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PO ®I3UYHY IPUPOJY MMOJBOBOI EMICIi 3 HAHOAPKYIIIB ZnO

M. B. Cmpixa'?, P.C. Xininiu'
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dbaxynbTeT pagiodi3uKH, eTEKTPOHIKU 1 KOMIT IOTEPHUX CUCTEM,
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PO ®I3UYHY NPUPOJY MOJBOBOI EMICIi 3 HAHOAPKYIIIB ZnO

M. B. Cmpixa, P. C. Xininiy

AHortauis. [IpoBenenuii aHasi3 103BoJIsI€ BCTAHOBUTH (PI3MUHY MPUPOLY HPOLIeCy MOIbOBOI eMi-
cii 3 HaHoapkyuriB ZnO. [TokazaHo, 1110 MOXKJIMBOMY Jliana3oHy €()eKTUBHUX 3HAY€Hb POOOTH BUXOAY
3 BEpIUMHU HAHOAPKYILIA BIANOBIIAIOTh 3HAYEHHS Koe(DilieHTy mijcuiaeHHs nois £ nopsaaky 20000.
Taxkum 3HaueHHSAM f 1 BUCOTI HAHOAPKYIIIA MOPSIIKY MKM BIJIOB1/1al0Th CyOHaHOMETPOBI BETMYHUHU
paziyca BepIIMHU HaHOAPKYIIA, M0 J00pe y3romKYy€eThCs 3 €KCIIEPUMEHTAIBHO BIIOMHM (PaKTOM:
MOJIbOBA €MICisl 3 HAHOCTPYKTYPOBAHOI MTOBEPXHI Maike BCS B1IOYBAETHCS 3 KTBKOX BEPXHIX aTOMIB
HaHOMpoTpy3ii. OTxe, ePekTUBHA eMicisl BiI0OYBa€ThCS JIMILE 3 BEJIbMHM HE3HAUYHOI YaCTUHU 3arajib-
HOT MOBEPXHI KaToy, IPOTE BEJIMKE 3HAYCHHsI Koe(illieHTa MiJCUIICHHS oISl S 3a0e3neuye MoMiTHE
3HAYCHHS T'YCTHHHU eMICIiHOTO cTpyMy mopsiaky 3-10* A/m? ist mosist BMUKaHHs mopsiaky 3-10° B/m.

KurouoBi ciioBa: nosiboBa emicisi, HAHOAPKY1I, KOE(ILIEHT MM1ICUIEHHS 110JIs, pOO0Ta BUXOLY

ON THE PHYSICAL NATURE OF FIELD EMISSION FROM ZnO NANOSHEETS
M. V. Strikha, R. S. Khilinich

Abstract. The performed analysis allows us to determine the physical nature of the field
emission process from ZnO nanosheets. It is shown that the possible range of effective values of the
work function at the top of the nanosheet corresponds to the field enhancement factor 5 of the order

© M. B. Cmpixa, P. C. Xininiu, 2024
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of 20000. Such values of  and a nanosheet height of the order of um correspond to subnanometer
values of the radius of the nanosheet top, which is in good agreement with the experimentally known
fact that the field emission from the nanostructured surface almost all comes from the top few atoms
of the nanoprotrusion. Thus, the effective emission occurs only from a very small part of the total
cathode surface, but the large value of the field enhancement factor § provides a noticeable emission
current density of the order of magnitude of 3-10~* A/m? for a turn on field of the order of magnitude

of 3-10° V/m.

Keywords: field emission, nanosheet, field enhancement coefficient, work function

MacuBHuit ZnO € NIUPOKOIIITMHHUM HaIliB-
MIPOBITHUKOM 13 IMIMPHHOIO 3a00POHEHOIT 30HU 32
KiMHaTHOI Temneparypu B 3,37 eB i 3a3Buuaii mae
€JIEKTPOHHY TPOBIIHICTH, 00YMOBIJIEHY CTPYKTYp-
HumH aedexramu [1]. Huspka BapTicTh Ta 31aT-
HICTh YTBOPIOBATH HAHOAPKYIi POOUTH OKCH]L
LUHKY MEPCIIEKTUBHUM MaTepianoM Ui CEHCO-
puKH, cydacHoi (oTo- Ta BaKyyMHOI €JIEKTPO-
Hiku [2—4]. V [4] BucOKOePEKTUBHUI KaTOMI JIJIst
MOJILOBOT eMicii OysI0 CTBOPEHO HAa OCHOBI HEJO-
POroro MeToy HU3bKOTEMIIEPAaTypHOTO XIMIYHOTO
PO3UYMHY Ha CKJSHIN MiIKJIaaIi y BapiaHTi Ha-
HoapKymiB ZnO Ta HaHOAPKYIIiB, JEKOPOBAHUX
HaHOYaCTHHKaMH| cpibna Ag. Byno nmokaszaHo, 1o
e(EeKTUBHICTh KaTOIy B 000X BHUITaJKaX CYTTEBO
3pocTae B ymMmoBax Y@ OCBITICHHS.

OnHak HaBeaeHi aBTopamu [4] 3Ha4YeH-
Hs KoedirienTa miacuieHHs most (B Jiama3oHi
3000-5000) BukIMKaOTh CyMHIB. Pid y ToMYy, 1110
JUTS PEKOHCTPYKIIT IUX nudp aBTOPU BHKOPHC-
TOBYBAJIM B YCiX BHMaJKax HaWMpocTimy ¢op-
myny Daynepa-Hopareiima s MeTaiB, X04 Jist
HaMIBOPOBIAHUKIB (TUM O1JIbIIE TAKUX IIHPOKO-
30HHHMX, SIK OKCHJ] ITMHKY) BOHA 3a3HA€ CYTTEBHX
Moudikarii [5]. HaBegena HUMHU MOJIETh TaKOXK
HE BpaxoByBajia reéOMETpii CHCTEMH, Je eMicis
BiJIOYBa€THCS JIMIIE 3 MAJIOi YACTHHH 3arajbHOT
iomi karoxy. He Oyno BpaxoBaHO 3MiHH POOOTH
BUXOJY Ha Kpai HaHoapKymia ZnQO, 3 sIKOTo i Bij-
OyBa€ETHCS EMICisl, a TAKOXK 3MIHH POOOTH BUXOILY
OKCH]Ty ITUHKY BHACTiIoK Y® reHepariii BEIUKOT
KUTBKOCTI HEPIBHOBAXHHUX HOCIIB.

B wiii po60Ti MU cripoOyeMO TEOPETUYHO
3MOJIEJTFOBATH KATOJ JJIS IIOJIbOBOI eMicii, CTBOpe-
HUi y [4], BIaro4nch 10 peanicTHYHIMNX 1 (i3nd-
HIMMX HaOMMKeHb. 30KpeMa, MU, y BIIMTOBIIHOC-
Ti 710 [6—8], BBayKaTIMEMO, 110 eMICisi HaCTIpaBIi
BiIOyBa€eThCs JHIIE 3 KpaiB HaHOapKymIiB ZnO, e

KPHUBU3HA MOBEPXHI MPHU3BOAUTH JO TMOSBH I10-
CUJICHOTO JIOKAJIbHOTO T10Jist [, , OB’ A3aHOTO
3 HaNpy’KEHICTIO MOJIT MK aHOAOM 1 KaToIoM

F = I% (e V — nanpyra Ha aHo1i, / — BiJICTaHb
MIX aHOJIOM 1 KaToJI0M) CITiBBITHOIIICHHSIM

Fe = PF. (D.

B (1) BBeeHO KoediieHT MmiCHICHHS OIS

[, OOyMOBIIEHUI TEOMETPIEI0 EMICIHHOT TOBEPXHI.

Tomonorito peanbHOi eMiCiiiHOT TOBEPXHI,

nochikeHoi B [4], 300paxeno Ha puc. 1. Ha-

Hoapkytrn ZnO, 3a naHuMH [4], MalOTh TIOBKHHY

Onmm3bKo 1,8 MKM 1 iaMeTp 3a0KpyIJieHHS BEepX-
HBOTO Kparo 8 HM.

KV 8.5mm x100k SE(U)

Puc. 1. CtpykTypa emiciiiHoi moBepxHi KaToay
3 HaHoapkymiB ZnO (aganToBaHo 3 [4]).

VY [4] nns pexoHCTpYKIii oaepkaHOi 3a-
JISKHOCTI TYCTUHH €MICIHHOTO CTPYMY BiJ MpH-
KJIQJICHOTO 10Jis OyJ0 BUKOPUCTAHO CTAHIAPTHY
bopmyny Daynepa-Hopareitma [5] anis xonomHoi
emicii 3 meTainy:

3 3/2

e 4 2m0 D

= ¢ BFlexp - . )
167°hd 3eh  fF

5
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Tyt e i m — 3apsn i Maca BUILHOTO €JIEKT-
pona, @ — pobora Buxony. OnHak, ik Oyno mo-
Ka3aHo B [5], 111 hopmyIia He onucye emicii 3 Ha-
MIBNPOBIIHUKA, sIKUM € ZnO. J1o Toro x, BOHa HE
BpPaxoBY€ TOTO, IO PeaIbHO eMicisi BiI0yBa€eTh-
Csl JIMILE 3 MaJoi YaCTUHHM HAHOCTPYKTYPOBaHOI
MOBEPXHI, 300paxkeHoi Ha puc. 1 — Tiel, ae mo-
013y Kpar HaHOApKyIa peasi3yeThCsl BEJIMKE
nokanbHe Tone (1). Pemra moBepxHi B3arami He
pPOOUTH MOMITHOTO BHECKY B CTPYM XOJIOIHOI eMi-
cii ju1st mocipKeHoro B [4] Aianma3zoHy MOMIB MIX
AHOJIOM 1 KaTOJIOM.

Tomy nmnst emicii 3 HAaHOAPKYIIy HariBIIPO-
BigHMKA ZnO ckopucTaeMocs 3 Moaudikariii pop-
Mynu, BuBeneHoi B [10] ansa Bumaaky, 300paxe-
HOTO Ha puc. 2: pi3KUI BUTUH 30H Y MaTepiaii
N-THITY TIi/1 BIUTMBOM IIPUKJIaICHOTO 30BHIIIIHHOTO
T0J1s yTBOPIOE IPUMOBEPXHEBY 2D KBaHTOBY MY,
y SIKIM 30CepeKeH] eJICKTPOHH:

2
h

Js = 4 (80} MNSﬂzeexp -
em, \ €

4\2m, @37
3he  PF |

3)

Tyt &,— nieneKTpuYHa NPOBIAHICTL BaKy-
yMy B OfMHHLSX Sl, & — BiAHOCHA Ji€IEKTpHYHA
MIPOHHUKHICTh HAIIBIPOBITHUKA. 3BEPHIMO yBary
Ha Te, 10 B €KCIOHEHTI (3), K 1 B eKCIIOHEHTI
¢dopmynu daynepa-Hopareiima (2), cToiTh Maca
BUIBHOTO €JIEKTPOHA, OCKIJIBKU €JIEKTPOH TYHE-
JIFO€ 3 HaIIBIPOBIJIHUKA B BakyyM. HaTtomicTh
y HepeAeKCIOHEHT] CTOiTh epeKTUBHA Maca
enekrpona B ZnO m,= 0,23 m, [1]. Muoxunux M,
€ YaCTKOIO TIOBEPXHi, 3 sIKOT BiIOyBa€eThCs eek-
THUBHA XOJIOJTHA €MiCisl; 3 BUINISLY pucC.]l 3po3yMi-
o, mo M, << 1. Innexkc NS'y dopmyti (3) o3ua-
4ae eMicCito 3 HaHOAPKYIIiB (aHT1. nanosheets).

Coig BIA3HAYUTH: 3 MIJBUIECHHSAM IBU-
KOCT1 30Ha-30HHOI reHepailii HociiB Yd-BUIpo-
MIHIOBaHHSM KBa3ipiBeHb Depmi 11 enekTpo-
HIB N1JIHIMA€ThCS Bropy, 110 BiANOBIAA€E (IMB.
puc. 2) 3MEHIIEHHIO POOOTH BUXOAY JUISl €JIEKT-
POHIB y HAHOAPKYIIIaX OKCHUY IUHKY MOPIBHSHO
3 piBHOB)KHUM 3Ha4eHHsIM @ = 4.9 eB [11], mo
B CBOIO Yepry MPU3BOIUTH 10 €KCTIEPUMEHTAIBHO
CIIOCTEPEKECHOTO B [4] 301IbIICHHS TYCTHHH EMi-
CIIIHOTO CTpyMy Ta 3MEHILIEHHS TOJIs BMUKAHHS,
KOJTU 1Ie¥ CTPYM MOYHHAE TOMITHO 3POCTaTH.

Puc. 2. Emicisl eJleKTpOHIB 3 TOHKOI0 30araueHoro
OCHOBHUMHU HOCisiMU-ejiekTpoHamu 2D-mapy B ZnO
n-tuny. Ilpu 30i1b1IeHH] BUAKOCTI 30HA-30HHOT
reHepanii HociiB Y®-BUNIPOMiHIOBAHHSAM
kBasipiBeHb MepMi 1111 e1eKTPOHIB NiAHIMAEThCSA
BIOpY, IbOMY BiJNOBiia€ 3MeHIIIEeHHsSI pOOOTH
Buxony; £ > EY Bianosigae ) <),

3BEpHEMO yBary, 110 JOKaJlbHE 3HAYCHHS
®, Ol Kparo HaHOAPKyIIa MOXE OyTH 1 CyTTEBO
MEHILIUM BiJ IIbOTO PIBHOBAYXHOTO 3Ha4YeHHs. Lle
OB’ S13aHO 3 TUM, 110 Oy/Ib-SIKE BICTPS HEMHUHYYE
BKJIFOYA€ OOJIACTI 3 MEHII IIITbHUM MaKyBaHHIM
aToMiB, /i TIOTEHIIaTLHUN Oap’ep IS eNeKTPO-
HiB, 1110 BUXO/AATh y BaKyyM, HIbKuuid. Ha npomy
Oy10, 30KkpeMa, MoOy1I0BaHO MTPUHITUII JTii €IeKT-
POHHOTO TOJBOBOIO MIKPOCKOIIA, SIKUH HTHPOKO
BUKOPHUCTOBYBaBCS, MounHawo4u 3 1936 p., nus
JMOCIHIJKEHHSI CTPYKTYPH TYTOIUIaBKHX MeETa-
i [12].

[Tobynosana B [13] henomeHomnoriuna Mo-
JIeTb TIOKa3ye, 10 poOoTa BUXOMY JJISI IOBEPXHI,
300pakeHoi Ha puC. 2, MpomopiiiiHa \/?, ne
n — YUCJIO JIEKTPOHIB, 10 NepenaeTscs B 2D
eJICKTPOHHUH Ta3 MpU MOBEPXHI BiJl OHOTO IO~
BEPXHEBOT0O aTOMa, 4 — MOBEPXHEBA TUIOIIA, 10
npunaaae Ha takui arom. Tomy Ha Kpai HaHO-
apKyIna, pajaiyc sSKOro CATa€e MOPSIKY KIIbKOX
HM, 3Ha4€HHs pOOOTH BUXOAY MOXKE BUSBUTHCS
IEeNm0 HIKYUM BiJ TaOJIMYHOTO 3HAYEHHIM
®,.,=49 ¢B.

Buxoasuu 3 1poT0, EKCIIEPUMEHTAIbHY
KPHUBY 3aJIe)KHOCTI TYCTHHU €MICIIHOTO CTpy-
My Bif mons [4] HaMU 3 BUKOPHCTaHHSM 1HTE-
rpoBaHoro cepeaosuina po3podku PyCharm Ta
moBH Python nmpunacosano 1o popmynu (3), 1uB.
puc. 3. [Ipuuomy KOXKHOMY 3HAUEHHIO POOOTH
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0.20

0.00

3 4 5
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Puc. 3. 3anexHicTh rycTunm emicilinoro ctpymy 3 HaHoapkyuwiB ZnO
Bi/l HANIPYKEHOCTI €JIEeKTPHYHOIO MOJISI: eKCIePUMEHTAIbHA KpuBa 3 [4]
(MyHKTHP); TeOpeTHYHA KPUBA /sl IapaMeTpiB, HaBeaeHuXx y Tadaumi 1

(cyuisibHa JiHis).

Buxony @, 3 00paHOro HaMH PeaTiCTUIHOTO JTia-
Ma30Hy 3MIHHM I[i€1 BEJIMYUHU (B 3aJIC)KHOCTI BiJ
peanbHOi CTPYKTYpPH Kparo HaHOAPKYIIa) BiAMIO-
BiJla€ BJIACHE 3HAYCHHS KOC(IIIEHTY TiACUICHHS
noJst f, Ta KoedilieHTy eeKTUBHOT YaCTKH eMi-
CiliHO1 MOBEpXHI M, (mmB. Tabmuirio 1).

TabGmuns 1.
@, (eB) B M, (1077)
3,5 17116 2,02
3,7 18517 1,73
3,9 19268 1,62
4,1 19982 1,52
43 21044 1,38
4.5 22033 1,27
4,7 22510 1,24
49 23535 1,14

Tabmuus 1 nae ysiBieHHS Ipo Gi3udHY TIPH-
poxy mporiecy eMicii 3 HaHoapkymiB ZnO. Mox-
TUBOMY (BHXOJSYM 3 OLIHKY 3a [13]) miama3oHy
e(heKTUBHUX 3HAYCHb D, BIIIOBIIAXOTH 3HAYEHHS
koedimieHTa MmiCUICHHS MO, B JICKIJIbKa pa3iB
BHIII 32 OTpUMaHi B [4] (1110 MOSICHIOETHCS PI3HOIO
CTPYKTYPOIO MepeeKCIOHeHT dhopmyn (2), BU-
kopuctaHoi B [4], 1 (3), BUKOPUCTAHOI B HAIIIH
po6oTi). BUKOPHCTOBYIOUM METOAMKY, PO3BHHY-

Ty B [8, 14], nerko mokasaru, 1o B HaOIMKEHH1
JHIMHOTO PO3MOALTY T'YCTHHH 3apsly MO BUCOTI
HAHOAPKYIIA /1 KOe(IIIEHT MiACUICHHS OIS HaJ
HOro BEPUIMHOKO, 110 Mae pajiyc R , 10piBHIOE

2h/R,

e anir -2

“4)

3navueHHsaM f 3 Tabnuii 1 1 ekciepumeH-
TaJbHOMY 3HAQUYEHHIO BUCOTHU h MOpSIKY MKM TO-
BHHHI 32 (4) BiAnoBigaTn CyOHAHOMETPOBI BEJIU-
YHHU pajilyca BEPIIMHU HAHOAPKYILA, 110 100pe
Y3TOIKYETHCS 3 €KCIIEPUMEHTAJIbHO B1JIOMUM
(hakTOM: TIOJIbOBA €MiCisl 3 HAHOCTPYKTYPOBAHOT
MOBEPXHI Mai’ke BCA BiOYBAETHCS 3 KIIBKOX
BEPXHIX aTOMIB HaHONPOTpPy3ii. Takomy maio-
My 3HAUCHHIO I0Ope BIAMOBIZAE 1 Majla BEJIMYHU-
Ha MHOKHHKA szs‘ Ile o3Hauvae, mo edpekTuBHA
eMicist BiIOyBaEThCS JUIIE 3 BEJIbMH HE3HAYHOT
YaCTHHM 3arajibHOi MOBEPXHI KaToay, MpoTe Be-
JIMKE 3HA4YCHHS KoediIieHTa MiJCUICHHS IO
3a0e3neuye MOMITHE 3HAYEHHS TYCTUHU CTPYMY
nopsaky 3-10* A/M? [UIst TOJIst BMEKaHHS TIOPSIKY
3-10° B/m.

[TpoBenenwuii anasi3 703BOJISIE BCTAHOBUTH
GI3UYHY TPUPOIY TPOIIEeCy MOIBOBOI eMicii 3 Ha-
HOapKyiB ZnO, 110 MOXKYTh PO3MIIAIATUCS K
MePCIEKTUBHI i HEIOPOT1 EMITEPH JJIS MPUIIAIiB
HOBOTO TOKOJIIHHS.
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Summary

Low cost and the ability to form nanosheets make the semiconductor zinc oxide a promising
material for sensors, modern photonics, and vacuum electronics. In [Sheng-Joue Young et all, ACS
Omega 3, 8135-8140 (2018)], a high-performance cathode for field emission was created based on
an inexpensive low-temperature chemical solution method on a glass substrate in the form of ZnO
nanosheets and nanosheets decorated with silver Ag nanoparticles.

Since the Fowler-Nordheim formula derived for metals does not describe cold emission from
a semiconductor, for theoretically modeling of the nanostructured ZnO-based cathode we have used
the formula for the emission current density from an n-type semiconductor, where a sharp bending of
the bands under the influence of an applied external field forms a near-surface 2D quantum well, in
which electrons are concentrated:

2
f P 4.12m (DB/Z
Jys = =2 | M\ B> F exp| — oM
Y dem, (ESJ wh xp{ 3he pPF

Here, ¢ is the vacuum dielectric constant in SI units, ¢_is the relative permittivity of the
semiconductor, m_and m  are the free electron mass and effective electron mass in the semiconductor,
®, . is the work function of the semiconductor, F is the electric field strength, f is the electric field
enhancement coefficient near the edge of the nanosheet, and the M ( factor is the fraction of the surface
from which effective cold emission occurs.

It is shown that the possible range of effective values of the work function at the top of the
nanosheet corresponds to the values of the field enhancement coefficient f of the order of magnitude
of 20000. Such values of § and a nanosheet height of the order of um correspond to subnanometer
values of the radius of the nanosheet top, which is in good agreement with the experimentally known
fact: that the field emission from the nanostructured surface almost all occurs from the top few atoms
of the nanoprotrusion. Thus, the effective emission occurs only from a very small part of the total
cathode surface, but the large value of the field enhancement coefficient S provides a noticeable current
density of the order of 3-10* A/m? for a turn on field of the order of 3-10° V/m.

The performed analysis allows us to determine the physical nature of the field emission process
from ZnO nanosheets, which can be considered as promising and inexpensive emitters for new
generation devices.

Keywords: field emission, nanosheet, field enhancement coefficient, work function
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PO ®I3UYHY NPUPOJY MOJBOBOI EMICIi 3 HAHOAPKYIIIB ZnO

M. B. Cmpixa"?, P.C. Xininiy'
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Pedepar

Hwu3bka BapTiCTh Ta 31aTHICTH YTBOPIOBATH HAHOAPKYII pOOUTH HAMMIBIPOBITHUK OKCHT ITUHKY
MEPCIIEKTUBHUM MaTepialioM Uil CEHCOPHUKH, Cy4acHOT )OTO- Ta BAKYYMHOI €IeKTPOHIKH. Y poOoTi
[Sheng-Joue Young et all, ACS Omega 3, 8135-8140 (2018)] BucokoeeKTHBHUI KaTo 1715 TOIHOBOT
eMicii OyJ10 CTBOPEHO Ha OCHOBI HEJOPOTOTO METOAY HU3BKOTEMITEPATYPHOTO XIMIYHOTO PO3YMHY HA
CKJISTHIM TIAKIAI Y BapiaHTi HaHOApKymIiB ZnO Ta HAaHOAPKYIIIB, TEKOPOBAHUX HAHOYACTHHKAMHU
cpibnma Ag.

Ockinbku BUBeAcHa a1 MeTaliB Gopmyna Paynepa-Hopareiima He onucye XoJ0mHOI eMicii
3 HaIBIPOBITHUKA, JJIS1 TECOPETHYHOTO MOJICITFOBaHHS HAHOCTPYKTYPOBAHOTO KaToay Ha OCHOBI ZnO
MH BUKOPHCTAIH (HOPMYITY I TYCTUHU €MICIHHOTO CTPyMY 3 HaIliBIPOBIIHUKA 1-THILY, 1€ PI3KUI
BUTHH 30H ITiJ] BIUTABOM MPUKJIAJICHOTO 30BHIITHHOTO TOJISI YTBOPIOE MPHUIIOBEPXHEBY 2D KBaHTOBY
SIMY, Y SIKI 30CEpePKEH] eICKTPOHH:

2
Jo= 80 g prexp - Ve LIS
¥ 4em, N 3he BF

8,3'

Tyt ¢ — nienexkTpuvHa MPOBIIHICTL BaKyyMy B OAMHHULAX SI, & — BIZIHOCHA JIIEJIEKTPUYHA IIPO-
HUKHICTh HaNBIPOBIAHUKA, 71 Ta M, — Maca BUILHOTO €JIEKTPOHA Ta €()EKTUBHA Maca eJIEKTPOHa
B HaIliBNPOBiAHKKY, @,  — poOOTa BUXOY HAIIBIIPOBiHKMKA, ' — HANPYKEHICTh €IEKTPUYHOIO MOJI,
B — Koe(iLieHT MOCUIIEHHs eJIEKTPUIHOTO MO 611 Kpar HaHOApKyIla, MHOXKHHK M, . € 9aCTKOKO
MOBEPXHI, 3 SIKO1 B1I0YyBA€ETHCS €(DEKTUBHA XOJIOAHA EMICIs.

[ToxazaHo, 0 MOXKIIUBOMY Jiana3oHy e(peKTHBHUX 3HAYEHb POOOTH BUXOIY 3 BEPIIMHU HAHO-
apKylia BIJAMOB1Ial0Th 3HaYeHHsI KoedinieHTy migcuiaeHHs nomust nopsaky 20000. Takum 3HaueHHAM
J 1 BUCOTI HaHOAPKYIIIA TOPSIIKY MKM Bi/IOBIal0Th CyOHAHOMETPOBI BEIMYMHU pajiiyca BEPUIMHA
HAHOAPKYIIIA, IO J00pe Y3roMKy€eThCs 3 EKCIIEPUMEHTATBHO BIJOMUM (PaKTOM: TIOJIHOBA eMICist 3 Ha-
HOCTPYKTYPOBAHOI TIOBEPXHI Maii’ke BCSI BiIOyBA€ETHCS 3 KUTBKOX BEPXHIX aTOMiB HAHOTIPOTPY3ii. OTxe,
e(eKkTUBHA eMicCisl B1I0OYBaEThCA JIUIIE 3 BEIbMU HE3HAYHOI YaCTUHM 3arajibHOi MOBEPXHI KaTo.Ly, Po-
T€ BEJIMKE 3HAUEHHS Koe(ilieHTa MiICUICHHS oS 3a0e31euye MOMITHE 3HaU€HHS T'YCTUHU CTPyMY
emicii mopsaky 3-10* A/m? mist mosst BMUKaHHS mopsiiky 3+10° B/m.

[IpoBeneHwmit aHaAI3 T03BOJISIE BCTAHOBUTH (PI3UYHY MPUPOJTY IMPOIIECY IMOIBOBOT eMicii 3 HaHO-
apkymiiB ZnO, 110 MOXXYTb PO3IIILAATUCS SIK IEPCIEKTUBHI i HEIOPOT1 eMITepH JUIsl TPUIIaAiB HOBOTO
TIOKOJIIHHS.

Kuro4oBi ci1oBa: moboBa emicisi, HAHOAPKYII, KOSQIIIEHT I ICUIICHHS ITOJIsI, POOOTa BUXOTY
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MORPHOLOGICAL, OPTICAL PROPERTIES AND ELECTRONIC
STRUCTURE OF ZnO THIN FILMS DOPED WITH ALUMINUM

V. V. Zaika, N. K. Shvachko

Abstract. This paper presents the results of investigation of aluminum-doped zinc oxide thin
films obtained by radio-frequency magnetron deposition on a glass substrate. It was shown by energy
dispersion X-ray spectroscopy that the average aluminum content in the thin films was 0.2-0.8
at.%. An increase in the average grain size with increasing aluminum concentration was shown,
and column-like growth of the films was established using microscopic images. Investigation of the
electronic structure showed a redistribution of intensity in the O ls spectrum with aluminum doping.
The valence band spectra were also obtained, and theoretical calculations were performed within the
framework of density functional theory to better understanding the results. Using a spectrophotometer,
the transparency of the films obtained after aluminum doping was shown to increase. With the help of
the Tauc method, the band gap was determined to be 3.41 eV, while DFT calculations showed a band
gap of 1.25 eV.

Keywords: nanostructured thin films, RF magnetron sputtering, doped, electronic structure
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MOP®OJIOI'TYHI, OIITUYHI BIACTUBOCTI TA EJIEKTPOHHA BY/1IOBA
TOHKHUX JIIBOK ZnO JOIMOBAHUX AJTIOMIHIEM

B. B. 3aixa, H. K. lllsauxo

AHoTauis. B naniit po6oTi peacTasieHi pe3yabTaTy J0CHIPKeHb TOHKUX TUTIBOK OKHUCI IIMHKY
JIONIOBAaHMX AJTIOMIHIEM, SIKI OTPUMaHi METO/IOM Pa/lio4acTOTHOTO MarHETPOHHOTO HAHECEHHS Ha CKJIS-
Hil miKTazni. 3a J0moMOror eHeproIucIiepCiifHOro peHTIeHIBCHKOTO aHalli3y MMOKa3aHo, 1110 CepeIHIN
BMICT aJIFOMiHIIO B TOHKHX TutiBKax cTaHoBuB 0.2—0.8 at.%. byno moka3zaHo picT cepeTHpOro po3Mipy
HaHO3epEeH NpH 30UIbIIEHH] KOHLIEHTPALIi] aJIOMiHI0, @ TAKOX 32 JIOTIOMOT00 MIKPOCKOIUHUX 3HIM-
KiB MOMEPEYHOTO Tepepi3zy Oya0 BCTAHOBIEHO CTOBMYACTHUH PICT IITIBOK. J{OCHiIKEHHS €1eKTPOHHOT
OyJOBH TMTOKa3aJIH MepPepo3noiia iHTeHCUBHOCTI B O /s CIIEKTPi MiCHs TOMyBaHHs antoMiHieM. Takox
OyaM OTpUMaHi CIIEKTPU BaJIEHTHOI 30HM, Ta MPOBEJCHI TEOPETUUHI PO3PAXyHKH B paMKax Teopil
(GyHKIIOHATY TYCTHHHM JJIsl Kpaloi iHTeprpeTalii oTpuManux pe3ynsrariB. Metogom Tayka Oyna
BH3HaueHa MIMPHHA 3a00pOHEHOT 30HHU sika cTaHoBWiIa 3.41eB, Toni sk B pamkax DFT po3paxyHkis

3a0opoHeHa 30Ha ctaHoBuia 1.25 eB.

Ku1r0uoBi cj10Ba: HaHOCTPYKTYpOBaH1 TOHKI IUTiBKK, BU MarueTpoHHe po3NuiieHHs, JIETyBaHHS,

€JIEKTPOHHA CTPYKTYpa

Introduction

Zinc oxide (Zn0O) is a well-known material
due to its wide range of applications, that include
varistors, additives for paints, cement, and rubber,
thin-film transistors, visible-blind photodetectors,
gas sensors, transparent conductive oxides, and
other devices. These diverse applications are
due to a set of unique properties of ZnO. These
include a straight, wide band gap, a high exciton
binding energy, good transparency in the visible
and infrared spectrum, low cost of ZnO, and
environmental safety.

ZnO thin films can be obtained by various
physical and chemical methods of deposition,
in particular, sol-gel, radiofrequency magnetron
deposition, and molecular beam epitaxy [1-3].
Among the above methods, radiofrequency
magnetron deposition stands out due to the
simplicity of the process, homogeneity of the
films obtained, and their elemental purity.
Additionally, the synthesis can be economically
optimized by eliminating the process of
baking of the ceramic target, which requires
high temperatures and, therefore, significant
energy consumption. One way to realize this
is the production of thin films using magnetron
deposition of a pressed powder target.

12

Despite a considerable number of studies
of aluminum-doped ZnO films [4-6], the effect
of aluminum on morphological properties and
electronic structure is still not sufficiently covered.

Based on this, the objectives of this work
are:

— Synthesize ZnO thin films as well as ZnO
films doped with aluminum using pressed
powder targets.

— Study their morphological and optical
properties and electronic structure.

— Determine the chemical composition of the
obtained films.

— Determine the effect of aluminum on the
morphological and optical properties and
establish its influence on the electronic
structure.

Methods of synthesis and charac-
terization

ZnO thin films were deposited by radio-
frequency magnetron deposition using a high-
purity target of pressed ZnO (99.9%) powder
with a diameter of 4.0 cm (12.57 cm?). Aluminum
doping was performed by mixing ZnO (99.9%)
and AL O, (>98%) powders in a weight ratio
of 99:1, 98:2, 97:3 for ZnO1%, Zn02%, and
Zn03% samples, respectively, and then mixing
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the powders for an hour. A microscopy glass
slide (1x1 cm?) was used as a substrate. It was
cleaned beforehand with acetone and isopropyl
alcohol in an ultrasonic bath for 20 minutes and
rinsed with deionized water. After that, the glass
was transported to a vacuum chamber and placed
above the ZnO target at a distance of 4.5 cm.
A pre-vacuum and a diffusion pump equipped
with a nitrogen trap were used to obtain a high
vacuum of 5.0x10~° Pa. Argon (99.9%) was used
to produce the plasma. The pressure inside the
chamber during deposition was 1.0x10* Pa. The
films were deposited at a magnetron power of
100 W. The target was pre-deposited for 10
minutes to clean its surface, and then the films
were deposited during 60 minutes and under the
identical synthesis conditions.

The morphological analysis of the surface
after the growth of ZnO thin films was performed
by scanning electron microscopy (SEM) using a
Tescan Mira 3 microscope. This microscope is
equipped with an EDX detector, which allows to
perform the chemical analysis.

The X-ray photoelectron spectroscopy
(XPS) spectra of the core levels of the samples
were obtained on a JEOL XPS2400 X-ray
spectrometer. The operating pressure during the
experiment was no more than 1.0x10”7 Pa. The
radiation of the magnesium anode with the
energy of the Mg Ka line of 1253.6 eV was used.
The energy resolution was 0.1 eV. The charge
correction was performed by using the Cls
spectral line centroid with an energy of 284.0 eV
as a reference point.

We used the Quantum Espresso Simulation
Package [7] for all density functional theory
(DFT) calculations with projector augmented
wave (PAW) pseudopotentials [8]. We used a
plane wave cut-off energy of 816 eV and a 9x9x3
Gamma-centered k-point grid for structural
optimizations and a 32x32x16 Gamma-centered
k-point grid for density of states calculations.
All calculations are done using the generalized
gradient approximation (GGA) based exchange-
correlation functional PBEsol [9], with a
Hubbard-U of 7.5 eV (as per [10]) applied to the
Zn-d states as implemented with the Dudarev[11]
approach unless otherwise stated.

Results and discussion

The morphological features of the thin films
were studied by SEM (Fig. 1). The morphology
of the ZnO film consists of densely packed
grains of almost spherical shape. The ZnO1%
film also consists of almost spherical grains,
but the coalescence of some grains can be
observed, resulting in the formation of elongated
particles with a more elliptical shape. It is easy
to notice a significant increase in nanograins
size for the Zn0O2% film due to a higher degree
of coalescence. However, for the ZnO3% film,
the number of large grains as well as their size
decreased. It can be observed that a small number
of petal-like grains appear (Fig. 1 d), which may
indicate a change in the growth kinetics. It is
worth noting the developed nanoscale structure of
the surface of obtained films despite their relative
smoothness. Thus, it can be assumed that the
addition of aluminum leads to a decrease in the
surface area, which can alter both the adsorption
properties of the film and the surface energy.

In order to estimate the thickness of the
samples, the surfaces of the films were locally
destroyed by scratching the surface with a scalpel
(Fig. 2). The thicknesses of the films were 270.0,
292.0,410.0, 349.0 nm for ZnO, ZnO1%, Zn02%,
and ZnO3% samples, respectively. The increase in
the growth rate may be due to the greater number
of electrons in an Al** ion compared to Zn*",
which affects the number of nucleation centers
in the initial stages of growth. From the cross-
sectional image, the column-like structure of the
films can be established. The explanation for this
phenomenon is described in [12]. It consists in
the selection of crystals with the fastest growth
rates perpendicular to the substrate, which is
governed by the principle of “survival of the
fastest”. This growth is also characterized in the
structural zone model proposed by J. V. Sanders
[13], which states that the temperature range 0.1
< synthesis temperature/melting temperature <
0.3 corresponds to the conditions when surface
diffusion becomes noticeable and as a result,
a column-like structure with impermeable
boundaries is formed.

Given that the mean free path of
characteristic X-rays is much longer than the

13
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Fig. 1. SEM images of samples. a) ZnO b) ZnO1% c) Zn0O2% d) ZnO3%.

thickness of the films obtained, in order to perform
the EDX analysis the films were scraped off with a
scalpel and transported onto a conductive carbon
tape. The EDX analysis revealed the presence
of 4 elements, namely Zn, O, Al and C (Fig. 3).
Taking into account the chemical composition
of the tape, carbon was excluded from the EDX
analysis. The results of EDX analysis revealed
successful doping of the films with aluminum,
but its concentration was lower than expected. A
larger amount of zinc than oxygen was observed,
which is typical for films obtained by radio-
frequency magnetron deposition using argon.
Also, the non-stoichiometric Zn/O ratio may
indicate a significant amount of oxygen vacancies
or interstitial zinc atoms. Given the low migration
energy barrier for interstitial zinc of 0.57 eV [14],

14

the oxygen deficiency can be explained by a large
number of oxygen vacancies.

To clarify the features of the electronic
structure, XPS studies were performed (Fig. 4).
The energy of Zn 2p, , is 1021.4 eV, and Zn 2p, ,
is 1044.5 V. The spin-orbit splitting for Zn, 2p, —
2p, ., amounts to 23.1 eV, which is characteristic
of ZnO. The peaks with energies of 1036.0 and
1012.9 appear due to satellites from Mg K a,,
[15], which are located in the direction of lower
binding energies at a distance of 8.5 eV.

Changes in the O s spectrum after the
doping of ZnO with aluminum were attested. In
the literature, the decomposition of O Is peak
into 3 components is accepted. The low-energy
peak is attributed to O* ions in the ZnO matrix
with predominantly Zn-O (or Zn substituted by



Sensor Electronics and Microsystem Technologies 2024 —T. 21, Ne 1

Fig. 2. Estimation of film thickness by SEM. a) ZnO b) ZnO1% c¢) Zn03% d) ZnO3%.

Sample/Element Zn( at. %) O (at. %) Al (at. %)
0,
ZnO1% 7 Zn01% 51.1 487 0.2
Zn02% N | zn02% 533 46.2 05
Zn03% Zn03% 53.6 456 0.8
Al zoomed
L} L} L} L} L] 1
0 1 4 5

2 3
Energy (KeV)

Fig. 3. EDX analysis of ZnO1%, Zn02%, Zn03%.
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Fig. 4. XPS spectra of a) Zn 2p; b) O 1s.

Al) ionic bonds [16], while middle peak belongs
to O* ions in oxygen-deficient regions [17], and
the high-energy peak stems from the adsorbed or
chemically adsorbed forms of oxygen, namely
CO, H,O, or surface hydroxyl groups [18].
Thus, the decrease in the intensity of the higher-
energy components of the O 1s spectrum can be
explained by a decrease in the number of adsorbed
oxygen species on the surface. This statement also
correlates with a decrease in oxygen in the EDX
spectra and an increase in the size of nanograins
on the surface, which ultimately reduces the total
surface area.

Figure 5 (a) shows the valence band of
Zn0O and aluminum-doped ZnO thin films. DFT
calculations of electronic structure of ZnO were
also performed (Fig. 5b) for a better interpretation
of the results. Comparing the experimental data
with the calculated data, one can notice a good
agreement of the total density of states (DOS)
between experiment and theory. Thus, it is easy
to see that the top of the valence band is almost
entirely composed of 2p oxygen states and the
bottom of the valence band is composed of 3d
zinc states. Given the almost identical energy
of the states near the top of the valence band
of Zn 4s and O 2p, we can assume their partial
hybridization. After the addition of aluminum,
a significant decrease in the electron density in
the range from 2.0 to 5.0 eV is observed, which
to the best of our knowledge is the first time it
has been reported. Within the framework of DFT
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calculations, it was determined that ZnO has a
direct band gap at the I" point of the Brillouin zone
with a width of 1.25 eV.

For many applications, transparency in the
visible range is an extremely important parameter.
Relatively high transparency was observed for
all the films obtained, as well as a clear onset of
the absorption edge at 370 nm. The transparency
of all films was > 75% in the entire visible and
near-infrared range (Fig. 6a). Transparency
fluctuations are associated with interference
effects and confirm the smooth surface of the
films obtained. Using the Tauc plot [20], the band
gap was determined to be 3.41 eV (Fig. 6b). An
observed increase in the band gap after aluminum
doping might occur due to the Moss-Berstein
effect [21]. For example, in [22], an increase in the
band gap from 3.33 eV to 3.36 eV was observed
after aluminum doping, but the resolution of our
spectrophotometer does not allow us to determine
such small changes.

Conclusions

In the present work, aluminum-doped ZnO
thin films were successfully synthesized using
radio-frequency magnetron deposition with using
a powder target. Upon doping with aluminum, an
increase in the average nanograin size is observed
due to increased coalescence, which can affect the
adsorption properties and surface energy of the
thin films. Using SEM cross-sectional images of
thin films the columnar growth of the films was
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Fig. 5. (a) XPS spectra of the valence band. Taking into account the small photoionization cross
section under Mg Ka irradiation for O 2p = 0.0193 [19], part of the spectrum was multiplied by 10.
b) ZnO band structure and the density of states obtained by DFT calculations.
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Fig. 6. (a) Transmission spectra of thin films. b) Determination of the band gap of ZnO
by the Tauc plot.

observed, which is explained by the selectivity of
crystals with the fastest growth rates perpendicular
to the substrate. The oxygen deficiency in the
obtained films was found to be due to a large

number of oxygen vacancies. The decrease of
adsorbed oxygen species was established from
the redistribution of O 1s intensity. The top of the
valence band is predominantly composed of 2p

17



Sensor Electronics and Microsystem Technologies 2024 —T. 21, Ne 1

oxygen states, while the bottom is characterized
by the presence of 3d zinc states. To the best
of our knowledge, a decrease in the density of
states in the energy range from 2.0 to 5.0 eV
after aluminum doping is observed for the first
time. The obtained films have relatively good
transparency of more than 75% in the visible
and near-infrared spectral region. The band gap
determined by the Tauc plot was 3.41 eV, and the
one obtained in DFT calculations was 1.25 eV.
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Summary

The aim of the work was to determine the effect of aluminium on the morphological and optical
properties of ZnO thin films, as well as to clarify its influence on the electronic structure. To achieve
these goals, scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron
spectroscopy, and spectrophotometric methods were chosen. It was found that the average size of
nanograins on the surface increased after aluminium doping, and that the films demonstrated columnar
growth, as cross-sectional images show. An increase in the growth rate of the films after aluminium
doping was also observed. Using energy-dispersive X-ray spectroscopy, it was found that the films
are characterised by the presence of oxygen deficiency, which is explained by a large number of
oxygen vacancies. It is reasonable to assume a decrease in the amount of adsorbed oxygen species on
the surface of the films after aluminium doping, based on the redistribution of the O /s line intensity.
For a better explanation of the photoelectron spectra of the occupied part of the valence band, density
functional theory (DFT) calculations were performed. It is shown that the ceiling of the valence band
is almost entirely composed of 2p oxygen electrons, and the bottom of the valence band is composed
of 3d zinc electrons. Also, taking into account the same energy of O 2p and Zn 4s electrons, we
can assume their partial hybridization. Furthermore, after the addition of aluminium, a decrease in
the intensity in energy range from 2.0 to 5.0 eV within the valence band was observed, to our best
knowledge, for the first time. The transparency of all the films obtained in the visible spectral region
was > 75%. Also, using the Tauc method, the band gap was found to be 3.41 eV. Within the framework
of the DFT, the value of the band gap was 1.25 eV, which is explained by the well-known fact that the
band gap decreases in DFT calculations.

Keywords: nanostructured thin films, RF magnetron sputtering, doping, electronic structure
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MOP®OJIOI'TYHI, OIITUYHI BJIACTUBOCTI TA EJIEKTPOHHA BY/IOBA
TOHKHUX IVIIBOK ZnO, JOITIOBAHUX AJIIOMIHIEM
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Pedepar

Merta po0oTu mossirana y BU3HAYCHHI BIUIMBY aJIFOMiHII0 Ha MOP(OJIOTi4HI, ONTHYHI BIaCTH-
BOCTI TOHKUX IJTIBOK ZnO, a TakoX 3’sICyBaHHI HOTO BIJIUBY Ha €JEKTPOHY OynoBY. J{j1s1 1oCATHEHHS
MOCTaBJIEHUX L1l Oynu oOpaHi METO/1 CKaHyBaJbHOI €JIEKTPOHHOI MIKPOCKOMII, pEHTI€HIBChKOL
€HEeproANCIepCiiHOT CEKTPOCKOMIl, PEHTTE€HIBChKOI (DOTOETEKTPOHHOI CIIEKTPOCKOIIT Ta CIIEKTPO-
(hoTOMETPUYHI METOIN JOCIIKEHB. Byiio BUSBIICHO, IO TICIIS AOMTYBaHHS ATFOMIHIEM 301TBITYE€THCS
cepe/Hiil po3Mip HAaHO3EPEH Ha MOBEPXHI, a TAKOXK 31 3HIMKIB MTOMIEPEUYHOTO Mepepi3y MIIBOK BCTa-
HOBJIEHO iX cTOBMYacTUi picT. Takok croctepiranocs 30UIbLIEHHS HIBUAKOCTI POCTY IUIIBOK IICIIS
JOTTyBaHHSI AJIFOMIHIEM. 32 TOMOMOTOI0 PEHTIEHIBCHKOT €HEPrOAUCIIEPCIMHOT CIIEKTPOCKOIIT OyI10
3’SCOBaHO, [0 OTPUMAHHUM IUTIBKaM MPHUTAMaHHUH Ne(DIiIUT KUCHIO, SIKHI TOSCHIOETHCS BEITUKOIO
KUIbKICTIO KUCHEBUX BakaHCIA. MOXHa NPUIYCTUTH 3MEHILEHHS KIJIBKOCTI acopOOBaHUX BUAIB
KHMCHIO Ha MOBEPXHI IUTIBOK MICJIsl JOMYBAHHS aIOMIHIEM, BUXOJSUYU 3 IEPEPO3NOALTY IHTEHCUBHOCTI
minii O Is. [lnsa kpamoi iHTeprperarii (POTOENEKTPOHHNUX CIIEKTPIiB 3aiHATOI CMyTH BaJICHTHOT 30HU
Oy IpoBeNieH1 po3paxyHKH B paMkax Teopii ¢ynkiionany ryctunu (T®I'). [TokazaHo, mo cremns
BaJICHTHOI CMYTH Maii’ke MOBHICTIO CKJIAAA€ThCA 3 2p €JEKTPOHIB KHCHIO, a JIHO BaJIEHTHOI 30HU —
3 3d enexTpoHiB LIMHKY. Takox, BpaxoByIOUM OJHAKOBY €HEprio eneKkTpoHiB O 2p Ta Zn 4s, MOXKHa
MIPUITYCTUTH iX 4acTKOBY ridpuaumzanito. KpiM Toro, micis A0myBaHHS allOMIHIEM CIIOCTEPIraeThCs
3MEHIIEHHS IHTEHCUBHOCTI1 y BajeHTHIH 30H1 3 2.0 10 5.0 eB, 110, Ha Hally TyMKYy, CIOCTEPIra€Th-
cs Briepire. [Tpo3opicThk yCiX OTpUMaHUX IUTIBOK y BUAMMINA 00NacTi cuekrpy Oyma > 75%. Takox,
MetonioM Tayka Oyina 3HalijieHa muprHa 3a00poHeHO01 30HH 31 3HaueHHsM 3.41eB. B pamkax teopii
TOI" 3HaueHHsT 3200pOHEHOT 30HH CTAaHOBIIIO 1.25€¢B, 0 MOSICHIOETHCS 3arajlbHOBIIOMUM (hakToM
3MEHIIECHHS 3HaY€HHS 3200POHEHOT 30HU B TEOPETUYHUX PO3pPaxXyHKaXx.

Ku1ro4oBi cj10Ba: HaHOCTPYKTYpOBaHi TOHKI IJTiBKY, BU MarueTpoHHe po3NuiieHHs, JeryBaHHs,
€JIEKTPOHHA CTPYKTypa
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EJEKTPUYHE IEPEMUKAHHSA B CKIOKEPAMIYHUX CTPYKTYPAX
HA OCHOBI JIOKCHU Y BAHAAIIO

B. P. Konoynos, M. I1. Tpyboiyun, A. O. [auenko

AHoTanisg. B po0oTi BUBUEHO 3MiHU €EKTPUYHOTO CTPyMYy MiJ] Yyac MepEeMUKaHHs 3pa3KiB
CKJIOKEpaMiKM Ha OCHOBI JIIOKCHJy BaHa/lit0 31 CTaHy 3 BEJIMKUM oriopoM (off-state) y cran 13 Manum
oropoM (on-state) i 3BOpoTHO. 3aTpuMKa nepexoy 3 off-state B on-state, mpu 3acTocyBaHHi J0 3pa3ka
CKJIOKEPaMIKH NEPEMHKAr0U01 Hanpyru U, TIOB’s13aHa 3 4acoM £, , HEOOX1IHUM JUIsl HOTO PO3irpiBy 110
Temneparypu ($pazoBoro nepexoy Metan-HaniBnpoiaHuk y VO,. Yac 3aTpuMKu £, 3MEHLIYEThCS 31
3poctannsaM U,. BcTanoBieHo, 1o 3aTPUMKY 3BOPOTHOTO IEPEXOMY 3 on-state B off-state konTposroe
IIHYp CTPyMY, B MeXax sAKkoro kpucraniti VO, cKiokepamiku nepeOyBaroTh y MeTanesii dasi. Yac
3aTPUMKH [, 1[bOTO TIEPEXONY BH3HAYAE Yac, YIPOMOBK AKOro B 3pasKy VO,-CKIOKepaMiKu iCHye
LIHYP CTPYMy IiC/Isi BAMKHEHHS Hanpyru U, Bennauna ¢, 3poctae npu 30inbmenni U,

Kurouosi ciioBa: ckiokepamika, VO,, €1eKTpUYHE TIEPEMUKAHHS

ELECTRICAL SWITCHING IN GLASS-CERAMIC STRUCTURES BASED ON
VANADIUM DIOXIDE

V. R. Kolbunov, M. P. Trubitsyn, A. O. Diachenko

Abstract. The changes in electric current during the switching of vanadium dioxide-based
glass-ceramic samples from the off-state to the on-state and vice versa were studied in this paper. The
delay in the transition from the off-state to the on-state when a switching voltage U, is applied to the
glass-ceramic sample is related to the time 7, required to heat it to the metal-semiconductor phase
transition temperature in VO,. The delay time 7, decreases with increasing U,. It was found that the
delay of the reverse transition from on-state to off-state is controlled by the current cord within which
the VO, crystallites of the glass-ceramics are in the metal phase. The delay time 7,  of this transition
determines the time during which the current cord exists in the VO, glass-ceramic sample after the
voltage U, is switched off. The value of ¢ doff increases as U, increases.

Keywords: glass-ceramic, VO,, electric switching
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Beryn

HayxoBuii i mpakTUYHUHN 1HTEpeC A0 [i-
okcuay Bananiro VO, Ta marepianam Ha Horo
OCHOBI 3yMOBJICHUH (pa30BHM IIEPEXOJAOM MeTall-
HaniBrpoBigHUK (PIIMH), sikuii crioctepiraeTbest
y VO, npu temneparypi T, = 68 °C [1-3]. Ckio-
KepaMiyHi Marepiany Ha ocHOBI VO, Ta BaHaiii-
¢docdarnoro ckna (BOC) neMoHCTPYIOTH CTPHO-
KOTIOJIOHY 3MiHY €IEeKTPOIPOBITHOCTI (~2—-3 mo-
psZIKa) B MeKax Temreparypu I, Ta MaroTh BOJIBT-
aMIIepHI XapaKTePUCTUKH S-TUIY 3 OPOTOBUM
nepeMukaHHsaM [4]. Taki CKIOKepaMiKH MOXYTh
OyTH BUKOPHUCTaHI K MaTepiai JUIsi KpUTHIHUX
TEPMOPE3UCTOPIB Ta MOPOTOBUX MEPEMHUKAUIB
3 pobouum ctpymom a0 10 A. Lle BurinHo Biapiz-
Hsi€ CKJIOKepaMiKy Ha 0cHOBI VO, Bin miiBok VO,,
K1 MaloTh pobounii ctpym He Oinbire 100 MA
[5, 6] Ta OKCHIHUX CTEKOT 3 pOOOUUM CTPYMOM
He Outbire 1 A [7, 8].

HaiiBaxxnusimry poib y GyHKIIIOHYBaHHI
KPUTHYHUX TEPMOPE3UCTOPIB BiJlIrpae KiHETHKA
CTPyMY uYepe3 HHX IpHU MEepEeMHUKaHHI 3 BUCOKO-
OMHOTO CTaHy B HU3bKOOMHUH 1 3B0poTHO. Ciif
3ayBa)XUTH, 1[0 TPUBAIICTH NEPEXOTY 3 BUCOKO-
oMHoro (off-state) y Hu3pkoOMHHIA (On-state) ctaH
BH3HAYanacs B psail podit [8—12], a nanux mpo
TPHUBAJIICTH 3BOPOTHOTO MEPEXOLY MICISI MIPOXO-
JDKEHHSI IMITYJIbCY HanpyTu BKpaid maiio [13].

Mertorto 1i€i poOOTH € eKCriepuMeHTalbHe
JOCIIIJKEHHS TPOIIECy €JIEKTPUYHOTO MepeMHU-
KaHHsI 3pa3KiB CKJIIOKepaMiKH Ha OCHOBI IIOKCUIY
BaHAJIIIO Ta aHaJi3 OTPUMAHUX PE3YNIBTATIB Y paM-
Kax MOJIEJI «KPUTHYHOI TEMIIepaTypu».

3pa3ku Ta gerajli eKClepuMeHTy

JlocaiPKeHHsT TPOBOAMIIMCH Ha 3pa3Kax
CKJIOKepaMiKH, SIKi Ml CKJIaJ VO,-Sn0,-Cu-
B®C. i 3pa3ku Manu GpopMy TUCKIB 3 TiaMeTpOM
ocHoBH 10 MM 1 BucoToro 0isist 2 MM. Sk enexTpo-
JTHHUI Marepiall BAKOPUCTOBYBAIN 1HAINA-TaEBY
€BTEKTUKY. Y Tabnuili | HaBeneHO 3HAYCHHS
OCHOBHHX TapaMeTpiB 3pa3KiB CKIOKEPAMIKH.

JlocaiyKeHHs] BUKOHYBAJIU HAa YCTaHOB-
1i, CXeMa sKOi Mokasana Ha puc. 1. Pesuctop R
3 oriopoM 20 OM 0OMeKyBaB CTPyM depe3 3pazok
CKJIOKEPAMIKH R, TTICJIsl HOTO NMEPEMUKAHHS B HU3b-
KOOMHUH cTaH (on-state). CTpyM uepes 3pa3ok BU-
3HauYaJIM 32 MaJiHHAM HANpyTH Ha Mpenu3iiitHoOMYy

22

pesucropi R_ 3 onopom 0,104+0,001 Om. Ha-
NPYTH BUMIPIOBAJIH 3 BiTHOCHOIO MOXHOKOI0 +1%.
Tabm. 1

OcHoBHi eniekTpodizuyHi napameTpu
JOCJTiI7KyBAaHUX 3pa3KiB

Omip npu Temneparypi 25 °C (R,), Om 146
Omip nipu Temneparypi 100 °C (R, ), Om 0,58
Hanpyra noporosoro niepemukannst Uy, B 5,5
Crpym noporogoro nepemukanns I, MA 70
Crpym moporosoro nepemukanss I ., MA 11
Tennosa crana yacy 1, ¢ 40

B sxocTi mkepena nocrtiiaoi Hanpyru JIH1 Ta
JAH2 (puc. 1) BukopuctoByBaiu crabinizoBaHi
perynboBasi Jukepena Hanpyru tuny TEC 14 HTP
30.5. BumiproBaHHSI BUKOHYBAJIM 32 TeMIEpaTy-
pu 25 °C micist BCTaHOBJICHHS TEPMOIMHAMIYHOT
piBHOBar# 3paska CKJIOKEpPaMiKH 3 HABKOJIUIIHIM
CEpPEIOBUIIIEM.

VD1
l
N

H1 e H2

-

=g @

Ro

I 1

Puc. 1. Cxema ycTaHOBKH /ISl 1IOCJTi/IKEHHS €JIEKT-
PMYHOIO MepeMUKAHHS B 3pa3Kax CKJIOKepaMiKu
HA OCHOBI IiOKCHIY BaHA/iI0.

Jis mepeMHUKaHHs TEPMOPE3UCTOpa 3 BH-
COKOOMHOT'0O CTaHy B HU3bKOOMHHUI Ha HBOTO TO-
napajacs nocriina nanpyra U, 3 JIH1. Ilicns pos-
MuKaHHA Ki1oda K Ha 3pa3ok mojaBany Harpyry
U,=1 B 3 TH2. Taka meToAMKa 1aBajia 3MOry
pEeCTpyBaTH KIHETUKY €JIEKTPUYHOTO CTPYMY, 110
NPOTIKa€e yepe3 TOCIIHKyBaHUM 3pa30K CKIOKepa-
MIKH, HiCJIS 3HATTS NepeMUKanbHOi Hanpyru U,

ExcniepuMeHnTaNbHi pe3yibTaTH Ta iX 00-
TOBOPEHHS

3ampumka 66iMKHEHHs CKIOKepaAMIKU HA
OCHOBI JioKCcUdy 8anHadit0
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Ha puc. 20 noka3aHo THIIOBY 3MiHY 3Ha4€H-
HS CTPYMY, IIIO MTPOTIKa€e yepe3 3pa30K CKIOKepa-
MIKH Ha OCHOBI VO, 13 yacoM IpH MOAaBaHHI Ta
3HATTI HAnpyry nepemukanns U, (puc. 2a).

JIOIIBHO PO3MISIHYTH OKPEMO IPOIIeC Te-
pemuKkanHs 3paska VO,-CKIOKepaMiku B CTaH
on-state 1 380poTHO B off-state.

500 |
400 |
<300}
—200 |
100 |

0 10 20 30 ¢ 40 50 60 70 80
, C

Puc. 2. Kinernka crpymy uyepes 3pasok VO,-
cKkJI0Kepamikm (0) mic/ist moxavi Ta 3HATTSA
nepeMuKaibHOi Hanpyru U, ().

SIx BHJHO, MicCJIsA MOAadl MOCTIHHOT Ha-
npyru U, Ha 1mOYaTKy, 3a paxyHOK PO3IrpiBy
3pa3ka, CTpyM 4epe3 HbOTO MOBLIBHO 3pOCTa€
(puc. 26). Y mpomy iHTEpBaIl Yacy KPHUCTATITH
VO -ckiiokepamiky 1epeOyBaroTh y HaiBIPOBI-
HUKOBIH (a3i, 1 omip CKIOKEpaMiKu 3MIHIOETHCS
3 TEMIIEPATyPOI0 Tak caMo, SIK JIJIsl HaIliBIIPOBIJI-
HUKOBHX T€PMOPE3UCTOPIB 3 HETATUBHUM TEM-
neparypHuM koedirientom omopy [14]. Uepes
IHTEepBaN 4Yacy f, BiJ MOYATKy MPOLECY 3pa30K
HarpiBaeThes 10 Temneparypu ®IIMH 7~70°C
1 IEPEMUKAETHCS B CTaH 13 HU3bKUM €JIeKTPUUHUM
omopom (on-state). BinOyBaeTbcs pi3ke 30171b-
HIEHHS €NeKTPUYHOTO CTPpyMy. Y 3pa3Ky CKIIO-
KepaMiku (POPMYETHCS IITHYP CTPYMY, Y MeXKax
sikoro kpuctanitu VO, nepeOyBaroTh y IPOBIIHIA
MetaneBiit ¢asi [15]. Uepes aesikuii yac miamMeTp
HUIHYPY CTPYMY J0CSTa€ PIBHOBAXKHOTO 3HAYCHHS,
110 BU3HAYAETHCS TEPMOJIMHAMIUYHOIO PIBHOBA-
TOI0 3 HABKOJIMIIHIM CepeloBUIlleM. ToMy CTpyM
I 3pa3zka ckjokepaMiku mepecTae 3MIHIOBATUCS
(puc. 206).

Takum 4UHOM, JJIs1 PO3ITPIBaHHS 3pa3Ka
CIIEKTPUYHUM CTPYMOM 110 Temneparypu T, 3a
SKO1 BiZIOyBA€THCS TIEPEMHUKAHHS B CTaH 13 HU3b-

KMM OIIOpOM, NOTpiben neskuii vac ¢, . Llew vac
BHU3HAYA€ 3aTPUMKY NEPEMUKAHHSI KPUTHUUYHUX
TEPMOPE3UCTOPIB 1 MOPOTOBUX MEPEMUKAUIB Ha
OCHOBI MarepiaiiB i3 (a30BUM MEPEXOTIOM METa-
HaIiBIPOBITHUK. 3HAYCHHS ¢ 1o, MOKHA 3HAUTH
32 YaCOBUMH 3aJIKHOCTAMHU CTpyMy (puc. 20).
g mporo Tpeba BpaxyBaTH, IO MEPEMUKaHHS
MIOYMHAETHCS, KOJIU OTIip 3pa3Ka CKIOKepaMiKu J10-
csirae Bemuauun R, = U, Sun/l <o TKUH BU3HAYAETHCSI
TIOPOrOBMMHM 3HAYEHHAMM CTpyMy [ 1 Hanpyru
U, (tabm. 1). 3HaucHHS / o i U, st TOCIIIKY-
BaHMX 3Pa3KiB 3HAXOAMIIH 32 TOPOTOBOIO TOYKOIO
BOJILT-aMIIEPHOI XapaKTEPUCTUKH, Y SKIH TemIe-
parypa 3paska focsrae suadeHust 7. Jns Hanpyru
U = U, (puc. 26), 3 sK0i MOYHHAETLCS TIOPOTOBE
NepEMUKaHHS, 3 YPaXxyBaHHSAM CXEMH, TOKa3aHO1
Ha pUC. |, HEXTYIOYM MAJIMM OTIOPOM R , HECKJIa/I-
HO OTPUMATH TaKe CIIiBBIIHOIICHHS:

U,= UORS/(RS+R0), (1)
sIKe B HOPMaJTi30BAaHOMY BUTJISII MOYKHA 3aIlUCaTh
SIK

U/u,=1/(1+R/R,). (2)

CriBBiHOIICHHS (2) BU3HAYA€ PIBEHbB, L0
JIa€ 3MOT'Y 3HANTH 32 YaCOBMMH 3aJIC)KHOCTAMU
BIJIHOCHOTI'O Ma/iHHS HANpPyTH Ha 3pa3Ky CKJa-
kepamiku U, /U, 4ac 3aTpUMKHM NIEPEMUKAHHA [,
npu Oyab-sSKOMY 3HaueHHI CTyneHi Hanpyru U,
Ha puc. 3 nmoka3aHo Taki 4acoBi 3aJI€KHOCTI, 3a-
peecTpoBaHi 3a pisHUX 3HaYeHb Hanpyru U, Pi-
BEHb, KM BU3HAYAETHCS CIIBBIIHOIICHHSM (2),
[I0Ka3aHO Ha PUC. 3 MyHKTUPHOIO JiHi€0. Bin
pospaxosanuii i R, = 20 OM i 3HaYEHHS OTIOpY
R, sixe BIZMOBIAHO 10 TapameTpiB U o Lsop TIDENL-
cTaBleHUX y Tabn. 1, nopiBHioe 84,6 OMm.

Ha puc. 3 aGcuucu TOUOK NEpeTHHY MyHK-
TUPHOI JiHII 3 KIHETUYHUMHU KPUBUMU BHU3HA-
YaloTh 3HAUEHHS 4acy 3aTPUMKHU NEepeMHUKaHHS
3pazka VO,-CKIIOKEpaMiKu £, 32 Pi3HUX 3HAYEHb
Hanpyru U,

KineTuka BITHOCHOTO MaJiHHS HANPYTHU
U/U,, nnst 3paskiB CKIOKepaMiKu Oyiia I0CiIipKeHa
3a PI3HUX 3Ha4eHb Hanpyru U, 1us BU3HA4Y€H-
Hsl 3aJIEKHOCTI TPUBAJIOCTI 3aTPUMKH IEPEMHU-
KaHHs f, ~BiJ Hanpyru. 3a3Ha4Y€Ha 3aJEKHICTh
IPOCIIIKOBY€ETbCS HA pUC. 4, J1e HABEJIEHO BiJI-
HOCHI 3HaY€HHA 4acy 3aTPUMKU NEePEeMUKAHHS

23
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t /T, & KPyXKKH Bi/IOBIIalOTh €KCIIEPUMEHTAIIb-
HUM JaHUM. TyT SIK TT MO3HAYCHO TCIUIOBY CTAly
gacy 3pa3ka (tabm. 1).

1.0
0.8 ==
<06
S 0.4
0.2

O 10 20 30 40 50 60 70 80
t.c

Puc. 3. BinHocHe nainHs HANPYTru Ha 3pa3Ky
CKJIOKepPaMiKH HA OCHOBI JioKcHYy BaHAdiI0 K
¢Gynxuis yacy npu suavenusix U, B: 1-8, 2-10,

3-15, 4-20, 5-25.

Sk BuaHO, 31 3pocTanHsaM U, 4ac 3aTpum-
KM MOHOTOHHO 3MeHIIyeTbes. Konu najinas Ha-
MPYTH HA 3pa3Ky CKIOKEpPaMiKH HaOIMKAETHCS
1o moporosoi Hanpyru U~5,5 B, 9ac 3arpumkn
Pi3KO 3pocTae, MPsIMYIOUH 10 HecKiHueHHOCTI. Lle
Y3TOJUKYETBCS 3 TUM, IO 3@ HANPYT, MEHIIUX 32
U,, 3pa30k He MOXe OyTH IEPEMKHYTHUM y CTaH i3
HU3BKUM OIIOPOM.

5 .
4 L
©EKCEPUMEHT
— po3paxyHoK
I—3 L
l_)
-‘ﬂ
[=]
b=l
- g L
1t \“\S%b\
I TR o s v SO
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Puc. 4. EkcnepuMeHTaIbHA Ta PO3PAXyHKOBA
32JI€5KHOCTI HOPMOBAHOTO Yacy 3aTPUMKH
nepeMHKAHHS 3pa3Ka CKJIOKepaMiKM Ha OCHOBI
TiOKCUIY BaHAIIO.

Jlns BU3HAUCHHS 3B SI3Ky MK 4acoM 3a-
TPUMKH TIEPEMUKaHHs f, 1 Hampyrow U, cko-
pUCTaEMOCS MOJEIUII0 «KPUTHYHOI TEMIIepaTy-
pu» [1]. 3anmuiieMo piBHSIHHS TETIOBOTO OaaHCy
3pa3ka CKIIOKepaMiKi Ha OCHOBI JIIOKCHY BaHa-
Nit0, YBIMKHEHOTO B KOJIO, SIK MPEJCTABICHO Ha
puc. 1:

24

UZRr
>
(Ry+Ry)2

CrE+k(T-Q) = 3)
dt

ne C, T, k — TEmI0eMHICTh, TEMIIEPATYpa 1 Koe-

(IIEAT TEIJIOBOTO PO3CIFOBAHHS 3pa3Ka, BiJIIO-

BIJIHO; f — 4ac; O — TeMIieparypa HaBKOJIUITHHOTO

CepeoBHILA.

PiBusinHs (3) HE BpaxoBy€e pO3MOALTY TEM-
nepatypu B 00’eMi 3pa3ka i HaBKOJHITHHOMY
cepenoBuii. OgHak Take HAOIMKEHHS TOCUTh
n100pe BUIIPABIOBYETHCS Ha MTPAKTHIII 1111 4ac aHa-
T3y €JCKTPUYHUX KiJT 13 TepMope3ucTopamu [14].

Hwxue remneparypu ®IIMH 7' 3anexuicTs
OTIOpY 3pa3Ka CKIOKEpPaMiKH BiJ| TEMIIepaTypu
OMHCYETHCS (POPMYIIOLO:

AE
Rr=R_ex (—)
r =P\ 7))
ne AE — eHeprisi akTUBallii eJIeKTPONpPOBITHOCTI;
R — omip 3paska mnpu ‘T — o0; k, — crana bomb-
nmaHa. SIKio R, — omip 3paska 3a TeMIeparypu
HaBKOJUIIHBOTO cepenosuiia Q, a AT =T - Q,
TO 3aJIC)KHICTh OIOPY 3pa3Ka CKIOKEPaMiKH BiJl
TeMIepaTypu MOJKHA MPEICTaBUTH y BUIVISLIL:

AEAT
RT = RQEXP(—m) .

(4)

Koedimient TenmoBoro po3ciroBaHHSA k,
10 BXOAUTH 710 piBHAHHS (3), BUpa3uMo uepes
noporoBy Hanpyry U, 1 omip R 3paska VO, -
CKJIOKepaMiKH 3 OISy Ha Te, IO B MOPOTOBIH
TOYIII BOJIBT-aMIIEPHOT XapaKTePUCTHKH OajiaHc
MOTY>KHOCTI, 110 BUJISETHCA Ta PO3CIIOETHCH,
Yy CTaTUYHOMY PEKHUMIi BH3HAYAETHCS CITIBBITHO-
wennam k(T,— Q) = U, */R.. 3 1b0ro ciiBBiaHo-
IICHHS BUTLTUBAE:

k=U, /(R;AT), (5)
ne AT, = (T,— Q).

Yac 3aTpuMKH EPEMUKAHHA 3pa3Ka f, BH-
3HAYA€THCS 9YacOM, HEOOX1THUM JIJIsl HOTO pO3irpi-
BY BiJI TeMIiepaTypu TOBKULIS O 1O «KPUTUIHOT
TEMITepPaTypm», 3a K01 BiZI0yBaETHCS MEPEMHUKAH-
HSI 3pa3ka CKIIOKepaMiKH B CTaH on-state. Takoro
«KPUTUYHOIO TEMIIEPATypOIO» € TeMIleparypa
¢azoBoro nepexony MeTan-HAMIBIPOBIAHUK T
B JIOKCH/I1 BaHaJlif0. ToMy, BUKOHABIIN 1IHTETPY-
BanHs (3) B inTepBani 0 < AT <AT, 3 ypaxyBaH-
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HsM criBBiaHOmEeHHA (5) Ta 7= Q + AT, nuid Bia-
HOCHOI BEJTMYMHH Yacy 3aTPUMKH MTEPEMHUKaAHHS
t /T, OTPIMAEMO TaKHil BUPa3:

tdon fdrr dAT
w0 (ﬂ)zﬂrﬂsarg_ara (6)
Us! (RgtRy)°

Jie TerJIoBa MOCTIMHA Yacy CKJIOKEpaMiKu J0piB-
mroe 7, = C/k [7].

Bupa3 (6) Bu3Haua€e 3B 130K MiXk BiTHOCHUM
9acoM 3aTPHUMKH TIEPEMUKAHHS 3pa3Ka CKIOKe-
pamiku Ha 0cHOB1 VO, 1 MOCTIHHOK HAIpPyToKo
U, NPUKJIaJIEHOIO JI0 3pa3Ka B MOMEHT 4acy, 1o~
YHHAIOYH 3 SKOTO BiIPAXOBYETHCS Yac 3aTPUMKH.

Pesynpratu po3paxyHKy s AOCIHiAXKe-
HOTO B po0OTi 3pa3ka CKJIOKepaMmiku (mmapame-
TpHu B Tabn. 1), BUKOHAHI B JAiama3oHi HaNpyru
7 B<U,< 35 B ¢ kpoxom 0,1 B npu Q = 25°C,
R, =20 Owm 1 xpoky interpysanns 0,01 rpan,
npeJcTaBieHi Ha puc. 4 CyUIIbHOIO JiHIEIO.
i pe3ynpTaTu JAOTh 3MOTY 3HAWTH HAINPYTY
U, =9 B, 3a sAKkoi yac 3aTpUMKH NIEPEMUKAHHS
3pa3ka 30iraeTbcst 3 HOro TEIIOBOIO MOCTIHHOIO
vacy 7, (¢, /t,= 1). 3a 4aCOBOIO 3aJIEKHICTIO BiJI-
HOCHOTO TaJiHHS HaIpyru Ha 3pa3Ky CKIOKepa-
MiKH, 3apeecTpoBanoro 3a U, = 9 B, snaineno
3Ha4YEHHs TEIUIOBOI MOCTikHOI Yacy 7, = 40 ¢, 10
SKO1 HOPMOBAHO €KCIIEPUMEHTAJIbHI 3HAYCHHS
t, . IPEICTABJIEH] KpyKKaMu Ha puc. 4. Sk Bun-
HO, Ma€ MicCIle XOpoIlla BiAMOBIAHICTh MiX pe-
3yJIBTaTaMH PO3PAXyHKY ¥ €KCIEPUMEHTY, IO
MIITBEPIKYE 3aCTOCOBHICTh MOJIEII «KPUTHYHOT
TeMIIepaTyp» ISl ONUCY KIHETUKU MEPEMUKAHHS
3pa3KiB JIOKCHAHOBAHAIIEBOI CKIOKEPAMIKH.

Bumknenns cknoxepamiku Ha ocHo8i
oiokcudy 6anaoiio

Sk BUIHO HA pPUC. 2, IPOTATOM JEIKOTO
Tiacy Hl.CJISI 3HATTS IEPEMUKAIBHOI Hanpyru U,
1 mojra4i Ha 3pa3ok Mmaioi onopuoi Hanpyru U,
CIIOCTEpITaeThes crmaja cTpymy. Taka moBeiHKa
CBIYUTB, IO IIHYP CTPyMy 3 KpucTaniramu VO,
y MeTaJieBiil (a3i 30epira€Thes MPOTITOM JISSTKOTO
qacy MicJisi BAMKHEHHS TIEPEMHUKAIILHOI HAIIPYTH.
Omxke, Ma€ MiCIle 3aTPHMKa BUMKHCHHS [, 3pa3-
kiB VO,-CKIIOKepaMiKy, sKa 0B’ A3aHa 3 Nepexo-
JIOM 31 CTaHy 3 MaJIuM omopom (on-state) y cTan
3 BeIMKUM omiopoM (off-state).

Ha puc. 5 mokazaHo 4acoBi 3aJIe)KHOCTI
cTpyMy 4epe3 3pa3ok VO,-CKIIOKepaMiKH, 3a-
peecTpoBaHi 3a pi3HUX 3HAYECHb NEPEMUKAIBHOI
Hanpyru U, MOYNHAIOYH 3 MOMEHTY 11 3HSITTS
(TToYaTKOBHIA MOMEHT Yacy BiOBIIa€ 3aJHHOMY
(GpOHTY IPSIMOKYTHOTO IMITyJIbCy Ha puc. 2a).
3MEHUIEHHS CTPYMY 3pa3Ka 3 4acoM IIOB’si3aHe
3 IOT0 OXOJIOKEHHSIM BiJl TEMIIEPAaTypH B MOMEHT
BMMKHEHHS Hanpyru U, 1o TemIeparypy HaBKO-
JTUIIHBOTO cepenouia Q. Ha mouarkoBoi craii
Yy 3pasKy iCHye IHyp CTpyMy 3 Kpuctaitamu VO,
B IIPOBIiHIN MeTaneBiii (a3i. 3a TOCUTHh BETUKUX
Hanpyr U, KOy WIHyp CTPyMy Mae TO0CHTb BEJIU-
KU TOTIepeYHHid Tiepepi3, 3pa30K CKIOKepaMiKu
Mae Manui omip R,. Tomy, ockinmbku R, << R,
foro cTpyMm y cxeMi Ha puc. | TOBHICTIO KOHTp-
onmroe 0OMexyBabHUA pesuctop R, Lle noschioe
HASBHICTb JUISHKH 31 CTAOKOO 3aJIC)KHICTIO CTPY-
My BiJ 4acy Ha MOYATKOBii CTajili KIHETHYHOTO
nporecy (puc. 5, region 1). SIk BugHO Ha puc. 5,
JIOBXKHHA I1i€1 AUISTHKY 30UTbIIY€ETHCS 31 3pOCTaH-
HaM Hanpyru U, TIpu4uHOIO0 Takoi MOBEIHKHU €
T€, WO NpHu 30inbmenni U, mHyp cTpymy pos-
IIMPIOETHCS B TIONIEPEUHOMY HanpsMmKy. Lle Bene
110 301IBIIEHHS KiTbKOCTI KpucTaniTis VO, y Me-
tajneBiit ¢asi. Tomy norpiben OuIbLIINI Yac AJs
po3scitoBanHs Teriotu @IIMH, mo BuAiIseThCS
i 9ac nepexomy kpucranirie VO, 3 meTaneBoi
a3y B HAMiBIIPOBITHUKOBY (a3y.

gg T T T T T T T ]
g 2k U=10B 3
— 10 F ]

(5)- 1 1 1 T I T 1 3

25 -
< 20F U,=15B
= 15F
== 10 |

5[

0 1 1 1 1 T . — 1

25 - 3
< 20 U0=1BB—_
= 15[ E
— 10 [ B

Sk 1

0 1 1 1 1 1 1 1

25 N _
< of Uy=20B ]
= 15F 3
— 10 [ 3

5F ]

0 ‘ .

Puc. 5. KineTruka cTrpymy mijx yac BUMKHEHHS
3paska VO,-CK/I0OKepaMiKH 32 PisHUX BeJTUYHH
Hanpyru nepemukanust U,

25
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Y npoueci nepexofy kpuctanirtis VO, 3 Me-
TaneBol (pa3u B HAMIBIPOBIAHUKOBY (hasy morepe-
YHI PO3MIpHU IIHYpa CTPYMYy 3MEHIIYIOTHCS, 10
BeJIe J10 30UIbIIeHHs onopy 3paska VO, ckioke-
pamiku. Lle € mpIYMHOIO 3MEHIIIEHHS CTPyMY 3 Ya-
coM (puc. 5, region 2). Tomy 3a CTpyMiB, MEHIIINX
3a ISOﬁ, y 3pa3ky VO, CKIOKEpaMiKu IIHYp CTPY-
My BiICYTHiH, 1 MOJajbIlle 3MEHUICHHS CTPYMY
3yMOBJIEHE 3MEHILEHHAM TeMIIepaTypH 3pa3ka,
B KoMy Bci kpucrtanitu VO, nepeOyBaroTh y Ha-
MiBIPOBIAHUKOBIH (asi (puc. 5, region 3).

Takum 4uHOM, Yac !,p 110 BU3HAYAE 3a-
TPUMKY NEpEMHKaHHs 3pa3kiB VO,-CKIOKepaMiku
Ta KPUTUYHHUX TEPMOPE3UCTOPIB HA OCHO-
Bl Takoi Kepamiku 3 on-state B off-state, mox-
Ha 3HAWTH 3 JaHMX, MPEJCTABICHUX Ha pHUC. 5,
BUKOPHUCTOBYIOUH PIBEHBb CTPYMY ISOff =11 MA
(muB. Tabmuiro 1). Ha puc. 6 mpeacrasieHo 3a-
JIEKHICTh Yacy 3aTPUMKHU MEPEMHUKaHHS 3pa3KiB
VO,-cknokepamiku 3 on-state B off-state Bix Be-
TUYUHH nepeMukanbHoi Hanpyru U, Yac 3a-
TPUMKH 7, . HA BIIMIHY BiJl 4acy 3aTPUMKH t,
(puc. 2), 3poctae npu 30inbmenni Hanpyru U,
TakuM UMHOM, Ma€ MicIie MPOTUIICKHUIN XapaKTep
3aNeKXHOCTEH Bix Hanpyru U, 9aciB 3aTpUMKH
nepeMuKanHs 3paskis VO,-CKIoOKepamiku 3i cTa-
HY 3 BUCOKHM OIIOPOM Y CTaH 3 HU3bKUM OMOPOM
1 HaBMaKU.

30+

10 15 20 25 30
Uy B

Puc. 6. 3anexHicTb yacy 3aTpuMKH ¢ o 3pa3kiB
VO,-ckiokepamiku Bix Hanpyru nepemuxkanus U,

Crip 3ayBa)KUTH, 1110 MICTS 3HATTS HAPYTH
U, cTpyM Yepe3 3pa3oK MPaKTHYHO MOMEHTAIIb-
HO TIaJia€e OiIBIN HIXK Ha MOPSAIOK (IUB. puc. 20),
a ICJIS 1bOTO MPOTIKAIOTh PeslaKcalliiiHi mporie-

26

cH, onMcadi Buie. ToMy KiHETHKa MepeMUKaHHS
CKJIOKepaMiKH Ha OCHOBI JIOKCHy BaHai0 B off-
state cTaH Ma€ 3HAYHO MEHIIMI BIUIMB HA 1i IIPaK-
TUYHE 3aCTOCYBaHHS, HI’K KIHETHUKA IEPEMHUKAHHS
B on-state cTaH.

BucHoBku

BuBUeHO KiHETUKY NEpPEMUKAHHS 3pa3KiB
CKIIOKepaMiku Ha ocHOBI VO, 31 cTany 3 Beju-
kUM oropoM (off-state) y cTaH i3 MaauM Oomnopom
(on-state) 1 HaBnaku. BcranoieHo, 1110 3aTpuMKa
nepexony 3 off-state B on-state, mpu 3acTocyBaHH1
710 3pa3ka nepeMukarouoi Hanpyru U , TI0B’s3aHa
3 9acoM MOTO0 po3irpiBy A0 Temreparypu ¢pazoBo-
ro mepexomy mMeTan-Hamisnposigauk y VO,. Yac
3aTPMMKH TaKOTO TEPEXOY f, 3MEHINYEThCS 3i
3pocranusm U,. [lokazano, mo pospaxyHkosa
3QIeXKHICTb £, Bix Hanpyru U, oTpuMana 3 BU-
KOPUCTaHHSM CITPOIIEHOTO PIBHSHHS TEIJIOBO-
ro 6ayancy 3paska i MOJIeli «KPUTHIHOI TeMIIe-
patypu», nepedyBa€e B XOpOIIii BiIMOBIIHOCTI
3 eKCIIEPUMEHTAILHUMU JTaHuMU. BeTaHoBeHO,
110 3aTPUMKY 3BOPOTHOIO IIEPEXOAY 3 on-state
B off-state KOHTpoOIIIOE MIHYP CTPYMY, B MEXKax
skoro kpucranitia VO, ckiIokepamiku nepedysa-
I0Th y MeTalneBiit ¢a3i. Yac 3aTpumku ¢ Josr BOTO
Nepexoy BU3HAYAETHCS YaCOM ICHYBaHHS IIHypa
CTpyMy micyisi BAMKHEHHs Hanpyru U, sixa nepe-
Bena 3pasok VO, -ckiiokepamiky B on-state. Benn-
YMHA 3aTPUMKH [, . 3pOCTAE TPHU 30inmpienni U,
[TpuanHOO TaKoi MOBEAIHKU € PO3IIUPEHHS IITHY-
pa ctpymy 3i 3poctannsam U, Ik HacmioK, 3011b-
IIYEThCS KUTbKICTh KpucTanitie VO, y MeTaneBii
dazi. Tomy ¢ oy SPOCTAE 32 PAXyHOK 301 IIIEHHS
gacy, HeoOXiTHOTO JJIsl pO3CIFOBaHHS TETUIOTH, 1110
BHUIAETHCA IMiJ 9ac nepexofay Kpucranitis VO,
3 MeTaJieBoi (pa3u B HaMiBIPOBITHUKOBY (a3y.
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Summary

The current kinetics during the switching of VO, glass-ceramic samples from the high resistance
state (off-state) to the low resistance state (on-state) and vice versa has been studied. The delay of
the transition from the off-state to the on-state, when the switching voltage U, is applied to the glass-
ceramic sample, is related to the time #, required for it to heat up to the temperature of the metal-
semiconductor phase transition in VO,. The delay time z, decreases with increasing U,,. It is shown
that the calculated dependence of ¢, on the voltage U, is in good agreement with the experimental
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data. It is found that the delay of the reverse transition from the on-state to the off-state is controlled
by the current cord within which the VO, crystallites of the glass-ceramics are in the metallic phase.
The delay time 7, of this transition determmes the time during which the current cord is present in
the VO, glass- ceramlc sample after the voltage U, is switched off. The value of 7, increases as U,
increases. The reason for this behaviour is the expansion of the current cord as U increases. As a
result, the number of VO, crystallites in the metallic phase increases. Therefore, ¢, , increases due to the
increase in the time requlred to dissipate the heat released during the transition of the VO, crystallites
from the metallic phase to the semiconductor phase.
Keywords: glass-ceramic, VO,, electric switching
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EJIEKTPUYHE NEPEMUKAHHS B CKIOKEPAMIYHUX CTPYKTYPAX
HA OCHOBI JIOKCHJY BAHAIIIO
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JIHInpoBChKUI HAllOHANBHUMN YHIBepcuTeT iMeH1 Onecst [oHuapa
np. Hayku, 72, uinpo, 49010, Ykpaina, kolbunov_vadim@i.ua

Pegepar

MeToro miei po6otu Oyn0 BUBYEHHS 3MiHM CTPYMY IIiJl 4ac nmepeMukaHHs 3paskis VO, -
CKJIOKEpaMiKH 31 CTaHy 3 BUCOKHM oriopoM (off-state) y cTaH i3 HU3bKHUM OnopoM (on-state) i 3BOPOTHO.
3arpumMka nepexoay 3 off-state B on-state, mpu 3acTocyBaHHI J0 3pa3ka CKIOKEPaMiKU MepeMHUKaI0u01
Hanpyru U, oB’g3aHa 3 4acoM fdon, HEOOXIHUM JJIs HOTO PO3irpiBy 10 Temmeparypu (ha3oBoro
nepexony MeTan-HamBnpoBiaHuk y VO,. Yac 3arpumku ¢, 3MeHInyeThes 31 spoctannam U, [oxa-
3aHO, 1110 PO3PaxyHKOBA 3aIEXKHICTb £, Big Hanpyru U, nepebyBac B XOPOILil BIAMNOBIHOCTI 3 €KC-
MepUMEHTAIFHUMU TaHUMH. BcTaHOBIEHO, 0 3aTPUMKY 3BOPOTHOTO Iepexofdy 3 on-state B off-state
KOHTPOIIIOE IIHYP CTPYMY, B MEXKax AKOro Kpucramru VO, CKIoKkepamiku nepedyBaroTh y METaNeBii
¢azi. Yac 3arpumku ¢ 4oy LIPOTO TIEPEXOY BU3HAAE HaC, YIPOJIOBIK AKOTO B 3pasKy VO, cknokepamiku
icHy€ IHYp CTPYMY, IiC/Is BAMKHEHHS Hanpyru U, Benuanua ¢, 3pocTae mpu 361J'IBH_IeHH1 U,. Ilpu-
YHHOIO TaKOi MOBEAIHKH € PO3LIUPEHHS IHYpa CTPyMY 3i 3pOCTaHH}IM U,. SIx nacminoxk, 36IJ'II>IJ_Iy€TBC$I
KinbKicTh kpuctaniTis VO, y Meranesiii (asi. Tomy 7, 3pocTae 3a paxyHOK 301MbIICHHS 9acy, He00-
X1IHOTO ISl PO3CIIOBaHHSI TEIUIOTH, 10 BUALISETHCS 1'[1,[[ Jac nepexony kpucraniris VO, 3 MeTaneBoi
(ha3u B HAMiBIIPOBITHUKOBY (Ha3y.

KurrouoBi cioBa: cknokepamika, VO,, eI€KTpUYHE IEPEMUKAHHS
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MODELING OF ANALOG-TO-DIGITAL SIGNAL CONVERTERS FOR SENSOR
MICROSYSTEMS IN THE MICROWIND SOFTWARE

L. 1. Nykyruy, R. V. Illnytskyi, M. F. Pavlyuk

Abstract. For the results of simulating the operation of analog-digital converters, we chose
such a converter as the serial approximation ADC (SAR ADC). A sequential approximation ADC is
a type of analog-to-digital converter that converts a continuous analog waveform to a discrete digital
representation by binary search through all possible quantization levels before finally converging on a
digital output for each conversion. There are three important blocks in the SAR ADC architecture: the
sample and hold circuit (Sample and Hold, S/H), the comparator, and the SAR block. The topology
and principle of operation of which was modeled in the Micro Wind software environment.

Keywords: analogue-to-digital converter, MicroWind software, submicron technology

MOAEJIIOBAHHSA AHAJIOT'O-UU®POBUX IIEPETBOPIOBAYIB CUT'HAJIIB
JJIA CEHCOPHUX MIKPOCHUCTEM Y ITPOI'PAMHOMY
CEPEJOBHUIII MICROWIND

JI. I. Hukupyu, P. B. Inbnuyskuti, M. @. [lagniox

AHoTanis. [[ns MogentoBaHHS poOOTH aHAJIOTO-IM(POBUX MEPETBOPIOBAYIB OOpaHO mepe-
tBOproBay ALl nocninoBHoro HabmmxeHHs (SAR ADC). ALII 13 nociifoBHUM HaOJIMKEHHSIM — 1€
THUII aHAJI0Tro-1KU(POBOro MEPETBOPIOBAYA, IKUM MIEPETBOPIOE HENIEPEPBHY aHAJIOTOBY (POpPMY CUTHAILY

©JI I. Huxupyu, P. B. Inenuyvkuii, M. @. Ilagniok, 2024
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B JIMCKpETHE HU(POBE MPEICTABICHHS 3a JOTIOMOTO0 IBIHKOBOTO IMOIIYKY Yepe3 YCi MOXKJIIMBI piBHI
KBaHTYBaHHS MEPe OCTAaTOUHUM 30JMKEHHSIM 10 HU(POBOTO BUXOAY IJISi KOKHOTO MEPETBOPEHHS.
B apxitextypi SAR ADC € Tpu BakiuBi 61oku: cxema BubOipku ta 30epiranns (Sample and Hold,
S/H), xommaparop i 6ok SAR. Tomosnoris Ta npuHIUI poOOTH 3MOAETHFOBAHO B IPOTPAMHOMY Cepe/i-

ourl Micro Wind.

Kurouosi cioBa: ananoro-nudpoBuii nepeTBoprosad, nporpamue 3adesneueHuss MicroWind,

CyOMIKpOHHA TEXHOJIOTis

Introduction

The main application of the sample-and-
store scheme is in ADC. This function block
processes the analog input signal and stores the
value between tact. Many ADC topologies require
a stable input signal, which is provided by the S/H
circuit [1]. This reduces ADC error caused by
internal delay variations. Sometimes this circuit
element is called Track and Hold (T/H). Typically,
a sample-and-hold circuit contains a switch and
a capacitor. In trace mode, when the sampling
signal is high and the switch is connected, it
traces the analog input signal. It then holds the
value when the sample signal goes low in the hold
mode. Figure 1 shows a model of the S/H scheme
in DSCH 3.5

Sample Hold circuit

Fig. 1. Model of the sampling and storage
functional block in DSCH 3.5.

Results and discussion

During binary search, the analog input
signal is sampled and its sampled value is saved
by the S/H circuit. Two signals are applied to
the input: one is an analog input signal applied
to the transfer switch, and the other is a square-
wave sampling signal applied to the CMOS
rather than the gate, which is implemented using
advanced MOSFETs to sample the analog input.
The implementation of the sampling and storage

30

block topology was carried out in the MicroWind
software environment (Fig. 2). [2,3].

‘nEnabie

o i

Fig. 2. Topology of the sample
and storage unit.

The input is a continuous analog signal, we
sample it and obtain a specific digitized value that
is stored at the output of the S/H circuit until the
input is sampled again, i.e. the sampling signal
goes low. In the above circuit, there are two types
of signals, one is the input analog voltage and the
other is the sample voltage. So, depending on the
sampling voltage, a signal is generated. In the
case of high sample voltage, the analog voltage is
held at a certain level for a certain time depending
on the on-time of the square-wave sample signal
[4—6]. S/H is usually implemented using a
capacitive matrix, and the difference between
successive samples is taken. The input signal
is sampled on the top plates when using load
switches. This increases installation speed and
input bandwidth. And at the same time the lower
plates are reset to Vyer.
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Fig. 3. S/H block simulation result.

The comparator is the only analog unit of
the SAR ADC and performs the actual conversion.
It compares the analog input signal to the analog
output of the DAC and generates a digital output
of «0» or «1» to be used in the SAR logic. The
comparator consists of two input terminals,
+V_in and -V _in, where the analog input voltage
is supplied.[7-8]. If the voltage at +V _in is less
than -V_in, then at the output of the comparator
V_out, «0» is output. But if -V_in is greater than
+V_in, then «1» is output. Therefore, comparators
are sometimes referred to as «single-bit ADCs»y.
The common mode range of a conventional
comparator is limited by current-voltage (I-V)
operations.

gl =1 Iz =@l @il @z =

12 5=

Fig.4. A comparator topology built in MicroWind
is demonstrated.

And while in the middle of the power
range, switching may not be possible. Therefore,
a latched comparator can be used for a wide range
of input signal oscillation. The offset error in this
case depends on the MOSFET and the resistors.
This offset does not affect the overall linearity,
but does affect the global offset, which can be
removed digitally. Traditionally, the reset phase
stops the comparator after the proper input voltage
has been established.

Fig.5. The result of simulating the operation
of the comparator in MicroWind.

The last block of the SAR ADC is the
sequential approximation control register itself.
Serial approximation register (SAR) control logic
defines each bit sequentially. The SAR register
contains N-bits for an N-bit ADC. There are 3
possible states for each bit, it can be set to «1»,
reset to «0» or keep its value. In the first step,
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the MSB is set to «1» and the other bits are
reset to «0», the digital code is converted to an
analog value via a DAC. The analog signal at
the output of the DAC is applied to the input of
the comparator and compared with the sampled
input. Based on the result of the comparator, the

SAR controller determines the value of the MSB.
If the input signal is higher than the DAC output,
the MSB remains at «1», otherwise it is reset to
«0». The remaining bits are defined in the same
way. In the last cycle, the converted digital code
is stored. Thus, an N-bit SAR ADC requires N+1

clock cycles to perform the conversion. SAR
i1s a combination of counter and combinational
logic. This helps achieve higher ADC resolution,
but also changes power consumption and signal
propagation delay accordingly [9].

A possible implementation of the topology
of such a signal converter is presented in Fig. 7.
It uses the previously mentioned function blocks:
S/H. DAC, Comparator and SA Register.

Conclusion

For low-rate samples, we can sample from
the lower bits. This therefore results in low
power consumption without affecting linearity.
The comparator bias voltage can also be formed
as a voltage source with the output of the S/H
circuit, which involves adding a bias to the
analog input. But the main disadvantage of this
technology is the high power consumption due
to the isolated S/H circuit. These types of circuits
are called internal S/H circuits and are typically
implemented using a binary weighted capacitance.
Thus, the MicroWind 3.1 software application

32

Fig. 7. Modeled SAR ADC topology in the micro
wind software environment.
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was used to model and design the operation of the
DAC, as it is an open-source software tool for all
users that allows the design and simulation of an
integrated circuit at the physical description (IC)
level. Also, the DSCH3.5 program is a logic editor
and simulator of electronic circuits. DSCH3.5 is
used to verify the architecture of the logic circuit
before starting the microelectronics design.
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Summary

The purpose of the submission is a computer simulation of analog-digital converters, we chose
such a converter as the serial approximation ADC (SAR ADC).

It is shown for low-rate samples, we can sample from the lower bits. This therefore results in low
power consumption without affecting linearity. The comparator bias voltage can also be formed as a
voltage source with the output of the S/H circuit, which involves adding a bias to the analog input. But
the main disadvantage of this technology is the high power consumption due to the isolated S/H circuit.
These types of circuits are called internal S/H circuits and are typically implemented using a binary
weighted capacitance. Thus, the MicroWind 3.1 software application was used to model and design
the operation of the DAC, as it is an open-source software tool for all users that allows the design and
simulation of an integrated circuit at the physical description (IC) level. Also, the DSCH3.5 program
is a logic editor and simulator of electronic circuits. DSCH3.5 is used to verify the architecture of the
logic circuit before starting the microelectronics design

Keywords: analogue-to-digital converter, MicroWind software, submicron technology
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Pedepar
MeToro JOCTIIKEHHS € KOMIT I0TepHE MOJICITIOBAHHS AM3aiiHy aHAJIOTO-IIM(POBUX MEPETBOPIO-
BauiB o0pano neperBoproBad AL nmocnigoBHoro HabmmxenHs (SAR ADC).
[Ipy BUKOHaHHI JOCHIXKEHHS 3A1HCHEHO aHali3 apXiTeKTypH iCHYIOUMX THIIB HU(pPO-
aHAJIOTOBUX MEPETBOPIOBAUIB, 3aCTOCOBAHO KOMIT IOTepHI CUMYIIILii y cepenosuii MicroWind.
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INokazaHo, 110 U1 HU3bKOLIBUIKICHMX BUOIPOK MOKHA pOOUTH BUOIPKY 3 HHKUMX OiTiB. Takum
YHHOM, 1€ IPU3BOAUTH 10 HU3BKOTO €HEProCIOKUBAaHHS 0e3 BIUIMBY Ha JiHIKHHICTh. Hampyra 3mi-
LIIEHHS KOMITapaTopa TakoX Moxe OyTu cpopMOBaHa sIK JPKEPEJIo HapyTrH 3 BUuxojoMm cxemu S/H, mo
niepea0davae JoaBaHHS 3MIIICHHS 10 aHAJIOTOBOTO BXOTy. AJie OCHOBHUM HEJIOJIIKOM ITi€T TEXHOJIOT11
€ BICOKE €HEeproCIOKUBaHHS yepes 1301b0Bany cxemy S/H. L1 Tunu enexTpuyHUX KiJl HA3UBAKOTHCS
BHYTpimHIMU Kona S/H, 1, 3a3BHuail peanizyroTbesi 3 BUKOPUCTAHHSIM ABIHKOBOI 3Ba)KEHOI €EMHOCTI.
Takum unHOM, Iporpamumii 1oaatok MicroWind 3.1 BUKOpHCTOBYBaBCS JIsl MOACIIOBAHHS Ta MPO-
exTyBaHHs poO6oTu LIATIl, oCcKiIbKH 11e TPOrpaMHUil IHCTPYMEHT 13 BIIKDUTHM BUX1IHUM KOJIOM ISt
BCiX KOPUCTYBauiB, KU 103BOJISIE MPOCKTYBATH Ta MOJIETIOBATH 1IHTETpaJibHY CXeMy Ha piBHI (i3uy-
Horo onucy (IC). JloriyHuM peaakTopoM 1 CUMYJIITOPOM €JIEKTPOHHUX cxeM € nmporpama DSCH3.5,
sIKa BUKOPHCTOBY€ETBCS JJIsl IEPEBIPKH apXITEKTYPH JIOTIUHOI CXEMU Mepe]l MOYATKOM MPOEKTYBAHHS
MIKpPOEJIEKTPOHIKH.

KurouoBi ciioBa: nudpo-aHamoroBuii nmepeTBoproBay, mporpaMmue 3adesnedenns MicroWind,
CyOMIKpOHHA TEXHOJIOTis
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CONTACT ADDRESS
Prof. 1. Stolyarchuk
Faculty of Physics, Mathematics, Economics
and Innovation Technologies, DSPU
3 Stryiska Str.
Drohobych, LV REG 82100, Ukraine
E-mail: ictpsp@dspu.edu.ua

CONFERENCE LANGUAGES:
English, Ukraine

IMPORTANT DATES
April 14, 2024 — Online registration deadline
April 14, 2024 — Abstracts submission deadline
May 5, 2024 — Abstracts acceptant
May 12, 2024 — Publication fee
May 12, 2024 — Registration and payment of
the organizational fee online
May 27, 2024 — Registration and accommo-
dation
May 27, 2024 — ICTPSP-XI opening
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CONFERENCE FORMAT
The conference will be held in a hybrid
format (off-line and on-line). Its aim is to promote
scientific contacts and discussions between
researchers from various fields of semiconductor
physics. All materials are in electronic format

The work of the conference will be heard
invited plenary and oral sectional reports, a there
will also be a presentation and review poster
reports.

LANGUAGE FOR SUBMISSION
OF MATERIALS: English

Participant registration and abstracts submission
will be online only:
https://sites.google.com/dspu.edu.ua/topic-
problems-semiconductor/materials-forms

PUBLICATION OF MATERIALS

The presented reports will be recommend-
ed by the program committee for publication in
scientific and technological journals: «Journal
of Physics Studies», «Physics and Chemistry of
Solid State», “Visnyk of the Lviv University. Se-
ries Physics” and “Material Today: Proceedings”.
Note for authors: it will be necessary to prepare
your manuscripts according to journal require-
ments and send it to the editorial board of appro-
priate journal.

CONFERENCE SPONSORS

For financial support of the conference, spon-
sors are invited both from Ukraine and from other
countries of states Sponsors will be (if desired -
from their trademark or logo) indicated in infor-
mation materials of the conference. Those who
wish to provide sponsorship contact the organiz-
ing committee conferences.
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MinicTepcTBo 0cBiTH | HAyKH YKpaiHu
Opnecbka gep:xaBHa akaaeMisi OyAiBHUIITBA Ta apXiTeKTypH
Ykpaincbke ¢iznuHe TOBapucTBO
AxkajeMisi HAYK BUIIOI IIKOJH YKpaiHu
Mi:xBigoM4uii HayKOBO-HABYAJIbHUMH
(pizuko-rexuiununii uentp MOH i HAH Ykpainu

SAINNPOLIEHHA

Ha VI BeeykpaiHcbKy HAYKOBO-IIPAKTHYHY
KOH(pepeHIlilo 3100yBauiB BUIIIOI OCBITH
i MoJIoAMX BYEHHX

PI3BUYHI OCHOBH CYYACHHUX TEX!:IOJIOFIFI
B BYAIBEJIBHIM IHAYCTPII

4-5 xBiTHA 2024 p.

M. Oneca

IIAHOBHI 3/IOBYBAYI BUII[OI OCBITH TA MOJIO/I BUEHI!

Sanpomyemo Bac mpuifHaTH yuacth B poOotri VI BceykpaiHChbKOT HAyKOBO-TIPAKTUYHOT
KoH(epeHIIii 3/100yBadiB BUIIOT OCBITH 1 MOJNOAUX BYCHUX «Pi3NyYHi OCHOBHM CyYaCHHX TeXHOJOTiil B
OyaiBenbHill iHaycTpiD», MpoBeneHHs sikoi nepeadadeHo 4 — 5 kBitHs 2024 p. B OnechKiid nepxkaBHii
akajiemii OyIIBHUIITBA Ta apXITEKTYPH.

Kospos A.B.
Kpogskos C.O.

Incapenxo O.M.

OPI'KOMITET
K.T.H., podecop, 3aciIy’)KeHUH Jisid HAyKW 1 TeXHIKH YKpaiHnu, pextop OpechbKoi
JiepKaBHOI akasieMii OyIIBHUIITBA Ta apXiTEKTYPH, 201064 OPZKOMImemy;
IL.T.H., podecop, MPOPEeKTOp 3 HayKoBOi poOoTH Ojechkoi epaBHOI akajaeMii
OyIiBHUIITBA Ta apXIiTCKTYPH, 3ACHYRHUK 207108U OPZKOMImeny;
K.p.-M.H., noueHT, 3aBimyBau Kadenpu ¢isuku Ojecbkoi AepkaBHOI akaaemii
OyZIiBHUIITBA Ta apXITEKTYPH, 3ACHYNHUK 2071081 OPZKOMInEnty;
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Jlenix S1.1. n.¢.-M.H., mnpodecop, Bile-MPe3UACHT YKpaiHCbKOrO (Di3UUHOTO TOBapUCTBA,
rojoBa OeCbKOTO  PETIOHAJIBHOTO  BiUIUIeHHS ~ AkajaeMii  HayKk  BHIIOI
LIKOJIM YKpaiHu;

Canunbskmit M.A. 1.7.H., npodecop, 3aBinyBad kadeapu OymiBeIpbHOro BHpoOHHITBA HarioHansHOTO
yHIBEpCcUTETY «JIbBiBChKA MOJIITEXHIKAY;

TIonyabeskuii BJSI. 1.¢.-M.H.,, mpodecop, 3aBimyBau kadeapm ¢isukn Ta actpoHoMmii OmechKoro
HaIllOHaJIbHOrO yHiBepcuTeT imMeHi I.I. Meunukosa;

I'oxman O.P. n.¢.-M.H., mpodecop Kadempu MNPHUKIAAHOT MaTeMaTHKH Ta i1HPOPMATHUKH
[liBreHHOYKpaTHCHKOTO HaliOHATIRHOTO yHiBepcuTeTy imMeHi K. /1. YmmHchKoro;
Bopmaxk B.A. I.¢.-M.H., CT.H.C., TIPOBIIHUHA HAYKOBHH CIIBPOOITHUK MIiXKBIZIOMYOTr0 HayKOBO-

HaBUAIBHOTO (i3uko-TexHigHoro nearpa MOH i HAH Vkpainu;

HunkeBuy O.C. 1.T.H., mpodecop Kadeapu NPOLECIB Ta amapariB B TEXHONIOTI OyXiBeIbHUX
MaTepianiB OJechbKoi JepKaBHOI akaaeMii OyIIBHUIITBA Ta apXiTEKTYPH;

Konoxos B.B. K.T.H., JOICHT KadeJApu TEXHOJOrl Oy/iBeJIbHUX MaTepianiB, BHPOOIB Ta
KoHCTpyKIi# [IpuaHinpoBcbKoi AepxaBHOI akaaeMil OyJiBHHUIITBA Ta apXiTEKTypH;

Binincbka JILM.  K.¢.-M.H., noueHT kadenpu ¢izuku Omechkoi aep:kaBHOI akameMii OyIiBHHITBA Ta
apXIiTEKTYPH;

3arunaiijgo I.LB.  k.¢.-M.H., noueHT kadeapu ¢izuku Opechkoi aep:kaBHOI akazeMii OyIiBHMITBA Ta
ApXITEKTYpH.

MeTor koHdepeHUil € CIPUSHHS TiJBUIIEHHIO SIKOCTI OCBITH, GOpMyBaHHS npodeciiHO-3HATYIINX
YMiHb, a TAKOXX IOJIIMIICHHS MPAKTHYHOI 1 HAyKOBO-TEOPETHYHOI IMIITOTOBKH CTYAEHTIB Ta MOJOJHMX
BUYCHHX 3 ()i3UKH Ta IHIIMX TEXHIYHUX TUCIUTLIIH.

HA KOH®EPEHIIII NEPEJJFAYEHA POBOTA
3A HACTYIIHUMU HAITPSIMKAMM

e pecypco- Ta eHepro30epiraodi TeXHOJOTil BUpoOHUITBA Oy/IiBETFHUX MaTepiaiB i KOHCTPYKIIIH

e (Dizuko-xiMiuHI TIporieck B OyIiBENBHHX Marepiajlax Ha pI3HUX CTaaigx iX (QOpMyBaHHS Ta
eKCIuTyaTartii

e (hi3uKO-XiMiuHI OCHOBHU BIUIMBY OaraTo()yHKI[IOHATbHUX HAaHOJI00aBOK Ha CTPYKTYpPY Ta BIACTHUBOCTI
OyAiBeIbHUX MaTepiaiB

e crneKTpodi3HMyHI TEXHOIOTIi y BUPOOHHUUTBI OyIiBeIbHUX MaTepiaiB
® TEIIOMAacoOOMiH y Oy/IiBETbHUX MaTepiajax Ta OropoKyBabHUX KOHCTPYKIIISIX
e 3axXuCT OyAiBEIbHUX MaTepiatiB i KOHCTPYKILIH Bix arpecUBHUAX (Pi3WIHMX 1 XIMIYHUX BIUTHBIB

e iHHOBaIHI pileHHs B OynmiBedbHIM (i3uili s 3a0e3rnedeHHs KOM(OPTHOTO cepenoBHINa IS
JIFOAVHY B OYIIBIAX 1 TEPUTOPISX

e MOJEIIOBaHHS Ta ONTHUMI3allisl BIACTUBOCTEH OyAiBEIbHUX MaTepiaiB
e MOJEIIOBaHHS Ta ONTHUMI3allis B 3a1a4ax Oy/1iBeIbHOT MEXaHIK1
e MOJCTIOBAHHS Ta ONTHMIi3aIlisl eHeproeeKTUBHOCTI OyiBeNb 1 criopyn

YMOBHU YYACTI

HampaButu B oprrkomiter a0 22 6epesns 2024 p.:
1. 3agBKy Ha y4acTh (3MICT 3aBKH HAaBEJCHO HIKYE);

2. Enektponnuit ¢daiin 3 Ttekcrom Te3 gomoBimi B opmari MS  Word (po3mmpeHHs
«.docy/«.docxy).

Te3u Ha KOH(]EPEHLiI0 MOAAI0THCS YKPAaiHCHKOI0 a00 aHIJIicbKol0 MOBaMHU. PillieHHS PO BKIIOYEHHS
MaTepianiB 10 30ipHHKa MTpHUIiMae peaKiliiiHa KOJeris, A0 sIK0I BXOATh WieHn OprKoMiTeTy.
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Y 3asBui Ha y4acTh B KoHdepeHmil 110Tpi6Ho BKA3aTH: NPO3BHILIE, iM’s1, TT0-0aThKOBI, MicIe
HaBYaHHSI 1 HOMEp aKajeMiuHol rpynu (abo miciie poboTH) aBTOpA, Mpi3BHUINE, iM’4, M0-0aTEKOBI, Micle
p060TI/I 1ocajy, HayKOBHH CTYIEHb 1 BUeHE 3BaHHA (TIPH Ha}IBHOCTl) HAaYKOBOI0 KepiBHHKA, KOHTAKTHI
naHHi (e-mail, Tenedon, momToBy a/:[pecy) ska (opMa ydacTi IUNIAaHyeThCs (BUCTYII 3 JOMOBIIIO 1 JPYK
Te3, JMIIe APYKYBAHHS TEKCTY Te3 JIOTIOBi/Ii, JIMIIE Y4acThb B zmcxycn) a Takoxk Temy Barmoi JIOTIOBiIi.
Jlnst nomoBieid 3a aBTOPCTBOM KUIBKOX aBTOPIB CINiJl HAJJaTH JaHHI PO BCIX CIIBaBTOPIB.

BUMOTI'H 710 3MICTY TA O®OPMJIEHHSI TE3 JIOIIOBIIEM

OprKomiTeToM TPHUUMAIOTHCS JIOMOBIMI, B SIKAX TIOBITOMIISETHCSA TPO OPHUTIHAJBHI pe3yjbTaTH
HAYKOBOI 200 KOHCTPYKTOPCBHKOI po00TH 32 y4acTi0 aBTOPiB. Te3u J0NOBIi/li MOBUHHI BKJIIOYATH:
AKTYaJIbHICTD JOCIIKCHHS, Cy4acHHW CTaH mnpoOieMu, MeTy poOOTH, OpHTriHAJIbHI pe3yabTaTH
JOCIIKEHHS 3 MO3HAYEHHSAM 0COOMCTOro BHECKY aBTOPA, BUCHOBKH, aHOTAIlii Ha TBOX MOBaX 00CSITOM
4-6 cTpOK KOXKHA Ta MOCHJIAHHS Ha BHKOpPHUCTaHI ukeperna. Te3n, 3 TeKeTy sIKHX He Oyae 3po3yminuid
0coOMCTHI BHECOK aBTOpPa B OTPMMAaHHI pe3yabTaTiB, OyayTh BIIXWJIATHCHA peAaKUiliHOIO
KOJIeri€lo.

OO0csr Te3 MOXKE CTAHOBHTH BiJl 2 10 6 MOBHUX CTOPIHOK (popmaty A4 3 mosiMH 10 2 ¢M 3 YCiX OOKiB,
HaOpanux mmpudprom Times New Roman 14 nr. 3 MDKpSIIKOBUM HL2pBamom Tesn 3
HE3aIIOBHEHUMH J0 KiHIIS CTOpiHKaMM OyIyTh IIOBEPTATUCS HA TOONPALIOBAHHS.

st oopmiIeHHs Te3 BINMOBIIHO J0 BHMOT peNakilii HeoOXiqHO 3aBaHTaXUTH 3 caiity KoHgpepeHmii

https://sites.google.com/site/odabaphysicsconf daiin madnoHy Ha oOpaHiii MOBI Ta 3aMIiCTUTH HOTO TEKCT
CBOIM.

KOHTPOJIBHI JATHU

IIpesacraBiieHHs 3as1BOK 1 T€3 JAOMOBIICH 1o 22 6epesns 2024 p.
[Togarok poboTn 4 xBiTHs 2024 p.

Marepianu Oyae BHAaHO OKpeMHM 30ipHHUKOM. Martepiaiv, 110 HE BIAMOBIIAIOTH BCTAHOBICHUM
BHUMOTaM JI0 3MICTY, Ta Ti, 110 HaJIHIIIN Mi3HINIE BKa3aHOTO TEPMiHY, OPTKOMITETOM JI0 MyOikalii He
IPUMMaIOTHCS.

YUYACTH Y KOH®EPEHIIII TA MYBJIKAILIIS TE3
BE3KOIMTOBHI

AIPECA OPTKOMITETY

OpnecpKka JepskaBHa akaaeMist OyJiBHHUIITBA Ta apXiTCKTYpH,
65029, M. Oneca, Bya. [iapixcona, 4.

Koopaunatopu
Biminceka JIrogmuina Mukosaisaa, Ten. 098-267-8425
3arunaiino Irop Bomoanmuposny, ten. 048-788-1568

E-mail (B T.4. st Hajcunanus te3): conf-phys@odaba.edu.ua

Caiit koHpepeHUii: /tips://sites.google.com/site/odabaphysicsconf

@ http://odaba.edu.ua/
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IHOOPMALUIA OA ABTOPIB.
BUMOI'A 1O OPOPMIIEHHA CTATEWN Y XXYPHAII

Kypnan «CeHcopHa eneKTpOHIKa i MIKpOCHUC-
TEMHI TEXHOJIOTiD» MyOIIKy€e CTaTTi, KOPOTKi MOB1JI0-
MJICHHS, JIUCTH 70 Pemaxiiii, a Takox KOMEHTapi, 110
MICTSITh pe3yabTaT (PyHJaMEHTAIbHUX 1 IPUKIIaIHUX
JIOCIIJKEeHB, 32 HACTYITHUMH HarpsIMKaMu:

1. ®i3uuHi, XiMiYHI Ta IHIII SBHINA, HA OCHOBI

SIKHX MOXYTb OyTH CTBOPEHI CEHCOPH

2. TlpoexTyBaHHS i MaTeMaTHYHE MOJICIIOBAHHSI

CEHCOpIiB

98]

CeHcopu Gi3UYHUX BEIUYUH
OnTHvHi, ONTOENEKTPOHHI 1 paniamiiiHi

>

CeHcopu
AKYCTOEJIEKTPOHHI CEHCOPH
XiMiuHI ceHCcOpHU
Biocencopu

N

Hanocencopu ((izuka, MaTepiaiu, TEXHOJIOTIS)
9. Marepianu uisi CEHCOPiB
10. TexHoOTisi BAPOOHMIITBA CEHCOPIB
11. Cencopu Ta iHpOpMalliiiHi CHCTEMH
12. Mikpocuctemni ta HaHoTexHosorii (MST,
LIGA-TexHooris Ta 1H.)
13. lerpanmanis, meTposoris i ceprudikaiis
CEHCOpiB
Kypran nyOnikye TakoX 3aMOBJICHI OTJISIH
3 aKTyaJbHUX IHUTaHb, 10 BiJIOBIIAaOTh HOr0 TeMa-
THUIIi, TOTOYHY 1H(POPMAIIiI0 — XPOHiKY, TIEPCOHAITI],
IUTaTHI PEeKJIaMHI TTOBIIOMJICHHS, OTOJIOIICHHS 110]10
KOH(epeHIIii.
OCHOBHHUI TEKCT CTATTI IIOBUHEH BIAMOBiIa-
i BuMmoram [locranosu Ilpesunii BAK Vkpainu Bifg
15.01.2003 p. Ne 7-05/1 (bronerenr BAK Vkpainu
1, 2003 p.) i Oyt cTpykTypoBaHMUM. Martepianu, mo
HAJCUIIAIOTHCS 10 Pemaxiiii, moBuHHI OyTH HamucaHi
3 MAKCUMAJIbHOIO SICHICTIO 1 YITKICTEO BUKJIAy TEKCTY.
Y momanoMy pyKOTHCi TOBHHHA OyTH 0OTpyHTOBaHA
aKTyaJIbHICTB PO3B’sI3yBaHOI 3a/1a4i, chOopMyIbOBaHa
MeTa TOCHIKEHHS, MiICTUTHCS OPUTIHAIIbHA YacTHHA
1 BUCHOBKH, 1110 3a0€3Me4YyI0Th PO3YMiHHS CYTi OTpHU-
MaHUX PE3yNIbTaTiB 1 1X HOBU3HY. ABTOPH MOBHHHI
YHUKaTH HEOOIPYHTOBAHOTO BBEJCHHS HOBUX TEPMiHiB
1 By3bKOTIPO(1TbHAX KaPTOHHUX BUCIIOBIB.
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Penaxkmis s)xypHaIly MpoOCUTh aBTOPIB MPH Ha-
MpaBJICHI CTaTeH A0 APYKY KepyBaTHCs HACTYIHHMU
MpaBUIIaMU:

1. Pykomucu MOBMHHI HAJACWIIATHCS Y ABOX IPH-
MipHHKaX YKpaiHChKOIO a00 aHITIHCHKOI0 MO-
BOIO 1 CyIpOBOKYBaTucs (ailimaMmu TeKCTy
1 maronkiB Ha CD. Pykonucu, sKi mponony-
I0THCS aBTOpaMH 3 Ykpainu abo kpain CHJL 1o
BUJIaHHS aHTIIIHICHKOI0 MOBOKO 00OB’SI3KOBO J10-
MOBHIOIOTHCSI YKPAaTHOMOBHOIO 200 POCIHCHKO-
MOBHOIO Bepcieto. EjxexTpoHHa KOst MOXe
OyTH HajiclIaHa eJIEKTPOHHOIO MOIITOO.

2. TlpwuiiaarHi popmatu tekcry: MS Word (rtf,
doc, docx).

3. TlpwiiasaTHi rpadiuni GopmaT sl PUCYHKIB:
EPS, TIFF, BMP, PCX, WMF, MS Word i MS
Graf, JPEG. Pucynku, siki CTBOpEHi 3a J10110-
MOTOIO TIPOTPAMHOTO 3a0e3IeueHHs JIsl MaTe-
MAaTHYHUX 1 CTATUCTUYHHUX OOYMCIICHB, TIOBUHHI
OyTH TepeTBOPEHi 710 OIHOTO 3 IHX (hopMariB.

4. Ha crarti aBTOpiB 3 YKpaiHU MalOTh OyTH eKc-
MEPTHI BUCHOBKH PO MOXKJIMBICTh BiZIKPUTOTO

APYKY.

PyKOl’[I/ICI/I HAJACUJIATH 3a a/IpeColo:

Jlenix Spocnag lmmiy,
3act. roji. pemaxkTopa,

OniecbKHit HAIlIOHAJILHUI YHIBEPCUTET
imeni [. I. Meunukosa, MHH®TI (H/JI-3),
ByIn. JIBOpsiHCBKa, 2,

Opneca, 65082, Ykpaina.

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

31iliCHIOETHCSI AaHOHIMHE PEIICH3yBaHHS
PYKOITUCIB CTaTeH.
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IIpaBusia miATOTOBKM PyKOMHUCY:

Pyxonvcn moBUHHI CynIPOBOIKYBATHCS OQiITii-
HUM JINCTOM, TMiJITUCAHUM KEPiBHUKOM YCTaHOBH, 1€
Oyna BukoHaHa poOorta. Lle mpaBuiio He cTOCYETHCS
POOIT Ipe/icTaBIeHUX aBTOPaMHU i3 3aKOPJIOHY UM MiXkK-
HapOJIHHUMHU IPyNaMH aBTOPIB.

ABTOpCBKE ITPaBO MEPEXOANTH Bumasiio.

TuTynbHUN apKy1I:

1. PACS i VuiBepcanpauii Jlecarkosuii Kon
Knacudikanii (YAK) (mst aBropis i3 kpaim CHJI) —
y BEpPXHbOMY JIiBOMY KyTi. JlomycKaeThcs JCKijibKa
BIJUIIJIEHUX KOMaMH KOAIB. SIKIIIO HIAKI KOJU KJIACHU-
¢ikamnii He mo3HaueHi, k(1) Oyne(—yTh) BU3HAYEHO
Penaxuiiinoro Konerieto.

2. Hazga po6otu (110 LeHTpPY, TPOIUCHUMH JTi-
Tepamu, WpUPT 14pt, )KUpHO).

3. Ilpi3zBume (-a) aBTropa(-iB) (10 UEHTpY,
mpudT 12pt).

4. Ha3pa yctaHoBH, OBHA ajapeca, TenedoHu
i ¢akcu, e-mail 11 KOKHOTO aBTOpa, HIKYE, Yepes3
OJIMH 1HTEPBaJ, OKPEMUM PSAKOM (10 LEHTPY, IPUDT
12pt).

5. Anorauis: 1o 1000 cumBomiB.

6. Kitro4oBi ciioBa: TXHs KUIBKICTh HE TIOBHHHA
MIEPEBUIIyBaTH BOCBMU CJIiB. B 0COOJIMBUX BHITaIKaX
MO’KHA BUKOPHUCTOBYBATH TEPMiHH 3 IBOMa — Y TPBO-
Ma cioBaMmu. Lli ciioBa MOBMHHI OyTH pO3MIIIEHI i
AQHOTALI€I0 1 HAIIMCaHI TIEK CaMOI0 MOBOIO.

IT.m. 2,3,4,5,6 moCIiI0BHO BUKJIACTH yKpaiH-
CBKOIO Ta aHIJIiICHKOI0O MOBaMH.

Jlnst aBTOpiB 3 3aKOPJIOHY, SKi HE BOJOAIIOTH
YKpaiHCHEKOIO MOBOIO, IMIT. 2—5 BUKJIAAAIOTHCS aHTITiH-
CBKOIO MOBOIO.

7. J1o KOKHOTO MPUMIpPHHUKA CTATTI JONAIOTh-
csl pedepaTH yKpaiHCHKOIO Ta aHIIIIHCHKOI0O MOBaMHU
(xoxeH pedepar Ha okpemomy apkyti). OcoOnuBy
yBary CJIiJ MPUAUISTH HAUCAHHIO Pe3ioMe CTaTTi
aHTTIHCHKOI0 MOBOKO. J[JTs1 IHOTO JOIIBHO KOpHC-
TyBaTHCs IOCIyraMH KBajli(hikoBaHUX CIIeLiaiiCTiB-
JIHTBICTIB 3 TOJANBIIUM HAYKOBUM peIaryBaHHIM
Tekety aBTopoM(-amm). Ilepen cimoBom «pedepar»
HeoOX1HO HamucaTy MOBHY Ha3BY CTATTI BIAMOBIA-
HOIO MoBoto, YJIK, mpi3BuIia Ta iHilianu aBTOPiB,
Ha3BU YCTAHOB.

Pedepar obcsarom 200-250 cniB mae OyTtu
CTPYKTYPOBaHHUM: MeTa (JiTKO CPOpPMyITHOBaHa), METO-
JTU JTOCJTIJDKEHHS, pe3y/IbTaTH A0 CTIKeHHs! (CTHCIIO),
y3arajabHEHHs 200 BUCHOBKH.

[Ticns Texcty pedepary 3 ab3aily po3MillyrOTh-
Cs1 KJIFOUOBI CJI0Ba.

8. Tekct cTaTTi MOBUHEH OyTH HaJApYKOBaHUH
gepe3 1,5 inTepBanm, Ha Oiomy marmepi Gopmary A4.
[Monst: 3miBa — 3cM, cripaBa — 1,5cM, BBEpXy 1 3HH3Y —
2,5cm. Hlpudt 12pt. [1in3aroinoBKH, SIKIIO BOHH €,
MMOBUHHI OyTH HaAPyKOBaHI MPOMUCHUMHU JIiTEpaMH,
KHUPHO.

PiBHSHHS OBUHHI OyTH BBEICHI, BHKOPUCTO-
Bytoun MS Equation Editor a6o MathType. PoGotu
3 PYKOITUCHUMH BCTaBKaMH HE PUHAMAIOThCs. Tabmmii
MMOBUHHI OyTH MpEJCTaBIEHI Ha OKPEMUX apKyIlax
y dopmarti BiAMOBiTHUX TEKCTOBUX (GopmMaTiB (IUB.
BHINE), 91 Y (HOpMaTi TeKCTy (3 KOIOHKAMH, Bifmi-
JICHUMH iHTEepBaJaM1, KOMaMH, KparKaM 3 KOMOI0, Ui
3HaKaMH TaOyIIOBAHHS).

9. V KiHLI TEKCTy CTaTTi yKa3aTH Mpi3BHILA,
iMeHa Ta 1o 0aThKOBI YCiX aBTOPIB, MOIITOBY ajpecy,
tenedoH, axc, e-mail (151 KOpECITOH IEHTIT).

10. Cricok miTeparypu MOBUHEH OyTH HaIpy-
KOBaHHH uepe3 1,5 inTepBaiy, 3 JiTepaTyporo, IpoHy-
MEpOBAHOIO B MOPAKY ii mosiBU B TekcTi. bidmiorpadis
NPYKYETHCS JIAIIE JTaTUHHICIO (KUPUIIUIIS TIOIAETHCS
B TpaHcmitepaiii). [lopsaok opopmieHHs miTepaTypu
NoBUHEH Biamnoinatu Bumoram BAK VYkpainu, Ha-
MIPUKIIAL;

[1]. I. M. Cidilkovskii. 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. ITigmucu 10 PUCYHKIB 1 TaOJIHIb TOBUHHI
OyTH HaJpyKOBaHI B PyKONHCI 3 JBOMA MpOOilaMu
MICJIsL CIIUCKY JiTepaTypu. BUHOCOK, SIKIIIO MOXKITUBO,
O0a)kaHO YHHKATH.

[IpuiiMaroTbes TUTBKK BUCOKOSIKICHI PUCYHKH.
Hamwmcw i cuMBom MoBUHHI OyTH HaApyKOBaHi yce-
peawHi pucynky. HeraruBwu, ciaiinm, i 1iammo3uTHBU
HE IPUIMAIOTHCS.

KoyxeH prcyHOK MMOBHHEH OyTH PO3TAIIOBaHHHA
y TEKCT1 CTATTi MiCJ]is MOCUIaHHS Ha HBOTO Ta MaTh
po3Mip, o He nepeButrye 160x200 mm. s Tekety
Ha pUCyHKax BUKopucToBylTe mpudt 10pt. Onununmi
BHUMIpYy NIOBHHHI OyTH MMO3HAYCHI Mics KOMH (HE B
KPYIJINX JIy’KKax). YCi pUCYHKH TOBUHHI OyTH TIPOHY-
MEpOBaHi B MOPSAKY iX MOSBU B TEKCTi, 3 YaCTUHAMHU
TTO3HAYCHUMH SIK (a), (0), i T. 1. Po3mimennass HoMepiB
PHUCYHKIB 1 HamMCy ycepeauHi MaJIOHKIB HE T03BO-
JSTFOTHCSI.

KonbopoBuii Ipyk MOKIMBHM, SKILO HOTO Bap-
TICTh CIUIAYYETHCSI ABTOPAMH UM iX CIIOHCOPAMH.
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12. Crartst mae OyTH TIiiITMcana aBTOpoM (yciMa
aBTOpaMM) 3 3a3HAYCHHSIM JIaTH Ha OCTAHHIN CTOPIHIIL.

ABTOpY HECYTh MTOBHY BiITOBITAIGHICTH 32 0€3-
JIOTaHHE MOBHE O(OPMIIEHHS TEKCTY, 0COOIMBO 3a
MIPaBIIILHY HayKOBY TePMIiHOJIOTIFO (11 CITijt 3BipsATH 32
(haxOBHMH TEPMIHOJIOTIYHUMH CIIOBHUKAMH ).

13. JlaTor0 HAJIXOJKEHHS CTATTI BBAXKAEThCS
JIeHb, KOJIM JI0 PEAKOJIeTii HaTiHIIIOB OCTaTOYHUH Ba-
plaHT cTaTTi micis pereH3yBaHHs.

[Ticns ogeprkaHHS KOPEKTYPH CTATTi aBTOP I10-
BUHEH BUIIPABUTH JIMIIE MOMUJIKH (UiTKO, CHHBOIO

200 YOPHOIO PYUYKOIO HEMPABUIILHE 3aKPECIIUTH, a M0~
pSAI 3 MM Ha TIOJII HAIMKMCATH MPAaBUILHUN BapiaHT)
1 TEpPMIHOBO BiJICJIaTH CTATTIO Ha aIpecy PEIKOJIeTii
€JIEKTPOHHOIO MOIITOIO.

[lignuc aBropa y KiHII CTaTTi 03HAYAE, IO aB-
TOp TIEpe/Iac MpaBa Ha BUIAHHS CBO€EI CTATTI PemaKIii.
ABTOp TapaHTye, IO CTaTTS OpPHUTiHAIbHA; Hi CTATTH,
Hi pUCYHKH 70 Hei He Oynu omyOnikoBaHI B 1HITUX
BUJIAHHSX.

Bigxuieni crarTi He TOBEpTAIOTHCS.

O YBAI'l ABTOPIB

Miscnapoona azenyis ISSN ecmanosuna ckopoueny Ha368y HAUO20 HCYPHATLY
«Sens. elektron. mikrosist. tehnol. »

IIpocumo Bac y ceoix nocunannsx i 6ionrioepaghiunux oanux cmamet 8UKOPUCMO8Y8AMU
came maky HA38y OCKLIbKU NO Hili OyOe 30ilicHIo8amucs nocuiants na Bauy cmammio.
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