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KIHETUYHE PIBHSAHHS BOJILIIMAHA B Y3ATAJIbHEHIA MOJEJII TPAHCIIOPTY
EJIEKTPOHIB Y MIKPO- TA HAHOEJIEKTPOHILI

1O. O. Kpyanax, M. B. Cmpixa

AHoTauisi. Y METOANYHIN CTaTTi, pO3paxoBaHiii Ha HAYKOBIIIB, BUKJIAIa4iB Ta CTY/ICHTIB BHUILIOT IITKO-
J1, po3TIsAiaeThes KineTuuHe piBHsAHHA bonsiimana (KPB), sike B 3acTocyBaHHI 10 HAHOETIEKTPOHIKH
PO3B’sI3y€E Ti XK 3aBIAaHHS, 10 1 y3arajbHeHa TpaHCOPTHA Monenb Jlannayepa — [larra — JIynncrpoma
(JIOJY). dnsa ogaux 3ama4 kpaie BukoprctoByBaru KPbB, a st npyrux — monens JIJIJ1. 3a mpaBriisHOTO
BUKOHAHHS 00YMCITIOBAJILHUX MPOIIEAYP OOMABA IMIIXOAH Tal0Th OJHUH 1 TOM CaMHi pe3yabTar. Y i

© 0. O. Kpynsix, M. B. Crpixa, 2017



1O. O. Kpyrak, M. B. Crpixa

CTaTT1 JJaHO BIJIMOBIJIb HAa TaKl MUTAHHS: K CKJIACTH PIBHSHHA 18 QYHKIIT po3noginy f (?,l;,t) K
po3B’s3ky KPb 3a Mexxamu piBHOBaru, sik po3B’s3aTH 1€ PIBHSHHS B PEKUMI JIHIHHOTO BIATYKY, K
31CTaBUTH OTPHMaH1 TAKMM YMHOM PE3yJbTaTH 3 TUMH, SIK1 MOKHA oTpuMartu B mozem JI/IJI B nudy-
31THOMY PEXXHMI TPAHCTIOPTY, SIK BpaxyBaTH 30BHIIITHE MArHITHE MOJIE 1 HOTO BIUIMB HA €JICKTPOHHUN
TPaHCIIOPT.

Kuouosi ciioBa: Hanodi3uka, HaHOEIEKTPOHIKA, pIBHSAHHSA bonbliMana, yac penakcariii, moBepx-
HEeBa MPOBIIHICTH, e(eKT Xoi1a, XO/UTIBChKA PYXJIUBICTh, XOJUTIBCHKUN (akTop

THE KINETIC BOLTZMANN EQUATION IN GENERALIZED MODEL OF ELECTRON
TRANSPORT FOR MICRO- AND NANOELECTRONICS

Yu. A. Kruglyak, M. V. Strikha

Abstract. In a tutorial article directed to serve researchers, university teachers and students, we
study Boltzmann kinetic equation (BKE), which in its application to nanoelectronics serves to solve the
same problems as the generalized Landauer-Datta-Lundstrom (LDL) transport model does. For some
problems BKE formalism is preferable, for the other — LDL model is. Under correct performance of
calculations the two approaches leads to similar results. In this article we answer the following ques-

tions: how to compose the equation for distribution function f (?,lg,t) as a solution of BKE beyond
equilibrium, how to solve this equation for the linear response regime, how to compare the obtained
results with those, which can be obtained within LDL model for diffusive transport regime, how to
take into consideration the external magnetic field and its effect on electron transport.

Keywords: nanophysics, nanoelectronics, Boltzmann equation, relaxation time, surface conductiv-
ity, Hall effect, Hall mobility, Hall factor

KWHETUYECKOE YPABHEHUE BOJIBIIMAHA B OGOBIIEHHON MOJIEJIH
TPAHCIIOPTA 3JIEKTPOHOB B MUKPO- U HAHOQJIEKTPOHHUKE

0. A. Kpyenax, M. B. Cmpuxa

AHHOTanMs. B MeToanueckoil crarbe, paCCUMTAHHOW Ha UCCIIEA0BATEIIeH, peroaaBaTesie u cTy-
JICHTOB BBICIIICH IIKOJIBI, MBI paccMaTpuBaeM KnHeTHUeckoe ypaBHenue bomsiimana (KYB), kotopoe
B MPUMEHECHUH K HAHORJICKTPOHHUKE PEIIaeT T€ JKE CaMble 3a/1a4M, 4TO U 0000IIeHHAs TPaHCTIOPTHAs
monenb Jlannayspa — Jlarter — Jlyaactpoma (JIZIJT). s ogaux 3aaa4 ayunie noias3oBarbes KYD, a s
npyrux — mozenbsto JIJUJL. Tlpy npaBuiibHOM MOCTaHOBKE BBIYMCIICHUH 00a IMOAX0/1a PUBOAAT K OTHUM
U TEM K€ pe3yibraraMm. B Halel cTtaThe paccCMaTpUBAIOTCS CICAYIOIIME BOTIPOCHI: KaK COCTaBUTH

ypaBHEHHE A GYHKIMU pacripeneseHus f (F,l;,t) kak pewmenus KYb 3a npegenamu paBHOoBecus,
KaK pPeIInTh 3TO ypaBHEHUE B PEKHUME JIMHEHHOTO OTKIINKA, KaK yBSI3aTh MOyUYe€HHbIE TAKUM 00pa3zoM
pe3ynbTaThl ¢ TeMH, KoTophie nomy4datorces B monenu JI/IJI B nuddy3nonHoM pexknmMe TpaHCIOpTa, Kak
y4eCTh BHEIITHEE MATHUTHOE TOJIE ¥ €TO BIMSIHUE Ha 3JIEKTPOHHBIN TPAaHCTIOPT.

KuroueBsble ciioBa: Hanodusnka, HaHOSIEKTpOHHUKA, ypaBHeHHE bonbliMaHa, BpeMs penakcaluu,
MOBEPXHOCTHAS MTPOBOUMOCTH, 3(hexT Xora, XomI0BCKask MOJBUKHOCTb, XOJIIOBCKHH (PakTop
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1. Beryn

[TponoBkyroun 3HAMOMUTH BITUU3HSHHUX BU-
KJIaJ[a4diB, acIipaHTIB 1 CTYAEHTIB, SKi YUTAIOTh
KypcH a00 HaBUAIOTHCS HA PI3HUX CHEIiaizamisax
(bi13U9HOTO U 1HXKEHEPHOTO MPO(dIIIIO, 13 CY4acHOIO
KOHIICIIIIEI0 BUKIJIAMaHHS (i3UKU HAHOCHCTEM,
aBTopoM sikoi € mpod. Cympiiio Jlarra (Supriyo
Datta), 1o meBHOi MipH albTEPHATUBHOIO TPAIH-
[IHAHIHA, 0 BIIIITOBXYETHCS BiJl pO3IVISTY aHAIIO-
TYHUX SBUI Y BETUKUX 00’ €MHUX TIPOBITHUKAX,
MU po3misiHynu B [1] monens Jlannayepa-/larra-
Jlynacrpoma (JIJIJI), sika Bxke 3HaiIIa IIMPOKE
3aCTOCYBaHHS MPHU aHaJ31 K eJIEKTPOHHOTO, TaK
1 JOHOHHOTO TPAHCIIOPTY B PE3UCTOPAX SIK HAHO-
PO3MIPHHUX, TaK 1 TOBTUX 9U 00’ EMHHX.

[Tpu oMy posmsan y [1] 3mificHIOBaBCS 115t
BUII/IKY, KOJIM TEMIIepaTypa KOHTAKTIB Pe3UCTOpa
oiHaKoBa. Y [2] HATOMICTh MU PO3IJISTHYJIH TEPMO-
enextpuuHi epektu 3eedeka i [leasr’e B Momerni
JIJIJT, a Takox siKicHO 0OroBOpwMIIH 3aKOH Binema-
Ha-DpaHIa i OCHOBHI PIBHSHHS TEPMOCIEKTPUKA
3 BIIMOBITHUMHU TPAHCTIOPTHUMH KOE(DIIlIEHTaMH.
[Totomy B [3] MU oTpuManu 1OBEAEHHS IS pe-
3yJbTaTIB, MOCTYJIBOBAHUX Y [2], mpudyomy 3po-
owmm e it 1D, 2D u 3D npoBiAHKKIB 3 TOBLTb-
HUM 3aKOHOM JucIiepcii 1 Oyb-IKUM pexuMOM
MPOBIMHOCTI: OamicTuaHuM, audy3iiiHM, ab0 K
MePEX1THUM.

3 mo3utiil TpaHcnopTHOi Mozeni Jlannayepa —
[Harra — Jlynncrpoma y [4] nobynoBaHo y3araib-
HEHY MOJIeNb MepeHocy temia honoHamu. Y [5]
MU PO3TIISIHYIH, SK y3arajlbHEeHa TPAHCIOPTHA
mozenb JIJIJI onucye npoBinHicTs rpadeny. Ha-
pemri, B [6] MU PO3MIISIHYJIM POJIb PO3CISTHHS B
mozeni JIZUUI i mpogemMoHCcTpyBaiu, 1110 Ipy OMu-
Cl TPaHCIIOPTY €JIEKTPOHIB Y MPOBIAHUKY B AU (Y-
31THOMY PEKHMI BXKJIUBY POJIb BIJITpa€e CEPeIHs
JIOBKMHA BUTRHOTO MPOOITY |, sIKa BU3HAYAE KO-
eiIieHT TPOXOKEHHS

KinetnyHe (B aHVIOMOBHIW HayKOBIH JiTe-
patypi — TpaHcmopTHe) piBHsHHS bombumana
(KPB) B HaHOENEKTPOHIII [7] 3aCTOCOBYIOTH TPH
PO3B’sI3aHHI TUX CaMUX 3a/1a4, 1110 i Mozenb JIJIJI.
Sk My moGaunmMo, 711 OJHUX 33]1au KpaIle BHKO-
pucroByBatu KPB, a mist inmmx — monens JIZJL.
SKIII0 KOPEKTHO MPOBECTH OOYMCICHHS, TO 00H-
JIBa MIAXOAU MPU3BOAATH MPUPOIHUM YUHOM IO
OJTHAKOBHUX PE3YJIBTATIB. Y Iil CTATTI MU 3yITHHH-
Mmocst Ha poiti KPb y kormermii JIZIJI. Sk npaktiy-

He 3actocyBaHHa KPb Mu po3missHeMo noBeiHKy
CTPyMY B 30BHIIIHBOMY MarHiTHOMY IOJIi.
OCHOBHHMM 3aBAaHHSM Teopii TPaHCIOPTHHUX
syl bonbimana [8] € obuucnenns GpyHkuii pos-
nonuty f(7,k,t) ik IMOBIPHOCTI TOTO, 1110 CTaH Y

TOYIll 3 XBHWJIbOBUM BEKTOpoM (200 iMITysb-

COM p = hk ) 3aliHATUN y MOMEHT 4acy . Y piB-
HOB&)XHIHM CHUTYyaIlil BiAMOBIIb BijloMa: 11¢ — PyHK-
uist ®epmi f (E) . Mu B Hatiif cTarTi cipoOyemMo
BUCBITJINTU MOAAJIBIII MUTAHHS: SIK 3aIIMCATH PIB-
HSHHS IS f(?,l;,t) 3a MeXaMH piBHOBAaru, siK
PO3B’s3aTH 11€ PIBHSHHS B PEXKHUMI JITHIHHOTO BiI-
T'yKy (TOOTO 3a He y’Ke BEIMKOTO BiAXUICHHS BijI
piBHOBaru), ik MO€HATH OTPUMaHI TAKUM YHHOM
pe3yibTaTH 3 TUMH, K1 MOJKHA OTPUMaTH B MOJie-
mi JIJJI y nudy3siiiHoMy pexumi TpaHCIIOPTY, 5K
BpaxyBaTH 30BHIIIHE MarHITHE TIOJIE 1 IOTO BILTUB
Ha €JICKTPOHHHU TpaHCTopT. JloKmaaHImui po3-

A0 OUX IMUTaHb MOXKHaA 3HaﬁTH, HaIllpukJiang, y
[9 - 14].

2. KinernuHe piBHsiHHA BosibiiMana

Enexrponu y kpucTalti, Jie OTEHITiall eIeKTPO-
MAarHiTHOI'O MOJIS 3MIHIOETLCS MOBIIBHO, MOXKHA
pO3IMIsAIaTh K KBa31YaCTUHKU. 3 ypaxyBaHHSIM
TPAHCIALIHHOT CUMETPIi KPUCTaITy, sIKe T03BOJISIE
YHUKHYTH PO3IJISTY IIBUIKO3MIHHOTO IPaTKOBOTO
MOTEHITiaITy, 7Sl eTICKTPOHA MOKHA 3aIiCcaTH KBa-
3i-HbIOTOHIBCHKE PIBHSHHS PYXY, SIKE TIOB’SI3Y€ T10-
X1JTHY BiJl KBAHTOBAHOTO K6a3i-IMITYJIbCY 13 CHJIOHO,
IO JIi€ HA EIEKTPOH 3 OOKY TUIbKU 306HIUHbO20
TIOJISL:

dp _ d(hk)
dt dt

Jie 30BHIITHS JIOpeHITiBChKa cula, sSIKa JIi€ Ha eJeK-
TPOH, BU3HAYAETHCA T'PAJAIEHTOM HANPYKEHOCTI
€JIEKTPUYHOTO 110715 E MarHITHOIO 1HAYKIII€0 B,
IIBUJKICTIO €JICKTPOHA  Ta eJICMCHTapHHUM 3a-
pSAOM ¢g:

=F,. (1)

F =-VE —qvxB=—qE—-qvxB. (2

Jiist 3HaxXOomKeHHs k(¢) MOTpiOHO O0UMCIUTH

hk (1) = 1k (0) + jF (F@).)dt'.  (3)
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3Haroun k(¢) 1 BUIVISA 30HHOTO CIIEKTPY, BH-
3HAYa€MO LIBUJIKICTb €JIEKTPOHIB

- 1 2

v,(0=—V,E (k) 4)
1 TIOTIM TXHIO TPA€EKTOPiIO

F(t)=7(0)+ jﬁg (Hdt'. (5)

PiBusinns (3) 1 (5) — e HaMIBKJIACUYH1 PIBHSH-
HSl PYXY €JEKTPOHIB Y KPUCTATIUHOMY TBEPAOMY
Til. Y HamiBKJIACKYHOMY IMiJXOA1 BBAXKAEMO, 110
noreHnian £ (7) 3MIHIOETHCSA MOBUIBHO, TOMY
KBaHTOBA iHTEp(hEPEHITis 1 TYHEIIOBaHHS BiJICYyTHI
il eJIeKTPOHU MOYKHA PO3IIISIIATH SIK «1HUBITyash-
HI» 4YacTUHKH. | koopauHAaTa eneKkTpoHa, 1 Horo
IMITyJIbC BU3HAUEHI OJJHOYACHO, 60 KBaHTOBOME-
XaHIYHa HEeBU3HA4YeHICTh ArAp > /2 mana.

PiBHSIHHS pyXy ONUCYIOTH pO3TalTyBaHHS €JICK-
TpoHa B (hazoBomy mipoctopi. Ha puc. 1 300paxe-
Ha J10BUIbHA TpaekTopist T[x(2), p ()] pyxy enek-
TpOHa B JBOBUMIpHOMY (pa3oBOMY HpPOCTOpI

(x,p,)-

I p, = hk,
T(0) = [x(1), p,(1)]

f(_r.p‘ .f)
flx—vdt,.p ~Edtt—dr)

Puc.1. TpaekTopia pyXxy eJleKTpOHa
T() =[x(1), p,(1)] & basosomy npocropi (x,p,).

[ToTpi6HO BU3HAUYNTH UMOBIPHICTE f(X, P, ,1)
TOTO, 10 CTaH, MO3HAYECHUN YOPHUM KPYKKOM,
3alHATHI y MOMEHT 4yacy . L{s iimoBipHicTh Mae
30iraTucst 3 IMOBIPHICTIO TOTO, IO MOMEPEIHIN
CTaH, IO3HAUYEHUH CBITIIMM KPYKKOM, OyB 3aifHs-
TUH Y MOMEHT Yacy ¢ —dft.

YopHUM KpYKKOM Ha TPAEKTOPil MO3HAYEHO
CTaH, JJIs IKOTO MM XOU€MO BU3HAUUTH HMOBIp-
HicTh f(x,p ,t) TOro, IO BiH 3alHATHI. 3 He-
MIEPEPBHOCTI PyXy €JIEKTPOHA B30BXK TPAEKTOPIi

8

BUIUIMBAE, IO I IMOBIpHICTh Mae 30irarucs 3
TaKOI0 CaMO0 WMOBIPHICTIO /JI MONEPEIHBOTO
CTaHy, 300pakK€HOTO CBITIMM KPY>KKOM, a cCaMe:

Joput) = f(x—vdt,p —Fdtt—dr). (6)

A0O0 X, IHIIMMH CIOBAMH, IIOBHA ITOXIJHA
B3JIOBXK TPAEKTOPIi TOPIBHIOE HYJIEBI:

@ _,
dt

B3sBim noxiaHy BiJ QYHKINT AEKITBKOX 3MiH-
HUX, OJIEPIKYEMO

g I T Xx,F P

(7)

0, ®
dt ot O0Oxot Op, ot
a60, 3 ypaxyBaHHsM (1)
z+gvx+i17”:0. ©))
ot oOx op,

VY TpuBuMipHOMY (ha30BOMY MTPOCTOPI MAEMO

%+17-Vrf+ﬁ;-vpf:0, (10)
il
vi=Ls P 5.9 (1
ox oy Z
of . of . of .
p, op, :

PiBusians (10) inkonu Ha3zuBaroth KPb 6e3 3i-
TKHEHb. Lle piBHAHHS onucye OanicTHYHUN TpaH-
cropt 6e3 po3citoBaHHs, a00 X CTaH PIBHOBArW,
B SIKOMY KOKHHI aKT 31TKHEHHS KOMIIEHCYEThCS
MPOTUJICKHUM JI0 HROTO aKTOM y BiAIOBIIHOCTI
710 IPUHLIMITY JIeTajabHOi piBHOBaru. CrnuHiMoCs
Ha OCTaHHBbOMY TBEPJIKEHHI JTOKJIA HIIIIE.

[Ipornecu po3cisiHHs 301IBIIYIOTH a00 3MEHIITY-
I0Th I'yCTHHY EJIEKTPOHIB, IKa MpUNaaac Ha pazo-
BUil 00°eM dk . BBomsaTs BeltmunHu

ot ot
TaKi, 1110 BUpa3H
YEED) dk_, (YCERD) _dE_,
6t in (272.)3 at out (27[)

(af(fj,z)j : (af(f,%,t)]
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JAI0Th MPUPICT (in) 4K 3MEHIICHHS (out) 4ucia
eHeKTPOHiB Ha OJUHHUINIO 00’ €My B €JIE€MEHTI
00’emy dk , SIKUW OXOIUTIOE 3HAYEHHS , BIPO-
JIOBXK 4acOBOTO IHTEpBaly df . Y cTaHi piBHOBaru
11 BUpa3u JOPIBHIOIOTH OJIUH OJHOMY. Y HaIlB-
KJIIACUYHOMY MIIXO/1 10 TPAHCTIIOPTY €JIEKTPOHIB
BBaXKAIOTh, 1110 PO3CISIHHS BiJI0YBA€THCSI ITi]] BILIHU-
BOM KOPOTKOJIHHUX CHJI TaK IIBHJKO, IIIO B IPO-
11eCi PO3CISTHHS IMTPOCTOPOBA KOOPAMHATA EIIEKTPO-
Ha HE 3MIHIOETHCS, 3MIHIOETHCS TUIBKHA KOO 1M-
TyJTBC.

ITpu BpaxyBanHi poscisiuasi KPb nabyBae Bu-
TSIy

g—f;+v~v,f+ﬁ;.vpf=§f, (12)

B SIKOMY BHIJISIZ| OTIEpaTOpa PO3CisTHHS " BusHa-
yaeTbes (I3UKOI0 3a7aul i Moxke OyTHU BeJlIbMU
ckiaaHuM. IIpu HamiBKIACHYHOMY pO3IVIsAL 3a-
3BUYail BUKOPUCTOBYIOTh HAOKEHHS Jacy pe-
nakcarii (UP) [14]

f(f?)—fo(f?)j _of(P)
T

sz—(— = . 13)

T

ne - BIAXWICHHS QYHKLIT po3moainy Bif il
PIBHOB2)KHOTO 3HAYE€HHS, @ - XapaKTepUCTUY-
HUH Yac penakcarii immynbey [9].

«Bigquytn» Habmmxenns YP moxkHa Ha Tako-
My npoctoMy npukiazai. Hexait Mu posmisgaemo
MIPOCTOPOBO OJTHOPITHUI Marepial 3a BiJICYyTHOCTI
€JIEKTPUYHOTO W MarHiTHoro noss. Toxi apyruit
1 Tpetiit nomanku B KPb (12) 3anynsatorbes it 3a-
JMIIAETHCS TIPOCTE PIBHIHHSA

o __3r (14
ot T
SIKE€ MA€ OYEBUIHUN PO3B’ 30K
sf(0)=0f(0)e"", (15)

3T1IHO 3 AKUM MOPYLIEHHS (QYHKIII pO3MOIiny,
BUKIIMKAaHE BIXUJICHHSIM CHCTEMH BiJ] pPIBHOBAXK-
HOTO CTaHy, 3MEHIIY€EThCS €KCIIOHEHINIIHO 3 Xa-
PaKTePUCTUYHUM YacoM . TakuM YMHOM, PO3-
CIIOBaHHS BiJTHOBJIIOE PIBHOBATY.

Habmmxenns UP nikoM npuiiHATHE 7151 OTIUCY
KBa31pIBHOBAYKHOTO TPAHCIIOPTY B PEKUMI JTiHIH-
HOTO BiAryKy. OiHaK, Take HaOMMKEeHHS JUIs 1HTe-
rpajiy 31TKHEHb MOXKe OyTH OOTpYHTOBaHE TIJIbKU

noOJin3y piBHOBAru i TUIBKY IS MPYXKHUX 1/a00
pIBHOBaXXHUX IpolieciB po3ciaHus [9]. IIporte, 1e
HaOJIM>KEHHSI IMPOKO BUKOPUCTOBYIOTH JUISl OAEP-
KAHHS PE3yJIbTaTiB B aHANITUYHOMY BUIIISAAL. Mu
Tak camo Oyaemo ioro BukopuctoByBaru. Ciin,
OJIHAaK, MaM’ATaTH, 110 ICHYEe YMMAJIO CUTYallii,
konu HaOmmkeHHss YP He mpartroe (quB., HANpH-
kian, [14, 15]).

2.1. Po3p’sizyBannst KPb B pexxumi nunamiy-
HOI piBHOBaru

Sk npukinazn po3s’szyBaHHs KPb posmisiHemo
BUIIAJIOK JUHAMIYHOI PIBHOBAru. 30BHIIIHE Mar-
HITHE TI0JIe MU TTIOKH HE BpaxoByBaTuMemo. B Ha-
ommxenni YP it cucreMu B craHl AUHAMIYHOL
piBHOBaru (0f /0t = 0) maemo:

o

V-V, f—qE-V, f=-—".
T

(16)

Po3B’A30K 3BOUTHCA A0 PIBHOBA)XXKHOT'O 3Ha-
yeHHs f (7, p,t) 3 ypaxXyBaHHSM MaJoi OMPABKH

of (7, p,t). [IpupomHO MPUIYCTUTH, IO

V.S =V.f
V ey s (17)

Tomi nuist monpaBKu 3 piBHsHHS (16) onep-

KYEMO:

5f=—t(¥-V,f,—qE-V,f,). (18)

[TepeTBOprMO TIpaBy yacTUHY po3B’ 3Ky (18)
MOAAJBIINM YUHOM. PiBHOBaXkHY (yHKIII0 Depmi
3aIIMIIEMO B BUIVISIAL

1

e® +1

Jo(p)= (192)

o LGP —E(F) _E.(F)+E(p)—E,(F) ,(196)
kT kT
ne E,(7)— enexrpoximiynuii noreHuiai. s rpa-
Ji€HTIB piBHOBaXkHOI (pyHKIIIT Depmi MaeMo:

_ 9,
Vrf;) - %vr® , (203)

o,
V. =22y 0, (206)

00
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Yo _jr%e 1)
00 = OE

[MTigcraBmnsroun (20) 1 (21) o (18), ogepxxyemo:
_ %o (5 3

Sf=tkT (—G—EJ(V 'V,0-gE-V,0). (22)

3 ypaxyBaHHSIM

1 - -
Vo=V, (E.(F)-E (7)),

v

~V,E () =—qE(F), ik

v,0=

KBa3ipiBHOBakHMI po3B’s130Kk KPbB (22) ocTarouno
MOJKHA 3aIUCATH TaK:

o =~ =
5f=r( an(v Fg)
] 1) @
F,= —VrEF(F)+T[Ec(7)+E([7)—EF(F)]V{?J.

Cuny HA3MBAIOTh y3arajbHEHOIO CHUJIOIO;
came BOHA BUBOJMTH CHCTEMY 31 CTaHy PIBHOBAru.
VY3arajabpHeHa cuila MICTUTh J1BI KOMIIOHEHTH: Tpa-
JIEHT eNEeKTPOXIMIYHOTO MOTEHIIANy W TpaiieHT
obepuenoi temneparypu. Came 111 1Bl CUIU BU-
BOJATH y TpaHcnopTHii moxaeni JIJIJI cuctemy
(POBiTHUK) 31 CTaHy PIBHOBArk i COPUYHHSAIOTH
BUHUKHEHHS €JIEKTpUYHOro cTpymy [1, 2]. B mo-
nemi JIJIJT e oueBnaauii HizMIHUNA pe3ybTar,
NiATBEPIKEHUN Temep MaTeMaTUYHUM
po3B’sizyBanHsM KPB y kBa3ipiBHOBakHOMY pe-
*uMi B HaOmkeHH1 YP.

2.2. TpancnoptHi koedinieHTH

[TepeiiniMo 10 OOUMCICHHS TPAHCTIOPTHUX KO-
e¢iuienTiB. Matoun po3s’s30k (23) KPb B kBasi-
PIBHOBOKHOMY PEXHMMI, MOYKHA PO3paxyBaTH pi3Hi
BIIACTUBOCTI mpoBigHuka. Hanpuknan, aus 2D

MIPOB1JIHMKA (HalBiIOMIIIMHI npukian [5] — rpa-
(heH) moBepXHEBa I'yCTHHA €JICKTPOHIB
1 Lz Lo 1 -
NGRS NGOG WAGHHE
k k
(24)

JI€ OCTATOYHMH PE3YNBTAT € HACIIJKOM TOTO, 11O
bynkuis O f(7,k) HemapHa 3a IMITYJIBCOM 1 MPHU
IHTErpyBaHHI B k-IpOCTOpi 3aHyaseTbes. [Ipore-
Iypy IHTErpyBaHHS B A-IIPOCTOP1 PO3MIISIHYTO,

10

HaNpHKIaz, y Apyrii nekuii kypcy M. Jlynunctpo-
Ma «EnekTpoHHMI TpaHCIIOPT y HAIMIBIPOBIAHU-
Kax» [16].
Hagnaxkwu, 1151 0O4MCIEHHS TYCTUHH CTPYMY B
2D npoBiIHUKY MOTPIOHO OOYUCITUTH TUTHKH
IO == S CardsfE,  e3)
k
(A — HOpMYyBaJIbHA TIJIOIIA), OCKIJBKH iCTOTHA
TIIBKH TIOTIpaBKa ; 100yTOK Vf HemapHuil y
k-tipocTopl U npu IHTETpyBaHHI 3aHYJSA€THCS, a
no0yTok Vo f y (25) mapHuii 1 1ae BKIaj y TyCTH-
HY CTPyMY.
I'yctuHa eHeprii eleKTpUIHOTO CTPYMY Ja€Th-
Csl BUpa3oM

Ty (R == S EE T O1E), (6
a TEpPMOCTPYM
Jo(F) = %Z@ —E)v(k)Sf k),  @7)

Jle CyMapHa eHepris eeKTpona E = E_(F)+ E(k) .
Pisauns E— E € eHepris, Ky MOBUHEH IOTJIH-
HYTH €JIEeKTPOH, 10 1epedyBa€e B KOHTAKTI 3 €Hep-
rie;o £ < E, 100 yBifiTH B MOy MPOBIAHUKA
npu eHeprii  [2].

SIKII0 MM ITOYHEMO BHPaxOBYBAaTH 3apsI0BUN
CTPYM 1 TEPMOCTPYM, BUXOJs14M 3 po3B’si3Ky KPb
(23), TO A1 KOXKHOTO 31 CTPYMIB OIEPKUMO BHUpa3
13 IBOMA JTIoaHKaMu, 00 y3arajapbHeHa cuia B (23)
Jla€ J1Ba BKJIAJM — 32 PaxXyHOK PI3HUIII €JIEeKTPOXi-
MIYHUX ITOTSHITIATIB 1 32 PaXyYHOK Pi3HHMII TeMITe-
paTyp KOHTakTiB. Y MiJICYMKY BHpPa3u MICTAThH
YOTUPH TEPMOEJIEKTPUYHI KoediuieHTu [2, 3, 5].
OOUHMCITUMO OJIMH 13 HUX — MOBEPXHEBY MPOBiJI-
HICTh

Mu BupaxoByeMO 3apsI0BHi cTpyM (25) 3 ypa-
XyBaHHSM (23):

_ (= q)z ( j(%)

ne 1o0yToK (VV) y 3araJbHOMY BHIIQJIKy € TEH30D,
Ttoxx KPb no3Bosisie BiTHOCHO MPOCTO pO3MIsaaTu
aHI30TPOIHHUI TPAHCIIOPT, ISl OIKCY SKOTO I10-
TpiOHI TEH30pHI BUpa3M Uil TPAHCIIOPTHHUX KOe-
¢iuienTiB. Crpollyouu CUTyalio, gaji po3riis-

(28)
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HEMO CTPYM TUIbKH B HAIIPSMKY X Y TIPUITYIIEHHI,
10 €JIEKTPOXIMIYHUH MOTEHITIAT 3MIHIOETHCS T1Th-
KU B I[bOMY HampsimMi i Temreparypa B3J0BXK Mpo-
BiJTHMKA CTaJIa:

= 1 2 ofy | |dE
J =|— | - |—£, (29
PRSIV T
10 MOYKHA MepenucarTy B CTaHAapTHIN Gopmi
J =g, AELD (30)
dx
ne
0
~LTevs[-Z) o

OTxe, 11t OOUUCICHHS TUTOMOT IIOBEPXHE-
BO1 NPOBiAHOCTI OTpiOHO B3sATH B (31) cymy B
k-ipocTopi.

[Ipu ckiHUEHHHX PO3Mipax MPOBIAHUKA YHCIIO
CJIEKTPOHHUX CTaHIB y HbOMY 3JliUeHHE. SIKII0
HaeTbesi Mpo HAaHOMPOBIIHUK, TO YUCJIO CTAHIB
HeBeNHKe i mijgcymoByBaHHs B (31) MoxHa 371ii-
CHUTHU Oe3mnocepeqHbo. B mocTaTHhO BEIMKHUX
00’€MHUX MPOBIAHUKAX CTAHU PO3TALIOBAHO
HIiIbHO U cymy B (31) MOXKHA 3aMiHMTH HA 1HTe-
rpai:

> (9) > [()N,dk, (32)
k
e - TYCTHHA CTaHiB y k-mipocTopi. Jis mpo-
BIJTHUKIB Pi3HOI BUMIPHOCTI OCTATOYHO MA€EMO
[7, 16]:

1D: Ndk 2><(2 )dkz—dk

T

2D: dek =2X(mjdkxdky 22—7[2dkxdky, (33)

3D: Ny%=2x(£%
8

jd%xkoﬁ@ =2 ik dk dk.,
) 4z T

Jie ABifiKa y BCIX BHUpa3ax BPaxOBY€ BUPOKECHHS
3a CITIHOM.
3amictb (31) 3 ypaxyBaHHSM JOAATKOBOTO JI0-
JMHHOTO BUPO/UKEHHST (4711 Tpad)eHy BOHO J10-
piBHIOE 2 [5]) Maemo:
1 027

05 =85 Zqur( afojdekdk (34)

B3siBmIn iHTErpan 3a KyToM, 3 ypaxyBaHHSAM
V. =vcosb onepxyemo:

oy = gV% | vzr(k)(—%j kdk . (35)

Jiist mapa®osiiyHOTO 3aKOHY IucHepcil
: . 2(E-FE
kdk =" dE | v = 2EZE)
h m

3a/1y1s1 CLIPOIICHHS, BBAYKAEMO, IO XapaKTEPHUC-
TUYHHUK 4yac po3cisHHs cramuii: 7(E)=17 . Tomi
3amicTh (35) omepxkyemo:

‘”()j( ( ‘%jdz«: (36)
10 IMICJIT OOYMCIICHHS IHTErpally Jae
1. kT -
oy =g, 1250 3,(,). (37)
7h

ne inrerpan depmi —
Y4aeThCA K

MHipaka nopsiaky j BU3HA-

Sj(ﬂF)_ d?],

1"(/+1)£exr) (7-mp)+1
3 N =(E,—E.)/kT [1].

Sxmo mu 3ragaemo (¢-na (97) y [1]), mo mo-
BEPXHEBA I'yCTHHA €JIEKTPOHIB

= I Dyy(E) f(EVE = g, "L () = N, 3,1,
TO MUTOMA MOBEPXHEBA MPOBiAHICTS (37) 3amu-
HIEThCA Y 3BUYHOMY BUIVISIAI Yepe3 pyXJIUBICTh
€JICKTPOHIB (i:

T
P —ns(J(i(Jj:nsqﬂ-

Sk ueit 3aranbHOBITOMUI Pe3yabTaT KOPEIIoe
3 moaesutro JIJIJI? Jlist BigmoBimi Ha 1€ MUTAHHS
CJiJ TOBEpHYTHUCS 10 BUpa3zy (35) i mepeiTu B
HBOMY JIO IHTETPYBaHHS 32 EHEPTIEIO:

2 af;)
oy = 27[! ()( j(h

Ockinpku ryctusa 2D-craniB [uid mapadosniy-
HOT'O 3aKOHY Imcnepcil' HOCI{B cTana

(39)

*jdE. (40)

gm
E)=2—
2D( ) 7Z'h
TO 3aMicTh (40) omepKUMO:

-4 j (w)va(E)( I g j (41)

11
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Beenemo muokHuku 77 /2 Ta h/4 i obepHeH1
JI0 HUX 1 MepeKoMIoHyeMo (41) momanbImM 4u-

HOM:
j[[_zvj_”Dz (E)}(__éfo)d]g
(42)

2 o
o = L4 (zw
2 ho\2
VY nmigiHTerpasbHOMY BHpa3i MEPIIU CIiBM-
HOXKHUK Y KPYIJIUX AYXKaX, 3T1IHO 3 (POPMYIOIO
(16) 3 [6], e cepenHs MOBXKUHA BITLHOTO MPOOITY
0710 po3cisiaas Ha3aa A(E), CHIBMHOKHUK 2V/7T ,
srigHo 3 (30) i3 [1], me cepeaHs MIBUAKICTH
v.(E)) npu eHeprii £ B HanmpsMKy +x, a BeCbh
BHpa3 y KBaJIpaTHUX JYy>KKax, 3rigHo 3 (33) 13 [1],
€ uucioM Mmoxa mnposigHocTi M ,(E). Takum
YMHOM, OTPUMaHui Bupas (42) € noOpe BiroMum
y moxemi JIJIJI (popmyna (141) y [1]) Bupazom
JUTSI TIOBEPXHEBOT MPOBIAHOCTI

_2q _9%
== j A(E)MZD(E)( acher.(43)

Omxe, pesynbraroM po3B’sizyBanHs KPb y kBa-
3ipIBHOBAXHOMY pekuMi B HabmkeHH1 YP, To6TO
B AuQy3iiiHOMY HaOIM>KEHHI, 111 TOBEPXHEBOI
MPOBITHOCTI cTae 3BuuHUH it Mozeini JIJJI Bu-
pa3. I[Tokazano takox [17], mro KPb y HaGmmkeHHi
YP nae To4yHO Taki X BUpa3u i KoedilieHTa
3eebeka i Ui eJIEKTPOHHOI TeTUIONPOBITHOCTI,
1o 1 TparcnoptHa monenb JIJIJI. TlepeBara moneni
JIJIJI monsirae B i i3uuHii MPO30POCTI, a TAKOK Yy
TOMY, III0 BOHA JTO3BOJISIE€ PO3IVIsIaTH KBa3idaic-
TAYHUHN 1 0aTICTUYHUN PEKUMHU TPAHCTIOPTY TaK
camo MpocCTo, K 1 JUPy3iiHUHN pesxum. 3 1HIIOro
6oky, 6e3 KPb He MoxxHa 001iTHCS IPH BUBYCHHI
aHi3orponHoro Tpancmnopty. Okpim Toro, y KPb
JIETKO BpaxyBaTH HAasBHICTh MarHiTHOTO MOJS, - 1
MU 11e mokaxkemo nani. Hapemri, KPb mo3Bomnse
OMHCaTH TPAHCIIOPT JAJIEKO Bija piBHOBaru [9].

[epure, aHiX MepelTH 10 BpaXyBaHHS MarHiT-
Horo nosig B KPB, onepxxumo Bupas nis ycepen-
HEHOTO Yacy PO3CIsTHHSA <<r>

Sxmmo npu nepexoni Bix (35) o (36) 36epertu
3aJISKHICTh Yacy pO3CisIHHA BiJ €HEprii, TO

=8~ a jr(E)(E E)( aijdE, (44)

a HAUTIPOCTIMINUMA CIOCIO BpaxyBaTH 3aJICKHICTh
qyacy poO3CisHHA BiJ eHeprii - e obpatu s
ampoKcHUMaii i€l 3aJIe)KHOCTI CTeTIeHeBUN 3a-
KOH [6]

12

(45)

[ToBepxHeBa MPOBIAHICTH MPOMOpILIiiiHA MO-
BEPXHEBI KOHIIEHTpAIlil eeKTPOHIB

j D, (E)fy( E)IE = ( e

MHoxauu ¥ Iijasau BUpa3 s (44)na

OZIEPIKYEMO
afojdE

(gzjjr(EXE £)-
oy =" E e ns.46)

i m j( ij(E)dE

10 JI03BOJISIE 3aITUCATH MTOBEPXHEBY MPOBIIHICTD

y BUTJISL
O5 =ngq Q<<i—>> ’
m

(47)

JIe BBEJICHO YCEePEIHCHHI HAJIC)KHUM YHMHOM Yac
pO3CisTHHS

%

] r(E)(E—Ec)[— -

(48)

((r))= -
[ £,(EYaE

VY npumnyieHHi cTeneneBoi anpokcuMariii (45)
| E-E N g-g)[-%o\aE
kT oF

<<7>> =7, P
[ 1,(E)dE

. (49)

InterpyBanHs 3HaMeHHUKa nae kT'3 (77,.), a uu-
cenbHuKa — kTT'(s +2)3,(77,), TOXK OCTaTOUHO

<<T>> _— I'(s+2)3,(77,) ‘
So(17)

Tak camo Bupasu aiis <<r>> MOXHA OTpUMAaTu
s 1D 1 3D npoBigHuKiB. [l HEBUPOIKEHUX
HamiBOPOBIAHUKIB iHTEerpanu depmi — Jlipaka me-
PETBOPIOIOTHCS Ha EKCIIOHEHTH, TOXK Y LIbOMY BH-
MKy

(50)

((r))=7,T(s+2). (51)
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[Tpu po3citoBaHHI Ha aKyCTUYHHUX (POHOHAX Y
2D npoBigHUKY , @ Ha 3apsHKCHUX JTOMIIII-
kax =~ . Takum ymHOM, U1 2D TIPOBITHHKIB 3
TaKUMH PEKUMaMU PO3CISTHHS <<r>> MIEPEBHUIILYE

B 1 —2 pa3mu.

2.3. BpaxyBanns marditHoro nouas B KPb

[Tix BIUIMBOM MarHiTHOTO TOJISI TPAHCIIOPTHI
Koe(ilieHTH 3MiHIOIOTECS. BumiproBanHs edexry
XoJina 103BOJISIE TOBHINIE CXapaKTepHU3yBaTH
BJIACTUBOCTI MaTepiany mpoBimHuka [18].
Po3p’si3anna KPb 3 ypaxyBaHHSM MarfiTHOTO
MOJIsI B 3araJIbHOMY BHIAJIKY I[IJTKOM MOXJIHBE,
X04a 4acoM 1 BUMAarae 3HauHUX 00UHCITIOBATBHHUX
pecypciB. Mu Hajam po3nIsTHEMO YaCTKOBHUI BH-
Naji0K BUMIpIOBaHHA MpoOBiAHOCTI B 2D mposia-
HUKY, PO3TAIlIOBAHOMY B IUIOIIMHI X}, 3 MATHITHUM
MOJIEM  , HAMPABJICHUM NEPIEHIUKYISIPHO 10
i€l IUIOIIMHA B3I0BXK OCI Z.

[Tounimo 3 HaOmwxenus YP mia cucremu B
cTaHl AuHaMiyHOi piBHOBaru (0f/0t =0) 1, nns
CTPOIICHHS, TPUITYCTIMO TPOCTOPOBY OJHOPIJI-
HicTh npoBigHuka (V. = ). Toai KPb (16) 3
ypaxyBaHHSM MarHiTHOTO TOJIS 3aMUIIEThCS SIK:

—qE~fo—q[17xl§]-fo=—¥. (52)

Binpa3y xotuiocst 6 NpUILyCTUTH, 110

V.=V, f (53)
SK 1Ie MM BBaxkaiu panime B (17), ane Tenep e
HeMOoxTBO. HaOmmwxkenns (53) npuitHaTHE, SK
MU 0a4MJIH BHIIE, JUTSI TIEPIIOTO JOAAHKY 3 €JIeK-
TPUYIHUM TI0JIEM Y JIiBii yacTuHi (52), ane Henpu-
HWHSATHE TSI APYTOTO AONAHKY 3 MArHITHUM IOJIEM.
[Ipynuunna nonsrae B Tomy, 010

v =iy gy (54)

OF OF

Komu mu migcraBumo (54) y apyruii 101aHOK

52), 1o MICTUTh MarHiTHE IOJIE, TO OJEPKUMO

VX B] -v = . o0 orpumaru po3B’s30x KPb 3

ypaxyBaHHSIM MarHiTHOTO IOJis, PIBHIHHSA (52)
CJIiJT IEpeNrCcaTH B BUTIISAII

. L Sf

~qgE -V f, —q[v xB].vaf) ==L

5
T

(55)

ne BXOJWTH B OOWJIBI YaCTUHU PIBHSIHHS.

Po3B’s13atu iioro mokHa napametpudHo. Hexaii
PO3B’sA30K Mae BUIVIsLA (23), aie y3arajJbHEHY CHITY
B HbOMY 3aMIHMMO Ha HEBIJIOMHH BEKTOp

a caMe:
5f:r[—%j(\7-@),

MPUYOMY IIYKaHWH BEKTOp  HE 3aJIEKUTh BiJ
imoynecy . Ilicns micTaHOBKY 1IbOTO IPOOHOTO
po3B’si3Ky B (55) ciix Bupaxysatu V ,(6f). Bpa-
x0oByrouH (54) i posrisgatoun napaboiiyHy 30-
HHY CTpYKTYpY (V v =1/m"), 3Haxomumo, 1110

_%JQ

(56)

: 57
3E | (7

3anumaeTrbes migctaBuTu (54), (56) 1 (57) B
(55). 3nificHUBIIH 11, MU OIEPKYEMO:

Vp(5f)=f(

gE 5 -L(3xB-G)+v-G=0. (58
m

BukopuctoByroun BIacTUBICTh NOTPIMHOTO

BEKTOPHOT'0 100YTKY (\7 xB- é) = (\7 -Bx é) , Tie-
penumiemo (58) B BUIIISII

- = QT =1 AL
v-(—qE+$[BxG]—G)—O.

Ockinbku (59) Mae BUKOHYBATHCS It OY/Ib-
SKOTO , TO BUpPA3 y KPYIIIUX JTy)KKaxX MOBUHEH
JIOPIBHIOBATH HYJIIO:

(39)

S = qrrs =
G= qE+m*[BxG].

(60)
Bizloyo, IO JJiss BEKTOPHOTO PiBHSHHSA
C =d-+bx¢ po3B’s3koM €
a+[bxadl+(a-b)b
1+5° '

Toni po3B’si3koM piBHIHHS (60) Oyie

C =

(61)

—gE - (qzr/m*)[é X E} —q(gt/m*)* (E : E)E

G = P >
1+ (COCT) (62)

A€ TUKJIOTPOHHA 4aCcTOTa
o =1 (63)

a TUTOIIMHA KPYTroBOi OpOITH €JIEKTPOHA MEePIICH-

JTUKYJSIPHA 0 BEKTOPA MarHiTHOTO TTOJIS.
[lepmmit TO1aHOK y YMCEIBHUKY J1a€ BKJIAL Y

MPOBIIHICTD, IPYTHH JTOJAHOK «BIJMOBiTA€» 3a

13
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edexT Xoia, TpETii 10AaHOK 1 3HAMEHHHK TPO-
MOPIIiiTHI 1 BU3HAYaIOTh MarHeTOOIIIP.
PosrisiHemMo cTanaapTHy Ipu BUMIpIOBaHHI
edexry Xomna curyarito, ko B L E .Y 1iii KoH-
¢irypauii mosiiB TpeTiil JOJaHOK 3aHYISE€THCS.
BBaxkaTMeMo Takox, 1110 MarHiTHE moJje ciadke,
YoMy BiZMOBia€
0T . (64)
B cnabGkux MarHiTHUX MOJISIX €JIEKTPOH 3a3HA€E
0aratbox 31TKHEHb, TIEPII HI’K 3aMKHE CBOIO KOJIO-
By opOity. /I cmabKux MarHiTHUX MOJIIB MaEMO
G=—qgE—(q r/m*)[BxE]. (65)
Bexktop G L B E, nexuTh y TJIOMMHI XV 3
MPOCKIIISIMHU Ha OC1

2
— g9t
G, =—qE +[ e ]Esz,

_ q°t
G, =—qE, - (m ]BE

Otxe, po3B’si30k KPb npu HassBHOCTI MarHit-
HOro moJis B HaOnmxenHi YP onmepxkano.
Po3B’s13k0M € Bupas (56) 3 Bekropom  (62), abo
x Bupa3 (65) nmpu G L B E . 3a BincyrHoCTi Mar-
HITHOTO TIOJISl PO3B’S30K JA€ThCs BUpa3oM (23).
ITpu 1bOMy MM BBa)KajH, 1110 IPAJIEHTH KOHIIEH-
TpaLii eJeKTPOHIB 1 TeMIepaTypH BiACYTHI. K10
NOTPiOHO BpaxyBaTH 3MiHY KOHLIEHTpALii eJeK-
TPOHIB y3/10BX NPOBIHUKA YU NIepenas TeMnepa-
TypH, citift —gE 3aMiHHTH y3araibHEHOO CHIIOK

(23).

Tenep po3mIsiHEMO, K 3MIHIOBaTUMYThCS TPaH-
CIOPTHI KOe(II[i€eHTH 32 HASBHOCTI MarHiTHOTO
nosst. [{st 11bOoTO OfiepikaHi po3B’SA3KM CITIA MMijI-
cTaBUTH B (25) Ta (27) ¥ MOAUBHUTHCS, K 3MIHATh-
cs 3apsA70BUI cTpyM 1 TepmocTpyM. IIpocrime
3a BCE PO3MISHYTHU LII0 CUTYyalll0 Ha MpUKIaIl
MTPOBITHOCTI.

3aMiHUMO y3arajbHEHY CHITy B (28) Ha BEKTOp

(66)

J) =" Q)Z ( ] 5G-G).  (67)

[Tpoexkiiii BeKTOpa I'yCTUHU CTPYMY BUXOISTh
TaKUMH:

14

sz%er( Z{;)v G, +v,G), .
g:%z‘r( Zj;jv (G, +v,G)).

k

Honauku v v =v cos@sinf nicist iHTerpy-
BaHHA Bix 0 10 JayTh HYIb, TaK 110 3aMiCTh

(68) 3amumemo
Q) Z ( afoj

( ) I ©
—q 0

J =—=) 1|~ °G,.

M | ; ( OFE j "y

V crani piBHOBaru v; +vi =v?, a micis yce-

22 2
peaHeHHs no Kyrax v, =v, =v°/2. Jlns napa6o-
niuHoi aucnepeii m'v /2=E —E_,takmo i

B (69) MoxHa 3aminuTi Ha (E —E.) /m":

- Oy EE)E) (_%ij,

oF
Lo,
oE ) 7

BuxopucToByroun BUpasu Ui IPOEKIIiid BEeK-
Topa  (66), Mmaemo:

I (E-E)T(E)( 9,
ZZ . ( an[

%;%(_%}ﬂy +(¢°t Im")B.E. .
(71)

OcrarouHi BUpa3u s KOMIOHEHT T'YCTHHH CTPY-
MY OJIEP>KHMO JUIEHHSM NpaBux yacTuH (71) Ha

ng =i;fo(E)

3 OIHOYAaCHMM MHOKEHHSIM iX HA  , TOX Y KiH-
LIEBOMY Mi/ICyMKY 0a30Bi pIBHAHHS JJI CTPyMY
TaKi:

(70)

s (—;)Z(E—Ecgrw)(

(72)

J, =0E —ou,E B,
s sHu (73a)
J, =04k, +ogu,B.E,
abo x y matpuuHiil popmi
J o —ou,B. | E
J, +os 4y B, Os E,
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1 B BEKTOPHOMY 3aIuci
J=0E—ogu,| ExB]. (738)
[Ti3Hime Ham notpibeH Oyae 3anmuc piBHSAHD
(73) B iHACKCHUX MO3HAYCHHSX:

J, =2 0,(B)E,. (731)
j

Je iHAeKcH  Ta  TpoOiraroTh yci KOOpAMHATHI

oci x,y,z abo 1, 2, 3. Tenzop mpoBiAHOCTI o

nogamo Marpuiero 2 x 2 (736). 3amuc (73r) gacto

HABOJAThH 0€3 3HaYKa CyMHU:

J,=0,(B)E,, (731)
32 YMOBYYBaHHSIM BB)KAIOUH, 10 CyMa OepeThes
3a MOBTOPIOBAHUM 1HJIEKCOM.

Bupas (73B) 3anucano B BeKTOpHii ¢opmi. B
THICKCHHUX TIO3HAYCHHSIX TIEPETUIIIeMO HOTO K

J,=0sE —ozu,c, BE, , (73e)

ne € - cumbon Jlesi-UiBita, abo nepecTaHOBOY-
HUW OJUHUYHUMI TEH30D

1, sKmo{, j,k Bei pi3Hi if MepecTaBNAOTECA B IMKTIYHOMY OPAAKY,

€ =11, AKWO{, j,k BCI Pi3H if MePECTABIAOTHCA B ALIKIITHOMY IOPIKY,
0 B IHIINX BHIAIKAX.
VY Bupazax (73)
| o5 = nsqu (74)
1
qi{{t
M= alle)) ; ) (75)
m
0
. Z(E—EC)T(E)(—a@
{(z)=— . (76)

2 fy(E)

0 € TUM CaMUM, 10 i BHUpa3 (48).
XOoITBCbKY pyXJIUBICTh Y (73) BU3HAUAIOTh K

Hy = HTy (77)

Yyepe3 XOJUTIBChbKHI (PaKTOp, SIKKiA BiIirpae BaxIu-
BY POJIb Y XOJIJTIBCBKUX BUMIPIOBAHHSX,

v, = M 7
oy o

3 ) o,
DY (E-E)r (E)(—“)
()= -
2 So(E)

Bupasu (73) i € mykaHUMU BHpa3amu JJis
CTPyMY B IUIOCKOMY 3pa3Ky B IPUCYTHOCTI CJ1a0-
KOTO MarHiTHOTO IIOJIsI, HallPaBJICHOTO TEPIICH-
JUKYJISIPHO 710 MOBEPXHI 3pa3ka. 3 LUX BUPaA3iB
BUILIMBAE, 1110 32 BiJICYTHOCTI MarHiTHOTO TOJIs
EJIEKTPUYHE TI0JIe B HANIPSMKY X TIOPOKYE CTPYM
y TOMY K HaIlpSIMKY, a 3a HasiBHOCTI MarHiTHOTO
OJIs1, IEPIEHIUKYIISIPHOTO 10 MMOBEPXHi 3pa3Ka,
KOMIIOHEHTa CTPyMY 3 SIBJISIETHCS TAKOX 1 B Ha-
npsMKy y. TakuM 4MHOM, y IPHUCYTHOCTI Mar-
HITHOTO TIOJISl MIPOBiIHICTH HaOyBae TEH30PHOTO
XapaxTepy.

AHaJIOTIYHUM YMHOM MOYKHAa OTPUMaTH BHpa-
3u s Koedinienta 3eedeka 1 UIsl eIeKTPOHHOT
TEIUIONPOBIAHOCTI, 1 00KIBA 1l TepMiYHI Koedi-
I[IEHTH TAKOX MArOTh TEH30pHMUM BUIIIAA [14, 19].

3poOuMoO 1Ie OIHE 3ayBaKCHHS IIOIO XOJI-
JiBcpKOro (hakropa y BUNMajaky 2D nmpoBiIHUKIB,
y SIKHX MOYHa 3aCTOCYBaTH CTEIEHEBY alpoK-
cuMairito (45). Ham nmotpi6Ho obuucnutu (79).
OckinbKu

(79)

ﬂ) N (80)

kT

TO Tipu oOuucneHHi (79) pe3ynbTaT BUABUTHCS
Takuii caMui, sik 1 (51), TUIbKH 3 3aMiHOIO MTOKa3-
HUKA CTETICHI Ha !

T (E)= rj(

<<r2>> = T(25+2), (81)
[Tpu 11bOMy MU BBaXKaJIH, IO HIIETHCS PO HE-
BUPOJDKCHUH HAIIBIPOBITHHK.
Tenep xomniBebkuid haxtop (78)

() _ res+2 ©

[Ts+2)]

Ty <<T>>2

Ockipky 1py po3cisiHHL B 2D npoBiaHUKY Ha
aKyCTHYHUX (DOHOHAX 1 Ha 3apSHKEHUX JOMIIITKaX
MOKA3HUK CTETEHI B 3aKOHI po3CisHHS (45) 3Mmi-
HIO€ThCS B Mexkax Big 0 1o 1, To XOJUIIBCHKHI
(haxtop 3miHtoeThes Bia 1 1o 1.5. [Ipu BukoHaHH1
XOJUTIBCBKMX BUMIpIOBaHb (Di3WYHUN MEXaHI13M
pO3CitOBaHHS B 3pa3Ky 3a3BHYail HEBIJIOMUH, 1

15
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XOJUTIBCHKUHM (PaKTOP MOKIJIAJAIOTh . Coin,
OJHAK, I1aM’SITaTH, [0 TAKUH I1AX1J] BHOCUTH He-
BH3HAYCHICTh Y PE3yJIbTaTH BUMiPIOBaHb.

3. YacToTHi Me:Ki 1)1 rpad)eHoBOro NnoJbo-
BOI'0 TPaH3HCTOPA

Bopnouac icHye mupoxe Koyo 3ajad, e 3a-
crocyBanHs mozeni JIJIJI mae icToTHi mepeBaru
nepen po3s’a3yBaHHAM KPb «nanpsmy». Jlo Hux
HaJISKUTh 3aJ1a4a MPO YacTOTHI MeX1 I Tpade-
HOBOTO TMMOJBOBOTO TPAH3UCTOPa. AKTyallbHUM
TEXHOJIOTIYHUM 3aBJIaHHSM € HE TUTbKU 3MEHIIICH-
HS Oropy Tpad)eHOBOTO KaHAITY, ajie i ITiIBUIIICH-
HSl 4aCTOTHU POOOTH TpadeHOBUX MOJLOBUX TPaH-
3UCTOPIB [5]. 3MEHIIEHHS TOBKUHU KaHAIY 10
10 #m 103BONMIIO HA LIEW YAC €KCIIEPUMEHTAIBHO
JOCSITTH TEPareplioBOro Jiana3zoHy 4acToT (JIUB.
[20] i mocunanus B Hii). OTxe, i TyT rpadeH Bu-
ABJI€ YHIKaJIbHI BIACTUBOCTI — aJike mpoliema
CTBOpEHHS €()EeKTUBHUX MPUCTPOIB AJIs1 BAIKIIMBO-
T'0O TEParepIioBOro Aiana3ony, SKUH JIEKUTh ITOMIXK
JIaBHO OCBOEHMMH ONTHUYHUM 1 pajiojiana3oHa-
MH, JI0C1 HE BHpillleHa A0 KiHIA. ToMy Ba)KIIMBO
OIL[IHUTHU TEOPETUYHI MEXI1 Il 9aCTOTU pOOOTH
rpad)€HOBOTO MOIBOBOTO TPAH3UCTOPA.

PosrnsineMo enexTpuyHe KOJo, 10 BKIII0Ya€e
rpadeHOBHI PE3UCTOpP, 0 SIKOTO MPHUKIATCHO
3MIHHY HaIpyry. 3BepHIMO yBary, 1o B OuIb1I10C-
Ti 3a71a4 rpad)eHOBOI (Hi3MKH ITiT BOJIBT-aMIIEPHOIO
XapaKTEPUCTUKOIO PO3YMIIOTh 3aJI€KHICTh CTPYMY
B rpa)eHOBOMY KaHaJjl BiJ HaIpyrd Ha 3aTBOPI,
3MIHOIO SIKOT 3a0€31eUyEThCS «JIETYBaHH» rpade-
HY €JIeKTpOHaMHu, a00 k Aipkamu. OfHaK y IbOMY
BUMAJIKy MH BBa)Ka€MO, 1110 3aTBOP 3a3€MJICHO.

SAx Oyno mokaszaHo B [21] B HaOmmkeHH1 c1a0-
koro curHaiy, KPb nms rpadenoro kanamy moxe
Oyt hopManbHO TIEPETTHCAHO SK:
ol  Au

)

L—= (83)
o q
JIe CTyM Y peXUMi KBa3ipiBHOBaXHOTO OasicTHY-
HOTO TPAHCIIOPTY MPOHOPLIHHUHN PI3HULI XIMIIO-
TEHI[IaiB HAa KOHTaKTax 1 cepeTHbOMY 3Ha-
YEHHIO YKCJIa MOJT TIPOBITHOCTI <M > B OKOJIi piB-
HOB2)KHOTO 3HAYEHHSI IOTEHITIATY B €HEPreTUIHIN

cMy31 nopsiaky k7 :

(84)

16

VY (83) BHacHigok ¢popManbHUX 3A1HCHEHUX
HaJ piBHSIHHAM bonbpuMana y [21] nepeTBopeHb
BBEJICHO KIHETHYHY 1HYKTUBHICTb L:

1 2¢°(M)
= )

ne [ — noxuHa rpadenoBoro kanany. Lleit Bupas
JI03BOJISIE TPAKTYBaTH BEJIMYUHY L, 110 B CUCTEMI
CI mae BuMipHICTb [/ enpi], IK IHAYKTUBHICTb, 1110
Mae€, OJHAaK, HE €JIEKTPOMArHiTHY, a KIHETUUHY
MpHUPOLY, 00 BUILIMBAE 3 ATBTEPHATUBHOTO TIPS/~
craBinenns KPb nis me3ockomiuHoi cucremu [22].

3 iHmoro 60Ky, cymapHuii 3apsia rpadeHOBOTO
KaHaJly  MOJKHa 3amucatu [21] micns miacymo-
BYBaHHS 32 BCIMa €JIEKTPOHHUMH CTaHAMH Yepe3
CIiBBITHOIIICHHS

(85)

o4

Ap

1ie Tak camo (OpMajabHO BBEICHO KBAHTOBY €M-
HICTH

; (86)

2¢* (M)l

hv,

C= (87)

Bupasu (83), (86) naroth miacraBy 300pazutu
€KBIBaJICHTY CXeMy Tpa()eHOBOTO KaHAITy TaK, SIK
11e TIOKa3aHo Ha puc.2, a Bupasu (85), (87) narots
3HAUEHHS KIHETMYHOI 1HIYKTUBHOCTI i KBAHTOBOI
€MHOCTI.

Re¢ R¢

R L
i "
II{?

(=)

/

Puc. 2. ExBiBajienTHa cxeMa /151 rpageHoBOro npo-

BiqHOrO KaHaay [21]. R — omiuHuii onmip kanasmy,

R — xoHTakTHI omopu, C — KBAaHTOBA €MHICTh,
L — kineTH4HA iHAYKTHBHICTb.

IMIieiance eeKTpUYHOro Koa, 300pakeHoro Ha
pHC. 2, ONIUCYETHCS BITOMUM BHPA30M:

2 2
7 2R +R(1 o’ LC)+w RLC+

l_a)L(l—a)zLC)—aJch
‘" (1-a’LC)* +(wRC)’

(1-@’LC)* +(wRC)*

(88)



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 1

Jns o = 0 Bupas (88) npuBOIUTH 10 TPUBiaJIb-
HOTO pe3ysbTary:

(89)

31 3pOCTaHHSM YacTOTH MPHKJIAZEHOT 3MIHHOT
HANpyTy Ha 4acToTi  , Jie ysiBHA yacThHA (88)
POOUTHCS PIBHOKO HYJIEBI 1 OIIp KOJa MaKCHUMaJlb-
HUH, criocTepiratTuMeTses pe3oHaHc. g yacrora
BHU3HAYA€ETHCA SIK:

R*C 1

o, =,1- ;@ =——.
r 0 0 \/L_

7 (90)

OuiHMMO 4acToTH, 5Kl nependayaroTbCs BU-
pazom (90). lns BHCOKOSIKICHOTO TrpaeHOBOTO
pesuctopa Jlanmayepa, ne Mae Micrie OamiCTHYHMIA
PEXKUM 1 €JIEKTPOH MPOXOAUTH MK KOHTAKTaMH
0e3 po3CisHHS, v§> ~ V2 . 3Bincu 3 (90) 3 ypaxy-
BaHHsIM (85), (87) maemo:

o ~ VY l=v, /1.

Lleit iHTYITUBHO OYIKYBaHHI BUpa3 MPU3BOAUTH
JI0 TepareprioBoi 4acTOTH sl rpa)eHOBOTO KaHa-
JIy MIKPOHHOT TOBXKHHH, L0 Y3TOKYEThCA 32 T10-
PsAKOM BeJIMYMH 3 pesyabratamu [20]. OqHak s
noBroro BupoieHoro Mmerogom CVD rpadenoso-
ro KaHaiy, € pyX eJIeKTpoHa Mae Audy3iiHuil

XapakTep, a 1/<v§> ~uEg,, ne u — pyxiusicTh

o1

eJIEKTpOHa, a E ;) — ycepenHeHe B 4aci eneKTpuy-

He TI0JIe MiX KOHTAKTaMH, ULt Tosist E D~ 10° B/m
1 st pyxamBocrti i ~ 10000 cm?/B-c (110 € THIo-
BHUM 3HaU€HHSM JJIs HE HaATO ockoHanoro CVD
rpadeHny, e HOcli, 30KpeMa, pO3CIIOIThCA 1 Ha
MeXXax JBOBUMIPHUX KPUCTANITIB) 4aCTOTA MaTH-
Me TOPSIIOK MerarepiliB. [is 1e MEeHIIHX MMoIiB 1
MEHIINX 3HaY€Hb PYXJIUBOCTI JIETKO OTpUMATH U
KUJIOTepIIOBl YacTOTH. TakuM YWHOM, BapilOrOUU
JOBXHMHY KaHaly (Bil COTEHb MIKpPOHIB 10 Mifi-
MeTpiB) 1 pyxJuBICTh (y XapakrepHomy st CVD
rpadeny inrepsaii 1000 — 10000 cm?/B-c), MoxxHa
crioAiBaTucs oTpuMaTh e€(eKTUBHI QIIbTPU IS
BIJIMOB1THOTO YaCTOTHOTO JTialla30Hy.
Haronocimo: nepeiioBiuu TyT (opMaIbHO Bij
KPb no moxmemi JIAJI, Mu 3Benu nyxke CKIQJIHY
3a71a49y 10 IPOCTOI paJIOTEXHIYHOT CXeMHU, sSKa
JI03BOJIMIIA 3pOOUTH IPaBUIIbHI 32 MOPSIIKAMHU
BEJIMYMH OIIHKH JIJIsl YACTOTHUX MEX pOOOTH Tpa-

(heHOBOTO MOTBLOBOTO TpaH3ucTtopa. HatoMmicTh
po3B’sizanHs KPb «nanpsimy» Hapasunocs 0 TyT
Ha 3HAYH1 00YHMCITIOBAIBbHI TPYAHOIII 1 MOTJIO O
MIPUBECTH JI0 BEIMKHUX TTOXHOOK.

4. BUCHOBKHU

3a BiacyTHocTi MarHiTHOro nosst 1 KPbB 1 tpan-
crioptHa mojaenb JIJIJI mpuBoAsSTE 10 OJTHAKOBUX
pe3yabTariB JUIs MPOBIIHUKIB, SKi MPALIOIOTh Y
KBa31piBHOBaXXHOMY udy3iiiHOMY pexumi. Mo-
nenb JIJIJI mpuBaGmioe TuM, 110 BoHA (i3UYHO
MpO30pa, a TAKOXK TUM, 1110 TPAHCIIOPT Y OasTicTHd-
HOMY ¥ KBa310a1iCTUYHOMY pEXHMax OMHUCYEThCS
TaK caMo MPOCTO, K 1 TPaHCTIOPT Y AU(y3iHHOMY
pexumi. Jlyxe BaxIIMBO, IO TPAHCIIOPTHA MO-
nenb JIJIJI He nepenbayae HasiBHOCTI EPIOAUYHOL
KPUCTAIIIYHOT CTPYKTYPH Marepiaiay MpoBiTHUKA
(110 € 000B’SI3KOBOIO0 YMOBOIO JJISl 3aCTOCYBAHHS
KPbB — ajixe TUIbKH 32 TAKUX YMOB MOXKEMO 3allH-
catu piBHSHHA (1), Ik MICTUTB y NpaBii YaCTUHI
TUIBKU 30BHILIHIO CHITY 0€3 ypaxyBaHHsS aTOMHOTO
norexuiany). Tomy monens JIJJI ycniniHo 3a-
CTOCOBYETHCS 10 aMOP(HHX, MOTIKPUCTATIIHUX 1
HAaHOKOMIIO3UTHUX MarepuaiiB. HaromicTs nepe-
Baroto KPb € MOXIMBICTh ONUCY aHI30TPOITHOTO
TPAHCIOPTY ¥ TPAaHCHIOPTY B MAarHITHOMY TOJIi.
Kpim Toro, KPb no3Bossie onucyBaru TpaHCnopT
IIpY 3HAYHOMY BIJXWJIEHHI BiJl CTaHy piBHOBAard,
JTAJICKO BiJI KBa31piBHOBKHUX YMOB.

Ha 3aBepuieHHs HaroiociMo: CTarTs € Ha-
ciiakoM mpociayxoByBanHsa ogHuM 3 Hac (KOOK)
kypciB nekmi «Near-Equilibrium Transport:
Fundamentals and Applications», npounTanux
on-naiiH B 2011 poui npod. Mapxom Jlynactpo-
Mom (Mark Lundstrom), a Takox «Fundamentals
of Nanoelectronics, Part I: Basic Conceptsy, mpo-
yuTaHux oH-jaiH B 2012 1 2015 pokax mpod.
Cympiiio Jlarta (Supriyo Datta) [12] B pamkax
imimiatuBu Purdue University / nanoHUB-U
[www.nanohub.org/u]. B Hiil Takox BUKOpHCTa-
HO HaIlpaIfOBaHHS aBTOPCHKOTO Kypcy «Di3uka
KOHJICHCOBAHOTO CEPEOBUINAY, SIKUHM IHIINN aB-
top (MBC) ynpomoBx 0CTaHHIX POKIB YUTAE IS
MaricTpiB GakyabTeTy paaiodi3uKku, eIeKTPOHIKN
1 KoMIT oTepHHUX cucTeM KHUIBCHKOTO HalliOHAb-
Horo yHiBepcurety imMeH1 T.I.11leBuenka.

Asropi mupo Basuni H. FO. Kpyrmsik 3a momo-
Mory B poOOTi HaJl CTaTTeIO 1 B MiATOTOBLI 11 10
APYKY.
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Summary

In a tutorial article directed to serve researchers, university teachers and students, we study
Boltzmann kinetic equation (BKE), which in its application to nanoelectronics serves to solve the same
problems as the generalized Landauer-Datta-Lundstrom (LDL) transport model does. For some prob-
lems BKE formalism is preferable, for the other — LDL model is. Under correct performance of calcu-
lations the two approaches leads to similar results. In this article we answer the following questions:
how to compose the equation for distribution function f(7,k,t) as a solution of BKE beyond equilib-
rium, how to solve this equation for the linear response regime, how to compare the obtained results
with those, which can be obtained within LDL model for diffusive transport regime, how to take into
consideration the external magnetic field and its effect on electron transport.

We formulate BKE in the approximation of relaxation time (RT) and search for its solution in the
dynamic equilibrium regime. Than we calculate the transport coefficients. We consider the calcula-
tion of the surface concentration of electrons in 2D resistor as an example. The solution for BKE in
quasi-equilibrium regime within RT approximation is the expression, well known for LDL model. We
also demonstrate that BKE within RT approximation leads to the same expressions for Seebeck coef-
ficient and electron thermo-conductivity, as LDL transport model does. The LDL model advantage is
its physical transparency and the fact that it enables to consider quasi-ballistic and ballistic transport
regimes as simply, as the diffusive one. On the other hand, BKE formalism should be used for studies
of the anisotropic transport.

Keywords: nanophysics, nanoelectronics, Boltzmann equation, relaxation time, surface conductiv-
ity, Hall effect, Hall mobility, Hall factor
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Pedepar

VY MeToauuHii CTaTTi, po3paxoBaHiii Ha HAYKOBIIIB, BUKJIAJa4uiB Ta CTYJICHTIB BUIIOI IITKOJIHU, PO3-
DIAgaeThes KineTnuHe piBHAHHS bonbiimana (KPB), sike B 3acTocyBaHH1 10 HAHOEJIEKTPOHIKH PO3B’SI3y€
Ti K 3aBJIaHHs, IO ¥ y3arajdbHEeHa TpaHCIopTHa Moaenb Jlanmgayepa — Jlarra — Jlyaacrpoma (JIJIJT).
Jns omaux 3amad kpamie BukopuctoByBatu KPb, a misa npyrux — monens JIJIJ1. 3a mpaBmiibHOTO BU-
KOHaHHsl 00YUCIIIOBATILHUX MPOLEAYP 00M/IBA MIAXOIU JAI0Th OJIHUH 1 TOW caMUil pe3ysbrar. Y ik
CTaTTi AaHO BIAMOBIAb HAa TaKi MUTAHHSA: K CKJIACTH PIBHAHHA UId QyHKIIT posnominy f(7,k,t) sk
po3B’s3ky KPb 3a mexxamu piBHOBaru, sik po3B’si3aTH i€ PIBHSHHS B PEXHUMI JIHIHOTO BIATYKY, SIK
31CTaBUTH OTPUMaHI TAKUM YHHOM PE3YyNIbTaTH 3 TUMH, K1 MOxHa oTpumatu B mojeni JIJUJI B qudy-
31HHOMY pEXHMI TPAHCTIOPTY, SIK BpaxyBaTy 30BHIIIHE MAarHiTHE 1OJIE 1 1Oro BIUTUB HA €JIEKTPOHHUI
TPAHCITIOPT.

Mu popmymoemo KPb B HabnuxenHi yacy penakcariii (UP) i urykaemo #oro po3B’si30K y pexumi
JUHAMIYHOI piBHOBaru. I1oTiM po3paxoByeMo TpaHCIOPTHI Koe(ilieHTH. SIK IpUKIaa po3nIsIaeMo
00UKCIIeHHS] TOBEPXHEBOI KOHIEHTpaLli elIeKTpoHiB y 2D npoBigHUKyY. Pe3ynbsratoM po3B’si3yBaHHS
KPBb B kBa3zipiBHOBaskHOMY pexumi B HabmmkeHH1 UP, abo, 1o Te came, B nudy3iiHOMY HaOMUKEHHI,
JUTSI TIOBEPXHEBOI MPOBITHOCTI cTae 3BuuaiHuii 1y moxeni JIJIJT Bupas. [lokazano Takox, mo KPb
y HabmmwkenHi YP mae Ti & cami Bupasu s koedimieHTa 3ee0eka i 1711 eNeKTPOHHOT TETUIONPOBII-
HOCTI, mo ¥ TpancnopTHa Moxaenb JIJIJI. ITepeBara moneni JIJIJI B ii ¢i3udHiil Mpo30pocCTi, a TaKOXK
y TOMY, 1110 BOHA JI03BOJISIE€ PO3MIIAAATH KBa310aNiCTUYHUHN 1 OaiCTUUHUIN PEKUMHU TPAHCIIOPTY TaK
caMmo MpocTo, SK 1 nudy3iiiHuil pexxum. 3 npyroro 6oky, 6e3 KPb He moxxHa 06iiiTHCs npu BUBYEHHI
aHI30TPOMHOTO TPAHCIIOPTY.

Kuarouosi ciioBa: Hanogizuka, HaHOeNIEKTpOHiKa, piBHAHHS bonbliMaHa, yac penakcarii, moBepx-
HeBa MPOBIIHICTH, eekT XoIia, XOIIBChbKa PYXJIUBICTh, XOJTIBCHKUNA (hakTop
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LIGHT ABSORPTION of SMALL CdS QUANTUM DOTS

V. I Boichuk, R. Ya. Leshko, D. S. Karpyn

Abstract. The energy of interface states was obtained which is caused by the polarization charges at
the interfaces. This energy was compared with the energy of electron internal states for CdS quantum
dot sizes 1,2-2 nm. The interlevel absorption coefficient versus an electromagnetic wave frequency
was defined.

Keywords: polarization trap, quantum dot, surface states

IOIYINHAHHS CBITJIA MAJIMMU KBAHTOBUMHU TOYKAMMU CdS

B. I Boiiuyk, P. A. Jlewxo, /]. C. Kapnun

AHoTanis. BusHaueHO eHeprito NOBEPXHEBHUX CTaHIB, 1110 3yMOBIICHI TOISAPU3AMIMHUMHI 3apsIaMH,

SIK1 BAHMKAIOTh Ha rerepoMexax. [IpoBeieHo OpIBHSAHHS OTPUMAaHUX €HEPTiil 3 EHEPrisiMU BHYTPIIIHIX
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CTaHIB €JIEKTPOHA JJIs1 KBaHTOBOI Touku CdS po3mipamu 1,2-2 aM. O6uncieno koedinieHT NorIMHaH-
HSl CBITJIA, 1110 3yMOBJICHUN MIXXPIBHEBUMHU MEPEXOaMHU JUIsl PI3HUX YaCTOT €JIEKTPOMArHiTHOI XBUIIL.
KurouoBi ciioBa: nonspusaiiiina nacTka, KBaHTOBa TOUYKa, IOBEPXHEBI CTAHU

IHOIVYIOINHUE CBETA MAJIBIMUA KBAHTOBbBIMHU TOYKAMM CdS

B. U. boriuyk, P. A. Jlewiko, /]. C. Kapnvin

AHHoTanms. OnpeaeneHo 3HEPruio MOBEPXHOCTHBIX COCTOSTHUM, 00yCIIOBIEHHBIX MOJSAPU3ALIU-
OHHBIMU 3apsilaMH, KOTOpbI€ BO3HUKAIOT Ha reTeporpanuiax [IpoBeneHo cpaBHEHME MMOJIYYEHHBIX
SHEPTUM € IHEPTrUIMH BHYTPEHHHUX COCTOSIHUM AJIEKTPOHA JUIsl KBaHTOBOM Touku CdS pazmepamu
1,2-2 uM. Beruncneno ko3dduiueHT noriomenus csera, 00yCciIoBICHHbBIH MEKYpPOBHEBBIMU Tiepe-
XOJIaMU JJISl PA3JINYHBIX YACTOT 3JIEKTPOMArHUTHOM BOJIHBI.

KuroueBble ciioBa: nonspuzanvoHHast JOBYIIKa, KBAHTOBAs! TOUKA, TIOBEPXHOCTHBIE COCTOSHUS

INTRODUCTION

Already several decades physics of quasize-
rodimension semiconductor clusters (nanocrys-
tals, quantum dots) caused evident interest of
researches [1-2]. Low dimension of the system
evokes a number of interesting changes of physi-
cal characteristics of crystals. Among their number
properties one can obtain discrete structure of the
electron, hole and exciton energy spectrum. The
main condition must be true — nanocrystal size is
smaller then radius of Wannier-Mott exciton in
volume crystals [2-5]. During investigation quasi-
particle energy levels, spectroscopy methods play
the important role. Modern detail researches con-
firm existence in nanocrystals the strength quan-
tum restriction particle regime.

In this study significant place had led by het-
erostructures with CdS quantum dots (QDs). Such
QDs will be able become by the substitute of or-
ganic substance in the biologic sensors and other
optical electronic devices. Therefore the last years
many researchers had paid attention to elaborate
of the new technology of production higth-quality
and stable CdS QD in the solid state and polymer
matrix.

Many works [4-14] had devoted to investi-
gation of CdS nanocrystal’s photoluminescence
properties. It was shown, that CdS QDs in polymer
matrix contain own defects of two types. It caused
of red and green region luminescence. It was de-
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termined that defects Cd V-V are reason of the
existence mentioned optic strips as in bulk CdS
crystals. The analyses of experimental data shows,
that physical nature of the matrix do not influence
to type of radiation centers in DQ [15,16]. But it
was shown, that matrix plays significant role in the
proses of luminescence stimulating. Specifically,
the gelatin presence much increase intensity of the
red luminescence.

The heretosystem interfaces play important
role for optic properties of QD’s system. The size
diminishing QD accompany increasing role of the
surfaces for absorption and luminescence spectra.
In majority physical situation, red part of the ra-
diation spectrum is not caused by the interband
transition, but caused by electrons transition with
surface traps participation [14].

In majority works for QD luminescence phe-
nomenon had indicated various causes of the sur-
face states rize. Among their number it was con-
sidered broken the electronic couplings and pres-
ence of an absorbed atoms in the systems [11-12].
Other reason surface states rise is the interaction
charged particles and coupling surface charges on
the heterostructure interfaces [17-18]. The physi-
cal condition of the display this states are studied
less.

In present paper we study CdS/SiO, hetero-
structure with spherical QDs. Interface states en-
ergy was calculated. Models of abrupt and fluent
coordinate changes of a dielectric permittivity
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near surface of QD was considered. The role of
interface states on interlevel absorption coefficient
was studied.

I. POTENTIAL ENERGY OF THE
CHARGED PARTICLE IN QD/MATRIX
HETEROSYSTEM

Let us consider heterosystem which is consist-
ing dielectric or semiconductor matrix witch con-
tains spherical QDs. Every charged particle is
characterized by own effective mass in each me-
dium ( ). The mediums are described by
own dielectric permittivity ( ).

Modern technology enables to obtain sufficient
quality of semiconductor and dielectric nanohet-
erostructures. In reality, it is difficult to create a
heterogeneous system with sharp variable of all
physical parameters at the interface, where par-
ticle’s coordinate » = a, (a is QD radius). There
is always a transitional layer in with a particular
physical parameter (particle’s effective mass, di-
electric constant) varies from its value in some
crystal to the corresponding value in other crystal.

1. Heterosystem with sharp variable of the
dielectric permittivity at the interface
We simplify model by assuming that in the
point r=a dielectric permittivity is abruptly varied.
That is
e(r)=56(a-r)+e,0(r—a), r>a, (1)
where 0(x) is Heaviside function. It can be found
potential in the system QD/matrix if one solves
Poisson and Laplace equations as in [15]:
o (7,7 ) r<a,
CI>(f,fo)={ o) )

@2(7,770), r>a,

where are the radius-vectors of an arbitrary
point in the space and the particle, respectively.
We know that bonded charges arise at the inter-
faces of the nonhomogeneous environment. A sur-
face density of this charges we can obtain after use
of the polarization boundary condition:

oc=P —P, =L 5‘131(17,;70)_6(1)2(7,,70)
2n 8;» ar

r=a

3)

The potential energy of g=1 charge with inter-
act with surface bound charges arising from the
existence of the same charge is determined by
the formula [15]:

2
1 ¢-¢| d ¢ £ € r
— L+ LR L1 | |} r<q,
2ag, g, +e,|a -1 & | &+& & +¢, a

P 2 5
1 ¢-¢| & (a € P a)
— 2 || F|L—=—=——+L| =] |}, r<a,
2ag, g, +¢&,|a -1 \r & te, € t¢,
4

where F' — hypergeometric function. Analysis of
(4) shows that for the small particle distance to the
interface the first term is foundation in both situa-
tion: if 7<a or r>a. In addition the function Vp(r)
includes a nonphysical discontinuity in the point
r=a. If inequality € > €, is true, then potential Vp(r)
represents by the function as in figl. Otherwise, a
coordinate dependence of the potential changes. It
will be characterize by the opposite sign.

2. Heterosystem with smooth variable of the
dielectric permittivity at the interface

Let at the interface exist the transitional layer
where dielectric permittivity changes from its sig-
nificance in the QD to corresponding matrix value.
In this case one may respect the calculation of
[16] and obtain the potential energy of interac-
tion the charge particle and polarization charges

as follows:
L L

. th(r"L
V(r)z 4 J-dro

P 4¢(r)} 2y )
&(r) )
£ +¢&, r—a
e(r)= 2{1 - ;/th( 7 H, (6)
y=5"% (7)
& t+é&,

L is not transition layer width. L is a parameter
which defining transition layer width. Based on
the formula (5) the analysis shows that the width
of the transitional layer is near crystal constant a,,
when L~ a /4. In fig 1, 2 the potential V(r) based
on the expression (4) and (5) are shown as func-
tion of coordinate . Potential (4) has discontinuity
at the interface, that is why we used only potential

(5).
23
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Fig.1. Potential (4) for different QD radii.

I1. Schrodinger equation of the charged par-
ticle (electron) in the heterosystem

We consider the electron of CdS spherical QD
in the matrix Si0,. We use the same parameters as
in [15] (Table 1). We write the Hamiltonian of the
system using Hartree units (m, = 1, h =1, e=1):

A 1 1
H=—-V——V+Ulr)+V (r),
SV U0, )

where confinement potential is

Ulr)- {0’

(8)

r<a,

9)

U,, r>a,

and the potential energy V.(r) expressed by (5).
Taking into account the view of total potential en-
ergy (U(r)+ Vp(r)) as the function of the coordinate
r it can be assumed that the charge can be local-
ized both in the middle and outside of the QD.
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Table 1.
Crystals parameters
m’/mg e | Ugp, eV
CdS 0.2 5.5 0
SiO; 0.42 2.1 2.7

It is opportunity to do analysis of the SE for the
model with potentials (5). We take into account
that in this problem potential (5) is the small per-
turbation. In zero approximation the solution of
the SE can be write [16] as

lf//e;n,l,m (’7:3 ) = Re;n,l (re )Yl,m (Qe ) =

. An,l jl(kn,lre /a)’ re <a
- B, kl(xn,lre /a), r,>a

(10)

x )/l,m (Qe)’



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 1

where

* *
kn,l =a \j 2melEe;n,l s xn,l = a\/zmeZ (UO _Ee;n,l )’

and j(x), k(x) are spherical Bessel functions. The
electron energy we found from the boundary con-
ditions (non discontinuity of the wave functions
and probability density flux on the QD surface).
In this approach the electron even in ground state
with a certain probability can penetrable from QD
into the matrix because the wave function “tail”
is not equal zero in the matrix space due to finite
particle confinement. Electron energy we found
after the perturbation theory:

E, =E,, +{niV,|nl) . (11)
0.4r :
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First of all, we have been calculated all pos-
sible energies levels in the QD without taking into
account (5). We find out, that in the range of QD
radius a € (12 A, 21 A), there are two s-states. That
1s why we assume, that 3s-state may be in the po-
larization trap. If it exists, then we can say, that it
is caused only by the surface. Also there are other
states (beside s-states) in the QD for QD radius a
e (12 A, 21 A).

Therefore, if the electron is outside of the QD
(in polarization trap) it also solved variational
problem. In this case trial function s-type we chose
in the form

()= D= Ar i - 4 )exp[_ ﬂ(g - 1) }
(12)
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Fig.2. Potential (5) for different QD radii.

Choosing the wave function in the form (12)
provides the wave function decreasing versus
distance from a boundary of the QD in both on
direction (a bound interface state of the electron).
Constants 4, 4,, D can be found from orthogonal
conditions and normalization condition:

(we(7)

(wes(7)

l//e;ZOO(l_/'; )> =0

(wesool®) ,
(13)

l)[/e;IOO(l_/'; )> =0,

)=1.

Y

out
We;}OO(

Minimizing a corresponding functional we got elec-
tron energy and wave function of the bound interface
3s-state. Since we calculated s-state, (12) will be or-
thogonal to other types states such as p-, d-, and so on.

We perform calculation in the QD range
(12 A —21 A). Smaller QD radii we do not consider,
because the effective mass approximation in this range
cannot be used. Bigger QD radii require to modify (12),
because there appears 3s-state (not associated with
polarization trap).
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Therefore, in the QD range (12 A —21 A) we
have only two (1s-, 2s-) states, with associated
with QD well (9). Higher energy, which was cal-
culated by the use (12) associated with polariza-
tion trap only. Also we consider two parameters
L (a/4, ay/2).

In fig.3 it can see the dependence of the elec-
tron energy as a function of the radius QD for
the inside and outside problems. As seen in fig.3,
energy of interface state depends on QD radius
very weak. If QD radius reduce, this energy lever
grows up due to reducing well depth (5). The rea-
son of grows up 1s-, 2s- and 1p-states is quantum
localization of the electron.

E3s(L=a0/2)

Ess(L=ay/4)

E1s

13 14 15 16 17 18 19 20

Fig. 3. Electron energy in the QD. Energies E, (in-
terface energy) were calculated by using (12) with
two different parameters L.

To estimate obtained results we also approxi-
mate y(r)+ Vp(r) by the rectangular quantum
wells and barriers as shown in the fig.4. In every
region we got exact solution of Schrodinger equa-
tion, like in [20] with account different energies
regions in potential wells and barriers. Using the
parameters from table 1 and fig.4, we perform
calculation s-states. We found, that
E =0.32218 €V, E, =1.31293 ¢V, E, = 2.69797 V.
Also we plotted probability density for electron in
the 3s-state with account our variational function
(12) and exact solution of rectangular well and
barriers (fig.5). The graphics show, that both wave
functions provides localization of the particle in
the polarization trap in the 3s-state.
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Fig. 4. Total potential energy and approximate poten-
tial energy (rectangular potential wells and barriers).
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Fig. 5. Probability density of electron it the QD
heterosystem. (a) — by the use approximation of rect-
angular wells and barriers; (b) — by the use (12).
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III. INTERLEVEL TRANSITION AND
LIGHT ABSORPTION OF THE HETERO-
SYSTEM

Let the heterosystem is irradiated by the lin-
early polarized light along z direction. Then in the
dipole approximation the interlevel transitions are
possible between states where A/=+1 and Am=0.
For the QD radius 20 A (exciton radius CdS is
equal 16,9 A) we calculate the energy levels and
show the all possible transitions in the fig 6. In this
case it is possible 3 transitions which can caused
the absorption of the electromagnetic light. There-
fore, the density matrix and iterative procedure
were applied to derive the absorption coefficient
[19]. In this approach the linear absorption coef-
ficient can be expressed as

2
_ Nid,,| T
() “Veoe (£, —E, —ha) +(ar) " (14

where ¢ is electric constant, p, is magnetic con-
stant, Al is the scattering rate caused by the elec-
tron-phonon interaction and some other factors
of scattering. If T=4 K and AI limits to zero, one
can obtain:

2
a, (@)= lim| o £o N|d’"" ) =
" >0\ g, (E, — E, —ho) +(AD)

(15)
—or [HoN .,
\ &8

N =3-10'"° cm?3 is carrier concentration.

'S(E,-E, —ho).

2.5 3S (surface)

0.0 -
a=204

Fig.6. Quantum transitions in the heterosystem.
Average radius of the QD is 20 A.

In practice, the QDs sets are obtained which are
located in crystal and polymer matrix. Whatever
method of cultivation is not used, the set of QDs
are always characterized by the size dispersion.
Let the QD size distribution is approximated by
the Gauss function:

J : (16)

—\2
exp(_ (a—a)
where a is the QD radius (variable), s is half-width
of the distribution (16), which is expressed by the
average radius a and the value ¢ which is consid-
ered as the variance in the QD sizes expressed in
the percent: s =a o /100. By regarding of the QD
dispersion (16) the absorption coefficient had been
obtained for the QDs set

_ 1
gls.@.a)= 27

*S(E, (a) -

am n;system (0)) = a)ﬂ-\//JONJ. g(S, 67, a)|dmn
” &€

—E, (a)-hw)da . (17)

After using delta-function properties it has been
obtained:

22)(

i

e (@) = m\/”"N [e(s.a,a)d,,
w &y€
5(“ - aoz)

y da,
S (E, (@)~ E, (a)— hw)1
da

X

a=day;

where a  are simple zeros of the function
F(a)= (En (a)-E, (a)- ha)) Therefore,

_ 2
Ay rssoon (a)) — wr Hy NZ ‘ g(s,a, aOi)‘dmn (am }

£f 5 %(Exa)fEm(a)fhwﬁ
(18)

The dependence of the absorption coefficient
on the energy quant of light for the QD average
radius and dispersion 6=3% was plotted by the use
expression (18) and L=a /2. Fig.7 shows coeffi-
cients of light absorption for all possible transition
cases (Fig.6). The graphics shows thin absorption
bands. Also we indicate, that absorption band from
Ip-state to 3s-state (surface state) is smaller than
other possible. It caused by the large transition
energy and small dipole momentum. Also we can
signify that this transition will effect on the pho-
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toluminescence spectra which will be studied in
our next works.

14

1s=1p
12
10}
TE
81
- 1p-=>2s
=)
x 6
o
41
of 1p-3s(surface)
8 0 05 1.0 1.5 2.0

Fig.7. Light absorption coefficient of the heterosys-
tem. Average radius of the QD is 20 A, 6=3%.
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LIGHT ABSORPTION of SMALL CdS QUANTUM DOTS
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Summary

The aim of article is to analyze the conditions of the interface states arise which caused by the po-
larization trap, and determine the impact of these conditions on the light absorption. Therefore, it was
determined the energy of interface states caused by polarization charges arising on heteroboundaries.
For calculations we took into account two models: the transition layer on the interface and his absence.
In both cases, we shown that polarization traps exist, which can capture the electrons in the case of
the small size of quantum dots.

The energy spectrum of surface states was calculated by the Ritz variational method. A comparison
of these energy states with energy internal states was made. The internal states are defined accurately
using the effective masses approximation and the model of rectangular potential wells and barriers.
This made it possible to conclude that for the real quantum dot size, the ground state of an electron
is always in the internal states of quantum dot. Excited state is not affected. The dependence of the
surface states energy on the quantum dot size was obtained. The corresponding energy of these states
increases with decreasing of the quantum dot size. This is due to the polarization dependence of the
depth of the trap sizes.

We calculated matrix elements of the dipole moment of interlrvel transitions into surface states.
The light absorption coefficient caused by the interlrvel transitions was defined as a function of the
electromagnetic wave frequency. In the final formula of absorption coefficient, we take into account
the quantum dots size distribution. It is shown that absorption bands which corresponds to electron
transitions into surface states is much smaller than the absorption bands caused by transitions between
inner states.

Keywords: polarization trap, quantum dot, surface states
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INOITIMHAHHA CBITJIA MAJIMMHU KBAHTOBUMU TOYKAMM CdS

B. I botiuyk, P. A. Jlewrxo, /. C. Kapnun

Kadenpa Teopernunoi 1 mpukiaaHoi Hi3uKu Ta KOMIT IOTEPHOTO MOICITIOBAHHS
JIporoOuIbKuii IepKaBHUM MeIaroriyHui YHIBepcuTeT iMeH1 [Bana dpanka
Byi1. Ctpuiicbka, {poro6uy, JIbBiBchKa 001., 82100

Pedepar

Mertoto poGoTu Oyno mpoaHasi3yBaTH YMOBU BUHHUKHEHHS TOBEPXHEBUX CTaHIB, 110 3yMOBJICHI
MOJISIPU3AIITHOIO TTACTKOIO, 1 BU3HAYUTH BIUIMB IIUX CTAaHIB Ha MoruHaHHS cBiTia. Came TomMy Oyio
BU3HAYCHO €HEPTil0 MOBEPXHEBUX CTaHIB, 1110 3yMOBJICHI MOSPU3ALITHUME 3apsIaMH, SKi BUHUKAIOTh
Ha rerepomerxax. s obunciieHb B35STO 10 yBaru JAB1 MOJENl: 3 ypaXyBaHHSAM IOBEPXHEBOTO
MepexigHOTOo Mmapy i 3 WOro BiJICYTHICTIO. B 000X BHMaakax JOBEICHO iCHYBaHHS MOJSPU3AIIHHOT
MAaCTKH, KyIX MOXYTh IMOTPAIUISATH €JIEKTPOHU Y BUIIAJIKY MAJIMX PO3MipiB KBAHTOBUX TOYOK.

OO6uKciIeHO eHepreTUYHUN CIIEKTpP MOBEPXHEBUX CTaH1B BapialiiiHnuM MetogoM Pitua. [Iposeneno
MTOPIBHSIHHS €HEPTii ITUX CTaHIB 13 EHEPTi€r0 BHYTPIINTHIX CTaHIB, SIKi BU3HAYEHO TOYHO 3 BUKOPUCTAHHS
MeTOoy e(pEeKTHBHOI Macu B paMKax MOAEJi MPSAMOKYTHUX MOTEHIIaIbHUX M 1 Oap’epis. Lle gamo
3MOTY 3pOOHUTH BUCHOBOK, IIIO /ISl PEaIbHUX PO3MipiB KBAHTOBMX TOYOK OCHOBHHM CTaH €JIEKTPOHA
€ 3apKau y BHYTpimHIX craHax KT (y moBepxHEBi cTaHW He MepexoauTh). 30yMKeHHUX CTaHIB 1€ HEe
CTOCY€ThCs. BCTaHOBJIEHO 3aNI€KHICTh €HEPrii MOBEPXHEBUX CTaHIB BiJl pO3MipiB KBAHTOBOI TOUKH.
BinnoBigHa eHepris 1UX CTaHIB 3011bLIYyETHCS IMPU 3MEHIIEHHI pO3MipiB KBaHTOBOI ToukHu. Lle
3YMOBJICHO 3QJIC)KHICTIO TNIMOWHHU TTOJISIpU3AIliHHOT TACTKH BiJI pO3MIpiB.

OO0uncneHo MaTpUYHi €JIEeMEHTH JAUIOIBHOTO MOMEHTY MDKPIBHEBUX MEPEXO/IB y MOBEPXHEBI
ctaHu. O04mcieHo KoedIilieHT NONIMHAHHS CBITIIA, IO 3yMOBICHUM MIKPIBHEBUMU IEPEXOaMH,
SK (PYHKIIFO YaCTOTH €JeKTPOMArHITHOI XBUJi. Y KiHIEeBiH Gopmyni koedimieHTa MOTIMHAHHS
BPaxOBaHO PO3IOALT KBAHTOBUX TOYOK 3a po3mipamu. [lokazaHo, 1110 cMyTH OIIMHAHHS, SIKi 3yMOBJIEH1
Nepexo/laMM eJIEKTPOHAa y MOBEPXHEB1 CTaHU € Ha0araTo MEHIUIMMHU, HI’)K CMYTH MOIJIMHAHHS, 110
3YMOBJICHI MEPEX0aMH MK BHYTPIIIIHIMHA CTaHAMH.

KarouoBi ciioBa: monsipusariiiiHa nacTka, KBAaHTOBA TOUKA, [IOBEPXHEBI CTAaHU
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OCOBJIMBOCTI I'A3O4YYTJIMBOCTI BAPBHUKIB HA BA3l KOMIIVIEKCIB
4-BAJIEHTHOI'O CTAHYMY

L K. Jlotiuo, C. A. I'egentoxk, A. 1. Jlenix, E. Puwsaxesuu-Ilacex

AHoTatis. J[ocipKeHO BIUIHB HAsBHOCTI y JOBKIUTI aMiaky abo mapiB XJIOPHUCTOTO BOIHIO Ha (hOTO-
JFOMIHECIIEHTHI BIIACTUBOCTI aHCaMOJTI0 HAaHOYACTHHOK OAPBHUKIB Ha 0231 KOMIUIEKCIB 4-BaJICHTHOTO
CTaHyMy. BusiBieHo, 1110 9y TAMBHMH JI0 aMiaKy € OapBHHUKH, 110 MICTSITh aMiHOBHIA 3aMiCHUK OE€H30-
iTBHOTO THITY Y Tipa3oHHOMY (h)parMeHTi, a A0 XJIOPUCTOTO BOJHIO — OApPBHUKH 13 T'IPOKCHIILHUM 3a-
MicHuKOM. OOW/IBI TPYIH CIIONYK CYTTE€BO 3MEHIIYIOTh IHTEHCUBHICTB CBOTO CBITIHHS ITPY HAsBHOCTI y

© 1. K. Jlotiuo, C. A. I'eBemok, 4. 1. Jlenix, E. Pumskesuu-ITacexu, 2017
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JOBKIILTI BiMTOBLAHOTO Ta3y. [locnalneHHst CBITIHHS € JOCUTH CTIMKUM 1 IIOHOBJICHHS JTIOMIHECIICHTHHX
BJIACTMBOCTEH 3pa3ka MOKJIMBE JIUIIEC BHACITIIOK HU3bKOTEMIIEPATYPHOTO BIATIAIY.
KurouoBi ciioBa: 6apBHUKH, ()OTOTIOMIHECIICHITIS, aMiaK, XJIOPUCTHIA BOJICHB, 1aBayi ra3y, €KOJIOTisa

FEATURES OF GAS-SENSIBILITY OF DYES ON THE BASE OF 4-VALENCE STANNUM
COMPLEXES

L. K. Doycho, S. A. Gevelyuk, Ya. I. Lepikh, E. Rysiakiewicz-Pasek

Abstract. Influence of ammonia or hydrogen chloride vapour in environment on the photolumi-
nescence properties of nanoparticles ensemble of dyes on the base of 4-valence stannum complexes is
researched. It is found that the dyes containing amine substituent in the hydrazone fragment are sensible
to ammonia, whereas ones containing hydroxyl substitutient are sensible to hydrogen chloride. The
luminescence intensity decreases essentially for both groups of compounds if the environment con-
tents the suitable gas. Weakening of illumination is sufficiently stable and restoration of luminescence
properties of sample is able after low-temperature anneal only.

Keywords: dyes, photoluminescence, ammonia, hydrogen chloride, gas sensors, ecology

OCOBEHHOCTHU T'A30YYBCTBUTEJBbHOCTHU KPACUTEJIEM HA OCHOBE
KOMIUVIEKCOB 4-BAJIEHTHOI'O OJIOBA

U. K. Hotivo, C. A. I'esenrox, A. U. Jlenux, 3. Pviwsxesuu-Ilacex

AHHoTanus. VcciaenoBaHo BIMSHME HAJIUYHUS B OKPYXKAIOIIEH Cpele aMMHuaKa MM MapoB
XJIOPUCTOTO BOAOPOJA Ha (POTOIIOMUHECIIEHTHBIE CBOMCTBA aHCaMOJIsl HAHOYACTHULl KpacuTesel Ha
OCHOBE KOMIUJIEKCOB 4-BaJIeHTHOTO 0jioBa. OOHApYyKEHO, YTO YyBCTBUTENIbHBI K AMMHAKy KpacHuTelH,
coJiepKallue aMUHOBBIM 3aMECTUTENb B THAPA30OHHOM (parMeHTe, a K XJIOPUCTOMY BOJOPOAY —
KpacuTeNl C THAPOKCUIBHBIM 3aMmecTtuteneM. O6e rpynnbl COEUHEHHUH CYIECTBEHHO YMEHbBIIAIOT
MHTEHCUBHOCTbH CBOETO CBEUECHUS MPU HAJIMYHUHU B OKPYXKAIOIIEH cpelie COOTBETCTBYIOIIETO Tasa.
Ocnabnenue cBEUEHUS SIBISETCA JOCTATOYHO YCTOWYUBBIM M BOCCTAHOBJICHHE JTIOMUHECIIEHTHBIX
CBOMCTB 00pa3iia BO3MOYKHO JIMIIb [TOCJI€ HU3KOTEMIIEPaTypPHOTO OT)KHTa.

KuroueBble cioBa: kpacutenu, (pOTOTIOMUHECIICHIUS, AMMHAK, XJIOPUCTHIM BOAOPO/, ra30BbIe
JATYUKH, IKOTOTHS
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Beryn

3 miteparypHuX JKepen Bigomo [1], mo
OapBHHKHM Ha 0a3l KOMIIJIEKCIB 4-BaJE€HTHOTO
CTaHyMYy 3MIHIOKOTH CBOi JTIOMIHECIEHTHI
BJIACTUBOCTI 3aJIe’)KHO BIJ Ta30BOT0 CKIATy
oTouytouoi armocdepu. IIpore, 6apBHUK Yy
PO3YHHI € BIIOKPEMIICHUM BiJI JOBKLJUIS CYAHHOIO,
10 Ma€ 3MEHIITYBAaTH 3a3HAYEHY YYTIUBICTb.
Jlo Toro *x, HEeHTpHU JOMiHEecIeHIi] OapBHUKA
KOHLEHTPYIOThCS Ha MOBEPXHI HOT0 MOJIEKYII
[2] i cBiTiHHS BiIOyBa€eThCs 3a PAXyHOK IXHBOI
B3a€MOJIi1 13 MOJIEKyJIaMU PO3YMHIOBaYa. 3 iH-
10ro OOKY, MOJICKYJIM PO34YHMHIOBAaYa IMACHUBYIOTh
NOBEPXHIO MOJIEKYJ] OapBHHUKA, IO TaKOX
3MEHIIIy€e HOro ra3ouyTiauBicTh. Yepes 1ie 6aps-
HUKH y PO3YMHI HEIOLIJIbHO BUKOPUCTOBYBATH
y siKocTi ra3oBux ceHncopis. [lonpu 3a3nauene,
HaIlli OCTaHHI JOCHIKeHHS MPOJAEMOHCTPYBa-
au [3-6], mo OapBHUK € CIIPOMOKHHM CBITH-
THCS HE JUIIE B PO3YHMHI, ajie i y BUINIAA1 aH-
caM0JII0 HAHOYACTHHOK Y IIMAapUCTii MaTpuI,
fKa y IIbOMY BUIAJKY BiJirpa€ poyib CBOEPiIHOT
CUCTEMH HAaHOPO3MIpHHUX «MpoOipok». Takoio
MaTpHUIE0 MOXe OyTH MINapucTe CUIIKaTHE
CKJIO cIyIIHOTO TNy [5, 7], sike € XiMi4HO
IHEpTHUM, JOCUTh TPUBKUM 1 HE JIIOMIHECIIiIO€
B Jliaria30Hi IOBXKUH XBWJIb, ¥ SIKOMY CBITHTBCS
O6apBHUK. [Ipy 1bOMY IHTEHCUBHICTb CBITIHHS
OapBHUKA BUSIBISIETHCS 3aBXKIU OUIBIIO0, aHIK
y BIAMOBIAHOMY po3uuHi [5-6], mio, mo-nepiie,
NOB’sA3aHE 13 YHEMOXXJIUBICHHIM arperyBaHHs
YaCcTHHOK OapBHUKa BCEpeAMHI IINapuH,
3a0pynHeHux cuiikarenem [8-9], a, mo-npyre,
13 YHEMOXKJIMBIICHHSIM TOTJIMHAHHS KBAaHTIB BU-
INPOMIHEHOI0 CBiTJIa PO3UMHHUKOM uYepe3 Bij-
CYTHICTh OCTaHHBOTO. Bcepenauui mmapus pe-
YOBHHA OapBHUKA JUCIIEPTY€ETHCS MPAKTUYHO 10
MOJIEKYJISIPHOTO PiBHS, IO MOJIETUIY€E YaCTHHKAM
rasy, 10 MICTUTBHCS y JOBKIJIJII, B3a€MOJIIO
13 meHTpaMu cBiTiHHA. OTXe, HAHOYACTHHKHU
OapBHUKA 0e3mOcCepeIHbO KOHTAKTYIOThH 13
JOBKULISIM 1 MOXKYTh pearyBaTH Ha 3MiHU HOro
CKIIaTy.

Ha 6a3i koMIiekciB 4-BaJICHTHOTO CTaHYMY
iCHy€e KillbKa JecCATKiB OapBHMKIB, II0
BIJIPI3HAIOTHCS KOOPAUHALIMHUM BY3JIOM, TUIIOM
1 CKJ1a/I0M 3aMiCHHUKA Y TiApa30HHOMY (hparMeHTi,

a TakoXx Horo TtayToMeTpuuHolo (hopmoio [5].
Koopnunaniiinuit By3o0m, 3a3BUUail, SBIsIE
CKJIQJIHy CUCTEMY XIMIYHO JJOCHTH 1HEPTHUX
OCH30JpHUX KiJlelp 1 Jiranga Ha 6a3i Sn ta CL.
3a3HaueHi JIiraHaIu MaloTh LBiTep-iloHy OynoBY,
TOOTO ABJIAIOTH B LIJIOMY €JIEKTPO-HEUTPATbHY
MOJIEKYIly, sIKa, TIPOTe, y JAEIKHX CBOIX YaCTHHAX
Hece SK HeTaTHMBHUM, TaK 1 TO3UTUBHUUN 3apsij,
mo X J0Kajai30BaHO Ha HECYCIAHIX aToMax.
VY 3anexHOCTI BiJ JEHTAHTHOCTI JiraHjga
PO3pI3HAIOTH 2 TUIHM KOOPJAWHALINHUX BY3IiB:
{SnCI,ON}, y AKOMYy HEraTUBHHMH 3apsn
OZIHOJICHTAHTHOTO JIraH Iy JIOKaJi30BaHO Ha aTOMi
N (y momanmsmomy {SnCl,}), ta {SnCI,O,N} i3
HETaTUBHHUM 3apsI0M JBOACHTAHTHOTO JITaHLy,
o ioro jokaiizoBano Ha aromMax N ta O (y mo-
nanpmomy {SnCl }). Binnosiani cTpyKTypHi
dhopmynu 300paxkeHo Ha Puc. 1, ne mokamizarito
3apsiIiB MO3HAYCHO CTPLIKOIO.
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Puc. 1. BbynoBa 6apBHMKIB i3 KoopIUHALIITHUM
By3siom {SnCl } (Bropi) ado {SnCl} (nacnoxi).

MeTonuka cCTBOpeHHs 3pa3KiB

JIyist cTBOpEeHHST aHCAaMOJII0 HAHOYACTHUHOK SIK
MAaTpPHIIS BUKOPHUCTOBYBAIOCS IIMAPUCTE CKIIO THITY
A, mo 3100yBasiocst 3 1BOX(a3HOTO HATPiEOOPO-
cuiikatrHoro ckia. da3u BimOKpeMITIOBAIUCS
NUJISIXOM BUTPUMYBAHHS MPH TeMIepaTrypi
763 K mpotsirom 165 roguH 1 Haganai XIMI4HO
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MEHII cTilika HaTpieboparHa ¢a3a ycyBanacs
00po6koto y 0.5N po3uuHi CONSTHOT KUCIOTH.
MeTonom yHeceHHs Macu [7] BU3HAYEHO, 1110
MITAPUCTICTh OTPUMAHOTO CUJIIKaTHOTO CKJIa
cknanana 38%. Po3monineHHs mmapuH 3a
PO3MipOM BU3HAYAIOCS METOJAOM aaCcOpOIiifHOT
mmapockomnii [5]. Cepenniit giameTp mmnapux
ckianaB 6mu3bko 30 nm, MOBHUM cepeaHiil 00’ eM
nopoXHUH OyB 292 MM*/T, a cepenHs mioma
PO3rOpHYTOI MOBEPXHIi CKiIagana 6iu3bko 54.7
M?%/T. BHaciiok 3a3Ha4eHOl XiMi4HOT 00pOoOKH
BCEpeMHI WIMapuH yTBOpIOBajacs IMEBHA
KIJBKICTh JpiOHOAMCIIEPCHOTO 3aJUIIKOBOTO
cunikarento [5, 7]. 3n100yTe Ha Takuii crocid
MIMapUCTe CKJIO HACHYYBAJOCS PO3YMHOM
BIANIOBIAHOTO OapBHUKA y AiMeTuiIPopmMamimi
(DMFA) npotsrom 6mu3pko 10-12 ronus i
HaJaji MiJaaBaaocs HU3bKOTEMIIEpaTypHOMY
BiJIMay, 10 3a0e3MevyBaio JOCUTh PIBHOMIPpHUNA
NpOCTOPOBUHN pO3MOAiITI HAHOYACTHUHOK Y
mmapuaax. QOTONIOMIHECIICHTHI BIaCTUBOCTI
chopMOBaHOTO aHCAMOIIIO TOCIIIKYBAIHCS Ha
crannapTHid yctanoBmi [10] 31 30ymKeHHSIM
crekTpiB yasrpadioneroum nazepom LCS-DTL-
374QT (moBxkuHa XBWII A=355 HM, MOTYXHICTh
15 MBT) i Bigpi3HsuIHCS B 3aJI€KHOCTI Bifl THUITY
OapBHUKA Ta KOHIIEHTPAIIli HACHYYIOUOTO PO3UHHY.

J11st BUBYEHHS! MOMKIIMBOT 4y TIIMBOCTI aHCAMOJTIB
HAHOYACTHHOK OapBHUKIB JOCIIIXKYBaHOTO TUILY
JI0 TIPUCYTHOCTI amiaky B arMocgepi Oyio oOpaHe
JpiOHOIITIAPUCTE CHITIKAaTHE CKJIO 13 3aJIMIIKOBUM
CUIJIIKareigeM y mmapuHax (CKio Tumy A),
HacuueHe po3uuHoM OGapshuka 2NH,{SnCl } y
DMFA i3 konnientpaitieto 0,5x10~*rMob/n. Buobip
Oy0 3p00ICHO 3 HACTYITHUX MIpKyBaHb:
1) ckio THIy A HalKpalyuM YAHOM MEPEHIKO/KAE
arperyBaHHIO HAaHOYaCTHHOK [8];
2) po3unHHuk DMFA wmae HalimeHmy
MOTIIMHAIBHY 37aTHICTS [5, 11];
3) came 119 TayTOMETpUYHA (popMa pU HACHUYCHHI
MaTrpuli po3uMHOM OapBHUKA caMe i3 I[i€l0
KOHIIEHTPAIIIEI0 CTBOPIOE aHCAMOJIb HAHOYACTUHOK
13 MAKCUMAaJIBbHOIO IHTEHCUBHICTIO JIIOMIHECIIEHIT
[4, 5, 12].

3aneKHICTh IHTEHCUBHOCTI CBITIHHS aHCAMOITIO
HaHO4YaCTHHOK Ha 06aszi 2NH, {SnCl,} Bin
KOHIICHTpAIlli HACHYyIOUOTO PO3UMHY HaBEJCHO
Ha Puc. 2. BuaHo, 1o 3a Manux KOHIEHTpAIlii
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PO3UMHY IHTEHCUBHICTbH CBITIHHS HE3HAUHA, 110
MIEBHE OB’ A3aHE 13 MAJIOIO KUIBKICTIO CTBOPEHUX
4YacTUHOK OapBHHUKA, 32 KOHIEHTpAaIli€lo
0,5x10*rMoJ1b/71 IHTEHCHBHICTL € MAKCHMAJILHOIO,
a TMepeBUIICHHS 1i€l KOHIeHTpalii MPU3BOAUTD
IO MaJiHHSA IHTEHCUBHOCTI CBITIHHS BHACIILOK
KOHIICHTpaIliifHoro racinusg [5, 12].
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Puc. 2. 3ayieskHicTh iIHTEHCHBHOCTI CBIiTIHHSA
aHcamMO0 HaHoYacTHHOK Ha 6a3i 2NH, {SnCl } Bix
KOHLEHTPALii HACHYYI0YO0I0 PO3YHHY.

I'azouytimBicTs 10 amiaky

JlocmiKeHHS TPOIEMOHCTPYBAJIH, 110 HAHOLTBII
Yy TJIMBUMH JI0 aMiaKy € aHcaMOJIl HAHOYaCTUHOK
0OapBHUKIB 13 aMIHOBHM 3aMiCHUKOM
OCH301IBbHOTO TUIY Y TiApPa30HHOMY (DparMeHTi.
VY X0zl eKCIIepUMEHTY CIIOYaTKy BHMiproBasiacs
IHTEHCUBHICTh BUXIAHOT JIIOMIHECLEHI1T
ancamOmo HanodactuHok 2NH, {SnCl, }. Hamani
3pa30K 3aHypsBCs 10 aTMocdepw, Mo MiCTUTh
amiak, 1 BUMIpIOBaHHS MMOBTOPIOBAIMCS O/pasy
micis 3aHypeHHs Ta micias 10-TUXBHIMHHOTO
BUTPUMYBaHHs Yy 3a3HadeHiid armocdepi. [lorim
3pa30K MEePEeHOCUBCA Y 3BUYANHHY aTrmMocdepy
1 ioMy HaJxaBaBCs JOOOBUN «BiJMOYUHOK.
Jlani 3HOB BUMipioBajlacs IHTEHCHBHICTH
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HOro CBITIHHS, IIICJIA YOTO HOro mImigmaBaiid
10-XxBUIMHHOMY HU3bKOTEMIIEpAaTypHOMY (IIpU
240°C) Bignainy. Pesynsrar HaBeneHno Ha Puc. 3
y BUIVISLAI TicTorpaMu. BuaHo, 1110 6apBHUK MiCis
3aHYpEHHS y aTMoc]epy, 10 MICTUTh aMiak, pi3Ko
1 CTIMIKO 3MEHIIIy€ IHTeHCUBHICTh CBOTO CBITIHHS
1 TOHOBUTH BHUXI1JHY IHTEHCUBHICTh MOYKHA JIHIIIE
IS BiATIATY.
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Puc. 3. 3age:xkHicTh iHTEeHCHBHOCTI JIIOMiHeceH il
ancam0aw Hanodactunok 2NH {SnCl} Bin
30BHIIIHIX YMOB:

1 — BuXigHMI 3pa3oKk mepea 3aHYPeHHAM /10

armMocgepn, 0 MiCTUTH amMiak;

2 — B aTMocdepi, 110 MiCTHTH aMiaK;

3 —3a 10 XBWJIMH BUTPUMYBaHHA y aTMoc(epi, 1mo
MiCTUTH aMiak;

4 — 3a 1 no0y miciaa BMilleHHs1 Yy 3BHYANHY
armocpepy;

5 — micas 10-XBHIINHHOTO HU3BKOTEMIIEPATYPHOIO
Bigmasy.

JUis IOSICHEHHS pe3yNbTaTy CIIiJl 3rajiaTH,
10 a30T BCEPEAMHI KOOPAMHALIHHOTO By3Ia
3HAXOAUThCS Yy HEAaKTUBHOMY cTaHi. OTxe
MOXHa BBaxkaT, mo O6apsHuk 2NH,{SnCl,}
MIEPBUHHO MICTUTh aKTHBHHM a30T (Y 3aMICHUKY ).
Konnenrpartis po3unny, 3 aKoro ¢popmyBaBcs
aHcaM0Jb HAHOYACTHHOK, BiAmoBigalia
MaKCUMyMY IHTEHCHUBHOCTI cBiTiHHA. Ilicis
3aHypEHHS JI0 aMiaKy KiJIbKICTh aKTUBHOTO a30Ty

B CHCTEMI 30UIBIIMIIACS, 1 BOHA 0YaJIa IOBOIUTH
cebe, Have Oyna c(hOPMOBAHOIO 3 PO3UMHY 13 OLIBIII
BHCOKOIO KOHIICHTPAITIET0, 10 BiIMOBIIa€ MEHIIIIN
IHTEHCUBHOCTI CBITIHHS (SIK 1I€ 100pe BUIHO 3
Puc. 2). CriiikicTs 3MiH, IMOBiIpHO, TIOB’s13aHA 13
YTBOPEHHSIM aMiaKOM CTIHKHUX MICTKOBUX 3B’SI3KIB
BCEpEeNMHI LINapuH, Ki MOXKHa OyJI0 MOPYIIUTH
nuiie BiamanoMm. L{s Mmomens miATBEPAKY€ETHCS
MPAKTHYHO MOBHOIO HEUYTJIMBICTIO aHCAaMOIIIO
Hano4acTuHOK OapBHuka 20H{SnCl,} npu
TUX caMHuX ymoBax. lleii 6apBHUK NMEPBUHHO
HE MICTUTh aKTUBHHMH a30T, TOXK MPAKTUYHO HE
B3a€MOJII€ 13 aMiaKoM.

I'azo4yTiIMBiCTB 10 XJI0PHCTOr0 BOAHIO

JocnigxeHHs YyTIUBOCTI aHcaMOJiB
HAaHOYACTHMHOK OapBHUKIB Ha 0a3i KOMIIJIEKCIB
4-BaJEHTHOTO CTaHYMy JO0 NMPUCYTHOCTI B
armocdepi napis HCI nponemoncTpyBanu neBHy
CTIMKICTh JIOMIHECHEHTHHX BIACTUBOCTEH
OibIocTi OapBHUKIB 1€l Ipynu. BunsaTOK CcKia-
JIM JIUIIE CTIONYKH 13 TIAPOKCHIIBHUM 3aMiCHHUKOM
OCH301IBbHOTO TUIY Y TiApPa30HHOMY (hparMeHTi.
3 yciX MOXJIMBHUX TayTOMETPUUHHUX (opM Oyio
o0paHo Ti, 10 MalOTh HAWOUIBIIY MOYATKOBY
IHTEHCHMBHICTD CBiTiHHA, a came 20H{SnCl,} Ta
20H{SnCl,} [5-6].

Ha BiaMiHy BiJ amMiakOUyTIMBUX CIOJIYK, IO
MUTTEBO pearyBajii Ha MPUCYTHICTh aMiaky B
arMoc(epi, Iy TIUBICTh 3a3HAYCHUX OAPBHUKIB JI0
napiB HCI mana neBumii narentamii nepioa. Yepes
11 METOJIUKA EKCTIEPUMEHTY OyIia JIEIIo 3MiHEHOO.
[Ticns 3amucy CHEeKTpy BHXITHOI JTFOMiHECHEHIIIT
3pa3ka BiH 3aHypsBCS 10 armMocdepu, Mo
Mmictuth napu HCl, 1 BuTpuMyBaBcs y 3a3HadeHii
arMocepi npotsaroM miBroguHu. Hamami cnextp
TIOMiHECIeHIIi 3pa3Kka 3HOB 3alUCyBaBCH
1 pe3ynbTaT NOPIBHIOBABCA 13 MOYATKOBUM
CHEKTPOM. AHISIKOTO 3CYyBY MaKCHUMyMY
CBITIHHS HE Big0OyBasloCs, IO € TUIOBHUM JJIsi
O0apBHUKIB 13 T1IPOKCHJIBHUM 3aMiCHUKOM [3,
5], mpoTe cnocTtepiranocs CyTTEBE 3MEHIICHHS
IHTEHCUBHOCTI JIFOMIHECIEHIIi1, SIK 100pe BUIHO
Ha Puc. 4. BukopucroByrouu 1110 iHdopmartiio,
(bikcyBasiacsi TOBKMHA XBHIII, SIKil BiJMTOBiIana
MaKCHUMaJIbHA IHTCHCUBHICTD CBITIHHS (11 OapB-
nuka 20H {SnCl 4} BoHa ckiagana 510 M, a mis
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6apsuuka 20H{SnCl,}, Binmosinno, 468 um), i
Ha/1aJli BUKOHYBAJIOCS] BUMIPIOBaHHS KIHETHKH ii
3MeHIeHHs y nmapax HCl.

TeMa He BiJuyBajia HassBHOCTI 3a0pyIHIOI0UO] aT-
Mochepy peduoBUHH i 30epiraia mo4aTKkoBy iHTCH-
CHBHICTb JIIOMIHECIICHIII], a JaJIl TOCUTh IIBUIKO,
MIPOTATOM 5 CeKYH/I BiIOYIIOCS MEPEKITIOYCHHS Ha

Puc. 4. 3minenns cnekTpiB ¢oToaroMiHecHeHIil
6apsuukis 20H{SnCl} (8ropi) ra 20H{SnCl }
(nacnooai) B armocgepi, mo micruts napu HCL

s 6apeauka 20H{SnCl,} Oyna orpumana
Taka kapruHa. [Iporarom nepmux 55 cexyH cuc-
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20H{SnCl IHTEHCUBHICTb, sKa Oyrna 1if mpuTamMaHHa B aTMOC-
{ n Ll} ¢epi, mo mictuts napu HCI (quB. Puc. 5). Tobto
0,16 ancambib HaHo4acTMHOK OapsHuka 20H{SnCl,}
HmcTe NoBITPA SIBIISIE TOCUTH MIBUIKOJIIOYY CHCTEeMY, 0omaii
0,14 7\ | m—HC . e ’
/ \ IHTEHCUBHICTB 11 CBITIHHS 3MEHIIMJIACS Y Tapax
£0,12 HCl nume na 20%.
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ZOH{SnCI3} Puc. 5. KineTnka 3MeHImIeHHs] iIHTEHCHUBHOCTI
0.4 ceiTinng 6apsuuka 20H{SnCl } y napax HCL
A\ e—UACTE MOBITPA
0,35 —C| — Jis 6apsauka 20H{SnCl,} cmocrepiranacs
o 03 / \ nero inma kaptuaa. Crodarky maiixke 10 XBumH
5) X . . .
z I \ CHCTEMa 30BCiM aHisK He pearyBaja Ha HasBHICTh
@ 0,25 B armocdepi napiB HCL. Jani iHTeHCUBHICTH CBi-
s I \ TIHHS CHCTEMH JIy’Ke TIOBUIBHO 1 «HEOX0Ye) Imovaja
2 0,2 I \ Tpoxu 3meHmryBarucs (Bix 0,362 o 0,313 BigH.of.
E 015 poTAroM OMU3bKO 4 XBUIKH). | e micis Tako-
§ \ 0, JOCUTh TPUBAJIOTO JIATEHTHOTO MEPioy BinOy-
£ 01 - J0CSl IEPEKITIOYCHHS Ha IHTEHCUBHICTB, siKa Oya
- \ il npuramManHa B arMocdepi, 10 MiCTUTL TTapu
0,05 -
HCI (nuB. Puc. 6). Hlonpasaa, 3m00yTa 10CUTH
0 R — 1HepITiifHa cucTeMa MicIs MEPEKITFOYCHHS 3MEHIITy €
350 400 450 500 550 600 650 700 750 800 | IHTEHCHBHICTB CBOTO CBITIHHS Maif’Ke BTpUYI.
AOBKMHA XBUAI, HM JUis IOSICHEHHS pe3yabTaTy 3BEpHEMO yBary,

o 6apsauk 20H{SnCl,} moyaTtkoBO MiCTHUTBH
XJIOp BCEPEMHI OHOAEHTaHTHOTO Jiranaa SnCl,
13 BIANOBIAHUM PO3MOAIIECHHIM HETaTUBHOTO
3apsay. Cama cucteMa sBIISIE IIMAPUCTE CKIIO,
HIMTAPUHU SIKOTO MICTSTh OapBHUK 1 aTMOC(hepHe
noBitps. [licag 3aHypeHHs 3pa3ka y mapu
HCl y #ioro mmapuHax ONUHSIOTHCS OapBHUK



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 1

1 6araro ioniB xiopy. OcTaHHI MPU3BOAATH
0 MEepepo3mnoAily HeraTUBHOTO 3apsay B
CHCTEMI, 110 CTUMYIIIOE MIBUJIKE TEPEKIIOUYCHHS
JTIOMIHECHEHIIIT Ha MEHIIY IHTEHCHBHICTB.
[TouarkoBuUil TaTeHTHUI TIEPiO/ BIAMOBIIAE YaCy,
HEOOX1THOMY JJIsl BUTUCKYBAHHSI aTMOC(EPHOTO
noBiTps y mmnapunax napamu HCL
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Puc. 6. Kinernuka 3MeHIIeHHsI iIHTEHCUBHOCTI CBi-
Tinns 6apsanka 20H{SnCL} y mapax HCL

Y pasi cucremu 3 6apsaukomM 20H{SnCl,}
XJIOp MOYaTKOBO MICTUTHCS BCEpeaUHI
ABOXJEHTaHTHOrO Jiranaa SnCl, i HeraTuBHUH
3apsa] po3moaiieHo iHmuM duHOM. [licns
30arauyeHHs aTMoc(epu B HINApUHAX HOHAMU
XJI0pY, MO AOCHTHh XIMIYHO AKTHUBHI, BOHU
MOYMHAIOTH JOHACHYYBaTH Jiiran o ctany SnCl »
SIKOMY BiJIIIOBI1a€ MEHIIIA IHTEHCUBHICTh CBITIHHS.
JlareHTHUI TIEpioa MPU LILOMY BUSIBIISETHCS 3HA-
YHO TPUBAIILINM, 00 KPiM BUTUCKYBAaHHS aTMOC-
(dbepHOTrOo MOBITPS 3 IIMAPUH Mae BiIOyTHCSA 1 3a-
3HAYEHUI mporiec. A Micis HOro 3aBepiIeHHs 3HOB
BiZI0yBa€THCS EPEPO3IOILT HErATUBHOTO 3apsTy
B CHCTEMI, AKiil CTUMYITIO€ IIBUAKE MEPEKITIOUCH-
HS1 JTIOMIHECIICHIIIT Ha MEHITY IHTEHCUBHICTb.

Cnig 3a3HauMTH, 1O BiAOYBA€THCS TMEBHA
CEJIEKTUBHICTh T'a304yTIUBOCTI OapBHUKIB Ha
0a31 KOMIUIEKCIB 4-BaJIeHTHOTO cTaHyMmy. UyT-
JUBUMH J10 aMiaKy BUSABJISAIOTHCS OApBHUKH,
10 MICTATh aKTUBHUN a30T y T1Ipa30HHOMY
¢parmenTi. A GapBHUKH 13 T1APOKCUIBLHUM 3a-
MICHUKOM 3aJIUIIAOTHCA OalIy)KUMHU 10 HASB-
HOCTI amiaky B aTMocdepi, 60 aHifK 13 HUM He

B3a€MOII0Th. HaToMicTh, Yy TIMBUMU JI0 MapiB
HCI BusBnsitoTbcs GapBHUKH 13 TAPOKCHIBHUM
3aMiCHUKOM, IKi 3MEHIIIYIOTh IHTEHCHUBHICTb CBOTO
CBITIHHS 3aBISKU MEPEPO3NOALTY HEIaTUBHOTO
3apsiay B cuctemi. B Toii ke 9ac 11 GapBHUKIB 13
aMIHOBHMM 3aMiCHHKOM 3a3HAaYeHUI Tepepo3Ioi
KOMITEHCY€ThCS 3CYBOM MaKCUMyMY CBITIHHS B TOW
a0o iHImMi OiK. A Takuii 3CyB MOXe CIPUUMHATHCS
HE JIUIIE TMepepo3oaiIoM 3apsdy, a i 6bararbma
IHIIIMMHU YMHHUKAMH [5], TOX SKIIO BiH BiTOyBCs,
11e He 000B’SI3KOBO CBIAYUTS Mpo nosBy mapis HCI
B atMocepi, 1 Taki CHCTEMH HEeTIPUIATHI Y SIKOCTI
nasauis HCI.

BucHoBkn

YUyTnuBicTh aHcaMOJI0 HAHOYACTHUHOK
OapBHUKA /10 aMiaKy BHUSBISIETbCS Y 3MEHIICHHI
IHTEHCUBHOCT1 HOr0 CBITiHHS y NMOpPIBHSAHHI 13
(doTomoMiHECLIEHIIIEI0 Y 3BUYAiiHIi aTMocdepi,
SKIIO OapBHUK MICTUTh aMiHOBUM 3aMiCHUK
6en3oinbHOTO TUMy. EdbekT neBHe € moB’sa3aHUM
13 YTBOPEHHSM MICTKOBUX 3B’S3KiB BCEpEIHHI
LITMTapUH MaTPHIIi.

YUyTnuBicTh aHcaMOJI0 HAHOYACTHUHOK
6apBauka go mnapiB HCIl BusiBaserncs y
MIePEeKITIOYCHH] JTIOMIHECIICHIIT CHCTEMH Ha MEHILY
IHTEHCHBHICTh 3aBJASKU MEPEPO3MOAITICHHIO
HETaTUBHOTO 3apsAy B HiM MiJ AI€I0 HAJIHINKY
HOHIB XJOpY, AKIIO OapBHUK MICTUTH
T1APOKCUIILHUN 3aMiCHUK OSH301IEHOTO THITY.

OTxe, Mae€ Miclie IeBHA CEIEKTHUBHICTH
ra3ouyTIUBOCTI OapBHHKIB Ha 06a31 KOMIUJIEKCIB
4-BaNeHTHOTO CTaHyMy. UyTJIMBUMH J0 aMiaky i
crifikumu 10 napiB HCl BusBisitoThCcst OapBHUKH
13 aMiHOBHM 3aMICHHUKOM, a YYTJIUBHUMH [0
napiB HCI i criifikumu 10 amiaky € OapBHUKH 13
T1APOKCUIBHUM 3aMiCHUKOM. TOX TIEPCTIEKTHBHO
BUKOPUCTOBYBAaTU Y SIKOCTI 1HAUKATOPHOTO
JIOMIHECIIEHTHOTO J1aBaya OJJHOYaCHO CHCTEMHU Ha
0a3i 000x aHCaMOJIIB HAHOYACTHHOK: y pa3i He0O-
X1JTHOCTI KOKHA CIIPAITIO€ HA BiAMOBIIHUI ras3.
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FEATURES OF GAS-SENSIBILITY OF DYES ON THE BASE
OF 4-VALENCE STANNUM COMPLEXES
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Summary

Aim: Regularity detecting of possible sensitivity of nanoparticles ensemble of dyes on the base of
4-valence stannum complexes to presence of ammonia or HCI vapour in environment.

Research methods: Analysis of photoluminescence spectra of specimens with posterior summariz-
ing of obtained experimental results and using the literary data and analogies with results of previous
researching.

Results of researching: It’s found, that the nanoparticles ensemble of dyes containing the benzoyl
type amine substituent in the hydrazone fragment sharp and stably decreases its luminescence intensity
about in half after placing into ammonia atmosphere. The initial luminescence intensity may be restored
after annealing only. Probably this result is connected with formation of bridge bonds inside the pores
of matrix by ammonia molecules. On the other hand, the nanoparticles ensemble of dyes containing
the hydroxyl type amine substituent is sensitive to the HCI vapour. They reduce their luminescence
intensity about three times due to redistribution of negative charge in system. However, specified
changes have a place with some latent period. The initial luminescence intensity also may be restored
after annealing in this case.

Conclusion: There is certain selectivity of gas sensitivity of investigated dyes. The dyes contain-
ing amine substituent are sensitive to ammonia and insensitive to HCI vapour. The dyes containing
hydroxyl substituent are sensitive to HCI vapour and insensitive to ammonia. So it’s promise to use
as an indicated luminescence gas sensor both systems simultaneously. If it will need, every one snaps
into action to appropriate gas.

Keywords: dyes, photoluminescence, ammonia, hydrogen chloride, gas sensors, ecology
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OCOBJIMBOCTI I'A3O9YTJIMBOCTI BAPBHUKIB HA BA31 KOMIIVIEKCIB
4-BAJIEHTHOI'O CTAHYMY

1 K. Jotiuo', C. A. I'eseniox!, A. 1. Jlenix!, E. Puwsaxesuu-Ilacex’

" Ooecvruii Hayionanvruil ynieepcumem imeni 1. 1. Meunuxosa
2 [nemumym ¢hizuxu Bpoynascvroi nonimexuiku

Pedepar

Mera: BusiBuTH 3aKOHOMIPHOCTI MOXJIMBOI YyTJIMBOCTI aHCAaMOJIIB HAHOYACTUHOK OapBHUKIB Ha
bazi komniexcie 4-eanenmnoco cmanymy 10 MPUCYTHOCTI B arMocdepi amiaky abo mapiB XJIOPUCTOTO
BOJIHIO.

Mertonu nocaixeHHs: AHami3 criekTpiB (POTOTOMIHECLIEHIIT 3pa3KiB 13 HACTYITHUM y3arajibHEHHSIM
OTPUMAaHMUX €KCIEPUMEHTAIbHUX PE3yJbTaTiB 1 BAKOPUCTAHHAM JIITEPATypPHUX JAHUX Ta aHAJIOrIH 3
pe3yJibTaTaMu MOTePETHIX T0CIHKECHb.

Pesynbratu gocaimxeHHs: Bussneno, mo ancamM0ib HAHOYACTUHOK OapBHMKIB 13 aMiHOBUM
3aMICHMKOM O€H301JIbHOTO TUILY Yy TiJIpa30HHOMY (parMeHT] Hicjs 3aHypeHHs y aTMocdepy, 110
MICTUTh aMiaK, PI3KO 1 CTIHKO 3MEHIIy€ IHTEHCUBHICTh CBOTO CBITIHHSI Maiike y/BiYl, 1 TOHOBUTH
BHUX1/IHY 1HTEHCUBHICTh MO)KHA Jiuie micias Bianany. EQexT neBHe € moB’si3aHUM 13 yTBOPEHHSIM
MOJIEKYJIaMHU aMiaKy MICTKOBHX 3B’sI3KIB BCEPEAMHI IINAapyuH MaTpuli. HaromicTe, 4y TiiuBUMU 10 MapiB
HCI BusiBnstoThcst ancaMOi11 HAHOYACTUHOK OApBHHUKIB 13 T1IPOKCHIIBHUM 3aMICHUKOM, SIKI 3MEHIITYIOTh
IHTEHCUBHICTb CBOTO CBITIHHS Maii’Ke yTpUyi 3aBJsSKU NEPEPO3NOALTY HETaTUBHOTO 3apsiy B CUCTEMI.
[IlompaBaa, B OCTAHHHOMY BHUIIAJIKY 3a3Hau€H1 3MIHH BiJOyBAIOTHCS 13 IEBHUM JIATCHTHUM TIEP10OM.
[ToHOBNIEHHS MOYATKOBOI JIFOMIHECIIEHIIIT PU IIbOMY TEK MOXJIMBO JIULIE MICIs BlIAIY.

BucHoBku: Mae micie neBHa CEIeKTUBHICTh ra304yTJIMBOCTI OapBHUKIB Ha 0a31 KOMIUIEKCIB
4-paneHTHOTO cTanymy. YyTinuBumu 10 amiaky 1 ctiiikumu 1o napis HCl BusiBiisitoTbest OapBHUKH 13
aMIHOBHUM 3aMICHUKOM, a qyTiuBuMH J10 lapiB HCI 1 cTidikumu 10 amiaky € GapBHUKH 13 T1APOKCUIBHUM
3aMiCHUKOM. TOX MepCcreKTUBHO BUKOPUCTOBYBATH Y SIKOCTI IHMKATOPHOI'O JIIOMIHECIIEHTHOTO J1aBaya
ra3y 0JJHOYacCHO CHCTeMH Ha 0a31 000X aHcaMOI1iB HAHOYACTHHOK: y Pa3i HEOOX1THOCTI KOKHA CIIPAIIIOE
Ha BIJIMOBITHUN Ta3.

Kuiouogi ciioBa: 6apBHUKH, (hOTOIIOMIHECIICHITIS, aMiaK, XJIOPUCTHI BOJCHD, J1aBadi ra3y, €KOJIOTis
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INFLUENCE OF HEAVY METAL IONS ON THE PHOTOLUMINESCENCE OF
NANOCRYSTALS AgInS,/ZnS

1. Podgurska, A. Rachkov

Abstract. The influence of ions of heavy metals Cu*", Pb*", Co*", Ni**, Cd**, Ag", and ions, which
are common components of natural and drinking water (Na*, K*, Ca**, Mg*") on the photolumines-
cence of nanocrystals AgInS, with ZnS shell (NCs AgInS /ZnS) was investigated. Experimental data
obtained confirm the assumption on the relationship between the level of quenching of NCs AgInS./
ZnS photoluminescence under exposure to the heavy metal ions and solubility constant of their sulfides.
The concentration of ions Cu*, which caused a statistically significant quenching of NCs AgInS /ZnS
photoluminescence, is below their maximum allowable concentration in natural waters. It opens up
prospects of NCs AgInS /ZnS for developing methods for environmental monitoring of the copper ions.

Keywords: nanocrystals, photoluminescence, quenching, ions of heavy metals
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BIIJIMB IOHIB BA’KKUX METAJIIB HA ®OTOJIOMIHECHEHIIIO
HAHOKPHUCTAJIIB AglInS,/ZnS

I Ilooeypcvka, A. Paukos

AHoTauist. Byno mgociipkeHo BiuB i0HIB Bakkux MertaiiB Cu®’, Pb**, Co?*, Ni**, Cd*, Ag’, Ta
10HIB, 5IKi € 3BUYAHUMH KOMIIOHEHTaMHK IprpoaHoi i mutHoi Boau (Na*, K*, Ca?, Mg*") na ¢oromromi-
HECUEHII10 HaHOKpucTaliB AgInS, 3 obononkoro ZnS (HK AgInS /ZnS). Otpumani ekcriepuMeHTaIbHI
JIaH1 MITBEPKYIOTh MPUITYIICHHS TTPO B3a€MO3B'sI30K MK piBHEM racinHs goromominecteniii HK
AgInS /ZnS i BIIMBOM 10HIB BaKKMX METANIB Ta BEJIMYMHOK KOHCTAHTH PO3YMHHOCTI iX Cyibgi-
niB. Konnenrpartist ioniB Cu?’, 1110 BUKJIMKAE CTATUCTHYHO 3Ha4yIIe racinHs (otomominecteniii HK
AgInS /ZnS, BusBUIaCH HIDKIOKO 32 X IPAHUYHO JIOMYCTHMY KOHIIEHTPAILIO B IPUPOJHUX Bogax. Lle
Binkpusae nepcrekrtued HK AgInS /ZnS nyis po3poOku METOMIIB €KOIOrTYHOIO MOHITOPHHTY 10HIB Mii.

KurouoBi ciioBa: HaHOKpHCTaNU, GOTOTIOMIHECIICHITIS, TACIHHS, 10HH BaKKUX METAJIiB

BJIMAAHUE NOHOB TAKEJIBIX METAJIVIOB HA ®OTOJTIOMUHECIHEHIINIO
HAHOKPUCTAJIJIOB AgInS,/ZnS

HU. Ilooeypckas, A. Rachkov

AnHoTanus. Beuio HcclienoBaHo BIMSHUE HOHOB TshkeNnbiXx Metauios Cu®', Pb?", Co?', Ni*", Cd*,
Ag", 1 HOHOB, KOTOPHIE SIBJISTFOTCSI OOBIYHBIMU KOMITOHEHTAMU MPUPOTHON U TUTHeBOM BojbI (Na®, K-,
Ca*', Mg*") Ha (hoTomOMMHECHEHIMIO HaHOKpuUcTawIoB AgInS, ¢ obonoukoit ZnS (HK AgInS /ZnS).
[TomyuenHbIe HKCIIEPUMEHTANIBHBIE TAHHBIE MTOATBEPXKIAIOT MPEION0KEHNE O B3AUMOCBSI3H MEKITY
ypoBHeM TramieHus ¢poromomuaectieHmn HK AgInSz/ZnS 10 BO3JIEUCTBUEM UOHOB TSKEIIBIX METAJI-
JIOB ¥ BEJIMYMHOW KOHCTAHTBHI PACTBOPHUMOCTH UX CYIb(PHUA0B. BbIIO BBISIBICHO, YTO KOHIIEHTPAIIHS
noHos Cu’’, BBI3bIBaIOIAs CTATMCTHYECKU 3HAYMMOE ramenue poromomunecuennuu HK AglnS /
ZnS, okazajach HIDKE UX MPEJeNbHO JOMYCTUMOM KOHLIEHTPAIIMH B PUPOIHBIX BOJaX. DTO OTKPHIBAET
nepcnextuBbl HK AgInS /ZnS nst pa3spaboTky METONOB SKOJIIOTMYECKOTO MOHUTOPUHIA MOHOB MEJIN.

KuroueBble ¢jioBa: HAHOKPUCTAILIBI, (DOTOTFOMUHECIIEHITNS, TAIIICHUE, HOHBI TSHKETBIX METaJIIOB
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Introduction

The development of industry, transport and
intensive use of various chemicals in agriculture
made an environmental monitoring as a very ac-
tual and necessary task. Ions of heavy metals are
among the most dangerous and common environ-
mental pollutants. They are characterized by high
stability, solubility in precipitation, and absorp-
tion capacity for soil and plants [1-4]. Their ac-
cumulation in humans and animals can cause the
development of various pathologies: cancer, blood
disorders, diseases of endocrine system and so on.

Conventional methods of analysis of heavy
metals, such as various types of chromatography
and spectrometry, require highly qualified per-
sonnel, sophisticated and expensive equipment.
Therefore, the development of simple to use, ac-
curate, fast and cheap method for determining
the concentration of heavy metals in samples of
natural water or food is urgent and important task.
To develop such methods, quantum dots, which
are semiconductor nanocrystals (NC) capable of
photoluminescence may be used [2].

They usually consist of 10° - 10° atoms and
have a size of 1 to 12 nm. Photoluminescent NC
often built with a core represented a relatively
narrow-band semiconductor material and a shell
with a wide-gap semiconductor such as ZnS or
ZnSe, which provides greater photostability and
higher quantum yield. The core of nanocrystals
may consist of atoms of elements II - VI (ZnS,
CdS, CdSe, HgS), I1I - V (GaAs, InP, InAs, GaN),
IV - VI (PbTe, PbSe) groups. Also a core can be
formed by ternary compositions CdZnS, CdSSe,
InNP, InGaAs, etc. [2-6].

Recently, the researchers from L.V. Pisar-
zhevsky Institute of Physical Chemistry of NAS of
Ukraine developed the method for preparation of
ternary NC AgInS,, which is one of the best alter-
natives to NC based on Cd or Pb. Their advantages
are low toxicity, a large band gap (from 1.87 to
2.03 eV) and high molar extinction coefficient. NC
AgInS, used primarily for making photovoltaic de-
vices, but recent studies have shown the prospect
of using these quantum dots in cell imaging and
analysis of certain substances|7].

The aim of this work is to investigate the influ-
ence of ions of heavy metals Cu®*, Pb*', Co*, Ni*,
Cd*, Ag", and ions, which are common compo-

nents of natural and drinking water (Na*, K*, Ca*’,
Mg?") on the photoluminescence of nanocrystals
AglInS , to figure out the possibility of the further
use of the nanocrystals to determine the ion con-
centrations.

Materials and methods

To investigate the influence of metal ions
on NC photoluminescence, aqueous solutions
of CuCl,-2H,0, CoCl,-6H,0, Ni(NO,),-6H,0,
Cd(NO,),"4H,0, Pb(NO,),, AgNO,, NaCl, KClI,
CaCl, and MgCl-6H,0 were used. All of the
reagents were obtained from SC “Macrohim”
Ukraine. To prepare the solution, the deionized
water Milli-Q (type I, R = 18.2 MQ cm) obtained
by “Simplicity Water Purification” (“Millipore”,
USA) was used.

Nanocrystals AgInS, with ZnS shell (NCs
AgInS /ZnS) were synthesized and kindly pro-
vided by the senior researcher of L.V. Pisar-
zhevsky Institute of Physical Chemistry of NAS
of Ukraine, Dr. A. Raevskaya.

All photoluminescence measurements, except
for obtaining spectra, were performed using scan-
ning spectrofluorometer “Synergy HT Multi-Mode
Microplate Reader” (“BioTek”, USA). In experi-
ments using immunological plates with a special
non-binding surface that prevents sorption in its
wells (“Greiner Bio-One”, Germany). Aqueous
solutions of NCs AgInS,/ZnS (final dilution was
1:100) and the metal ions mixed in the desired
concentrations in the wells of immunological
plate. For photoluminescence excitation and emis-
sion measurement filters 460+40 nm and 590+20
nm, respectively, were used.

Photoluminescence spectra were obtained by
spectrofluorometer «Cary Eclipse» («Variany,
Australia) at the excitation wavelength 260 nm.
Aqueous solutions NC AgInS /ZnS and cadmium
ions of corresponding concentration were mixed in
a quartz cell with optical path length of 1 cm. NC
emission was recorded in the range 500 to 750 nm.

Results and Discussion

At the beginning of the investigations of the
influence of the heavy metals ions on the photo-
luminescence of NC AgInS_/ZnS, a qualitative
visual experiment was conducted - solutions of
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CuCl,, CoCl,, Ni(NO,),, ZnCl, abo Cd(NO,), were
added into test tubes with the nanocrystals to a fi-
nal concentration of ImM (an appropriate amount
of water was added into the control tube) and the
tubes put under the rays of ultraviolet lamp. Ob-
viously, the ions Cu?**, Co?" and Ni** caused the
almost complete quenching of photoluminescence
of NC AgInS_/ZnS, ions Zn** did practically no
effect on its level, and ions Cd** influenced on (to
some extent) not only the intensity of photolumi-
nescence, but also its color (Fig. 1).

Ni2* control < Zn** Cd*

C02+

Cu?*

Fig. 1. Photoluminescence of NCs AgInS,/ZnS in the
presence of the ions Cu**, Co?**, Ni**, Zn>* and Cd*".
Any ions were not added into the control test tube.

A more detailed quantitative experiment to
study the effect of ions of nine different metals on
photoluminescence of NC AgInS_/ZnS was per-
formed using scanning spectrofluorometer “Syn-
ergy HT Multi-Mode Microplate Reader” (Fig. 2).

Photoluminescence, %

1,0E-10

1,0€-08 1,0E-06 1,0E-04 1,0E-02

lon concentration, M

Fig. 2. Changes of normalized photoluminescence of

NC AgInS,/ZnS in the presence of ions Cu**, Co™,

Ni?*, Pb**, Ag*, Na*, K*, Mg?" and Ca?*. The values of

measurement error is less than the size of the marks
that have been used for plotting.

The results on the influence of ions that are nor-
mally found in natural bodies of water (Na*, K*,

44

Mg?**, Ca*"), said that in relatively high concentra-
tions (10 mM) only ions of sodium and calcium
may cause some quenching photoluminescence
(19% and 9% with confidence 99% and 95%, re-
spectively). However, in natural fresh water con-
centration is typically less than 1 mM, and there-
fore should not significantly affect the level of
photoluminescence NC AgInS,/ZnS.

The strongest photoluminescence quenching
happened in the presence of ions Cu?*. Noticeable
effect (statistically significant decrease in the in-
tensity of photoluminescence of NC AgInS /ZnS)
was observed when adding 0.25 uM Cu?*, which
is much lower than the permissible content of Cu**
in natural waters. lons Co**, Ni*", Pb*", Ag'in the
range of 0.5-10 uM caused nearly identical pho-
toluminescence quenching.

Photoluminescence quenching of NC by heavy
metal ions can be explained by the binding of ions
on the surface of the nanocrystals, or rather, the
inclusion of the metal ions to the crystal struc-
ture of zinc sulfide shell on the surface AgInS,.
The ions of other metals can displace zinc ions
and integrate into the structure of the shell or join
unpaired sulfur atoms on the surface of NC [9].
Substitution of zinc in zinc sulfide may depend
on the solubility constant (Ksp) of heavy metal ion
compounds with sulfur (II). If the solubility of the
newly formed complex of metal with sulfur (II)) is
lower than the solubility of zinc sulfide, then this
metal is able to fit into a shell of NC displacing of
zinc ions and alter the intensity of photolumines-
cence due to decrease of luminescence centers on
its surface.

As shown in the Table. 1, where negative loga-
rithms of solubility constants of certain sulfides
are, these figures are quite consistent with our
experimental data on the influence of ions Cu?,
Co?", Ni*" and Pb*" on photoluminescence of NC
AgInS /ZnS. Silver ions did not quench photolu-
minescence stronger than other ions (which would
be expected based on the lowest value Ksp) per-
haps because they are components of core nano-
crystals and their integration into crystal shell does
not cause fundamental changes in its structure.
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Table. 1.

Thus, it was found that the addition of solu-

Negative logarithms of solubility constants of tions containing Cd** to NC AgInS_/ZnS caused

the next sulfides [8].

Sulfides -log K,
ZnS(P) 21,6
CoS(B) 24,7
NiS(y) 25,7
PbS 26,6
Cds 27,8
CuS 35,2
AgS 49,7

As for the role of ions Cd?*’, then an additional
experiment was conducted: instead of the chang-
es in photoluminescence of NC AgInS /ZnS at a
fixed wavelength, the emission spectra in wide
range of wavelengths were recorded (Fig. 3). Pri-
mary photoluminescence spectra of NC AgInS /
ZnS (3-4 parallel measurements) for each Cd**
concentration were averaged and fit (Fig. 3). It
allows most accurately determine the maximum
intensity of the photoluminescence spectrum and
the corresponding wavelength.

90

%
S

Photoluminescence, arb.u.
<
3

60

580 590 600 610 620 630 640 650 660
Wavelength, nm

Fig. 3. Photoluminescence spectra of NC AgInS,/

ZnS in the presence of Cd** ions, from top to bottom

0 nM, 1 nM, 10 nM, 100 nM, 1 pM, 10 pM, 100 pM,
200 pM Cd*.

some photoluminescence quenching (200 uM
Cd*" reduced the intensity of photoluminescence
approximately on 18%) and shift of the photolu-
minescence peak about 16 nm (at no Cd*" pho-
toluminescence maximum was at 610 nm, after
bringing Cd**concentration to 200 uM maximum
shifted to 626 nm). The shift of the photolumines-
cence peak with a slight decrease in its intensity
can be explained by the formation of new centers
of photoluminescence on the surface as a result
of substitution of zinc by cadmium in ZnS shell.
This assumption is confirmed by the fact that the
cadmium sulfide has a lower solubility constant
compared with zinc sulfide, and should be largely
replace the zinc ions in the shell of nanocrystals.
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Summary

The aim of this work is to investigate the influence of ions of heavy metals Cu**, Pb**, Co*’, Ni*',
Cd*, Ag", and ions, which are common components of natural and drinking water (Na*, K*, Ca*", Mg?"),
on the photoluminescence of nanocrystals AgInS, with ZnS shell (NCs AgInS_/ZnS) to figure out the
possibility of the further use of the nanocrystals to determine the concentrations of the ions.

Photoluminescence measurements of NCs AgInS /ZnS were performed using scanning spectrofluo-
rometer “Synergy HT Multi-Mode Microplate Reader”. Photoluminescence spectra were obtained by
spectrofluorometer “Cary Eclipse”.

Experimental data obtained confirm the assumption on the relationship between the level of quench-
ing of NCs AgInS /ZnS photoluminescence under exposure to the heavy metal ions and solubility
constant of their sulfides. The order of studied ions by the degree of influence on the NC photolumi-
nescence generally coincides with their order of the decrease of the solubility of their sulfides, with
the exception of ions Cd*" and Ag”, which, when substituting zinc ions in the shell of nanocrystals may
contribute to the formation of a certain amount of new centers of emission. The concentration of ions
Cu?*, which caused a statistically significant quenching of NCs AgInS,/ZnS photoluminescence, is be-
low their maximum allowable concentration in natural waters. It opens up prospects of NCs AgInS /ZnS
for developing methods for environmental monitoring of the copper ions. Such methods have several
advantages over conventional methods, among them - high sensitivity to nanomolar concentrations of
copper ions, high speed of analysis and safety for both personnel and the environment.

Keywords: nanocrystals, photoluminescence, quenching, ions of heavy metals

46



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 1

PACS 78.55.-m ,81.07.Ta
DOI http://dx.doi.org/10.18524/1815-7459.2017.1.96438

BIIJIUB IOHIB BA’KKUX METAJIIB HA ®OTOJIOMIHECHEHIIIO
HAHOKPHUCTAJIIB AgInS,/ZnS

1. Ilooeypcevka’, A. Pauxos®

"HarioHaapHHU# TeXHIYHUN YHIBepCUTET YKpainu « KUTBChKHIA MOMITEXHIYHUH IHCTUTYT iM. Irops
Cikopcbkoroy, npoct. [Tepemoru, 37, 03056 Kuis, Ykpaina
my_ wonderful_life@ukr.net
*[HCTUTYT MOJIEKYIISIpHOT 010JT0TiT 1 TeHeTHKHM HalioHaIbHOT akajeMii HayK YKpaiHu,
ByIn1. 3abonotHoro, 150, 03680 Kuis, Ykpaina
oleksandr rachkov(@yahoo.com

Pedepar

Mertoro aHoi poOOTH € TOCIIITUTH BILIMB 10HIB TAKUX BOXKUX MeTaliB, sk Cu?t, Pb?*, Co?’, Ni*',
Cd*, Ag’, a Takox 10HIB, SIKi € 3BUYaHHUMH KOMIIOHEHTaMK PUpoIHOT Ta mutHOi Bomu (Na*, K*, Ca*,
Mg**) Ha poromominecuenuiro HaHokpucTaniB AgInS, 3 o6ononkoro ZnS (HK AgInS /ZnS), mo6
3’sICYBaTH MOYJIMBICTh BUKOPUCTAHHS ITUX HAHOKPHCTAIB JIUIsl BU3HAYEHHS KOHIICHTPAIliN 3a3HAUYEHIX
10HIB.

BuwmiproBanua ¢oromrominecuennii HK AgInS_ /ZnS OGynu BukoHaHi 3 BUKOPUCTAHHAM
CKaHyBaJIbHOTO criekTpodmyopumerpa «Synergy HT Multi-Mode Microplate Reader». Criektpu ¢o-
TOJIFOMIHECIICHIIIT Oyl OTpUMaHi 3a 1onoMororo criekrpodayopumerpa «Cary Eclipse”.

OTpumaHi eKCIIepUMEHTAaIbHI JIaH1 MiATBEPIKYIOTh MPUITYIIICHHS PO B3aEMO3B 30K MK piIBHEM
racinns goromominecuenuii HK AgInS,/ZnS nig BrmBoM i0HIB BaKKHX METAJIB Ta BETUYHHOIO
KOHCTAHTH PO3YMHHOCTI iX cynb(iaiB. [lopsaaok nocnikyBaHUX 10HIB 3a CTyIE€HEM BIUJIMBY Ha
dotomominecteniiro HK, sk nmpaBuio, 30iraeTbecs 3 MOPSIKOM 3MEHIICHHS PO3YMHHOCTI 1X CYJIb-
¢inis, 3a BuHATKOM ioHIB Cd** 1 Ag”, Ki, KOJIM 3aMIIIyIOTh I0HH IUHKY B 00OJIOHIII HAHOKPHCTAJIIB,
MOXKYTb CIPHUSITH YTBOPSHHIO MIEBHOI KUJIbKOCTI HOBUX LIeHTPiB eMicii. Konnenrpaitis ionis Cu®’, mo
BHMKJIMKA€ CTaTUCTUYHO 3Hauyle racinus ¢oromominecuenuii HK AgInS /ZnS, BusBunace HIKI010
3a iX TPaHMYHO JOIYCTUMY KOHIICHTpaLilo B MpHpoaHuX Boaax. Lle Binkpuae nepcrnekrusn HK
AgInS /ZnS nnst po3poOKK METOMIB €KOJIOTIYHOIO MOHITOPUHTY 10HIB Mii. Taki MeTOIM MaKOTh PsJL
nepeBar B MOPIBHSAHHI 3 TPAAUIIIMHUMU METOJIaMU, CEpe]l HUX - BUCOKA UYTIUBICTh /10 HAHOMOJISIPHUX
KOHIICHTpAIIil 10HIB MiJ[i, BUCOKA IIBUIKICTh aHAI3Y Ta Oe3MeKa K s IEPCOHANY, TaK i IS JOBKIILISL.

KuiouoBi ciioBa: HaHOKpHUCTAIH, POTOIFOMIHECIICHIIIS, TACIHHS, 10HW BaKKHX METaJIIB
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AJIANITALIS TPOLEJYPU HAHECEHHS MOJI®EHIJIEHIAMIHOBOI MEMBPAHU
HA JUCKOBI INTATUHOBI IIEPETBOPIOBAUI

1. C. Kyuepenxo, O. B. Conoamxina, /I. IO. Kyuepenxo, O. O. Conoamxin, C. B. /[{3a0esuu

AHoTtanisi. CeleKTUBHICTh aMIIEPOMETPUYHHUX 010CEHCOPIB 3aJICKUTH BiJl Yy TIIMBOCTI IIEPETBOPIO-
BauiB JI0 €JIEKTPOAKTUBHUX pedoBUH. OJIHUM 13 BaplaHTIB 3MEHIIECHHS YyTJIMBOCTI IEPETBOPIOBAYIB
710 €JIEKTPOAKTUBHUX PEYOBUH € HAHECEHHS Ha HUX HaMIBIIPOHUKHUX MeMOpaH. MeToro 1aHoi po6oTH
Oy’ia onTuMi3allis yMOB HaHECEHH:I HaIliBIPOHUKHOI MeMOpaHu Ha ocHOBI nomideninenniaminy (I1D/)
Ha aMIIEpOMETPHUYHI IEPETBOPIOBAYI, B SIKOCTI SIKUX BUKOPUCTOBYBAJIU JIMCKOBI IUIATUHOBI eJleKTpoau. B
po0oTi IEpeBipeHO YYTIIMBICTh IEPETBOPIOBAYIB JI0 PAIY CICKTPOAKTHBHHUX PEYOBHH JIO Ta TTICIISI HAHE-
CEeHHS JIOAaTKOBOI HamiBNIPOHUKHOT MeMOpanu. Jlocmimxeno edexruBHicTb [1D]] MmemOpanu, HaHeCeHOT
IIPU Pi3HIN TPUBAJIOCTI €NEKTPONOIIMEPH3aLil Ta PI3HUX KOHIIEHTPALIIX MOHOMEPY M-(heHUIEeH/11aMiHY,
Ta BUOpaHO ONTUMAaJIbHI YMOBH ejeKkTponoiimMepusaiii. [lokazano, 1110 nepeTBoproBayl 3aJUILAI0THCS
HEUYTIIMBUMU JI0 €JIEKTPOAKTUBHUX PEUOBMH MPU TPHUBAJiil poOOTi Ta mij yac 30epiraHHs MpoTAromM
TwkHs. TakuM ynHOM TIepeTBoproBaul, Mmoaudikosani [1D]] memOpaHot0, MO’kHA €(hDeKTHUBHO BUKOPHUC-
TOBYBATH Ul POOOTH 3 pealbHUMH O10I0TTYHUMHU 3pa3KkaMu, TAKUMU sIK CHPOBATKa KPOBI.

KurouoBi ci1oBa: amrepoMeTpuuHHiA IepeTBOPIOBay, 6i0ceHcop, noideHiaeHaiaMmiHoBa MeMOpaHa,
€JIEKTPOAKTHBHI PEYOBHHH, IJIATUHOBUHN JTUCKOBUHN €IIEKTPO/I.

© I. C. Kyuepenko, O. B. Connarkina, /. FO. Kyuepenko, O. O. Connarkin, C. B. [I3saesuu, 2017
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ADAPTATION OF THE PROCEDURE FOR POLYPHENILENE MEMBRANE
DEPOSITION ON THE DISK PLATINUM TRANSDUCERS

LS. Kucherenko, O. V. Soldatkina, D. Yu. Kucherenko, O. O. Soldatkin, S. V. Dzyadevych

Abstract. The selectivity of biosensors depends on the sensitivity of transducers to electroactive sub-
stances. One of the options for decreasing this characteristic is deposition of semipermeable membranes
on their surface. This study was aimed at optimization of the conditions of deposition of semipermeable
membrane based on polyphenylenediamine (PPD) onto the surface of amperometric transducers. Disc
platinum electrodes were used as transducers. In the study presented, the transducer sensitivity to a
number of electroactive substrates was tested before and after deposition of the additional semiperme-
able membranes using different methods. Efficiency of PPD membranes was investigated depending
on the time of electropolymerization and concentration of monomer m-phenylenediamine, optimal
conditions were determined. It was shown that the transducers stayed insensitive to the electroactive
substances over long-term operation and during one-week storage. According to the results obtained,
the transducers modified with PPD membrane can be effectively used for analysis of real biological
samples, e.g. blood serum assays.

Keywords: Amperometric transducer, biosensor, polyphenylenediamine membrane, interfering
substances, platinum disc electrode

AJIANITAIIAA MTPOLEIYPBI HAHECEHUA MOJIM®EHUIEHIUAMWHOBOM
MEMBPAHBI HA TUCKOBBIE IIJTATUHOBBIE ITPEOBPA3OBATEJIN

U. C. Kyuepenxo, O. B. Conoamxuna, /[. FO. Kyuepenxo, A. A. Conoamkumn, C. B. /[3a0e6uy

AHHoTanus. CelIeKTUBHOCTh aMIIEPOMETPUUECKUX OMOCEHCOPOB 3aBUCUT OT YyBCTBUTEILHOCTH
npeoOpazoBarenei K AeKTPOaKTUBHBIM BeliecTBaM. OHUM U3 BAPUAHTOB YMEHbIICHUS YyBCTBUTEIb-
HOCTH NpeoOpazoBaresiel K AEeKTPOaKTUBHBIM BEIIECTBAM SBIISIETCS HAHECEHUE HA HUX MOTYIIPOHHIIA-
eMbIX MeMOpaH. L{enpio qaHHoM paboTh ObLIa ONITUMM3AIUS YCIIOBUH HAHECEHUS MTOJTYTPOHUIIAEMOMN
MeMOpaHbl Ha ocHoBe nonudenunenuamuna (I1P) Ha amnepomeTpuyeckue npeodpazoBareii, B
KaueCcTBe KOTOPBIX MCIIOI30BAJIN JAUCKOBBIE TUIATHHOBBIE JIEKTPobl. B pabore ObU10 MpoBepeHo
YyBCTBUTEIBHOCTh MpeoOpa3oBareneil K psiiy 3JIEKTPOAKTUBHBIX BEIIECTB JI0 U MOCJe HaHECEHUs
nojynpoHunaeMoit Mem6Opansl. Mccnenosana adpdexruBHocts I1dD]] memOpaHbl, HAHECEHHOH MpH
pa3sHOM MPOAOIKUTEIBHOCTH 3JIEKTPONOJNMEPU3ALMHU U PA3IMUYHBIX KOHIIEHTPALUIX MOHOMEpa
M-(pEHUICHIMaMUHa, U BBIOpAaHbl ONTUMAaJbHbIE YCIOBUS 3JeKTpononuMmepusanuu. [lokazano, uyto
npeoOpa3oBaTey OCTAIOTCS HEUyBCTBUTEIIBHBIMU K AJICKTPOAKTUBHBIM BEIIECTBAM MPH JUTUTEIbHOM
pabote U BO BpeMs XpaHeHHs B TeueHHe Henenn. CorllacHO MpUBEACHHBIM pe3yabTraTam, mpeodpaszo-
Barenu, moauduiupoanusie [1D]] memOpanoii, MOKHO 3PGHEKTUBHO MCIOIB30BaTh JJIsi PAOOTHI ¢
peasibHbIMU OMOJIOTHUECKUMHU 00pa3liaMy, TAKUMH KaK CHIBOPOTKA KPOBH.

KaroueBble cii0Ba: amMmrepoMeTpryeckuii mpeodpazoBaresb, OM0CeHCOp, NONMU(EHUICHIMaMUHOBAS
MeMOpaHa, 3JeKTPOAKTUBHBIE BEIIECTBA, MNIATUHOBBII TUCKOBBIN 3JIEKTPOJ
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1. Beryn

biocencopu npeacTaBisioTh co0010 rpyIy HO-
BITHIX aHAJIITUYHUX MPHUJIA/IB, SKi € aJIbTEPHATH-
BOIO JUIS KJITACHYHHUX METOJIIB, TAKUX SIK XpOMATO-
rpadisi, CHEKTPOCKOMis, KOIopuMeTpis, Toulo [1,
2]. Y mopiBHSHHI 13 TPaIUIIHHUMU METOIAMH,
OloceHcopu € Habararo JEHIeBITUMHU 1 MPOCTI-
IIMMHU Y BUKOPUCTAHHI, IPOTE 1HO/1 MaIOTh JEII0
ripin aHaJiTHYHI XapakTepucTuku. Tomy Hapasi
OloceHCcopHKa aKTUBHO PO3BUBAETHCA |3, 4].

BaxnBoro aHaNITHYHOIO XapaKTEPHCTUKOIO
010CEHCOpIB € TXHSI CENIEKTUBHICTh, TOOTO 37aT-
HICTh BU3HAUYaTH JIUIIE OJHY IUIBOBY CITOIYKY
1 He pearyBaTu Ha iHIII cynmyTHiI pedoBuHH. Ce-
JEKTHBHICTh 010CEHCOpa BH3HAYAETHCS JIBO-
Ma ¢haKkTopaMu — CEJIEKTHUBHICTIO O10JIOT1YHOTO
Mmarepially Ta CEeJEKTHBHICTIO IepeTBOpIOBaYa
[5]. 3a3BHuail B elNEKTPOXIMIYHUX OioCEHCOpax
BUKOPHUCTOBYIOTh JYy)K€ CEJICKTUBHHM Oiomare-
pian tumy (epMeHTIB UM aHTHUTLI, IpOTe mepe-
TBOPIOBAUEM CIIYTY€E €IIEKTPOJ, SIKHH € BITJTHOCHO
HecelleKTUBHUM. CelIeKTUBHICTh OloCeHcopa €
BOXJIUBUM (DaKTOPOM IpH POOOTI 3 peaTbHUMU
O10JIOTIYHUMH PiTUHAMU Ta THIIUMHU CKJIQJHUMU
3pa3kaMH, TOMY JOCTI/DKCHHS Ta IOKpPAaIICHHS
CEJIEKTUBHOCTI 0l0CeHCopa 10 MOXKIIMBHUX 1HTEp-
(bepyrounx CoiyK € 000B’SI3KOBUM €TaIroM IpU
po3po0i11i Gi0CceHCOPiB.

[TpuunHOIO HecnmenuQiuHOro CHUrHaly am-
MEPOMETPUYHOTO 0i0CEHCOpa € MOXKIIUBE OKHC-
HEHHS a00 BIJHOBJICHHSI Sy €JEKTPOAKTUBHHUX
CIIOJIyK Ha MOBEPXHi enekTpoay. B Gionoriunux
3pa3kax, TaKHX sSK CHpOBaTKa KpOBi, ce4a, CIINH-
HOMO3KOBa pIJMHA, TOIIO, MPUCYTHI PEUYOBHUHH,
SKI MOXXYTh BCTyHaTu B XIMI4HI peakuii Ha Io-
BEpXHI MEPEeTBOPIOBAUiIB, CIPUYHHSIOYH YTBO-
pEeHHS TOMHJIKOBOTO CHUTHAy OloceHcopa, 1110, B
CBOIO Yepry, MPU3BOJUTH /10 MOMUJIKOBHUX (3aBU-
[ICHUX ) PE3yJbTaTiB 010CEHCOPHUX BUMIipPIOBAHb
[6]. Taki pe4oBHHM HA3WBAIOTHCS THTEPHEPYIOUH-
MU peyoBHHAMHU, 200 iHTepdepeHTamu. Y BUNa-
Ky aMIIepOMETPUYHUX Oi0CEHCOPIB TOJIOBHUMU
iHTepdepeHTaMl BHUCTYIAIOTh EJICKTPOAKTUBHI
PEUOBUHM, SIKI 3/1aTHI OKHCHIOBATHCH Ha poOO0UO-
My eJEeKTpOIi i reHepyBaru cTpyM. OCHOBHUMU
iHTepdepeHTaMu B OIOJIOTIYHHUX 3pa3Kax € Ha-
CTYIHI PEYOBHUHU: aCKOPOIHOBA KHUCJIOTA, LIUCTE-
H, TOMOIIMCTETH, CEYOBa KUCIIOTA, To(aMiH, TITy-
TaTIOH, Ta 1HIII.
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IcHye nBa OCHOBHUX HAMPSIMKH TSI 3amo0i-
TaHHs OKUCHEHHs 1HTep(epyrouuXx pEeyOBHUH Ha
€JICKTPOJHINA MOBEPXHI — 3MEHIIEHHS POO0YOro
MOTEHINIaly 32 paXyHOK BBEJCHHS B cKiax Oio-
CEJICKTUBHOI MeMOpaHHM JOJAaTKOBUX PEUOBHH,
a00 HaHeCEHHs JOJaTKOBMX HaIliBIPOHUKHHUX
MeMOpaH, sIKi CEJIeKTMBHO MPOITyCKAaOTh 0 IO-
BEPXHI €JIeKTpoJa LiIboBYy peuoBuHy [7]. Ilpu
IIbOMY, HAHECEHHs HAIIBIPOHUKHUX MeMOpaH €
METOZIOJIOTIYHO MPOCTIIIMM 1 HE3HAYHO BILIUBAE
Ha poOoTy 610CEHCOpPIB, B TOM Yac K 3MEHIICH-
Hsl poOOYOro MOTEHIiany MeBHUMHU METOAMKAMHU
MOXK€ 3HAYHO 3MIHHUTH AaHATITUYHI XapaKTepHuC-
THUKH 010CEHCOPIB.

Jly’)ke 4acTo B aMIepOMETpPUYHHUX Oi0CEHCO-
pax BUKOPHUCTOBYIOTHCS (PEPMEHTH OKCHA3H, SKi
B Ipoleci (pepMEHTaTUBHOI peakiii yTBOPIOIOTh
nepekuc BojHIO. L5 criomyka BiTHOBITIOETHCS Ha
€JIEKTPO/Il, TIPU IIbOMY TE€HEepPY€EThCsI CUTHAT 0i0-
cencopa. Tomy po3poOka HAHOTIOPUCTHUX TUTIBOK,
SIK1 O TIPOTTYCKAJIH JI0 IIOBEPXHI1 €JIEKTPOTY TIEPOK-
CHJI BOJHIO 1 3amoOirajgy NMPOHUKHEHHIO 1HIIMX
PEUOBHH, € BeIbMHU akTyasbHOI. Cepen Takux
MeMOpaH 3HayHy yBary MpuBEpPTalOTh MOJIMEpHI
TUTIBKH HA OCHOBI (eHineHniaminy [8]. Lls mem0O-
paHa yTBOPIOE TOPH, PO3MIP SKUX € JOCTATHIM
JUIs TPOXOPKEHHSI HU3bKOMOJIEKYJISIPHUX CIIONYK,
30KpeMa MepeKKcy BOJHIO, 10 MOBEPXHI EIEKTPO-
J1a, Ta € HEJIOCTATHIM ISl TPOXO/KEHHS OUIbIINX
3a po3MipoM pedoBuH. byio 3anponoHoBaHo pi3-
Hi MEeTOAMKH (hopMyBaHHS MoJi(eHIeHaIaMiHO-
BUX MeMOpaH, 3 pI3HUMH TPUBAJIOCTSIMH Ta IO-
TeHIliaJlaMi OKHCHEHHsS (eHuIeHaiaMiny. YacTto
JlaH1 METOJIMKH € CKJIaJHUMHU Ta CyTepewINBUMH,
OCKIJIbKU PO3POOJISUIMCH TSl PI3HUX €JIEKTPO/IIB
Ta OioceHcopiB. [Ipu BUKOpUCTaHHI PI3HHUX 130-
MepiB (peHieHaiaMiny, HallKpala OZHOPIHICT
IOp Ta CEJIEKTUBHICTh Oysla JIOCATHYTa 13 BUKO-
puctanHsaM MeTta-izomepy [9]. Tomy MeToro maHoi
pobotu Oyio MOPIBHATU Pi3HI METOAMKH HaHe-
CeHHs (eHUIeHI1aMiHy Ta Migi0paTH ONTUMAaJIbHI
YMOBH JUIsl HaHECEHHS TMomideHiIeHiaMIHy Ha
aMIIepOMETPUYHI MIEPETBOPIOBAUl Ha OCHOBI JUC-
KOBHX IIJIATHHOBHX €JICKTPOJIIB.

2. Marepiaau i MmeToau
2.1. Mamepianu

B po6ori Oyn0 BUKOpHUCTaHO aCKOPOIHOBY KHUC-
JIOTY, CEYOBY KHUCIIOTY, 10(aMiH, IEPOKCU]L BO-
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Hi0, m-eninenaiamin Ta HEPES ¢ipmu Sigma-
Aldrich Chemie (CIHA). Inmi cnonyku, 1o BH-
KOPUCTOBYBAJIUCA B POOOTi, OylK BITYU3HSHOTO
BUPOOHUIITBA Ta MAJIH CTYIiHb YHCTOTH ,,X.4.* Ta
Laumal.

Po3unHM enekTpoakTUBHUX CHOIYK Yy pobo-
gomy Oydepi roTyBamm Oe3mocepenHbO Mepen
MPOBENEHHIM EKCIEPUMEHTIB Yepe3 CIIOHTaHHE
OKHMCHEHHsI JIaHUX CHOJYK y po3uuHi. Pozunnun
CEYOBOT KMCJIOTH TOTYBAJIN y IUCTHIILOBAHIN BOJII
3 5 MM NaBrO, yepe3 cnabKy pO34MHHICTb CE40-
BOI KHMCJIOTH B 1HIIUX Bunajakax. OeHinenaiaMia
pozunssmn y 40 MM ¢docdarnomy Oydepi, pH
7.4.

2.2. Koncmpykuia amnepomempuunux
nepemeopiosayie

B po6oTi BUKOPUCTOBYBalM aMIepOMETPHY-
HI TEepEeTBOPIOBaYl BIIACHOTO BHPOOHUIITBA Ha
OCHOBI IJIATUHOBUX JTUCKOBHX €JIEKTPOIiB. Bu-
TOTOBJIEHHSI MIKPOEJIEKTPO/IB IPOBOIMIN 3a Bij-
npanboBaHuUM anroputMmom. llpu iX cTBOpeHHI,
CTOYaTKy IUIATMHOBHH ApiT aiametpom 0,4 MM i
JOBXXHMHOIO 3 MM 3allaroBajy B KIHIIEBIH YaCTUHI
CKJISTHOTO Kamijspa i3 30BHIIIHIM AiameTpoM 3,5
MM. BinkpuThii Topers 1poTy BUCTyIIaB poO0YOk0
MMOBEPXHEIO MepeTBoproBayva. [loTiM rurarnHOBHA
JIPIT 3a JOMOMOTOIO JIETKOIUIABKOTO CIuiaBy Byna
3’€IHYBAJU 3 TPOBITHUKOM, PO3MIILIEHUM BCepe-
IuH1 Kanisipa. Ha npyromy KiHI NMpoOBIAHMKA
MPHUETHYBAIN KOHTAKTHY TUIOIIAIKY AJIs TiAKITIO-
YEeHHS JI0 BHUMIPIOBAJIbHOI yCTaHOBKH. PoGouy
MOBEPXHIO €JIEKTPOAIB OTpUMYyBaIM HUIi(yBaH-
HSIM 13 BUKOPHCTAHHSAM IOPOIIKY OKCHAY allio-
MiHit0 (po3mip yactuHok 0,1 MxMm Ta 0,05 MxMm)
Ta 0OpOOSIIM CIIUPTOM TiEepen IMMOO1LTI3alliEl0
010CceNneKTUBHOrO eneMeHTy. llepionuyHo enek-
TPOJIHY TIOBEPXHIO MTOHOBIIIOBAJIH 32 JOMOMOTOIO
Takoro x nutidysanHs. CxemMaTHYHUM BUITISA Ja-
HUX TIEPETBOPIOBaYiB HaBeIeHO B poOoTi [10].

2.3. Memoouxa eumiprosans

B poGoTi BUKOPUCTOBYBaJIaCh TPUEIEKTPOIAHA
cXeMa aMIepoMeTpuIHoro anaiizy. Pobodi amrie-
POMETPHUYHI E€JIEKTPONIH, TOTOMDKHHIA TUTATHHO-
Buit enexrpon ta Ag/AgCl enexkrpoa mopiBHSIH-
HS TIAKITIOYAINCh 10 moTeHiiocraty PalmSens

(Palm Instruments BV, Hinepnanmu). 8-mu ka-
HanbHUM npuctpiit (CH-8 multiplexer) Toro x
BUPOOHHMKA, IO TiKITIOYABCS JI0 MOTEHIIOCTATY,
JO3BOJISIB OTPUMYBATH CHUTHAJIHM OJHOYACHO 3 8
poOOYHX €NEeKTPO/iB, MPOTE 3a3BUYAM JO HHOTO
Oynu miakmroueHi 2 — 3 poboui enekrpoau. Bu-
MipH TPOBOAWIM 32 KIMHATHOI TeMIeparypH y
BIJIKpUTIM BUMIPIOBAIBHIN KOoMipIii 00’emoM 3,5
MII. Y BUNQAKY XPOHOAMIEPOMETPUYHHUX BH-
MIpIOBaHb OTPHMAaHHS CHUTHAlIy MPOBOIUIOCH
MIPH TPUKITIAJICHOMY 10 pOO0YOTO €IeKTPOAY IT0-
ctiitHomy norenuiani +0,6 B Bignocno Ag/AgCl
€JIEKTPO/Ia TOPIBHAHHS IpPH TOCTIHHOMY Iepe-
MimyBaHHi. Pobounm 6ydpepom Buctynas 10 MM
HEPES 3 pH 7,4. Konnienrpaiiii cyocTpariB y po-
00uiif KOMIpII 3a/1aBajli BHECEHHSIM 10 KOMIpKH
KOHIICHTPOBAHHUX PO3YHHIB PEYOBHH.

[{ukaiyHy BOJIBTAMIIEPOMETPIIO MPOBOAUIHN B
TiH e KoMipIii 6e3 nepeminryBanHs. [louarkoBuii
noteHItian ckianas 0 B, kinneBwuii motexirian Oy
+0.9 B, mBUIKICTh 3MiHM TOTeHIiany Oyna 20
MB Ha cekyHy, KpoK 3MiHM TIOTeHIiaty 5 MB.

VYei ocniKeHHsT TPOBOAMIIUCH Y TPbOX IO-
BTOPHOCTSIX.

3. PesyabTaTH Ta IX 00roBOpeHHS

3.1. [docnioycenna uymaueocmi nepemeo-
plogaua 00 en1eKmpoaKmueHux peuosun 0e3
Memopanu

st Toro mo6 3po3yMiTH JTOUUIBHICT HaHe-
CEHHsI JTOJJaTKOBOT MEMOpaHM Ui MOKPAIICHHS
CEJIEKTUBHOCTI aMIIEPOMETPUYHOTO TMEPETBOPIO-
Baya HeoOXinHO Oyslo MepeBipuTH HOro 4yTiu-
BICTb Ta CEJIEKTUBHICTh J0 NEPEKUCY BOJIHIO BiJ-
HOCHO MOXXJIUBUX iHTepdepeHTiB. [Ipu mepesipiti
OyJI0 BUKOPHCTAHO €JIEKTPOAKTHBHI PEYOBUHU B
KOHIIEHTpAITISX, IO 3yCTPIYalOThCS B CHPOBATII
KpOBI, OCKIJIbKM BUKOPHUCTAHHS 010CEHCOPIB MpH
pOOOTI 3 JAaHUM THIIOM peaTbHUX 3Pa3KiB € JTyxkKe
nomupennM. Ha mepmiomy ertami po6otu Oymo
OTPUMAHO BIATYKH TEpeTBOpIOBada 0e3 MemO-
paH Ha JI0faBaHHS EJIEKTPOAKTHBHUX PEUYOBUH
(Puc. 1) Ta BupaxyBaHa 4yTJIUBICTh IEPETBOPIO-
Baua J0 JaHUX PEYOBHH O€3 HAaHECEHHs JOAaTKO-
Bo1 [1D]] memOpanu (Puc. 2) Sk BUAHO 3 pUCyH-
KiB, epeTBOPIOBaY OyB HAHOUIbII YyTIUBUM IO
ackopOIHOBOT KMCJIOTH Ta nodaMiny. UyTinHBICTh
10 LKCTeiHy Oyna HaliMeHInor. BriMm, 3Baxatoun
Ha BEJIMKY PI3HULIO Y KOHIEHTPALISIX eJIEeKTPOaK-
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TUBHUX PEYOBUH B OI10JIOTIUHUX 3pa3Kax, 30Kpe-
Ma KpOBI, TOJJOBHUMHM 1HTEp(EepeHTaMu MO)KHa
BBaKaTH acKOpOIHOBY Ta CEYOBY KHCIOTH — iX
KOHIICHTpAIl y Ol0oJOTiYHUX 3pa3Kax € JOCUTh
BEJIMKUMHU, 1 BeJIMYMHA BIATYKY [I€PETBOpIOBaYa
Ha 111 PEYOBHHHU € Ha MOPSIIOK OLTBIIOK0 32 BIATYK
Ha LIJIbOBY PEYOBUHY — MEPOKCH]] BOAHIO. Takum
YUHOM, IPOBOJUTH BUMIPIOBAHHS O010JOTTYHHUX
3pa3KiB HEMOXJIMBO 0€3 3MEHIICHHsI BIUIUBY 1H-
TepdepenTiB Ha poOOTy epeTBOPIOBaYA.

90

75

(2]
o
1

Biaryk, HA
&
1

30

Puc. 1. Besinunum BiArykiB mJIaTHHOBUX IMCKOBUX
NMepeTBOPIOBAYiB HA eJeKTPOAKTHBHI pPe4OBHHH
0e3 I1®/] memOpanu. Binryku orpumani B 10 MM
HEPES 6ydepi, pH 7,4, 3a nocriiinoro norenuiaay
+0,6 B BiznocHo Ag/AgCl enekTpoaa mopiBHsIHHSI.
KonuenTpauii intepgepyrouux peyoBuH 0yjaiu BH-
KOPHCTAaHi TaKi, AKi B cepe/lTHbOMY NPHUCYTHI B CH-
poBaTui KpoBi.

3.2. Bubip onmumanbho20 mMemooy HaHeceH-
na II®/] memopanu na nepemeoprosay

Ha nanuii MOMEHT icHy€ po3pi3HeHa iHdopma-
I1is1 CTOCOBHO MeTo/iB HaHeceHHs [1DJ] memOpan
Ha mepeTBoproBadi. ToMmy, HEOOXiaHO OyIO 3po-
3yMITH, IKa caMe METOAMKA HalOUIbII MepCIeK-
TUBHA /IS CTBOPEHHs OIOCEHCOpPIB HAa OCHOBI
MJIATHHOBHUX JUCKOBUX €JEKTpOIiB. BiamosigHO
HaHeceHHs [1D]] memOpaHu MPOBOIWIN HIIIXOM
eJIEKTPOTIOTIMEepH3allii MOJIEKYST MOHOMepa — (he-
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HUICH/laMiHy Ha TOBEpXHI IUIATHHOBOTO [HC-
KOBOI'O €JIEKTPOJYy JBOMa HaiOLIbII PO3MOBCIO-
JDKEHUMH Ta TEePCIeKTHBHUMH MeTonamHu. bymo
MOPIBHSHO JBa BapianTu HaHeceHHs [1D]] meMO-
paHu — eJIEKTPOIOIIMEpPHU3aLil0 MPU 3MIHHOMY
MoTeHItiami (IMUKITIYHA BOJBTAMIIEPOMETPis) Ta
MIPU NOCTIHHOMY MOTEHIiaII.

700
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YyTtnueicTb nepeTBopioBada, HA/MM
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Puc. 2. YymiuBicTh INIATHHOBOTO JHCKOBOIO Iie-

peTBoprOBaYa 0e3 MeMOpaH /10 e1eKTPOAKTHBHUX

peuoBuH B 10 MM HEPES 0Oydepi, pH 7,4 32 no-

crifinoro morenuiaay +0,6 B Binnocno Ag/AgCl
€JIEKTPO/a NOPiBHAHHS.

Jlnist mpoBeieHHs UKIIIYHOT BOJIBTaMIIEpOMe-
Tpii, poOOoYi IEPETBOPIOBAUI Pa30M 3 EJIEKTPOIOM
TOPIBHSIHHSI Ta JOMOMIXKHUM EJIEKTPOJIOM PO3-
MIILIYIOTh B poOOYiil KOMIpI 3 PO3YMHOM (peHi-
JIeH/11aMiHY, TICJISl YOTO OTPUMYIOTh MEBHY KiJb-
KICTh LMKJIIYHUX BojbsTamneporpam [9]. Ilig yac
MEepIIoi BOJIBTAMIIEPOrPaMH MaJlo Miclie 3HaYHE
3017bIIEHHS CTPYMYy B Jlama3oHi MOTEHIIIaliB
Big +0,5 B 1o +0,9 B, BukiMKaHe OKHCHCHHSIM
¢deninenniaminy. [lig yac apyroi Ta HacTymHHX
BOJITAMIIEpOrpaM Cujia CTPyMYy 3HAYHO 3MEHIITY-
€THCSI, IO CBITYUTH MPO 3MEHIICHHS IBUIKOCTI
enexrponomimepusaiii. Brim, TIDJ[ memOpana
MPOAOBXKYE (POPMYBaHHS MPOTATOM BCIX ITUKIIIU-
HUX BOJIETaMIleporpaM. THUIIOBUN BUIVISAJ BOJIb-
TaMIieporpaM IpU OKUCHEHHI (DEeHUICHIIaMiHy
Oys10 HaBeZIeHO B TornepeHii podori [11].
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Jpyruit meton Hanecenns [1dD/] memOpanu no-
Jsira€ B OKMCHEHH1 (PeHIIeHiaMIHy Ha MOBEpPXHI
IUIATUHOBUX €JIEKTPOAIB MPU MOCTIHHOMY MOTEH-
mian mpotsarom cranoro vacy [12]. TlopiBHSHHS
BITYKIB NEpETBOPIOBaYiB 3 MeMOpaHaMu, HaHe-
CeHUMH o0oMa MeTojamHM, HaBesleHo Ha Puc. 3.
OCKITBKHM BIATYKH Oyny MpPaKTHYHO BIACYTHI, 1€
CBIIYMTH, 110 MeMOpaHa, HaHeceHa oOomMa METo-
JlaMH, HeTIOTaHo 3aTpuMyBaJla IHTeppEepeHTH — 3a-
JMIIAIIACh JIMIIE HEBEIMKA YYyTIMBICT J0 LIUCTE-
iHy. 3 1HIIOrO0 OOKY, YyTJIMBICTh IEpETBOpOBaYA
JI0 TIEPOKCUTY BOJHIO MICIIs POBEICHHS BOJIBTAM-
nepoMeTpii 3pocia B 2,6 pasu. Lle nmosicHIOEThCS
eNIEKTPOAKTHBAIIIEIO TUIATHHH, SIKA BUCTYIIAE TyT-
JMBOIO OOJACTIO MEpeTBOPIOBaYa, IiJl 4ac BOJIb-
Tamrepometpii, a He edextom Bix I1DJ] memOpa-
Hu. [loniOHe 30UTBINICHHS YyTJIUBOCTI TEPETBO-
pIOBaviB JI0 TIEPOKCHUAY BOJTHIO CIIOCTEPIraeThCs 1
ICIIsl OTPUMAHHS LUKIIYHUAX BOJIBTAMIIEPOTPaM Yy
dbocharnomy Oydepi 0e3 deninenmiaminy. [licms
HaHECEHHs MeMOpaHHW TIPH CTaJIOMY TOTEHITiaT
EIIEKTPOAKTHBAIlil IJIATUHH HE BiAOyBaIOCh 1 BijI-
T'YKH Ha TIEPOKCH]I BOJAHIO 3AJIUIIMIACH HE3MiH-
HUMHU. TakuM YMHOM, BUKOPUCTaHHS IMKJIIYHOI
BOJIETAMIIEPOMETPii BUSBUIOCH OUTBII €(PEeKTUB-
HUM 3 TPbOX NPUYHH — MEHIIA KUIbKICTh Yacy JJIst
HaHECEHHs OflHOTOo eslekTpoxdy (15 XBuiaMH mpotu
40 xB), OUIbII e(EKTUBHE 3aTPUMAHHS LUCTEIHY
Ta 30UIbIIEHHS BIATYKIB Ha IEPOKCH]T BOIHIO.

- 10 uMKNIMHUX BoNbTamneporpam
y 5 MM deHineHpjamini

- 40 xB npu ctanomy notexuiani 0,7 B
y 100 MM cbeHineHaiamiHi

Biaryk, HA

Puc. 3. IlopiBHsinHs edekTUBHOCTI podoTH MeMO-
PaH, HaHeCEeHUX NPH MOCTIIiHOMY Ta 3MiHHOMY O~
TeHUiagi. Biaryku Ha eJleKTPOAKTHBHI pe4OBHHH
orpumani B 10 MM HEPES 0ydepi, pH 7.4, 3a no-
criiiHoro morenuianay +0,6 B BignocHo Ag/AgCl
ejexkTpona nopiBHssHHA. KoHueHntpauii intepde-
PYIOUMX pe4OBHH 0yJIM BUKOPHUCTAHI Taki cami, siki
B CepeJHbOMY IPUCYTHI B CHPOBAaTLi KPOBI.

BriMm, MeTOnMKa Ha OCHOBI HMKJIIYHOI BOJIb-
TaMIIEpOMETPii Ma€e OTUH HEIOJIK — OJHOYACHO
MOYKJIMBE OTpPUMAaHHSI BOJBTAMIIEPOTpaM JIHIIIE
Ha OIHOMY aMIEPOMETPUYHOMY IEepEeTBOPIOBA-
4i, B TOM 4Yac K NpU HAHECEHHI MeMOpaHu Npu
MOCTIHHOMY TIOTEHIIIaJli MOXJIMBO TTAKIOYATH
oxHOYacHO 110 8-16 poOoumnx enekTponiB (B 3a-
JIEKHOCTI BiJ] TUITY MYJIbTHILIEKcopa). Tomy mo-
JaabITy poOOTy HEOOXiTHO 30CEPEIUTH HA OTITH-
Mizamii meronuku HaHeceHHs [ID]] memOpan Ha
OCHOBI IUKJIIYHOI BOJIETAMIIEPOMETPII 3 METOIO
3MEHIIEHHS TPUBAJIOCTI HAHECEHHS HAaIliBIIPO-
HUKHUX MeMOpaH Ha IepeTBOPIOBayi.

Byno nepesipeno edexrusnicts [1DJ[ memoO-
paH, sIKi HAHOCWJIM TIPHU PI3HUX KUIBKOCTSAX ITH-
KI4HUX BonbsrammneporpaMm. Hanecenns [1DJ]
MeMOpaHH JIUIIE OIHIE€I0 BOJIBTAMIIEPOTPAMOIO
OyJ0 OYEBHIHO HEIOCTATHIM JIJIsl TIOBHOTO YCY-
HEeHHs BIUIMBY iHTepdepenTiB. [Ipore edekT Bin
€JIEKTpOaKTHUBALll]l IJIATUHU TPU [IbOMY OyB Haii-
OinpmmmM. [lpu mopanpiioMy 301IbIIEHHI KiJTb-
KOCTI BOJIBTaMIIEpOrpaM, BIATYKH CEHCopa Ha
1HTep(EepeHTH 3MEHILYBAJIUCH, IPOTE TAKOXK 3HU-
KyBaJlaCh 1 YyTIMBICTh MEPETBOPIOBAaYA 10 TIe-
POKCUAY BOAHIO, HMOBIPHO Yepe3 Ha/ITO TOBCTH
map DI, sxuii cTBOprOBaB 0OMEKEHHS IS JH-
(y3ii pedoBuH. Bke TPhOX MUKIIYHUX BOJIBTAM-
neporpaMm OyJI0 JOCTaTHBO JUIsI TIOBHOTO 3HMK-
HEHHS BIATYKIB CEHCOpa Ha CEYOBY KHUCIIOTY Ta
nodaMiH, 1 Ty’Ke CyTTEBOTO 3MEHITICHHS BiJITYKiB
Ha acKopOiHOBY KHCIOTY Ta nuctein. Tomy Oyino
BUPIIIEHO NPUHHATU JAaHY KUIbKICTH BOJIBTaM-
neporpam 3a ONTUMAJIbHY 1 301IBIIMTH KOHIICH-
Tpauito (eHuIeHaIaMiHy U TOBHOTO YCYHEHHS
BILJIUBY 1IHTEP(PEPEHTIB.

Crnig BiI3HAUWTH, IO BHKOPUCTaHHSA 5 MM
¢deninenaiaminy mij yac HaHeceHHs [1DJ] memoO-
paH Oyyo A0CTaTHIM JJIsl YCYHEHHS BIATYKIB CEH-
copa Ha HEBEJIMK1 KOHIIEHTpaIlii iHTepdepyrodnx
PEUOBHH, SKI 3aJUIIAIOTHCS MICIsT PO3BEICHHS
3pa3KiB, IPOTE HEAOCTATHIM JJIsi poOOTH 3 He-
PO3BEIEHUMHU 3pa3kamMu. SIK BUSBHUIIOCH, 30171b-
IICHHS! KOHLEHTpalil ¢peHinenaiaminy 1o 20 MM
1 mpoBeneHHsi Tpbox LIBA mig yac HaHeceHHs
MeMOpaHu Oyllo JOCTAaTHE JUIsi OTPUMAaHHS Tepe-
TBOPIOBauYiB, sIKi OyJIM HE Yy TJIUBI 10 LIUCTEIHY Ta
MIHIMaJbHO YyTJUBI J10 aCKOPOIHOBOI KHCIOTHU
(0,1% Bim BIATYKY Ha acKOpOIHOBY KHCIOTY 0e3
[NDJ] memOpanwm). Y Bunaaky moaudikailii mepe-
TBOPIOBAYIB IpPH KOHUEHTpaLli QeHiIeHaiaMiny
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100 MM, oTpuMmaHi nepeTBOpIOBadl MaJu BABiUi
MEHIIY YyTJIUBICTb /10 IEPEKUCY BOJIHIO, OUEBU/-
HO yepe3 HanaTo ToBcTuid map 1D, Takum yu-
HOM, ONTHMaJbHUM BapiaHTOM HaHeceHHs [1D]]
MeMOpaHU € IPOBEACHHS TPbOX HUKITYHUX BOJIb-
tammeporpam y 20 MM deninenmiamini. OcKiiab-
KU TPUBAIICTh OJHI€T BOJIBTAMIIEPOrpaMHu CKJIa-
nae Onmu3bKo 1,5 XB, TO JUIsl HAHECEHHSI MEMOpaHU
Ha OJIUH CEHCOp J10CTAaTHBO 4,5 XBUINH.

[Micns onTumizamii ymoB HaHeceHHs [1D]]
MeMOpaH Ha TUTATUHOBI JIMCKOBI €JIEKTPOoaHu OyIa
JOCITIDKEHa CTaOUIBHICTh JOJATKOBUX MEMOpaH
MpoTsATOM JBOX roauH. [lepeTBoproBaui 3 HaHe-
CEHOI0 MEMOPaHOI0 3aJUIIAINCH B poOoYOMy Oy-
(depi 1 mepioUIHO OTPUMYBAIH BIITYKH Ha €JIEK-
TpoaktuBHi pedounu (Taodm. 1). Bymno 3’sicoBano,
110 BIATYKU MEPETBOPIOBAYiB HA MEPOKCH] BOA-
HIO 3pOCTalOTh MPOTATOM POOOTH, B TOM Hac sk

Taomums 1

Binrykm amnepomerpu4Horo nepersopronayda 3 [I®J[ MeMOpaHOI0 HA €JIEKTPOAKTHBHI pe40BH-
HM NpU Oe3nepepBHii po0OOTI NPOTATOM ABOX I'OAUH

Binryku nepersoprosaua, %"
Yac
PeyoBuHa
1xB 20 xB 40 xB 60 xB 90 xB 120 xB
Ilepoxcua BogHIO 100 109,5 101,6 121,6 126,1 127,6
AckopOiHOBA KHCJI0TA 5,9 2,4 1,6 1,2 1,0 0,8
ucrein 0,2 0,1 0,1 0,1 0,1 0,1

“3a 100% nmpHUAHATO BIATYK MEpEeTBOPIOBaya Ha MEPOKCH]] BOTHIO Ha 1-1 XBUIIMHI €KCIICPHUMEHTY.

BIATYKM Ha IHTEP(EPEHTH 3aJIMIIAIOTHCS JIyKe
MaJIeHbKMMHU 1 HaBITh 3MEHITYIOThCS I11¢ O1IbIIIe.
VIMOBipHO 11eit eeKT MOSCHIOETHCS TIOCTYIOBOIO
ajicopOIIiero iHTepPEepyOUnX PEYOBHH Ha MOpPax
MeMOpaHH, 110 YTPYAHIOE TOCTYI IO €IEeKTPOaY
HACTYIHUM MOJIEKyJaM iHTep(depeHTiB. 3 1HILIOro
6oky, [1d]] memOpana nocTymnoBo po30yxae y po-
6odoMy Oydepi 1 Kpalle mponmycKae 10 MOBEPXHi
MaJIEHbKI PEYOBHMHH, TaKi SK MEPOKCUJ BOJHIO.
B uinomy, mepeTrBoproBavi 3 HaHECEHOIO MeMO-
pPaHOI0 MOXYTb BHMKOPHUCTOBYBaTHCh Uil 0e3-
nepepBHOI poOOTH IIOHaKMeHIe 2 roauHu 0e3
BTPATH 3aXMCHUX BJIACTUBOCTEH MeMOpaHHU.

Kpim Toro, Oyno mokaszaHo, 110 mpu 30epiranHi
neperBoproBaya 3 [1dD/] memOpanoro npotsirom §
Ji0 y MOPO3HIIBHIN KaMepi XOJIOANIbHUKA Uy TIH-
BICTh NEPETBOPIOBayYa /10 1HTEp(Depyrounx pedo-
BUH 3aJIMIINJIACh HE3MIHHO MaJIOlo, 110 BKa3ye Ha
rapHe 30epiranfs [1D/] memOpanu.
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4. BUCHOBKHU

B po60oTi nociaKeHo MoKpaleHHs CeIeKTUB-
HOCT1 aMIIEpOMETPUYHUX IEpPEeTBOPIOBauiB 010-
CEHCOPIB IIJISIXOM HAaHECEHHs Ha HUX J1I0/IaTKOBHX
MeMOpaH Ha 0CHOBI noJideninenaiaminy. ITopis-
HSIHO Pi13H1 METOIMKHU eJIeKTpomnoiiMepu3arii de-
HIJICHJ1aMIHYy Ha TOBEPXHIO aMIIEPOMETPUIHHUX
NEepeTBOPIOBAYiB, 30KpeMa IOJIIMEpU3aLlil0 TpU
3MIHHOMY Ta MOCTIHOMY MOTEHIiall 1 P pi3-
HUX KOHLEHTpalisiXx MoHoMmepy. OnTHMi30BaHO
metonuKky HaHeceHHs [1D]] memOpanu Ha JHCKO-
Bl IJIAaTHHOBI enekTponu. Halikpanum BapiaHTOM
HaHeceHHs [ID]] memOpaHu Oyio €JIEKTPOITOTi-
Mepu3allis IPOTATOM TPHOX LUKITYHUX BOJIBTaM-
neporpam y 20 MM ¢eHinenaiamini, Ipu HbOMY
TPUBAJIICTh MOAMQIKAIIT OTHOTO MTEPETBOPIOBAYa
cranoBuna 4,5 xpunuH. [loka3aHo, mo HaHece-
Ha 32 ONTUMAaJbHUX yMOB HamiBnpoHukHa [1D]]
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MeMOpaHa /103BOJISIE MPAKTUYHO MOBHICTIO yCy-
HYTH 4y TJIMBICTh IEPETBOPIOBAYIB J10 IHTEPPEpY-
F0OYMX PEYOBHH (aCKOPOIHOBOT KHCIIOTH, IIUCTETHY,
CEYOBOT KHCIIOTH Ta JodamMiny) npu 30epexeHH1
YYTIUBOCTI JO MIEPOKCUAY BOIHIO.

ITonsika

PoGora BukoHaHa 3a (hiHAHCOBOI MIATPUMKH
HAH VYkpainu B pamkax KOMIUIEKCHOI HayKOBO-
TexHIYHOI mporpamu «CeHCOpHI NpuiIagu Jyis
MEIUKO-EKOJIOTITYHUX Ta IMPOMHUCIOBO-TEXHOJIO-
TYHUX MOTpPed: METPOJIOriuyHe 3a0e3MedeHHs Ta
JIOCHIAHA EKCIUTyaTallis.
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ADAPTATION OF THE PROCEDURE FOR POLYPHENILENE MEMBRANE
DEPOSITION ON THE DISK PLATINUM TRANSDUCERS

L. S. Kucherenko', O. V. Soldatkina®, D. Yu. Kucherenko’, O. O. Soldatkin'?, S. V. Dzyadevych'~

Institute of Molecular Biology and Genetics NAS of Ukraine, Zabolotnogo Str., Kyiv, 150, 03680,
Ukraine.
2 Taras Shevchenko National University of Kyiv,olodymyrska Str. Kyiv, 64, 01003, Ukraine.

Summary

The biosensor selectivity is an important factor when working with real biological fluids and oth-
er complex samples; therefore, study on the biosensor selectivity towards possible interfering com-
pounds and its improvement is a mandatory step in the development of biosensors. In case of ampero-
metric biosensors, the main interfering compounds are electroactive substances able to oxidize on
the working electrode and generate electric current. To eliminate the impact of these compounds, the
deposition of semipermeable membranes onto transducer surface may be used, the procedure being
methodologically simple and having no significant effect on the biosensor performance.

The aim of this work was to optimize the conditions of deposition of polyphenylenediamine (PPD)
based semipermeable membrane onto amperometric transducers.

Methods: Amperometric method of analysis was used. Platinum disc electrodes served as ampero-
metric transducers, they were connected to potentiostat PalmSens (Netherlands) via three-electrode
measurement circuit. PPD membranes were deposited onto transducers by phenylenediamine elec-
tropolymerisation at a constant or variable potential.

Results: The transducers sensitivity to a number of electroactive substances was determined before
and after deposition of the additional semipermeable membrane by different methods. The efficiency
of PPD membrane deposited at different time of electropolymerisation and various concentrations of
monomer m-phenylene diamine was studied. The transducers were shown to remain insensitive to the
electroactive substances over long-term use and during one-week storage.

Conclusion: The PPD membrane deposited under optimal conditions allows virtual elimination
of transducers sensitivity to interfering substances (ascorbic acid, cysteine, uric acid and dopamine).
Therefore, the transducers modified with PPD membranes can be effectively used to work with real
biological samples such as blood serum assays.

Keywords: Amperometric transducer, biosensor, polyphenylenediamine membrane, interfering
substances, platinum disc electrode
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AJIANITAIIIS ITIPOIIEJY P HAHECEHHSI IMTOJI®EHLIIEHIIAMIHOBOI MEMBPAHHI
HA JUCKOBI IINTATUHOBI IIEPETBOPIOBAYI
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THCTUTYT MOJIEKyIsIpHOI Oioorii Ta renetnkn HAH Ykpainu,
Byn. 3abonotHoro, 150, 03680, M. KuiB, Ykpaina
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Pedepar

CeneKkTuBHICTh 010CEHCOPa € BaXKIMBUM (DAaKTOPOM MpHU poOOTi 3 pealbHUMH O10JOTTUHUMH pi-
JMHAMU Ta HIIUMH CKJIATHUMHU 3pa3KaMH, TOMY JOCIIPKCHHS Ta MOKpAIIEHHsS CEIeKTUBHOCTI 6io-
CEHCOopa /10 MOXKIIMBUX 1HTEPPEPYIOUNX CIOTYK € 000B’I3KOBUM €TAIrloM MpU po3po0ili 010CEHCOPIB.
VY BUNAAKy aMIepOMETPUYHUX O10CEHCOPIB TOJOBHUMHM 1HTEP(HEPYIOUUMH CHOTYKaMH BUCTYNAIOTh
€JIEKTPOAKTHBHI PEUOBUHH, SIKi 3aTHI OKUCHIOBATUCH HA POOOYOMY €JIEKTPOAL 1 TeHEepyBaTh CTPYM.
JInst yCyHEeHHS BIUIMBY JaHUX CIIOJIYK MOXIIMBE HAaHECEHHS HAlliBIPOHUKHUX MEMOpaH Ha MepeTBO-
proBaui, 10 € METOA0JIOTIYHO MPOCTOIO MPOLETYPOIO 1 HE3HAYHO BIUIMBAE HAa POOOTY 010CEHCOPIB.

Metoro nanoi pobotu Oyna onTuUMi3allisi yMOB HAaHECEHHS HAIIBIPOHUKHOT MeMOpaHU Ha OCHOBI
nomdeninenaiaminy (I1D/]) Ha amnepoMeTprudHi IEpETBOPIOBAYI.

MeTtoau nocainzkeHHs: B po6oTi BUKOPUCTOBYBaIM aMIIEpOMETPUYHUN METO]] aHati3y. Sk amme-
POMETPHUYHI MEPETBOPIOBAYl B pOOOTI BUKOPUCTOBYBAIIN IJIATUHOBI IMCKOBI €NEKTPO/IH, SIKi 32 TPH-
€JICKTPOJHOI0 CXEMOI0 BUMIPIOBAHHS NMPUEAHYBAIUCH 10 ToTeHmioctary PalmSens (Himepmanmnm).
Hanecenns [1®J[ meMOpaHu Ha mepeTBOpPrOBadi MPOBOJWIN HUISAXOM €JeKTporoiimepu3aii deHi-
JIeHIaMiHy TIpY MPUKIaJaHHI IO €JIEKTPO/IB MOCTIHHOTO Y 3MIHHOTO TMOTEHIIIATY.

PesyabraTu gocaimkenHs: [lepeBipeHo 4y TIHBICTh IEPETBOPIOBAYIB JI0 PSIly €IEKTPOAKTUBHUX
PEUYOBHH /10 Ta MICJIsl HAHECEHHS PI3HUMHU METOJaMHU J0aTKOBOI HaMiBNIPOHUKHOI MeMOpaHu. Jloci-
mxeHo eextuBHicTh 1D/l MemOpanu, HaHECEHOT IPU Pi3HIN TPUBATIOCTI eIEKTPOIoIiMepu3alii Ta
PI3HUX KOHIICHTpAIISIX MOHOMEPY M-peHneHaiaminy. [Toka3zaHo, 110 epeTBOPIOBayl 3aJIUIIAI0THCS
HEYYTIIMBUMHU 0 €JIEKTPOAKTUBHUX PEUOBUH NPHU TpHUBaJiil poOOoTi Ta mig yac 30epiraHHs NpOTAroM
THOKHSL

BucnoBku: Hanecena 3a ontumansaux ymoB [IDJ] memOpaHna m103BoJjisi€ MPAKTHYHO MOBHICTIO
YCYHYTH YyTJIHMBICTH II€PETBOPIOBAUIB J10 IHTEPPEPYIOUNX PEUOBUH (aCKOPOIHOBOI KUCIOTH, IIUCTEl-
HY, CEYOBOI KHCJIOTH Ta o(aMiHy), TOMY nepeTBoproBadi, MoaudikoBani 1D/ memOpanoro, MOKHA
€()EeKTUBHO BUKOPHUCTOBYBATHU JJIsI POOOTH 3 peaIbHUMH O10JIOTTYHHMH 3pa3KaMH, TAKUMHU SIK CHPO-
BaTKa KPOBI.

Kiro4oBi ci10Ba: amnepoMeTpuyHHiA IEpEeTBOPIOBaY, OioceHcop, moideHineHniaminoBa MeMOpa-
Ha, eJICKTPOAKTHBHI PEYOBHHH, IUTATHHOBUH TUCKOBHUH €JIEKTPOJ

57



C. B. Jlynpos, A. L. 3imuu, M. B. XBumyH, B. T. Macniok, [. I. Merena

SENSOR MATERIALS

MATEPIAJIV ONA CEHCOPIB

VK 621.315.592
DOI http://dx.doi.org/10.18524/1815-7459.2017.1.96441

BIIJIMB EJIEKTPOHHOI'O OITPOMIHEHHSA HA TEH3OOIIIP
MOHOKPHUCTAJIIB n-Ge

IC. B. Jlynvos, 'A. 1. 3imuuy, 'M. B. Xeuwyn, °B. T. Macmiok, °I. I Meeena

Ulyupknii HalliOHATBHUHM TEXHIYHAN YHIBEPCHUTET,
Byn. JIsBiBchbKa 75, M. JIymepk, 43018, luniovser@mail.ru
’[HctutyT enextponHoi ¢izuku HAH Ykpainu,
Byn. YuiBepcurercrka, 21, M. Yxropon, 88017, volodymyr.maslyuk@gmail.com

BIIJIUB EJIEKTPOHHOI'O OITPOMIHEHHSA HA TEH3OOIIIP
MOHOKPHUCTAJIIB n-Ge

C. B. Jlynvos, A. 1. 3imuu, M. B. Xeuwyyn, B. T. Macnwok, 1. I Mezena

Amnoramisi. Jlocmimpkero terzoorip mpu T=300 K 115 onpoMiHeHHX enekTpoHamy, 3 enepriero 10 MeB,
MOHOKpucTaiB n-Ge, 0qHOBICHO Jie(hopMOBaHMX B310BX KpucTanorpadiunux Harmpsmkis [100], [110] ta
[111]. Ha ocHOBI aHaImi3y OflepyKaHUX 3aJISKHOCTEN CTaJoi X0JuIa Bl OJHOBICHOTO THUCKY OYyii0 3p00ieHo
BHCHOBOK, 1110 JJOMIHYIOUMM MEXaHI3MOM TEH300II0pYy OIPOMIHEHUX MOHOKpHUCTAIIB n-Ge € 3MiHa CIiB-
BIJIHOIIICHHST MK KOHIICHTPAITISIMU €IeKTPOHIB Ta JIiPOK MPH OHOBICHIM pedopmartii. OneprkaHa JiHiiHA
3aJIeXKHICTh TEH300110pY IpU oHOBICHOMY TUCKY P>0,25 I'Tla B31oBX KpucTanorpadiqHOro Hamnps MKy
[100] Mmoke OyTH BUKOpUCTaHA JijIsl KOHCTPYIOBAHHS Ha OCHOBI OIPOMIHEHOTO N-Ge TeH30IaTYUKIB IS

KOHTPOJTIO BUCOKUX OTHOBICHHMX THCKIB.

KurouoBi ciioBa: Mmonokpucramu n-Ge, paiartiiai 1eeKT, TEH30011Ip, cTajla X0JU1a, OHOBICHHA THCK
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THE INFLUENCE OF ELECTRON IRRADIATION ON TENSORESISTANCE OF SINGLE
CRYSTALS n-Ge

S. V. Luniov, A. 1. Zimych, M. V. Khvyshchun, V. T. Maslyuk, I. G. Megela

Abstract. Tensoresistance at T=300 K for irradiated by the electrons, with the energy of 10 MeV,
single crystals n-Ge, which are uniaxially deformed along the crystallographic directions [100], [110]
and [111], is investigated. Based on an analysis of the obtained dependencies of the Hall constant on
the uniaxial pressure, it was concluded that the dominant mechanism of tensoresistance of irradiated
single crystals n-Ge is a change in the ratio between the concentrations of the electrons and holes at the
uniaxial deformation. The obtained linear dependence of the tensoresistance on the uniaxial pressure
P>0,25 GPa along the crystallographic direction [100] can be used to design based on irradiated n-Ge
the pressure sensors for the control of high uniaxial pressure.

Keywords: single crystals n-Ge, radiation defects, tensoresistance, Hall constant, uniaxial pressure

BJIUAHMUE JIEKTPOHHOI'O OBJIYYEHUA HA TEH30COITPOTHUBJIEHHUE
MOHOKPHUCTAJIJIOB n-Ge

C. B. Jlynés, A. 1. 3umuu, M. B. Xeuwyn, B. T. Macniok, U. I Mezena

Annoranusa. UccrnenoBano tenzoconporusienue npu T=300 K 11t 065ydeHHBIX 3JIEKTPOHAMHU
¢ s"eprueit 10 M»B, monokpuctamioB n-Ge, 0qHOOCHO Je(pOPMUPOBAHHBIX BIIOJIb KPUCTAJLIOTPa-
¢uyeckux Hampasnenuid [100], [110] u [111]. Ha ocHOBe aHanm3a MOTYYEHHBIX 3aBUCUMOCTEH TO-
CTOSTHHOHM XOJIJIa OT OTHOOCHOTO JIaBJICHHs OBUI CIIeNIaH BBIBOJ, YTO JOMHUHHUPYIOLIIMM MEXaHHU3MOM
TEH30COMPOTUBJICHUS O0Ty4YEeHHBIX MOHOKPHUCTAIIOB N-Ge SIBISETCS] N3MEHEHHE COOTHOILICHUS MEXITY
KOHIIEHTPAIMSIMU SJIEKTPOHOB U JBIPOK TIPU OMHOOCHOM Aedopmarun. [lomydennas nuHeiHas 3aBUCH-
MOCTb T€H30COIMPOTUBIICHHUS TTPU OAHOOCHOM aaBiennn P>0,25 I'Tla Boons kpuctamiorpaguyeckoro
HanpasieHus [ 100] moxeT ObITh MCTIOJIB30BaHA JIsl KOHCTPYUPOBAHUS HA OCHOBE 00ydeHHOTro n-Ge
TEH30aTYMKOB JJIsl KOHTPOJISl BHICOKUX OJHOOCHBIX JIaBJICHUM.

KuroueBblie ci1oBa: MOHOKpUCTAIUTBI N-Ge, paguanoHHble JeQeKThl, TEH30CONPOTUBIICHHE, TT0-
cTosiHHAs X0JU1a, OJHOOCHOE JIaBJICHHE

1. Beryn AKI MOXYTh (DyHKIIIOHYBaTH B EKCTpPEMaJIbHHUX
yMOBax [ii HU3bKUX a00 BHUCOKUX TEMIIEparyp,

Po3BUTOK si1€PHOT Ta TEPMOSAIEPHOI EHEPTETU-
KM, aTOMHOI Ta KOCMIYHO1 TEXHIKA CTUMYITIOBAJIO
JOCITIIPKEHHS BILTUBY SIIEPHOTO BUIIPOMIHIOBaH-
HS Ha BJIACTUBOCTI TBepAMX Til. Moaudikarris
BJIACTUBOCTEN TBEPAMX TLUI 32 JIOIIOMOTOIO sJiep-
HOTO BUITPOMIHIOBAHHS € MOTY>KHUM 1HCTPYMEH-
TOM CHPSIMOBAHOI 3MiHU iX BIACTHBOCTEH, JUIS
CTBOPEHHSI HAa OCHOBI HMX HOBUX MarepiaiiB Ta
NpUIadiB 3 Hamepeq 3aJaHUMH XapaKTepUCTH-
kamu [1]. Cepen Takux mpuiaiiB 3HaYyHA yBara
NPUILISETHCS CEHCOPAM MEXAHIYHUX BEJUYMH,

CWJIBHUX EJICKTPUYHUX Ta MAarHiTHHUX IOJIB, TPU
BIUIMBOBI TEPMIUYHUX yHapiB, MEXaHIYHHX Ha-
MpY>KeHb Ta yJapHUX HaBaHTaXXeHb, BiOpalIiif,
panianiiiHuX BUIIPOMiHIOBaHb [2, 3]. Lle B, cBOIO
4epry, BUCYBa€ HOBI BUMOTH JIO JTATUYUKIB THUCKY,
SK1 IIAPOKO BUKOPHUCTOBYIOTHCS y MAaIIUHOOY-
JyBaHHIi, TPaHCIIOPTi, aBIaKOCMIYHI MpOMUCIIO-
BOCTI, CHEpPIeTHUIll, HAYKOBUX JOCIIHKCHHIX Ta
1H. 3a JaHUMU 0ararbox MIKHAPOTHUX HAYKOBHX
KOH(epeHLI N0 CEHCOpHIM eJeKTpOHili, Ha-
npuknaa, Eurosensors, XII-XXIX, 1999-2015,
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HAaITIBIIPOBITHUKOBI CTPYKTypU Ha OCHOBI Oara-
TOIOJIMHHKMX HamiBIpoBigHUKIB Si, GaAs Ta Ge
€ eJIEMEHTHOO0 06a3010 Cy4yacHOT MIKpO Ta HaHOE-
JIEKTPOHIKH Ta BUKJIMKAIOTh HAOUIBIINI 1HTEpec
JUIs CTBOPEHHSI Ha OCHOBI HUX PI3HUX €JEKTPO-
HHHUX IpuiIajiB Ta AatdyrkiB. CTaOuIbHICTH Mapa-
METpIB TaKMX CTPYKTYyp oOyMoBJieHa nedeKkTaMu
1 JIOMIIIKaMH, SKI BUHHUKAIOTHh MPH TEXHOJIOT14-
HOMY IIpolieci iX OTpuMaHHS abo0 eKCIulyaTalii.
ToMy MOHOKpUCTAJTIYHUN Te€pMaHid € OAHUM 3
NEPCIEKTUBHUX HAIIBIIPOBITHUKOBUX MaTepia-
JIiB, SIKMH ITUPOKO BUKOPHUCTOBYETHCS B paIiarliii-
HUX TEXHOJIOTISIX HANiBIPOBIAHUKIB, HAMiBIPO-
B1IHMKOBIH €JIEKTPOHIIll Ta CEHCOpHII [4-7].

2. ExkcnepuMeHTa/IbHI pe3yJbTaTH Ta ix
00roBOpPeHHA

B naniii poGoTi mocimKyBaBcs TEH300IIIp Ta
teH3o-xomi-epext npu T=300 K mis Heompo-
MIHEHUX Ta ONpPOMIHEHUX IOTOKOM E€JIEKTPOHIB
®=5-10" cm?, 3 enepriero 10 MeB, moHOKpHCTa-
niB n-Ge, JETOBaHUX JOMIIIKOIO Sb, KOHIIEHTpa-
miero 5-10" cm>. OQHOBICHU#I THCK Ta HAIIPSIMOK
CTpYMy JUISL TOCHIPKYBaHUX 3paskiB n-Ge criiB-
najaid 3 KpucTajorpaiuHUMU HamnpsMKaMu
[100], [110] Ta [111]. Ha puc.l mpencraBieHo
3aJIe)KHOCTI TEH300IOpY JJIsi HEONPOMIHEHHMX
MOHOKpHCTaTiB n-Ge, OMHOBICHO Jie(hOpMOBaHUX
B3JI0BXK Kpuctanorpadiyaux Hampsmkis [100],
[110] ta [111], mpu T=300 K.
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Puc.1. 3anexxkHocTi TeH300mOpy AJISI HEONMPOMiHe-
HUX MoHOKpHcTadiB n-Ge npu T=300 K, sixi onno-
BicHO AedopMoOBaHi B310BK Pi3HMX KpHCTaIorpa-
(¢iunux nanpsamkis: 1 - [100], 2 - [111], 3 - [110].
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Sx Bimomo [8, 9], mpu onHOBICHIM nedopmarrii
n-Ge B3IOBXK KpUCTAIOrpadiuHOrO HAIPSIMKY
[100] BimcyTHiil medopmamiifHuli mepepo3mnoIiI
€JIEKTPOHIB MK L -MiHIMyMH 30HM POBIJIHOCTI
TepMaHiro 1 BiIMOBIIHO TeH3001ip (puc. 1, kpuBa
1). Ansa BumankiB oxHoBicHOT nedopmarii n-Ge
B3/I0BXK Kpuctanorpadiuanx Hanpsmkis [110] Ta
[111] Oyne BinOyBaTHCh MEPEepO3MOALT EIEKTPO-
HIB 3 PI3HOIO PYXJIUBICTIO M’k MIHIMyMaMH 30HU
MPOBITHOCTI T€PMaHII0, SIKi 3MIILIYIOThCS IPH Je-
(opmarii B MPOTHUIIEKHHUX HAMPSIMKaX 3a IIKaJI0k0
eneprii [8]. Ilpu 1pboMy cepenHs PyXJIHMBICTh
€JIEKTPOHIB 3MEHIIYETHCS, @ TUTOMUMN OIip Bif-
MOBIAHO 3pOCTAa€ MpHU 301IbIIEHHI OJHOBICHOTO
TUCKY (puc. 1, kpuBi 2 Ta 3). Sk Oysn0 nmokazaHo
Hamu paniuie [ 10], st nux e yMOB OIPOMIHEH-
HS B MOHOKpHcTanax n-Ge yTBOPIOIOThCS pajia-
1iiH1 1eeKTr 3 NIMOOKUMU EHePreTUIHUMHU PiB-
Hamu E. —0,27 eBra E, +0,27 eB B 3a00pone-
HIl 30HI TepMaHilo, SKi HajJexaTrb A-LEHTPY
(xoMmrIeke BakaHcist — kucenb) [11, 12].

Ha puc. 2 mpencraBieHo TeMmnepaTrypHy 3a-
JEXKHICTH cTanoi Xoiia JJsi HEONMPOMIHEHUX Ta
ONPOMIHEHUX €JICKTPOHAMHU TOTOKOM D=5-10"
cm? mMoHokpuctaniB n-Ge. J{ns onmepxanoi 3a-
JIEKHOCTI MO>KHA BUJIUIMTH Takl TPU XapaKTepH1
TemmeparypHi obmacti: 1) obnacTh ioHi3alii piB-
Ha E.-0,27 eB (Bixg 180 mo 260 K); 2) obGnactsb
ioHi3auii piBHa £, +0,27 eB (Bix 285 no 325 K);
3) obmacte BiracHoi mpoBigHOCTI (T>325 K).
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Puc. 2. TemneparypHa 3ajexHicTb cTajaoi XoJuia

JUIsI HeoNMmpoOMiHeHUX (KpuBa 2) Ta ONPOMiHEHHUX

ejekTpoHaMu moTokoM ®=5-10" cm? (kpusa 1)
MOHOKpHcTaJdiB n-Ge.
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JleTanbHUi aHali3 EJIEKTPUYHUX BIACTHUBOC-
Tell onpoMiHEHUX MOHOKpuUcTaniB n-Ge 1 nep-
1101 TeMneparypHoi o0nacTi 6ys0 3po6IeHo B po-
6oti [13]. 3okpema, HexapakTepHE 3pOCTAaHHS
XOJIIBCHKOI PYXJIUBOCTI €JICKTPOHIB, MOPIBHIHO 3
HEOIPOMIHEHUMHU 3pa3KaMH, TP 301JIbIICHH] Be-
JMYUHU OIHOBICHOTO THUCKY B3IOBX KpPUCTAJIO-
rpagiunoro HanpsAMKy [100] nosicHIOETbCS 3MEH-
[ICHHSIM TPAJIiI€EHTIB MUTOMOTO OIOPY Ta KOHIICH-
Tpauii 3apskeHnX aeeKTis 3 piBHeM E . —0,27
eB mpu ix mepesapsui 3a paxyHOK 30UIbIICHHS
KOHIIEHTpAIlll €JEeKTPOHIB B 30HI IMPOBITHOCTI
npu nedopmarii. Sk BuAHO 3 puC. 2, TpHU
T>325 K ob6nacTi BIacHUX MPOBIAHOCTEH st
HEOIPOMIHEHHUX Ta ONPOMIHEHUX MOHOKPHUCTAIIIB
n-Ge MoBHICTIO cmiBnagaroTs. O4eBUIHO, 110 JIST
JAHOTO BUIAJKy pajialiiiHi nedekrtu, siki yTBO-
PWINCH TP €JIEKTPOHHOMY OIPOMiHEHHI, HE Oy-
IyTh BIUTMBATH Ha TeH3oo0mip n-Ge. MexaHi3mu
TEH300II0py B O0JIACTI BIACHOT MPOBITHOCTI IS
HEOMPOMIHEHUX MOHOKpHUCTaNiB n-Ge neraabHO
nmociikeHi B podotax [14, 15]. Ilpaktuynwuii 18-
Tepec IMpH MOIIYKY TEH304YTJIMBOTO Marepiairy
JUId TEH30JaTYMKIB Ha OCHOBI T€pMaHilO Mpen-
CTaBIISIE TOCII/HKEHHS TEH300110pYy OMPOMIHEHUX
MOHOKpHcTaIiB n-Ge rmpu KIMHATHIN Temnepary-
pi (obmacte iomizauii piBus E, +0,27 €B). Ha
puc. 3 TpeAcTaBleHI 3aJEKHOCTI TEH300IOpY
IIPU OTHOBICHOMY THCKOBI B3JIOBX KpHUCTaJIOTpa-
¢igyanx wHampsamkie [100], [110] Ta [111] mns
ONPOMIHEHUX  E€JIEKTPOHAMH  MOHOKPHCTAJIB
n-Ge npu T=300 K. Bigomo [16], 110 3miHa Bemu-
YMHU eHeprii 10Hi3awii mrOOKOro piBHA MpH Je-
dopmMariii TOSCHIOETHCS PI3HUMHU 3HAUYCHHSIMU
OaprUHUX KOE]IIIEHTIB 3MILIEHHS CAMOTO PiBHS
Ta EKCTPEMYMIB 30H HPOBIAHOCTI Ta BaJEHTHOI.
ToMy 3MEHIIIEHHSI TUTOMOTO OTIOPY OIPOMIHEHO-
ro n-Ge npu 30UTbIICHH] OJHOBICHOTO TUCKY, Ha
BIIMIHY BiI HEONpOMiHEHHX 3pa3kiB n-Ge
(puc. 1), moxxe OyTH TMOB’si3aHE 31 3MIHOIO KOH-
LEHTpaIlil HOCI{B CTPyMy 3a paxyHOK 3MiHH €HEp-
rii ionizamii mmbokoro piBHs £, +0,27 eB npu
nedopmartii.
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Puc. 3. 3ane:xxkHoCTi TeH300MOPY [JIs1 ONPOMiHEHUX

eJIEeKTPOHAMH MOTOKOM ®P=5-10"5 ¢cM? MOHOKpHC-

tauaiB n-Ge npu T=300 K, sixi oqnoBicHo negopmo-

BaHi B30BK Pi3HMX KpHCTAT0rpadivHuX HANPAM-
kiB: 1 -[100], 2 - [111], 3 - [110].

Jl1st GibI IETATbHOTO BUBYEHHS €()EKTY TCH-
300110py JUIS OIPOMiHEHHX MOHOKpHUCTaliB n-Ge
HaMHU TaKOX MPOBOAMINCH BUMIPIOBAHHS TCH30-
xoJt-e(heKTy, K1 MpeaCcTaBIeH] Ha pHC. 4.
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Puc. 4. 3ane:xknocti cranoi Xoana 1A onpomine-

HUX eJIeKTpoHaMH noTtokom ®=5-10" cm? MoHo-

kpucraiaiB n-Ge npu T=300 K, sixi onHoBicHo jae-

(opmoBaHi B3A0BK Ppi3HMX KpHCTaJOrpapivyHuX
Hanpsimkis: 1 - [100], 2 - [111], 3 - [110].

61



C. B. Jlynpos, A. L. 3imuu, M. B. XBumyH, B. T. Macniok, [. I. Merena

Sk cnigye 3 puc. 4, crana XoJuia IPaKTUYHO
HE 3aJIEKUTh B1Jl OTHOBICHOTO TUCKY B3/10BX KpH-
cranorpadiuyaux Hanpsmkie [110] ta [111], komu
P<0,6 I'Tla. [ns BUMagKy * OXHOBICHOTO THUCKY
B3JIOBXK Kpucrtajorpadiunoro Hamnpsmky [100]
CIIOCTEPIraeThCsi MOHOTOHHE 3pPOCTaHHS CTalol
Xomnna (puc. 4, kxpusa 1). Sk Bimomo [17], mist HO-
C1iB OIHOT'O TUITY (3 O/IHI€I0 €()EKTUBHOIO MACOIO)
crana Xoyja o0epHEHO MPOIOopIiiiHa A0 1X KOH-
neHrpaiiii. ToMy 3pocTaHHs KOHLEHTpAIil HOCIiB
CTpyMy nipu nedopmarii Mano O NpU3BECTH 5K 10
3MEHILIEHHS TUTOMOTO OIOpY, TakK 1 cTanoi XoJa.
A 11e CynepeunTh EKCIePUMEHTAIBHUM pe3yibTa-
TaM, sIK1 MpeICTaBICHH] Ha puc. 4. Sk MoKa3yooTh
BUMIPIOBaHHSI YaCOBUX 3aJIEXHOCTEH TEH300110-
py IUIs HEONPOMIHEHHX Ta ONPOMIHEHHX MOHO-
kpuctaniB n-Ge npu (pikCOBaHUX 3HAYEHHSIX Of-
HOBICHHMX THCKIB, TUTOMHH OTIp JOCIIKYBaHUX
3pa3kiB n-Ge He 3aJIeXKUTh BiJ] Yacy eKCIIepUMeH-
Ty. Lle cBi1uuTH PO BIACYTHICTH 200 APYropsii-
HY pOJb MEXaHI3My MeEXaHIKO-CTUMYJIbOBaHOI
NPOBIAHOCTI Ta PEeKOMOIHALIWHUX TMPOLECIB 3a
y4acTio yTBOpEHUX pajaiauiiHux aedexris. Tomy
oJiep’KaHl aHOMaJIbHI 3aJIeXKHOCTI CTaNoi XoJia
JUIS OTIPOMIHEHHUX MOHOKpHCTaliB n-Ge MOXYTb
OyTH MOSICHEHHI HAasBHICTIO HOCIiB CTPyMY JIBOX
THUITIB: €JIEKTPOHIB Ta JIPOK 3 CIIBPO3MIPHUMH
koHueHTparismu. Crary Xoiia 3a HasIBHOCTI HO-
CIiB CTpyMY 3 PI13HOIO PYXJIUBICTIO T4 KOHLEHTpA-
1i€r0 MOXKHA 3amucaty Tak [17]:

R = %’"1”1/"12 +‘]2rznzﬂ22 (1)
H PRE
(%”1”1#1 +%’”2n2,u2)

mne ., , ., -3apsa, XomwI— (akTop, KOHICH-
Tpalis Ta PyXJUBICTh HOCIiB CTPyMy MEpIIOTO
Tamy, 2 , , - BIANOBIHO JPYyTOTO.
Jlns BCiX BHUIIAJKIB OJHOBICHOTO THCKY CTaja
Xomta He 3MiHIOBaJIa 3HAK, 2 ONIPOMIHEHI MOHO-
kpuctanu n-Ge Maiau n-Tun npoBigHocTi. Benu-
yyHa cTajoi XoJijia B OHOBICHO Je(opMoBaHO-
My n-Ge, 3rigHO 3 Bupasom (1), Oyae 3anexaru, B
NepILy Yepry, BiJ CHiBBIJHOIICHHS MiX KOHIICH-
TpalisiMH €JICKTPOHIB Ta JIIPOK. AHaJI3 BUNIAIKIB
OJTHOBICHOTO THICKY B3JIOBK KpucTamorpadiqHux
HanpsMkiB [110] ta [111] (puc. 4, kpuBi 2 1a 3) €
1€ CKJIAJHIIINUM, OCKIJIbKU IPU LBOMY HEOOX1J-
HO JTOJJaTKOBO BPAxOBYBaTH 3aJI€KHOCTI PyXJIH-
BOCTI €JIeKTPOHIB Bix nedopmarii. Takox Bemu-
YHHA TEH300II0pYy Ta CTajoi XOoJuta JJIsi OIpOMi-
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HEHHX MOHOKpHCTaNiB n-Ge 3aleXuTh Bil pyX-
JMBOCTI JIPOK, sIKa 3pOCTa€ MpH 301IbIIEHH] OA-
HOBICHOTO THCKY [18, 19].

3. BuchHoBku

OpneprkaHi 3a€KHOCTI TEH300MOpPY IMpPH Of-
HOBICHOMY THCKOBI B3JIOBK KpHUCTanorpadiyHux
HanpsamkiB [110] Ta [111] mns HeompoMiHEHHMX
MOHOKpHCTaNiB n-Ge € HeNHIHHUMH, 0COOIUBO
IIpU BUCOKHUX OJHOBICHMX THCKaX. [laHuil Hemo-
JIK 3aTPpyAHSE TPAIyIOBaHHSI HA OCHOBI TepMaHito
TEH30JaTUYMKIB 1 BIJMOBITHO 3MEHIIY€E TOYHICThH
ix BumipiB. Lle Bumarae momaTkoBOi KaiOpOBKH
CUTHaITy aTuynka. BBeIeHHS 3a paxyHOK eJIeKTPO-
HHOTO OTIPOMIHEHHSI TIEBHOT KOHLIEHTPAIli1 KOHTP-
OJIbOBAaHUX paialiiHuX Ie(EeKTIB TO3BOJIIE B
HIMPOKUX MeXaxX KepyBaTH TEH30UyTIUBICTIO
MoHOKpHcTaniB n-Ge. /[y BunagKy o1HoBiCHOTO
tucky P>0,25 I'Tla B3g0Bx KpucTanorpagpigHOro
Hanpsamky [100] ompoMiHEHUX MOHOKPHUCTAJIB
n-Ge Oynu ofepKaHi JIiHIHHI 3aJI€)KHOCT1 TEH300-
nopy. Taka ocoOJIMBICTh TEH300M0PY, Ha BIAMIHY
BiJI HEONTPOMIHEHHUX 3pa3KiB, MOXKE€ 3HAUTH CBOE
MPAKTUYHE BUKOPUCTAHHA ISl KOHCTPYIOBAHHS
Ha OCHOBI ONpoMiHEHOTO n-Ge TEeH30aTYHKIB
JUTSL KOHTPOITIO BUCOKUX OJIHOBICHUX THUCKIB.
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THE INFLUENCE OF ELECTRON IRRADIATION ON TENSORESISTANCE OF SINGLE
CRYSTALS n-Ge

IS. V. Luniov, 'A. 1. Zimych, ‘M. V. Khvyshchun, *V. T. Maslyuk, ’I. G. Megela

"Lutsk National Technical University,
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Summary

Tensoresistance at the uniaxial pressure along the crystallographic directions [100], [110] and [111]
for unirradiated and irradiated single crystals n-Ge by the flow of electrons F=5-10'° el./cm?, with the
energy of 10 MeV, is investigated in the work. The presence of the tensoresistance for unirradiated
single crystals n-Ge by the decrease of the average electrons mobility at the expense the deforming
redistribution of electrons between the minima of conduction band of germanium with different mo-
bility is explained. For the irradiated samples n-Ge the resistivity with the increasing uniaxial pressure
has decreased for all crystallographic directions. For a more detailed study of the tensoresistance ef-
fect of the irradiated single crystals n-Ge, the measurements of tenso-Hall effect also have been con-
ducted. The anomalous dependences of the Hall constant on uniaxial pressure along the crystallo-
graphic directions [100], [110] and [111] were obtained. With an analysis of these dependencies con-
cluded that the observed tensoresistance effect for irradiated single crystals n-Ge, mainly, explains by
the mechanisms of the mixed conductivity: by the changes of electrons concentration in the conduc-
tion band and holes in the valence band by changing the ionization energy of deep level E, + 0,27 eV
at the uniaxial pressure. The investigations of tensoresistance and tenso-Hall effect at room tempera-
ture were carried out. For irradiated single crystals of n-Ge, at the uniaxial pressure P>0,25 GPa along
the crystallographic direction [100], the linear dependence of the tensoresistance was obtained. Such
feature of the tensoresistance, unlike the unirradiated samples, can find a practical use for designing
based on irradiated n-Ge the pressure sensors for the control of high uniaxial pressure.

Keywords: single crystals n-Ge, radiation defects, tensoresistance, Hall constant, uniaxial pressure
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BIIJIUB EJIEKTPOHHOI'O OITPOMIHEHHSA HA TEH3OOIIIP
MOHOKPHUCTAJIIB n-Ge

IC. B. Jlynvos, 'A. 1. 3imuu, ‘M. B. Xeuwyn, °B. T. Macmok, °I. I, Mezena

! Thyybkuil Hayionanbhutl mexuiunuil ynisepcumen,
’Incmumym enexkmponnoi gizuxu HAH

Pedepar

B po6ori gocaiakeHo TeH300111p NPy OAHOBICHOMY THCKOBI B3JIOBK KpUCTaIOrpadiyHUX HApsM-
ki [100], [110] Ta [111] a1 HEONMPOMIHEHHX Ta OIMPOMIHEHUX ITOTOKOM eJeKTpoHiB ®=5-10' cm2, 3
ereprieto 10 MeB, moHokpucraniB n-Ge. HasgBHiCTh TeH300MOpY /17151 HEOIPOMIHEHMX MOHOKPHCTA-
71iB n-Ge MOSICHIOETHCS 3MEHILEHHSIM CEPETHBOI PYXJIMBOCTI €JIEKTPOHIB 32 paXyHOK JedhopMaliiiiHo-
'O MePEPO3NOIiTY eEKTPOHIB MK MIHIMyMaMH 30HHU MPOBITHOCTI TEPMaHIIO 3 PI3HOK PYXJIMBICTIO.
s onpomiHeHHX 3pa3kiB n-Ge muToMuil omip mpu 30UTBIICHHI OJHOBICHOTO THUCKY 3MEHIIYETHCS
JUISL BCIX KpUCTaorpagpiyHuX HapsMKiB. i1 011611 1eTaabHOTO BUBYCHHS €()EKTy TEH300IOPY IS
OIPOMIHEHUX MOHOKpHCTadiB n-Ge TakoX MPOBOAWINCH BUMIPIOBaHHS TEH30-XOJUI-edekTy. bymu
oZiep>KaHi aHOMAaJIbHI 3aJIEKHOCTI CTajoi X0JuIa BiJl OTHOBICHOTO TUCKY B3JIOBXK KpHUCTAIOTpadiuHuX
HanpsamkiB [100], [110] ta [111]. 3 ananizy manux 3ajekHocTel Oys10 3p00Ie€HO BUCHOBOK, 110 OZEp-
KaHUH eeKT TeHOONopY JUIsl ONIPOMIHEHUX MOHOKpHCTaIIB N-Ge MOSCHIOETHCS, B OCHOBHOMY, MeéXa-
Hi3MaMH 3MilIaHOI MPOBITHOCTI: 3MiHAMM KOHIIEHTpAIIil €JIeKTPOHIB B 30HI MPOBIIHOCTI, a AIPOK y
BAJICHTHIN 30H1 3@ PaXyHOK 3MIHM €HEprii 10Hi3anii mmmbokoro pisusa E,, +0,27 ¢B npu ognoBicHOMY
TUCKOBI. JI0CIiPKEHHSI TEH3001I0PY Ta T€H30-XOJUI-€(DeKTy MPOBOAMIMCH IIPU KIMHATHINA TeMIepary-
pi. nst onpoMiHeHUX MOHOKpuUcTaiB n-Ge, mpu ogHoBicHOMY THCKY P>0,25 I'Tla B310BX) KpHCTaio-
rpadiunoro Hanpsmky [100], Oyma onepskana JiHIAHA 3aJEXKHICTH TEH300IOpPY. Taka 0COOIHMBICTh
TEH300II0pY, Ha BIIMIHY BiJl HEONPOMIHEHHX 3pa3KiB, MOKE 3HAWTH CBOE MPAKTHUHE BUKOPHUCTAHHS
JUI KOHCTPYIOBaHHS Ha OCHOB1 OMpOMiHEHOro n-Ge TeH30[aTYMKIB JJIs1 KOHTPOJIIO BHCOKUX OTHO-
BICHHMX THCKIB.

Kurouosi ciioBa: moHokpuctanmu n-Ge, pajiamiiai 1eQekTd, TEH300Mip, cTaja Xoyuia, OJHOBIC-
HUH THUCK

65



A. 1. Jlenix, I1. O. Cuiryp, A. I1. banaban

SENSORS PRODUCTION TECHNOLOGIES
TEXHONOINA BUPOBHULITBA CEHCOPIB

UDC 655.336:621,37/39:534
DOI http://dx.doi.org/10.18524/1815-7459.2017.1.96442

METHOD OF STENCILLING IN TECHNOLOGY OF DEVICES ON SURFACES
ACOUSTIC WAVES

Ya. I. Lepikh, P. O. Snigur, A. P Balaban

Interdepartmental scientific-educational physical-technical center of MES and NAS of Ukraine at
L. I. Mechnikov ONU, E-mail: ndl_lepikh@onu.edu.ua

METHOD OF STENCILLING IN TECHNOLOGY OF DEVICES ON SURFACES
ACOUSTIC WAVES

Ya. I. Lepikh, P. O. Snigur, A. P Balaban

Abstract. The method of acoustoabsorber putting on acoustic ducts of devices on the surface
acoustic waves, basing on stencilling which used at manufacturing of thick-film hybrid integrated

circuits is described.
The block diagram of technological process of acoustoabsorber deposition is given. Features of the

separate operations are discussed.
Keywords: acoustoelectronic device on surface acoustic waves, acoustoabsorber, stencilling

METO/] TPA®APETHOT' O JIPYKY B TEXHOJIOI'II IPUCTPOIB HA IIOBEPXHEBUX
AKYCTHYHUX XBUJIAAX
A. L Jlenix, II. O. Cuieyp, A. I1. Baraban

MixBitoM4Hil HayKOBO-HaBYaIbHUH (i3uko-TexHiunnid neHTp MOH 1 HAH Vkpainu npu OHY
imeHi I. I. MeunukoBa, E-mail: ndl_lepikh@onu.edu.ua

AHoTauist. Y poOoTi onrcaHo METo/l HAHECEHHsI aKyCTONOIIMHAYA Ha 3ByKOIPOBOAM MIPUCTPOIB HA

MOBEPXHEBUX aKyCTUYHMUX XBUIISIX, 110 0a3yeThCsl Ha TpadapeTHOMY APYL, SIKUIl BUKOPUCTOBYETHCS
NIPY BUTOTOBJICHHI TOBCTOIUTIBKOBUX T1OPHIHUX 1HTETPATbHUX CXEM.
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[TpuBenCHO CTPYKTYpHY CXeMy TE€XHOJOTIYHOTO MPOLECy HaHEeCEHHs aKycronorimHaya. OOroBo-
PIOIOTHCS OCOOIMBOCTI OKPEMHUX OIlepariiil.

Ku11040Bi ci10Ba: akycTOENEKTPOHHUI MPUCTPiil HA TOBEPXHEBUX aKyCTUYHUX XBUIISX, aKyCTOIIO-
IIMHAY, TpadapeTHUit ApyK

METO/] TPACAPETHOM MEYATH B TEXHOJIOT U YCTPOMCTB HA
MHOBEPXHOCTHBIX AKYCTUYECKHUX BOJIHAX

A U. Jlenux, I1. O. Cueeyp, A. I1. banaban

AnHoTauus. B pabote omrcan MeTo HaHECEHUS aKyCTOTOITIOTUTENIS Ha 3BYKOIIPOBOBI YCTPOWCTB
Ha MOBEPXHOCTHBIX aKyCTHUECKUX BOJHAX, Oa3upyromuiics Ha TpadapeTHO! nmevaTH, NCIONb3YIOIEeH s
P U3TOTOBJICHUHU TOJICTOTUIEHOYHBIX TUOPHUIHBIX HHTETPAIBHBIX CXEM.

[IpuBeneHa cTpykTypHasi cxeMa TEXHOJIOIMYECKOTo Mpoliecca HaHeceHUsl akycTonororutess. O0-
CYX/Ial0TCsl 0COOGHHOCTH OT/IENIbHBIX ONepallnii.

KuroueBble ci10Ba: akyCTO3IEKTPOHHBIE YCTPOMUCTBO HAa MOBEPXHOCTHBIX AKyCTHUECKUX BOJIHAX,
aKyCTOIIOTJIOTUTENh, TpadapeTHas neyaTh

Introduction plying is carried out by primitive ways and the
means, lowering the effectiveness of devices on
It is known, [1, 2, 3] that electric characteris- SAW as a whole, the basic operations which are
tics of devices on surface acoustic waves (SAW) manufacturing are carried out by the group meth-
are deformed substantially by the false acoustic ods borrowed from thin-film technology.
signals caused by reflections from acoustic ducts
borders. The basic method of elimination of the The basic part
SAW reflected from borders is application of In the present work one of effective methods
acoustoabsorber materials, which apply on the of acoustoabsorber applying on acoustic duct - a
appropriate acoustic duct sites [1, 4]. Till now in stencilling method is described.

most cases the operation of acoustoabsorber ap- The method is borrowed from the thick-film
REMOVAL OF THE
FROTECTIVE gﬁﬁ“mmw DRAWING OF THE
OFCT'],Eﬁ If,ﬂ‘;ERN (€1 | LAYER FROM THE [€—] b0 oo [ <€—|PROTECTIVE COAT,
i | CONTACT ON THE SUBSTRATE
i | PLATFORMS COVERING
A\ 4 H
MAKING OF A CONTROL OF SUPERIMPOSE HEAT TREATMENT DIVISION OF THE
pHOTOMASK [ MAKINGOF Ll THE PATTERN |[— OF THE o OF THE L >  SUBSTRATE
ACLICHE GRID TENSION ACOUSTOABSORBEN ACOUSTOABSORBER] ON CHIPS
P PREPARATION REMOVAL OF THE
OF THE > OF THE COVERING PROTECTION
ACOUSTOABSORBER JACOUSTOABSORBER] FROM THE CHIPS

!

Fig. 1 The block diagram of acoustoabsorber putting technological process.
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technology [5-7]. As well as any another it has
restrictions in application as technical which are
caused, on the one hand, by its specificity, and, on
the other hand, by the appropriate characteristics
used for this purpose acoustoabsorber materials,
and economic. The block diagram of the techno-
logical process realizing this method, applicable
to devices on SAW is given in fig. 1.

The wide range of characteristics of acous-
toabsorber, determining an opportunity of appli-
cation for their putting a method of stencilling,
causes the appropriate range of technological
method modes.

Application of the automated special tech-
nological equipment thus provides essential de-
crease of labor expenditures of devices on SAW
manufacturing process in conditions of mass pro-
duction, quality improvement of their characteris-
tics and good economic product parameters.

Quality of the acoustoabsorber putted lay-
ers depends on such its characteristics, as
spreadability, viscosity, polymerization time,
temperature influence on the latter, on physical
and chemical acoustoabsorber compatibility and
a acoustic duct material, its «life timey, and also
on a pattern type, its grid tension degree and on
parameters of scraper movement of stencilling
plant [8, 9]. That’s why the modes of putting tech-
nological operations are picked in view of used
acoustoabsorber and acoustic duct characteristics.

In order to prevent damage of interdigital con-
verters (IDC) and acoustic duct working surface
devices on SAW it is necessary to cover it with
a protective layer. Good results are achieved by
putting on IDC a protective layer from photoresist
of any marks used in thin-film technology, for
example PhRP-11, PhRN-383. This operation is
carried out with the help of the same equipment
which is used at a photolithography, for exam-
ple, plant of photoresist putting by a method of
centrifugation PNF-6C-DT30-3 and a plant of
photoresist infra-red drying. After protection of
a substrate-acoustic duct surface, removal of a
protective layer from IDC contact platforms and
acoustoabsorber preparation, the latter is put on
the assigned sites with the help of stencilling plan
for example AUPT-1. The photoresist protec-
tive layer does not render negative influence on
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acoustoabsorber properties, therefore it can not be
removed, from sections under acoustoabsorber as
it is offered in [4].

The used machining attachments is determined
by substrate-acoustic duct overall dimensions and
the geometrical form. The choice of pattern type
depends on acoustoabsorber rheological charac-
teristics, and also on the technologist experience.
We used a silk screen with capronic grid having
the cell size of 120 microns.

Orientation of topology of puted acoustoab-
sorber concerning SAW converters and borders
(or crystallographic axes) of acoustic duct was
carried out by overlapping of reference marks on
acoustic duct and a pattern. Off-orientation did
not exceed 1°, that in most cases is quite suffi-
cient enough, though there is the opportunity of
its reduction.

Modes of technological operations are es-
tablished depending on concrete conditions and
can differ essentially. For example, the hydraulic
pressure providing inflowing of acoustoabsorber
in apertures of a pattern, depends on a corner of a
scraper and a pattern surface meeting, its move-
ment speed, scraper blade adjacency density to
a pattern, on a gap between a pattern and a sub-
strate. For everyone concrete acoustoabsorber
(distinguished by rheological characteristics)
these data can change over a wide range.

Scraper movement speed is established in lim-
its from 50 mm/s up to 150 mm/s, and the corner
of its meeting with a mask surface (attack corner)
is selected depending on acoustoabsorber rheo-
logical characteristics in Pe.

For acoustoabsorber [4] scraper attack corner,
makes 45°, and its speed - 150 mm/s. The gap be-
tween the pattern plane and the acoustic duct sur-
face (substrates) should remain in limits from 0,3
mm up to 0,5 mm in all cases to provide the nec-
essary layer thickness of a puted acoustoabsorber.
In the case, when it is not possible to provide the
acoustoabsorber necessary layer thickness in one
cycle of putting (for one cycle ~30 microns), the
putting process must be repeated several of times,
using acoustoabsorber drying in an interval be-
tween separate operations.

For repeatability increase, quality guarantee of
acoustoabsorber putting and increasing of pattern
use term it is necessary to make clearing of a pat-
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tern grid periodically by chemical solvent which
structure is defined by properties of acoustoab-
sorber used.

The heat treatment of the putted layers which is
necessary for removal of flying components from
acoustoabsorber, can be carried out in conveyor
type thermostove or in of infra-red drying setting
from a photolithography line structure (the lat-
ter is more preferable), but in all cases the modes
should get out in view of necessity of acoustic duct
constant piezoelectric properties preservation, i.e.
the maximal temperature of heating should not
exceed piezoelectric Curie point. At the use of
acoustic ducts from Bi GeO,, Bi ,SiO,, LiJO,
and some other materials it is necessary to avoid
significant temperature gradients on substrate
volume, otherwise at them cracks can appear.

At the developed technological process, it is
necessary to carried out visually surveillance the
quality of acoustoabsorber putting, absence of
flowings on the converter and breaks of coverings
each time at replacement of a material acoustoab-
sorber or acoustic ducts.

Conclusions

The described technological process of acous-
toabsorbers putting go with the requirements
of the flexible automated manufacture with the
use of the appropriate equipment and provides
achievement of high technical and economic pa-
rameters in conditions of devices on SAW mass
production.
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METO/] TPA®APETHOTI'O JIPYKY B TEXHOJIOT'TI TIPUCTPOIB HA IOBEPXHEBHX
AKYCTHYHHUX XBUJIAX

A 1 Jlenix, I1. O. Cuieyp, A. I1. baraban

MixBinomMunii HayKoBO-HaBYaIbHUH (i3uko-TexHiuani neHTp MOH 1 HAH Vkpainu mpu OHY
imeHi . I. Meunukosa, E-mail: ndl_lepikh@onu.edu.ua

Pedepar

VY po6oTi onHcaHO METO]] HAHECEHHS aKyCTOIOIVIMHAYa Ha 3BYKOIIPOBOIM MPUCTPOIB HA MOBEPX-
HEBHUX aKyCTHYHHX XBWJISX, IO Oa3zyeTbcs Ha TpadapeTHOMY IpYIl, SIKHH BHKOPHCTOBYETHCS HPHU
BUTOTOBJICHHI TOBCTOILTIBKOBUX T1OPUIHUX 1HTETPAIILHUX CXEM.

HaBeneno cTpykTypHY CXeMy TEXHOJIOTIYHOTO TpOIleCy HaHECEHHs akycromormuHada. OOroo-
PIOIOTBCSI OCOOIMBOCTI OKpEMHUX orepaltiid. BkazaHi mpuKiaay TUIIOBOTO MPOMHUCIOBOTO OCHAIIICHHS.

HageneHo ontumalibHi pexXUMHU — TIpaBIiYHUAN TUCK, IIBUIKICTh PYXYy pakels, KyT aTaku Ta
1HIII TEXHOJIOT1YHI pEKMMHU HAHECEHHS Ta iX 3B’ 30K 3 (DiI3MKO-XIMIYHUMH Ta TEXHOJIOTIYHUMH Xa-
PaKTEepPUCTUKAMH aKyCTOIOIINHAYIB.

Ki1ro4oBi ci10Ba: aKycTOEIEKTPOHHUHN MPUCTPiil HA MOBEPXHEBUX aKyCTUYHUX XBHIISAX, aKyCTOIO-
JIMHAY, TpadapeTHHil APyK
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IMepconadii. Io 70-nitTsa npogecopa Jlenmixa fApocaasa Liiiua

JTIOKTOP ®I3UKO-MATEMATHYHHNX HAVYK,
MMPO®ECOP SIPOCJIAB IJIJITY JIEITX
(10 70-P1YYSI 3 THSI HAPOJUKEHHS)

Binomomy BueHOMy, IOKTOpY (hi3UKO-Ma-
TEMaTUYHUX  HayK, Ipodecopy, AUPEKTOpYy
M1iXBIIOMYOTO HAayKOBO-HABYAJIBHOTO  (Pi3HKO-
texHiuHoro neHtpy MOH i1 HAH VYkpainu npu
OnecbKkOMy HaIllOHAIBHOMY YHIBEPCHUTETI iMeHi
I. I. MeunukoBa, naypeary [lep>kaBHOi mpemii y
rajgy3i HayKH 1 TEXHIKH, 3aCIy)KCHOMY [isidy Ha-
VKU 1 TeXHIKH YKpaiHu, akafeMiky AkaieMii HaykK
Bumoi mkonu YkpaiHu, 3aCTyITHUKY T'OJIOBHOIO
penakropa Hamoro xypHary Spocnasy Iutiay Jle-
mixy 28 kBiTHS 2017 p. BunoBHIO€ETHCs 70 pOKIB.

HayxoBy po6oty . 1. Jlenix posnouas B Cy-
XyMchKiii (inmii Axyctuunoro iHctutyty AH
CPCP, kynu OyB HampaBJICHHI 3a TPOIIO3HIIIEI0
KepiBHULITBA (iNii, 1€ BiH MPOXOAUB MPAKTHKY Ha
3-my, 4-My 1 5-My Kypcax i TaM K€ 3aXHCTUB JH-
IJIOM 1HXXEHepa-eJIeKTpodi3uKa Micis 3aKiHYCH-
Hs B 1970 polui HaByaHHS Ha 1H)XXEHEpHO-(i3UY-
HOMY (akynpTeTi B OJIeChKOMY MOITEXHITYHOMY
iHcTUTyTl. [lpamroBaB Tam y BigaUIl JOKTOpa
Gb13UKO-MaTeMaTUYHUX HAyK, 3TOJOM aKaJeMika,
Bine-npe3ugeara AH CPCP Bikropa IBanoBuua
InnivoBa.

3rogom Spocnas Ly nmoBepHyBes B Onecy
13 1975 p. mo 1977 p. npamroBaB B OniecbkoMy
BinminenHi [actutyry maremaruku AH YPCP. 3
1977 p. mo 1992 p. npairoBaB y HaykoBo-nocmiz-

HOMY TE€XHOJIOTIYHOMY 1HCTHTYTI “Temn” Minic-
TEepPCTBa MPOMHUCIOBOCTI 3aco0iB 3B 53Ky CPCP
Ha MOCaJax CTapIioro, MPOBITHOTO 1HXKEHEpa,
HauaJgbHUKA cekTopa, Bigaury. B HATI “Temm”
CTBOPHB J1a0OPATOPi0 aKyCTOCIEKTPOHIKH 1 TOH-
KOTUTIBKOBOI TEXHOJIOTI{ 1 YCIIITHO HEIO KEPYBaB.

[Ticna 3akiHYEHHS acHipaHTYpU y akaJeMika
PAH, toni akanemika AH CPCP FOpis Bacumnwo-
Buuya ['ynseBa (IHCTUTYT pamioTEeXHIKH 1 €JeK-
tponiku AH CPCP m. Mockga, Pocis), B 1985
p. 3aXHMCTUB AMCEPTAIi0 KaHaumara (izuko-ma-
TEMaTUYHUX HayK. 3aXuCT BimOyBCcs B [HCTUTYTI
¢i3uku HaniBnpoBigHUKiB AH YPCP. ¥V 1990 p.
BAK CPCP npucsois Jlenixy f. I. HaykoBe 3BaH-
HsI CTApIIOro HAyKOBOTO CIiBPOOITHHKA.

VY 1992 pomi Jlemix f. 1. mepeiioB Ha poOo-
Ty B CKTbB “Enement” MiHicTepcTBa BiiiCbKOBO-
IPOMUCIIOBOTO KOMIUIEKCY 1 KOHBepcii Ykpainu,
Jie TIpaIioBaB Ha4aJIbHUKOM HAyKOBO-IOCIiIHOTO
BIJUTLTY, BIIIIEHHS, a 3r0/I0M - HadaJibHIKOM Ha-
YKOBO-TE€XHIYHOTO TEHTPY “DOHOH”, KUl MaB
CTaTyC CaMOCTIHHOI rocrpo3paxyHKOBOI HayKo-
Bo-nociiiHoi yctanosu rpu CKTB “Enement”.

32001 poky B OPSKY ITEPEBOY MEPEHIIIOB HA
po6oty B Onechkuii HalllOHATBLHUNA YHIBEPCUTET
imeni [. I. Meunukosa. IlpaioBaB 3aBigyBaueM
HAyKOBO-JIOCTiAHOT J1aboparopii €IeKTPOHHHMX,
10HHUX 1 MOJIEKYJISIPHUX IPOLECIB y HAMiBIPO-
BIJIHMKAX 1 Ha mocaai mpodecopa kadeapu excre-
PUMEHTANIbHO1 (hi3WKH 3a cyMicHUITBOM. 3 2008
p. ouonuB MIiXBIZIOMYMN HayKOBO-HABYAJIBLHUIA
¢13uxo-texuiunuii nentp MOH 1 HAH Vkpainu
npu OHY imeni I. I. MeunukoBa, a0 opraHizartii
SIKOTO BiH MaB O€3M0OCepeIHE BiAHOIICHHS.

VY 2001 p. micas 3aKiHYEHHS TOKTOPAHTYpU B
OnecbkoMy HalliOHAJBLHOMY YHIBEPCUTETI iMeHI
[. I. MeuHnuKkoBa 3aXHCTUB TUCEPTALIIO JOKTOpA
(h13MKO-MaTeMaTUYHUX HayK.

[Tepma naykoBa crarts Jlemixa . 1. Oyna Han-
pyKOBaHa 3a MarepiajJlaMH JUIUIOMHOT poOOTH B
1974 p. y naykoBux npausx LIH/I im. akan. A.H.
Kpunosa (M. Jleninrpan, P®). A nepen tum Oynu
3po0iieHi gonoBiai Ha Beecoro3Hiil HaykoBO-TeX-
HIYHIN KOH(EpeHLli MOJOAUX BUEHHUX 1 crelia-
mictiB B 1971 poui B Jleniarpazi i B 1973 pori
Ha VIII Bceecoro3niit akycTuuHiil koHpepeHuii B
Mockai.

OCHOBHI HayKoBI iHTepecH, MmO cgopMyBa-
aucs Ha ovaTky 80-X pOKiB MUHYJIOTO CTOJITTS
3HAXOIAITHCS HAa CTUKY KIJIbKOX HAyKOBUX HAIpsi-
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MiB — 11e (pi3UUHA aKyCTHKa, aKyCTHKA TBEPIOTO
Tina, Gi3UKa 1 TEXHOJIOT1s HAIIBIPOBITHUKIB 1 -
ENIEKTPHKIB, aKyCTOCJIEKTPOHIKa 1 ceHcopuKka. B
[EHTP1 yBaru OyiH i 3aTUIIAIOTHCS JOCIKEHHS
(G13UMYHUX SBUILL, 1110 BUHUKAIOTh Y IMOJIi- 1 MOHO-
KPUCTAJIUYHUX I1'€30€JEKTPUKaX 1 IMIapyBaTHX
CTPYKTypax  II’€30€JIeKTPHUK-HAMIBIPOBIIHUK,
I’ €30€JIEKTPUK-/11eJIEKTPUK MPHU MOIIUPEHH] IO-
BEPXHEBUX AKyCTUYHHUX XBUJIb, 30KpEMa XBHUJIb
Pernesi, a TakoX SBUIN, 10 BUHHKAIOTH MPH B3a-
€MOJIIi B TAKUX CTPYKTypax aKyCTHYHOTO TIOJIS 3
MTOJISIMH 1HIIIOT (DI3UIHOT TPUPOIH.

[Tum mpobnemam Oynnu MPHUCBSIUEHI TUCepTa-
mii KaHauaara 1 J0KTopa (hi3uKo-MaTeMaTUuIHUX
Hayk. [leli HaykoBHiA HAITPsIM PO3BUBABCS TAKOXK B
YHUCICHHUX HAyKOBO-AOCTIIHUX 1 TOCIITHO-KOH-
CTPYKTOPCBKUX pOOOTax, KEpIBHUKOM 1 Oe3mnoce-
penHIM BUKOHABIIEM SKWX BiH OyB. BinbmiicTs 3
X POOIT BUKOHYBAJIHCh B paMKax JIEpKaBHHX 1
rajly3eBHX HayKOBO-TEXHIYHHX Mporpam. Pe3yib-
TaTH JOCIIDKEHb B I[LOMY IIKAaBOMY 1 TPOIYK-
TUBHOMY HaIpsIMKy BimoOpaxeni y monayn 400
HAyKOBHX ITyOJIiKalisix, y 3-X MoHOrpadisix, 7-Mu
HaBUaJIbHUX NOciOHMKaX, nMoHan 30 BMHaxXojax,
2-X ecsaTKax HayKOBO-TEXHIYHHUX 3BITIB, a TAKOXK
B JUcepTauiix, no skux fApocnas iy O6yB Ha-
YKOBUM KEPIBHUKOM.

Psin pesynbTariB 1OCHIPKEHb MAlOTh MPiOpH-
TeTHUIl Xapaktep. Jlo Takux, 30Kpema, BiJIHO-
CAThCS 3aKOHOMIPHOCTI MOIINPEHHS XBWIb Penes
Yy MOHO- 1 MOJIKPHUCTATIUYHUX I1"€30€TEKTPUKAX
1 mapyBaTUX CTPYKTypax Npu OE3KOHTAKTHOMY
30y/)KeHHI iX 1 merekryBaHHi. L1 pesynprarn mo-
CITy’)KWJIM HAayKOBOIO OCHOBOIO CTBOPEHHS HOBO-
ro KJlacy KepOBaHMX AaKyCTOEJIEKTPOHHUX IPH-
CTpOiB 1 CeHCOpIiB (hI3UYHMX BEIUYUH PI3ZHOTO
(YHKII0OHATLHOTO IPU3HAYEHHS, 1110 PA30M 3 TUM
CYTTEBO PO3IIUPIOE MOXKITUBOCTI aKyCTOCIEKTPO-
Hiku Buutomy. [lokazano, 30kpema, 110 peasiza-
1is i7ei BUKOPUCTaHHS KyTOBOI 3aJIeXKHOCTI (a-
30BO1 HIBUJAKOCTI 1 O€3KOHTAKTHOTO 30YyIKEHHS
I[TAX y MOHOKpHUCTaJiYHUX I €30€TCKTPUKAX 1
IapyBaTUX CTPYKTYpax J03BOJISIE CYTTEBO 301Ib-
IINTH KEPOBAHICTh XapaKTEPUCTHKAMHU aKyCTOE-
JIEKTPOHHUX MPUCTPOIB. 30KpeMa, JOCATHYTO Ke-
POBaHOCTI POOOYOI0 YACTOTOIO MPHUCTPOIB B 5-6
pa3iB OUIbIIE HIXK IHITUMHU BIJIOMUMHU METOJIAMHU.

Ines cenexktuBHOi monsipu3auii cerHeTokepa-
MiKH, 3anpornioHoBaHa Jlernixom 4. 1., kpiM po3mu-
pEeHHs (PYHKIIIOHAIBHUX MOXJIMBOCTEN aKycToe-
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JEKTPOHHUX TMPHUCTPOIB, JO3BOJIAE KapIUHAIBHO
CIIPOCTHUTH METOAM MPOCKTYBaHHS MPUCTPOIB Ha
ITAX i BUPIIIUTH PsAJT TEXHOJOTTYHUX TIPOOIIEM
aKyCTOEJIeKTPOHIKH. 30KpeMa, 3/11iCHIOBAaTH 3Ba-
KYBaHHS HEaroIu30BaHUX 3YCTPIYHO-IITHPHO-
BUX MEPETBOPIOBAUIB 3 HE3MIHHUM MEPEKPUTTAM
EJIEeKTPOJIIB IUISIXOM CEJICKTHBHOI MOJSpHU3aIlii
MOIKPUCTATIYHOTO 11’ €30€JIEKTPYHOTO  3BYKO-
MPOBOAY 3 TOIOJIOTIEI BIAMOBITHO BHOpaHIN
¢byHKuii anmoxu3artii.

3anpononoBana Jlemixom f. 1. HOBa Baroma
¢dbyHKIisg, mo 6a3yerbes Ha Teopemi KorenbHu-
KOBa, ISl 3BaKyBAaHHS 3yCTPIUHO-IITHPHOBUX
aroIM30BaHMUX IEPETBOPIOBAUIB  TIOBEPXHEBHUX
aKyCTHMYHUX XBUJIb J03BOJISIE CYTTEBO IiBUIIIH-
TH €(QEKTHBHICTh PO3PaxXyHKy 1 MPOEKTYyBaHHS
9aCTOTHO-CEJIEKTUBHUX MPUCTPOIB IHOTO KIIACY
3 OUIBII BUCOKMMU 3HAUYEHHSIMU MapaMeTpiB, 30-
Kpema CeJIEeKTUBHOCTI.

HikaBuMH 1 MIITHUMH MOXKYTh BUSBUTUCH Pe-
3yABTaTH TOMAATBIINX JIOCHIKEHb BUSBIECHOTO
SIBUIIA OCIUJISIIIN €EKTPUYHOI MTPOB1THOCTI Cer-
HETOKEpaMiKH{ TIPU TIEBHUX TEMIIepaTypax.

JocmipkeHHs e(eKTiB, 10 BUHUKAIOTH IPHU
nomupenHi [IAX B mapyBaTUX CTpPyKTypax
1’ e30eNeKTpuK-TuiiBka Jlenrmiopa-biomxerr 3
HOBHUX (DYHKITIOHAJTBHUX MaTepiajiB IMPH B3aEMO-
i1 OCTaHHIX 3 Ta30BUMH aHAJIITAMU — L€ OJUH
IIEPCIEKTUBHUI HAyKOBUI HAIIPSIMOK, 10 PO3BU-
Ba€eThCA B Taboparopii mpod. A. 1. Jlemixa.

[lepcrieKTUBHUMH € TaKOX pe3yilbTaTd Jdo-
CIJKeHb (PI3MYHMX SBULI B CTPYKTypax (oro-
YYTIMBUA HaAMiBIPOBIIHUK — I1’€30€JEKTPUK.
BceraHoBneHO, IO HAa OCHOBI ONTOAKYCTHYHOI
B3a€MOJIIi Y CTPYKTYpi (OTOUYTIIMBUIA HAIIBIIPO-
Biguuk (CdS) - m’ezoenexrpuk (Si0,) MoxkHa 110-
OynyBatu e(heKTUBHI ONTOAKYCTHYHI T€HEpaTOpH
3 CYTT€BO 30UIBIIEHMM KEpPyBaHHSM pPOOOYOIO
yacToToro. JlocmikeHo Takoxk GoToTepMoakyc-
TUYHUN ePeKT y CTpyKTypi (HoTouyTIMBUN Ha-
MIBIPOBIAHUK — I1"€30€JIEKTPUK, SIKUN MOXKe OyTH
BUKOPHUCTAHO JIJIsl CTBOpeHHS ceHcopa [Y Bumpo-
MiHIOBAaHHS.

3HayHa yBara npuauisierbca mnpod. Jlemi-
xoMm . 1. po3pobkam mist moTped pearbHOTO CeK-
TOPY EKOHOMIKH 1, 30Kpema, ISl CIEITEXHIKH,
Ta iX TOAAJBIIOTO BIPOBAPKEHHS. 30KpeMa, y
crmiBnpari 3 JIIT Kb “ITiBnenne” im. M. K. Sarens
YCIIIIHO BEIEThCsI po3poOKa iHTEIEeKTyalli30Ba-
HOTO OMNTO-EJIEKTPOHHOTO CEHCOpa ISl OMMKHBOL



Ilepconadii. lo 70-nitTa akanemika Jlemixa fApocaasa Liiva

JATbHOMETPIi 110 BU3HAYEHHIO KOOPIUHAT 1 mapa-
METPIB PyXYy IIBUIKICHUX 00’ €KTIB 32 YMOB KOp-
CTKOrO Je(hinuTy yacy oOpOOKH CHTHAIB 1 3aBajl
IITYYHOTO 1 TPUPOTHOTO MOXOIKEHHS.

3a poboty “MiKpoeNIeKTPOHHI JATYUKHA HOBOTO
TTOKOJTIHHS JIJISL 1HTENeKTyanbHUX cucteM” y 2011
p. mpod. Jlemixy f. 1. pa3om 3 KOTEKTUBOM, SIKHIA
BIH OYOJIIOBAB, IPUCYKEHO JlepkaBHY Mpemito y
rayry3i HayKH 1 TEXHIKH YKpaiHU.

A. L. Jlenix OpaB yuacts y (opmyBaHHI Jep-
KaBHUX HAYKOBO-TEXHIYHMX IPOrpaM, BIH € uJie-
HoMm HaykoBo-koopauHaniinoi paau Jlep>kaBHOi
nineoBoi mporpamu “Hayka B yHiBepcureTax’”,
wieHoM HaykoBoi paam JlepkaBHOI HayKOBO-
TexHiyHOi  mporpamu  “HaHoenekTpoHika i
HaHOMartepiaam”.

Kpim HaykoBoi misibHOCTI mipodpecop Jle-
mix S. . Beme memaroriuny poOoTy.

Jns cryneHTiB 4-r0 Kypcy 3a CIELiaibHICTIO
«®Pizuka» BiH po3pobuB crenkypc ’Tlpukinanna
aKyCTHMKa B MEIWIMHI» 1 HamucaB HaBYaJIbHUN
MOCIOHHUK 3 TaKOO 5K Ha3BOIO.

Bin Takox uutae cnenkypc “EnekrponuHamika
1 IOIMIMPEHHS PaJiOXBHIIb” 1 TAKOXK HAMKCaB 3 Ha-
BYAJIbHUX MMOCIOHUKA.

[Tpod. Jlemix A.1. e unenom 2-x crieriiaaizoBaHUX
BUECHUX paJl 3 3aXUCTy JOKTOPCHKUX 1 KaHIU-
nmarcekux auceprarii (B8 OHY imeni I. 1. Meu-
HUKoBa 1 B [HCTUTYTI (i3MKM HaNIBIPOBIIHUKIB
im. B. €. JlamkaproBa HAH VYkpainu (M. KuiB).

Jlemix 5. I. 6paB y4acTh B oprasizaii i poooTi

Oararb0x ~ MDKHapOIHUX  HAyKOBO-TEXHIYHHMX
KOH(epeHIIii.
3okpema, 1-0i — 5-0i YKpaiHCBhKOI HayKOBOi

KoH(pepeHUii 3  (I3UKM  HAIMIBIPOBIAHUKIB,
MixHapOIHUX HAyKOBO-TEXHIYHUX KOH(EPEHINH
“CeHcOpHa  €JEKTpOHIKA 1  MIKPOCHCTEMHI
texHosorii” (2004-2016 pp.), sk BUeHHH cekpe-
Tap KoH(epeHIii 1 3acTymHUK TOJIOBH, TOJIOBA
OPTKOMITETY.

Bin OyB unenom [Iporpamuux 1 OpranizauiiHux
KOMITETIB HU3KH 1HIMUX MDKHApOIHUX HAYKOBUX
bopymiB.

SpocnaB [y OpaB yyacTb y YMCIEHHHUX
MDKHapOAHUX  HAyKOBO-TEXHIYHHX  BHCTaB-
Kax 3 JEMOHCTpAIi€l0 po3poOOK, B TOMY YHCIII:
y MbuixHaponuux BuUcTaBkax «lHdopmariiiini
texHonorii 1 komyHikarii» — CeBIT( I'anno-
Bep, Himeuunna, 2003), /Ini ykpaiHCBKOI HayKu
1 Texuiku B KHP (I[3unans, KHP, 2004, EKCIIO

— 2004) «Indopmariitai texnonorii (KHP, L[3u-
HaHb, 2006), 'annoBep Mecce (Himeuunna 2007),
“Imdopmarriitai Texnomorii (2012 Xap6in, KHP).

. 1. Jlenix — 3aCTyNHUK TOJOBHOTO pelakTopa
HAIIIOTO JKypHAIly, IO 3aCHYBaHHS i CTaHOBJICH-
HS SIKOTO, BiH JIOKJIaB YMMAJO 3yCHIIb. BiH Takoxk
€ WJIeHOM penkoserii MiKHapOgHUX HayKOBO-
TEXHIYHUX KypHaJIB «OnTOENEeKTPOHIKA,
iHpopMaIliiHi 1 eHEepreTH4YHi  TEXHOJOTI,
“BumiproBajibHa Ta OOYMCIIIOBaJbHA TEXHIKA B
TEXHOJIOTTYHUX Tporecax”’, BicHuk HaykoBo-
TEXHIYHUX Tpallb  BIiHCBKOBOrO  IHCTUTYTY
Kuiscbkoro HAI[IOHAJIEHOTO YVHIBEPCHUTETY
im. T. I[lleByenka.

3 2003 p. fpocnaB Lmmiu — unen HaykoBoi
pamu 3 mpobnemu «Pi3uKa HAMIBIPOBIIHUKIBY
Bigninenns ¢izuku 1 acrponomii HAH Ykpainn.

3HayHy yBary BIiH TPHUAUILE TPOMAJCHKIN
po6oti. 32011 p. BiH Bille-TIpe3uACHT YKPATHCHKOTO
®i3uuHoro ToBapuctna, 3 2013 — wien Ilpe3unii
AkaJieMii HayK BHUIIOI IIIKOJIA YKpaiHH.

[lepemokenrb ~ BceykpaiHChbKMX — KOHKYpPCIB
Jlep>kaBHOT CITy’)KOM 1HTENIEKTYalbHOI BJIACHOCTI
Vkpainu “Bunaxin-2011" ta “Bunaxin-2012".

HayxkoBi nocsruenns Jlemixa f. 1. Bia3HaveHi
panom Haropox: SpocmaBa Mymporo AH BII
Vkpainu (2011), MinicrepcTBa OCBiTH 1 Hay-
ku Ykpainm “3a HaykoBi gocsrHenss” (2007),
Hamionanenoi akamemii mea. Hayk — YKpaiHH
“K. . Ymmacekuit” (2010 ), pagu pexropie BH3
OnecpKkoro periony “3a JOCSTHEHHS y HayIi”
(2012), TIlouecnoro rpamororo HamionanbpHOI
akazemii Hayk Ykpainu (2008), [Togskoro [Tpesumii
HAH Vkpainu (2010), Bigznakoro Jlep:kaBHOTO
dbonmy dyHIAMEHTAIBHUX TOCHIIKEHb “3a BHE-
cok y Hayky” (2012).

3a BaroMMii BHECOK JOKTOpa  (hi3UKO-
MaTeMaTUYHUX Hayk, rnpodecopa Jlemixa . 1. y
PO3BUTOK BITYM3HSHOI HaykH 1 ocBith y 2015 p.
HOMy TMPUCBOEHO TOYECHE 3BAaHHS 3aCIyKEHOTO
Jisiua HayKH 1 TEXHIKH YKpaiHu.

VYV 2011 pomi XKXypHan « YKkpaiHCHbKUH THKICHDY
Bu3HaB npod. Jlemixa f1. I. naypearom y HomiHaii
“JIromu mii-20117.

Penakuis xypHaiy, KOJern CEpAEeYHO MO3JI0-
poBisitoTh fpocnasa Imiva 3 FOBineem i 6axaroTh
oMy J100pOT0 30POB’sI, HATXHEHHSI 1 TTOJAJTBIITNX
TBOPYHMX YCITiXiB Ha HAyKOBii HUBI!
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NMepwe iHpoOopMaLyinHe
NOBIAOMIIEHHSA

MIHICTEPCTBO HAYKU TA OCBITU YKPAIHU

HALIOHAJIbHA AKALEMISA HAYK YKPAIHU

HALIOHANbHUIA TEXHIYHUW YHIBEPCUTET YKPAIHU «KUIBCbKUW
NOMTEXHIYHUW IHCTUTYT IMEHI IFTOPS1 CIKOPCbKOIO»

OLECbLKA HALIIOHAIIbHA AKALEMISI 3B’A3KY IM. O. C. MOMNOBA
NMPOBOOATD
11-15 BepecHsa 2017 p.,
B M. Opeca, YkpaiHa
Apyry IEEE MixxHapoaHy KoH(pepeHUito
3 iH(popMaLinHO-TeNNeKOMYHIKaLiMHUX TeXHONOriIN
Ta pagioeneKkTPOoHiKu
(YxkpMiKo’2017 / UkrMiCo’2017)
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OpraHizaTopu KOHepeHUil

MiHiCTepCTBO OCBITM | HAYKM YKpaiHu,
HauioHanbHa Akagemis Hayk YKpaiHu,

HauioHanbHUM TexHiYHWIA yHiBepcuTeT YKpaiHu
"KniBCbKMiN NOAITEXHIYHUI IHCTUTYT iMeHi Iropst Cikopcbkoro",

Opecbka HauioHanbHa akagemis 38’a3ky im. O. C. Nonoea,
IEEE Ukraine ComSoc Chapter, IEEE Ukraine (Kharkiv) Joint Chapter

3a y4yacri
BiHHMLBKOIrO HaUioOHaNbHOMO TEXHIYHOIO YHIBEPCUTETY;

HepxaBHoro yHiBepcuteTy «JTtobniHcbka nonitexHika» (MNonbwa);
[pes3aeHcbkoro TexHiYHOro yHisepeuteTy (HimeydnHa);
KibepHeTnyHoro ueHTpy HauioHanbHOT akagemil Hayk YKpaiHu;
MorngaBCcbKoro iIHCTUTYTY eSTeKTPOHHOI iHXeHepil Ta HAHOTEXHONOT N
(Pecnybnika Mongosa);

HauioHanbHoro yHisepcuteTy "JlbBiBCbka nonitexHika";

OpecbKoro HauioHanbHoro yHiBepcuteTy iMeHi |. |. MevHnkoBa;
BiogineHHa pagioenekTpoHikun Ta 3acobiB 3B’A3Ky AkageMil iHXeHEpPHNX HayK
YKpainu;

TOB "Tenekapt-lMpunag";
KomnaHii "Nokia — Ukraine";
Komnawii "Lifecell;

Hanpsamu po6oTu koHdepeHUii

Cekuin 1. PagioTexHika (Teopis Kif, curHaniB ta npoueciB y pagioTexHiL, i
€NeKTPOHILi, CXeMOTEXHIKa pagioenekTPOHHUX MPUCTPOIB, aHTEHWU, TexHika
HBY i TeparapuoBoro gianasoHy Ta iHLL.).

Cekuis 2. EnekTpoHika (MaTepiann enekTPOHIKW, eneKTPOHHI npunagu,
HaHOENEeKTPOoHiKa Ta HAHOTEXHOMOTII Ta iHLL.).

Cekuis 3. TenekomyHikauil (TenekoMyHikauinHi cuctemn i  Mepexi,
TEOpeTUYHi  OCHOBM  nepedaBaHHA i 00Opobku  iHopmauil y
TenekomyHikauinHmx cuctemax, SDN- Ta SDR-TexHosoril Ta iHwW.).

Cekuin 4. IHdokomyHikauil (xvapHi Ta Big Data TexHonorii, E-cycninbcTBo,
Internet peyen Ta X po3BUTOK, Ge3neka iHPOPMALINHUX i KOMYHiKaLINHNX
CUCTEM Ta iHLL.).
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3ATAllbHA IHOOPMALUIA

[Mo-nepwe, ue oTpumaHuM cTaTyc O6a3oBoOi KOHcpepeHuii HaykoBoi
paau MiHicTepcTBa OCBIiTM i Hayku YKpalHuW, L0 CNpAMOBaHO Ha
NnpPiopuUTETHUN po3rnag  gonosigew, AKi Biaa3epKantoTb 3MICT
AEPXKOIOMAKETHOT HAyKOBOT TEMATUKN YHIBEPCUTETIB YKpaiHMW.

Mo-gpyre, KOHMEepeHUiss Mae cTaTyCc 3apeecTpoBaHOI KOHdepeHuii
IEEE, Wwo [ae yyacHMkam MOXIMBICTb PO3MICTUTU MaTtepianu BigibpaHmnx
ponosigen B enektpoHHoMmy pecypci |IEEE Xplore Digital Library, axkuu
iHOEKCYETbCH B MbDKHapOAHUX HaykoMeTpuyHux 6asax gaHux (Scopus, Web of
Science, Google Scholar Ta iH.)

3a nigpcymkamu nposeaeHHs koHdepeHuii YkpMiKo’2016 56 gonosigen,
SKI BUroSiolleHi Ha KOHpepeHUil i pekoMmeHOoBaHi [1porpamHMM KOMITETOM,
onybnikoBaHi B 2016 poui y CLUA B enektpoHHomy pecypci IEEE Xplore
Digital Library, 9 ctaten 3apeecTpoBaHi y BUOAHHAX, WO iHOEKCYIOTbCH B
HayKOMETPUYHIA MibXHapoaHin 6asi gaHmnx Scopus, 12 ctaten onybnikoBaHi y
dhaxoBOMY BUOAHHI YKpaiHMW.

[Mo-TpeTe, OLUiHKY HaykoBOro piBHS pob6iT 3aincHIOTL YneHn Cekuii Ne 5
Ta iHWnx cekuin Haykosoi pagn MOH YkpaiHn, aki BxogsaTb O cknagy
[MporpaMHOro KoOMIiTeTy i € y4YaCHMKamu nreHapHuX i cekuiMHuxX 3acigaHb
KOHdbepeHLil.

[Mo-yeTBepTEe, CUCTEMHA Y4YaCTb Yy KOHpepeHUuil npeacTaBHUKIB
npodinbHNX NIANPUEMCTB Ta IHHOBAUINHO-OPIEHTOBAHMX iHdOpPMAaLNHO-
TeNeKOMYHIKauiHUX KOMMaHin, WO Mae CrnpuaTtn nornnbneHHio B3aemopgil
YHIBEPCUTETIB i HAYKOBUX YCTaHOB 3 MPOMUCIIOBICTIO Ta BisHecoMm.



Jpyra IEEE Mixxnapoana koH(epeHnuis 3 inpopManiiiHO-TeJJeKOMYHIKalliHHNX TEXHOJIOTIN Ta
panioesiekTponikn YkpMiKo’2017. Ilepme ingopmaniiine noBinoMiaeHHs

KEPIBHUX KOMITET

HaykoBu# kepiBHUK KOHpepeHuii
INIBYEHKO Muxainno KOxumoBuy — akagemik HAH Y, O.T7.H., npod., npopekTop
3 HaykoBoi poboTu KTl im. |. Cikopcekoro, IEEE Life Senior Member.

CniBronoBu KepiBHOro KOMiTeTy

CTPIXA Makcum Bitaninosuy — a.dp.-M.H., 3acTynHuK MiHiCTpa OCBITU Ta HayKu
YKpaiHu;

BOPOBIEHKO leTpo MNMeTpoBuny — uneH-kopecnoHaeHT HAMH Y, A.7.H., npod.,
pektop OHAS3 im. O. C. lNono.a.

CniBronosu nporpamMHoro KOMiTeTy 3a TeMaTU4HNMKnN Hanpamamun:

PAOIOTEXHIKA

NnPYONYC I. H. — A.T.H., npod., HY "llbBiBCbka nonitexHika", J1bBiB;

MABJTIKOB B. B. — A.7.H., c.H.c., HAY "XAl", XapkiB;
ENEKTPOHIKA

JIEMIX A. I. - a.cp.-M.H., npocp., OHY im. . MeuHukoBa, Ogeca;

MEJIbBHUAK I. B. —a.7.H., npod., KMl im. Irops Cikopcbkoro, Kuis, YkpaiHa;
TENEKOMYHIKALLIT

KPABYYK C. O. - a4.7.H., npod., KIl im. Irops Cikopcbkoro, Kuis;

KNMYAK B. M. - A.T.H., npod., BHTY, BiHHUUS;
IHOOKOMYHIKALII

TEJIEHUK C. ®. — A.7.H., npod., Kl im. Iropsi Cikopcbkoro, Kuis;

KITMMALL M. M. — A.T.H., npod., HY "JlbBiBCbKa nonitexHika", J1bBiB.
KoopauHaTop 3 nybnikauin

YPUBCbBKUW 1. O. — A.T.H., npod., KIl im. Iropsi Cikopcbkoro, Kuis.
KoopaunHaTop 3 MiXkHapoAHUX 3B’A3KIB

MOBA . C. — A4.T.H., npod., Kl im. Iropa Cikopcbkoro, Kuis.
Mopnepatop KepiBHOro KomiteTty

COS3OHHWUKT. O., — K.T.H., gou,., K[l im. Irops Cikopcbkoro, Kuis.

UrnieHuU KepiBHOro KOMITeTY:

AHOOH T. I. — akagemik HAH Y, akagemik-cekpeTap BigaineHHs iHpopmaTuku
HAH VY, Kuis;

BOBAINO 1O. A. — a.17.H., npod., HY "JlbBiBCbKa NonitexHika", J1bBIB;

OYMIH O. M. — K.dp.-M.H., gou., XapkiBcbka dinia YKpaiHCbKOro BiagineHHs
IEEE, Xapkis;

KAMNTYP B. A. — k.T.H.,0ou., OHAS3 im. O.C.lNonoea, Opgeca;

KO3J10B O. C. — TOB «Tenekapt-lpunag», Ogeca;;

MABJIOB C. B. — A4.T.H., npod., BiHHMUbKu HTY, BiHHMUS;

CAHOWNIA I. B. — k.e.H., MOH Ykpainu, Knis;

CEPTIEHKO I. B. — akagemik HAH Y, a.d.-M.H., npod., KibepHeTU4YHNIN LEeHTP
HAH VY, Kuis;

AHOBCbBKUN &. W. — o.T.H., npod., YkpaiHcbke BigaineHHa IEEE, Kuis.
BuyeHunn cekpeTap KoHdepeHLii

CEMEHKO A. I. — A.T.H., npod., lepxaBHuI yHIBEpCUTET TENEKOMYHiKaLin,
Knis.
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NMPOrPAMHUA KOMITET *
ArEeB O. B. — a.1.H., npod., XHYPE, XapkiB, YkpaiHa;
BEPKMAH J1. H. — a.T.H., npod., YT, Kuis, YkpaiHa;
BNAYHWTEMH H. O. — A.T.H., npod., lepycaniMCbkuii iHCTUTYT
TenekoMyHikauin , lepycanim , I3pains;
BINOYC A.T. — a.x.H., akagemik HAH Y, IBHX HAH Y, Kuis, YkpaiHa;
BOKOH B. IN. — A4.T.H., yn.-kop. HAH VY, IH-T kibepHeTukn im. B.M. MyLwkoBa,
KuiB, YKkpaiHa;
BECONNIOBCBLKUW K. — A4.T.H., npod., TexHonoriyHwnii yrisepcuteT, Mo3HaHb,
MNonbLwia
BONbMAH B. W. — a.T.H., npod., komnaHia Lockheed Martin Co.,
MoppuctayH, CLLUA;
BYHIH C.T. — a.1.H., npod., Kl im. Iropsi Cikopcbkoro, Kuie, YkpaiHa;
BOPOHOB C. O. — A4.1.H., npod., KIl im. Iropsi Cikopcbkoro, Kuie, YkpaiHa;
BYWLIMK B. — npod., Y "MMobniHcbka nonitexwika", Jiiobnin, MonbLua;
MEPLWUTAKEP B. — npod., YHiBepcuter EpnaHreHa-HiopHbepra, HopHbGepr,
HimevuunHa;
MEJIbMAH A. — npod., IEEE, Hb}o-l7lop|<, CLA;
FOTPA 3. 0. — A.T.H., npod., HY "lbBiBCbKa nonitexHika", JIbBiB, YKpaiHa;
FO®AN3EH O. B. — 4.T.H., npod., OHA3 im. O. C. Monosa, Opeca, YkpaiHa;
OAHYYK B. O. — 4. d.-M. H., npocp., HauioHanbHMn TpaHCNOPTHUN
yHiBepcuteT, KniB, YKpaiHa;
OEHNCOB O. I'. — K.T.H, Xap6iHCbKNA TEXHOMOriYHMIA iHCTUTYT, XapbiH,
Kutan;
AYBEPOBKA ®. ®. — a.7.H., npod., KIl im. Irops Cikopcbkoro, Kuis, YkpaiHa;
XYWKOB B. A. — 4.T.H., npod., KIl im. Iropsa Cikopcbkoro, Kuis, YkpaiHa;
3AXAPYEHKO M. B. - a.1.H., npod., OHA3 im. O.C.lNonoBa, Opeca,
YkpaiHa;
KABABATA LWipo — npod., IHCTUTYT nepcrnekTuBHUX AocnigxeHb, Llykyba,
AnoHis;
KAPMIHE A. — npod., YHiBepcuteT B M. CanepHo, CanepHo, ITanis;
KATOK B.B. — k.T.H., MAT «YkpTtenekom», KuiB, YkpaiHa;
KYCMAPLEB ®eo — npod., Jladbopcbkumn yHiBepcuteT, Jlacdbop, Benuka
BpuTaHis;
KPDKAHOBCbKUM B. I — A.T.H., npod., HdoHeubkun HY, M. BiHHMUS,
YKpaiHa;
JIMCEHKO O. M. — A.7.H., npod., KMl im. Irops Cikopcekoro, KuiB, YkpaiHa;
NYHTOBCBKMMA A. O. — A.T.H.,, npod., [epxasHa akagemia CakcoHii
«bepydcakapemiay, pe3geH, HimeyunHa;
MAHCYPOB Todik M. — pA.T.H., npoc., AsepbanmXaHCbKUA TEXHIYHUN
yHiBepcuteT, baky, Asepbangxan;

&) Cknad MpozpamHozo KoMimemy mMoxe 6ymu ymoyHeHud.
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MIY J1. — npod., HauioHanbHun iHCTUTYT isnkn maTtepianis, byxapecT,
PymyHisi;

MIHXO Mo — A.T.H., npod., TexHiyHun yHiBepcuteT , Ceyn, Kopes:;
HAKOHEYHWM O. T. - A.-M.H., npod., KHY im. T.I. leB4yeHka, Kui.,
YkpaiHa

HAPUTHIK T. M. — k.T.H., K[l im. Iropa Cikopcbkoro, KuiB, YkpaiHa;

HEJIH €. A. — a.1.H., npod., KIl im. Irops Cikopcbkoro, KuiB, YkpaiHa;
OMNAHACIKOK A. C. — A4.1.H., npod., Cymcbknn Y, Cymu, YkpaiHa;

MANATH O. B. — A.7.H., npod., akaa. HAHY, IHcTuTyT KibepHeTuku im. B.M.
MmywkoBa, Knis, YKpaiHa;

MIOYEHKO C. K. — A.7.H., gou., XMenbHnubkun HY, XmenbHUUbKu, YKpaiHa;
MI3A O.M. — 4.T.H., npod., 3HTY, 3anopixxa, YkpaiHa;

MNONITAHCBKAWA 1. ®. — a.T.H., npod., YepHiBeubkun HauioHanbHU
yHiBepcuteT iM. HO. ®PeabkoBuya, YepHiBui, YkpaiHa;

MOMMNABKO KO. M. — a.dp.-m.H., npodp., KIl im. Irops Cikopcbkoro, Kuis,
YKpaiHa;

MOrMoB B. I. — o.d.-M.H.., npod., Pu3bknin TexHiyHMN yHiBepcuteT, Pura,
JlaTtBis;

MOMOBCbLKWM B. B. — a4.T.H., npod., XHYPE, Xapkis, YkpaiHa;
MPOKOIMNEHKO I. . — A.1.H., npod., HAY, Kuig, YkpaiHa;

POIO3A B.C. — A.T.H., npod., npod., 3axigHONOMOPCbKUIA TEXHOSOrYHNI
yHiBepcuTeT, LediH, MNMonbuwa;

POJIIK O. I. — a.1.H., npod., KMl im. Irops Cikopcbkoro, Kui, YkpaiHa;
CVMOOPEHKO A. C. — unen-kop. AH Mongosu, A.T.H., npod., IHCTUTYT
€NeKTPOHHOI IHXeHepil Ta HaHoTexHonorin, , KuwuHie, Monaosa,;

CIMOCAP B. I. — Ao.T.H., npodp., UHOI 036poeHb i BiicbkoBOi TexHikn 3CY,
KuiB, YKpaiHa;

CMIPHOB O. A. — a4.7.H., npod., KHTY, KponuBHnubkun, YKpaiHa;
CTPEJIKOBCbKA I. B. — A.T1.H., npoc.,OHA3 im.O.C.lNMonoea, Opgeca,
YKpaiHa;

YBISCbKUW C. B. — A.d.-M.H., npod., HY "llbBiBCbKka nonitexHika", JlbBis,
YKpaiHa;

PENIBAMAH M. — K.T.H., TexHi4HUM yHiBepcuTeT, [ipesneH, HimeyunHa;
®PAHK AH — npod., IHcTUTYT isukmn Kapn-yHiBepcutety , [Npara, Yexis;
XAH XopcT — npod., IHcTuTyT HaHoTexHonorin , Kapncpye , HimeydunHa;

YY [kuH N'yn — npod., XapOiHCbKMIA TEXHOMNOrYHMI IHCTUTYT, XapbiH, Kutain;
UYPIOMOB TI. |. — a.7.H., npod., XHYPE, XapkiB, YkpaiHa;

wiib A, - A.T7.H, npod., [Ope3neHCbKMn TexHIYHUA YHIBEpPCUTET,
[pe3neH, HimeyuunHa;

LWIOCTKO I. C. — A4.T.H., npod., XHYPE, XapkiB, YkpaiHa;

WYTBbIrA B. M. — a.1.H., akagemik HAH Y, PAlI HAH Y, KuiB, YkpaiHa;
AUNLINH €. M. — a.T.H., npocp., Bapwaecbka nonitexHika , Baplasa,
MNonbLa.
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BUKOHABYUU KOMITET

fonoBa BMKOHaB4YOro KOMiTeTy
Kantyp B. A. — K.T.H., gou., npopektop 3 HaykoBoi pobotn OHAS3

im. O.C. lNonoea, Opeca.
UrneHu BUKOHaABYOro KOMiTeTy:

WyneraH O. O. — K.T.H., NpopeKkTop 3 MixHapogHux 3B’a3kiB  OHAS3
im. O.C. lNonoea, Opeca;

Bapba I. b. — k.T.H., OHA3 im. O.C. lNonoea, Opaeca;

bokna H. |. — K.T.H., [lepXaBHWI yHIBEpPCUTET TenekoMyHikauin, Knis;

Hepep’siHko 0. 1. — TOB «TenekapTt-MNpunaa», Ogeca;

[MaBnoB B. B. — KypopTHO-kOMepuinHun xonguHr «[im [laBnosux»,
Opeca;

MinoukiH [. A. — K.T.H., K[l im. Iropsa Cikopcekoro, Kuis;
Hosorpyaceka P. J1. — K.T.H., K[l im. Iropsi Cikopcbkoro, Kuis;
Ocunuyk C. O. — K.T.H., KIl im. Iropa Cikopcbkoro, Kuis;
Tpy6apos |. B. — k.T.H., KIl im. Iropa Cikopcbkoro, Kuis.

PEFMAMEHT POBOTU KOH®EPEHLUII

11 BepecHs, NoHe iNoK — peecTpaLis ydaCcHUKIB KOHdbepeHLiT;

12 BepecCHs1, BIBTOPOK — BIAKPUTTS KOHJOEPEHLiT, NNeHapHe 3acigaHHS;
13-15 BepecHs, cepega-n’saTHUUA — poboTa cekuin;

15 BepecHs, MATHUUSA - 3aKMioYHe NNeHapHe 3acigaHHS.

KoHpepeHuia nposoantbcs B OaecbKin HauioHanbHin akagemii 3B'a3ky
im. O. C. lNonoea, m. Opgeca.

Mporpama koHepeHuil nepenbayae nNpoBeAeHHS MNNEHapHUX Ta
ceKuinHmx 3acigaHb. [onosigi Ha nneHapHomy 3acigaHHi — o 20 xB., Ha
cekuinHomy 3acigaHHi — o 10 xs.

3abesneyyeTbCa CynpoBig OOMOBIAEN Nepeknagadvem.

IntocTpauil Ao [onoBidi BUKOHYKOTBCS Y BUMMA4i NpeseHTauil Ha
MYIbTUMELINHOMY MPOEKTOPI.

YBAI'A! YyacHuk KOHdepeHUil Moxe 6yTn aBTOpOM /CniBaBTOPOM He
6inbwe BOX gonosigen. AsTopamun ogHiel gonosigi MatoTb 6yTn He BinbLle
4 ocib.

[MpoXXMBaHHA yYaCHUKIB KOHbepeHLii — B roCTUHHOMY ABOpPi «BbyanHoK
[MaBnoBux», po3tawoBaHoMy Ha 6epesi Mops:

http://www.otdyhnamore.com/odessa/gostinyi-dvor-dom-paviovyh.html
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NOOAHHSA MATEPIANIB OOMNOBIAEN

ABTOpM MalOTb HAZaTW eNneKTPOHHY peaakuio MmaTepianis, AKi cKnageHi
aHrMiNCLKOK, YKpalHCbKOK abo  pOCINCBKOKD  MOBOK i OdhopMAeHi Y
Bi4MOBIOHOCTI 4O BUMOT KOH(EpeHUil y TepMiH

Ao 15keitHa 2017 p.

MaTepianu, WO HagalTbCA 3a MNepepaxoBaHUMU BULLE HanpsiMKamu,
NpeacTaBnalTbLCA B roToBoMy Ans nybnikauii surnsgi. HagaHi matepianm
MalTb 6yTM NOriYHO 3aKiHYEHMMU MOBIAOMMEHHAMM, LLO MICTSATb HOBI igel,
rinotesn, pesynbTatm AocrnigpkeHb Ta/abo HOBI TeXHiYHi pilleHHs, He
onyobnikoBaHi paHiwle.

O6csar HagaHuX MaTepianie, BKNOYa4M aHoTaUil, incTpauil Ta cnmcok
niTepaTtypu — 4-6 NoBHUX CTOPIHOK A4 (210x297 Mm).

TekcT HagaHux MmartepianiB mMae OyTU CTPYKTYpOBaHUM i MICTUTWU BCi
OCHOBHI YaCTWHMW, SKi XapaKTepHi AN OMMUCY HAyKOBOro AOCHIOAXKEHHS: BCTYI
(Bigobpaxkae akTyanbHICTb, (OpMynoBaHHA METU i 3aBOaHb OOCHIAXEHHS);
CYTHICTb (BMKSlaZ OCHOBHOIoO mMaTepiany JOCHi4KEHHSA 3 onucoM igel, metoay
i OBr'pyHTYBaAHHAM  OTPMMaHUX  HAYKOBUX  pes3yrnbTaTiB);  BUCHOBKU
(BigobpaxaloTb pe3ynbTath  AOCHIMKEHHS, IXHO HAyKoBY HOBU3HY |
MNPaKTUYHY 3HAYUMICTb, MOPIBHSAHHS 3i CBITOBUMW aHanoraMmm, NepcneKkTuam).

HapaHi maTepiann matoTb MICTUTMW:

— HasBy;

— BiAOMOCTI nNpo aBTopiB (Npi3BuLle, iM'a No 6aTbKoBi, OpraHisauis, MiCTO,
KpaiHa; enekTpoHHa agpeca);

— aHoTauito B 06casi oo 50 cnie 3 iHopmauieto Wwoao npobnemaTukn, MeTu
poboTN, METOAMKM peani3auii, OCHOBHUX pe3yrbTaTiB);

— nepenik kn4oBux cnis B 06cA3i He binbLue 7;

HaykoBusiM yHiBepcuTETIB YKpalHM pekoMeHAYeTbCs faBaTu BignoBigHi
NOCUIaHHA B HagaHWX matepianax, 3MiCT SIKUX IPYHTYETbCS HA BUKOHAHHI
aepxoromkeTHNX TeM, ski BigidbpaHi cekuismm Ne 5  (“PapgioTexHika,
ereKkTpoHika Ta 38'a30K”) Ta Ne 2 (“lHcpopmaTtuka Ta kibepHeTuka”) HaykoBol
pagu MiHicTepcTBa OCBITU | HAYKM YKpaiHW.

Bcs iHdopmauis npo nopagok nogaHHA maTepiasnis po3TalloBaHa Ha
caunTi KoHgbepeHLUil
http://ukrmico.kpi.ua/
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Moapobuui wono suMmor Ao odOpPMIEHHS MaTtepianiB MICTATbLCA Ha
CanTi:
www.ieee.org/publications_standards/publications/rights/Multi_Sub_Guideline
s_Intro.html

[na Bcix aBTOpiB Ba)XnivBe PO3yMiHHA TOro, WO HasABHICTb nnariaty
He NPUINHATHE B Byab-AKin hopMmi:
http://www.ieee.org/publications_standards/publications/rights/plagiarism.html

®OPMYBAHHA NMPOrPAMU

Binbip HapgaHux wmaTepianie gonosigen i opMyBaHHS Mporpamu
KOH(pbepeHLii 6yae NpoBOAUTUCL HA OCHOBI HE3aNEXHOro peLeH3yBaHHSA Y
cuctemi EasyChair martepianis, oTpumaHux [lporpamMHuMM  KOMITETOM A0
15.04.2017.

PeecTpauivHi kapTku, $Ki € 3asBKOK Ha y4acTb B KOHdepeHLUl,
HagcunalTbCs Ha agpecy lNporpamHoro KomiteTy  ukrmico@kpi.ua nicns
OLEpPXXaHHA aBTOpaMW pilleHHs NPO BKMOYEHHA A0MoBigi y nporpamy
KoHgbepeHuii go 20.06 2017.

Mporpama 6yae onybnikoBaHa Ha canTi KOHpepeHLii

no 31 nunusa 2017 p.

Pykonucu He peparyoTbCs, 3a HaAyKOBUW 3MICT | O0ddOpMIIeHHS
MaTtepiany Bignosigae aBTop.

Bigibpani gonosiagi nydnikytoTbcs B 30ipHUKY KOHepeHLil.

Kpaw,i aHrnomoBHi gonosigi y surnagi ctatti obesrom Big 4 cTop. 3a
piLLEHHAM KOHpepeHLUil HagcunaTbes Ha enekTpoHHun pecypc IEEE Xplore
Digital Library, siknin iHOEKCYETbCS B MiXKHApOAHMUX HayKOMeTpuYHMX 6asax
naHux (Scopus, Web of Science, Google Scholar Ta iH .), ona pekomengauii
oo X Ao nyonikauii.

OPIrAHI3ALIVNHI BHECKU

e N8 yyacHukiB 3 YkpaiHn — 500 rpH.,
e [nA acnipaHTiB i cTyaeHTiB — 200 rpH.,
e [nS1 iHO3eMHUX y4acHukie — 100 $.

Butpatn 3a npoxmBaHHA, XapyyBaHHS Ta MpOI34 HeCyTb Y4YaCHUKK
KOHdbepeHLii.

Mporpamoto npoBedeHHs KoHdepeHuil goaaTkoBo nepenbayeHo
OopraHizauito  KyfbTypHO-O3HAaMOM4MX 3axOoAiB, a TaKoX Hapaja u4reHiB
Cexkuil Ne 5 «EnektpoHika, pagioTexHika Ta 3B’dA30k» Haykosol pagn MOH
YKpaiHu.
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AOPECA KEPIBHOIO KOMITETY
03056, Kwie, np. llepemorn, 37, HauioHanbHUW TEXHIYHUW YHIBEPCUTET
YkpaiHu "KniBCbKM NONITEXHIYHUI IHCTUTYT iMeHi Iropsa Cikopcbkoro”.

AJPECA BUKOHABYOI'O KOMITETY
65 029, Opeca, Byn. Koanbcka 1, Ogecbka HauioHanbHa akagemisi 38'a3Kky
im O. C. lNonoga.

KOHTAKTHA IHOOPMAL|IA:
IHcpopmauis npo koHdepeHuito YkpMiKo’2017 Ha web-cTopiHui:
ukrmico.kpi.ua

KOHTAKTHI OCOBM:

3 numaHb pobomu KepisHo2o ma lNpoepamHo20 KoMimemie
Co30HHUK NanuMHa MmuTpiBHA

+ 38(067) 220-13-75
e-mail: ukrmico@kpi.ua

3 opeaHizauitiHux numaHsb

BueHun cekpeTtap KoHpepeHuil
CemeHko AHaTonin InapioHoBunY,
+38 (050) 385- 20- 36.

e-mail: setel@ukr.net

3 numaHb po3miweHHss ma rnepebysaHHsi y M. Odeca
[‘ofioBa BUKOHaABYOro KOMIiTeTY

Kantyp Bagum AHaTtoninosuuy

+38 (066) 229- 61- 32,

+38 (048) 705-04-60

e-mail: vadim.kaptur@onat.edu.ua

3 numaHb onnamu ydacmi y KOHgbepeHU,ii
AOyna Onia AHaToniiBHa

+38 (096) 440 32 90

e-mail: Duliaulia1976@gmail.com
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TH®OOPMANLIA A1 ABTOPIB.
BUMOI' 10 O®POPMJIEHHS CTATEHA Y KYPHAJI

Kypnan «CeHcopHa eleKTpOHiKa 1 MIKpOCHUC-
TEMHI TEXHOJIOT1» MyOJiKy€ CTaTTi, KOPOTKI IO-
BiJJOMJICHHSI, TUCTH 10 Pepakiiii, a TakoX KOMEH-
Tapi, U0 MICTATh Pe3yabTaTH (PyHAAMEHTAIbHUX
1 MPUKIAAHUX JTOCITIKEHb, 32 HACTYITHUMHU Ha-
MIPSIMKAMHU:

1. ®@i3uyHi, XiMIYHI Ta IHIII SBUIIA, HA OCHO-
Bl IKMX MOXYTb OyTH CTBOPEHI CEHCOPU

2. IlpoexkTyBaHHS 1 MareMaTW4YHE MOJEINIO-
BaHHS CEHCOPIB

3. Cencopu (i3MYHUX BEINYUH

4. OnruyHi, ONTOEJNEKTPOHHI 1 pajialiiHi
CEHCOpH

5.  AKyCTOEJEeKTPOHHI CEHCOPH

6. XimiuHi ceHcOpHU

7. biocencopu

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

9. Marepianu ans CEHCOPIB

10. TexHomorisi BUPOOHHUIITBA CEHCOPIB

11. Cencopu Ta iHpOpMaIiiiHi cuCTEMU

12. MikpocuctemHi Ta HaHOTexHOJOT1i (MST,
LIGA-TexHoOrIs Ta 1H.)

13. Jerpanauisi, Metposioris 1 ceprudikariis
CEHCODIB

Kypnan nmyOiikye Takox 3aMOBJICHI OIS 3
aKTyaJIbHUX MUTaHb, 110 BiANOBIAAIOTH HOTO Te-
MaTHlll, MOTOYHY 1H(QOPMALII0 — XPOHIKY, Iep-
COHaJIii, MIaTHi peKJIaMHi MOBiIOMICHHS, Or0JI0-
IIEHHS 11010 KOH(MEPEHTIIH.

OCHOBHUI TEKCT CTATTI IOBUHEH BiAMOBIAATH
BuMoram I[loctanosu [Ipesunii BAK Ykpainu Bin
15.01.2003 p. Ne7-05/1 (bronerens BAK Vkpainu
1, 2003 p.) 1 6yTu cTpyKTypoBaHUM. Marepiainu,
10 HajcuiarTbes 10 Penakuii, moBuHHI OyTH
HanMcaHl 3 MaKCHUMaJbHOIO SICHICTIO 1 YITKICTIO
BUKJIA/ly TEKCTY. Y TOAaHOMY PYKOMHCI TOBUHHA
OyTH OOIpyHTOBaHA aKTyaJIbHICTh PO3B’sI3yBaHOT
3anadi, copMmynboBaHa MeTa JOCIIHKEHHS, Mic-
TUTUCSl OpUTiHAJIbHA YacTHHA 1 BHCHOBKH, LIO
3a0e3MeYyloTh PO3yMIHHS CyTi OTPUMaHHUX pe-
3yJbTATIB 1 IX HOBU3HY. ABTOpY MOBUHHI YHUKATH
HEOOTPYHTOBAHOTO BBEJCHHS HOBUX TEPMIHIB 1
BY3BKOTIPO(TEHUX )KaPTOHHUX BUCIIOBIB.
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Penakuis ypHasy NpOCHUTh aBTOPIB MPH Ha-
NpaBJIeHI cTaTeil 10 APYKY KepyBaTHUCS HACTYII-
HUMU MpaBUTIAMHU:

1. Pykomnucu MOBHMHHI HAJCHUJIATUCS y JBOX
OPUMIPHUKAX YKpaiHCBKOIO, abo pOCIICHKOIO,
a00 aHMIIKACHKOI0O MOBOIO 1 CYIPOBOKYBaTHUCS
¢aitnamu Texcty 1 MamoskiB Ha CD. Pykonucu,
SKi TIPOTIOHYIOThCS aBTOpaMH 3 YKpaiHu abo
kpain CHJ/] mo BuaaHHS aHIIIHCHKOIO MOBOIO
00OB’SI3KOBO  JIOTIOBHIOIOTHCSI  YKPaiHOMOBHOIO
ab0o poOCIIICbKOMOBHOIO Bepcier. EnexTpoHHa
KOIisi MO)Ke OyTH HajiciaHa eNeKTPOHHOIO MO-
IITOIO.

2. llpwuitasatai Gopmatu Tekcty: MS Word
(rtf, doc).

3. llpwuitaarHi rpadiuni ¢opmaru Uis pH-
cynkiB: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. Pucynku ctBOpeHi 3a 10mo-
MOTOI0 MPOTPaMHOTO 3a0e3leueHHs ISl MaTe-
MaTHYHHUX 1 CTAaTUCTUYHUX OOYHCIICHb, TTOBUHHI
OyTH TIEpETBOPEHI IO OHOTO 3 IUX (HOPMATIB.

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

TO JPYKY.

Pykonucu HajaCHIIATH 32 aIPecolo:

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

30iticHioembCst aHOHIMHE peyeH3)Y8aHHS P)-
KOnucie cmameti.



IIpaBusia MiArOTOBKH PYyKOMHUCY:

Pykonucu moOBHHHI CyNpOBOKYBaTtucs odi-
[IHHUM JINCTOM, TiAIMUCAHUM KEPIBHUKOM YCTa-
HOBH, Jie Oyna BUkoHaHa pobota. Ile mpaBuio He
CTOCYETBCSI POOIT TPEICTABICHUX aBTOpaMU 13
3aKOPJAOHY Y MIXKHAPOJIHUMH IPYIIaMH aBTOPIB.

ABTOpCHKE TIPaBO MepexoauTh Buaasirio.

TutynbHUM apKyI:

1. PACS 1 VuiBepcansuuii [lecsarroBuii Kop
Knacudikamii (VIK) (ms aBropis i3 kpain CHJI)
— Yy BEpPXHBOMY JIiBOMY KyTi. JlomyckaeTncs fe-
KUIbKa BIJIUIEHMX KOMaMM KOIIB. SIKIIO HIsKI
Koau Kiacudikanii He To3HadeHi, koa(u) Oyme(-
yTb) BU3HaueHo Penaxmiitnoro Koneriero.

2. HazBa poGot# (110 1IeHTpY, TPOMUCHUMH JIi-
Tepamu, mpudT 14pt, KUpHO).

3. IlpizBume (-a) aBropa(-iB) (MO MEHTPY,
mpudT 12pt).

4. Ha3Ba ycTaHOBH, MOBHA aJipeca, TelnepoHu
1 (hakcu, e-mail 11 KOKHOTO aBTOpa, HIKYIE, Ye-
pe3 OJIMH THTEPBA, OKPEMHUM PSIKOM (TI0 TICHTPY,
mpudt 12pt).

5. Anoranis: 10 1000 cumBoIiB.

6. KirouoBi cioBa: iXHS KUIBKICTh HE MOBHU-
HHa TMEpEeBUIIYBaTH BOCHMU CIiB. B ocolmuBux
BUIAJKaX MOXHa BHKOPHCTOBYBaTH TEPMIHU 3
JIBOMa — 44 TphoMa ciioBaMu. L{i ciioBa moBuHHI
OyTH po3MillleH] MiJ aHOTAIli€l0 1 HAlKCaHl Ti€0
CaMOI0 MOBOIO.

[T.m. 2,3,4,5,6 MOCHIIOBHO BHUKJIACTH yKpaiH-
CBHKOIO, aHIVIIMCBKOIO 1 POCIHCHKOI0 MOBaMHU.

Jlyist aBTOpIB 3 3aKOPMOHY, SIKI HE BOJIOIIIOTH
YKpaiHCBhKOIO a00 POCIMCHKOI MOBaMH, M. 2-5
BUKJIJAIOTHCS AaHITIIHCHKOI0 MOBOIO.

7. 10 KO>)KHOTO MPUMIPHUKA CTATT1 IOIaI0Th-
csa pedeparu yKpaiHCHKOIO / POCIMCHKOIO (B 3a-
JIKHOCTI Bl MOBU OpUTiHANy CTATT1), Ta aHIJIii-
CBhKOIO MOBaMH¥ (KOXeH pedepar Ha OKpeMOMY
apkyi). OcoOnuBy yBary Ciijl IpUAUIATA HAIH-
CaHHIO PE3IOME CTATTI aHTMICHKOI0 MOBOTO. J[Jist
IILOTO JIOILTBHO KOPHCTYBATHCS ITOCITyTaMH KBaJIi-
(diKOBaHUX CIEIIATICTIB-JIHTBICTIB 3 MOAIBIITIM
HAyKOBHMM peAaryBaHHIM TEKCTY aBTOPOM(-aMH).
[Tepen cinoBom «pedepar» HEOOXiTHO HANMKMCATH
MOBHY Ha3BY CTaTTi BiNOBIIHOO MOBOIO, YK,
Ipi3BHILIA Ta i1HIIIadK aBTOPIB, Ha3BU YCTAHOB.
Pedepar o6csirom 200-250 ciiB mae OyTH CTpyK-
TYpOBaHUM: MeTa (4iTKO COPMYIILOBAHA), METOIH
TOCTIKEHHS, pe3yIbTaTh TOCHIiHKEHHS (CTHCIO),

y3arajgbHeHHs a00 BUCHOBKU. [licis TekcTy pe-
depary 3 ab3aily po3MIIIyIOThCs KIFOYOBI CIOBA.

8. TekcT cTaTTi NOBUHEH OyTH HaJApyKOBAaHUI
yepe3 1,5 iHTepBanu, Ha OlToMy manepi ¢popmary
A4. Tlons: 3miBa - 3cMm, crpasa - 1,5¢M, BBepXy 1
3HU3Y - 2,5¢Mm. LlpudT 12pt. [Tix3aroaoBku, Ko
BOHHU €, TOBUHHI OyTH HaIPyKOBaH1 MPOMUCHUMH
JTepamMH, )KUPHO.

PiBHsHHS TIOBMHHI OyTH BBEICHI, BHKOpHC-
toBytoun MS Equation Editor a6o MathType.
PoGoTH 3 pyKONMCHUMHU BCTaBKaMH He MpUiima-
10ThCsl. TaOnuii moBuHHI OyTH TpencTaBlieH Ha
OKpEMHUX apKymiax y ¢opMaTi BiIMOBIIHUX TEK-
cToBUX (opmariB (IuB. BHIIE), 4d y (opmari
TEKCTY (3 KOJIOHKAMH, BI/IJTIJICHUMH 1HTEpBaJIaMH,
KOMaMH, Kparkam 3 KOMOIO, Y 3HaKaMu TalyInto-
BaHHS).

9. V KiHIII TEKCTY CTATTI yKa3aTH MpPi3BUINA,
iMeHa Ta 1o 0aThKOBi yCiX aBTOpPiB, MOIITOBY
aapecy, TenedoH, dakc, e-mail (s KopecnoH-
JICHITIT).

10. Crnucok miTeparypu TMOBUHEH OyTH HaJ-
pykoBaHuii uepe3 1,5 iHTepBaiu, 3 JiTEpaTyporo,
IIPOHYMEPOBAHOIO B MOPSAAKY ii MOSBU B TEKCTI.
bibmiorpadist ApyKyeThCs JIHIIe JAaTHHHUIICIO (KH-
pUIHI TOJaeThesi B TpaHcaitepanii). [Topsaok
oopMIIeHHS JIiTepaTypy MOBHHEH BiINOBIIATH
Bumoram BAK VYkpainu, Hanpukian:

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

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

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

11. Iligmucu 10 pUCYHKIB 1 TaONHIh TOBUHHI
OyTu HaJpyKOBaHI B PyKOMHMCI 3 IBOMa MpoOina-
MU TCNA CIHCKY JiTeparypu. BHHOCOK, SKIIO
MO>KJIMBO, Oa)KaHO YHUKATH.

[TpuiimaroTbes TIBKU BUCOKOSIKICHI PUCYHKH.
Hammcn 1 cuMBonM MOBUHHI OyTH HaApYKOBaHI
ycepenuHi pucyHky. HeratuBu, crnaiiau, 1 miarno-
3UTUBH HE NPUHMAIOTHCS.

KoxeH pucyHOK oBUHEH OyTH HaJJpyKOBaHUI
Ha OKPEeMOMY apKyIIIli 1 MaTu po3Mip, 10 HE Tiepe-
Buurye 160x200 mm. J{71s1 TEKCTY Ha pUCYyHKaX BU-
kopucroByite mpudt 10pt. OnuHKLI BUMipy 110-
BHHHI OyTH TIO3HAYCHI MICJISI KOMU (HE B KPYIJIUX
JyXKax). Yci pUCyHKH ITOBHHHI OyTH IPOHyMe
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pOBaHi B MOPSAIKY 1X MOSBU B TEKCTI, 3 YaCTHU-
HaMU [103HAYE€HUMU sIK (a), (0), 1 T.A4. Po3mimenHs
HOMEPIB PUCYHKIB 1 HAITUCY yCEPEINHI MaJTIOHKIB
HE JI03BOJISIIOTHCA. 31 3BOPOTHOI CTOPOHU, HAIH-
IITh OJIBLEM Ha3By, MnpizBuile(a) aBropa(-iB),
HOMEP MaJIIOHKA 1 IO3HAUTE BEPX CTPLIKOIO.

@otorpadii MoBUHHI OyTH OpHUTiHAIEHUMH.
KonbopoBuil IpyKk MOXKIMBHM, SKIIO HOTO Bap-
TICTh CIUIAYYETHCS aBTOPAMH YH 1X CIIOHCOPaMHU.

12. Crarts Mae OyTH mignucaHa aBTopom (yci-
Ma aBTOpaMH) 3 3a3HAYCHHSIM JaTH Ha OCTaHHIH
CTOPIHIII.

ABTOpPH HECYTh TOBHY BiJIIOBIJAJIBHICTh 3a
6e3noranHe MoBHE 0(OPMIIEHHS TEKCTY, 0COOJIH-
BO 3a MPaBWIbHY HAyKOBY TepMiHoJoTiro (ii cmia
3BIpATH 32 (PAXOBUMHU TEPMIHOJIOTTYHUMH CIIOB-
HUKAMH).
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13. JlaToro HaaXOMKCHHS CTATTI BBAXKAETHCS
JI€Hb, KOJIM JI0 PEIKOJIerii HaiiIIOB 0CTaTOYHUN
BapiaHT CTATTI MICJIS PELIEH3yBaHHS.

[Ticnst onepkaHHs KOPEKTYpH CTATTI aBTOP IO-
BUHEH BUIIPABUTH JIUIIIE TIOMUIIKHU (YITKO, CHHBOIO
a00 YOPHOIO PYYKOIO HEMPABUIIbHE 3aKPECIHUTH,
a Tops/ 3 IIUM Ha TOJIi HAIMCATH MPaBUIbHUAN
BapiaHT) 1 TEPMIHOBO BIJIICJIATH CTATTIO HA aJIPECy
penKoIerii eNeKTPOHHOIO MOIITO0.

[Tignuc aBropa y KiHIIl CTATTi O3HAYaE, 10 aB-
TOp Mepeaae mpaBa Ha BHJIAHHS CBO€I CTAaTTi pe-
JaKiii. ABTOp rapaHTye, 1110 CTaTTs OpPUTiHAIbHA;
HI CTaTTs, HI PUCYHKH 10 Hel He Oyau omyOiko-
BaHl B 1HIINX BUTAHHIX.

BinxuieHi cTaTTi He TOBEPTAIOTHCSI.
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