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B. M. JlokTes

®ISNYHI, XIMIYHI TA IHWI ABUAWA, HA OCHOBI
AKX MOXYTb BYTU CTBOPEHI CEHCOPU

PHYSICAL, CHEMICAL AND OTHER
PHENOMENA, AS THE BASES OF SENSORS

VJIK: 53, 52
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OCHOBHI PE3YJIBTATH JOCJIJKEHB B TAJTY3I ®I3UKHW B YKPATHI
3A 2015 -2019 pp.

B. M. Jlokmes

Binninenns ¢i3zuku Ta actporomii HarionansHOT akanemii Hayk YkpaiHu
e-mail: vfa@nas.gov.ua

Bin penaxuii

Bke cTano 100poro TpauIliero PyKyBaTH y HAIOMY MYJIBTHAUCIUTUTIHAPHOMY KYPHAII, 10
BXOIUTH 70 Tpbox cruckiB JIAK (¢i3uko-maremarnyni, TeXHiUHI 1 O10JIOTIUHI HAYKH), Y SIKOMY JpY-
KYIOTBCS CTaTTi, 110 3aPaXOBYIOTHCS K (PaxoBi MPH 3aXUCTI JOKTOPCHKHX 1 KAaHIUAATCHKUX HCEpTa-
1iil, PyKyBaTH CTATTi 3a pe3ybTaTaMy 3BITHOI JOTOBiII akageMika-cekperaps Binainenns ¢isuku
1 actpoHoMii HartionansHOT akaieMii Hayk YKpaiHu.

Sk i B momepenHi poku akaaemik Bagum Muxaiinosud JIOKTEB 100’ SI3HO ITOTOIUBCS Oy OTi-
KyBaTH CTATTIO 3a MaTepiajiaMu Horo 3BiTHOI gonoBiai 3a mepion 2015 — 2019 poku, 3a mo Penakiis
BUCJIOBITIOE HOMY IITUPY BASYHICTB.

OCHOBHI PE3YJIBTATH JOCJIKEHB B TAJTY3I ®I3UKHW B YKPATHI
3A 2015 -2019 pp.

B. M. Jlokmes

AHoOTAalis. Y cTaTTi Ha OCHOBI aHaNI3y HayKOBOI JisSUTBHOCTI IHCTUTYTIB BinmineHus ¢izuku i
actpoHomii HartioHanmbpHOT akaeMii Hayk YKpaiHH TpeCcTaBiIeH] HaiOUTbII BaroMi HayKOBI pe3yJIbTaTh
byHIaMEHTAIBHUX 1 IPUKIIAHUX JTOCIIPKEHb B PI3HUX HAYKOBHUX HampsMax (i3UKH 1 acTpoHOMIT 3a
nepion 2015 — 2019 pp. 3HauHa YacTHHA SKUX 3aTpeOyBaHa CBITOBOIO HAYKOBOIO CITUTLHOTOIO.

Krouogi ciioBa: HarionanbHa akanemist Hayk YKpainu, Hayka, (pi3uka, JOCSATHEHHS, IPOOIeMHU

© B. M. Jlokres, 2020
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THE MAIN RESULTS OF RESEARCH IN PHYSICS IN UKRAINE FOR 2015 -2019
V. M. Loktev

Abstract. The article, based on the analysis of scientific activity of the institutes of the Depart-
ment of Physics and Astronomy of the Ukraine National Academy of Sciences, presents the most
important scientific results of fundamental and applied researches for 2015 — 2019 in various scien-
tific fields of physics and astronomy a significant part of which is in demand by the world scientific
community.

Keywords: National Academy of Sciences of Ukraine, science, physics, achievements, problems

OCHOBHBIE PE3YJIBTATHI HCCJEJTOBAHUI B OBJACTHU ®U3UKU B YKPAUHE
3A2015-2019 rr.

B. M. Jlokmes

AnHoTaums. B ctatbe Ha OCHOBE aHalM3a HAYYHOU NESITEIHbHOCTH UHCTUTYTOB OTACICHUS
¢u3uku u actpoHoMur HanmoHanpHOH akaeMuu HayK YKpanHBI IIPEICTaBICHBI HAaH00JIee BECOMBIE
Hay4HbI€ pe3yJbTarhl PyHIaMEHTAIbHBIX U IPUKIIAHBIX UCCIIEI0OBAaHUM B Pa3HBIX HAYYHBIX HAIlpaB-
neHusX GU3UKHU U acTpoHomuH 3a riepuof 2015 — 2019 rr. 3HaunTeNBHAS YaCTh KOTOPBIX 3aTpedoBaHa
MHUPOBBIM HayYHbIM COOOIIECTBOM.

KuroueBblie cioBa: HanmonanbHas akajieMust HayK YKpauHbl, Hayka, GU3HMKa, JOCTHXKEHUS,
MIPOOIIEMBI

BusuenHsa npupodu 3 memoro ii ni3HaHHA —

00Ha 3 peuell, WO CNPOMONCHI MPoxXU niOHaMU
ArdcvKe xeumms Hao pigHem ¢hapcy,

dodaswiu 00 HbO20 PUCU CNPABHCHBLOL Opamu.
/CriBen Baitn6epr, HobesiBcbkuil taypeat 3 dizuku/

MYYKiB OTPUMAHO CTaIlIOHAPHY K CTAaTUYHY, TaK 1
JTUHAMIYHY TOJIOTPaMH 1 TeTiii-HEOHOBUM JIa3€POM
Dynoamenmanvui pe3yibmamu HAWL020 6i0- BIATBOPEHO ii 300paskeHHS.

dinennsa. Ilpyu 1pbOMy KOXKHUI 3 HUX M€ aBTOPIB, Po6ora Buiimna B xypHani Nature
MpoTe iX He Ha3uBaTuUMYy, 00 Takux yacoMm 6arato Communications 3 IF=12.
1 HE 3aBXK/IM MO)KHA BU3HAYMTH OCHOBHHX. — Hactynuuii pesynbrat, 6€3 CyMHiBY, BiJ0-

MU, 60 pi3HI HOTO eTaru TaKoX Oylin cepel Ha-
IIUX JOCATHEHb — OTPUMAaHHS IMOBEPXOHb 3 Ke-
POBAaHMMH BJIACTUBOCTSMH 32 PAXyHOK IMOKPHUTTS
PI3HUMH MOJIEKyJaMH. Y JTaHOMY BHUIAJIKy MOBa
HJe PO CTPYKTYPHY OpTaHi3aliio MOJIEKYN Oep-
Oeputy 1 pynepeny C, a TaKoX IXHIX KOMILICKCIB.
e BaxIIMBO U1 3’ICyBaHHS MEXaHI3MIB MIPOTH-
MyXJIMHHOT i1 p13HUX Mpernaparis.

Pe3ynbTraTu OnpuiIOIHEHI B JXypHa-
1 Pharmaceutics 3 1F=4.2.

IncTuryT Qisukn

— Briepiie y cBiti pearnizoBaHo iHTephepeHIiio
ITy4YKIB CBITJIa PI3HOT'O KOJIBOPY 3 BUKOPHCTAHHAM
HEMOHOXPOMAaTUYHUX 1 HEKOT'€PEHTHHX JIa3epHUX
iMITynbCiB (heMTOCeKyHIHOTrOo Aiana3zoHy. Camy
1HTep(epeHIIiI0 CoCcTepiraTd HEBaXKO, a OT 3a-
nucatu — mpobiaemMa, 60 KapTHHKA PyXa€eThes 31
MIBAAKICTIO cBiTiIa a00 Onm3bKoil H0 Hel. Tum He
MEHII, caMe 3aBIKH IMITyIbCHOMY XapakTepy



B. M. JlokTes

— B Meran-opraniyHux ipuai€BUX KOMIUIEKCAX,
SIKI MOXKYTh CITYTYBaTH ONTHYHUMHU OOMEKyBaJa-
MH 1HTEHCHUBHOCTI CBITiHHS, CIIOCTEpEX)EeHa CyO-
MIKOCEKYH/IHA MIBUAKICTh CUHIJIET-TPUILIETHUX
MePEXO/iB, MO JAJI0 3MOTY BCTAHOBUTH CHEpTe-
TUYHY CTPYKTYpPY IIUX KOMIUICKCIB.

Po6ora Buitmuna B Journal Physical
Chemistry 3 IF=4.3.

IncTuTyT i3UKN HANIBNIPOBIAHUKIB
im. B. €. JlamkapbroBa

— ExcriepuMeHTanbHO JOBEAEHO, 10 IMILIaH-
Tamisi Ag B KopoTKonepionni Haarpatku AIN/
GaN BUKJIMKa€e penakcalilo CUCTEeMH 10 O1TbIIn
OJTHOPITHOTO PO3MOALITY €Heprii 3B’s3KiB, TOOTO
MEXaHIYHUX HalpyXeHb, B OKPEMHUX IIapax Ii€i
reTepocTpykrypu. [lokazaHo, sk 3MiHOIO KOH-
LeHTpalii Ag MOXXKHa KepyBaTu ONTUYHUMHU BJac-
TUBOCTSAIMHU TAKHX TE€TEPOCTPYKTYP, BKIIOYAIOUU
9acTOTy BUIIPOMIHIOBAHHSI.

Po6ora Buiimna B xypHani Applied
Nanoscience 3 IF=3.2.

— 3aBAsSKUM BUBUYCHHIO MOBEIIHKHU TapsdmnX
€JIeKTPOHIB y HITPUIHUX MaTepialiax Ha OCHOBI
GaN B CWJIbHUX €IEKTPUYHHX 1 MATHITHUX TOJIAX
1o0Oy/10BaHO TEOPII0 €JIEKTPOHHOTO TPAHCIIOPTY B
IMX MaTepiajgax 1 po3paxoBaHO AMHAMIUHY IPO-
BIIHICTh, B SIKiil BUSIBJICHI BiKHA, JI¢ il peaiabHa
YacTHHA BiJ’€MHA. BOHU CUTHAI3YIOThH PO HE-
CTIHKICTb €JIEKTPOHHOTO a3y, KOJM CHUCTEMA MOXKE
abo reHepyBaru, ab0 IiICHITIOBATH €IEKTpoOMar-
HitHi o TT' gianazony.

Po6Gora Buitna B Journal of Applied Physics 3
IF=2.3.

IncTuryT Metanodiznku
im. I.B. KypaiomoBa

— Briepiie BUSIBIICHO 1 BUBUEHO MAPTEHCUTHE
MEPETBOPEHHS Y 0araTOKOMIIOHEHTHHX CIUIAaBaxX 3
BHCOKOIO €HTPOIII€I0 3MIITyBaHHS, 110 CBITYUTH
PO MOKJIUBICTh CTBOPEHHS HOBHX MarepiajiB 3
nam’atTio Gpopmu, sKi 30epiraroTh cTabUIbHI Xa-
PaKTEPUCTUKY Yy 3HAUHOMY Jliania30Hi TeMIeparyp.
e Baxx1MBO 7151 6araTboX 3aCTOCYBaHb, OCKUIBKU
TaKi CIIJIaBU MArOTh O1JbII BUCOKY MIIIHICTh Ta
MEHIIY AUCIOKAIIIHY IUIaCTUYHICTb.

PoGora Buiinua B xypHaii Shape memory and
Superelastisity.

— Ha npuknani 2D 1 3D kap6iH-rpadeHoBux

HAaHOCTPYKTYp, SKi MarTh MEPCIEKTUBHU 3a-
CTOCYBaHHSl y CTPEUHTPOHILI1, BCTAHOBJIEHO 1C-
HYBaHHS KJIFOYOBOTO YMHHHKA, SKUH BU3HAYAE
TPHUBKICTh IXHIX KOHTAaKTHUX 3aB’s3KiB B yMOBax
TEpPMOCHIIOBHX HABAHTAKEHb. M1Oro BHKOpHCTaH-
HSI JIO3BOJISIE 3PO3YMITH MPHUPOY PI3HHIN MiXK
JIOBTOBIYHICTIO 1 piBHEM MEXaHIYHOTO HABAaHTa-
xeHHst 2D ta 3D HaHoeneMeHTIB. B pesynbrari,
BCTAHOBIICHO, 110 2D CTPYKTYypU MaIOTh OiIbII
BHCOKY JIOBTOBIUHICTh B 00JaCTi MaJIMX MEeXaHI4-
HUX HaBaHTa)XCHb, a 3D, HaBIIaKHU, 32 BUCOKUX
HABaHTa)XEHb.

PoGota Bwitnina B European Physics Journal
Plus 3 TF=2.6.

IncTuTYyT TeopeTuuHOi Qizukn
iMm. M.M. Bborosaro0oBa

— ChopmynboBaHO YMOBH, 3a AKUX y HeMa-
TUYHOMY PIAMHHOMY KPHCTaJl MK OJTHaKOBHU-
MU KOJOIIHUMH YaCTHHKAMU BUHUKA€E B3a€EMO-
Jisl KyJIOHIBCBKOTO THILY, SIKa MA€ MPUTATAIbHUN
XapakTep, M0 BXKE 3HANILIO MiATBEPIKCHHS B
EKCIIEPUMEHTI.

PoGota Buiinuna B xypHani Scientific Reports 3
[F=4.

— Jlyist MipakiBChKUX CUCTEM, B SIKMX ICHYE T1O-
CIIZIOBHICTH TOTOJOTIYHUX (ha30BUX MEPEXO/IiB
Jlipmmns, nepenbayeHO HU3BKOTEMIIEPATyPHUN
e(eKT KBaHTYBaHHS aMIUIITyu MiKIB po3paxo-
BAaHOI Ha OJHY YaCTHUHKY €HTpOMii K PyHKIiT
XIMIYHOTO MOTEHI[Iay 1 3aMPOTIOHOBAHO CXEMY
EKCIIEPHUMEHTY 3 TIEPEBIPKH IHOTO (EKTY.

PoGora Buiinia y ToMy X KypHaii Scientific
Reports 3 IF=4.

— IlokazaHo, 10 B PEISITUBICTCHKUX SPO-
AJIEPHUX 3ITKHEHHSIX MOXKE€ BUHHMKATH CUHXPO-
TPOHHE BUIIPOMIHIOBAaHHS (POTOHIB 3 BUCOKUM
pIBHEM MOJIsipU3allii, a TAKOXK JIETITOHIB, 1110 MOYKE
CBIJUMTH Ha KOPUCTD ICHYBaHHS HEB3AEMO/IIFOUUX
KBapKiB Ta TIIIOOHIB. BUCIOBICHO TyMKY, K CIIO-
cTepiratu 1ei edext, BUMIPIOIOYH aH130TPOIIII0
KyTOBOTO PO3MOJILTY JICITOHIB.

PoGora Buittna B Europhysics Journal A 3
IF=2.5.

— IIpu BUKOHAHHI BJACHOI MpOrpamu JOCIHi-
oxeHb Ha KocmiuHomy Teneckomni ['a06ma Binkpu-
TO KapJIMKOBY T'aJIAKTUKY 3 HAHOLIBIIO0 BTPATOIO
10HI3yI0YOTO BUIIPOMIHIOBAHHS, 5IKa CTAHOBHUTH
72 % Big BUIIPOMIHIOBaHHS, 110 YTBOPIOETHCS B
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rajaktuni. Lle y 5 pasiB Bulle 3a cepeiHio BTpary
TaKOI'0 BUIIPOMIHIOBAaHHS, HEOOX1/IHY /JIs1 BTOPHH-
HOT 10Hi3aIlii paHHbOTO BeecBiTy B enoxy gopmy-
BaHHS MEPIIUX TATAKTHK.

Po6ota Buitna B sxxypHani Monthly Notices of
the Royal Astronomic Society 3 IF=5.2.

CripaBeyIMBOCTI 3apajy, OCTaHHINA pe3ysbTar
Mae Hanexaru 1 [AO, fe 11 JoCTiIKeHHS PO3Io-
YUHaIKCS 1 IeBHUM yac BeNMCs, ajie 3aKiHdyBa-
aucst BoHu B IT® im. M.M. Boromaro6oBa, 3BiaKu
LeH pe3ysbTar MiloB 0 JPYKY.

TI'oioBHA acTpoHOMiuHa 00cepBaTOpist

— 311CHEHO KOMIT F0TEpPHE MOJIETIIOBAHHSI €BO-
JTFOLIT 30PSIHOT CUCTEMH KYJSCTOTO CKYITYEHHS 3
YHCIOBUM PO3JIJICHHSIM B | MIIH 4aCTHHOK, IO
JIaJI0 3MOTY JOCTIANTH y Hatni ["amakTuii TpuBa-
Jy AMHAMIYHY ¥ (DOTOMETPUYHY €BOJIOIIIO KiJlb-
KOX MOJICTIbHUX KYJISICTUX CKyIT4eHb. L{um Briepime
MiITBEP/KEHO HASBHICTh Y TAKUX CKYMYECHHSX
MiJICUCTEMH YOPHUX Tip.

PoGora Buiinina B xypuani Monthly Notices of
the Royal Astronomic Society 3 IF=5.2 1 3a 3 poku
orpumaina oinbine 150 mocunas.

— Po3pobiieno maremaTu4Hi METOAU MOJie-
JIOBaHHS JaHUX 1 00poOKu 300pa’keHb Mmo3ara-
JTaKTUYHHUX JDKEPENl, 32 PaXyHOK YOTO CYTTEBO
MiIBUIIEHA TOYHICTHh KJIacH(iKaIlil TAIaKTHK 1
noOynoBu npodiyiiB SICKPaBOCTI/TeMIepaTypu
PEHTreHIBCHKUX JDKepen. BiaTBopeHO Takox
CTpYKTYpy BcecBity 3a 30HO10 yHHKHEHHST Mo-
noyHoro [1lnsxy.

PesynbsraTu Buiiminu B xypHaii Monthly
Notices of the Royal Astronomic Society 3 IF=5.2
Ta Astrophysical Journal 3 IF=8.4.

— BusiBneno HeBizoMi paHilie Bapialii Temrme-
parypu criokiiiHo1 poTocdepu CoHI MPOTITOM
11-piynoro mukiay. OTpuMaHi JaHl € BaXXKJIMBUMU
IUISl TIPOTHO3Y HE TUIBKU COHSIYHOI aKTHBHOCTI, a
it moBeninku 6iocepu 3emiti pa3om 3 ii corianb-
HO-€KOHOMIYHHM CTaHOM.

PoGora Buiinia B kKeMOPHIKCEKOMY JKypHa-
11 Astronomical and Astrophysical Transactions 3
[F=0.8.

CTOCOBHO OCTaHHIX BUMIipIOBaHb XOTiB OU
HAaroJIOCUTH, 110 BC1 BOHU MPOBOJMIINCH HA MO-
nepHizoBanomy cuiiamu AO HAH Vkpainu co-
Hss9yHOMY Teneckoni EpHecra ['ypToBenka, mo
3pOOMIIO 1IeH IHCTPYMEHT YHIKaJIBHUM 1 HalKpa-

I11€ TPUCTOCOBAHUM ISl CIIOCTEPEKEHb Bapialliit
cnokiitHoi armocdepu CoHLs Ha BETUKUX (POKH)
YaCOBUX MPOMIKKaX.

IHcTHTYT MarHeTHU3My

— SlckpaBwii 1 Bxke BU3HAHUHN pe3ynbTaT OTPH-
MaHO Pa3oM 3 3apyOKHUMHU KOJIeraMH: TTOKa3aHo,
o y pepruMarHeTkax, siki 3HaX0AsIThCs MOOTU3Y
TeMIIepaTypH CIIHOBOT KOMIIEHCAllii, 3p0CTa€ yac-
ToTa ioro mpeuecii. Buxonsuu 3 nporo, 3amnpo-
MIOHOBAHO CXEMY HaHOTEHEepaTopa, KUl 3aBAsIKU
BUKOPHCTAHHIO TAKUX (PepUMArHiTHUX YACTHHOK
reHepye B oomacri Bifg I T no TT'1, mio BinkpuBae
MO>KJIUBOCTI JJISl CTBOPEHHS BUCOKOYACTOTHUX
CHIHTPOHHUX MPUIIAIB.

Po6ora Buiinuia B xxypHam Physical Review
B3 1F=3.7.

— be3 Bukopucrtanusa npuHiuny boromo6o-
Ba MOCIA0ICHHS KOPENAL OTPUMAHO TOYHE 3a-
MKHEHE €BOJIOIIIHE PIBHSAHHS IS CUCTEM, IO
B3a€MOJIIIOTh 3 TEPMOCTATOM. 30KpeMa, po3Iiis-
HYTO KJIAaCHYHY 3aJ1a4y TOJISIPOHA 1 MOKa3aHo, 10
3 YacoM BIUJIMB IMOYaTKOBUX YMOB Ha HOro pyx
3HUKAE, 110 (PaKTUYHO JOBOJUTH CIPaBEIMBICTh
npunymenas boromo6osa. LlikaBo, 1o miero 3a-
Jadero 3aiiManucs 6arato BEIMKUX TEOPETHKIB
— JI. Jlanpay, P. ®elinman, ane 3 eKCIIEpUMEHTOM
Y3TOJUKY€THCS JIMIIE PE3YNbTaT, IPO SAKUM UIETh-
csl.

PoGora Buiimna B Journal of Statistical
Physics 3 IF=1.5.

[HCTUTYT NpUKJIATHUX MPo0JIeM izukn
i 6iodizuku

— CTBOpEHO Yy TJIIMBHUH O BUITPOMIHIOBAHHS 3
JTOBKMHOIO XBUJII MOHAJ 4 MKM, TUTIBKOBHM Ma-
Tepian. bynydn po3TamoBaHUM y CHENiaJbHOMY
XBUJIEBOI, BiH JO3BOJISIE 3HAYHO 30UIBIIUTH JI0-
BXKHHY ONTHYHOTO HUISAXY, YUM MiHECTH CEHCOP-
HY CIIPOMOKHICTb CUCTEMH.

PoGota Bwuitnna B JKypHane npukiaonotl cnex-
mpockonuu 3 IF=1, € TakoX Tpu nareHTH.

— 3anpornoHOBaHO CIEKTPOCKOIIIYHHA METO]T
BH3HAYEHHS BIJHOCHOI KOHIIEHTpAIli KapOOKCi-
reMoro0iHy B apTepiajibHiil KpOBI JIIOAMHU, 10
MOX€ 3aCTOCOBYBATHCS NIPH JIIKYBaHHI OTPY€EHHS
Ya/IHUMU Ta3aMH.

PoGora Buiinuia B xypHani Lasers in Medical
Sciences 3 IF=2.
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M1 «IHCTUTYT NPUKIATHOI ONITHKH

— Pazom 3 BinbHIOCEKHM yHIBepcuTeToM (JInT-
Ba) CTBOPEHO HOBUH ONTHUYHUHN reHeparop — ¢o-
TOHHO-KPHCTaJIIYHUI MikpouumoBuii sazep. Ilo-
Ka3aHo, 1[0 HasABHICTb y (POTOHHOMY KPHUCTaJi
KyTOBOi 3a00pOHEHOT 30HHU, CyTTEBO (y 4 pa3n)
301Ib1IIyE SCKpaBiCTh Horo cBiTiHHS. Po3paxyHku
MOKa3yI0Th, 11O IMiI00POM MapaMeTpiB KyTOBOTO
¢dbimpTpa 11 MOKHA 30UTBIIMTH I Maike Ha JBa
MOPSIKH.

PoGora Buiinia B sxypHami Scientific Reports 3
[F=4.

— V¥ koomnepariii 3 YocaHCHbKMM YHIBEPCUTETOM
(ITiBmenna Kopest) po3po0iieHO opUTiHATBHUN
METOJI CHHTE€30BaHUX (a30BUX 00’ €KTIB, SIKUU
3aCTOCOBAHO JIJIsl IHBaPiaHTHOTO 70 3MiHU MAacIIl-
Taly Ta MOBOPOTY 00’ €KTIB IXHHOTO PO3ITi3HABAH-
HS B ONTHKO-IIU(DpOoBii cuctemi. [lopiBHAIBHUM
aHaJII30M JOBEIEHO, 1[0 HOBUH METOJ € OB
e(heKTUBHUM 32 1HIIII.

Po6ora Buiimma y 2016 pomi sk Po3-
i1 3 y KOJIeKTHUBHiIW MoHorpadii Pattern
Recognition-Analysis and Applications BunaB-
nuura InTech (Jlonaon). S He 3HAUIIOB, K 1l
PO3ILT IUTYETHCS OKPEMO, ajie Ha Oepe3eHb Io-
TOYHOTO POKY 3aBaHTa)XyBaBcs BiH 904 pasm.

Di3uKO-TeXHIYHUH IHCTUTYT HU3bKHX
Temneparyp iMm. b. 1. Bepkina

— B ycix cmucnax BaXXJIMBUM € BIJIKPHUT-
11 3D Trpadeny, abo KapOOHOBHX CTUTBHHKIB, SIK1
MIPOHU3aH1 KaHaJIaMH, CTIHKU SIKUX YTBOPEHI Ipa-
¢denom. L{pomy cripusie Te, 1110 B HUX aTOMU BYTJIe-
110 TiOpUIN30BaHi HE TUIBKU Yepes3 sp* 3B’SI30K,
a ¥ uepes sp’, AKUil MpUTaMaHHUU aiMasy.
CopOr1iiitHa EMHICTh HOBUX CTPYKTYP MEPEBUIILYE
BCi BiJIOMi, 1[0 MOXK€ 3HAWTU MIMPOKE BUKOPHUC-
TaHHS Y HAKONTMYIyBayaxX Pi3HUX €JICMEHTIB.

[To muM pesynpTaTamM BHHWIIIO JABI pPO-
6otu — B Physical Review Letters 3 IF=9.3
i Carbon IF=7.5, a 4ncio OCUIIaHb 32 TPU POKU
nepesunmio 100.

— Kpacuswuii pesynprar oTpuMaHo CHUIBHO 3
XHY im. B.H.Kapasina — croctepexeHHs eneK-
TPOMAarHiTHOTO BUIIPOMIHIOBaHHS aOpHKOCOB-
CbKUMHU BUXOpaMH, AKi MEPETHHAIOTh T€TepPO-
CTPYKTYPY, CKIQJICHY 3 HAANPOBITHUX 1 JieNeK-
TPUUYHUX IIapiB. B ekcriepuMeHTi pyxanacs BU-
XOpOBa IpaTKa, KOJIU BUIPOMIHIOBAaHHS OKPEMHX

BUXOPIB B3a€MHO HiJCHIIIOETECA. Moro yacrora
BIJINIOBI/J1a€ pajiio/Iiana3ony, SKMi HEBAKKO Tepe-
KPUTH 3MIHOIO CTPYMY.

Jonam, mo KepoBaHi HAaHOBUIIPOMIHIOBAY1
MalOTh YMCIIEHHI 3aCTOCYBAaHHS SIK Y TPOMAJIsIH-
CBKOMY, TaK 1 000POHHOMY CEKTOpax Halloi Mmpo-
MUCIIOBOCTI.

PobGora Buitmna B xypHani Nature
Communications 3 IF=12.

IncTuryT pagiodizuk i eJleKTPOHIKH
im. O. 5. YeukoBa

— BuBueHO pe3oHaHCHE MOTIMHAHHS €JEK-
TPOMAarHiTHUX XBHJIb, TIOB’A3aHE 31 CKIHUEHHOIO
BEJIMYMHOIO KBAa31YaCTUHKOBOI MPOBITHOCTI, Y
IapyBaToOMy HAANPOBITHUKY. Bu3HaueHO yMOBH,
3a SKMX €Heprisl MaJalouuX XBUJIb MTOTIIMHAETHCS
y IUTACTHHI Ta OTPUMAHO 3aJIEKHICTh IXHBOT'O I10-
IIMHAHHS B KyTa MajiHasg. Pe3ynbrar € Bakim-
BUM JIJIsl BAKOPUCTAHHS B aT€HIOATOpaX.

Po6ora Buiinia B xxypHami Physical Review
B3 1F=3.7.

— Ha ocHoBi1 edekty Myapy, sIKHii TOJIArae y
BUHUKHEHHI NEPI0IUYHOTO Y30pYy MPH HAKJIQJACHH1
pi3HEX 2D CTPYKTYp, CTBOPEHO MeTamaTepiall.
[TokazaHo, 1110 B HbOMY 30Y/IKYIOThHCSI TTIOBEpPXHE-
Bi €JIEKTPOMATHITHI XBUJIi, IO TOLIUPIOIOTHCS Y
HaMpsIMKY, IKUH 337]a€ThCSl TapaMeTpaMH CTPYK-
TypHu. 30KpeMa, B MJIOMIMHI reKCaroHaJIbHOTO
MeTamMaTepiany peajaizoBaHO MOIIUPEHHS XBHIIL,
NEePIEHANKYISIPHE JI0 0C1 30y/IXKYI040T0 IMyJKa.

PoGora Buitnina B Progress in Electromagnetics
Research M 3 1F=0.35.

PangioacTpoHOMiYHMI IHCTHTYT

— BusiBieHo HOBe sIBUILE Y PaiOBUIIPOMIHIO-
BanH1 CoHis — po3man cruiecky 11 Tumy Ha aBa
IHIIMX I[bOTO K THUILY, 1[0 CTaJ0 MOXJIMBHUM, 3a-
B/ISIKM OJTHOYACHUM CIIOCTEPEKEHHSIM Ha 1HCTPY-
mentax ['YPT ta YPAH-2 y niama3oHi yactoT
8-80 MI't1. Oxpemo 3ayBaxy, IO 1Iei €(heKT TOBTO
YeKaB Ha CBOE BIAKPUTTS, 00 OyB mependaueHuit
aBropamu 20 pOKiB TOMY.

PoGora Buiitna B Astrophysical Journal 3
IF=8.4.

Jonam takox, 1o 06’ eqHanus podoru YTP-2
1 I'YPT camo € nocsraeHHsM, 60 BUMIprOBaH-
Hs1 HaOynu iHmoro piBHsA. Hanpuknan, Baano-
Csl 3apeecTpyBaTH MyIbCAPHU 1 JOCIIIUTH 3MiH-
HICTh IXHBOTO paaioBUIpoMiHIOBaHHs. PoboTa
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«00’€THAHOT0» IHCTPYMEHTY TiJIbKH MOYUHAETh-
Cs1, 1 MM Y€KaTUMEMO BiJl HhOT'O HOBUX JIOCSITHEHb.

— 3aBagKyW opraHizarlii i 3AiliCHEHHIO Oararo-
PIYHHIX HEMEPEPBHUX CIIOCTEPEIKEHb MPUPOTHUX
HAHU3bKOYACTOTHHX TIOJNIB CIIOYATKy B AHTapK-
THIIi, a 3T0JIOM B APKTHII, 3a(iKCOBAaHO BIATYK
TPbOX II00ATBHUX PE30HATOPIB — IIYMaHIBCHKO-
ro, 10Hoc(epHOro anab(HEeHIBCHKOro 1 MarHiToc-
(dhepHoro — Ha 11-piuHMI UK COHSIYHOI aKTHB-
HOCTI Ta MPOJIEMOHCTPOBAHO MOXIIUBICTh IXHHOTO
BUKOPUCTAHHS SIK 1HAUKATOPIB CTaHy HaBKOJIO-
3eMHOT0 TPOCTOPY, 30KpeMa HOro reoMarHiTHoOl
MOBEIIHKH, a TAKOXK 3MiH TEMIIEpaTypy Ha 3eMHIN
KyJIi.

PobGora Bmitmna B x)ypHali Frontiers in
Astronomy and Space Sciences.

— Bigkputo HOBMIA THII JIIHIN JEKaMETPOBOTO
JiamasoHy, a caMe: PeKoMOiHaIliiHI JiHIT TOTIH-
HAHHSI BOJTHIO 3 TOJIOBHUMHU KBAHTOBHMU YHCIIAMU
nopsaky 700, 1110 BiAKpHUBAE MOKIUBICTD IS TIO-
OyZI0BH HOBO1 MOJIEJIi MIXK30PSTHOTO CEPEeIOBHUIIA
1 KOCMIYHHX ITPOMEHIB.

Po6ora Buiinina y BiIoMOMY aHIJIOMOBHOMY
x)ypHam Odessa Astronomical Publications, sskuii
BUXOIHTH 3 1946 poky 3 nepioguuHicTio | TOM Ha
pik, Tomy IF BiH He mae.

IncTuryT ioHochepu

— Bigkputo cuiabHy MOmyJIALii0 i0HOC(EpHO-
J1a3MOBOI B3aeEMOAIT BIIHOCHO CJIAOKHMMH reo-
KOCMIYHMMU OypsIMH, 110 AaJI0 3MOTY pO3B’sI3aTH
50-miTHIO TpoOIEeMy 100 KinbKOCTI 10HIB H' B
arMocdepi 3emui. Tenep 15 KiJIbKICTh, 10 BU-
PaXOBYETHCSI 32 CIICIALHOK MOJICIUTIO 1 BU3HA-
YaeTbCs SIK MIKHAPOJAHUHN CTaHAApPT, Mae OyTH
3MiHEHa B 01K CYyTTEBOTO 301IbIIICHHS.

PoGora Buittina B Journal of Geophysical
Research: Space Physics 3 1IF=3.

JoHeubknii izuKo-TeXHIYHUI iIHCTUTYT
iM. O. O. I'asikina

— Bnepue i3 3acTocyBaHHsM ronorpagigyHoi
TEXHIKH BUSBJICHO TOHKY CTPYKTYPY IPOLIECY Ha-
Mar"iqyBaHHS TeKCaroHaJIbHOI TPaTKH CKIpMIOHIB
— TOIOJIOTIYHO CTIMKUX CIIHOBUX YTBOPEHb, SIKI
Hapasi Jyke aKTUBHO BHBYaIOThca. Crocrepe-
YKEHO HaMarHiueHICTb OKPEMOTO CKipMioHa Ta ii
PO3IIOILUT SIK BCEpEeIUHI HbOTO, TaK 1 MK CKIpMiO-
HaMH, 10 YTBOPIOIOTh TPATKY. 3M1IICHEHO MIKPO-
MarHiTHE MOJICJTIOBaHHS, SIKE T00pe BIATBOPIOE

CIIOCTEPEKCHHS.
PoGora Buitina Bxypuani Applied Physics
Letters 3 [F=3.5.

IncTuTyT Qi3MKN KOHJAEHCOBAHUX CHCTEM

— Ha ocHOBI KOMIT'IOTEpPHOTO MOJIETIOBAHHS
BHCJIOBJICHO T1MOTE3y IIOAO MPUPOIU HU3ZBKOT
B’S13KOCTI TBeporo siapa 3emii. akTUYHO po3-
JISSHYTO AMHAMIYHI MPOLECH, Ki MaTh MicIle y
Kkpuctaimiunomy Fe mpu temmneparypax i TUCKax,
XapaKTepHHUX caMe JUIsl 3eMHOTO sI/Ipa, 1 BCTAHOB-
JIeHO, 110 YacTuHa i0HIB Fe 00’ eMo-11eHTpoBaHOi
KyOi14HOT IpaTKU MOYMHAE KOJICKTUBHUI CTPHO-
KO-MOA10HUH KinbLeBUH pyx B miouiuHi (111),
110 CIIPUYMHIOE JJOAATKOBE 3aTyXaHHS 3BYKOBHUX
XBHJIb 1 3HIDKCHHS B’ I3KOCT1 KOPY sA1pa, sAKi OyIry-
Y1 BIJIOMUMH 3 CIIOCTEPEKEHb SBUIIAMH, HE MaJI
cBOo€1 (PI3MYHOI iHTEpIIpeTAallii.

Po6ora Buitmna B xypHani Nature
Communications 3 IF=12.

— Po3kpuTO moTeHiiiHI MOXKIUBOCTI pe30-
HAaHCHOTO HEIPY>KHOTO PO3CISTHHS PEHTIEHIB-
CBKHX IPOMEHIB JJIsl IPSIMOTO BUMIPIOBAHHS Ta-
KOi BaXKJIMBOi XapaKTEPUCTUKH TBEPAUX TiJ, K
CJICKTPOHHO-TIPY>KHA B3a€MOIIS Ta i1 3aJIeKHICTh
BiJl XBHJILOBOTO BEKTOpY. DaKTUYHO 3aIPOTIOHO-
BAHO HOBY METOAMKY JJISl €KCIIEPUMEHTAIbHOTO
BUBYCHHS 11i€1 B3a€MOII.

Po6ora Buiimna B xypHam Physical Review
X 3 IF=14 1 take Bpa)XeHHs, 10 y Wil I’ ATHUPIYII
BiH HalOUTbIINHI, a B MUHYJiH TakuMm OyB [F=30
Bix Science.

— Ha ocHoBi BuBUEHHSI KiHETHKH (HOTO130MepH-
3alii IeSAKUX MOJIMEPHUX MarepiajiB MOKa3aHo,
110 TOTIMHAHHS HUMH TIOJIIPH30BaHOTO CBITIIA €
€KBIBaJICHTHUM ICHYBAHHIO JIESKOTO TIOTEHITiaNY,
KU BUKITUKAE TXHIO TiepeopienTaltito. Po3paxo-
BaHO MapaMeTpy TaKoro e(eKTUBHOIO MOTEHIIIATY
3aJIe’KHO B1/l ONTHYHUX 1 €TaCTUYHHX BJIACTUBOC-
Tel ToTIMEpIB.

PoGora Buiinuia B sxxypuani Physical Chemistry
Letters 3 IF=7.2.

IHcTUTYTI e1eKTPOHHOI i3k

— Ha ocHOBI mocaifkeHb CTaHIB XalbKore-
HiB (S, Se, Te), 30y/KeHUX €IEKTPOHAMHU KOHTP-
0JIbOBAHOT €HEPTii, BCTAHOBJICHO, IO MapH IHX
€JIEMEHTIB MICTSTh NIEPEBAXKHO KIACTEPH 3 KiJib-
KiCTIO aTOMIB BiJZl 2 /10 8, a aTOMapHa CKJIaJI0Ba HE
TIEPEBHIILY€ BIJICOTKIB. Briepiie BUMipsiHI CIEKTpH
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HOBHX KJIACTEpPiB, a TAKOXK BUSBJICHO JIBO3APSI/I-
Hi ioau S*, Se™" 1 Te™, nus sskux po3paxoBaHi
nepepizu iIXHbOTO YTBOpPEeHHsS. BuBUeHHS Takux
1 CYMyTHIX SIBUIII, & TAKOXK 3HAHHS aTOMHUX KOH-
CTaHT Ma€ MPAKTUYHY IIHHICTb, aJKE XaIIbKOTEHU
MpUIMAaIOTh y4acTh y 0ararbox XiMiyHuX i1 010-
JIOTIYHUX TPOIecax.

Po6ora Buitina B European Physical Journal
D3 1F=1.3.

— JloBeneHo, 1110 siiepHa MaTepist IEMOHCTpPYE
BJIACTUBOCTI, XapaKTepHI1 JUJIs TBEPAUX TUI. 30-
Kpema, BCTaHOBJIEHO, 1110 MIPU MOJI1JII aTOMHUX
ST MPOSIBISIOTHCS aHOMAITi1 TEPMOAMHAMIYHUX
rapaMeTpiB SAEp-IPOAYKTIB, OB’ s3aH1 31 3MIHOIO
cuMeTpii cucteMu HYKIOHIB. Po3paxyHku Oyno
MPOBEJCHO Ha MpUKIai i30Tomy U, B paMkax
KOJIbOPOBOI CTATUCTHKU SJIEPHOT MaTepii, 3arpo-
MOHOBAHOI [ TOCHIKEHHS YIOPSIKYBaHHS
ynaMkiB noziny. [TokazaHo, o iXHs mUTOMa Te-
IJIOEMHICTh IIPU «HArpiBaHHI» BUXIIHOTO s/pa
MIPOSIBIISIE MIKOMOAIOHY 3aIeXKHICTh MPU TeMIIEpa-
Typax 1-2 MeB, 110 Haragye moBeaiHKY T€PMOIU-
HaMIYHUX IapaMeTpiB y TBEPAOMY TiIi B 00JaCTi
(azoBux nepexonis II-ro poay, BUKIMKaHUX 3Mi-
HOIO MEBHOT cuMeTpii. | skio y saepHiit marepii
SIBUIIIA TUITY TiepexoiB [-ro pomxy criocrepiranmcs,
TO Ha3BaHUU pe3yJbTaT € Hapasi Mepea0aYeHHSIM.

Po6ora Buiinina B xxypHam Physical Review
C3IF=2.

Ha npomy nepenik kpamux QpyHIaMeHTaIbHUX
pe3yNbTaTiB HAIlIMX YCTAHOB 32 OCTaHHI POKH 3a-
BepmeHo. He Oymy iX KOMEHTYBaTH, ajie He MOXY
HE BIAMITUTH TXHIH JOBOJI BUCOKHUH SKICHUU pi-
BEHb 1 pI3HOMAHITHICTb ’KyPHAJIB, JI¢ BOHH OIPH-
JIFOJTHEH], IPUYOMY NPUOIU3HO TPETHHA 3 MIEPILO-
T0, HaHO1IBIIT ABTOPUTETHOTO, KBAPTIJIIO, IO HE
MOXe He TimmTu. Ham, cipaBi, € 94uM MUImaTucs,
1 11ed GakT € He TUIbKHM NMPUEMHHM, a U, TaJao,
BaYKJIUBUM.

3YNHUHIOCH KOPOTKO HAa HPUKAAOHUX O0C/i-
0JHCEHHAX, K1 TAKOXK JIOCUTH YCIIIIHO BEIYTh-
Csl B yCTAHOBAX BIJJIUJIEHHS 1 HU3KA PE3yJbTaTiB
SKHX 3HAMIIUIa CBOE BTUICHHS Y KOHKPETHHX 3a-
cTocyBaHHsX 1 BUpoOax. [Ipu ipoMy aeski 3 HUX
JIEMOHCTPYIO PUCYHKAMHU.

Tak, B I® po3pobieHo, 3amaTeHTOBAHO 1 BIPO-
Ba/DKEHO Yy BUPOOHUIITBO TEXHOJOTIK0 BUTOTOB-
JICHHS METaJI-BOJI0-TIOJIIMEPHOTO KOMITO3UTY, SIKHI

10

3HUIIYE OakTepii Ta aesKi rpuOku, 0e3 IKOIu
JOAICBKOMY opraHizmy (puc. 1).

Puc. 1. Ilpukaanu regenogiOHuX i piAMHHMX
AHTHCENTHUKIB IIMPOKOI0 CHEKTPY il

B I®H po3polbiieHo TeXHOJOTII0 i CTBOPEHO
IUISTHKY 111 BUpoOHUNTBa (portompuitmauip 4
niama3oHy, Ha sIKil 17 KuiBckkoro KazeHHoro
HiMPUEMCTBA « ApCEHA» BUTOTOBIICHO JIOCIITHY
MapTIir0 MPUIIAIIB, IO OOIIsIE CTBOPEHHS B YKpai-
Hi BJIJACHOTO BUPOOHUIITBA TOJIOBOK [/l HABEJICH-
HS pakeT Pi3HUX THIIIB 1 TPU3HAYEHb (pHC 2).

Puc. 2. 3actocyBanns I ¢oronpuiimauis B pizHuX
BHPOOAX i cuTyamiax

B IM® po3pobiieHo 3arajibHy KOHIIEHIIIIO Ta
TEXHOJIOTIYHUH MIJXiJ 10 CTBOPEHHS 3 TUTAHO-
BHX CIUIABIB 0araromapoBUX CTPYKTYP 3 METOIO
iXHHOTO BUKOPUCTAHHS SIK €IEMEHTIB OPOHBOBOTO
3axucTy. EkcriepuMeHTanbHUMU JOCTIIKEHHAMU
JIOBEJICHO CYTTEBY IEepeBary HOBUX MaTepiaiiB
nepes TUMU, 110 JOTeNnep BUKOPUCTOBYBAINCS Y
BO€HHI TexHiIi (puc. 3). CyTTeBo, 10 pe3yabra-
TH OTpuUMaHo B paMkax nporpamu «HATO 3apanu
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MHUPY» Y CHIBpPOOITHULTBI 3 aMEpUKAHCHKIUMHU
KOJIETaMH, K1 Hapasi 3aiMar0ThCsl 3asBKOIO 00
MIaTeHTY.

MpokaTaHa NNMTa TOBLKWHOW Yy 22 Neo

3 LWapoEa NNACTHHE TOBLWWHOK
@ MM 3 cnagy J)-6AI-4V y 22 mm 3i cinaey Ti-6A-4V
4 (noeepxHeEi Wwap amiuHenui TiB)

“NIPOHUKHEHHR Ha 18,6 MM

HAaCKpi3He NPOHKKHEHHA

Tpulwaposa NNACTHHA TOBLMHOK
y 22 w4 3i cnnaey Jj-6Al-4V
(noeepxuxesi wapn smiuHesi TiC)
(e)

POHWUKHEHHA Ha 17,8 MM

Puc. 3. [lopiBHsAHHS pe3y/IbTaTiB 0aJiCTHYHUX BH-
npodyBaHb IUIACTHH TUTAHOBOTO ciiiaBy BT6 (a)
Ta TUTaHOBOIO criiaBy BT6 3 meTasomarpnunnmu
komno3utamiu (0) i (B); BunpoOyBaHHsi OpoHediiiHo-
3anajJloBaJbLHIMH Kyaamu b-32 kamiopy
7,62%54 MM 3 KiHEeTHYHOIO €HepPTi€clo
y 3500-3800 I:x

Ho peui, pesynbrat BuiioB y Journal of
Material Processing Technology 3 1F=4.2.

B I'AO cTBOpeHO Ha3eMHUI KOMIUIEKC ONTHY-
HO-IIU(POBOI pO3BiAKH (pHC. 4), TPU3HAYCHUI
JUTS BUSIBIICHHS HA BEJIMKHUX BiJACTaHSIX HEPYXO-
MHX 1 pyXOMUX 00’€KTiB Ta BU3HAYEHHS IXHIX
napametpiB. Pimmennsm BoeHHo-HaykoBOi pagu
3CY mpwiaa peKOMEHI0BAHO JiJisi BUPOOHHIITBA
Ha TOMY X MIANPUEMCTBI « ApceHam.

Puc. 4. ABTOMaTH30BaHUH Ha3eMHHH KOMILJIEKC
AAJBbHBOI ONTHYHO-IM(PPOBOI PO3BiAKHU

Jou®TI 3amycTuB MijOTHY JiHIIO 3 BAPOOHU-
UTBA CepTU(IKOBAHUX HAHOMOPOIIKOBUX OKCH]I-
HUX CHUCTEM, SIKI MalOTh HIMPOKUNA CHEKTP 3aCTO-
CyBaHb — 3HE3apakeHHs MOBITPs, MOAU(IKALIis
KOHCTPYKIIHHUX MaTepiajiiB Tomo. Kpim toro,
po3p0o0IeHO aBTOMAaTH30BaHy CHUCTEMY OLIIHKHU
TepMOrpaM MOJOYHHUX 3ano03 (puc. 5). Lle gomo-
BHEHHS JI0 paHillle CTBOPEHOro ToMorpadga 3Ha-
YHO TOJIETIYE 1 TPUCKOPIOE TECTYBAHHS BEITUKOT
KUTBKOCTI MAaLli€HTIB.

Puc. 5. Tepmorpad ajs MacoBOoro oocTeKeHHs
JKIHOK

Y OTIHT BUSABIEHO HEMOHOTOHHY TEMIIE-
paTypHY 3aJeXHICTh TEIJIOBOTO PO3IIHPEHHS
KPEMHIH-OKCUIHOTO TeJIt0, IKUH BUKOPUCTOBY-
€ThCS JIJI TETUI0130JIA111T KOCMIYHHMX arnaparis.
3’s1COBaHO MPHUPOJTY LIOTO SBUILIA, SIKE MOXKE TIPU-
3BOAMUTH JI0 PyHHYBaHHS TEIJIO3aXUCTY, 1 chop-
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B. M. JlokTes

MYJIBOBaHO MPOIMO3UIIIi MOAO CTBOPEHHS O1NIbII
HaJIAHUAX TETUIO3aXUCHUX CYMIIIICH.

VY PAI po3po06iieHO 1 BUTOTOBJIEHO Pajioio-
KaTop 3 HUPPOBOIO OOPOOKOIO CHTHATIB ISl BU-
SIBJICHHS 1 Kacuikaiii MaIopo3MIpHUX 00’ €KTIB
Ha 3eMHill 1 MOPCBKiii TOBEPXHSX, IKHH OTPUMaB
peKOMEHAIliI0 Il BUKOPUCTAHHS B IHTEepecax
MO VYkpainu (puc. 6).

Leit xe 1HCTUTYT 3a0e3meunB GyHKIIIOHYBaHHS
postamoBaHoro Ha octpoBi Cansbapa (Hop-
BETisl) BUCOKO- 1 HAaJIHU3bKOYACTOTHOIO 00JaI-
HaHHS, /1aH1 HEMEPEPBHUX CIOCTEPEHKEHD SIKOTO

BUBOJISAITHCS HA BIAKPUTUH CalT iHCTUTYTY. [Ipn
1[bOMY I'PO30Ba aKTUBHICTb, 3MIHAa TEMIIEpaTyp,
MOBEIHKAa 10HOC(hEpH TOIIO CTBOPEHUM Oara-
TOTO3ULIHHUM 1HTEpPepoMeTpoM AHTAPKTUAA-
VYkpaiHa-ApKTHKa KOHTPOIIOETHCS Y 36MHOMY
Macmitabi (puc. 7).

[Tepenik MOXKHa TIPOAOBKYBATH, ajie 3a OpakoM
yacy 3rajJjalo JIMIie OJHE — BXXE BIPOBAHKCHY
iH(opMalliifiHy TEXHOJOTII0 KOJIOPOBOTO JAPYKY,
Ky po3pobneno B IOKC. Bona BuxoauTh 3 IpuH-
IIMIIOBO HOBOTO MIIXOY A0 CHHTE3Y KOJbOPIB Ha
B1IOUTKY, J€ KO)KHA TOYKa 300paKeHHS JIPYKY-

Puc. 6. IlonsoBuii pagionokarop (31iBa) i BUIVIAA CIIOCTEPEKYBAHOI0 00’ €KTA Ta HOTo
XapaKTepHCTHK Ha eKpaHi (cipasa)

Noxauia HEANOTYHHAL BABCHEEOH

rparoes ' ui

m E

aa | \__JLII " |-l._ . . ‘ ; ul'__ .'I' N ,a-| ll.Jl["-

Arty dam comecied L

Adpuka  —h—=

TIOpIBHAFSA BSETEOEAN DT HEN
crocrepEmens o SdEHgi 3 armEricns
rpal Dl gNesiaH0 &0 CPHOCTEPEHYBANGE

TEmEHBHEET NEpLISS Megy L ysamns

00 memocramyin Fedeal Cemate
ex Global Surfzce Summary of Day

47\ k~o0.88

A

] I

AnTapkTwka (2002-2018),
Apxtwea (2013-2018),
Yupaiva (2009-2014)

Puc. 7. IlnaHeTapHa 1iarHOCTHKA TeMIepPaTypu Ta TPO30Boi i reOMarHiTHOI AKTUBHOCTI
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€THCS JINIIE TPHOMA KOJTBOPAMH, OJIUH 3 SKUX €
4OpHUM. SIK MIATBEPPKEHO y peallbHUX YMOBAX,
TaKui JpyK €KOHOMUTH NOoHaA 50% KOIbOpOBUX
(bap0, 110 CYTTEBO 3ACUIEBIIOE BUPOOHHIITBO MPHU
30epeKeHH] 1oro BUCOKO1 SKOCTI (puc. 8).

Jlo npukiagHoi pobotu BignineHHs MoxXy Ta-
KO BITHECTH BIIUYTHY 1 pe3yJlbTaTUBHY po0OO-
Ty HOro yCTaHOB 31 30UIBLIEHHS Y MOTYKHOCTI 1
PO3MIKUPEHHS 00JacTeli 3aCTOCYBaHb BITYU3HIHOI
TPIA-CTPYKTYPH, KOO B aKaJieMii Kepye Bile-mpe-
3UICHT 1 WIeH Hamoro BigauieHnds A.l. 3aropo-
JHIN. 3apa3 Ipii-KiIacTepu MpaooTh MPAKTHYHO
B yCiX HaIllUX YCTaHOBaX, HUMHU KOPUCTYIOThCS
i 1HII 0cOOM — K IOpUANYHI, TakK 1 Ppi3uyHi. B
SIKOCTI MPHUKJIAY ii YCHIITHOTO BUKOPUCTAHHS Ha-
Bey xoua 0 00poOKy JaHUX, 1110 MOCTIHHO OTpHU-
MYIOThCSl Ha BennkoMmy anpoHHOMY Konaiaepi,
110 JTO3BOJIMJIO HAIIMM HAYKOBLISIM 3aiHATH CBOIO
HIITY cepesl BeIMUE3HO1 KITBKOCTI Oaxarouux J10-
Jy4uTHCs 110 Horo pobotu. Hapasi Takox po3mno-
qayiacs po0oTa Mo CTBOPEHHIO 1 3aIPOBAKCHHIO

Hoesa mexnonozis [CaS-ColorPrint

RIS

CaS-oiaepama xonvopie  baszosi eekmopu papo

OLTBII Cy4acHOT XMAapHOi TEXHOJIOTI].

[Ipo Mi>xkHapoaHE CMIBPOOITHUIITBO, Taaalo,
OKpEMO TOBOPUTH HE Tpeba — HOoTo MpHUKIaIu
Ha3MBAJIMCA Cepe/l HAyKOBUX pe3ysbTariB. SK i
Mae OyTH, BOHO MICTHUTD SIK CIIUTBbHI JOCIIIKEHHS
1 myOmikarii, To0To QyHIaMEHTaIbHY CKJIAOBY,
TaK 1 MPHUKJIATHY — pO3pOOKH a00 KOHCTPYKIIIM-
HUX 1 QyHKIIOHAJBHUX MaTepialiB 3 Hamepes
3aJJaHUMH BJIACTUBOCTIMM, a00 TECXHOJIOTIH, SIKi
TOTOBI /I BUKOPUCTAHHS B YMOBax peaabHOTO
BUPOOHMIITRA.

3akJ0yHa YacTHHA JOMOBI/l 3a3BUYail pH-
CBSIUYETHCS TIEPCIICKTUBAM PO3BUTKY HAIIOTO BijI-
TJIEHHS Ta HayK, SKMMH OIMIKYIOThCS HOTO ycTa-
HOBHU. | X04a poOUTH MPOrHO3U HABITH Y CIIOKIN-
Hi YacH € CIPaBOI0 HEBISYHOIO, TEIEpP, KOIH MU
«B3STW TAy3y, BUKIUKAHY KOPOHABIPYCHUM Ka-
PAHTHUHOM, III0 OXOITMB BECh CBIT, BOHA OCOOJIMBO
HEHaJiiiHa, a, MOXKe, i B3arajai HeMOXK/IuBa. AJle,
SK HE IMBHO, cCaMa eTliJIeMisl BUSIBUIIACh Y YOMYCh
KOPHUCHOIO, SIKIIO MOAWBUTHUCH Ha 1i HACIIJIKHU

IH-rllon i 5
p - . el
- T

ey Faga B

¥ | I:
ko Paga |

. e
Crw wMagein

Hagerin + Tl ]

e I
e =
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Tpaouyitina mexnonoeis

Puc. 8. IlopiBHAHHA KOJIHLOPOBOI0 APYKY 32 HOBOIO TA CTAPOI0 TEXHOJIOTisIMHI
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B. M. JlokTes

HeynepekeHo. BueHi, ToOTO Mu, HECTIOiBaHO
cTanu Maibke kymupamu i 3ipkamu 3MI, 60, sK,
HapemiTi, yCBIIOMUJIO CYCIJIBCTBO, BOHU €IMHI,
XTO MOYKE MOT0 BPATYBAaTH BiJl CMEPTENIBHOI 3arpo-
3u. [HIIOI0 MOBOTO, MicCI AOBTOTO ITHOPYBaHHS
HayKu 1 IMOOKOro 3a0yTTs HAIIOrO 1CHYBaHHS
Hac 3rajiajiy, 3aBIsKH YOMYy MU BiIUyJIHd CBOIO
MOTPiOHICTB, SIKA cama 1o o0l JOPOTOro KOIITYE.

binbiie Toro, 3’sacyBanocs, 1o moch NoaiI0He
BiOyIOCs HE TUIBKH y Hac, a il y Benukux CIILA,
ne ixHid npesuneHt 1. Tpami micis KibKoX 1o-
CTIUTh 3MEHIIIEHb HAyKOBOTO OOIKETY 3rajaB Ipo
CBOIX BUCHHUX 1 MOMPOCUB iX 3pOOUTH TOCIYTY,
MIPUILIBUIIIUBILIN PO3POOKY BaKIIMHU MPOTH HOBOI
BipycHOi xBopoOu. Ha 11e MuTTeBO BipearyBaB
Jlxepemi bepr (Jeremy Berg) — ronoBHuii penak-
TOP OTHOTO 3 HAMMPECTHKHIIIUX Y CBITI HAYKOBHX
KYypHaIB «Sciencey». 30Kpema, BiH 3a8BUB, 1110
MPE3UACHT HE MA€E MpaBa CIOYaTKy 0OpakaTh Ha-
YKY, HeI0()iHAaHCOBYIOYH 11, OCKIJILKM BOHA HOMY
YUMOCEH HE IT000a€ThCs, a IMOTIM YO0roch Bij Hel
BHMAaraty, HaBiTh CTBOPEHHSI KOHUE HEOOX1THHUX
nikiB. HanmpukiHIl ¢BOTO JTUCTA, 3BEPTAIOYHUCH 10
anpecara, J1. bepr nuie, 1o caM npe3uaeHT Mae
3pOOUTH TIOCITYTY BUCHUM: TIOYATH CTABUTHUCH JI0
HayKH Ta 1l MPUHIIMITIB 3 MTOBAro0 1 JIUIIE MOTIM
BHCJIOBJIIOBATH CBO1 Oa)KaHHSI.

Ha »xanp, 1 Hac Take aOCOIIOTHO BUIBHE 1
He3aJie)kHe BUCJIOBIIOBAHHS JyMOK BHCOKOMY
HavyaJIbCTBY HenpuTamanue. [Ipuyuun Gararo 1 He
B HUX Hapasi crpaBa. Habararo cknajanime came
Tenep, KOJIM MU 3HAXOAUMOCS Y BUMYIIEHIH caMo-
13071511011 1 MA€EMO Yac Ha NMEBHUHN NEPENOYNHOK,
MU MYCHUMO 3pO3yMITH, 1[0 TaK 3BaHE CTape KHUT-
TS 3aKIHYMIIOCS 1 BiTii/Ie pa3oM 3 MaHASMiHHOIO

UDC: 53, 52

KaTtacTpodoro, M0 HAC YEKAIOTh SIK O4iKyBaH1
(mampukian, iM’ s HacTymmHOTO Tipe3uaenTa HAH
VYkpainm), Tak 1 HeouikyBaH1 3MiHU. [IporHo3ysa-
TH He Oymy, Ta i He B 3MO031, aje, rajaro, o Ha-
CTyTIa€e 3pY4YHHI yac i 3amo4yaTKyBaHHS HOBUX
¢dbopm Hamoro OyTTsa (HampukiIazd, 301IbIICHHS
00csTiB QUCTAHIIWHUX POOOTH, HABYAHHSI, ITO-
CIIYT, CTIJIKYBaHHS TOIIO), HE BUKIIOUYEHO, IIEpe-
¢dbopMaTyBaHHS BCl€l HAYyKOBO-OCBITHBOI cdepH,
sIKa Ma€ CTaTu OUIBII B3a€EMO3B’SI3aHOIO 1 TapMO-
HIYHOIO, BHECCHHS 3MiH B JISTIBHICTD 1 CTPYKTYPY
caMoI akajeMii, 1110 TOBUHHA 3HAWTHU LUISIXH IS
CaMOBJJOCKOHAJICHHSI 1 KPalIoro MPUCTOCYBAaHHS
JI0 peatiii CborofieHHs. A JUIs Hac, MalyTh, TOJI0-
BHE — 11€, HapeIlITi, JOBECTH BUILIOMY KEPIBHULITBY
JiepKaBH, 110 MMOKH Y HBOTO, a 32 HUM 1 CYCIIIb-
CTBa HE BUHUKHE JIOBipa /10 BYCHHX 1 MOBara Jio
iXHBOT Ipall, MOKU He OyAyTh CTBOpPEHI He3a-
JICKHI1 KOHCYJIBTaTUBHI OpraHu, 10 KepyIOThCs
He OropokparaMu, a npodecioHagaMu BiJl HAYKH
3 IIPaBOM BIJIKpUTO J1aBaTH peKOMEHAALIl ypsy,
K1 € 000B’I3KOBHUMH 10 BUKOHAHHS, PO3B’I3aHHS
npoOsieM, 0 BUHUKAIOTh MEPeJl CYCMiIbCTBOM,
3aJIUIINTHCS TAKUM, 5K 1 TEIep — XaOTUYHUM 1
HeeeKTUBHUM. OTXKe, IOKOMOTHBOM IIPOTpecy i
TapaHTIE0 3HAXO/KCHHSI TPaBUIIBHKUX BiAIOBI Ik
Ha BUKJIMKU MOXe OyTH 1 € juiie Hayka. | He B
OCTaHHE, BU3SHAHHSA L[bOTO 11 IPU3HAYECHHS 3aJIe-
XKHTb came Bif Hac. [1]o cTocyeThes mpaili KOKHOT
TBOPYOT 0COOUCTOCTI, TO PaKy MEPEUHATHUCS BU-
HECEHHM B emirpad BUCIOBOM — BiH, SIK Ha MEHE,
CTUMYIIIOE 1 HaJIXaE.

Crarts magiinuia qo pegakmii 07.05.2020 p.

DOI: https://doi.org/10.18524/1815-7459.2020.2.205820

THE MAIN RESULTS OF RESEARCH IN PHYSICS IN UKRAINE FOR 2015 - 2019

V. M. Loktev

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

Summary
The article, based on the analysis of scientific activity of the institutes of the Department of
Physics and Astronomy of the Ukraine National Academy of Sciences, presents the most important
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scientific results of fundamental and applied research in various scientific fields of physics and as-
tronomy a significant part of which is in demand by the world scientific community.

The received fundamental researches are estimated in respect to the world science level and the
positive aspect of international cooperation with the developed countries leading scientific centers is
noted.

Important are the results of the applied researches, which may have a dual purpose, which is
extremely important today. The use of the grid structure developed by Ukrainian scientists at the Large
Hadron Collider and the development of the modern cloud technology is also successful in this aspect.

In the organizational terms, it should be noted the development of a new modern programs in
physics and astronomy for secondary school as a separate subjects, which is introducing by the Min-
istry of Education and Science of Ukraine into the educational process.

Keywords: National Academy of Sciences of Ukraine, science, physics, achievements, problems

YIK: 53, 52
DOI: https://doi.org/10.18524/1815-7459.2020.2.205820

OCHOBHI PE3YJIBTATH JOCJIUKEHD B TAJTY3I ®I3UKH B YKPATHI
3A 2015 — 2019 pp.

B. M. Jlokxmes

Binninenns ¢izuku ta actponomii HarionaneHoi akanemii Hayk YkpaiHu
e-mail: vfa@nas.gov.ua

Pedepar

VY cTaTTi Ha OCHOBI aHaNI3y HAYKOBOI AISUIBHOCTI IHCTUTYTIB BinaineHHs Gpi3uku 1 acTpoHOMIi
HamionaneHoi akagemii Hayk YKpaiHW NpeacTaBiIeH] HalOLIbII BaroMi HAyKOB1 pe3yinbTatu PpyHaa-
MEHTaJIbHUX 1 MPUKJIAJHUX JOCIIKEHb B PI3HUX HAyKOBUX HampsMax (i3UKH 1 acCTPOHOMIi, 3HaUHa
YyacTHHA SIKUX 3aTpe0yBaHa CBITOBOIO HAyKOBOIO CI1JIBHOTOIO.

JlaeThest OLlIHKA OTpUMaHUM (PyHIAaMEHTAIBHUM JOCIIIDKEHHSIM 3 TIO3UIllT PIBHS CBITOBOI Ha-
YKU 1 B1JI3HAYA€THCS IO3UTUBHUN aCMEKT MIKHAPOIHOTO CIIBPOOITHUIITBA 3 IPOBITHUMH HAyKOBUMHU
LEHTPAMH PO3BUHEHHUX KpaiH.

BaxxnuBumu € pe3ynbTaTy NpUKIaJAHUX JOCTIIKEHb, 10 MOKYTh MaTH MOJBIHE MPU3HAYECHHS,
10 € HaJ3BUYalHO BaXKJIMBUM B JIaHUH yac. YCHIIIHUM € TaKOXX B IbOMY aCIIEKTI BUKOPUCTAHHSI PO3-
BUHEHOI YKpalHChKMMHU BYEHUMHM TPIA-CTPYKTYypU Ha Bennkomy afpoHHOMY Kojaizepi 1 po3poOku
Cy4acHOI XMapHOi TEXHOJIOT1].

B opranizaniitHoMy 1j1aHi CJ1iJi BII3BHAYUTHA OCOOJIMBO BAXKJIMBY PO3POOKY akaaeMikamu 3a
y4dacTi yuuTediB (pi3UKHM HOBUX Cy4acHHX Iporpam 3 (i3UKHU 1 aCTPOHOMIT Ui CEpeHbOI IIKOIH SIK
OKPEMHUX MPEAMETIB, 110 BIPOBAKEHO MIHICTEpCTBOM OCBITH 1 HAyKH YKpaiHHU B OCBITHIN ITpoLEeC.

Kuouogi cjioBa: HarionansHa akaieMis Hayk YKpaiHu, Hayka, (hi3HKa, JOCSITHEHHS, IPOOIeMHU
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PI3UKA HAHOTPAH3UCTOPIB: PO3CISAHHA EJIEKTPOHIB I MOJAEJIb
INPOXO/’KEHHSA MOSFET

FO. O. Kpyanax| M. B. Cmpixa*

Opnechkuii 1ep>kaBHUM €KOJIOTIYHUHN YHIBEPCUTET,
(baxyinbTeT KOMII FOTEPHUX HayK,
ByJ1. JIbBiBCBHKa, 15, Oneca, Ykpaina
* KuiBchkuil HarlioHaapbHUN yHiBepceuTeT iM. Tapaca IlleBuenka,
(dakynpTeT paniodi3uku, eTEKTPOHIKH 1 KOMIT IOTEPHUX CUCTEM,
np. ['mymikoBa, 4r, Kuis, Ykpaina, ten. (044) 526 0532;
IHctuTyT Qizuku HamiBnpoBigHUKIB iM. B. €. JlamkaproBa HAH VYkpainu,
np. Hayku, 41, Kuis, Ykpaina, ten. (044) 525 6033,
E-mail: maksym_strikha@hotmail.com

PI3UKA HAHOTPAH3UCTOPIB: PO3CIAHHA EJIEKTPOHIB I MOJAEJIb
MNPOXOI’KEHHSA MOSFET

FO. O. Kpyenax| M. B. Cmpixa

AHoraitisi. Y choMiii 13 HOBOI cepii METOIUYHO-OTIISIOBUX CTATeH, OPIEHTOBAHKUX Ha JTOCIIITHU-
KiB, CTYJICHTIB, acIlipaHTIB Ta BUKJIa/Ia4iB BHINOI IITKOJIW, MU JIOKJIATHO PO3TIISIHYJIH SIKICHY KapTUHY
SIBUIL PO3CISIHHA €JIEKTPOHIB Y KaHaJl MPOBIIHOCTI HAaHOTpaH3uCTOPiB. [IpH 1IbOMY PO3IIsAL KITHO-
YOBUM € MOHATTS KoedimieHTy npoxomkenns 1 (E), skuil 3aMucy€eThCs Yepe3 CePeIHI0 TOBKUHY
BIJILHOTO MpOOIry 1moao poscisaus Haszan A(E) i qoBxuHY KaHairy mpoBigHOCTi L . Y3araibHeHa
Teopis eNeKTPOHHOTO TpaHcnopty Jlannayepa — Jlarra — Jlynactpoma no3Bosnniia noOyryBaTi MOJIENb
npoxokeHHs MOSFET 3 ypaxyBaHHSIM pO3CiSIHHS €JIEKTPOHIB.

KurouoBi ciioBa: HaHOENEKTpOHiKa, moboBui Tpanzuctop, MOSFET, monens JIJIJI, meTpuka
TPAH3UCTOPIB, PO3CIIOBAHHS EJIEKTPOHIB, MOJIENb IPOXOIKECHHS

PHYSICS OF NANOTRANSISTORS: ELECTRON SCATTERING AND MOSFET
TRANSMISSION MODEL

\Yu. A. Kruglyakl, M. V. Strikha

Abstract. In the seventh one from the line our new tutorial reviews, directed to serve students,
university teachers and researchers, a qualitative picture of electron scattering phenomena in the
conduction channel of nanotransistors was considered in detail. The concept of the transmission coef-
ficient T(E) expressed through the mean free path A(E) and the conduction channel length L is a
key one in our examination. Later the generalized Landauer — Datta — Lundstrom transport theory
made it possible to construct a model for the transmission of a MOSFET with allowance for the scat-
tering of electrons.

©|10. O. Kpyrnsak| M. B. Ctpixa, 2020
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Keywords: nanoelectronics, field effect transistor, MOSFET, LDL model, transistor metrics,

electron scattering, transmission model

OU3NKA HAHOTPAH3UCTOPOB: PACCESAHUE 2JIEKTPOHOB 1 MO/IEJIb
IMPOXOXKXIAEHUA MOSFET

FO. O. Kpyenax| M. B. Cmpuxa

AHHoTanus. B cenpMoli 13 HOBOW CEpUM HAIIIMX METOAMYECKUX 0O030PHBIX CTaTel, OpPUESHTHPO-
BaHHBIX Ha CTYAECHTOB, aCIIUPAHTOB, MpenoaBareseil BbICHIEH HIKOIbI U UCCIe1oBaTeNei, moIpooHO
paccMOTpeHa KaueCTBEHHAas KapTHHA SIBIICHUN pacCestHUs AJIEKTPOHOB B KaHajle MPOBOAMMOCTH Ha-
HOTPaH3UCTOPOB. B HEll KITIOUEBBIM MPH PACCMOTPEHHH SIBIISICTCS TOHATHE O KO3(D(DUIIMEHTE TIPOXOXK-
neans 1T'(E), BBIpaKCHHOM Yepe3 CPEIHION [UTMHY CBOOOIHOTO MpoOera OTHOCUTEIILHO PaCCEsTHUS
Hazan A(E) u niuHy kaHajga mpoBoauMocTh L . 3aTteM 0000IeHHas Teopust TpaHcrnopTa JlaHmayspa
— Jlarta — Jlynactpoma no3sosuia noctpouTsh Mozeis npoxoxaeHuss MOSFET ¢ yuerom paccestHust

3JIEKTPOHOB.

KuoueBble c10Ba: HaHOZJIEKTPOHMKA, NosieBoi Tpanzuctop, MOSFET, monens JI/IJI, metpuka
TPAH3UCTOPOB, PACCESIHHE FIEKTPOHOB, MOJIEIb MTPOXOXKICHUS

1. Beryn

OCHOBHMM MPUCTPOEM CyHaCHOI €JIEKTPOHIKH
3aJIMIIAETHCS MOJIBOBUN TPAH3UCTOP MeTal-Ii-
€JIEKTPUK-HAMIBIPOBIIHUK 3 130JIb0BAHUM 3aTBO-
pom MOSFET, a Tomy po3yMiHHs 6a30BUX ITPUH-
IUITB HOro poOOTH HAJICKUTH O 00OB’SI3KOBHX
KOMITETEHI[ill KOXKHOTO Cy4acHOTO HAYKOBIIsS, BU-
KJIaJa4ya 9u IHKeHepa, TPUUETHOTO JI0 1i€T cdepu.
Teopiro po6otn MOSFET 6yno mobynoBaHo 11e B
60-T1 pOKM MUHYJIOTO CTONITTS. BinTomi BoHa 3a-
3Hajia CyTTEBOTO PO3BHUTKY; MPOTE€ B OCHOBHOMY
TTIIX1T 1O MOJIETTFOBAHHS TPAH3UCTOPIB 3aJTHIINB-
csl Tol camuid, o i 50 pokiB TOMY.

VY mepmriii 3 HOBO1 cepii HAITUX METOIUYHUX
OTJISIIOBUX CTaTeH, MO0 APYKYIOTHCS B KypHaIi
«CeHcoOpHa eJNIeKTPOHIKA 1 MIKPOCUCTEMHI TeX-
HoJioriiy mounHaroun 3 Ned, 2018, mu ganu 3a-
ranpHui onuc Tpansucropa MOSFET, mo € 6a-
30BUM MPUCTPOEM CYHacHOI eneKTpoHiku. Harry
HACTyIIHY CTaTTIO OyJIO NPHUCBSYEHO BUKJIAIOBI
kiacuuHoi Teopii MOSFET. ¥V momanbmumx aBox
CTaTTAX PO3IISIHYTO (Bi3UKY MPOLIECIB y HAIIBIPO-
BinHukoBomy kaHaini MOSFET Ta 2D enexrpo-
cratuky MOS # 3ymMOBIIeHI HEetO €eKTH.

VY nopanpmiit y uepsi crarti [1] mu po3rs-
HYJIM y3arajibHEHY MOJEIb €JIeKTPOHHOTO TPaH-
cnopty Jlangayepa — Jlarra — Jlyaactpoma (JIJIJT)
CTOCOBHO /10 2D KaHaJiB MPOBITHOCTI MOJIBOBUX

tpanzuctopiB MOSFET, a micis Toro, mpoaoBxky-
I09M BHUKJIAJl (QI3MYHUX MPUHIUIIIB MOJIETIOBAH-
HSl HAHOTPAH3UCTOPIB, MU 3aITPOBA/INIIH MTOHATTS
po OaICTUYHY IMIBUAKICTH BIIOPCKYBaHHS 1 pO3-
DJISIHYNU 11 0COOIMBOCTI, 10 HAJIAM1 JO3BOJIUIO
00’ennaru O6anictuuny moaesnb MOSFET 3 mo-
JIEJUTIO BIPTYaJIbHOTO BUTOKY.

[Tpu o6uMcIeHH] XapaKTepUCTUK 0amiCTHUHUX
MOSFET mu nounnanu 3 Bupasy (57) podoru [1],
Jie BBa)KaJIH, 110 Koedirient npoxomkenns 1 (E)
JOpiBHIOE ouHUII. PO3CitOBaHHS €JIEKTPOHIB Ha
3apsKEHUX JOMIIIKaX, KOJIMBaHHAX I'paTku ((o-
HOHAaX) TOIIO 3MEHIIYIOTh MPOXO/KEeHHS. [l
OOUHMCIIEHHSI XapaKTEPUCTUK TPAH3UCTOPIB 3 ypa-
XyBaHHSM PO3CISTHHS CIIPaBEUIMBUIN BHpa3

log ==L [ TEME) S, (E)= £, (E)dE (1)

TpaexTopito enexTpoHa Ipu 0aniCTUIHOMY
MEPEHECEHHI CXeMaTUYHO 300pakeHo Ha puc. 1 B
MOPIBHSHHI 3 KBa3i-0aliCTUYHUM TICPEHECEHHSM,
1110 BKJIIOYa€ MHOKMHHI MPOLIECH PO3CIIOBAaHHS.

Ak 300paxkeHO Ha JIBOMY PUCYHKY 1, enex-
TPOHH BIIOPCKYIOTHCS BUTOKOM, Y SIKOMY BOHHU
3a3HAIOTh PO3CIIOBAaHHS, B KaHAJ MPOBIAHOCTI,
JIe TIPOIIECIB PO3CIFOBAHHS HEMAE, 1 BXOASTH /10
CTOKY, JIe PO3CIIOBaHHs 3 SIBISETHCS 3HOBY. Pi3-
HULA eEKTPOXIMIYHUX MOTEHI[IaNIiB HAa KIHIAX
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KaHaJy IPOBITHOCTI MPUCKOPIOE €NEKTPOHH, 1
HacaMKIHEIb BOHU IEPEJaloTh CBOIO KIHETUUHY
eneprito (KE Ha pucyHKy) cToky. Lle - Ganictuune
MIEPEHECEHHS.

E L<<A E L>>2

* — >

T X T X
Puc. 1. bBajgictnune (;1iBopy4) Ta kBa3i-0amicTuy-
He (MpaBoOpyY) NMepeHeceHHA eJeKTpoHa. B 000x
BHNAJKAX 300pakeH0 TPAEKTOPIl eJIeKTpPOHa, iH-
’KeKTOBAHOTO BUTOKOM 3 MeBHOI0 eHepricio £ .
Po3ciroBaHHs1 — cTOXacCTHYHHI mpoilec, TOK Tpa-
€KTOpis MPaBopy4 - OAHA 3 MHOKUHHM MOKJIHBHUX

TPAEKTOPIii

[IpaBopyu Ha puc. 1 yMOBHO 300pakeHO Tpa-
€KTOPIIO MIEPEHECEHH 32 HAsBHOCTI aKTiB PO3Ci-
1oBaHHS. Jlesiki akTH PO3CISIHHS MPYXKHIi: 3MIHIO-
€ThCSI HAIPSIM PYXYy, ajie He eHepris. [Hmn akTh
HENpYXKHi: 3MIHIOETbCA 1 Hanpsm, 1 eHepris. Ha-
MIPUKJIIAJI, eIEKTPOHNA MOXKYTh HaOyBaTH €HEpTito,
nornuHa4n (HOHOHU (KBAHTH €HEPrii KOJIMBAHb
rpatku), a00 K MOXKYTh MEepelaBaTH EHEePTit0 KO-
JMBaHHSIM TPaTKH, TeHepyIouu (HoHOHH. 30Kpema,
JUTS1 300payKeHOT TPaBOPYY TPAEKTOPIT CIEKTPOH,
1HKEKTOBAaHHI BUTOKOM, JI0CATA€ CTOKY; O/HAK,
PO3CIIOBaHHS 11€ CTOXaCTUYHUH MPOIIEC, 1 MOXKYTh
peaizyBaTuCs TPAEKTOPIi, KOTU 1HKEKTOBAaHUN
BUTOKOM €JIEKTPOH PO3CIIOETHCS Ha3al 1 MoBep-
TaeThbcs Ha BUTIK. KoeQilieHT mpoxXoKeHHs
BiJl BUTOKY JI0 CTOKY — II€ BITHOIIIEHHSI MTOTOKY
€JIEKTPOHIB, 1H)KEKTOBAHUX BUTOKOM, JIO MTOTOKY
€JIEKTPOHIB, [0 3aJHIIAIOTh KaHAJ MPOBIIHOCTI
4yepes CTIK, SKe 3 HEMUHYYICTIO MeHIIe Bif 1 de-
pe3 po3ciroBaHHS.

Jlanmi mu criepiny SIKiCHO pO3IJISTHEMO PO3Cito-
BaHHJ €JICKTPOHIB 1 3aIPOBAAUMO MOHSATTS Koedi-
LIEHTY TPOXO/KEHHSI, a IMOTIM MOOYTyeEMO MOJICITh
npoxomxkennss MOSFET.

2. Po3ciloBaHHA €JIEKTPOHIB i KoedimieHT
MPOXO/IKEeHHS

Hanopo3mipai MOSFET He € ani cyto 0a-
mictmuanmu (T(E)=1), ani cyro audysiiHumu
(T(E)<<1): BoHHM mpalfOOTh Y KBa3i-0amicTiy-
Homy pexumi 3 T(E)</~1. Hamre 3aBnanus
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— HABYUTHCS] BUKOPUCTOBYBaTH BUpas (1) y kBa-
31-0anicTUUHOMY pexkumi. JlokimaaHime 3 npo-
XO/IP)KEHHSIM 3a HasgsBHOCTI PO3CIIOBAHHS MOXHA
no3Hanomutucs B [2-5].
XapaxkmepucmuyHi yacu ti 008HCUHU

3py4dHUI MAX1A A1 PO3YMIHHS PO3CiFOBaHHS
JAIOTh XapaKTepUCTUYHI YacH, TakKl, sIK CepeaHin
yac MK 31TKHEHHSAMM 7 (oOepHEeHa BeJIM4HuHa
1/7 - MBUIKICTH PO3CISHHS - Ma€ (i3UUHUMA 3MiCT
IMOBIPHOCTI aKTy PO3CISIHHSI IPOTSATOM OJUHHIII
qacy). 3py4HO 3aIpOBaIUTH TAKOXK CEPEIIHIO J0-
BXHHY BiIbHOTO pobiry /A sk cepennio Bin-
CTaHb MK aKTaMU PO3CISTHHS (1/A ¢ HMOBIp-
HICTb PO3CISIHHS Ha OJMHMIIIO JIOBXUHHU). B 3a-
raJlbHOMY BUMNAJKY Ii XapaKTepUCTUYHI Yyacu i
JIOBKMHU 3aJieXkaTh BiJ eHeprii enekTpoHiB. Hac
LIKaBJSATh CEPENIH] YacH PO3CISHHS Ta CepeaHi
JIOBKUHU BUTIBHOTO MPOOITY, KOJIU YCEpEeTHCHHS
BiOyBa€eThCs 3a (PI3UUHO ICTOTHUM PO3IMOIIIOM
€Hepriil eNeKTPOHIB.

Tpu BakJIMB1 XapaKTepUCTUYHI YacH MPOLITO-
CTpOBaHi Ha puC. 2. PO3MIsIHEMO MOTIK eIEKTPOHIB
3 kBasiimmysbecoMm p(E) = p(E)X , iHKeKTOBaHHX
y MPOBIIHUK y MOMEHT yacy ¢ = 0. Baxarume-
MO, IO €Heprist eNeKTpoHiB £ Habararo Oijbna
Bij piBHOBaXkHOT eneprii 3k7/2 . Tlo 3aBepuieHHi
yacy 7(E) Hexail KOKHUU €JICKTPOH 3a3HA€ B
CepeaHbOMY X04ya O OIHOTO aKTy po3cisHHA. Be-
mnuuHa 7(E) € cepenniii yac po3cistHHs, a 00ep-
HeHna BenuuuHa 1/7(E) — cepemHs MBHUAKICTH
poscisHHs. [Ipu npoMy BBakaTuMeMo, L0 BCi
CTaHH, B SIKI PO3CIIOIOTHCS €JEKTPOHHU, BUIbHI I
€NIEKTPOHIB, MPUBHECEHUX 3 HIIUX CTaHIB, HEMAE.
Tounimre Bemunny 7(E) MOXXHA Ha3BaTh cepejl-
HIM 4acOM PO3CISIHHS €JICKTPOHIB HA30BHI (out-
scattering time), OCKUIBKH, PO3CISBIINCH, €JICK-
TPOH BHOYBA€E 3 MpOLECy NEPEHECEHHS CTPYMY.

Sk 300pakeHO Ha pHC. 2, KOPUCHO BU3HAYUTH
i 1HII XapakTepucTryuHi Yacu. Hanpukian, romo-
BHUM MEXaHI3MOM PO3CISIHHSI MOXKe OyTH TIpy>KHE
1 aHI30TPOITHE PO3CISHHSI, KOJIU aKT PO3CISTHHS HE
3MIHIOE €HEPTii 1 TIIBKU TPOXHU BIIXHIISIE €IICK-
TpoH. Y TakoMy pasi miciist yacy 7(E) enekrponu
BCE 1€ XapaKTEPU3YIOTHCS IMITYJIbCOM MEPEBaXK-
HO B HamNpsSIMKYy OCi X , a iXHSI eHepris Ie npu-
O1M3HO Ta K, 110 ¥ npu imkekTyBaHHi. [li3Hie,
KOJIM ITPOMHMHE Yac penakcamii immynscy 7, (E),
IMITYJIbCH €JIEKTPOHIB PaHJIOMI3YIOThCS W perak-
CYIOTb, 1 CyMapHHii IMITYJIbC yKe He Oy/ie CKepoBa-
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HUI B3JIOBXK OC1 X , XOU, CEpEe/IHs eHepris Oy/e Bce
e Ou3bKa 0 €Heprii MpH iHKEKTyBaHHI, SKIIO0
JIOMIHAHTHUH MEXaHi3M PO3CiIOBaHHS BCE IIE 3a-
JUIIATUMEThCs Py )HUM. Hapemiri, uepes nermio
TOBIIMH Yac, — 9ac penakcauii eneprii 7,(E), —
BITIOPCHYTI €JIEKTPOHU BTPATATH CBOIO HAJUIUIIIKO-
BY €HEprilo 1 MPUHIYTh 10 PIBHOBAXKHOTO CTaHY.
CriBBiTHOIIICHHS MK ITIMH XapaKTePUCTUIHUMU
JacaMH MPUOJIM3HO TaKe:

7,(E)> 1, (E) 2 7(E), 2

BOHO BHHHKA€E, 00 MOXKE 3HATOOUTHUCS JCKIIbKa
aKTiB HEMPYXHOTO PO3CISTHHS, 00 «CKUHYTH»
HAJTHIIKOBY €HEPTir0. SIKI0 po3CisiHHS 130TPOII-
He, TOOTO eNeKTPOHHU 3 OTHAKOBOIO MMOBIPHICTIO
PO3CIIOIOThCS B yCix HanpsiMKax, 10 7(E) =17, (E).

> —
7
> \<‘!\
=3
>
>
t=0 t=T

N
/f/,(

[1=T.>7,27T

Puc. 2. SIkicna Bi3yanizamia pi3HEUX xapakTepuc-
THYHHUX 4YaciB po3cisHus. B momenT vacy ¢ =0
€JIeKTPOHH 3 OIHAKOBHUMH iMIIYJIbCAMH BIOPCKY-
I0THCSl B MPOBIAHUK B 0AHOMY HanpsiMky. Esek-
TPOHH 3a3HAIOTH Y CepPeIHbOMY OHOTO 3iTKHEHHS
yepes vac ¢ ~ 7(E). Cymapuuii imnyabc nepsic-
HOT0 aHCAMOJIIO eJIeKTPOHIB POOUTHCSA HYJIbOBHM
gepe3 wac =7, (E)27(E) a enepris HabyBae
CBOT0 PiBHOBA;KHOT0 3HAYeHHSI MPOTIATOM 4Yacy
t=1,(E)>71,(E)>7(E). lopxknuna BeKTOpPiB Ha
PHCYHKAaX CHMBOJIIYHO BiinoBifae eHeprii [2, 4]

MoskHa BH3HAYUTH TAKOX XapaKTePUCTHIHI
JIOBXKUHU PO3CISIHHSA, SIK-OT CEPEIHIO JTOBKUHY
BUIbHOTO TIPO0Iry (mean-free-path/mfp)

AE)=w(E)T(E), €)

II0 € CePeIHBOIO BiACTAaHHIO MIXK aKTaMH PO3Ci-
SIHHSI, @ TAKO)K aHAJIOTIYHY JIOBXKHHY pellaKcarii
IMITYJIbCY Ta JIOBXKUHY peJlakcallii eHeprii.
L11suokocmi po3cisanus ma eHepeis

OyHIaMeHTaIbHUM MOHATTSM Y Teopii po3ci-
SHHA € MaTpuls posciroBanus  S(p — p'), sxa
NEepPEeBOIUTH CUCTEMY YACTUHOK 3 TIOYATKOBOTO
CTaHy P B JEAKWH KiHIIEBHMH cTaH P’ .

[IIBuaKiCTh poO3CisTHHSA, a00 iHaKIIEe WMOBIp-
HICTb PO3CISTHHSI IPOTATOM OJJMHHLII Yacy, € ooep-
HEHUM CEpPEeHIM YacoOM MiX JBOMA MOCIIIIOBHHU-
MU 3ITKHEHHSAMH, SIKUW OJIEPXKYIOTh IUISIXOM MiJI-
CYMOBYBaHHS 3a BCiMa MOXKJIUBUMH KiHIICBUMHU
CTaHAMHU:

L oSS P).
7(p) P
VY npumyIieHHi, o eIeKTPOHU BIIOPCKYIOTHCS
B IIPOBIIHUK 3 [TOYATKOBUM IMITYJIbCOM, CIIPSIMO-
BaHUM Y3JIOBX OCI X , JIJISl IIBUJIKOCT1 IMITYJIbCHOT
penakcaiiii, 3a aHajoriero 3 (4), onepxxyemo [2]:

=y S5 ) e
7.(p) F .

AHI30TpOITHE PO3CISIHHS BIIXUJISE €IEKTPOHU
NepeBaKHO HA MEBHI HEBENUKI KyTH HABKOJIO Ha-
MPSIMKY aH130TpOII1i, BHACIIOK YOTO Yac IMITYJIb-
CHOI penakcarlii 3pocrae, a BiJloBiIHA BUIKICTh
3MEHIIYEThCS. AHAIOTIYHUM YHHOM 3aITUCY€ETHCS
IIBUJIKICTh peJlakcarlii eHeprii yepes3 4ac BiAmo-
BIJIHOI peJrakcartii.

Yac iMmynbcHOT penakcallii MoXHa po3paxy-
BaTH 31 IIBUIKOCTI epexony. TexHika o0uucieH-
HS IIBUJKOCTI NIEPEXOy JOKJIATHO BUKIAJCHA B
[2]. TyT Mu HaBeAeMO TiIbKU il OCHOBHI MOMEH-
TU. PO3MIIIHBMO aKT pO3CiOBaHHS JOKJIAHIIIE
(puc. 3).

Hexait enextpon 3 imnynbcom p = hk , mo
ONHCYETHCS XBUIBOBOIO (pyHKIi€O Y, (F), BU-
SBUBCSI B 00JIacTi Jii MOTEHIIAy PO3CISTHHS
U,(7,t), sxuit Mmoxe OyTH SIK CTaTHYHHM (pO3-
CISTHHSI Ha 3aps/DKCHUX JOMIIIKax), TaK 1 JUHA-
MiuHHM (po3cisiHHA Ha (oHOHax). B pesynbrarti

4

()
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aKTy PO3CISIHHS ITOYaTKOBHH IMITYJIbC €JIEKTpOHA
3MIHIOETBCS 1 JIOPIBHIOE P', 3MIHIOETBCS 1 HOTO
XBUIIbOBa QyHKUA Ha Y (7). TloTpibHO po3pa-
XyBaTH WMOBIpHICTH (IIPOTATOM OJMHHIIL Yacy)
S(p > p') nepexony enexTpoHa 3 MOYATKOBOTO
CTaHy p B KiHuEeBUi p'.

B nepuiomy nopsiiky teopii 30ypeHb

Y P A
S(p— B)="|H,.,[ 5(E'-E-AE), (©)

JIe MAaTPUYHUN €JIEMEHT NIEPEXOILY

|mA2T%ﬁﬂuﬂmmﬂ.

Puc. 3. Ilepexia eqekTpoHa 3 MOYATKOBOIO CTaHY
B KiHIIeBUii B pe3yabTaTi aKTy PO3CisIHHSI Ha TO-

tenuiami Ug(7,1)

Bupas (6) mae B KBaHTOBI# Teopii Ha3BY 30J10-
toro npaswia @epmi — Jlipaka [6, 7]. J-pyHKIIiS B
(6) BimmoBinae 3a 30epexeHHs eHeprii. B Bumaaky
CTaTUYHOTO MOTEHIIAy PO3CiAHHS (HaNpHUKIaL,
Ha 3apsAJDKEHUX JIOMIIIKax) eHepris He peyax-
cye (AE =0). [lnsg nepioguyHOTO TOTEHITIATy 3
XapaKTepHOI0 YaCTOTO @ (KOIMBaHHS IPATKH)
AE =*ho, mo Bignosinae emicii ado mornu-
HaHHIO (hoHOHA. B Oy/ib-siIKOMY BHIIQIKy MTOTPIOHO
CHepIITy BU3HAUUTHU MOTEHIIAT PO3CISIHHSI, MOTIM
ckopuctarucs 3 (6) i gani OOUUCITUTH XapaKTep-
Huii yac (4) um (5).

3rigHo 3 (4), WBUAKICTH PO3CISTHHS 3aJICKHUTh
Bijl ymcIia KiHieBux craniB npu eneprii E(p'),
TOCTYMHUX 7151 enekTpoHa. Crnenudiuni Mmexa-
HI3MHU PO3CISIHHS MOXYTh 0OMpaTu creniaibHi
KIHIIEBI CTaHH, B YOMY MH TIEPEKOHAEMOCS HIKYE,
00TOBOPIOIOYH PO3CISTHHS Ha 3apsKEHUX JTOMIIII-

20

Kax, a B HAUMPOCTIMIOMY BUIAJKY IIBUIKICTH
PO3CisiHHSA OBUMHHA OyTH MpomnopuiiHa I'yCTHHI
KiHIIEBUX CTaHiB. J[JIs 130TPOMHOrO MPY>KHOTO
PO3CISIHHS €JIEKTPOHIB Y 30H1 MIPOBITHOCTI

! :;ocD(E—EC),
7(E) 7,(E)

m

(7)

a Uil 130TPOITHOTO HEMPYKHOTO PO3CISTHHS, KOITH
€JIEKTPOH MOIIMHAE a00 BUIIPOMIHIOE €HEPTiio
h@ , HanpuKIIa I, TP B3aeMOIi 3 (POHOHOM,

11
2(E) t,(E-E,.)

« D(E+hw—E.). (8)

Jlis mpocTuX 30H napaboiaiuHOro NpoguIto Bi-
JIOMI aHAJIITUYHI BUPA3H JUIsI YaciB PO3CIsTHHS [2],
a JUIsl CKJIQ/THIIIUX 30H CJIiJ] BUKOHYBATH YHCEITbHE
1JICYMOBYBaHHS 32 KIHIIEBUMU CTaHAMHU.

JIns HaniBMPOBITHUKIB YacH PO3CISTHHS 4acTO
3aMUCYIOTh Yepe3 CTYNECHEBY allPOKCHUMALII0

E-E.Y
z-m(E‘):TmO( C] >

kT ©)

e § — XapaKTepHUH MOKa3HUK CTEIEeHI, 110
BiZIMIOBiIa€ TOMY a00 1HIIOMY MEXaHIi3My po3-
cisHHs. Hampwukian, po3cisiHHs €JIeKTPOHIB Ha
aKyCTUYHUX (POHOHAX MOXKEMO PO3MIISANATU K
Mailxe Mpy»He Ta 130TPOIHE NPU KIMHATHIN TeM-
nepatypi. [IIBUAKICTh pO3CiSIHHS MOBUHHA OyTH
MpOMOPpIliiiHa 10 T'YCTUHH CTaHiB, sKka s 3D
€JIEKTPOHIB IpU MapaboiyHii 30HHIN CTPYKTYpi
HaMiBMPOBiHKKa nporopuiiina 1o (E—E.)",
TOX JJISl 4acy PO3CISIHHS MOYKHA OYiKyBaTH IpO-
nopuiHocTi BennuuHi (£ - E C)_” ?. OTxe, Xapak-
TEpHUI MOKAa3HUK CTETEeH] JJIsl PO3CISTHHS Ha aKyc-
THYHKUX (oHoHax § =—1/2. Ilnsa 2D enexTpoHiB
TYCTHHA CTaHIB HE 3aJICKHUTh BiJ €HEPrii, TOXK y
[[OMY BHIIQJIKy XapaKTEPHUI MOKa3HUK CTENEeH1
s =0. Insg 1D enekTpoHiB r'ycTUHA CTaHiB IpO-
nopuiiina 1o (E—E.)"?, oTxe, xapakrepHuii
MOKa3HUK cteneHi s =+1/2. He 3aBxan MoxHa
OTHCATH Yac PO3CIIHHS CTETIEHEBUM 3aKOHOM,
aJie, KOJIM 1€ BIA€ThCS, PO3PAXyHKH 1HIINX (Pi3uy-
HUX BEJTUYMH CTAIOTh 3HAUYHO MPOCTIIII.

Konu po3citoBaHHS 3yMOBIIIOIOTH €IEKTPOCTa-
TUYHI B3a€MOJI11, HAIPUKIIAI, IPU PO3CISTHHI Ha
3apsHKEHUX JIOMINTKax, abo MpH po3CisiHHI Ha
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(hoHOHAX Yy TIONISIPHOMY CEPEIOBUIII, 3aJICKHICTh
yacy pO3CIsIHHS B1J eHeprii iHma. Sk 300paxeHo
Ha puc. 4, BUIAJIKOBO PO3TALIOBaHI 3apsau CIIPH-
YUHAIOTH (PIyKTyarii npodijaro JHa 30HU IPOBiI-
HocTi E.(X), 10 3yMOBIIOIOTH PO3CISTHHS €JIeK-
TpoHiB. [IpH 11bOMY BHCOKOEHEPreTHYHI eJIeKTPO-
HU BIT4yBarOTh (UIyKTYyallii HOTEHLIaTy MEHIIIO
MIPOIO, HIK €JIEKTPOHU 3 HUXKUYOIO EHEPTi€T0, TOXK
y BUMAJIKy PO3CISHHS Ha 3apsHKEHUX JTOMIIIKaxX
YH Ha MOJIIPHUX (POHOHAX MOXKHA OYiKYBAaTH, I10
mBHAKICT poscisiaas 1/7(E) 3MeHmnyeTses (dac
poscissaus 7(E) 301mbI1yeThest) 31 301IbIICHHIM
eHeprii enexrpoHiB. Yacy po3cisHuas 11 3D enek-
TPOHIB Y CTEIIEHEBOMY 3aKOH1 BI/IIIOB1/1a€ 3HAYEH-
1 §=+3/2[2]. Ilpu po3cisHHI HA HETOISIPHUX
(hoHOHAX Yac PO3CISIHHS 3MEHILYETHCS 3 EHEPTIETO
€JIEKTPOHIB.

BaxnBoro pucoro po3cisHHSA Ha 3apsKeHUX
JOMIIIIKaX € MOro aHi30TPOMHICTh. 3HAYHA Yac-
THHA EIIEKTPOHIB XapaKTePHU3YETHCS BEITUKOIO
EHeprie€ro, 1 11l eJEKTPOHU Malke He 3MIHIOIOTh
CBOI TpaeKTopii B MO 3aps/HKEHUX JTOMILIOK. B
pe3yabTaTi yac pesakcaiii iMIoyibey MpHu po3ci-
STHHI Ha 3apsPKeHUX JTIOMIIIKAaX CYyTTEBO OUTBIINI
BiJI cepeHboro yacy poscisHus: 7, (E) >>7(E).

E A
o-————5H
TTF e
/\\_\/\/Vr\\!\/\///; x
OE.(x)=Us(x)

Puc. 4. ®aykryanii moreHmianay, cTBOprOBaHi BH-
NMAKOBO PO3TALIOBAHMMH 3apsiiaMH, 3yMOBJIIOIOTH
PO3CisIHHA Ha 3apsilKeHUX JoMimkax. EjexkTponn
3 BHCOKOK) €HEePri€io «Big4yBalTh» (IyKTyalil
NMOTEeHIiaJly MEHIIOK Mipolo, aHi’)K eJIeKTPOHH 3
MAJIOK) €HEePri€ro, a TOMY PO3CilIOTHCS MeHIIe

CepenHst TOBKHHA BUIBHOTO MPOOITy Tak camo
Moxe OyTH 3amicaHa B BUIVISAI CTETIEHEBOTO 3a-
koHY. 3 dopmynu (3), mam’sTarouu, M0 IS Ta-

paboiuaux 300 V(E) o (E — E.)"*, onepsxyemo

AE) = v(E)2(E)oe (B~ E)"> [Ek_—fj i A°(E';TE j ’

(10)
JIe XapaKTePUCTUYHUIN MMOKa3HUK CTENeH] IS ce-
PEHBOI TOBKUHHU BUIBHOTO Ipobiry 7 =s+1/2.
Jlns poscisHHS Ha aKyCTHYHUX (oHOHAX y 3D
s=—1/2,10% r=0: cepeaHs TOBKHUHA BIIBHOTO
po0iry He 3anexuThb BiJ eHeprii. [Ipu po3cisHH1
Ha akycTHYHUX (poHOHax y 2D s =0, 10k 7 =1/2:
cepeaHs JOBXHHA BUIBHOTO MPOOIry 30111b-
HIYEThCA 31 301IbLIEHHSIM €Heprii eJIeKTPOHIB.

Koegiyienm npoxooscenns

BigminnicTe Mix npoxomkenusam T, (E) Bix
BUTOKY 710 CTOKY 1 T,¢(E) Bin CTOKy 10 BHTOKY
300paxkeHo Ha puc. 5. Benmnuuna T, (E) € Bin-
HOIICHHS CTAI[lOHAPHOTO MTOTOKY €JIEKTPOHIB, IO
BUXOJUTH 31 CTOKY, 10 TIOTOKY, 1H)KEKTOBAaHOTO BH-
TOKOM, a BenuunHa 1,¢(E) € BiJHOIIEHHS IOTOKY
€JIEKTPOHIB, 10 BUXOJATH 13 BUTOKY, /10 IOTOKY,
1H)KEKTOBaHOTO cToKOM. IIpu HynbOBil, abo k
HEBEJIMKIM Hampy3i Ha CTOKY MOYKHa OUiKyBaTH,
9TO 00MIBa KOC(IIIEHTH MPOXOKEHHS OTHAKOBI:
T, (E) =T, (E)=T(E). Lei Bunagox 300paxe-
HO y BEpXHiii yacTuHi puc. 5. B HmkHIN gacTuH1
PHUCYHKY 300pa)KeHa CHUTYyaIlisl, KOJIM HaIlpyra Ha
CTOKY BenuKa. B 1boMy BUMa/Ky 30BCIM HE O4e-
BUHO, OynyTh uu He OynyTh oqHakoBi Iy, (E)
1 T,4(E), aile MOXKHA TTOKA3aTH, 10 B BUMAAKY
MIPY>KHOTO PO3CisTHHS 00M/1Ba KOS(IIIIEHTH TIPOXO-
JoKeHHs oiHakoBi. [Ipote, 3a HenpyXHOTO po3ci-
IOBaHHs BOHU LLIKOM BiaminHi: T (E) >> T, (E).

[Tpu monentoBanHi ctpymy B MOSFET Toit
daxr, wo 7, (E) >> T, (E) npu BeTUKii Hanpy3i
Ha CTOIIi HE Bi/lirpae CyTTEBOTO 3HAYECHHSI, OCKiJIb-
KU 32 BEIUKOI V) TIOTIK €JIEKTPOHIB, IH)KEKTOBA-
HHMX BUTOKOM, 1 TaK HaATO He3HAYHMH. TakuM 4u-
HOM, 3a3BUYail OOUUCIIIOIOTH €IMHUN KOe(DILIEHT
npoxomkents T(E) s 060X HapsSMKiB.

Panime mMu mokasanu, mjo koedimieHT mpoxo-
okeHHss T'(E) moB’s3aHuid 13 CEPEeIHBOIO TOBKH-
HOIO BUIBHOTO MPOOITY MiX 3ITKHEHHSIMHU Ha3a]l
A(E) 3rigno 3 popmyioro (21) pobotu [1]:

21



[10. O. Kpyrsak M. B. Crpixa

Ty =28 (11)
AEY+ L
E T:{JJ {E]ﬁ _TH\{E}
N
S N 5w
T\'}){E} = Tnx(E)

Hepennkl Vos

X

Tm [E)—) '(—'THS(E}
o

\
E / \

BeNnHKl Vps
X

Puc. 5. IloBeainka aABox koedillieHTIB MPOXOIKEeHHS
T, (E) i T,3(E). BepxHiii pucynok Binnmosizae

HYJIbOBiil UM HeBesMKiil Hanpy3i V), a HIKHil
PHMCYHOK BilllOBifa€ Be/1uKiil Hanpy3i Ha cToui

3BepHiMO yBary, mo B Bupasi (11) dirypye
came nomkuHa A(E), ave A(E) 3 hopmynu (3).
Leit Bupas (11) ve ckmagHo BuBectH [3, 4]. Bin
MPUAATHUHN TSI OTUCY TPOXOPKEHHS Y BChOMY
iHTepBaJli Bi OamicTU4HOI A0 AUQy31HHOT MeXi.
Komnm noexwHa MpoBiTHUKA MEHIIIA BiJ CEPEeTHBOI
JIOBKHHH BITLHOTO MPOOITY, TOII

T(E)= AE)

=———— 1,
AME)+L

L<<A(E) (12)

Il IepeHeHHs eNEeKTPOHIB y KaHaJll MPOBIAHOCTI
OamicTuure. HaToMiCTh KO TOBXKHUHA TPOBIJI-

HUKA BEJIMKA MOPIBHSHO 3 JOBXKHUHOI BIJILHOTO
npooiry, Toxl

gy~ ME) | ME)
ME)+L L

, L>>A(E). (13)

Bupas (11) onmcye npoxomkeHHs €IEKTPOHIB Y
MIPOBITHUKY 32 BIZICYTHOCTI €JIEKTPUYHOTO TIOJIS.
Te, mo BiAOyBa€eTHCS MicCHs MPHUKIAJACHHS €JIeK-
TPUYHOTO TIOJISI JIO KaHAJTY TPOBITHOCTI, LTFOCTPYE
puc. 6.
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Puc. 6. TpaexkTopisi eJleKTPOHAa B KOPOTKOMY Ka-
HAaJIi HIPOBIAHOCTI, KOJIM MPHUKJIA/ICHO BUCOKeE eJIeK-
Tpu4He noJie. EnekTpoHu BIOPCKYIOTHCS BUTOKOM
i 0inbIIa iX YacTUHA 0CATa€ CTOKY, HABITH KON
Bi0yBalOThCA aKTH Po3cisiHHA [8]

Ha puc. 6 300paxeHo KOpOTKUI KaHaJl IPOBi-
HOCTI, JI0 STKOTO TIPUKJIAJICHO CHIIbHE CJICKTPHIHE
nosyie. PIBHOBaXXKHMIA TIOTIK €JIEKTPOHIB BIIOPCKYE
BUTIK. EJeKTpOHN MIBUKO HAPOIIYIOTh KIHETHY-
HY €HEpPTi0 1 MBUIKICTh IXHHOTO PO3CIFOBAHHS
301nbIIy€eThCsl. MOJENIOBaHHS €JIEKTPOHHOTO
TPaHCTIOPTY Yepe3 KOPOTKI KaHAIH 3 BEITUKUM
TIeperaoM HarpyTH, KOJIM MOXKE CIIOCTEPITraTuCs
PI3KUI CIUIECK IIBUIKOCTI, € OJIHIEI0 3 BaXKJIH-
BHUX 33J1a4 Cy4acHOI HaIIBKJIIACHYHOI T€Opii TpaH-
criopty [2]. Po3paxyHOK cepelHbOi IBUAKOCTI
3aJIe’KHO B[ KOOPAMHATU €JIEKTPOHA B MPOBIJI-
HUKY - BEJIbMH CKJIa/IHA 33]1a4a, OJTHAK, JIeTabHE
MOJICITFOBAHHA 11 3 BUKOPUCTAHHSM MOHSATTSI ITPO-
XO/DKEHHS BEJIE 1O HAOUHUX 1 3pO3YMUIHX PE3YIlb-
tariB [8]. BcTaHOBIEHO, 110 KOJIM 1HXEKTOBaHI
€JIEKTPOHHU MPOHUKAIOTh HABITH HA KOPOTKY BiJI-
CTaHb BIIMO 00JacTi 3 CHIIBHUM €JICKTPUYHUM
MOJIeM, TOJIi, HABITh 3a3HAIOYM AKTiB PO3CISHHS,
BOHH OJTHAK JIOCSATHYTH KiHI[SI KaHATy TIPOBIIHOCTI
[8]. HaBitb sikio BiOyBa€eThCs CUIBbHE PO3CIsH-
Hs1, KOe(III€EHT POXOPKECHHS MOXKE JOPIBHIOBAaTH
Maiike OAUHHIl, 00 CHIbHE €JIEKTPUYHE TOJIe
MiIXOITIOE €JIEKTPOHU 1 BUHOCUTD iX 3 KaHaly
MPOBITHOCTI B CTOKOBHI TE€pMiHAI.

VY Bucokosikichomy MOSFET 3a Benukoi Ha-
MPYTH Ha CTOKY €JIEKTPUYHE ToJie MO0y Bep-
muHU Oap’epy 01N BXOAY B KaHAJ IMPOBIAHOCTI
cnabke, a moOIM3y CTOKY criibHE. J[J1s po3ymMiHHS
TOTO, 110 BiI0OyBA€THCS 32 TAKOI CUTYAIIil, PO3IIIsi-
HEMO MOJEJb Ha pucC. 7.
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TI°(0)
—_—

T=T,

Maftse imeansHnil KonexTop

Puc. 7. MoneabHuii npoginp kanaay npoBixHocTi,

L0 iTI0CTPY€ NPOXOMKEHHS €JIEKTPOHA CIIePIIy

KPi3b 00J1aCTh 3 HU3bKUM €JIeKTPUYHUM MoJieM, a
NMOTIiM — 3 BUCOKUM €JIEKTPUYHHUM T0JIeM

V 1iit Mozeni eHepreTuYHUN mpodinb KaHaty
MIPOBITHOCTI CKIIAJAETHCS 3 IBOX JUISTHOK: KOPOT-
KOI IJISTHKY JOBKHUHOIO L, 31 CTaquM HOTeHIia-
JIOM 1 CEepeTHBOIO JOBKHHOIO BUIBHOTO MPOOITy
A, 1 OBroi IUISTHKY 3aBIOBKKU L, 3 CHIBHUM
eNeKTPUIHUM TosieM. KoedillieHT mpoXoKeHHS
yepe3 nepury gutssaky 1, = A /L, +4,), a aepe3
apyry — T, =1 (monpu 4ncieHHi akTH po3CisH-
Hsl, CUJIbHE T0JIe BUHOCUTH Maifke BCl €JIeKTPO-
HU JI0 TepMiHaily BUTOKY). CymapHuil koediri-
€HT TPOXOKCHHS, OUCBUIHO, JIOPIBHIOBATHME
T =~ A/L,+A). BaxxnuBuii BUCHOBOK 13 IIbOTO
MOJIsATa€e B MOAAIBIIOMY: MPOXOKEHHS Yepe3
CKJIQJIHY CTPYKTYpY, IO CKIAJAE€THCS 3 HU3BKO-
MOJTLOBOT AUISHKY 1 JaNbIIO] JUISTHKY 3 BUCOKUM
EIIEKTPHYHUM TI0JIEM, KOHTPOIOETHCS TOBKUHOKO
HHU3BKOIOJHOBOI AlNSHKU. Ha mpaktui, koiau
€JIEKTPUYHE T0JI€ 3MIHIOETHCS TUTABHO B3JIOBXK Ka-
HaJTy IPOBITHOCTI, HAAIMHO BUSHAYUTH JIOBKHHY
HHU3BKOIIOIBOBOI TUISTHKY cKJaaHo [9, 10], ane Ha-
BEJICHUI BUIIIE TPOCTHH PO3IIIsi HAOUHO MOSICHIOE
pe3ynbTaTd MaTeMaTUYHOIO MOJEItoBaHHs [8].

[Tig16’emMo miACyMKU OOTOBOPEHHS MOHSTTS
Koe(DIMIEHTY TTPOXOKEHHS

1. KoedimieHT MpoXOKEeHHSI BU3HAYAETHCS J10-
BXUHOIO KaHAJTy i CepeHBOI0 IOBKUHOIO BUTBHO-
ro npobiry Hazan, T =A/(L+A1).

2. llpu 6anictuunomy tpancnopti 7 —1,
Ko L>> 1.

3. IIpu aqudy3iiHOMY TpaHCIIOPTI

T—)%<<1,m<mo L<< A.

4. Obnactp y KaHaji MPOBITHOCTI 3 BUCOKUM
SNIEKTPUYHIM TIOJIEM € JOOPHM KOJIEKTOPOM EJIeK-
TpoHiB, T ~1.

5.V xaHami npoBiAHOCTI, 1€ eNEKTPUIHE MOJIe
3MIHIOETBCS BIJI CJIA0KOTO 0 CHJIBHOTO 3HAYCHHS,
sk 11e Mae miciie B MOSFET 3a Benukoi Hanpyru
Ha CTOIIi, MPOXOKEHHSI KOHTPOJIIOETHCS 00IaCTIO
3 HU3BKUM CIIEKTPUIHHUM TTOJIEM.

Cepeons donuna 6inbHo2o npoobicy
w000 PO3CIAHHI HA3A0

Mu BUKOPUCTOBYEMO JIBA Pi3HI TOHSITTS Ce-
PEIHBOI JOBXKUHU BUIBHOTO Mpodiry. JJosxuna
A (3) - e cepemHs BiJICTaHb MIXK JBOMA aKTaMH
po3cisaas. CaMe Takui 3MiCT OUTBIIICTh (PI3UKIB
BKJIQ/IAIOTh Y TTOHATTS «CEPEIHS JOBKIHA BLILHO-
ro mpodiry». O6eprena BeimunHa 1/A € iiMoBip-
HICTh PO3CISTHHS Ha OJUHHMIIO JOBKUHU. ONHAK,
y HalioMy KOHTEKCTi BeTMYMHA A , SIK cepelHs
JIOBKHMHA BUILHOTO NMPOOIry Ha3aj, OUIbLI ICTOTHA.
[i o6epHena Benmmumna 1/4 € iiMoBipHiCTh Ha OfH-
HUITIO JTOBKWHU TOTO, IO TMPSIMUIA (Y JOAATHOMY
HanpsMi) MOTIK po3cieTbes Hazax (y Bl €MHOMY
Harpsmi). Koeditient npoxomkenns (11) Bu3Ha-
YaeThCsl came uepe3 BennuuHy A . Sk moB’s3aHi
MIX COOOFO IMTOHATTS TOBKUH A Ta A ?

Puc. 8 imoctpye poscissuus B 1D kanHaii npo-
BigHOCTI, Hanpukian, y NW MOSFET.

POACIOBATLMI
MOTEHLLAT

}x ________________ Y

SAEKTROM, WO HAmTAC

> X »-> X

POICIAHMA BIICPED

POICINHHA HAZAM

Puc. 8. Po3cisinHs Biepe[ i po3cisiHHsI HAa3aQ 'y
kaHaui 1D [3, 4]

Hexait po3cisiHHS € 130TpOITHE i cepeaHii Jyac

MIDX JIBOMa aKTaMU PO3CISIHHS € T . SIKIIO enek-
TPOH, IO PYXA€ETHCS B MPSIMOMY HATIPSIMKY, 3111~
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CHUTbH aKT PO3CISIHHS Yepes3 yac 7 , BiH 3 OJJHAKO-
BOIO MOBIPHICTIO MOXKE PO3CIATUCS K yTepen,
Tak 1 Ha3aa. OHAK TITBKUA PO3CISTHHS Ha3aJl, SIKE B
cepeHbOMY BifOyBa€eThCs Yyepes yac 27 , iCTOTHE
JUTSl BUBHAYCHHSI BEJIMYUHH CTPYyMY (PO3CISTHHS
BIIEpe/] HA HHOTO HisIK HE BIUIMBAE, OO €ICKTPOH
Jalli pyXaeThes, KyIu MOTpiOHO). Y BiAMOBITHOCTI
JI0 TAKOTO OYEBHJIHOTO TBEPKEHHS CEPETHS J0-
B)KHHA BUTBHOTO TIPOOITY Ha3aa y 1D xaHai €

AME)=2w(E)r, =2A, (14)

Jie MU BUKOPHUCTAJIM Yac peslakcallii iMIymbey, 60
paHile NPUITYCTHIIN 130TPOIHHUMA XapaKTep po3-
CISIHHSA, JUISl SIKOTO T, =T .

VY 2D 13D kananax BU3HaYE€HHS CEpEIHBOI J10-
BXKUHH BUTBHOTO TIPOOIry MO0 PO3CISTHHS HA3a]]
niepenbavae ycepenHeHHs 3a kyramu [11], sk e
300pakeHo Ha puc. 9 i 2D kaHaiy.

POICIAMHA HA3AN

Ay .
Y PO3CIAHHR BRSPS
\

\
ol B A > X
I
1

EMeKTpON, mo HatiTac |
|

POICHOBATELHI
IJJ,C GuisIme TOTEHIAT

POSCIAHHA HA3AN \\ /

Puc. 9. Po3cisnns Bnepen i poscisnus Hazagy 2D
KaHaJi

[IpoBiBImIM BiAMOBIAHE ycepeaHeHHSs, st 2D
KaHaJy MPOBIIHOCTI MOXHA OJIepP>KaTh

(15)

a st 3D xanany A(E)=4A/3 [3, 4, 11]. dna
KOPEKTHOTO PO3PaxyHKY KOoe(]Iili€HTY MPOXOIKECH-
HS BaXXJIMBO BPAaxOBYBaTH PI3HUII0 MIXK JBOMA
cepenHiMu ToBkuHaMu A 1a A .

[TpocTuii Bupa3 mist KoeirieHTy MPOXOIKEH-
Ha (11) moB’s13ye MiXk COOOIO CEPEIHIO TOBKH-
HY BUIBHOTO Mpo0Iry Hazag A 1 TOBXKHHY HU3b-
KOIIOJIbOBOT YaCTUHU KaHAJTy MPOBIIHOCTI, IO
OXOIUTIOE HEBEJIMKY O0JIaCTh BEpLIMHU Oap’epy.
Jnist 004YHCIeHHS IPOXOKEHHS TIOTPiOHO 3HATH
BennunuHy A . OCTaHHIO MOXXHa OOYUCITUTH 32
(15) uu Bu3HauuTH ekcriepuMeHTanbHo. Cutya-
I1is1 B KITACHYHOMY PO3YMiHHI BUITIAJIAE SIK 331292

T T
ME)==wE)r, ==A,
(E) 5 v(E)T, 5
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TuQy3ii — YACTHHKH, SIKi 1HXKEKTY€E JIIBUNA TepMi-
HaJl, TU(PYHAYIOTh Yepe3 KaHall 1 3aJIUILIal0Th HOro
yepe3 MPOTWICKHUA TepMiHai. BuxigHui moTik
eJIEKTPOHIB BU3HAYa€ KOe(DIili€HT MPOXOKEHHS,
a B KJIACUYHIM 3a71a4l 1oro Mae BU3HauaTH Koedi-
mieHT audysii. JlokmaaHauil aHam3 1€l cuTyarii
[3, 4] mokasye, 10 Ma€e Miclie IPOCTE CIiBBITHO-
mIeHHA MK KoediienTom audysii i TErI0BOIO
HIBUJIKICTIO €JIEKTPOHA V, Ta CEPEAHBOIO TOBKH-
HOIO BUIBHOTO MPOOITy 010 PO3CIsIHHSA Ha3ad A,
a came:

D — VT</1>

2

ne (A) — cepeaHs MOBXHHA BIIBHOTO MPOOIry,
ycepenHeHa 3a eHeprieto. Came 11e CriBBIIHOIICH-
HS BIAKPUBAE MOXJIUBICTh BUSHAUUTH CEPEIHIO
JIOBKHHY BIJTLHOTO MPOOITy eKCTIEPUMEHTAIBHO.
3BepHIMO yBary Ha Te, 1110 Bupa3s (16) cripaBensm-
BHU JIUIIIE JJIT HEBUPOJDKCHOI CTATUCTUKHU €JICK-
TPOHIB. 3arajJbHIIINNA BUTIAIOK CTaTUCTUKH Depmi
— Jlipaka CTOCOBHO [0 1€l 3a/1a4i 0OroBOpEeHO B
(3, 4].

PyxiuBicTh ekcriepuMEHTAILHO BUMIPSATH JIeT-
mre, aHix koedimieHT qudys3ii, ToX y Jireparypi
MIPOCTIIIE 3HAITH BIJOMOCTI IIPO PYXJIUBICT, KY
OB’ 13y € 3 KoediieHTOM AUQY3ii CITIBBITHOIICH-
Hs EliHiTelina

) (16)

D kT

H 9
sIKe, IIOTPAaB/a, CIIPaBeIIUBE ISl PIBHOBAXKHOI
CUTYyalIlil; OJHAK, EIEKTPOHU B HU3BKOIOJIbOBIH
YaCTHHI KaHaJly B 001acTi BepiIrHu 0ap’epy, sKa,
BJIACHE, i KOHTPOIIIOE TPOXOIKCHHS, TEeX Tepe-
OyBaroTh IMOOJIM3Y PIBHOBATH.

Toxx MH MOXKEMO JOBOJII IPOCTO OI[IHUTH Ce-
PENHIO JOBXKUHY BIILHOTO MPOOIry HIOA0 po3cCi-
SHHS Ha3aJl yepe3 BiJJOMe 3HAU€HHS PyXJIUBOCTI
eslekTpoHiB. Crepiry 3 pyxXJIMBOCTI BU3HAYAEMO
koediuieHT qudysii 3a (17), a moTiM — cepeaH:o
JIOBXHHY BUIBHOTO TIpo0iry 3a (16). BpaxyBanus
BHUPOJDKEHHS, 110 BAXJIMBO B 00JaCTI BUIIE BiJ
nmopory, o0ropopeHo B [3, 4].

s nmpukiiagy oOUMCINMO CEPENTHIO JOBKUHY
BUIBHOTO MPOOIry i Koe(imieHT MPOXOIKSHHS
22 um MOSFET. Posrnsiuemo n-Si MOSFET 3
KaHajoM 3aBIOBXKKU L = 22um nipu T = 300K
B KBa3ikjacuuHoOMy pexumi. Hexaii opieHTaris

; (17)
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migkianku (100) 1 3aceneHa TUTBKA HYOKHS ITiJI-
30Ha. PyxmmuBicte 1 = 250cm’/B-c. 3uaiigimo (A)
1 TEIJIOBY MIBUJKICTD V.

Pozpaxyemo koeditienT audy3ii 3 pyXIuBOCTI
3a (17):

DZ,Ltk—T:6.SCM2/c.
q
BiseMemo m*:O.19m0, TakK 110

v,=1.23x107 cu/c, i BusHaunmo (4) 3a (16):

iy =222 20 g5,
v, 1.2x10
a JlaJii OLIHUMO Koe(iieHT Mpoxo/pkeHHs 3a (11):
(A) 10.5

Tz = =
(AD+L  10.5+22

Lleii pe3ynbrar HaONMMKeHH, 00 Benuuuny (A)
y IIbOMY BHUpa3l He OyJI0 yCEepeIHEHO 3a eHep-
riero, sk Toro Bumarae ¢popmyna (11). Tum He
MEHIIIe, OJIepKAHUM pe3ylbTaT TOBOPUTH, 1110
takuiit MOSFET B niniiiHi# 005acTi mpampoe B
npomikHOMY pexuMi. [Ipu BHCOKIN Hampy3i Ha
CTOIIl €JIEKTPOHU HAaOYyBarOTh OUIBIIOT €HEepTii,
110 BEJIE /10 IHTEHCUBHILIOTO po3cisHHA. OJHAaK,
NOJANBIINN PO3IVIS MOKaXKe HaM, 1110, BCylepey
ouikyBanHsM, MOSFET 3a Bucokoi Hanpyru Ha
CTOL MpaItoe OirxKye 10 0aTiCTUYHOIO PEXKUMY,
HIXK 32 HU3bKOI HalpyTH.

OTxe, HaWBAXIIMBILI OfEpkKaHI Pe3yIbTaTh
TaKi:

r(E)y=—2E)
ME)+L’
ME) = %v(E) z, (18)
(=22,
Vr

ne mij L ciij po3yMiTH AOBXKHUHY HU3bKOIOIbO-
BOI YaCTHHU KaHAITy TPOBITHOCTI. MHOKHUK 77 /2
BHHUKA€ Yepe3 yCepeaHEeHHs 3a KyTaMu B 2D Ka-
Haji. Yepes 11 BUpa3u JIETKO OLIIHUTH CEPEIHIO
JOBKHUHY BIJILHOTO MTPOOITY B MPUITYIIIEHHI HEBU-
PODKEHOT CTaTUCTUKHU HOCITB.

3. Moaeasn npoxoxxenuss MOSFET

[TepetiniMo 10 moOym0BHU MOIEITi HAHOPO3MIp-
Hux MOSFET 3 ypaxyBanusaM po3cisiHas. Came
BpaxyBaHHS PO3CITHHS POOUTH MOJEIIOBAHHS

TPAHCHOPTHUX SIBUII CKJIAJHOIO 3a/1a4€l0, a B BU-
nagky MOSFET — ocobnuBo cxmannoro [9, 12].
Tum He MeHIle, MU MEePECBITYMMOCS, [0 OCHO-
BHI npuHiunu moaemoBanud MOSFET 3 ypa-
XYBaHHSIM PO3CISIHHS MOXHa JIETKO 3p0O3YMITH
1 BUKOPUCTOBYBATH HaJaaii JJIsl iIHTEpIpeTaii
eKCIEPUMEHTAJIbHUX JaHHUX Ta Pe3yibTaTiB 00-
YHCIICHb IPYU MOJCITIOBAHHI.

OTxe, I CTPYyMy MaeMO Hai3arajabHIIIHH
BUpa3 (2) 3 podoru [1], mo onucye BCi MOXKIHBI
PEKUMHU MPOTIKAHHS CTPYMY:

e =2L[TEMENf(E)- f(E)EE. 4]

(19)

SIKIIIO /10 CTOKY MPHKJIAJACHO BEJIMKY HAIIPYTY,
tomi fg(E)>> f,(E) icTpyM HacCHYEHHS

o = 2L [TEVM(E) fy(E)E . (20)

HaromicTh y KBa3ipiBHOBaXXHOMY pPEKHUMI
CTPyM HEBENUKHH, fg = f,, TOMY 11 CTpyMy
i IPOBITHOCTI Ha JIHIMHIN MIJSHII CIIPpaBeTHB1
Bupasu (10) 3 podotu [1]:

Louw [4]

_24 _%h
G, ==, [ T(E)M(E)( aEJdE. [Cn ]

= Gch Vs
(21)

3a nuMH BHpa3aMH MOXHA pO3paxyBaTH JIiHIN-
HMI CTpyM, BennuuHy [, 1CTpyM y BCbOMY Jia-
na3oHi 3MiHu V¢ Bin Vo =0 no Vo =V, . 11106
CIPOCTUTH Jablii TOOYJ0BH, BBAXKATUMEMO, 1110
cepenHs JOBXKHHA BUIBHOTO MPOOITy HE 3aIeKUTh

BiJl €Hepril:
A(E) Ao

Pestome 6anicmuunoi mooeni MOSFET

Bunwuiemo ocrarouHi pe3yasTaTti 6a1icTHYHOT
Mmozeni (hopmyna (69) pobotu [1]) mogansmmm
qrHOM. CTpyM CTOKY

Lps =W 1O WV, Vis) | Foyr v

inj

(23)

@OyHKIIS HACHYEHHS CTPYMY CTOKY JUIs 000X CTa-
TUCTHK BHU3HAYA€THCSI BUPA3AMH:
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1-3 /'3 : .
= |: 12 (1p) t~1/2 (ﬂFS):|’ (®epwmi — Jlipak / FD)
1+ ‘50(77171)) / ‘So(nﬁs)
—qVps kT

1—
Fyp = L_’_e_w}, (Makcgen — Bonbuman / MB) (24)
e DS

Nps = (EFS —EC(O))/kT, Nep =Mpg —qVps KT

BbanicTnyna mIBUAKICTH BHOPCKYBaHHS Ta TEIJIOBA
LIBUIKICTH

ball _

12 (Mes) (FD)

in v ~
ST 3, ()
vorl = vy, (MB) (25)
2kT
v, = +
wm
bamictiuanmii cTpyMm y JTiHIAHINA 001aCcTi
vil;;ll RERUD)
IDLIN:W|Q(VGS’VDS)| - Vs (FD)
2kTlq ) 3,,(1ks)
(26)
\%
Iy = W|Q(VGS’VDS) |(mj Vs (MB)
a JUIs CTPyMY HACHYEHHS OACPIKUMO:
Losir =W 1O W55 Vis) | Vi};;”: (FD) 7)
Lpsir =W 1O Vs Vips) vy (MB)

Hapemri, enekTpoHHHUH 3apsi] Ha BEpIIUHI
0ap’epy

OVes:Vos) =4 Nzw [30(7:5) + 3o(1:)1, (FD) (28)

a JId cTaTUCTHKU Makcsena — boabiMana iH-
terpanu Pepmi — Jlipaka mpocTo 3BOAATHCS 10
EKCIIOHEHT.

JIyis BpaxyBaHHS pO3CISIHHSA, 3/1aBajiocs 0, mo-
TpiOHO 11 BUpa3u NPOCTO MOMHOXKHUTHU Ha Koedi-
LIE€HT MpoxomKkeHHs T . Mu faii nepekoHaeMocs,
110 11€ CIIPaB/i Tak JUIsl JIIHIHHOTO CTPyMYy, ajie He
JUISL CTPyMY HACUYCHHS U HE ISl €IEKTPOHHOTO
3apsy.

Jinitina oonacmo

Jlist oGuMCneHHs TiHIMHOTO CTPyMy 3 ypaxy-
BaHHSM PO3CISIHHSI TIOYHEMO Bij BUpasy (21) ms
npoBigHOCTI. JIJIsl 9rciia MoJT BUKOPUCTAEMO BH-
pa3 (60) pobotu [1]. 3anucyroun ¢pynkuii Gepmi,
BpaxoByeMo, o £, ~ E. . ~ E,. Ilicna obunc-

26

JICHHS 1HTETpally OAEPKUMO BHUpa3, CXOKHUI Ha
Bupas (47) podoru [1], y sikoMy noTpiGHO Juie
3aMIHUTH KOE(]IIIEHT MPOXOMKECHHS B TUQY3iHi-
HOMY BUTIAAKy A,/L Ha Koe]illieHT MpOXOmKeH-
Ha T sk y BuUXiIHOMY Bupasi (21) nns onucy
TPAHCIIOPTY Y BCiX peXHMax BiJ OATICTUYHOTO
1o mudysiiiHorO, a caMe:

2 i *
Ipyy = T{W%(%J S 1, (M ):| Vos -(29)
Mu oneprkalu TaKUM YUHOM (PAKTUIHO BU-
pa3 [uig 6aniCTUYHOTO CTPyMY B JIIHIHHIN oOnac-
Ti (hopmyna (61) pobortu [1]), TOMHOXKEHUI Ha
koe¢imieHT npoxomxeHHss T . 3BepHIMO yBary
Ha T€ L0 TYT 1 B MOAAJIBIINUX (HOpMYJiax MEBHY
HE3PYYHICTh BUKIMKA€ BUKOPUCTAHHS JiTepu T
JUTSL TIO3HAYSHHS JIBOX BETTMUUH: KoedilieHTa mpo-
XOIKEeHHs Ta Temueparypu. [Ipore ix snerko pos-
pi3HUTH, 00 TemIepaTypa CKpi3b BXOAUTHME JI0
dbopmyn muie B 100yTKy 31 cranoro bonsimana
kT .
Bupas (29) cnipaBenyuBuii 11 miHiitHOT o0ac-
Ti MOSFET, sixuii npaitioe B Oyab-KoMy pexKXuMi
Big OamicTudHOrO 10 AU]y31HHOTO, OJTHAK, BIH
BUIJISIZIAE JIEIIO HE3BUUHO MOPIBHSIHO 3 TPAIUIIiii-
HUM BupazoM (5) podotu [13]

w
IDLIN = flucox (VGS - VT) VDS . (30)
VY 1ITKOBUTIN BiAMOBITHOCTI IIUX BUPA3iB OAUH
OJTHOMY MH IIE€PECBIIYMMOCS Mi3HIILE.

Obnacms nacuyenns

Jist o6umcneHHs cTpyMy B 00nacTi HacCHueH-
HS TOYHIMO 3 BUpasy (20) 1 o0urcaumo 1HTerpan
TaKUM CaMHUM YHUHOM, SIK 1 B JIIHIHHOMY BHITaJIKy
Buiie. OCTaTOuHO OJEPKUMO BHPA3

*
I :TW2Tq[gV\/2m ij Jz

DSAT

- kT7ﬁsl/2(nF)’(31)

110 € BUPA30M JJIsI OAJIICTUYHOTO CTPyMY B o0ac-
Ti HacuueHHs (64) pobotu [1], TOMHOXKEHUM Ha
koedimient npoxomkennst 1 . Bupas (31) cmpa-
BeIMBUH 11 oOmacTi HacnyeHHs MOSFET,
SKUH Mpaitoe B Oyab-SKOMY pexuMi Bija Oaiic-
TUYHOTO 10 NTU(y31HHOTO, OHAK, BUINISIAAE BiH
TaKk caMO HE3BHYHO MOPIBHSAHO 3 TPaAMUIIHHUM
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Bupas3oM (7) podoru [13], mo BKIItOUa€e MIBUAKICTD
HACHUYCHHS

Lpsir =W C, Vs V)V (32)

sat *

3B’S30K MIXK IIIMHU BUpPa3aMH, OJiep>KaHIUMH B
PI3HUX MOJENSAX, MU OOTOBOPUMO Mi3HIIIIE.

Bio ninitinoeco cmpymy 0o nacuuerns

Jnst oOuucneHHs: CTpyMy MpH OyJib-sIKOMY 3Ha-
YeHHI HAIpPyTH Ha CTOKY 3 yYpaxXyBaHHSM pPO3Ci-
STHHSI TTIOYMHAEMO 3 BUpasy (19) 3 oOuucieHHsIM
IHTerpayiB Tak camo, sk i panime. OcTaTrouHo
OIEP)KUMO

gN2rm* kT

]kT (302 (Mrs) = 312 ()]s
7h

Nes =[Eps = EcC(OVKT, 0y =15 —qVps kT

q
1,.=TW-—
DS l’l(

(33)

Bupas (33) Biapi3HAETHCS BiJ aHAJIOTIYHOTO
pe3ynbTaty s 0adiCTUYHOTrO BUMAIKY (66) po-
6otu [1] TiABbKM MHOKEHHSIM Ha KOE]IIli€HT TIPO-
xomxkeHHst T . Bin nepexoauts y Bupas (29) mns
mamux V18 (31) muia Bemukux Vg, B YoMy He
CKJIQJHO TepeKkoHaTtucs. Mu 6aunmMo, 110 CTpym
CTOKY 3 YpaxyBaHHSIM PO3CISIHHS BiJPI3HIETh-
sl B1J MMONEPETHBOr0 BUpa3y JUlsl 0aIiCTUUHOTO
CTPYMY TUIBKH MHOXKEHHSIM Ha KOE(QIIli€HT MPO-
XomKkeHHs T . SIKIo K CTpyM 3amucaru 4yepes
€JIEKTPOHHUH 3apsiJl, TO CUTyaIlisl BUSIBUTHCS HE
Taka MpocTa, IK MU 3apa3 MepecBiIauMocs.

Hacamkinenp 3ayBakuMo: MU JIOCI pO3IIISLIANIN
2D enextponu. He ckiagHo BUBECTH aHAJIOTIYHI
dbopmymu s 1D enexkrponiB y NW MOSFET.

Bupas ons cmpymy uepes enekmpoHHUtl 3apsio

Bupa3 (33) y moneni JIJIJI cipaBennmuBumii 11st
JIOBIJILHOT HANpYTH HA CTOL, aJie 3 HbOTO HE BU-
JTHO 3aJI€XKHOCTI1 BiJ] IHBEPCHOTO €JIEKTPOHHOIO
sapsany Q. OmHak, 3aBXKIU Kpallle 3alucyBaTH
CTpyM uepe3 3apsa (), moB’s3aHuid Oe3nocepe-
HBO 3 EJIEKTPOCTATHKOIO CTPYKTypu MOS. ns
oOuncneHHs 3apsaay () moTpiOHO BBECTH B PO3-
IJIS1]] TIOTIK €NEKTPOHIB y JI0aTHOMY Hampsimi,
IH)KEKTOBAHUX BHUTOKOM, SIK1 3aCEJISIIOTh CTaHU 3
+v_ Ha BeplIMHI 0ap’epy, 1 HOTIK €IEKTPOHIB Y
Bi/I’€MHOMY HamNpsIMKY, 1H)KEKTOBAaHUX CTOKOM,
K1 3aCEJISII0Th CTAHU 3 —V_ Ha BEPILIMHI 0ap’epy.
s 6anmictuaanx MOSFET mu orpumanu paHi-
e popmynu s cTpymy i 3apsiny (Bupasu (69)

poGotu [1]). 3apa3 BOHU 3a3HAIOTH 3MiH 4Yepe3
HEOOX1/IHICTh BpaxyBaTH PO3CISIHHS Ha3al, 00 Ham
MOTPiOHO BpaxyBaTH BCl MOXKJIMBOCTI 3aceIeHHS
CTaHIB Ha BepuInHi O6ap’epy. Sk 300paxkeHO Ha
puc. 10, y Hac, gK 1 paHime, € 0agiCTUYHUN TI0-
TIK, IHKEKTOBAaHUN BUTOKOM, 10 3aCEJOE CTaHU
Ha BepIIUHI Oap’epy, aje 10 HbOTO JAOAAETHCS U
MOTIK, PO3CISTHUN Ha3aJ y HaupsIMKy BUTOKY, a
BeJIMYMHA 0aNiCTUYHOTO MOTOKY, 1H)KEKTOBAHOTO
CTOKOM Y HampsiMi BEpIIMHU 0ap’€py, 3SMEHILY€Th-
csl Ha KOe(ILIEHT NPOXOMKEeHH. TakuM YuHOM,
BHpa3 s 3apsary (29) moTpiOHO 3aMiHUTH Ha

O 55,V =—qN2w [0 (7s) + (1= )3, (15)+ TS (11)]

(34)

Puc. 10. 3acenenicTs cTaHiB Ha BepiMHi 0ap’epy
BHU3HAYAETHCSA TPHOMA MOTOKAMM €JIEKTPOHIB:
3 00Ky BHTOKY, PO3CiTHUM Ha3aJl /10 BUTOKY, Ta 3
00Ky CTOKY, 3MEeHIIeHMM Ha KoedilieHT mpoxo-
JAKeHHS

Iepmmit togaHoK y BUpa3i uis 3apsay Ha Bep-
muHi 6ap’epy (34) omucye GanicTHYHUN MOTIK,
iHKeKTOBaHHT BUTOKOM. Moro Bemmumua 3ame-
KUTh Bl 3HAYCHHS €NEKTPOXIMIYHOTO TIOTEHIIi-
aJxy Ha BUTOKY. JIpyruil 10AaHOK ONMUCY€ BKJIAL
MTOTOKY, PO3CisTHOTO Ha3aj y Oik BUTOKY. Lleit mo-
TIK TeX Oepe CBilf MOYaTOK Ha BUTOKY, TOMY BiH
3aJICKUTH BiJl €IEKTPOXIMIYHOTO MOTEHIlIATy Ha
BUTOKY. TpeTiii J0MaHOK OMUCY€E OATICTUIHHNA TT0-
TiK, 1110 Oepe MOYaToK Ha CTOKY, i TOMY 3aJ1€KHUTh
BiJl €NIEKTPOXIMIYHOTO MOTEHIIIaly Ha CTOIIl; LIei
MOTIK 3MEHIIICHUIA Ha KOS(IIIEHT MPOXOKSHHS 1.

27



[10. O. Kpyrsak M. B. Crpixa

Bupasu (33) 1 (34) 103BOJISIOTH TETIEp BUPA3U-
TH CTPyM 4epe3 €NeKTPOHHUU 3apsan. [[ns nuporo
(33) moMHOKHMMO 1 TOAITMO Ha 3apsan O,

TaK 110

N2rm*kT - -
=T (gv L KT 19000105) = 300011

(35)

a MOTiM 3apsijl y 3HAMEHHUKY 3aMIHUMO BHPa30M
(34). [licns HecknaaHUX anredpaiyHUX MEPEeTBO-
PEHb O/IEP)KYEMO TaKi OCTATOYHI PE3yNbTaTH 3
ypaxyBaHHIM PO3CISIHHS IS CTPYMY, BUPa’KEHOTO
4yepe3 eNeKTPOHHUH 3apsjl, y BChOMY Jliama3oHi
3MiHM HallpyTu Ha CTOKY:

3]/2(77FD)
3020s)
=W | Qs Vos) 7, Ll
fos ] I RO

2T 30(15s)

0 == 4223, (1) + (1= ), (0115) + 75,075}

[ T
vinj _Vi’!f (E )
yhalt — ’ 2kT 3., (7s) =, Si (77Fs)
" Tm* S0(77Fs) S0(77Fs)

Nep =Mes —qVps kT .

(36)

OpneprkaHi BUpa3u 3 ypaxyBaHHSM pPO3CisiH-
Hsl MOKHA MOPIBHATH 3 Bupazamu (69) poboru
[1] ans Gamictmanoro crpymy. Ockinpku T <1,
HIBUAKICTh BIIOPCKYBaHHS 3 ypaxyBaHHSIM pO3-
CISIHHSI HA3a/l v, MEHIIA BiJl 6aliCTHIHOI IBUI-
KOCTI BnopCKyBaHHs{ Vi < v?;’”, 110 IPU3BOJIUTH
710 CTPYMY, MEHIIIOT0 MOPIBHSIHO 3 0aJliCTUYHUM
CTPYMOM.

®opmynu (36) MOKHA CIIPOCTUTH ISl HEBE-
JMKHX 1 BEJIMKHX HAMpyr Ha CTOLl TAKMM CaMUM
YHHOM, SIK OyI10 oneprkaHo Bupas (70) podoru [1].
JUi A1HIAHOT JUISIHKY CTPYMY OAEPKY€EMO

Ly =W Q)| T Sanlles)y
ZkT/q 5/2( FS) (37)
DLIN_W|Q(VS)|T Dsa (MB)

2kT /q

7ie 00M/1B1 IBUIKOCTI, vb”” 1 v, , HOTpiOHO Oparu
3 (25). AHanoriuHo onepmyeMo BHpa3u JJIs CTPy-

MY HACUYCHHA:

28

T o
Lpsir =W 10 Vs, s)|(ﬁjviﬁgilla (FD)

T (38)
IDSAT:W|Q(VGS’VDS)|(H]VT' (MB)
[Tpu Buxopucranui cratuctuku ®epmi — ipa-

Ka MOoTpiOHO 3HATH PO3TalIyBaHHS piBHI Depmi.
3HaXOAMMO HOTO 3 BIJOMOTO 3HAUYEHHS €NEeKTPO-
HHOTO 3apsfy 3 Apyroro Bupasy B (36).

L1i pe3ynbTaru, ofep:kaHi 3 ypaxyBaHHSIM poO3-
CISTHHSI, TIOPIBHAEMO 3 OalliCTUYHUMU PE3yJIbTa-
Tamu (26) ta (27). BusBnserbes, mo niHIHHUN
CTPYM 3 ypaxyBaHHSIM PO3CISIHHSI BIIPI3HIETHCS
B1JT JTIHITHOTO OAJTICTUYHOTO CTPYMY TUTBKH MHO-
YKEHHSIM Ha KOe(iIlieHT NpOXo/pKeHHs T, a CTpyM
HAaCHYECHHS 3 ypaxyBaHHSIM PO3CIsTHHSI MOYKHA 3a-
MUCaTH 3 BUpa3y A 0aliCTUYHOTO CTPYMY Ha-
cudeHHs moMHoxuBIny ioro Ha 7/(2—T). Lo
BIJIMIHHICTb, ITOB’s13aHy 3 0ajaHCOM MOTOKIB (34),
10 BU3HAYAIOTh EJIEKTPOHHUM 3apsi/i IPH Bpaxy-
BaHHI PO3CISIHHS, MM O0TOBOPHMO HIKYE.

Bupasu (36) onucyioTh L1JIICHY BOJIBT-
amniepHy xapakrepuctuky MOSFET y moneni
Jlannayepa-Jlarra-Jlynactpoma (JIZIJI) uepes
CIIEKTPOHHHMIA 3apsj Ha BepiiuHi 6ap’epy O Ta
koedimieHT npoxomkenas 1 . OxHak, 1l BUpa3u
HE TaK NMPOCTO BUKOPUCTATH HA MPAKTUII, 00 KO-
e(ILieHT NPOXO/HKEHHS 1 3aJIeKUTh BiJ HAIIPYTU
Ha CTOKY V), 10 MM OOTOBOPHMO HUKYE.

Buxinny xapakrepuctuky JIJII (36) moxHa
obuncnutu Tak. Crepiry oouncianmo Q (Vyg, V)
3 €JEKTPOCTAaTUKU CTpykTypu MOS, Bukopuc-
TOBYIOUH, HAIPUKJIIAJ, HAIIBEMITIpUYHUHA BHUpa3
(46) 3 pobotu [14]. ITotim, 3Haro4Yn 3HaYeHHS O
y napyromy piBHsHHI (36), 00YHCITIOEMO 3HAYCH-
HS €JIEKTPOXIMIYHOTO MOTEHIIay BUTOKY 74 .
Ile cTBOpIOE TIEBHI MpoOIEeMHU, 60 7S IOTO HAM
MOTPiIOHO 3HATU 3HAYCHHS KOE]IiEHTY MPOXO0-
JoKeHHS T 1 3pO3yMITH, IKUM YHHOM KOE(IIlieHT
npoxomkeHHs T (Vig,V,) 3aexuts Big npu-
KJageHnx Hanpyr. Jlani mu oGumciroemo Gaiic-
TUYHY IIBUJKICTH BHOPCKYBAHHS 3 YETBEPTOTO 3
BUpa3iB (36), a NOTIM MIBUJKICTb BIOPCKYBaHHS
3 ypaxyBaHHSIM PO3CiSIHHS 3 TPETHOTO 3 BUpa-
3iB (36). Hapemri, BUpaXxoBy€EMO CTPYM Y TOYII
(V4,Vps) 3 mepiioro Bupa3sy. OcHOBHa Ipooiema
00YHCIIeHb 32 I[I€I0 MOJIEIIIIO MOJISTaE B TOMY,
110 JI0Ci HEMA€E JIOCTaTHBO TOOPHUX MoZeNeH At
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ouinku T (Vg,V,s) . Came ToMy Take IIUPOKE
3aCTOCYBaHHS 3HAWIIIIA HAITIBEMITIpUYHA MOJICTTh
BIPTYyaJIbHOTO BUTOKY.

Ha mpakTuili 4acto BUKOPUCTOBYIOTh HEBU-
POKEHY MaKCBEI-00JIBIIMAHIBCHKY (HOpMY ITUX
BupasiB. Lle mpu3BOAUTH 10 NEBHOI MOXUOKH,
0COOJIMBO BHIIE BiJl MOPOTY, OJHAK, HEBUPOIKE-
Hi BUpa3u Habararo MpocCTilli, TOX JOBOAUTHCS
o0upaTH OMIK IMPOCTOTOI0 OOYUCIICHB 1 TOUHIC-
TI0. Big3Haumo, ogHak, 110 BUKOPUCTAHHS He-
Bupomxenoi craructuku s III-V FET moxe
MIPU3BECTHU J0 3aBEITUKUX MOXUOOK.

3anexcnicmo KoeghiyicHmy npoxooxicenHs 8io
Hanpyau Ha CMokKy

[Tonpu BCIO MPOCTOTY 3alPOMOHOBAHOI BUIIIE
mozeni MOSFET Ha nmpakTuili BUHUKA€ MUTaHHS:
SIK CaMe CIIiJT BpaxOBYBaTH 3aJICKHICTh KOS(IIliEH-
TY MPOXO/UKEHHS BiJl HAIIPYTH HA CTOKY. Di3UyHy
npuuuny i€l 3anexHocti 7 Bin Vg po3kpusae
puc. 11.

E E A
r— r—
E” EHJ Ff\
<« (=] —>
f<< L
HH3BKI Vg BHcoki Vps

Puc. 11. ®iznyHa NpuYnHA BUHUKHEHHS 3aJI€XK-
HOCTI Koe(illieHTY MPOXOoI:KeHHS Bil HANIPYT'W Ha
cToKy. CepeIHIO TOBXKUHY BiTbHOr0 Mpoodiry B «ci-

piii 30HD» B 000X BHIIAIKAX BBAXKAEMO PIBHOIO A,

3a HU3bKOT HANPYTH Ha CTOKY €JEKTPUYHE
T0JIe HEBEIIMKE B3/I0BXK YChOTO KaHAIy MPOBiJI-
HOCTI. SIK MU BX€ TIOKa3aJId BUIIIE, IPOXOKEHHS
BHU3HAYAETHCS TOBKUHOIO HU3BKOMOJIHOBOT Yac-
THUHU KaHaIy, TOXK 32 HU3bKO1 CTOKOBOT HANIPYTH

__ A
LIN .

Ao+ L
3a BUCOKOI HalpyTy Ha CTOKY B €(pEKTUBHOMY
TPaH3UCTOP1 HU3BKOTIOJIHOBA 00JIACTH — HEBEIIKA,

3aB/IOBXKKH / Ha caMOMY MOYATKy KaHaJTy MPOBiJ-
HOCTi. BucokomnonsoBa 00651acTh KaHAITy MPAIIOE

(39)

IPY [IbOMY SIK Maike 11eaIbHH KOJIEKTOp €JIeK-
TpoHiB 3 T =1, 60, monpu HASIBHICTH PO3CISTHHS,
CHJIbHE T0JI€ «BUHOCHUTBY YPELITI-PELIT eeKTPO-
HU Ha CTiK. SIK MU BXKe [TOKa3aJli paHille, Mpoxo-
JUKEHHS KaHaJly B I[bOMY BUIIAJIKy BU3HAYA€THCS
JIOBXKMHOI HU3BKOTIOIBOBOI JIISHKH, TOXK IS
BHUCOKHUX HAaIIPyT Ha CTOKY

A
p—
S N

Takum unnOoM, Mu Oauumo, mo Iy, >71,, , 60
! << L. 3a BUCOKOI HampyTu Ha CTOLll €JIEKTPOHU
B BHCOKOIIOJIbOBIN 00JIaCTi KaHATy MPOBIAHOCTI
MarOTh OIJBIINHI 3amac eHeprii 1 po3CIIOITHCS
Ol7bII IHTEHCUBHO, HIXK 3a HU3bKUX V), . OnHak,
KOe(DIMIEHT MPOXOHKCHHS BUIIUH 1T BUCOKHUX
Vs 14epe3 TpaH3uCTop 1€ CTPyM, ONU3bKUIL 10
0aNiCTUYHOT MEXI.

Po3paxyHOK JOBKHWHHI HU3BKOTIOILOBOT 00IACTI
KaHaJly B 3aJIe)KHOCTI BiJl HAIIPYTH HA 3aTBOPI1 U
Ha cToIll moTpedye, B3arajli KaKydd, CaMOy3ro-
JHKEHOTO PO3B’sI3aHHS 33/1a4i eJICKTPOCTATHKH 32
HasIBHOCTI MTOTOKY €1eKTpoHiB [9, 12]. Komu npo-
¢inp xanany E.(x) Binomuil, KpUTUUHY JOBXKHUHY
¢ moxHa pospaxysaru [10, 15, 16]. AnsrepHa-
TUBHHUM M1IX0JIOM MOK€ OyTH BUKOPUCTAHHSI €M-
MipUYHOI (QYHKITIT HACHYCHHS CTOKY M IIIBUIKOCTI
BIIOPCKYBAHHS B MOJIEJI BIPTYaJIbHOTO BUTOKY.

Hapenemo uncnoBi nmapameTpu 00roBoproBa-
Hux BenuwuuH Ha npuknanai ETSOI MOSFET 3
JNOBXHUHOW KaHany L = 25um [17]. Ilapamerpu
Tpan3uctopa npu 300 K taki [18]:

Vo = 0.82 x 107cm/c,
7‘0 =10.51m.

(40)

BukopucrtaeMo TaKOX 3Ha4YeHHSH
v,=1.2x107cm/ ¢,Bignosiguo mo Gopmymnu (15)
pobotu [19].

Hus T, 3rigso 3 (39) opepxkyemo:

T, ——to - 105 33

Jo+L 105+25

Juis po3paxyHky T,, BUKOPUCTA€EMO TPETIiH 3
BHpasiB (36):
2

I+v. /v,

=0.8.

SAT

29
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Sk 1 cin Oys10 O4iKyBaTH, MPOXOIXKEHHs Habararo
BHIIE 32 BUCOKOI HAMpyTH Ha cTomi. [loBKuHy
KpUTHYHOT oOmacTti / 3Haxoaumo 3 Bupasy (40):

1

(=4 —-1|=2.6um< L.

SAT
TakuM 4MHOM, JOBKHMHA «BY3bKOTO TOpJia» Ha
BEpLIMHI 6ap’epy, 110 0OMEXKY€E CTPYM, CKiIalae
npubau3Ho 10% Big TOBXWHU KaHATy TPOBIJI-
HOCTI.

Mosxe BUgaTHCs JUBHUM, 11O JTIHIHHUHA CTpyM
3 ypaxyBaHHIM po3CistHH (37) BIAPI3HAETHCS BiJl
OaJIICTUYHOTO CTPYMY MHOXXHUKOM T, TOHI SIK
crpym HacuueHus (38) — maoxaukom 7 /(2—-T).
[IprurHOIO 1BOTO B KIHIIEBOMY MIJICYMKY € €JIeK-
Tpoctatuka MOS, a OsSICHEHHS! MOXKE JaTH pO3-
VIS CUTYallli BUCOKOI Halpyru Ha CTOI 3 He-
XTOBHO MAaJIUM BIIOPCKYBaHHSIM €JIEKTPOHIB Ha
BepLINHY 0ap’epy 3 OOKY CTOKY.

PosmisineMo crepiry 6anicTUYHY CHUTYyaLilo,
300paxeHy Ha puc. 12 3ropu. Ctpym I, , Brop-
CKY€ThCS BUTOKOM. Y IIbOMY BHIAAKY 3apsiji Ha
BepuINHI 0ap’epy GOpMYeThCS TUIBKU €JIEKTPO-
HaMH, 1HKEKTOBAaHUMHU BUTOKOM. OCKUIBKH CTPYyM
- 11e 100yTOK 3apsiAy Ha MIBUIKICTB, TO 3apsij
Ha BepILKHI 0ap’epy, B IPUITYIIEHHI CTATUCTUKU
Makcsena — boasMana,

9.,=-

I+

ball

W,

(41)

Puc. 12. InskexkroBaHuii i po3cisnuii Ha3ax NOTiK

€JICKTPOHIB IIPH BUCOKIil HANPY3i Ha cTowi: OaJic-

THYHA CUTYyauis (3ropu) Ta CUTyalisl 3 PO3CiTHHAM
Ha3aj (3HU3Y)

30

Tenep po3riIsHEMO CHUTYaLilO 3 3apsaoM 3a
HasIBHOCTI po3cisiHHs. Sk 300paskeHo Ha puc. 12
3HU3Y, 3aps1 Ha BeplIuHi 6ap’epy hopMyeTbes
JIBOMa MOTOKAMHU €JIEKTPOHIB: MOTOKOM 3 OOKY
BUTOKY 3 JOJATHUMHU IIBHIKOCTSIMH 1 3BOPOTHUM
MOTOKOM €JIEKTPOHIB 3 BiJI’€MHUMH IIBUIKOCTS-
MH, TOXK CyMapHUH 3apsij

g :_I+ "'(I_TSAT)]+ :_(Z_TSAT)I+
=0 Wy, W,

B edextuBHOMY TpaH3UCTOP1 €IEKTPOHHUI
3aps] Ha BepUInHi Oap’epy gﬁo BU3HAYAETHCS
nepeBakHO enekTpocratukoro MOS 1 He moBu-
HEH 3aJIe)kaTu Bl peXUMY TPAaHCIOPTY: 3apsl y
OamcTHYHNX yMOBax (41) moBuHEH OyTH TaKHM
caMuM, SIK 1 TIpH BpaxyBaHHI po3cissHH (42). [Tpu-
PIBHIOIOUH 11 3apsiAH, 3HAXOUMO, 1110

. (42)

I+
- ball (43)
(2 -T SAT)
[Tpu BpaxyBanHi po3cisaus 1 <1, Tox MeHIIU
IHKEKTOBAHUH MOTIK €JIEKTPOHIB CTBOPIOE HA BEP-
IITMHI TAaKWH caMUi €JIEKTPOHHUMA 3apsijT g o
. o . . xX=
CtpyM cTOKY OiNbIINI BiJl iHKEKTOBAHOTO
ctpymy B T pasiB, 1 TOMy It 6aJIICTUYHOTO BHU-
nanaky 3 I =1 oxgepxxyemo

ball _ 7+ _ 7+
IDS =1 _Iball’

(44)
a st crpymy 1,¢ B 3aransHoMy Bunaiky (7 <1)
3 ypaxyBaHH:M (43) MmaemMo

T

_ SAT
(2 - T SAT)
Tox BpaxyBaHHS poui enekrpoctatika MOS mipu-
3BOJIUTH JI0 TOTO, 1[0 CTPYM HACHYEHHS B yMOBax
PO3CISIHHS IOPIBHIOE OANIICTUYHOMY CTPYMY Ha-
cuueHHs1, moMHoxxenomy Ha 17 /(2-T).
OOroBopuMO TakoX (Pi3UYHUN 3MICT MOHATTS
pyxsuBocti B HaHopo3MmipHux MOSFET. 3rigno
3 Bupa3om (50) po6ortu [1], pyXauBiCTh TPOIIO-
pIIiifHa 10 cepenHbOl JOBKHHU BUTHHOTO MPOOIrYy.
B TpancniopTHiil Teopii MOHATTS PyXJIUBOCTI J0-
Ope BU3HAUEHE MOOIN3Y pIBHOBAru B MACHBHOMY
NPOBIAHUKY 3 JIOBKUHOIO, 110 B 6araro pasiB me-
PEBHUILYE CEPESIHIO TOBKUHY BUILHOTO MPOOITyY
[2]. B cydyacHux TpaH3uCTOpax JAOBKHHA KaHATY
MPOBIAHOCTI TOTO X MOPSAIKY BEIHMYUH, 110 i ce-

IDS = TSATI+ (45)

+
I ball *
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penHs TOBKUHA BIIBHOTO MPOOIry, i Mpu BUCOKIH
Harpy3i Ha CTOLI €JEKTPOHHU JajieKl BiJl CTaHy
piBHOBaru. TuM He MeHIe, MPaKTUKa MOKa3ye,
110 KBa31piBHOBAYKHA PYXJIUBICTh HAAIHHO OMHCY€
(YHKIIIOHYBaHHSI HAHOPO3MIPHUX TPAH3UCTOPIB.

SIke 3HaUEHHS Ma€ MOHSATTSA PYXJIMBOCTI AJis
HaHopo3Mmipaux MOSFET? fIk mu Bxxe 00roBo-
proBayiM y 3B 53Ky 3 puc. 11, Maiike piBHOBa)KHA
cepelHs JIOBXKHMHA BITBHOTO MpoOliry A, KOHTp-
OJIIOE CTPYM Y BChOMY Jlialla30Hi 3MiHU HAIpyT
Ha cToKy. Hexali piBHOBa)KHUI MOTIK €JIEKTPOHIB
BIIOPCKY€ETBHCSI BUTOKOM. 32 HU3bKOi HAIIPyr'W Ha
CTOL I €JIEKTPOHU 3aJIUIIAIOTHCA KBa3ipiBHO-
BaXHUMU Y BCbOMY KaHaJl MMPOBIAHOCTI. 3a BU-
COKOT HaIlpyrd Ha CTOLl €JIEKTPOHH HaOyBalOTh
KIHETUYHY €HEprilo, IXHS IBUIKICTH PO3CISHHS
30UIBIIY€THCS, @ CEPEHS JOBKHUHA BUILHOTO IPO-
0iry 3MeHInyeThes. OHaK, K MU BXE TIEPECBII-
YUIINCS, CaMe HU3BKOTOJIbOBA 00JIACTh KaHATy
BIATIOBIIa€ 3a MIPOXOKeHHs. EnexTponu kBasi-
pIBHOBaXHI B I1i 00J1aCTi KaHATy MPOBITHOCTI,
iXHs cepeHs TOBKUHA BIIBHOTO MPOOIry KOHTP-
OJIFOE€ CTPYM SIK 32 HU3BKHUX, TaK 1 32 BUCOKUX
Harfpyr Ha CTOKY.

ExcriepuMeHTanbHO MiATBEPIKEHY KOPEISLI0
MK (PYHKL1OHAJIBHICTIO HAHOTPAH3UCTOPIB Ta
PYXJIMBICTIO MO>KHA MOSCHUTU THUM, 11O PYXJIH-
BICTh MPOIOpLIiKiHA KBa3ipiBHOBAXKHIN cepenHiit
JIOBXKHUH1 BUIBHOTO MpPOOIry, sika il KOHTPOJIIOE
CTPYM HaHOTPAH3UCTOpA B1J HU3BKHUX /10 BHCO-
KHX 3HaY€Hb HAMpPYT Ha CTOIli. 3BICHO, II€ HAJl-
TO CHPOIIEHUN apryMEHT. Y KOPOTKOKAHAJIbHHUX
TPaH3UCTOpPax MOXYThb BiJJOyBaTuCA Nepenagu
MEXaHIYHUX HANpyT 1 piBHS JIETYBaHHS, TOX €JIEK-
TPOHU He nepeldyBaloTh TOUHO B piBHOBa3i. B
Jy’K€ KOPOTKHMX KaHajax eJIeKTPOHH, sIKi BXOIATh
y KaHaj 3 00Ky BUTOKY, MOXYTb 30yIUTH IJIa3-
MOBI1 KOJIUBaHHS MOOJIN3Y BUTOKY, SIKI 3HU3SITh
CEPEeHIO TIOBKUHY BUTbHOTO Tpodiry [17, 20]. Ta-
KU e(EeKT CIIOCTePIraeThCsl eKCIIEPUMEHTAIIBHO,
OJIHAK, TBEP/HKEHHSI PO Te, IO CTPYM 32 BHCOKOT
HaIpyTH Ha CTOIIl HAIIHO KOPEIIoE 3 KBa3ipiB-
HOBQ)XHOIO PYXJIUBICTIO, SIK BUAAETHCS, LIJTKOM
BIJNOBIZIa€ CPOPMOBAHUM YSIBIIEHHSIM PO (Di3UKY
IIPOLIECIB Y HAHOTPAH3UCTOPAX 1 MPU3BOIUTH 10
JOCTAaTHbO TOYHHUX PE3YJIBTATIB HA MPAKTHIIL.

[1i7116°emo migcymku. Mu TOKJIaAHO PO3IIISHY -
JIY SIKICHY KapTHHY SIBUII] PO3CISTHHSI €JICKTPOHIB Y
KaHaJIl MPOBIIHOCTI HAHOTPAH3UCTOPIB 1 cPopMy-

JIIOBAJIM HAWBaXJIMBIIII Pe3yNbTaTy uepe3 Hadip
dopmyin (18), y AKOMY KIIOUOBHUM € TIOHATTS KOe-
dimienty nmpoxomkennas T (E) , sKuii 3aUCy€THCS
4epes3 CepeIHIO JOBKHUHY BUTRHOTO MPOOIry 1010
poscisiaast Hasan A(E) i J0BKUHY KaHaTy IPOBijI-
HocTi L . Jlani y3araipHeHa Teopist eJIeKTPOHHOTO
TpaHcnopry Jlangayepa — Jlarra — Jlynacrtpoma
J03BOJIMIIA TTOOYAYBAaTH MOJIEINb MPOXOIKEHHS
MOSFET 3 ypaxyBaHHSIM PO3CisTHHSI €JIEKTPO-
HiB. OOMeXeHHS, HaKJIaJIeH1 eEeKTPOCTATUKOIO
MOS, BpaxoBaHo B Bupasi Jlanmayepa st cTpy-
My (19). HacnigkoMm crana Moenb MpOoXOIKEHHS
MOSFET, 3amucana yepe3 3BeeHHs hopmyin (36)
JUIs JIIHIMHOT 001acTi Ta 0071aCTI HACHYCHHSI BH-
X1AHOT XapaKTepUCTUKN HAHOTPAH3UCTOpA, SKY
KOPHMCHO TMOPIBHATU 3 0aNiCTUYHOIO MOJECIUTIO
MOSFET (Bupa3 (69) po6otu [1]). Axmo tpan-
3UCTOP MPAIIOE B MiATOPOTOBOMY PEXHUMI, MOXK-
Ha CKOPHCTATHCS HEBHUPOHKEHOIO CTAaTUCTHKOIO.
Opnak, y pexuMi BUILE B MOPOTY 30HA IMpO-
BIIHOCTI B TOYIlI BEpIIUHU Oap’e€py ONMM3bKa /10
piBHs DepmMi, UM HABITH HMXKYA BiJl HHOTO, TOX
NOTPiIOHO BUKOPHUCTOBYBATH cTaTUCTUKY Depmi
— Jlipaka. Tum He MeHIIe, B TEOpii IPHUCTPOIB 31
cTpykryporo MOS 3a3Buuail BAKOPUCTOBYIOTh He-
BUPOIDKEHY CTaTUCTHKY MakcBerna — bonbimana,
00 11 CYTT€EBO CHPOIILY€E PO3PAXYHKH, IPU3BOAUTH
JI0 TIPOCTIMHX (HOPMYIT 1 pOOUTH TEOPIIO 3pO3yMi-
nimoro. Ha nmpakTuii Tak camo 3a3BHyai 1eKoTpi
napaMeTpy TPaH3UCTOPA HE BiJIOMI 3 IOCTAaTHHOIO
TOYHICTIO, 1 32 BUKOPUCTAHHS HEBUPOIKEHOT CTa-
TUCTHKHU iX MOKHA PO3TIISIATH K NapaMeTpu
MpUacyBaHHs, 3a0e3Meuy0un TUM I[LIKOM TpHU-
HHATHI pe3yJbTaTH.

OTtpumani BUpa3u 100pe y3roJuKyrThes 3 ¢i-
3MKOIO MPOIIECIB Y JiHIHHINA 00J1acTi Ta B 00aCTi
HACUYCHHSI, ajie JUIsl BChOTO Jiala3oHy 3MiH Ha-
MIPYTH Ha CTOIIl MH HE Ma€MO JIOCTAaTHbO HAIIHHOT
Mozedi Juist onucy 3anesxxHocti 1'(Vy,). Hani 6yne
M0Ka3aHo, sIK MOJKHA 00’ €HATU MOJIEIb MPOXO-
JUKEHHS Ta MOJIEINb BiPTYaJIbHOTO BUTOKY i TAKMM
YUHOM BUUTH Ha MOJIEIIOBAHHSA BCI€I MIIICHOT
BuxinHoi xapakrepuctuku MOSFET.

VYBech Le MUK cTaTed CTaB HACJIJIKOM
npociyxoByBaHHs mpod. KOpiem OnekcilioBu-
yem Kpyrisikom kypcey nekiiit «Fundamentals
of Nanotransistors» [5], mpouyuTaHuX OH-JIAH
B 2016 poui mpod. Mapkom Jlyaactpomom
(Mark Lundstrom), B pamkax ininiatusu Purdue
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University / nanoHUB-U [www.nanohub.org/u].
Ha >xanp, micns Binxoay npod. FOpis Kpymsika
3aBepIYBaTH CTATTIO IPUIIAJI0 BXKE JPYroMy CIIi-
BaBTOPOBI, SIKMI BUKOPUCTAB IPU LIbOMY 3aJIHIIIE-
Hi FOpiem OnekciiioBUYeM YEpPHETKU Ta BIIACHI
HalpaltoBaHHs aBTOPCHKOTO Kypcy «Pi3uka KOH-
JICHCOBAHOT'O CEPEIOBUIIAY, 110 BiH YIPOIOBK
OCTaHHIX POKIB YUTAE I MaricTpiB (hakyabTeTy
pamiodi3uKH, SIEKTPOHIKH 1 KOMIT IOTEPHUX CHC-
TeM KuiBChKOrO HamiOHATBLHOTO YHIBEPCUTETY
imeHi Tapaca IlleBueHka.
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Summary
In the seventh one from the line our new tutorial reviews, directed to serve students, university
teachers and researchers, a qualitative picture of electron scattering phenomena in the conduction chan-
nel of nanotransistors was considered in detail and important results were formulated in the form of a

summary of formulas (18). The concept of the transmission coefficient T(E) expressed through the

mean free path A(E) and the conduction channel length L is a key one in our examination. Later the
generalized Landauer — Datta — Lundstrom transport theory made it possible to construct a model for
the transmission of a MOSFET with allowance for the scattering of electrons. The limitations imposed
by MOS electrostatics are taken into account in the Landauer expression for the current (19). The re-
sult was a model for passing the MOSFET in the form of a summary of formulas (36) for calculating
the linear region and saturation region of the output characteristic of a nanotransistor, which can be
compared with the ballistic model of MOSFET (69/[1]). If the transistor operates in a subthreshold
mode, one can use nondegenerate statistics. However, in the regime above the threshold, the conduc-
tion band at the top of the barrier is close to or even below the Fermi level, so we need to use the Fermi
— Dirac statistics. Nevertheless, it has become a practice in the theory of MOS devices to use the non-
degenerate Maxwell — Boltzmann statistics, since it greatly simplifies calculations, leads to simpler
formulas, and makes the theory more understandable. In practice, also usually some parameters of the
transistor are not known with sufficient accuracy, and in the case of using nondegenerate statistics they
can be considered as fitting parameters, providing quite acceptable results. The equations obtained are
in good agreement with the physics of processes both in the linear region and in the saturation region;
however, for the whole region of voltage variation in the drain we do not have a sufficiently reliable

model for the dependence T'(V,). Next, we show how you can combine the transmission model and
the virtual source model, and thus go to simulate the entire MOSFET output characteristic.

Keywords: nanoelectronics, field effect transistor, MOSFET, LDL model, transistor metrics,
electron scattering, transmission model
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PI3UKA HAHOTPAH3UCTOPIB: PO3CIAHHA EJIEKTPOHIB I MOJAEJIb
MNPOXO’KEHHSA MOSFET

FO. O. Kpyanax|, M. B. Cmpixa*

Opnecbkuii 1ep>kaBHUM €KOJIOTTYHUHN YHIBEPCUTET,
(axynbTeT KOMI IOTEPHUX HayK,
Byn. JIbBiBCBhKa, 15, Onmeca, Ykpaina
* KuiBchKkuil HarlioHaabHUN yHiBepceuTeT iM. Tapaca IlleBuenka,
dbaxynbTeT paaiodi3uKu, eITEKTPOHIKH 1 KOMIT IOTEPHUX CHUCTEM,
np. ['mymikoBa, 4r, Kuis, Ykpaina, ten. (044) 526 0532;
IHctuTyT Qizuku HaniBnpoBigHUKIB iM. B. €. JlamkaproBa HAH Vkpainu,
np. Hayku, 41, KuiB, Ykpaina, Ten. (044) 525 6033,
E-mail: maksym_strikha@hotmail.com

Pegepar
Y choMmili i3 HOBOT cepil METOJMYHO-OTIISIOBUX CTAaTeH, OPIEHTOBAHUX HA JIOCIIITHUKIB, CTYICH-
TiB, aCIipaHTIB Ta BUKJIAJ]a4iB BUIIOT KO, MU JOKJIAIHO PO3IISTHY/IM SIKICHY KapTUHY SIBUILL PO3CisSH-
HS1 €JICKTPOHIB Y KaHaJl MIPOBIAHOCTI HAHOTPAH3UCTOPIB 1 CHOPMYITIOBATIN HAHBAXKIIMBIII PE3yabTaTH

yepe3 Habip hopmyi (18). Y mboMy po3miisi KJIFOUOBUM € MOHATTS KoedirienTy npoxomkenus 1(E),

SIKUH 3aITHCYETHCS Yepe3 CEPEIHIO TOBKUHY BUILHOTO MPOoOiry oo poscisaus Hazan A(E) i moBxu-
Hy KaHaJTy mpoBigHOCTI L . Jlami y3arambHeHa Teopis eJIeKTpOHHOro Tpancnopty Jlannayepa — Jlarra
— Jlyaactpoma no3Bosuia nooymyBaru Moaenb npoxomkenas MOSFET 3 ypaxyBaHHsSM po3CisTHHS
enekTpoHiB. OOMeKeHHs, Haka/leHl enekrpoctarukoro MOS, BpaxoBaHo B Bupasi Jlannayepa s
ctpymy (19). Hacnigkom crana monens npoxomkenHss MOSFET, 3anucana yepes 3BeieHHs Gpopmyi
(36) nns miHiMHOT 06sacTi Ta 06JaCTlI HACUYEHHS BUXIJHOI XapaKTEepUCTUKU HAHOTPAH3UCTOPA, SAKY
KOPHUCHO TOpiBHATH 3 OanicTuaroo moaetto MOSFET (Bupas (69) pobdotu [1]). Skio Tpan3uctop
MPAIlIoe B MIAMOPOTOBOMY PEKHMI, MOKHA CKOPUCTATHCS HEBUPOKEHOIO CTAaTUCTHKOI. ONHAK, Y
peXHUMI BHILE BiJl OPOTY 30HA ITPOBIITHOCTI B TOUILIl BEpIIMHU Oap’epy Oiu3bka 10 piBHA PepMi, uu
HaBITh HI)KYA B1Jl HbOT'O, TOXK MOTPIOHO BUKOPUCTOBYBATH cTaTUCTUKY Depmi — Jlipaka. Tum He MeH-
11e, B TeOpii MPUCTPOiB 31 CTpykTyporo MOS 3a3Bu4ail BUKOPUCTOBYIOTh HEBUPOKEHY CTAaTUCTUKY
Makcgena — bonbimana, 60 11€ CyTTEBO CITPOIIYE PO3paxyHKH, TPU3BOAMUTH JI0 MPOCTIMUX GOopMyIT 1
poOuTh Teopito 3po3yMinimor. Ha mpaktuii Tak camo 3a3BU4ail JEKOTpi HapaMeTpy TPaH3UCTOpa He
B1JIOMI 3 JIOCTaTHHOIO TOYHICTIO, 1 332 BUKOPUCTAHHS HEBUPOKEHOT CTATUCTUKH X MOXKHA PO3TIISAIATH
SIK TTapaMeTpH MpUIacyBaHHs, 3a0€3MeUy0ud TUM LIIJIKOM IPUUHATHI PE3YJbTaTH.

OTtpumani Bupas3u 100pe y3romKyoThCs 3 (DI3UKOIO MPOIIECIB y JiHIHHINA 001acTi Ta B 001acTi
HAaCUYEHHS, aJie JJIsl BChOTO /11alla30Hy 3MIH HallpyTy Ha CTOL MU HE Ma€EMO JIOCTaTHbO HAJIIHHOT MO-

neni quist onmcy 3aneskHocti T'(V,g) . dani Oyne mokasaHo, Ik MOKHA 00’ €THaTH MOJIEITb TIPOXOIKEHHS
Ta MOJIENIb BIPTYyaJbHOIO BUTOKY i TAKUM YMHOM BMMTH Ha MOJEIIOBAHHS BCI€T LITICHOI BUX1JHOI
xapakrepuctuku MOSFET.

Kurouosi ciioBa: HaHOenekTpoHika, noinboBuit Tpansucrop, MOSFET, moxnens JIJIJI, meTpuka
TPAaH3UCTOPIB, PO3CIFOBAHHS €JIEKTPOHIB, MOJIENb IPOXOIKEHHS
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PO3POBKA TA OIITUMI3ALIA KOHCTPYKIII AMIIEPOMETPUYHOI'O
BIOCEHCOPA HA OCHOBI IMTYTAMATOKCHUIA3U U1 AHAJII3Y INTYTAMATY
B CUPOBATIII KPOBI

/. O. Mpyea, /]. IO. Kyuepenxo, T. O. bopucosa, C. B. /[3a0esuu, O. O. Condamxin

AHoTauis. B naniif po60Ti ONTHMi30BaHO aMIIEPOMETPUYHUHN TITyTaMaT-qyTIUBHI GioceHcop.
Sk mepeTBOprOBaY OyI0 BUKOPUCTAHO TUIATUHOBUIN TUCKOBUI €IEKTpoA. biocenekTHBHUIA eleMeHT
0i0ceHcopa CTBOPEHUH Ha OCHOBI (PEPMEHTY TITyTaMaTOKCHIAa31, KOBAICHTHO 3B’s3aHOI 3 OMYaunM
CHPOBATKOBHM aJIbOyMIiHOM 3a JOTIOMOTOIO [Ty TapOBOTO aJIbAETiTy. Byiio onTiHMi30BaHO YMOBH iMMO-
Oimizanii pepMeHTy Ha MOBEPXHI MMepeTBOpIoBada (KOHIEHTpAIlil pepMEHTY 1 IITyTapoOBOTO allbAETiTy
Ta yac iMmoOimizanii). s mepeBipku MOXKIMBOCTI (DYHKIIIOHYBAaHHS TaHOTO 0i0CEHCOpa B CKIIAIHUX
0107I0TIYHUX PEUYOBHHAX OYJI0 JOCIIHKEHO BILIUB TEMIIEPATypH Ta HAsSBHOCTI OUIKY B 3pa3Ky, MO
aHai3yeThCs, HA PoOOTy OioceHcopa. Takok B poOOTI Oyiio mepeBipeHO CEICKTUBHICTh po3po0iie-
HOro 6ioceHcopa BiIHOCHO MOXJIMBHX iHTEepdepyounx pedoBuH. JIiHIHHUHN Niana3oH OioceHcopa
JexaB B Mexax Big 5 1o 600 MkM miyTamary, a 9yTuBicTs craHoBmia 150-200 HA/MM. MiHimanbHa
rpaHMId BU3HAYCHHSA CKiIafgana 2 MkM mrytamaty. OTpuMaHi JaHi CBi4aTh PO MOXIIUBICTH Ta Mep-
CTHIEKTHBHICTH 3aCTOCYBaHHS PO3pOOICHOr0 0i0CeHCOpa /ISl BU3SHAYCHHS BMICTY IITyTaMaTy B 3pa3Kax
CHPOBATKH KPOBI.

KirouoBi ciioBa: amnepomerpudHuii MeTof, 6ioceHcop, iMMoOLTi30BaHu (hepMeHT, rTyTama-
TOKCHa3a, KOHIEHTpAIlisl ITyTaMary
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DEVELOPMENT AND OPTIMIZATION OF CONSTRUCTION OF AMPEROMETRIC
BIOSENSOR BASED ON THE GLUTAMATE OXIDASE FOR DETECTION
OF GLUTAMATE IN THE SERUM SAMPLES

D. O. Mruga, D. Yu. Kucherenko, T. O. Borisova, S. V. Dzyadevych, O. O. Soldatkin

Abstract. In this study, an amperometric glutamate-sensitive biosensor has been optimized.
The platinum disk electrode was used as a transduser. The enzyme glutamate oxidase that is covalent
crosslinked with bovine serum albumin by glutaraldehyde was used as a bioselective element. Condi-
tions of enzyme immobilization on the transducer surface were optimized (enzyme and glutaralde-
hyde concentrations and immobilization time). To test the possibility of this biosensos functioning
in complex biological samples, the influence of the working solution parameters on the biosensor
operation was investigated (concentration of the working buffer solutions, it's temperature, presence
of the protein in the analyzed sample). In addition, the selectivity of the developed biosensor with
regarding to possible interference was tested. Linear range of biosensor was obtained in the range of
5 to 600 uM of glutamate and the sensitivity was 150-200 nA/mM. The minimum limit of detection
was 2 uM glutamate. The obtained data indicate the possibility of application of developed biosensor
for determination of content of glutamate in the serum samples.

Keywords: amperometric method, biosensor, immobilized enzyme, glutamate oxidase, gluta-
mate concentration

PABPABOTKA U OIITUMU3AIIA KOHCTPYKIIUU AMIIEPOMETPUYECKOI'O
BUOCEHCOPA HA OCHOBE INMTIOTAMATOKCHUJIA3bI J1JI151 AHAJIN3A TJIFOTAMATA
B OBPA3LIAX CBIBOPOTKHU KPOBH

/. A. Mpyea, /]. FO. Kyuepenxo, T. A. bopucosa, C. B. /[3a0esuu, A. A. Condamxun

AHHOTanus. B nanHoit paboTe ONTUMHU3NPOBAH aMIEPOMETPUIECKUN ITIFOTAMAT-4yBCTBUTEIb-
HBIM OnoceHcop. B kauecTBe npeoOpa3oBatesis ObLI UCIIOJIB30BaH IIATUHOBBIN IUCKOBBIN 3JIEKTPOJ.
BrocenexTHBHBIH M1eMeHT OnoceHcopa pa3paboTaHHBI HA OCHOBE TITI0TaMaTOKCHAa3bl, KOBaJICHTHO
CBSI3aHHOH C OBIYBMIM CHIBOPOTOYHBIM QJIbOYMHHOM C TIOMOMIBIO TIIyTapoOBOTO anbaeruaa. OnTumu-
3MPOBaHBI YCIOBHSI IMMOOMIM3aMK (pepMEeHTa Ha TOBEPXHOCTHU Mpeodpa3oBatelis (KOHICHTPAIUU
(bepMeHTa U TIyTapoBOTO aJbJACTH/I, BpeMsi IMMOOMM3anun). st mpoBepKH BO3MOKHOCTH (DYHK-
[IUOHUPOBAHMSA JTAHHOTO OMOCEHCOpa B CIOKHBIX OMOJIOTHYECKUX 00pa3lax MCCIeI0BAN BIMSHAEC
TEMIIEPATyPhl U HAIMYUS OeIKa B aHAIM3UPYEeMOM 00pasiie Ha paboTy Onocercopa. Takxke B pabote
MIPOBEPEHa CENEKTHBHOCTH pa3pab0oTaHHOTO OMOCEHCOpa OTHOCUTEIIEHO BO3MOXKHBIX HHTEPEepupy-
IOIKX BelecTB. JInHelHbIi Auamna3zon OuoceHcopa Jiexkan B npezaenax ot 5 10 600 Mkm mroTamara,
a 9yBCTBHUTEJIBHOCTH cocTaBisiia 150-200 HA/MM. MuHMMabHas TpaHUIA OTPEICTICHHS COCTABIISIIA
2 MkM rmoramara. [loigydeHHbIe TaHHBIE CBHJIETEIBCTBYIOT O BO3MOKHOCTH U TIEPCIEKTUBHOCTH
MIPUMEHEHUS pa3pabOTaHHOTO OMOCEHCopa ISl ONPEeICHUsl COepKaHusl TII0TaMara B o0pasiax
CBIBOPOTKH KPOBH.

KuiroueBble cj1oBa: amMnepoMeTpuyeKHUN METOJT, OMOCEHCOP, UMMOOMIIN3UPOBAaHHbBIN (PEPMEHT,
DIFOTAaMATOKCH/1a3a, KOHIIEHTPALUs TIIF0TamMara
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Beryn

['myTamaT abo rmyTamMiHOBa KHCJIOTA € Hail-
O17BIII TTOITMPEHA aMIHOKHUCJIOTa B OpPTaHi3MI —
BOHA CKJIaJa€ ONU3BKO TPETHHH BCIX ITUPKYITIO-
I0YUX B KpOB1 aMIHOKHUCIIOT. [myTamar 3aiimae
BXJIMBE MicCIle B O10XIMIYHUX IIIAXax Ta ¢izi-
OJIOTIYHHX IpOIIecax JIOIWHU Ta IHIIUX TBAPUH.
Kpim poni mxepena cuHTe3y 3aMIHHUX aMiHO-
KHUCIIOT 1 OyiBEeIbHOTO MaTepiany Jjs OiJIKiB,
BiH TaKO)K BUKOHY€ PETYJIATOPHY (YHKLIIO: IPU-
CYTHICTb INTyTamary mijBuiye Bmict Na' B cepiii,
CKEJICTHHMX M’si3aX Ta HUpKax, K* B cepiii, HUpKax
1 MeYiHIIl, 3HWKYIOYH HOTro BMICT B Tuia3mi [1], a
[IyTaMaTHI pelenToOpy CTUMYIIIOIOTh BUBLIbHEH-
Hs Ca*" 3 eHJ0IIa3MaTHYHOTO PETUKYIIYM [2].

Takox rryTamar Oepe y4acTb y MiATPUMAaHHI
roMeocTa3y MLKKIITUHHOIO aMiaky (SIK aMiHO-
KHCIIOTHUI YOBEH, 1110 TPAHCIIOPTYE aMiak yepe3
MemOpanu [3]) Ta 3arajgoM B a30THOMY OOMiHi
B Oprasi3mi, 30KpemMa, IiIyTamar BiJIrpae CyTTe-
BY pOJb B 3HEHIKOJKEHHI TOKCHYHOTO aMiaky,
HAQ/UTUIIOK SIKOTO CIOCTEPIraeThes MpU TiMOKCi,
rinepokKcii Ta aMiaYHOMY OTPY€EHHI.

[Ipote, HalOITBIT BILTMBOBOIO (DYHKITIEIO TITY-
Tamary € HOro MeAiaTopHa poJb, aJKe ITyTamar
— HalmomupeHimui HelpoTpaHncMitep [4], 1o
aKTHUBY€E 10HOTPOITHI Ta METAOOTPOIIHI TITyTamar-
HI perenTopu, Ta 6e3rnocepeHiil monepeaHuK
1Hr10y040ro HelpoMmeiaTopa y-aMiHOMacasSHOT
KUCIIOTH. 3 1HIIOTO OOKY, HaaMipHa KUIBKICTh
IIyTaMaTy MOXK€ BUKJIMKATH MOLIKOKEHHS He-
HpOHIB, MOB’5I3aH1 3 TAKUMHU 3aXBOPIOBAHHSIMU,
SIK aMioTpOo(IUHUN OIYHUH CKIEPO3, JaTUPU3M
Ta XBopobu Anbureiimepa Ta Ilapkincona [5].
Kpim Toro, Bucokuii piBeHb IIyTamary B KpOBi
Ta 1HIMKUX O10JOTIYHUX PIAUHAX CBITUHUTH MPO
HasBHICTH 1IIEMIYHOTO 1HCYNBTY, eminencii yn
IHIIMX HEBPOJOTIYHUX po3JaaiB [6], BIH cClyTrye
MapKepoM J1a0ETUIHOI PETUHOIATIT Ta paKy ITijI-
IIJTYHKOBOI 3aJ103H, a TAKOX MOXKe OyTH 3ac000M
JiarHOCTYBaHHSI paHHBOTO ayTu3My. Came Tomy
HEOOX1HO PO3POOUTH MPUCTPIN TSI MOHITOPHUH-
Iy piBHA DIIyTamarTy B I1a3Mi KPOBI.

Konuenrpariito rmytamary B KpoBl MOJKHA BU-
3HAYUTH TAKUMH METOAAMHU SIK BUCOKOE(EKTUBHA
pinunHa xpomarorpadis [7], ra3oBa xpomaTorpa-
o1 [8,9,10,11], xkaninspuuit enekrpodopes [12],
MoTeHITioMeTpuYHe TUTpyBaHH: [13], duryopome-
Tpig [14], cnexrpodorometpist [15] Ta xeminromi-

HecneHis [16] 1, HaBiTh, paIlo4aCTOTHUI CUTHAT
[17]. Bei i MeToau Jty»ke 4y TIUB1 Ta TOYHI, OTHAK
noTpeOyroTh CKJIAHOTO Ta I0POroro 00aHaHHS
[18,19], kBamidikoBaHOTO IEPCOHAITY, TPYIOMICT-
KOT IPOOOMIATOTOBKH 3pa3ka, OLIbIIe TOT0, BOHU
HETPUIaTHI IS ITBUAKOTO BUMiptoBaHHs [20] un
aHaJIi3y BEJUKOI KUTBKOCTI 3pa3KiB, 1110 KPUTUYHO
B KJIHI4HIH 610XiMii. 3p0o3yMiJIo, 110 Ha ChOTOH1
€ aKTyaJIbHUM CTBOPEHHS MOOUIBHOTO, TOYHOTO,
IIBUJIKOTO, CEJIEKTUBHOTO Ta JICIIEBOTO CIIOCO0Y
BUMIPIOBaHHS BMICTY IUTyTamary B O10JOTTYHUX
3pa3Kax.

Came TOMY OCTaHHIM YacOM aKTUBHO PO3-
BHUBAIOTHCS (P13MKO-010I0T14HI METOAU MOHITO-
pHUHTY, 30KpeMa OioceHcopu. Ha croromsi icHye
HU3Ka po3pobneHux O6ioceHcopiB. Cepen HUX €
K ONTUYHI, TaK 1 €JEKTPOXiMIuHI Oi0CEHCOpHU
JUTsl BU3HAYEHHA TiTyTamary. B ocHoBi ix poGotu
Jexarb (pepMEeHTATHBHI peaKiii 3a y4acTi TiryTa-
Marokcuaasu [21,22], mmyramaraeriaporeHasu
[23,24], miyTamaTCHHTETa3u Ta DIyTamartaeKkap-
Ookcunasu [25,26,27], a immoOinizatis ¢pepmeH-
TiB mipoBoamitacs Ha Ni-Pd nanouactunkax [28],
ONTUYHO-BOJIOKOHHOMY JaTtuuky [29], TBepmoO-
TITBHOMY €JIEKTPO/Ii Ha OCHOBI HeracTu(dikoBa-
HoTO xiTo3aHa [30], 3010TOMY €neKTpoi, o OyB
MonudiKoBaH TOJIaHUTIHOM Ta HAHOYaCTHHKAMU
nojinpomniyopy [31], Ta TOBCTOIIIBKOBOMY ILIa-
TUHOBOMY eJektponi [32].

Mertor manoi pobotu Oyna po3poOka ONTH-
MaJbHOT KOHCTPYKIIi aMIIepOMEeTPHYHOTO 610-
CeHcopa Ha OCHOBI IITyTaMaTOKCHIA3H1 JIIsi BU3HA-
YCHHSI KOHIIEHTPAIIlli TITyTamMaTry B CHPOBATII KPOBI
Ta Miaoip HaMKpaIMx yMOB HOTO eKCILTyaTarii.

Mamepianu i memoou

Mamepianu

Jst ctBopenHst 6ioceHcopa Oyiio BUKOPUCTAHO
dbepMeHT - pekoMOiHaHTHA TJyTaMaTOKCHIa3a
(I'mOH), orpumana 3 Streptomyces sp. 3 aKTUB-
Hictio 7 ox. akt. mr! (Yamasa Corporation, Smo-
His). buyaumnii cupoBarkoBuii anbOymiH ((ppak-
uist V)(BCA), 25% BomHMii po34rH ITyTapOBOTO
anpneriny (I'A), rmiuepun, HEPES, meTtadeni-
JneHaiaMid Oyno orpumano Bix ¢ipmu Sigma-
Aldrich (CIIA). Sk cyberpar Oyi0 BUKOPUCTAHO
L-ryramar Harpito (Sigma-Aldrich, CLIA). [amri
HEOpPTaHiuH1 CMOJYKH, 10 BUKOPUCTOBYBAJIUCS
B pO0OTi, 30KpeMa MEPOKCH/ BOIHIO, ETUIIOBUI
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CIHPT OyJH BITYM3HSIHOTO BUPOOHMIITBA T MaJld
CTYIHb YUCTOTH ,,X.4.” Ta ,,4.7.a..

Koncmpykuisa amnepomempuunozo nepemeo-
prosaua

Ak Qi3uyHUl nepeTBOprOBadY BUKOPHUCTOBY-
BaBCsl MJIATMHOBUM TUCKOBUHM €JIEKTPOJ, cXeMa
SIKOTO TpHUBefeHa Ha puc. 1. J{nsg BUroTOBICHHS
TAKOTO eJIEKTPOY IJIATHHOBHIMA JPIT 3aI1atoBain B
CKJITHMH KaIuIsip Ta JIETKOIJIaBKUM cIuiaBoM Byna
3’€IHyBaJU MOro 3 BHYTPILUIHIM IPOBIIHUKOM.
3pi3 MIATUHOBOTO JPOTY, 1110 KOHTAKTYE 3 OTOUY-
I0YMM CepesloBUIIEM € poOouoro 30HOK0. Enmok-
CHJIHOIO CMOJIOIO Te€PMETHU3YBABCS MPOTHICKHUIN
B1Jl po0040i 30HH KiHELb CKJISIHOT TPYOKH Ta Ipu-
€/IHyBaJlacsd KOHTaKTHA IUIOLIMHA JUIS T1IKIIIO-
YEeHHS eJIEKTPOY J0 BUMIPIOBAIBHOI CUCTEMHU.
PoGouy 30HY mepen nepiuM BUKOPUCTAHHSIM Ta
NEePIOIUYHO B NMOJAJIBIIOMY BUKOPHCTAaHHI MeXa-
HIYHO 00pOOJISLITH 32 JOTTOMOTOO TITi(hyBaTbHOTO
ramnepy Ta MacTu 3 MOPOILIKY OKCHUJLy aJIFOMIHIIO
pizHoro miametpy (0,3 ta 0,05 mxm). OuurieHHs
po00oU0i TOBEpXHI CHUPTOBUM PO3UUHOM 3.1i-
CHIOBAJIOCS IMepe]l KOXKHUM HaHECEHHSIM Oioce-
JIEKTUBHOTO €JIEMEHTY.

50 mm
0.4 mm 0.2 mm = Tm 0.8 mm
- i
TN T
1 23 4 5 B 6 7

Puc. 1. CxemaTuuHe 300pakeHHsI aMIIePOMeTPHUU-
HOTO eJIEKTPOAY HAa OCHOBI MJATHHOBOTO JAPOTY
niamerpom 0,4 Mm: 1 — GioceleKTHBHUIA eJIEeMEHT;
2 CKJSIHUII KOpIycC eJieKTpPoay; 3 — NJIATUHOBUIA
apiT; 4 — eJeKTpUYHE 3'€THAHHS 32 JOMOMOI0I0
JIErKOMJIaBKOro crmiaBy Byna; 5 - BHyTpimmiii mpo-
BiTHUK; 6 — eMOKCHIHA CM0J1a; 7 — KOHTAKTHA ILJIO-
IMHA CTAHIAPTHOIO THITY

Memoouxa nanecennsa nonigheninenoiamino-
60i memopanu

[Ipu BUMiprOBaHHI KOHIICHTpAIlii TITyTaMaTy B
3pa3Kax CUPOBATKU KPOB1 HEOOX1THO MiABUIIUTH
CEJIEKTUBHICTh 010CEHCOPY, OCKIIBKA HA HHOMY
MOJKE OKUCHIOBATHUCS HE JIUIIE cyOcTpar, a i iHIi
MOJIEKYIIH, [0 MICTATHCS B KPOBi, HAIPUKIIA,
ackopOiHOBa KucyioTa. Bucoka celeKTUBHICTh
aMIepOMETPUYHHX MIEPETBOPIOBAUIB JI0 MEPEKHUCY

38

BOJIHIO B IIPUCYTHOCTI €JIEKTPOAKTHBHUX PEUOBUH
JIOCATAETHCS IIJIXOM €JIEKTPOXIMIYHOTIO HaHe-
CEHHS Ha YKCTY MOBEPXHIO MJIATHHOBOIO APOTY
HaIiBIPOHUKHOI MEMOpaHU HA OCHOBI MOJi-Me-
ma-(heHuIeH11aMiHy, sIKa YTBOPIOE ITOPH, JOCTaTH1
3a pO3MIpOM JIJIsl MPOXOPKEHHS TIEPOKCHU/TY BOJTHIO
JI0 TIOBEPXHI MEPETBOPIOBAYA, 1 SKI 3aTPUMYIOTh
MoJIeKy/ I OlibIoro aiametpy. s dopmyBaHHsS
miei MeMOpaHu BianuIi)oBaHUM Ta OUUIIICHUIN
3a JOMOMOTOI0 CHUPTY €JIEKTPOA 3aHYpPIOIOTH B
3axUIIEHy B1J] CBITJIa KOMIPKY 3 5 MM po3urHOM
Mema-peHIIeHAIaMIHy Ta TIOJIMEPU3YIOTh METO-
JIOM LUKJIi4HOT BoibTamerpii (puc. 2). Podurbcs
10-20 1uiB, TOTIOKK BOJITAMIIEPOIpaMU Maiike
He OyayThb BIIPI3HATHUCS OJHA BiJ OJTHOT, IITO CBiJI-
YUTh MPO MOBHE MOKPUTTS MOBEPXHI EJIEKTPOIa
mapom moJti-uema-G$eHuIeH1iaMina.

000 010 020 030 040 050 060 o7 080
— EN

Puc. 2. llukaiyHi BoJbTaMIieporpaMm, oTpuMaHi
npu ¢popmysanHi [1®/[-meMOpanu Ha MJIATHHOBO-
MY AHCKOBOMY eJIeKTPOdi, BHPoaoB:k 30 muKIiB.
IMoTenuiaj 3minoBascsa B Mexxax Bix 0 1o 850 mB

Memoouka nanecenns 6ioceneKmueHozo eie-
MeHmy

JInst CTBOpEHHS 4y TIIMBOTO JI0 TITyTamary 010-
CEIIEKTUBHOTO €JIEMEHTY OioceHcopa B3sH 3a
OCHOBY METO]l KOBaJIEHTHOI iMMoOimi3arii dep-
MEHTa Ha MOBEPXHI €JIEKTPOY 3a JOTIOMOIOI0
nirytapoBoro anbzeriga (I'A). [oryBaBes rens, mo
mictuB 8% (macoBa yactka) [mO/l, 4% BCA Ta
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10% rminepuny y 100 MM docdarHomy Oydepi,
pH 6,5. I'ninepun OyB HeoOX1aHUM 1715 cTabli3a-
1ii pepMeHTy 1 MmokpaiieHHs aare3ii MemMOpaHHu.
HacTtynHuM KpoKoM Iiei Tesb 3MIlTyBaBcs 3 BOJI-
HuM po3unHoM ['A (0,1%) B ciBBigHOLIEHH] 1:4.
OTpumaHy cyMilll 0/ipa3y HAHOCWJIM Ha YYTJIUBY
30HY €JIEKTPO/Y 1 BUCYIITYBaJIX Ha MOBITPI 32 KiM-
HATHOI TeMIieparypu npotrsirom 35 xsuiuH. [oTo-
BH 010CEHCOpP BiIMMBAJIH Bijl HE3B’ SI3aHUX KOM-
MTOHEHTIB 010CENIEKTUBHOT MEMOpPaHU B POOOUIOMY
oydepi (HEPES) npotsirom 10 xBuiuH.

Cxema ycmano6ku 0141 amnepomMempuyHux
GUMIPIOGAHD

B xoi excriepuMeHTy BHKOPHCTOBYBAIacs
TPUEJIEKTPO/IHA CXEMa aMIIePOMETPUYHOTO aHa-
T3y (cxemaTH4He 300pakeHHsI MPUBEJICHO Ha
puc. 3). Poboui Giocencopu, JOTTOMIKHHM MJIaTH-
HOBHH eJIeKTpo (110 Ma€ 3HAYHO OUIBITY pobody
MOBEPXHIO 1 HEOOX1THUM 1151 3aMKHEHHSI JTaHLI0-
ra, ToOTO MMOBEPHEHHSI €JIEKTPOHIB 10 PO3UHHY
M1 €0 HAMPYTH, 1[0 COPUYHHSIE HA HBOMY TIPO-
LI€C BIIHOBJICHHS, 32 BEJIMUMHOIO €KBIBAJICHTHHUIMA
MPOIIeCY OKMUCHEHHS Ha POOOYOMY €JIEKTPO/Il) Ta
xJyiop-cpioumii (Ag/AgCl) enekTpon mOpiBHAHHS
(HeoOXiTHUM AJI1 KOPEKTHOTO BUMIPIOBAHHS TO-
JAHOTO TTOTEHITIANY) MiAKIIOYaINCh 10 TMOTEHIII-
octaty PalmSens (Palm Instruments BV, Hinep-
naHau). Jlo moTeHmiocTaTa TaKoX ITiIKJIFOYaBCs
npuctpii (8-xkananpHui PulmSens multiplexer),

Enexrpog nopisHAHHA

Honomikuuil enexTpoa

10 JI03BOJISIB OTPUMYBATH CUTHAJH 3 JEKUTBKOX
pobOouMX eNeKTPOoIiB OIHOYACHO). Bincranp Mixk
BCciMa eJIeKTpoaamMu Oyia OJJHaKoBa 1 CKiiajana
OJIM3BKO 5 MM.

Memoouka eumiprosanns

BumiproBaHHs POBOMIIMCS 32 KIMHATHOT TEM-
neparypu y BLIAKPUTIH KoMIpIi 06’eMoM 2,5 mi,
MIPH TIOCTIHHOMY TIEpPEMIIITyBaHHI Ta MOCTIHHOMY
noTeHuiani (skuil OyB momepeaHbo migiopaHuit
eKcriepuMeHTaIbHUM 1uIsixoMm) +0,6 B BigHOCHO
Ag/AgCl enexktpoja MopiBHIHHS, IO BiANOBIIa€
TIOTEHILialy OKUCHEHHS nepokcuay Boauio H O,
Ha aHOII.

Po6ouum Oydepom cinyrysas 25 mM HEPES
3 pH 7,4, a xoHueHTpauist cyocTpary B KOMIpIIi
3a/laBajiach JOJABaHHSM aJliKBOTH KOHIICHTPO-
BAHOT'O PO3UUHY. YC1 TOCIIPKEHHS TPOBOJMINCH
JEKiTbKa pas, a JaHi, HaBeICHI B pOOOTI, € cepei-
HIM 3Ha4eHHAM. Bci po3paxyHKH MpOBOAMIIUCH B
nporpami OriginLab PrigonPro 8.5.

Pe3ynomamu ma 002060penns

Ipunyun pooomu diocencopa

B ocHoOBi poboTu 6ioceHcopa IexuTh dep-
MeHTaThBHa peakuis (1), 1m0 mpoTikae B 6iocenek-
THUBHIA MeMOpaHi, B pe3yJIbTaTi sIKOi OKHCHIOETHCS
IIyTaMaT Ta YyTBOPIOETHCA €IEKTPOXIMIYHO-aK-
TUBHUN MEPOKCHU BOJIHIO.

MoteHyioctar PalmSens

PobBowii enexkTpoa

Puc. 3. Cxema ekcriepuMeHTaIbHOI YCTAHOBKH /151 aMIIePOMeTPUYHHUX BUMIPIOBaHb
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SIKII0 10 eNeKTPoay MPUKIIACTH MOTSHINAT B
600 MB BinOyBaeThCcst aHOIHE PO3KIIAIAHHS TIe-
poKcuy BOJHIO (2), 3 YTBOPEHHSM €JIEKTPOHIB,
SIK1 PEECTPY€E aMIIEPOMETPUYHUN TIEPETBOPIOBAY.

(0] (@] (0] (0]
TnytamatOkcuaasa
HO OH HO OH @)
NH; o]

H:0
@- Ketornytapar

Fnytamar

H 600mB
——— 0=0 + 2H" + 2¢ @]

Onmumizayia cknaoy gpepmenmmuoi memo-
panu

AHaJIITUYH]1 XapaKTepUCTUKHU OloceHcopa
CUIIBHO 3aJie’KaTh BiJ CKJaay 010CeneKTHBHOL
MeMOpanu. Lleit mapameTp CyTTEBO BIUIMBA€E Ha
YyTJIUBICTh, JTIHIWHUN M1ama3oH poOOTH, CEIIEeK-
TUBHICTh Ta CTa0LIbHICTH O10CEHCOPa, cCaMe TOMY
HEOOX1THO Ti1IOpaT ONTUMAJTBHE CITiBBITHOIIICH-
HsI KOMIIOHEHTIB B 010CEJIeKTUBHIN MeMOpaHi. B
naHiii po0oti iMMoOiizaLio GepmeHTy Ha podo-
Yiii MOBEpXHI aMIEPOMETPUYHOTO MEPETBOPIO-
Bayua MPOBOJMIIN IIJITXOM KOBAJIEHTHOI 3ITUBKH
Mix coboro I'mOJl Ta BCA 3a momomororo T'A.
®epmentrHa cymim (8% [mOJ) Ta BonHuit pos-
yuH ['A (0,1%) HaHOCHIM Ha pOOOYY TTOBEPXHIO
MepeTBOPIOBaYa y Pi3HUX CHiBBiAHONICHHIX. B
pe3ynbTari OyJa0 OTpUMAaHO HHU3KY BapiaHTiB 0i0-
CEHCOPIB, KaJiOpyBaJibHI KpPUBI SIKUX HaBEJECHO
Ha puc. 4.

Takuii BeMUKUI PO3KH]I BETMUUH BIATYKy 610-
CEeHCOopa B cTaHl (PEpPMEHTATUBHOTO HACHYCHHS
cyoctparom (Big 50 HA n0 270 HA) MOXHa TTO-
SICHUTH CTYTIEHEM B3a€MOJii KOMIIOHEHTIB po0o-
yoro reito 3 ['A: ¢popmyerbest ocHoBa Lludda
(cmomyka 3 moaBiHUM 3B’a3koM Mixk C Ta N,
JIe a30T 3B’SI3aHUM 3 apUIBLHOIO a00 aJKiTHFHOIO
rpynor)(3), sika B CBOIO YEpry 37aTHa pearyBaTi
3 aMiHOTPYIaMU TaKOX 3 YTBOPEHHSM OCHOBU

Iudda (4).

R-NH, + OHC(CH,),CHO — R-N=CH(CH,),CHO + H,0

)

R-N=CH(CH,),CHO + R*~NH, + R-N=CH(CH,),CH=N-R’

“4)

3po3ymiso, o Ipu HEAOCTATHIN KIIbKOCTI
3IIUBAIOYOTO areHTy Oibla yacTuHa (hepMeHTa

40
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Puc. 4. KaniopyBaabHi KpuBi 1151 BU3HAYEHHS
rnyramara (A) Tta rpadik 3a/1e:KHOCTi BeJJMYNMHHI
BIAryKy Bix cniBBigHOmIEeHHs 00'eMiB po3unHiB
dpepmenty Ta I'A (KOHUEHTpAaNis rIyTamMarty —
2000 mxM). BumiproBanus npoBoanucs y 25 MM
HEPES oydepi, pH 7,4, 3a nocriiinoro norenuiany
+0,6 B BinnocHo Ag/AgCl esiekTpoia NOpiBHAHHS

HE IMMOOLTI3y€ThCsI, 1 HOTO HE3B s13aH1 MOJIEKYIIN
BUMMIOTHCS 3 010CEJIeKTUBHOT MeMOpaHu MpU
poboTi 6iocencopa. A npu Haummky ['A mig gac
IMMOO1TI3AITiT YTBOPIOETHCS OLIbIIe HIXK HEOOX1/1-
HO TIONEePEYHHX 3IIUBOK, 1110 IPU3BOIUTH 10 HEO-
6opoTtHHX 3MiH B cTpykTypi [TTO/], siKi HeraTuBHO
BIUIUBAIOTh Ha poOoTy pepmeHTy. Excriepumen-
TaJdbHI JaHl MiATBEPIKYIOTh MPOTHO30BAHUI
XapakTep 3MiHM aKTUBHOCTI iMMOO17i30BaHOTO
dbepMeHTyi, BIAMOBITHO, YyTIIMBOCTI O10CEHCOPY
1o nirytamary (puc. 4). Ilpu anamizi orpuMaHux
JMaHuX OyJI0 BU3HAUEHO ONTUMAJIBHE CITIBBIIHO-
meHHs po3unHiB pepmenty i [A — 1:4.

Taxoxx Oyi0 nepeBipeHo poOoTy GioceHcopa
B 3aJIS)KHOCTI Bij KOHIEHTpalii [A B cTOkOBOMY
po3unHi. Pe3ynbraT BUMiproBaHb MOKa3aju, 0
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HaOIBITY Yy TIUBICTh O10CEHCOP MPOSBIISIE TIPU
iMmoO1TI3aLii pepmenta 3 Bukopuctanusam 0,05%
Ta 0.1% I'A (puc. 5). binbi BUCOKI KOHIIEHTpAIil
3IIMBAIOYOTO areHTy MPU3BOIMIN 10 HAJTUILIKO-
BOT IMMOO1TI3aLlli (PepMEHTY, @ MEHII KOHIIEHTPO-
BaHuii ['A He 3akpimTtoBaB (EpMEHT JOCTATHHO
IIUIBHO, B HACHIIOK YOTO BiH BUMHBABCS 3 010-
CEJIEKTUBHOI MEMOpaHu BIIPOIOBXK POOOTH.

300 -
250

200+

Biaryk, HA

150

100 4

50

2 0.5 0.1
KoHueHTpauis FA B po3umHi Ansa immoBinisauii, %

0.05 0.025 0.0175 0.01

Puc. 5. 3anexnicTh BeJUYUHHU BiATYKY OioceHcopa

Bia konuentTpauii ['A B po3uuni njst immoo6imizamii.

KonuenTpanisi mmyramaty — 1000 mxM. Bumipio-

BaHHs npoBoauanch y 25 MM HEPES oydepi, pH

7,4, 3a mocTilinoro nmorenmiaay +0,6 B BizHocHo Ag/
AgCl ejexTpona NMopiBHSIHHS

Bu3znauennsa onmumanvnoi mpueanocmi
immoobinizayii

[Ile oqHMM BaXJIWBUM TapaMeTpoM
IpU CTBOpPEHHI OioceHcopa € TpHUBaliCTh
iMMoOimizamnii. BoHna cyTTeBO BIIMBaE Ha SIKiCTh
OlocesleKTHBHOT MeMOpaHH, ajkKe 3a HeI0CTaTHIN
yac KOBAaJICHTHI 3IIMBKH HE BCTUTHYTh YT-
BOPHUTHCS, a 32 HAUTUIIKOBOTO Yacy XiMiuHa
aKTUBHICTH ['A TIpu3Be/Ie 10 HE3BOPOTHUX 3MiH B
KoH(opMmariiHii crpykrypi [0/, 1m0 HeraruBHO
MO3HAYUTHCS Ha poOoTi Giocencopa. Tomy Bubip
TPUBAJIOCTI IMMOOLTI3aIIil MPOBOIMUBCS HA OCHOBI
aHaJi3y JaHUX, 3 YPaxyBaHHSIM BEJIMUMHU BITYKY
Ta BIATBOPIOBAHOCTI OioceHcopa. OnTumanbHa
TPUBAJIICTh CTAHOBUJIA 35 XBUIMH (pHC. 6).

Ananiz eghexkmusnocmi immooinizauii pepmen-
my

3rigHo 3 (epMEHTATUBHOIO PEAKLIE0, 110
MpOoTiKae B 0i0CENeKTUBHIA MeMOpaHi riryra-
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Puc. 6. 3anexuicTh Be1TMYNHM BiAryKy OioceHcopa

Bif TpuBaJsiocTi immooinizanii ¢pepmenty. Konuen-

Tpanis riayramary — 1000 mxM. BumiproBanus

nposoauiucs y 25 MM HEPES oOydepi, pH 7,4, 3a

nocTiifHoro norenniaxay +0,6 B Bitnocno Ag/AgCl
eJIeKTPOo/Aa NMOPiBHAHHS

MaT-4yTIMBOrO 610ceHcopa, IpHU MepPeTBOPEHHI
OJTHI€T MOJIEKYIIN CYOCTpaTy YTBOPIOETHCS OIHA
MOJIEKyJIa TIepOKCHIY BOAHIO. BigmosinHo, mpu
i7leanbHUX yMOBax iMMoOinizauii gpepmeHTy Ta
BUTOTOBJICHHSI 010CEJIEKTUBHOTO €JIEMEHTY 0i0-
CEHCOpa BiATYKU Ha JOABaHHS OJJHAKOBUX KOH-
LeHTpaliii cyocTpary (TiryTamary) Ta nepoKCUIy
BOJTHIO ITOBHHHI OyTH Maii)ke OJTHAKOBUMH. 3BICHO
JOCSATHYTH PIBHUX BIATYKiB Ha TIEPOKCH]T BOIHIO
Ta NIyTamar B peaJibHUX yMOBaX HE MOXIIUBO, aJle
0 PI3HUII BIATYKIB MOXJIMBO OyJI0 aHAIi3yBaTh
YCHIIITHICTh IMMOO1TI3aI1i].

Tomy, nis nepeBipku €(heKTUBHOCTI IpoLe-
nypu iMmmoOimizanii ¢pepMenTy HeoOxinHo Oyio
MOPIBHATH BEJIMYMHH BIATYKIB OioceHCOpa Ha
OJTHAKOBY KOHIEHTpAILII0 MEPOKCUIY BOJIHIO Ta
nrytaMary. byso nokasano, 1o po3po0nenuii 6io-
CEHCOp MaB JIMIIE BABIYl MEHIITY YyTIUBICTh JI0
DIyTamary, IOPiBHSAHO 3 Yy TJIMBICTIO J0 EPOKCH-
1y BOAHIO (puc. 7), 1110, BPaXOBYIOYH OOMEKEHHS
B nudy3ii, € TOCTaTHHO TAPHUM PE3YIBTATOM 1
CBIIYMTH PO YCIINIHY IMMOOLTI3a1lii0 (PepMEHTY.

Bnaue npucymnocmi 6inkosux monexkyn 6
Ppo3uuHni Ha ehekmugnicmov podomu diocencopa
Maiixke B ycix O10JIOTIYHUX PiAMHAX YaCTO
MPUCYTHS BICOKa KOHIIEHTpaIlis 01aKky. Ha »amb,
i MOJIEKYJIU MOXYTh (pi3udHO 3abuBatu Oioce-
JEKTUBHY MeMOpaHy OioceHcopa, MOTipIIUBIITN

41
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Puc. 7. KaniopyBaJasHi rpagikm 0ioceHcopa Ha me-

poxcua BoaHio (1) Ta riryramar (2). BumiproBanust

nposoauauck y 25 mM HEPES oydepi, pH 7,4, 3a

noctiiiHoro norenuianay +0,6 B Bitnocno Ag/AgCl
eJIEKTPOo/Ja MOPiBHAHHSA

il MPOHMKHI BIACTUBOCTI. B pe3ynprari mhoro au-
¢y3ist cyOcTpary 10 akTUBHOTO LIEHTPY (pepMeHTy
YCKIIQTHIOETHCSI 1 BEIMUYMHA BIITYKY Ol0CeHCOpa
najae. Pesynpratu JOCHIAKEHHS BIUIUBY JaHO-
ro nmapameTpy Ha (yHKIIOHYBaHHs OioceHcopa
npogeMoHcTpoBaHo Ha puc. 8A. [IpucyTtHicts B
PO3UMHI CHPOBATKOBOTO AJIbOYMiHY Y HOPMaJIbHUX
JU1s1 O10JTOTIYHUX PiIMH KOHLEHTpAIIsX (3 ypaxy-
BaHHSIM PO3BEJICHHS 3pa3ka) Maja IesIKUil BIUTUB
Ha Yy TJIMBICTh OlI0CEHCOpa JI0 TyTamary (TiaiiHHs
BiAryKy Ha 12-18% npu HasgsBHOCTI B po3unHi 3%
BCA) (puc 8b). [Ipu BuMiproBaHHs KOHIIEHTpAIIii
IIyTaMaTy B peallbHUX 3pa3Kax HiBETIOBaTH Iei
BIUTMB MOKHA 32 PaXyHOK OUTBIIOTO PO3BEICHHS.

Bnaue memnepamypu na pooomy odiocencopa

Binomo, 110 Temmieparypa cepenoBuIla BILIU-
Ba€ Ha IIBUJKICTb YTBOPEHHsI (hepMeHT-CcyOcTpar-
HOTO KOMIIJIEKCY 1, BIJIMOBIIHO, MBUAKICTH TPO-
TiKaHHS pepMEHTATHUBHOI peakiii. BinamosigHo,
Oys10 HEOOX1THO JAOCTIAUTH BIUIMB TEMIEPATYpPHU
pob6ovoro po3urnHy Ha (DyHKIIIOHYBaHHS 010CEH-
copa. byno nokazaHo, 1o 6ioceHcop Ha OCHOBI
IyTaMaTOKCUJIa3H YK€ Uy TIMBUHN 0 3MIH ITI€T
XapaKTepucTuku cepenopuina (puc 9A). Crnoyar-
Ky, 32 HiJABUILEHHS TeMIIepaTypH BijJ KiMHATHOI
10 45°C 3011pLIy€ThCSA BEJIMUMHA BIATYKY 010-
ceHcopa Ha 80%, a mpu NoJaIBIIOMY 3POCTAHHIO
temmneparypu 10 80 °C BigOyBa€eThCsl TEIIOBA Je-
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Puc. 8. 3ajexnicTs BeTHYNMHHN BiAryky OioceHco-
pa Bix mpucyTHocTi Oijika B podouiii komipi (A)
Ta NMaJiHHA CUTHAJY NPH BHeceHHi Oiaka (3%) B
po6ouuii OydepHuii po3unH mix yac BUMiproBaHHs
(b). KonuenTpanis riryramary — 1000 mxM. Bumi-
proBanHs nposoauaucek y 25 mM HEPES oOygepi,
pH 7.4, 3a nocriiinoro norenuiaaxy +0,6 B BinnocHo
Ag/AgCl enexTpona NopiBHAHHA

HaTypailis O1IKOBOI YacTUHU (QepMeHTa, ax A0 ii
ITIOBHOTO PyHHYBaHHS.

Jnist Toro, 106 1oBeCTH, 110 aHa 3aJIeKHICTh
(puc 9A) 3ymMoBIIeHa caMe BIUIMBOM TEMIIEpaTypHu
Ha 010CeNeKTUBHUN eJeMeHT OloceHcopa, a He
Ha (i3uYHUI mepeTBOprOBaY, HEOOXiAHO OyI0
JOCTIIUTH, SIK BIUTMBA€E TEMIIEpaTypa Ha (DyHKIIi-
OHYBaHHS T0JIOTO TUTATHHOBOTO €JIEKTPOAy (pHC.
9.b). 3 pucynky 9.b BunHO, 1110 npy 301IbIIEHH]
temneparypu Big 25 °C no 80°C curnan ammnepo-
METPUYHOTO CEHCOpa PIBHOMIPHO 3pOCTaB, B TOU
Jac gK BIATYK OloceHcopa Ha cyOCcTpar Crovyarky
3pocraB (mo 45 °C), a motim nagas (3 45 °C no
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80°C), 10 CBiIYUTH PO CYTTEBUH BILIUB TEMIIE-
parypu came Ha epMEeHTHY MeMOpaHy.
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Puc. 9. 3anexuicTh BeJJUIUHHU BiATYKy OioceHcopa
BiJl TeMmepaTtypu po06o4oro po3unHy (A) Ta 3mina
CHUTHAJIy aMIIEPOMETPUYHOTO0 NMEePeTBOPIOBaYa MPH
nigBunieHHi remneparypu (b). Konuentpauist riry-
tamaty — 100 MmxM. BumiproBanHsi NpoBOIWINCH
y 25 MM HEPES 6ydepi, pH 7.4, 3a nocriiinoro
norenuianay +0,6 B Bitnocno Ag/AgCl enexrpona
NMOPiBHSIHHS

Bueuennsa cenekmuenocmi diocencopa

I'myramar-ayTnuBuil 6i0ceHCOp NMpU3HAYCHUN
JUTS. BU3HAYCHHSI ITyTaMaTy B 3pa3kax CHPOBaTKH
kpoBi . Kpim miyTamary B JaHHX 3pa3Kax MOXYTh
OyTH MPUCYTHI TaKi eNEeKTPOAKTUBHI PEUOBUHH,
[0 CAMOCTIHHO OKUCHIOIOTHCS TIPH TIPHKIIAICH-
HI TIOTEHI[iady 1 MOXYTh JaBaTH XUOHUHN MO3U-
TUBHUI BIATYK (acCKOpOiHOBa KHUCIIOTA, IUCTEH,
cedyoBa KHUCIOTA Ta iH.). IX BIUIIMB MU HiBeJIOBa-
au BukopuctanasaMm 1D/ memOpanu. EdhexTus-
HICTh JAHOTO METO/y MOXKHA OI[IHUTH 3 TpadikiB

(puc.10). HecenexTuBHi BiATYKH Ha aCKOPOIHOBY
KHCJIOTY Ta IUCTETH 3MEHIIMINCH Ha TIOPSIOK 1
CTaJIM HECYTTEBUMHU BEIIMYMHAMH MOPIBHSIHO 3
BIZIT'YKOM Ha TMEPOKCHUJI BOJTHIO.
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Puc. 10. Binrykn aMnepoMeTpH4HOTO NepeTBOPIO-
Ba4a Ha /I0IaBaAHHS eJeKTPOAKTHBHUX Pe4OBHH
a0 (a) ta micas (0) Hanecenns [P memOpanu.
Konuenrtpanis nmepexkucy BoaHwo ckiaaaaiaa 100
MKM, ackop0OiHoBoi kuciaoTn — 50 MkM, nucTeiny
— 50 mxM. BumiproBanus npopoauiaucs y 25 mM
HEPES oydepi, pH 7,4, 3a nocTiiinoro norenumiamnsy
+0,6 B BinnocHo Ag/AgCl estekTpoia NOpiBHAHHS

CenekTuBHICTH OyJb-SKOTO OioceHcopa 3a-
JCKHUTH SIK BiJl CEJIEKTUBHOCTI MEPETBOPIOBaUa
(o Oyna mokpalieHa BUKOPUCTAHHSIM JOJATKO-
Boi [IdDJI-memOpanu), Tak 1 Bii CEIEKTUBHOCTI
010CeNIeKTUBHOTO eneMeHTy. Binmosinno, Oyno
MIEPEBIPEHO CEIEKTUBHICTh O10CEHCOPa BITHOCHO
pi3HuX amiHokucyot (puc. 11). Bussneno ue-
BHUCOKY YUY TJIMBICTH JIO aclapariny, DIyTaMiHy,
acrapariHoBOI KHUCJIOTH Ta TICTUIMHY, 10 Oyia
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MenIoo B 50-100 pasis, 3a yyTIuBicTh Gi0CEH-
copa /10 mryTamary. BiirmoBigHO TPUCYTHICTh X
aMIHOKHCIIOT B 3pa3Ky He MPU3BOIUTH JO CyTT€-
BOTO BIIXWJICHHS Y BUMIPIOBAaHHSX, a 1HII aMi-
HOKHCJIOTH HE CIPUYMHSIN BIATYKY O10CeHcopa.
UyTIuBiCTh A0 JIEIKHX aMiHOKHCIOT MOXHA TO-
SICHHTHU HeifeanbHoIo ceaekTuBHicTio [1O/ o
IyTaMary, a TAaKoXK HasiBHICTIO y mipernapari [ 1O/
CIIOBHX KIJTBKOCTEH 1HIMUX (hePMEHTIB (HAIpH-
KJIaJl, OKCHIa3u L-aMiHOKHUCIIOT).

rAyTamiHOBa KucnoTa
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cepuvH
nisuH
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yucrein
anaHiu
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acnapariHoBa KMcnoTa
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Puc. 11. Biaryku 0iocencopa Ha qoxaBaHHs pi3-
HuX aminokucaoT. Konuenrpauii aminokucsior —
1000 mxM. BumiproBanns npoBoauiauch y 25 MM
HEPES oydepi, pH 7,4, 3a nocrilinoro norenuiaay
+0,6 B Binnocno Ag/AgCl enexTpona nopiBHAHHA

Kpim Toro, 3 miTepaTypHuX IaHUX, BiIOMO,
10 O10JIOTIYHI PIIMHU MOXKYTh MICTHTH 1HIII 1H-
Tep(epeHTH, 0 MOXYTh BIUIMBATH Ha CEJICK-
TUBHICTH OioceHcopa. [Tomanbin qociiKeHHS
mokasaiu, mo ceuoBuHa, EJITA, rimoko3a, 1u-
MOHHA KHCJIOTa, OCH301HA KUCIIOTA, a3H]l HATPIIO,
a-kerormyTapar, NaCl, KCI Ta CaCl, ne npu3sso-
JIWITA IO BIATYKIB Ol0CEHCOpa MpU KOHIICHTpAITii
JaHUX PEYOBHH y poOouiii koMmipii 1 MM.

Ananimuyni xapaKkmepucmuku onmumizoea-
HO020 biocencopa

OcTaHHIM eTarnoM pPo3poOKH KOXKHOTo 0io-
CeHcopa € JOCHIIKEHHS HOro aHaliTHYHHUX
XapaKTepUCTUK. BinmoBiaHo, IpU AOCTIIKEH-
Hi aHAJTITUYHUX XapaKTEPUCTUK PO3POOIECHOTO
O6ioceHcopa Oyli0 BCTAHOBIICHO, 110, 32 YMOBU
ONTHUMI3allll KOHCTPYKIIi Ta mapaMmeTpiB pooOTH
OioceHncopa, pu Bukopucrtansi 25 mM HEPES

44

oydepy, pH 7,4, miniMarabHa MeXa BU3HAYCHHS
rIyTaMary craHoBwia 2 MkM. Bona HecyTTeBO
3MIHIOBAJIach B 3aJIGKHOCTI BiJl KOHKPETHOTO 010-
CeHcopa Ta 3pocTaja B IpoIeci BAKOPUCTAHHS.
Kani6pyBanbHuii rpadik 0ioceHcopa Juisi BU3Ha-
YeHHs TIyTamaTy HaBeJleHo Ha puc. 12. JlinHii-
HUH giama3zoH pobotu GioceHcopa OyB Big 5 10
600 MKM, 4yTIMBICTh 10 IIyTamMary CTaHOBHUJA
150-200 HA/MM, a 4ac Biaryky — 5-20 c. (B 3a-
JISKHOCTI BiJl KOHIIEHTpAIIl IITyTaMary).
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Puc. 12. KaniopyBaabHuii rpagik rimyramar-4yT-

JIMBOro 0ioceHcopa. BumipioBaHHSI MPOBOANINCH

y 25 mM HEPES 0y¢epi, pH 7,4, 3a nocTiiinoro

norenuiany +0,6 B Binnocno Ag/AgCl enektpona
NMOPiBHSAHHS

OTpuMaHi aHATITHYHI XapaKTEPUCTHKHU PO3-
pobneHoro 6ioceHcopa cBiq4aTh MpPO MEepCreK-
THUBHICTb 3aCTOCYBaHHS JaHOTO OioCeHcopa MpHu
aHaJIi31 KOHIIEHTpAIil IITyTamMary B 3Ha3KaxX CUpPO-
BaTKU KPOBI.

Bucnoeku

B po6oTi Oymno po3pobieHo ammnepoMeTpud-
HUM TIIyTaMaT-4yTJIUBUNA 010CEHCOp Ha OCHOBI
iMmoOinizoBanoi IO/l Ta mIaTHHOBOIO JUCKO-
BOTO €JIEKTPOJy, CTBOPEHO HOro j1abopaTopHUit
MIPOTOTHII, ONTUMI30BaHO POOOTY Ta TOCIIHKEHO
po60Ul XapaKTePUCTUKH.

B xoni po6oTtu Oyno migiOpaHo onTUMabHI
YMOBH iIMMOOiTi3a11ii (pepMEHTY Ha MTOBEPXHI I1e-
peTBOprOBava: HaHOLIbII CTaOLTbHI T4 BUCOKI Bif-
ryku 010ceHcopa JoCSTalucs MpH 3MiITyBaHH1 1
00’emy pozunny 1O/ (8%) ta 4 06’emiB po3un-
Hy I'A (0,05-0.1%) Ta TpuBamocti iMmmo0ii3arii
Ha TOBITP1 IPOTITOM 35 XBUJIMH.
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ITpu ninbopi onTUMaIbHUX YMOB €KCILTyaTa-
il po3pobaeHoro 6ioceHcopa OyJI0 OTpUMAHO
3aJICKHICTh BEJIMYMHH BIATYKIB Ol0CceHCOpa Bif
Temreparypu pododoro 6ydepHoro pozunny. Ta-
KO’K OyJ10 IOKa3aHo, M0 PO3pobeHuit 6ioceHcop
MOYKE€ MpaliBaTH B O10J0TIYHUX 3pa3Kax, II0
MICTSTh O1JTKOBI KOMIIOHEHTH, X04a 1 CIIOCTepira-
€ThCA JeAKUHN cnaj BenmuuHH BiATYKY (10-12%
nipu HasgBHOCTI 3% BCA B po3uunHi).

Byno npoananizoBaHO CeIEKTUBHICTD 3aIpoIIo-
HOBaHOro B po0oTi 6ioceHcopa. [lepeBipsuin, sk
CEJIEKTUBHICTh aMIEPOMETPUYHOTO TIEPETBOPIO-
Baya BIJHOCHO €JIEKTPOAKTUBHUX PEYOBHH, TaK 1
CENIEKTHBHICTh 010CEJIIEKTUBHOTO €JIEMEHTY BIJI-
HOCHO Pi13HUX KOMITOHEHTIB O10JIOTTYHHUX PiIUH.
JlOCHIKEHHST aHATITUYHUX XapaKTEPUCTUK TITy-
TaMaT-4yTJIIMBOr0 O10CEHCOpa BUSIBUIIO, 1110 HOTO
JHIAHWKT 1ianma3oH poOOTH cTaHOBHB Bix S 10 600
MKM cyOcTpary, a uyrusicts — 150-200 HA/MM
mpu yaci BiaAryky 5-20 c. MiHimManbHa rpaHuLs
BU3HAYECHHS CKJafana 2 MKM riyramary.

Takum ynHOM, po3poOIeHNI 610CEHCOP XapaK-
TEPHU3yBaBCS TAPHUMH aHAJTITUIHUMH XapaKTe-
PUCTHKAMHU 1 € IEPCIIEKTUBHUM JJIs BUMIPIOBaH-
HSl KOHIIEHTpAIlii IITyTaMary B peajbHUX 3pa3Kax
CUpPOBATKHU KPOBI.

Iloosaka

Po6Gora Oyna npoBenena 3aBasiku (iHAHCOBIH
migrpumiti Bix HAH Ykpainu B paMkax miJiboBOi
nporpamu HaykoBux nociimkenb HAH VYipainu
««Po3ymHI» CEHCOpHI IpUIIa HOBOTO TTOKOJIIHHS
Ha OCHOBI CyYaCHHMX MaTepiaiB Ta TEXHOJIOTIi.
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Summary

Glutamate or glutamic acid is the most common amino acid in the body - it constitutes about a
third of all circulating amino acids in the blood. Glutamate plays an important part in the biochemical
pathways and physiological processes of humans and other animals. In addition to its role as a source
of synthesis of essential amino acids and a building material for proteins, it also performs regulatory
functions in the body.

High levels of glutamate in the blood and other body fluids indicate the presence of ischemic
stroke, epilepsy or other neurological disorders, it serves as a marker of diabetic retinopathy and
pancreatic cancer, and can be a means of diagnostics of early autism. That is why there is a need to
develop new devices for monitoring the concentration of glutamate in serum.

Today a new biotechnological direction, the development of biosensors, is very actively develop-
ing. Accordingly, it is important to create a mobile, accurate, fast, selective biosensor for measuring
the content of glutamate in biological samples.

The aim of this work was to develop the optimal design of an amperometric biosensor based on
glutamate oxidase for determination of concentrations of glutamate in the serum and select the best
conditions for its operation.

Research methods: The amperometric method of analysis was used in the work. Platinum disk
electrodes were used as amperometric transducers. The working electrodes, the auxiliary platinum
electrode and the Ag/AgCl reference electrode were connected to the PalmSens potentiostat according
to the three-electrode amperometric measurement scheme. The 8-channel multiplex connected to the
potentiostat and allowed to receive signals simultaneously from several working amperometric elec-
trodes. Immobilization of glutamate oxidase on the sensitive surface of the amperometric transducer
was performed using the method of covalent crosslinking of the enzyme with BSA in a solution of

glutaraldehyde.
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The results of the study: In the course of the work the optimal conditions of enzyme immobi-
lization on the surface of the transducer were selected: the most stable and high biosensor responses
were achieved by mixing 1 volume of glutamate oxidase solution (8%) and 4 volumes of glutaralde-
hyde solution (0.05-0.1%). and the duration of immobilization in air for 35 minutes.

When selecting the optimal operating conditions of the developed biosensor, the dependence
of the magnitude of the biosensor responses on the temperature of the working buffer solution was
obtained. It was also shown that the developed biosensor can work in biological samples containing
protein components, although there is some decrease in the magnitude of the response (10-12% in the
presence of 3% BSA in solution).

The selectivity of the proposed biosensor was analyzed. Both the selectivity of the amperometric
transducer with respect to electroactive substances and the selectivity of the bioselective element with
respect to the various components of biological fluids were tested.

A study of the analytical characteristics of the glutamate-sensitive biosensor revealed that its
linear operating range was from 5 to 600 uM of substrate, and the sensitivity was 150-200 nA/mM at
a response time of 5-20 s. The minimum limit of determination was 2 uM glutamate.

Conclusions: The design and optimization of the amperometric glutamate-sensitive biosensor
based on immobilized glutamate oxidase were developed and optimized, its laboratory prototype was
created, the operating conditions were adapted and the operating characteristics were investigated. It is
shown that the developed biosensor based on glutamate oxidase was characterized by high analytical
characteristics and is promising for measuring the concentration of glutamate in real serum samples.

Keywords: amperometric method, biosensor, immobilized enzyme, glutamate oxidase, gluta-
mate concentration
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PO3POBKA TA ONITUMIBALIISA KOHCTPYKIII AMIIEPOMETPUYHOI'O
BIOCEHCOPA HA OCHOBI I'TYTAMATOKCHUIA3HU JJISI AHAJII3Y INTYTAMATY
B CUPOBATIII KPOBI
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Pedepar
I'myramar ab6o riryTaMiHOBa KHUCJIOTA € HAWOUIBII MOIIUPEHOI0 aMIHOKHUCIIOTOIO B OpraHi3mi —
BOHA CKJIa/Ia€ OJIM3bKO TPETUHM BCIX LUPKYIIOIOUMX B KPOBI aMiHOKHUCIOT. [TTyTamar 3aiiMae BaxinBe
Micue B 010XIMIYHUX HUIAXaX Ta (i310JI0T1UHUX Mpoliecax JIIOAUHM Ta 1HIIUX TBapuH. Kpim poui
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JpKepesa CUHTe3y 3aMiHHUX aMiHOKHUCIIOT 1 Oy/IiBeIbHOTO Marepiaiy s OUIKIB, BIH TAKOK BUKOHY€
peryiIsTopHi QyHKIIT B OpraHi3mi.

Bucokwuii piBeHb ITyTamMary B KpOBi Ta 1HIIKUX 010J0T1YHUX PiIMHAX CBIAYUTH PO HASIBHICTH
1IIEMIYHOTO 1HCYJIBTY, MIJIeNCii Y 1HIIUX HEBPOJIOTIYHUX PO3JaJiB, BIH € MapKepOM Jia0eTUYHOI
peTHHOMNATIi Ta paKy MiJILTYHKOBOT 3aJI03H, a TAKOXK MOKe OyTH 3aCO00M J1iarHOCTYBAaHHS PAaHHBOTO
aytu3my. Came ToMy icHye moTpeda B po3poOLi HOBUX HMPUCTPOIB JUIsI MOHITOPUHTY KOHIIEHTpAIi]
DIyTamary B IU1a3Mi KpOBI.

Ha crorogni qye akTUBHO PO3BHBAETHCS HOBHI 010TEXHONOTIYHHIA HAPSIMOK — PO3poOKa
6ioceHcopiB. BilmoBiHO € aKTyallbHUM CTBOPEHHSI MOOLTEHOTO, TOYHOTO, IIIBUIKOTO, CETIEKTHBHOTO
6ioceHcopa Uil BUMIPIOBaHHS BMICTY ITyTamary B O10JIOTTYHHX 3pa3Kax

Meta naHoi poOOTH mossirajga B po3pooii ONTUMalbHOT KOHCTPYKIIi aMIEpOMETPUYHOTO
6ioceHcopa Ha OCHOBI ITyTaMaTOKCHUA3H JIJIsl BU3HAYEHHsI KOHIIEHTpAIlii TITyTaMaTy B CHPOBATI KPOBi
Ta Mia0ip HaWKpaImux yMOB HOro eKcIutyarartii.

Metoau nocaizkeHHs: B poOoTi BUKOPUCTOBYBAIM aMIIEPOMETPUUHUI MeTO/1 aHamizy. Sk
aMIIepOMETPHYHI TIEPETBOPIOBaUi BUKOPUCTOBYBAIIU IIATUHOBI TUCKOBI eleKkTpoau. PoGoui enekrpoa,
JONOMKHUH 1IaTuHOBUH enekTpox Ta Ag/AgCl enexkTpos MOpiBHAHHS 3a TPUEIEKTPOIHOIO CXEMOIO
aMIIEpOMETPUYHUX BUMIpIOBaHb MiJ’€qHyBadu a0 noTteHuiocrary PalmSens. 8-Mu kaHaapHUN
MYJIBTHIUICKCOP i/’ €JTHYBABCS 10 MOTEHIIIOCTATy Ta JI03BOJISIB OTPUMYBATH CUTHAIN OJHOYACHO 3
KUJIBKOX pOOOYMX aMIIEpPOMETPUYHUX €JIEKTPOAiB. IMMOOiTi3alliio NTyTaMaToOKCHIa3u Ha YyTIUBY
MOBEPXHIO aMIIEPOMETPUYHOTO TIEPETBOPIOBaYA MPOBOAMIIH 33 JOIOMOTOI0 METOJJUKH KOBAJICHTHOTO
3muBaHHA (pepmeHTy 3 BCA B po3unHi IITyTapoBOTo ajibAeriny.

Pe3yabraTu AocaimkenHsa: B xoni podotu Oyio miidpaHo onTUMaibHI YMOBH iMMOOTI3alii
(epMeHTy Ha MOBEpPXHI MepeTBOpIOBaya: HallOiabImI CTa0lIbHI Ta BUCOKI BIATYKH OioceHcopa
nocsranucs npu 3minryBanHi 1 06’emy posunny IO/l (8%) ta 4 06’emiB po3uuny I'A (0,05-0.1%)
Ta TPUBAJIOCTI IMMOOLTI3a1lil HAa TIOBITP1 MPOTIATroM 35 XBUJIMH.

[Ipu migbopi onTUMAIBHUX YMOB €KCIUTyaTalii po3podieHoro 6iocerHcopa Oyao oTpuMaHO
3aJISKHICTh BEJTMUMHM BIITYKiB Oi0ceHcopa Bi Temreparypu pododoro 6ydepHoro po3uuny. Takox
OyJ10 MOKa3aHo, M0 PO3pOOICHHI 610CEHCOp MOXKE MPAIFOBATH B O10JOTIYHHUX 3pa3Kax, M0 MICTATh
O1JIKOB1 KOMITOHEHTH, X04a 1 CIIOCTEPIraeThesl AesIKuid criaj BeanurHu Biaryky (10-12% mpu HassBHOCTI
3% BCA B po3uuHi).

Byno nmpoaHai3oBaHO CEIEKTUBHICTh 3alpoNOHOBaHOTO OioceHcopa. IlepeBipeHo sk
CEJICKTUBHICTh aMIIEPOMETPUYHOIO NIEPETBOPIOBAaYA BITHOCHO €EKTPOAKTUBHUX PEUYOBHH, TaK 1
CEJIEKTUBHICTh 010CEJIEKTUBHOTO €JIEMEHTY BIIHOCHO PI3HUX KOMIIOHEHTIB O10JIOTTYHUX PiAMH.

JlocaikeHHs aHANITUYHUX XapaKTEPUCTUK TIyTaMaT-4yTIUBOro 0ioceHcopa BHUSIBUIIO,
o Woro JiHIMHUK Aianma3oH poOoTH cTtaHOBUB Bix 5 10 600 MkM cyGcTpaty, a 4yTJIHBICTD —
150-200 HA/MM npu uvaci Biaryky 5-20 c. MiHiMalbHa TpaHUIl BU3HAYEHHS CKJagaia 2 MKM
DIyTamary.

BucnoBku: B po60oTi po3poOIeHO Ta ONTUMiI30BAHO KOHCTPYKIIIFD aMIIEPOMETPUIHOTO
DIyTamaT-4yyTIUBOro 6ioceHcopa Ha ocHOBI iMMoOimi3oBaHoi [71O/], cTBOpeHO ioro abopaTtopHuit
MPOTOTHI, a1allTOBAHO YMOBHU (DYHKILIOHYBAaHHS Ta JOCIIKEHO Horo po0odi XapaKTepUCTUKH.
Iokazano, 110 po3pobnenuii 6ioceHcop Ha ocHoBi [710]] XapakTepu3yBaBcsi BACOKMMHU aHATITHYHIUMU
XapaKTepUCTUKAMU 1 € IEPCIIEKTUBHUM JIJIsi BUMIPIOBaHHS KOHIIEHTpALlii IIIyTaMaTy B peaJbHUX
3pa3kax CUpOBATKU KPOBI.

Kuarw4oBi cioBa: amnepomeTpuyHuii Metoxa, 6ioceHcop, iMMoOini30BaHU (EepMEHT,
[IyTaMaTOKCHAa3a, KOHIIEHTpAIlis [ITyTaMary
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BJIACHI JE®EKTHU B KBAHTOBUX TOUKAX CdZnS
1. M. Kynuax, /]. B. Kopoymsax, H. @. Cepnax

AHoTanis. /lehexktn y KBaHTOBHX TOYKaX MOXYTh BIUIMBATH HA IX ONTHUYHI XapaKTEPUCTHKH,
CTBOPIOIOYH JIOIATKOBI KaHAJIM BUIPOMIHIOBAJIBHOI Ta O€3BUIIPOMIHIOBAJILHOI peKoMOiHalii. MeTorom
(yHKIIOHATY TYCTHHHU MPOBEACHO PO3PAXYHKH CTPYKTYPHHX Ta €IEKTPOHHUX XapaKTEPUCTUK BaKaH-
ciif Meraiy (kaaMii, IMHK) Ta MI>KBY3JIOBOT CIpKH, SIK HAlO1JIbIII iIMOBIPHUX THIMIB 1e()EKTiB y HAHO-
kpuctanax Cd,_Zn S. Po3paxoBaHo NOBHY Ta IaplialbHy IyCTHHY €ICKTPOHHHMX CTaHIB, IPOBEIEHO
aHaJi3 CTPYKTYpHOI penakcailii. Buxonsuu 3 oTpuMaHuX TEOPETUYHHX PE3yJIbTaTiB Ta HASIBHUX €KC-
MEPUMEHTAJIBHUX JJAHUX 3pO0JICHO BUCHOBOK, 1110 3 YCIX PO3IIISIHYTUX THIIB AS(EKTIB JIMIIIE BaKaHCli
KaJIMiF0 MOXYTh OyTH LEHTPaMU BUIIPOMIHIOBaIbHOI pekoMOinaii y kBantoBux Toukax Cd, Zn S.

Kurouosi ciioBa: kBaHTOBI TOUKH, Aedektu, Bakancis, CdZnS, meton GpyHKIIOHATY TYCTUHU

NATIVE DEFECTS IN CdZnS QUANTUM DOTS
1. M. Kupchak, D. V. Korbutyak, N. F. Serpak

Abstract. Defects in quantum (QDs) not only can affect their optical properties, but also create
additional channels of radiative and non-radiative recombination. We studied the structural and elec-
tronic characteristics of metal (cadmium, zinc) vacancies and interstitial sulfur as the most probable
types of defects in Cd,_Zn S nanocrystals by means the density functional theory (DFT). The total

© 1. M. Kynvaxk, /I. B. KopoyTsk, H. ®. Cepnak, 2020
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and partial density of electronic states were calculated, the analysis of structural relaxation was car-
ried out. Based on the obtained theoretical results and available experimental data, we concluded that
among the all types of defects considered here, only cadmium vacancies can be the centers of radiative
recombination in Cd,_Zn S quantum dots.

Keywords: quantum dots, defects, vacancy, CdZnS, density functional method

COBCTBEHHBIE JJE®EKTbI B KBAHTOBBIX TOUKAX CdZnS
U M. Kynuax, /1. B. Kopoymsax, H. @. Cepnax

AHHOTanms. J{e(heKThl B KBAHTOBBIX TOYKAX MOTYT BIMATH HA UX ONTHYECKUE XapaKTEPUCTUKH,
co3JaBast IOMOJTHUTEIbHbIC KaHAJIbI M3Ty4aTeIbHON U Oe3bI3TyuaTeabHol pekoMOnHanuu. MeTtomnom
(yHKIIMOHANA TNIOTHOCTH MTPOBEICHBI PACUEThl CTPYKTYPHBIX U 3JICKTPOHHBIX XapaKTEPUCTUK BaKaH-
cuii Metasia (KaIMuil, IMHK) 1 MEKy3eJIbHOH cepbl, Kak Haubosiee BEPOSITHBIX THUIOB JIE(EKTOB B Ha-
nokpucramtax Cd, Zn S. Paccyntano MOMHYIO M MapIUAIbHYIO ITIOTHOCTD 3JIEKTPOHHBIX COCTOSHHUM,
IIPOBEEH aHAU3 CTPYKTYPHOU penakcanuu. Mcxons u3 moiyd4eHHbIX TEOPETUUECKUX PE3YJIBTaTOB
U UMEIOIIMUXCS JKCIIEPUMEHTAIBHBIX TaHHBIX, CIEJIaH BBIBOJ, YTO U3 BCEX PACCMOTPEHHBIX THUIIOB
Ne(EeKTOB TOIBKO BAKAHCUU KaJIMHUSI MOTYT OBITh LIECHTPaAMH U3JTy4aTeIbHON peKOMOMHAIINY B KBaH-

ToBBIX TO4kax Cd, Zn S.

KuroueBble cji0Ba: KBaHTOBBIE TOUYKH, NedeKThl, BakaHcus, CdZnS, Meton GpyHKIIMOHANA TUIOT-

HOCTHU

Beryn

KBanToBi Touku (KT) HamiBnpoBiJHUKIB
AIIBVI B ocTaHH1 JECATUIITTSA € OJHUMHU 3 HaM-
OB TOCTIIKYBaHUX 00’ €KTiB. 3HaUHA yBara
MPUAUTSIETHCS SIK PO3BUTKY TEXHOJIOTIA BUTOTOB-
JICHHS, TaK 1 eKCIIEPUMEHTAIBHUM 1 TEOPETUIHUM
JOCIIJPKCHHSIM 1X BIIACTUBOCTEH. Takuii iHTEepec
BUKJIMKAHUN B MEPIILY YEpry 3aBIsSKU KBAaHTOBO-
PO3MipHOMY €(]EeKTy, BHACTIIOK SKOTO JIFOMiHEC-
neHTHi xapakrepuctuku KT 3amexarp He nuiie
BiJl KOMITOHEHTHOTO CKJIaay, a 1 BiJ iX po3Mipy.
3okpema, KT CdS, BupoiieHi MmeTogaMu KOJIio-
imHOT XiMii, MAIOTh OJJHOMOJAILHUI PO3TOILI,
110 J1a€ JOCUTH BYy3bKY CMYTY (POTOJIFOMIHECIICH-
uii Ta Bucokuit kBanToBuit Buxin [1]. Taki oco-
6muBocTi KT 103BONSIIOTE BUKOPUCTOBYBATH iX
SK JpKepesa CBITIA 31 CTa0lIbHUM BUIPOMIHIO-
BaHHSIM BY3bKOTO CIEKTPY, B CBITJIOAIOAAX, Jia-
3epax, aT4uKax, (POTOCICKTPUIHHUX MPUCTPOSIX,
(hOTOENEKTPUYHUX MEPETBOPIOBAYAX, COHIYHUX
€JIeMEHTax, eJeMeHTax mam'sTi i T.4. [2-6]. [Ipu
Benukux po3mipax KT ¢opma ciekrpaabHUX cMyT
(dhoTomoMiHECIICHITIT BU3HAYAETHCS JIUIIE MiXK-
30HHUMH YU €KCUTOHHHMH TepexoaMu, 1o0pe
BUBUCHHMMH 1 IIUPOKO OMTUCAHUMH B JIiTeparypi [7-

9]. OnHak mpu po3mipax 2-5 HM 1 MEHIIIE 3pOCTae
CITIBBIHOIIICHHS MMOBEPXHs/00’ €M, 110 MPU3BO-
JUTH 110 30UTBIICHHS IHTEHCUBHOCTI MIOBEPXHEBOI
mominecueHtii. Kpim Toro, mpu Maianx po3mipax
CTa€ BaXXKO KOHTPOJIIOBATH CTEX1OMETPUUYHICTh
KT, mo npu3BoauTh 10 mosiBu Je(eKTiB — Ba-
KaHCIi{, MKBY3JIOBHX aTOMIB Ta iH., IO YTBOPIO-
I0Th JIOKQJIbHI €HEePreTUYHI PiBHI Y 3a00pOHEHIH
30H1 Ha fKi 3aXOIUTIOIOThCS HOocIi. Lle cTBoproe
JOAATKOBUN KaHaJ SIK BUIIPOMIHIOBAJIBHOI, TaK 1
0e3BUIIPOMIHIOBATILHOI PEeKOMOIHAITIT, IO CYTTEBO
“IIymuTh”’ eKCUTOHHY JIIoMiHecIHeHIito. HaBiTh
OinbIne, nedeKT BIUIMBAIOTH HE JIUIIE Ha JTFOMi-
HECIICHTHI XapaKTePUCTUKH, a i Ha 1HIII BJIACTH-
BOCTI, Hanpukiaja, marHiTHi [10]. ITpu Benukux
posmipax KT Taka nedexTHa TOMiIHECHIECHITISN
CTBOPIOE KOHKYPEHI[II0O €eKCUTOHHIH, 1[0 CYTTEBO
BILJIMBAE HA ONTUYHI XapaKTEPUCTUKH HAHOKPHUC-
TaJiB B UIOMY 1 pOOUTH MPOOIEMaTHYHIM iX 3a-
CTOCYBaHHS y CBITJIOBUITPOMIHIOIOUMX TIpUJIaAax.

JocnimxenHro neeKTHOT IpUpoaH JTOMiHeC-
IIEHITI1 1 BCTAHOBJICHHIO THITIB JIe()EKTiB, BiAIOBI-
JATBHUX 32 BUIPOMIHIOBAJIbHY JTIOMIHECIICHITITO,
IPUCBSIUEHO BeJIMKa KUIbKICTh poOiT [11-13]. B
0ararbox poOOTax BUCYBaJIOCh IPUITYILIEHHS, 1110
nedexrHa mominecteHis B KT CdS BinOyBaeTsh-
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cs1 uepes uenrpu V-V [14,15], uepes akuenrop-
i uentpu V., [16-19]. Kpim Toro, Tun nedexris,
BIJIMOBITAJIbHUX 32 JIOMIHECIEHIIII0, 3aJIEKUTh
He jume Bix matepiany KT, a 1 Big marepiainy ii
otoueHHs [12], 1 y1st ASSIKUX MaTepiaiiB OTOUYCHHS
aKTyaJIbHUMHU CTAIOTh TaKOX MIKBY3JIOB1 BKJIIO-
4eHHs Cipku S,. O/HaK, HE3BAKAIOYH HA BEJIUKY
KUIBKICTh TUITIB MOXKJIMBHUX AE(PEKTIB K y CAMHUX
KT, Tak 1 B maTepiani iXx OTOUYCHHS, OUTBIIICTh
JOCIITHUKIB CXUJISIIOTBCS IO AYMKH, IO Ae(eK-
TaMH, BIJAMOBIIAJIbHUMHU 32 BUIIPOMIHIOBAJIbHY
pexom6inarito y KT CdS, e BakaHcii kaaMmiro Ve
1 MDKBY3J10Ba Cipka S|.

BpaxoBywoun TpyJaHOIIl Yy TEXHOJOTIfAX 3
OTPUMAHHSM CTEX1OMETPUYHUX HAaHOKPHUCTAIIB,
OCTaHHIM 4acoM 3HauHy yBary JOCIiIHUKIB MIPU-
BepratoTh KT Ha OCHOBI TBEpAUX CIIJIaBiB HaIliB-
nposigaukis A, B C.V npomy Bumaaky kepysaTu
onTuyHUMH Xapaktepuctukamu KT moxHa He
JIMILE 3MIHIOKOYH 1X pO3MIp, a 1 IIJIIXOM 3MIHHM X
KOMITOHEHTHOTO ckJiany [20-22], KOHTpOoJIrOBaTH
KU 3 TEXHOJIIOTIYHOrO OOKY 3HaYHO MPOCTIlIe
HDK U1t O1HApHUX CTIONIYK. BBEIEHHAM TOMIIIIKA
nuuHKy 10 KT CdS, B 3a7meXKHOCTI BiJl KOHIIECH-
Tpalii MOXHa OTPUMATH MHUPUHY 3a00pPOHEHOT
30HHU y nianasoHi Big 2.42 no 3.91 eB, mo no3Bo-
JIsi€ PO3MIMPUTH 3aCTOCYBAaHHS TAKOTO MaTepiay.
Tax, notpiiiai cnonyku CdZnS mupoko BHKO-
PUCTOBYIOTBCS SIK ITMPOKO30HHHUN MaTepiai Jyist
BIKOH TeTepoNepexiJHUX COHSYHUX E€JIEMEHTIB
1 GOTONPOBIAHUX MPUCTPOIB. Y cCHCTEMaX CO-
HsAYHUX Oarapei, 3amiHa 1iBok CdS Ha nmotpiii-
HUI Marepian 3 OUIBIIOI0 MIMPHUHOIO 3a00POHEHOT
30HHU, SkUM € CdZnS, NpU3BOANUTH 1O 3MEHIIIEHHS
BTpAT BIKOH Ha MOTIMHAHHSA CBITJIA, MPUYOMY 3HA-
YHO MEPCHEeKTUBHIIIUM BUIVISAA€ 3aCTOCYBAHHS
npu ubomy came KT [23]. Kpim Toro, npu nery-
BanHi KT CdS muakoMm 301IbIIyE€THCS TYCTHHA
€JIEKTPOHHUX CTaHIB MOOIM3y JTHA 3a00pOHEHOT
30HH 1 BIOCKOHATIOETHCS KPUCTATIIYHA CTPYKTYpa
[22,24], mo 3011bIIIye IHTEHCUBHICTH 1X JIFOMIHEC-
nenii. [Tpupona mominecnenii y Takux KT Tic-
HO TIOB’s13aHa 3 IE(PEKTHOIO CTPYKTYPOIO OKPEMHUX
crionyk CdS ta ZnS, OCKUIBKH TaKi TEXHOJIOT1T
surotosienns KT Cd, Zn S sk meTox XiMiuHOTO
CMIBOCA/KEHHS NepeadayaroTh OTPUMAHHS HaHO-
Mmarepiany y Bursiay komnosuty (CdS), (ZnS)..
Kpim mporo, ekciepumenTanbHi criekt OJI KT
Cd, Zn S micTaTh cMyTH, opMa i eHepreTHIHe
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TIOJIOKECHHSI IKUX 3aJIeXKaTh Bl KOHIICHTpAITii X, 1
30epiraroThCsi HaBITh IPU EKCTPEMAJIbHUX 3HAYEH-
Hax x=0 ta x=1 [22]. Buxonsuu 3 1poro, B qaHii
POOOTI MU AOCHTIJKYEMO €IEKTPOHHY Ta aTOMHY
ctpykrypy HK CdS, ZnS Ta ixHporo tBepaoro
pO34MHY 110 MICTUThL Bakaucii metany V., V,
Ta MDKBY3JIOBY JOMilIKy cipku S,. Taxi nedexru
SIK BAKaHCIs CIpKM YU KOMITJICKCH 32 iX y4acTIO €
MaJIOMMOBIPHUMHU, OCKIJILKH OIHUCAaH] TEXHOJIOT11
BUTOTOBIICHHS TIEpe10aYaroTh HAsIBHICTh HAJUTUIII-
Ky CIPKH Y pO34HHi, 1 TOMY TyT HE PO3IVISLIAI0OThCS,
X04a, B IIJIOMY, JUIS 1HIIIMX MaTepiaiaiB BOHU MO-
KYTh MaTH MicLe.

MeToauka po3paxyHKy

Po3paxynku aromHoi ctpykrypu KT nposo-
nunucst metoaoM ¢yHkuionany ryctuau (DFT)
B HaONIMKEHHI y3araibHeHoro rpajienta (GGA),
peasizoBaHOro y mporpaMHoMy naketi Quantum-
Espresso [25]. Knacrep Cd, .S, nomictunm y mpo-
CTy KyOi4HY eJIeMEeHTapHy KOMIPKY 31 CTaor0
rparku 25 A, 3apnsgxu gomy, Ipu mepioaugHOMY
PO3MIILIEHHI TAKUX €JIEMEHTAapHUX KOMIpPOK, BijI-
cranb Mixk cycimHimMu KT cranoBuTh 653bko 12
aarctpeM. Lliel BijcTaHi MITKOM JAOCTATHBO IS
toro 1mo0 BBaxaru KT 13ompoBaHMMH 1 HE Bpa-
XOBYBAaTH KYJIOHIBCHKY B3a€MOJIII0O MK HUMH.
Kpim toro, BpaxoBano nonpasky Maptunu-Ty-
KepMaHa [26] B ITOBHY €HEPTi0, 110 J03BOJISE
KOPEKTHO OIHCATH JIaJIeKO1IHyY KyJIOHIBChKY B3a-
€MOJIII0 ISl TAKUX 130JIbOBAaHUX CHCTEM. BuKo-
PHUCTOBYBAJIUCS YJIBTPa-M'AK1 [ICEBIONOTEHIIAIN
[Teparo-bepka-Epunieproda [27] 3 BpaxyBaHHIM
4d'°5s? BaIGHTHHUX CJICKTPOHIB IS KaJMilO Ta
3s*3p* mst cipku. [HTerpyBanus 30uu Bpiniroena
MPOBOAMIIOCS 3 BUKOPUCTAHHAM OfHi€T ['-Touku
k-tipoctopy, Ta cxemu Metdecemns-Ilakcrona [28]
3 mapameTpoM po3mutts 0.05 eB. [1pu po3kmamni
XBUJIBOBOI (DYyHKIIIT 32 TIJIOCKUMHU XBHJISIMU BU-
KOPUCTOBYBAJIOCS MaKCHUMaJIbHE 3HAYCHHS BEJIH-
yuHu KiHeTu4yHOi eneprii 400 eB. Cepis TecToBUx
PO3paxyHKIB 3 IHIIMMHU 3HAYEHHSIMHU TOKa3aa, 110
TaKoi BETUYMHU KIHETHYHOI €HEPTii I0CTaTHbO
JUIsL OTPUMAaHHS 33/10BIJIbHOT TOYHOCTI pO3paxyH-
KiB, III0 TAPAHTY€E aHAJIOTIYHY TOYHICTB 1 JIJIS pO3-
PaxyHKIB BCIX IHIIMX MOMIOHUX CUCTEM.

Pe3yabTarn i 00ropopeHHs
Jlyis MOzIeTFOBaHHSI HAHOKPHUCTAITY, 1[0 MICTUTh
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nedexru, BuOpano 66-aromunii kinacrep Cd, .S, .,
OTpUMaHUM “BUpI3aHHAM” cPepuyHOi 00sacTi
00’emHOTO Marepiany rekcaronainbaoro CdS, i3
LIEHTPOM B CEpEINHI eJIeMEHTapHOi KoMipku. Taka
CUCTEMA € CTEXIOMETPUYHOIO 1 MICTUTD “MariuyHe
YHUCJI0” aTOMIB, a TOMY BOJIOZIE MiHIMyMOM 00i-
pBaHUX 3B’S3KiB Ha MOBepxHi. JlJIst MozeItoBaHHS
ZnS BUKOPUCTOBYBaBCS 1€l caMuil KiacTep, y
SKOMY KaJIMii 3aMIHEHO Ha LIMHK. Y CBOIO uep-
Ty, B SIKOCTI TBEPJIOTO CIIaBYy BUOPAHO CUCTEMY
Cd,Zn S, ,, y AKOMY COPT aromMa MeTajly KiacTepa
Cd33S33 PO3MOIUISABCS BUIIAIKOBUM YMHOM. Taka
cucrema 30epirae yMoBy MiHIMyMYy ITOBEPXHEBUX
3B’A3KIB 1 Ma€ KOMIIOHEHTHHH CK1a]] OJIM3bKUM 10
Cd, (Zn, S. Bci cucteMu reOMETPUYHO ONTHMIZY-
BAJIMCSA 3a BCiMa BHYTPILIHIMH 3MIHHUMU 10 J10-
CATHEHHs BeJIMYMHM cui [ enbmana — PDeliHMana
10~ a.0., micns 4Oro MPOBOAMIKCS PO3PAXyHKH
€HEepPreTUYHOTO CIeKTpy. OCKIIBKU reOMEeTpHUYHa
onTuMizalis norpedye 3Ha4YHy KUIbKICTh 004HC-
JIOBAJIBHUX PECYpPCiB, MU MOJEIIOBAIN KOKEH
ne(eKT JMIIe OHUM CIIOCOO0M, 33 BUKITIOUCHHSIM
BakaHcii kaaMmiro y kiactepi CdS, as sikoro pos-
IJIsaaKcs AB1 CUCTEMHU 3 PI3HUMH BUJAJIEHUMU
aToMaMH.

VY mpaBiil yacTuH1 puc. 1a mokazaHO MOYATKO-
BY aTOMHY CTPYKTYpy Oe3le(heKkTHOro Kiacrepa
CdS, monoxxeHHs aTOMIB B SIKOMY BiJIITOBIAIOTh
MOJIOKEHHAM Y 00’ eMHOMY KpucTaii. JKoBTum
KOJIbOPOM T03HaY€HO aTOMHU CIpKH, CIpUM — aro-
MU KaJIMil0. 3eJIEHUM KOJIbOPOM MTOKa3aHO PO3IO-
J1 KBaJpary XxBuiboBoi pyHkuii pisH HOMO.
Bugno, mo xBuiboBa GyHKIS PO3MOAIICHA 11O
KJIacTepy 3 MEBHOIO0 CHMETPIET0, 1 JIOKaIi30BaHa
Ha atomax cipku. [eomeTpuuHa onTuMizallist mpu-
3BOJIUTH /10 CYTTEBUX 3MiH y MOJIOKEHHSX aTOMIB,
OJIHAK, sIK BUJHO 3 pHc. 1b, meBHUI OIM3BKUIA TTO-
psnok 36epiraerses. [lpu nbomy y po3zpaxoBaHiii
TOBHIM rycTHHI enekTpoHHuX craniB (DOS), mo-
KazaHiil Ha JiBiii maneni puc. 1b, 3’IBASETHCS YiT-
KO BU/IlJIEHa 3a00pOHEHa 30Ha MKUPHHOIO 1.66 eB,
Ky MO3HAY€HO MYHKTUPHUMU JiHIAMH. (4
3pYYHOCTI, MU BUPIBHSJIN BC1 CHEKTPU 32 pIBHEM
LUMO, a nynboBa eHepris BiANOBIAA€ BEPIINHI
BAJICHTHOT 30HU ONTHMI30BaHOTO 0€3/1e(PEeKTHOTO
KJjactepa. Y MOpiBHSAHHI, Ul TOYaTKOBOTO Kiac-
Tepa 3a00pOHEHa 30Ha MPAKTHUYHO BIJICYTHS: SIK
BUJIHO 3 pHC.la, BOHa MICTHTh BEJIUKY KIJIbKICTh
JOoKaji30BaHuX cTaHiB. KpiMm Toro, y uncnax 3a-

MOBHEHHS €HEPreTUYHUX PIBHIB MPUCYTHI HELLT
3HA4YEeHHS, 1[0 CBIIYUTH MPO “METali30BaHICTh
MOBEPXHI KJjacTepa. 3HauHa YacTHHA XBHIJIbOBOT
¢ynkuii pisast HOMO 30cepemkeHa Ha 4acTUHI
MOBEPXHI KJ1acTepa 1, sIK 1 B I0YaTKOBOMY KJIacTe-
pi, BKJIIOYa€ B OCHOBHOMY CTaHHM Cipku. EHepris
3B’SI3Ky KJIacTepa MpY ONTHMI3allii 301IbIIYEThCS
Bix 2.42 eB/atom no 2.72 eB/atom. Takum 4u-
HOM, pellakcallisi Kiactepa MpUu3BOIUTH JI0 CIIO-
TBOPEHHS HOTO KPUCTATIYHOI CTPYKTYpH, OJTHAK
MOKpAIIly€e eJIeKTPOHHI XapakrepucTtuku. Lle Bin-
OyBa€eThCs Yepe3 “CaMOBITHOBIICHHS TOBEPXHI
[29], mipu sikiii sp’ TiOpuIHI 3B’ I3KK TIOBEPXHEBO-
0 aTOMa MeTaly TPaHCPOPMYIOThCS Y Sp° 3B’ SI3KH
3 TpbOMa HAHOMMKYMM aTOMaMU HeMmeTaly. Y
CBOIO YepTy, TaKa PEKOHCTPYKLIs MPU3BOAUTH
JI0 3CYBY TIOBEPXHEBHX CTaHIB y BAJICHTHY 30HY,
30UTBITYIOYH TYCTHHY CTaHIB Y ii BEpIIHHI.
YepBOHUM KPYKEUKOM MO3HAYCHO aTOM KaJi-
MiI0, SIKHi B TIOAAJIBIIIOMY BUIAISETHCS JIJISI MO-
JIEJIFOBAHHS BaKaHCIT VeV JIBI{ YacCTHHI 4ep-
BOHOIO JIIHI€I0 TTOKa3aHO MapliajlbHy TYCTUHY
enexkTpoHHUX cTtaHiB (PDOS) nume Tux Tpbhox
aTOMIB CIPKH, 110 YTBOPIOIOTh XiMiuHI 3B’SI3KH 3
[[UM BiIMiY€HUM aTOMOM KaJaMiro. SIk BHIIHO, Y
6e31edeKTHOMY KJ1acTepi 11l aTOMU CIpKU B OKOJ1
MaiiOyTHBOTO AedeKTy POPMYIOTh €HEPreTUUHI
piBHI y mOuHI BaneHTHOI 30HU. [Ipu Bupanen-
Hi aToMa Kaamiio 0e3 BIANMOBIAHOI perakcarii,
xBuiiboBa (yHkiis HOMO 3MiHIOE CBOIO JIOKA-
Ti3allio 1 Terep BKIOYA€e CTaHU HAMOMIKINX 10
BaKaHCII aTOMIB CIPKH, SIK BUJHO 3 BIAMOBIIHOT
PDOS Hna puc. 1c. 3abopoHeHa 30Ha TIPU IBOMY
30imbIyeThest 10 1.81 eB, onHak Takuii cTaH € He-
CTa0lIbHUM, OCKUJIBKH €HEpPTis 3B 3Ky KilacTepa
3MmeHmyeTbest Ha 50 meB/atom. [Ticis reomerpuy-
HOI omTHUMIi3allii, eHepris 3B’ 53Ky MOBEPTAETHCS
10 3Ha4ueHnb 2.73 eB/aTroM, mo OaM3LKE 10 3HA-
YEHHS eHEepTii 3B 3Ky 0e371e(heKTHOTO KitacTepa.
XsuiboBa ¢yHkiisa pisHt HOMO npu npomy
3aJIMIIAETHCS JIOKATI30BaHOIO HAa aTOMax CipKH
B OKOJII BaKaHCIi, sIKi 1 anbiie poOiasaTh 3HAYHUT
BHECOK y (hOpMYyBaHHS [[OTO CTaHY, SIK BUIHO 3
PDOS puc.1d. [Ins iHmoro kinacrepa, y sKOMy
BaKaHCis KaJMil0 YTBOpPEHA B IHIIOMY MIiCIIi, pe-
3yJbTaTy MPUHLUIIOBO HE BiIPI3HIIOTHCS, OJHAK
nedexTHul piBeHb JIEKUTH Aello nuluie y 3a-
OOpOHEHI 30Hi, a BiAMOBITHA XBUJIHOBA (PYHKITISI
JIOKaJIi30BaHa Ha aTOMax CIPKU B OKOJII BAaKaHCIi.
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Puc.1. AToMHa cTPpyKTypa Ta I'yCTHHA eJIEeKTPO-
HHHUX cTaHiB KjaacTtepa CdS (mo3HayeHHsA — JIHB.
TEKCT)

Taki 5 po3paxyHKH MU MIPOBEJNH 1 ISl PEIITH
tumiB nedexris. Ha puc. 2 (kononka 1) mokazano
rycTHHY elekTpoHHuX craniB (DOS) po3paxoBa-
ny ans kinactepiB CdS (psaok (a)), CdZnS (psmox
(b)) 1 ZnS (psnox (¢)). HopHi KpuB1 BiAMOB1IAIOTH
0e31e(heKTHUM CTPYKTypaM, YepBOHA — CTPYK-
Typa 3 BaKaHCIEIO KaJMil0, CHHS — 3 BaKaHCIEIO
uuHKY. [lyHKTHpHI BepTUKaJIbHI JIIHIT BIIAUISIOTH
3a00pOHEHY 30HY BiINOBIIHUX 0e31e)EeKTHUX
cucteM. Bci kpuBi BupiBHAHI 32 piBHeM LUMO
(nHOM 30HM IPOBIJHOCTI) BIAMOBIAHUX Oe3/e-
¢dexkTHUX cucTeM. BunHo, 1o y BCiX BHIIagKax
TYT CIIOCTEPIraloThCsI OKpPEMi CMYTH B 0071aCTi 3a-
6oponeHoi 30uu: 111 CdS 1151 cMyTa po3ranoBaHa
MoOJM3y cTelli BajeHTHOT 30HM B okoji 0.11 eB,
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ska st CdZnS 3coByeThcs OMMXKYE 10 BAJICHT-
HOT 30HHU TaK 110 ii nonoxeHHsa crae 60 meB. ¥V
KJacTepi ZnS Takox CIOCTEPIraeThest 10aTKOBA
cmyra B obnacrti 0.82 eB, sxa ans CdZnS Takox
3COBYETHCS OJIMKUE JIO BAJICHTHOI 30HHU Y TIOJIO-
skenHsa 0.66 eB. OdeBuaHoO, I MajluX KiacTe-
piB, sxumu € Cd,,S, ., pI3HUILIA B OTMH aTOM MOXKE
CYTTEBO TIEPCHOPMYBATH €HEPTETUYHUN CIICKTP
1, 30KpeMa, 3MIHUTH IIUPUHY 3a00pOHEHOI 30HU.
Tomy, 100 BUSICHUTH Y MOYKHA BBa)KATH 111 CMY-
Tl TIOB’SI3aHUMU 3 Ie(DEKTHUMH CTaHAMH, MU PO3-
paxyBaiu mapiiiainbHy ryctuny ctanis (PDOS)
JIMIIE TUX aTOMIB CipKH IO paHille yTBOPIOBAIN
3B’SI3KU 3 BUJIAJICHUMHU aTOMaMH Ka/IMIIO Ta IWH-
Ky. Pe3ynbraT nokazanuii y KoJIoHIIi 2 pUCYHKY 2:
TYT HyJIbOBa eHeprid Bianosinae pisaro HOMO-1
(MO3HAa4Y€HO YOPHOIO MyHKTUPHOIO JIHIEO), Yep-
BOHI 1 CHHI IyHKTUPHI JiHIT MOKa3yl0Th PiBeHb
LUMO kiacTepiB 3 BaKaHCI€I0 KaaMito 1 IIMHKY,
BiAnmoBigHO. Sk BuaHO 3 pucyHkiB, PDOS s
knactepiB CdS i1 ZnS MarTh 100pe J0Kami30BaH1
y 3a00pOHEHIN 30HI CMyTH, IO BiJIMOBIJAIOTh
€eHepreTUYHUM nojoxkeHHsM piBHIB HOMO mno-
BHO1 DOS mnoka3zanuM y xosioHmi 1 pucynka 2.
Tex came crocyerbest i PDOS CdZnS: s Bakan-
cii muaky piBesb HOMO € noOpe nokanizoBaHui
y 3a00poHeH1{ 30H1 1, OYEBHIHO, Mae e(heKTHY
npupony, Toxai sk piseib HOMO-1 PDOS wmae
3HAYHO MEHIY IHTEHCUBHICTHh HA BIAMIHY BiJ
noBHo1 DOS, ne iXHs IHTEHCUBHICTh TPUOIU3HO
onnakoBa. PDOS kmacrepa CdZnS 3 BakaHciero
KaJMIiI0 TaKOXK JIEMOHCTPY€E OKPEMHUI MK MOOIH3y
HYJBOBOI €HEeprii, MOJOKEHHSI MAaKCUMYM I[bOTO
niky Binmosigae eneprii 60 meB pisas HOMO
noBHoi DOS, toxi ax pisenb HOMO-1 PDOS
Ma€ 3HAYHO MEHINY iIHTEHCUBHICTh Y MOPIBHSIHHI
3 fioro inTeHcuBHIcTIO y IoBHIN DOS. Takum 4n-
HoM, piBeHb HOMO Mo’xHa BBa)kaTu J1ePeKTHUM
y BCIX KJIACTEpax 3 BAaKAHCIEIO METAIy.

BaxnBo BiAMITUTH, 110 IHTEHCUBHICTH CMYT
PDOS, mo Bignosigatots piBaro HOMO, maroTs
MEHIIY 1HTEHCUBHICTb HIX BiAMOBIIHI PiBHI MO-
BHOT DOS. Lle noB’s3aH0 3 TUM, 110 KPiM aTOMiB
CIPKH, 110 3HAXOASATHCS B OKOJII BaKaHCIi, 1HIII TT0-
BEPXHEBI aTOMU CipKH B Til UM 1HIIINA MIpi TAaKOXK
NpUIMaIOTh y4acTh y (opMyBaHHI IUX AedeK-
THUX piBHIB. Hanpukinan, y 6e3nedexraomy CdS
pieertb HOMO ¢opmyeThes 3p cTaHaMu TPHOX
MOBEPXHEBUX aTOMIB CIpKH, 1110 3B’s3aHi y JaH-
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Puc.2. IloBHa (kogoHKka 1 i 3) Ta mapuiajabHa (KoJoHKA 2 i 4) rycTHHA eJIEKTPOHHHUX CTAHIB KJIacTepiB
CdS (a), CdZnS (b) Ta ZnS (c), mo MicTATh AedeKTH: BaKkaHcisa MeTaay (kojoHka 1 i 2) i mizkBy3/10Ba
cipka (kononka 3 i 4). JluB. onuc y TekcTi

koK S-Cd-S-Cd-S. Tlpu yTBOpeHH1 BakaHCIii
B1JIOyBa€ThCA CTPYKTYpHA pesakcalis, 1o npu-
3BOJUTB JI0 IEPEPO3IIOLTY TYCTUHH EIEKTPOHHO-
ro 3apsiay. B pesynbrari, 3pocTae BHECOK y piBEHb
HOMO cTaHiB aTOMIB CipKH, IO 3HAXOASTHCS
B OKOJII BaKaHCIii, TOJI K BHECOK IHIINX aTOMIB
cipku 3MeHIyeTbes. [TomiOHI mporecu croctepi-
raloThes Takox 1y kiactepax CdZnS Tta ZnS npu
YTBOPEHHI BaKaHCIi MeTalry.

[Ipu BBeAEHHI JOMIIIKOBOTO aTroMa CipKd y
MDKBY3JIs1 KJIacTepa, CUTYallisl He Taka OJTHO3Ha4-
Ha SK 3 BakaHCisiMu. Po3paxoBaHa moBHa I'yCTHHA
craniB kiactepiB CdS, CdZnS Tta ZnS 3 MixkBy3-
JIOBOIO CIPKOIO TMOKa3aHa y KOJOHII 3 pUCyHKa
2. AHaJOTIYHO 10 PUCYHKIB y KOJIOHII 1, 4opHa
kpuBa no3Hadae DOS 6e31edekTHIX KacTepis,
yepBoHa — DOS BiNOBIIHUX KJIACTEPIB 3 MIXK-
BY3JIOBOIO JIOMIIIIKOO Cipku. Bci ciekTpu BUpiB-
HaHi 3a piBHeM LUMO, a pisess HOMO 6e3ne-
(heKTHOTO KJIacTepa BCTAHOBJIEHO SIK TOYATOK BijI-
JKy eHeprii, MyHKTUPHI YOPHi JiHi{ M03HAYar0Th
3a00poHeHy 30HYy Oe3nedeKkTHUX KiacTepis. Sk
BHUJIHO, Ha BiaMiHy Big DOS knacTepiB 3 BakaH-
ci€ro, y 3a00pOHEHIH 30HI KIACTEPiB 3 MIXKBY3-

JIOBOIO CIPKOIO BIJICYTHI Oy/Ib-5IK1 JIOKAJIbHI MIKH,
a TMEeBHI 3MIHU CHOCTEPIraloThCsa B OKOJI CTENl
BAJICHTHOT 30HH. Y IIIOMY, IIUpUHA 3a00POHEHOT
30HU TYT 3MIHIOETBCS, Y TIEPIILY Yepry, 3a paxy-
HOK OLIbII0T KiabKOCTI aTroMiB. 1100 meTtanbHO
JOCTIIUTH EHEePreTUYHI PiBHI MOOIHM3Y BepIIMHU
BAJIEHTHOI 30HU, MU po3paxyBaiu PDOS nume
CTaHIB MIXBY3JIOBOi CIpKH, ITOKa3aHy y KOJOHII
4 pucysky 2. TyT yepBOHa KpuBa IO3HAYaE I0-
BHY DOS, a cuass — PDOS knacrtepiB 3 nedex-
toM. CriekTpu BUpiBHsHO 3a piBHAMU HOMO,
3HAYEHHS SKOTO BCTAHOBJICHO PIBHUM HYIO. SIK
BHIHO, y kiactepi CdS nmpu yTBOpeHHI nedek-
Ty piBeHb HOMO 3Ha4uHOI0 Mipot0 hopMyeThCS
CTaHaMH M1XKBY3JIOBOi CipKH, OJHAK el piBEHb
HE € JIOKAIBHHUM 1 HOTO IHTEHCUBHICTD Yy OJIU3BHKO
5 pa3iB MeHIIAa HIX iIHTEHCUBHICTH BiJIIOB1IHOTO
niky nmoBHoi DOS, a, oTxe, posib IbOro AePeKTy
TYyT HE € BU3HadaspbHOW. Y Kiactepi CdZnS i
CTaHU Takox mpucytHi y piBHi HOMO, onnak ix
BHECOK IIIe MeHIIM. I, 3permToro, y kiacrepi ZnS
MDKBY3JIOBa CipKa YTBOPIOE€ €HEPIeTHYHI PiBHI Y
IMOWHI BaJICHTHOT 30HH.
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BucHoBku

Mu npoBenH po3paxyHKH aTOMHOI Ta €JIeKTPo-
HHO{ CTPYKTYpH KBaHTOBUX To4uok CdS, ZnS Ta
Cd, Zn S, mo MicTATh BacHi Ae(EeKTH, IUIIXOM
MOJISTTIOBaHHS BIAMOBITHUX KiacTepiB. 31 BCIX
PO3IISIHYTHX THUIIB 1e(EKTiB, JUIIIE BAKAHCIs KaJ-
MIIO JIa€ CTaH! y 3a00pOHEHIH 30HI TOOH3Y ii JHA
1 giTko mposiBisieThes B criektpax DJI KT CdS y
BUIIIAI OKpeMoi cmyru [19]. BakaHcis uHKY
TaKOX J[a€ CTaHHW y 3a0OpOHEHIN 30Hi, OHAK IIi
PiBHI € TNTIMOOKUMH 1 ITEPEXOIH 32 IXHBOIO YUaCTIO
JaayTh CMYTH JIIOMIHECIEHI1 Y JOBTOXBHIbOBIH
00J1acTi, 4YOro y BiJOMHUX HaM €KCIEPUMEHTAIIb-
HUX poOoTax He 3ycTpivanocs. MiXBy3JI0Ba Cipka
Jla€ CTaHM B OKOJII JJHA 3a00pPOHEHOI 30HH, 30111b-
IIYIOYU TUM CaMHM T'yCTHHY CTaHiB JJIs KJlacTepa
CdS. Tlpu nomaBaHH1 IUHKY, 11l CTAHW 3COBYIOTHCS
y IMOMHY BaJICHTHOT 30HU, 1 HE MOXYTh IpUiimMa-
TH y4acTh y pekoMmOiHatii HociiB. Takum unHOM,
cepell BCIX pO3MISIHYTUX THITIB Ae(EKTIB, JTUIIE
BaKaHCIA KaJMIIO € KaHIUAATOM Yy LEHTPHU BU-
MPOMIiHIOBaJIbHOI pekoMOiHamii. Tak sk a1st 1BOX
PI3HUX MOJIEJIeH BaKaHCIi KaaMito, IO JOCIIIKY-
BAJIUCS y pOOOTi, OTPUMAHO JEIIO0 Pi3HI 3HAYESHHS
eHeprii AeQeKTHUX PiBHIB, TO y CIEeKTpax (o-
TOJIFOMIHECIIEHI[IT aHCaMOJIF0O KBAHTOBUX TOYOK,
110 XapaKTepU3yIOThCs IEBHOIO IUCIIEPCIEI0 PO3-
MipiB, OyIyTh CIOCTEPIraTucs PO3MUTI CMYTH,
KOTpi OyIyTh BKJIFOUATH CBIUYCHHS 5K Ae(HEKTHHX
PiBHIB, TaK 1 EKCUTOHHE BUIIPOMiHIOBaHHS BiJ
0e31e(eKTHIX KPUCTAIIIB BIAMOBIIHUX PO3MIpIB.
3 iHmI0r0 0OKY, OCKUTEKH MIKBY3JI0Ba CipKa 301J1b-
Iy€ TYCTUHY CTaHIB y BEpIIMHI BaJI€HTHOI 30HH,
crabinizamist KT cipkoBMicHUMHU criodTyKamu, Ta-
KUMH sIK Tios-mirikosieBa kuciora (TGA), mpu-
Bezle 710 301IbIIEHHS IHTEeHCUBHOCTI M1K30HHO1
(EKCUTOHHOT) peKOMOIHAIIIT HE JIMIIE 32 paXyHOK
racuBaIlii MoBEpXHi 1, K HACHIIOK, 3MEHIIICHHS
KOHKYPEHTHOI TOBEpXHEBOI (J1eheKTHOT) IroMi-
HECIICHIII1, @ TAKOX 32 PaXyHOK MOXKJIMBHUX YTBO-
peHb 1e(eKTiB S,.
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Summary

Defects in quantum dots not only affect their electron and optical characteristics, but also create
additional channels of radiative and nonradiative recombination. Depending on the manufacturing
technology, they can be of a different nature and formed both in the nanocrystal and in the material of
its surrounding, what makes their study a non-trivial task. The goal of this work is to establish the type
of intrinsic defects responsible for radiative recombination in CdS, ZnS and Cd, Zn S quantum dots.

The calculations were performed using the density functional theory in the generalized gradient
approximation. As a quantum dot model we used the atomic “magic” clusters Cd,,S.,, Zn, .S, and
Cd, Zn S.., where the sort of metal atom was distributed randomly. We modeled a metal vacancy
(Ve V,,) by removing one atom of the corresponding sort from the cluster surface, and interstitial
sulfur S, inserting an additional sulfur atom between the nearest metal atoms. All systems were geo-
metrically optimized, after that the total and partial densities of electronic states were calculated and
the atomic structure was analyzed.

All the systems showed significant structural relaxation during the geometric optimization. The
calculated density of electronic states of clusters with a cadmium vacancy contains a localized band
near the top of the valence band, while that with a zinc vacancy such a band is in the depth of the
gap. The calculated partial density of electronic states shows that these bands are formed by the states
of sulfur atoms in the vicinity of the metal vacancy. The densities of states of the clusters with the
interstitial sulfur do not contain local bands in the gap. Based on the obtained theoretical results and
available experimental data, we concluded that among the all the considered types of defects, only
cadmium vacancies can be centers of radiative recombination at Cd,_Zn S quantum dots.

Keywords: quantum dots, defects, vacancy, CdZnS, density functional method
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Pegepar

JleekTH y KBAHTOBUX TOYKaX MOXKYTh BIJIMBATH Ha IX €JIEKTPOHHI Ta ONTHUYHI XapaKTEPUCTH-
KM, CTBOPIOIOYH JOIaTKOBI KaHAJIM BUIIPOMIHIOBAJIbHOI Ta O€3BUIIPOMIHIOBAILHOI pekoMOiHamii. B
3aJISKHOCTI BiJl TEXHOJIOT1{ BUTOTOBJICHHS, BOHU MOXXYTh MaTH Pi3HY NPUPOY 1 YTBOPIOBATHUCS SIK Y
caMOMy HaHOKPHCTaJIi, TaK 1 B MaTepiasii HOro OTOYEHHs, 10 POOHUTH iX TOCIIKEHHS HETPUBIAILHOIO
3aja4ero. MeToro 1aHoi poOOTH € BCTAHOBJICHHS TUITY BIACHHUX JE(EKTIB, BIAMOBIIAIBHUX 3 BUIIPO-
MiHIOBaJIbHY peKomOiHalio y kBanToBuX Toukax CdS, ZnS ta Cd, Zn S.

Po3paxyHku poBeieHO METOI0M (PyHKITIOHATY TYCTUHH B HAOMM>KEHH1 y3arajJbHEHOTO rpajli-
enra. Y SKOCTI MOJIEi KBaHTOBOI TOYKH BUKOPMCTOBYBaBCs “Mariunmii” knacrep Cd,.S,,, Zn S, Ta
Cd, Zn S.., y SKOMy COPT aromMa MeTajly PO3HOIABCSA BUIIAJKOBUM YMHOM. MH MoJI€eNoBau Ba-
Kaunciro Meraiy (V ., V, ) BATAIAI0YH OJIUH MIOBEPXHEBHMH aTOM BiJIIOBIHOTO COPTY, Ta MI)BY3JIOBY
CIpKY S, pO3MIlllyr04H JIOAATKOBU aToM CIPKM MK HaWOMWKIMMH aroMaMu MeTany. Bei cuctemu
Oy/IM TEOMETPUYHO ONTHMI30BaHi, MICJI 4YOTro OyJI0 pO3paxoBaHO MOBHY 1 MapliajbHy TYCTHHY €JIEK-
TPOHHUX CTaHIB Ta MPOBEJACHO aHaIIi3 aTOMHOT CTPYKTYPH.

Bci cucreMu mokasaiy 3HauHY CTPYKTYPHY pesIakcalliio MiJl 4ac reOMEeTpUYHOI ONTHMI3allii.
Po3paxoBaHa TyCTHHA €EKTPOHHUX CTaHIB KJIAcTEPiB 3 BaKAHCIEIO KaJIMilO0 MICTUTh JIOKaJIi30BaHY
CMYTy MOOIU3y BEPIIMHH BaJCHTHOI 30HU, TOJI SIK 3 BAKAHCIEIO MUHKY — Y TIMOWHI 3a00pOHEHOT
30HM. Po3paxoBaHa mapuiajipHa T'yCTHHA €JIEKTPOHHHUX CTaHIB MOKa3ye, 10 Il CMYTH (HOpMYIOThCS
CTaHaMH aTOMIB CIpKH B OKOJIi BakaHCii MeTaiy. ['yCTHHA CTaHIB KJIacTepiB 3 MIXKBY3JIOBOIO CIPKOIO
HE MICTATh JIOKAJIbHUX CMYT B 3a00pOHEHIH 30H1. BUXons4n 3 0OTpUMaHuX TEOPETUYHUX PE3YNIbTaTIB
Ta HasBHUX E€KCIIEPUMEHTAIBHUX JaHUX B pOOOTI 3p00JICHO BUCHOBOK, 1110 3 YCiX PO3IITHYTHX THIIIB
ne(eKTiB JuIle BakaHCii KaMilo MOKYTh OyTH LIEHTpaMH BUIIPOMiHIOBAJIbHOI peKoMOiHaIli] y KBaH-
ToBux Toukax Cd,_Zn S.

KurouoBi ciioBa: kBaHTOBI TOUKH, Aedektu, Bakancis, CdZnS, meton GpyHKIIOHATY TYCTUHU
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IMPROVEMENT GENERATING OF THE TEST SIGNALS FOR DETERMINATION OF
THE IMPEDANCE PARAMETERS IN WIDE FREQUENCY RANGE

V. G. Melnyk, P. I. Borschov, V. K. Beliaev, O. D. Vasylenko, O. L. Lameko, O. V. Slitskiy

Abstract. A brief analysis of modern methods for measuring impedance parameters and error
sources that limit their accuracy in a wide range of frequencies is given. An effective way is substanti-
ated to solve the main problem - a significant increase in the errors of the separation of the informa-
tion signal into quadrature components with increasing frequency. The schemes of construction of the
broadband single-phase and multi-phase digital generators of test and reference signals using Johnson's
ring counter, which have very small phase errors, as well as the control scheme of the phase ratio of
the testing and reference signals are detail considered in the article. The considered structures and
principles of operation of the impedance meters with the use of impedance - voltage transformation,
of the bridge method with balancing by module and phase of the imbalance signal and their combina-
tions have been developed on their basis.
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YAOCKOHAJIEHHA 'EHEPYBAHHSA TECTOBUX CUT'HAJIIB /U151 BUBHAYEHHS
ITAPAMETPIB IMIIEJAHCY B LIMPOKOMY AIAITA3OHI YACTOT

B. I’ Menvnux, I1. I. bopwos, B. K. bensaes, O. /]. Bacunenxo, O. JI. Jlamexo, O. B. Cniybkuui

AHoTauis. /laHo KOpOTKHI aHaJi3 Cy4acHHWX METOJIB BUMIPIOBAHHS IapaMeTpiB iMIIEJaHCy
Ta JDKEpes MOXUOOK, M0 0OMEXYIOTh IX TOYHICTh B IIMPOKOMY Jiana3oHi 4actoT. OOTrpyHTOBaHO
e(eKTUBHUI NUIAX BUPIMICHHS OCHOBHOI MPOOJIEMH — 3HAYHOTO 30UIBIICHHS OXHOOK PO3IIICHHS
1H(OPMATHBHOTO CUTHAJTY Ha KBAAPaTypHi CKJIaI0B1 PH MiABUILECHHI YaCTOTH. J{eTalbHO pO3MISHYTI
CXeMH IOOYI0BHU IIUPOKOCMYTOBUX OAHO(a3HUX Ta OararodasHux nuppoBUX TeHEPATOPIB TECTOBUX
1 OMOPHUX CUTHAJIB 3 BUKOPUCTAHHSIM KUTBIIEBHX JIIYMIBHUKIB [[>KOHCOHA, SIKI MAIOTh JIy’K€ MaJli
(ha30Bi MOXMOKH, a TAKOXK CXeMa KePyBaHHS CIIBBITHOIICHHSM (a3 TECTOBUX Ta OMOPHHUX CHTHAIIB.
Po3misinyTo po3poOiieHi Ha X OCHOBI CTPYKTYpH 1 IPUHIUIHK A1l BUMIPIOBAYiB IMIIEAHCY 3 3aCTO-
CYBaHHSIM NEPETBOPEHHS IMIIEJaHC — HANpPyra, MOCTOBOTO METOLY 3 OajaHCyBaHHSM 3a MOYJIEM i
(ha3oro curHaNy HEpiBHOBAru Ta X KOMOIHAIII.

KurouoBi ciioBa: imrienanc, BuMiproBaHHs, (ha30Ba OXHOKA, TECTOBHI CUTHAII, OTIOPHUIN CHUT-
Hal

COBEPHIEHCTBOBAHUE 'EHEPUPOBAHUSA TECTOBBIX CUT'HAJIOB J1JIAA
ONPEAEJEHUSA TAPAMETPOB UMIIEJAHCA B HINPOKOM JIUAITAZOHE YACTOT

B. I’ Menvnux, I1. M. bopwes, B. K. benses, A. /[. Bacunenxo, A. JI. Jlameko, A. B. Cnuykuti

AH”HoTaums. J[aH KpaTKuil aHaJIu3 COBPEMEHHBIX METOJIOB U3MEPEHUS apaMETPOB UMIIEAAHCA
Y UCTOYHHUKOB TIOTPEITHOCTEH, KOTOPBIC OTPAaHUYMBAIOT X TOYHOCTH B IIMPOKOM JHAITa30HE YACTOT.
O60ocHOBaH 3((hEeKTUBHEIH CITOCOO pENICHUSI OCHOBHOM MPOOJIEMBI - 3HAYUTEIILHOTO YBEIIMICHHUS T10-
TPEIIHOCTEN pa3aesieHusi HH()OPMAIIMOHHOTO CUTHAIA Ha KBAIPATyPHBIE COCTABIISIONINE C YBEIHYe-
HUEM YacTOThL. B cTarhe moapoOHO pacCMOTPEHBI CXEMBI ITOCTPOCHUS ITHMPOKOIIOIOCHBIX OTHO(A3HBIX
1 MHOTO(a3HBIX MUPPOBEIX TEHEPATOPOB TECTOBBIX M KOHTPOJIBHBIX CUTHAJIOB C HCIIOJIE30BAHHEM
KOJIBIIEBOTO cueTurKa J[>KOHCOHA, KOTOPBhIE HMEIOT OYCHB MaJible (Da30BBIC OIMOKH, a TAKXKE cXema
yIPaBICHUS COOTHOMIEHUEM (Da3 MCIBITATEIBHBIX U ATAJOHHBIX CHTHAIOB. PaccMoTpens! pa3pabo-
TaHHBIC HA UX OCHOBE CTPYKTYPhI U IPUHIIUIIBI PA0OTHI H3MEPUTEIICH UMIICIAaHCa C UCTIOIh30BAHHEM
npeoOpa3oBaHus UMITEIAHC-HANIPSHKEHNE, a TAKKE MOCTOBOTO METO/Ia ¢ OaTaHCUPOBKOM MO MOIYITIO
1 ¢ase curaana aucbananca U uX KOMOWHAIUH.

KuroueBsble cjioBa: nmrieianc, u3mMepenue, pasopas ommoOKa, TECTOBBIM CUTHAII, OTIOPHBII
CUTHAJ

study. The most informative and accurate results

Introduction

To measure passive electrical quantities, in
particular the parameters of electrical circuit com-
ponents, informative parameters of sensitive ele-
ments of many types of sensors, characteristics
of various substances, materials and biological
objects, it is necessary to generate test signals
that affect the object of measurement and causes
a response (measurement signal) on the output of
the measuring circuit, which includes the object of

are obtained when using sinusoidal test signals in
a wide range of frequencies: from infrared (small
fractions of Hz) to the radio frequency range (tens
and hundreds of MHz).

For practical purposes, the most relevant is the
measurement in the sound and ultrasonic frequen-
cy ranges (up to IMHz). There are several well-
established ways to solve such problems based on
methods of direct transformations of the measur-
ing signal, the use of bridge measuring circuits
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with balancing, as well as combined methods that
combine the best qualities of the first and second
ways [1 - 9]. Based on them, it has been created
and now manufactures a variety of equipment
for measuring impedance parameters: active and
reactive resistance or conductivity, modulus and
phase angle or phase angle tangent, capacitance,
inductance, etc. Such instruments are intended for
measuring in a wide range of parameters values
and frequency, in different modes and for differ-
ent equivalent circuits of the measurement object.
Among them are known the instruments of Wayne
Kerr Electronics, Agilent, GW Instek and of oth-
ers. From the modern domestic developments
should be noted precision RLC-meters MHC-
1100 and MHC-1200 [6, 7, 10].

Unfortunately, for many new tasks, existing
devices are either metrologically imperfect or very
complex and expensive. They are often unsuitable
for the using in the sensor systems, for the pur-
poses of an object state diagnostics and process
monitoring, especially at high frequencies.

The aim of the work is to expand the possibili-
ties for optimization of technical and economic
characteristics of the means of determining the
impedance parameters in a wide range of frequen-
cies, taking into account the intended purpose of
the equipment.

Status of the question and existing problems

Means for measuring of the parameters of com-
plex resistances - impedances Z or admittances Y,
common name - immitances, belong to active
measuring systems in which the object of mea-
surement is subjected to a calibrated test effect.
The object generates a response signal to this ef-
fect (informative current or voltage), proportional
to it modulo and has changed by phase. Two its
informative components are corresponding to the
measuring parameters: active Re and reactive Im,
or modulus and phase angle. These components
are calibrated by modulo using scale transducers
and reference measures (bridge methods [2 - 4])
or a phase-sensitive voltmeter (methods of direct
impedance conversion are considered, in particu-
lar in [8]). All these operations are performed by
the measuring channels. In the general case, it is a
closed loop or a sequence of blocks consisting of
functional converters (analog, digital, combined).
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Their functionality, metrological parameters, mass
and size indicators, energy consumption, cost,
as well as the method of measurement used, ul-
timately determine the technical and economic
characteristics of a particular type of equipment.
The channel includes a test signal generator, a
measuring circuit with a measuring object, a de-
vice for excretion and converting an informative
signal, units for generating reference signals and
for analog-digital conversion, devices for compar-
ing signals and digital data processing and also the
unit of measurement process control.

When using bridge methods, the separation
errors in determining the components of the mea-
sured impedance are determined by the phase er-
rors in the bridge branches which associated with
the quadrature parasitic parameters of the refer-
ence measures, scale converters and connecting
circuits. Calibration errors are determined by de-
viations of the actual values of the main parameter
of the reference measures and other blocks from
the nominal values, and also by relative value
of their non-informative quadrature parameters,
which in a wide range of frequencies can reach
of large values.

In devices with direct immitance conversion,
the information signal is divided into two compo-
nents by quadrature synchronous detectors. The
accuracy of this operation depends on the error
of the phase relationships between the test signal
and the reference signals of the detectors, as well
as on the phase errors of the measuring circuit
and the of device its output signal conversion. It
is quite difficult to achieve a small level of these
errors or to correct them by structural and algo-
rithmic methods in a wide range of frequencies.
The existing ways to reduce them significantly
complicate the equipment and measurement algo-
rithm. The operation of calibration modulo of the
obtained impedance components is performed us-
ing an ADC with highly stable source of reference
DC voltage and usually does not cause difficulties.

There are specialized chips currently on the
market, which combine all the above blocks of the
impedance-metric channel [11]. The separation of
the quadrature components of the measuring sig-
nal is performed in them by means of the Fourier
transform. On their basis, quite simple devices for
various purposes can be created [12, 13], but their
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metrological capabilities are very limited.

Reducing of the phase errors in the measur-
ing channel with ensuring acceptable technical
and economic characteristics of the devices is
the main task under expanding the range of op-
erating frequencies of the immitance parameters
meters and increasing their accuracy. This task is
especially relevant for the development of new
technologies in technical and biomedical fields.
A promising way to solve it is to improve the
methods of generating test and reference signals
and optimize on this basis the methods of deter-
mining the parameters of impedance. The ideas of
the necessary technical solutions were proposed
several decades ago [14 - 17], but were not then
implemented in practice due to insufficient de-
velopment of the element base. In [14 - 16], the
structures of AC bridges with signal frequency
conversion in the bridge circuit were proposed.
In these devices, the sinusoidal voltage genera-
tor of the bridge is replaced by a highly stable
source of constant reference voltage, to which the
branches of the bridge are connected: the object
of measurement and reference measures. At the
inputs of these branches are installed digital-to-
analog converters (dividers) of DC voltage, and
after them - digital-to-analog converters, which
multiply the DC voltage by the codes of the values
of the function sin2nf t; where f, is the frequency
of the test signal. These codes obtain using a clock
counter with a decoder. Formed quasi-sinusoidal
(stepped) voltages are applied to the measurement
object and to the reference measures of resistance
or capacitance. Their spectrum does not contain
harmonics with frequencies below (4n + 1) f,
where n is the number of steps in the 1/4 period
of the quasi-sinusoid, when taking into account
certain requirements for the selection and forma-
tion of the steps in approximating function [18,
19]. The values of n and f, determine the required
frequency f_of the counter clocking: f = 4nf.
Depending on the nature of the object of measure-
ment and the problem to be solved, the value of n
can vary from 1 to several tens.

In these works, it was proposed to use a ring
Johnson's counter to generate the controlling code
for digital-to-analog convertor (DAC). DAC of
the generator is based on the principle of sequen-
tial addition and subtraction of n currents. Each

of them is proportional to the height of one of
the steps of the quasi-sinusoid. The currents are
formed with use of precise resistors from the ref-
erence voltage. This allows you to significantly
reduce the transients on the fronts of the steps,
and thus expand the frequency range. Another
advantage of this solution is the ability to obtain
reference voltages for quadrature synchronous
detectors directly from the logic signals of the
ring counter, forming the test voltages. This al-
lows achieving the minimum possible phase dif-
ferences between these voltages. The structure
and circuitry of the generator will be discussed in
more detail below.

Structure and circuit solutions for construc-
tion of the broadband digital generators of test
and reference signals

The general structure of the generator of test
and reference signals, the simplified schemes
of the ring counter with the decoder and of the
digital-to-analog converter of the generator
(COUNTER, DECODER, DAC accordingly)
are presented on Fig. 1 a, b, c. Under the action
of clocking pulses TI, at the outputs of the trig-
gers of the counter (Q) are created voltages of
the form "meander" with a frequency f, shifted
by one clock. Fig. 1 d shows a timing diagram
of obtaining from these voltages, using logic cir-
cuits overlap of their low levels, the logic signals
D1 ... Dn/2 to control the keys of the driver DAC
of quasi-sinusoidal voltage U., as well of the ref-
erence voltages for synchronous detector U, and
Uy which are respectively in-phase and quadra-
ture to U_.

The peculiarity of this structure is that each of
the steps is formed by a separate resistor of the
DAC. The conductivities of these resistors are
chosen in proportion to the heights of the respec-
tive steps, from which consist the each of %4 peri-
ods U... Firstly, these resistors are been alternately
connecting by high-speed switches to a positive
reference voltage U _, and then in the reverse or-
der are turned off. Thus a positive half-wave of a
quasi-sinusoid is formed. A negative half-wave is
formed similarly at a negative reference voltage
~U_ .. The currents of the resistors are summed
at the input of the operational amplifier, forming
a quasi-sinusoidal voltage at its output. It is im-
portant that this method of its formation provides
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minimal switching interference and that the time
of operation of the keys relative to TI is identical.
Therefore, the undistorted shape of the output
signal is maintained up to the maximum operating
frequencies of the used element base (approxi-
mately 50 MHz). The total U delay relative to
U.and U, is approximately 30 nsec. due to the
operation time of the keys under the action of sig-
nals D1 ... Dn/2 and the inertia of the operational
amplifier of the DAC. It is partially compensated
by the same delay of operation under the action
of U and Ugs of similar keys of the synchronous
detector.

Another part of the delay can be compensated
by the correction of the operational amplifier. This
is the base of possibility obtaining very small
both amplitude and phase errors of the through

characteristic of the transformation of the mea-
suring channel as a whole in a very wide range of
frequencies.

Development of principles of construction
of digital generators of test signals and imped-
ancemetric channels on their basis

Functional digital generators with integral
multiplying DACs are currently widely used for
various purposes, including and in impedance
measuring equipment [6, 7, 20 - 22]. The other
approach to their realization described above has
an important advantage: it allows, in addition to
the test quasi-sinusoidal signal, to obtain more ac-
curate reference signals for synchronous detectors
- rectangular (meander) or quasi-sinusoidal in the
form of control voltages (of codes). This provides
the possibility of obtaining in-phase and quadra-
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Figure 1. General structure of the generator of test and reference signals (Fig. 1a), simplified scheme of
the ring counter with a decoder (Fig. 1b), digital-to-analog converter of the generator (Fig. 1¢), diagram
of formation the control signals for DAC's keys and reference voltages of a synchronous detector
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ture signals, or one having a different phase, with
high discreteness in time and with a very stable in
time binding to the test signal.

The presence of such voltages allows us to suc-
cessfully solve the problem of accurately dividing
the measuring signal into informative quadra-
ture components in a wide frequency range, with
reaching the simplicity of the measuring channel
and the high measurement speed.

Another advantage of this approach to the con-
struction of the quasi-sinusoidal voltage generator
is the ability to combine several such devices to
obtain two (or more) signals with a calibrated
phase difference and the ability of precisely dis-
crete control that difference. On the basis of such
multiphase generators can be implemented bridge
impedance meters with balancing of the bridge
circuit by adjusting the phase and voltage ampli-
tude in the branches of the bridge, which has only
one reference measure [14, 15, 20, 23].

The peculiarity of this solution is that the phase
balancing is performed in digital form by a dis-
crete change of the delay between the cycles of

clocking of the counters of digital generators.
This is realized by means of additional counters
with adjustable initial installation, which form
time shifts of clocking and synchronizing pulses
of these generators [23]. The installation errors of
the phase difference of the output signals of the
multiphase generator are determined by the differ-
ence of the parasitic delays of the digital signals
in identical channels of their formation and do not
exceed a few nanoseconds. The time offset errors
of the test signal relative to the reference signals
may be significantly greater due to delays in the
digital-to-analog converter, but they are stable and
can be compensated.

The use of a multiphase test signal genera-
tor can significantly to improve the metrological
characteristics of both bridge measuring devices
and channels with direct conversion through the
use of the previously proposed phase adjustment
of the reference voltage of the synchronous detec-
tor [17]. Consider the scheme of such a channel,
shown in Fig. 2.
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Figure 2. The scheme of the converter of an immitans parameters with phase adjustment of the reference
voltage of a synchronous detector
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The device contains: a source of reference
voltage U 5 identical digital generators DG,
2 quasi-sinusoidal test signals U, the amplitude
of which is determined by the voltage U " the
converter I/U of current I through the object of
measurement Y in normalized relatively to U,
information signal U ; synchronous SD detec-
tor and analog-to-digital converter ADC, which
provide selection and conversion into digital code
N of the information signal component that co-
incides in phase with the reference signal of the
synchronous detector. The output reference signal
U o (in-phase or quadrature) of the generator
DQG2 is used as such reference signal. Clocking
of digital generators and synchronization of their
output signals phases is carried out by clocking
pulses Ic1,2 and synchronization pulses Is1,2,
which are obtained from the clock sequence fc of
the microcontroller MC using the delay generator
PS. The circuitry of this device is discussed below.
The MC processes the results of the transforma-
tion N to obtain ready-made measurement data,
and also controls the measurement process, in
particular generates delay codes Ag of the signals
of the generator DG2. The normalization of the
measurement results Y (to obtain the value of
the modulo of measured parameter) is performed
relative to the value of the reference measure Y
taking into account the values of reference volt-
ages in DAC of the generators and in ADC, as
well as by accurately forming of the delay A of
the test signal voltage Ut (to obtain the value of
the phase angle).

In the channel under consideration, the key
synchronous detector operates with a rectangu-
lar reference signal (meander) received from the
CNTR counter through a decoder. Other DG2
nodes can be used for synchronous detection by
processing of the information signal with weight
coefficients, which provides better suppression of
its harmonics and increase the accuracy of mea-
surements. It should be emphasized that the refer-
ence voltages for digital generators and ADC are
obtained from one high-stable source. Therefore,
such a measuring channel can be considered as a
bridge device with frequency conversion in the
branch of the measuring object. The DC voltage
U, is converted in this branch into a test signal
Ut with a frequency f by the DAC multiplier in
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DG1. Then, the obtained measuring signal Ux is
converted into a pulsating DC voltage by multi-
plying on a reference signal with a synchronous
detector. This signal converts in the charge of the
integrating capacity of ADC. The branch of the
reference measure operates on direct current and
contains only the measure (divider) of the refer-
ence voltage in the ADC where it is compared
with the detected signal.

The algorithm for performing measurements
is based on the following operations. In the initial
state, the phase of the reference voltage U, . for
the synchronous detector is set in quadrature to
the phase of the test signal U_of DG1 (if a resis-
tor is used as a reference measure Y ). If Y _is the
active conductivity with a small phase angle, the
result of the ADC transformation will be close
to zero. In this case, FS changes the phase U .
of DG2 to in-fase with U, and the result of the
conversion in ADC will become correspond to the
modulus of Y . If' Y is a reactive conductivity of
high-quality , then the zero result of the conver-
sion in ADC will be obtained under in-phase or
anti-phase reference signal U, ,F relative to U,
(depending on the nature of the reactivity Yx).
The modulus of its value will be obtained under
quadrature U . oF relative U

When measuring the parameters Y of a com-
plex nature, the phase shift 90° between U _and
Uk or of DG2 is achieved in the first stage by
adjusting the phase shift delay A¢ of the signal
Ujp o i 0ne or the other direction. After reaching
of the code N value close to zero, the change of
the phase of a reference signal SD on 90° could
be made and Y _modulo will be determined. This
can be realized by phase adjustment by the PS unit
or with switching the reference voltages IF - QF.
The phase angle Y , the tangent of its phase angle
or loss angle, as well as its other parameters are
calculated by the microcontroller according to the
obtained values of the amplitude and phase delay,
taking into account the clock frequency f and,
accordingly, f .

At high frequencies of the test signal, the dis-
creteness of the phase shift control between the
signals DG1 and DG2 may be insufficient to ob-
tain the required resolution of the object's phase
angle measurement. In this case, additional bits
of the code of this angle can be obtained by us-
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ing the results of measuring the residual value of
the quadrature component U_after balancing the
measuring circuit by phase in the first stage of
measurement.

The circuit of the impedance parameter meter
discussed above implements a combined mea-
surement method that combines the principle
of the impedance parameters direct conversion
into digital codes and the phase angle balancing
method. In this scheme the phase shift of the sig-
nal in the object of measurement is compensated
by the phase shift of the synchronous detector's
reference signal. This significantly reduces the
errors from the non-informative influence of the
measurement object's quadrature parameter under
direct transducing its main parameter. At the same
time, the modular errors (from the instability of
the test signal level, the transmission ratio of the
measuring circuits and the amplification path of
the information signal) remain unchanged and
limit the achievable accuracy of the instruments.
This is especially actual for high-precision and
high-sensitivity measurements under large back-
ground values of a parameter that is homogeneous
with the informative. In these cases use the bridge
methods of measurement with full compensation
(balancing) of the measuring circuit output signal
at the operating point of the conversion character-
istic. When working with impedance-type sensors,
such balancing usually occurs for the conventional
zero value of their informative parameter, and its
small changes under the influence of measured
parameter are measured by the method of direct
conversion of the output signal of the bridge.
However, to achieve high measurement accuracy
in a wide range of frequencies (above 10 - 20 kHz
and below 100 Hz) in existing AC bridges with
two balancing circuits - on the active and reactive
parameters of the object impedance, difficult due
to an increase in both amplitude and phase errors
of in the reference branches of the bridge circuit.
Therefore, when broadband impedance meters
are needed, it is often found that the technical
and economic performance of existing devices is
unsatisfactory.

Previous studies [20 - 22], including of the au-
thors [15, 23] have shown the prospects for solv-
ing this problem using two-channel (two-phase)
the test signal digital generators, which allow to

perform fully balance the AC bridge with a single
reference measure for the any impedance. It is
possible use reference measure, which has the best
characteristics in the required frequency range:
of capacitance or active resistance. Obtaining the
required phase of the signal, that balances the
bridge circuit, is achieved by adjusting the phase
difference between the test voltages applied to the
object of measurement and to the reference mea-
sure. Based on the above circuit solutions, a fairly
simple and technological device for implementing
this method was developed.

The diagram of formation the two coherent test
signals and their corresponding reference signals
with precise discrete adjustment of the phase dif-
ference between them shown on Fig. 3. In the de-
velopment performed by the authors, the discrete-
ness of the quasi-sinusoid was 32 steps per period.
Circuits of signal generators (""Digital generator" 1
and 2) differ in this case. In the decoder of one of
them (master) there are two schemes of formation
of sync pulses: the scheme of internal synchroni-
zation of the ring counter (loop end) at the end of
a cycle and for synchronization of the external de-
vice with a phase shift corresponding to a phase of
an output signal 900 (mid cycle). This pulse is fed
to the clocks generation unit (clock sequencer),
which forms the clock sequences CI1 for the mas-
ter counter, and time-shifted relative to it sequenc-
es CI2 for the slave counter. The mutual shift of
these sequences is precisely regulated by the 4-bit
delay counter FD2 according to the "delay codes"
2, set by the microcontroller MPC of the device.
To increase the discreteness of the phase control,
the MPC generates pulses TIO with a frequency 16
times higher than the frequency of DG’s counters
clocking (to clocking the master generator, they
are divided 16 times by a similar counter FD1).
Therefore, this discreteness is 1/16 of the duration
of one step. If the ratio of the frequency TIO and
the test signal U, allows, the number of bit FDI,
2 can be much higher, and the discreteness of the
phase shift control is correspondingly higher. The
same counter FD3 serves for less discrete control
(signal Res) of the synchronization moment of the
initial state of the slave generator relative to the
internal synchronization of the master generator.
This delay is £+ 8 intervals of clock pulses CI (of
durations of one step of the quasi-sinusoid) and is
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Figure 3. The scheme of formation of two sets of test and reference signals with precise regulation of
their phase difference

regulated with the delay counter FD3 using delay
code 1. This allows you to adjust the phase ratio
of the output signals of the generators within 0° ...
+180°. If in the decoder of the leading generator
to form one more sync pulse (for a phase — 90°)
adjustment of phase shift of test signals becomes
also possible within (0°... — 180°).

The diagram of a measuring channel based on
a bridge circuit, with balancing the modulus and
phase of the output signal is shown on Fig. 4. It
differs from the scheme in fig. 2 by the presence
in the measuring circuit of the second branch,
which includes DG2 and the reference measure
YO0. The reference resistor (R1) is installed in the
feedback circuit of the current/voltage converter
I/U at the output of the bridge circuit, and deter-
mines the transmission coefficient of the bridge
imbalance signal. The characteristics of I/U con-
verter in this case gives little effect on the metro-
logical parameters of the measuring channel. In
the high-frequency or low-frequency sections of
a wide range of frequencies, these parameters can
be optimized by the appropriate choice of the kind
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of the measure YO (capacitance or active conduc-
tivity, respectively), which provides a significant
increase in measurement accuracy. The second
difference is the ability to control the amplitude
of the test voltage at the output of DG2 using the
regulator of its reference voltages U, and —U,,. It
includes a balancing DAC of the bridge (DAC)) ,
a current-voltage converter (I/U) and an inverter
(INV).

The measurement process consists of two
stages. Initially, as in the above-mentioned chan-
nel with direct impedance conversion, the phase
shift of the current in the object of measurement
1s compensated by the phase shift of the synchro-
nous detector's reference voltage at zero values of
the reference voltages U, and —U . In the second
stage, the voltage at the output of DG2 increas-
es until the equilibrium of the bridge circuit is
reached. If the measure Y | is a resistor, the phase
of this voltage must be opposite to the current
phase of the object being measured. If Y is a
capacitor, this phase must be delayed by 90°. As
mentioned above, additional data bits can be de-
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Figure 4. The scheme of the measuring channel based on the bridge circuit with balancing the module
and phase of the output signal

termined by converting the residual imbalance
signal into the ADC in the case of insufficient
discreteness of the result codes obtained by the
performed bridge balancing.

Based on the results of the development, pro-
totypes of basic measuring modules with single-
phase and two-phase test signal generators were
made. Their description and results of metrologi-
cal research will be presented in the continuation
of this article.

Conclusions

1. Phase errors of separation of immitances
into active and reactive components are the main
problem for obtaining high accuracy of their mea-
surements in a wide range of frequencies. Tradi-
tional principles of construction of impedance-
metric means do not provide achievement of an
acceptable ratio of metrological and technical and
economic characteristics of devices.

2. A promising way to reduce the phase errors
of immitance parameters meters in a wide range
of frequencies is the use of digital generators of
quasi-sinusoidal test signals based on Johnson's
ring counter and DAC with sequential summation

and subtraction of currents forming the quasi-si-
nusoidal stair-step voltage. This provides minimal
switching interference and time differences of the
signal's components from which the quasi-sinu-
soidal test voltage and in-phase and quadrature
voltages to control key synchronous detectors are
synthesized.

3. The proposed schemes of immitance param-
eters meters based on the developed digital gener-
ators and on the bridge circuit balanced by module
and phase, and also the circuit of combined type
with partial balancing and direct conversion of the
output signal, provide simplicity and manufactur-
ability of devices and low phase errors.

References

[1]. Kibble P. B. Rayner G. H. Coaxsial Alter-
native Current Bridges // Briston; Pdam Hilder
Ltd. 203 p. (1984).

[2]. Karandeev K. B. Mostovye metody izme-
renij // Gostehizdat USSR, (1952).

[3]. Grinevich F. B. Avtomaticheskie mosty
peremennogo toka // Novosibirsk: Izd. SO AN
SSSR, 215 s. (1964).

[4]. Novik A. I. Sistemy uravnoveshivaniya

69



B. I'. Menpauk, I1. I. bopmos, B. K. benses, O. /1. Bacunenxko, O. JI. Jlamexo, O. B. Crinpkuit

precizionnyh bystrodejstvuyushih odno-parame-
trovyh mostov peremennogo toka // Tehnichna
elektrodinamika. 1997. Ne5. S. 65 — 69.

[5]. F. B. Grinevich, M. N. Surdu Vysokotoch-
nye variacionnye izmeritelnye sistemy peremen-
nogo toka // Kiev: Naukova dumka, 192 s. (1989)

[6]. M. M. Surdu, Z. Ya. Monastirskij Variaci-
jni metodi pidvishennya tochnosti vimiryuvachiv
imitansu // K.: In-t elektrodinamiki NAN Ukray-
ini, 385 s. (2015).

[7]. M. Surdu Variational Calibration, Pub-
lished in the book: «Metrology» Edited by: Anil
Akdogan. Chapter 3. IntechOpen 01. 08. 2018.

[8]. Pohodilo Ye. V., Homa V. V. Vimiryuvachi
CLR z peretvorennyam «imitans — napruga» //
Lviv: Lvivska politehnika, 292 s. (2011).

[9]. A. D. Vasilenko, V. G. Melnik, A. I. Novik,
L. N. Semenycheva Povyshenie razreshayushe;j
sposobnosti immitansometricheskih kanalov //
Tehnichna elektrodinamika. 2013. Ne 1. S. 70 — 81.

[10]. Labuzov A. E., Lameko A. L., Surdu
M. N. Precizionnye izmeriteli impedansa (RLC-
metry: Sostoyanie rynka 1 tendencii razvitiya).
// Rezhim dostupu: http://www.promix.com.ua/
public/RLC.pdf.

[11]. AD5933 Obzor. Osobennosti 1 preimush-
estva. Rezhim dostupu: https://www.analog.com/
ru/products/ad5933.html.

[12]. Hoya J., Lentka Gr. Portal analyzer
for impedance spectroscopy. X1X IMEKO
World Congress. September 6-11, 2009, Lisa-
bon, Portugal. P. P. 497-502. Pexxum poctymy:
https://pdfs.semanticscholar.org/0027/
a81d802a3fd565d69¢7239710d105c6a34ea.
pdf? ga=2.153056890.2112044939.1588864114-
1395720667.1588864114.

[13]. Hoya J., Lentka Gr Interface circuit for
impedance Sensors using two specialized Sin-
gle-chip Microsystems Sensors and Actuators A
Physical, 2010, 163, 1, p. 191-197.

[14]. Melnik V. G. Nizkochastotnye cifrovye
ekstremalnye mosty peremennogo toka izmer-
itelnye cepi 1 algoritmy uravnoveshivaniya. Av-
toreferat dissertacii na soiskanie uchenoj stepeni
kandidata tehnicheskih nauk AN USSR // Institut
elektrodinamiki, Kiev, 1988, 20 s.

[15]. A. S. 1524005 (SSSR) Avtomaticheskij
most peremennogo toka. Kromplyas B. A., Mel-
nik V. G. Surdu M. N., Skripchenko I. A. // Institut

70

elektrodinamiki AN USSR. Zayavka Ne4387628.
03.03.1989.

[16]. A. S. 1265624 (SSSR) Avtomaticheskij
cifrovoj most peremennogo toka Grinevich F. B.,
Novik A. 1., Melnik V. G., Ornatskij O. A., Surdu
M. N., Skripchenko I. A. // Institut elektrodinami-
ki AN USSR. Zayavka Ne3824063, 13.12.1984.
Zaregistrirovano v Gosreestre izobretenij SSSR
22.06.1986.

[17]. A. S. 853560. Avtomaticheskij most
peremennogo toka. Surdu M. N., OrnatskijO. A.,
Melnik V. G // Institut elektrodinamiki AN USSR.
Zayavka Ne2847759, 30.11.1979. Zaregistrirova-
no v Gosreestre izobretenij SSSR 07.04.1981.

[18]. Surdu M. N., Melnik V. G., Or-
natskij O. A. K vyboru metodiki rascheta parame-
trov kvazisinusoidalnogo napryazheniya. // V kn.:
“Tehnika elektricheskih izmerenij”, “Naukova
dumka”, Kiev, 1979. s. 41-48.

[19]. Surdu M. N., Melnik V. G., Or-
natskij O. A. Pogreshnosti formirovaniya kvazi-
sinusoidalnogo napryazheniya cifrovogo genera-
tora // 'V kn.: “Tehnika elektricheskih izmerenij”,
“Naukova dumka”, Kiev, 1979, s. 13-19.

[20]. M. N. Surdu, D. M. Surdu. AC bridges
with phase controlled dividers — theory and ex-
perimental results (Mosty peremennogo toka s
fazovym upravleniem — teoriya i rezultaty eksper-
imenta) // Ukrayinskij metrologichnij zhurnal.
2015. Ne 3.s. 16 —24.

[21]. Surdu M. N., Lameko A, L, , Surdu D. M.
Kursin S. H Avtomaticheskaya precizionnaya
sistema dlya metrologicheskogo obespecheniya
izmerenij parametrov impedansa // Ch. 1 Principy
dejstviya., [zmeritelnaya Tehnika., 2012, No7, str.
51-57.

[22]. M. Surdu, A. Lameko, D. Surdu, S. Kur-
sin, M. Mukharovsky, A. Akhmadov, S. Shevkun
Accurate universal set of automatic comparators
for impedance parametersunits reproduction and
transfer // XVIII IMEKO TC4 Symposium and [X
Semetro, Natal, (2011).

[23]. Melnik V. G., Slickij A. V., Vasilen-
ko A. D. Kvaziuravnoveshennyj konduktometri-
cheskij most dlya biosensornoj sistemy s balansi-
rovkoj po modulyu i faze. // “Sensorna elektronika
ta mikrosistemni tehnologiyi”, 2016. — T. 13, Ne3.
- 5. 91-100.

Crarts magiinuia qo pegaxuii 10.05.2020 p.



Sensor Electronics and Microsystem Technologies 2020 —T. 17, Ne 2

UDC 621.317
DOI: https://doi.org/10.18524/1815-7459.2020.2.205825

IMPROVEMENT GENERATING OF THE TEST SIGNALS FOR DETERMINATION OF
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Summary

A brief analysis is given of modern methods for measuring impedance parameters and sources of
error, limiting their accuracy in a wide range of frequencies and the possibilities of their use in newest,
in particular sensor, technologies on technical and economic characteristics. An effective way to solve
the main problem - a significant increase in the errors of the separation of the informative signal into
the an active Re and a reactive Im components with increasing frequency due to insufficient accuracy
of the test's and reference's signals phase ratio is substantiated. New principles of construction of the
digital generators of test and reference signals by synthesis of quasi-sinusoidal voltage by means of
Johnson's ring counters and the digital-to-analog converters with sequential summation and subtrac-
tion of currents that forms stair-step voltage are considered detail. This, as well as the simplicity and
identity of the structures of the formation of the test and reference signals, provide minimal switching
interference and time inconsistencies of the test voltage with in-phase and quadrature voltages to con-
trol key synchronous detectors. The construction of a simple two-phase digital generator of test and
reference signals with precise control of the phase difference in the two channels of voltage generation
is considered. The schemes of impedance parameter meters based on the developed digital generators
are proposed: with a bridge circuit balanced by module and phase, and a combined type with partial
balancing and direct conversion of the output signal, which provide simplicity and manufacturability
of devices and low phase error. Based on the results of the development, prototypes of basic measur-
ing modules with single-phase and two-phase test signal generators were made. Their description and
results of metrological research will be presented in the continuation of this article.

Keywords: impedance, measurement, phase error, test signal, reference signal
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YAOCKOHAJIEHHA T'EHEPYBAHHSA TECTOBUX CUT'HAJIIB VIS BUBHAYEHHSA
ITAPAMETPIB IMIIEJJAHCY B HINPOKOMY AIAITA30OHI HACTOT

B. I’ Menvnux!, I1. 1. bopwos', B. K. Bensies®, O. /. Bacunenxo', O. JI. Jlamexo'!, O. B. Cniyvkuii’

'Tacrutyt enexrpoaunamikn HAH Vipainu np. [lepemorn 56, m. Kuis-57, 03057, Vkpaina. E-mail:
melnik@ied.org.ua
?HauioHanbHUiA yHIBEpCUTET OiOpecypcCiB Ta MPUPOTOKOPUCTYBaHHS YKpaiHu,
Byn. I'epois O6oponwu, 15, Kuis, 03041, Ykpaina.

Pegepar

JlaHO KOPOTKUH aHali3 Cy4aCHHX METOIB BUMIPIOBAHHS IMapaMeTpiB IMIENAHCY 1 JUKepel Mo-
XHOOK, 110 0OMEXKYIOTh iX TOYHICTh B IIMPOKOMY Jliara3oHi YacToT, Ta MOKJIMBOCTI X BUKOPUCTAHHS
B HOBITHIX, 30KpeMa CEHCOPHHUX, TEXHOJIOT1SX 32 TEXHIKO-€KOHOMIYHUMU Xapakrepuctukamu. O0-
I'PYHTOBaHO €(DEKTUBHUH LUIAX BUPIIIEHHS OCHOBHOI MPOOJIEMH — 3HAYHOTO 301IbIIEHHS MOXHOOK
po3aineHHs iHGOpPMAaTUBHOTO CUTHAJY Ha aKTUBHY Re Ta peakTuBHY Im CKJ1afoBi npH MiABHUILEHHI
YaCTOTH Yepe3 HeI0OCTATHIO TOYHICTh CIIBBITHOLICHHS (pa3 TECTOBUX Ta OMOPHHUX CUTHATIB. [leTanb-
HO PO3IVISTHYTO HOBI HMPUHIUIK NMOOYJ0BU IU(PPOBUX I€HEPATOPIB TECTOBUX Ta OMOPHHUX CHUTHAJIB
[IJIIXOM CHUHTE3Yy KBa31CHMHYCOiJalbHOI HAIIPYTH 32 JOTIOMOTOI0 KUIBI[EBUX JIIYMIBHUKIB 32 KOJJOM
JI>xoHCcOHa Ta IHU(PO-aHATOTOBOTO IEPETBOPIOBAYA 3 IOCIIIOBHUM ITiICyMOBYBAHHSM 1 BiHIMAaHHIM
CTpPYMiB, 10 POPMYIOTh CXOIMHKH KBa3zicuHycoinu. Lle, a Takox mpocToTa Ta iIeHTUYHICTh CTPYKTYP
(opMyBaHHs CXOIMHOK TECTOBHX 1 OIIOPHUX CUT'HAJIB, 3a0€31e4yI0Th MiHIMaJIbHI KOMYyTalliifHi 3aBaiu
Ta YaCOB1 HEY3TO/PKEHOCTI TECTOBOI HANPYTH 3 CHH(A3HOIO 1 KBaPaTyPHOIO 10 HEl Hampyramu Jist
yIpaBIIiHHS KIIOYOBUMHU CUHXPOHHUMU JeTeKTopamMu. Po3missHyTo moOynoBy nmpocToro ABodha3Horo
U(POBOro reHepaTopa TECTOBUX Ta OTIOPHUX CUT'HAJIB 3 TOYHUM PETYINIOBaHHAM Pi3HHMII (a3 B ABOX
KaHasaX (pOpMyBaHHS HANPYTH. 3apONOHOBaHI CXEMH BUMIpIOBAYiB MapaMeTpiB IMIIEIaHCY HA OCHO-
Bi po3po0IeHUX MU(PPOBUX TEHEPATOPIB: 3 MOCTOBUM KOJIOM, IO YPIBHOBAXYETHCS 32 MOIYJIEM Ta
¢a3010, 1 KOMOIHOBAHOTO THITY 3 YACTKOBUM YPIBHOBKEHHSAM Ta MPSMHUM MEPETBOPEHHSM BHX1THOTO
CHUTHAITY, 5IKi 320€3Me4yI0Th IPOCTOTY 1 TEXHOJIOTTUHICTh MPUIA/IiB IPU HU3BKHUX (Pa30BUX MOXHOKAX.
3a pe3ynbTaTaMy MPOBEIEHUX PO3pOOOK OyJM BHUTOTOBIEHI MPOTOTHNH 0a30BUX BUMIpPIOBAJIBHHUX
MOJIyJ1iB 3 ofHO(hA3HUM Ta ABO(A3HUM IeHepaTopaMu TECTOBHX CUTHAJIB. IX OmMC Ta pe3ynbTaTu
METPOJIOTIYHUX JOCIIKeHb OyayTh MPEICTaBlICH] B MPOAOBKEHHI JaHOI CTATTI.

KurouoBi ciioBa: iMrnieianc, BUMiproBaHHs, (pa3oBa MOXHOKa, TECTOBHIA CUTHAJI, OTIOPHUI CUTHAI
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Jo 70-piuus wiena-kopecnonaentTa HAH Ykpainn
Biaoncekoro Isana BacuiaboBuua

JlokTopy ¢iznko-MareMaTHIHUX HayK, npodecopy, wieny-kopecrnonaentry HAH Ykpainuy,
3aBigyBady Bininy goronHux npouecis luctutyty ¢izuku HAH Ykpainm, kepiBanky LIKKII
"Jlazepumii hemrocekynnuuii komruieke" HAH VYipainu npu [ncturyty disuxku HAH Yipainu
BJIOHCBKOMY IBany BacunsoBuuy 23 uepBHs 2020 p. BunoBHIOeTbCs 70 pOKiB.

Haponuscs IBan BacuiboBuu Ha [BaHO-®pan-
kiBmuHi. [licns 3akinuenns B 1967 pori i3 30:10-
Toto MegainTio CepaduHeIbKOT cepeaHbOT KON
MOCTYNUB Ha Qi3UUHUM paKynsreT YepHiBebKO-
r0O JIEP’)KaBHOTO YHIBEPCUTETY, SIKUW 3aKIHUYUB Y
1972 pomi. Y 11poMy X po1ii HOCTYIIUB B acIipaH-
Typy IHCTUTYTY (i3MKH, TCHIA 3aKiHUEHHS SKOT
HenepepBHO npaitoe B [® HAH Vkpainu Ha no-
caJ1ax: MOJIOJIIIOTO HAYKOBOTO CITIBPOOITHHKA (10
1982 p.), cTapiioro HayKoBOTO CIiBpOOITHHKA (10
1992 p.), mpOBiTHOTO HAYKOBOTO CITIBPOOITHHKA
(mo 1993 p.), 3aBigyBava naboparopii goToakyc-
TUKH 1 ontuku (10 1994 p.), 3acTynHuKa qUpeK-
Topa 3 HayKoBoi podotu (1994 - 2004 pp.), ronos-
HOTO HayKoBoOrO criBpoOiTHuKa (10 2005 p.), 3a-
BiZlyBaya BiJiTy ()OTOHHHX ITPOIIECiB, KEPIBHUKA
LleHTpy KOJEKTHBHOTO KOPHCTYBAHHS MPUIaIaMu
HAH VYkpainu npu [actutyTi disukn HAH Yipa-
ian “JlazepHuii hemTOCeKyHIHUIN KOMITIeKe” (i3
2005 p. 1o TernepiniHiii 9ac).

B 1978 p. 3axuctuB kananaaTchky, a B 1990 p.
JOKTOPCHKY auceprarii. [Ipenmer guceprariiii-
HUX poOiT — (hi3uKa EKCUTOHHHUX SBUI B KBa-
3iIBOMipHHX HamiBIpoBigHUKaxX. ¥ 1993 pormi
MIPUCY/IKEHO 3BaHHS mpodecopa, a 3rofoM - To-
gecHoro CopociBcrkoro mpodecopa. B 1997 porri
oOpanuii uneH-xkopecnonaenrom HAH VYkpainu
no crienianbHOCT “EkcriepumenTanbHa ¢i3uka
TBEPJIOTO Tija”.

OcHoBHi HayKoBi 3100yTKH [Bana BacuinboBu-
9a BITHOCATHCS 10 (Pi3UKU TBEPOTO Tijia; ONTHU-
KW HAHOCTPYKTYP; B3aEMO/II1 JTa3epHOTO BUITPOMi-
HIOBAaHHS 3 PEYOBUHOIO, MPEUM3IHHUX JIa3epHUX
TEXHOJIOT1H.

30KpemMa, HIM BCTaHOBJIEHI OCHOBHI MEXaHi3-
MU €KCUTOHHOTO TTOTJIMHAHHS Ta BUIIPOMiHIOBaH-
HSI CBITJIA B KJIaci HAIIBIPOBIIHUKIB 3 [IAPYBATOIO
CTpyKTyporto. JloBeieHo, 110 Bi1oOpaskeHHS 0CO-
OMBOCTEH CTPYKTYypHOI Oy/lIOBM TaKMX Marepia-

JiB, K1 3aliMarOTh MPOMIKHMNA THI MIXK 10HHO-
KOBAJICHTHUMH 1 OpraHiYHUMH HaiBIPOBITHHUKA-
MU, ABOMIPHUMHU 1 TPhOXMIPHUMH CTPYKTypamMH
NPOSIBIISIETHCS HE B XapaKTepi elNeKTPOH-TIPKOBOT
B3a€MO/Iii B €KCUTOHI (MOJIEJi eKCUTOHA), a B HOTO
JMHAMIYHUX BIACTUBOCTSX. Y KpHUCTajax 3 Mpo-
MDKHOIO CHJIOI0 €KCUTOH-(OHOHHOTO 3B'SI3KYy BHU-
SBJIEHO OCOOMBUI THUII €eKCUTOHHUX 30Yy/1KEHb
— pyxJiuBi c1ab03B's13aH1 CTAaHU €KCUTOHIB 3 Jie-
dbopmariiero rpatku. BusHaueHi OCHOBHI Mexa-
HI3MM €HEepreTUYHOi penakcallii aHi30TPOMHUX
MOJISIPUTOHIB Ta PO3BUHYTO MOJIETTh KOJIEKTUBHUX
30yPKeHb THITY ,,3B’s13aHa MOJIa” B TPAHUYHO aHi-
30TpOIHUX cepenoBuIax. OTpUMaHi pe3ysbTaTi
IO 111 YaCTHHI poOOTHU y3arajbHeH1 B IBOX MOHO-
rpagisx.

73



Sensor Electronics and Microsystem Technologies 2020 —T. 17, Ne 2

[Tix kepiBHUIITBOM broncekoro 1. B. po3Bu-
HYTO MOJEJb IMIYJIbCHOTO ()OTOAKYCTUYHOTO
BIJIKJINKY 0araromapoBHX CTPYKTYp, Ky BHKO-
PUCTAHO MPU CTBOPEHHI TEPMOXBUIHOBOTO 1H-
TPOCKOITY Ta ONTOAKYCTUYHOTO CIEKTPOMETPY
OpPUTIHAJBHUX KOHCTPYKLIN. 3 BUKOPUCTAHHSIM
PO3BHUHYTOTO METOy BIEpILE B peskumi "in — situ"
JOCTIIKEHO ONTHYHI, TEIUIOBI Ta MPYXKHI Xapak-
TEPUCTHKH LIapiB TIOPUCTOTO KPEeMHito (1op.-Si),
SIK1 3HAXOJSIThCS B MEXaHIYHOMY KOHTAKT1 3 MOHO-
JITHAM KPEMHIEM B PEKUMI TOBIIMHHOTO MPOdi-
roBaHHs. Briepie crioctepexeHo edexT Ta mosic-
HEHO TpUpoay GoToreHepallii 3ByKy riraHTChKOi
IHTEHCHBHOCTI MPH IMITYJICHOMY (POTO30Y/IKESHH1
HaHouacTok CdS, iHKOPIOPOBAaHUX Y BIACHHUX
MyCTOTaX MEOMITHUX MaTpullb. Lli Ta psa iHmmx
Pe3yNbTaTiB JO3BOJIHMIN PO3BUHYTH HOBUI Harpsi-
MOK — ()OTOaKyCTHKa reTepo cTpyKTyp (LepxaBHa
npeMist Ykpainu, 1994 pik).

[oennyroun metoau GoTO-, TEPMO- 1 TyHEIb-
HOT1 JIOMIHECI[€HI[1i, BAUBUCHO KOMOIHOBAaHUM
BILTUB KBaHTOBOPO3MIpHOTO (pakTopy i hakropy
CTPYKTYpPHOTO pO3YNOPSAKYBAaHHs HA TeHepalliii-
Hi, TPAHCIIOPTHI Ta peKOMOiHAIIiHI IPOLECH B
HaHOCTPYKTYpax HEOPraHiYHOTO Ta OPraHiyHOTO
MOXO/’KeHb. B HaHOYACTKaX KPEMHIIO BUSBIIE-
HO Ta JIOCIHIJKEHO PO3MIpHY 3aJeKHICTh e(eK-
TUBHOCTI €JIEKTPOHHOTO 0XE-PO3CISTHHS Ta HOBI
MeXaHI3MU JIOKaJi3alii eIeKTPOHHUX 30yIKEHb,
BIIACTHBI KBAHTOBUM TOYKaM 1 aApoTuHam. [[ms
KBaHTOBUX TOYOK 3aIIPOIIOHOBAHO 1 €KCIIEPUMEH-
TAJBHO MiITBEPIKEHO iICHYBaHHS e(PeKTy "aBoX-
TaKTOBOTO 3aps,A0BOr0 MOPIIHIO", PYIIIHHOIO
CHJIOIO SIKOTO € eJIEKTPOHHHUI 0Xe-Tpo1iec (37BO-
€HUU EJICKTPOHHUH TMepexin), sIKUil € IPUIHHOIO
"'caMOBHINITOBXYBaHHS'" HOCIIB 3apsiny 13 ¢poTo30y-
JDKEHUX KPEeMHIEBHX HAaHOYACTOK 3 MOCHITyI04Y0I0
iX jokamnizamiero Ha nepupepiiHIX OKCHIHUX
o0osoHKax. B KBaHTOBUX JPOTHHAX BUSBICHO
HOBHI THIN JIOKami3amii HOCIiiB 3apsay macTka-
MH "TOIOJIOTTYHOTO" MOXOIKEHHS, TEHETUYHO
OB’ sI3aHUMU 3 (PIYKTALisIMU JiamMeTpa IPOTUH
Mo 1X JOBXKUHI, IO 13 BpaXyBaHHSIM KBaHTOBO-
PO3MIPHOTO e(eKTy MOPOKYE CKIATHUHA perabed
BHYTPIIIHbOKPUCTAIIYHOTO NOTeHLiany. Briep-
I1e BUSIBJICHO HEMOHOTOHHICTh TeMIEPaTypHOi
3aJIEKHOCTI OEKKEpEIiBChKOTO KOCQIIlieHTY 3a-
TyXaHHS B TYHEJIbHIN JTFOMIHECIIEHITIT KBAaHTOBHX
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JPOTHH HAIIBIPOBIIHUKIB HEOPTaHIYHOTO Ta OP-
TaHIYHOTO MOXO/KEHHS, IPUPOY SKOI MOSICHEHO
3 mo3uLiil peamizanii "nudysiiHoro knactepy" B
aHcaMOJIl MaCTKOBHMX CTaHIB, B MEXaX SIKOTO 3/I1H-
CHIOETBCS TYHEIBHHUI TPAHCIOPT MO MEXaHI3My
Nepe3axorICHHS.

[Ting xepiBaunTBoM . B. BrioHckKOTO 1 32 10TO
Oe3nocepeHbOi yJacTi BBEICHO B IO YHIKalb-
HUM 17151 YKpaTHy IUpOKOiiana30HHUN JIa3epHUI
(beMTOCeKYHTHUN KOMIUIEKC, SKUM BiAMOBigae
KpalluM CBITOBHM CTaHIapTaM. 3 HOro BUKOPHC-
TaHHSM, Ha MPUKJIaJl HAHOYACTOK OJIAarOPOTHHUX
MeTajiB JOCIIIKEHO BILTUB (AKTOPY MPOCTO-
pPOBOTO OOMEXEHHS Ha AMHAMIYHI €JIEeKTPOHHI
npouecH. 3okpeMa, B HaHoyacTkax Cu, 1HKOp-
noposanux B SiO, MaTpHIO IPU ONPOMIHEHHI
3pa3KiB (PeMTOCEKYHTHUMH IMITYJIbCAMH BIIEpILE
BUSBIICHO 3HAKO3MIHHUHN XapakTep 3aJIeKHOCTI
PE30HAHCHOI YaCTOTH MOBEPXHEBUX IUIA3MOHIB
BiJl 4acy, KU CYIIPOBOIKYETHCS HEMOHOTOHHOIO
3MIHOIO HaIiBIIMPUHHU I1JIa3MOBOi CMYTH MO Mipi
OCTHTaHHS €JIEeKTPOHHOTO rasy. 3arpornoHOBaHa
MOJIeJIb, sIKa MOSCHIOE OTPUMAaHI pe3yIbTaTH 3
MO3HILIIH 0COOIMBOCTEH €BOMIOLIT JIieIeKTPHUYHO-
ro BIAT'YKY TaKOTO KOMIIO3UTHOTO CEPEeI0BUINA
BHACIIJIOK peanizanii epekry Keppa B ymoBax
TiraHTCHKOTO MMiICHIICHHSI JTOKAIbHOTO Toist. [Ipo-
BEJICHI JOCIII)KEHHS 3aKOHOMIPHOCTEH MOIIHN-
peHHsI (PEeMTOCEKYH/IHUX JTa3€PHUX IMITYJbCIB Y
MIPO30PUX CEPEIOBHUIIAX Bl MOMEHTY PO3BHUTKY
ONTUYHOT KePiBCHKOI HENHIHHOCTI Yepe3 CTaito
camMo(OKyCyBaHHS, yTBOPEHHS IJ1a3MH, (piTaMeH-
Tamii mpomMeHs (PO3OHUTTS CYIITLHOTO MPOMEHS
Ha JIMCKPETHI TPEKM) 0 pyHHYBaHHS MaTepiairy
3 TIOSIBOIO 1 TIOIIMPEHHSM CYNPOBOIKYIOUUX PYyii-
HYBaHHS YJIapHUX XBHJIb.

Po3BuHYTI OCHOBH (Di3MKH Ja3epHOTO MPOOOIO
MIPO30PUX CEPEIOBUILL, SIKi BUKOPHCTAHO JJIS 3a-
Jla4 Mpenu3iiHoi MikpooOpOOKHU MPO30pUX MaTe-
pianiB (rpantu YHTLI, Ta koHTpakTH 3 [HCTHUTY-
TOM (D13MKH, TOYHOI MEXaHIKHU 1 ONTHKU AKaaemii
Hayk Kuraro ta ¢pipmoro LG-Electronics).

B ocranHi poku ocHOBHa yBara Oyia 30cepe-
JKEHA Ha PO3BUTKY B YKpaiHi HOBOTO MEPCTIEKTHB-
HOTO HayKOBOTO HampsiMy — (DeMTOONTHUKH MaTe-
piajiiB, MEPCHEKTUBHUX JJIsl ONITOETIEKTPOHHUX Ta
TEJIEKOMYHIKAaLlIHHUX BUKOPUCTAHb.

Hamnpsim 6a3yeTbcst Ha B3a€MOJIiT yIIbTPaKopOT-
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Kux pemrocekyHAHHX (T~nx10"° ¢) iMmynbCiB
TPHUBAJIICTIO B Kinbka nepioais E/M xBuii 3 pe-
YOBMHOIO, 1[0 CYNPOBOKYETHCS MPOSBOM HU3-
KM SICKpaBHUX IIl€ HEJOCTATHRO BUBUEHUX HOBHX
SABUII, K1 1 GOpPMYIOTh TEepeaHil Kpail cyuac-
HOI ONTHYHOI HAyKH — HECTAI[IOHAPHY HEeJiHIN-
HY ONTHUKY, a00 fK il CKOpOYEHO HA3UBAIOTH —
¢demToonTuky. /1o TakuX SIBUII B MEPILY YEpry
BIJTHOCSITh YTBOPEHHS OCOOMUBUX (I3MYHUX TiJ
IJ1a3MOBO-TIOIBOBOT MPUPOAU — JIa3epHUX (heM-
TOCEKYHIHUX (1IIaMEHTIB, FeHEpalilo cynep-
KOHTUHYYMY BUIIPOMIHIOBaHHS ()€MTOCEKYHTHOT
TPUBAJIOCTI HA/IIIUPOKOTO CIIEKTPAIBHOTO CKIIAJTY,
«KBa310UTHI CIIEKTP SIKOTO OXOILTIOE 00NIaCTh Bif
300 HM 110 3 MKM, KOHIYHOI eMicii Ta psi1y 1HIIHX.

3i ctBoperHsaM B 2003 p. npu [ncTutyTi dizu-
ku LIKKII «Jlazepuuit pemMToCceKyHIHUI KOMII-
JIEKC» TaKi TOCHTIKEHHS OyJIH 3a1I09aTKOBaHi 1 B
VYkpaiHi 1 aKTUBHO BEIYThCS 10 TPbOX OCHOBHHX
HarfpsimMax.

— CTBOpPEHHS JOCHITHUIBKUX METOJHK, sIKi O
BiJIMIOBIJAJI KPAIITMM MI>KHAPOJIHUM CTaHAAPTaM,
a00 MOBHICTIO OyJIM OPUTTHATLHUMH.

— JlochimKeHHs 3 X BUKOPUCTAHHSIM HECTAIli-
OHApPHUX HENIHIMHUX ONTHUYHUX SBHII[ Ta KIHETH-
KM J1a3epHOi a0Awii MarepiaiB, MepCreKTUBHUX
JUTSL ONITOCGJICKTPOHHUX Ta TENEKOMYHIKAI[IHHUX
BHUKOPHUCTaHb, B IIMPOKOMY YaCOBOMY Jiara3oHi
(n[110-15 ¢ 1 n[110-9 ¢).

— Ha ocHOBIi oTprMaHuX pe3yJabTaTiB — CTBO-
PEHHS CyYacHUX €KOHOMIYHO TPHUBAOIUBHUX TEX-
HOJIOT1M MPOAYKYBaHHS MAaCHBIB €JIEMEHTIB Mi-
KPOONTHUKH, NEPCHEKTUBHUX ISl TPAKTUYHUX
BIPOBAKEHb (MIKPOXBHIJIEBOAH, MIKPOJIH3H,
MiKpo/I3epKaia TOIIO).

Jlnis ix peamizariii CTBOpPEHI HOBI1 JOCTITHUIb-
Ki KOMIUIEKCH:

— DeMTOCEeKyHIHUH 4acopO3IIIbHUNA MIKpO-
CKOII, PU3HAYCHHUH TSI JOCIIHKCHHS KIHETUKHU
na3epHoi abmsii MarepiaiB y 4acOBOMY IHTEp-
Baii 150 ¢c — 10 He, 3 KpokoM ckaHyBaHHS - 0.1
MkMm (0.7 dc);

— Metonuka 4acopo3aiIbHOT ONTHYHOI OIS~
pUMeETpii, sika JO3BOJISIE 3A1HCHIOBATH MPSIME CIIO-
CTEPEXEHHS ITPOCTOPOBO-YaCOBOT TpaHChopMaIlii
(eMTOCeKyHTHUX JIa3epPHUX IMITYNIbCIB Y TPO30-
pHUX CepeloBHUIaX; YacoBa PO3JLIbHA 3AaTHICTh
— 150 ¢c; mpocTopoBa — 2 MKM;

— Metonuxka «KeppiBcbkuii 3aTBOp», Ka HpH-
3Ha4eHa JUIsl MIMPOKOIala30HHUX YacOPO3/ib-
HUX JIOCJIHKEHb CIIEKTPIB BTOPHHHOTO BUIIPOMi-
HIOBAaHHS y CIIeKTpanbHOMY fiana3oni 280 — 800
HM, 3 yacoBuM inrepsajom 300 ¢c — 2 He.

BukopucTaHHSI CTBOPEHUX METOIUK 4acOpO3-
JUTEHOT MIKPOCKOTIT JO3BOJTUIIO BIIEPIIIE BUSIBUTH:

— Kinetuky npoctopoBo-uacoBoi Tpanchopma-
1ii (caMOCTUCHEHHS B Yaci 3 MOAAJIBIINM PO3JIi-
neHHsM) Haanotyxkuux ([11012 Br/cm2) demto-
CEKYH/IHUX CBITJIOBUX IMITyJIbCIB (KBapl, candip);

— «[IputaryBanbHy» Ta «BIJIITOBXYBAJIbHY»
B33a€MOJIIIO 1BOX (PiTaMEHTIB;

— Hoge sBumie — nepioguuny cTpykrypy ¢i-
JaMEHTIB B MOHOKpHUCTaJax 3 JOJAATHUM Ta
BiJl’€MHUM JIBOTIPOMEHE3AIOMIICHHSIM.

Bkazani pe3ynbrartu BXKe OTpUMAalH CyTTEBI
NPAaKTUYHI 3aCTOCYBaHHS Y TEXHOJIOTIi MPOAYKY-
BaHHS MAacCHBIB €JIEMEHTIB MIKPOONTHKH, a CaMe:

— CTBOpEHHS MaCUBIB MIKPOJIIH3 1 MIKpOJ3€ep-
KaJ B XaJpKoramigHomy ckm 65GeS2-25Ga2S3-
10CsClI meTogom opHoiMITyabCHOT (e J1a3epHOT
a0JIAIIIT;

— 3anuc MIKpOXBHJIEBOAIB B KPUCTATIYHOMY
KpEeMHIi 3a J0oMOrolo (¢ Ja3epHUX IMITYIIBCIB 3
JIOBXHUHOIO XBUL 1.55 MKM.

BinmiueHi, Ta psa iHIIUX HAYKOBUX PE3yJib-
taTiB IBana BacunboBuua, onyOikoBaHi B I’ SITH
MoHorpadisx, 6 orsaax Ta y 224 HayKOBHX Ipa-
IIX.

bnoncekwmii [.B.: unen excneprHoi paau BAK
VYkpaiau (2005-2010 pp — 3acTynnHUK r0JIOBH,
3 2015 p. — ronoBa); BXOAUTH IO CKJIady Ha-
ykoBux pag HAH Vkpainu 3 npobnem: “Jlazepna
¢bizuka, nazepHi TexHoorii”; “@Di3uka HaMiBIPO-
BiIHUKIB”, “Di3uka TBepaoTO Tijna”; B pobouy
rpyny nporpamu HAH Vkpainu “Hanocucremu,
HaHOMaTepiajiu, HAHOTEXHOJOTIi”, peAKOIeTiIo
KypHaiiB “YkpaiHChKUi (i3UUHMM KypHaN”,
“Semiconductor Physics. Quantum Electronics.
Optoelectronics” i HAIIOro *KypHAIY.

ITin xepiBHUITBOM Tpodecopa broHcbKkoro
[.B. 3axuiieHo Tpu TOKTOPChKUX 1 12 kaHmuaar-
CBKHX JIUCEPTAIIii.

broucekuit 1.B.— naBiui maypear (1993,
2004 pp.) HdepxxaBHoi npemii Ykpainu B ramysi
HayKH 1 TEXHIKH, KEPIBHUK Ta YYaCHHUK POOIT MO
psily MIDKHApOJHHUX TPAHTIB,
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3aciy)KeHUH iS4 HAyKH 1 TEXHIKM YKpaiHH. 10 IPOBOAATHCS Ha 0a3i HALIOTO YHIBEPCUTETY.
3 MPUEMHICTIO BiI3HAYMMO 1 HaIIy OararomiT- Tox BiTaemo Bac, manoBHuit IBane Bacunbo-
HIO criBmpaiiio 3 IBanom BacunvoBuuem biaon- Buuy, 3i cnasaum IOBineem 1 mupo 3uunmo Bam
CBHKHM, JIFOJTHOIO TBOPYOIO, aKTUBHOIO 1 OITUMIC-  T0OPOTO 3/10pOB’ s, IACTS, TBOPYOi HACHATH 1 HO-
THUYHOIO, Y HAYKOBUX JOCIHIUKEHHSX 1 B peIkojie- BHX 3100yTKiB Ha HayKOBii HUBI!
rii Hamoro *xypHaiy. IBan BacuiaboBud mponoBxk
6araTboXx pokiB Oepe ydacTb y poOOTi mporpam-
HUX KOMITEeTiB MDXKHApOIHUX HAyKOBUX (POPYMIB, Penxoneris
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HanionanbHa akagemisi Hayk Ykpainu
MinicTepcTBO 0CBiTH i HAYyKHM Y KpaiHU
IncTutyT cumaTHAsANiHMX MaTepiagiB HAHY
Incruryr pagiodizuku Ta esexrponiku imeni O. SI. Ycukoa HAHY
XapkiBcbKuii HALIOHAJILHUI YHiBepCcUTET pajioeeKTPOHIKH
XapkiBcbkuii HanioHaabHUI yHiBepcuteT iMeHi B.H. Kapasina
Onecsknii HanioHaabHUI yHiBepcuTeT iMeni I.I. MeunukoBa
Ykpaincbke (isnuHe TOBApUCTBO

XI MI’KHAPO/IHA
HAYKOBA KOH®EPEHIIIS
" @yHKUioOHAJIbHA 0232 HAHOEJIEKTPOHIKH "

14 BepecHs - 19 Bepecus 2020 p, m Opneca, Ykpaina

IlanoBHi koseru!

3anpomyemo Bac B3aTM yyacte B pobori X
MixHapoaHoi HaykoBoi koHdepeHuii "®yHKkLHiOHATbHA
0a3a HaHoeJIeKTpOHiKHU'"', sika Big0yaeTbes B M. Oneca 14
BepecHs - 19 BepecHs 2020 poky.

Yuactb y koH(pepeHuii 0y/ae nikaBa 1Js1 HAYKOBIIB,
eKcnepriB, acmipaHTiB, ¢axiBuiB miaANpUeMcTB Yycix
¢opm BiacHOCTi, HABYATBHHX 3aKJIadiB, aKaaeMiYHHX
iHCTUTYTIB YKpainu i 3apyoixcKs.

HAYKOBI HATIPSIMKHA KOH®EPEHIIII:

- ®i3ukKa i Teopist HAHOCTPYKTYP IJIs €IEKTPOHIKH

- Enextponunamika i Hanoenekrponika TI'n nianazony

- Mertamarepianu i X 3acTocyBaHHs B HaHOeNeKTpoHini TI'x
i I'Tu niama3onis

- Meroau ¢opmyBaHHs, AIarHOCTHKH 1 JOCHIIKEHHS
HAaHOCTPYKTYp i HAaHOOO'€KTiB BKJIIOUal04n GioJIOTivHI

- MaTtemaTH4YHe MOJICJIIOBAHHS B HAHOEJIEKTPOHII

- HaroenekTpoHHi ceHCOpH Ta iHPOpMAIIHHI CHCTEMH.

HanoenextpoHHi ceHcopH it OioMeaiHxKeHepil

- MarHiTHi HaHOCTPYKTypH i CHiHOBOi (i HaHO-)
enektponiku [T i Tl niana3zoHiB

- MEMC i HEMC B enektpoHini

- HarodoTonika. mporecu, CTpyKTypH i IPUCTPOi

- Hemninifini mnponecu B IITyYHHX CEpPENOBHIIAX /
MeTamatepialiB 1 MpuiIaau Ha X OCHOBI

BAKJIMBI JIATH:
IMonava 3a5BKH | MaTepiastis s 15.07.2020
oy OJIiKyBaHHS
IMoBinomneHHs PO MPHHAHATTS 15.08.2020
Marepiaiis
. " Jlo
Peecrpaliis oHnaiin 31.08.2020
Jlens peectparrii 14.09.2020
Binkputts koHdpepeHmii 15.09.2020

OPIAHIBALIMHWI BHECOK:

OpreHecok BKJIfoyae B ceOe BHAAHHS [POrpaMH,
30ipHIKa HAYKOBHX Mpaib KOH(GEpPEHIl, a TAKOXX BUTPATH,
NOB'3aHI 3 IOKPHUTTSM BHUTpaT Ha OpraHizamiio i
MpoBeNCHHS KOH(MEepeHMii, B TOMY 4YHCII BHTPAaTH Ha
pekinamy, 3B'30K, KaBy-Opeiik Ta iH.

Pimenns mnpo mnpuiHATTS OpPrKOMITETOM IOHOBigeH
micis X peleH3yBaHHS Ta OaHKIBCBKI PEKBI3UTH JUIS
nepepaxyBaHHs TPOLIOBHX KOWITiB Bam Oyne HamicinaHo y
moBinomnieHHi 1o 15 cepmas 2020 p. y apyromy
indopmauiiiHOMy JIUCTI.

JJS YYACTI Y POBOTI KOH®EPEHIIIT
HEOBXIJTHO HAJIATH:

3asBky (Jomartoxk 1).

EnextponHy Bepcito momosini Bigmpapistiite (E-mail:
fbn.conference@gmail.com) anrmuiiicekoro MoBoro (3-5
CTOpIHOK, MakcUMyM 6 cmiBaBTOpiB), O(hOpMIICHOT
BIZIMOBITHO BHMOT J0 OQOpPMICHHS JOMHOBimi 1
MpUKIaAeHIM 3paskoM ([lomaTtoxk 2).

AJIPECA OPTAHIBAIIIMHOI' O
KOMITETY:

61072, m. XapkiB, mpocn. Hayku, 60
[HCTUTYT CUMHTWIALIIHUX MaTepialiiB
HAH Vkpainu
E-mail: tbn.conference(@gmail.com
Caiit koHdepeHuii:
fbn-conference.isma.kharkov.ua
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IHOOPMALIA J1Jis1 ABTOPIB.
BUMOI'M 1O O®OPMJIEHHSI CTATEHN Y )KYPHAI

Kypnan «CeHcopHa eJIeKTpOHIKa 1 MIKpOCHC-
TEMHI TEXHOJIOTii» MyOIiKye cTaTTi, KOPOTKi MO-
BIZIOMJICHHSI, JTUCTH 10 Penakiiii, a Tako)k KOMEH-
Tapi, 10 MICTATh PE3yJAbTaTH QyHIaMEHTATBHIX
1 IPUKIIAJIHUX JTOCII/KEHb, 32 HACTYITHUMH Ha-
MPSIMKaMHU:

1. ®i3uyni, XiMiyHI Ta IHIN SBHINA, Ha
OCHOBI SIKHX MOXYTb OyTH CTBOpEHi CEHCOpH

2. TlpoekTyBaHHS i MaTeMaTHYHE MOJCIIO-
BaHHS CEHCOPIB

3. CeHcopu (Qi3MYHUX BEITUYHH

4. OnTuyHi, ONTOENEKTPOHHI 1 pajiamiiHi
CeHCcopHU

5. AKYCTOEJIEKTpPOHHI CEHCOpH

6. XiMmiuHI CEeHCOpH

7. biocencopu

8. Hanocencopu (¢pizuka, Marepianm, Tex-
HOJIOTis5T)

9. Marepianu a1 CEHCOPIB

10. TexHnomorisi BAPOOHUIITBA CEHCOPIB

11. CeHncopu Ta iHpOpMAaIIIifHI CUCTEMHU

12. MikpocucCTeMHI Ta  HAHOTEXHOJOTIT
(MST, LIGA-texHooris Ta iH.)

13. Jlerpamamis, MeTposoris i ceprudikaris
CEHCOPIB

Kypnan myOmikye Takok 3aMOBIICHI OIJISAN
3 aKTyaJbHUX IMUTaHb, IO BIAMOBINAIOTH HOTO
TEMaTHIIi, MOTOYHY 1H(POPMALIiI0 — XPOHIKY, IIEp-
COHaUTI1, MIaTHI PeKJIaMH1 MOBIJOMJICHHS, OT0JIO-
IICHHS 010 KOH(EPEHTIiH.

OCHOBHHUI TEKCT CTATTI IOBUHEH BIIIIOBIIaTH
Bumoram [locranosu [Ipesunii BAK Ykpainu Bifg
15.01.2003 p. Ne7-05/1 (bronerenp BAK Ykpainu
1, 2003 p.) i Oyt cTpykTypoBaHuUM. Martepiainu,
o0 HaACWIAIThCA 10 Pemakiiii, moBuHHI OyTH
HamMcaHl 3 MaKCHMAaJIbHOIO SICHICTIO 1 YiTKICTIO
BUKJIALy TEKCTY. Y MOJAHOMY PYKOIIHCI TOBUHHA
OyTu OOTpyHTOBaHA aKTyaJbHICTh PO3B’A3yBaHOT
3a/1a4i, chopMysIbOBaHa METa JIOCIIIPKEHHS, MiC-
TUTHCS OPUTiHAJFHA YaCTUHA 1 BUCHOBKH, 110 3a-
0€3IeYyIOTh PO3YMIHHS CyTi OTPUMAHHUX PE3YJIb-
TaTiB 1 iX HOBM3HY. ABTOpM IOBHHHI YHHKAaTH
HEOOTPYHTOBAHOTO BBEACHHS HOBUX TEPMIHIB 1
BY3bKONPO(IbHUX )KAPTOHHUX BUCIIOBIB.

Penakuis )kypHaixy NpoCUTh aBTOPIB IpU Ha-
IpaBJeHl cTaTel 70 JPyKYy KepyBaTUCS HACTYII-
HUMH TIPABUIIAMH:

1. Pykonucu MOBUHHI HAJCHJIATUCA Y JIBOX
NPUMIPHHUKAX YKpPAiHChKOIO, ab0 pOCIHCHKOIO,
a00 aHMIIHCHKOI0 MOBOIO 1 CYHNpPOBOIKYBaTHCS
daiinmamu TekcTy 1 MamoHkiB Ha CD. Pykonucw,
SKI TMPONOHYIOThCS aBTOpaMH 3 YKpaiHu abo
kpain CH/] 1o BuIaHHS aHIMIIMCHKOIO MOBOIO
000B’A3KOBO JONOBHIOIOTHCSA YKPAaiHOMOBHOIO
abo pociiicbkoMOBHOIO Bepcieto. Enexkrponna
KoIisi MO)ke OyTH HajicllaHa €JEKTPOHHOIO IO-
HITOIO.

2. llpuitasathi popmaru texcry: MS Word
(rtf, doc).

3. Ilpwuiiaatai rpadiuni dopMatu mjis pu-
cynkis: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. PucyHku ctBOpeHi 3a J010-
MOTOI0 TPOTrPaMHOro 3a0e3MedYeHHs A MaTe-
MATHYHUX 1 CTATUCTUYHUX OOYUCIICHb, TOBUHHI
OyTH IEpeTBOPEHI JI0 OHOTO 3 IUX (OpMaTiB.

4. Ha crarTi aBTOpiB 3 YKpaiHU MarOTh OyTH
eKCIIePTHI BUCHOBKH PO MOXJIUBICTh BIAKPUTO-

ro JApPYKY.

Pykomnucu HajcujaTu 3a aapecoro:

Jlenix Spocnas Litiy, 3act. roin. penaxkropa,
Onecbkuil HaIllOHATbHUM YHIBEPCUTET 1IMe-
Hi I. I. MeunnkoBa, MHH®TL] (HJI-3),
ByJ1. JIBOpsiHChKa, 2, Oneca, 65082, YkpaiHa.
Tenedon / paxe +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,

http: // semst.onu.edu.ua

30iticnioemvcs aHoHIMHe peyen3y8anHsL py-
Konucie cmametl.
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IIpaBujia miArOTOBKU PyKoOMuUcy:

Pykomnucu moBuHHI CynpoBomxKyBatucs ogi-
IHHUM JINCTOM, ITAMUCAaHUM KEPIBHUKOM YyCTa-
HOBH, ¢ Oyna BUKOHaHa poboTa. Lle nmpaBuio He
CTOCY€EThCA POOIT MPEACTABICHUX aBTOPAMH 13
3aKOPJIOHY YU MDKHAPOJHUMU TPyTIaMU aBTOPIB.

ABTOpCBKE TIPaBO MEePEXoauTh Buaasiiio.

TutynbHMM apKyL:

1. PACS 1 VYuiBepcanbuuii [lecstkoBuii Kon
Knacudikamii (YK) (a1 aBropis i3 kpain CHJI)
— y BEpXHBOMY JIiBOMY KyTi. JlomyckaeTbcs jie-
KUIbKA BIJAUIEHUX KOMaMy KOmiB. SKIIO HISKI
Ko Kiacudikailii He mo3HaueHi, koa(u) oyme(-
yTh) BU3HaueHo Penaxuiitnoro Koerieto.

2. Ha3zBa po6oTH (110 IIEHTPY, MPOIMTUCHUMH JTi-
Tepamu, mpudT 14pt, KUpHO).

3. IlpizBume (-a) aBtopa(-iB) (MO LEHTpY,
mpudT 12pt).

4. Ha3Ba ycTaHOBH, MIOBHA ajpeca, TenedoHu
1 (hakcw, e-mail 1y1st KOXKHOTO aBTOpA, HIKYE, Ue-
pe3 OIMH 1HTEpBaJl, OKPEMHUM PSAKOM (TIO IIeH-
Tpy, WpudT 12pt).

5. Anorauis: 1o 1000 cumBoutiB.

6. KitouoBi croBa: iXHSI KIJIbKICTh HE MOBH-
HHa TIEPEBUILYBaTH BOCBMHU CIiB. B ocobmmBHx
BHITaJIKaX MO)XKHA BUKOPUCTOBYBATH TEPMIiHU 3
JIBOMa — YU TphoMa clioBami. L{i cioBa moBuHHI
OyTH PO3MIIIEHI IMiJl aHOTAIEO 1 HATMCAH1 TIE0
CaMOI0 MOBOIO.

I.m. 2,3,4,5,6 MOCTiIOBHO BUKJIACTH yKpaiH-
CBHKOIO, aHIJTIMCHKOIO 1 POCIHCHKOI0 MOBaMHU.

Jlst aBTOpIB 3 3aKOP/OHY, SIKI HE BOJIONIIOTH
YKpaiHCBbKOI0 a00 pOCIHCHKOI0 MOBaMH, M. 2-5
BUKJIAJAI0THCS aHIIHCHKOK MOBOIO.

7. J10 KO’)KHOTO MPUMIPHHUKA CTATT1 JOIAI0Th-
csl pedepaTu YKpaiHCHKOIO Ta aHIMTIHCHKOIO MO-
BaMH (KO>KeH pedepar Ha OKpeMOMY apKyli).
OcobnuBy yBary ciij IpUAIIATA HAMCAHHIO
pe3roMe CTaTTi aHIiichbKo0 MOBOO. J1Jis 1IbOTO
JIOLIBHO KOPUCTYBATUCS MOCIyraMu KBasidi-
KOBAaHUX CHEIaJICTIB-IIHIBICTIB 3 OIAJIBIINM
HAyKOBHM pe/IaryBaHHSM TEKCTY aBTOPOM(-aMH).
Ilepen cnoBoM «pedepar» HeoOXiAHO HAMHUCA-
TU MOBHY Ha3BY CTAaTTI BIANOBIJHOIO MOBOIO,
VIIK, npi3Buina Ta iHiriaam aBTopiB, Ha3BU ycTa-
HOB. Pedepar o6csirom 200-250 cniB mae OyTu
CTPYKTYpOBaHUM: MeTa (4ITKO cPopMybOBa-
Ha), METOJU JTOCIIKCHHS, PEe3yIbTaTH JTOCIi-
JOKeHHS (CTHCIIO), y3aradbHeHHsS] a00 BUCHOBKH.
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[Ticns Texety pedepary 3 ad3airy po3MilLyIoTh-
Csl KJIIOUOBI CJIOBA.

8. TexcT cTarTi MOBHHEH OyTH HAJPYKOBAaHUI
yepe3 1,5 inTepBanu, Ha 6i10oMy nanepi popmary
A4. Tlons: 3miBa - 3cm, copaBa - 1,5¢M, BBepxy
1 3am3y - 2,5cm. pudt 12pt. IligzaronoBku,
SKILO BOHU €, TIOBUHHI OyTH HaJpyKOBaHI MpO-
MUCHUMH JIITEPaMH, KUPHO.

PiBHsiHHA MOBHWHHI OyTH BBEIIEHI, BHKOPHC-
toBytoun MS Equation Editor a6o MathType.
Po6oTu 3 pykonucHUMU BCTaBKaMH HE MpUiiMa-
10Tbcsl. Tabnuii moBWHHI OyTH mMpeacTaBieHi
Ha OKpeMHUX apKymax y ¢opmari BiIMOBITHHX
TEKCTOBUX (hopMaTiB (IUB. BUILE), Uu y popma-
Ti TEKCTy (3 KOJIOHKaMH, BiJIIICHUMHU 1HTEpBa-
JaMH, KOMaMH, KparkaM 3 KOMOIO, YW 3HaKaMu
TaOyJIIOBAHHS).

9. ¥V kiHIIl TEKCTy CTATTi yKa3aTH MpPIi3BHUIIA,
iMeHa Ta 1o 06aThKOBI yCiX aBTOpiB, MOIITOBY
aapecy, tenedo, ¢gakc, e-mail (s KopecnoH-
JIEHITiT).

10. Crnucok niTeparypu MOBUHEH OyTH Haj-
pykoBaHMii uepe3 1,5 iHTepBany, 3 JIiTEPATypoOIO,
MIPOHYMEPOBAHOKO B TOPSIZIKY i1 MOSBH B TEKCTI.
bibniorpadist ApyKyeThCs JUIIE JTaATHHULECIO (KH-
pwinLs noaaeTbes B TpaHcaitepauii). [lopsimok
odopMIIEHHS JIiITepaTypy MOBWHEH BIJIOBIIATH
BuMoraMm BAK Vkpainu, Harmpuknazu:

[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. Tlignucu 10 pUCYHKIB 1 TaOIUIb TOBUHHI
OyTH HaJpyKOBaH1 B PyKOIIUCI 3 JBOMa MpooOia-
MU MiCs CIUCKY JiTeparypu. BUHOCOK, SKIIO
MOXIIUBO, 02)KaHO YHUKATH.

[TpuiimMaroThbCst TIIBKK BUCOKOSIKICHI PUCYHKHU.
Hamucn 1 cumBonm 1moBHHHI OyTH HaJapyKOBaHI
ycepenuHi pucyHky. Heratuswu, ciaiiay, i miano-
3UTHBU HE IPUUMAOTHCA.

KoxeHn pucyHok moBHHEH OyTH HaJpyKOBa-
HUI Ha OKpPeMOMY apKylll 1 MaTd po3Mmip, M0
He nepesunrye 160x200 mm. st TekcTy Ha pu-
CyHKax BUKOpHCTOBYHTEe mpudt 10pt. OguHuUI
BUMipy TOBHMHHI OyTH MO3HAa4€HI MiCIs KOMH
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(He B KpymiuX AyKKax). Ycl pUCYHKHM HMOBHHHI
OyTH MPOHYMEPOBaH1 B MOPSIKY iX MOSBU B TEK-
CTi, 3 YaCTUHAMU MMO3HaYEeHUMH $K (), (0), 1 T.1I.
Po3milieHHs HOMEpiB PUCYHKIB 1 HAITUCY ycepe-
WHI MaJIFOHKIB HE J03BOJIAIOTHCS. 31 3BOPOTHOI
CTOPOHH, HAIUIIIITh OJIIBIIEM Ha3BY, Ipi3BHINE(a)
aBTOpa(-iB), HOMEp MAaJIFOHKAa 1 MO3HAYTE BEPX
CTPLIKOIO.

®dororpadii MoBUHHI OyTH OPHUTIHAIBHHMH.
KonpopoBuil Ipyk MOXJIMBHM, SIKIIO HOro Bap-
TICTh CIUTAYy€ETHCS AaBTOPAMH YH iX CIIOHCOPAMH.

12. Crarta mae OyTu mianucaHa aBTopoM (yci-
Ma aBTOpaMH) 3 3a3HAUCHHSM JIaTH Ha OCTAHHIN
CTOpIHIIL.

ABTOpH HECyTh TIOBHY BIJIOBIIaJIbHICTh 3a
6e31oraHHe MOBHE 0(OPMIICHHS TEKCTY, 0COOIH-
BO 32 MPaBUJIbHY HAyKOBY TEPMIHOJIOT1IO (i1 citijg
3BIpATH 32 ()aXOBHUMH TEPMIHOJOTIYHUMH CJIOB-
HUKaMH).

13. JlaToro HaIXOKEHHS CTATTI BBAXKAETHCS
JIeHb, KOJIU J0 PEIKOJIeTrii HailiIIOB OCTaTOUHUMN

BapiaHT CTATTI MICJIS PELIEH3yBaHHS.

[Ticnst onep»aHHsI KOPEKTYPH CTAaTTI aBTOP MO-
BUHEH BUIIPABUTH JIMIIE TOMMJIIKH (YiTKO, CHHBOIO
a00 YOPHOIO PYUKOIO HEIPAaBUIbHE 3aKPECIINTH,
a TMopsiA 3 UM Ha TIOJIi HAIMCATH MPaBUIbLHUN
BapiaHT) 1 TEPMIHOBO BiJIiCJIaTH CTATTIO HA aapecy
penKoIIerii eNeKTPOHHOIO MOMITOO.

[linnuc aBTopa y KiHIII CTATTi O3HA4ae, 110
aBTOp IepeJiae IpaBa Ha BUIAHHS CBO€ET CTATTI pe-
JaKIii. ABTOp rapaHrye, 10 CTaTTs OpPUTiHAIbHA,;
Hl CTaTTsl, HI pUCYHKH 10 HET He Oynu omyOmiKo-
BaHl B IHIIWX BUJAHHIX.

BinxuieHi cTaTTi He TOBEPTAIOTHCSI.

o yBaru aBTOpiB

Mixnaponna areniis ISSN BcranoBuia cko-
pOYEHy Ha3By HAIIOrO XypHaiy «Sens. elektron.
mikrosist. tehnol.» [Ipocumo Bac y cBoix nocu-
JaHHAX 1 610miorpadi4yHuX JaHUX CTaTel BUKOPH-
CTOBYBAaTH caM€ TaKy Ha3By OCKUIbKH I10 Hil Oyne
3N CHIOBAaTUCS MOCWIaHHA Ha Bamy crarTio.
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INFORMATION FORAUTHORS

THE REQUIREMENTS ON PAPERS
PREPARATION

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

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

2. Sensors design and mathematical model-
ing

3. Physical sensors

4. Optical, optoelectronic and radiation sen-

5. Acoustoelectronic sensors

6. Chemical sensors

7. Biosensors

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

9. Sensor materials

10. Sensors production technologies

11. Sensors and information systems

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

13. Sensor’s degradation, metrology and cer-
tification

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

The basic article text should meet the SAC
Ukraine Presidium Decree requirements from
15.01.2003 Ne 7-05/1 (SAC Bulletin Ne 1, 2003)
and be structured. The materials sent to Editors,
should be written with the maximal text presen-
tation clearness and accuracy. In the submitted
manuscript the actuality of problem should be re-
flected, the purpose of the work should be formu-
lated. It must contain an original part and conclu-
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sions providing the received results essence and
their novelty understanding. The authors should
avoid the new terms and narrowprofile jargon
phrase unreasonable introduction.

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

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

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

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

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

Manuscripts should be sent to:

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

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

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

http: // semst.onu.edu.ua

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

The manuscripts should be supplemented with
the Official letter signed by a chief manager of
the institution where the work was performed.
This rule does not apply to papers submitted by
authors from abroad or international groups of
authors.

Copyright transfer to the Publisher.

Title Page:

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

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

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

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

5. Abstract: up to 1000 characters.

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

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

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

7. To each copy of the article abstracts in
Ukrainian and the English language are applied
(each abstract on a separate sheet). The special at-
tention should be given to the writing of the article
summary in English. For this purpose it is expedi-
ent to use the qualified experts - linguists with the
further scientific editing the text by the author (-s).
Before the word “abstract” it is necessary to write
the full article name by the appropriate language,
UDC, surnames and the initials of the authors,
names of affiliated institutions. The abstract in
volume of 200-250 words must be structured: the
purpose (precisely formulated), research methods
and results (shortly), generalizations or conclu-

sions. After the text of the abstract from the item
key words are placed.

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

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

Tables should be submitted on separate pag-
es in the format of appropriate text formats (see
above), or in the text format (with columns sepa-
rated by interval, commas, or tabulation charac-
ters).

9. At the article text end one must indicate sur-
names, names and patronymics of all authors,
the mail address, the phone, a fax, e-mail (for the
correspondence).

10. List of references should be 1,5-spaced,
with references numbered in order of their ap-
pearance in the text. The bibliography is printed
only by the roman type (cyrillics represents in
transliteration).

The literature registration order should con-
form to DAS of Ukraine requirements, for ex-
ample:

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

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

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

11. Figures and tables captions should be
printed in the manuscript double-spaced after the
list of references. Footnotes should be avoided if
possible.

Only high-quality pictures can be accepted.
Inscriptions and symbols should be printed inside
picture. Negatives, and slides are not accepted.

Each figure should be printed on a separate
page and have a size not exceeding 160x200 mm.
For text inside figures, use 10pt. Measurement
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units should be indicated after a comma (not in
blankets). All figures are to be numbered in or-
der of its appearance in the text, with sections de-
noted as (a), (b), etc. Placing the figure numbers
and captions inside figures is not allowed. On
the backside, write with a pencil the paper title,
author(s) name(s) and figure number, and mark
the topside with an arrow.

Photographs should be submitted as original
prints. Color printing is possible if its cost is cov-
ered by the authors or their sponsors.

12. The article must be signed by author (all
authors) with the date indication on the last page.

Authors bear full responsibility for irreproach-
able language make out of the text, especially
for a correct scientific terminology (it should be
verified under terminological dictionaries of the
appropriate speciality).

13. The date of article acceptance is that one
when the final variant comes to the publisher after
a prepublication review.
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After obtaining the proof sheet the author
should correct mistakes (clearly cancel incorrect
variant with blue or black ink and put the correct
variant on border) and send urgently the revised
variant to the editor by e-mail.

Author’s signature at the article end vouches
that author grants a copyright to the publisher.
Author vouches that the work has not been pub-
lished elsewhere, either completely, or in part and
has not been submitted to another journal.

Not accepted manuscripts will not be returned.
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