuiiHa
TeMITepaTypi, TOMYy Ti JUISHKH, IO 3HAXOIATHCS
y 30H1 AB, nerpanyrors HaiOuIbIIe, a Ti TUISH-
KM, 110 3HaXomAThes y 30H1 CD, He merpaayiorh
UTKOM. AJie IPOIIeCH JIerpajarlii, o NpoxoasiTh
y AUISHKaX, SKi eKCIUTyaTyloThCs y 30H1 AB, 3rij-
Ho (1), Ha Tepmo-e.p.c. TII (a 3HauMUTH 1 Ha 11 MO-
x1OKy) He BIUIMBaTh. Y 30H1 BC kokHa AinsHKa
enekrponiB TII excrmyaTyeTbesi Ipu CBOIN TeM-
neparypi Ta JAerpajaye BiJIIOBIIHO /IO ITi€i TeMIie-
parypu.

SAxmo mpodie TeMIepaTypHOTO TOJs mepe-
Bectn 10 AB1CID, To y 30nHy rpamienty B1Cl1
MOTPAIIATh TUISTHKH, IO €KCIUTyaTyBaIHuCs MpU
MaKCHMAaJbHIi TeMIepaTypi Ta MalTh MaKCH-
manbai Ae® . SIkuo npodine TemneparypHoro
nosist iepeHectu y AB2C2D, 1o y 30HY TpajiieHTy
B2C2 norpamisath AUISHKY, 10 €KCIUTyaTyBajIu-
Csl TIpH KiMHATHIN TeMnep]e\lf%pi. i ninsHKY HE
nerpagysamy, it kux Ae;” — 0 .

Tomy, sik Oyno mokazaHo y [5], BigxuieHHS
Ae® mpum cramiii BuMmiproBaHili Temmeparypi

1

MOJKE TIPOSIBIIATH cele SIK:
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1. moxubka apeiidy P@IT TIT Aeg)R , TOOTO

3mina ®@II B waci npu cramomy mpodini Temmnepa-
TYPHOTO T0JIs B3/I0BX enexkTponiB TII;
2. moxubka Aeps°P Bix Habyroi B mporeci
TPHUBAJIOl EKCIUTyaTalii TepMOEIEKTPUIHOT HEO-
nHopigHocTi enekTponiB TII — 3MiHM reHepoBa-
HOI TepMoO-€.p.C. Bl 3MiHU TPO(DUITI0 TeMIiepa-
TYpHOTO TIOJI B3JIOBX E€JEKTPOAIB MpHU CTamii
TeMIeparypi podO4Oro Ta BUIbHUX KiHIIIB.

MeTtoau kopexkiii AegoR y3arajibHeHo y [9] Ta

po3BunyTO y [10]. MeTon kopexkiii Ae%’f OP | 3a-

nporioHoBaHuil y [11], Mae HEBHCOKY e(pEKTHB-
HicThb. bineim eexTuBHMiA MeTox [ 12], mo nepen-
Oagae cralimizamio mMpoduIo TeMIepaTypHOro
noJist B310BXk enekrpoaiB TII 3a momomoroto jo-
JATKOBUX IIJICUCTEM DETYJIIOBAaHHS TeMIlepary-

. A _NEOD
pu. Tomi Aepp~ He Moxe cebe IPOSIBUTH, TOO-

TO Ae%EOD — 0 . TEII, ocHameHul TaKUMHU

MiJICUCTEeMaMU PETYIIOBaHHS TeMIepaTypH, Ha-
3BaHo y [12] TEII 3 kepoBanum npodinemM Temre-
parypnoro nosst (TEIT 3 KITTII). Ane meton [12]
nepeadavae uiie ctadinizarito npodiato Temme-
parypHoro mois B3noBx enekrponiB TII. Lline-
CIpsIMOBaHI 3MIHM TPOMUII0 TEeMIEpaTypHOTO
MOJIsl JTAIOTh MOXKJIMBICTh BHU3HAYEHHS MOXUOKU
TII [6] Ta miarHOCTYBaHHSI CTaHy ii €JEKTPOJIIB
[7] mix wac excruryaranii. OgHak 11 oOTpyHTY-
BaHHS [IMX METOIB Ta OLIHKHU iX IMOXHOOK CIIij
PO3BHHYTH TEOPETUYHI OCHOBH TEPMOEIIECKTPHUY-
HUX SBHILL.

MeToro 1aHOi CTATTi € PO3BUTOK TEOPETUUHUX
OCHOB BUKOPHUCTAHHS BIACTHBOCTEH MOXHOOK BiJT
npeiidy OIT TII ta Bix HaOyTOT TEpMOENIEKTPUY-
HOI HEOMHOPITHOCTI sl PO3pPOOJICHHS METOIY
orinku ctany enekrpoxaiB TII y mporeci ekcriny-
araiiii.

TeopernuHi ocHOBM B3aeMoOaii NMOXHOOK
TepmMonap Bix apeiidy Ta Big HadyToi Tepmo-
eJIeKTPUYHOI HEOAHOPITHOCTI

SIK110 mpoaHasizyBaTH eKCIIepUMEHTalIbHI J0-
CITiJKEHHS TIporiecy 3pocTanns moxuoku T1I mpu
il nerpanarii y mpoiieci ekcruryararii [2 - 4], ctae

o4yeBHIHUM, 1110 apeiid DIT TIT Aeﬁ,R Ta KOKHOT

il {—TOi AUIAHKYM € (QYHKII€I0 TBOX 3MIHHHX —
temneparypu T, Tadacy 7z eKcIuTyararii, ToO-
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T0 A =Ff (TEI., TEi) . A moxuOka BiJ HaOyTOl
TEpPMOENIEKTPHUHOT HeoHOpiHOCTI Ae] " mpo-
SIBIISIE ce0e JIMIIe MPHU 3MiHI MPoQuI0 Temrepa-
TYpPHOTO TIOJISI, TOMy BOHa € (YHKIIIEI0 TPbOX
3MIHHHX [5]

Ae™ :f(TEi’ Tgi» ATDi) ’

2

ne AT, — 3MiHa Temreparypu AUISHKH 10 3Ha-
YeHHs KyIM TOTpanwia i—Ta JUITHKa TepMoe-
JEKTpoa Miciis 3MiHU MPO]IITI0 TEMIIEPaTypPHOTO
TOJISL.

Aune y TEII 3 KIITII remnepaTypu ekcrutyara-
uii ta agianasomy pieHi, T00TO 7, =T, , TO
AT,, -0 1 nmoxubka Bix HaOyTOol TepMoOeseK-
TpU4IHOI HeoaHOPiAHOCTI enekTpoaiB TII cebe He
nposiBisie, 10610 Ae}"?” =0. V 1pomy nonsrae
CyTh MeTONy cTalinizalii npodinao Temmeparyp-
Horo 1o [12]. V [5] moka3aHo, 1110 MOXHUOKH Big
npeiidy @I TII 1 Bix HaOyTOi TEPMOEIEKTPUUHOL
HEOJHOPITHOCTI €JIEKTPOJIIB € HACIIKOM OJIHI€T
MPUYMHHU — JIeTpaaalii TEPMOEIEKTPOIiB Y MPo-
neci excrutyatanii. ToMy MK HUMH MOXHOKaMu
ICHY€ TICHUH B3a€MO3B’S130K. A X MaKCHMalIbHI

. . DR NEOD
3HaueHHsA piBHi, TOOTO Aey,y =Aey "  Tomy
. 'EOD
sHauenus Sk Ae”* Taki Ae}?” xapakrepusyrorh

CTaH §—TOi IIISHKH TEepMOEIeKTpoaa, TOOTO
CTymiHb 1i aerpanauii. Yepes Tte, mo noxubka
Ae™°P | 3rinno (2), € GyHKIEI0 TPhOX 3MiHHUX,
TuIst 11 300paskeHHsT He0OXiTHO MOOYIyBaTH YOTH-
puBuMipHUii rpadik. Ciig BiI3HAYUTH, 1110 PYHK-
11151 (2) MyCHUTh BUKOHYBATH HACTYITHI YMOBH

3)

AeOP =0 { T,, =0, 7,,=0

l
YMmoBu (3) o3HauarTh, 1m0, ko TII He ekc-
TyaryBanacs, To Hisskux 3miH @II 11 qinsHOK He
Bi10yBasIoCS.
Jns moGynoBu rpadika GpyHkii (2) mo oci ad-
CLIMC BIJIKJIAJIEMO TeMIIepaTypy eKcIuTyararii jai-
NAHKH T, , IO OCi OpJMHAT — TEMIIEpaTypy Jia-

nasoHy 7, ,aTI0 OCI amliKaT — 3HaY€HHs OXH0-
NEOD

ku Ae, . JAMCKpeTHNM 3HAYEHHSM 4acy eKc-

rotyataitii 7z OymayTh BIATIOBIAATH IMOBEPXHI, MO-
OyIoBaHI y BKa3aHUX KOOpJAWHATax. Y3araiabHe-
HUM Tpadik 3aJeKHOCTI 3HAYEHHS MOXUOKU
Ael.NEOD nistakd TT1 a6o TII B mimomy Bin T3 Ta

Ty s psAMy 4aciB eKcIuTyaranii 7z moaHo Ha
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puc. 2. KoxHomy wacy excrutyaraiii ¢, Biamo-

BiJIa€ 1HIIIA TTOBEPXHS.

S A
e
TE3

Puc. 2.
TepMOeJeKTPUYHOI HeomaHopigHocTi giasnkm TIT

3anexxknictb moxuOkum Big HaOyTOl
Bil Temmeparypu ekcILuIyaTaunil, TeMIeparypu

Adiana3oHy Ta (iKcOBaHUX YaciB eKcIIyaTamii.

Tpaekropito apeiidy PIT nminsaxku TII (abo
@II TII y uinomy) y ctanomy mpodini Temnepa-
TYpHOTO MOJISI MOXKHA B1A0Opa3uTH Ha rpadiky
puc. 2 SK BEepTUKAIbHY HpsAMY, L0 BiJNOBIJIA€E
CTaJIUM KOOpAMHATAM TeMIIEpaTypy eKCILTyaTarii
T, Ta Temmeparypu jianasony I, mpuuomy
T,=T,,a AT, =0 . Toxi, ana TII B winomy,
3HAUEHHs TeMIepaTypu ekcruryatanii 7, Ta Tem-
neparypu niamasoHy 7, CTalTh IapaMeTpaMH
KpUBOIi, 0 € (DYHKIIEI0 OfHI€T 3MIHHOI — Yacy
eKkcIulyatanii 7, . SIKIIO CIpOeKTyBaTH BEpTH-
KanpHy npsamy apeiigpy @Il TII na nmomuny,
OTpUMAaEMO OAHOMIpHY (QyHKLIIO apeiidy DII
TI1, nmoka3zany Ha puc. 3. CaMmy y TakoMy pexXuMi
npaioe ronosHa TII y TEIT 3 KIITIL.

[Tpu 3miHI TpodiII0 TEMIIEPaTyPHOTO OIS 3a-
JISKHICTD 3MiHH TIOXUOKH AeT]\;{AB BiJl 3MiHH TEM-
neparypu aianazony A7, Uit (IKCOBaHUX TeMIIe-
parypu 7, Ta yacy 7, eKCIulyaTalii BiIOBIIa€
niepepizy MOBEPXHi, 0 BiANOBIIAE TAHOMY TTOTOY-
HOMY 4acy ekcrutyarauii. ['padik kpuBoi, 1110 Bij-
HOBIJIa€ LIbOMY Iepepi3y MOJIaHo Ha puc. 4.

Sk BuzHO 3 puc. 2 14, 10 3MiHK TPOPIITIO TeM-
neparypHoro nons, komu AT, =0 , noxuOka
Ae B mposiBisie cebe e sk apeiid OIT TII
(Touka Aeyriy ). Konu 3mictutu npodine temrme-
parypHoro moss BiiBo (auB. puc. 1, 2) 1o

AB2C2D, 10 y 30HY I'pajlieHTY TeMIIEpaTypH I10-
TPAIUISATH IUTSTHKH, 10 HE eKCILTyaTyBaJIUCs TIPH
BUCOKI TeMIieparypi (OCTiitHO nepedyBaiu npu
TeMIeparypi BUIBHUX KiHIIIB), TO OYEBUIHO, IO

toni Ae”® = (. JUnst iboro BUNanKy AT, — max , a
3miHa TepMo-e.p.c. TII Oyne BU3HauaTHCS TOXUO-

KOO BiJl HA0yTOT TePMOEJIEKTPUYHOI HEOTHOPI-

. NEOD . .
Hocti Ae; . Homanpmie 3mimeHHs npodisaro

TEMIIEPaTypPHOTO OISl BIiBO (AUB. puc. 1, 2) Bxke
HE TpuBene A0 3MiHU Tepmo-e.p.c. TII (y 30Hi
npodiTI0 TEMIIEpaTypHOTO Mot OyayTh 1 Hajaui

niepeOyBatu auistHky TII, o He nerpaayBaim), a

NEOD
1€ O3Hayae, 110 MOXHOKa Ael.

MaKCHUMaJIbHE 3HaYeHHs Ae), s

Oynme maru

AQDR

T, T, — const

Tg

v

Puc. 3. Y3aransHenmii rpagik 3a/1e:KHOCTI 3HAYEH-
Hs1 noxuOkm apeiigy @II TII Bix yacy excruryarauii

VYei 3miau noroyHoi Tepmo-e.p.c. TII OynyTh
MIPOXO/IUTH Y MEXaX OJIHIET MOBEPXHI (IUB. pHC.
2), sika BIJINIOBiIa€ IOTOYHOMY 4acy 7, €KCILTya-
tamii TII. Takum yuHOM, K 11€ BUJIHO 3 puC. 4,
npu 3MiHI IPOQLII0 TEMIEPaTypPHOTO MOJIs, MPO-
XOJIUTh MOCTYTIOBE BUTICHEHHS MMOTOYHOT MOXUO-

ku ipeiipy I TIT AelX moxmubKoro Bix HabyTOi

.. . . NE D
TEPMOEJICKTPUYHOI  HEOTHOPIIHOCTI Aem?
ToGTO MOXHA 3anUcary

DR _ A NEOD _ A DR NEOD
Aey =Aey = Aepn +Aepyy (4)

Crnin BII3HAUUTH, L0 3aJEKHICT (4) € Bax-
JMBUM PO3BUTKOM BHMCHOBKY, 3poOiieHoro y [5].
Bona niaTBepkye TiCHUHN 3B’ SI30K MK TTOXHOKa-
mu Bia apeidy PII TII ta Big HabGyToi Tepmo-
€JIGKTPUYHOI HEOJHOPITHOCTI SIK MPOSIBAMU OJ-
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0. Kouan

Hi€l IPUYMHY — Jerpajanii repmoenekrpoais. Lli
MIPOSIBU BIJPI3HAIOTHCS YMOBAaMHU, MPU SIKUX BOHU
BUHUKAIOTh. AJle TICHH 3B’ 130K MI>K MOXUOKaMuU
JTa€ 3MOTY PO3POOUTH METOAM BU3HAUCHHS I1O-
xuOku TTII [6] Ta mlarHOCTYBaHHS CTaHy iX €JIeK-
TpoxiB [7] mix yac ii ekcrutyararii.

A AeTP
AeﬁﬁX x >
1
NEOD NEOD
: Aepor Aeyrx
1
1
A6113(1)2T I
l ATy,

Ty, g —> const

Puc. 4. 3anexnicts moxuoku TII Bixg 3Minm Temmne-
paTypu Aianasony.

3rigno puc. 4, nas TEIT 3 KIITII notouny mo-
XuOKy Aepn. #oro romosroi TII (o BuMiproe
Temreparypy 00’ €KkTa) MOXKHA BUBHAUUTH THMYa-
COBO 3MICTHBILHU MPOQUIb TEMIIEPATYPHOTO MO

BiT ABCD no AB2C2D (nuB. puc. 1) Ta BUMipsB-

11 3MiHYy TOTOYHOT Tepmo-e.p.c TII AE

NEOD
IbOMY IOXHOKa Aep,;

NEOD
Aepor

[Ipu

POT

BHUTICHUTH Aeps . A

y cBoro uepry pisaa AEp,; . Tomy

Aeps . =AEpy; .V ubomy i momsrae cyTb Me-
Tomy [6] — OCHOBI TEPIOAUYHOTO BU3HAYCHHS
Aepl. 'y mpoueci ekcruryaranii TEIT 3 KITTII
MOXHa BeCTH Kopekito apeiidy PII itoro ronos-
Hoi TII Ta 3ab6e3neunTH 3 BUCOKY TOUHICTh BUMi-
PIOBaHHS TEeMIEpaTypH.

Opnnak Meron Bu3HaueHHs moxuOku TII [6] He
JTa€ 3MOTH M1/ Yac eKCIuTyarallii J1arHOCTyBaTH
CTaH ii enexkTpoAiB Mo Bcik gorxkuHi. Ciil 3ayBa-
JKUTH, IO 1HAWBITYyalIbHI OCOOMUBOCTI Jerpaa-
i mae koxxHa finsiaka TI. Tomy, mist miaBuIIeH-
HSl TOYHOCTI nporHo3y noxudku TII, yxe y [11]
OyJIo 3ampoNOHOBAHO KOPHUTYBAaTH MaTeMaTH4HI
Mojeli MOXHOOK NUISHOK 3a pe3yJbTaTaMu BH-
snaueHHs nmoxuoku TII. Toxi matemaruyHi Moje-
71 MOXMOOK NMUISTHOK CTAIOTh 1HIWBIAYyaJIbHUMHU.
[{poro mMoxHa JDOOUTHUCS TIPH MOCTYNOBIH 3MiHI
npo(diUTI0 TeMIeparypHOTo Mojsi. AJie CIoYaTKy

84

HEOOX1/IHO BU3HAYUTU MIpy CTyHEHS Aerpajaaiii
enextpoxis TII.

Mipa crynensi aerpagauii IiJITHOK eJieK-
TPOIiB TepMonap

VY 3arasibHOMYy MIpOIO CTyHEHs JAerpaaarii
enekrponiB TII moxe Oyt ofHa 3 TOXMOOK — BiJl
npeiidy @I TIT abo Bix HaOyTOi TEpMOETEKTPUY-
HOI HEOIHOPIAHOCTI. AJie BOHU XapaKTepU3yIOTh
TII y mimomy. A y CKJIaIHUX YMOBax €KCIUTyaTartii
MOYKJIMBA TIPUIIIBUIIIICHA JICTPATAIIIS ISTKUAX T1IsI-
Hok enektpomiB TII. Kpim Toro, 3ragani moxuOku
HE Jal0Th 3MOT'Y MPOTHO3YBaTH BILUIMB MOXKIIHMBHX
3MiH NPOQUII0 TEMIIEPATypHOTO MO Ha TIOXHOKY
BHUMIpPIOBaHHS Temreparypu. Bubip sk mipu ne-
rpagauii enextponiB TII Temneparypu excrityata-
il TEl. IX OUISHOK TEX HE NOLUILHUI — BOHA HE
Jla€ 3MOTH BpaxyBaTy 1HAMUBITyaTbHI OCOOTUBOCTI
ix merpasarti.

ToMy MpOMOHYETbCS TSl OLIHKK CTYTICHS Je-
rpananii enextponiB TII BuOparu exBiBaJCHTHHIA
qac 11 eKCIuTyaTalii 7 .., . BiH piBHUI (i3u4HOMY
qacy 7, ekciutyarauii TII, To0t1o 7, =7, K110
YMOBH €KCILTyaralii OMu3bKi 10 YMOB €KCIepH-
MEHTaILHUX AOCHIKeHb 3MiH PII ogHOoTHIIHHX
TII mig Ai€0 OCHOBHUX BIUIMBAIOYMX BEIWYHMH
(Temnieparyp ekcrutyatauii 7, Ta aianasony 7, ,a
TaKOXK 4acy eKcIutyarauii 7, ). OnHak npu IHIINX
YMOBaxX eKCIUTyaTalii 7., #7, . SIKIo yMOBH
CIIPUSITIIUBL, TO 7y < Tp . SIKIIO yMOBH 3KOPCTKI,
TO Tyyy > Ty . B 3araneHOMy 7., nanoi TII mo-
BHMHEH BKa3yBaTH il MiCIIe y 3arajibHiii MaTeMaTny-
Hit monemni 3min ®IT TII, mobynosaniii Ha 6a3i pe-
3yJBTATIB €KCIIEPUMEHTATBHHUX JIOCHIKEHb, Ha-
npuknan, [2 - 4]. Toal 7., € KOMIUIEKCHOIO OLIH-
kot crany enekrponiB TII. SIkmio maremarmyHa
MOJIEJb TIOETHYE JIF0 OCHOBHUX BIUTUBAIOYHX BE-
JWYMH, T ., A€ 3MOTy oliHUTH oxuoku T1I, o
MOXXYTh BUHUKHYTH IpH 11 MOAAJIBIIIN eKcIuTyaTa-
1ii, a TaKOX OOTPYHTYBaTH PILIEHHS NP0 JOLLIb-
HicTh a00 HeoOXiaHicTh 3aminu T11 ado TEIL

MeToa BU3HAYEHHS iHAUBIIYaJIbHUX MOXHU-
00K JJISTHOK eJIEKTPOAiB TepMomnap y npoueci
eKCITyaTanii

Y TEII 3 KIITII npodine TemmnepaTtypHOToO

monsi  cTabiumi3oBaHUM, TOMY T, Ei =T pi, a
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AT, — 0 (tomy Aegg?D — 0, To6T0 HabyTa

TEPMOEJIEKTPUYHA HEOTHOPITHICTh HE MOXKeE cebe
MPOSIBUTH). SIKITO mepeMicTUTH TPodiinb TeMrie-
paTypHOTO TOJST MAaKCUMATBHO BIiBO (Y Mpodiib
AB2C2D, nus. puc. 1), 10 T}y, — 0 (Tounime 10

Temneparypy BinbuuX Kiniis). Toni ATy =Ty,

NEOD
a Ae

vor . —> Aeﬁi)o(D 3rigno (4) Ta puc. 4. Ile

. . DR
NEOD OBHICTIO BUTICHUTB Aei .

o3Hayae, 1o Ae,
Toni, 3riaHO (4), MOKHA BU3HAYMTH CyMapHy II0-
xubOky nperdy PII Bcix minmstHOK TooBHOI TII
AeZDR 3a 3Mi}]1\]0}8DreHepOBaHo'1' TII Tepmo-e.p.c.,
sika piBHa Aey

OpHak, SKIIO TEPEeMICTUTH Mpodisib TeMITepa-
TYpHOTO TIOJIsl BIiBO (AUB. puc. 1) y mpomixHe
nonoxkeHHst Mk npodinamu ABCD ta AB2C2D,
TO 3MIHIOIOTHCS TEMIIEPATYPH Jianazony 1, i

BCIX TUISTHOK. AJie, Ha BiIMIHY BiJl IONIEPETHBOTO

apianty, 0 <7, <Tp; . Toni AT, # Ty, , a
AeﬁggD #* AeﬁiﬁD , TOOTO AeiN EOD 4e no-

BHICTIO BUTICHUTh Ael.D R |V takoMy Bumajxy jie
3anexHicth (4). Llel cran imrocTpye puc. S, ne
MMOKa3aHo MPOIIEC HEMTOBHOTO BUTICHEHHS. Puc. 5
no0y10BaHO aHAJIOT1YHO 710 puc. 4. Y puc. 5 npu-
HHATO, O TIPO(dUTE TEMIEPATYPHOTO OIS T0-
CTYIIOBO MEPECYBAETHCS BIPABO (IUB. puc. 1) ko-
JKEeH pa3 Ha oJIHy NUIIHKY. KokHa HacTymHa 3MiHa
PO TEMIIEPATYPHOIO NOJss AT, BUBOIHMTH
YEproBy MUISHKY Y 30HY PIBHOMIPHOTO MPOQILITIO
temneparypHoro noist AB (aus. puc. 1). Taka ni-
JsHKa miepectae, 3rigHo (1), reHepyBatu TepMo-
e.p.c., ToMy ii moxuOka 3HUKAE — BOHA TEepecTae
BXOJUTH Y BUMIPIOBaHY CyMapHy 3MiHY Te€pMO-
e.p.c. TIL. Lle moka3zaHo Ha puc. 5 K 3MIHY HHX-
HBOTO iHJEKCY cymu. [Ipu moyarkoBomy mpodii
temneparypHoro noist TEIT 3 KIITII (mpodini
excruryaranii ABCD) y tepmo-e.p.c. TII BxoasaTh
MOXHWOKH BCIX JUISHOK, Ha siKi po30uTa 30Ha BC
(nuB. puc. 1) ronosuoi TII, To6T0 i =1,k . ITicnsa
nepuioi 3MiHM MPOQUII0 TEMIIEPaTypPHOTO TIOJIs
nepIia JUISTHKA MOTPAIvIse€ Y PiIBHOMIPHUHN TPO-
¢binb TeMIepaTypHOro 1mosis, TO0To TemMIeparypy,
1o Bignosigae 30Hi AB (nuB. puc. 1). Ls ninsgaka
TII, 3rigHo (1) mepecrae reHepyBaTH TEpMO-€.p.C.,
TOMY 1HJEKCH HACTYIHOI CyMH 11 HE BPaxOBYIOTb,
10670 i =2,k . IIpu HACTYNHUX 3MiHaX mpodiIro

TEMIIepaTypHOTo IOJIsi HACTYIHI AUISHKU TIepe-
CTalOTh TEHEpPYBaTH TEPMO-€.p.C., IO BPAXOBY-
I0Th 1HJIEKCH HACTyHmHHX cyM. B kiHIi 3anuria-
€ThCS MOXMOKAa OCTAaHHBOI, k —Toi minsHku. [lo-
Janplie nepecyBaHHs MPOoQLI0 TeMIEPaTypHOTO
HOJIsI BTpayae 3MICT — y 30HY I'pajli€eHTy IMOTpa-
IUIIOTh JIMINE JIUISTHKH, $IKI eKCIUTyaTyBajHcs
MIpU TemIepaTypl BUIbHUX KIHIIB, TOOTO HE je-
IpaayBaH.

ATp

Ty, tp —> const

Puc. 5. I'padik 3aje;kHOCTi 3HAYEHHS MOXUOKH JTi-
assHok TII, mo Bxoasite y ckaan TEII 3 KIITII.

JleranpHime 3MiHA TPOQLITIO TEMIIEPATYPHOTO
NoJisl TUISTHOK IPU MPOTIOHOBAaHOMY METOJ1 Jia-
THOCTYBaHHs ctany enektponiB TII mokazano Ha
puc. 6. Jlyist cipotiieHHs Ha prc. 6 3MiHHA PO UTIO
TEMIIEPATYPHOTO OIS ATDi YiTKO BIJIIIOBIIA-
10Th Kk ninsukam, Ha ki po3ouro TII. Ha puc. 6
MO3HAYEHO TEMIIepaTypH CKCIUTyaTallii OKpeMHUX
pinsnok Ty, Tpy, .05, Ta IOXUOKM Jpeii-

@II niastHOK A ,DPR DR DR 0
by A Ae, ™, Aey ™, ..Ae.,; * ™
UMM TeMmImeparypam BianosinawTh. Huxue 3a

Ters Ty - Tgra noxasano sminm TeMIepa-

TYpH Alana3zoHy AT, D1 AT, D2> AT Dk > KyIH

MOTPAIIATE AUISTHKY ITCIIS 3MiH TPO]1ITFO TemMrte-
parypHoro nois. [Ipu nboMy npuiHATO, 110

TEl _TE2 :ATDD TE2 _TE3 =
=ATpys T =Ty = ATy, .

©)

3Bepxy puc. 6 MOKa3aHi TAKOXK BiAMOBIAHI MO-
XMOKM B HaOyTOi TEPMOEIEKTPUYHOI HEOIHO-
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0. Kouan

JIITHOK TII

NEOD EOD
Ae}FOP | AeFO

piaHOCTI

EOD
AelNO

R JUTSL OKPEMHX

ninsHok. KoxkHa 3 moxu0oxk Bij HaOyToi TepMoe-
JEKTPUYHOI HEOMHOPITHOCTI BIAMOBiIA€ CBOIi
3MiHI TeMIepaTypu Jiarnasony

ATy, AT,,, ..AT,, .

Sk BuIHO 3 puc. 6, BUMipsiHA TEPMO-€.p.C. O~
HOYAaCHO MICTHTBH MOXHUOKH BCIX JIISHOK, IO I10-
TPAIUISAIOTh y 30HY TPaAi€eHTy Npodiito TeMiepa-
TypHoro mnons (auB. puc. 1). Tomy cymapny
tepmo-e.p.c. EL"! nns mepmoro (mpunersoro
1o Toukn B) mpodino TemrepaTypHOTo oIS
MOJKHA BU3HAYUTH SIK CYMY T€PMO-€.p.C. OKPEMHX
ninsok EFOF!

k
E;’ROFI — ZEZ'PROFI . (6)
i=1

[Ipy upomy TepmoO-€.p.C. KOKHOI IIISTHKU Y
JesIKOMY TpOoQLTl TEMIIEPaTypHOTO TOJIsT MOYKHA
BU3HAYHTH 5K

EFF = (e, + Ae, ) (T, - T, )= (e, +ae, )- (T, - T, )=

=¢ '(TEf _TE )+ Aei '(TEi _TEf+|)=EfNOM+AefNEOD . (7)

i+1

Sk Gyno BKa3zaHO, PH MepeMillieHHI MPOpiITIo
TemneparypHoro noss Bia npodimo ABCD no
npodino AB2C2D (aus. puc. 1), AigHKH, SKi Y
JaHUW MOMEHT 3HaXOJISTHCSI CIpaBa BiJl TOTOYHO-
ro MpoUTI0 TEMITEPATYPHOTO TOJISI TOTPATUISIOTh
y piBHOMipHE TemneparypHe none ABi. Tomy ms
[UX TUISTHOK (Tm T, ) 50 > T00TO, 3rigHO (7),

i+1
JUIS 1IUX TUTSTHOK El.P ROFT 50 . JIns iSHOK, SK1
eKCIUTyaTyBaJIUCS TIPU TeMIIEpaTypi BUIBHUX KiH-
uiB (y 30H1 CD npodinto TemneparypHOro mos
ABCD) Ae; =0 . Tomy Bci 1i AUISIHKH HE 3MIHIO-
10Th TepMo-e.p.c. TII mij yac nepemirneHHs npo-
(im0 Temneparyproro mons Bin I 1m0 T, ,
Takum uynHOM, Ha OCHOBI (6) 1 (7), MOKHA CKIac-
TU pIBHSIHHS, sKe Oyne BifoOpakaTu pe3yabraT
BuMiproBanns TepMo-e.p.c. TIT E/™ npu nocry-
MOBIA 3MiHI MPOQIII0 TEMNEPaTypHOTO IOJIS
3TiJHO pHC. 6

(8)

1

k
PROFi __ NOM NEOD | _ VYM
EIOf =3 (EMM 4 A )= B
i
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A eéVEOD

NEOD
Aek A elNEOD

I T
DR DR DR DR DR
Aeiyy Aep™ Aey” Aey™ Aep

B/ /1 71 7| /B
/ | 7 |/

/| Y
/s 1A 7
Ve 7 |7
// //////
[ X N J
/s Yy 4
/s
2

C2 C k

eoe | 2 1

>

Teki1 Tex Tes Tex T
ATpy ATpi ATp,  ATpy
Puc. 6. IIpodiai TemneparypHoro mojas mpu aia-
THOCTYBAaHHI TEPMO€EJIEKTPOdiB.

Ha ocHoBi (8) MOXXHaA CKJIacTH CHUCTEMY piB-
HSIHb, sika Oyne o0’€qHYyBaTH pe3yJIbTaTH BHUMi-
pIOBaHb Ha MPOTA31 BCHOTO MPOLIECy MepeMillieH-
HS TPO(DUTIO TeMIIepaTypHOTO MO 3 MPOdisTto
ABCD y npodine AB2C2D (quB. puc. 1), To6TO
MPOIeC 1arHOCTYBAaHHS TEPMOEJIEKTPOIIB TO-
noBHoi1 TII, mo Bxoxuts y TEII 3 KIITII

Cuctremy piBHsHD (9) MOXKHa TepenucaTa y
MaTpuuHii Gopmi

k

Z ( ENOM A ,NEOD ) _ E]VYM

I
—_

)

(ENV + AeYP)= E™

o

|
S}

(ENV + AeY)= E™

o

Il
=~

Taky cucremy ayke 3py4dHO pilIaTH METOIOM
l'ayca.

NO NI Y y NOJ NOJ NI y
EINOM +Ae, [EOD EZAOM JrAeé\EOD E;]OW JrAe;«Eob Ek oM + AeANEOD El/}’M
N I\ NOJ N V)
0 EZNOM +A€é [EOD E}NOM +A€§VEUD Ek oM +A€ANEOD Ez YM
NOJ NI V)
0 0 E}NOM +A eéVEOD Ek oM +A ek’vEOD E3 YM
NOM NEOD VYM
0 0 0 . EYOM 4y Al | E)

VY pesynbrari pillleHHs CUCTEM piBHSHD (9) a0
(10) oTrpumaemo AificHI TIOTOYHI 3HAYEHHS TIO-
XHOKM BiZl HaOyTOT TEPMOEJIIEKTPUYHOI HEOIHO-
plaHOCTI OKpPEMUX TUISTHOK TII
AP, Al ..Ae)"°P . SIx Buamo 3 puc. 6,
MakCcUMalbHa 3MiHA MPOQUII0 TEMIEPATypHOTO
noyst nepeBoauTh Bei nistaku T1I, mo ekcrurya-
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TYBaJIUCS TPU BUCOKHX TEMIIEpaTypax, y 30HY
PIBHOMIPHOT'O TEMIIEPATyPHOTO MOJIs1, TOOTO BOHU
MePeCTalTh TeHepyBaTH TepMO-€.p.c. Y TaKoMy
BUMAJIKy MOXUOKa BiJ] HAOyTOI TepMOENEKTpUY-
HO1 HEOJHOPITHOCTI CATa€ MaKCUMaJIbHOTO 3Ha-
yeHHs. OnHaK, 3rigHo (4), MaKkCUMasbHI 3HAYCH-
Hs moxubok Bix apeidy PII TII Ta Bix HaOyTOi
TEPMOCJICKTPUYHOI HEOMHOPIAHOCTI piBHI. Ta-
KUM YHHOM, 3TiTHO (4), 32 pe3yaprataMu po3pa-
xyuky Ae"”, Ae)™", ..Ae; P moxma pospa-
XyBaTHl MOTOYHI 3HAYE€HHS MOXUOOK Bia apeildy
OIT gs Beix ginssHok TII Ae®, Aed", ..Ae"
L1i 3HaueHHsT MOXKHA Oe3MOCepeIHhO BUKOPUCTA-
TH JUTSI KOPEKIlii MaTeMaTHIHUX MOJEICH MOXH-
OOK, BUKJIMKAHUX 1HIUBITyalbHUM XapaKTepoM
Jerpaaamii Bcix AUITHOK enektponis TIL.

MeToa BH3HAYEeHHS €KBiBAJEHTHOIO 4acy
eKcIUIyaTauii JiJIIHOK eJIeKTPOIiB TepMonap y
npoueci ekcrryarauii

JJis 3HaXOMKEHHSI €KBIBAJICHTHOTO 4Yacy €Kc-
mryaramii 7 g, romosHoi TII, mo BXomuts y
ckian TEII 3 KIITII, cioyarky BU3HA4aeMoO OIHU-
CaHHM BHIIE METOJOM MaKCHMaJIbHE 3HAYEHHS
MOXUOKHU BiJ Ha6byT0'1' TEPMOEJIEKTPUYHOI HEO-
JTHOP1THOCTI Aeﬁ A)O(D , TTOT1M, 3T1J1HO (4), o0uwC-

moemMo ToxuOKy Bin apeidy PIT TII Aeﬁﬁ ¥

Jauti, 3a TOIOMOT0r0 MaTeMaTuIHO1 MOAEIi Apeii-
¢y OII TIT oGuncIr0eMO TPOTHO30BaHY MMOXHOKY

Aeﬁi[ a1 (hi3M4HOro Yacy excIulyaraiii 7.
Koeoimient K A > 10 BioOpakae HEBIAMOBI/-
HICTh MareMatnyHoi mozeni moxuoku TII peansb-
HIM Jgerpaaarmii eJeKTpPOJIiB, Ta EKBIBaJICHTHUM
4ac eKCIuTyarauii 7 gy, 3HAXOAMMO 3a (hopMyIaMu
Kyy = AeﬁﬁX/AeﬁR o Texy =Ky - Te. (11)

ExBiBanenTHUI Yac exCIuryaTamii 7 gy p; AUIs-
HOK rojioBHOI TII 3Haxomumo anasoriyno. lns-
XOM pillIeHHsI CUCTEMH piBHSAHB (9) abo g_l%) 3Ha-
XOIMMO TTOXHOKH HEOTHOPITHOCTI Aeﬁ A)O(l. BCIX
ninsHok enekrpoaiB TII, motim 3rigHo (4) iX 10-
xubku Bin npeiidy OIT TII Aeﬁin . Jaumi, 3a mo-
MOMOTro10 MaTeMaTu4Hoi Mozeni apeidy @I TII
OOYHCIIFOEMO TIPOTHO30BaHI IMOXHUOKH JIJISTHOK
Aeﬁfﬁ A1 (Pi3MYHOrO 4acy eKciuyarauii Tp .
Koedinientn K My Ta €KBIBAJICHTHI YacH €Kc-

IUTyaTauii JUISHOK T ggp; 3HaX0muMo 3riguo (11).
Bunauennst K, abo T EKvi MOHA BUKOPHCTO-
BYBaTH JUIsl BpaxyBaHHS I1HAMBIAYyaJbHUX OCO-
6muBocTeit nerpananii aigstHok TTI.

BucnoBknu

[IpoBeneHi TeopeTHyH1 AOCHIIKEHHS Jaiu
3MOT'Yy OOTPYHTYBAaTH MOXKIIUBICT BUKOPUCTAHHS
BrnactuBocteit noxubok TII Bin apeiidy ii OIT Ta
B1Jl HaOyTOI TEpPMOENEKTPUYHOT HEOJHOPIAHOCTI
SIK OCHOBH JJISl PO3pOOJICHHS 0€31eMOHTaKHUX
MeTtoxaiB Bu3HaueHHs moxuoku TII ta omiHku cra-
Hy ii TepMOeNeKTpOAIB Oe3MocepeHbO y mpoLect
excrutyaranii. Metox BusHaueHHs moxuOku TII
7A€ 3MOTY CTBOPIOBATH I1HAMBIIyaJIbHI MO
noxuOku TII B misioMy Ta MiABUIIUTH TOYHICTH
710 TemMrieparypHoro moisi, popmosanoro TEIT 3
KIITII. Meton omtinku ctany enekrponiB TII mae
3MOT'Yy OOTPYHTOBAHO BUPIIIUTH MUTAHHS PO JI0-
LiIbHICTE a00 HeoOXinHicTh 3aminu TI1 ado TEIT
y misiomy. KpiMm Toro, 1ieii MeToj 1a€ 3MOTy OIli-
HuTH He Juine noxuoky TII B minomy, a i BU3Ha-
YUTH NOXMOKM OKpeMmux ii AuisHOK. Lle y cBoro
4yepry, Ja€ 3MOTy CTBOPIOBAaTH 1HAMBITYyalbHI
Mojeni moxuOok okpemux aiissHok TII Ta minBu-
3anpornoHoBaHuM y [11], TOOTO B yMOBax 3MiH
npodLITI0 TeMIepaTypHOTO TOJIS.
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THEORETICAL FUNDAMENTALS OF ESTIMATION OF THERMOCOUPLE LEG
CONDITIONS DURING OPERATION
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Summary

The goal of this paper is to develop the theoretical basis for the use of the properties of errors due to
drift of thermocouple (TC) conversion characteristic (CC) and due to acquired during operation ther-
moelectric inhomogeneity of TC legs to develop the method for evaluating the state of TC legs during
operation. The paper considers the influence of degradation processes in TC legs on the appearance of
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the error due to drift and the error due to inhomogeneity. The conditions in which these errors mani-
fest themselves are analyzed. This makes it possible to determine the variables on which these errors
depend. It is shown that the error due to drift manifests itself as a change in the emf developed by the
TC with time in unchanged operating conditions. Thus, this error is a function of time. The error due
to inhomogeneity manifests itself when the temperature field along TC legs changes even at constant
temperatures of the measuring and reference junctions. Thus, this error is a function of the operating
temperature, operating time and the instantaneous temperature at which a certain measurement is car-
ried out. The paper reveals the interdependence between these errors and investigates the process of
gradual substitution of the error due to drift by the error due to inhomogeneity. The theoretical basis
of the interaction of the TC errors due to drift and due to inhomogeneity studied to create the methods
for determining the error of TCs in situ and diagnosing the state of TC legs during operation. On the
basis of the studies carried out in this paper, the method of determination of the errors of individual
sections of TC legs during operation is suggested. There is proposed the measure of degradation of
TC legs. This measure is the equivalent operating time. The method of determination of the equivalent
operating time for TC sections during operation is proposed.

Keywords: thermocouple, drift of conversion characteristics, acquired thermoelectric inhomoge-
neity, determination of error in situ, diagnosis of TC leg conditions, equivalent operating time
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TEOPETHYHI OCHOBH OIIIHKH CTAHY EJIEKTPO/IB TEPMOIIAP Y ITPOIIECI
EKCIIJTYATAIIIL

O. Kouan

HaykoBo-nocmignuii iHCTUTYT «HTeNeKTyaaIbHUX KOMIT IOTepPHUX CUCTEM» TepHOMIbCHKOrO
HaI[I0HAJLHOTO €KOHOMIYHOTO YHIBEPCHUTETY.
Kadenpa indopmartiiino-BuMiproBaIbHUX TEXHOJIOT1H HamioHaIbHOTO YHIBEPCUTETY
«JIpBiBCHKA MOMITEXHIKAY.

Pedepar

MeTor0 1aHO1 CTAaTTi € PO3BUTOK TEOPETUYHUX OCHOB BUKOPHUCTAHHS BJIACTUBOCTEH MOXMUOOK Bif
npeitdy dynkmii meperBopenns (PII) repmomapu (TII) Ta Bix HaOyTOi TEPMOCIEKTPHYHOT HEOTHO-
pimHOCTI 17151 po3po0IeHHs MEeTOAy OLiHKM cTany enektponiB TII y mpomeci ekcrutyararii. ¥ crarti
PO3MIIHYTO BIUIMB Jierpajaniiinux npouecis y enekrpoaax TII na mosBy moxuoxu Bia apeidy QpyHk-
1ii mepeTBOpeHHs 1 MOXUOKHU Bi HAOyTO1 y pOIIECi eKCITyaTallii TepMOEIEKTPUYHOI HEOAHOP1THOCTI
enextponiB TII. IIpoananizoBaHo yMOBH, B SIKUX MPOSBIAIOTHCA 111 MoxuOku. Lle mano 3mory Bu3Ha-
YUTH BEJIMYUH BiJ] BIUIMBY SIKHX 3ajiexarh 11 moxubku. [lokazano, mo noxudka Bia napeiidy dyHkuii
HEPEeTBOPEHHS MPOSBISIETHCS K 3MiHA T€HEPOBAHOT TEPMOIIAPOIO €.p.C. B Yaci y HE3MIHHUX YMOBax
excruryaranii. To6To st moxubka € ¢yHnkuiero yacy. [Toxubka Bix HaOyTOi y mporeci excruryaraiii
HEOJTHOPITHOCTI MIPOSBIIIETHCS TIPH 3MIHAX TEMIIEPATYPHOTO TOJIs B3IOBX enekTpoaiB TII HaBiTh nmpu
HNOCTIHHUX TeMIeparypax poOouoro Ta BUIbHUX KiHIIB. TaKMM YMHOM 11 MOXHOKa € (QyHKIIEIO TeM-
nepaTypu eKcIlIyarallii, 4acy eKcCIUTyaTalii i ITOTOYHOI TeMmeparypH, Ipu sIKiii IPOBOIUTHCS BUMI-
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pIOBaHHS. A TaKOX IMOKa3aHO B3a€MO3AJICKHICTh MK ITUMH IMOXUOKAMHU 1 JOCIIHKEHO MPOIIEC MOCTY-
MOBOTO BUTICHEHHSI OXMOKH Bij Apeiidy moxudkoro Bi HEOMHOPIAHOCTI. JlOCTiIKEHO TeOpeTHyHi
OCHOBH B3a€MOIi1 MOXUOOK TEpMOTIap Bia Apeidy Ta Big HAOyTOT TEPMOCIEKTPHUUHOT HEOTHOPITHOCTI
JUISL CTBOpEHHS MeToAiB BuzHaueHHs moxuOku TEIT Ha miciii excrutyarattii Ta 6€31eMOHTaXKHOTO Jlia-
rHOCTyBaHHsI cTaHy enekrpoaiB TII. Ha 6a3i mpoBeseHUX y CTaTTi JOCIiHKEHb 3aIIPOIIOHOBAHO METO/
BU3HAUCHHS 1HJAMBIAYaJbHUX MOXUOOK JIISHOK €JIEKTPOJIIB TepMoOmap y IMporieci eKkcruryararii. 3a-
MIPOMOHOBAaHO Mipy jaerpanaiii enekrpoaiB TII — exBiBameHTHHUI Yac ekcIuTyarairii. 3armpornoHOBaHO
METO]1 BU3HAUEHHS €KBIBAJIGHTHOTO Yacy €KCIuTyaTallli JUISTHOK €JIEKTPO/IIB TepMOTIap y MpoIeci eKc-
TITyaTarntii.

KirouoBi cjioBa: TepMOENeKTpUYHAN IEpPETBOPIOBAY, TepMoIapa, Apeid QyHKIT nepeTBOPEHHS,
HalyTa HEOJHOPIIHICTh TEPMOECIIEKTPO/IIB, BU3HAUCHHS MTOXWOKHM Ha MICIIl €KCIUTyaTallii, 11arHOCTy-
BaHHS cTaHy enektponiB TII, ekBiBaJeHTHMIA Yac eKcITyaTarii
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Pimennst MixkxnapoaHoi koHdepeHLii 3 iHhopMalifHO-TeIeKOMYHIKAITHUX TEXHOJIOTIH Ta pajioeNeKTPOHIKH

(YxkpMiKo’2017/UkrMiCo0°2017)

PIINEHHA
Mi:xHaponHoi KoH(epeHuii
3 indopManiliHO-Te/IeKOMYHIKaiHHUX
TEeXHOJIOTIi Ta pajioesIeKTPOHIiKH
(YxkpMiKo’2017/UkrMiCo’2017)

3 12 mo 15 Bepecnsa 2017 p. na 6a3i Onecpkoi
Harmionanenoi akanemii 38°s3ky imeni O. C. Ilo-
noBa BinOynacs MixkHapoaHa koHdepeHIist 3
iHdopMmaniiiHO-Te/IeKOMYHIKAIITHUX  TeXHO-
Jorii Ta pagioesexkrponiku (YxkpMiKo’2017/
UkrMiCo’2017).

Opranizaropamu koH(pepentii € IEEE Ukraine
Section (Kharkiv) SP/AP/C/EMC/COM Societies
Joint Chapter, IEEE Ukraine Section (Kyiv) ED/
MTT/CPMT/SSCS/COM Societies Joint Chapter,
HanionanbHuil TEXHIYHUN yHIBEpCUTET YKpaiHu
«KuiBCbKMI MONIITEXHIYHUHN THCTUTYT iMeHl Iro-
ps Cikopcebkoro», Onecbka HarionanbHa akaze-
Mis 3B 3Ky iMeH1 O.C.IlomoBa 3a ydacti MiHic-
TEepCTBa OCBITU 1 Hayku YKpainu, HarionanpHoi
akazemii Hayk YKpaiHM, IPOBIIHUX YHIBEpCHUTE-
TiB YKpaiHu Ta IHHOBAIlIWHUX TApTHEPIB.

Ha mienapHoMy 1 4OTHPBOX CEKIIIMHMX 3aci-
naHHgx 3acayxanu 110 gomosineit 31 127 nomy-
meHunx (87%), siki BIMOOPaKYIOTh JOCATHEHHS 25
YHIBEpCUTETIB Ta HAYKOBUX YCTaHOB YKpaiHu, 15
HayKOBHX Ta OCBITHIX 3akiaiB binopyci, Momnmo-
BHU, AzepOaiimkany, JIaTsii, BenmmkoOpuranii, [3pa-
im0, Himeuunnw, [omemi, Hanii, [Topryramii.

80 nmomomineit (73%) BUTOJIOMIEHO AaHTIIN-
CHKOIO MOBOIO, PEIITa - IeP>KaBHOIO MOBOIO.

56 nonosinel 3 BuroiomeHux (51%) maroTh
3B’s130K 3 Temarukoro HJIP, mo ¢inancyroTscs 3
Oromkery, mme 8 - 3 rematukoro HJIP, oo ¢inancy-
I0THCS 32 TOCIIZIOTOBOPAMH.

Kondepentis peanizyBana aeski 0COOIMBOCTI

Ilo-nepue, BoHa miaTBEpANIIA CTATyC 0a30BOT
koHbepentiii HaykoBoi panu MiHicTepcTBa OCBI-
TH 1 HAyKu YKpaiHuy, 1110, 30Kpema, OlliHIoBaJIa J10-
MOBI/I1, SIK1 BIJI3€PKATIOIOTh 3MICT JIEPKOIOIKET-
HOI HayKOBOI TEMaTHKH YHIBEPCUTETIB YKpaiHU.

Jlo KepiBHoro komitety koH(pepeHmii BBiii-
nuin 8 uneniB Cekuii Ne 5 «Enekrponika, pani-
OTeXHIKa Ta TeJeKoMyHikauii» HaykoBoi panu
MOH Vkpainu.

14 13 24 yneniB Cekii € aBTOpaMu Ta CIIiBaB-
Topamu gonosinel Ha KondepeHririi.

Ilo-apyre, o1iHKY HayKOBOTO PiBHS pOOIT 3/1ii-
crroBaiu wieHn cexiii Ne 5 ta iHmmx cexmiii Ha-
YKOBOI paii MiHICTEPCTBA, SIKI BBIHIILIH JI0 CKIIa Ty
[Iporpamuoro xomitety 1 OyinM yJYaCHUKaMH Tijie-
HApHUX 1 CEKIIMHUX 3acijaHb KOH(EPEeHIIii.

o cxnamy [IporpaMHOTO KOMITETYy BBIHIIUIN
MPEeACTaBHUKKN 14 HaIllOHAIBHUX YHIBEPCUTETIB
VYkpainu, 4 akaeMiYHUX YCTAHOB, 22 1HO3EeMHHUX
HAyKOBUX IIEHTPIB, 30Kpema, BapmaBcpka mosi-
texHika (IlTonema), Y «JIrobmaiHckka momiTex-
Hika» ([Tonbmia), Jpe3neHChbKU TEXHIYHUN YHI-
BepcuTeT, YHiBepcuteT Epnanrena- HriopuOepra
(Himeyunna), Pu3bkuii TeXHIYHUN YHIBEPCHUTET
(JIarBis), lepycanimcrkuit Ben-Gurion University
(I3painb) Ta 1HmI.

Jlo IIporpaMHOTrO KOMITETY BCHOTO HAJIHIILIO
150 nomosigei, 3 gxkux 82 % — aHITIOMOBHUX,
12 % - ykpaiHOMOBHUX, 6 % — pOCIiCbKOMOBHUX.

o Ilporpamu koH]epeHIii micas peneH3y-
BaHHs Oymo BkitoueHo 110 (87%) nomomineid,
pO3MOUICHUX 32 4 HampsMaMH.

3arajom CBOi JOTOBII HAJICIANU MPEICTaB-
Huku 40 ycraHoB, cepenu skux — 25 BH3 ta na-
YKOBUX YCTaHOB YKpaiHH, 15 HayKOBUX yCTaHOB
Ta yHiBepcuteTiB Benukobpuranii, Himeuunnu,
HIseitapii, [onpmi, [3painto, binopyci Ta iHmmx
KpaiH.

HaiiGinpmry KimpKicTh JOTOBiIEH Hasicia-
ma KIII im. Irops Cikopcbkoro (33 momosini),
Opnecbka HamionaneHa akajemis 3B’sI3Ky iMeHI
O. C. Ilonoga (23 monosixi), HY «JIpBiBChKa TI0-
mitexHikay (12 momoBizaeit).

3HauHa YacTKa JOMOBi/EH yHIBEPCUTETCHKUX
HAyKOBIIIB BIiJMOBIAAIOTh TEMATHIll J1epkKOro-
mxetHux H/IP (a came, 56 3 110 BurosnomeHux,
Tt00TO 51 %), a Bix yctanoB HAH VYkpainu — Te-
Mmatuii Binninenns ingpopmaruku HAH Vipainu.

Ilo-Tpere, koH(depeHLis oTpumasa CcTaTyc
3apeecTpoBaHoi B cucremi koH(pepenuiii IEEE,
TOMY Ma€ MOMJIMBICTh PO3MICTUTH MaTepiaiu
BiZIIOpaHUX JOTOBiIEH B €IEKTPOHHOMY pecypci
IEEE Xplore Digital Library, sxuii iHIeKCy€ThCS
y HayKOMETpUIHHUX 0a3ax nanux (Scopus, Web of
Science, Google Scholar Ta in.).

Ilo-ueTBepTe, y KOH(EpEHLIi B3IU y4acTb
MpeICTaBHUKKA NPODUIBHUX MANMPUEMCTB Ta 1H-
HOBAaLlIHHO OpPIEHTOBAaHUX 1H(OPMAIIITHO-TEe-
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KOMYHIKaI[IHHUX KOMIIaHii, [0 Ma€e CIPUATHU T10-
DIMOJICHHIO CIIBIIPAIll YHIBEPCUTETIB 1 HAYKOBUX
YCTaHOB 3 IPOMHUCJIOBICTIO Ta Oi3HECOM.
3okpema, cepel  TapTHEPIB-OpraHi3aTo-
piB  Kondepenmii xommanii «Nokia-Ukrainey;
«Lifecell»; TOB «Tenexapt-IIpunany.

Ha mincraBi po3misigy BHTOJOMIEHUX JOTMOBI-
neit, mpono3uuiii Ilporpamuoro komirtery, Horo
CIIBTOJIB 3a HampsiMamMud poOOTH KoH(pepeHiii,
TOJIOBYIOYHMX Ha 3aCiAaHHSIX CEKIIIH

Kondepentis npuiimae pimeHnHs:

1. Bpaxatnu MixkHapoaHy kKoHdepeHIilo 3
iH(OpPMALIITHO-TeTIeKOMYHIKANIMHUX  TEXHO-
Jorii Ta panioenektpoHikn (YkpMiKo’2017)
TaKo¥o, 1110 BiOymacs sik 6azoBa koHpepeHiis Ha-
yKoBoi pagu MiHicTepcTBa OCBITH 1 HayKH YKpa-
iHM 3a HanpsiMOM «EnekTpoHika, palloTexHiKa Ta
TEJIEKOMYHIKaIlii», sSika CIpsMOBaHa, B TOMY YHC-
Ji, Ha OLIHKHW JOIOBIJICH, IO BiII3EPKATIOIOThH
3MICT JIepKOIOKETHOT HaykoBoi Tematuku BH3
VYkpainu.

2. Big3HauWTH MO3UTHBHUN BHECOK B OpraHi3a-
1110 KOH(EpEeHIIii Ta B IPOLETypY 3aTyUECHHS KOH-
¢depenuii B ctpyktypy IEEE Ykpaincekoro Bimmi-
nennst IEEE (kepiBuuk mpod. SuoBchkuit @1,
KuiB, VYkpaiHa), a TakoX perioOHaJIbHUX Mpe.-
craBHUKIB 3 O0ky KuiBchkoi ¢inii YkpaiHCbKoro
Bimninenns [EEE (kepiBauk IBanpko K.M., Kuis,
Vkpaina) Ta XapkiBcbkoi (imii YkpaiHChKOTO Bif-
ninenns [EEE - IEEE Kharkiv Chapter (romosa
AmnTideeBa M.C., XapkiB, Ykpaina).

3. Big3HauuTH 3HAYHY KUTBKICTH JTOTIOBiZCH,
SK1 BIIMOBIIAIOTH 3MICTY IEpKOIOHKETHOI Ha-
ykoBoi Temaruku BH3 Vkpainu 3a Hanpsmamu
po6otu Cexkuii Ne 5 «Enexkrponika, pamgioTexHi-
Ka Ta TenekomyHikanii» HaykoBoi pamn MOH
VYkpainu, Ta BpaXyBaTu iX HayKOBH piBE€Hb MpU
MIPOBEJICHH] HAYKOBOi €KCIIEPTH3U Ha eTamax 3a-
BEpIICHHS Ta PEKOMEHIAIlIi A0 BIIKPITTS HOBUX
Bignosiguux HJIP.

4. PexomenayBaru HaBeneHi B Jlomarky 1 mo-
MOBIJII, SIKI BUCBITIIOIOTH HOBI, paHillie HE OITy-
OJ1KOBaH1 HAYKOBI1 JOCIIIKEHHSI, BUTOJIONICH] Ha
Kondepennii Ta pexoMeHI0BaH1 BiIMOBITHUMH
CEKLISAMHU I PO3MIILLIEHHS B €IEKTPOHHOMY pe-
cypci IEEE Xplore Digital Library (Bigm. I7o-
oa JI. C.).

Tepmin mogaHHs MaTepiamiB s PO3MIIIEHHS
B 6a3i IEEE — 10 10.10.2017 p.
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5. PexoMeHyBaTH HaBE/ICHI B ONATKy 2 J0-
MoBil, siki BuronomeHi Ha Kondepenii ta pe-
KOMEH/IOBaH1 BIJMOBITHUMHU CEKITISIMH, JIJIST PO3-
MIIIEHHS Yy BITYM3HIHUX (HaXOBHX HAYKOBHX
BUJIAHHAX, 30KpeMa B MIDKHApOJHHMX KypHajax
«Information & Telecommunication Sciences»
(KIII im. Irops Cikopcwkoro), «CeHcopHa elek-
TpOHIKa Ta MikpocucTeMHi TexHomorii» (OHY
imeHi . [. MeunnkoBa) Ta iHIIMX BUJAHHAX (BIJIIL.
VYpuscekuii JI. O.).

TepMiH MoiaHHs MaTepiaIiB 10 PEAAKIIINA — J10
10.10.2017 p.

6. Honosiai, nmonani no IIporpamHoro xomi-
TeTy KOH(epeHIil Ta npuitHsTI 10 y4acti B Kon-
(depenuii, po3mictut B 30IpHUKY MaTepiajiB
koH@epenuii  (YkpMiKo’2017/UkrMiCo’2017).
(Binm. Ypuscekuii JI. O.).

Tepmin migroroBku 30ipHUKA 10 MyOmiKaii -
10 10.12.2017 p.

7. PosrsanyTu mijncymku podotu Kondepenii
YkpMiKo’2017 na ueproBomy 3acimanni Cekiii
Ne 5 «Enexrponika, paaioTexHika Ta TEJICKOMYHI-
kamii» HaykoBoi pagn MOH Vkpainu.

8. PexomenmyBaTu creliiaai3oBaHUM BYEHUM
pagam BH3, siki npaiforoTs 3a HayKOBUM Harpsi-
MoM 17 «EnexkTpoHika Ta TeleKOMyHIKallii», BBa-
KaTH JOIUIHHOIO MIATPUMKY 3100yBadiB HAyKOBO-
TO CTyIeHs JoKTopa ¢inocodii, mo Opanu ydacTb
B poOOTI HAayKOBO-TEXHIYHUX KOH(EpeHIH mix
erinoro IEEE, 30xpema MixkHapomHoi KoH(pepeH-
il 3 iH(OpMaIIHHO-TEICKOMYHIKAIIIHHUX TEXHO-
noriit Ta pagioenekrpoHiku (YkpMiKo).

9.Indopmarito mpo pe3yabTaTH NPOBEICHHS
KoH(epeHIii, mocuIaHHa Ha myoikamii Ta 30ip-
HUK MarepiajiiB po3MicTUTH Ha caiiti Kondepen-
uii YkpMiKo’2017 (Bign. Cozonuk I, /1.).

TepMiH po3MillleHHsI MaTepiaiiB MpPo pe3yib-
TaTH NpoBeAeHHs KoHpepeHii - 10 20.09.2017 p.

TepMiH po3MillleHHS! TOCHJIaHb HA MyOJiKaIii
Ta MarepianiB 30ipHUKa MaTepiaiaiB KoH(pepeHIii
- 10 31.12.2017 p.

10. BucnoButu mnomsky Bcim uneHaMm Ke-
piBHoro,  Opranizamiiinoro,  IIporpamnoro
Ta BUKOHaBUOrO KOMITETIB SK OpraHi3aropiB
Kondepennii. OxpemMo NOASKYBaTH  PEKTO-
py Opnecpkoi HamioHanbHOI akazemii 3B s3KYy
iM.O. C. TlonoBa mpod. BopoGienky II. II. Ta
NpeJcTaBHUKAaM AKaJeMmii 3a 3HauyHy Ta yCIIill-
Hy poOOTy IOIO Opranizaii mpuiioMy ydacHH-



Pimennst MixkxnapoaHoi koHdepeHLii 3 iHhopMalifHO-TeIeKOMYHIKAITHUX TEXHOJIOTIH Ta pajioeNeKTPOHIKH

(YxkpMiKo’2017/UkrMiCo0°2017)

KiB KOH(epeHIii Ta MpoBeleHHS IUICHApHUX 1
CEeKI[ITHMX 3aCi/aHb.

11. Opranizaniro Ta IPOBEAEHHS HACTYIHOI
MixknapoaHoi kondepenuii 3 ingpopmaninHo-
TeJIeKOMYHIKAIliHHUX TEXHOJIOTiH Ta pajioe-
JexkTpoHiku (YkpMiKo’2018/UkrMiCo’2018)
JIOpY4YuTH JitodoMy KepiBHOMY KOMITETY.

PexomennyBati KepiBHOMY KOMITETy BHECTH
BIJIMOBIJIHY KOpekIito ckiamy [Iporpamuoro ko-
MmiteTy BianoBigHo a0 BuMor IEEE Ta 3 ypaxy-
BaHHIM JI0CBiy opranizamnii YkpMiKo’2017.

Pexomennysaru [Iporpamuaomy xomitety KoH-
depenuii YkpMiKo’2018 3MiHUTH NOPSIOK Ha-

HMEHyBaHHs CEKILIl BiAMOBIAHO 0 Ha3BU KOH-
(depenttii, a came:

Section 1. Infocommunications

Section 2. Telecommunications

Section 3. Radio Engineering

Section 4. Electronics

12. Micuie mpoBeIeHHsT HACTYITHOT KOH(pEPEH-
uii YkpMiKo’2018 Bu3HauuTh micias BiAMOBIA-
HUX KOHCYJIbTAIlI} 3 KepiBHUKAMH YHIBEPCUTETIB-
CIIBOpraHi3aTopiB KOH(EepeHIlii.

Pimenns cxBaneno Ha [lnenapHomy 3acimaHHi
Kondepentii YkpMiKo’2017 15.09.2017 p.
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THOOPMANLIA AJ151 ABTOPIB.
BUMOI' 10 O®POPMJIEHHSA CTATEHA Y ) KYPHAUJI

Kypnan «CeHcopHa elIeKTpOHiIKa 1 MiIKpOCHUC-
TEMHI TEXHOJIOT1» MyOJiKy€e CTaTTi, KOPOTKI IO-
BIJJOMJICHHSI, TUCTH 10 Pepaxiiii, a TakoX KOMEH-
Tapi, U0 MICTATh pe3yabTaT (PyHAAMEHTAIbHUX
1 MPUKIAAHUX JTOCITI/KEHb, 32 HACTYITHUMHU Ha-
MPSIMKAMU:

1. ®@i3uyHi, XiMIYHI Ta iHIII SBHUIIA, HA OCHO-
Bl SIKMX MOXYTb OyTH CTBOPEHI CEHCOpHU

2. IlpoexkTyBaHHS 1 MareMaTW4YHE MOJENIO-
BaHHS CEHCOPIB

3. Cencopu (i3MYHUX BEIUYUH

4. OnruyHi, ONTOEJNEKTPOHHI 1 pajialiiHi
CEHCOpH

5. AKyCTOEJEeKTpOHHI CEHCOPH

6. XimiuHi ceHCOpHU

7. biocencopu

8. Hanocencopu (¢izuka, Mmarepiaiu, TEXHO-
JI0Ti51)

9. Marepianu anst CEHCOpIB

10. TexHosorisi BUPOOHUITBA CEHCOPIB

11. Cencopu Ta iHpOpMaIiiiHi cucTeMu

12. MikpocuctemHi Ta HaHoTexHoorii (MST,
LIGA-TexHoMOrIs Ta iH.)

13. Jlerpanmarisi, MeTpoJiorisi i ceprudikarris
CEHCOPIB

Kypnan nmyOiikye Takox 3aMOBJICHI OIS 3
aKTyaJIbHUX MUTaHb, 10 BiANOBIAAI0TH HOTO Te-
MaTHlll, MOTOYHY 1H()OPMAILI0 — XPOHIKY, Iep-
COHaIii, MaTHi peKIaMHi MOBiIOMIICHHS, Or0JI0-
IIEHHS 110710 KOH(GEPEHTIIIH.

OCHOBHUI TEKCT CTATTI IIOBUHEH BiAMOBIAATH
BuMoram I[loctanosu [Ipesunii BAK Ykpainu Bij
15.01.2003 p. Ne7-05/1 (bronerens BAK Vkpainn
1, 2003 p.) 1 6yTu cTpyKTypoBaHUM. Marepiainu,
10 HajcuiarTbes 10 Penakuii, moBuHHI OyTH
HaIMcaHl 3 MaKCHUMaJbHOIO SICHICTIO 1 YITKICTIO
BUKJIA/ly TEKCTY. Y TOJaHOMY PYKOMHCI TOBUHHA
OyTH OOIpyHTOBaHA aKTyaJIbHICTh PO3B’sI3yBaHOT
3ajaui, copMynboBaHa MeTa JOCIIHKEHHS, Mic-
TUTUCSl OpUTiHAJIbHA YacTHHA 1 BHCHOBKH, WIO
3a0e3MeYyloTh PO3YMIHHS CyTi OTPUMaHHUX pe-
3yJbTATIB 1 IX HOBU3HY. ABTOpY NOBUHHI YHUKATH
HEOOTPYHTOBAHOTO BBEJCHHS HOBUX TEPMIHIB 1
BY3bKONIPO(UIbHUX KapTOHHUX BUCIIOBIB.
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Penakuis ypHaiy NpoCUTh aBTOpIB MPH Ha-
MpaBJIeHI CTaTei 0 APYKY KepyBaTHUCS HACTYII-
HUMU MpaBUIIAMHU:

1. Pyxomnucu MOBHHHI HAJCHJIATUCS Y JBOX
MPUMIPHUKAX YKpaiHChbKOIO, a00 pOCIHCHKOIO,
a00 aHMIIKACHKOI0O MOBOIO 1 CYIPOBOKYBaTHUCS
¢aitnamu Texcty 1 MamoskiB Ha CD. Pykonucu,
SIKI TPOIOHYIOThCS aBTOpaMu 3 YKpaiHu abo
kpain CHJ] mo BuaaHHS aHMIIHCHKOIO MOBOIO
00OB’SI3KOBO  JIOTIOBHIOIOTHCSI  YKPaiHOMOBHOIO
abo poCIIiCbKOMOBHOIO Bepcier. EnexTpoHHa
KOIisE MO)ke OyTH HajiciaHa eNeKTPOHHOIO MO-
HITOO.

2. Ipuitasatai dopmaru Tekcty: MS Word
(rtf, doc).

3. llpwuitaarui rpadiuni ¢opmaru JUis pH-
cynkis: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. Pucynku ctBOpeHi 3a 10mo0-
MOTOI0 IPOrpamMHOro 3a0e3reueHHs IJIsl Mare-
MAaTUYHUX 1 CTATUCTUYHUX OOYHUCIICHB, MOBUHHI
OyTH MepeTBOPEHI 10 OAHOTO 3 IIUX (HopMaTiB.

4. Ha crarTi aBTOpiB 3 YKpaiHu MaroTh OyTH
€KCIEPTHI BUCHOBKH PO MOXKJIUBICTh BIIKPUTO-

TO JPYKY.

Pykonucu HaaCHIATH 32 aiPeCOIo:

Jlenix Apocnas iy, 3act. roi. penakropa,
Onecbkuil HaIIOHAJIBHUNA YHIBEPCUTET iMe-
Hi I. I. MeunukoBa, MHH®TIL] (HIJI-3),
ByJ1. JIBOpsiHCEKa, 2, Oneca, 65082, Ykpaina.
Tenedon / ¢paxc +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://semst.onu.edu.ua

30iticHI0EMbCSL AHOHIMHE PeyeH3YBAHHS Y-
KOnucie cmameti.



IIpaBuia miArOTOBKH PyKONUCY:

Pykonucu mOBUHHI CYNpOBOKYBaTtucs odi-
[IHHUM JIUCTOM, ITiIITUCAHUM KEPIBHUKOM yCTa-
HOBH, Jie Oyna BUKoHaHa pobota. Lle mpaBuio He
CTOCY€TBhCSI POOIT MpPEJCTABICHUX aBTOpPaMHU 13
3aKOPJIOHY YU MIKHAPOJHUMU I'pyIIaMU aBTOPIB.

ABTOpCBHKE TIPaBO MepexoauTh Buaasirio.

TuTynbHUM apKy1:

1. PACS 1 VuiBepcansuuii [ecstroBuii Koxg
Knacudikamii (YIK) (ms aBropis i3 kpain CHJI)
— Y BEpXHbOMY JiBOMY KyTi. JlomyckaeTbes nie-
KUIbKa BIJIUIEHMX KOMaMM KOIIB. SIKIO HISKI
Koau kiacudikanii He mo3Ha4yeHi, koa(u) Oyme(-
yTb) BU3HaueHo Penaxuiitnoro Koneriero.

2. Hazpa poGotu (110 HeHTpY, MPOIMUCHUMH Jii-
Tepamu, Wpu@T 14pt, KUpHO).

3. IpizBume (-a) aBropa(-iB) (MO MLEHTPY,
mpudt 12pt).

4. Ha3Ba ycTaHOBH, TIOBHA ajpeca, TenedoHu
1 (hakcu, e-mail J1s1 KOKHOTO aBTOpa, HUXKYIE, de-
pe3 OJIMH THTEPBAI, OKPEMHUM PSIKOM (TI0 TICHTPY,
mpudt 12pt).

5. Aroranis: 10 1000 cumBoIiB.

6. KirouoBi cioBa: iXHS KUIBKICTh HE MOBHU-
HHa TIEpEBUILYBaTH BOCHMH ClliB. B ocobmmBux
BUIAJKaX MOXHa BHKOPHCTOBYBaTH TEPMIHU 3
JBOMa — 41 TpboMa ciioBamH. L{i ciioBa moBHHHI
OyTH po3MillleH] MiJ aHOTAIl€l0 1 HAIKCaHI Ti€l0
CaMOI0 MOBOIO.

[T.n. 2,3,4,5,6 mociiIOBHO BUKJIACTH YKpaiH-
CBHKOIO, aHIVIIICHKOIO 1 POCIHCHKOI0 MOBaMHU.

Jlnst aBTOpIB 3 3aKOPIIOHY, SIKI HE BOJIOAIIOTH
YKpaiHChKOI0 ab0 pOCIChbKOI0 MOBaMH, Mil. 2-5
BUKJIA/IAI0THCSI aHTIIIHCHKOIO MOBOIO.

7. JIo KO)KHOTO MPUMIPHUKA CTATTl JOJAIOTh-
csl pedpepaTu yKpaiHChKOIO / poCilichKoOO (B 3a-
JIKHOCTI Bl MOBU OpHTiHATy CTATTi), Ta aHIJIii-
CBbKOIO MOBaMH (KOXeH pedepar Ha OKPEMOMY
apky1ui). OcobnuBy yBary ciiji NpUAUISTH HalK-
CaHHIO PE3IOME CTATTI aHTITIMCHKOIO MOBOTO. J1Jist
IILOTO JIOITBHO KOPUCTYBATHCS TTOCITyTaMy KBaJTi-
(iKOBaHUX CIEIiATICTIB-TIHTBICTIB 3 OJAIBIITUM
HAyKOBUM pEaryBaHHIM TEKCTY aBTOPOM(-aMH).
[Tepen ciioBoM «pedepar» HEOOXiTHO HaIUCcaTH
MOBHY Ha3BYy CTaTTi BiANOBiIHOIO MOBO0, Y/IK,
Mpi3BHINA Ta 1HIIIAJIKA aBTOPIB, HA3BU YCTAHOB.
Pedepar o6csrom 200-250 cniB Mmae Oyt CTpyK-
TYpOBaHHUM: MeTa (4iTKO c(hopMyITbOBaHa), METOIN
JIOCITIJKCHHS, Pe3yJIbTaT! JT0CIIKEHHS (CTUCIIO),

y3arajibHeHHs a060 BHUCHOBKH. Ilicis Tekcrty pe-
depary 3 aG3airy po3MIIIyIOThCS KIFOYOB1 CJIOBA.

8. TekcT cTarTi MOBUHEH OyTH HAJAPYKOBAHUI
yepe3 1,5 inTepBany, Ha 6ioMy nanepi popmary
A4. Tons: 3miBa - 3cM, cripaBa - 1,5¢M, BBepXy 1
3HU3Y - 2,5¢m. llpudt 12pt. ITix3aroaoBku, Ko
BOHH €, TOBHHHI OyTH HaJIpyKOBaH1 MPOITUCHUMHU
JiTepamu, )KUPHO.

PiBHsIHHS TOBMHHI OyTH BBEJCHI, BHKOpHC-
toBytoun MS Equation Editor a6o MathType.
Po6oTtu 3 pykonmucHUMHU BCTaBKaMU HE TpHUiiMa-
10ThCsl. TaOnuii moBuHHI OyTH NpelcTaBleH] Ha
OKpeMHX apKyliax y ¢opmari BiAOBIIHUX TEK-
ctoBux (opmariB (auB. BuUIlE), yd y ¢opmarti
TEKCTY (3 KOJIOHKaMH, BiIJIIJICHUMH 1HTEpBaJIaMH,
KOMaMH, KparkaM 3 KOMOI0, 91 3HaKaMH Ta0yITro-
BaHHS).

9. V KiHIII TEKCTy CTATTI yKa3aTH Mpi3BUINA,
iIMeHa Ta 1Mo 0aThKOB1 yCiX aBTOpPIB, MOMITOBY
aapecy, tenedoH, dakc, e-mail (111 KopecnoH-
JICHIIIT).

10. Crucok mniTepaTypu NMOBUHEH OyTH Haj-
pykoBaHuil uepe3 1,5 iHTepBaiu, 3 JiTEpaTypolo,
MPOHYMEPOBAHOIO B MOPSIKY ii MOSBU B TEKCTI.
bibGmiorpadist 1pykyeTbCs JuIIe JaTUHULIEIO (KH-
puIHLA TIoJAaeThesl B TpaHcmiTepanii). [lopsaok
oopmiieHHs1 JiTepaTypu MOBHMHEH BiINOBIIaTH
BuMoram BAK Vkpainu, Hanpukmnazu:

[1]. .M. 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. ITignucu 10 pUCYHKIB 1 TaOIUIL MOBUHHI
OyTH HaJAPYKOBaH1 B PyKOMHCI 3 JBOMa MpoOina-
MU ICJA CIMCKY JiTeparypu. BHHOCOK, SKIIO
MOJKJIMBO, Oa)KaHO YHUKATH.

[TpuitMaroThest TITBKH BUCOKOSIKICHI PUCYHKH.
Hammcn 1 cuMBonM MOBUHHI OyTH HaApYyKOBaHI
ycepenuHi pucyHky. Heratusu, crnaiiau, 1 miaro-
3UTUBU HE NPUHMAIOTHCS.

KoxeH pucyHOK oBUHEH OyTH HaJJpyKOBaHUI
Ha OKPEMOMY apKyIIIi 1 MaTu po3Mip, 10 HE Tiepe-
Buirye 160x200 mm. J{7151 TEKCTY Ha pUCyHKaX BU-
kopucroByire mpudt 10pt. OnuHKLI BUMipy 110-
BHHHI OyTH TIO3HAUCHI MICJIsSI KOMU (HE B KPYIJIUX
JIyXKax). YCi pUCYHKH NMOBUHHI OyTH MpOHyMe-
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pOBaHi B HOPSJIKY iX MOSBU B TEKCTI, 3 YaCTHUHA-
MU TIO3HAYEHUMHU sK (a), (0), 1 T.1. Po3mimenHs
HOMEpIB PUCYHKIB 1 HAITUCY YCEPENNHI MATIOHKIB
HE JI03BOJISIIOTHCA. 31 3BOPOTHOI CTOPOHU, HaIU-
IIiTH OJIBLEM Ha3By, INpi3Buiie(a) aBropa(-iB),
HOMEP MaJIFOHKA 1 TO3HAYTE BEPX CTPLIKOIO.
®otorpadii MoBUHHI OyTH OpHUTiHAIBHUMH.
KonbopoBuil IpyKk MOXKIMBHM, SKIIO HOTO Bap-
TICTh CIUIAYY€ETHCS aBTOPAMH UM 1X CIIOHCOPaMHU.

12. Crarts Mae OyTH mignucaHa aBTopom (yci-
Ma aBTOPAaMHM) 3 3a3HAYCHHSIM JIaTH HA OCTAHHIH
CTOpIHIII.

ABTOpPHM HECYTh TMOBHY BiJIOBIJAJIBHICTh 3a
Oe3moranHe MOBHE 0(hOPMIICHHS TEKCTY, 0COOIIH-
BO 3a MPaBWIbHY HAyKOBY TepMiHoJorito (ii cmia
3BIpATH 32 (PAaXOBUMHU TEPMIHOJIOTTYHUMH CIIOB-
HUKAMH).

96

13. JlaToro HaaXOMKCHHS CTATTI BBAXKAETHCS
JI€Hb, KOJIM JI0 PEIKOJerii HaiiIIOB 0CTaTOYHUN
BapiaHT CTATTI MICJIs PELIEH3yBaHHS.

[Ticns onepkaHHsI KOPEKTYpH CTATTI aBTOP IO-
BUHEH BUIIPABUTH JIUIIIE TIOMIIIKHU (YITKO, CHHBOIO
a00 YOPHOIO0 PYYKOI0 HEMPABWIbHE 3aKPECIUTH,
a TOpsIT 3 IIUM Ha TIOJII HAITMCATH TPaBWIILHUN
BapiaHT) 1 TEPMIHOBO BiJICIIATH CTATTIO Ha aJIpecy
PEAKoIIerii eNeKTPOHHOIO TOIITOO.

[Tinmuc aBTOpa y KiHIII CTATTI O3HAYAE, 1110 aB-
TOp Tepeaae NmpaBa Ha BHUJIAHHS CBO€I CTAaTTi pe-
JaKIii. ABTOp rapaHTye, 1110 CTaTTs OpPUTiHAIbHA;
HI CTaTTs, HI pUCYHKHU JI0 Hel He Oyau omyOiko-
BaHI B IHIINX BUIAHHIX.

BinxwiieHi cTaTTi He TOBEPTAIOTHCS.



INFORMATION FORAUTHORS

THE REQUIREMENTS ON PAPERS
PREPARATION

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

1. Physical, chemical and other phenomena,
as the bases of sensors

2. Sensors design and mathematical model-
ing

3. Physical sensors

4. Optical, optoelectronic and radiation sen-

5. Acoustoelectronic sensors

6. Chemical sensors

7. Biosensors

8. Nanosensors (physics, materials, technol-
ogy)

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 cer-
tification

The journal publishes the custom-made re-
views on actual questions appropriate to the men-
tioned subjects, current information — chronicle,
special papers devoted to known scientists, paid
advertising messages, conferences announce-
ments.

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 submitted
manuscript the actuality of problem should be re-
flected, the purpose of the work should be formu-
lated. It must contain an original part and conclu-

sions providing the received results essence and
their novelty understanding. The authors should
avoid the new terms and narrowprofile 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 edi-
tion 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, WMF, MS Word
and MS Graf, JPEG. Figures created using soft-
ware for mathematical and statistical calculations
should be converted to one of these formats.

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

Manuscripts should be sent to:

Lepikh Yaroslav Illich, The Vice Editor, Odessa
National I. I. Mechnikov University, ISEPTC
(RL-3), str. Dvoryanskaya, 2, Odessa, 65082,
Ukraine.

Phone/fax +38(048) 723-34-61,

E-mail: semst-journal@onu.edu.ua,

http://semst.onu.edu.ua

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

The manuscripts should be supplemented with
the Official letter signed by a chief manager of
the institution where the work was performed.
This rule does not apply to papers submitted 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 corner.
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 avail-
able) 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 summary 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 ini-
tials of the authors, names of affiliated institutions.
The abstract in volume of 200-250 words must
be structured: the purpose (precisely formulated),
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research methods and results (shortly), generaliza-
tions 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 pag-
es in the format of appropriate text formats (see
above), or in the text format (with columns sepa-
rated by interval, commas, or tabulation charac-
ters).

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 con-
form to DAS of Ukraine requirements, for ex-
ample:

[1]. LM. Cidilkov skii. Elektrony 1 dyrki v po-
luprovdnikah. 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).
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