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Po3risiHyTi OCHOBHI KpHCTaiuHI Ta MarHiTHI XapaKTEepHUCTHKH TOHKUX ILTIBOK 3alli30-iTPiEBOTO
rpanary. IIpoaHanizoBaHO NMpPUYMHM TOSIBH J1aOIpUHTHOI, TOJIOCOBOI Ta LMJIIHAPUYHOI JOMEHHOI
cTpykTypu. IlokazaHo, 1m0 JOMEHHA CTPYKTypa 3alli30-iTPIEBOTO IPAaHATY, CHIBHO 3aJICKHUTh BiJ
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B 1isiomy. [IpoBeneHo OIiHKY HaHOLIBII HOMMPEHNX METOJIB CHHTE3Y, I0HHOI IMILUIaHTAlli Ta MOCT-
POCTOBOI 00POOKH (hepUT-TPAaHATOBHX ILTIBOK.

JlocmimkeHHsT  3aJIeKHOCTEH MK YMOBaMHM OTPUMaHHsS, XIMIYHHM CKJIaJOM, yMOBaMH
MoCTOOpOOKH, Ne(PEKTHOI0 CTPYKTYpOIO Ta MarHiTHUMH BIIACTUBOCTAX (DEpUT-TPAHATOBUX ILTIBOK

MAaIOTh BaroMe MpaKkTUYHe 3HAYEHHS JIJIsi OTPUMAaHHS IUTIBOK 3 HaNepe/| 3aJaHUMH BIIACTUBOCTSIAMHU.
Karwuosi cioBa: JlomeHHa CTpyKTypa, MarHiTHa MiKpOCTPYKTYypa, eIiTakCiiHa IUliBKa, 3aii30-

ITpi€BUii TpaHart,

Cmamms nocmynuna 0o pedaxyii 01.09.2017; npuiinama oo opyxy 05.09.2017.

Beryn

MarHiTHI MaTepianu 31 CTPYKTYpOIO TpaHaTy
MOAOBXKYIOTh  3HAXOAUTH MIUPOKE 3aCTOCYBaHHS Y
NpWIafax Ccy4acHoi (YHKI[IOHAJBHOI  €IEeKTPOHIKH.
Cdepa ix BHKOPHCTaHHS B SIKOCTI aKTHBHOTO
cepeloBUIlA  TPAAWIIHHO BKIIOYAE MPHUCTPOi Ha

CHIHOBUX XBHWIJISIX, IO TPAIIOIOTH B 00JIACTI HaJBUCOKHX
YacToOT, €JEeMEHTH TBEpPAOTUILHUX Jia3epiB, IpPUIAAN
MAarHiTOONTHKH, 3aCO0M MarHiTHOrO 3amucy iHgopMarii,
MPUCTPOAX Bidyamizamii cnaOkux MarHiTHuX momis [1,2].
Oco0:uBHit iHTEpeC Ha CHOTOMIHI TPEICTABISIIOTh TUTIBKU
31 CTPYKTypolo TpaHarty misi ToTped MarHoHHOI
CHIHTPOHIKK [3] Ta MarHOH-ONTHYHI TiOPHJHI CHCTEMH
[4]. B sKoCTi aKTHBHOTO CEepEOBHINA /ISl TaKHX
MIPUCTPOIB SIK TIPaBUIIO 3aCTOCOBYIOTBCS
TeTEPOCTPYKTYPH HA OCHOBI TpAaHATOBUX  IDTIBOK,
NPUYIOMY KPUTHYHO BaXKIMBHMHU CTalOTh IHTAaHHS
B33a€MO3B’ 513Ky MiX MapaMeTpaMu Ta 1e(eKTHUM CTaHOM
KPHCTAJIIYHOI I'PaTKU Marepiaiy, OCOOJIMBOCTSIMH HOTO
MAarHITHOI Ta JJOMEHHOIO MIiKpOCTPYyKTYp [5].

275

|. Kpucraaiuna crpykrypa ¢epur-
rpaHaTiB

deput-rpaHatu  SBISAIOTH — CKJIaJHI  OKCHJHI
CroNyku 3 3arajbpHoi0 (Gopmyiaoro {Cs}[ag](dk)Or,, mo
HAJNEKUTH /10 MpocTopoBoi rpynu O (1a3d) . AHIOHH

KHACHIO  YTBOPIOIOTH  KyOiuHYy 00’ €eMHOLIEHTPOBaHY
rpatky, (QOpMylOYM TpU THIU TOPOXHUH — 24
JIoJIeKaeIpUIHUX, 16 OKTaeIPUIHUX Ta 24

Terpaenpuunux (mo3Havarotees {}, [] Ta (), BiAmoBiaHO).
[Topo>XHMHU 3aIOBHIOIOTHCS KaTiOHAMH, SIKI YTBOPIOIOTH
nonekaeapuuHy (c), okraeApudHy (a) Ta TETpacapUuHy
(d) miarpatkm  (moswmiii).  Ilepmri — KOMIUTEKCHi
JIOCITKEHHSI KPUCTATIYHUX Ta MATrHITHUX BJIACTUBOCTEH
OyJI0 IIPOBEACHO HA CTPYKTYPI 3aJ1i30-ITPIEBOTO IpaHaTy
{Y3}[Fe](Fe)O, [6]. 3amoBHEHHS MOPOKHHH YCiX
THUITIB 3YMOBIIIOE CTaOUIBHICTh CTPYKTYpH TpaHarTy, sKa
BOJIHOYAC, € JIOCUTh PYXJIMBOIO 33 PaxyHOK IOPIBHSHO
Benukoro o0’eMy, SKMH Tpunazae Ha (QOPMYIbHY
omuuMI0. HasBHICTH MO3UINHM TPhOX BHUAIB BiJKpHBA€E
LIMPOKI MOXIIMBOCTI Uit 130MOp(QHOro 3amilleHHs
KaTiOHIB 1, BIIMOBIHO, CTBOPCHHSA HOBHUX MaTepialiB 3
MPOTHO30BAaHUMH  CTPYKTYPHHMH Ta  MAarHiTHUMH
pnactusoctsamu. loun Yo ta Fe* moxyTh 3amimtyBarucs
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(qacTkOBO gy MOBHICTIO) MarHiTHUMH

(Mn*, Cr**, Co®, Ni*") qu HEMarHITHUMH
3 3 4 gh

(A°*, Ga™, Ge*', 3, \Vasl ). s 30epeKeHHS

CIIEKTPOHEHTPATTLHOCTI pu 3aMilIeHHi

YOTUPUBAJIEHTHUM 10HOM BHKOPHCTOBYIOTH BBEJCHHS
nBoxsanentHoro (Ca?, La?"). Ocobmusocti crpykrypu
rpaHaty, II0 XapaKTepPU3YeThCs BUIBHUM BIOPSIKYBaH-
HSIM KOODJHMHAIIIMHUX TETpaenpiB, 3yMOBJIIOIOTH II€BHI
OOMEXEHHs Ha pOo3Mip 3aMillyloYMX KaTioOHIB 1
MIPUBOZAATH O HEMOXKJIMBOCTI PI3KUX BiIXMIIEHb BiJ CTe-
xiomerpii. OOMexyouuM (akTopoM 3aMillleHHS €
BEIMYMHA IOHHOTO pajiyca KaTioHa, sKa BH3Ha4ae
WMOBIpHICTh BXO/DKGHHSI 10HY B JaHy nosumiro. B
JIOAICKaeIpUYHI TIO3MINT BXOASATH 3 pajiiycaMud B Mexax
90-120 M, He3aJIeKHO BiJ| EIEKTPOHHOI KOHQIryparii.
Jlsi 3amoBHEHHsI TETpa- Ta OKTANO3MIIH BaXKIIUBOIO €
cepruyHa CHUMETpis OCHOBHOTO CTaHy eJIEKTPOHHHX
00OJIOHOK 10HIB B KPHCTAJIYHOMY IIOJIi BiJIOBIIHUX I10-
3HIIH.

a0

© aTOMH KHCHIO

@ OKTACIpHYIIA MO3UTTis

@ TeTpaespUyHA TIOUTT T

, © MONCKACAPUUHA LO3HLIA

Puc. 1. Cxemaruune
ctpyktypu 31T,

300pa)KeHHsI ~ KPUCTaJIIYHOL

[ocrifiny TpaTkM OaraTOKOMIIOHEHTHHX TI'DaHATIB
MOXKHa po3paxyBaTH BUKOPUCTOBYIOUH NpaBmuiio Berapna
Ta JaHi Juis npocTux rpanatiB. MoHokpucran 31" xapax-
TEPU3YETHCA  MAPAMETPOM  KPHUCTAJIIYHOI  T'PaTKH
a=12374uM, gxkui MOXKE KOJIMBATUCI B MeEXax
+ 240" HM B 3aIEKHOCT] BiJl CKITaly PO3UHHY-PO3IIIABY
Ta TEXHOJIOTIYHUX YMOB BUPOIIYBaHHS [ 7].

Il. MaruniTHa mikpocTpyKTpa ¢eput-
rpaHaTiB

MarHiTHi BJIACTHBOCTI OKHCIIIB 31 CTPYKTYpPOIO
rpaHaTy MOSICHIOIOTBCS 3 JIOTIOMOTOI0 TPHOXITIATPATKOBOT
Mmozeni antudpepomarnerusmy Heens [8]. Jlns Bumamky
3ayizo-iTpieBoro rpanaty {Ys}[Fe](Fes)O,, ionu, mio
3HaXOJATHCS B TPHOX PI3HUX MO3UINSX YTBOPIOIOTH TPU
MAarHiTHI TiAIPAaTKH, MDK SKHUMH Ji€ HempsMa oOMiHHa
B3a€EMOJIisl uepe3 aHIOHM KHUCHIO, MI0 HaMaraeTbes
BCTAHOBUTH MAarHiTHI MOMEHTH MiATPaTOK MapayelbHO
onHa oxuii. [ToBHa HaMarHiueHicTh (DepUT-TPaHATOBHX
TUTIBOK SIBJISIE COOOIO TEOMETPUYHY CyMY HaMarHiueHOCTi
TPhOX IAIPaTOK, IMPUYOMY JBI MiAIPATKU 3aiiza €

aHTHIApaJelbHUMH. BennunHa OOMIHHOI B3aeMomii
BH3HAYAETHCA KYTOM 3B'S3Ky MIDK  BIJITOBIIHUMH
MO3UISIMA. MaKkCHUManpHOIO Oyne B3aeMomis MK

ioHaMU 3aJ1i3a B OKTAaeJIPHYHHX Ta TETPACAPHIHHUX T103H-
uisx Fe**(a) — O —Fe*(d), me xyr 3B's3ky piBHuit
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126,6°. [dns iHIMX NO3WIIH KyT 3B's3KY CTaHOBUTH,
Bimnosinno Fe*(a) - O7—R(c) — 122,2°, Fe*(d)-0* -
R(c)— 120°. OOMiHHA B3a€MOMisi MK OJHOTHUITHUMH
10HaMH BITHOCHO MaJjia i peaji3yeThCs 4epes NBa Ipo-
mixui anionn Fe*(d) — 0% — O —Fe(d) um 101aTKOBO
yepes HemarHiTHHHA Kation Fe**(d)—O*—Ge*'— O% -
Fe(d). BenuurHa Ta Opi€HTallish MATHITHOTO MOMEHTY B
C-TIO3UINIT  3QJEKHUTh BiA THIY PiIKO3EMEIBHOTO
enementy. Cymapuuii MarditHuid momeHT st 317 npu
temnepatypi O K ckmamae 5my; [9].

3a paxyHOK CJIaOKOro BIUIUBY PiJIKO3EMENFHHUX 10HIB
Ha OOMIHHY B3aeMomil0 Mik ¢- Ta d-miarpaTkamu
Temriepatypa Kropi Mano 3anexuTh Bif THIY pinkose-
MENIbHHUX 10HIB, IO BXOASATH B CTPYKTYPY i CTaHOBUTH
565+ 20K [9]. Huma 3II' Temmeparypa 3HHKHCHHSI
croHTanHoi HamarniueHocti T, cranoButh 559 K.

TemmnepatypHa 3aJIeKHICTh CIOHTaHHOT
HaMarHiYeHocTi 100pe y3romKyeThes 3 Mozemto Heens,
Ui 0araThOX CIOJAYK 31 CTPYKTYpOK TpaHaTry
xapakrepuuii N-Tun TemmepaTypHoi 3anexHocTi 4pMs
(masBHAa TOYKAa KoOMIeHcarii). 3amimenns iomis Fe®*
HEMarHiTHUMH  iOHaMH  Bele [0  3MEHIIECHHS
HAMAarHiyeHoCcTi HacwdeHHs B miarpatii d Ta 36inbiieH-
HA B miarpartui a. Jjis 3MeHIIeHHs] HAMarHiYeHOCTi HaCH-
YeHHs JIONIIGHUM € 3amimienns Fe* iomamu Ge™, mo
MPaKTHYHO 3aBXAU 3aiiMaroth d-mosuiii. Beenenns He-
Mar”iTHUX 1iOHIB B a- Ta d-mo3miii mopymrye
MDKIIATPATKOBY — B3a€MOJiI0, IO HPUBOAWUTH 10
3HW)KEHHs Temneparypu Kiopi.

[11.MaruiTHa anizoTpomnis

OpieHTalisi BEKTOpa HaMarHi4eHOCTI BH3HAYAETHCS
KOHKYPYIOUMM TIPOSIBOM OJIHOBICHOI, KyOiuHOI Ta
pomOiyHOi KOMIIOHEHT aHizoTpomnii. [Topsin 3 HUMU icHYe
TaKOX OJHOHAIIPSMIIEHA KOMIIOHEHTa aHi30TpOmii, s
OITUCY SIKOi BUKOPHCTOBYIOTH MOJIENIi MapHOro BIIO-
psnKyBaHHsS a00 MEepeBa)KHOI 3aCENIEHOCTI, MO 0a3ylTh-
Ccs Ha TPUNYIIEHHI IpO CEJIEKTUBHY 3acelleHiCTh
JIOMIIIKOBUMH 10HaMu JIBOX pi3HUX THUIIIB
JIOZICKAaeIPUYHAX BY3JiB, HECKBIBAJICHTHUX BiJJHOCHO
HampsMKy pocty kpuctany [10]. 3a paxyHOK BIUIHBY
3BOPOTHOTO MAarHiTOCTPHUKLIHHOTO e(QeKTy Npu YMOBI
HANPY)KEHOTO CTaHy IUTIBKM MOXJIHMBOIO € TOosiBa
HaBezieHol aHizorpomii [11]. Hampyru B emiTakcifiHUX
OTI'TI 3'sABISAIOTBCA 32 paxyHOK PI3HHII CTajIMX I'PATOK
IUTIBKM Ta MiAKIAJAKA Y4 B TPOIEC] TEXHOJIOT1YHOI
00poOKM TOBepXHi. B psmi BHMagKiB MarHiTONPYKHS
aHi30TpOITisl, BHUKJIMKAaHA  10HHUM  ONPOMIHEHHSIM
TIOBEPXHI IUTIBKH, BUKOPUCTOBYETHCS JUISi KOMIIEHCAIT
POCTOBOI KOMITOHEHTH 1, BiJIIIOBITHO, 3MEHIIICHHS SHEPTii
posmarHidyBanHs ~ [12]. MakcuManbHi  3HAYCHHS
KOHCTaHTH  OJIHOBICHOI  aHi30Tpomii,  iHZYKOBaHOI
HECIIIBNAJIHHAM MapaMeTpiB TIPaTKH IIKIAAKH Ta
mriBky, He mepesumnryrots 10%xm ™ [13].

Jns  emiTakciiHMX —TUTIBKaX — QepuUT-rpaHaTiB 3
opientamiero (111) B 3aleXHOCTI BiA BEIHYHHU
KOHCTaHTH OJTHOBICHOT aHizorporrii Ky Ta
HAMAarHiyYeHocTi HacW4eHHs Mg BHHHKAae JBa THIH
MaruiTHOT anizorpomii [14]. Jins Bunaaxy Ky/2nMg2 >> 1
OJTHOBICHA aHI30TpOIIisl TEPEBUINYE BIACHY KyOiuHY
aHI30TpOIII0 TpaHaTy i BiCh JIETKOTO HaMarHidyBaHHS
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HaNpsIMIICHa B3JI0BXK HOpMaJi 10 moBepxHi miiBku (111)
(xapakTepHO IS IUTIBOK 3 IMTIHAPUYHUMH MATHITHUMH
nomeHamu, Hampukinax Y SmLuCa)y(FeGeSi)sOpp. vV
Brnaaky Ky/2nMZ<<1 3a paxyHOK BIAcHOI KyGiuHOi
aHI30TpoITii BEKTOpP HAMarHiueHOCTI BIAXWIISETbCS Ha
MaJii KyT BiJ TUTONIMHU IUTiBKU. JIO TUTIBOK i3 TaKUMH
XapaKTepPUCTUKAMH HAJIeKHUTh 3aJli30-iTpieBUH TIpaHat
YaFesO, ta La — samimeni 3II°. Takum unmboMm, xoua
JUISL CITaKCIHHUX TPaHATOBHX IUTIBOK, BHPOIICHUX B
wrommui  (111)  Bick  JIETKOr0  HaMarHigyBaHHS
NIepIEeHANKY/ISIpHA JI0 TUTOLUIMHY IUTiBKH, POTE KYT MIiX
BEKTOPOM HAaMarHideHOCTI Ta HOPMAaJUTIO JI0 TOBEpPXHi
WIiBKK cTaHoBUTH 75-85° [15].

V. lomenHa cTpykTypa (pepur-
IPAHATOBHUX ILTIBOK

EneMentapHi  MarHiTHi MOMEHTH Yy  ILIIBII
HAMAaraloThCsl 30PIEHTYBATHUCh B3IOBXK OCI  JIETKOT'O
HAMarHiYeHHsA, MO0 INPU3BOAWTH JO T[OSBU IO
pO3MarHiuyBaHHS, €HEPTil0 SIKOTO MOXKHA BUPA3UTU SK

2 .
Wi =Mqgd Sy, 1€ M ) — HAMArHIYEHICTb JIOMEHa , d -

TOBIIMHA JOMEHa, S — mmoma IacTuHd. EHepris
o

JIOMEHHHX TPaHUIbL Wy =SSN , S1 = Lh; Nz%—

yucio gomeHiB. [loBHa eHepris TIUTIBKM JOPiBHIOE

dMOZV sV
W(d)=wWp +Wy, abo w(d)=—3- + e
h m d
V = L2h. MiHIMyM TOBHOI €Heprii CIOCTepIracThes
pu d2 =lsh, nme |.= S , TakuM YUHOM:
0 0 2
Mo
|
w=2m5. 2
h
3arajioM MOXHa BUJUIMTH TPU OCHOBHI THUITH POPMHU
MOMEHHOI  cTpykTypu 1wiiBok 3l — mosocoBy,

na0ipuHTHY Ta UWIIHAPHYHY. J[J1s eKCliepUMEeHTaIbHOTO
Bi3yaJIbHO'O BUBYEHHSI JIOMEHHOI CTPYKTYpPU B YMOBAax
TPaJUILIHO 3aCTOCOBYIOTHCS MarHiTOONTUYHI METO/IN Ha
ocHoBi edektiB Kepa u ®apanes [16]. Skuio ToBmuHA
MOHOKPHCTAJIIYHOI IUTIBKH 3 OJHOBICHOIO aHI30TpOIiEI0
(y BUMaAKy BiICYTHOCTI aHi30TpOMii B IUIONIMHI IUTiBKH
BCi Opi€HTamii JOMEHHHX TpaHHUIb €KBiBaJeHTHi) Oyme
MEHIIIOK 3a Xapaktepuctuunuit mapametp lo (h<lg) To
MOYHE YTBOPIOBATHCH JIA0IpUHTHA JOMEHHA CTPYKTypa
(Puc. 2).

wtiBok 31T.
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MOXKHa BHJUTUTH He(iKcOBaHMH HaNpsIMOK IOMEHHHX
IpaHUIlb B IUIOIIMHI IUTIBKH, BWTHHHA IO YTBOpPEHI
HEPIBHOMIPHICTIO TOBEPXHI IUTIBKH, BUMAJAKOBI YHHHHUKH,

o Mif0OTh Y MOMEHT (OpPMYBaHHSAMH JIOMEHHOI
CTPYKTYpH, €(EeKTH TIOB's3aHI 3 TCIUIOBUM PYXOM
IPaTKH. JlaGipunTHa CTPYKTYypa 3aJIUIIAETHCS

€HEepPreTMYHO BHTIJHOI 1 NpU HAKIaJaHHI Mayoro
30BHIIITHHOI'0 MarHiTHOTO MOJIS, TIEPIEHIUKYISIPHOTO 10
TIOBEPXHI IUTIBKH.

[Ipu nopyuieHHI yMOBU €KBIBaJIEHTHOCTI JOMEHHHX
rpaHdlb  pi3HOI  opieHTamii  MoXe  BiAOYyTHCH
YIIOPSIIKYBAaHHS CTPYKTYPH JIOMEHIB IIO MPU3BOIUTH 10
YTBOPEHHS MONOCOBOI JoMeHHoiI ctpykTypu (Puc. 3) Lle
BiOyBa€ThCsl  4epe3  BIAXWIEHHS  OCI  JIETKOTO
HaMarHiuyyBaHHS BiJi HOpMali, poMOiYHOi aHi3oTporii,
HaKJIaJaHHi 30BHILIIHBOT'O MOJISL.

i

Puc. 3. 300pakeHHs TOJIOCOBOI JIOMEHHOI CTPYKTYypH
wrisok 31T,

3HaYHWI BIUTUB HA BUHUKHEHHS CMYTOBOI JOMEHHOI
crpykrypu  (CAC) wmaroTh moist po3MarHidyBaHHS,
MEPIICHANKYIIAPHI 10 TUIONMHM IUTIBKA. MOXKITUBICTB
BiyanmpHoro  crnocrepexeHHs CJIC  moscHIOETBCS
HAXWJIOM BEKTOPIB HAMarHideHOCTI JOMEHIB  JO
IUTOIIMHKN  CMiTaKCiiHOI CcTpykTypH. Haxwmim BekTopa
HAMAarHiyeHocTi Moke OyTH TIOB'SI3aHMH 3 BIUIMBOM
HaBeJIeHO1 (pocroBoi) OMHOBICHOI ~ aHI30TPOIIii,
MEPIICHANKYIAPHOI 10 IUIONIMHM IUTIBKU. KpUTUUHUIA
KYT Haxwily, SKHH BH3HAYA€ MOXJIHMBICTH Bi3yaJbHOT'O
criocrepexxennst CJIC, cranoButs Omu3bko 19,5° [17].

Jnst  tmiBok 31T OpieHTOBaHMX B  IUIOIIMHI
kpucramorpadiuaumu  ingekcamMu (111) BUHUKHEHHS
HOPMAJIbHUX CKJIQJOBMX BEKTOPIB HAMarHi4eHOCTI B
CAC, kpiM JaMcioKamiii KpHUCTaNidHOI pemnTKh 1
HABEICHOI aHI30TPOIIii, 3yMOBJIIOETHCS BIAXMJICHHAM OCI
JICTKOTO HaMarHidyBaHs J0 IUIONIMHH CIHICTPYKTYPH

[18].

P T S——

Puc. 4. 3anexHocti mmpunu nomeHiB Wi BiJl TOBITUHH
emiTakciitHoi rwiBkY: (pe3ynbTaTi MojenoBanHs) [18].
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[pu TIPUKIIaIaHHi JIOCTaTHBO BEJIUKOTO

30BHIIIHLOIO Mar"iTHOro noist B sxe aie Jia Tpanat, 1o
KIJIBKICTh JOMEHIB MarHriTHI/H‘/'I MOMEeHT M skux Oyne

aHTHMapajgelbHuM 10 B 3meHmyetbes . JlomeHu ski
6|y)1yT1) MaTH HaMarHiYeHICTh OPIEHTOBAHY B3JIOBXK IOJIS

B  HamararoThcs 3MCHIIMTH CHEPril0  3paska i
301IBIIYBATUMYTHCS B 00’ €Mi, a TOMEHH 3 MPOTHICHKHUM
HANpsIMKOM HAMarHi4yeHocTi OyAayTb CTHCKaTHCh IIO
LIMPYHI 1 3MEHIIYIOThCS MO JOBXKHUHI JI0 THX ITip MOKH HE
MEPETBOPATHCA Ha 1307boBaHi mwmiHApu. L{i moMeHu
Ha3uBarOTh L[WTHAPUYHUMU MarHITHUMU JOMEHaMHU
(M) [7]. i

TakuM 4nHOM, TIpH AesSKOMY 3HaueHHI B cmyroBuit
JIOMEH PO3MAJIA€ThCSl Ha OKpeMi IMIIHIAPUYHI JIOMEHH,
SIKi 3aBJISIKW MarHiTHIH JUITONBHIM B3a€EMOJIiT piBHOMIpHO
posmoainsroTees mo IwriBmi. Ilpu  1mpoMy QopMyeTbes
reKcaroHaJlbHa IpaTKa, UIUIBHICTh JOMEHIB B SKil
3aJI©KUTh Bl BEIMYMHH IHIYKLii  30BHIIIHBOTO

MarHiTHOTO ITOJIA. 3HaYeHHS MAarHiTHOro mojs B , mpu
skoMy ¢opmytotees crifiki [IMJ] Ha3zuBaioTh moiem
LT HIPUIHIX

EIINTUYHOI  HECTIMKOCTI MAarHiTHUX

JIOMEHIB.

Puc. 5. 300paxceHHs ITIHAPUYHOI JOMEHHOI CTPYKTYpH
wrisok 31T,

B inTepBati nonie B; < B < B, enepris rpatku LIM/]
W wMeHma 3a eHeprito J1a0ipUHTHOI  JOMEHHOI
CTPYKTYpH 1 OJHOPITHOTO CTaHy, TOOTO B IHOMY
inTepBaii icHyoTh ctabinphi LIIM/] (puc. 5). Ilpu B = B,
e”eprii LIM/] i ogHOpimHOrO CTaHy CTalOTh PiBHUMH,
MPOTE B IUTIBII MOXYTh iCHyBaTH MeractabimpHi [IM]]
[19], ockinbkM KpHBa 3aJEKHOCTI W(d) BOJIOZI€

JIOKaJIbHUM MiHIMyMOM INipu 3Ha4eHHi aiamerpy LIM/J] do.
Ipu 36inbmienni B Bennunna dp 3menmnyersest. Ilicms
nocsrHeHHst dg kputuyHoro 3HaueHHs (dy), LIMJI
kojaricye  (BeMMYMHA  IHAYKIHT MAarHiTHOrO  IOJs
B = Byq). IIpu B > By LIM/I B miBwi BizcytHi [20].
M/ Moxyrs OyTH BHKOpPUCTaHI IJIsI CTBOPEHHS
CJIEMCHTIB  CHEPrOHE3aJICKHOI MArHITHOI mamM'saTi 3
BiZIcyTHIME pyxomuMmH 4actuHamu [11.]. TIpoGremoro
IIpH IPaKTHIHOMY 3acTocyBaHHi [IM]] cratoTh Tak 3BaHi
“sxopcTki”  momenu [21], XapakTepHOI OCOOJIMBICTIO
SKAX € BeNHMKa KiJbKICTh BEPTUKAIBHUX OJIOXIBCHKUX
miHIA sIKi He Komamcyiote mpu B > By [22]. s
YCYHEHHS  “)KOPCTKHUX HOM]I  3acTocoBYIOThCA
CreliaNbHl  TEXHONIOTIYHI  3aXO[H, HalpaBieHi Ha
CTBOPEHHS 3aJIaHOT0 TUIY CTPYKTYPH JOMEHHUX CTiHOK,
30KkpeMa iOHHa iMmIUIaHTamis [23], BupOIIyBaHHS
0araToniapoBUX  IPaHATOBUX  CTPYKTYp, ITOKPHUTTS
MOBEpXHi  (epuUT-TpaHaTiB IUTBKM TOHKHM IIapOM
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MarHiToMm' sskoro Matepiany. Bracmimok 6ombapayBaHHs
IUTIBKM 10HAMHU 3 BHCOKOIO €Hepri€lo Ha Ii MOBEpXHi
YTBOPIOETHCSI 3aMUKAIOYHMIA MArHITHUH Iap TOBIIUHOIO
< 1 MKM, HaMar"idyeHiCThb SIKOIO BHACIIJOK HaBEIEHUX
MEXaHIYHMX HANpyr HaIpaBlieHa MEPICHAUKYIAPHO IO
Hamarsidenocti IIMJ] 1 JeKUTh B IUTONIMHI IUTiBKH.
Bruius 10HHOT IMITIaHTAIi] Ha JIHAMIYHI
xapakrepuctuku [IMJI mMoxe OyTd pi3HHUM Ui pi3HUX
cknagis OITI, | KOXKHUI KOHKPETHHH BHIAIOK BUMArae
OKpeMOro BHUBYEHHS. [IpocTHM, MpOTe HEIOCKOHATHM
crocoboM ycyHeHHs — “xopcrkux” IIMJ] e Bimman
(hepUT-rpaHaTOBUX IUTIBOK B IHEPTHOMY CEPEOBHIL MPU
1100 °C.

V. OrpuManHsa (pepUT-TPAHATOBUX
ILTIBOK

SIKicHI  XapaKTepUCTHKH  eHiTakCiiHuX  (epur-
IpaHaTOBUX IUIIBOK, IO MependayaroTh MOXIIUBICTh
3aCTOBYBaHHS SIK AKTHBHOT'O CEPE/IOBHIIA CIIHTPOHIKU
3ajexarh B MEpIUIy 4epry BiJl MAarHiTHUX BJIACTUBOCTEH
(KOepIMTHBHOI ~ CHITH, HAMArHiYeHOCTI HACHYCHHS,
MAarHiTHOI MPOHUKHOCTI) MPUIIOBEPXHEBOTO MIapy, sKi B
CBOIO U€pry 3aJIe)KaTh BiJl KPUCTAIIYHOI MIKPOCTPYKTYpH
octanHix (omHOpiAHOCTI XiMiyHOTO i (ha3oBOrO CKiIamdy,
nedexTHOCTI, MopdooriaHoi OymoBH). Tomy
aKTyaJIbHUM € 3aBJaHHS OTPHMaHHs IUTIBOK 3 Hamepen
3aJ[aHOI0 KPUCTATIYHOK (2 BiAMOBITHO 1 MAarHiTHOMO)
CTPYKTYpPOIO IIPUTIOBEPXHEBOTO 1IApYy.

Po3ymiHHST B3a€MO3B' 3Ky MiX CTPYKTYpHUMH Ta
MarHiTHUMH  TIapeMeTpaMu  IUIBOK  JO3BOJIUTH
OIITHMI3YBaTH METOIU CHHTE3y Ta MONAIBIIOI 00pOOKH
€MiTaKCIMHUX IUTIBOK 31130 iITPi€BOTO IpaHarty.

Ha croroani HaiOi1pI1 piiMHHO-()A30B1 emiTakciiiHi
METOJM € TEXHOJIOTIYHO MaKCHMAJBHO BiNpalbOBaHUM
Ta IIUPOKO BXKMBAHUM CIOCOOOM OTpPHUMaHHS ILTiBOK
(epur-rpanartis. MeToa BKIIOUaE Taki OCHOBHI craii: 1)
NepeMillleHHss ~ KOMIIOHEHTH  PO3YMHY  JI0  MEeXi
mudysiiiHoro mapy, SKuil TOpwisrae 10  (QpPOHTY
KpHCTai3anii; 2) He3anexxHa Audy3is KOMIIOHEHT Yepe3
muby3iiiauil map; 3) BOOPAIKYBaHHS KOMIIOHEHT POCTY
mobau3y (GpoHTY KpHcTaiizalii; 4) neconbBaTarlis i0HIB
PO3YMHHMKA 1 AWUQY3is KOMIOHEHT; 5) audysis ioHIB
po3unHHHMKa uepe3 aUDY3IMHWE 1Aap B PO3YMH-
posrmap[11].  TloyatkoBa  (pasa  pocTy  IUTiIBKH
CYNPOBOIKYEThCS (POPMYBaHHIM An(Yy3iHHOrO mIapy Ha
MeXI MiJIKIaaKa — pO34HH - po3IUIaB. B ocHOBHIN (a3i
3aJICKHICTh TOBIIUHM CIITAKCIHHOI IUTIBKM BiJ dYacy
pocty HOCHTh IiHidHMIT Xapaktep [24]. TlepeGir
€MiTAaKCIHOrO POCTY 3 PO3UMHY-PO3ILIABY BU3HAYAETHCS
mudy3ier0  TpPaHATOYTBOPIOIOYMX  KOMIIOHEHT —4epe3
NPUTIOBEpXHEBUH 1map Oinst (poHTY KpHcTasizalii,
KIHETUKOIO peaKiiil iX BXOKEHHS B CTPYKTYpPY IUTIBKH
Ha (POHTI KpHUCTaTi3allii Ta MEPEHOCOM KOMIIOHCHT
PO3UMHY IO TpaHuIl Judy3idHOrO mMapy i BU3HAYAETHCS
TAaKUMH TEXHOJIOTIYHHMH IIapaMeTpaMu , SK CTYIIiHb
MIEPEOXOJIOMKEHHSI PO3YMHY-PO3ILUIABY Ta MIBUAKICTH
obeprannst migkmaaky, [25]. IlicmsipoctoBa 00pobOka
IUTIBOK BKJIIOYA€ MEXaHIYHy UDTIQOBKY, MEXaHiuHY,
XIMiKO-MeXaHiYHy Ta XiMi4HY MOJTiPOBKH.

Juns toro mo0 BimOyBaBcs emMiTaKCIHHMNA picT
HEeOoOX1THO, 00 Pi3HMIIA MapaMeTPiB IPATKH IUTIBKH d,; 1
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MIIKIAOKd @,y Oyna MiHiManeHOWO. [lpu  pi3HuUIi
mapaMerpiB IpaTKd IUTBKa-Tiakmanka (4a= a,y—a,,)
6inpmii 3a 0,19 A mpu 950°C, emirtakciiinmii picT He
BiZiOyBaeThes [24] mokaszanorio. [lpu MeHmmx Aa B
EMITaKCifHIM IUNBII B 3aJ€XKHOCTI Bij 11 TOBIIMHU
BiZIOYBA€THCS YTBOPEHHS MiKpoe(eKTiB (pi3HOro THUITY B
3ajJeKHOCTI Bim 3Haky Aa) [26]. Haamipuuii po3Tsr
wiiBkd (a,, < a,,) TPUBOMUTH 1O YTBOPEHHS TPIIIHH,
HaaMipHuU# ctuck (a,, > a,y) — 10 YTBOPEHHS rOpOUKIB i
Cripusie pyHHYBaHHIO MOBEPXHi po3ainy. Y poboti [24]
MOKa3aHO IO I BHPOINYBaHHS Oe37e(eKTHOI IUTiBKH
JIONYCTAMI 3HaueHHs 48 TpH KIMHATHIA TeMmepaTypi
MOBUHHI 3HAXOAUTHCS B Mexax Bim -0,012+-0,015 A mo
+0,018 A.

HeBinnoBiaHiCTh MiX MapaMeTpaMu I'paTKH IUTIBKA
Ta  MIKIAQAKA  BeAe /0  TOSBU  JHUCIIOKAIlii
HEBINNOBIAHOCTI 1 MEXaHIYHUX HANpPYXKeHb, SKi
HETaTUBHO BIUIMBAIOTH Ha MOUIMPEHHS 1 XapaKTePUCTUKU
MCX [27].

Bubip kpucranorpadiuHoi opieHTamii MOBEpXHi
MIAKIaIKU € JOCTaTHHO BakIuBuM. [TiommHa miakmaaku
(111) € HaibiTBII MIOPCTKOIO HA aTOMHOMY PiBHI TOMY
IIBUIKICTh CMITAKCIHHOTO POCTY Ha HIA HaWOiIbINA, B
nopiBHsHHI 3 wionwHaMu (110), (100) ta (112), [28, 29].

B minomy, KiHeTHKa €MiTaKCIHHOTO POCTy 3 PO3YHH-
pO3IUIaBy BH3HAYAETHCA B OCHOBHOMY TH(]Y3i€r0
IpaHaTOyTBOPIOIOYHX KOMITOHEHT qyepes
MPUTIOBEpXHEBUH 1map Oinst (poHTY KpHcTasizalii,
XIMIYHOIO PEaKIi€l0 NPHEAHAHHS YaCTUHOK 3 PO3YHH-
po3luiaBy 10 IUIBKM Ha (POHTI Kpucramiszamii Ta
MEPEeHOCOM  KOMIIOHEHT  pO3YMHY  JO  TIpaHHI
mudysiiaoro mapy [30, 31]. Ilig yac BUKOpPHCTAHHS
Merony POE yTBOprotoThes epexiiiHi HOBEpXHEBI Mapu
IUTIBKA-TAKIaAKa Ta IUTIBKA-MOBITPsA. XiMIYHUN CKIIad
KX IIapiB BiAPI3HAETHCS BiJl OCHOBHOTO 00 €My, IO B
CBOIO Yepry JIa€ BHECOK Yy 3MiHy MarHiTHUX IapaMmeTpiB
tiiBkd. OcOONMMBO CYTTEBHMH BIUTUB TEPEXiJHHUX MIapiB
Ha napamerpu cyomikponuux OI'TI.

VI.MeToau nocTpocToBoi 00podKu
(epuT-rpaHaToOBHX ILTIBOK

Ionna iMmnuianTanis.

3acTocyBaHHA 10HHOTO OTIPOMIHEHHS o
emitakciiaux 1wIiBok 31T 103BONISE TPOTrHO30BAHO
3MIHIOBaTH KpPUCTAJII4YHY Ta, BIJNOBIIHO MAarHiTHY
cTpykTypu npuroBepxHeBux mapis @I'Tl, Bukiukatoun
MAarHiTOCTPUKIIHHI 3MiHH TYCTUHU eHeprii
MAarHiTOOIHOBICHOI aHi30TpOMii Ta BIUIMBAIOYU Ha e(ek-
TUBHY MarHiTHy TOBUIMHY IUTIBKH, JUCIEPCIIO Ta MIBH[I-
KiCTb MTOUIUPEHHS MAarHiTOCTaTHYHUX XBHJIb,
HaMarHiYeHicTh HacWdeHHs. B texwmomorii I[IM/J] -
MaTepiajiB IMIUIAHTAIlisl 3aCTOCOBYETHCS ISl YCYHEHHS
“>xopcTKHX” JIOMEHIB (IIIIXOM CTBOPEHHS MapaieibHOT
10 TIOBEPXHi JTJOMEHHOI IpaHHuIl) Ta GOpMyBaHHS UIAXIB
ix mpocyBaHHs [7].

Pexxum 11 BH3HAYA€THCS TUIIOM, JO300 Ta CHEPTIEIO
IMIUIAHTOBAaHUX 1OHIB, TEMIIEPATYPOIO MIIlIEHI Ta KyTOM
MIX HamlpsIMKOM IIOTOKY HAJITAIOUMX 10HIB 1 HOPMAJLIIO
10 TOBEpXHi MIiBKHU [32].

BnactuBocTi MOpYyIIEHOI BHACTIAOK OMPOMIHEHHS
IUISHKM ~ BH3HAYaIOTBCS ~ XapakTepoM  PO3MOALTY
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paniamiiaux nedekriB o raubuHi WwiiBkK. [lopymeHnii
11ap MOXKHa YMOBHO TTOJIUIUTH Ha TPH ITiJIIAPH:

- emiciiinuii migmap (ToBmmMHA 10 » 1 HM)
YTBOPIOETBCS TPH  DPO3MWICHHI 3 IIOBEPXHI IUIIBKH
YaCTMHOK B HEHWTpalIbHOMY YM 1OHI30BaHOMY cTaHi. B
upoMy migmapi Il cTtumynmioe enexkTpoHHY eMiciio,
YTBOPEHHS KUCHEBUX BAaKaHCIH, CIIPUYMHIOE TIOPYILIEHHS
€JIEKTPOHEUTPAIILHOCTI Ta psi/i TOBEPXHEBUX e(EKTiB
(axkTHBaIis XIMIYHUX PEAKILiH, IPOIECH TUCOLIALiT);

- mopymieHud migmap (TOBIIMHA BU3HAYAETHCS
YMOBaMH IMILTaHTAIlii, K mpaBwio < 1 MkMm ). B HbOMY
BiIOyBAIOTHCSI TPOLIECH TIEPBHHHOTO Ta BTOPUHHOT'O pa-
nianiiHoro aeeKTOyTBOPEHHS, BCTAHOBJIECHHS MPOQiiB
pO3MONiAy BKOPIHEHHMX IOHIB Ta 3MIIICHUX 1OHIB
MaTpHli, CEIEKTHBHOIO  pYHHYBaHHS  KaTiOHHHX
MiATPaTOK, CAaMOBINATY IOHHUM ITYYKOM;

- 30ymkeHudl mimmap (TOBIIMHA MEPEBHIILYE
ioHHH#t  mpoGir). BmactuBocTi  mBOro  migmIapy
BU3HAYAIOTHCS  IpOLECaMu, 10  MpOTIKAITh B
30yIKEHOMY 1, MOXIJIHBO, eMiciiiHomy mapax. Tyr
BUHHKAIOTh NOJS NPYXHUX AedopMallill, iyTh mporecu
paniamiifHo CTUMYIbOBAHOI TUPY3ii.

Pe3ynpraToM ioHHOI IMIUIAHTAlii € JIOKaJbHE
36iMbIICHHS MIKIUIOMIMHHOI BificTaHi d B HampsMKy
HOPMaJIBHOMY JIO TIOBEpXHIi ILTIBKM Ta BUHUKHEHHSI TUIO-

Dd

1-n d
FOHra, N — xoedimient IMyacona (st 31T E = 240° Ma,
n=0,29[7]).

[pu mo3ax iMIuTaHTaLil, [UIst IKUX MOJKHA HEXTYBAaTH
B3a€EMOJIIEI0  OKPEMHUX  pamialiiHuX JedeKTiB  Ta
(opMyBaHHIM KPHCTaJIIYHO-PO3BIIOPSIKOBAHUX
obmacteil B3OBXK 10HHOTO TpPEKYy, MOXKHA BBaXKaTH
HaBeJEeHI Hampyrd TMPONOPUIHHUMHU /IO TyCTHHHU
pamiamiiaux aedekrtiB. Hampyrm cTucky B IUIOMIMHI
TUTIBKA BUKIJIMKAIOTh MarHiTOCTPUKIIHHY 3MiHY T'yCTHHU
€Heprii MarHiTOOIHOBICHOI aHI30TpOMil Ha BETUYUHY
3

2

IMHHKMX HAMpPYr CTHUCKY: s . ne E — Monynb

| 1115 nn» € | 117-KOHCTaHTa MArHITOCTPHUKIII.

Binnaa.

Bigman € omHuM 31 crocobiB KepoBaHOI 3MiHH
BJIACTHBOCTEH  10HHO-IMIUIAHTOBAHOTO  MIApy IS
MiJBUILICHHSA HOT0 TEPMOCTAOIIBHOCTI Ta KOPEKIII Horo
¢bi3naHIX rapamerpiB (ctymenss  nmedexTHOCTI,
mapaMeTpiB MarHiTHOI aHi3oTpormii). B mporeci Biamamy
3a  paxyHOK Judy3IHHHX TpPOIECIB  BiAOyBaeThCS
YaCTKOBE UM [TOBHE YCYHEHHs pajiamiiHux nedekris, yr-
BOPCHHMX B pE3YJbTaTi 10HHOI'O OMPOMiHEHHS. Bimman
SIBIIsIE cOOOI0 OaraTocTaJiifHUil mpolec, yMOBH SIKOTO
BU3HAYAIOTHCS PEKUMOM IMIUIaHTalii Ta mapaMeTpamu

IUTIBKK. Bigman, B  3aJeXHOCTI BiJf KOHKPETHHUX
TEXHOJIOTIYHUX 3aBJaHb, MOXE BimOyBaTucs SK B
mporieci 10HHOI immiaHTamii (UUIIXOM — BapirOBaHHS

ryctunu cTpymy ioHiB) [33], Tak i micns Hel — Ha TOBITPI
[34], y Bakyymi 4 y meBHi#t XimiuHi#t atmocdepi [35].
BigmosigHo mo [36] TepMiyHmii Biaman TOYKOBHX

nedekTiB  Ta iX KOMIUIEKCIB MOXJIMBHH TpboMa
[UTSIXaMH.

- IUIIXOM pO3Mamy CKIaagHoro nedekry Ha
KOMITOHEHTH 3 1IX TOHANbIIO0  aHITLIAIEID  YH

TUGYHAYBAaHHIM IO CTOKIB;
- IUIIXOM PYyXy Ae(eKTy sSK €IUHOrO IIOro 0
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CTOKIB (MOBEPXHs, TPAHHMIIl 3€PEH, AUCIOKAIIT Ta iH.);

- IUIIXOM B33aEMOMIi PYXJIMBHX KOMIIOHCHTIB
(BmacHMX aTOMiB, aTOMIB JOMIIIKM, BakaHCiii) 3
HACTYITHOIO TepeOyq0oBOI0 Ta YTBOPEHHsIM JedeKTiB
HOBOT'O THITY.

[Iporiec Moke 3IIMCHIOBATHCS K  KJIACHYHUM
crocoboM — B Ieyi, Tak 1 3a JOIOMOIOK METOIIB

MAarHiTOONTUKH Ta CHIHTPOHIKH MNOTPEOYIOTH TMOMIYKY
B3a€MO3B’SI3KIB MK YMOBaMH OTpPHMaHHS, XIMiYHHM
CKJIaZIOM, YMOBaMH IOCTOOpPOOKH, HEOIHODIJHICTIO
CTPYKTYPHUX Ta MarHiTHUX BJIACTUBOCTEH IO TOBIIHHI.
Bcranosiennst Gi3nyHNX 3aKOHOMIpHOCTEN (hOPMYBaHHS
KpHCTaJI4HOI, MardiTHOI Ta goMeHHoi ctpykryp ®I'TI €
aKTyaJIbHOI0O HAayKOBOIO 3aJayelo, PO3B’ 30K fAKOi JacTb

JIOKaNbHOI 00pOOKM (J1a3epHe BUMPOMIHIOBAHHS, €IIeK- MOXITUBICTh po3poduTH METOAHU TPpUMaHHA
TPOHHUH MyYOK, IMITY/IbCHA JTAMIIA). (G YHKITIOHATTBHUX MaTeplaiiB 3 CYKYITHICTIO
BIIACTUBOCTEH, QJanToOBaHUX JO TIE€BHOI  BY3bKOI

TEXHOJIOTIYHOT Tajy3i.
BucHoBku
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A.O. Kotsyubynsky

Crystalline, M agnetic and Domain Structure of Epitaxial Ferrite-Gar net
Films (Review)

Yuriy Fedkovych Chernivtsi National University, Kotsjubynskyi Sr. 2, Chernivts 58012, Ukraine, office@chnu.edu.ua

The article gives aliterary review of the current state of research of ferrite- garnet films. The basic crystalline
and magnetic characterigtics of thin films of iron-yttrium garnet are considered. The causes of the appearance of
the labyrinth, band and cylindrical domain structure are analyzed. It is shown that the domain structure of the
yttrium iron garnet strongly depends on many parameters of the films, in particular on the thickness, structura
perfection of the surface and the sample as awhole. An estimation of the most common methods of synthess, ion
implantation and post-growth treatment of ferrite-garnet films is carried out. The article reviews the most
common methods of synthesis, ion implantation and post-growth treatment of ferrite-garnet films. The study of
dependencies between the conditions of obtaining, the chemical composition, the post-treatment conditions, the
defective gtructure and the magnetic properties of ferrite-garnet films have great practical value for obtaining
films with predetermined properties.

Keywor ds: domain structure, yttrium-iron garnet, LaGa-substitution, magnetic properties, lattice parameter.
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VY pamkax naHoi poOoTH 3pOOJICHHH Orisn Teopil ME30CKOMIYHMX CHUCTeM. 3a3HaueHO OCHOBHI e(eKTH
ME30CKOIIYHUX CHUCTEM, BHU3HAUCHO, 110 MAaKPOCKOMIYHI XapaKTEPUCTHKH CHUCTEMH 3HAuHO (IIYKTYIOIOTh, Y
paMKax ME30CKOIIYHOro piBHs. BH3HaY€HO OCHOBHI IOKA3HMKHM KOI€PEHTHOCTI KBaHTOBOI (a3 Ta OKpECIEeHO
MEXaHi3MH BIUIMBY. OXapaKTepH30BaHO IIIiCTh eEKTIB ME30CKOMIYHUX CHCTEM 3 JICTAJIBHUM OOIDYHTYBAHHSM.
Teopiss ME30CKONIYHUX CHUCTEM IDYHTYEThCS Ha HACTYITHHX ME30CKOIIUHMX edekrax: edexr AapoHoBa-boma;
e(eKT IHTErpaJlbHOro KBaHTOBOI'O BMXOJy; IpoOoBHH KBaHTOBMI edexr Xoiia; yHiBepcasbHi (uIyKTyawii
KOHJIAKTAHCa, KBaHTYBAHHS IPOBIIHOCTI KBAHTOBOIO TOYKOBOI'O KOHTAKTY; HMOCTiHHI CTPyMH y ME30CKOIIYHHX

KIJIBISX.

[epcriekTrBY TOANBIIMX PO3POOOK Yy JAHOMY HANPSIMKY NOCIHIDKEHHS IPYHTYIOTBCS Ha JIETAIBHOMY
BHBYEHHI ME30CKOIYHMX €(EeKTiB BHXOIIYM 31 3pOCTarodyoi TEHICHII /70 BUTOTOBJIEHHS Ta JOCIIJKEHHS
MarepiaaiB, IO MiICTATh HAaWMEHINI CTPYKTYpM Ta MAalOTh HHM3bKOPO3MIpPHI PHUCH, IO INPHU3BOAUTH JI0

ME30CKOITYHOr0 PEKUMY.

Korouosi cioBa: me3ockoniuni cuctemu, (urykraiiis, KBaHTOBa (pa3a, KOr€peHTHICTh, HAHOCTPYKTYpOBaHa

CHCTEMa, MAKPOCKOIIYHI XapaKTePHCTUKH.

Cmamms nocmynuna 0o pedakyii 19.08.2017; npuiinama oo opyky 05.09.2017.

Beryn

[Mocriiina TEHSHIIisI B Cy4acHOMY
MaTepiaJo3HaBCTBI MOJIATaE B TOMY, 1100 3aIpoOIIOHyBaTH
Ta JOCHI/PKYBaTH CHCTEMH, IO MICTATh HaHMEHII
crpykrypu.  OTpuUMaHi  CHCTEMH  HIAXOAATH 10
ME30CKOIIIYHOI'O PEeXHMY, B SKOMY KOT'€pPEHTHICTh
KBaHTOBOI ()a3u MpPU3BOIUTH JO 3MIHU y €JEKTPOHHHUX
CTaHaX KBaHTOBHX MPHUCTPOiB. Y TOW Jke dac
MIKPOCKOMIYHI ~ JleTami  3pa3ka, Taki SK TOYHA
KOH(QITypallisi JOMIIIOK B HEYIOPSJAKOBAHUX CHCTEMaX,
BH3HAYAIOTh JCAKI KUTBKICHI 0COOIMBOCTI MOBEMIHKH. 1le
MOXE IIPU3BECTH JI0 BHPaKeHUX (DIYKTyamil KijIbKOCTI,
BUMIPSHOI B Pi3HHX 3pa3Kax, SIKi € MaKpPOCKOMiIYHO
€KBIBAJICHTHUMH.

B xinmi XX cromittst y di3u4HiN Haymi 3'IBISETHCS
sIBHA TEHJEHIlsI 10 HAHOCTPYKTYpOBaHHX cucTeM. ki
BKIIIOYAIOTh B ceOe HaIiBIPOBIIHUKOBI CTPYKTYpU Ta
MarHiTHi  Marepiaim, a  TakoX  BHYTPIIIHBO
HAHOCTPYKTYPOBaHI CHCTEMH, TakKi sSK Oiomarepiaiud Ta
MakpoMoJieKyd. 1{i HaliMeHIIT CTPYKTYpHU MiIXOAATh J0
TaK 3BaHOTO ME30CKOITIYHOTO PEXKUMY, B IKOMY KBaHTOBI

epeKTH  CTaloTh  aKTyalbHUMU JUIA  TIOBENiHKH
MatepiaimiB. Y TOH Ke uac, 3HA4YHI YCIIXH Y
KOHTPOJIbOBAHOMY BUTOTOBJICHHI CyOMIKpOHHHX
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TBEPAOTIIBHUX  CTPYKTYp, a  TaKoX
JIOCTYTIHICTh HU3BKOTEMITEPATYPHHUX YCTaHOBOK
JIO3BOJIMUIM  CUCTEMATHYHO  JIOCHIDKYBaTH  IITYYHO
CTBOPCHI CTPYKTYPH, €JIEKTPOHHI BIIACTHUBOCTI SKHX
Moau(ikoBaHi ab0 HaBITh IEPEBaXKAIOTh  BIUIUB
KBaHTOBHX iHTepdepeniii. Ile mae 3mory mpoBomuTH
EKCIIEPUMEHTH Yy  ME30CKOMIYHOMY  PEeXHMi,  SKi
0e3mocepenHb0  JOCHTIHKYIOTh KBAaHTOBI BJIACTHUBOCTI

(ba30131/1x KOI'CpCHTHUX CUCTEM 0araThox TiJ.

3arajibHa

|. IlocTanoBKa Mpo0JieMH AOCTiTKEHHS

Mera pobotu - 3poOutH  orsan  Teopii
ME30CKOIYHUX cucTeM. OnucaTtd OCHOBHI ITOKa3HUKH
KOTepEHTHOCTI KBaHTOBOI (ha3¥ Ta OKPECTUTH MEXaHI3MHU
BIUTHBY.

AHani3 ocTaHHIX JoCJHilKeHb 1 MmyOmikamii.
XOpomrMy MOYaTKOBUMH MOMEHTaMH JI0 BHBYEHHS
ME30CKOITIYHOI (Pi3UKH € HelaBHI KHUI'M HAyKOBI poOOTH
3 gaHoi Temu, BHUkiIageHi M.A. IBanosum  [1],
C.M. llleByenko [2] Ta M.B. Jlenucenko,
AM. Caranunmm [3].

A.®. Kinuncekux, Xanr T.T. Hryen, II.A. Meie-
nieHko [4] B momatky 10 paAy (QyHIaMEHTaIbHUX
BTOPMHHHMX» MaKpOCKOITIYHUX KBaHTOBUX e(eKTiB, a
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TaKOX KBAHTOBO-PO3MIPHHX €(EKTIiB B ME30CKOMIYHUX
cucTeMax BHUKJIAJEHI JEsKi Cy4acHI METOMU KBaHTOBOI
MEXaHIKH, 10 He 3HANIIIM ITOCIIIJOBHOI'O BUCBITIIEHHS B
HaBYaNbHIH iTepaTypi.

Cratrs [5] npucBsyeHa IOCITIIKEHHIO MPOBIAHOCTI

mo gomimkax cmabomerosamoro (N < 1,017 em)
HEKOMIIEHCOBaHOTO (K < 10%) KpEMHito BiJl
enektpuudoro (E) 1 warnitHoro (H) momie mpwu
TemnepaTypax, BiJIMOB1THIX HaCHYEHHIO 03-
MIPOBIiTHOCTI.

B.P. XamunoB [6] HaBOmWTH  PEIATHBICTCHKHIMA

KBaHTOBHUI edexkT AaponoBa-boma mis BinpHOro (3a
HasIBHOCTI TPHBEKTOPHOTO KYJOHIBCHKOI'O TOTEHINATy
JlopeHiia) Ta moB'sI3aHUX (PEPMIOHHUX CTaHiB. ABTOPOM
OTPUMaHO 3arajibHy aMIUlITyly pO3CIIOBaHHA B
KOMOiHaIil TpH BEKTOPHUX KYJIOHIBCHKUX MOTEHIaJIB
AaponoBa-boma Ta JlopeHla Sk CyMH OBOX aMILIITY[
PO3CifOBaHHS.

OpHak, HE3BaXKAIOUM HA MACIHITa0HICTh HAYKOBHX
JIOCHI/DKEHbh 32 TEMOI0 JaHoi poOOTH, NHTaHHS
OOTpYHTYBaHHSI ~ Teopii  ME30CKOMIYHHX  CHCTEM
3aJIMIIAETBCS  BIOKPUTUM Ta MOTpeOye JEeTalbHOTO
OITpaIfOBaHHSI.

1. Bukjiag oCHOBHOI0 MaTepiary
AOCJIIKeHHSA

Me3ocKomiuHMIA ~ PeXUM € TPOMDKHUM — MiXK
KBAaHTOBHM CBiTOM MiKPOCKOITIYHHX CHCTEM (aToMaMu
a0 MaJuMH MOJEKYJaMH) Ta KIACHYHHM CBIiTOM
MaKpOCKOIIIYHUX CHCTEM, TaKUX SIK BENIUKI ()parMeHTH
KOHJICHCOBAHOI peuoBMHH. ME30CKOMiYHI CHUCTEMH, SIK
MIPABWJIO, CKJIAJAIOTHCSA 3 BEJIHMKOI KiJIBKOCTI aTOMIB, aje
Ha 11X TIOBEMIHKY CYTTEBO BIUIMBAIOTh  HACHIiJKU
KBAaHTOBHX THepexofiB. lle CTaHOBUTH ME30CKOMIuHY
¢Gi3MKy Ha MeXi CTaTUCTUYHOI (Pi3UKM Ta KBAHTOBOI
¢izuku.

KorepeHTHicTh KBaHTOBOI (a3, HeEOOXimHA It
nosiBM iHTepdepeHuiiHuX eQeKTiB, 30epiraeTbes e
IPOTATOM KiHIIEBOTO Yacy Ty, 0 HA3MBAETBCS MEPIOIOM
po3puBy dazu. KorepeHTHicTh (a3u ryOUThCS, KOIH
cucreMa YW il  KOMIIOHGHTH, IO JOCHIHKYIOTHCS,
B3aEMOJIIOT, 3 1l CEpeNOBHINEM, HANPHUKIAT, 33
JIOTIOMOT'OI0  €JIEKTPOHHO-(OHOHHOTO PO3CilOBaHHA. Y
EJIEKTPOHHUX TPOBIJHUKAX Yac PO3PHUBY KiHIEBOI (ha3u
BiJINOBi/Ia€ OBXKHUHI po3puBY (hasu L.

Me3ockoniuHi KBaHTOBI €(eKTH 3'SBIISIOTHCS, KOIU
TUTIOBI IIKAJIHA Yacy a00 JOBKWHHM CUCTEMHU MEHIIE, HiXk
yac po3puBy ¢da3u abo JOBKHUHA. Y 0arathoxX BHITAJIKaX
1Ie 0O3Havae, 10 BiAMOBIAHUIA po3Mip cHUCTeMH L TIOBHHEH
OyTH MEHIIIUM 3a TOBXXUHY KOrepeHTHOCTI (hasu [2]

L <L, (1)

Jlnsa enexTpoHa dac/MOBKHHA KOTEPEHTHOI (hasu
00OMEXYETBCSI  €JIEKTPOH-EJIEKTPOHHUM Ta  €JIEeKTPOH-
¢oHOHHUM poscisHHAM. Ili TpomecH BakIUBI TpU
BHCOKHUX TeMIlepaTypax, aje oOHMIBa THUIH PO3CIIOBaHHS
MIPUTHIYYIOTHCSI TIPM HU3BKUX TEMIIEpaTypax, MpHYHHA
TOMY, 3aJIE)KHICTh KOT€PEHTHOCTI (a3 BijJ TeMIepaTypH.

BaxnuBo  3ayBaKMTH, IO JIMIIE  IPOIECH
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PO3CIIOBaHHS, TMPH SIKHX CTBOPIOETHCS a00 PYHHYETHCS
30ymKeHHsT ((OHOH, €NEeKTPOHHE 30Y/DKEHHS TOIIO)
HaBKOJMIIHHOI'O CEpPEeIOBHINA, INPHU3BOASATH JO BTPAaTH
¢a3oBoi korepeHtHocTi. Taki mpouecH poO3CiroBaHHS
3aJMIIAIOTh CJJI yCepeouHi CepeloBUINa, SKHH B
NMPHUHIMII ~ MOXE  CIIOCTEpiraTtucs, 1  Haraaye
BUMIpIOBaHHsI Tpaekropii uwactuHku. L{i mpouecw, sk
MPaBWIO, HEMPYXXHI 1 TOB's3aHi 3 Tepenayero eHeprii.

[Ipore mpouecw, sIKi 3MIHIOIOTH cepenoBHIIe 0e3
mepefavi  eHeprii, TAaKOX MOXYTh TPU3BECTH [0
JIeKOTepeHIIii.

Ha BigmiHy Bijf 11bOr0, pO3CItOBaHHS €JIEKTPOHIB Bij
CTaTUYHHX AOMIIIOK 3aBXIM NpyxHe. He3Baxaroun Ha
Te, mo (as3a eneKTpoHiB Moria OyTu MoaudikoBaHa B

IpoIeci  pO3CifOBaHHSA, 1€ BiAOYBA€TbCI B  YITKO
BU3HAYEHUH cI1oci0 i He pyliHye e(eKTH KOrepeHTHOCTI
¢as.

ToMy, ME30CKOIYHUHA PEKUM XapaKTEPU3YETHCS
MalUMH MacmitabamMu dacy Ta/abo JOBKHHH Ta
HU3BKMMHU  Temmeparypamu. Komum  Temmeparypa
3HIKYEThCS, 4Yac / IOBXKHMHA  KOTEPEHTHOCTI  (hasu
301IBIIYETBCS, @ ME3OCKOIIYHUHA PEXHUM HOIIUPIOETHCS
Ha  Oumemi  Macmitabu  yacy / moBxunH.  [lpum
TemriepaTypax KenbBiHa macmitabu yacy Ta JOBKHUHH B
HAITIBIIPOBIIHUKOBUX 3pa3Kax CKJIaJaloTh BiJIIOBITHO
MKOCEKYH/IU Ta MIKPOMETPH.

OCKUIBKM Yy ~ ME30CKOMiYHId  ¢i3umi  4acrto
TPAIUISIIOThCS Malli CKIHYEHHI CHCTEMHU TPH HU3BKUX
TeMIlepaTypax, MDKpiBHEBHH iHTepBan A JIUCKPETHOTO
CIICKTPY CJICKTPOHIB MOXKE CTaTH Oijbllle, HiXK JOOYTOK
cranoi bombrMana i temmepatypu. Toni enekTpoHHI Ta
TEpMOAMHAMIYHI BJIACTHBOCTI 3pa3Ka BH3HAYAIOTHCS HE
JIUIIE TJI00aTbHUMH BETMYMHAMH, HAa KINTAIT CEPEAHBOI
LIUTBHICTI CTaHiB, aie 1 JeramsMu cnektpy. Omnax
TOYHHMH CHEKTP 3aJISKUTh BiJ KOH(DIryparii IOMIIIOK,
110 MPUBOIUTH IO KOJUBAHb CIOCTEPEKYBAHUX BEINYNH
MiX MaKpOCKOIYHO HepOo3pi3HeHUMH 3pa3kamu. Cami 1
KOJIMBAaHHSI € IIKABUMU JJIsl BUBUEHHS, OCKIIBKH SIKiCHI
e(peKTH YacTo yHiBepcallbHi B TOMY CEHCIi, 1[0 BOHU HE
3aJIeKAaTh Bl MIKPOCKOITIYHUX JETaJICH.

Teopist ME30CKOMIYHHX CHUCTEM IPYHTYEThCS Ha
ME30CKOITIYHUX edekrax:
edekt AapoHoBa-boma;
e(eKT IHTerpaIbHOr0 KBAaHTOBOI'O BUXOY;
IpoOoBuit KBaHTOBHH edekT Xouia,
yHiBepcaJibHi (DIyKTYyallii KOHJaKTaHca,;
KBaHTYBaHHS MIPOBIIHOCTI KBaHTOBOTO
TOYKOBOTO KOHTAKTY;

TIOCTIHHI CTPYMHU Y ME30CKOITIYHUX KiJIbIISIX.
Edext Aaponoa-boma.

OpHuM 3 HaWOLIBII Bpa)karouux HACIHiAKIB (ha30BOi
KOTEPEHTHOCTI € MOXKIIMBICTh CITOCTEPIraTH KOJMBAaHHS
AaponoBa-boma B mpOBigHOCTI  ME30CKOMIYHHX
CTPYKTYp, IO MICTATh HEBEJIMKI HOPMAaJbHI METaJeBi
kizpipt [6]. Tlpu HU3BKiH TemmepaTypi, KOIH JOBXHHA
KOT€PEHTHOCTI (ha3u OiNIbINa, HIXK JJOBKHHA KIiJIBIIA,
Ba)XJTUBA 1HTEP(EPEHIIisI aMILTITY]] IEKTPOHA, 1[0 MOXKe
MIPOXOAMTH K Yepe3 ONHY, TaK 1 uepe3 IHIIY YacTUHY
Kinblst. Jlo BHyTpimHbOi pi3HHLi (a3 @, IBOX LUIAXIB
¢ gonati eeKT MarHiTHOrO IONIs, SIKWM TPUBOAWUTH
110 (a30BOro 3CYBY, 33/IaHOTO, SIK
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Puc. 1. Edext AaponoBa-boma: a) po3moin MargiTHOro motoky; 6) reomerpis eexry Aaponosa-boma [2, 6].

05 = 2ne/h55d§j = 2ne/h d )
IHTerpan mo 3aMKHYTOMY KOHTYPY KiJblil Bij
BEKTOPHOT'O  TOTEHIl ATy A nae ¢a3oBuii  3cyB,
MPOITOPLIMHUKA MAarHiTHOMY TOTOKY @ uepe3 Kijblie,
3aJ]aHOMY ILTOIICIO KiJIbIls, TOMHOXEHOI Ha (TOCTiitHYy)
HAMPYXEHICTh MArHiTHOrO MOJsl B MepreHIuKyIIPHO

IUIOLIUHI KLIBLIA. Kommonent MIPOBITHOCTI
(CiBBIZIHOIIEHHS] MiX CTPyMOM Yepe3 3pa3oKk Ta
HAMPYroH0, IO  3aCTOCOBYETHCSA)  MPOMOPIHHHUI

cos (¢, + @g), U0 MPU3BOAUTSH JI0 CriocTepexeHb h/e-
MEepIOANYHNX OCHWJISIIA TMPOBIAHOCTI MPUCTPOIO  SIK
(YHKIT Mar"iTHOro IMOTOKY, IO MPOHU3YE KiJbLE, SK
MoKa3aHo Ha puc. 1, a.

[MoznoBxkHst Hampyra V, BHMIPIOETBCS MDK ABOMa
TOYKaMHU y3JI0BX OJJHOTO Kparo 3pa3Ka, TOJi SIK Hampyra
Vy Xomga BUMIPIOETBCSA MiX TOYKAMHU Ha MPOTHICKHHUX
CTOpOHAX 3pa3KiB.

EdekT iHTerpajbHOro KBaHTOBOI'0 BUXOAY.

OpnuM 3 mepmMxX 1 HAWHOUIBII — Bpa)karouux
CIOCTEpe)KEHb MAaKpOCKOIMIYHMX HacmiakiB  (azoBoi
KOTepEeHTHOCTI B ENIEKTPOHHUX BJIACTHBOCTSIX
TBEPAOTIIBHUX MIPUCTPOIB cTaso BiJIKPUTTS
1iTourcieHoro kBanrosoro edexrty Xomra [6] Kmayca
®on Kimitimara y 1980 porti, HaropomKeHOro
HobGeniBchkoro mpemiero y 1985 porti.

[Ipu BumiproBanHi edekty Xomia B IHBEPCHOMY
mapi kpemuieBoro MOII TpaH3ucTOpa TpU HHU3BKHX
temmeparypax (T ~ 1K) i B CHJIBHMX MarHiTHHX MOJISX
(B>1Tn) mimifiHa 3aJeXKHICTH XOIUTIBCHKOTO OIOPY
MePETBOPIOETHCS HA HU3KY cTymeHiB (miaTto). Bennunna

omopy Ha IMX IUIAaTO  JOPIBHIOE  KOMOiHamii
(dyHImaMeHTanbHUX (PI3MYHUX KOHCTaHT, MOAIICHINH Ha
1IiJIe YuCIIo.

Komm Ha 3amexxHocTi XOJUTiBChbKOro omopy Ry
CIOCTEPIraeThesl IIIATO, MMO3/I0BKHIA ENEKTPUYHHH OITip
cTae JayxKe Majol BenuuuHOr. [Ipn  HU3BKHX
TeMIlepaTypax CTPYM B 3pa3Ky MOXe IpOTiKaTtu 0e3
mucunarii (posciroBanns). [Ipu mpoBeneHHI MOCTiHKEHb
@®on  KuiTOMHr ~ BUKOPHUCTOBYBAaB  JBOBHUMipHHH
€JIEKTPOHHMIA Ta3.

Edexr Xomna nepemdavae, 1o, KOIM IPOBITHUK
MOMIIIAETBECST B MarHiTHe 1mone B, TO B HbOMY
CTBOPIOETHCS TIONIEPEYHA HANPYra MiXK IPOTHICKHUMHU
OOKOBUMH CTOpOHAMHU 3paska, TpoIopIiiHa
no3qoBXHbOMY cTpyMy [. Llio 3anexHicth MoxHa
3anMcaTH Yepe3 Tak 3BaHui omip Xoia:
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Vu = Ryl ©)
Knacuuno, BukopuctoBytoun Qopmyny Jpyre,
OTpUMYEMO orip XoJuia;

Ry =B/ eng 4
3 JIBOMIPHOIO EJIEKTPOHHOIO IIUIBHICTIO NMg. MarHiTHe
TI0JIe HE BIUIMBAE Ha MO3J0BXHIH omip R,, po3paxoBaHuii
Bil CHIBBIHONICHHA TAIiHHA HAIpPYTd MiX JBOMa

TOYKAMH Ha Tiil camiii cTopomi 3paska 10 ctpymy | B
pamkax teopii J{pyne.

[IpomoBxHii Omip 3HIWKYETbCA OO  HYJS,
BHUHATKOM JIeIKHX 3HAYeHb MArHITHOIO MO,
3'SIBIISIFOTHCSI ITIKH.

JpoOoBuii kBaHTOBHI edekT Xosaa.

Ilepexin mo OUIBII CHIBHMX MATHITHHUX IIONIB 1
3HIDKCHHSI TEMIIEpaTyp B [BOBUMIPHHX EJICKTPOHHHUX
ra3ax JO3BOJISIE CIIOCTEpIraTH JONATKOBI ILIATO OMOPY
Xomnna npu qpoOoBUX (aKTOpax HATIOBHEHHS, TAKHX SIK
v =13. lleii Tak 3BaHuii IpoOOBUIl KBAHTOBHU e(eKT
Xomnna 0yB Busienuii [4] y 1982 pomi. OcobnuBocTi
Opu  JpoOOBOMY HAMOBHEHHI MOXXHA MPOCTEKHTH [0
ICHYBaHHS KOPETbOBaHHX KOJIEKTUBHUX
KBa3i4aCTUHKOBUX 30ymkeHp [3]. Takum uuHOM, Ha
BIIMIHY BiJ] IIJIOYMCIICHHOT'O0 KBAHTOBOTO ehekTy Xoia,
KYJIOHIBCbKA B3a€MO/Iisl MK €JIEKTPOHAMH € He0OXiTHOIO
JUTSL TIOSICHEHHST JIPOOOBOr0 KBAHTOBOrO edekTy XoJuia.
KBaziuactuHky MaroTh apo0oBuii 3apsa (Hanpukian, €3
npu v=13). 3 BumipioBanb yaapHoro mymy [1]
HeN[oAaBHO OYJIO MiITBEPIDKEHO, IO HOCIT 3apsiB mpu
v = 1/3 B pexxuMi poOOBOro KBaHTOBOIO edekTy Xoia
JIHCHO MaroTh 3aps ef3.

YuiBepcanbHi GpaykTyanii KOHAaAKTaHcA.

3acTocyBaHHS ~ HEBIIOPSIKOBAaHUX  JIPOTIB Y
ME30CKOIIIYHOMY pEeXUMi Mae BHUpaxkeHI (uykryamii sk
(YHKIIIO 30BHINIHIX IApaMeTpiB, TAKUX SK MAarHiTHE
nione abo enepris ®epmi. Li ¢uykryanii Oynu BusBIEHI
[3] B HusbkoTemmeparyphiit (Hmkue 1K) mposigHocTi
iHBEpCIHOTO MIapy Y HEBIOPSAKOBAHOMY KPEMHIEBOMY

3a
Je

TPaH3UCTOPI. Onykryamii BiJITBOPIOIOTHCS 1
BiJI0OpakaroTh BiOUTOK 3pa3ka. [10Xo/pKeHHs KOJIHBaHb
mojsirae 'y  iHTepdepeHiii pi3HUX CHocoOiB,  AKi

€JIEKTPOHH MOXYTh NPUHAMATH IIiJ Yac MPOXOIy depes
3pa3oK, SK Lie 300pa’keHO Ha PUCYHKY 2.

Y  MakpOCKOMYHO EKBIBAJICHTHOMY 3pa3Ky 3
MIKPOCKOMIYHO  DI3HOI0  KOH(QIrypami€ro  JIOMIIIOK
GiykTyarii  SKICHO — aHJOTi4yHi, aje IX TOuHI
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Puc. 2. MoxiuBi  [UISXH  €IEKTpOHA  uepes
HEBIIOPSIKOBAHUK JIPIT, 3 TpOIEecaMH IPYKHOTO
po3citoBaHHs Ha Aomimkax. Ha nousixu enexktpoHa
BIUIMBA€ MarHiTHe moyie abo 3HaYeHHS XBUIbOBOTO
Bektopa Pepmi, 10 NPHU3BOAUTH [0 KOIHBaHb
MPOBIHOCTI Y ME30CKOMIYHOMY pexkiMi [6].

Puc. 3. InecanpHe OMHOMIpHE Kijblle, MPOHH3AHE
MAarHiTHUM MOTOKOM @, [2, 4].

XapaKTEPUCTUKA MOXYTh OYyTH aOCONIOTHO pPI3HUMHU.
Haii0inpm ~ Bpakarouor  OCOOJIMBICTIO  KOJHMBaHb
MIPOBIAHOCTI € Te, IO X THUIIOBA aMILTITyIa YHIBEpCalbHa
B Audy3iiHOMY pexumi [2].

HesanexxHo BijJ cepeqHbOro0 3Ha4YEeHHsI MPOBIJHOCTI,
KOJIMBAaHHS 3aBXIU CKIIQJAlOTh TOPSIOK KBAaHTOBOI
nposinHocti e?/h i 3anexars nMIIe Big 0a30BUX
cuMeTpiil (HampHKiIag, CUMeTpii yacy iHBepcii) cucteMu
[4]. e MoXxe COPUYUHUTU BiAMITOBXYBAHHS BIIACHHX
3Ha4€Hb MaTPHIb BUITAJIKOBHX Ilepesiay.

KBanTyBanus MPOBiIHOCTI KBAaHTOBOI'0
TOYKOBOr0 KOHTAKTY.
ToukoBHii KOHTaKT € 3BSI3KOM MDK JIBOMa

NPOBITHMMHU Martepianamu. Taka JlaHKa Moxe OyTh
copMoBaHa NUISIXOM HAKJIAJAaHHS OOMEXYBAIEHOTO
3BY)KEHHST Ha JpiT abo TPUMYIICHHS eJIeKTPOHIB
NPOXOAWTH  Yepe3 BY3bKMH  KaHaj, BH3HAYEHHH
€JIEKTPOCTATHYHO, KOJIM BOHU BEYTh BiJl OMHIET 1BO- 2060
TPUBUMIpPHOI 00JIacTi 3pa3ka 10 iHIIOoI. Y BUIAIKY AyXKe
BY3bKOI IMUpUHU W, Oinbln By3bKOi BiJl CEPEAHBOTO
BUIBHOIO IIUIAXY Ta JOBXKHHM KOT€PEHTHOCTI (a3
(W <[, Ly,), sxa Ha3uBaeThcs GamiCTHIHUM KBaHTOBUM
TOYKOBUM KOHTaKTOM.

IocTiifHi cTpyMu y Me30CKOMIYHUX KiTbIAX.

ENekTpoHM y ME30CKOMIYHUX KIJIBIAX MOXYTh
MiATPUMYBaTH CTpyM HaBKOJIO KiJIbLIsI y
TEpMOAMHAMIYHIA pIiBHOBa3i HaBiTh TPH HYIHOBIH
temrepatypi. Llefi cTpym 3anexuTh BiJ MarHiTHOro
MOTOKY @ 1 HE MOXKE PO3CIIOBATHCS AUCHIIATUBHO. Tomy
BiH MPOTiKa€ BIYHO HABITh y 3BUYANHMX NPOBIJHUKAX, 1
came TOMY BiH Ha3MBaETHCS CTIHKUM CTPYMOM.

Ha puc. 3 300pakeHO ifeaabHe OMHOMIPHE KiJIbIE

OKpyX)HOCTi L K Lg,. Jlo6pe BizoMo, 110 MarHitHe moine
HE MOXE BIUIMHYTH Ha TIOBEJIHKY OJHOBUMIPHHX
cucreM. lle, omHak, He BiOYBa€ThCS, KO OTHOBUMIpHA
cHhcTeMa 3aMKHEHa Ha Kuiblie. Y i Tomosorii moTik @,
mo 3'€qHye Kijiblle, NMPU3BOAUTH 10 (Da3oBOro 3CyBY
2n® / &,, HAKOMUYCHOTO EIEKTPOHOM, IO PYXAETHCS
HAaBKONIO Kinbld, P, = h/e - KBaHT TOTOKY.
BukopucroByloun KaniOpyBaJbHE II€PETBOPEHHS, IeH
GbaszoBuii 3cyB Moxxe OyTH mofanuii [2] y rpaHUYHOMY
CTaHi, YCyBalOYM MAarHITHHUHA BEKTOPHHH TMOTEHI[al 3
piBusiHHs [llpeninrepa ajst €1eKTPOHIB 1 MPUBOASYH 10
y3arajlbHeHHX MepioJUIHUX TPAaHUYHUX YMOB

Y(x =0) = exp(i2nd / & )P(x = L), (5)
UL OJIHOYACTMHKOBHMX XBHIIBOBHX GyHKIiH 1 (X).
3BiZICM BHUIUIMBAE, MO BCI CJIEKTPOHHI BIACTUBOCTI
KUIbLl TIOBMHHI OyTH NEpIiOAWYHUMH B MAarHiTHOMY
TIOTOIIi, TEPiOJIOM SKOTO € KBaHT MOTOKY @, MoAiOHMI
1o epexty Aaponopa-boma.

XBWILOBUMH  (YHKLISIMH ~ HE  B3a€MOJIIOUUX
€JIEKTPOHIB Y YUCTOMY KUJIBII € TUIOCKI XBHIII

P(x) o« exp(ikx), (6)

I'pannynnii ctan piBHsAHHS (5) 00Mexye MOXKITHBI

XBHJIbOBI BEKTOPH Kk /10 3HAUYEHb

ko =27/, (0= %y, ). )
me n = {0,£1,+2,+3,...}. ®mocosa
BIJIMOBITHUX OJHOYACTHHKOBUX CHEPTid

E, = th,%/zm — 1/2m [h/L (n 3 q%)]z ®

mo HaBeneHo Ha pucyHky 4. IlocriiiHuii ctpym npu
HYNBOBIM TeMIiepaTypi 3aJa€Tbcsi CYMOIO CTpPYMIB
ehk,/mL Bin HallHWKYUX PiBHIB B KinbIl. [locTifiHuit
CTPYM MOJKHA 3aIiCaTH SK:

L=~ dE/dCD’ ©)
3 cymapHOI eHepriero enekTpoHiB E. Ockinbku mpu
3a/IaHOMY 3HAauCHHI @ 3HAK IMOXITHUX OJHOYACTHHKOBUX
€HEprii 1O BIJHONICHHIO IO MArHITHOI'O IOTOKY
KOJINBAETHCS 3 KBAHTOBUM YHCJIOM N, 3aTaJIbHUN CTINKHAI
CTPYM 3MCHIIYETHCSA IUIIXOM CKAaCyBaHHS CYMIKHHX

E

3aJI€KHICTD

n

-172 0

—
oL (I)/(I)O

Puc. 4. 3anexHIiCTh OTOKY BiJl HAWHIWKYMX SHEprii
OJIHi€l YaCTKK B KibIl, st -3<n < 3, [2,4].



B.B. ®enoros

piBHiB. OTpUMaHHU# CTPYM 3 BEIHKHM YHCIIOM YaCTHHOK,
IO MepeBaKaIOTh OCTaHHIH enekTpoH (Ha piBHI Depmi)
Ta MOPSAAKY
ra~°evr/ | (10)
31 mBuaKicTio Depmi vg.
VY HEeBMOPSAAKOBAHHUX KiJBILIX KIiHIEBOI IIMPHUHH 3

NPY)XHOIO  JIOBKMHOIO ~ BipHOro  nupixy [ <L,
TEeOpeTHYHe 3HAa4YCHHS HaBiTh JUIi HE B3a€EMOJIIOYHX
eNIEKTPOHIB ~ HabaraTo cCkiIajHilme orpuMmatd. Y
IUQY3IHHOMY PEKUMI  OUIKYETBCA CTIHKHH CTpyM
MOPANKY

10—~ evre/, - (11)

10 3MEHIYeThCs B Koedirienti [ / L.
ExcriepumenTanbHe 3HaUSHHS MMOCTIHHOIO CTPyMY B

muby3idanx  kimeigx  [2, 3] Habarato  Gisbiie
(mpuHaliMHi, Ha TOPSIOK), HIK 1€ TEOpeTUdYHe
nepe10aYeHHs. BaaxkaeTtbcs, oo  po30IXKHICTH
00yMOBJIEHa EJIEKTPOHHOIO B3a€EMOJI€I0, sKa Oyna

3HEXTyBaHa MpHu BUBeAeHHI piBHsHHs (11). Hespakarouu
Ha Te, IO EJIEKTPOHHA B3a€EMOJIisl, 3[a€ThCs, BiAirpae
BaXXJTUBY DOJIb, BaXIIUBE TAaKOXK 1 TBEpPKEHHS, W10
B3a€MOJIi HE MOXYTh BIUIMBATH Ha CTIHKUA CTpyM B
YUCTHX poTaliiHO-iHBapianTHUX 1d-Kinmbiggx [2, 6], a
He3B's3yrounit  pesymprar  (10)  y3romkyethes 3
€KCIIEPUMEHTAJIBHUM JJISl YUCTOr'O HaIliBIPOBIJHUKOBOTO
KiJIBIs B GanmicTuaHOMY pexxumi [3].

e cnpuuMHMIO BENMKY TEOPETUYHY AKTHBHICTB,
MoB'si3aHYy 3 KOMOIHOBAaHHMM BIUIMBOM B3a€MOJIH 1
po3namiB  Ha  MIIBUIIEHHS CTIHKHX  CTpyMIB Yy
ME30CKOIIYHUX KUThILIX. He3Bakarouu Ha Te, IO Pi3Hi
TEOPETHYHI MiJIXOJH CBiM4aTh NPO 301IbLICHHS CTIHKOTO
CTpyMy B HEYIOpSAKOBAaHMX 3pa3Kax BHACIIJOK
BIIIITOBXYBAHHSA KYJOHIBCHKHX B3a€EMOJiH, KUTbKICHE

[1]

PO3YMiHHSI €KCTIEPUMEHTIB BCE IIE BiJICYTHE.

BucHoBKH i nepcneKTUBH MOAAJIbIINX
PO3po0oK

VY pamkax gaHoi poOOTH Oyll0O TPOBEAEHO OIJISA[
Teopii ME30CKOIIYHHX CHCTeM. Y ME30CKOIMIYHOMY
pexuMi 3'SABIISIOTHCSA bararto LIKaBUX, 1HOI
HecrofiBaHux  edekTiB  3a  paxyHOK  (pazoBoi
KOTEPEHTHOCTI IEKTPOHHUX XBHJIbOBHX (YHKIIN. Jleski
3 muX eQeKTiB € JyKe TepClHeKTHBHUMHU IS
3aCTOCYBaHHS y HaHOGJIEKTPOHHHUX TIPHCTPOSX abo
KBaHTOBHX CTaHJAapTax B METPOJIOTIi.

HaiiBunmaTHimmii npukiai, KBaHToBHi edekT Xora,
BXKE€ BHKOPHCTOBYETHCS SIK CTAaHIApPT OMOpY. 3 IHIIOTO
0OKY, ME30CKOITIYHI CUCTEMH 3a0e3MEeYyIOTh MOKIIMBICTh
BUBYEHHSI OCHOBHUX OCOOJIMBOCTEI KBAHTOBOI MEXaHIKH.
BoHu Takox JO3BOJNSIOTH BHBYATH Oe3MOCEPETHBHO
OCOOJIUBOCTI B33a€EMOJIIIOYMX KOPEIHOBAaHUX KBAaHTOBHX
cucreM Oaratbox Tin. [lpukimamamm €  npoGoBuMit
KBaHTOBHH epekT XoJuta Ta TpaHCIIOPTHA CHEKTPOCKOITIs
B3a€MOJIIIOYHX EIEKTPOHIB y KBAHTOBUX TOUKaX.

[lepcriekTBM TOmANBIIMX PO3POOOK Yy JIAaHOMY
HANpPSIMKY JIOCHTIJDKEHHS IPYHTYIOTHCS Ha JETAILHOMY
BHBUCHHI ~ ME30CKOINIYHUX €(EeKTiB BUXOOIYU  3i
3pOCTaro4oi TeHIEHIIIT 10 BUTOTOBJIECHHS Ta JOCIIIKEHHS
MaTepiajiB, IO MICTATh HAWMEHIII CTPYKTYPH Ta MaroTh
HU3BKOPO3MIpHI  pHCH, 0  TNPHU3BOAUTH [0
ME30CKOITIYHOT'0 PEXUMY.
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Orasja Teopii Me30CKONMIYHUX CHCTEM

V.V. Fedotov

Review of Theory of M esocopic Systems

NTUU " Igor Skorsky Kyiv Polytechnik Ingtitute” , avenue Victory, 37, Kyiv, 03056, Ukraine,
e-mail: innavegera@gmail.com

In modern conditions, in modern materia science the research of systems containing the smallest structures
is promising due to demand for them. These systems are based on the mesoscopic regime in which the coherence
of the quantum phase leads to a change in the e ectronic states of quantum devices.

Many modern scholars dealt with the study of mesoscopic physics, they wrote scientific papers on this topic,
they include M.A.. lvanov, S.M. Shevchenko and M.V. Denisenko, A.M. Satanin; they approached in detail to the
expansion of the concept of the least structures and the mesoscopic regime in general.

The mesoscopic regime is intermediate between the quantum world of microscopic systems (atoms or small
mol ecules) and the classical world of macroscopic systems, such aslarge fragments of a condensed matter.

As part of this work, the theory of mesoscopic systems was substantiated. The main effects of mesoscopic
systems are provided; it is determined that the macroscopic characteristics of the system are significantly
fluctuating within the mesoscopic level. The basic indicators of coherence of the quantum phase are determined
and the mechanisms of influence are outlined. Six effects of mesoscopic systems with detailed justification are
characterized. The theory of mesoscopic systems is based on the following mesoscopic effects: the Aaronov-
Bohm effect; integral quantum output effect; fractional quantum Hall effect; Universal fluctuations of
conduction; quantization of conductivity of a quantum point contact; direct currents in mesoscopic rings.

Small scales of time and/or length and low temperatures are characteristic for a mesoscopic regime. Under
the conditions where the temperature is reduced, the time/length of the coherence of the phase increases, and the
MESOSCopi ¢ regime extends over larger scales of time/length. At Kelvin temperatures, the time and length scales
in semiconductor samples are respectively picoseconds and micrometers.

Prospects for further developments in this area of research are based on a detailed study of mesoscopic
effects, based on the growing trend for the production and research of materials containing the smallest structures
and having low-dimensional features, that leads to the mesoscopic regime.

Keywords: mesoscopic systems, fluctuation, quantum phase, coherence, nanostructured system,
macroscopi ¢ characteristics.
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Camoy3roakeHuii po3paxyHok noreHmiaabHoro nmpodiaro GaN/AIN
PE30HAHCHO-TYHEJIbHHUX CTPYKTYP
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Jnst pe3oHaHCHO-TyHENbHOI cTpykTypr 3 GaN — moreHuianbHuME siMamd Ta AIN — mOTeHIIaTbHUME
Gap’epaMu BHKOHAaHO pPO3PAXyHOK BHYTPILIHIX OB,

i €30CJICKTPUYIHOIO Ta CIIOHTAaHHOIO l'IOJ'[S{pH?,B.LIiﬂMH.

CIIPUYMHEHUX BHUHUKAIOYUMHU y HAHOCTPYKTYpi

VY Mozeni epeKTHBHHX Mac Uil €IeKTPOHA Ta MOJIEN AiCNEKTPUYHOrO KOHTUHYYMY 3 BHUKOPHUCTaHHIM
METO/y CKiHUCHHHX Pi3HHILb 3HAHIEHO CaMOY3ro/pKeHi po3B’ sa3ku cucreMu piBHAHb LlIpeninrepa ta ITyaccona 3
YpaxyBaHHAM BHECKY IT €30€JIEKTPHYHOI Ta CIIOHTAHHOI HOJIpU3aLiil.

Ha ocHoBi 3HaiineHux po3s’sa3kiB cucremu piBHsAHb Llpeninrepa Ta Ilyaccona uist pe30HaHCHO-TYHEIBHOT

CTPYKTYpH, IO CIIYTyBaja KacKaJOM €KCIIEPUMEHTAIBHO PEalli3oBaHOI0 KBAHTOBOIO KAaCKaJHOroO JETEKTOpa,
BUKOHAHO PO3PAaXyHOK ii MOTEHUiaJbHOrO Mpodisfo Ta eJIEeKTPOHHOIO SHEPreTHYHOro CIeKTpy. BcraHoBieHo,
110 PO3paxOBaHa BEJMYMHA JCTEKTOBAHOI €HEprii BiAPI3HIETbCS BiJf €KCIIEPUMEHTAIbHO OTPUMaHOi He Oliblie

Hix Ha 3 %.

KirouoBi cioBa: KBaHTOBHI KacKaJHHUH JETEKTOp, PE30HAHCHO-TYHENIbHA CTPYKTYpa, I’ €30€JIeKTPHIHA
HOJISIpU3aLlisl, CIIOHTAHHA TOAPU3aLlis, IOTSHIIaTbHUI IPOdib.

Cmamms nocmynuna do pedaxyii 17.07.2017; npuiinsima oo opyxy 05.09.2017.

Beryn

3HayHUII HAayKOBUI mporpec y cydacHiil ¢izumi
HAITIBIIPOBIIHUKIB  CTAHOBUTH JIOCHI/DKEHHS pOOOTH
KBaHTOBMX Kackaguux jerexkropiB (KKI) [1-3] Ta
JIOCIHI/PKEHHST Pi3UYHHUX TPOIECiB, 110 BiAOYBAIOTBCI Y
HAITiBIIPOB1THUKOBHX PE30HAHCHO-TYHEIBHUX
crpykrypax (PTC), ski € iX akTHBHUMH eJleMeHTaMH. B
JAHWIA Yac 10 BiJHOIICHHIO A0 (Di3UYHOI IPUPOAH, IO
npotikaroTh Y KKJI MOo)KHa BUIIIMTH J1Ba TX THITH.

Jo mepmoro tuny BigHocsatees KKJ, mapu PTC
SIKMX CTBOPEHI Ha OCHOBI apceHiHuX cepenoBuir GaAs,
InAs, AlAs, GalnAs Ta iH., KpUCTaIiuHi I'PaTKU SKUX
BimHOCAThes o rpymu cumerpii A''BY. KKJI msoro tumy
MIPaIIOI0Th y cepeHbOMY Ta JATEHBOM Y
iH(ppaYepBOHOMY Jiana30HaxX €JIEKTPOMAarHiTHUX XBHJIb
W mpu wmpoMy Iix po0oTa MOXIJIMBA JIHMIIE TPHU
3a0e3neyeHHi HU3BbKHX Temreparyp (OXOJOMKEHHS
pimkum azorom). Po6ora KK 1poro Tumy mgobpe
JociikeHa excriepuMenTtanbao [1-3] i Teoperuyno [4-
6].

Ho mpyroro tumy cnin BigHectd KK/l mrapu PTC sxux
CTBOpEHI Ha OCHOBI aHI30TPOITHUX HAITiBIPOBITHUKOBHX
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CepeloBUIll, YTBOPEHHUX HIiTpuaHUMH cromykamu GaN,
AIN [7-9], kpucTaniyHi TPaTKH SKAX TAKOXK BiTHOCATHCS
no rpyma cumerpii A''BY. CyrreBoro o0coGmusicTio
uitpunis rpyma A'BY e te, mo y poGori KKJI Ha ix
OCHOBI HEOOXiTHUM € YypaxyBaHHS iX aHI30TPOITHHX
BiactuBocTei. OCKIIBKM Yy eleMEHTapHHX IpaTKax
BIOPLIUTHOTO THUIY, SIKY 3a3BHYaii MalOTh HITPUAU TPYIU
A"BY, cymapuuii 1unmonbHMIT MOMEHT KOHOI TPATKH €
HECKOMIICHCOBaHUM, a TaKOX Ha TeTepoMexax
Oaratomapoux PTC Ha 11X OCHOBI BUHHKAaE
HEY3TOJDKEHICTh MOCTIHHUX TPATOK, IO HPU3BOAUTH 0
BUHHMKHEHHS  CIIOHTQHHOI ~ Ta I €30€JIeKTPHYHOI
nomsipusaniii. TakuM YMHOM, CyMapHa MakKpOCKOITiYHa
mojisipu3anis, mo BUHHMKAae y Imapax PTC, crBoproe
BHYTPIIIHE €JEeKTPUYHE I0Je, II0 CYTTEBO nedopmye
MOTeHIAMBHAN  Tpo(diah HAHOCTPYKTYpu. [ mOOKi
MOTeHIabHI sMH y mapax PTC, mo 3a0e3mneuye podoTy
HAHOIMPWIAJIB Y ONMKHBOMY iHppauepBOHOMY Aiaria3oHi
€NIEKTPOMArHiTHUX  XBWJIb, Ta  iX  e(eKTHBHE
(YHKI[IOHYBaHHSI TP 3HAYHO BHIMX TeMIeparypax,
BH3HAYAIOTh 3HAYHUI HaYKOBHMI Ta MPUKIAIHUI 1HTEpec
KKJI na ocmosi witpumis rpymn A'"'BY. TIpore, He
3Ba)KAIOUW Ha wijuit psin po6it [10-15] i3 mocmimkeHHs
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]
o
&

AdKTHBHA 30Ha

eKCTPAKTOP

Puc. 1. 'eomerpuuna cxema Gararomraposoi PTC.

MexaHi3miB BuHHMKHeHHs1 y PTC BHyTpimmHix momiB, Ha
JAaHW MOMEHT He iCHY€ TOCIIJOBHOI Teopii, sika 0 Jaana
3MOT'y BUKOHATH PO3PaxyHKU MOTEHI[aJbHUX MpodiiiB
quist 6araromapoBux PTC kackaniB KK/ 3 ypaxyBaHHsAM
BHECKY IT €30€JIEKTPHYHOI Ta CIIOHTAHHOI IOJIIpU3aIliil.
e mnoB’s3aHO 3 TUM, IO MiAXiX IO pPO3PAXyHKY
noreHmianpHux npo¢inie  PTC, 3anporoHoBaHuMH Y
3rajlaHuX poOOTax € JOCUTb TPYOUM, OCKIJIBKH JTO3BOJISIE
BpaxyBaTy JIMIIE BHECOK BHYTPILIHIX IMONIB y BEIUUUHY
eexTuBHOrO moTeHIianbHOro mpodinmo [10-13] ado
0a3yeTbCsl Ha YHCENLHOMY MOJEIIOBaHHI PO3B’S3KIB
camoy3rojpkeHoi cucremu piBHsAHb llpeninrepa Ta
ITyaccona [14, 15]. Takox BiH MOXKe OyTH peani3oBaHUM
nuie Ha notyxHux EOM.

Y mnponoHoBaHi# poOOTI 3 ypaXyBaHHSIM BHECKY
I €30€JIEKTPUYHOI Ta CHOHTaHHOI MOJSPHU3aLliil 3HaHIEHO
CaMOY3TOJIXKCHI O3B’ SI3KU CUCTEMH PIBHSHB
HIpeninrepa Ta IlyaccoHa. 3 1X BHKOPHUCTaHHAM
PO3BHMHEHA KBAaHTOBO-MEXaHIYHA TEOpis CTaliOHapHUX
eNEeKTPOHHUX cTaHiB y mwiockiii PTC sk axTuBHIN 30HI
KK/I.

Jst PTC excniepumenTanbHo gociimpkyBanoro KKJI

o

p

1 2 2 Ny
m(z):rrbiq(- Jra(z- z5)+ & G- 2p)-a(- zzpﬂ)&w[q(z- 2)+a(z- I+

OmmKkHBOrO  iH(ppadepBoHoro nmiamazony 3 GaN-
noreHianbHuMu  amamMu 1a  AlIN-moreniiansHIMEI
0ap’ epaMH CaMOY3TO/DKEHUI PO3PaXyHOK €IEKTPOHHOTO
MOTEHINAJTEHOTO npodiro, CTaIliOHAPHOT'O
EHEPreTUYHOr0 CIEKTPY Ta BEJIHYMHU JIETEKTOBAHOL
eHeprii.

|. Camoy3rom:xeHi po3B’ i3k piBHSIHb
Ipeninrepa i Ilyaccona

VY nekapToBiii CHCTEMi KOOpAMHAT PO3TIISAAETHCS
6araromrapoBa PTC, sika po3ranioBana TakuM YWHOM, IO
Bick OZ € mepreHauKyIsIpHOI 0 MEX IMOJUTy HIapiB
HanocTpykrypu (puc. 1). Ilpu npomy yBakaetbes, 1O
cepenosumam (0), (1), (3), (5), (6) BigmosizaroTh
HamiBrpoBinHukoBoMy matepiany AIN, cepemosumty (2)
— GaN, cepenoruty (4) — AlossGag42N.

3acTOCOBYIOUH ISl €JIEKTPOHA MOJIENb €)eKTUBHUX
Mac MaeMo:

D)

+my[q(z- z3) +a(z- Z4)],

ne q(z) - onunmyHa Qyukuis Xepicailna, z, ® -¥, z.® ¥,a M, = M2 =m® =m® =m® =m®, m = m® i

_ y\ . . . .
m, = m® - e(peKTHBHI MacH €JICKTPOHA B MOTEHINaTbHUX Oap’epax Ta smax PTC BiamoBiaHO.

Awnanoriyno mus nienektpudaHoi nmpornkHocTi PTC MokHa 3anmcaty:

e(2) :e(o)}

+eq(z- z9)+a(z- 7)),

e@ =gl =g =@ =g® ¢ =¢@ i g,z
JIieNIeKTpUYHI TPOHUKHOCTI Martepiany mapis PTC.

EHepFeTI/I‘IHI/II/I CIICKTp CJICKTpOHa En Ta HOro

(-2 +q(z- zz) + A éq(z-z )-q(z- z )\"+e(1)[ (z- +q(z- +
|q atz- % pa:oé 2p/-d 2p+1% a(z- 7)) +a(z- z)]

: 2

XBUWIBOBI (QyHKIIT Y (E ,z) BU3HAYAKOTHCA MLLIAXOM

pPO3B’sI3yBaHHS ~ CaMOY3TO/DKEHOI  CHCTEMH

Hlpeninrepa ta [Tyaccona:

PIBHSHB
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T h2gen 4 (2)0,

I - — +V(2)Y (2) = EY (2),

| dz&m(z) dz @
id d H( 2)0

1d7 +—'r(2)

|

Tkauy, }0.0. Ceri

ne r (z) - rycruna 3apanis y mexax PTC, a edexTunnuii
TOTEHIIiaJ IS eIEKTPOHA BU3HAUAETHCS SIK:
V(2) = DE(2) +V (2) +Vex(2) +VE(2),

VY cniBBigHoIIeHHi (4):

(4)

IO719(E (AIN)- Eg(GeN)), 2<0,0£2<2,2,£2<23,2, £2< 25, 2>

IZEC(Z)—|O z£z<z,

: (5)

10719(Eq (Al 55Gag 4oN) - Eg(GaN)), z£2<2,

- mnoreHuianbHuit npodinme PTC s enekrpona,
po3paxoBaHuii 0€3 ypaxXyBaHHsA €JICKTPHYHOIO IIOJIS
IT €30€JICKTPUYHOI Ta CIIOHTAHHOI MOJSApH3aIii, Je
3alEeXHICTh MUpUHK 3a00poHenoi 3onm asa Al Ga, N

HAIBOPOBIHUKA BiJ TeMmmepatypd T  3aJa€ThCs

eMITIpUYHUM CITiBBiHOMICHHsM Bapmsi [13-15]:
Eq(xT) = Eq (%0) JOI§ (6)
O T pg T

MIPUYOMY 3aJIEKHOCTI BiJI BETMYMHU X |

Eq(x0) = x* +150x + 351,

a(x) = (2.15%% - 0,46x+0.94) 40" °, @)

b (x) = 1561x° - 270x + 791
VY cniBBigHoIeHHi (4):
Viu(2=4 .09 ®)
- TOTeHIiaj, SIKui € po3B’si3koM piBHsHHS [lyaccoHa y
cucremi piBHsHB (3).

Hamni y (4):
13, )
Vo2 )__ae929 ¢ oouxs & 21 Ul e o
Ep%5 & 2 & 152 fidpeyis(2e(2ag (2

OOMIHHO-KOPEJSINIHHAN TOTEHIiall, PO3PaXxOBaHUH Y
aNpOKCUMAIIi{ Xenina-JIyHakBicTa, e
-13

*
rs(2) = ?g aBgn(Z)gﬂ - 6e3po3mipHa (yHKIs, 10

XapaKTepU3ye CJICKTPOHHUIM Ta3 B HAHOCTPYKTYpi, I

BiNHONIICHHIO 10  edekTuBHOrOo  pamiycy  bopa

. z :

aB(z):&, a, - pamiyc bBopa, n(z) -
m(2)a,

KOHIIGHTpAIlisl HOCIIB, M0 CTBOPIOIOTH CTAaTHYHHI

IIPOCTOPOBHH 3apsa.
IToTenuianbHa eHeprisa B3aeMoii enekTpona V. (z) 3

MOJISIMM CIIOHTAHHOI Ta I’ €30€JICKTPUYHOI MOJIAPHU3AIlii y
mexax PTC, BusHauaeTnes SIK.

,}O,z<0,

T eFlz; Of z< z,

Ly - yz, 7 £2< 2,
VE(z) :.|.-e|:222 +e|:32, zZ, £z<23,

: e|:323- eF42, 23£ z<zy,

: eF424+e|:52, Zy £z< Zs,

10.2° 7

BenmuunHu  BHYTpimIHIX

(10)

nonis  Fp, p=0.5,

BU3HAYAKOTHCA 3 HCIT epepBHOCTi

YMOBHU BEKTOpa

elleKTpuuHOro 3Mimenns D = e F,+P, mHa Beix
rerepomexax PTC, ToOTo:
D, =D
P~ Fon (11)

0e3 ypaxyBaHHS HasBHOCTI y Mexax PTC BinbHHX
sapsais [12-14], o gae yMOBY:

3 Fydy =0 (12)
p=0
Toni, 3i cniBBlz[HomeHL (20) Ta (11) 3Hax0aMMO:
2 dk
‘E‘ (Pk Pp) (k)
1
Fp== b : (13)
(P 3
e
<20 e(k)
ki p

dk - ToBIIMHA BijnosigHoro mapy PTC.

BennuuHa MakpOCKOIMIYHOI MOJSpHU3alii =82 y
Bupasi (13), sika BUHHKAE y MOBiIbHOMY P-My tiapi PTC,

BUP@XAETbCS ~ CYMOIO  CIIOHTAHHOI PY  Ta
1’ e3oenextpuanoi PP monspusauiit:
(P) - p(P) , p(P)
P =Py’ +P57 (14)
CroHTaHHA  TONAPH3AIiA B  TEKCATOHATBHHX
KPHCTANAX 3 PELIITKOIO TUITY BIOPIUTY 3aJa€ThCA AK:
) = r{P)k, (15)
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ne K - omummummii Bextop B3moBk oci Oz, mo a(x) = 0,31986 - 0,00891x,
BH3HAYA€E OPIEHTALII0 KpUCTaIorpadivyHoi oci. d
IT e30enmexTpuvHa TOJISIPU3AITis JUTS é A( PP
TPUKOMIIOHEHTHOTO HAIIIBIPOBITHUKOBOIO INAPy THUITY a - p=1 (p) [13] (17)
A B ,N 'y 3amexHocti Bifi KoOHUeHTpamii X buf 5 dp '
KOMIOHEHTH A BHM3HAuaeThCA Y JiHiHHIN anpokcuMarii: ka:]_ (a( p) )2

P51sP) (9 = Pz (5B) 0 (P () +

(p)y2
. 8 (M =P, @ ,C3)
BN AT = +C
+(1- X)P Z((Sf;)) h (P () EE V) (p)
AN( . DBN(
ne PPZ(SP)(h (X)) 1 sz (h (X)) - YHaCmizox e a'?  crama IPaTKu Marepiaiy, d, - ToBuWHA,
HEY3TOMKEHOCTI cTainux IpaTok mapiB PTC 3anexHi Bix (M~ ~P) O . )
BEJTMYUHU 0a3abpHOT nepopmarii Ci G’ Gy, Cgg” mpyui koncTanti P - mapy
PTC.
h® — Baps — AX) a(x) e i - crani , "
(X) v I a(X) 1 g Benuunna ' €30€EKTPUYHOI MOJSIpU3aIlii y Mexax
a(x) okpemo B3sToro uapy PTC Bu3HavaeThed SK:

IPaTOK MaTtepiajly IIapiB HAaHOCTPYKTYpH Ta CyOCTpaTy
BIJIMIOBITHO, PHYOMY:

& 2clP )0 cPo

(P) — H (P) A(P) (P A(P) = 94 (P) A(P) 3 h(P TP =P (p) (p) M3

By =P e +h,Pel) =2h'P ef +e- C3‘3")h =2h ¢& "€~y
e ﬂ

e 39 , (18)

ho = 25 )
Cocy
ze (p) ef,? - IT' €30€JIEKTPUYHI KOHCTAHTH.

Ha rerepomesxax J0ciiKyBaHOI CUCTEMH BUKOHYIOTHCS YMOBH HENEPEPBHOCTI XBHJIBOBOI (YHKIIi Ta MOTOKIB ii
HMOBIpHOCTEH, 1110 € PO3B’ A3KOM IMEPIIOTO PiBHIHHS CaMOy3romKeHol ciuctemu (3).

Ly P zp) =Y P (En, )
l
|

1 Y%p)(En,z)| 1 dY%p+l)(En,z)| 105’ (19)

T +1
T (p)(z) az |z:2p m(P )(Z) dz Z=zp

a TaKO)X yMOBH HEIlEpEpBHOCTI NOTEHIiay | | (2) Ta BexTOpa enexTpUUHOL iHmyKILi:

1 P(2,)=1 (z,)
i
I

dj (p )(Z) dj (p+1)(z) : p:0_5
(p) H (p+1) H — ! 1
ie”(2———— -e"()—— -s (z,)
i} dz | _
T Z—Zp Z—Zp ( 20)
e Jpyra yYMOBa BpPaxOBYE HAsBHICTh ITOBEPXHEBUX PTC.
3aps/IiB Ha TeTEPOMEKax HAHOCUCTEMU. 3riHO METOAY CKIHUCHHMX Pi3HHIIb IIepIiia Ta Ipyra

I[lpu upoMy yBaxaeTbcs, MmO JUIA TOTEHIATY MoXifHi ampokcuMyrothess sk [16] (mis  3pydnocTi
j 4(2) 3a mexamu PTC Bukomyiothes ymoBu iforo — OMYIICHO IHIEKC

3HUKHEHHSI: dy (s) (2) Yau-Ys
e ® 0TH@e, ®0 @ N
Po3B’si3ku  camoysromkenoi cuctemMu (3) Oymemo (s) | v oV L4y ' (23)
IIyKaTH Ha piBHOMIpHiit citui [16]: . (2) _ 's¥l” 23 s-1
I dz _ h
VT/=[ZS=Sh,s=O,1,...N,h=], (22) |Z‘ZS
N KpiMm Toro, manms XBWIBOBUX (YHKLIH MaroTh

BUKOHYBAaTHCSi yYMOBH  MEPIOAMYHOCTI,  aHAJIOTI4HI

mne l=d,+d,+d,+d, +d: = - CyMapHa TOBIIMHA
170270370 70 = %5 - cymap ymoBaM bopna-Kapmana, 1110 ga€ yMoBy:
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Yo=Y Y, =Y ”

Toni xBUIBOBI (yHKILIi €JIEKTpOHA BH3HAYAIOTHCS
PO3B’ I3KaMH MaTPUYHOTO PiBHSIHHS:

N+1
L

&, 0
(;; =
(;YZ -
CY, ~
N ¢+
ri AgYg= fs,;YS:9Y4 =
A N
(; -
(;;M +
8YN5 (25)
FEsh'Q
s
¢o + J2m (DE (z5) - E)
fs=60 “icg=
o h
(; -
ch =+
&0 5
e A (s=1.N,r =1..N)- wmarpuus, s
1 r=se
| ..
TR ms 2
CJIEMEHTIB AKOi. Ag = | ,
: Ms ,r=s+1,
L
T O, pemra enemenrin

SAKIIO BY3JIHU CITKH ZS CHiBHaI[aIOTI) 3 TCTCPOMEKaAMU

11 r=s-1
l 2 2.2 _

PTCi Ay = % (ks - cs)h™- 2,1 = B MIPOTUIIEKHOMY
T-Lr=s+1
T 0, perita eeMeHTIB

BUIIAJIKY.

CrallioHapHUl ~ €HEpPreTUYHHHA  CIIEKTP Er(f)

€JIEKTPOHA BU3HAYAETHCS i3 AUCTIEPCIITHOTO PiBHSHHS:

det|ANN-I ||=o, (26)

To6T0, ISl KOYKHOTO BIAaCHOro yucia | , Martpuui A\,N

3HA4YCHHA eHepri'l' JUCKPETHOT'O CIHEKTPY BHU3HAYAECTHCA
SIK.

2 2,2
| h+2)h ccsh
E{(]S) — ( n )2 + S , (27)
2mgh 2mg
ne N=L12, .. - HOMep eHepPreTHYHOro piBHA

CTaI[lOHAPHOT'0 EJIEKTPOHHOI'O CHEKTDY.

AHANOriYHO 3HAXOIMMO, IO PO3B’S3KU DIBHSIHHS
[Tyaccona 3 ypaxyBaHHSIM TI'pDaHUYHUX YMOB JJIsI HBOTO
(20) Ta mpu ampokcumanii mOXigHUX 3rigHO (23),
BHU3HAYAIOTHCS PO3B’ A3KAMU MATPUIHOTO PiBHSHHS:

N &r.h o}
%1 (0] c 1 -
S, o ¢ch-h -
G- G -
I G *
5 _ . ST . (o rs.ih =
B (; - PS- PS'l -
fg @ ¢ '
QM - ch =
¢ N G-ryh -
&N
Pyl Paog
.:.e(s'l), r=s-1,

[ (e(s' D +e(s)) r=s

e Bsr (s=1..N,r =1...N) -- MaTpuus, Jyist elleMeHTIB AKOi: By =1 '1 T 7| AKIIO BY3JIHM CITKH
Ie(s) r=s+1,
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(S), r=s-1,
(e(s) +e(s+1)) f=s
o (51D

I O, peliTa eJeMeHTIB

.I. e
|
[

Z, cuiBnajaiots 3 rerepomexxamu PTC i By = | B NIPOTUJISKHOMY BUIAJKY.

,r=s+1

V cniBBigHoIIeHH (28):

s =1 (2)=5 (25)d(Zyq - 26) +&ND - N(Zs)) = (P(D)] = 10 - P(Dl =g o)/ N+ &N - N(z5)) =

N
D
(P, P)/h+e(Nn - n(z NT = 29
st s &(Np - N(2s));Np = .y E(S)O (29)
[]
2 mpkeT 2 255 E(S) '
n(zg) =n(E, zg) = & No Y(EE,S), )| =——5— pke’ Y (E(s) zg)| Inji+ expé': :
m
ph

EF - piens ®epmi matepiany mapis PTC, ND’ N 5 } PO3pPaxyHOK CTalliOHAPHOI'O €HEPreTUYHOrO CIIEKTPY
KOHLIEHTpAI[ii [JOHOPDHMX Ta 1OHI30BaHMX JIOHOPHHUX erektpora  E, ta doro xBwmboBMX  (ymKuiit
JIOMIIIIOK BiAIIOBIIHO, n, - KOHIICHTPAIIis BITBHUX HOCIIB Yn (En, Z) y PTC, a Takox e(peKTHMBHOrO MOTEHIIATY
sapsny B PTC. V(2 Ta itoro CKJIaJIOBHX

Tenep camoy3rokeHuii po3B’ 130K CUCTEMH PiBHIHB
Ipeninrepa Ta Ilyacconma (3) 3HaXOAMTBCS METOXOM DEc(Z)’ Vi (2), Vex(z)’ Ve(2).
nocrizosrux | itepaniii 3a cxemoro: BesnocepenHi PO3PAXYHKH  BUKOHYBATHUCh U
eKCIepuMeHTabHO peanizoBaHoi PTC, mo cnyrysana

2 g1 g j)(2)0

| (+) (1+1) kackagom KKJI [8]. ['eomerpuuni mapamerpu PTC Taxi:
: 2 % gn(z) = TV T@Yn T(9= TOBLIUHU HOTEHIIanbHUX Oap’ epiB:
i (4 (4D ﬂ D, =2uMm D, =1nMm; D, =1HM, IIMPHHU
i= En Yn (@) , (30) MOTEHINIATBHUX SIM. dl =2.08 HM, d2 =15uMm.
ae i (I )( )0 (I) ®iznuyni  mapamerpu PTC Ttaki: edexktuBHI Macu
i (2 ——— 2 ENIEKTPOHA.
ﬂzée m, =m(GaN) =0,186m,;
Jie e(peKTUBHUN HOTeHuian B MEPILIOMY MOPSIKY iTepawii m = m( Al N) =0, 322”13.
PO3PaXOBYETHCS SIK: B - ' -
V®(2) = DE.(2) +V.(2) @D _ M, = M(AlgesGa, ,.N) = 0,265m;
Tounicte obumcienp 3a cxemoro (30) 3amaerbes SRR HILOHHE{(;\C'TL_ 10:
OYECBUIHUMH YMOBAMHU: & =e( )=10;
|Y (|+1)(Z)|2 ) |Y (I)(Z)|2‘ e, =e(AIN) =85, :
> <<J e, =e(AlysGa,,,N) =9,13
| y O ( z)| 32) KOHIIEHTpALList JIOHOPHUX JOMIIIIOK:
(I)(z) f (- 1)(Z)| N, =6X0" v
<1 1T’ e30enektpuuni koncrant ( Ki/m?):

0]
(2 | 0 e, (GaN) = - 0,49; €2 = e, (AIN) =- 0,60,
B 6e3nocepez[H1x pO3paxyHKax TOYHICTH OOYMCIICHB (2)
srimgo  ymoB (32) yBakamace pisHolo 10°, o = eg,l(AlossGamzN) = - 0,554
3abe3neuyBanock 7-10 itepamisMu 3riHO 31 CXEMOIO 0 _ _ ! _ _ .
(30). ‘3) =e,(GaN) =0,73 € = e, (AIN) =1,46;
2) _ — .
eés) - es,s(Alo.ssGaOAZN) = 1,327,
[l. ObroBopenHs pe3yJibTaTiB
npyxHi koucrantu (1'TIa):
Ha ocHOBi po3BHHEHOi BHIE TeOpii BUKOHYBaBCS
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Cl(f) = C,(GaN) = 374; Cl(i) = C,,(AIN) = 345; Ha puc. 2 300paskeHo CHEPIETHIHY CXEMY OJIHOTO
kackany KKJ[, po3paxyHok sKoi BUKOHYBaBcs 0e3

C? =C,, (Al Ga,,N) = 357,18, ypaxyBaHHs €JIEKTPUYHOrO TMOJs  CIIOHTAHHOI  Ta
©) _ _ L) _ . ' €30€N1eKTPUYHOI nomspu3anii 3TiJHO 31
C,’ =C,(GaN) =106; €y, = C;,(AIN) =125, cmiBBigHomeHHsMU (5)-(7). 3 pucynka (2) BuaHO, 1O Yy
Cl(ZZ) =C, ( AI05SGa0 42N) =117,02: mopiBHsAHHI 3 Kackamamu KKJI, mo mnpaiomts y

CepeNHbLOMY Ta JalIbHEOMY iH(pPaYEPBOHOMY Aiala30Hax
Cl(g) = C4(GaN) = 70; Cl(é) = C;(AIN) =120, [1,2], mubuuu MOTEHIATBHUX sSM Ta BUCOTH
Cl(;) = C,5(Al, ,Gay,,,N) = 99,00; MOTEHINIATEHUX §ap’€piB € Ha6araT.o 6iJ'H>.H_II/IMI/I, 110

CTaQHOBMTH 3HAYHI IEPCIIEKTHBH y BAPilOBaHHI POOOYUMHU
Cég) = C,,(GaN) = 397; Céé) = C,(AIN) =395, xapaxrepuctukamun KK/l 3miHo0  mapamerpis

@ _ _ reoMeTpuyHOro ausainy kackamy KK/ [4, 5].

Cai’ = Cy(Al55Ga, ,,N) = 388,28, PospaxyHKd CKIagoBOi €()EKTUBHOIO IIOTEHIiaIy,
BU3HAYEHOTO  II €30€NEKTPUYHOI0 Ta  CIOHTAHHOIO
HONAPU3ALiAMUA BHKOHYBAIUCh 3a CITiBBiJHOIIEHHAMHU

cionransa nomspusanis (Kin/m?): . U
puzani ( ) (4), (8)-(10). Pe3ynbraTi po3paxyHKIB y 3aJI€KHOCTI Bif

PO — pP — .
P =P~ (GaN) =- 0,029; BenuunHu Z TmonmaHo Ha puc. 3. 3 puc. 3 BUIHO, IO
pPQ@ - p® ( A|N) =-0,081L BHYTpIIIHI  €JIEKTPUYHI MO,  SKi BH3HAYAIOTHCS
' I €30€JIEKTPUYHOI0 Ta CIOHTAHHOIO IOJSIPU3AIISIMHU €
pFe = p* (A|0586a042N) =-0,059. CHIBMIpHMUMH 31 3HAYEHHSMH BHCOT Ta TJIMOWH
2500
=]
)
= 2000
[$
L
a
1500
1000
500 -
0 L 1 " 1 " 1 " 1
0 5 10 7 HM 15 20
]

Puc. 2. Enepreruuna cxema ojnoro kackaay KKJI 6e3 ypaxyBaHHS €lIeKTpUYHOrO MOJISI CIIOHTAHHOT Ta
I €30€JIEKTPUYHOI MOJSIPHU3ALLii.

-400 |-
L 1 L 1 L 1 L 1
0 5 10 15 20
Z, HM
Puc. 3. 3anexHicTs Bil Z CKIaJ0BOI €PEKTUBHOTO MTOTEHINIATY, BU3HAYEHOTO I’ €30SJICKTPUYHOIO Ta CIIOHTAHHOIO
TOJISAPU3ALIIIMU.
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3000

2500

© 2000
=

-
L 1500

1000

\....

500

10

15 20
Z, HM

Puc. 4. Eneprernuna crpykrypa kackany KK/ 3 BkazaHUMM eHepreTHYHUMU PiBHSIMU CTalliOHAPHHUX CTaHIB

) 2
€JIEKTPOHA Ta BLATIOBIAHUMHU PO3MOALIIaMHA HMOBIPHOCTI |Y (Ep, z)| foro 3HaxoxeHHs y mexax PTC.

MOTEHINATBHUX M Ha Oap’ epie PTC BimnmoBigHO, M0 5K
Oyne BUAHO Jaji, € MPUYMHOIO iX CYTTEBOI'O BHECKY Y
cyMapHHi ¢peKTUBHUI MOTEHITIaNI.

Ha puc. 4 momaHO pe3ynbTaTd pPO3paxyHKY Bif
BENUYMHA Z CyMapHOro e(p)eKTHBHOIO MOTEHIUaTy IS
nocnimpkyBaHoi PTC. 3 pucyHka BUIHO, IO ypaxyBaHHs
e(eKTiB, 3a sKi BiINOBITAIOTh CKIAIOBI €()EKTUBHOTO
nmoTeHmiany 3rigHo cmiBBigHomienus (4), sk  Oyio
BKa3aHO BHWIIE, NPHUBOIUTH JO CYTTEBOi aedopmarii

BuximHoro mortenmiany. Ciig  3ayBaxuTH, IO
pO3TILIIYBaHUI epeKT € Oe3MOoCepenHiM HACTIIKOM
¢biznaHIX BJIACTUBOCTEH MaTtepiany nrapis

MOTEeHIIAIbHUX M Ta Oap’epiB gociimkysanoi PTC #
Ma€ BH3HAYaJIbHE 3HAYEHHS /IS MPOIECy AETEKTYBaHHS
enekTpoMarHiTHux XBuib KKJI.

Takox Ha puc. 4 moAaHo po3paxoBaHI 3HAUCHHS
PE30HAHCHUX €HEeprii eneKkTpoHa B gocmimpkyBaHiit PTC,

Taommusa 1
3HauYeHHS SHEPTil AUCKPETHOTO CIEKTPY EICKTPOHA
3 3akpurtiii PTC xackaay KKJI Ta ix jokaizamis

3uaeHns Jlokamizartis
enepriii (meB)

E;=496.2 aKTHBHA 30HA

E,=7174 EKCTPaKTOp

E;=824,7 EKCTPaKTOp

E,=9125 EKCTPaKTOp

Es=990.1 EKCTPaKTOpP
Es=1061,1 EKCTPaKTOp
E,=1128,4 EKCTPaKTOp
Eg=1166,9 aKTHUBHA 30HA
Eq=1197,6 EKCTPaKTOp
Ei0=1276,1 EKCTPaKTOp
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IO BiJIHECEHI IO IIKAK eHeprii (37iBa Ha PHUCYHKY) Ta
BIAMOBIMHI 1M PO3MOAIIM WMOBIPHOCTI 3HAXOKCHHS

2
ENEeKTPOHa y MeXaX HAHOCHCTEMY |Y(En,z)|

(mpuBezeHi 10 Macitaly Hikanu eHepriii). besmocepeani
3HAYEHHs PE30HAHCHUX EHeprii Ta iHpopmalis IIoA0
JIoKaji3aiii enekTpona y Mmexax PTC s BigmoBigHOTO
€HepreTUYHOro cTaHy nogaHo y tadin. 1. 3 puc. 4 BumHO,
[0 pO3paxoOBaHa BEIHMYHHA JCTEKTOBAHOI €HEprii, sKa
BiJITIOBi A€ €HEePreTHUHOMY nepexony MiX
€JIEKTPOHHUMH CTaHaMH, JIOKaJTi30BAaHHUMHU Yy aKTHBHIH
30HI1 KK]] € TaKOXK:

w=wi"eop) Eg - E; =670,7 meB.

3HAYCHHS BEJIMYMHU JIETEKTOBAHOI eHeprii  mobpe
KOPEJIIOE 3 SKCIICPUMEHTOM, OCKIJIBKH BiJIPi3HSIETHCS Bil
EKCIICPUMEHTAIEHO OTPUMAHOT0 3HAYCHHS

V\;eKcn) = 650,0 MmeB ne Ginbiie Hixk Ha 3,1 %.

PospaxoBane

BucHoBkn

Ha ocHOBI 3HaiiJIeHNX CaMOY3TO/PKEHHX PO3B’S3KIiB
cucremu piBHsHb lpeninrepa Ta Ilyaccona 3
ypaxyBaHHSM BHECKY IT €30€JIEKTPUYHOI Ta CHOHTaHHOI
NoJsIpU3allii  po3BUHEHa KBAaHTOBO-MEXaHIUHA Teopis
CTalliOHApHHUX EJEKTPOHHUX CTaHiB y ruiockid PTC sx
aktuBHil 30H1 KK]/I.

Jns excnepumeHtanpHO pociimkyBaHoi PTC Ha
OCHOBI PO3BHHEHOI Teopii BUKOHAHO CaMOY3I'OKEHUH
PO3paxyHOK €JIEKTPOHHOTO MOTEHI[aJbHOr0 Npogiiro,
CTalliOHAPHOTO EHEPreTUYHOr0 CIEKTPY Ta BEIHMYHHU
nerexktoBaHoi eHeprii. IlokazaHo, w0 pe3ynbTaTu
PO3pPaxyHKIB A00pE Y3TOMKYIOTHCS 3 CKCIIEPUMEHTOM.
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boiiko I.B. - xanmunar $i3uko-MareMaTHIHUX HayYK,
JIOLIEHT, JOIEHT KadeIpy IpOorpaMHOl iHKeHepii;

Tkau M.B. — mpodecop, IOKTOp (i3UKO-
MaTeMaTHYHUX  HayK,  3aBigyBad  Kadenpu
TEOPETHYHOT ¢izuku Ta KOMIT FOTEPHOTO
MOJICTTIOBaHHS;

Cemi F1.0. - npodecop, nokrop ¢izuko-
MaTeMaTHYHUX  HayK, Hpodecop  Kadeapu
TEOPETHYHOT ¢izuku Ta KOMIT FOTEPHOTO
MOJICITIOBAHHSI.
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For resonant tunnding structure with GaN — potential wells and AIN — potentia barriers, caculation of
internal fields caused by piezoel ectric and spontaneous polari zation was carried.

In the model the effective mass of an electron and a didectric continuum model using finite difference
method self-consistent solutions of the Schrodinger and Poisson system of equations taking into account the
contribution of piezoel ectric and spontaneous pol ari zations was found.

Based on the found solutions of the Schrédinger and Poisson system of equations for resonance tunneling
structure, which functioned as a cascade experimentaly realized a quantum cascade detector, calculation of the
potentid profile and the electron energy spectrum was carried. It was found, that caculated value of detected
energy is different from the experimentally obtained not more than 3 %.

Keywords: quantum cascade detector, resonance tunnel structure, piezoelectric polarization, spontaneous

polarization, potentia profile.
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In this paper, the energy spectrum of electron and complete set of exact wave functions are obtained in the
framework of effective mass approximation and rectangular potential barriers model for the CdSe/ZnS/CdSe
nanostructure. Using the matrix method, the numeric cal cul ations are performed for the electron energy spectrum
as afunction of electric field strength in multilayered quantum dot. It is shown that the electric field effects on the
core electron in the ground state and causes its tunnding into the outer potential well. Thus, the overlap of wave
functions varies essentidly, influencing the dipole momentum of quantum transitions and light absorption
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I ntr oduction

Semiconductor  sphericd quantum dots are
intensively studied since last century because these
nanostructures are the basic dements of new devices of
nano- and optoeectronics. The first multilayered
nanostructure CdSYHgS/CdS, the so called QDQW, was
grown in 1993 by Mews and others [1-2]. Later, the
spherical nanostructures based on CdS, CdSe, ZnS, ZnSe
and other semiconductor crystals [3-7] have been
synthesized. High-efficiency LEDs, white light sources,
photodetectors, fluorescent labels, single-eectron
devices for computer engineering, biological sensors and
SO0 on are produced using the multilayered QDs. The
wide perspectives of their practical utilization simulate
the intensive theoretical researches of their optica
properties. In the majority of theoretical studies the
effective mass approximation and model of rectangular
potential wells and barriers [8-9] are used. The electron
energy spectrum and analytical form of its wave
functions were obtained in papers [8-9]. The sizes of
potential wells were chosen in such a way that if the
electron was located in outer well, the field pushed it into
the inner one. Such change of eectron location was
displayed by the optical properties.

In this paper, the energy spectrum of eectron and
complete set of exact wave functions are obtained in the
framework of effective mass approximation and
rectangular  potential  barri's  model  for  the
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CdSe/ZnS/CdSe nanostructure. Using the matrix method,
the numerical calculations are performed for the eectron
energy spectrum as function of eectric fidd in
multilayered quantum dot. The polarization potentials,
arising from the difference of dielectric constants values
in different layers of nanostructure and external medium
are taken into account.

It is shown that the effect of dectric field on the core
electron in the ground state causes its tunneling into the
outer potential well. Thus, the overlap of wave functions
is essentidly varied, that influences on the dipole
momentum of quantum transitions and light absorption
coefficient.

. Theoretical model

The semiconductor spherical QDQW consisting of
core-well with the radius r, barrier with the thickness
D=r - ry and well with the width r =r, - r; placed
into the semiconductor matrix-barrier is studied. In order
to investigate the effect eectric field on the dectron
energy spectrum and wave functions in the nanostructure
with an impurity, the Schrodinger egquation with the
Hamiltonian

H —l]\:l h2 l£1+V (r q)+W(r)+U(r)
amr)  E

D)
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isto be solved. Here VE(rr) is electrostatic potential of
r
the externad field F , applied in z-direction, hasthe form

i agrs rer
:
:

.I.alr+&2,r0<r£r:L
|
VE(r.q) =-eFcosq | b, )
E Ta,f+-5,L<rfr
) 21 2
|
..r+7’
tr e

The coefficients a; and b; are obtained as sol utions of
Poisson equation with standard dielectric boundary
conditions at the interfaces. The W(r) term in (1)
describes the electron sdlf-polarization potential, which

for the case of a small difference between e, and ey is
simplified to the following form [9]
_ee-e,) ¥ k+1
~ 8er, koke+(k+le,,
Confining potential U (r) and effective mass m(r)

have a step-wise form:

i0, r€rg, np<rfr,

U(r)=:'V, fh<rfEn
Ly, r>r, @)

r>r2

w(r) (rir)®, 3

n’(r):}mo’ r£ro,r1<r£r?, wells )
im, ro<r£r,, barrier.
If B=0,E=0, the Schrodinger equation with
Hamiltonian (1) hasthe exact solutions
F nlm(r!q!j ) = RnI (r)YIm (q!j ) , (6)
where Ry (r)= Ay jj (kni 1) + By (k1) with
i1 (2), n,(2) being the Bessal spherical functions of the

first and the second kind, respectively.
In order to study the electron properties in

E,.=72.3 meV
e
Ty & T
E,=88.3 meV
S
g E
Ty I T,

nanostructure driven by dectric and magnetic fields, we
use the method of expansion of the quasi-particle wave
function over the complete set of eigen functions for the
electron in the spherical nano-structure without the
external field, obtained as the exact solutions of
Schrodinger equation. When the external fields are
applied, the spherical symmetry of the problem is broken
and the orbital guantum number | appears to be an
inconvenient one. The new states characterized by a
magnetic quantum number m are represented as a linear
combination of the states |nlm>
y jm(r) = é é CnIF nlm(r)
n | , (7)
Substituting (8) into Schrodinger equation with
Hamiltonian (1), we obtain the secular equation

Hy - Epdyndi /=0
| (8)

jm~n,n
The problem of electron energy spectrum and wave
functions calculation under the external fidds and
impurity effect is solved, elgenvalues and eigenvectors of
the matrix are obtained.
The calculations of absorption coefficient are
performed [11-15] using the formula:

2
™, S‘Mia,jb‘ hGa jb
a(W)—W\/:Oe Bach (Ej . hW)2+(h9a,jb 2 (9)

where €, is electric vacuum constant, M), stands for

nl,n'l"'

magnetic constant, ¢ represents the speed of light, hC—;L2

is energy of relaxation. Dipole momentum of quantum
trangition, in itsturn, is given by the formula:

M, . :‘<i|1/rr(r)rcosq| f>r, W

1. Results and discussion

E..=95.5 meV

TR B
| Em=1’22.3 ey
Ty I i

Fig. 1. Theradial distributionofprobabilitydensityattheel ectronenergystates 10>, |[11>, |[20>and [21>.
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/
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Fig. 2. Digtribution of electron density in the ground state in nanosystem at different values of eectric field

strength.
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Fig. 3. Electron energy spectrum as function of electric field strength in nanostructure. Anti-crossing ishigh
lighted in red.

The computer calculations were performed using the
physical parameters of CdSe/ZnS/CdSe semiconductor:

m;=013m,  m =028mg,  V =1050meV

ey =93, e, =81, e, =1, where m, denotes a bare

electron mass. The potential wells sizes are chosen in
such a way that eectron is localized in the core of
nanostructure without eectric fidd (ro=5.5nm, r=5nm,
D=1.5 nm). All calculations are performed at m=0. In fig.
1 the radia digtribution of probability density for
electron in the ground and first three existed states are
presented. We took into account no less than 36 termsin
the expansion (8) (n=1,...,6 and 1=0,...,5).

The results of calculations for ly 10(rr )|2 show (see

fig. 2), that the electron, a geometric parameters
choosen, islocated in the core of nanostructure. From the
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fig. 2itisclear that the electron tunnelsinto outer well at
83-88kV/cm. It is also manifested in the dipole
momentum, oscillator’'s  drength  and  absorption
coefficient.

The dependences of several lower energy levels of
electron on the eectric field strength F are shown in fig.
3. Here one can see that change of electron location is
accompanied by the effect of anticrossing energy levels.
The energy of ground state of eectron, which is located
in outer potentia well, linearly decreases after anti-
crossing at increasing eectric field.

We calculated the absorption coefficient at different
values of eectric field intensity. The sdlection rules for
intraband quantum transitions of the eectron in QDQW
without eectric field are defined by the integral of the
product of the wave functions over the angular variables.
It is nonzero for the transitions with Dl =+1;Dm=0.
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Fig. 4. Absorption coefficients for intersubband quantum transitions at different values of dectric field strength.

Thus, the trandtions from the ground dtate are possible
only into the gates with | =1. From the fig.4 one can see
that the transition [1>—|3> is permitted when the electric
field is absent. When the eectric field strength increases,
the probability of transitions |1>—|2> and |[1>—}4>
increases too, together with the value of absorption
coefficient. Comparing the results one finds that the
absorption coefficient at 80 kV/cm is much bigger than
that at 40 kV/cm. Increasing intensity of eectric field
causes larger oscillator strength of these trangtions. The
properties of eectron energy spectrum in the
nanostructure under study can be implemented in new

semiconductor devices.

Summary

In order to obtain the electron energy spectrum and
its density distributions in semiconductor QDQW driven
by dectric field, the stationary Schrodinger equation is
solved within the method of wave function expansion
over the basis of electron wave functions obtained for the
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nanostructure  without the externa fied. The
approximation of effective mass and finite rectangular
potential barriers modd are used. The dependences of
electron energies, density distributions and absorption
coefficient on electric field intensity are obtained. It is
shown that the eectric field dramatically changes the
electron density distribution. When the dectron, in
ground date, is located in the core of the QDQW
potential well, the increasing eectric field intensity
causes itstunneling into outer potential well.

The optical properties of the QDQW depend on the
distribution of electron density in spherically-symmetric
gtates, varying due to the electric field. This phenomenon
can be used for the creation of new semiconductor
nanodevices operating in the infrared range of
€l ectromagnetic waves.

Holovatsky V.A. — Doctor of Physics and Mathematics,
Professor of Theoretical Physics and Computer Modeling
Department;

Yakhnewych M.Y. — PhD-student of Theoretical Physics
and Computer M odeling Department.

D. Schoos, A. Mews, A. Eychmuller, Phys. Rev. B. 49(24), 17072 (1994).

[2] A.Mews, A. Kadavanich, U. Banin, A. Alivisatos, Phys Rev B 53, (1996).

[3] A.Sdman Ogli, A. Rostami, Journal of Nanoparticle Research 13(3), 1197 (2011).

[4] S. Mathew, A.D. Saran, B.S. Bhardwaj, S.A. Joseph, P. Radhakrishnan, Journa of Applied Physics 111,
074312 (2012).

[5] Uehara Masato, Nakamura Hiroyuki, Maeda Hideaki 9(1), 577 (2009).

[6] D. Tdapin, I. Mekis, S. Gétzinger, A. Kornowski O. Benson, H. Weller, The Journa of Physical Chemistry B
108(49),18826 (2004).

[7] Y. Fang-Fang, Jun-Sheng Yu; X. Ying, Chinese Journal of Inorganic Chemistry 24(7), 1142 (2008).

[8] V. Holovatsky, I. Bernik, M. Yakhnevych, Physica E 83,256 (2016).

[9] V. Holovatsky, I. Bernik., M. Y akhnevych, Physica B: Condensed Matter. 508, 112 (2017).

[10] V. Holovatsky , O. Voitsekhivska, |. Bernik, Condensed Matter Physics 17, 13702 (2014).
[11] W. Xie, Superlattices and Microstructures 48(2), 239 (2010).

[12] W. Xie,Physica B: Condensed Matter. 405(16), 3436 (2010).

[13] G. Rezaei, M.R.K. Vahdani, B. Vaseghi, Current Applied Physics 11(2), 176 (2011).

[14] Y. Yakar, B. Cakir, A. Ozmen , Optics Communications 283(9), 1795 (2010).

[15] Kogti¢ R., Stojanovi¢ D., Jornal of Nanophotonics 5, 051810 (2011).

300



Effect of Electric Field on Energy Spectrum and Intersubband Absorption Coefficient...

B.A. T'onoBauskuii, M.J. SIxueBuu

BruiuB eJIeKTPUYHOIO MOJIA HA EHEPreTHYHUI CIIEKTP Ta MIKIIA30HHUMI

KOe(dilieHT MOTIMHAHHSA eJIEKTPOHA B c(pepuuHii OaraTomaposii
kBaHTOBIit Touni CdSe/ZnS/CdSe

Yepniseyvkuil Hayionanvhutl yhieepcumem im.JO.@eovrosuua, YVrpaina, Yepnisyi, eyn. Koyrobuncvrozo,2, kif@chnu.edu.ua

EnepreTuuHuii CriexTp eneKTpoHa i MOBHMI Halip XBWIbOBUX (YHKLIH 3HalJIeHO B MozeJ HaONMKeHHs
e(exTUBHMX Mac Ta IpPAMOKYTHHX IOTeHLiaNbHUX Oap’epiB B  HaHocTpykTypi CdSe/ZnS/CdSe.
BuxopucroByrou MaTpUYHMH METOJ PO3PaxOBaHO EHEPreTHYHMH CIEeKTp eJIEKTpOoHa B Oararomaposiii
KBaHTOBIH Toulll, sIK QYHKIIIIO HANIPYKEHOCTI eeKTpuuHoro noss. [TokasaHo, 110 BIUIMB €JIEKTPUYHOrO MOJIS Ha
€JICKTPOH, KU JIOKaJIi30BaHUH B s/ipi HAHOCHCTEMH B OCHOBHOMY CTaHI CHPHYMHSE TYHEJIIOBAHHS B 30BHIIIHIO
noreHuianbHy sAMy. Lle BinoOpaskaeTbcs HA NMEPEKPUTTI XBUILOBUX (YHKLIH, AUMOIBHUX MOMEHTaX KBaHTOBHX
MepexoMiB 1 KoeilieHTi TOrIMHAHHS.
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We have reported the effect of Co and Ni doping on structura and optical properties of ZnO thin films
prepared by RF reactive sputtering technique. The composite targets were formed by mixing and pressng of
Zn0O, Mnz0,, CoO and NiO powders. The thin films were deposited on sapphire, quartz and glass substrates. The
structure study confirms the formation of the hexagonal wurtzite ZnO without any secondary phase in transition
meta (Co, Ni) - doped samples. Cross-sectional TEM images of al studied samples show a denseand uniformly
textured structure composed of column-like structure aong the growth direction. The surface morphology of the
thin films was studied using atomic force microscopy (AFM). Different surface morphology (AFM) images were
obtained depending on the film composition and growth conditions. Optical absorption spectra suggest of
substitution Zn** ions in ZnO lattice by transition metal atoms. The shift of the absorption edge due to decrease
the energy band gap with increasing cobalt content and complex dependence of the energy band gap on content of
nickel was observed in optical absorption spectra of the studied films. The room temperature photoluminescence
peaks are attributed to near band gap emission and vacancy or defect states.

Keywords: diluted magnetic semiconductor, zinc oxide, thin films, rf sputtering, X-ray diffraction,
transmission el ectron microscopy, atomic force microscopy, optical absorption, photol uminescence.
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I ntr oduction

Diluted magnetiic semiconductors (DMS) are
attractive materials because of exhibition of the sp—d
exchange interaction between the localized magnetic
moments and the spins of the band carriers. The
replacement of the cations of I11-V or 11-VI nonmagnetic
semiconductors by magnetic transition metals (TM) ions
leads to a number of magnetic, optical, magneto-optical
and magnetotransport phenomena. The unique spin-
dependent phenomena in these semiconductors can
introduce new functionality to spintronic devices.
Recently the family of DM Ss was increased by addition
of the semiconducting oxides[1, 2].

Zinc oxide (ZnO), an opticaly transparent 11-VI
semiconductor with hexagona wurtzite structure of
C's (PBam) Space group, wide direct band gap (E,~
3.37 eV), excitons binding energy (~ 60 meV) has been
identified as a promising host material after theoretica
studies have predicted ferromagnetism above room
temperature in Mn-doped ZnO [3]. Different growth
techniques such as chemica vapor deposition, spray
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pyrolysis, pulsed laser deposition, magnetron sputtering,
sol-gel process etc have been used for preparing of ZnO-
based DMSs thin films. Several group [4-7] have
observed ferromagnetism in ZnO:TM systems, while
other groups [8-10] have not observed such magnetic
behavior in similar samples. These controversial results
indicated that the magnetic properties are very sensitive
to the shape of the samples and to the preparation
conditions.

The present work is devoted to preparing of Co or Ni
doped ZnO thin films and study of their structural and
optical properties depending on content of transition
metals.

|. Experimental

The films of Zn;,Co,0 and Zn, 4Ni,O were prepared
by RF reactive sputtering technique. Glass, quartz and
sapphire were used as the substrates. Mixture of argon
and oxygen was used as the reactive gases. The distance
from target to substrate was taken as 35 mm. The details
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Fig. 1. Scheme of the deposition experiment.

of thetarget-substrate experimental setup are shown in
Fig. 1. The base vacuum in the chamber was 2 10™ Pa
and the working gas pressure — 0.2 Pa of oxygen and
0.8 Pa of argon. Sputtering was carried out with input RF
power 300 W and deposition rate of 10 nm/min. Post
deposition annealing (5-8) min in oxygen atmosphere at
(500 - 550)°C was performed.

Targets were prepared by pressing with using of
ZnO, MnzO,; CoO and NiO pure powders as initia
components. The temperature of substrates were 350 -
400°C during deposition process and was measured by
two chromel-copel thermocouples, which were placed on
the back side of the substrate holder.

The crystallographic studies were performed using
X-ray Diffractometer (D8 ADVANCE  X-ray
Diffractometer with DAVINCI) using Cu-K, wavelength
(. = 1.54059 A) and scanning in 20 range from 10° to
70°. A Tecna Osiris X-FEG STEM microscope was
used for recording high-resolution (HR) TEM images.
Atomic force microscopy (AFM) was used to evaluate
the surface morphology of the films. The sample of Zn,.
Mn,O was measured in Semicontact Mode with
standard NT-MDT NSGO03 (Resonance Frequency
F =90 KHz, Force Constant K = 1.74). The samples of

Zn,.,Co,0 and Zn;4Ni,O also was measured in Dynamic
Mode (non—contact) with Force constant K ~ 40 N/m and
fo ~ 300 kHz.

Absorption spectra between 350 and 600 nm were
measured using a grating monochromator, a
photodetector system and registered computer system.
This setup has aso served to register photoluminescence
(PL) spectra. For such kind of measurements the samples
were excited using a 325nm He-Cd laser with an
excitation intensity value of 10 mW.

Il. Resultsand Discussion

The obtained XRD patterns of the pure ZnO and
Zn;,MeO (Me- Co, Ni) oxides showed that all as-grown
samples are nanostructured polycrystalline films. The
diffraction patterns of all samples can be indexed to the
hexagonal wurtzite structure of ZnO. The X-ray
diffraction (XRD) patterns of ZngygsNio¢4O films on glass
and sapphire substrates are shown in Fig. 2. All intense
peaks positions of the films correspond to the standard
diffraction pattern of ZnO hexagonal wurtzite with a
(002) preferred orientation. No peaks corresponding to
TM clusters or their oxides are observed on the patterns
which indicates that Co or Ni has entered the ZnO lattice
without changing the wurtzite dsructures and
systematically substituted the Zn®* ionsin the lattice. The
relative intensity of the (002) peak of the Zn;,Co,0 and
Zn;4NiyO (0<x<0.08) exhibits stronger than other
peaks, indicating that the C-axis preferred texture growth
of the TM-doped ZnO films. Further, the intensity of
diffraction peaks of thin films increased with increasing
TM concentration which can be attributed to a
refinement and improvement of crystalline quality of
these films as a result of Co or Ni doping. At sametime,
we observed shift only in the angular peak position of
(002) plane and no angular shift was observed for any
other plane. Thisangular peak shift towards the lower 20
value from the undoped sample to doping of x =0.04
indicates that films are in a uniform state of stress. With

—| 1-C_J4% Nionglass |
2 -[_14% Nion quartz

— 3-C2zn0O -

20 25 30 35 40

45 50 55 60

2Q(deg)

Fig. 2. X-ray diffraction spectra of Zn,,NiO thin films on glass and sapphire substrates.
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a)

Fig. 3. STEM HAADF (Z — kontrast) (a) and STEM BF (b) images of Zn,.,Co,O thin films.

HAADF

Fig. 4. The EDX maps showing of chemical elementsin selected area.

a further increase in TM concentration, the peak shift
takes place in opposite direction, i.e. 20 value increased,
indicating the change in the direction of stress. The
average crystallite size, D was calculated using the full
width at the half maximum (FWHM) of the diffraction
peak and the angle of diffraction ® in Debye-Scherer’s
formula[11]:

D= 09A , (1)

A® cos©

where A is the X-ray wavelength, A® is the FWHM and

O is the Bragg angle of the diffraction peak. Analyzing
the obtained results, a decrease of crystallite size with
increasing TM dopant concentration is observed. It
seems that the introduction of Co(Ni) atoms in ZnO
structure and increasng their concentration dlightly
reduces the average crystallite size. The same behavior
was reported for ZnO:Ni [12] and ZnO:Al thin films
[13]. The authors consider that some quantity of dopant
atoms prefers to locate in or near the grain boundary
regions, determining a decrease of crystallite size. TM-
doped dightly decreased the lattice parameters of the
ZnO films, considering that the size of Co?" (0.058 nm)
and Ni%" (0.055 nm) in tetrahedral configuration is close
to the size of Zn?" in tetrahedral coordination (0.06 nm).
Thus, the Co® or Ni* ions were systematically
substituted by Zn®** ions without changing the crystal
structure.

Cross-sectional  transmission  electron  microscopy
(TEM) images of all studied samples show a denseand
uniformly textured structure composed of column-like
structure along the growth direction (Fig.3). The
corresponding selected-area the energy dispersive X-ray
detection (EDX) maps are shown in Fig. 4. All the
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locations contain the expected dements (Zn, Co, O) and
no other impurity eements apart from Cu and C (from
grid), clearly indicating that Co is uniformly distributed
in the film and makes solid solution with ZnO matrix.
The surface morphology of the Zn; ,MeO films and
they crystallite sizes have been studied and evaluated by
AFM. The obtained results suggest that the values
anadyzed by AFM are much higher than the ones
analyzed by XRD. As well known, with AFM the sizeis
measured by the distance between the visible grain
boundaries, which is called particle size. While with
XRD, the grain size is measured in the extent of
crystalline region that the diffract X-ray, which is more
stringent and leads to smaller size. The surface
morphology of the layers studied by AFM shows strong
dependence on oxide composition, substrate materia and
growth conditions. The root mean square of the surface
roughness is measured from the pictures over
2 umx2 um and 5umx5 pm scanning range. The AFM
micrograph shown in Fig. 5, a indicates that the increase
in the surface roughness by Co doping is caused by
closdly packed nanorod like nanocrystallites throughout
the Zng9gC00 0,0 film surface. The estimated diameter of
the observed nanorods is about 100 nm. Essentialy, there
is no obvious change in the microstructure observed in
the films grown with different Co concentrations. The
surface morphology of the Zn;4NiyO film shows a
mixture of granular and columnar microstructures (Fig.
5, b). The average roughness Ry of these films was
65.7 nm, and the average grain size was 62.5 nm. Similar
AFM images with columnar microstructures were
observed recently in Zny4Ni O films prepared by DC
magnetron sputtering [14] and sol-ge spin  coating
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Fig. 5. 2D and 3D AFM images of thin films: (8) ZNng9sC0p 020 on glass substrate, (b) ZngggNig .0
on glass substrate.
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Fig. 6. Transmittance spectra of Zn,.,Co,O thin films with different content of Co in spectral region
near the absorption edge.

method [15]. It should be noted that the difference
between AFM images for Co-doped and Ni-doped ZnO
films is that nanorods in the first case are closed packed
and tilted whereas for the second case columns are
oriented perpendicularly to film substrate plane.

UV-Vis optical measurements were carried out at
room temperature to study the effect of TM (Co, Ni)
doping concentration on the band gap of ZnO thin films
and to confirm the substitution of Co?" or Ni?* ions in
tetrahedral sites of the ZnO wurtzite structures. Fig. 6
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shows the optical tranamission spectra of undoped and
cobalt doped ZnO thin films deposited on glass
substrates. The undoped ZnO film is more transparent
whereas in cobalt doped thin films the transmittance
decreases with the increase of Co-doping concentration.
The optical transmittance spectra showed a shift in the
band edge towards lower energy side with the increase of
Co content in the films. Additional absorption below the
absorption edge can be seen for the Zn, ,Co,O thin films.
In particular, for Co content of x = 0.02 three absorption
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Fig. 8. Transmittance spectrum of ZngggNio 2O thin film in spectral region corresponding d-d transitions.

bands at about 1.87, 203 and 219 €V have been
revealed, which are in agreement with aready reported
absorption peaks [16, 17]. This absorption structure is
associated with d-d electron transitions of Co? ionsin a
tetragonal crystal fidd. The observed pesks were
attributed to “A(F) ® 2A4(G), “A(F) ® *“T1(P) and *A,(F)
® %E(G) transtions in Co** ions. The observation of
these trangitions in transmission spectra of our Zn,,Co,O
films, thus, clearly reveals that the added cobalt atoms
have been substituted by Zn? cations and are present in
2+ dtate.

The band gap E, of the Zn,.,CoO films have been
calculated using plotting of (ahn)® versus hn and by
extrapolating the linear portion of the absorption edge to
find the intercept with energy axis. The estimated of E,
values are decreased with increase of Co content (Fig. 7).
This result is in contrast with the reported data [16, 18],
where blue shift of the absorption edge was observed. On
the other side, a similar trend of decrease of band edgein
Zn;.,CoO films isreported by many workers [5, 17, 19].
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This low energy shift of the Ey as a function of the Co
content can be explained due to the sp-d exchange
interactions between the band electrons and the localized
d dectrons of the Co?" ions substituting for Zn* ions
[20, 21]. The s-p and p-d exchange interactions give rise
to a negative and a positive correction to the conduction
and vaence-band edges, leading to narrowing of the
band gap [22].

Compared with pure ZnO film, both for the Zn,.
«CoO films, the optical absorption edge of Zn;.«NiO
films is shifted depending on content of Ni. Upon Ni
doping, the absorption edge is blue shifted for x £ 0.02
and red shifted for the filmswith x > 0.02. The estimated
values of Egare increased with increase of Ni content up
to x = 0.02 and decreased for x > 0.02 (Fig. 7). This
result isin contrast with the reported data [14, 23], where
only red shift of the absorption edge was observed. Such
akind of E¢(x) dependence might be due to the formation
of defect energy level of Ni. As a donor impurity, Zn,
produces a shallow donor levels, which can reduce the
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Fig. 9. The PL spectra of Zn,«Ni,O filmswith different Ni-content.

band gap of ZnO. According to recent suggestion of
Reddy et a. [23] decrease of Eg with increase of Ni-
content for the sprayed thin films can be associated with
the structural defects such as voids and dangling bonds
that can also create the localized states in the band gap.
More complex character of absorption edge dependence,
but very similar to the our thin films was reported for
Zn;4Ni,O nanoclusters prepared by co-precipitation
method [24]. Because of the nanostructured character of
the prepared Zn,;,NiyO films according to the
demonstrated above AFM images the same mechanism
can be applied also to explain the observed dependence.

Both for the Zn;,CoO thin films, additional
absorption below the absorption edge can be seen for the
Zn;4NiO films. To observe this feature we have chosen
for measurements more thicker film as compared with
thickness of the films for anaysis of the absorption edge.
From Fig. 8 we can see in transmittance spectrum of
ZNgogNig20 film wide absorption band around 480 -
520 nm. This absorption structure is associated with d-d
electron transitions of Ni®* ions in a tetragona crystal
field. In particular, the observed peak can be attributed to
*T4(F) ® °T,(P) transitions of the Ni** ions.

The PL spectra of Zn,4Ni,O films with different Ni-
content are shown in Fig. 9. All the spectra contain a
strong emission band at 380 nm, which is due to free
excitonic recombination or eectron transitions from the
conduction band to the valence band of ZnO. The energy
position of this band is shifted to lower photon energy
with increase of Ni — content in accordance with the
reducing of the band gap. The PL peak a 460 nm is due
to different vacancies and defect states. The intensity of
this band increases with increase of Ni — content. Gao et
al. [14] discussed possible influence of six intrinsic
defects such as antisite oxygen, antisite zinc, oxygen
vacancy, zinc vacancy, interstitial oxygen and intertitial

zinc.

Conclusions

In concluson, Zn;,CoO and Zn;4Ni,O thin films
with x £ 0.08 were deposited by RF reactive sputtering
technique on sapphire, glass and quartz substrates. XRD
andysis of the films reveal that cobalt or nickel ions are
successfully doped in ZnO without changing the
hexagonal wurtzite structure. The grown TM doped ZnO
films show c-axis preferred orientation with good
crystallinity. The Zn,,Co,O film is composed of closdy
packed nanocrystallites with nanorod shape and
Zn;4Ni,O film shows a mixture of granular and
columnar microstructures.

The optica absorption spectra of the films
demonstrate: (a) the energy bang gap was found to
decrease with Co content increase, (b) the absorption
edgeisfound to be shifted in different manner depending
on Ni-content, (c) the presence of d-d transitions. These
observations conclusively prove that in studied films Co
and Ni exist in 2+ states at tetrahedral sites and
substitutes Zn*, The room temperature
photoluminescence peaks were revealed for al samples
and are attributed to near band gap emission and vacancy
or defect states.
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I CTOJ’ISIp‘IYKl, I'.L KJ'IGTOZ, A. JI3e;1iq3

CTpYKTYpHi Ta ONTHYHI BJIACTUBOCTI TOHKHUX MJIiBok ZNO, jgerobanux CO Tta
Ni, oTpMMaHUX METOI0M iOHHO-TJIA3MOBOT'0 HANIUJICHHSI

 Ipoeobuybiuii nedazoeiunuii yuisepcumem im. Ieana ®panka, syn. L.Ppanxa, 24, 82100 Jpozobuy, Yipaina,
e-mail: istolyar chuk@ukr.net
Yepniseyvruii nayionansnuil ynisepcumen, syn. Koyiobuncokoeo, 2, 58012 Yepnisyi, Vpaina,
3LleHmp iHHOBayIll ma nepedadi NPUPOOHUX HAYK MA THICEHepHUX 3Hanb, Kewyscoruil ynisepcumem, yn. Peiimana, 16,

35959, m. Kewys, [Tonvwa, e-mail: dziedz c@univ.rzeszow.pl

B pobGori npencraBieHO pe3ydbTaTH EKCHEPUMEHTAIbHOTO JOCIHIUKCHHS CTPYKTYPHHUX Ta ONTHYHHX
BJIACTUBOCTEH TOHKMX IUTiBOK ZNnO, nerosanux Co ta Ni, oTpMMaHUX METOIOM iOHHO-IUIa3MOBOI'O HAIMJICHHS.
Kommno3uuiiiHi MilneHi oTpuMyBaiuch HUISXOM 3MiLIyBaHHs Ta NPECYBaHHS MOPOLIKONoAiOHMX okcuai ZnO,
MnzO4, CoO Ta NiO. ToHKI IUTBKH OCa/[KYBalWCh Ha KBAapLEBUX, can(ipoBUX Ta CKISHHUX [MiIKIaKaX.
OTpuMaHi pe3ynbTaTh CTPYKTYPHHX JOCIIDKEHb CBiUaTh PO PICT IUIBOK B TEKCArOHAIBHIM BIOPLIUTHIN
CTPYKTYpi 3 mepeBaxkHoro opientauicio (002) 6e3 yrBopenHs BTopuHHUX (a3. TEM 300pakeHHs IOIEPEeYHOro
nepepizy BCiX JOCHIIPKEHHX 3pa3KiB CBIIUATh NPO IIiIbHY HAHOCTEPKHEBY OYyHOBY IUIIBOK B3/IOBX HAIPSMKY
3pocTaHHs. PesynbraTu aTOMapHO-CHIOBOI MiKPOCKOIIi JE€MOHCTPYIOTh CKJIAJHY MOpP(OJIOTi0 IHOBEPXOHb
OTPUMAaHUX IUTIBOK, SIKa 3aJISKUTh BiJl KOMIIOHEHTHOI'O CKJIaay Ta YMOB iX ofepxaHHs. B crekrpax mornuHaHHs
BUSIBIICHO 3MEHILICHHS IIMPUHU 3a00pOHEHOi 30HM IUIIBOK i3 3POCTaHHAM BMICTY KOOQJIbTy Ta CKIAAHY il
3aJISKHICTh TIPU 3POCTaHHI BMICTY Hikemto. Y crekrpax (oronoMiHecneHwii mpy KiMHATHIH TemnepaTypi U
BCIX JOCHTI/PKyBaHUX IUIIBOK BHUSBICHO CMYTM BHUIIPOMIHIOBAHHS, IO BiNIOBIZAlOTh €KCHTOHHUM IIE€peXoiaM
noGun3y Kparo GyHIaMEHTaJIbHOTO HOIIMHAHHSA Ta HASSBHUM JIOMIIIKaM 1 JedexTam.

KrouoBi c10Ba: MarHiTOpO34MHEHWH HAIiBIPOBIIHMK, OKCHJ IMHKY, TOHKA IUIBKA, 10HHO-IIIa3MOBE
HalwIeHHs, X-TIpOMeHeBa AU(paKis, TpaHCMIiCiiiHa eIeKTPOHHA MiKPOCKOIIis, aTOMapHO — CHIIOBA MIKPOCKOIIs,
TIOTJIMHAHHS, (POTOFOMIHECLICHILISL.
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The experimental studies of geometry features of silicon layers in areas of second and millisecond |aser
pulses were carried out. The results of microscopic studies of periodic structures that are formed on the surfaces
with crystallographic orientation (111) (110) (100) and on planes, cut at an angle of 6° to the plane (100) and
amorphous layers B,O3 deposited on the surface of silicon were presented. The results can be used to determine
the crystallographic orientation of the semiconductor surface and express assessment of disorientation degree of

crystal surface.
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I ntr oduction

Modeling surfaces of crystalline solids and processes
of their interaction with powerful laser pulses occupy an
important place in modern materials science [1-3].
Present study opens great opportunities in both classical
and quantum experimentally neglected processes of self-
organization of terrain, structural and electronic effects
on the surface of condensed systems. Acquisition of
functional surficial nano- and microstructures open the
possibility of new optical surface properties by particular
excitation of surface plasmons suitable to generate
plasmon components of eectronic circuits, high light
absorption, surface crystallography analysis, etc. Under
the action of millisecond and second laser pulses on
silicon semiconductors such photoinduced maximum
concentration of nonequilibrium carriers does not exceed
10"%cm® and is significantly lower than the value
obtained by excitation of semiconductors by nanosecond
laser pulses (5-10"cm®). Relatively low concentration of
electron-hole plasma (EHP) induced in the
semiconductor laser pulses and second-millisecond range
can be redistributed influenced by both externa and its
own intracrystalline fields. This bundle of electron-hole
plasma leads to new physical phenomena caused by the
instability of the parameters of semiconductors and self-
organization in systems derived from thermodynamic
equilibrium. [4, 5].

In thiswork the results of experimental studies of the
physical processes that cause non-uniform melting of
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semiconductors and leads to the formation of surface
periodic structures in the areas of laser pulse action are
presented.

|. Experiment

Experimental studies were carried out on samples of
dislocation-free silicon oriented in planes (111), (110)
and (100). Along with samples prepared by the
conventional method, in particular for the detection of
dislocation pits digestion, research was also conducted
on the plates obtained by cleavage of crystals in a
vacuum in the mechanism VUP-5. Time of freshly
cleaved surface presence in a vacuum of 10 Pa did not
exceed 1 s. In addition, a thin (200 A) amorphous film
B,0O; was deposited on the surface of the crystals by
vacuum to reduce thermal stresses that arise in the areas
of laser radiation and leveling of the temperature field.
Irradiation of the crystals was carried out evenly across
the surface using two types of lasers: continuous CO,
laser (A = 10,6 mkm) power of 1 kW, the beam diameter
of 3 cm and a pulsed neodymium laser type GOS-300
(A =1,06 mkm) that worked in free running mode
(T=10%¢, q=10"+10°W/cm?). Measurement of
geometric surface structures was executed by scanning
profilometer Talysurf-5M. The study was conducted on a
sample size of 1 cm x 1 cm. Diameter of the probe was
2 mkm. Stereometric 3D figures of the analyzed surface
sample were created on a special software for the
profilometer.
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Il. Resultsand discussions

Research topography of the areas that were formed
due to crydallization of loca smelting holes
semiconductors showed the presence of characteristic
surface contour of the land. After reaching the maximum
melting due to the surface tension forces, liquid phase

separation - the minimum air space - in the melting
surface is formed. Nonequilibrium melt surface level
appears to be lower than the initial level of the solid
surface, because the meting point of silicon specific
volume of fluid is less than the amount of solids:
V wid phase = 12,1 Cm3/m0|, Vliquid phase = 10,9 Cm3/m0|
(Fig. 1, a, b, c). Crystallization melting begins on the
verge of separating liquid and solid phases, during which
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Fig. 1. Microphotographs of silicon surface in the area of the second pulse CO; laser: a- (111) S, b - (100) S,
C - cut at an angle of 6° to the plane (100) S, d - a periodic structureon Si.

b

Fig. 2. Microphotography of local meltings of recrystalized silicon laser field (a) and a three-dimensional
image of topographical map of the area (b).
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there is a change of surface area edges by increasing the
volume of the silicon during recrystallization.

Since the symmetry of introcrystalic fied is
determined by the symmetry of the crystal, then the
uniform excitation of semiconductor laser radiation with
subthreshold power (lower than the threshold at which
the homogeneous melting of the surface layer occurs) on
the irradiated surface locally melted areas are formed.
They reflect the didribution of the concentration of
nonequilibrium charge modulated by introcrystallic field.
The form of local melting wells is associated with
crystallographic orientation of semiconductor surface
(Fig. 1). For example, on the plane (100) square holes of
meltings are formed, on the plane (111) - triangular, and
on the plane (110) melting wells have hexagona shape.
At certain energy parameters of light stream through the
actions of intro-crystallic fields the formation of periodic
surface structures is formed (Fig. 1, d). In addition to
determining crystallographic orientation of the surfaces
of semiconductor laser method also can be used to assess
the degree of disorientation express the crystal surface.

Level of the surface near the boundary of the
nonequilibrium melting is below the initia level of the
crystal and has a protrusion in the center. Protrusion
height is about 10% of the horizontal width of the field
(Fig. 2). It is established that the morphology of the
surface of the semiconductor in the areas of laser
radiation depends on the initia temperature of Tg
samples. The surface relief becomes more shallow when
To increases, the average period between local melting
holes decreases. The average period between different
local melting areas a Ty = 80K is 1,5 times higher than
the corresponding average of the period at To= 300K.

EHP mechanism of instability was caused by the
dependence of the absorption coefficient of light flux on
the concentration and temperature of the charge carriers,
and thermal diffusion and dependence of flow of carriers
on changes in the band gap (Fig.3) [6]. During
increasing fluctuation of carrier concentration in some
part increases energy absorption capacity of luminous
flux and therefore increases local heating of the
semiconductor. At high temperatures, semiconductors in
nonpolar carriers mainly scatter their pulse on
deformational potential of acoustic and optical photons.
Therefore, diffusivity decreases when the temperature
increases, which means that the thermodiffusional flow
carriers of charge is directed in the area of high
temperature of crystal lattice. That leads to further
increase of the degree of absorption capacity flux. If the
band gap E4 is a decreasing function of temperature, the
flow of charge carriers caused by local bend zones will
be also directed to the region of increased temperature.
Therefore, the temperature distribution during hesting
will be greatly uneven only when the leveling speed
inhomogeneous temperature digtribution is less than the
rate of heating of the semiconductor. Thus, the
mechanism of instability of the eectron-hole plasma
under the action of intense light beams on
semiconductors is caused primarily due to thermal
diffusion of eectrons and holes and increasing
temperature due to recombination in areas with high
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Fig. 3. Digtribution of temperature T (x), energy level of
the bottom of the conduction band Ec (x) and carrier
concentration n (x) in the form of strut which are
redized under quasi-gationary heating of the
semiconductor.

concentration of charge carriers, or in other words,
thermodiffusional ingability of EHP is caused by
pumping in a high temperature more carrier
concentration, which, in turn, leads to an increase in the
degree of absorption of light flux and hence cause
temperature increase. Thus there is a positive reaction
between the temperature of the crystal lattice and the
concentration of charge carriers in their fluctuations,
which leads not only to amplification of initid
fluctuations in temperature, but also to the formation of a
quasi-periodic semiconductor temperature fields of large
amplitude. Inhomogeneous temperature fields define
features of melting, crystallization and formation of
topography of semiconductors in areas of laser radiation.
In addition, quasi-neutral electron-hole plasma in
semiconductors initiated by action og millisecond and
second laser pulses can be a very sensitive indicator of
effects on materials as external fields (temperature,
deformation) and own intro-crystallic fields. Features of
modulation digribution of photoinduced carriers by

intro-crystallic fiedd are easily detected by the
morphology of the surface in areas of laser radiation.
Conclusion

Stratification  of  dectron-hole  plasma in

semiconductors is initiated by the laser pulses of second
and millisecond range, it can be effectively used to
determine the crystallographic orientation of surface of
the semiconductor, to quick assess of the disorientation
degree of surface of the crystals and determine the
structure of semiconductorsin general.
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Oco0smBocTi popmyBaHHA MOP(OJI0Tii MOBEPXHI KPEMHIEBUX IJIACTHH
NpH Ail JIa3epHUX IMITYJIbCIB

Incmumym npuknaonux npobnem mexanixu i mamemamuru im. A.CIliocmpueaua HAH Vkpainu, eyn. Haykosa, 3b,
Jveis, 719060, Vrpaina

B pobori mpoBeneHO EKCIepUMEHTANbHI HOCIIKEHHS 0COOMMBOCTEl reoMerTpil NMOBEpXHI KPEeMHi€BHX
IUIACTHH B 30HAX il CEKyHIHUX 1 MUIICEKYHAHMX JIa3epHUX iMIynbCiB. HaBeneHi pe3ynbTaTi MiKpOCKONIYHHUX
JIOCITi JUKEeHb HEePIOAMYHHUX CTPYKTYP, SIKi (POPMYIOTECS Ha IOBEPXHSX 3 KpucTanorpadiuxoro opienramiero (111),
(110), (100), a Takox Ha IUIOMMHAX, BApi3aHUX mix KyroMm 6° mo murommuu (100) i Ha amopduux mapax B,Os,
HAHECCHHX Ha MOBEPXHIO KpeMmHito. OnepxkaHi pe3ylabTaTd MOXKYTh OyTM BHMKOPUCTaHI Ul BH3HAYCHHS
kpucranorpaiuHoi opieHTalli NOBEpXHI HAMIBIPOBIJHHKIB Ta EKCIIPECHOI OIIHKH CTYIEHS PpO30pieHTaIl
MOBEPXHI KPUCTAJIIB.

Kiro4oBi c/10Ba: eneKTpoHHO-ipKOBa IU1a3Ma, PeKPUCTali30BaHa 00JIaCTh, IEPIOUYHI CTPYKTYPH.
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BnuiuB nocraaiiinoi ekcno3unii Ha nmoBiTpi cniiaBy Zr-Mn-Cr-Ni-V
HA HUKJIIYHY CTIHKICTH

Incmumym npobnem mamepianosnascmsa im. .M. @panyesuna HAH Vrpainu, 3, eyn. Kpowcusicanoscoroeo, Kuis,

03680, Vkpaina, e-mail:0.galiy87@gmail.com

B Xoli mpoBeIeHHUX OCIiIKEHb BCTAHOBICHO, IO MOCTa/iiiHe ekcroHyBaHHs ciuiaBy Zr-Mn-Cr-Ni-V nHa
noBiTpi (B Qopmi 31UTKA i B NMOPOILIKY), IO CIPHSE CTBOPEHHIO KOHLCHTPALIHHOI HEOMHOPIAHOCTI, 1CTOTHO
I IBUIIY€E [IMKIIIYHY CTIHKICTb esieKTpoaiB. Enexrpos, cipecoBaHuii 3 0ETaNHO €KCIIOHOBAHOTO CILIaBy y (opMi
3nutKa, nporsiroM 190 mukiiiB He Mae BTpat eMHOCTI. IIpy 3MeHIIeHHI MOPUCTOCTI (IIUIIXOM 100aBOK IIOPOLIKY
HIKEJII0 3 PO3MIpOM YaCTHHOK 3HAYHO MEHIIMM, HiXK YACTHHKH CIUIaBy, a00 30LIBIICHHS BMICTY IUIacTU(IKaTOpy
3 5 110 10 %) enexTpony 3HAYHO MIBHUALLE PYHHYIOTHCS BHACHIIOK CTBOPSHHS OLIBII IIJIBHOI YIIAKOBKH.

Ha mizxcraBi momspu3alifiHUX KPUBHX JOCIHIIPKYBAaHOTO CIUIaBY 1 MapraHIO, sIKi ITOKa3ylOTh OIHAKOBY
€JICKTPOXIMIUHY IOBEIIHKY B HEOKHCICHOMY 1 CTaOUIbHICTh B OKHUCIEHOMY CTaHi, 3pOOJICHO BHCHOBOK, ILO
TIiIBUILIEHA CTAaOUIBHICTS 1, SIK HACNIIOK, IUKJIIYHA CTIHKICTh €KCIIOHOBAHOI'O HA IOBITPI CIUIaBy 0arato B YoMy
JIOCSATAETHCS 3aBISKH MapraHijio, cTabiIbHO IIACHBHOMY B OKHUCIIEHOMY CTaHi .

KurouoBi ciioBa: Zr-cruias, rifipyBaHHs, €KCIIO3HLLSI HA TIOBITPI.

Cmamms nocmynuna 0o pedakyii 23.08.2017; npuiinsama oo opyky 05.09.2017.

Beryn

Hikenb-meranorigpunui  (HMI)  akymysstopu
3HAaXOIAITh BCE OUIBIIOrO TOIIUPEHHS, OCKUIBKH
BOJIOJIIOTh BHUCOKUMH eKCILTyaTalli tHUMH
XapaKTepUCTHKaMH 1  ekomnoriuno Oesmeuni  [1-3].
[epcriekTHBHUMU MaTepiajiamMmu JUTst HIKeITb-

METaJOTIAPUIHAX aKyMYJISTOPIB € HUPKOHIEBI CIUIABH
tuny AB; (hasu JlaBeca), BIacTHBOCTI SKUX B 3HAYHIH
Mipi 3aJIe)KaTh BiJl KOMIIOHEHTHOT'O 1 (0a30BOr0 CKIany.

OpHi€0 3 OCHOBHUX BHMOT, IO HPEN'SBISETHCS 10
METaJOTIAPUIHAX ENEKTPOIIB MpH iX MNPAKTHYHOMY
BUKOPHCTaHHI, € NWKJIIYHA CTiHKICTh TpH podoTi B
JY)KHOMY EJIEKTPOJITi, 3HIDKEHHS SKOI MOXIIUBO uepe3
MeXaHiuyHe PYHHYBaHHsS BHACHIJOK 3HAYHOTO 00'€MHOr0
edekTy peakiii ripyBaHHs-AeriIpyBaHHs 1 Kopo3ii. s
TOJTIIIIICHHS IUAKITIIHOT CTIHKOCTI CILIaBY
BUKOPHCTOBYIOTh 0arato croco0iB, OJHHM 3 SKHX €
CTBOPEHHSI TIEBHOI KOHLEHTpAIii{HOi HEOIHOPiTHOCTI,
3aBISIKM 4YOMY 3MEHIIYIOTHCS MEXaHIuHI Hampyru Ha
MiK(a3HUX MeXax, L0 MPU3BOMUTH OO 3HIKEHHS
yTBOpeHHs  TpimmH 1 koposii  [4].  [locartu
KOHLIEHTPALlifHOI ~ HEOMHOPIJHOCTI ~ MOXJIMBO B
0araTOKOMITOHEHTHHX IUPKOHIEBUX CIUIaBaX, a B SKOCTI
Jeryounx enementiB BukopucroByBatu Ni, Cr, Mn, Co
TOLIO.

Hamu Oynu nociimkeHi eneKTpoxiMidHi BJIaCTHBOCTI
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0araTOKOMITOHEHTHOTO IUPKOHIEBOTO CIUIaBy 3 METOIO
MOMIYKY UUISIXiB TONIMIIEHHS HOro KIiHETUYHUX 1
LUUKIUYHAX XapaKTePUCTHK 1 BUSIBJICHO ITO3UTHUBHUMN
BIUIMB Ha 3a3HaY€Hi XapaKTEePUCTHKH €KCIIO3UIIiI CIIaBy
Ha TMOBITpi. Y TOAANbIIMX MAOCTIDKEHHAX Oyio
MOKa3aHo, 10  Outkbll  €(pEeKTUBHUM  CIOCOOOM
TONIIMIIEHHS ~ LUKIIYHOI ~ CTIMKOCTI € TmocTajiiiHa
eKkcros3uiis cmiaBy (B 3MUBKY i B mopomiky). Ha Ham
TOTJISA, pu ocTaaifiHIfn eKCITO3UIIT  TaKoX
CTBOPIOETHCSl KOHIIGHTpAlliilHa HEOJHOPINHICTh, fKa, B
KIHIIEBOMY paxyHKY, CIIPHSE TiJBUIICHHIO NUKIIYHOI
CTiMKOCTI. Pe3ynbTraTt X TOCHIIPKEHh MU BHUKIaJaeMO
B JIaHi# poOoTi.

Ockinbky  TOBefliHKa cruiaBiB  tuny AB, npu
TiApyBaHHI-IETIAPYBaHHI ~ ICTOTHO  3aJIGKHUTh  BIf
€JIEMEHTHOT'0 CKJIafy, OyJI0 JOCHiDKEHO eNeKTPOXIMIYHY
MOBENIIHKY JESKUX KOMIIOHEHTIB CIUIaBYy a TaKOX ix
3/IaTHICTh MepeOyBaTH B PiBHOBA31 3 BIACHUMHU 10HAMH B
€NIEKTPONITI, TMpPU JOCSITHEHHI SKOr0 TOAAJIBLIOTO
posunHeHHs1 (KOpO3ii) eleMeHTIB He BiOYBa€ThCs, IIO
BIUIMBAE HA BJIACTHBOCTI CIUIABY B IijoMy [5].

|. MeTonnka ekcriepuMeHTy

MeTo0M aproHHO-IyroBOi IUIaBKU OyB OTpUMaHHIN
crwiaB (30 1), ckiam AKOro HaBeaeHo B Tabmui 1.
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Taoauus 1
Ckyiaz Zr- BMICHOTO CIUIaBY
DopMynbHUN CKIIak
Zr-1 | Mn-0,5 | Ni—12 | Cr-0,20 | V-01
Barouii % KOMITIOHEHTIB Y CILIaBi
Zr — 44,58 | Mn - 13,42 | Ni — 34,43 | Cr-5,08 | V - 2,49
Taonuus 2
OnrTuManbHi napaMeTpy Npuiiaay
Ni Mn Cr
Crpym iammm, mA 4 5 5
. . , OKHCHE OKHCHE BinHosHe
CrexiomeTpist moiym’ st . .
(3 HAUTHIIIKOM TIOBITpS) (3 HAUTHIIIKOM TIOBITpS) (3 HAJUTHIIIKOM aleTUIICHY)
JloB>KMHA XBUJIi, HM 232,0 279,5 2579
upuHa MiTMHA, HM 0,2 0,2 0,2
OnrumanbHui podoumii
Jiana3oH KOHIICHTpAIlii, 0,1-20 0,02-5 0,06 -15
r/mn
Artecrarnito 3pa3KiB CIUIaBY TIPOBOIMIN nocsirHeHHst piznuii norexnianis 0,8 B ado 1,0 B.
TU(HPAKTOMETPUYHAM  METOIOM,  BHKOPUCTOBYIOUH KifbKiCTh ~ PO3YMHEHHWX  KOMIIOHEHTIB  CIUIABY

JAPOH-3M 3 ¢oxycyBanusam 3rimHo Bperr-Bpenrano.
Hampyra i ctpyM Ha peHTreHiBChbKil TpyOIl cKiananu
30kB i 25MA, BignosimHo. 3iiomky npoBoxuwnu B Cu
Ka -MoHOXpoMaTHYHOMY BUIPOMIHIOBAaHHI B iHTepBali
kytiB 20 Bix 30 nmo 80 rpamyciB 3 KpOKOM CKaHYBaHHS
0,05°, yac inTerpyBanns cranoBuB 10 cexynn. B sikocti

MOHOXpOMAaTOpa  BHKOPHUCTOBYBABCS  MOHOKpHCTAI
rpagiTy Ha BTOpHHHOMY ITyUKY.

Mopornorito MOpOMIKIB, CTPYKTYpy 1 XiMiuHY
HEO/IHOPITHICTh MaTtepiany JIOCITI /K YBaJIA 3a

JIOTIOMOT'O0  CKaHYIO4Ol €JEeKTPOHHOI MIKpocKomii Ta
PEHTIeHIBCHKOTO MiKpoaHaji3y Ha MiKpoaHali3aTopi
"Superprobe-733" (JEOL, Snonis). 3iiomka Mopgoorii
npoBeneHa y BTopuHHuX eektpoHax (SEl)., Ctpykrypu
- B Bimbutux enekrponax (BEl). JocnimkenHs BUKOHaHI
Npu TpHUCKOpeHid Hampysi 25 kB 1 crpymi myuka
1x10° A pu €JIEKTPOHHO-MiKPOCKOMIYHIX
nocrimkennsx i 2x107A TpH peHTreHOCIeKTpanbHUX
nocimkennsx. Pobounit Bakyym: 1x107™ aTm.

BonbramnepHi XapakTEpUCTHKH BHUBYAIH METOJOM
MOTEHI[IOAMHAMIYHUX — MOJSPHU3ALIHHNX KPUBHX  BiJ
CTalliOHAPHOT O HOTEHIiaNy eJIeKTpoa bi(s)
noreHniany -1,6 B (mpsmuit xin), i Big -1,6 B 10 -0,6 B
(3BOpOTHHIA Xim) II0J0 OKCHIHO-PTYTHOTO EIEKTPOia
TIOPIBHSIHHS B TPHOX EJIEKTPOIHIH KOMIpIIi 3 PO3AITICHUMHU
enexktponuumu npoctopamMu B 30 % posunni KOH Ha
norenioctari I11-50-1.1 npu mIBHAKOCTI PO3rOPTKH
noteHmniany 2 mB/c.

[uksiuHy CTIMKICTh 3pa3KiB BUBYAIH IUKIYBaHHSIM
B TaJlbBAHOCTaTHYHOMY PpEKUMI B JBOEJEKTPOAHIHN
KOMipIi Ha 4-X KaHaJbHOMY aBTOMAaTHYHOMY MOIYII,
00aJHAaHOMY  €HEProHE3aleKHOK  MaM'dTTIo, IO
3a0e3reuye BiJHOBIICHHS EKCIIEPUMEHTAILHUX JaHHX
NPy TOBTOPHUX 3alyckax NporpamMu. BumiproBaHHs
poBoIMIIK Tipu Temmeparypi 20 £ 2 °C B 30% pO3uuHi
KOH. AHTHEIEKTpOIOM CIYXUB €JIEKTPOJ CHCTEMHU
Ni/Ni(OH),. 3apsia eJexkTpomiB MPOBOAWIN CTPYMOM
50MA mpotsirom 1,5rox, pospsanm - crpymom 5MA nmo
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(mikenp, Mapraerp, xpom) B KOH BcraHOBIIOBaIH
METOZIOM aToMHO-abcopOiriiinoi crekrpockormii (AAC).
Mero, ~ 3acHOBaHW Ha  BHUMIPIOBaHHI  CTyIIEHS
TIOTJIMHAHHSL PE30HAHCHOTO BUIIPOMIHIOBAHHS BiTBHUMH
aTOMaMH MeTajy, IO YTBODIOIOTHCS B PE3YJbTaTi
PO3IIWJICHHSI ~ AHANI30BAaHOIO PO3YMHY B  MOIYM'i
TOBITPS -  aAlleTHJICH. 3B'S30K MIDK  BHMIipIOBaHOIO
BEIMYMHOIO 1  KOHIEHTpAIi€l0  eJeMeHTa,  WI0
BU3HAYAETHCS, BCTaHOBJIFOETHCS B nporeci
kaniopyBanHus. AAC - onuH 3 HaHOLIBIIT TOYHUX METOIIIB
BU3HAYEHHS! HU3bKUX KOHIIEHTPALiH, SIKUH BIAPI3HAETHCSA
BHCOKOIO BHOIPKOBICTIO, YYTJIHMBICTIO 1 INBUIKICTIO
BUKOHaHHs.  PoOora  BHKOHaHA  Ha  aTOMHO-
ancopoOiiHoMy criektpodoromerpi AAS-3.

Jns  TOBUIIEHHS — YYDIMBOCTI  BH3HAYEHHS
BUIIIEBKa3aHUX  E€JIEMEHTIB  miJiOpaHi  onTHUMaibHi
napamerpu npuwiany (tabm. 2). JIas yCyHEHHS BIUIMBY
KUCJIOT 1X KOHLEHTpAIlisi B pOOOYMX 1 KalliOpyBaJbHUX
pO34YMHax 3piBHSHA.

[1. Pe3yJbTaTu ekcnepuMeHTy Ta ixX
00roBOpeHHs

OcHOBHOIO (ha30BOIO CKJIAJIOBOIO JJOCIIDKYBAHOT'O
cwiasy  ZrMnCrNiV, BiAmoBiAiHO [0 MOPOBEICHOTO
IippakTOMETPUYHOIO aHajizy, € KyOiuHa aza 3i
crpykrypoto Cis tumy MQCu,. Ilopsa 3 wmieto dasoro
MICTHUTBCSI TAKOXK 3HAYHA KiIBKICTh FeKCaroHajIbHOI (asu
Cis tumy MgZn, i BropuHHHX (ha3 iHTepMeTamiaiB
Zr7Nil()I/I ngNill.

Jnst mocnmipkeHs OYyJIM MPHUTOTOBJICHI EJIEKTPOJIH,
npeactaBieHi B Tabmmni 3. Enextpoam  rortyBanu
METOZIOM XOJIOJHOTO MPECYBaHHS YaCTHHOK (MeHIie
100 mxm), B HikeneBii citii (miamerp Tabmerku 8 M) 3
J00aBKaMu nomiteTpadTopeTHIeHY B SIKOCTI
CIIONIy4HOro. Maca cIulaBy B CIIPECOBAHHX €JIEKTPOIax
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Tadmauns 3
Enextpoju, mpurotosati 3 mopomikie cmiasy ZrMNCrNiV pisHoro reresucy
Excrosuis Ha moBiTpi criaBy y gopmi 3mutka (30 —40 1) npotsirom 2 Micsiis
3 HACTYITHOIO MOCTAIIHHOI0 EKCIIO3UIII€I0 B TIOPOIIKY*
Yac excrio3uii, ai6 Kinbkicts JlobaBka . .
Ne ) Po3psin no pizHuLi
eNeKTposia Po3mip wactiHOK Po3mip wactrHOK CHOH}:IHOFO’ HlK: O, noteHuiany, B
600-100 wxv < 100 Mk & &
1 6 5 0,8
2 3 3 5 0,8
3 3 3 5 10
4 6 5 0,8
5 6 10 0,8

Excrosuis Ha moBiTpi craBy y Gopmi 3mutka (30 - 40 1) npoTAroM 2 MicsIiliB 3 MOAAIBIIOK EKCIO3HIIEN Y
(b opMi 3JTMTKa Barow 3 T IPOTATOM MiCSIIs

6 0 5 0,8
7 0 5 10 0,8
8 0 5 50 0,8
Excrosuis Ha moBiTpi craBy y gpopmi 3mutka (30 - 40 r) npotsirom 5 - 6 MicsIliB 3 MOMATBIION
€KCIIO3HIIIEI0 B IOPOLIKY
9 0 5 0,8
10 7 5 0,8

* Excnosuyis Ha nosimpi nopowky cniagy 3 posmipom yacmurok 600-100 mxm 3 nodanvwum noopionennsm i

excno3uyiero nopoutky 3 posmipom ywacmurok < 100 mrm

300

250 2
200 #

5
150 |

100

Po3psiana emuicts, MATOI/T

50

0 N 1 N 1 N 1 N 1 N 1 N )
0 10 20 30 40 50 60

Homep nuxiry

Puc. 1. 3anexxHOCTI mUTOMOT €MHOCTI enektpomaiB Ne 1-5
BiJl KIIBKOCTI IMKJIiB. HoMep KpuBoi BifmoBinae HoOMepy
€JIEKTPO/Ia 3TiHO Tadi. 2.

cranosuia 0,1r.

Ha puc.1 i 2 nmpeacraBieHi  pe3ynbTaTd
JOCHI/DKEHHST  IUKIIYHOI  CTIMKOCTI  €JIEeKTPOJiB,
CIPECOBAHUX 3 IONEPEAHHO BUTPUMAHOIO HAa MOBITPI
CIUTABY B 3MUBKY (2 MicAlli) 3 MOJANBIINM HOro
NMoApiOHEHHSIM 1 JIOAaTKOBUM  EKCIIOHYBaHHSM B
nopomky (puc. 1, enextpoau Ne 1-5) i 3nuBky (puc. 2,
enektposu Ne 6-8).

3rigHo puc. 1 Kpauly UMKIIYHY CTIHKICTh ITOKa3ye
enektpox Ne 2 3 moctafifHO €KCIIOHOBAHOT'O IMOPOIIKY
craBy (3 posmipom wactok 600 - 100 3 momanbiimm
Horo moApiOHEHHSM 1 EKCIOHYBaHHSIM B TOPOUIKY 3
po3mipom gactok 100 MKM) B MOpIBHSIHHI 3 €JIEKTPOIOM
Ne 1, cnpecoBaHMM 3 BUTPHUMAHOTO MOPOUIKY TUTBKH 3
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250
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50

Po3psiana emuicTh, MArom/t

0 1 1 1 1
100 150 200
Homep nukiny

Puc. 2. 3a1€)KHOCTI TUTOMOI EMHOCTI €JeKTpoiB Ne 6-
8 Bix ximpkocti 1wmkiniB. Homep kpuBoi BiamoBinae
HOMEpY eJIEKTpo/ia 3riaHo Tad. 2.

po3mipom yactuHOK < 100 mxMm. ITicist 55 mukii BTpaTu
emMHOCTI  enmektpogom Ne 2 ckmamatoth  3,3%, a
enektpogoM Nel — 12% . MakcumanpHy HUKIIYHY
CTi#iKicTh Mae enekTpos Ne3, cripecoBaHMi 3 TOCTAIIHHO
€KCIIOHOBAHOI'O0 Ha TIOBITPI MOPOLIKY CIUIABY, SIKUH
PO3PAIKAETHCS IO TOCATHEHHS PI3HUIN MoTeHIaniB E =
-1,0B. 3a 55 mumkniB #oro BTpaTa €MHOCTI CKJIaja€e
Bchoro 2,5%. Cepen enekTpomiB, CGKCIIOHOBAHHMX Ha
MOBITpi ofHaKoBHi yac (6 mi0), ame 3 pi3HHM PO3MIpOM
gactuHok (emektpoxr Nel i 4), kpamly UHKITIUHY
CTIHKICTh Ma€ eNEeKTPOJI 3 YACTHHOK MEHIIIOTO PO3MIpy.
36inmbieHHs BMicTy 3B'13ytouoro 3 5 1o 10 % (kpusa
5) B HamoMy BHWIAaJKy HE CTBODIOE KapKac, 3IaTHUIl
MEePEIIKO/PKATH MEXaHIYHOMY PYHHYBAHHIO €leKTpo/a, a
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b-x1000 BEI, ¢-x1000 X-Ray Niy,) i 3 m06aBkamu mopomiky Hikento B kigbkocti 10 % (d-x1000 BEI,

e-x1000 X-Ray Niy,), f- mopomok nikento, x3000SEI.

_1_2-
o
11fe
®
10+ O
M T
= Q
09} o
08 P
| %‘%2
07} 83 o0 o rY
g g-—* L
068 O
0.0 0.1 0.2 03 0.4 05
Crpym,MA
0

Puc. 4. Karozni (8, npsiMuii Xin) i anoawi (6) monspu3aniiiiii KpUBi MOTEHIIOAMHAMIYHOTO IIMKITYBAHHS
ENMEKTPOIITHYHOro Maprasio 6e3 ekcrosutiii (1-4 (a), 1-2 (6)) i 3 eKCIO3UIIIEr0 Ha TIOBITPI IPOTATOM 5 - 6 MicsIiiB
y dopmi 3nutka (3 (6)); 1-4 (a), 1-3 (6) - Homep nukiy; 4 - micias Burpumku Tabiaetku 30 xB. B pozunHi KOH.

HABIAKM, MPHU3BOAUTH [0 OLIBII MIBUAKOTO foro
pyiiHyBaHHs. Ha Hamry qyMKy, Iie MOB'SI3aHO BHKITIOYHO
31 3MEHIIEHHSIM OPHUCTOCTI, 1[0 Ma€ HETaTUBHI HACIIIKU
JUIE  MEXaHIYHOi CTIHKOCTI eNeKkTpona, SKui mpu
rizpyBaHHi 3a3Hae 110 25 % 00'eMHOr0 pO3LIUPEHHS.
Otpumano monuuky mnpotspkHicTio 190 mmkiiB Ha
€JIEKTPO/Ii, EKCIIOHOBAHOMY Ha TOBITpI MOCTamiiiHO B
3nuBKy (puc. 2, kpusa Ne 6). Enextpox mouar BTpayatu
emuicTh micnst 190 umkiIiB rigpyBaHHS-JETIAPYBaHHS B
pe3yNbTaTi MEXaHIYHOrO pyWHYBaHHS HIKEJIEBOi CITKH 1
OCHNaHHS Marepiany, L0 CIIOCTEpiragocs Bi3yaJlbHO.
Takok /10 maHOTO JOCTIIKYBAaHOrO Martepiaity OyB
nobaBieHuit nopomok Hikenro B Kimbkocti 10 1 50 %
(xpuBi Ne 7 i 8 ). IloBepxHs CIIPECOBAHOTO MOPOIIKY
craBy 3 po3MipoMm dactok < 100 mxm 0Oe3 no0aBok i1 3
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n00aBKaMu  TOpOIIKY Hikedaro B kimbkocti 10 %
IpefcTaBlieHa Ha puC. 3. Y HaIIOMy BHIAIKy 100aBKa
MOpPOLIKY HIKETI0 MpHU3BedIa A0 IOBHOTO MEXaHIYHOI'O
pyiiHyBaHHS enekTponiB. CrpecoBaHHMH €NEKTpON Ha
60 % ckmnagaerbes 3 yacTUHOK 3 po3MipoM 100 — 80 mMxmM,
a JOlaHWH TOPOIIOK HIKeMo, MOPQOJIOris SIKOTro
IpefcTaBlieHa Ha pUC. 3,€, Mae PO3Mip YAaCTHHOK B
JleKiibka MKM. B pe3ymbrari  700aBKM  TOpOLIKY
BiIOYIIOCS 3aKPUTTS TIOp 31 CTBOPEHHSM OLIBII INiIBHOT
ynakoBk# (puc. 3, T, ) B TIOPiBHSAHHI 3 €JIEKTpOIOM 0Oe3
nobaBok Hikemro (puc. 3, 6, B), Tomy enekrponu Ne 71 8
MexaHiuHO 3pyiiHyBamucs (puc. 2, kpuBi 7 i 8).
Enextpomu Ne 5, 7 i 8 Hao4HO NEMOHCTPYIOTH BIUIUB
MOPUCTOCTI HA IMKIIYHY CTidKicTb. Jlnsl BUsBIICHHS
YaCTHMHOK HIKeNIo 1 iX po3noairy B Marepiami Oyna



BB nocraifiHoil ekcrmo3uiii Ha moBiTpi cmwiaBy Zr-Mn-Cr-Ni-V Ha HHKITi9HY CTiHKiCTh

NpoBeZicHa 3WOMKa JUISHKM TIOBEPXHI y BiIOMTHX
€NIEKTPOHAX 1 B XapaKTEPUCTHUYHOMY PEHTTEHIBCHKOMY
BHITPOMIHIOBaHHI Nig. Ha puc. 3,1  Hikenro
BIJIMIOBIIAOTh CBITJI MUISHKH, Ha pUC. 3, T - TEMHIIII, TaK
SIK 1Oro aTOMHHI HOMEp HIDKYE, HiX CepeHii aTOMHHI
HOMeEp CILIaBY.

OCKIJIKM KO)KHa KOMIIOHEHTa CIUIaBy BIUIMBA€E Ha
Horo TmoBepxHEBI abo o00'€MHI BIIACTHBOCTI, OYJI0
JIOCITIPKEHO ENEKTPOXIMIYHY MOBE/IIHKY
HEEKCITOHOBAHOTO (BUXIIHOT0) i BATPUMAHOTO MPOTSITOM
5-6 wmicsaiB (y ¢opMi MIACTHHH) ENEKTPOTITHYHOTO
MapTaHIIo 1 TOPOIIKY HIKEII0, 110 30epiraBcs Ha MOBITPI
MPOTSATOM  JIEKUIBKOX POKIB, 3MICT SIKUX B CIUIaBi
cranoButh 13,42 i 34,43 %, BiamosigHo. Mapraseiip, 1o
30epiraBcsi Ha MOBITP1 TpUBaNKi yac, OyB BiJJHOBJICHUH Yy
BakyyMmHil enekTpornedi CHO, mOTIM BiJHOBIICHHIA
MapraHenp €KCIHOHYBJIM Ha MOBITpI NpoTAroM 5- 6
micsriB. Ha puc. 4 i 5 npencrapneni katoasi (mpsamuit
Xi[T) 1 aHOMHI MOJAPU3ALHHI KPUBi MOPOIIKIB MapraHIIo
i HiKeTo, 3alpecoBaHWX B HiKeneBY cCiTKy (miamerp
Tabnerku 8 mm), macoro 0,1 1.
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Amnamiz xpuBux Ha puc.4,a i 5 a mokasye, 1o
HEeKCIIOHOBAaHMX Ha TIOBITpI MapraHeip IIBHUJIIE
BTpavyae aKTHBHICTh B KaTOJHIM 00JacTi, HIXX MMOPOIIOK
HiKeNmo, sKud 30epiraBcs Ha TOBITPI  MPOTIATOM
Jekinmpkox pokiB (kpuBi 1,2 1 3 Ha puc.4,a i 5, a,
BiamoBiaHO). [Ticms Butpumku B po3unHi KOH npotsirom
30 XB. BiH NPAaKTUYHO MACHBHHM, 8 aKTUBHICTh HiKEJIIO
ITiCIIsl aHAJIOTIYHOI BUTPUMKH B PO3YMHI Maibke y BCii
MOCTIKYBaHil 00JacTi IMOTEHI[ialiB Oilble, HIX B
nepmux 3-x 1ukiaax (kpuBa 4 Ha puc.4,a. i 5 a,
BiamoBimHO). B aHommiii ob6macti Hikenb 30epirae
aKTHBHICTH (puc. 5, 6), MapraHens e aKTUBHU# JIHIIE Y
BuximHomy crani (puc. 4,6, kpua 1-2), a micns
BUTPUMKH Ha TIOBITpi MapraHelb IOBHICTIO TMAaCHBHUH
(puc. 4, 6, xpuBa 3). B obnacti norenmiany E = -0,72 B
(puc. 4,61 5,6, kpui 1 i 2), ne croctepiraeThest piske

30LIBIICHHS ~ aHOMHOTO  CTPYMY 3  IOJAJIBIIO0
racuBalli€lo, KpiM peaxiii OKUCIEHHS abcopOoBaHOTO
BOJIHIO, MPOTIKAIOTh OKHCITFOBAJIbHI TPOIIECH

KOMIIOHCHTIB CIUIaBy. bepydu 10 yBaru elneKkTpoXiMiuHy
MOBEJIHKY BHTPUMAHOIO Ha IIOBITpI  MapraHIIo
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Puc. 5. Karozni (8 npsiMuit xix) i anoani (b) monspusaniiiii KpUBi HOTEHITIOANHAMIYHOTO IUKITYBAHHS TOPOIIKY
HIKEJTFo Tics #oro 30epiraHms Ha MOBITPi POTATOM JEKiIbKOX pokiB, 1-4 (a), 1-2 (b) - Homep nmkiy, 4 - micst
ButpuMkH Tabnerku 30 xB. B pozurHi KOH.
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Puc. 6. Karoni i aHOHI onspu3aniiiHi Kpusi enektpois: a- Ne 9, 6 - Ne10. Homep enexkrpona Biamosigae
HOMepYy 3rigHO Tabx. 2: 1-npsMui Xia, 2-3BOPOTHHH Xif.
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Puc. 7. 3anexHOCTI MUTOMOI €MHOCTI EJIEKTPOIIB
Ne9-10 Big ximekocti nukniB. Homep kpuBoi
BIJIMIOBiTa€ HOMEPY €JICKTPO/a 3riaHO Ta0. 2.

0,09 4

ABSORBANCE

CONCENTRATION, ng/ml

Puc. 8. KaniOpyBanbHi KpuBi HIKEI0, MapraHio i
Xpomy.

(puc. 4, 6, xpuBa 3), B 3a3HaueHill 00JACTi MOTEHILiATIB
BiIOYBa€THCS JIOMIHYBaHHS peaxiii OKHCJICHHS
MapraHif0 HaJl PeaKli€l0 eIeKTPOBIAHOBJIEHHS, 5Ka, B
KIHIIEBOMY paxyHKy, IPH3BOAUTH N0 HOro IOBHOI
nmacuBHOCTI.  EJekTpoxiMiuHa  TOBeIiHKa  HIiKeIo
CBIIYNTH, 10 BiH 3JaTHHUH, Ha MPOTHBAry Maprasiio, i
OKHCITIOBATHCS 1 BIJTHOBIIIOBATUCS BiIITOBIIHO IO peaKilii
(1). TIpo anamoriyHy MOBEMiHKY HiKem0 (3AaTHOCTI
Ni(OH), BimHoBmroBatucst B MeranmeBudt Ni mig yac
3apsy aKyMyJsaTopa) CTBEPUKYIOTh TaKOX aBTOPH B
pobori [6].
Ni(OH),+ 26 — Ni + 20H (1)
Panime HamMu Oynu TpOBEICHI IOSPU3ALHI
JIOCITiJPKEHHS €JIEKTPO/IIB 3 HEEKCIIOHOBaHOT O
(BMXiZHOTO) i BUTPHMAHOI'O Ha MOBITPi MpOTSAroM 7 i
CBI)KO BHIUIABJIIGHOTO CIUIABY, sl SKAX B aHOAHIN
obnacrti crocrepiranocs pi3ke 30UIbIICHHS CTPyMy B

obmacti morenmiany E = -0,72 B no la = 66 MA. Ilicns
TpuBanol ekcrosumii cmiaBy (B ¢opmi  37MTKa),
pe3yNbTaTH JOCHTIHKEHHS SIKOTO NPEICTaBIIeHi Ha puc. 6,
8,0, BigOyBaeThCcs  CTaOUTI3aliss  EICKTPOXIMIYHHX
mpoleciB, B pe3yibraTi sKkoi enektpon Ne9 wae
HeBeJMKe 30LIbIIeHHS CTpyMy B I ke obiacti
noteHniany go la = 22MA (puc. 6, a, kpuBa 2), a y
enekrpona Ne 10 ne 30inbmenHs BifacytHe. [Ipu mpomy
KaTO/HI KPUBI MPSIMOTO 1 3BOPOTHOTO XOAY LIUKITYBaHHS
enektponaa Ne 10 npakTHYHO MOBHICTIO 30iratoThC.

CrinpHuii anaii3 puc. 4, 5, 6 1 paimie IpoBEICHOTO
TOCTIDKCHHS €JICKTPOXIMIYHUAX BJIACTHBOCTEH CBIXKO
BUIUIABJICHOTO CIUIaBY IIOKa3ye OJHAKOBY ITOBEIIHKY
CIUIaBY 1 MapraHIlto, a caMe HasABHICTD ITiKiB Ha aHOIHUX
KpuBHX B obisacti notenuiany E = -0,72 B y BuxigHoro
CIyIaBy 1 MapraHio 1 BiJCYTHICTH WIKIB Imicius ix
30epiraHHs Ha MOBITPi MpOTAroM 5 - 6 MicsiB. Y Hikelto
K Imchas TpuBasoro 30epiraHHs Ha TOBITPI MK B
3a3HaveHii 00JIacTi MOTEHIiaiB IPUCYTHIH.

TakuM 4YMHOM, B pe3y/lbTaTi BUTPUMKH CIUIaBY Ha
MOBITPI MOKPAIIYETHCSI MUKIIYHA CTiHKiCTh (puc. 7),
YOMY 3HAYHOI0 MIpOIO CHpHS€E Maprasenp, CTaOLIbHO
NMacuBHUH B OKucleHoMY craHi. JloriuHo mocrae
MUTaHHS 1PO MO3UTHBHUM BIUTUB Ha IIMKJIIYHY CTIHKICTh
CIUIaBy IPUCYTHICTH B HBOMY MAaprafifo B SIKOCTI
JIETYIOUOTO eJIeMEHTa (SAKIIO «TaK», TO B AKil KiIbKOCTI),
SKHH TpW TiIpYyBaHHI-JETiIpYyBaHHI BTpayae CBOIO
aKTHBHICTB, IO, B CBOIO YEpry, CYIPOBOMKYETHCS
ENIEKTPOXIMIYHUMH TEPETBOPEHHSIMH, HANPYKEHHAMH 1,
SIK HACJII/IOK, MEXaHIYHUM PYHHYBaHHSM €JIEKTPOJIIB.

Jlns  OWIHKM  3IaTHOCTI  KOMIIOHEHTIB  CIUIaBY
mepeOyBaTH B pIBHOBa3i 3 BJIACHUMH 10HAMH B
eneKTponiti, 0yno mociimkeno nea 30% pozunny KOH
o6'emoM 51 20 mi1, B sikux BuTpuMmyBanu 45 n1i6 mo 0,3 r
€KCIIOHOBAHOT'O Ha TOBITPI MPOTATOM MICAI MOPOIIKY
criaBy 3 po3mipom gactok < 100 MkM .

Jnst KaJiOpyBaHHs CIieKTpodoToMeTpa
BUKOPHMCTOBYBAJIM MeTaM Bucokoi ouuctku: Ni, Mn, Cr.
Byno mpuroroieHo Kijbka KamiOpyBaJbHHX PO3YHHIB
(BiAMOBIAHMX ONTHMAIbHOMY iHTEPBANTy BHMIipIOBaHb)
LOUIIXOM  TOCTYIIOBOTO  po30aBlIeHHS  TOPIBHSHO
KOHIICHTPOBAHMX  BHXIIHUX  PO3YHHIB (puc. 8).
BukopucroByloun  BUMIpsHI  3Ha4YeHHS  aacopOuil
CTaHAApPTHUX PpO3YMHIB, MOOYIOBaHI KaniOpyBaibHI
KpHBI, SKi HOCSTH JIHIMHUN XapakTep 1 3HAXOIATHCSA B
00J1acTi BU3HAYEHUX KOHIIEHTPALil.

3 eKaHTOBaHMX BUXIJAHUX PO3YMHIB 00'eMOM 5 M.
(Ne 1) Ta 20 m1. (Ne 2) (Tabm. 4) B3aTi amikotm (a). Ix
Jy)KHE CepelloBuille Oylo HeHTpadizoBaHe, IOTIM
JOBeJieHe 10 Kucimoro cymimmio cipuanoi (1:1) i
mitpatoi (1:1) kxucnot i posbaBnene a0 obcsary 25 mi

Taoauus 4
KoHIeHTpais HiKelo i XpoMy B PO34HHI €IEKTPOIITY
Ni Cr
No &
MJL. Cpos MKT/MI Chux.» MKT/MI m, r. Cpos MKI/MIT | Cyyx, MKD/MI m, r
1 2 0,625 7,8 3,510° < 2* ---
2 10 0,755 1,9 3510 1,24 31 5,7-10°

* MinimanoHa KOHYEHMpPayiss Xpomy, Ky MOXCE GUHAUUMU NPULAO CMAHO8UmMb 2uKkelm
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JTUCTHIIHOBAHOIO BOJIOKO. 3a JIOTIOMOT 010
CIIEKTPOOTOMETPa BUMIpsSHA KOHIIEHTpAIlis () HiKeto,
XpOMY Ta MapraHIIo B IIMX PO3YMHAX 1 IepepaxoBaHa Ha
BuXifHi ().

3rigHo 3 HaBeACHUMHU JAaHUMH B TaOi. 4, KiILKICTH
1OHIB HIKEJNI0, IO MEepeHIiuIn B PO3UMHU 00'eMOoM 5 MIT i
20 mn (cmiBBimHomieHHs 1:4) omHakoBe i CTAHOBUTH

5 . . .
3,510°r, mo Bigmosimae 7,8 i 1,9Mkr/ma
(cmiBBignomenust 4:1). 3 [pOr0 BHUIUIMBAE, IIIO
PO3UMHCHHSA HIKCIIO HE 3aJeKUTh Big  00CIry

CNICKTPOIIITY, a € (YHKIIEW Yacy. ¥ 5 M enekTpomirty
XpoMy He BuUABICHO, a B 20MJ HOro KOHIICHTpAIlis
Olibllle, HIXK HIKEJIIO 1 CTaHOBUTH 5,7 10° I, 110, IIBHUIIIE
3a Bce, IOB'SI3aHO 3 TUM, IO NPOKOPOJOBAHHUN HiKeIh
3HAXOIUTHCS, B OCHOBHOMY, Ha IIOBEpXHI CIUIaBy Y
Burysiai NiO i NiOH); 3 HU3BKOIO €JIEKTPOIPOBIIHICTIO
[7]. BimcyrHicth XpoMy B 5 M €IEKTPONITY CBiTYUTH
Ipo HOro Jyxe Majli KOHIICHTpAIli, sIKi HEe MiIIal0ThCs
BH3HAYCHHIO 1 IO BiH 3[JaTHUH, Ha MPOTHBAry HIKEIIO,
PO3YMHSATHCS JO HACTaHHS pIBHOBAarM 3 BIIACHUMHU
i0HAMHA B PO3YHHI, MICNIS SKOrO BTPATH MAacH CILIaBY
BHACTIZIOK  po3udHeHHs  (KOpo3ii)  XxpomMy  He
BinOyBaeTbcs.  [IpokopomoBaHOoro  Maprasimio B
JIOCITI/PKYBaHUX PO3YMHAX HE BUSBIICHO, a 3HAYHTH, BiH
3HAXOIUThCS Ha IIOBEPXHI CIUIaBy, YTBOPIOIOYH HeE
€JICKTPOMPOBITHI OKCUHI MIapu

[IpoBeneHi mociiHKeHHS MO BIUIMBY MapraHIifo Ha
UUKIIYHY CTIHKICTh CIUIaBy 1 pe3yJlbTaTd aTOMHO-
a0COpOIIHHOT CIEKTPOCKOIIi J00pe TMOENHYIOTHCA 3
miTepaTypHUMH TaHuMHU. Tak, aBropu B poboti [8, 9]
mocmimpkyBanu  cmiaB - Ti-Zr-V-Mn-Ni,  moctymoBo
3aMIIYI0YH MapraHells 3a1i30M, aTIOMiHIEM, KOOAIBTOM
i xpomoM [8] a B poboTi [9] Tinbku xpomoM. Pesyipratu
JTlaHUX POOIT IMTOKa3yIOTh, IO B pa3i 3aMiHM MapTraHIllo Ha
XpOM IMKJIIYHA CTIHKICTh  CIUIaBy  30UIBIIYETHCS
MPOITOPIIHHO ~ 3MEHIIEHHIO  KINBKOCTI  3aMill[EHOT0
MapraHIlfo, 10 I[JIKOM 3pO3yMIJIO Ha MiJACTaBl HAIIKX
JIOCITIJPKEHB.
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The I nfluence Of Step-By-Step Air Exposition of the Zr-M n-Cr-Ni-V
Alloy on Cycle Life

Frantsevich Institutefor Problems of Material Sciences, NAS Ukraine 3, Krzhyzhanovsky gtr., Kyiv, 03680, Ukraine

In the course of the research it was determined that step-by-step air exposition of the Zr-Mn-Cr-Ni-V alloy
(in the form of ingot and powder) facilitating the formation of concentration inhomogeneity significantly
increases the cycle life of electrodes. An electrode compacted of step-by-step exposited ingot of the aloy
demonstrates no loss of capacity during 190 cycles. With the decrease of porosity caused by adding the nickel
powder with significantly smaller particle size than that of particles of the aloy, or by increase of plagticizer
content from 5 % to 10 %, the eectrodes are being destroyed much sooner due to formation of more dense
packing.

Based on the polarization curves of the researched alloy and manganese that demonstrate similar
electrochemical behavior in non- oxidized state and stability in - oxidized state, the conclusion is made that the
increased stability and as a consequence the cycle life of the air- exposited aloy is mainly achieved due to
manganesethat is stably passivein oxidized state.

Keywords: Zr-aloy, hydrogenation, expositionin air.
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I ntr oduction

It's well known that the crystals grown by
Czochralski method or zone melting method, are the
layered structure (layers or srips of growth) [1-3].
Layered dtructure is a periodic change in the
concentration of impurities and defects along the growth
axis of the crystal. This causes periodic changes in
resigivity and other parameters crystals affect the
properties of devices yield of integrated circuits, features
position-sendgtive detectors and long-range particles
detectors for which the maximum geometric size is
chosen aong the axis of crystal growth [1].

|. Analysisof recent research and
publications

In the works of many authors, in particular [2, 4],
draws attention to the fact, that period is different layered
inhomogeneity in the range of tens of microns to
millimeters and growing proportion temperature gradient
in the crystallization front. It is believed that the impurity
band formed by temperature fluctuations during crystal
growth, arising from the rotation or as a rexult of
convection currentsin the melt. This leads to fluctuations
in the rate of growth that cause non-uniform distribution
of impurity segregation coefficient which is different
from the unit. The formation of bands of high and low
impurity concentration dependence of thisratio is due to
growth rate and the speed of rotation of the crystal.
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Along with the fact there is another point of view,
according to which the layered structure is the result of
convection currents caused by temperature gradients. As
a result of growing concentration hypothermia front
quickly moving forward to the disappearance of unstable
temperature gradient when the growth rate again takes a
normal value. A periodic repetition of the process of
changing the rate of growth in crystal form transverse
layers with different content of impurities.

Anaysis of many methods used to study
inhomogeneities in semiconductors, showed that in the
case of multivalley semiconductors necessary
requirements can satisfy quantitative control two-probe
compensation (TPC) method with the greatest possible
resolution. Accuracy TPC-method was practicaly
depends on the resistivity of the material, because the
current through the measuring probes when full
compensation is not and they are potential [5].

The goal of the article is to identify structura
inhomogeneitiesin tellurium doped cadmium antimonide
crystals, and to establish the presence of periodicity in
the distribution of these inhomogeneities.

Il. Materials and research results

Samples CdSb(Te) for research TPC-method were
cut paralel and perpendicular to the axis of crystal
growth. A sample was passed stabilized constant current
that could change, both in magnitude and direction.
Voltage drop between the probes measured
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compensation method usng potentiometer setting.
Measurement ofrreistivity conducted along the length of
the sample (j [001],j [010]) with a resolution
05mm. As a result of the measurement curves
constructed experimental resistivity distribution aong the
length of samples (Fig. 1).

> (ah uits)

HezA==o==

'S

B,

Resigtivity Ap/<p>, arb. units

N

Coordinate x (mm)

Coordinate x, mm

Fig. 1. Relative resistivity deviation from the mean for
samples CdSh(Te), cut out to the axis of crystal growth:
1 —paalld; 2 — perpendicular.

In the obtained dependences Dr /(r) = f(x) revealed
a much higher resigtivity deviation from the mee;n <r >
in samples cut along the axis of crystalr growth j [001]

than cut perpendicular to this axisj [010]. Sudden
changes in gradient resigtivity Dr in the direction of
crystal growth due to the existence in this field gradients
significant carrier concentration Dn . Therefore, we can
speak of crystal growth in the direction of impurity
concentration inhomogeneities, with a periodicity should
be noted (a few millimeters) in their distribution along
the length of the samples.
We also studied the data of crystals by optical

Fig. 2.
crystal.

Topograms longitudinal section doped Te CdSb
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topography and revealed the presence in their
layered structure with a period of about 300 microns
(Fig. 2).

Analysis of results obtained both the TPC-method
and by the optical topography shows layered structure
with several layers another type, characterized by
different periods. In order to test this assumption studied
the structure on scanning el ectron microscope (Fig. 3).

Fig. 3. The tructure of CdSh(Te) crystals.

In the course of these studies revealed a layered
structure with a period investigated crystals of the order
of 1.5 microns.

Along with those using Energy Dispersive X-ray
(EDX) andysis assessment made distribution  of
chemical elements in the bulk crystal. In the obtained
dependence (Fig.4) aso observed inhomogeneous
distribution of impurity concentration Te along the length
of the samples.

Massen-%

Fig. 4. Didtribution of chemical eements in length
samples CdSh(Te).

Conclusions

From the researches results TPC-method, optical
topography method, scanning electron microscope and
EDX-analysis follows, in Te doped CdSb crystals are
layers of inhomogeneous distribution of impurities from
different periods that must be considered when studying
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I ntr oduction

Ternary Al-Ni—Hf alloys attract the attention as a
perspective light materials, which can be strengthened by
means formation of nanoparticles of intermetallicsin a-
based matrix. These alloys reveal the concentration
region of easy amorphyzation and can exist in
amorphous state upon rapid cooling from liquid state.
Therefore there are potentid ability to form a different
phases in order to improve the properties and first of al
the mechanical ones.

It is shown [1, 2] that solid-solution hardening of
NizAl depends on the substitutional behavior of alloying
elements, atomic radii difference and deviation from
stoicheometry. It is also established that Hf additions a
effectively improve a high-temperature properties and
other important characteristics. In order to control the
formation of intermetallic phases, strengthening Al-based
aloys ternary phase diagram is needed. Unfortunately,
such diagram is not completely investigated, especially
for Al-rich region that motivates further investigation of
aloys of this system. From published data follows that
solubility of Hf in most stable intermetallics AINi, AlNis
isabout 5 and 10 % respectively.

It is also shown that there are HfNi,Al and HfNiAl
intermetallics in this system. Pseudobinary systems of
binary and ternary compounds have been investigated be
X-ray diffraction and physical properties measurements.
As it is concluded in [3] pseudebinary eutectic reaction

324

L < NiAl + HfNi,Al takes place at 1350 °C, but no more
publications, confining this reaction occurrence. Also the
exisence of two trandtion invariant reactions
L + NizAl + Hf,Ni; and Al (Ni) + HfNi + Hf,Nis have
been reported to take place. Ancther invariant reactions
are predicted but their existence should be confirmed in
further investigations. Some calculations showed
presence (Ni) + HfNis+Hf;Ni; three phases fidd.
Analyzing results on dructure studies, physical
properties measurements and calculated data one can see
any contradiction between them that motivate further
investigation of thisternary system.

|. Experimental

The alloy was prepared from ingots of constituent
elements (not less than 99.6 wt.%) by arc melting in a
high-purity argon atmosphere. X-ray diffraction sudies
have been carried out by means of high temperature
diffractometer, which allowed to investigate solid and
liguid materials within temperature range from room
temperature up to 1600 K. Sample was placed in vacuum
chamber filled with pure helium in order to prevent
oxidation of sample. Breg-Brentano focusing geometry
was used [4]. Temperature was controlled with accuracy
-+2 K. Atomic parametersin the crystal structures of the
compounds were refined for the first time from X-ay
powder diffraction data using the program Full Prof [5].
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Fig. 1. Diffraction pattern for alloy, containing 62.5 at.% Al, 25 a.% Ni and 12.5 at.% Hf at T = 295K (a) and
T =1725K (b). The vertica barsindicate the calculated Brag positions of peaks of components of alloy; the dots
shown experimental data; solid lines — calculated, and Y e, -Y cac line is the intensity difference between

diffractograms.
Tablel
Phase analysis and structural parameters of compounds in Hf 15 sNizsAle, 5 alloy
Content Cell parameters, nm
Con;ent Phase of Space Structure
HE-Ni-Al, content intermetallic rou type
at.% o : group yp a b c
HfNi 2., Al s« 40.29 14/mmm HfNi»Al5 0.4011599(9) | - | 1.419948(47)
12.5-25-62.5 HfgNigAl1s 25.97 Fm-3m ThsMnys 1.199608(24) | - -
NiAl; 33.74 P3m1 NiAl; 0.404132(29) | - | 0.490173(68)

1. Results and discussion

Ternary aloy, containing 62,5 a.% Al, 25 at.% Ni
and 12,5at.% of Hf has been studied in solid state at
temperatures 295 and 1725 K. Due to poor information
on phase equilibrium in this system the temperaturesis of
phase transitions are not available but we suppose that
last of these temperaturesis close to the melting point. X-
ray diffraction investigation has been carried out for
crystalline aloy, anneadled before experiment. It should
be noted that concentration of this alloy corresponds to
the region of easy amorphysation and on that reason it
can exist in amorphous phase upon rapid cooling from
liquid gate[6].

Analysis of diffraction patterns (Fig. 1) shown that at
room temperature aloy consists the two ternary
compounds HfNi,Alsx (which corresponds to the alloy
composition Hf,sNizsAlgys), HfgNigAlys and binary one
AlNi,. Structure, parameters and contents of each
intermetallics are listed in tablel. At T=1725K
diffraction peaks have significantly different positions
than ones, existed at room temperature. Therefore
tendency to chemical ordering exists over wide
temperature range, and before melting the formation of
intermetallic phase with more symmetric crystalline
structure occurs as well as it was observed early for other
metals and aloys, revealing structure transformations in
solid state. Unfortunately it is difficult to determine what
of intermetallic phases is more dominant at formation of
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chemical ordering in liquid state due to formation of thin
film on the surface of melt. To avoid the formation of
this film, which distorts the diffraction data and is
formed on the reason of high chemical activity of Al and
Hf—atoms at elevated temperatures, is related with some
troubles. Nevertheless, analyzing the diffraction pattern
for such temperature we can conclude that no atomic
solution of Al, Ni and Hf-atoms exist at near melting
point temperatures as well as there are no facts to
consider this alloy as consisting of mixture of Al, Ni and
Hf-based clusters.

More detailed studies of structure variation with

Intensity, a.u.

50

60
20[deg.]

70 80

Fig. 2. Diffraction patterns for Hf,sNixsAlgy s aloy
at different temperatures.
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Fig. 3. Temperature dependences of cell parametersand cell volumes for ternary intermetallics.

temperature was carried out within temperature range
323 -873 K. Diffraction patterns obtained at different
temperatures indicates some temperature stability of
structure (Fig. 2).

One can see that peak positions and their heights
show dlight variation with temperature and phase content
(HfNi,Als, HfsNigAlis Ta NioAl3) within this temperature
range is the same. Diffraction data have been to calculate
the temperature dependences of cell parameters for three
intermetallics (Fig. 3). These dependences allowed us to
caculate thermal expanson coefficients and ther
temperature dependences (Fig. 4).

As it can be seen the cell parameter a for tetragonal
intermetallic phase HfNi,Als increases linearly, whereas
parameter ¢ shows more complicated dependence. With
temperature increasing up to about 500K it is amost
unchangeable, but at higher temperatures it increases
according to parabolic dependence. Such behavior of this
parameter leads to similar dependence of elementary cell
volume. For analytical approximation of these
dependences we obtain such formulas:

a(T) = 3.9924 + 6.4454” 10" °T R= 099697,

-5_0.0101T

c(T)=14.1883+6.1656" 10 “e R=0.9981,

V/(T) = 226.6456 + 0.7138T +3.0289T° R = 0.99879

Temperature dependence of cell parameter and
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volume for HfgNigAlys intermetallic phase we the such

expressions:
2236 T
1+0,1857T

a(T) =
V(1) = S50t
Risacorrelation coefficient..
We suppose that these expressions can be used for
estimation of cell parameters at another temperatures
within larger temperature interval than 323 - 873 K.

One can see that peak positions and their heights

R=0.99999
R=0.99991,

HfNi,Al

400 | N B

300 | :
: HfNi Al
S 200 | .
S

100 | :

O L L
0 200 400 600 800
T K]

Fig. 4. Temperature dependence of thermal
expansion coefficient for HfNi,Als and HfgNigAl s
intermetallics.
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show dlight variation with temperature and phase content
(HfNi,Als, HfgNigAlys Ta NioAls ) within this temperature
range is the same Diffraction data have been used to
calculate the temperature dependences of cell parameters
for three intermetalics (Fig. 3). These dependences
allowed us to calculate therma expansion coefficients
and their temperature dependences( Fig. 4).

One can see the different behavior of this
characteristics. For HfgNigAls intermetallics thermal
expansion coefficient decreases with temperature
according to exponential law, whereas for HfNioAls
intermetallic phase this parameter varies proportionally
to UT. Features of such behavior most probably are
attributed to more complicated bounding between atoms
in tetragonal HfNiAls comparatively to cubic structure
of HfgNigAl s intermetallic phase.

Conclusions

Ternary chemical compounds HfNiAls, HfgNigAls

and NiAl; determine the phase content of aloy,
containing 62.5 at.% Al, 25 at.% Ni and 12.5 at.% of Hf
not only at room temperature but aso at eevated
temperatures. Tendency to chemical ordering is observed
at temperatures close to melting point. Temperature
dependences of thermal expanson  coefficients,
calculated from experimenta values of cell parameters
reveal different behavior for each ternary intermetallics
that is supposed to be features of chemical bonding
between constituent atoms.
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BucokoremneparypHi peHTreHiBChbKi JU(PPaKUiiHI JOCTIIKEHHS TEPHAPHUX
ciaasiB Al-Ni-Hf
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MetonoM mudpaxuii X- MpoMeHIiB A0CHiKeHO (Ba30BUil CKIaj 1 TeMIepaTypHY 3aleXHICTh NnapaMerpiB
rparku iHtepmeraniaiB HfNi Als, HfgNigAls i NioAly morpiiinoi cucremu Al-Ni-Hf. Excrniepumenranbhi
3HAYCHHS NApaMeTpiB I'paTKU NP Pi3HUX TEMIIEPAaTypax BUKOPHCTOBYBAIMCH I PO3PAXYHKY Koe(ilieHTiB
TEPMIYHOTO PO3LIMPEHHS Ta iX TeMrepaTypHOI 3anexHocTi. [loka3aHo 1O a1 iHTepMeraniza 3 KyOi4HOO
CTPYKTYPOIO TEMIIEpaTypHa 3aJeXHICTh Koe(illieHTa TepMiuHOrO PO3LIMPEHHS CYTTEBO BiIPI3HAETBCSA Bif
aHaJION 9HOI 3AIEKHOCTI JUIS IHTepMeTalli/ia 3 TETParoHaJIbHOK CTPYKTYPOIO.

KurouoBi ci10Ba: mapamerpu KOMipKH, allOMiHI€BI CIIaBH, KOS]IIIEHT TEIIOBOrO PO3IIUPEHHS.
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JeeKTH aKLEeNTOPHOI aKIENTOPH, Ta PO3TALIOBYIOTHCS B OKTACIPHUYHUX HMOPOXKHUHAX KPUCTAIUHOI CTPYKTYpH, T€HEPYHOUH
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Beryn

TepmoenekTpuuHi Martepiaid, OTPUMAaHI HIUIIXOM
CHJIHOTO JIETyBaHHS CKyTepyIUTy n-CoSh;
AKIENITOPHUMH 1/a00 JOHOPHUMHM JOMIIIIKAMH, BHUSBIIH
BUCOKI 3HAa4yeHHS TEPMOEJIEKTPUYHOI JOOPOTHOCTI,
BOJIOIIOTh  BHCOKOIO  €(EeKTHBHICTIO TEPETBOPEHHS
TEIIOBOI €Heprii B €NEeKTPUYHY 1 € ChOrOJIHI OJHUMHU 3
HAMOUIBII OCTIDKYBAaHUX. Y KpPUCTaNIYHIA CTPYKTYpi
ckyTepymuty CoSh; atomn Co yTBOPIOIOTH IPHMITHBHY
KyOiuHy YIakoBKY, a aToMH SD 00’ €IHYIOUHCH Y TPYIH
aHioHiB [Shy],3aliMar0Th MO3HUINI y HICTHOX i3 BOCBMH
OKTaHTIB eleMeHTapHoi KoMipku [1].B J1BOX mOpoxHiX
OKTaHTaX KPUCTAIIYHOI CTPYKTYPH CKYTEPYAUTY HasBHI
TIOPO>KHUHU iKOCaeApHUYHOr 0 THIY, yTBOpPEHI
OKTaelpaMu 3 aToMiB Sh HaBKOIIO0 aTOMiB K0OANBTY (pHC.
1), sKi MOXYTh 3aCeIATH KaTiOHH EJIEKTPOITO3MTHBHUX
merani (M), mio Bimmosizae gopmymi M,CoShs. Ilro

0COOJTUBICTH KPHUCTAJIIYHOT CTPYKTYpH CoSh
HaiyacTille  BUKOPUCTOBYIOTH  IIpU  ONTHMIi3allii
TEPMOENIEKTPUYHUX ~ XapaKTEePUCTHK  BIIPOBAHKEHHSIM
JIOMIIIKOBOTO aToMa B IKOCaeqpUuYHI MOPOKHUHU
(TBepmmii  pO3YMH  BKIIIOYCHHS), BIUIMBAIOYM  Ha
ENIEKTPOHHY  CTPYKTYpy  Marepiamy, 3a  SKHX
€(QEeKTUBHICTh TIEPETBOPEHHS TEIUIOBOI eHeprii B

SIIEKTPUIHY Oy/1e MaKCUMAaJIbHOIO.
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Tak, yBeleHHs Y CTPYKTYpy ckyTepyauty CoShs min
BUCOKUM  THUCKOM  aTOMIB  3HaYyHHX  pO3MIpiB
piakicHozemenpHux MertaniB La [2], Sm [3], Gd [4], a
TaKOX CyMipHHX 3a po3mipom atomiB Ca [5] mpusoauio
bi(o) I IBUIIEHHS 3HAYEHb TEPMOEIIEKTPUIHOI
nmobporHocTi.  30kpeMa, Juis  3paska  Lag29C0o,Sbio
MakcuManbHi  3HaueHHs ZI =106 orpumano 3a
temmnepatypu 863 K, y 3pasky SmggC04Sby, 3nauenns
ZT=0,8 pocsraimm 3a Temmeparypu 716K, a B
ckyrepyauti  CayzCosSbh;, MakcumanbHi  3HAUEHHS
ZT = 1,15 orpumano nipu 840 K. YBenenns y ctpykrypy
HamiBrpoBigauka N-CoSh; Mg BUCOKUM THCKOM aTOMIB
Pd ta Te [6] Takok NPUBOAWIO OO ITiABUIIEHHS
€(pEeKTUBHOCTI IEPEeTBOPEHHsI TEIUIOBOI eHeprii B
CIIEKTPUYHY, a MaKCUMAaJIbHI 3HaYeHHsA ZT = 1 oTpuMaHo
3a Ttemneparypu 873 K. ¥V Toi xe wac y 3pasky n-
CosSby15Teys[7]  Makcumanbhi  3Hagends ZT = 0,92
orpumano npu 710 K. Merogom npecyBaHHsSI MOpOIIKIB
IIMXTH 3 HACTYIIHUM CHIKaHHSIM y BaKyyMi OTpHMaHO
CKYTEPYAUT Y 0.18C04Sh» (8], 3HAYECHHS
TEPMOENIEKTPUYHOI JOOPOTHOCTI SIKOTO 3pOCTAalOTh 3a
paxyHOK 30UIbIIEHHS 3HAa4Y€Hb EJIEeKTPOIPOBIAHOCTI Ta
3MEHILICHHs 3Ha4YeHb Koe(illieHTa TeIuTonpoBiaHoCTI. B
yCIX PO3MIISTHYTHUX BUMAKaX JOMIIIIKOBI aTOMHU BEJIMKOTO
po3Mipy PO3TaIIOBYBAJIHCS B iKOCaeIpUIHUX
MOPOXHUHAX CTPYKTYpuCOShs.
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OkpiM  TOro, ONTHUMI3yBaTh TEPMOEIIEKTPUYHI
XapaKTEePUCTUKH MOXHa LIISIXOM 3aMileHHS
JIOMIIIKOBUM aTOMOM OJHOTO 3 KOMIIOHEHTIB N-

CoShs(tBepauii po3yMH 3aMillleHHs). 3MIHIOIOYH THIT
JIOMIIITKOBUX AaTOMIB, IXHIO KOHIICHTpAIlilO, BIUTUBAIOTh
Ha  ENEKTPOHHY  CTPYKTYpPY  TEPMOEIEKTPHYHOTO
MaTepiany Ta HOro BIACTHBOCTI. 30KpeMa, JOCIIIKEHHS
CTPYKTYPHUX Ta €JEKTPOKIHETUYHUX XapaKTEPHCTHK N-
CoShs, nerosamoro aromamn Fe (3d°48?) ummsixom
iHAyKHidHOTO TUiaBieHHs [9] mokasand, 10 JAOMILIKOBI
atomu Fe 3amimaroTs y Kpucramorpa@iuHuX MO3UINIIX
atomu Co (3d’4?), renepyioun y KpucTam CTPyKTYpHi
neeKTH aKIenTOpHOI MPUPOIH,0CKimbku yucio 3d-
enexTpoHiB Fe € menmmmM, Hix a1t Co. [Ipo akuenropHy
NPUPONY  YTBOPEHHX  CTPYKTYpHHX  nedekTiB y
p-Coy FeShscimuats momathi 3HaueHHs KoedilieHTa
TepMO-epC 3a YCIX TemIepaTyp JAociipkeHHs. [lpu
BOMY  BiIOyBaeTbCcs  3MiHA  THUIY  TPOBiJHOCTI
HAITIBIIPOBI/IHMKA, 2 OCHOBHHMH HOCISIMU CTPYMY CTalOTh
nmipku. 3amimends atomiB Co (rc, = 0,1252 um) na Fe
(ree= 0,127 HM)  He  BUKIMKAE  CYTTEBUX  3MiH
KPHUCTAJIYHOI CTPYKTYpH HaIliBIPOBITHAKA BHACIIIOK
ONMM3BbKOCTI TXHIX aTOMHUX pajiyciB, OHAK ITPUHIUIIOBO
3MIHIOE HOTO EJIEKTPOHHY CTPYKTypy. Take JieryBaHHs
MIPUBOUTH o 3MEHUICHHS koedimieHTa
TEIUIONPOBITHOCTI Ta 301IbILIEHHS 3Ha4YeHb KoedilieHTa
TEPMOCTICKTPUYHOI TOOPOTHOCTI.

Merol0  NpEACTaBIEHOTO  JIOCTIDKEHHS  Oyio
OTPUMAaHHSI TEPMOEJIEKTPUYHOIO0 MaTepially 3 BHCOKOIO
e(eKTUBHICTIO TEPEeTBOPEHHS TEIUIOBOI eHeprii B
EJIEKTPUYHY IIUIIXOM peaji3allii «riOpuaHoro» Bapianty
YBEACHHS AaTOMIB JAOMINIKH VY CTPYKTYpY CIHOIYKH
CoShs: sk 3amimennsam atomiB Co, IO Te€HEpPYE Y
KpucTani gAeeKTH akUeNTOPHOI INPHPOAHM, TaK 1
JIOHOPHOI MPU PO3TAIllyBaHHI aTOMIB VB IKOCaeAPUUHUX
nopoxHuHax. [Ipu BUOOpI THITy MOMIIIKOBHX aTOMIB
OpaBcs 1O  yBarm  sK  pO3MIpHHH  Qaxrop
(cTiBBiJIHOIICHHSI ATOMHHX paJiyCiB TOMIIIKOBOTO Ta
aToMy, SKHH 3aMill[al0Th), TAaK i 3apAMOBHHA CTaH IUX
aTOMIB.

|. MeToaHKH JOCJiI:KEHD

KpHCTaJliuHa

JocimxyBanacs CTPYKTYPA,

CNEKTPOKIHETHYHI Ta EHEPreTHYHi XapaKTEePUCTHKU
VyC01yS03. 3pasku CHUHTE30BaHO METOJIOM
ENEKTPOAYrOBOrO0  IUIABNICHHS  HIMXTH  BHXIJAHUX
KOMIIOHEHTIB(BMICT ~ OCHOBHOTO  KOMITOHEHTa [0
99,9 mac. %) 3 HACTYITHUM TOMOT€HI3yI0UUM
BigmanroBaHHsAM 3a Ttemneparypu 870K Bmpomosxk
1440 ron. PentrenodazoBuii aHaymi3 MPOBOAWIIM 3
BUKOpHcTaHHAM mudpakromerpa JPOH-2,0m (FeK,-
BUIIPOMIHIOBAHHS). Hns PO3paxyHKY
KpucTanorpaiyHuX  mapaMeTrpiB  BUKOPHUCTOBYBAIIU
kommieke nporpam WIinPLOTR [10]. Ximiunuii Ta
(a3oBuil ckiaay 3pa3KiB KOHTPOJIIOBAIH 33 JOMOMOTOI0
Mikpo3onmoBoro  amamizaropa  (EPMA,  energy-
dispersiveX-rayanalyzer). BumiproBasicst TemiiepatypHi
1 KOHIICHTpAIi¥HI 3aJ€KHOCTI MUTOMOI'O €JIEKTPOOIIOPY
(p), xoedimienra Tepmo-epc (¢) CTOCOBHO Miai 3pa3KiB
Vy+yCO1.,Shs y iana3oHax: T=80- 400 K,
Ny ~ 3.8:10% cm® (x = 0,02) — 3.8:10% em™ (x = 0,20).

Il1. ExcriepuMeHTAJbHI J0CTiTKeHHS

MiKkpo30HI0BUI1 aHalli3 KOHIEHTpAllii aToMiB Ha

MOBEpXHiI  3paskiB  V,.,C0.ySb; BCTAHOBHB  IXHIO
BIIIOBIIHICTE BUXIHAM cKJIagaM IIUXTH, a
peHTreHiBchbki  (a3oBUl Ta CTPYKTYpHHH — aHaNi3H

MoKa3and, 1o AU(PPaKTOrpaMu 3pas3KiB BKIIOYHO 10
cknany x = 0— 0,20 iHneKcyroThCsl y CTPYKTYPHOMY THIT
LaFeP;, [11] (mpoctopoBa rpyma Im-3)i He MiCTATH
crigiB iHmmxX ¢a3. BpaxoByroun OuNbIINIA aTOMHUH
pamiyc V(ry =0,135 um) y mopiusaHi 3 Co 3po3yminum
€ picT 3HauYeHb IEpPIOAy eJeMeHTapHoi KoMipku a(x)
VyyCO1.yShy BiX a (x = 0) = 0,9016(1) um bi(d
a(x = 0,20) = 0,9028(1) um.

Ha nanomy erarti CTpyKTYpHHX IOCJTiDKEHb HAM HE
BJAJIOCSI OMHO3HAYHO BCTAHOBUTH Ty YH IHINY KiIBbKICTh
atomiB V y kpucranorpadiuniii nosunii Co abo B
iKOCAGAPUYHUX TIOPOKHUHAX CKYTEPYAUTY, OCKIIBKH
Taka iH(QOpMaIlis 3HAXOMUTHCA 32 MEKAaMU TOYHOCTI
PEHTTEHOCTPYKTYPHOT'O METOIY AOCTIDKEHHs. Y IaHii
poOOTI HAaBEICHO pe3YIbTATH SKICHOTO OI[iHFOBaHHS

3alHATOCTI  KpUcTajorpadiuHuX MO3MIIH  CHONYKH
MEeBHUM  COPTOM  aroMmiB.  Tak,  MOJEIIOBaHHS
KpUCTaligHOi CTPYKTYpH V., CO.,Sb; JUIL BUNAIKY

3alHSTTS JOMIIIKOBMMHU aToMamu V KpucranorpadiyHoi

Fig. 1. Modd of crystal structure transformation of CoShys in V.,Co0y.,Sbs (LaFesP1o-type, space group Im-3).
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Fig. 2. Temperature dependences of electric resigtivity Inp(1/T) (@) and differential thermopower o(U/T) (b) for
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Fig. 3. Variation of eectric resistivity p(x) (a) and thermopower coefficient a(x) (b) for V.,Co..,Shs at different
temperatures; 1-T=80K;2-T=200K; 3—T=380K.

mosunii Co mokasye OUTBIIY 3MiHY 3HA4eHb IMEPiOay

eNeMEeHTapHOi ~ KoMipku  a(x), HDK  OTpHMaHa
eKCIICPUMEHTANBHO, & Y BUMAJKY 3allOBHCHHS aTOMaMHU
V  ikocaenpuuHux  mopoxxuun ~CoSb;  (puc. 1)

MOJICITIOBAHHS CTPYKTYpU Ja€ HE3HayHe 301IbIICHHS
3HaueHb a(x). Came Ha OCHOBI JaHHX PE3YJbTaTiB OYI0
3pO0JICHO TMPWIYIICHHS, M0 JOMIIIKOBI aromMu V
OJIHOYACHO 3aMimaroTs Sk atomu Co, Tak i 3aiiMaroTh
iKOCaeIpUHi IOPOXKHUHU Y CTPYKTYpi crionyku CoSbs.
VY TOii e yac, MOeTHAHHS Pe3yJIbTaTiB CTPYKTYPHHUX
MOCTIKEHb 3 eNEeKTPo(Qi3MYHUMHU JO3BOJIIE 3BY3UTH
BapiaHTHICTh 3aiHATTS KOHKPETHOI KpHcTayorpadiuyHoi
MO3UINI TEBHHM COPTOM aroMiB abo0 CTaTHCTHYHOIO
cymimmno artomiB. Came JnaHy npoOJieMy BHpILIye
mpejcTaBieHa  pobora.  Pe3ympTar  mpocTOpOBOTO
po3TalryBaHHs aTroMiB Yy V,.,C0,Sb;, MakcHMalbHO
HAOMMKEHUH 10 peabHOrO PO3TalllyBaHHS aTOMIB Y
CTPYKTYpi MOXXHa OTPUMATH JIMIIIE TTICNs CIiBCTaBICHHS
pe3yNbTaTiB  pO3PaxyHKY EIEKTPOHHOI CTPYKTYpH 3
pe3yabTaTamMu eNeKTpodi3udHuX TOCTimKeHb [12], omy
Oy/e MPUCBSIUEHO Hallle HACTYITHE JOCIIIKEHHS.
TemneparypHi Ta KOHIIGHTpAIHI  3aJICKHOCTI
MMUTOMOI'O EJIEKTPOOIIOPY p Ta KOoedillieHTa TepMO-epC
0V y.,Coy.,ShsHaBeneHi Ha puc. 2, 3. 3anexHocti INp(U/T)
ta a(UT) V4. CorySbs (pUC. 2) € THIOBUMH IS CHIBHO
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JIETOBaHHX Ta CHJIBHO KOMITCHCOBaHUX
namnisnpoinaukis (CJICKH) [13], a HasBHi akTuBamiiiHi
IJSIHKA BKa3ylOTh Ha KiJTbKa MEXaHI3MIB IEpPEeHOCY
sapsay [12]. 3anexnocti INp(UT) anmpokcumyroThes 3a
JIOTTOMOT OF0 cniBBiz[HomeHHﬂ [13]:

e el 0 e e3 C_')
r (T) = r1 exp 3
g ksT 5 g kT 5

Jie TepUIMii BHCOKOTEMIEPAaTypHUI JIOJAaHOK OIHCYE
AKTUBALII0 HOCITB CTpyMY &1” 3 piBHs DepMi &r HA piBEHb
NPOTiKaHHA 30H HENepPEepBHUX CHEprid, a Ipyru,
HHU3bKOTEMIIEPATYPHHH, — CTPUOKOBY HPOBiAHICTE &3°. Y
CBOI0 Yepry, TEMIICPAaTypHI 3aJeKHOCTI KoedillieHTa
tepmo-epc  a(UT)  Vy,Co,Sby  Moxyrs  Oyru
anmpOKCUMOBAHI 3a JOMOMOTOK HACTYITHOI 3aJIeXKHOCTI
[14]:

D)

_kg o ol
- g+l 2

g kgT P
ne y — TIapamerp, IO 3aJeKUTh BiJA TPUPOAU
poscitoBaHHs. 3 BHCOKOTEMIEPAaTypHOI  JLISIHKH
sanexHocti  o(L/7) obOumcieHo 3HAYEHHS — eHepril
aKTUBaIli &, sAKi, AK mokazaHo y [12], mpomopuiiini
aMIUTITyal  BeJIMKOMacmTabHOI  (uyKTyamii  30H
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HEMepepBHUX EHeprii, a 3 HHU3BKOTEMIEepaTypHOI —
3HAYEHHs eHeprii akTUBaIil &3”, MPONOPIIiiiHEe aMILTITY/I
Moayssii apioromacitabnoi ¢uykryanii CJICKH [12,
13].

HasiHicth Ha 3anexHoctsx [Np(UT) (puc. 2, a) amnst
BCiX  ckmadiB  Vy,Co.ySb;  BHCOKOTEMIIEPATYPHUX
aKTUBAI[IMHUX JUITHOK CBIMYUTH, IO piBeHb Depmi &f
po3TalioBaHWii y  3a00OpOHEHIH 30HI, 3  SKOrO
BIIOYBAa€ThCS TEpMiYHA aKTHBAIliA HOCIIB CTpyMy Ha
PiBHI MPOTiIKaHHS 30H HETEPEPBHUX eHepriil. Y To# xe
yac, BiX €eMHI 3HaueHHS KoedimieHta Tepmo-epc (puc.
2,b) mma ycix ckmagiB Vy.,Cop,Sh; Ta Temmeparyp
CBiYaTh, IO €JNEKTPOHH € OCHOBHHMH HOCISIMHU
cTpymy,a piBeHb @DepMi & 3HAXOIUTHCS OJMKYE 0
PIiBHSI MPOTiKaHHS 30HH MPOBIAHOCTI, HIK O BAJIEHTHOI
30HH.

36inblIeHHss 3HaY€Hb THUTOMOro omopy p(x,7) Ta
koedinieHta Tepmo-epc a(x,7) Vy.yCoyySbs (puc. 3) mis
yCiX TeMIlepaTyp IIOKa3ye, II0 JOMIMIKOBI atomMu V
TeHEPYIOTh Y  KpHCTali  CTpYKTypHI  Jedektu
aKIEeNnTopHOI NpHpoAu. Tak, yBENEHHS JOMIIIKOBHX
aToMiB V CTpIMKO 301NbIIIye 3HAYEHHS TUTOMOTO OIOpPY
p(x) 3a 7=80 K Bimx 3Hauenp p(x=0,02)=
12452 mMxkOm'Mm 10 p(x =0,12) = 1908,5 MkOM'M Ta
p(x =0,20) = 3475,3 MkOm'M. Takuii CTpIMKHA picT
3aJIKHOCTI p(X) MOKJIMBHIA JIHIIIE 32 YMOBH 3MEHIIICHHS
KOHLIEHTpallil OCHOBHUX HOCIiB CTpyMy IIpU IXHBOMY
«BHMOpPO)KYBaHHI» y 3a00pOHEHY 30HY Ha T€HEepOBaHi
aKIIENTOPHI piBHI Ipu 3aminieHHi atomis Co Ha V.

3 iHmoro Ooky, Bim' eMHI 3HauyeHHs KoedimieHTa
Tepmo-epc Vy.,C0.,Sh; TpHU TeHepyBaHHI y KpHCTai
CTPYKTYpHUX Ae(EKTIB aKIENTOPHOI MPUPOIU CBiq4aTh,
0 Yy KpHUCTall BimOyBarOTbCA OILIBII  CKJIAIHIIII
CTPYKTYpHI 3MiHH. MOXeMo npunycmumu, 1O Y
KpucTalm V,.yCop,Shs mna 3abesnedeHHs cmiikocmi
CTPYKTYpH  Ta  npunyuny  eJIeKTPOHEHTPaIbHOCTI
OOHOYACHO ~ TEHEPYIOThCS  CTPYKTYpHi  nedektu
AKIENITOPHOI 1 TOHOPHOI MpUpPOaH (JTOHOPHO-AKIETITOPHI
napu). Takumu Jepektamu MOXKYTh OyTu atomu V, ski
pO3TAalIOBYIOTBCS B IKOCAEAPUYHUX  TOPOXKHHHAX
Vy+yCO.,Shs.  Tak, aHami3 TOBEOIHKH €HEPreTHYHHX
XapaKTePUCTHK Vy.,C0.,Sb;, 30KpeMa, 3MiHH 3Ha4eHb
eHeprii aktuBaiii £,"(x) Ta amMIUITYIM MOIYNALI 30H
HEIIEPEPBHUX EHEPriii &;” TakoXk IOKasye, 0I0 Y
HAITIBIIPOBIIHUKY OJHOYACHO TEHEPYIOTHCS AaKIENTOpH

351V Co Sb ¢ 6o
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2. . L 55
| L 50
33+
Qg H45.-5
o~ 329 F40 £
e
314 L35 @
2
30 / L 30
. L 25
29 T T T T T T T
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21
x (V)
a

Ta noHopH (puc. 4).

CriouaTKy TPOBEOEMO aHaji3 3MIiHH MOJIOKECHHS
piast  Depmi &V, CopySb;  mpH  306i7bIIEHH]
KOHIICHTpAIlii JOMIMKOBUX aToMiB V. BpaxoByrouw, 1o
3a BUCOKHX TEMIIEpaTyp 3HaK KoeQilli€eHTa TepMO-epC
3QIIMIIAETHCSA BiJl €EMHUM, MOXEMO 3POOUTH BHCHOBOK,
MO Y VyyC0pyShs, x = 0,02, 3HaueHHs eHeprii akTUBarii
&1’ (x=0,02) =29,8 MeB  Bimobpaxkae  eHepreTHUHY
LIUIMHY MDK TOJOKEHHAM piBHS Depmi & Ta piBHEM
MPOTiIKaHHA 30HU TPoOBimHOCTI. Haramaemo, 3HaYCHHS

eneprii  aktuBamii  &°(x) oOuMCHIOETHCS came 3
BHCOKOTEMITEpaTypHOI AKTHUBAIII HHOI TUISTHKH
sasexHocri INp(UT) (puc. 2, a).

[opanpmie 30iNBIIEHHS KOHIEHTPAI] JIEeryH4ol

noMmimikn V' y HamiBOPOBIAHUKYN-THIY IO 3HA4YE€Hb
x = 0,12 npuBoauTh m0 3arnubneHHst piBHA DepMmi e y
3a0opoHeHy 30Hy Ha Bizcrambe;”(x = 0,12) = 34,2 meB.
Taxka noBeninka piBHg ®epmi epMoxke OyTH cipuuMHEHa
JMIIE y BUMAAKY T€HepYBaHHSA Yy KpucTami Vy.,Cop,Sbs
CTPYKTYpHUX  Je(eKTiB  aKIENTOPHOI  NPHPOIH.
AKIENTOpHiI IepeKTH MOXYTh 3 ABUTUCA Y Vy.yCO1ySbs
mume  npu  3aiiEstri atomamu Vo (3d°4S9)
kpucranorpadiunoi mosumii  atomie  Co  (3d'4S9),
ockibky yrcino 3d- enextponiB V € menmuM, Hix y Co.
I'eHepoBaHi CTPYKTYpHI Je(eKTH TOPOIKYIOTH Y
HaMiBIPOBITHUKY N-V,.C0yySbeIOMIIIKOBI aKLENTOpPHI
PiBHI, sIKi PO3TANIOBYIOTHCS O1JIst CTE BAJIEHTHOI 30HH 1
3aXOIUTIOIOTh YaCTHHY BUIBHHX €JIEKTPOHIB, TOHWKYIOUH
nonoxxeHHs1 piBHs DepMi &, 1m0 MU 1 criocTepiraeMo B
eKCIIEPUMENTI MpU 301bIIEHH] 3HaYeHs 1" y miamasoni
koHrentpanii x = 0,02 —0,12. OkpiM TOro, 3MEHIIICHHS
KOHLIEHTpAlil BUIBHUX €JIEKTPOHIB Y HamiBIIPOBITHHUKY
€NEKTPOHHOTO ~ TUIYy NPOBIMHOCTI INpU  iXHBOMY
«BHMOpPO)KYBaHHI» Ha aKLENTOpPHI piBHI HEOIMIHHO
npuBene 10  30LIbLIEHHS ~ 3HAa4€Hb  IUTOMOTO
€IICKTPOOITIOPY, IO TAaKOXX Ma€ MICIe B EKCIEPHUMEHTI
(puc. 3, a).

Opnak 3a OUTBIIOI KOHIIGHTpaIlii goMimku V Ha
nistHIl KoHmeHTpartii x = 0,12 — 0,20 mBuaKicts pyxy
piBast Depmi & y mmMOWHY 3a0OpOHEHOI 30HHU
HamiBINpPOBiTHUKA N-V,.,C0..,Sbs 3MeHIIyeThCs y nBa
pasu, a piBeHb DepMi & PO3TAIIOBYEThCS HA BijCTaHi
35,1 meB Bij piBHsI NPOTiKaHHS 30HH MTPOBITHOCTI.

Bunukae  3anuTaHHS, a 10  CHOPUYUHMIIO
IPUTAIbEMOBYBaHHS» pyxy piBHI DepMmi & mpu
10- VﬁyCOl_vSlf)3 . |14
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Fig. 4. Variation of activation energy e,°(x) (1), e1(x) (2) () and e5’(x) (1), £5"(x) (2) (b) Of VsyCOy., S,
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Fig. 5. Concentration («) and temperature (b) dependences of thermoel ectric power factor Z* for V., Coy.yShs:
a:1-300K,2-380K;b:1-x=0.02,2-x=0.12,3—x=0.20

HE3MiHHI} IIBUAKOCTI yBeIEHHA y KpHUCTall Vy.,Co1,Sbs
JIOMIIIKOBUX aTomiB V ?

3MeHIeHHS. IIBUAKOCTI pyxy piBHI Depmi e y
HampsiMi BiJ PIBHS TPOTIKaHHS 30HU MPOBIAHOCTI 3a
KoHLeHTpauiii x >0,12 no3Bonsie NPUITYCTHTH, IO
3alHATTS atomMamu V KpucTaiorpadivyHoi mo3uiii atoMiB
Co 3a TakMX KOHIIEHTpalil CTa€ EHEePreTUYHO MEHII
BHUTIIHUM, a KOHIeHTpalis gomimkun x =0,20 €
ONMM3bKOI0 71O MeXi po3uuHHOCTI V mpu peasnizamii
TBEPJOr0 PO3UMHY 3aMillleHHS V4 CO1.yShs.

ToMy BUHHMKaEe HacTyIHE 3alUTaHHA, a KyIu
JIBAIOTHCS YBEJCHI Yy CKYTEPYAUT JOMIIIKOBI atomMu V ?

Biamoinaro Ha mocraBiieHe 3alHUTaHHS MOXe OyTH
NPUMYIIEHHS. TPO O0OHOYACHe 3aUHATTA YaCTUHOIO
atoMiB  VikocaeqpUUHUX  TOPOXKHHH  CTPYKTYpH
Vy+yC01.yShs (puc. 1), mo reHepye y KpUCTali CTPYKTYpHi
nedexTH JOHOpHOI MpUpoAr. Y TakoMy pa3i reHepoBaHi
y 3a0OpoHeHii 30HI JOMIIIKOBI JOHOpPHI piBHI €
JDKEPEJIOM  €JIEKTPOHIB, SIKI 3aXOIUTIOIOTHCS YaCTHHOIO
aKIICNTOPIB, a HAITIBIIPOBITHUK cTae OLJIbIII
KOMIIEHCOBaHUM (BiJHOIICHHS 10HI30BaHHUX AKIETITOPIB
Ta H0HOpIB). Lle 1 3yMOBIIIOE HETiHIHHY 3MiHY 3Ha4YE€Hb
piBHst DepMi &F 3a pi3HUX KOHIEHTpALid JOMIIIKOBUX
aTomiB V.

TakuM 4YMHOM, aHaji3 3MiHM 3HAa4€Hb EHepril
aKTUBaIlii HociiB crpymy &:°(x) 3 piBus Depmi &pHa
piBEeHb MIPOTiKaHHS 30HU IIPOBITHOCTI
N-V:+yCO1.ySbsCBITUUTE TIPO 00HOYACHe TEHEPYBAHHS Yy
KpPHCTaJl y PIi3HUX CIIBBiJHONICHHIX CTPYKTYPHHX
nedekTiB  akuenTopHoi Ta JOHOPHOI IPUPOIH, IO
3MIHIOE CTYIIHb KOMIIEHCAIi1 HaIliBIPOBIIHUKA.

3 immoro OOKy, SKII0O Y HamiBIPOBIIHUKY
N-V,.,Co.,Sbsy  3abopoHeHill  30HI OIHOYACHO
TEHEPYIOThCS Yy PI3HUX CIHiBBIJHOMIEHHSAX JOMIIIKOBI
aKIENTOPHI Ta JOHOPHI €HEpreTH4Hi piBHI, 3MiHIOIYH
CTYHiHB KOMIIEHCAaIli1, TO e MTOBUHHO
CYMPOBOKYBATHCS 30UIBIICHHSIM 3HAYCHHS aMILTITYIH
Moyl 308 HeriepepBHux eHepriii CJICKH [12, 13].
HiticHo, 3 puc. 4a MOXxeMO OauuTH 301IBIICHHS 3HAYCHD
eneprii akruBamii &°(x) VxCoSbs, ski mnporopuiiini
aMIUTITYal  MOnmynsmii  30H HENepepBHHX  eHepriid
VyyCOyShs. YV Bumagky Vi CopyShs,  x=0,02,
aMIUTiTya MOyl craHoBuTh &1"(x = 0) = 25,1 meB.
30inblIeHHsT KOHIIEHTpamii JOMIMIKOBHX aToMiB V
301IblIye CTYMiHb KOMIIEHCAIlii, Ha IIO BKa3ye piCT
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3HA4eHb  aMIUNTYOu  MOAYJALII  Bil ~ 3HAa4YeHb
£1"(x=0,12) =324 wmeBmo &*(x =0,20) = 61,2 meB.
Taka moBeaiHKa 3HAYeHL €Heprii akTwBamii &1"(x) €
MOXIIUBOIO 33 YMOBU OOHOYACHO20 TEHEPYBAHHS Y
CTPYKTYpi  Vy:yCOpySbsakiienTopiB Ta JOHOpiB 32
OITMCAaHUM BHIIIE MEXaHI3MOM.

[oBeninka 3Ha4YeHb eHeprii axkTuBalii CcTPUOKOBOI
TIPOBiTHOCTI &d Ta aMIUTITYI MOJYJIALIT
JpiOHOMacIITaGHOT dnykryarii £3"CJICKH
VyyC01.yShs(pric. 4, b) migTpuMye 3aIpoIOHOBaHY BHILE
MOJIETTb OJTHOYACHOTO 3aUHSATTS y pi3HHX
CHIBBITHOIICHHSIX JOMIIIKOBUMH atoMaMu V  sK
Kpucrajorpadgiuaux mosmiiii aromiB  Co, Tak i
IKOCaePUYHHUX TIOPOXKHUH CTPYKTYPH V. yCO1.,Sbs (pHC.
1). Tak, 30imblueHHS IOBXHHH CTpUOKa €JIeKTpOHa
(3HayeHHst &3°) 1O JOMINIKOBHX CTaHaX JOHOPHOI 30HH
n-V,CoSb; y konmeHrpamiiinomy mianmasoni x = 0,02—
0,12 moxe BigOyBaTHCS JWILIE 32 YMOBH, IO YaCTHHY
JIOHOPIB KOMIIEHCYIOTh T'€HEPOBaHI y HaIiBIPOBIIHUKY
aKIENTOpH, M0 € MOXKJIMBUM TIpH 3aiHATTI aromamu V
kpuctanorpadiyanx mo3uuiii aromiB Co. Hatomicth
JIBOKpAaTHE 3MEHILIEHHS pOCTYy MJOBXHUHH CTpHOKa
CIICKTPOHAa y KOHIEHTpaliiHoMy miama3oni x = 0,12—
0,20 3acBiguye, MO OJHOYACHO 3 AaKIENTOpaMH Yy
KpHUCTali 3'SBJISIOTHCS JOHOPH. 3PO3YMIJIOID € TaKOXK
MOBE/iHKA AaMIUNTYAX MOAYIAIIl JIpiGHOMacITaOHOT
Guykryarii &3”.

SIk  BIZIOMO, OZHUM 13 BaXJIMBUX IIOKA3HUKIB
TEPMOETIEKTPUIHHUX MaTepiaiiB € Koe(illieHT
TEPMOENIEKTPUYHOI ~ IMTOTYXKHOCTI (z* = Sp). 3

MOpiBHAHHSA 3HaueHb Z* (puc. 5), oTpumanux s
BuxinHOl cronyku COShy i JeroBaHHUxX Hamu 3pa3KiB,
O0ayuMo, MO0 3a BHIIMX TeMOeparyp KoeQillieHT
TEPMOEJIEKTPUYHOI TOTY)KHOCTI U 3pa3KiB CKIJIaMiB
x > 0,12 nabarato OUTBIINHI, HiX I BUXIJHOI CIIOIYKH,
0 pOOWTH i CIUIABH MEPCICKTUBHINIMMHU  IIOJ0

MOAAJBUIO  ONTHMi3amii  iXHIX  TEPMOENEKTPUYHHUX
XapaKTEePUCTHK.
BucHoBku

TakuM  4YWMHOM,  pe3yNbTaTH  CTPYKTYPHHX,
ENIEKTPOKIHETUYHUX Ta EHEPreTUYHHX JIOCIiHKEHb

Vy4yCO1ySh;  103BOJIAIOTE T'OBOPMTH PO  CKJIAJAHMH



OcoOJIMBOCTI CTPYKTYPHHUX, KIHETHYHHUX Ta €HEPIreTUYHUX XapAKTEPUCTHK CKyTepyauTy V., C0y.yShs

MEXaHi3M TE€HEepyBaHHS Yy KPHUCTall CTPYKTYpHHX
neeKTiB Ta pOOUTH npunyweHnHs WIOA0 MEXaHi3MiB
TeHepYBaHHS [OHOPHO-aKIENTOPHUX IMap, WO Y
KIHIIEBOMY  pe3yJabTaTi  MiaBUINYe  e(EKTUBHICTH
MIEpETBOPEHHS TEIUIOBOI €HEeprii B eleKTpuuHy. binbmn
TOYHHH PE3yNbTaT MPOCTOPOBOTO PO3TAIIYBaHHS aTOMIB
Y Vy,C04.,Sb3, MaKCUMaJIbHO HaONMKEHUH O PeabHOro
CTaHy KpHCTasla, IO [O3BOJNUTH IPOTHO3YBATH HOTO
TEPMOEJIEKTPUYHI BJIACTHBOCTI, Oyle OTPUMAaHO MiCIs
PO3paxyHKy eJeKTPOHHOI CTPYKTYPH CKYTEPYAUTY, YOMY
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The structure characteristics, temperature and concentration dependences of the electrical resigtivity and the
thermopower coefficient for the V,.,Co..,Shs skutterudite were investigated in the ranges: T = 80-400 K, x =
0.02-0.20. It was shown that the introduction of V atoms into the structure of CoSh3thermoelectric materid was
accompanied by an increase in the efficiency of conversion of therma energy into electrical energy. It was
established that the inversion in the sign of the thermopower coefficient for V. ,Co,.,Sbs not observed for these
concentrations of V impurity atoms. Based on the anaysis of electrokinetic and energy state characteristics of
VyCO1,Shs, it was assumed that the V (3d°4s’)impurity atoms simultaneoudly replaced Co (3d74s”)atoms,
generating structurd defects of acceptor nature, and were located in the icosahedral voids of the crystal structure,

generating the donors.
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JlocimipKeHO eNIeKTpHYHI BIACTUBOCTI HamiBizomorounx kpucranis CdTe-Cl, BUpOLIEHUX BEpTUKAILHUM
MmeronoM bpipkMeHa Ta METOZOM PyXOMOro HarpiBHHMKa. BcTaHOBIEHO, 1O METOI PyXOMOrO HarpiBHHKa
3a0e31euye eIeKTPOHHY MPOBiAHICTb, a BepTUKAIbHUN MeTox bpimkmena — nipkosy. [Ipu 300 K nuromuii onip
3paskis craoButs p = (10%-10% OwmveM, xomTiBchbka pPyXIMBICTB: XipOK Hp = (45 - 55) cM?/B-c, eNeKTpoHiB
U~ (10 - 20) cM¥/B-c. Jlyke HH3bKi 3HAUCHHS i EKCTIOHEHI}HA TEMIEPaTypHA 3alEKHICTh |, 3yMOBJICHi
npedidoBumu  Gap’epamu 3 Bucororo &,~ 0,20eB. ®PopmyBaHHA oOcTaHHIX IIOB's3aHe 3  (uykTyarisMu
MIOTEHIIAJIBHOTO pelbedy 3a paxyHOK MIKPOHEOJHOPITHOCTEH Ne(eKTHO-IOMIMKOBOI cucteMu. KpiMm Toro, B
3paskax N-CdTe-Cl marorp Micue kBa3ioToXiMiyHi peakmii, IO NONATAIOTH y 3MEHLICHHI PYXJIUBOCTI
enekTpoHiB michst (oro3Oymkenns. B 3paskax p-CdTe-Cl e BusBieHo Hi apeiipoBux Oap’epiB, Hi

KBa3i(oTOXIMIYHUX PEaKIii.

KitrouoBi ci1oBa: siBHIa epeHoCy, po3CisiHHS HOCITB 3apsiLy, TEITypra KaJMiro.

Cmamms nocmynuna 0o pedakyii’ 25.07.2017; npuiinama oo opyky 05.09.2017.

Beryn

[Iupoko3oHHa HamiBIpoBigHKUKOBa croiayka CdTe
[1,2] craHoBHUTH 3HAYHUE IHTEpeC I BUPOOHHIITBA
e(QEeKTUBHUX HEKOr€peHTHUX JDKepesl CBiTja, Jasepis,
MepeTBOPIOBAYiB  COHSYHOI  €Heprii,  JEeTeKTOpiB,
JYMIBHUKIB PEHTTE€HIBCHKOTIO 1 TaMMa-BUIIPOMiHIOBaHHS
Ta iH. [1-7]. IIpote, CKIaaHICTh KePYBaHHS EIEKTPOHHUM
CIIEKTPOM 1, K HACTigOK, BiactuBocTsiMu CdTe (mepin
3a BCe, NpH JIETyBaHHI) OOMEXye HOro IIHUpoOKe
NpakTHYHE  BHUKOpPHCTaHHSA.  ToMy  JOCIHiIKEeHHS
MEXaHi3MiB POCTY 1 JIETYBaHHs NaHOI CHONYKH € JyKe
aKTyaJbHUMU. J[J1s1 OLIBIIOCTI IUX MPHIAAiB HEOOX 1 THHH
MaTtepial 3  BHCOKMM  IHTOMHM  ONOPOM 1
MaKCHMaJIbHUMH 3Ha4eHHSMU Jper(hoBOi pyXIMBOCTI Ta
Yacy )KUTTsI HEPIBHOBAXXHUX HOCIIB CTPpyMY.

Sk mpaBuno, BucokoomHuit CdTe omepxyrTh
LIUIIXOM  KOHTPOJIBOBAHOTO  JIETYBaHHS  MIJIKHMH
nmoHopamu (In, Cl), ski KOMIIEHCYIOTh BIaCHI aKIENTOPH
(Vcg) [1-3,6,7]. Tlpu ontuMajabHOMY JIETyBaHHI
HamiBizomoroui  kpucrand  CdTeln  meMOHCTPYIOTH
MEpEeBAYKHO EJIEKTPOHHY TMpPOBIAHICTH, B IIeH ke Yac
kpuctamu CAdTe-Cl nposBisioTh 5K €IEKTPOHHY, Tak i
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IipKOBY  TpOBiAHICTE.  OcCOONMBOCTI  €NEKTPUYHUX
BJIACTHBOCTEH  OCTaHHIX €  MPEeAMETOM  LBOTO
TIOBiZIOMJICHHSI.
|. ExcnepumeHT

Hns BHPOIIYBaHHSI KPHCTAiB CdTe-Cl

BUKOPHCTOBYBAJIHM 3arOTOBKH, TOMNEPEIHHO CHHTE30BaHI
3 enementapuux kommoneHT Cd i Te (uucrora 6N). TIpu
BUPOIIYBaHHI METOAOM PYXOMOI'0O HAarpiBHHMKa Jiratypa
y ¢opmi CdCl, BBomwigach B pO3IUIAB TEIypy,
TemrepaTypa rapsuoi 3onu ckimagaira 1020K, a
mBuakicts pocty — 0,58 cm/moba. Tlpu BuporryBanHi
MeronoM bpimkmena, Jiratypa po3millyBanach B
POCTOBI# aMITyii pa3oM 3i CHHTE30BaHOIO 3arOTOBKOIO
npu 1380K, rpaxmienr Temneparypu Ha (QpOHTI
kpucramizarii ckimaga (10, 15) K/em, a mBuakicts
pocty — 2 mm/roa. KonnenTpaniss Ximopy B po3iuiaBi B
06ox mpouecax ckanama ~1° 10" ar/em®,

[3 BupoOmIEHNX KpHUCTAJiB 32 JOMOMOIOI CTPYHHOI
PI3KM BUTOTOBIISUIM 3pa3Ky JUlsl JOCHipKeHb. [IoBepXHIO
3paskiB  nuripyBadM  aJMa3HUMHU  TOPOIIKAMH 1
MoJTipyBaii  amMasHUMH Tactamu. DiHIIIHY 00pOOKY


mailto:b.p.rudyk@nuwm.edu.ua
mailto:serhii.solodin@gmail.com

OCOGIHBOCTI EIEKTPUYHUX XapaKTEePHUCTHK HamiBizomorounx kpucranis CdTe-Cl

MOBEPXHi MPOBOAMIN XiMiYHUM TpaBieHHsIM [8].

Enextpodiznuni BUMIpIOBaHHS MNPOBONWIUCH B
TEMIIEpaTypHUX iHTEepBajax (290, 420) K Ta
(673, 1173) K Ha MIPSIMOKYTHHX 3pa3kax
(1272 1,5MM°) 3 1BOMAa mapaMH  IOTEHI{aJIbHHX
KOHTAaKTiB, B  PE&KHAMiI  MOCTIHHOTO  CTpyMYy.
HocrmimkyBamiucs  TemmeparypHi  3anexHocti  (T3)

muromoro omopy (p) ta koedimienta Xomra (Ry), a
TAKOX XOJLTIBCHKOI PYXJIMBOCTI HOCIIB cTpyMy M = Ru/p .

[1. Pe3yabTaTu Ta ix 00roBopeHHs

IMuromuit omip (mpu 300 K) excrmepuMeHTaNbHUX
3pa3KiB, BUTOTOBJIEHHX 31 3JIMTKIB 3 pI3HHM piBHEM
JIETYBaHHS, OXOIUIIOBaB IIMPOKHH CHeKTp Big 1 1o
10°OM-cM 3 oboma THIaMu MPOBIAHOCTI. SIKIIO K
OOMEXHTHCh JIMIIE HAIlBI3OMIOIOUMMH  KPHCTaJaMU
(p > 10°0m-cm),
3a0e3rneuyBas

TO METOJi PYXOMOro HarpiBHHKa
KpHCTalliB

BHPOIIYBaHHSA N-Tumy

10,0
9,5
9,0 [
8,5 [
8,0 -

75

Ig R, (cm’/Kn)
Ig p, (Om-cm)

7,0
6,5

6,0

MIPOBiTHOCTI, a MeToj bpimkmena — p-tumy.

IpencraBneni Ha puc.1l T3  enexTpuuHHX
xapakrepuctuk (p, Ry, W) Tumosoro 3paska N-CdTe-Cl
CBIMUaTh TPO BIAMIHHICTH eHeprid akrtuBamii T3
MMUTOMOT'0 OIopy 1 kKoedimienta Xosa. 1 0co0IHMBIiCTh
NpOSBIIAEThCA B CHIbHIM  (ekcroHeHmiiHif) T3
XOJUTIBCBKOI PYXJIMBOCTI eNeKTpoHiB. Taka curyarnis
3yMOBJIEHa  HasBHICTIO  MIKPOHEOJHODPITHOCTEH B
MIPOCTOPOBOMY PO3IOALT TOUKOBUX JAeekTiB (rnboKux
JMOHOpIiB 1  KOMIIGHCYIOUHX  aKIeNTopiB),  sKi
00YMOBJIIOIOTE (MIYKTyallii MOTEHINAJBLHOIO penbedy i
BUHUKHEHHS Apei(oBHUX Oap’ €piB i HOCIiB cTpymy [9,
10].

s 3paska Ha puc. 1 Bucora apeiidoBux Gap’epis
ep = 0,20 eB. Ha ninstHii 0ap’ epHOT pyXJIMBOCTI €HEpris
aktuBanii T3 Ry He € XapakTepucTHKOW eHepril
ioHi3alil TIMOOKHX JIOHOPIB, $Ki KOHTPOJIOKOTH N-
poBiAHicTh. OCTaHHIO MOXKHA OIIIHUTH dYepe3 CHEpPTiio
aktuBaiii T3 muTOMOro omopy, To0To e’ =0,53¢B. B
et xe yac T3 Ry nae 3nauenns g = 0,35 eB. Pizuuns

2,25
2,00
1,75

1,50

Ig 1, (cM/B-c)

1,25

1,00

2,50 2,75

3,00 3,25

10%T, K™

Puc. 1. TemnepartypHa 3ajIe)KHICTh IATOMOT0 ONOPY, KoedilieHnta Xosia Ta pyXJIMBOCTI €IEKTPOHIB B 3pa3Ky N-
CdTe-Cl (urkana 1iBoi oci opAMHAT crnipaBemuBa st Ry i p).

20
18|
16|
14 I
12[
10f

10°/p,,(Be/em?)

o N A O

0,36 0,38 0,40

0,42

E¢

044 046 048 0,50

-F, eB

Puc. 2. 3anexHicTs 00epHEHOT XOJUTIBCHKOI PYXJIMBOCTI (POTOENEKTPOHIB BiJl MOJIOKEHHS KBa3ipiBHs Depwmi:
1-36inbIIeHHs] iIHTEHCUBHOCTI CBIiTIA /, 2 — 3MeHIIeHHs /;(MITPHXOBOO JTiHIEI0 TO3HAYEHO MaKCHMAILHO MOXKITUBE
3HAYCHHS PYXJIMBOCTI EIEKTPOHIB).
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lg R, (CM3/Kn)

24 26 28

1
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-1,80
2
- 1,75
1a 1
—_—
4170 __
e
2a T ©
 c—— o~
- 1,65 5
- _:Q.
4160 ©
-1,55
1 " 1 " 1 1.50
3,0 32 34

10°/T, K
Puc. 3. TemnepatypHa 3aiexHicTh KoedilieHTa Xoiia Ta pyXJIMBOCTi Iipok B 3paskax p-CdTe-Cl.

Mmik numu eHeprismu (0,18 eB) memio MeHIa 3a BHCOTY
npeiidosux Gap’epi (g, = 0,20 eB). Lle o3Hauae, 110
CTyMiHb KOMITEHcaIlii goHopis mepepuiiye 0,5 [9], To6TO
piBHOBakHHMI piBeHp DepMi NOBHHEH PO3MIIIyBaTHCh
HIwK4e piBHs goHopiB. JidicHo, mpu 300 K piBenr Depmi
poamimenuii npu E.—0,54 €B, a piBeHb HOHOPIB — mpH
E.—0,50 eB (mpu wiit ske TeMmepatypi).

B pospaxyHkax BBakasoch, IO e(QEKTUBHAa Maca
CJICKTPOHIB m, =0,1m,, a T3 eHeprii ioHi3amii JOHOpPIB
OMUCYETHCS K €p = SDO - agTsDolEgo, e Eg =16 eB —

mupuHa 3abopoHeHoi 3omm CdTe mpm 0 K, ag~
40" eB/K — TemneparypHuii koedirient E,.

HasBHicte  npeiipoBux  Oap’epiB,  «BOUBIH»
PYXJIMBOCTI HOCIIB CTpyMy, WIATBEPIKYE IOTYKHHIA
CTpHOOK obepHeHOl XOJITIBCHKOT PYXIIUBOCTI

dboroenextponiB (puc. 2), koiu kBasipiBeHb Depmi (B
mporieci 30UIBIICHHS 1HTEHCHBHOCTI CBITJIa 3 00JacTi
Kparo BJIACHOTO TIOTJIMHAHHS) MMEPETHHAE CHEPTeTUYHUI
piBenb gonopiB mpu (E.—0,50) eB. Takuii ctprboK
IOB'si3aHMN 3 KOHIeHTpariero N,  mepepizom
PO3CIIOIOUMX IIEHTPIB S 1 TEIUIOBOI MIBHAKICTIO
€JICKTPOHIB U CITiBBIIHOIICHHSM:

A(1000/p) = 10%0(m, /6)(NiS) = 2,2-10%(NS) (Bx/cm?)
(mpu 300K). Tomi, mms A(1000/) = 100 orpumaemo
N;S= 4, 10" em™, SIkmio MIPUITYCTUTH, 1o
repe3apsKaloThCs  130JIbOBaHI  KYJIOHIBCHKI  IIGHTPH
(S~ 410" cm? mpu 300 K), To N; =~ 10%° em™. 3posymino,
IO TaKke 3HAYCHHS KOHIEHTpalii JedeKTiB HEeKOpEeKTHE
HE TUIBKM B JAHOMY BHUNAJKy, ajie i sl KPHUCTaliB
Tenypuay Kaamiro B3arami. ToMmy, BMOTHBOBAHOIO €
MOJIeNTb KOJIGKTUBHUX npetidoBux Oap’ epiB. Ctpubok
npu (E—0,42) eB Takox, OuYeBHAHO, IIOB SI3aHUN 3

«TiKBimaIie0» napetihoBux  Oap’€piB, 3yMOBICHHX
MiKPOHEOJHOPIMHOCTSIMH ~ IPOCTOPOBOI'O  PO3MOMLTY
MOBHICTIO  KOMIICHCOBaHMX JOHOPHHUX IICHTPIB 3

eHeprieto ionizamii ~ 0,42 eB.

Crig BiAMITHTH, IO B 3pa3kax I[bOTO THUIY MalOTh
Micie KBa3ihoTOXIMIYHI peakilil, sKi CYImpOBOKYIOTHCS
3MEHILIEHHSIM (POTOPYXJIMBOCTI NMPU OCBITJIEHHI 3pa3Ka,
IO HAa PHC. 2 UTIOCTPYEThCS HECHIBIAJaHHSIM KPHBHX,
3HATHX IPU PI3HUX HANpsSMKax 3MIiHM IHTEHCHBHOCTI

cBitna [. cmowatky pict [ (kpuBa 1), a motiMm — i i
sMennreHnst (kpuBa 2). Omxe, 30iMbIIyEThCS BHCOTA
nperihoBux ~ Oap’epiB, 10  MOXKHAa  IOSCHUTH
po3MpeHHsIM 00sacTel mpocroposoro 3apsaay (OII3),
MOB'SI3aHUX 3  MIKPOHEOAHOPITHOCTAMH  CHCTEMH
ToukoBuX nedektiB. Bimomo [11], mo B KpHcTamax
CdTe-Cl ocuoBaumu gedpexkramu € Minki qoHopu Clye i
akmentopu Vcg, ajie HE TUIBKH B 130JIbOBAaHOMY CTaHi,
aie i B acouiarax pisHoi koH(irypamii. Ilpu mocTatHBO
cuiibHOMY (OTO30Y/DKEHHI, KOMU KBasipiBHi Depmi
HAONMMKAIOTBCS 1O BIANOBITHUX 30H, Mae Micue
mepe3apsika IEHTPIB, sKi € CKIaJOBHUMHU acoIliaTiB.
Papianiitno-npuckopena  audysist  Moke  3MIHUTH
KOH(]IrypaIito CHCTEMH acoIliaTiB i THM CaMHM YMOBH
expanyBanHns OI13.

Onwucani aHoMamii eNEeKTPUYHUX XapaKTEPUCTHK
kpuctanis N-CdTe-Cl ue BusBieno B kpucranax p-CdTe
Cl. Ha puc. 3 npencraeneni T3 koedimienra Xomna i
PYXJIMBOCTI JIPOK ABOX 3pa3kiB (3 pi3HHX 3JIUTKIB) P-
CdTe-Cl. Ockinbku 3MiHH PYXJIMBOCTI HOCIiB c1aOki (He
nepesuiiyiots 20 %), To eneprii akrupamii T3 Ry i p
MIPAKTUYHO CHiBManaroTh 1 ckinamaroth 0,761 0,68 eB mis
3paskiB 1 Ta 2, BianosigHo. Xou apeiidosi Oap’epu s
HOCIIB B 3pa3kax pP-THIY  BIJCYTHi, TOBHY
MIKPOOIHOPIAHICTh  JE(PEKTHO-TOMIIIKOBOI ~ CHCTEMH
rapaHTyBaTH HE MOXHa. 30Kpema, Juls nosacHeHHsa T3 [,
HE JOCTaTHRO JBOX MEXaHIi3MiB pO3CISHHSA. Ha
KOJIMBAaHHSIX IPATKH Ta 10HI30BaHUX IeHTpax. HeoOximHo
3aJy4UTH TPETI MEXaHi3M 3 CIIa0KOI TeMIepaTypHOIO
3aJIOKHICTIO, IKUM MOke Oyt poscisHHg Ha OII3, mo
He mepekpuBaoThes (Me~T°) [12]. Bukomamms e
YMOBH  MOXIHUBE  IpPU  JOCTaTHHO  3HAYHOMY
EKpaHYIOUOMY 3apsiai Ha ()OHI HHU3BKOI KOHIICHTpAIT
HOCIiB cTpyMy. 3po3yMmino, 1o crabka KoMmeHcairis (He
nepesuiye 30 %) pobGOYMX aKIENTOPiB I IBOTO €
CHPHUATINBUM (DAKTOPOM.

BucHoBku
JHocmimkeno CIICKTPHYHI BJIACTUBOCTI
HamiBizomorounx  kpucranie  CdTe-Cl, BupomeHux
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METOJIOM HaIpaBIJIeHOT KpHcTastizamii (meton
BpipkMena) Ta  METOJOM PYXOMOrO  HArpiBHHKA.
BcraHoBieHO, 1110 TIPH BUPOIYBaHHI METOJIOM PYXOMOT'O
HATPIBHUKA OTPUMYIOTHCS KPHCTaIW 3 eJIEKTPOHHUM
THUITOM TIPOBiTHOCTI, @ IPU BUKOPUCTAHHI BEPTHKAIBLHOTO
Mmerony bpimkmena — gipkoBum. [Turomuii omip 3pas3kiB
npu 300K cranouts p = (108-10°) Om-cm, xommiBehki
pyxmmBicTi: Jipok Wy, = (45 - 55) cMY/B-c, eneKkTpoHiB W,
~(10-20) cM7/B-c.  Jlyxe Hu3bKi  3HA4CHHS i
€KCIIOHEHIIIfHa TeMIIepaTypHa 3aJeXHICTh [, 3yMOBJIEHI

npeiipoBumu  Gap’epamu,  Bucoroo g, ~ 0,20 eB.
@dopmyBaHHS OCTaHHIX TMOB'si3aHe 3 (IyKTyauisMu
MOTEHI1aJILHOT'O penbedy 3a PaxyHOK

MiKPOHEOTHOPIIHOCTEH e eKTHO- TOMIIITKOBOT CHCTEMH.
Kpim Toro, B 3paskax n-CdTe-Cl waroTth Micie
KBa3i()OTOXIMIUHI peaKIlii, o MOJATal0Th Y 3MEHIICHHI
PYXJIUBOCTI  €JIEKTPOHIB micisa (oro30ymkeHHs. B
3paskax P-CdTe-Cl He BusiBiieHo Hi ApeiidoBux Oap’ epis,

Hi KBa31()OTOXIMIYHUX peaKilii.
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Peculiarities of Electrical Characteristics of Semi-Insulating CdTe-Cl crystals
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Electrical properties of semi-insulating CdTe-Cl crystals, grown by the vertical Bridgman and the travelling
heater method, have been studied. It is found that the travelling heater method provides electron conductivity of
the crystals, and the vertical Bridgman method — hole conductivity. Specific resistance of the samples is of (10°-
10°% Ohmxem at 300 K, and Hall mobility of the holes and electrons is of (45 - 55) cm®V-s and (10 - 20) cm?/V-s
respectively. Very low values of electron mobility and an exponential temperature dependence of |, are due to
drift barriers with a height of ,~0.20 eV. Formation of the barriers is caused by the fluctuations of the
potentia relief resulting from the microheterogeneity of the defect-impurity system. Quasi-photochemical
reactions that reduce electron mobility after photo-excitation have been observed in n-CdTe-Cl samples. In p-
CdTe-Cl samples, no drift barriers, nor quasi-photochemical reactions were detected.

Key words: trangport phenomena, scattering of charge carriers, cadmium telluride.


mailto:b.p.rudyk@nuwm.edu.ua
mailto:serhii.solodin@gmail.com

OI3UKA I XIMIA TBEPAOI'O TUIA
T. 18, Ne 3 (2017) C. 338-341
DOI: 10.15330/pcss.18.3.338-341

VK 544.774 1 546.47' 24

C.A. BopyK K.C. leeMJHmKeHKo B 3. Hamnit !,

PHY SICS AND CHEMISTRY OF SOLIDSTATE
V. 18, Ne 3 (2017) P. 338-341

ISSN 1729-4428

LM. IOpifIqYKl B.IIL. KJIaJII)KOZ,

AL Fym/IMeHKo O.A. Kanym C.TI. leeMmo)KeHKo C.L BYJIBYJISIK

BiacTUBOCTI BUCOKOAUCIIEPCHUX CHCTEM HA OCHOBI TeJypHUAY
KaJAMIil0, OTPUMAHUX HIJIAXOM €JICKTPOXIMIYHOIO JUCIIEPryBaHHS

1’16pl-tieeubkml nayionanvhutl ynigepcumem imeni IOpis @edvkosuua, yn. Jleci Yrpainuxu, 25, m. Yepnisyi,
Vpaina, 58012, e-mail: boruk s@hotmail.com
2Iucmumym izuxu nanienposionuxie in. B.€. Jlawxapvosa HAH Yipainunp. Hayxku, 41, m. Kuis, 03028,

Vipaina, e-mail: buser @ukr.net

JocnimkeHo (i3UKO-XiMiuHI BJIACTHBOCTI BHCOKOJMCIIEPCHHX CHCTEM Ha OCHOBI MeTamiuHux (Kaamii,
Tellyp) Ta Ha OCHOBI HAIiBIIPOBIIHUKOBHX MaTepiayiB (kaaMii TeTypun), OTPUMaHUX ILIa3MOEJIEKTPOXiMIYHIM
MmeroznoM. [Ioka3aHo, 110 OTpUMaHi CUCTEMH CKJIAJAI0ThCS 3 YACTHHOK Pi3HOTO PO3MIpY, @ B OKPEMHUX BHUIIAJKaX
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Beryn

Ilpu crBOpeHHI MaTepialiB eNeKTPOHHOI TEXHIKH
BUAUISIIOTH JIBa OCHOBHUX HAINPSIMKH — CHHTE3 HOBHX

CTpYKTYp 1 Momudikalis BKE HAsBHUX 3 METOIO
OTPUMAHHSA  MaTepialmiB 3  OUIBII  JTOCKOHAJTHUMH
XapaKTepUCTHKaMUA a00 MaTepiaiiB, SKi BOJOMIIOTH
sAKicHO HOBMMH BiactuBocTaMu [1]. OcobGuuBicTio
TEXHONOTIT  YJIBTPaJUCHEPCHUX 1  HAHOPO3MIPHUX
MarepiaiiB € piSHOCHpHMOBaHiCTL METOIIB  1X
OTPUMaHHSI, 10 B CBOIO YEPTy ITOB’ 3aHO 13 KOMILIEKCOM
npo0iiem 3 OTPUMAaHHSIM i JTOCITI JUKCHHSIM

YABTPAIUCIEPCHUX | HAHOYACTHHOK — PO3MipHi eheKTH B
HaHOXiMiI, OaraToda3Hi KOMIUIGKCH B MEKaX OJHi€l
HAHOYACTKH, HAHOPEAKTOPH 1 HAHOKOHTEHHEPH, a TaKOXK
6arato iHmoro [2] Haiibinpin mommpeHa kmacudikarris
METOJIIB — 33 NPUHIIUIIOM 3MiHH PO3Mipy YacTOK B XOJIi
orpumanns. e "Husxinui" (MeTomu, 3aCHOBaHI Ha SIBUII
JUCTIepryBanus o00'eMHHMX MaTepiamiB) i “BHCXimHi"
(Meromu, 3acHOBaHI Ha OTPUMaHHI YIbTPATUCIPECHHUX i
HAHOPO3MIPHHUX CHUCTEM, B SIKHX PEYOBHUHH JMCIEPTOBaHI
Ha MOJICKYIISIPHOMY (aTOMHOMY) PiBHi).

B panmii wac po3poOsieHHi IIMPOKWE  CHEKTp
OTPUMaHHS  HHU3bKOPO3MIPHUX  HAIiBIIPOBITHUKOBHX
cucreM [3]. ['pyma MeTOMIB JAUCTIEPTyBaHHS IPYHTYETHCS
Ha Tpolecax IOAPIOHEHHs BUXIJAHOTO Marepiany, aie
MexaHiuHe JICTIepTyBaHHSI JUTst OTpUMaHHs
HAaHOYACTHHOK  HE  OTPUMalo0  JIOCHUTh  LIMPOKE
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nommpeHas. HaiOinpi eeKTHBHIMU € MeXaHOXIMivHi
MPOIIECH, IO TPOTIKAIOTh B TPOIECI pPO3MOIY B
KYJbOBUX, IUTAaHETAPHUX, BIOPAIIfHUX Ta 1HIINX MJIMHAX
[4]. Cepenniit po3Mip YacTHHOK Matepiaiy, OTPUMAaHHX
LUIIXOM MEXaHIYHOro IMOApPiOHEHHs, BapiloeThes Bim 5
mo 200 M. Bapiroroun yMOBH TPOBEICHHS MPOIIECY,
MOJKHA OTPUMATH YACTHHKH MOTpiOHOro po3Mipy. OmHak
PO3IIOAINT YacTOK, OTPUMAHUX NUIIXOM MEXaHIYHOro
MUCIIEPTYBaHHSA, 3a pO3MipaMH 4YacTo OyBae IOCHTH
umpokuM [5]. Ile 0OyMOBIIOE aKTyalbHICTh MOIIYKY
OUSIXiB  €(EeKTUBHOTO  JMCHEPTYBaHHS  BHXIJIHHX
MatepiaiiB. [lepcrieKTHBHIM HamNpsIMKOM € pYyHHYBaHHS
KpPHCTAJiB METaJiB 1 HAMiBIPOBIMHHUKIB  HUIIXOM
EJIEKTPOXIMIYHOTO PO3YMHEHHsI abo iX JucnepryBaHHs
M1 Ji€10 eeKTPUYHOI AyTH [6, 7].

|. MeTonnka ekcriepuMeHTy

O0'exToM gocnipkeHHsT € (OpMYyBaHHS MIKpO- Ta
HAHOKPHCTATIB €IEMEHTAPHHUX 1 CKJIAJHUX PEYOBUH IIij
JIEr0 eNeKTpUYHOI ayrd. Marepian it €IeKTpoIiB —
kpuctanu CdTe, Bupomeni MmerogoM bpimkMena i
KpHCTaNX KaJMil0 1 Telypy BHUCOKOi YHCTOTH. Sk
CepeloBUINle Ui CTBOPEHHS JIMCHEPCHUX CHCTEM
LUIIXOM  EJIEKTPOXIMIYHOTO pyHHYBaHHS KPHCTAJiB
BHKOPHCTOBYBAJIM JICiOHI30BaHY BOAY, a K CTa0iai3aTop
IUCHIEPCHUX ~ CUCTEM TIOTJIIKOJIEBY ~ KHCJIOTY
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Puc. 1. Ciektpu NorjMHaHHS OTPUMAaHUX CHCTEM.

(HS-CH,-COOH).

VYcraHOBKa Uit OTPUMaHHS BHCOKOIUCIIEPCHHX
CHCTEM CKJajanacs 3 JDKepelna CTpyMy Ta JIBOX
CNICKTPOIIB 3aHYpEHHX Yy PO3YUH cTabimizaTopa Ha
Bizcrani 1+ 1,5 MM ouH Bl OAHOrO, Ha SAKI [101aBAJIACS
Harnpyra nocriiiHoro crpymy no 320 B.

OnTuuHi  XapakTePUCTUKUA  OTPHUMaHHX  CHUCTEM
3HiManu Ha crekrpoporomerpi CD-46 mpu moBKHHI
xBwiIl A =220—400uM. Jlns BU3HAYECHHS AUCIIEPCHOI
¢ba3u mpoBoammu pentreHodaszouii anamiz (POA) na
MIOPOIIKOBOMY DPEHTTeHIiBCbKOMY mudpakromerpi ARL
X'tra (Thermo Fisher Scientific) 3 0-0 reomerpiero
Bperra - bpenrano.  BuxopucroByBanocs Cu  Ka
BunpoMiHioBaHHs. Hampyra Ha TpyOli craHoBmna —
45 kB, crpym — 30 MA. BumiproBaHHs IIPOBOAMINCH 3
kpokoM ckanyBaHHs 0,030° i wacom Habopy B Toumi 1
cekynya. ®a3zoBuii aHai3 MPOBOAUBCS 3 BUKOPUCTAHHSIM
6asu manmx |CDD, PDF-2 Reease 2012. [lua
npoBeaeHHst P®DA  orpumaHi  KOJNOImHI  PO3YMHU
JUCHEPTYBaid, a 3 OTPUMAHOIO OCaJy BHIOTOBIISUIN
3pa3KH y BUTJIAI TaOJICTOK.

[lI. ObroBopenHs pe3yJibTaTiB

Bcranosieno, mo mpu pisHumi norenniamiB 20 -
50B mnpu Binctani 1,0 —1,5MM BHHUKaE €IeKTpUYHA
nyra. Ilicas 30 cekyHn Ipolecy HpOITyCKaHHS CTPYMY
HAa  aHONi  BI3yaJbHO  CIIOCTEPIraloThCsi  CIIJIU
€JIEKTPOEPO31HHOTO pyWHYBaHHS. v BUIAJKY
3aCTOCYBAaHHSl KaJIMIEBHX EJIEKTPOIIB CIIOCTEPIraeThCs
omasecIieHIliss po3uuHiB, B cucremax tenyp (Karom) —
kaaMmiit (AHon); xkaamiii (Karoa) — tenyp (AHom); Tenyp
(Katom) — tenyp (Anox) po3uuH HabyBae KOBTO-
KOPUYHEBOTO 3a0apBiicHHsA. Y BCIX BHUIAJKax Ha JHi
koMmipku mporsaroM 30 CEKyHJ YTBOPIOETHCS IIap
IpyOOIUCIIEPCHUX YACTUHOK YOPHOTO Koibopy. CrieKkTpu
MOTIMHAHHSA OTPUMAHUX JHCIepcHux cucreM (puc. 1)
CBiYaTh MPO YTBOPEHHS B JUCIIEPCIHHOMY CepeOBHIII
MIKpPOTeTepOreHHUX CHCTeM. BCl CIIeKTpH MaroTh CMYTy
MOTVIMHAHHA B 00yacti MoBkuH xXBWIb 230- 260 HM.
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Ilpu 30epiraHHi pO3YMHIB MpPU KIMHATHUX YMOBax
MaKCHMYM iX MOTJIMHAHHS MOCTYIIOBO 3MIIIYETHCS B OiK
OUIBIINX JOBXXWUH XBWIJIb, 3 IHTEHCUBHICTH 3a0apBIICHHS
PO3YHMHY 3MEHIIYETHCS, [II0 TOBOPUTH PO MPOXOKEHHS
MPOIIECIB 00’ €IHAHHS YTBOPEHHX YAaCTUHOK B OUIBII
MacuBHi arperatd. OTpUMaHi CHCTEMH MalOTh BHCOKY
crifikicte  (mo 12-—14 ni6), ame He BHSBISIIOTH
(DOTONIOMIHICIIEHTHUX BIIACTUBOCTEH, XapaKTEPHUX IS
BHUXIJTHOTO KaJIMiHl TeIypumy.

P®A nokazas, o OTpUMaHi CHCTEMH CKIIAJAIOThCS
3 YaCTMHOK PI3HOTO PO3Mipy, @ B OKPEMHUX BHIAIKax
ICHYIOTP B JABOX  TNONIMOpPQHUX  MOmU]iKamisX.
Oco0nuBicTIO qudpakTorpaMu BiJ 3pa3ka OTPHUMAaHOIO
NPU BUKOPHUCTAHHI B SIKOCTI EJIEKTPOJIB METAJIEBOTIO
KaaMmito (puc. 2, 8) € BiJACYTHICTh AU(PaKIiHUX MiKiB.
HasiBHicTh 2-X nudy3HUX Tajo OJHO3HAYHO CBITYHUTH
PO HASBHICTH OOJIACTCH KOr'ePEHTHOrO PO3CIIOBAHHS 3
posmipamu He Oimbmie 1uM (amopdumit cran). Ilpu
BHKOPUCTaHHI B SKOCTI €JCKTPOMIB €JICMEHTAPHOIO
Tenypy XiMmiuHi  peakuii He  BimOyBalThCsA, a
BiZIOYBa€ThC po3moporieHHs teaypy (puc. 2, 6). V pasi
KoM oOuyiBa eNeKTpoAW OyJIM BHUTOTOBJIEHI 3 KaaMiid
TeNypuay B AMCHEPCHIN (a3l mpucyTHi IBi momiMopQHi
Moaudikamii KaaMidl Tenypuay — TeTparoHanbHa 1
KyOiuna (puc. 2, B). [IuTaHHs Mpo MPUPOIY TAKOT'O XOIY
peaKIli 3aJUIIA€ThCsA TOKH BIAKpUTHM. Bigomo, 1o
HasIBHICTh BUCOKHX TEMIIEPATyp B PO3PSAHHUX KaHalax i,
SIK HaCNiJOK, YTBOPEHHS BUCOKOTEMIIEpaTypHUX (a3 €
XapaKTEepPHOI0 OCOOJIMBICTIO ILIa3MO E€JIEKTPOXIMIYHOTIO
croco0y OTpUMaHHS HAHOKPUCTAIIYHUX IOPOIIKIB.
[[poMy CIIPUSIIOTH 1 BUCOKI MIBUAKOCTI OXOJIO[PKEHHS TIPU
3aTBEpiHHI JMCIEPrOBaHMX Kpameib. 3 IHIIOI TOYKH
30py B [8] mokaszaHo, IO iCHYE albTEPHATHBHHUM IIIAX
OTPUMAaHHS  BHCOKOTEMIEPATypHHUX  CTaHIB 3a
JIOMIOMOTOF0 3MEHIIICHHST PO3Mipy 4YacTOK (KPHUCTANITIB)
no HaHoMeTrpoBoro Macmrady. [dns  ZrO, OyB
nepenOayeHnid  "KPUTHUHHH  po3Mip"  KpHUCTaIITIB
(6ru3bK0 20 HM), HIKYE SIKOTO, 3aBASKU BIUIUBY 3HAYHOL
MOBEPXHEBOI ~ €Heprii, MOXJIMBE ICHYBaHHA NpHU
HOpMaJbHUX YMOBax BHCOKOTEMIIEpATYpHOI
TeTparoHaJbHOI (Qa3H.
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BucHoBkn

Bceranosneno, 1o ITa3MOCJICKTPOXIMIUHHM
METOJIOM MOXXHa OTPHMAaTH BHCOKOJHUCIIEPCHI CHCTEMH
SK Ha OCHOBI MeTamiunux (kaaMiif, Tenyp), Tak i Ha
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(kammiit
CTaH

OCHOBI  HaIIBIPOBIIHUKOBUX  MarepiaiiB
tenypunm). Haiibinpmie y BHCOKOTUCIEPCHUI
MIepeXOUTh MaTepiall aHOAY.

[TokazaHo, 110 OTpUMaHiI TAKUM METOIOM MaTepianu
MOXYThb ICHyBaTH SK B amopdHOMYy, TaKk 1 Yy
KPHUCTATIYHOMY CTaHi. Joseneno HasIBHICTh
HAHOPO3MIPHUX YaCTUHOK.



BnacTUBOCTI BUCOKOAMCIICPCHHUX CHCTEM Ha OCHOBI TEIYPUAY KaIMifo. ..

bopyxk CJ/J1 — xaHgupgatr XIiMIYHHX HayK, MJOIEHT
kadenpu opraniyHoi 1 Qi3myHOi Ximii Ta ekoJorii
XIMIYHUX BUPOOHHIITB,;

Jlpemnroscenko K.C. — marictp kadenpu opranigoi i
(13U4HOI XiMiT Ta €KOJIOTii XIMIYHUX BUPOOHUIITB,;
Lanuii B.3. — xanauaat (isMKo-MaTeMaTH4HUX HayK,
JIOLEHT Kadenpu npodeciiiHol Ta TEXHOIOTIYHOI OCBITH
1 3araibHOI (i3UKH;

HOpiituyx  I.M. — xanmupat (isMKo-MaTeMaTHIHUX
HayK, JOLEHT Kadenapu (i3UKH HAIIBOPOBITHUKIB i
HAHOCTPYKTYD;

Knaovko B.II. — npodecop, uieH-kopecionaenT HAH
Vkpainu, Joktop  (i3UKO-MaTeMaTH4HHX  Hayk,
3aBiyBay BiIJILIOM CTPYKTYPHOI'O aHaJi3y MaTepiaiiB i
CHCTEM, 3aCTYIIHUK JUPEKTOpa 3 HayKOBOI po0oTH,;
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Crexna cucremu LapS;—Er,S;-GapS; Oynu cuHTe30BaHi 3 po3IUIaBICHUX 3pas3KiB ski Oynu 3araproBaHi B
xonoxuuii 25% pozunn NaCl. TocmimpkeHo {X CIEKTpH ONTHUYHOrO IOrNIMHAHHA B iHTepBaii 1,2 - 2,9 eB npu
80 K. [lns crexon neropannx EpOieM BHHHMKAIOTh By3bKi CMYTH HOTJIMHAHHS i3 MakcuMmymamu 2,53; 2,35; 2,27;
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sonm (Eg=2,83-2,73 ¢B) Ta 3pocranHs XapaKTepuCTHYHOro mapamerpy Ypbaxa (DE =151 -238 meB), mo

BU3HA4Ya€ CTPYKTYPHY HeBl'IOpSIZ[KOBaHiCTb CTCKOJI.
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Beryn

XaIlbKOTeHI/IHI CTeKJ1a — MepCHeKTUBHI MaTepiaan B
rajmy3i ONTOEJEKTPOHIKH, SKi XapaKTepH3YIOThCS SIK
XIMIYHO CTIHKI CKJIOYTBOPIOIOY1 CepeIoBUINa,
BIJPI3HAIOTBECS HU3BKOIO eHepriero ¢onoHiB [1] Ta
MOPIBHSHO BHMCOKOIO PO3YMHHICTIO METAJIYHUX Ta
pinkicHozemenpHuX jgomimok [2, 3,4]. IIpo3opicts
XaJIbKOTEHITHUX CTEKOJ Y BUIMMIH Ta iH(ppauyepBOHiH
IUISHII ~ CHEeKTPY  BIAKpHBAaE  MEPCHEKTHBY  iX
3aCTOCYBaHHS B SIKOCTI (INBTPIB, CEPEAOBHI IS
OIITUYHOTO BOJIOKHA Ta TEJIEKOMYHIKALIHUX MPUCTPOIB
[5].

Oxpemi JOCTIJDKEHHS MIOAO CKJIOYTBOPEHHS B
cucremi Ga-La-S 6ynu nposeseni A.M. Jlyape-Jlosak [6,
7] uie B CIMAECSTHX POKaX MHHYJIOTO CTONITTS. ABTOpH
BCTAaHOBWJIM, IO TpH BBeAeHHI Jlanrany Bapiamii
KOMITOHEHTHOT'O CKJIaJly MOXKHA ITPOBOJIMTH B JOCTATHHO
mmpokux Mexax. Kpim Toro, B cucreMi GapSz-LapS;
icHyroTb 1Bi cnonyku LagGay 675y Ta LaGaS;. LagGay 67,
TUIaBUTHCS KOHrpyeHTHO rpu 1423 K Ta kpucTamizyeTsest
B TEKCaroHajbHIW CHUHTOHII, mp. Tp. P63, a = 1,015 uMm,
c=0,608 um [7]. LaGaS; yrBoproethest mpu 1223 K 3a
NepUTEeKTHYHOIO peakuielo L + LagGay 6;S; «» LaGaS; ta
KPHUCTATI3YETHCSA B MOHOKJTIHHIN CHHIOHIT, TIp. rp. P24/C,
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a=1517(8) um, b=1,056(4) um, cC=1,282(6) um,
p=137,70° [8]. Kpim Toro, Ili3uime Gyau mpoBezeHi
JOCITIKEHHSI ~ aKyCTO-ONTHUYHHUX  BiactuBocTed  [9]
crekon B cucteMi GapS-LapS; a Takok Mpoliecis
CKJIOYTBOpPEHHS mpH BBeneHHI noMimok NaS, CaS, In,S;
Ta ONTHYHUX BJIACTHBOCTEH omepkanux Matepiaiis [10].
3acrocyBaHHs CTEKOJ Ha OCHOBI cucteMu GapSz-LapSs,
MOJM(DiKOBaHUX PIZHUMH JTOMIlIKaMyd OOYMOBJIEHO THM,
IO BOHU € EKOJIOTIYHO OE3MEeYHUMH Ta TEXHOJOTIYHO
MPOCTUMU TIPH CHUHTE3i, TOPIBHSIHO 3 OJEPKaHHAM
KPHUCTAJIIYHUX aHAJIOTIB.

Meroto naHOi POOOTH € JOCTIKEHHsSI CIEKTpiB
ONITUYHOTO TOTJIMHAHHA Yy BHIUMOMY 1 OJHM3BKOMY
iH(ppaYepBOHOMY Jiala30Hi HOBUX CYJIb(iTHUX CTEKOJ

cucremu  GapSz-La,S;  meroBanumx  epbieM, sk
MEPCICKTUBHUX ~ MaTepialiB I ONTOCIICKTPOHHOI
TEXHIKH.

|. Cunte3 maTepiajiB, MeTOANKA
eKCIIePUMEHTY

Metonuka CHHTE3y CTEKOJ. i1 OTPUMAHHSA CTEKOJ
cucreMu LapS—Er,S:—-GapS; mpoBomwin  momnepeaHii
cuHTe3 3paskiB  Macoro 1-15r. [na cuntesy
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BHKOPHCTOBYBaIH mpocTi peuosunu: Ga (99,999 mac. %
OCHOBHOrO  KoMmmoHenra), La, Er, (99,9 mac.%
OCHOBHOTO KoMIloHeHTa), S (99,997 mac. % OCHOBHOTO
KOMITOHEHTa, sIKa JI0JJATKOBO OUYHIIYBajacs IEePEeroHKOI0
y Bakyymi). [lms mpoBemeHHs cHHTE3y Oyia0 0OpaHO
MIPSIMUI BUCOKOTEMITEPATYPHHUIA METOI, SIKMI TIPOBOJIMIN
B IeYaxX LIAXTHOTO THITYy i3 CHCTEMOIO PEryJIOBaHHS 1
MATPUMKH TemriepaTyp 3 TounicTio + 5 K. CnouaTtky
3aivicHroBaM HarpiBanHs mumxty 10 400 K 31 mBuakicTio
10 K/ron (Butpumka 48 romun), HarpiBarus o 720 K 3i
mBuakictio 10 K/roa (Butpumka 48 romuH), HarpiBaHHs
o MakcuMaibHOi Temrepatypu 1370 K 3i mBuaxicTio
10 K/ron (BuTpuMKa 2 TOAWHH), MICIS YOO 3pasKH
OXOJO/DKYBJIM  JIO  KIMHATHOI  TeMIepaTypw  3i
mBuakictio 20 K/rox. OTpuMaHi CIUTaBU MepeTHpaId B
araTtoBid  CTyILi, 3aBaHTaXyBaJuM Yy  KBapueBi
KOHTEHHEpH 3 THOM y BUTIIsiAl cdhepu miamerpom 1 oM i
BIIKAYyBaJIM JO 3aJIUIIKOBOIO THCKY 1,33-10'3 I1a.
Ileperepti 3pa3ku 3HOBY CTYIIHYAacTO HarpiBaiy,
crouatky 31 mBuakictio 50 K/rox mo 1070 K, motim 3i
mBuakictio 40 K/ron mo temmeparypu 1420 K. Tlpu
MakCHUMaJbHI  Temmeparypi, Tpu SKil  30M3KH
nepeOyBaii B  PO3IUIABICHOMY CTaHi, BUTPUMKa
cKiazana 3 TOAWHHM, ICHS YOro pO3IUIaBIIEHI 3pa3Ku
rapryBaau y HacuueHuil po3uunn NaCl 3 mompiGHeHHM

peutrenodazopum (JIPOH 4-13) i MiKpOCTpYKTYpHHM
(mikpockon Leica VMHT Auto ) awnamizamu Ha
HasIBHICTh 200 BiJICYTHICTh KPUCTATIYHUX BKIIFOUEHB.

CHeKkTpy ONTHYHOrO TOTJIMHAHHS —CKIIOMOAiOHUX
craBiB nocimkysanuck npu T = 80K B miamazoni 1-
3eB, 3 nomomororo Monoxpomaropa MJIP-206, mio
obnaHaHUH aBTOMATHUYHOIO CHCTEMOIO
CHHXPOJCTEKTYBaHHS 3 BHUKOPHCTAHHAM TEPMOCTaTa i3
crabimizamieto 1 KOHTposeM TemmeparypH. [IpuiimanHs
CHTHAITy TIPOBOAWJIOCH Ha OCHOBI S (orompuiimaya.
3pa3ku TOTYBAJMCh Y BUNIAL IUIOCKOINApPANIENbHUX
miactud ToBiHo0 0,5 Ta 0,8 MM.

[1. Pe3yJbTaTu ekcnepuMeHTy Ta iX
00roBOpeHHs

Cunre3oBano crekia cucreMud GapSz-LapS;-Er,S;, B
skux KoMIioHeHTa GaxS; € ckioyrBoproBaueM, LapS; —
MomudikaTopoM MaTpHii ckia, a Er,S; — meryrodoro
moMmimkoro. B ckmaxm 3paskiB  BBeaeHo La&S; i3
sgaueHusamu — 30, 35, 40 moi. %, KoKeH 3 SIKMX MICTHB
0, 1 a6o 3 m011.% Er,S;. KoMnonenTHuii CKi1a] KOKHOI'O
13 3pa3KiB mogano B Tabnui 1.

CHeKTpy ONTHYHOTO IOTIMHAHHA CTEKOJN CHCTEMH

JIEOZIOM. Orpumani CIIaBH KOHTPOIIOBAINCA GapS;-LayS;-Er,S; npu remnepatypi 80 K npeacrasneno
Ta6auus 1
KoMIoHeHTHUI CKJIal Ta ONTHYHI apaMeTpu cTekoid cuctemu GapS;-LapSs-Er,S;
No 63283 | L3283 | Er283 Eg AE
B mon. % eB meB
1 70 30 0 2,83 151
2 69 30 1 2,79 127
3 67 30 3 2,7 121
4 65 35 0 2,77 198
5 64 35 1 2,72 180
6 62 35 3 2,68 166
7 60 40 0 2,73 238
8 59 40 1 2,70 216
9 57 40 3 2,68 191
60
504 e
404 2]
s 304
$
20
104 0 mom. % ErZS3
— 1Mo % ErZS3
— 3 mon. % ErZS3
0 T d T T T b T T T J ¥ T T T . T T 1
1,0 1,5 2,0 2,5 3,0
hv, eB

Puc. 1. Crexrpu ontuuHoro nmormuHanus crekon GapS; — (30 moi. %) LapS; —Er,Ss,
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60
so04 "
3,94 |
404 T
1 3,64
s 30
o4 Ve
6 o
20 +
] —— 0 Mo1. % ErZS3
. — 1 mom %Er S,
] — 3 mom. % Er,S,
0 — 1 T T ' T 1 r T T T 1T T T T T
1,0 1,5 2,0 2,5 3,0
hv, eB

Puc. 2. CriekTpy ONTHYHOTO MOrTUHaHHS cTekon GapS; — (35 mon. %) LapS; —ErS;

60

50

n
[e)
|
In (@), In(es’)

- 0 moi. % Er283
—— 1 mom. % Er283

3 Mmo1. % ErZS3

1,0 1,5 2,0 2,5 3,0
hv, eB

Puc. 3. Cextpu ontuuHOro normuHans crekon GapS; — (40 mon. %) LapS; —ErS;

Ha puc. 1, 21 3.
Ha  BcraBmi  300pakeHO  Kpall  ONTHUYHOTO
MOIJIMHAHHA B HaIliBJIOrapuMiyHOMY  MacuTabdi.

Jliniitaa 3anexwicts In (a)=f (hn) Ha BcTaBKax CBiAUMTH,
[I0 Kpail TOTIMHAHHS OMHUCYETHCSI BiJOMUM TPABHIOM
Ypbaxa, 110 XapakTepHO IS HEKPUCTATIYHHUX TBEPAUX
i [11]:

%‘”'Egg

hn) =
a(hn) aoexpg?_

z D)
2

Ie ap - cranuil koedimieHt; E; — mmpuna 3a6opoHeHoi

30HU;

DE =

D(hn )
D(I na )

— mapamerp,

[I0 XapaKTepH3ye
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\/
N

\ S \ edge-sharmg

N

Puc. 4. Mojesb CTpYKTYpH CKJIa: a) YTBOPEHOro 3 Terpaeapis [GaSy]; 6) yrBopenoro 3 Tetpaepis [GaSy],
MoaucdikoBanoro La

PO3MHUTTS Kparo MOTTHHAHHS.

Ipu 50 cm™ omiHeHO MHPHHY 3aGOPOHEHOI 30HH
crekon (tab6i. 1). Jns Er-semeroBaHux CTEKOd i3
30inplIeHHsM BMicTy L&S; 3MeHmIyeThcs mmMpuHA
3a00pOHEHOI  30HH Bix 283eB (B 3pasky
70 moi. % GaS; 30moi. % LapS;) 10 2,73eB (B
3pasky 60 moin. % Ga,S; — 40 Mo, % L&Ss). Kpim Toro,
30inblIeHHsT KoHIeHTpauii JlaHTaHy NpU3BOAUTH 10
3pOCTaHHS PO3MHUTITSA Kparo MOIVIMHAHHA 1, BiMOBIIHO,
0 POCTY  HEBIOPSAKOBAHOCTI  CKJIOYTBOPIOIOUOI
Matpuui. [Ipy boMy KoedilieHT MOrTMHAHHS 3pOCTAE Y
BCBOMY CIEKTpaJbHOMY Jiana3oHi, M0 OB’ s3aHO 31
301IbIIEHHSAM JeEeKTHUX LEHTPIB, sIKi CTBOPIOIOTH B
3a00pOHEHIH 30HI EHEPreTUYHI PiBHI.

B 3pa3kax, mo sierosani epdiemM 3aikcoBaHO BY3bKi
CMYI'H TOTJIMHAHHA i3 Makcumymamu 2,53, 2,35, 2,27,
1,88, 1,54, 1,26 ¢B, 110 BiAMOBiIal0Th BHYTPIIICHTPOBUM
mepexoaaM i3 OCHOBHOTO 4|15/2 B 30y/DKEHI CTaHH 4F7,2,
2Hl]J2, 483/2, 4F9/2, 4|9/2, 4|ly2 B ioHax Er3+. 3061IbIIEHHS
BMICTy ep0if0 He 3MIHIOE pO3TallyBaHHS CMYT
MOTIMHAHHS, ajle MPU3BOAWTH [0 3POCTAHHSA i1X
iHTeHCHBHOCTI. [IpHM IbOMY CITOCTEpITra€eThCsl 3MIlEHHS
Kpal OINTHYHOTO MOTJMHAHHS Yy HAMPAMKY MEHIIUX
enepriit (puc. 1-3).

Bigomo [1, 2], 1110 CKJIOYTBOPIOIOYA CiTKA HA OCHOBI
Ga(Ge),S; crBopena 3 Terpaeapie  [Ga(Ge)Sy],
“00'ennani uepe3 kyt' (corner-sharing) a6o “pebpo”
(edge-sharing). Mogerni Terpaeapis 300paxeHi Ha puc. 4.

IIpu nomaBanHi L&S; Terpaeapu “o0’ eqnaHi depes
pedpo” TpaHCHOPMYIOTHCS, Mepexonsdd B ‘00’ emHaHi
yepes Kkyr" Terpaeapu [2] Ha ocHoBi [GaSy]
YTBOPEHHSM HeMicTkoBoi cipki. Ilpu mpomy ionm La®*
BiJIrpatoTh poib 3apsAI0BOro KOMIIEHcaTopa.
Bayaxxumo, mwo iommmii pamiyc La® (1,15A [12])
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sHauHo Oimeumii 3a  Ga®' (0,62A [12]), Tomy
CKJIOYTBOpIOIOYA MATpHIl JeOPMYEThCS, BHACIIIOK
YOro BUHHMKAIOTh AC(EKTH, sIKi 00YMOBIIIOIOTH 3pOCTaHHS
napameTpy DE Ta 30inbIIeHHS KoedilieHTa MOrTHHAHHS
B CKJIOIIOJIIOHUX CIUIaBaXx.

B ctpykTypi ckia ioHH Er®* MOXYTh 3aliMaTH Ti K
nosunii, mo i La®. Kpim Toro, neryamms EpGiem
sMmeniye gucio [S3Ga—GaS;] eraHonomiOHUX OTUHUIL
(xapakTepHUX JUIS CTEKOA 3 Je(DIIMTOM XaJIbKOTEHY)
[1, 13], sixi TpaHCHOPMYIOTECSA B MOJIEKYJISAPHI OIMHHII
[GaSy]. Ha cmextpi moOrnuMHaHHS II€ IMPOSBISAETHCS B
3MEHILICHHI PO3MHUTOCTI KParo MOTJIHHAHHS (3MEHIICHHS
AE, tabim. 1) as crexon i3 gpikcoBanuM BMicToM LapSs.

BucHoBku

JlocmiIKeHO  CHEKTPU  ONTHYHOTO  IOTJIMHAHHS
crekon GapS; — LapS; — ErS; mpu remnepatypi 80 K, B
miamazoni  1,2-29e¢B. BcraHomneno, 1o  Kpaii
ONTHYHOTO MTOTJTHHAHHS XapaKTePU3YEThCS
€KCIIOHEH HiliHO0  3anexHicTio. OI[HEHO NIMpHUHY
3a00pOHCHOI 30HM CTEKON Ta il 3aleXKHICTh Bif

KOMIIOHCHTHOro ckiany. JlomaBauus Er,S; ta LapS;
3MeHIIye 3a0opoHeHy 30HY Bim 2,83 mo 2,68 eB.
30inbmienass EpGito, npu ¢ikcoBaHOMY BMICTI iHIIMX
KOMIIOHCHTIB, TIPUBOAMTE 0 3MEHIIICHHS apameTpy AE
(1 30 mom. % LaS; na 30 meB; 35 mon. % LapS; —
32 meB; 40 mon. % LaS; — 47 meB). 3MmiHnM ONTHYHHX
MmapaMeTpiB  XaJbKOTCHIJHUX CTCKOJ IIOBSA3YEMO i3
TpancopmamisMd B (OpPMYBaHHI  CTPYKTYPHHUX
OMHMIIb, IO OOYMOBJCHO BBCICHHIM JOMIIIOK
PiAKICHO3EMETHHUX METAIIB.
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T'anan B.B. - noneHT kadenpu eKClepUMEHTaIbHOL Onexcewk IJ]. - npodecop, JOKTOp XIMIUYHHX HayK,
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Optical Absorption of Chalcogenide Glass Ga,Ss-L a,S; Doped with Erbium
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The glasses of the La,Sz-Er,S;-GapS; system were synthesized from the melted samples which where
guenched in to the cold 25-% solution of NaCl. Their optical absorption spectra were studied in the range of 1.2-
2.9 eV at 80K. For doped erbium glasses, there are narrow absorption bands with maxima at 2.53, 2.35, 2.27,
1.88, 1.54, 1.26 eV. With increasing of the content of Lay,S; (30-40 mol. %) the bandgap width decreases (E; =
2.83 - 2.73 eV) and the Urbach parameter increases (DE = 151-238 meV). These changes are determined by the
structural disorder in the glasses.

Keywords: glassy alloys, optical absorption, Urbach's rule.
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CrekTpockonmiyHe J0CTiIKeHHs B3a€MO/IIl y cucTeMax
Ge-1n,05-M Oy (M-Sn(1V), La, Sm, Eu)
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MeToaaMu CieKTpOCKOIii mporyckasHs y ianasoni 1200 - 200 cv ™ Ta crieKTpocKorii audy3Horo BigGuTTs
y miamasoni 200-2500 HM mociimkeHo Xxapaktep B3aemozii y cucremax Ge-In,Os, Ge-1n,SnOs, Ge-LnIinO; (Ln —
La, Sm, Eu). BcTaHOBIEHO CYTTEBY 3MiHY Y CHEKTPAIBHUX XapaKTEPUCTHKAX CHCTEM 3 IOSBOIO HOBHX CMYT Ta
3HUKHEHHAM IIONEPEHIX NPU NPOJKAPIOBAaHHI KOMIIO3UTIB CKJIa[y I'€pPMaHii — OKCHJ MeTaily, IO MiATBEepIIKye
(baKT OKMCHO-BIJHOBHOI B3a€MOZii Mi’K KOMIOHEHTaMH 3 YTBOPEHHSM JIETKHX NPOXYKTiB, nepeBaxHo IN,O Ta
GeO. TepmoarHaMivHI pO3paxyHKH 3a/I0BUTBHO 30iraloThCsl 3 €KCIEPHUMEHTAIbHO BCTAHOBJICHUMH 3HAUCHHSIMHU
YMOBHHUX TEMIIEpaTyp BUIIapoByBaHHs;. CHCTEMH € NEPCIIEKTUBHUMH JUISl OJEPHKAHHS TOHKOILUTIBKOBUX IOKPUTTIB

inrepdepenuiitnoi ontukyu 4 nianasony crnexrpa.

Kurouosi ciioBa: cucremu I'epmaHiii — okcH MeTally, CHEKTpallbHI XapaKTepPUCTHKH, B3aEMOJis, TepMiuHe

BHIIaPOBYBAHHSI.

Cmamms nocmynuna 0o pedakyii 30.06.2017; npuiinsama oo opyky 05.09.2017.

Beryn

Cucremu cknany I'epmaniii — xanbkoreHin (OKcum)
MeTajJy OCTaHHIM 4YacoM JOCIHI/KYIOTbCS B SKOCTI
MEepCIIeKTUBHUX ~ MaTepiaimiB  Juisg  iHTepdepeHuiiHol
ontuku Y miamaszony cmekrpa [1-3]. Crpasa y TiM, 1110
06arato 3 HUX BHABJSIIOTH BiactuBocTi T.38. CVD
("Chemical Vapor Deposition") — koMmo3uTiB, TOOTO €
CXWIBHHUMHU JI0 B3aeMoAii y TBepAOMY CTaHi 3
YTBOPEHHSM JIETKHX MPOAYKTIB y BaKyyMi 3 HaCTYITHOIO
KOHJICHCAIlI€}0  Ha  MIAKIAALI Ta  YTBOPEHHSIM
HAHOCTPYKTYPOBaHHOTO MOKpHUTTA. [Jeranpno CVD-
MeXaHi3M BUIIAPOBYBAaHHS Ta KOHJEHCAIli TAKHX CHCTEM
posrisayto panimie [4]. Cepen kommonentie CVD-
KOMIIO3WTIB,  30KpeMa, OKCHIIB  MeTaliB  Oyjo
sanpornonoBano GeO,, SNO,, ZnO [3, 5]. OxuuM 3 Hai
MEPCIIEKTUBHININX TaKOX BHIAIOTHCS OKCHJ I[Hai0 Ta
CIIOJYKA Ha HOro OCHOBI Yepe3 3JaTHICTH [0
BIIHOBJICHHS 3 YTBOPCHHAM JIeTKUX okcuaiB 1,0 Ta,
fimoBipHo, INO [6].

Crnin 3a3HaunTH, WO y OaraThboX BHUMAJKaX MpPU
B3aeMOIi y CVD-kommo3urax YTBOPIOIOTHCS
peHTreHoamMop(Hi MPOAYKTH, SIKI BAXKKO 11eHTH(]iKyBaTH
CTaHAapPTHUMHU METOJAaMH, HANPHUKIAJ], PEHTI€HIBCHKUM
dazoBum anamizom (PDA). Jlo Takux, 30Kpema,
BIIHOCHUTBCA ¥ okcua ['epmanito ckiany GeO, y skomy
I'epmaniii mepeOyBae y  QopManbHOMY  CTyNEHi
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okucHeHHsl +2. [Ipote, HacnpaBi, BiH y TBEpJOMY CTaHi
€ METacTabUIbHUM 1, SIK MPaBWIIO, TUCHPOIOPIIOHYE Ha
peHTreHoamMop(dHHUN TepMaHii i CKIIONOAIOHY MaTPHIIIO
GeO,. Tomy [oOUiNIBHO Takoro poay  00'€KTH
JIOCITI/PKYBATH CHIEKTPOCKOIIIYHIUMHU METOJIaMH, 30KpemMa,
Meromamu 1Y crekTpockorii mpormyckanus Ta (abo)
criekTpockomii mudy3Horo Bimdoutts. Ciimx 3a3HAYMTH,
0 BUXIiJIHI CITOJIYKH, a caMme, 1HIATH JIAHTaHIIB paHiIIe
[7] mocmimkeHO caMe CIIEKTPOCKOMNYHUMH METOAaMu. Y
peHTreHoaMophHUX cucTeMax 3a3BUYal
CIIOCTEPIraeThesl YITUPEHHS i MeBHUH 3CYB (K MPaBUIIO,
GaToxpomHuuii) cMmyr normuHauasa y Y miamasoni. Kpim
TOrO, B OKPEMHUX BUIIAJKaX 3a CIPUATIMBOrO 30iry
PO3MIpIB YacTOK Ta ONTHYHHUX ITapaMeTpiB PEYOBUHU
komrosury Ta Marpumi (KBr ta Csl) BussistoTbcs
ocuwiAlii  HAa  CHEKTPaIbHUX KPHBUX TIOKH IO
HE3pPO3YyMIJIOl IPUPOIH.

|. MeTroauku CHHTE3Y Ta
€KCIIePUMEHTAJBLHOI 0 JOC/II/IKeHH

Oxcun Iumiro (11), In,O3 — me cmomyka cBiTiIO-
KOBTOTO  KOJBbOPY, KPHCTaNli3yeTbcss Yy  KyOiuHiH
ctpykTypi. Crnonyky I1n,SnOs oxepkyBaid  CHJIBHEM
OCaDKEHHSIM aMOHiakoM 3 po3urHy HiTpaTiB IN(NOs3); Ta
SN(NO3), 3 HactymHuM mpoxaproBanuHaMm tpu 600 -
700°C [8]; cTpyKTypy CIIOJIYKH HE BHBYEHO. IHmaTH
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naHTaHinie ckiaagy LninO; (Ln La, Sm, Eu)
ONIEp)KYBaJM  CIIIJIBHAM ~ OCaJDKEHHSIM aMOHIakoM 3
posuuny HiTpati, IN(NO3); Ta LN(NO3)3 3 HacTymHuM
MpoXKapIOBaHHAM oJiepkaHux riapokcuaiB nmpu 1200 °C.
Bci crioiyku KpHCTallizyloThCsS y CTPYKTYPi POMOIYHOTO
nepoBcbkuty  (Don'°—Pbnm).  Ilapamerpn  KOMipox
3aKOHOMipHO 3MeHIyIoThCst Bia LalnO; (a = 0,5772 um)
mo EulnO; (a=0,5567um) [9] udepe3 3MeHIIEHHS
fionnnx pagiycis Ln®" (r.38. manramine criucHeHHS).
CVD-koMIo3uT Ha OCHOBI cucTeM ['epMaHii0 Ta
3a3HAYEHUX OKCHIB IOTYBAJIM MUITXOM CIIKaHHS TOHKO
PO3MEJICHUX TIOPOIIKIB TEpPMaHil0 Ta BIiAIOBIIHOTO
OKCHIy y HACTYITHHX CITiBBimHOMEHHAX: Geln,0Os; = 2:1;
GelnSnOs = 3:1; Ge—LnInO;3 (Ln —La, Sm, Eu) = 1:1
IpU TeMIeparypi, 3a SKOi IpPOLEC BWIITAHHS JIETKHX
KOMITOHEHTIB IIOWHO pO3IOYaBCs; TEPMiIH BUTPUMKH
craHoBUB ~ lrox. IlpokaproBaHHS TpPOBOIWIN Y
CepeloBUIlli JIOAaTKOBO OYHIIEHOTO aproHy, MpUYOMY
3pa3oK BMIilllyBaBcs y TPyOy 3 KBapIOBOrO CKjIa B
OJTHOMY H TOMY 3K Miclli, SIKy, B CBOIO Uepry, HOMIIIaIu y
ropuzontanbhy miu RHTC80-450 (BupoOuuirso dipmu
Nabertherm, T'epmaHist) 3 pery/1-0BaHUM HATpPiBaHHSIM.
IY cnektpu mpomyckaHHsS 3pa3KiB, 3allPECOBAHUX Y
MaTpHILIO TIONEPEHHO 3HEBOIHEHOr0 HArpiBaHHSAM IpH
180°C Csl kBamidikarii oc.u. (BUpoOHHUIITBO [HCTHTYTY
moHokpuctaiie HAH Ykpainu, M. XapkiB) y MacoBoMy
CHIBBIJIHOIIEHHI ~ 3pa3ok : MaTpuis, piBHomy 1:20,

samicyBanu y mianasoni xsumbonx uncen (M) 1200 -
200 cm. 3ammc CIEKTpiB TIPOBOJTUITA Ha
criektpodoromerpi 3 Dyp’e — meperBopeHHsaM Frontier
(Perkin—Elmer, CILIA).

Crnektpu audysHoro Binburrs ([IB) y miamasoni
noxuH  xBwib  200-2500HM  3ammcyBanu B
koopaunatax F(R) =f(X), ne F(R) — ¢pynkuis Kybemnku-
MyHKa, 110 ONUCYETHCS PIBHAHHSM:

_@-R?

= =X 1
FR=— =3 )

ne R — BigHocHe BimOuTTs 3paska, K - koedirieHt
MOTJWHAHHA, S KOeQIIliEHT PO3CIIOBaHHA, Ha

TIporyckanns, %

1200 1000 800~ _ -1600 400 200

n, cm
a

cnexkrpodoromerpi Lambda 9 (Perkin Elmer, CIIIA) 3i
CMCIiaJIbHOI0 MPHUCTABKOI0 y KIOBETaX 3 TOBIIMHOIO
Iapy AOCIiIKYBAaHOTO MOPOIIKONOIIOHOr0 MaTepiainy 3
MM BigHOCHO 3paska mopiBusHHsS (MJO) B iHTepBami
mopxuH xBwib (M) 200-2200 M. VYci Matepianu
pO3THpaIU B araToBid CTymIl Oe3MOCepeaHbO Iepen
3armmcoM criekTpis JIB.

TepMoanHaMiYHy OIIHKY IIPOLECIB BHIIAPOBYBAHHS
JIETKMX  KOMIIOHEHTiB, [0  YTBOPIOIOTBCA  MpH
MPOKAPIOBaHH1, TPOBOIUIIH 38 JIOTIOMOTOI0 PiBHSHHS!

G’r=AH1- T, AS =0, (2
ne Tyy. —yYMOBHa TeMIepaTypa.
3nauenHs AHr Ta AS;,
PO3paxOBYBAJIH 3a PIBHAHHSIM:

;
MY = MM+ feedT

y CBOI  Yepry,

, ©)

T o n
AS = AS,, + J"MdT-RlnH P
ST = @
ne AH°r, ASt, AGr — BiAnoBiaHo, eHTANbIIis, EHTPOITs Ta
BisbHa eHepris [i66ca nporecy Bunaposysauust, AC,—
anreOpaiuHa cyMa TEIUI0EMHOCTEHN MIPOMYKTiB
(rasyBaTHX) Ta BUXiZHHX KOMIOHEHTIB (TBepaux) CVD -

KOMITO3UTY, P, —nmapiiiaibpHi THCKH Ta3yBaTHX MPOLYKTIB
n

BUIAPOBYBAHHS IPH yMOBI, o YP ~ 107
i=1 !

ExcrniepuMeHTanbHEe 3HAU€HHSA Ty,. BH3HAYaNU SK
cepeqHe apu(METHUHE 3HAYSHHSI MK TEMIIEpaTyporo, 3a
SIKOT Moyvasacs siBHa KOHJEHCAIisl HAJIbOTY Ha XOJOAHUX
CTiHKax peaxropa, Ta Hmwk4oto Ha 10 °C temmeparypoto,
3a SIKOIO TIPOBOMIIOCS CITIKaHHSI.

[1. Pe3yabTaTu Ta ix 00roBopeHHs

Cucrema Ge-1n,03

Cwmyra nornuHanHasa B [Y miamaszoni 1n,Os; 3aiimae
. -1
intepBan xBuinboBux uucen 200—550cm™ (puc. 1, a,
tabun. 1). [Micns B3aemonii Mixk repmanieM Ta 1N,O3 npu
temrepatypi 740 —750 °C 3a3Hayena cmyra Mmaibke

TIporyckansst, %

80077 (1600 400

0

1200 1000 200

Puc. 1. IY cnekrpu mpormyckaHHs cucteM [ 'epMaHili-OKCHI METaly y cepeHpOMY i qanexkoMy Y miamazoHax
cnekTpy: a: 1 — Ge0,, 2 —1n,03, 3—Ge-1n,03, 4 — IN;SN0s, 5 — Ge- 1N, SN0Os; 6: 1 —LalnO;, 2 — Ge-LalnOs,
3 -SmInO;, 4 — Ge-SMINO;3, 5 —EulnO;, 6 — Ge-EulnOs.
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Taoauua 1

[Monoxenns cmyr nornuHanHs y [4 cnexrpax cucrem ['epmaHiii — okcun

6ve

O

1N,O3 666.6 540.1 | 5029 | 427.3 | 383.0 | 332.7 | 270.3 | 2345 | 219.3

Ge-1n,04 960.3 | 878.1 664.9 | 586.9 | 548.7 | 518.2 | 512.4 3435 251.6 | 210.2
GeO, 961.3 | 875.1 668.0 | 586.2 | 552.1 | 516.8 3335 251.1 | 210.8 a
IN,SNO5 614.5 | 566.0 | 539.1 4859 | 3714 | 3298 | 307.0 | 261.7 %
Ge-1n,SNOs | 1025.1 | 961.5 | 873.8 | 754.4 549.2 | 5124 | 440.8 | 434.8 | 334.9 214.9 g
LalnO; 1063.3 855.0 | 7495 | 694.8 | 655.1 | 601.6 | 564.1 | 524.1 422.7 | 346.8 %
Ge-LalnO; | 1026.5 859.2 | 755.3 600.9 | 564.2 518.9 | 413.7 | 343.1 | 335.1 207.1 g.
SminO; 573.8 | 564.2 | 537.8 410.0 | 3789 | 3355 | 267.5 | 2389 | 207.1 §
Ge-Smin0; | 1026.3 755.5 | 699.7 573.2 536.0 4109 | 3830 | 3415 | 267.3 | 2389 | 227.1 EE
m
EulnO, 730.8 | 675.6 597.3 | 536.4 | 539.6 450.9 | 368.6 230.1 | 207.2 é
Ge-EulnO, 9615 | 8719 | 726.8 657.5 | 597.3 | 564.2 | 539.6 4555 | 368.6 227.1 | 210.2 3
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Puc. 2. Cnextpu audy3Horo Bimourts cucteM I 'epmaniii-okcun Metany B YO (a) Ta Gnmmwkasomy Y (6)
nmiama3zoHax cekTpy: 1 —I1ny0z, 2 — Ge-Iny03, 3 —1NSN0s, 4 — Ge-1n,SNOs.

LIJIKOBUTO 3HHUKA€E 1 3aMIHIOETbCS HA CIEKTp, AyKe
cxokuii wa Takmii  gig GeO, rekcaroHaibHOI
moaudikarii (puc. 1, kpui 1, 3) 3 xapakTepHUMH
cMyramu Tpu n~880cm™ (BaneHTHI  KOJHMBAHHS
3BskiB Ge-0), a Ttakox mpu 450 —550 oemt
(medopmarniiini komuBanHs 3B's3kiB Ge-0O). OueBugHO,
1Ie € pe3yJIbTATOM B3a€EMOJIIT 32 CXEMOIO!

Ge(n) + INOs(1) ®  GeOy(1) + I O(r). (5)
Takox Moke BiOyBaTHCS JONATKOBHH TpoIEC 3a
IHIIIMM PiBHSIHHAM:

2Ge(r) + IyOs() &  2GeO(r) + In,O(r).  (6)

[TinTBep/PKEHHAM MOXKJIMBOCTI OCTAHHBOI CXEMH €
nosiBa y [Y criekTpi MpoAyKTiB peakiii XapaKTepHuX s
GeO ocumsiiit y miamasoni 200 —600 cm™. Jlo peui,
cxema (5) e 6mmkuoro g0 Tunosoro CVD - mporecy. Ha
KOpHCTh Tepediry peakiiii cBiI4aTh CIIEKTpH TU(Y3HOTO
BifbutTs (puc. 2, a). JlificHo, 3amicth crektpa 1n,03 3
"xBoctoM" y cuHiit o6macti (450 — 500 M), y BUAUMOMY
i ommkapomy IU  giamaszonmax F(R) mpomykris
3'SIBIISIETBCS CIIAOKO CTPYKTYpOBaHa CMyra CyLIBHOTO
MOTJIHHAHHS.

Cucrema Ge-1n,Sn0s,

4 cnextp mnpomyckanus [N,SNOs sBisie  coboro
HIMPOKY, CYIITIbHY 00JacTh 31 CMyraMu MOTJIHHAHHS, 110
MOETHYIOTh Y €001 CrieKTpaiibHi xapaktepuctuku 1Nn,0;
ta SNO, (puc.l, a). Ilpore, micnd MOpoOKAPIOBAHHS
CyMillli KOMIIOHEHTIB (TeMmepaTypa € Iemio HHKYOI0,
HiX y momnepe/Hiit cucremi, a came, 720 - 730 °C) criektp
CYTTEBO 3MIHIOETBCS: 3'ABJISIOTHCSI HOBI CMYTH, 30KpeMa,
3 Makcumymamu nipu 1025 ta 754 cM Y, ki He HanexKaTh
KomHil Momudikanii GeO,. Ix posrauryanHs e Gimpm
BJIACTHBMM JJIs TepMaHaTiB  (Ckopim 3a  yce,
MerarepmanatiB). ToMy MOXKHa 3alHCaTH CXEMY
MPOIIECY Y HACTYITHOMY BHIJISIII:
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2Ge(1) + IN;SNOs(1) B

® SnGeOs(r) + GeO(r) + InO(r) @)

Ipo HasBHicTh GEO y mpoaykTax peakuii cBia4ath
xapaxtepHi octmsanii Ha [Y cnekrpi y miamazoni 200 —
600 cM . TakuM 4MHOM, Y JaHiii peaxuii, iMOBIpHO Mae
micue okucuennst Ge 10 Ge(1V) ta Ge(ll) it BiaHOBICHHS
In(l11) mo In(l) Ta SN(1V) a0 Sn(ll). 3a crexiomeTpiero Ta
($a30BUM CTAaHOM TIPOAYKTIB B3aEMOIl 3a3HAYCHA
cHCTEMa YacTKOBO BiZNOBiJa€ BUMOraM, IO CTaBISTHCS
1o CVD - kommo3uriB.

CriekTp IuQy3HOrO BIIOHTTS CUCTEMH BiqoOpakye
0araTOKOMITOHEHTHHH CKJIaZ 1 PO3MAiTTs BaJEHTHHX
CTaHIB TPOJYKTIB B3aeMomnii i € MasjoiHpopMaTUBHUM
(puc. 2, a).

Cucremu Ge-LnInOz (Ln —La, Sm, Eu).

Cucmema Ge-LalnOs

B IY cnekrpax mNpoITycKaHHS BUXIJHOI CITONYKH,
LalnO; mposBisIOTECS CMYrH TOIJIMHAHHS B 00JacTi
750 — 1060 cM Y, 30608’ 13aHi CBOEIO MOSBOIO BAJCHTHUM
KoJMMBaHHSIM 3B'si3kiB S-O  Ta  medopmariinum
xonmuBaHHAM 3B’ s3kie C-O y CO% — rpymax, mo €
JIOMIIIKOBUMH /10 OCHOBHOI (pazu. CMyru y miama3oHi
520 — 695 cM ™, cKopilll 3a yce, BiZoOpaKaioTh BaJICHTHI
konuBaHHs 3B s13kiB IN-O, y Toi vac, sik cmyru npu 347
ta 423cM — BaneHTHi KonuBaHHs 3B's3kiB La-O.
Bzaemopmis 3 I'epmaHieM He BHOCHTH CYTTEBHUX 3MiH Y
3arajbHy CIIEKTpaJIbHY KapTUHY, JIMIIE BHUHHUKAIOTh
XapakTepHi cmyrm mpu 755 Ta 1026 M, o
NposIBISIIOTRC Wy cuctemi Ge-SmINO;  (puc. 1, 6,
1abn.1). Cnekrp /IB cucremu € MajgoBHpasHHM B
yChOMY Jliala3oHi; BHHATOK, SIK W JUIS PELITH CHCTEM,
craHOBUTh Y@ fiama3oH, y SKOMY BHSBISIOTHCS
IHTEHCHBHI CMYTH TIOTJIMHAHHS 3aBJASKU €JEKTPOHHUM
nepexomam 0% — In** ta In* — In** (puc. 3).
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Puc. 3. Cnexrpu qudysHoro BigouTrs cucteM I'epmaniii-inaaT gantaniay B YO (a) ta Gnmwkasomy 1Y (6)
nmiama3zoHax cnekrpy: 1 —LalnO;, 2 — Ge-LalnO3, 3-SMINO;, 4 — Ge-SmINO;, 5 —EulnO;, 6 — Ge-EulnO;

Y  nmaHiii  cucTeMi, OYCBHIHO, BIiAOYBAIOTHCS
YaCTKOBO OKMCHO-BiTHOBHI MPOIIECH 3a CXEMOIO:

Ge(r) + 2Lan0s(1) ® LaGeOs(1) + IOr),  (8)

i3 30epekeHHSIM  3HAYHOL BUXITHUX
KOMITOHEHTIB.

Cucmema Ge-SminO;

Y cnexrp Buximnoi cmomyku, SmINOs;, Ha BiaMiHY
Bix LalnO; He MCTUTH CMyr, IO BiOIOBITAOThH
moMimkoBuM  ¢azaM, B obmacti  600-1060 emt
(puc. 1, 6). Haromicts cMyru, 3yMOBJEHI BaJleHTHUMH
KONMMBaHHAME 3B’ s3kiB IN-O (410—574cm™) ta SM-O
(239 —379 cM ™), 36epiraroTbes i mics B3aEMOMIl Mi
Ge Ta SmINO;. B octanHbOMY Mae Miclie BUHUKHEHHS
HOBUX CMYr IOIIMHAHHA npu 755 Tta 1026cm 7,
OYEBHIHO, Yepe3 YTBOPEHHS OpTOrepMaHary CKIamy

Sm,GeOs 3a cxeMor0, aHAJIOTTYHOIO TOTICPEIHINT:

Ge(r) + 2SmInOs(r) ®  SMyGeOs(r) + INO(r),  (9)

Hocute Bupasuumu € crekrpu JIB (puc. 3) manoi
CHCTEMU y BHAMMOMY H, ocobmuBo, OmmkHbomy [Y
JiamasoHax CIeKTpy. Ha HUX 4iTKO BHSBISIOTHCS CMYTH
TOTJIMHAHHS TIpH JoBXuHaX XBWwib 450 um ta 900 —
1700 M, 0  CBOEIO  TIIOSIBOIO  3000B’s13aHi
BHYyTpimHboneHTpouM 4—4f nepexonam y ionax Sm*.
Croctepiraetbesi cyrteBe (~y 1,5 pasu) 3HIKEHHS

HYaCTUHHU

IHTEHCHBHOCTI 3a3HaueHUWX CMYT, KMOBIpHO, uepe3
pO3BEACHHS BHXITHOI CIONYKH TepMaHieM IpH
CYyTITEBOMY 3poCTaHHI (oHOBOro moriauHaHHA. Crina

3a3HAYUTH (PaKT BUHUKHEHHS JOAATKOBUX cMyT mpu 850
ta 2200—-2300 HM, MOXJIHMBO, 3a paxXyHOK IOSIBH
He3HauHoi Kinbkocti SM? [10] (puc. 3, 6).

Cucmema Ge-EulnO3

XapakrepHoto ocobnuBicTio [Y crekTpiB 3paskiB
JTAHOI CHUCTEMH, KpiM HAsBHOCTI CMYT MOTJIMHAHHS 32
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paxyHOK BaJ€HTHHX KonuBaHb 3B's3kiB In—O (450 —
675cm™) ta EU-O (369cM™), € CMyrH MHOrIMHAHHS
3aBJgku  Jedpopmaniitnum komuanHsM C-O (rpymu
CO32’) npu 727 —731cM™, sKi He 3HHKAIOTH # MmiCis
TepM00OpoOKu (puc. 1,6). Y Toil ke Yac, MEBHOIO
HECTIOMIBAaHKOIO BUTJISAE TMOsBA ABOX cMYT nipu 962 Ta
872 cm™, xapakrepuux ms GeO, (rekc.), micis
B3aemonii Mk Ge ta EulnO;. JonatkoBy iHpopmarito
HagaroTh cnektpu JIB  3paskiB  cucremu (puc. 3).
Oco0MMBO  BHpa3sHUMH  BHUTJISAAOTH  3MiHH, IO
BinOyBaroThbcsi micnst B3aemoxii 3 ['epmaniem, B Y@
Jiama3oHi CIEKTPY: 3aMiCTh XapaKTepHOi Ui 1HJATiB
JIAHTaHIJIB JIOCTaTHHO PO3MHTOI CMYTM BHHUKAIOThH JBI
o0pe PpO3AUICHI CMYTH IIOIJIMHAHHS IIPH JIOBKHHAX
xBwib 210—250 uM Ta 350 —450 HM (3 MakCHMyMOM
nobnu3y 400 uMm). Taka KapTHHA € XapaKTePHOM IS
okcumaux crmonyk Eu(ll), sokpema, Eu,SiO, [9]. Bona
obymoBinena 4f—5d eneKTpOHHUMH TIepeXoaaMHu y HOHAX
Eu” B  okcmmmiii  marpumi. CyrreBi  3MiHu
criocrepirarotees 1 y OmmxapoMy Y miana3zoHi cnektpa.
Te, 110 CyTTEBO 3pOCTaE 3araibHUI (OH MOTJIMHAHHS, HE
€ IMBHUM 4Yepe3 HasBHICTb TepMaHilo. Y TOH e 4ac
3HauHO (~y 2-2,5 pa3u) 3HIKYETHCS IHTCHCHBHICTH
CMyTH, MO 3aBASYye BHYTpilIHbOIICHTpOBUM 4f—4f
CJIEKTPOHHNM TiepexonaM y Honax Eu** B o6macri 2100 -
2400 uM. Kpim BracHe po3Be/ieHHS 32 paXxyHOK J100aBKU
TepMaHilo, BOXIIUBY POJIb Y JAHOMY BHUIMAJKY, OYE€BHUJIHO,
Bigirpae mpouec BigHoBnemHs ifomie EU®T o EUP* 3a
MOXITUBOIO CXEMOIO:

2Ge(1) + 2EUINOs(1) ®  Eu,GeOy(1) +

+ GeO(r) + InO(r), (10)

3a amanoriero 10 EU,SIOy, 110 Mae rekcaroHaibHy
CTPYKTYPY, MOJKHa BB&XaTH IIEBHY CTPYKTYPHY



B.®. 3inuenko, I.P. Marynos, I'.B. Heunmopenko, 1.B. CrosiHoBa, JI.B. CaakoBchka

Ta6muus 2
TepmojrHaMiKa mporieciB y cucremax ['epmaHiii — OKCHI MeTaty
Ty
Cucrema PiBHSHHS peakinii (Ho);[Ba AL, g Tposp.
peart HAJIBOTY), kJIx/Moib Joxhom, °C
OC K
GeIn:03 (221) | Ge(r) + In0s(r) @ In,0(r) + GeOs(1) 745 316 308 753
om0 2Ge() + In,SnOs(1) & 725 365 366 724
(3:1) In,O(r) + GeO(r) + SNGeO4(1)
Ge-LainOs Ge(r) + 2Lan0x(r) ® 715 2091 309 710
(1:1) In,O(r) + La,GeOs(1)
Ge-Smino, Ge(r) + 2SmInOx(r) ® 765 322 309 769
(1) In,O(r) + Sm,GeOs(T)
Gerunos 2Ge(r) + 2EuInOx(r) @ 705 357 362 713
(1:1) Eu,GeO4(1) + In,O(r) + GeO(r)
noaibuicTs EU,GeO, 1o GeO, (rekc.) i 3a IH criektpoM.
Taxkum uuHOM, B3aemonis y cucremi Ge-EulnO; wmae
CYTTEBO BiJPi3HATUCS Bijl TAKOI Y aHAJIOITYHMX CHCTEMaX BucHoBku
3 iHJIaTaMU JIaHTaHIIiB.

Temneparypu  Bumitans  (Ty,),  BU3Ha4eHi 1. TIlposemeno pmocmimxenHs cucreM Ge—okcun
eKCIICPUMEHTAIIbHO (33 KOHJ/ICHCAILli€l0 IIapH YOpHO- MeTajly Ha TMpeAMeT BHsBIeHHs nepcrekTuBHuX CVD -
Oyporo Kompopy Ha MPOXOJIOJHUX JIISTHKAX peakTopa), KOMITO3UTIB i HaHECEeHHS HIOKPHTTIB
nexats y Mexxax 700-770°C. Ilpu 11boMy HaWBUIIUM € inTepdepenniiinoi ontuky 1Y nianasony cnexrpy.
3HaYeHHs TEMIIEPAaTypu y BUNaiaky cuctemu Ge-SminOs, 2. CreKTpoCKOMiYHUMH METOIaMU (4
a HaiiHmkuuM — i cuctemu Ge-EulnOs. Ieit dakr CHEKTPOCKOMist MIPOITYCKaHHS Ta EJICKTPOHHA
BUJIAETHCS JOCUTh JAWBHMM, OCKUIBKM SMm 1 EuU € CHEKTPOCKOMisE  Au(y3HOrO0 BiAOWTTS) BCTAaHOBICHO

CyciiHIMHM eneMeHTaMH Yy JaHTaHigHoMmy psami. Cyrb
ToJIsATaE y pi3Hiil 3MaTHOCTI CIONYK JIAHTAHIIB Y CTYIEH]
okucHenus: +3 mo BimHoenenHs. Tax, Eu(lll) 3maten
JOCTaTHBO Jierko BimHoBmoBatucs a0 Eu(ll). Hatomicts
mis  BimHoBnewns  SM(I1)  motpibeH  mocTaTHBRO
MOTY)XKHUI BiTHOBHHK. Y CBOIO 4Yepry, eJeMEHTHUH
TepMaHiil OKHCHIOETHCS, SIK MPAaBHIIO, 32 IIMX YMOB 0
Ge(1V), y roit yac, sk INn(111) 3aBxau BigHOBIIOETHCS 10
In(l).

3a 3[aTHICTIO J0 YTBOPEHHS CKJIAaJHHX OKCHIIIB
meraniB Ta G&(1V) moxna 3amucatu psan [11]: Eu(ll) >
La(lll) >Sm(lI1) > Sn(l1). Ockinbku y BUMAAKY CHCTEMH
Ge-EulnO; (six, 1o peui, i mus cuctemu Ge-1n,SnOs) 10
TOTO X Ma€ yTBOproBaTHcs 1Bi JeTki cronyku (GeO Ta
INO), To gaHa cucTeMa, OYEBHAHO, MATHME MEpeBaru
MO0 JIETKOCTi KoMmmoHeHTiB. JlificHo, Ty, misa Hei €
HAWHIKIOI cepesl yCiX cHcTeM aaHoro Tumy (tabi. 2).
Jemo Hwxuuit 3a jertkicTio i Bummil 3a Ty, mabens
nocimae  cucrema  Ge-LalnO;.  TepmomunamiuHi
PO3paxyHKH JalOTh 3HAYEHHS TEMIeparyp, BeJIbMHU
ONHM3bKI 10 eKCIIEPUMEHTAIbHUX BEJTMYHH.
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xapakrtep B3aemomii y cucremax Ge-(-Iny0s, -1N,Sn0Os, -
LninO; (Ln — La, Sm, EuU), mo mojsrae y OKHCHO-
BIIHOBHUX PpEAKIliAX MIiXK KOMIIOHCHTAMH CHCTEM Ta
HACTYITHIH B3aeMOAii MiX TNPOAYKTaMH 3 YTBOPEHHSIM
HOBUX CKJIQJIHMX OKCHJIIB Ta JIETKHUX CIOJYK.

3. Orinka nerkocti yrBoproBanux crnonyk (1IN0 ta
GeO) Tta 3cyBy piBHOBard 3a YMOBHOIO TEMIIEPATYPOIO
BKa3ye Ha IepcrekTuBHICTE cuctemMu Ge— EulnO; mis
3aCTOCYBaHHS B SKOCTi Matepiany i [Y onTukw.

3inuenxo B.®. - npodecop, TOKTOp XIMIYHHX HAYK,
3aBiyBay BiIiITy ximii (YHKITIOHAJTBHUX
HEOpraHIYHUX MaTepiais;

Mazynog I.P. — xaHmumaT XiMiYHAX HayK, CTapIIHA

HayKOBHH CHiBPOOITHUK BiJUILTY ximii
(YHKI[IOHAJIHHUX HEOPTaHIYHUX MaTepiais;

Heuunopenko I'.B. - xaHgugar XIMIYHHUX Hayk,
HayKOBHH CHiBPOOITHUK BiJUILTY Ximii

(YHKI[IOHAJIHPHUX HEOPTaHIYHUX MaTepiais;
Cmosanoea I.B. - kanauaaT XiMiYHUX HAyK, CTapIIHA
HAyKOBHH CHIBPOOITHHK BiJUILTY aHATITUYHOI XiMii Ta
(131K0-XiMiT KOOPIMHAIIMHUX CIIOTYK;

Caokoecvka JI.B. — IpoBiAHWUI IHXKEHEP BIAAUTY XiMii
(YHKI[IOHAJIHHUX HEOPTaHIYHUX MaTepialis.
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V.F. Zinchenko, I.R. Magunov, G.V. Nechyporenko, I.V. Stoyanova, L.V. Sadkovska

Spectr oscopic resear ch of interaction in the systems
Ge-1n,03-M Oy (M-Sn(1V), La, Sm, Eu)

A.V. Bogatsky Physico-Chemical Ingtitute of NAS of Ukraine, 86 Lustdorfska Doroga Str., 65080, Odesa,
Ukraine, e-mail: vfzinchenko@ukr.net

Methods of IR transarency spectroscopy in arange of 1200-200 cm™ and diffuse reflectance spectroscopy in a
range of 200-2500 nanometers investigated character of interaction in the systems Ge-1n,03, Ge-1n,Sn0s, Ge-IninO3
(Ln - La, Sm, Eu). These methods are most used ones in a case of CVD (Chemica Vapor Deposition) composite
and coatings obtained from them and which have predominantly x-ray amorphous nature. Essentiad change in
spectral characteristics of systems with the appearance of new bands and disappearance of previous ones is
established at annealing of composites Germany - metal oxide composition which confirms the fact of oxidation-
reduction interaction between components with formation of volatile products, mainly In,O and GeO. Besides, in
the system Ge-1n,0O; formation of Eu(ll) compound, presumably, Eu,GeO, isrevealed. The last exhibitsitself dueto
two narrow bands in an UV-visible (220 and 400 nm) intervals of spectrum characteristic for complex oxide Eu(Il)
compounds. Residual amounts of Eu(ll1) reveals due to dightly expressed bands in a near IR interval (1900-2400
nm) of a spectrum, their intensity being significantly decreased after thermal annealing. Experimentally observed
and thermodynamically calculated values of T, where T, is conditional temperature of the obvious beginning of
evaporation of the samples, well coincide one with another (700-750°C). Systems are perspective for obtaining thin-
film coatings for interference optics of an IR range of a spectrum.

K eywords: the system Germany - metal oxide, spectral characteristics, interaction, thermal evaporation.
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Baxkunit meran kanmiii BigHeceHMH BcecBITHBOIO oOprasi3alli€elo OXOpOHHM 3/I0pPOB'S JI0 HaWOUIBII
HeOe3MEeYHUX PEYOBHUH Ul 3/10pOB' JitoaMHU. OIHMM 3 OCHOBHMX LUISXiB HAJAXOIDKCHHS KaJMIIO B JIFOJCHKUI
OpraHi3M € NOTPAIUIAHHS Yepe3 KHIIKOBO-IITYHKOBHI TPAKT Iijl 4ac MpuioMy ixi.

MeTtor0 po0OTH € JOCHIPKEHHST Xap4oBOro KEPaMidHOro MOCyHy AK 00’ €KTa, 110 MOXE CTaTH JDKEpeIoM
HAJXOJUKCHHA KaJMil0 B JIFOACHKMHA opradim. Ilin €ac [OcHipKeHb PO3IVIAHYTO Pi3HI BHIM XapyuOBHX
KepaMi4HHUX BUPOOIB, 1110 MOXKYTh MICTUTH IIrMEHTH Ha OCHOBI CIIOJIYK KaJIMilo.

B pesynbraTi NpoBeAeHNX IOCIIKEHb BU3HAUCHO €JICMEHTH Xap4yOBOI0 KEPaMidyHOro MOCYLY, SIKi MOXYTh
OyTH [DKEpeloM HaJIXOMKEHHS B OPraHi3M JIIOJUHHM TOKCHMYHOIO MeTaly KaJMilo. BcraHoBieHo, 1m0 kanmiit
cynbdin Moxe OyTM CKIQJOBOI YacCTHHOI MIiANONMBHOI YW HAAINOIMBHOI KepaMidHOi (apbu, monuswy,
KepaMi4yHOi MacH Ta JIIOCTpY.

BusBneno, mo HalliHTEHCHBHINE BHBUIBHEHHS KaJMIiIO 3 IIOBEPXHI KepaMidHOTO BHPOOY BiOYBa€ThCS 3
HaJnonuBHOI Gapbu Ta KepamiuHOI MacH, 1O i Hece HaWOLNbILy HeOe3neKy 100 3a0pyIHEHHS MM BaXXKUM
METaJIOM JIIOZICBKOro oprasismy. Ilponec oTpyeHHS JIIOACBKOrO OPraHi3My CHOJYKaMH KaJMil0 MOXE TPHUBATH
pOKaMH, KaJMiil Ma€ BIACTUBICTb HAKOIMYYBATHCS B OPraHi3Mi MPOTATOM TPUBAIOTO Yacy. ToMy BUKOPUCTaHHS
30BHI KPAacHBOro, aje ILIKi/UIMBOrO 10 XIMIYHOMY CKJIaJly, KOJbOPOBOIO KEPaMiuHOr0 MOCY1y HEeOEe3Ie4HO UL

3JI0pOB’ I JTFOJJHH.

KitrouoBi ciioBa: xepaMiuHHil 1OCY[, BAXKKUH MeTal KaaMild, kKaamii cynbgin, kepamiuHi GpapOu, momusa,

JOCTP.

Cmamms nocmynuna 0o pedakyii’ 07.05.2017; npuiinama oo opyky 05.09.2017.

Beryn

HecnpusitnuBa ekonoriuHa cuTyauis B OCTaHHI
JIECSTHIIITTS € IPUIMHOIO 3HAYHOT'O TOKCHYHO-XIMIYHOTO
HaBaHTAXKEHHA Ha Oiocdepy, 10 NPUIBOTUTH IO
BUHHUKHEHHS! HOBUX ()OPM ITaTOJIOTIT JIIOANHH.

Oco0nuBe Miclie cepell TOKCHUKAHTIB IOCITAIOTh
BaKKi MeTanu. HalOinpin HeOe3MEUHUMHU Cepell SIKHX €
CBUHEIb Ta KaJMii. Xap4yoBHH KepaMiuHUH MOCY/ MOXKe
CTaTH JDKEpPENIOM HAIXOJDKEHHS KaJIMII0 B JIFOJCHKUHN
OpraHi3M.

Baxkkuii meran kaamiii BigHeceHWi BcecBiTHBOIO
OpraHi3aliero OXOpPOHHU 30POB’ S IO PEUYOBUH HAHOIIBII
HeOe3MeYHUX TS 3A0pOB's moanau [1].

Kangmili  3HIKYe aKTHBHICTH psiny (EpMEHTIB,
ypaka€ TEYiHKYy, HHUPKH, IiJUUTYHKOBY 3aJl03y Ta
aKyMYJIIOEThC B IMX opraHax. OpraHamMu-MilleHsIMH
NpY 1HTOKCHUKAMii KaJMi€EM € HHUPKH, KICTKOBHH MO3OK,
NeyiHKa, YacTKOBO cene3iHka Ta iHmn opranu. Ilpum
XpOHIUHIM  iHTOKCHKamii  KaaMmieM  BiOyBa€eThCs
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ypaxkeHHs HHUPOK (HEKpO3
YIOBUTbHEHHS ~ (QiNbTpalii y HUPKOBHX  KaHalax,
3HW)KEHHs1 pealOcopOliii, HasBHICTH KaaMmilo y cedi,
TiIBUIIEHa €KCKpelisl 3 cedyero Oera-2-MiKporiodyiiny,
O1JIKOBO-3B SI3aHOTO PETUHONY). Y Psijli BHIAKIB BIUIUB
KaJIMIiO MIPOSIBISIETHCSI CYTTEBUM 301IBIIEHHSM KiTBKOCTI

emiTemiaabHuX — KIITHH,

XxBopux i3 mporeinypiero. IlopymenHs mporeciB
peaOcopOIii TPU3BOAUTH [0 YypPaKEHHS KiCTKOBOL
cuctemu (IiABUINEHA JIAMKICTh KICTOK, MHOMHHHI

MepEeoMH KiHI[iBOK).
3a cepeAHIM BMIiCTOM B OpraHi3Mi JIIOAMHH KaaMid
3apaxoBYIOTh Q0 MiKpoeJdeMeHTiB. llel XiMiuHui
€eMEHT  MpakTUYHO  BiACYTHIE B opraHizmi
HOBOHAPO/DKEHHX, & 3 BIKOM aKyMYJIOETHCS JIIOJICHKAM
TIJIOM Ta MOXE IEPeBHIIYBaTH JOIYCTHMY HOPMY.
JlocmimKeHHsl, 10 TPOBOOMINCS OCTaHHIMHU POKaMH,
BUSIBIJIM HEITOOJWHOKI (JaKTH HAsBHOCTI B OpraHizMi
JiTeld TepeBUIIEHHsS OIlOJIOTIYHO JONMYCTUMHX DiBHIB
PNy TOKCHYHHX METaliB, cepel SKUX 3HAa4YHE MiCIe
3aiiMae HAKOMMYEHHs KaaMmito [2, 3.
Comi  BaxkKOro  Mertaiy

KaJMiro MAaIoTh
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Xap4oBuil KepaMiuyHHUH TTOCY/] K JPKEPENo KaJMi€BOI IHTOKCHKAIT JIFOJICBKOTO OpraHi3mMy

HECTIPUSTIAMBUMA BIUIMB Ha iMmyHiTeT. Kammiii wmae
KaHIIEPOTeHHI BJIACTHBOCTI Ta 30UIBIIYE PU3UK PO3BUTKY
aTepoCKIepo3y Ta TinmepTeHsii. XpOHIYHE OTPYEHHS
KaaMieM pPYHHYE IIEUiHKY, CIPUYHMHSAE CHJIbHI OOMi B
CIMHI 1 HOrax, IPHU3BOJAWTH JO JIAMKOCTI KICTOK,
BHKJTUKAE MMOPYIICHHSI pOOOTH HUPOK 1 BEIE IO CMEPTI.

B pe3ynbrati npoBeneHHs 1OCIiPKEHbh BCTAHOBJIEHO
TPU OCHOBHUX IIUISIXU HAJXO/KEHHS KaJMil0 B OpraHi3M
JIFOJTMHU: TIOBITpSI, BOJA, Xap4oBi MpoayktH [4, 5].

OpHUM 3 OCHOBHHX HUISIXIB HaJIXODKEHHS KaJMii0 B
JIIO/ICBKUI OpraHi3M € MOTPAIUITHHS Yepe3 KHIIKOBO-
UUTYHKOBUM TpakT miag dac mnpuiiomy iki. Cromayku
KaJIMil0 4acTO MOTPAIUIIOTh B XapuoBi MPOJYKTH 4yepe3
atMochepy Ta rpyHT. I[Ipore, naHi HeOE3MEUHI CIOTYKH
MOXYTh TOTPANUTH B 1KY 1 M 4ac iX mepeMilieHHs 3
CLIBCHKOTOCITOAPCHKUAX Ta Xap4yOBHX MHIiANPUEMCTB 0
KIiHIIEBOTO CIOKMBa4a Ta B MPOIECI NPUTOTYBaHHS YU
CIOXKMBAHHSA TKi JTroIuHOMO [6, 7].

|. ToJioBHA YacTHHA

Meroto nmaHoi poOOTH € JOCTIIKEHHS Xap4oBOTO
KepaMivyHOIO TOCYdy, SK 00 €KTa, SIKHMA MOXE CTaTH
JOKEPEJIOM HaJIXO[DKEHHST BA)KKOTO MeETaly Kaamiio B
oprasi3m soauHi. OCHOBHUM 3aBIaHHSIM JIOCIIIKEHHS
€ BH3HAYEHHs €JIEMEHTIB KepaMiyHHX BHUPOOIB, SKi
BUKOPHCTOBYIOTBCS SIK IIOCYX JUIA TpUioMmy ixi uu ii
30epiraHHs i B CKJIaAi SKAX MOXYTh OYTH CIOIYKH
TOKCHYHOT'O METaJTy Ka/IMilO.

BukopucraHHs HeOpraHiYHMX HITMEHTIB — CIHOJIYK
METaJiB JUIsl BUTOTOBJICHHS Ta XyA0XKHBOT'O O()OPMIICHHS
KepaMi4HUX BHUpOOIB BiZIOMO 3 [aBHIX uYaciB. byno
PO3TIISTHYTO pi3HI BHOM Xap4YOBHX KepaMiuHHX BUPOOIB,
SKi € TIpeIMETaMH IIOICHHOTO BHUKOPUCTaHHs 0araTbox
JO/Ie 1 MOXKYTh MICTHTH MITMEHTH Ha OCHOBI CIIONYK
KaJIMIifo.

Ha punky VYkpaiHu mpencTtaBieHO XapyoBUU
KOJIbOPOBHH KepamiuHHMH TMOCyJ| pi3HMX BHIIB. Yepe3
MOTST [0 €CTETUKH JIIOAWHA IHTYITHBHO XO4e BHOpaTh
KepaMiYHUi BUPIO SICKpaBOro KOJbopy abo 3 KpacHBUM
MamoHkoM. He 3aBxnmu 1yxe KpacHBHH 330BHI 4H
SCKpaBUH  KepaMiuHWi Tocyn € Oe3neyHuM [0
BUKOPHCTAHHS 1 CyMICHUM 3 Xap4OBHMHU MPOJYKTaAMH.

Cynbdia KaaMiro i CeJICHI KaaMilo 3aCTOCOBYIOThCS
SK BINNOBIAHO JKOBTHH 1 uepBOHHMIA OapBHHKH Yy
BUPOOHMLTBI kepaMiynux ¢ap6. Kepamiuni ¢apbu — me
MiHepaJibHI ~ MirMeHTH, TO0TO (apdu Ha  OCHOBI
MiHepaJbHUX OapBHHKIB — 3a(apOOBaHMX OKCHIIB YU
comeii  meramiB. Komip  kepamiuyHMX  HIrMEHTIB
YTBOPIOETHCS 3aBISKH CHOITYKaM XiMIiYHHUX €JIEMEHTIB
BHACJTIIOK TOIJMHAHHA CBiTJIa 3a paxyHok d-d-
MIepeXoIiB EIEKTPOHIB a0 X 3a PaxyHOK NEpEeHECEeHHS
3apsny.

1106 oTprMaTH SICKpaBi BiATIHKH KOBTOI'O KOJILOPY,
SK KOMIIOHEHT KepaMiuHuX (apO, BHUKOPUCTOBYIOTH
3abapBiieHi coini kaamid cyibdiny. s omepxkaHHs Ha
KEepaMi4YHOMY TOCYHIi TOKPHUTTS YH MAaJIOHKIB Y
0apBHUCTHX BiATiHKaX YEPBOHOTO — BiJ KOBTOTaps4oro
JI0 BHIIHEBO-UYEPBOHOI'O MOXKE BUKOPHCTOBYBATHChH
no0aBKa ceieHy 10 Cyiabdiny kaamiro (tabui 1).
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Tabauns 1
Konbopu kammieBHUX MIrMEHTIB Ta TEMIEPATYPH 1X
BHKOPUCTAHHSI
Korip XiMi4HO- 3 Temmeparypa
. eNIeMEHTHU BHUKOPUCTAHHSI
MrMEHTY . .
CKIIaJT TIrMEHTY MrMEHTY
YKOBTUH Cd-S-Zn 850°C
nomapanuepuii| Cd-S-Se-Zn 850°C
BHIHEBO” Cd-S-Se 850°C
YEePBOHHIH
ACKPABY” .S Se-Al 850°C
YEePBOHHH
[HTCHCHBHO® Cd-S-Se 850°C
YEePBOHHH
TMHO™ | od-s-Se-zr-S 1000°C
YEePBOHHH

Kepamiuni ¢apOu Ha ocHOBI camoro cynbgingy
KaJMif0 94 3 JI00aBKOIO CEJIeHY BUKOPHCTOBYIOTH IS
PO3MabOBYBaHHS KEPaMiYHHUX BHPOOIB, BUTOTOBIICHHS
MONMBU  KepaMmiuHUX  BHpoOiB. g kparmioro
NIPUILIABIIEHHST Cylb(iqy Kaamiro A0 NOIUBH abo 10
OCHOBHOT'O KE€paMidyHOro MaTtepiajly HOro 3MillyloTh 3
COPTaMH CIEIialbHOr0 JETKOILIaBKOro cKia ((urocam)
a00 3 BIANOBIAHOIO IIOJMBOIO, IIOJLOBHM IIIIATOM,
KaOJIiHOM.

3a XxapakTepoM 3acTOCyBaHHs KepaMiuHi (apou
MiAPO3AUIAIOTECA Ha HaamonuBHi 1 355miamonuBHi.
HanamonmueHi  ¢apOu  HAHOCATBCA HA  BUIAJICHHMA
KepaMiYHUi BUPIO, TMONEPEeIHbO MOJIUTHH MOJUBOIO, 3
HACTYITHUM  3aKpilUIeHHsM iX Ha I1bOMy BHPOOi
JIeKOpaTHBHUM BUmaioM. [liamonuBHi kepamivHi (apOu
HAHOCATHCS Ha HEMOJIMBAaHMN KepaMidHUH BHPIO, SKHi
TTiCIISl BUCHXAHHS IIOKPUBAIOTH MOJIMBOIO 1 BUIIAIIOIOTh.

HannonusHi (bapbu SIBIISIFOTH coboro
IpiOHOAMCIIEPCHY CYMIII MITMEHTIB 3 (hIrocaMu.
®nrocu - cymim 0e30apBHUX MiHEpaJbHUX OKCHIIB Ta
coJiell KpeMHilo, HaTpito, Kaiito, 6opy. dmocamu s
HAAMOMUBHUX (Gapd CIIyKaTh CIEI[iabHI JIETKOIUIABKi
ckia. [IpusHaveHHs (IIIOCIB 3BOMUTHCS 110 3aKPIIUICHHS
KepaMidHuX (ap0d Ha riia3ypoBaHiil MOBEpXHI BHPOOY, a
TaKOX I HaJTaHHS iM BiJIIOBIAHOTO OJIUCKY.

3MimryBaHHS  (QIIOCIB 3 MITMEHTaMHU  JIO3BOJISIE
OTpUMYBaTH IIpU HArpiBaHHI KOJBOPOBI PO3ILIABH,
MPaKTHYHO aHAJOTH KOJHOPOBOIO CKJIa SKIIO BOHHU
po30pi ab0 CMallbTH SIKIIO BOHM HENpO30pi. 3BUYAHI
KepaMiuHi (apOu BUXOAATH NIISIXOM HIOMETY B KYJIbOBHX
MJIMHAaX OXOJIOJDKEHOTO CIICIiajIbHUM YHHOM pO3ILIaBy
MiHEpaJIbHUX KOMIIOHEHTiB - ¢putH. JlucnepcHicTh
nomeny (cepenHs BeTMIMHA YaCTOYOK (papOu) CTAHOBHUTH
4 —8MKM, IO [JO3BOJSIE 3aCTOCOBYBATH KepaMiuHi
(dapOu i1 BCIX BHUKOPHCTOBYBAHHMX CHOTOIHI METOIIB
HaHECEHHS.

CyuacHe pI3HOMAHITTS XapyoBOTrO JEKOPOBaHOTO
KepaMidHOrO TIOCyly MoOXe OyTh JocsArHyTe 3
JIOTTOMOT0k0 TpadapeTHoro IpyKy, ne KepamiuHa (apba



JI.P. baGuyk

BUKOPHCTOBYETBCS. YW y BHUIVIAI CyXOi MOPOIIKOBOT
¢opmu un y Burisial nactu. Taxi sk ¢opMu kepamiuHOT
(dapOu MO3BONISAIOTH JAPYKYBaTH JCKOMi, 3IiHCHIOBATH
HANWIEHHS,  BiJgBeJEeHHS, pOOMTH  WTaMIu  Ta
BUKOPHCTOBYBATH iX JUIsl py4HOT'O PO3IHUCY.

HannonueHi ¢apOu B MOpiBHAHHI 3 MiANOINBHUMHA
BiJIPI3HSIOTHCS MEHIIMM OJIMCKOM 1 CTHUPAIOThCs NpHU
JIOBTiH ciyx0i. B mporieci BUKopucTaHHS KepaMidHOI'O
BupoOy, po3dapboBaHoro kepamiuHoio (apOoro Ha
OCHOBI CITOJIYK KaJMit0, B&KKUH MeTajl KaaMil JIeTKO 1
CHCTEMAaTHYHO TEPEXOAUTh VY JIIOJCHKHHA OpraHi3M.
[MignmonueHi ¢dapOu, ki HE MiITAIOThCI Oe3MmOCepeI i
nil atMochepHuX 1 iHIMX areHTiB (0yaydn 3aXHIIeHUMH
[IapOM TOJNKBH), € MOPIBHAJIBHO MOBroBiuHumu. Ta B
MpoLIeCi eKCILTyaTalii Mpu IMOsiBi y)Ke MIKPOTPIllMH Y
TOJNMBI BUBUIGHEHHS KaJIMil0 BiJIOyBaTUMETHCS JIETKO 1
TIOCTIHHO.

Xapaxtep

HAHECCHHS ¢bap0o (maamonueHi,
IT1 ATTOJIMBHI, i

MIXKITOJIMBHI) 3aJIEXKUTH BIJ
CITiBBiTHOIICHHS mirMeHT-(JIroc. y
BHCOKOTEMITEPATYpHIilt obmacri HaJIMOTUBHOTO
JleKOpyBaHHSA B (hapOax OuUIbIIe IITMEHTY, a OTXE i
Cronyk  kammito 1 MeHmre  ¢uiiocy  (3paskoBe
criBBigHomeHHs - Onu3bko 80% mirMeHTy i OJIM3BKO
20% darocy). Take meKopyBaHHS Hece HAWOITBIIY
YacTKy Kaamito. [[Jis MIKITOTMBHUX, HAAMOIUBHUX (apo
Lle CITBBIIHOIIEHHS TOCTIIOBHO 3MIHIOETBCS TaKUM
YMHOM, II[0 YacTKa IMIrMEHTY 3MeHIIyeThes. Papou mis
TOHKOCTIHHOT'O TIOCY/ly, HaBIaku, MicTATh Osu3bko 80%
¢mrocy 1 Oomuspko 20% mirMenty. BiAmoBigHo, YuM
Oinplie mirMeHty 1 MeHme (urocy, THUM — BHIIA
TemIiepaTypa Bumany ¢apou i ii MOKpHBHA 31aTHICTb.
[lirmentn onHiel oOyacTi 3acTOCYBaHHS MOXYTh
3MIIYBATHCS OMUH 3 OAHMM. KiNbKicTh MITMEHTY, IO
BBOAUTHCS y (DIIIOCH, TOMUBH, KEpaMiyHi MacH i T.II
3aJIeKHUTH Bifl BUIY KEpaMiuHOTO BUPOOY i XyI0XKHBOTO
3alyMy BUPOOHHKA.

Jns  3pydHOCTI JeKOpyBaHHs KepamiuHi QapOu
o0'emHani B Kouekilii. BukopucranHs konekiiii ¢apo
JI03BOJISIE OOMaioBaTH OararobapBHHN BHPIO B OIMH
Bunain. J[is oTpuMaHHs MPOMIKHHUX BiATIHKIB KepaMidHi
¢apbu 3MImIyOTh. 3MIL[YBaHICTh BHKOPUCTOBYETHCS
4YacTo, aje BOHA HE YHiBepcaJbHa. 3 TOYKHA 30Dy
3MILTYBaHOCTI KepaMivHi (apOu AIJSATHCS Ha JBi TPYIU:
KaaMieBi (UEpBOHi, MOMapaHueBi, TEIUTi KOBTI TOHHU) i
OeskanmieBi (Bci iHmn kombopu). BeepemuHi KOXHOI 3
rpyn ¢apdu 3MILIyIOThCS yHIBEpCalbHO, TOOTO B Oy/b-
SIKMX CITIBBIIHOIICHHAX. 3MIIIyBaHHS KaaMmieBux ¢ap0 3
0e3KaJMI€BUMHU MOXIJIMBO TUIBKM OOMEXKEHO, aJie
MOXIIUBO 1 3acTOCOBYeThCs. Lle 0OymoBIIEHO THM, IO
KaJMieBi (papOu MeHI1 BorHecTiiiki. 3minryBanHs (apo
MK TpynaMu Iie Oijbllle 3HWKYE BOTHECTIHKICTh
cymimi. ToMy KOHKpeTHI  CHIBBIJHOIIEHHS TpH
3MIIIyBaHHI 3aJieXaTh Bl TEMIEpPaTypH BHIATY.
3minryBaHHs kKaamieBux (ap0 3 6e3xkaaMieBUMH B PIBHUX
YacTKax, sIK [PaBUIIo, BeJle 10 YTBOPEHHS OpyAHO-Ciporo
BIJTIHKY, ajie¢ B IHIIMX IPOMOPIISX A€ BEIUKY ramy
KOJIbOPIB BiJl yCIX BIATIHKIB 3€JICHOTO 0 SICKpaBUX
BIATIHKIB ()i0JIETOBOTO.

Byrno mocmimkeHo, IO HEUIKIATUBOI MOXe OyTh
kepamiyHa (apba HACTYITHHX KOJILOPIB: KPEMOBOTO,
0151010, CipO-0JIAKMTHOI'0, YOPHOI'O i CHMHLOTO. Bei iHImi
KOJIbOpU, OCOOJIMBO SICKPaBi, MOXKYTh MICTUTH CHOIYKH
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kaamiro [8].

Bukopucranus kaamieBux ¢ap6 i/abo ix cymimei
MOXIIUBO TUIBKM NPU LIUIBHOMY HakJaJaHHi. [cropuaHO
BBAXKAJIOCS, IO BHACIIJOK 3HWKEHOI BOrHECTIMKOCTI
BUKOPHCTaHHS KaJMieBHX (apO B BUCOKOTEMIEPATypHOI
(monan 950°C) obnacti HemoxkHBO (Tabnuis 1). Onuax,
3 mosBolo Omm3pko 50 pokiB TOMy Tak 3BaHUX
«BKJTIOYEHHX>» IIITMEHTIB 111 1pobieMa Oyna BHpilleHa.
«BkiroueHMM» Ha3MBa€Thes  (apOyBaJbHUI MITMEHT,
YKIIaJIeHUH B MPO30pY 00OJIOHKY 3 OKCUIY LUPKOHit0. [e
JIO3BOJIMJIO BUKOPHUCTOBYBATH KaJMI€BI MIrMEHTH MpH
temneparypax 10 1350°C B MiXKIONUBHIN i i ATOIMBHIH
o0nacTsX JEeKOpyBaHHS, a Takok Impu (apOyBaHHI
KepaMi4HuX Mac. TakuM YMHOM y GaraTboxX BHPOOHHKIB
KepaMi4HOi MpoxyKuii 3'sSBUIOCH OiNIbIIE MOXKIIMBOCTEH
CTBOPIOBAaTH HOBI KOJIEKI[I 1 aKTHMBHO 3aCTOCOBYBAaTH
KaJIMi€Bi KepaMidHi papou.

Kpim sickpaBoro jexopy, KOJbOPOBOi IIOJIHBH,
Xap4oBUi KepaMiyHUil BHPIO Moxke OyTH 03100JeHUI
JOCTpoM. JIrocTpaMu Ha3WBAIOTh PO3YMHU METANIiB abo
ix cmonyk B e¢ipHuX oxisix. HaHeceHunii Ha moiuBaHy
TIOBEPXHIO KEPaMiYHUX BHPOOIB JIIOCTP YTBOPIOE TOHKY
IUIBKY 3 XapakTepHUM METaJiYyHUM  OJHCKOM 1
MepJIaMyTPOBUM  BIATIHKOM. MeTamiyHuil  BigOJIUCK
JIIOCTpa € pe3ynbTaToM audy3il HalApiOHIINX YaCTHHOK
MeTaJy B TOBEpXHEBHH IIap pO3M SIKIIEHOI ITOJIHBH.
Pi3Huns koeillieHTIB 3aJIOMIJICHHS CBITJIa 1 TOBEPXHEBOT
JIOCTPOBOI  IUTIBKM ~ NPUBOAUTH 10  PO3KIAJaHHS
cBiToBuX mpomeHiB. Cepex ycix BHAIB JIIOCTPIB
PO3pi3HsIOTE 1 0€3KONBOPOBi (BICMYTOBi, TJIMHO3EMHI,
CBHHIICBI, IIMHKOBi) i 3adapboBani (3ai3Hi, XPOMOBI,
KOOAJIbTOBI, MiJHI, KaJMi€Bi) Ta MeTamiuHi (3 BMiCTOM
0J7aropoHUX METaNiB — cpibia, 30710Ta, MWIATHHE). ToMy
JIOCTPU TaKOX MOXYTh OyTH JDKEpenoM KaJaMmieBoi
IHTOKCHKAITIT JTFOJICBKOT'0 OPTaHi3My.

BusBicHHA KamMil0o B KepaMiyHHMX MaTepiaiax
MIPOBOJMIIOCE METOAOM IPHCKOpEHOro BuaiieHHs [9],
3TiIHO METOJWKU EKCIIEPUMEHTY Ta METOJOM aTOMHO-
ancopOiiHOl  CIEeKTpoMeTpii 3 BHKOPHCTaHHIM
MydenpHOi mewi Ta  cmektpodoromerpy C-115[1K,
noxuHa xBuiti Cd — 228,8 uM, 4yTIMBICTh IPHIATY HE
menmie 0,05 mr/i kaamiro.

BucHoBkn

JlocnmimKkeHo pi3HI BUAM XapuoBOI'O KepaMidyHOro

mocyny. Yci  BUpoOOM, TIpH BUTOTOBJICHHI  SKHX
BHKOPUCTOBYBAJIUCH CITONYKH KaaMil0, MOXYTh CTaTH
JDKEpETIoM KaJIMi€BOL IHTOKCHKAIIT JIIOICEKOTO

opraHizmy. [lo HHUX, Hacamrepen, HajexaThb KepaMidHi
BUPOOH, BUTOTOBJICHI 3 BUKOPHCTAHHSIM HAJANOIUBHHUX
¢apd Ha OCHOBI MIHEpaJbHOI'O MIrMEHTY KaaMii
cynbbiny, 3adapboBaHi Kaamid cyiabdigoM kepamiuHi
MacH, WiAmoiauBHI GapOH, MONUBH, IO CKIAAy SKHX
BXO/ISITh CIHONYKH KaJMil0O Ta JIIOCTPH, KOMIIOHEHTOM
SIKMX € CIIONTYKH, IO MICTSTh XIMIUHHIA €IeMEHT KaaMiil.

BusBieno, 1m0 HallHTEHCHUBHIIIE BUBUILHEHHS
KaJIMIiI0 3 TIOBEPXHI KepaMigyHOTro BUPOOY BiOyBa€eThCs 3
HaanonuBHOI (apOu Ta KepaMiduHOi MacH, IO i Hece
HaKOIBITY HeOE3MeKy 100 3a0pYIHEHHS UM BaKKUM
METajJoM JIIOACBKOro oprasizmy. IIporec orpyeHHs
MOXE TpHUBAaTH pOKaMH, CIOJYKH KaJIMilo MaroTh



Xap4oBuil KepaMiuyHHUH TTOCY/] K JPKEPENo KaJMi€BOI IHTOKCHKAIT JIFOJICBKOTO OpraHi3mMy

BJIACTHBICTh HAaKONUYYBATUCS B OpraHi3Mi NpOTIroM
TpUBaoro yacy. ToMy BUKOPUCTaHHSI KPacHBOT'O 330BHI
KOJIbOPOBOT'O KEPaMidHOTO IMOCY.y, aje IIKiIJIHBOro 3a
XIMIYHHUM CKJIAJIOM, MOXKE OYTH HeOe3MeYHUM JUIs
3I0POB'sl JIIOAWHH, S5Ka BHKOPHCTOBYBATHME TaKWi
MIOCYJI 3 Xap4OBOIO METO0.

B nopanpiomy nociipkeHHsT OyIyTh CIIpIMOBaHi Ha
BU3HAYEHHS YaCTKU KepaMiuyHUX BHPOOIB BUPOOJIEHUX B
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VYkpaini Ta IMIOPTHOrO TIOXO/DKEHHS, SIKI HECYTh
HeOe3IeKy T 370pOB’ sl TpOMaisiH YKpaiHu dyepe3 BMICT
y HHX BaXKOr0 METaly KaJMil0, Ta BHU3HAYCHHS
HANOIIBIII ONTHMATBLHUX METOMIB iX iAeHTH]iKaIii.
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Food's Ceramic Pot Sour ce of Cadmium's | ntoxication the Body Human

SHEE "lvano-Frankivsk National Medical University”, st. Galytska, 2,. Ivano-Frankivsk, 76000, Ukraine, e-mail: telure@ukr.net

Heavy metal cadmium is classified to the World Health Organization to the most hazardous
substances for human health. The aim is to study the food pottery as an object that can be a source of
cadmium in the human body. Considered various kinds of food ceramic products, which may contain
pigments based on cadmium compounds. It was found that the cadmium sulfide can be an integral part
of underglaze or onglaze ceramic paints, glazes, ceramic mass and a chanddier. The most intense
release of cadmium comes with glaze and paint ceramic mass and carries the greatest risk in respect of
these heavy metal pollution of the human body. Process cadmium poisoning human body compounds
can last for years, cadmium tends to accumulate in the body for a long time. Therefore, the use of
externally beautiful, but the harmful chemical composition, color of ceramic tableware harmful to

human health.

Key words: ceramic tableware, heavy metal cadmium, cadmium sulfide, ceramic colors, glazes,

chanddlier.
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B poGori 3xiiicHeHnii aHami3 TepMOAMHAMIKM Iepeliry peakiii CHHTe3y noiekabopuiy alloMiHilo i3
0E3KHCHEBHX IPOMHUCIIOBO JOCTYITHUX PEarcHTiB, B3a€EMOJIIEI0 aJIFOMIHIIO B KOHAEHCOBAHOMY Ta ra3onofi0HOMY
cTaHi i3 HITpUIOM Ta KapOigzoM Gopy. [Tokas3aHo, Mo 0OMABI peakilii € TepMOANHAMIYHO BUTIIHIMH 32 HU3BKHX
TemIieparyp B OUIBbILIIN Mipi, aHiX 3a BUCOKHX, 1 IMOBIpHICTB X mepediry cyrTeBo 3pocTa€e IpU BUKOPHCTaHHI
AIIOMIHII0 Y ra30M01iOHOMY CTaHi y IMOPiBHSAHHI 3 KOH/ICHCOBAaHUM ajroMiHieM. Po3paxoBaHi 3Ha4eHHS Ta aHai3
BHECKIB, sKi popMyroTh BennunHy eHeprii [i60ca Ta KOHCTaHT piBHOBAaru OJHO3HAYHO JIEMOHCTPYIOTH IEpEeBaru
peakuii agroMiHif0 3 HiTpuaoM Oopy. OOMEXeHHS, IO HaKIaJaloThCsS MOMJIMBHM TONI(a3sHUM CKIaIOM
MIPOIYKTY 32 PaXyHOK YTBOPEHHsI TUOOpHAY aJlIOMiHiIO 3a TemriepaTyp Hipkde 970°C, BUMararoTh 3aCTOCYBaHHS
Temreparypu cuHTely moHany 1000 °c. 3amporoHoBaHi TiOTETHYHI MEXaHi3MH B3aEMOJIl aIOMIHIIO 3
OOpPOBMICHMMH CIIOJYKaMH 3a JIBOMa PEaKIisMH BiJIPi3HIIOTHCS MicLieM B3aeMojlii — Oy/Ib-ska TOYKa MMOBEPXHI
KOXKHOro mapy npu Buxkopucranti BN abo Tinbku Binkpura nosepxus it B4C — Ta xapakTepoM TpaHCHOpTY
YYaCHHUKIB peakiil B peakuilHiil 30Hi. 3 pe3y/bTaTiB aHaNi3y 3alpONOHOBAHI OPi€HTOBHI TEXHOJIOTI4YHI YMOBH
CHHTE3Y. BaKyyMHHUH TE€PMIYHUHA CHUHTE3 11 3a0e3ledeHHs O0e3KUCHEBOro Cepe/ioBUILA Ta TeMIIepaTypa MOHaJ
1000 °C, 115t yHuKHEHHs yTBOpeHHs 1u6OpHILy amoMinito AlB,.

KirouoBi ciioBa: TepMoanHaMiuHuMii aHami3, eHepris [100ca, KOHCTaHTa piIBHOBarw, €HTAJIBIIS], EHTPOIIis,
JI0/1eKkabopu L ATIOMIHII0, aTIOMiHIH, HiTpux 60py, KapOin Gopy, AUGOpH AITFOMIHIO.

Cmamms nocmynuna 0o pedakyii 02.08.2017; npuiinsama oo opyky 05.09.2017.

Beryn

Criontyku Oopy, y SKHX BiH YTBOPIOE CTPYKTYpHI
€IEMEHTH Y BUIJLAAI iKocaedpiB Bi, , BUKIHKAIOTH 0

cebe 3HAuHMU IHTEpec, aJpke Taka IPOCTOpPOBa
Opi€HTalliss  aToMiB  3yMOBJIIOE  PsAl  YHIKQIBHHX
BIIACTUBOCTEH. BBakaroTh, MO0 caMme iKOcaeapUYHA

KoH(pirypariss OOpy € NPUYNHOK BHCOKHX 3HAUYCHb
TBEPIOCTI IUX PEUYOBMH ab0 MaTepialiB Ha iX OCHOBI i
3YMOBIIOE  iX  NPHUHAJEKHICTH [0  HAATBEPAHX
MaTepiaiiB. 3Biick 1 OCHOBHI  HampsMKd  ix
3aCTOCYBaHHS — yaapocTiiiki Ta OpoHbOBI MaTepiamu[1],
abpasuBHi cuctemu [2, 3], KepamiuHi HAINOBHIOBaYi B
MeTal-MaTpUYHUX KoMro3urtax [4] Ta in. Bucokuit BmicT
6opy, i3oton °B skoro BoJOIi€ 3HAYHMM MEPETHHOM
3aXOIUICHHS] ~ TEIUIOBHX  HEUTPOHIB,  poOUTH  iX
HE3aMIHHUMHU MaTepiajlaMd Yy aTOMHIH EHEepreTHII.
3okpema, kapoin 6opy B4C mupoxo BUKOPUCTOBYETHCS B
CTEp)KHSIX KOHTPONIO siiepHUX peaktopiB [5-7]. o
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JTAHOTO Yacy OTPUMAHO IIiTy HU3KY TAKUX PEUYOBHH: L€ i
opropoMOiunuii 6op (y-60p) i pi3HOMaHITHI XiMidHi
cronyku, 30kpemMa kap6ix 6opy B4C (B12Cs), cybokcu
6opy BeO, rexcabopunm kpemHito BgSi (S:B1o), BsSi
(amamor B4C), momexabopun amominito AlBj, Ta iHmmi.
Jlonexabopu alItOMiHIIO € TUTIOBHM HPEJICTABHUKOM
iKOCaepUYHUX CIIOJIYK Oopy, 1 HoMy mpuTamaHHi BCi
3a3HaueHi BJIACTUBOCTI, OJHAK, IIJBUIICHY IIIKaBICTh
BUKJIMKAIOTh Horo crenudivni BractuBocti. Bin Bonoxie
3HAYCHHSIMHU TBEPJOCTi, CMIBCTABHUMH 3 TAKUMH IS
Kapbigy Gopy [8], ame ouikyeTbes, MO0 Marepiand Ha
HOro OCHOBI MOXYTh MaTd Kpamnly CTiHKICTh TpHu
JMUHAMIYHOMY HaBaHTa)XCHHi, SKa € BH3HAHOIO BaJOIO
B,C mpu #ioro BUKOpPHCTaHHI y SIKOCTI yIapOCTIHKOTO
Mmatepiany [9]. Bumict Gopy y AlBiy, Gmussko 83 % 3a
Macor, OJWH i3 HahOIMBIIUX cepen crmoiayk 6opy (y
KkapOizi Oopy TeopeTndyHui BMicT 78 % 3a Macor Ba)Ko
MOCATHYTH, 4Yepe3 BMICT pIBHOBaXXHOTO  BIJIBHOTO
BYIJICIF0), [0 € BaXJHMBOK XapaKTEPUCTHKOI MPHU
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3aCTOCYBaHHI y aTOMHii eHepreTuii. Po3unnnicTs AlB1;
y po3miaBi amomidito (muB. miarpamy crany [10])
3YMOBJIFOE OCOOJIMBI TIEPCIIEKTUBU HOTO BUKOPUCTAHHS B
AJTFOMOMATPUYHUAX KOMIIO3UTaX, OCKUIBKH II€ JTO3BOJISIE
KOHTPOJIIOBATH  PO3MIPH Ta  PO3MOMALT  YaCTHHOK
KepaMivHOi (ha3u y MEeTaNiyHii MaTpPUIIi.

Iepemnkoaoro A1 MUPOKOro Bukopuctanus AlBg, €
BIJICYTHICTh NPOJAYKTHBHOTO Ta pAaIliOHAJBHOTO 3
TEXHOJIOTIYHOI Ta EKOHOMIYHOI TOYKH 30py CIOCOOYy
cuHTe3y. CHHTE3 13 IPOCTUX PEUOBHH OOpY Ta aJFOMIiHIIO
MoXe OyTM peani3oBaHM{ HarpiBaHHAM Cymimi vy
eBaKyioBaHii ammyni abo JoxaBaHHAM Oopy J0
posmiaBy amominiro [11]. 1Ii crocoGu He BUPI3HAIOTHCS
aHl TpPOCTOTOH, aHi MPOXYKTUBHICTIO 1 MOXYTh
PO3TIISIATHCH JIUIIE B SIKOCTi TAOOPaTOPHUX TEXHOJIOTIH.
OkpiM TOro, BHCOKa BapTiCTh Ta MCQIIMTHICTE OOpy Yy
BUTJISIII  TPOCTOI  PEYOBMHU  Jali  3HWKYE  iX
npuBa0uBicTh. CHHTE3 13 KUCHEBMICHHX CIOIYK 00pY,
Takux sK OOpOBMICHI MiHepanu abo OOpHUI aHTiIpHa
[11], € Haa3BUUAitHO TPUBAOIUBHM 3 CKOHOMIYHOI TOUKH
30py Taki BUXiJHI pPEYOBUHH JOCTYNHI Y
MIPOMHUCIIOBUX MacmrTadax i MalThb HEBHCOKY BapTiCTh.
AJle B TaKOMY BHIAJIKy BUHHKAa€ IMpoliemMa YTBOPEHHS
CYNYTHIX TMPOAYKTIB CHHTE3y, OCOOJIMBO OKCHUIY
amroMinito Al,Os;, yTBOpPEeHHsS SKOr0 TEPMOIMHAMIYHO
BUTIJHE TNpPAaKTUYHO y OyIb SKiH peakuii 3a y4acTio
TIOMIHIIO B  IPUCYTHOCTI  KHCHIO.  BimmineHHs
KOPHCHOI'O IIPOAYKTY BiJ CYIYTHIX CTAaHOBUTH CKJIaIHY
TEXHOJOTIYHY 3ajady, IO IIOJISITae B IIPOBENECHHI
0araToYMCeNbHUX MEXaHIYHUX Ta (I3UKO-XIMIYHHX
orepariif, sKi, B CBOIO 4Yepry, TeX 3a0pyJIHIOIOTh
KOPHCHUHM TPOAYKT, 1 TOMY MOTPEOYIOTH OKPEMOro
¢izuko-ximiuHOro KOHTponto. CTae OueBHIHHMM, WIO
pallioHaNbHUM MOXe OyTH JMiie cnocid CHHTe3y
JOJICKa0OpUAY ATIOMIHIIO i3 OOPOMICTKUX OE3KHCHEBHX
CIOJYK y OE3KHCHEBOMY cepeloBuIli. BimoMi MeTomu
cuHTE3y 13 OopodrTopuamiB nyxHux Mmeranis MeBF,
(Me — nyxHuit MeTan) Ta rajJoreHinis 6opy (HampukiIa,
BF;, BCl3) maroTh meBHi MEpCHEKTHBH MIPOMHCIOBOTO
BHUKOPHUCTAHH, SIKi, OHAK, 00MEKEHI BUCOKOIO BapTICTIO
BIJMOBIAHUX BHUXIAHUX Ta €KOJOrIYHUMU HeOE3IEeKaMU.
TakuM YMHOM, HAKWOINBII NPHUBAOIMBHMH peareHTaMu
JUIL peakiiii 3 TOYKH 30pYy HPOJIYKTHBHOI'O CHHTE3Y
AlIBj; € Oe3KHCHEBi CHONyKH OOpy, SKi € MAacOBHM
MIPOMUCIIOBUM IIPOIYKTOM, 30KpeMa HiTpun 6opy BN ta
kapbin 6opy B4C.

CrJIaHiCTh  pO3POOKH  CIIOCOOIB  CHHTE3Y 3
BUKOPHCTAHHIM HITPHIY Ta KapOimxy O0py BH3HAYAETHCS
HAJ3BUYAHHOI0 TEPMOJUHAMIYHOK  CTIMKICTIO  ITHX
cnonyk. Tak, HasBHI B JiTeparypi pe3yJabTaTH
JIOCITIJDKEHHST B3a€MOJIl KapOiny Oopy i3  aJroMiHiEM
[12, 13] Bka3yroTh Ha MOBIIBHHI XapaKTep MPOTIKAHHS
peakmii, Maji CTymeHI NepeTBOPEeHHs Ta IoiidazHui
CKJIal TPOAYKTIB B3aEMOMii, HABITh 3a BHCOKHX
temneparyp cmHtesy (1000-1500°C) V  Bumaaky
BUKOPHCTaHHS HiTpumy Oopy curyamis 3 (a3oBuUM
CKJIaIOM MOX€ OYTH IPOCTIIlION0, ajie iHIM HEMONIKH,
HWMOBiIpHO, OYIyTh MOIOHUMHU.

3a3HayeHi poOOTH € MIHHUMU 3 TOYKH 30pYy
eKCIIEpUMEHTAJIbHUX pPE3YJbTaTiB, $KI BKa3ylOTh Ha
cepiio3Hi mepemikomud I 3actocyBaHHa B,C s
cuHTe3y OopuniB amroMmiHifo. OJHAK, Yy KOXHIM 3 HHX
BIJICYTHIH TJIMOOKMI TepMOAMHAMIYHMI aHaJi3 YMOB, Y
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SIKMX MOYKYTh BIIOYBAaTHUCh JOCII/DKCHI B3a€MOIIi, a BiH
Moxe OyTHM  KJIFOYOBUM JUIsl  TIOIIYKY  HUISIXIB
MIPUCKOPEHHS Oa)KaHWX peakliil Ta MiABUILEHHS CTYIIEHS
TIepETBOPEHHS.

OueBugHa HEOoOXiTHICTh PO3YMiHHS
TEPMOIUHAMIYHUX YMOB XIMIYHHAX B3a€EMOJIH,
MIEPCIIEKTUBHUX JISI CUHTE3Y J0JeKabOopuay aJroMiHIi0
i3 JOCTymHHX OE3KHUCHEBMX OOPOBMICHUX CIIOJNYK,
3yMOBHWJIA  Memy IaHoi  poboru: 3MIACHUTH
TEpMOAMHAMIYHUN aHaNi3 peakiiii B3aeMomil HITpUIy
6opy BN Tta xap6iny 6opy B4C 3 amomiHieM Ta OLIHUTH
MEPCIIEKTUBY BHKOPUCTAHHA IIMX pEaKIid B SKOCTI
KJIFOUOBUX TPOIECIB NPOAYKTUBHOI'O METOIY CHHTE3Y
noaekabopuay amominiro AlBj,.

. MeTonnka po3paxyHKy

TepMomuHaMiuHMii  aHami3  3AIHCHIOBANU  JUIA
peakmiii MiX HITPHUIOM Ta KapOiJom 0Opy Ta HpPOCTOIO
PEYOBHHOIO AIIIOMIHIIO 3 YTBOPEHHSM J0AEKa0OpULy Ta
MPOAYKTY TIOBHOI B3a€MOMIl aJIOMIHIIO i3 aTOMaMu
IHIIMX XIMIYHHUX €JIEMEHTIB, fAKI BXOIATH 1O BHUXIJIHHUX
OOpPOBMICHHX CHOJIYK BiJITIOBIIHO IO PEAKIiii:

12BN + 13Al(cd, g)® AIB;,+ 12AIN,,

38,C+5Al(cd, 9)® AlBy, +Al,Co @)

Jns  koxkHOT B3aeMOfil po3MNISAAand JBa BapiaHTH
peanizariii — i3 koHjeHcoBanuM (cd) Ta rasonomiOHUM
(0) anrominiem.

TemmepaTypHi 3ayexHOCTi BinbHOI eHeprii [1006ca
peaknifi (1) ta (2) po3paxoByBamu i3 B3a€MO3B'S3KY
OCHOBHHX TEPMOJWHAMIYHUX 1300apHUX ITOTEHINAJIB:

DG(T) = DH(T) - TDS(T), 3

ne DH(T) ta DS(T) remnepatypHi 3a1e:kKHOCTI €HTANbII

D)

Ta EHTPOIIii BiJMOBiIHOI XiMiyHOI peakuii. OctanHi Oynu
po3paxoBaHi sSK (YHKIII CTaHy CHUCTEMH 3a KOXHOI
OKpEMOI TeMIIEpaTypHu:
DH(T)=3a nDH (R, T)- A nDH (R.T),
i i , (4)
DS(T) =& nS'(R.T)- & nS'(R.T),
i i , (5)

ne D,H'(P,T) Ta D,H (R,T) — €HTajblis yTBOPEHHS
NPOAYKTIB Ta BHXIJHAX PEYOBMH 3a Temmepatypu T
BimmoginHo, S'(P,T), S(R,T) — aOCONIOTHI 3HAYEHHS
€HTpomii TPOAYKTIB Ta BUXIJIHUX pPEYOBHH  3a
Temrepatypu 7; n; — CTEXiOMETpUYHUHA KOe(DillieHT mpu
i-My y4acHHKY peaxiii. EHTanbmii yTBOpeHHs y4aCHHKIB
peakuii 3a HEOOXiZHOI TeMIlepaTypy PO3paxOBYBaJIH SIK
CYyMy CTaHAApTHHUX CHTAJBIIH YTBOPEHHS Ta MPUPOCTY
SHTAJIbIT] PEYOBMHU BiJ| CTAHAAPTHOI TEeMIEpaTypu 10
TeMIEpaTypH, AT SKOI 311 HCHIOETECA PO3PAXYHOK

DH (T) =D H (20815K)+(H (T)- H (29815K)), (6)

3HaueHHA TeMIepaTypHi 3aJIeKHOCTI
TEPMOIUHAMIYHUX G yHKITH, HEOOX1IHUX IS
3MIHCHEHHS PO3pPaxyHKYy, HasBHI y OpPHUIiHAIBHHX
myOJTiKalisX, a TAKOXK Y JIOBITHUKOBHX Jokepenax. [aHi
JOBIITHWKIB ~ Ta  0a3  JaHUX  TepMOAWHAMIYHHX
BJIACTHBOCTEH SIBJISIOTH COOOIO Pe3yJIbTaTh CTATHCTHYHOT
OLIIHKU Ta y3arajbHEHHS BiJJOMOCTEH 13 OpHUIiHAIBHHX

Ta
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myOJTiKaIid, TOMY, 3a YMOBU HasBHOCTI TaKuX IaHHUX,
BUKOPDHCTOBYBaJIM cCaMe€ IX. 3HAY€HHsS CTaHIapTHOI
SHTaNbMIl, eHTaNbMii Ta eHTpOmil pPEYOBHMH 3a
HEOOXiMHUX I po3paxyHKy Temmepatyp aast BN, Al,
AIN Ta Al,C; Oyau 3amydeni i3 goBiguuka [14];
JUKEpeloM TepMofuHamiunux ganux it AlByp €
JoBimHuK [15].

[Nopsiaxky BeIMYMH KOHCTAHT pPIBHOBAard peakiii

pPO3paxoOByBaIM  3a  CIHIBBIMHONICHHSAM  KOHCTaHTH
piBHOBar# i3 eHepriero ['i60ca :
- DG
INK =——, (7
RT

nme R — yHiBepcanpHa rasopa crajga, 1 — aOCOJIOTHA
TEMIIEpaTypa.

1. Pe3yabTaTu Ta 00roBOpeHHA

Po3paxoBaHi TeMmmepaTypHi 3aJeXKHOCTI eHepril
I'i60ca B3aemonii HiTpuay Oopy Ta kapOimy Oopy 3

-1000 |
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£ 3000 |-
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% 4000 |
=
=]
% —5000 |
3 6000 |
7000 |
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9000 : 1 - :
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/K
a

AG - monb/x]Tx

aJIFOMiHIEM y KOHJIEHCOBAaHOMY Ta T'a30IMOIiOHOMY CTaHi
BiZMOBiAHO 10 peakmiii (1) Ta (2) nemoHCTpyIOTH (pHC.
1), uro o6uaBa MPOLECH € TEPMOIMHAMIYHO BUT1THUMH Y
BCbOMY aHAJi30BaHOMY TeMIIEpaTypHOMY IHTEpBaJi.
AbcomoTHe 3HaYeHHs eHeprii ['i60ca, abo moTeHIian
peakuii, € HaWHOLIBIIMM 3a HHU3BKUX TEMOEparyp i
MOHOTOHHO 3MEHIIYETHCS 31 3pOCTaHHIM TEMIEPaTypH,
110 € 3BUYAHUM IIPU €K30TEPMIYHUX IpoIecax.

Takmii  XapakTep TeMIIEpaTYpHOi  3aJIeKHOCTI
3YMOBJICHUH TIOHWKEHHSM EHTPOMii CHCTEM B XOIi
peaxkiiii. O6uasi peakmii ex3orepmiuni (AH <O0), i B
YMOBax HHU3BKHX TEMIIEpaTyp IX TemIoBud eQeKT
BH3HAYa€e 3HaK 1 abOcomoTHe 3HaueHHs DG  peakiiil.
OpHak BHACIIZOK YTBOPEHHS TNPOAYKTY 13 BHCOKHM
CTyIEHEeM OpraHizalii aToMiB y KpHUCTaJiuHii rpaTi 3a
paxyHOK (OpMyBaHHs IICEBAOMOJICKYT Bi,, peakiil
B1IOYBAIOThCS 3 MOHIDKECHHSIM SHTPOIIIi. 3 IMiABUIICHHIM
TeMIlEpaTypd poib eHTporiiinoro BHecky (- TDS)y

eHeprito ['100ca XiMIUHOI peakIlii 3pocTae, 110 3HAXOUTh
BIIOOpa)KCHHSA y 3MCHIICHHI aOCONIOTHUX 3HAYCHD

0
200
—400 |- 1 .
—600 |- <

-800 | 1
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~1200 - 1
-1400 |- 2 .
-1600 |- 1
~1800 ¢

1000 1500 2000 2500

T/K
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0

Puc. 1. TemnepatypHhi 3anexnocti eneprii ['i60ca peakiit HiTpuay 6opy (a) Ta kap6imy 6opy (6) i3 amroMiHieM y
koHieHcoBaHOMY (1) Ta rasonogioHoMy (2) cTaHi.

Taoauus 1

Po3paxoBaHi TepMoarHAMiYHI XapakTepucTUKH B3aemoziii BN Ta B4C i3 koHIeHCOBaHMM Ta ra30MmoIiOHIM

ANIOMIHIEM 32 TEMIIEpaTyp, 10 CTAHOBJIATH HAHOUTBINIA TeXHOmoriuHui iHTepec (Ha Monb AlBy,)

Pearent 1 Pearent 2 T/IK DG/x]Ix DH /x]Tx DS XK /x Tk InK
1300 -3018,5 -3499,3 -0,36 279

Al(cd) 1500 -2944,1 -3504,1 -0,37 236

BN 1700 -2869,5 -3504,0 -0,37 203
1300 -5135,1 -7531,8 -1,84 475

Al(g) 1500 -4768,1 -7508,1 -1,826 382

1700 -4404.,5 -7479,6 -1,808 312

1300 -211,0 -325,7 -0,09 20

Al(cd) 1500 -193,7 -320,2 -0,08 16

B,C 1700 -177,3 -312,8 -0,08 13
1300 -1025,0 -1876,6 -0,66 95

Al(g) 1500 -895,2 -1860,2 -0,64 72

1700 -767,7 -1841,8 -0,63 54
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MOTCHINAIB peakiliif. TakuM YHHOM, [UIS CHHTE3Y
nonekabopuny 3a peakitisimu (1) Ta (2) copusATIUBUMHE €
HU3BKI TEMIIepaTypH.

3 inmoro 6oky, miarpama crany Al-B mepembauae
iCHYBaHHS JIBOX CIONYK. mubopuay amominiro AlB, Ta
JOJIEeKaOOp Uy AJFOMIHIIO AlBy,. JHocToBipHO
BCTaHOBJICHO, [0 3a TeMmmepatypu Ommspko 970 °C,
BiJIOyBAETHCSI B3a€MOIIEPETBOPEHHSI 3a3HAUYEHUX OOpHIIB
amominiro [10, 11]:

AlIB, 2AIB;; + L, (8)
ne L — pimuHa 3MIHHOTO CKJIaay, sSKa MICTHUTh PO3ILIAB
anfoMiHifo Ta Oop. IcHye mpuHIMIOBa 3roma IOAO
nepebiry peakuii (8) mpu miABUIICHHI TeMIepaTypu —
BiIOYyBA€ThCSI IHKOHIPYEHTHE IUIABICHHS JIHOOpUIY
aIOMiHIIO. AHaJi3 TEepeTBOPEHHs NPH OXOJIOMKEHHI
HeoqHO3HauHMiA. MipkoBiu 31 cmiBaBropamu [10]
MIPOJIEMOHCTPYBAB EKCIIEPUMEHTAJIBHO, L0 HABITh NPHU
MaJlUX MIBUAKOCTAX OXONMomkeHHs (0mu3pko 2 °C/xB )
crigis AlB, y pomykTax B3aeMo/Iii He BUSBJICHO, TOOTO
MepUTEKTHYHE mepeTBopeHHs (8) 3a JaHMX yMOB He
BiIOyBaETHCS VYTBOpeHHs  quOOpUAy,  OJHAK,
BIIOYBA€THCA MPH 3IIHCHEHHI MPOIECY OXOJODKCHHS B
PIBHOBa)XHMX YMOBax. ToMy Oynb-sKHi crocid CHHTE3y
omHO(A3HOTO  JOACKaOOpUIY  ANIOMIHIIO  TOBUHCH
BpaxoByBaTH HMOBIPHICTh yTBOPEHHS JIOMIIIIKOBOT'O
AIB; i mepen6avyaTi MpOBEACHHS CUHTE3Y 3a TEMITEPATyp
nona 1000 °C.

ArperaTHuil CTaH alIOMIHIIO y peakmiiHii cymini,
SK JEMOHCTpyE pHC. 1, Mae KPUTHYHUHA BIUIUB Ha
3HaueHHs DG ximiuHOi peakuii. B3aemonis y Bumaaky
000X peakliii TepMOAMHAMIYHO IMOBipHa SK i3
KOHIEHCOBAHMUM, TaK 1 3 ra3onomiOHUM alfoMiHieM, aje
BXJIUBMM y JaHOMYy BHUNAAKy € HE 3HaK
TEPMOIMHAMIYHOTO IMOTEHIIAy peakIli, a MOopSII0K
BEIMYMHA KOHCTAaHTH piBHOBark K, sika moB's3aHa i3
eneprieto ['i66ca cmiBBimHomenusM (7). 3rigHo 3
nmaHuMu Tabi. 1, 3ailicHeHHS B3aeMomil 3 ra3omnoniOHuM
ATIOMIHIEM  J03BOJISE  KapJAWHAIBHO  ITiJBHIIUTH
KOHCTAaHTY pIBHOBard, a 3HAYUTh 1 TPOXYKTUBHICTh
peakuii B ymoBax peaypHOI peakii 3a y4acTiO TBEpIUX
pEUYOBMH, J€ CYTTEBUH BIUIMB MAlOTh HE JIHIIE
TEpMOAMHAMIYHI, ajie i KiHeTHuHi (pakTopu (HAIpPUKIAI,
mu(y3is), BHCOKI 3HAYEHHS KOHCTAHTH pIiBHOBAark He
rapaHTyloTh TOBHOTH NPOTiKaHHA mpouecy. Tomy
3a3Ha4Y€Ha pI3HUL MDK KOHCTaHTaMU peakiii i3
KOHJICHCOBAaHMM Ta Ta30MOMiOHUM AaIIIOMIHIEM MOXe
OyTH KJIFOYOBOIO [UIsi OTPUMAHHS TPOIYKTY, SIKUA He
MICTUTh BHUXIJHAX pPEYOBMH ab0 MiICTHTh iX Y
NMPUAHATHAX KUTBKOCTSIX. BakiuBo, IO aOCOJIIOTHE
3HaueHHs eHeprii [100ca 1 KOHCTaHTH piBHOBaru
B3aemoii i3 Al(Q) HaBiTh 3a BHCOKHX TEMIICPATYp €
OimpmMM  Bix BianmoBigHux 3Hadenb g Al(cd) 3a
HU3BKHX TemrepaTyp. To0To Oyab-sike BapitoBaHHSI YMOB
CHUHTE3Y, sKe BelIe JO B3aeMOJIl i3 aIIOMIHIEM B
ra3onoiOHOMy CTaHi, € OaXaHUM, HE 3Ba)karoud Ha
MOXIIUBE BiJJHOCHE 3pocTaHHs eHeprii ['100ca peakuii Ta
3HW)KEHHS! KOHCTA@HTU pIBHOBaru peaxiii. 3 KiHETHYHOI
TOYKH 30Dy, IHAMBIAYaJbHI aTOMH QIIOMIHIIO MAalOTh
HabaraTo OUIBINY PYXJIHUBICT Ta 3JaTHICTh IPOHUKATU Y
BIIKPUTI TIOPHM TBEPIOr0 pEareHTy, o 3abe3rnevyye
(pOHT MpOTIKaHHS peakiii Mo ycii BiAKPHTIH MoBepxHi
MaTepialy, a He JHIle Yy 30HI KOHTaKkTy JIBOX
KoHJeHcoBaHUX (a3. Takum 4YMHOM, i TepMOIUHAMIYHI
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pO3paxyHKH, 1 KIHETHYHI MipKyBaHHS BKa3ylOTb Ha
CYTTEBI  TepeBarn  BHKOPHUCTaHHS  ra3oIoJiOHOro
ANOMiHII0 [UTs 3aificHenHst peakii (1) Ta (2).

3 puc. 1 ta Tabn. 1 € oueBUIHUM, IO ITiJBUIICHHS
TEMIIEpaTypy CHHTE3Y BEJE J10 MPUTHIYEeHHsI POTIKaHHS
MpoLleCy Ta 3MEHIIYe KOHCTAaHTY PiBHOBaru peaxuiid, a

TOMy He € OaxaHuMm. 3 1HIIOrO OOKYy, €IUHUM
NPaKTHYHAM  CIHOCOOOM  OTPUMAaHHS  QIIOMIHIIO B
ra3onomiOHOMy CraHi € HOro BHUIIAPOBYBaHHS,

IHTCHCUBHICTDh SIKOT'O 3pOCTa€ 3 TeMIlepaTyporo. Tomy
KOHTPOIIb TEMIEPATYPHOTO PEKHMY MiJl Yac CHUHTE3Y
AlBy; 3a peaknismu (1) ta (2) noBuHeH 3abe3medyBaTh
OanaHc MiXX MaKCHUMAlbHAM 3HAYCHHSIM KOHCTaHTH

piBHOBaru Ta JIOCTaTHIM pIBHEM BUIAPOBYBaHHS
AJIFOMIHIIO.

SIkicHo, TOOTO B KOHTEKCTI 3arajJbHUX
3aKOHOMIpPHOCTEH TEepPMOAMHAMIYHHX rapameTpiB

peaxiliii, B3aeMOJil aJFOMIiHIIO 3 HITPHIOM Ta KapOiaoMm
6opy € momiOnumu. CyTTeBi BiIMIHHOCTI, OJHAK,
BUSIBIISIIOTHCSL TIPU TTOPIBHSJIBHOMY aHaji3l aOCONMIOTHUX
3Ha4eHb eHeprii ['i00ca Ta KoHCcTaHT piBHOBaru. bynyuun
Bil eMHUMH JJIs1 000X peakiiif, aOCONIOTHI 3HaYEHHS
DG 3a po3misiHyTHX Temmeparyp BiIpi3HSIOThCS y 3-5
pasiB B Oik BUIIMX 3HaYeHb Y BUNAAKY B3aeMonii i3 BN,
o pobOuth ii Habarato OUIBII MPHUBAOIUBOK LIS
peamizauii cuHTe3y Joxekabopuay amoMinito. Te x
CTOCYETBCSI 1 KOHCTaHTH DPIBHOBarM — TIPH B3aeMOJii
KapOimy Oopy 3 airoMiHiEM HMOBIPHICTH BHSIBIICHHS
BUXIJHAX PEYOBUH Yy MPOIYKTI CHUHTE3y € Habarato
BUIIIOIO, aHXK Y BUNIAJKy HiTpuay Oopy. HaBite 3a ymoB
3MiHCHEHHS] B3aeMofii 13 Ta30HONIOHUM aIOMiHIEM
MOXKHa O4IKyBaTH, MIO pPE3yJAbTaTH OYIyTh, IEBHOIO
Miporo, momibui no [12], me B3aeMomil0 aTIOMiHIIO B
KOHJEHCOBaHOMY cTaHi (po3miaB) i3 Kapbigom Oopy
saivicHIoBayiM mpotssroM 160 romuH, ams 3a0e3neueHHS
piBHOBakHMX yMOB. KomocanpHa pi3HHLS 3HAYeHb
KOHCTAHT PiBHOBAaru € MiJICTABOIO CITOMIBATHCh, IO JJIS
cucremu Al(g)-BN moni6Hi sBuma 6yayTs XxapakTepHi B
MEHIIIIH Mipi.

JeranpHuid  aHami3  BHECKIB, sKi  (opMyrOTh
BenuuuHy eHeprii ['i66ca peakmiii (1) Ta (2) mo3sose
MOrJTMOUTH  PO3YMIHHA ~ KIIOYOBHX — TPHYMH  iX
NPOTiKaHHA, a TaKoX [POTHO3YBAaTH OYiKYBaHUH
pe3ynbrar. OCKUIBKY B X0Zi 000X peaxiiiid BiOyBaeThCs
3HW)KEHHSI EHTPOMii, €K30TepMiYHMI TEIUTOBUH edeKT,
TOOTO eHTanbHmiHHUK (akTop, € BHUpPIMIATBHUM JUIS
3a0e3MeueHHs] Bi'€MHUX 3HAY€Hb IOTEHIaNy peaxilii.
BaxxnuBy 0COONMBICTH IMX IIPOLIECIB MOXKHA BUSIBUTH
MOPIBHIOIOYM  €HTaJbIii  yTBOPEHHA  HMOBIpHHX
npoaykTiB B3aemomil. Tak, y Bumamky peakiii (1)
D, H (AIB,,, cr, 298,15 K) = - 244,76 xJ[/Mob, a
D,H (AIN, cr, 298,15 K) =-319,00 x/[/Monb, mwo y
nepepaxyHKy Ha OAWH MOJIb aTOMiB CTaHOBUTH -18,3 ta
159,5 xJIx/Monb BignoBiaHo. TemaoBuii eeKkT Ha OTUH
MOJb AaToOMiB, 3YMOBIICHWH YTBOPEHHSIM HITPUIY
AIIOMiHIIO, Y TOHAJ BiCiM pa3iB MEPEBUIYE TEIIOBUIH
edekT BiJ YTBOpEHHs noaekabopuny amrominito. I[Ipu
LBOMY aTOMIB, IO 3B'S3YIOTbCS y HITPHUI aJIOMIiHIIO
Mmaike y nBiui Oiteire. Tobto yrBopenns AlN,
CYIYTHBOTO TPOIYKTY CHHTE3y, Ma€ BU3HAYAILHHUI
BIUIMB Ha (QopmyBanHs BenwunmHd DG peaxmii i,
BIJMOBITHO HAa 11 mepeOir B3arami. EHTanbmis yrBopeHHs
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KapOi Iy AJFOMIHIIO CTaHOBHTH
D,H (Al,C,, cr, 298,15 K) = - 206,9 K/I/Moib, abo
29,6 xJlo'k Ha MOJL aToOMiB, TOOTO WOro 3araibHUi
BHECOK Yy TEIUIOBHH e(peKT peakiii CHiBCTaBHUH i3
JIOJIEKaOOPHUIOM ATFOMIHIFO.

BHecok cymyTHIX MPOAYKTIB y 3arajbHUI TEIUIOBUH
epekt peakuii BuU3HAauyae, Ha HAIly JIyMKYy, OCHOBHI

BiAMiHHOCTI Mix peakmismu (1) Tta (2). Mg ix
OOTOBOpEHHSI  PO3IJITHEMO —MPOIECH, IO MOXYTh
BimOyBaTHCh  TiX  4Yac  mepediry  peakiiii  Ha
MOJIEKYJSIpHOMY  piBHI ~ Ta  sBUmA, sk 1X
CYNPOBOKYIOTh, TOOTO  TINOTETHMYHHHA  MEXaHi3M
peaxiii.

BiporinHo, mo mnpu B3aemomii Ta3zomnomiOHOro
AIIOMiHIIO 13 HITpHIOM OOpy crepury BigOyBaeThcs

TPAHCIIOPT aTOMIB MeTady a0 Micls B3aemomii. Jlis
TeKCaroHAIFHOTO HITpHAY OOpYy TakMM MiCLUEM MOXe
Oyrn Oynp-sika TOYKAa Ha TOBEPXHI KOXKHOTO WIapy,
OCKIJIbKM 32 BHUCOKHX TEMIIEpaTtyp OKpeMi aToMHu
TIOMIHIIO 3JaTHI 0 IHTepKaysAWii y MDKIIapoBi
mpomickk BN. [lami Moke BimOyBaTHCh JCKUIbKa
KOHKYPYIOUHX TPOIIECIB. YTBOPEHHS! XIMIYHOTO 3B'S3KY
MIX aTOMaMH JIIOMIHIIO Ta a30Ty, SIKE Be/ie JO PO3PHBY
3B'I3KiB OCTAHHLOI'O 3 CYCIOTHIMH aToMaMH OOpYy;
B3a€MOIisl aTOMIB aJIOMIHIIO 13 BHBIJIbBHEHUMH aTOMaMH
O6opy abo, mo Oinbll WMOBIPHO, arjoMmepaiis aToMiB
0opy y /[BaHAJIATHATOMHI 1KOCAeIpH; 3a YMOBU
YTBOPEHHSI OOpHHMX IKOCaeIpiB Ha IONEPETHHOMY
eramni — IX B3aEMOJIis i3 aTOMaMU aJIOMiHiIo.

VYci 3a3HayeHi MpOLECH € EK30TEPMiYHUMH, TOMY
TeMIepaTypa cucTeMu Oynme 3poctaTH. [IpuOau3HMA
PO3paxyHOK i3 MPUIIYHIEHHSMH, M0 TEIUIOEMHICTh
peakuiiiHOl cymimii 3a TeMIeparyp CUHTe3y OJHM3bKa 110
BUCOKOTeMIiepaTypHoi rpanuii J[lromonra-IIti, T0O0TO
CTaHOBHUTL s oxHoro Mons aroMiB 24,9 JIx/K, i
peakuiiiHa cucTeMa € 130JbOBAaHOIO, TIOKa3ye, IO
JIOKaJIbHAa Temmeparypa cyMimn mix 4ac peakuii BN 3
Al(g) xopotkouacHo moxe 3poctat Ha 8000 K. Lle mae
3a0be3neuyBaTd e(pEKTUBHUI TpPaHCHOPT Y4YACHHUKIB
peakuii. [Topsi 3 TUM, 32 IIBUJKOTO NMPOTIKaHHS peaKiii
(1) B ymoBax peasbHOrO CHHTE3y, TOOTO KOJH MacH
peareHTiB € 3HAaYHUMH, TpoleC MOXKe Oyru
BUOYyXOHEeOEe3NIeYHNM 1 BHUMarae 3axoJiB KOHTPOIIIO.
Takum 3axomoM Moke OyTH OOMEXKeHHS Iojadi
ra30MoMiOHOr0 aIOMIHIIO B 30HY peakliii, 1o HalOiabII
OYEBHHO, JIOCATAETHCS 338 PaXyHOK PETyJIIOBaHHS HOTo
BUIIApOBYBaHHsA. KoOpoTkoyacHe JIOKallbHE 3pPOCTaHHS
TeMIepaTypd TpH B3aeMonii HiTpuay Oopy i3
KOHJICHCOBAaHHM QJIFOMiHI€EM MOIJIO O CTAHOBUTHU OJIM3BKO
3800 K, omHak TpHBAJiCTh TAKOTO TEIUIOBOTO €(EeKTy €
3HAYHOI0 uYepe3 KIHeTUYHI OOMEXKCHHA IS i€l
B3a€EMOJIi.

Y Bunaaky B,C odikyBaHHA € JeIIO IHIIUMHU.
Crpykrypa KapOimy Oopy He mepeadadyae aKTHBHOIO
BIIPOBA/DKEHHSI aTOMIB Ta30MOAiOHOr0 aOMiHII0 B
TOBIIY Marepialy, TOMy B3a€EMOIisi MOXeE BilOyBaTHCh
JIWIIE HA BIAKPUTIi MOBepxXHi. MIMOBipHO, Iepioueproso
Oyne BimOyBaTHCh B3aEMOJiS AaTOMIB aJIOMIHIIO 3
JIAHIIO)KKOBUMHU aTOMaMU BYTJIELIO, SIKi 3'€JHYIOTh MiX
coboro Oopui ikocaempu (ctpykrypy B4C mus.,
Hanpuknan, y [9]). BusinsHene micue OymyTh 3aiiMaTtu
JIOAATKOBI ~ aTOMHM  QJIOMiHiIf0. YTBOpPEHI MacHBHI
MPOAYKTH MaTUMYTh Mally pyXJIUBICTh caMi 1o co0i, ae,
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pa3oM i3 TUM, NPUTHIYYBATUMYTh AU(Y3iI0 aTIOMIHIIO Ta
CHPUATUMYTh JUCHUMALl TEIUIOBOI eHeprii, BUIiIEHOI
BHACJIJIOK €K30TepMiYHMX mpoueciB. TemioBi edexTH,
10 MaIOTh MiCIE Y BUINAJIKY Li€l peaxiii y mopiBHAHHI 13
B3aEMOJIIEI0 13 HITpUAOM OOpy TakoK € Habarato
MeHIIUMHU. HaBiTh 0Oe3 poO3CitOBaHHS TeIlia, JIOKAJIbHE
KOPOTKOYAacHE 3pOCTaHHS TEMIlEpaTypu Y BHIAAKY
KOHJICHCOBAHOTO AJIOMIHII0 MOXXE CTaHOBUTU OJHM3BKO
1000 K, i pe3ynpTyroua TeMIepaTrypa € CIiBCTaBHOIO i3
TeMIepaTyporo rapsdoro npecyBanHs BsC, ske
BinOyBaeThcst 3a MUQY3IMHUM MeXaHI3MOM B YMOBax
MiIBUIIEHOTO  THCKY.  3mifiCHeHHS  B3aeMomii i3
ra30noMiOHUM ATIOMiHIEM MOYKE ITPUBECTH JI0 3POCTaHHS
temnepatypu a0 2000 K, 1o, ogHak, € MaJIoWMOBIpHUM
B CBITJI KIHETHYHUX MEPEIIKO/ TOIUPEHHIO PeaKilii.
OxpeMy yBary y BHNaAKy peakmii (2) motpibHO

3BEPHYTH Ha MOXJIMBICTH YTBOPEHHS MOTPIHHUX
XiMiunux cmoiayk. Y cucremi Al-B-C icaye psn
KpaboOopuIiB AJFOMIHIFO 3 1KOCaeIPUIHOIO

KoHQirypaiieto aroMmiB 0Oopy. DopMyBaHHS TaKHX
MOTPIHHMX CIIONYK 3a3BUYail € OLIBII TePMOJUHAMIYHO
BUTITHAM 3a PaxyHOK BIUIMBY €HTpomiiHoro ¢akropa,
HaBiTh 32 YMOBM ICHYBaHHs OIHapHOI CIONyKH 3
ONM3bKOIO  EHTAJBIIIEI0  YTBOPEHHS. Y  KOHTEKCTI
3alpONOHOBAHOTO MEXaHi3My M€ O3Hayae€, IMI0 MOXKe
BIIOYTHCh HEMOBHE 3aMIIlCHHS AaTOMIB BYIJICIIO Ha
aJIOMIHIM 1 JUIS JOBEIACHHSA peakiii 10 OakaHOro
MIPOJYKTY JOJIeKabopy  aTIOMIHIIO OyIyTh
BIICYTHI $IK TEpPMOIMHAMIYHi, TaK 1 TPAaHCIIOPTHI
MOKJIMBOCTI. TOOTO, HE3aJIEKHO Bijl arperaTHOrO CTaHy
AIIOMIHIIO, KU TpUMaE ydacTh y peakii, MPOayKTH

B3aemoii, WMOBipHO, OyIyThb  SIBISATH  COOOIO
Kkap6oOopuIn Ta Kapoia AJTFOMIHIFO, SIK
MpoAeMOHCTpOBaHO y [12].

Buciopneni  MipKyBaHHS ~ JEMOHCTPYIOTh, IO
peakmis (1), TOoOGTO B3aemomis HiTpuAy Oopy i3
aJIOMiHIEM, 30KpeMa Y BHIAIKy KOJIH ATFOMIHIH

nepedyBae y Ta30moJiOHOMY CTaHi, Ma€ HaWOLIbII
MepCIIEKTUBH JUIs peaji3allii pamioHaIFHOTO CHHTE3Y

AlB;, i3 TOpPOMHCIOBO  JOCTYIIHHX  OE3KHCHEBUX
OOpOBMICHMX  pPEYOBHMH.  B3aeMomito  HEoOXiTHO
3mificHIOBaTH y  Bakyymi s 3a0e3medeHHs
0E3KHCHEBOTO cepeoBHIIa Ta MOKpAaIEHHS
BUIIAPOBYBAHHS AIIOMIHIIO Ta 3a TeMIEpaTyp He HIKYe
1000 °C, JUTst YHUKHEHHS (opmyBaHHS

HHU3BKOTEMIIEPATYPHOT0 OOPU/IY AITIOMIHIIO.

BucHoBkn

PesynbraTn TEpPMOJUHAMIYHOTO aHaJizy
JIEMOHCTPYIOTh, IO MPUHAWMHI OIUH 13 PO3TILIHYTHUX
BapiaHTIB CHHTE3y JoJcKadOpuay ajJioMiHilO i3
0e3KMCHEBUX OOpPOMICTKMX CIIONYK Ma€ CYTTEBI
MIepCIIeKTUBH NIPaKTHYHOI peaizamii. Bsaemomis HiTpUIYy
Oopy i3 aOMiHiEM, OCOOJIMBO KOJIM OCTaHHIN nepeOyBae
y Ta3onofiOHOMY CTaHi, Mae 3Ha4Hy TEPMOIMHAMIUHY
HWMOBIpHICTH Tepediry Ta HaA3BUYAWHO BHCOKI 3HAUCHHS
KOHCTaHTH DpIBHOBard, sKi JO3BOJSIFOTH OUiKyBaTH
IHTEHCHBHUH miepe0ir B3aeMofii 1 BHCOKY YHCTOTY
MPOAYKTY BiJl BHUXIIHUX pPEYOBUH. TeIUIOBI edeKTH
MPOIIeCiB, fAKi, WMOBIPHO, MalOTh MiClle MPH MOMIOHIH
B3a€MOIIi € JocTaTHIMU [UIsl 3a0e31eueHHs] e)eKTUBHOTO



TepMoanHaMiYHMIT aHAJI3 IEPCIEKTUBHUX PEAKIii OTPUMAaHHS J0eKa00pH Iy ATIOMIHIIO. ..

TPAaHCIIOPTY pEareHTiB Ta IPOAYKTIB B  Mexax
PEaKIHOrO cepemoBHIa. 3 IHIIOro OOKY, B3a€MOIisA
KapOimy Oopy i3 aJIOMiHIEM XO04 i € TepMOIUHAMIYHO
HWMOBIpHOIO, 1030aBJicHa BaroMUX TEPMOIAWHAMIYHUX
pyliiB i MOke OyTH CYTTEBO MpHUTHIYEHA KiHETUYHUMHU
YUHHUKAMH.

MosxauBuii peansHuii croci6 cuntesy AlBp, Ha
ocHOoBi peakmii (1) Ta (2) mMOBMHEH BpaxOBYBaTH
TEXHOJIOTI4YHI OOMEKEHHS, SIKi HAK/IaJaloThCs, B MEPIIy

yepry, (a3oBHUM CKIQJOM BHUXIJHHX pCYOBHH Ta
MOXJIMBHX TIPOJYKTIB B3aeMomii. 30KpeMa CHHTE3
HEOOXITHO 3MIMCHIOBATH B yMOBaX OE3KHCHEBOTO

CepelloBUINA, HATPHUKIAZ Yy BakyyMmi, 3a TeMIepaTyp
noHan 1000 °C. Taki yMOBH IOKpaimarh BUIIAPOBYBaHHS
ANIOMIHIIO, JI03BONIATh YHHKHYTH YTBOPEHHS OKCHIY
amominio Al,O3 Ta mubopuy antominito AlB,.

BpaxoByroun pe3ynbTaTH JaHOi pOOOTH, MOIAJBIIN
3YyCWUIA WIOAO0 PO3POOKH  paIliOHAJIBHOIO  CIIOCO0Y
CHUHTE3Y JONcKaOOpHIy aJIOMIiHII0O MawTh OyTH
HAMpAaBJICHI Ha TMONIYK MOXJIHMBOCTEH OTpUMaHHS
AJIOMIHIIO y Ta30M0/AI0HOMY CTaHI Ta KOHTPOJIO HOro
mojayi y 30HY peakmii, po3poOKy KOHKPETHHX
TEeMIICPATYPHUX PEKHUMIB CHHTE3Y i, TOJNOBHE, MOIIYK
MOXITUBOCTEH PO3IJICHHS CyMillIed MPOIYKTIB peaKLii.
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Thermodynamic Analysis of Per spective AIB;,; Synthesis Reactions from
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Reactions of aluminum dodecaboride synthesis from oxygen free indugtrialy available boron compounds by
interaction of condensed and gaseous aluminum with boron nitride and carbide were the subject of
thermodynamic analysis in this work. It was shown, that both reactions are thermodynamically advantageous at
low temperatures rather than at high and the probability of their occurrence rises significantly for gaseous
aluminum in comparison with condensed aluminum. Calculated values of Gibbs free energy and equilibrium
constants and the andysis of contributions into them clearly demonstrate the advantages of reaction with boron
nitride. The probability of polyphase product composition imposes minimum temperature restrictions on the
synthesis; it should be carried out at temperatures above 1000 °C. Hypothetical mechanisms of reactions between
aluminum and boron contai ning compounds differ by the place of interaction — any place on the surface of each
layer of BN and only open surface of B4,C — and by the transport of reaction participants in the reaction zone.
From the results of analysis, we suggest indicative synthesis conditions: vacuum thermal synthesis to provide
oxygen free environment and temperature above 1000 °C to avoid aluminum diboride formation.

Keywords: thermodynamic analysis, Gibb's energy, equilibriums constant, enthalpy, entropy, aluminum
dodecaboride, aluminum, boron nitride, boron carbide, aduminum diboride.
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Problems of Selection of Lubricantsfor Ethylene High-Pressure
Compressors. 3. I nvestigation of Viscous-and-Thermal
Propertiesof Lubricants
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The viscous-and-thermal properties of naphtene and polyglycol oils and compositions on their basis have
been studied. The investigate lubricants for high-pressure ethylene compressors have estimated according to a
complex criterion which is included the co-relation of viscosity of oils for two temperatures; relative and
interval temperature coefficient of viscosity and three coefficients of an adeguate equation of approximation
of dependence the |ogarithm of viscosity on the logarithm of temperature. A comprehensive assessment made

it possible to complite the lubrication efficiency rows.
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coefficient, logarithm of viscosity.
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I ntr oduction

It is known, that viscous-and-thermal characterigtic
of ails, which are used in high-pressure compressors, is
one of the important operating properties of lubricant [1-
6]. This determines by such basic reasons:

For oils of one chemical group antiwear and
antiseizure characteristics increase when viscosity
increases. And also viscosity increases when pressure
increases. For naphtene oils when pressure increases
from 0.1 to 100 MPa, viscosity increases by 10-20 times.

When temperature increases viscosity decreases,
pressure influence on viscosity becomes less noticeable.

Thus, value of viscosity change when pressure
changes depends on composition, structure of molecule
and temperature.

I. Experimental

Testing of viscosity-and-thermal characteristic were
carried out on the viscosmeter BIDK-4 using standard
methods.

Viscous-and-thermal  properties of  machines,
naphtene, polybutene, polyglycol and others oils for
ethylene high-pressure compressors were eval uated by:

indexes of dynamic n; and kinematic v;
viscosities in the diapason of the temperature 20-100°C
with the viscosimeter VPZh-4 (Tabhl. 1);
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therma  coefficients
viscosities at t; and t,:

correlations  of

C = e, D
where v, - kinematic viscosity at 45°C (C1) or at 50°C
(C);

v, - kinematic viscosity at 90°C (C,) or at 100°C (Cy);
(*for polybutenes C; = v,50/v,400);
thermal coefficient of viscosity

ey, = a2 o pey, = Luwk (o)
Vi, Vt3

for instance: for oils with low viscosity and medium
viscosity

TCV, = -1t €)
500
for oilswith high viscosity
TCV, = 2921000 .1 25; @
500
in thiswork was used coefficient
TCV, = 22— and C=1; (5)
600
interval coefficient of viscosity
AT =220 (6)
tr—tq
in thiswork was used coefficient
AT = Y300 "V900. (7)

£990 L300

parametersa and B of curvelg v = a + 6 Ig
t,where 8 — tangent of obtuse angle of incline of straight
linelg v =¢ (lIg t), to the axis of abscissas; in the work
were used more convenient dependences of viscosity on
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inverse temperature for finding the acut?angle. 4) mesn arithmetical b = Zi=1bi; (10)
Igvi:ai"'bilg;! 8 n
lgats 5) mean quadratic b, = E n ., b? (11)
where b; = — 2,1 =1,23; (9)
t
As criterions of assessment of viscous-and-thermal ~ 6) mean quadratic deviation from the mean
properties were chosen: arithmetical:
1) b for t1 =30°C, t2 = 90°C; — | Lyn (p _7)?
2) b t1=30°C, t2 = 60°C; o Sn-t n—l_zl:l(b‘ 2 (12)
3) bs t1 = 60°C, t2 = 90°C; Oils Wl_th less value of mdexes_Cn TCV and AT
havegood viscous-and-thermal properties.
Tablel
Comparable viscous-and-thermal characteristics of oils and lubricating compositions
. N Kinematic viscosity at t°C, cs
Qil, additive 20 30 40 45 50 60 90 100
Risdla-33 126 68.5 49 42.4 27.7 10.4 8.8
Risdla-17 18.9 13.9 12.3 10.5 7.8 41 4.02
Vitorex 334 132 78.9 49.7 429 26.3 11.3 9.13
Esso-CHristo 121 68.9 53.8 479 28.2 10.6 10.3
5350 131 69.2 42,5 39.3 29.0 11.9 8.7
Vasdineail 78 50.4 446 34.9 23.8 9.9 7.74
NKM-40 80.2 56.6 47.8 39.3 26.8 10.6 9.79
NKM-70 148.4 83.2 65.07 52.72 36.26 15.9 12.82
Polybutene for 16321 | 7422 | 5830 | 3683 | 1961 | 374 288
succynimide additives
Polybutene Tredkat-99 1799 1475 1074 759 464 146 53.7
Lowmolecular 61404 | 13842 | 12851 | 7277 | 1968 | 172 93.6
polybutene
Risalla-33+ | 39 630 300 220 182 | 108 | 365 | 302
Polybutene for
succynimide | g 826 405 275 233 139 42.9 34,8
additives
KPL 201 420 258.2 115 89 68 42.8 154 11.8
Witco CL 1000 824 378 194 143 104 61.86 23 20.6
Witco CL 1200 880 430 225 184 120 71 26 23
Witco CL 1500 1190 612 300.4 215 158 90 29.5 25
Orites 210 DS 650 462 280 237 186 135 59 46.8
Polyol LG 56 362 224 175 143 98 41.8 36.9
Orites (regen.) 443 226 177.2 130 60.3 49.7
Syntheso D201 800 461 300 245 200 140 62 52
Syntheso D201N 865 615 310 262.4 210 144.2 62.2 50
Syntheso D202 890 634.9 307 264.7 208 138.9 57.9 46
Breox CL 1300 409.9 250 205.4 171 125.8 63.2 52.8
Breox 1400 485 272 221.7 181 127.6 58.2 47 .4
KSM 443 232 176.4 138 61 50.86
Laprol 202 441 25.8 19.8 16.5 10.7 4.3 3.9
Laprol 602 63.6 43.7 35.3 27.7 19.6 8.4 7.77
Laprol 2002 298 198 163 135 93.1 40.5 38.9
Laprol 503 209 110 76.6 59.6 36.6 12.3 10
Laprol 3003 295 176 143 119 86.2 41.8 35.1
Laprol 2502 417 269 230 182 137 60 53.96
Laprol 3503-2-70 574.6 338 275 228 162 76.7 64.47
Laprol 3503-2-55 374 230.5 190 159 115 58.9 49.29
PVBE+Risdla, %
100 - 12227 5799 4239 3021 1970 720
50 50 970 483 360.5 304 197 68.7
- 100 126 68.5 49 424 27 104 8.8
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Table?2
Viscous-and-thermal characteristics of naphtene and polyglycol oils[7] and polibutene [8] for lubrication
of ethylene high-pressure compressors

Qils Viscous-and-thermal coefficients
C; TCV, AT b b, bs
Naphtene:
Risdla-33 4.72 3.32 1.86 2.245 1.861 2.903
Risdla-17 293 1.89 0.25 1.279 1.274 1.555
NKM-70 5.23 3.74 3.07 2.303 2.022 1.783
NKM-40 4.47 2.60 116 1.838 1.581 2.278
Esso-Christo 5.08 3.19 1.83 2.215 2.099 2414
Vitorex-334 4.40 457 2.00 2.233 2.322 2.081
5350 4.41 411 1.99 2.187 2.176 1.997
Polybutene:
Polybutene for succynimide additives
(M =860) 20.27 8.18 265.8 | 3.443 3.065 4.070
Polybutene Tredkat-99(M = 460) 20.0° 3.56 2755 | 2.283 1.956 2.844
Risglla-33+50% of polybutene (M = 860) 7.02 5.64 13.05 | 2.693 2.572 2.900
Risalla-33+30% of polybutene (M = 860) 4.87 5.05 1.99 2214 2.468 1.781
Polyglycal:
KSM 3.80 2.77 6.37 1.804 1.681 2.014
Orites-210 DS 4.02 2.60 3.72 1.873 1574 2.384
Laprol-2502-2-70 3.83 2.61 5.95 1.765 1.610 2.030
Glicerin 8.27 6.61 6.25 2.931 2.783 3.190
Mineral:
Compresorna 12(M) 5.67 3.68 3.55 2.255 2.004 2.702
Vasdine 4.47 2.86 113 1.872 1.715 2.140
Indusrtrial-20 3.53 2.57 0.83 1.686 1.607 1.821
AviacijnaMS-20 6.44 3.75 14.9 2.448 2.009 3.197
Qils Viscous-and-thermal coefficients
E b_q Sn—l
Naphtene:
Risdla-33 2.336 2.376 0.5270
Risdla-17 1.403 1.407 0.1420
NKM-70 2.369 2.3899 0.3848
NKM-40 1.899 1.921 0.352
Esso-Christo 2.243 2.247 0.1593
Vitorex-334 2212 2.214 0.1219
5350 212 2.122 0.1067
Polybutene:
Polybutene for succynimide additives (M=860) 3.526 3.549 0.5076
Polybutene Tredkat-99(M=460) 2.361 2.389 0.5447
Risalla-33+50% of polybutene (M=860) 2722 2725 0.1659
Risalla-33+30% of polybutene (M=860) 2154 2.1729 0.3474
Polyglycal:
KSM 1.833 1.838 0.1684
Orites-210 DS 1.944 1.972 0.4096
Laprol-2502-2-70 1.802 1.809 0.2124
Glicerin 2.968 2.973 0.2060
Mineral:
Compresorna 12(M) 2.320 2.338 0.3536
Vasdine 1.909 1917 0.2149
Indusrtrial-20 1.705 1.707 0.1082
AviacijnaMS-20 2.551 2.598 0.6007
Declivity of viscous-and-thermal characterigtic of ail value of coefficient b, less changes viscosity from

was found by the tangent of acute angle of incline of temperature. This parameter was used as substitution to

Straight linelgn = f (lgl) to the axis of abscissas; less  |€ss definable index of viscosity. o
T Results of calculations of coefficients C;, TCV,,
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AT and by, by, bs, b, b_q, S, for naphtene, polyglycol and
polybutene oils and glycerin are adduced in Tabl.2.
Coefficients C;, TCV,, AT are conditional and are used
for estimation and comparison of viscous-and-thermal
properties of one level viscosity oils, for coefficients by,
by, bs, b, by, S this estimations can be used for more
wide diapason of viscosity.

Il. Result and discussion

1. Analyss of results, which are adduced in Tabl.
1 and Tabl. 2 shows, that for naphtene oils Vitorex-334,
Esso-Christo, 5350, Risdla-33, NKM-40 with smilar
viscosity kinematic viscosity equals at 90°C 10,4-11,3 cs
and at 45°C 47,8-53,8 cs coefficient C, variesfrom 4,4 to
5,08, TCV, — from 2,6 to 4,57; AT — from 1,16 to 2,0
cg/°C; b, — from 1,838 to 2,245; b, — from 1,581 to
2,322: by — from 1,997 to 2,903; b, — from 1,899 to
2,243; b_q from 1,921 to 2,247; S.; from 0,1219 to
0,5270.

Decreasing of viscosity of oil Risella (comp.
Risdla-33 and Risdla-17) from 10,4 to 4,2 cs (at ~60%)
at 90°C and from 49,1 to 12,3 ¢s ( at ~75%) at 45°C
leads to decreasing of coefficients: C, from 4,72 to 2,93
(at~62%); TCV, — from 3,32 to 1,89 (at~43%); AT —
from 1,86 to 0,25 cg/°C (at~87%); b; — from 2,245 to
1,379 (at~35%); b, — from 1,861 to 1,274 (at~32%); bs —
from 2,903 to 1,555 (at~46%); b - from 2,336 to 1,403
(at~40%); b,- from 2,376 to 1,407 (at~41%); S..1 from
0,5270to 0,1420 (at~70%).

Decreasing of viscosity of oil NKM (comp. NKM-
70 and NKM-40) at ~33% at 90°C and a ~43% at 45°C
leads to decreasing of coefficients. C; at ~15%; TCV, a
~31%; AT a ~62%; b, at~20%; b, at ~22%; b at ~18%;
b— from 2,369 to 1,899 (at~20%); b_q- from 2,3899 to
1,9210 (at~20%); S..1 from 0,3848 to 0,3520 (at~8,5%).

For the statistic copolymer of propylene and ethylene
oxides of oils KSM, Orites-210 DS and Laprol-2502-2-
70 with smilar viscosity these coefficients change little.

For polybutene and mineral oils coefficients C,,
TCV,, AT vary in wide bounds, coefficients by, b,, bs
are comparable with naphtene and polyglycal ails.

Thus we can introduce mean sum of each coefficient
for generalized assessment of viscous-and-thermal
characteristic of ails (Tabl. 2).

By this estimation we have arow of oils by viscous-
and-thermal properties

effectiveness increases

a) by C; polybutene > glycerin > minera > naphtene
> polyglycol;

b) by TCV, glycerin > polybutene> naphtene >
minera > polyglycol;

»

c) by AT polybutene > polyglycol> glycerirT >
minera > naphtene;

d) by b; glycerin > polybutene > minera > naphtgne
> polyglycol;

€) by b, glycerin > polybutene > naphtene > mingral
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> polyglycol;

»

f) by bsglycerin > polybutene > mineral > naphtrene

> polyglycol;
g) by average of sum of C;, TCV,, AT

polybutene > glycerin > minera > polyglycol >
naphtene.

Assessment of viscous-and-thermal properties of oils
by mean sum of coefficients by, b, bs (that is by b and
b_q), which takes account of declivity of dependencev =
f(T) a different temperature sections (parts) gives
another row of oils by viscous-and-thermal properties (in
order of high estimation):

effectiveness increases

»

a) by b glycerin > polybutene > mineral> naphtene
> polyglycol;

b) by b_q glycerin > polybutene > minera > naphtene
> polyglycol;

c) by S,; polybutene > mineral > polyglycol>

naphtene > glycerin;

d) by mean sum of coefficients b, by, St

glycerin > polybutene > mineral > naphtene >

polyglycol.

Dependences of viscosity from temperature and
pressure which are represented in Fig. 1- Fig. 3 [4; 7],
confirm preferences of polyglycol oils. In Fig 1
dependence of dynamic viscosity x (cp) for initia
naphtene (1) and glycol (3) oils and these oils in
saturation state (2 i 4 accordingly) from temperature is
represented.

1. cp
90

60 !

40 {7

20

10 20 40 60 g &°C

Fig. 1. Dependence of dynamic viscosity of initial oil
(1,3) and of ail in saturation state by ethylene (2,4) on the
temperature:

1,2-naphtene oil SAE-40 (Risdla-33);

3,4-polyglycal ail Orites 125 DS (Crites 88 DS) [4; 7]
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Infig. 2 and fig.3 relation of dynamic viscosity from
pressure of naphtene oil Codex H23, polyglycol Orites
88DS (modern Crites 125 DS), Ucon 75H 1400, Orites
210 DS (modern Orites 270DS) and polybutene Orites
L66 (modern Crites 125 MS) and Orites L100 (modern
Orites 270 MS) oails (t= 50° 80°C) are shown.
Polybutenes have enough high temperatures of flashing
(t4)[8], which increase when molecular mass increases
(M):
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Fig. 2. Relation of viscosity of oils from pressure (at
t=50°C):

1 — naphtene oil Codex H23; 2 — polyglycal oil Orites
125 DS (Orites 88DS); 3 — polyglycal oil Ucon 75H
1400; 4 — polyglycoal ail Orites 270 DS (Crites 210 DS);
5 — polybutene oil Orites 125MS (Orites L 66); 6 —

polybutene Orites 270 MS (Orites L 100) [4; 7]
n, cp
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Fig. 3. Relation of dynamic viscosity of polyglycol ail
with pressure at 50°C (1,3) and 80°C (2,4):

1,2 — Orites 125 DS (Orites 88 DS); 3, 4 — Orites 270 DS
(Orites210DS) [4; 7]
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In Fig. 3 dependences of dynamic viscosity on
pressure for polyglycol oils Orites 125 DS (Orites 88 DS)
and Orites 270 DS (Orites 210 DS) at t=50 i 80 °C are
represented.

Comparing of naphtene ails by viscosity shows that
oils with low viscosity have more acute viscous-and-
therma characteristic than oils with high viscosity.

(Fig.4).
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Fig.4. Viscous-and-therma characteristic of naphtene
oil:

1 — Risdla -33 + 50% of polybutene “Tredkat-99"; 2 —
Risdla 33 +30% of polybutene for succynimide
additives, 3—NKM-70; 4 — Risella33; 5— X (Japan); 6 —
Vitorex-334; 7 — NKM-40; 8 —5350; 9 — Risdla-17.

Viscous-and-thermal  characteristic of polyglycols:
Laprol-202; Laprol-602; Laprol-1002; Laprol-2002;
Laprol-503; Laprol-3003; Polyol LG-56; Laprol-5003;
Laprol-1503; Laprol-2502; Syntheso-D 201; Orites-270
DS (regenerative); Syntheso-D 201 N; Laprol-3503-2-70;
Laprol-3503-2-65 are represented in the Fig. 5.

This information is adduced in Tabl. 1 and
coefficients of viscous-and- therma characterigtic are
calculated.

Viscous-and-thermal  characteristic  of  datigic
copolymer of propylene and ethylene oxides of oails
KSM, Orites-210 DS and Laprol-2502-2-70 with similar
viscosity isrepresented in Fig. 6.

Conclusions

1. Studying of viscous-andtheemd properties of naphtene
and payglyed ails and choosing characteridtics that the most
complete characterize these proparties

2. For the fird time an esimaion of the visoous-and-
thermd properties of lubricating dils and compaositions on their
bess was made for the lutrication of surfaces of sdlids of
dynamic contact of fricion units designed for high and high-
pressure ethylene compressors, according to acomplex ariterion:

theratio of viscosity of ailsfor two temperatures,
relative temperature coefficient of viscogty;
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interva temperature coefficient of visoosty;,

three coeffidents of an adequate equaion of
approximation of the logarithm of viscosty dependence on the
logarithm of temperature for three temperaure intervas on 30°
t090°C, on 30° to 60°C, on 60° to 90°C.

U'IO"’ \1Z/C 1000

20

10

4
300 330 360 T, K
Fig. 5. Viscous-and-thermal characteristic of
polyglycols: 1 — Laprol-202; 2 — Laprol-602; 3 — Laprol-
1002; 4 — Laprol-2002; 5 — Laprol-503; 6 — Laprol-3003;
7 —Polyol LG-56; 8 —Laprol-5003; 9 — Laprol-1503;
10— Lapral-2502; 11 — Syntheso-D 201; 12 — Orites-

270 DS (regenerdtive); 13 — Syntheso-D 201 N; 14 —

Laprol-3503-2-70; 15 — Laprol-3503-2-B5.

3. The comprehensve assessment of the viscodty and
temperature properties of these lubricating dils and compositions
of lubricating ails behind the root-mean-square and aithmetic
mean of these coeffidents and the roat-mean-square deviaions
from the arithmetic mean of these coeffidents was represanted.
which made it possble to compile 11 rows of the effidency of
thelubricating ails
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Fig. 6. Viscous-and-thermal characteristic of synthetic
oils: 1 - Orites-210 DS; 2 - KSM; 3 —Laprol 2502-2-
70; 4 — Glycerin; 5— Esso-Christo.
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I'.O. Cipenko, [.B. Cynuma, H.B. lImansuep

IIpoGemu BHOOPY MACTHJI VISl €TUJIEHOBUX KOMIIPECOPIB
BHCOKOT0 THCKY. 3. JlocjiizkeHHsI B’ AI3KO-TeMIIepaTypHHUX
BJIACTHUBOCTEH MACTHJI

Tpuxapnamcoxuii nayionanvhutl ynisepcumem imeni Bacuns Cmeghanuxa, eyn. Lllesuenka, 57,
M. Isano-@pankiscvi, 16018, Vrpaina, irunchyk.frt@gmail.com

BuBueHo B'I3KO-TEMIIEpaTypHi BIAaCTHBOCTI HAQTOBHUX Ta HOJIIIIKOIEBUX OJMB Ta KOMITO3MLIN Ha iX
OCcHOBI. Jlocmi/pkeHl MacTwia Ul €TWICHOBHX KOMIIPECOPIB BHCOKOIO THCKY OLIHIOIOTBHCS 33 CKIIaJHUM
KpUTEpieM, 10 BKIIIOYAE CIIIBBIIHOMIECHHS BSI3KOCTEH OJNMB 3a JIBOX TEMIEPaTyp; BiHOCHHMII 1 iHTepBaNbHUI
TeMIepaTypHuil KoedillieHTH B'I3KOCTi Ta TpH KOS(]ILliEHTH aJIeKBaTHOrO PIBHSAHHS AalpoOKCHMALLl
3aJIeXKHOCTI Jiorapu(My B'SI3KOCTI Bijx Jiorapupmy TemnepaTypu. KomIuiekcHa omiHKa J03BOJHJIA CKJIACTH
psiau e(heKTUBHOCTI OJUB.

KnrouoBi cioBa: MacTwiio, eTWIEHOBI KOMIIPECOpH, BIJHOCHMH TeMIepaTypHHil KoedilieHT,
IHTepBAIBHUN TeMIIepaTypHUil KoediLieHT, Jorapudm B’ I3KOCTI.
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Beryn

CoHsiYHA €Hepris BIJHOCHTHCS IO BiIHOBIIOBAaHHX
JDKepel eHepril, sKi € Oe3KOIITOBHUMH Ta JOCTYITHUMHU
MpOTSAroM Iiiyioro poky. Ciil po3pi3HSITH €Heprito, sSKy
MOXKHa OTpHMAaTH 4epe3 COHSYHE BHUIIPOMIHIOBAHHS Ta
COHSIYHE TeIIo.

[Ilogo CHeKTpy COHSYHOrO BHUIPOMIHIOBAHHS, TO
CBOTOIHI ISl €Hepris e(pEeKTUBHO IEPEeTBOPIOETHCS Y
EJNEKTPUUHY yepes (hoTOoeTIeKTPUYHI TaHei
(MOHOKpHCTATIYHI, TMONIKPUCTATIYHI YH  IUTIBKOBI).
OpHuM 13 BapiaHTIiB MNPUCTPOIB, SIKI HAaKOMUYYIOTh
TEIUIOBY COHSYHY CHEPIil0 € COHSYHI KOJICKTOPH, SKi
3aCTOCOBYIOTb JUIsl OTAJIEHHS IPOMHCIOBHX 1 TOOYTOBHX
NPUMIIEHb, Taps4oro BOJONOCTaYaHHS BHPOOHHYIHMX
MPOLIECiB, MOOYTOBHX MOTPEO.

[omo 3acTocyBaHHS TEPMOCIEKTPUYHOTO e(EeKTy
JUIA TeHepyBaHHS enexTpoeHeprii (edekr 3eebeka), TO
BXJIUBUM € Te, WI0 BIH Mae wMicue 5K s
BiTHOBJIOBAIGHUX  JDKepen — eHeprii, Tak 1 Juis
HEBiJHOBNMIOBaNbHUX [1]. Y mepuiomy BHIamky sk
JDKEpENIo TeIla MO)KHA BHUKOPHCTOBYBATH, HAINPUKIIAJ,
npsiMe  COHsiuHEe Teruio. KOHIEHTpYBaHHS COHSYHOI
eHeprii (BUKOPUCTaHHSI CIIEHiaIbHUX OBEPXOHb, CHCTEM
JIH3, JA3epKai) mo3Boisie CyrreBo miaBuimuth  KKJI
KIiHIIEBOI'0 TeHEpaTopa.

TepmoenekTpuyHuM edekTaM IMPUCBSUEHO OaraTo
myosikamid. OCHOBHUM NHTAaHHSM, SIKE Hapasi CTOITh
nepes  TEPMOEJEKTPHUYHUM  MaTepiaio3HaBCTBOM, €
MOKPAIIEHHs] BJIACTUBOCTEH Ta 3MEHIIEHHS BapTOCTI
CydacHMX  TepMoeJeKTpuyHuX  MmarepiamiB. omo
MOKPAIeHHsT BJIACTHBOCTEH, TO TYT MOXJIMBI Ppi3HI
LUISIXH: CTBOpPEHHS 0araTOKOMIIOHEHTHHX 9K
KOMIIO3UTHHX Martepianmie [2-4] abo mepexim Bix
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00’ eMHHX MaTepialiB /10 HAHOCTPYKTYpHUX [5, 6].

ABTOpamu naHoi  poboru 3arpOIIOHOBAHO
KOHCTPYKTHBHE pIIIEHHS 3 METOI0 BUKOPHCTAaHHS
COHSIYHOTO KOJIEKTOpa JUTst HarpiBaHHs
TEPMOEJIEKTPUYHOIO MOAYJNISE Ta HACTYNHOI TeHepalii
enekrpoeHeprii. Taka  ycraHOBKa €  IOpIBHSIHO
HEBEJIUKOK, MOOUIBHOIO, Ta, IO HAHOIIBII BaXXJIUBO,
BOHA MOXE IPALIOBATH 11032 MEPEKEBUMH CHCTEMaMHU
€JIEKTPOIIOCTaYaHHS JUTst 3a0e31eueHHs
CIIEKTPOCHEPTIEI0 MaJHUX MPOMHUCIOBHX a00 MOOYTOBHX
motpeo.

Crnig 3a3HaYuTH, IO BXKE ChOrofHiI BapTicth 1 Br
BUPOOJIEHOT ~ TEPMOEJEKTPHYHOI  €Heprii  cKiajae
npubamsemMo 1 USD, mio cmiBMipHe 13 BapTicTiO
eNIEKTPOeHeprii,  TeHepoBaHOi  (OTOENEKTPHYHUMHU
nanensiMu [7,8]. Xoua TyT moTpibHO 3ayBaXKuTH, LIO 115
BapTICTh BpaxoBYe came reHepyBaHHS
TEpMOEJIEKTPUYHOI eHeprii Ta ii HaCTyIHY nepeaavy s
HaBaHTakeHHsS (0e3 BHKOPHUCTaHHS aKyMyJSTOPiB). A
SIKIIIO BPaxyBaTH, L0 JHKEPEJIOM TeIlia JUisi TeHepyBaHHsI
TEPMOEINIEKTPUKH €, B OCHOBHOMY, Bi/IpaliboBaHe TEIIO,
a0o0 TerIo COHILIS UM 3eMHUX HAJp, sKe € Oe3KOITOBHUM
ans mogedt, To Husbkuii  KKJI  mpomucioBux
TepmoenieMeHTiB (4-7%) He crae Ha 3aBaJi PO3BHUTKY
TEepMOENEKTPUKH. [lpudoMy, y cydacHUX TiOpUAHUX
CHUCTEMAaX BJA€ThCS JOCITHYTH JNocuTh BUCOKUX KKJI.
Tak, 11s1 KOMIJIEKCHOI CUCTEMU «COHSYHHM KOJEKTOp —
TePMOCTIEKTPHIHU I TeHEepaTop», aBTOPH [7
noBigomisirore po KKJI 23 %, a y [10] HaBith csarae
40 %.



CoHSIYHUM TepMOENEeKTPUUHHI reHepaTop

Puc. 1. ®ortorpadis COHAYHOTO TEPMOEIEKTPHYHOTO
reHepaTopa.

|. ExcrnepuMeHTa/JIbHA YCTAHOBKA

®DOTO KOHCTPYKIIi COHSYHOI'O TEPMOEIEKTPUIHOIO
redepatopa (CTET) naBeneno Ha puc. 1. Bin moenuye B

co0i BakyyMHHUH TEIUIOBHH COHSYHHUH KOJEKTOp 3
TepMmoenekTpudHuM reneparopom (TEIY), a Ttakox
COHSYHY IaHENb.

TecroBuii BapiaHT COHSAYHOI'O KOJIEKTOpa

CKJIaJIA€ThCSl 3 YOTUPHOX BAKYYMHHX TPYOOK JiaMeTpom
58 mm i gosxunoro 500 MM (puc. 1). 3ibpane Termio
4yepe3 TEIIOBY TpYOKy NepenaeThcs KOHAEHCATOpY OO0
SIKOTO TIPHEHAHA KOHCTPYKIS 13 MPUBApEHO0 MiJIHOIO
IUIACTUHOIO  JUII  PO3MIIIEHHS  TEPMOEIEKTPHYHOTO
Momyas. Jlnsd BimBemeHHs Tea Bix  “XOMomHOL”
TIOBEpPXHi TEPMOEJIEKTPUIHOT O MOJTYJISE
BHKOPHCTOBYETHCS pamiaTop 3 BEHTWIATOpOM (pHC. 2).
Bci  TepmoiHTepdeiicn  HaHeceHI  TEIUIONPOBiTHOIO
nacroro KIIT-8.

l

Puc. 2. ®oto po3MileHHsI TEPMOETEKTPHYHOTO MOIYJIS
Ha KOHJICHCATOpi BAaKyyMHOT'O KOJIEKTOPA.
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1. TepmoesiekTpuuni Moxy.i

KoHcTpyKTHBHO TEPMOEIEKTPUIHHH MOJIYJb
BUTOTOBJISIIOTH Y BHIVISII MaTpPUIll TEPMOEIEMEHTIB p- 1
N-TUpY sKi 3’emHaHi mochigoBHO. [Ins 3abe3redeHHsS
€JIEKTPUYHOTO KOHTAKTY BUKOPHCTAHO Mi/IHI IUIACTHHH,
SKi TPUMAIOITh 10 TEePMOEIEeMeHTIB. 3 000X CTOpiH
MOJYJIb 3aXHIIEHO TEILIONPOBIIHOI KEPaMiKOF0.

HamiBIpoBiTHUKOBI €IEMEHTH TepMOETEKTPHIHIX
MO/IYJIiB OTPUMYBAJIM METO/IOM XOJIOJJHOT'O MPECYBaHHS 3
HacTynmHUM BianasoMm. [lopomok s KOMIaKTyBaHHS
PO3MENIOBAIM Y KYJIbOBOMY MJIMHI i3 TOHEPEIHBO
CHHTE30BaHHUX IOJIIKPUCTATIYHUX 3J7HUTKIB. CuHTE3
MPOBOJIMIIM Y BaKyyMOBaHHX KBapLOBUX aMmIyJax [0
samumkoBoro ticky 10 Tla.  Awmmynn  migmaBamm
JIeTANIbHIA OYHMCTI, SIKa BKIIOYAE MPOMUBAHHS Yy CyMilli
HNOs:HCl Ta 6Gararopa3oBe Mmo4yeproBe MHIPOMHBAHHSI
JIMCTHIIHOBAHOIO BOJIOIO 1 CITUPTOM, OCYLIEHHS B IeUi IPH
T = (420-470) K. Ilicnsg 1pOro aMImyid 3aBaHTKYBAIH
MOYMHAIOYM 3 HaHOUIBII JIETKOro KOMITOHeHTY. Jlis
CHHTE3Y BUKOPUCTAHO PEYOBHHU 3 BMICTOM OCHOBHOT'O
komroHeHTy 99,999%.

Jlins oTpuMaHHSI BITOK N-THITy BHKOPHUCTOBYBAJIHCh
MaTepiajJd Ha OCHOBI JIETOBAHOTO CYPMOIO ILTIOMOyM
TENypUIy, a JUIsl BITOK p-TUIy — MaTepiajd Ha OCHOBI
TBEpJAMX  PO3YHMHIB  IUIIOMOYM-CTaHyM  TEIypHUIY.
OnrtumanbHi po3Mipu (pakiiii 3HAXOAMINCH B Jiana3oHi
(50-500) MKkM, THCKH TpecyBaHHS (1-2) T'Tla,
TeMIepaTypd Biamany otpumanux Opukerie — (300-
500)°C.

OmuH  Moayns  MictuTh 16 TepMoOeneMeHTIB
niamerpoM 8 MM 1 BHCOTOIO S5MM NOMIIIEHUX Yy
KBaapaTtHy MaTpuiro 4x4. Po3Mipu MOmyns CKIIaIaroTh
45x45 mMm. ToBumIMHA MIiJZHMX KOMYTallifHUX IUIACTUH
0.3 MM, TOBIIMHA KepaMiku 1 MM.

[11.Baok kepyBaHHsA

Enextpuunuii 010K KepyBaHHSI CKOHCTpYHOBaHUI Ha
ocHOBI MikpokoHTpoiepa ATMegaSA. Bin 3abe3meuye
3apan BOYIOBaHOT'O aKyMyJssiTopa BiJl
TEPMOENIEKTPUUHHUX MOJIYIIiB i COHSIYHUX
(oToeneKkTpHUHUX naHesieH, podoty nBox USB Buxomis
(5B, 2A) mnsa 3apsmkaHHs MOOUTBHHX IPUCTPOIB YH
IHIIOTO ~ HaBaHTaXeHHSA. Ha  YOTHPHUPSIKOBOMY
PLAKOKpUCTANIYHOMY JIUCIUIET MOXKYTh OyTH BHBEACHI SIK
TeHepOBaHI TaK 1 CHOXKMBaHI MOTYXHOCTI, HaNpyTH,
CTPYM, a TaKOXX TeMIlepaTypH “XojaoaHoi" Ta “rapsdoi”
MIOBEPXOHb TEPMOEIIEKTPHYHUX MOIYJIIB.

Enextpnuna nmpuHUMIoBa cxema OJIOKY KepyBaHHS
HaBeJieHa Ha puc. 3. EnexTpuuHi Harmpyru BUMIipIOIOTHCS
3a JIONOMOro0 BOymoBaHOro B MikpokoHTponep 10-

OiTHOTO aHAJIOTO- IIU(PPOBOTO MIePETBOPIOBAYA.
JlxepenoM omopHoi Hanpyrum BuOpaHa TmpenusiiiHa
Mikpocxema LM4040C30. Crpymu  BHMIiprOBaIH

inTerpasnibHuMu  gatunkamu ACS712E. Temmepatypu
BUMIDIOBAIM 3a JOINOMOIOI0 JIBOX TepMomap Ta
inTerpansHoro nasada DS18B20. I'enepoBana eHeprist
BiJl OTOEIEKTPUYHUX MaHeNeH Ta YOTHPHOX MOCITOBHO
3'€IHAHUX TEPMOEJEKTpUYHUX MoayniB uepe3 DC-DC
MepEeTBOPIOBAY  BHUKOPUCTOBYETHCS UISL  3apsIKEHHS
BOYJIOBAaHOI'0 aKyMyJsaiTopa Ta podotu apox USB.
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Puc. 3. EnekrpruyHa NpUHIMIIOBA cXeMa OJIOKY KepyBaHHSI.

BHUXOMiB. [Ipy HEOOXiTHOCTI IS MiATPUMAHHS CTaJOro
rpaji€eHTa TEMIICPATypH Ha TEPMOCICKTPHYHHUX MOIYJIAX
KOHTpPOJIEp MOXXKE€  BMHKATH  BCHTWIATOPH  JUIS
MOKpAIICHHS BiIBEACHHS TeIUla BIJ pamiaToOpiB Ha
“xonogHuX" TOBEPXHSIX

V. ExcniepuMeHTAJIbHI pe3yibTaTH

y Tabmn. 1 HaBEJICHO TEPMOEIEKTPUYHI
XapaKTePUCTUKK KOMITAKTOBAHHX TEPMOECIEMEHTIB.
Mogens  (GOTOCNEKTPUYHOI  KOMIpKU MOXKHA

300pa3uTH y BHIJISNI CXEeMH, HaBeieHoi Ha puc. 4, a.
BoHna mictuth mxepeno crpymy, aiox, ornopu Rp Ta Rs.
®doToeneKTprYHa KOMIpKa 3aMHKae KOJO dYepe3 Jion
(akm0 KOO pO3IMKHYyTE), 1 Yepe3  3OBHIIIHE
HaBaHTaXeHHS (3aMKHyTe Kojo). Benuuuna omopy
pesucropa Rp € BUCOKMM, a omip pe3ucropa Rs, HaBmakw,
JIy’)K€ HU3bKU.

Ta6auusa 1
3HaueHHS TEPMOENEKTPUYHHX MapaMeTpiB (KoedimieHT
3eebeka S, mMUTOMA €IEKTPONPOBINHICTD S, KoedillieHT

TEIUTONPOBITHOCTI K, TepMOeIeKTpruyHa MOTYXHICTh ZT)
OTPUMAaHUX TEPMOEJIEMEHTIB.

Tun S s K,
Marepian npo-cti | MkB/K [Om™ ,CM_l BTIQ()CM Al
PbTe(Sh) n 250 250 0,01 0,8
PbSnTe p 90 350 0,005 | 0,3
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MakcumaipHy MOTYXKHICTh MOYKHA OTPUMATH, SIKIIO
orrip T AKITIOYEHOT 0 HaBaHTAKEHHS JIOPIBHIOE
BHYTPIIIHEOMY ONIOPY (DOTOENEKTPUIHOT KOMIPKH.

Mopenb €JIeKTpUYHOI CXEMU TEPMOEIEKTPUIHOIO
MOJyIst 300pakeHo Ha puc. 4, 6. Lls Monens cxoxa 10
MOJIETI HaBEIEHOI BHIIE CXEMH EJIEKTPUYHOI KoJa
(oTOENEeKTpUYHOI MaHedi. 3pOCTaHHS EJNEeKTPHUYHOTO
CTPYMY BHUKIIMKAE PICT OTYKHOCTI, SIKa BUTPA4a€ThCS HA
BHYTpIIHBOMY  omopi.  SIKmo MiX  IOBEpPXHAMHU
TEPMOEJIEKTPUYHOTO MOJAYJSL  CTBOPIOETHCS — PI3HHLIS
TEMIIEpaTyp TO EJEKTPUYHHN CTPYyM IIPOXOIUTH 4epe3

HaBaHTaXEHHS 1 (IKCyeTbcss TEBHa  EIEKTpUYHA
MOTYXKHICTb [1].
R.
A &= ‘

. - = Y

| ®

a)
Puc. 4. ExBiBanieHTHA eJIeKTpUIHa cxema

(hoTOETEKTPHYHOT KOMIpKH (8) Ta TEPMOEIEKTPHIHOTO
Moy (0).

Hampyra posiMkHyTOro Kona, sky (ikCyloTh Ha
TEPMOCTICKTPUYHOMY MOJIYJIi, BapilOEThCS MapadOIidHO
3aJIe)KHO BiJl PI3HUII TEMIlEpaTyp MiX IIOBEPXHIMHU
(AT =Ty - To). MakcuManabHa ~— TOTYXXHICTH — JJIA
TEPMOEJIEKTPUYHOT0 MOJYJISI CIIOCTEPITaTHMEThCS, KOJIH
orip i € THAHOT'O HaBaHTa)KEHHS JTOPIBHIOE
BHYTPILIIHFOMY OIOPY TEPMOCICKTPUYHOTO MOmyJs /
reHeparopa.

ExcniepumenTanbHi

BI/IMipIOBaHHH BUKOHYBAJIUCA




CoHSIYHUM TepMOENEeKTPUUHHI reHepaTop

IpU TeMIlepaTypl HaBKoIMIIHBOrO cepenoBumma 25°C.
I'ycTiHA MOTOKY COHSYHOTO BHIIPOMIHIOBAHHS CKJIaJalia
2 kBr/mM°. MakcHMalbHa MOTYXHICTb (POTOCTEKTPHIHOT
maHenmi npuOmu3HO cknana  6,3Bt, mnpum  omopi
HaBaHTaxeHHs 5 OM, 3HAa4YeHHs CTPyMy 1 BHMIpSHOI
HANpYT¥ NpH IBOMY TOpiBHIOBaNH, BianosigHo, 1,1 A i
55B.

Buwmipsina pi3HHLA TeMuepaTyp Ha
TEPMOENIEKTPUYHUX MOAYJsX JopiBHIoBana AT = Ty - Te
=115°C—-40°C=75°C.

BimnosiaHo, 3adikcoBaHa TepMOEJIeKTpUYHA
MOTY)KHICTh ~ TEPMOCJICKTPUYHOTO TeHeparopa Oyna
0,5Br.

BucHoBku

1. Po3po0sieHO KOHCTPYKIIIO CHUCTEMH MPSMOTO
MEPETBOPEHHSI COHAYHOI TEIUIOBOI eHeprii (Ha OCHOBI
COHSIYHOI'O KOJIEKTOpA) B EJIEKTPUYHY CHEprilo dvepes
BUKOPHCTAHHSI TEPMOEIIEKTPUYHOI'0 TeHepaTopa.

2. OrpumaHno eQeKTUBHI TEPMOEIEKTPUYHI
Matepiajgu N- i p-TUIy NPOBITHOCTI JUISi BUKOPUCTAHHS
B SIKOCTi COHSIYHOT'O TEPMOEJIEKTPUYHOI'0 TeHepaTopa.

3. Po3pobiieHo ©OJ0OK BUMIpPIOBAaHHS BUXIIHUX
mapaMerpiB Ta aBTOMATH30BAHOTO KEPYBAHHS COHSYHUM
TEPMOCIIEKTPHIHUM T'€HEPATOPOM.

Ilpoxonie B.B. — xaunupat (i3MKO-MaTeMaTHYHUX HAYK,
npodecop, 3aBimyBau kadeapu ¢isuku i Ximil TBEpIOro
TiNa;

Huxkupyit JI1.I. — xauqunat ¢i3uko-MaTeMaTHYHUX Hayk,
JIOLIEHT, Ipodhecop;

Bosuak O.M. — xauqunar (isuko-MaTeMaTHdHUX Hayk,
JIOLIEHT;

/I3ynoza B.C. — xaununar (izuKo-MaTeMaTHYHUX HAyK,
CTapIINi HAYKOBUH CITIBPOOITHUK, JIOIICHT;

Topiuoxk I.B. — xaHgujgar XiMIYHMX HayK, CTapIIUi
HAyKOBHUH CHIBPOOITHHUK, TOKTOPAHT;

Asopcokuit A1.C. — xanaupat Qi3UKO-MaTEMaTUIHHX
HayK, 3aB. JaOopatopismMu kadeapu ¢izuku 1 Ximii
TBEPJOro Tiia,

Mamkiecokuii O.M. — actiipanT xadenpu Gi3uky i ximii
TBEpJOro Tiia,

Mazyp T.M. — acmipant kadeapu ¢i3ukud 1 Ximil
TBEpJOro Tia.
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I ntr oduction

Liquid crystals (LC) are matter in a state which has
properties between those of conventional liquidsand
those of solid crystals. For ingtance, aliquid crystal may
flow like a liquid, but its molecules may be oriented in a
crystal-like way. There are many different types of
liquid-crystal phases, which can be distinguished by their
different optical properties (such as hirefringence). When
viewed under amicroscopeusing apolarized light
source, different liquid crystal phases will appear to have
distinct textures. The contrasting areas in the textures
correspond to domains whee the liquid-crystal
molecules are oriented in different directions. Within a
domain, however, the molecules are well ordered. LC
materials may not always be in a liquid-crystal phase
(just as water may turn into ice or steam).

Examples of liquid crystals can be found both in the
natural world and in technological applications. Most
contemporary dectronic  displaysuse liquid crystals.
Lyotropic liquid-crystalline phases are abundant in living
systems but can also be found in the mineral world. For
example, many proteins and cell membranes are liquid
crystals. Other well-known examples of liquid crystals
are solutions of soap and various related detergents, as
well asthe tobacco mosaic virus, and some clays.

|. FeaturesLC(Liquid crystals)

Liquid crystals - organic matter is that having basic
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properties of fluids - yield stress, retains a certain
orderliness in the relative position of molecules and
anisotropy of certain properties characteristic of crystals.
The main feature of a liquid crystal state of matter
molecules are expressed relative to the total directivity
axis. Due to the anisotropy of the LC (Liquid Crystals)
have interesting optical properties. Temperature interval
of existence liquid crystal phase may be several factors.
In the LC (Liquid Crystals) molecules are elongated,
most cigar shape is what it determined certain prevailing
orientation It is from the orientation of the molecules that
some physical properties of the LC (Liquid Crystals)
depend, in particular, the dielectric constant ¢ and the
refractive index n. [4].

Depending on the degree of ordering of molecules
digtinguish three types (mesophase) LC (Liquid
Crystals):

Smectic when molecules are placed in pairs, and
their longitudinal axes are parallel to each other;

Nematic, where the molecules are parallel to each
other, but offset aong their longitudinal axes to the far
distance, and layered structure is absent;

Holistic when repested structure of nematic
crystals, but the vector direction changesin a spiral that
is characterized by the quantum structure of LC (Liquid
Crystals).

Thus, the main property of LC (Liquid Crystals), due
towhich it is possible to use as a thermal eement for the
use of the potentiads of the LC (Liquid Crystals) elements
of the submicron structures of the HIC (High Integral
Circuits), is the ability to organize molecules in the
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externa eectric circle and to change the polarization and
the phase of passing light. The main eectro-optical
effects in the LC (Liquid Crystals) are the dynamic
scattering of light and the controlled rotation of the
polarization plane in the twisted structure as a twist-
effect. The most used in practice is the LC (Liquid
Crystals) of a large type. In reproduction devices of the
nematic type, which use dynamic scattering of light in
the LC (Liquid Crystals), in the absence of an electric
field is transparent, that is, it completely passes the
incident light without dissipating it. In the case when the
regular LC (Liquid Crystals) deviceis constantly or low-
frequency voltage (tens of hertz) voltage, in the LC
(Liquid Crystals) there is an optoelectric effect of
dynamic scattering, in which the molecules are oriented
and their dipole moment behind the field. In such a gate,
LC (Liquid Crystals) becomes turbulent and non-
transparent  (diffusion-dispersed), gaining milk-white
parameter. For the realization of the optoe ectric effect of
dynamic scattering, the electric field strength in the LC
(Liquid Crystals) should be about 5 €V/cm. For example,
for a thickness of LC (Liquid Crystals) 12 mm, it is
necessary to apply avoltage of 5 - 50 V. The speed of the
LC (Liquid Crystals) cell depends on the chemical
composition of the LC (Liquid Crystals) the intensity of
the additives that reduce visibility (because the cholestic
additive in the LC (Liquid Crystals) nematic type reduces
the time of triggering), temperature, amplitude and
frequency of control voltage. The second feature of the
nematic LC (Liquid Crystals) is the orientation of their
molecules in paralle to the microchannel on the surface
of the conductive coating applied to the circuit and
another substrate [1].

If the strong substrates of the LC cdl turn one
relative to the other on 7T/Z, then in the LC the
orientation of its molecules gradually changes from one
plate to the other. Indirect polarization of light during its
passage through a thin device of the LC also changes
with the screw-like structure of the LC (Liquid Crystals)
molecules by on 7/,. And when applied to the electric
field, the molecules of the LC (Liquid Crystals) will be
calculated as a screw, the so caled twist-effect and
oriented in the direction of its vector of tension (Figure
1,a). Figure 1b illustrates the mechanism of a twist-
effect in anematic LC (Liquid Crystals) and the presence
of an eectric field. The molecules of the LC (Liquid
Crystals) have a certain dipole moment. As aresult of the
interaction of electric fieldsin a dipole, a spira structure
is formed from molecules of a liquid crystalline
substance (nematic). The layers of the orienting moments
on the upper and lower substrates, in conjunction with
the dipole structure of the LC (Liquid Crystals), in the
absence of an eectric field, provide the formation of a
plane of polarization of the light flux on ”/2. As can be
seen from Figure 1b, the light signal flow disappeared
through the upper polarized filter (polarizer) [4].

At the same time, haf of the light flux, which does
not have azimutha polarization, is lost. In the remnants
of parts of aready polarized light that passes through the
layer of liquid crystal material, the polarization plane
returns to 7T/Z. As a result, the orientation of the
polarization planes of the lower filter and the flow will
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pass through it virtually without loss. If the LC (Liquid
Crystals) is placed in an dectric field, applying the
voltage to the addressing e ectrodes as shown in Figure
16 b), because the spiral molecular structure in it will
collapse. Then, through the liquid crystal material, the
light flux will no longer change the plane of polarization
and is amost completely absorbed by the lower polarized
filter. The threshold voltage at which the light
trangmittance begins to decrease is about U, = 1,6 —
1,8V. Accordingly, LC (Liquid Crystals)(nematic) has
two optical states: transparent and non-transparent. And
the ratio of passage processes in both states determines
the contrast of the image. At parallel axes of polarization
of films of polarizers there is already an inverse effect.
Thus, the LC (Liquid Crystals) cel is optically
represented by an dectric filter (other than an eectron-
optical modulator) and needs an external illumination.[4]

(ch grad

60

par g

30

) 2 4 6 8 U.B
Fig. 1, a. The dependence of the angle of rotation of the
polarization plane on the voltage on the dectrodes of the

liquid crystal cell.

[I. Experiment technique

Measurement of eectrica potentials of sub-micron
structures of the HIC(High Integral Circuits).

Quantitative values of the dectrical potentials of the
HIC (High Integral Circuits) elements in the working
mode, aswell asin the actua contrast, can be determined
by the eectro-optical effect in the nematic LC (Liquid
Crystals), the properties of which were considered in
section 1. The dectro-optical effects in nematic liquid
crystals (LC) due to the interaction of the visco-elastic
forces, the orientation action of the substrate

light flux light flux

polarized filters

polarized filters

Fig. 1, b. lllustration explaining the mechanism of a
twist-effect in nematic LC (Liquid Crystals).



S.P. Novosyadlyj, R.V. lvasuyk, M.W. Kotyk

and the excited field, are the nature of the thresholds. For
typical NLC (Nematic Liguid Crystals), the threshold
voltage U,, isin interval 1-8 V and is determined by the
following formula:

_ 4R
— " |Tael

where R- is the twist-effect coefficient of elagticity, Ae —
isthe anisotropy of dielectric insensitivity.

The threshold or quantitative nature of the electron-
optical effect in the NLC (Nematic Liguid Crystals) can
be diagnosticaly used to determine the quantitative
characteristics and parameters of the HIC (High Integral
Circuits)structure, including semiconductor devices in
the industry for schematic andysis, and for ther
electrophysical diagnostics of reliability. The most
important is the use of NLC (Nematic Liguid Crystals)
to determine the quantitative characteristics of the
voltage of significant electrical potentias (apparently
phonograms) on the elements and nodes of the operating
HIC (High Integral Circuits)structures (especially sub-
microns) when modeding their parameters. Already
within the framework of the test control, attempts were
made to use dectro-optical effects in the NLC(Nematic
Liquid Crystals) to obtain not only a qualitative picture
of the distribution of electrical potentias, like the voltage
contrast, but also for their quantitative values of the
signal ADS (Automated Design System). For example, if
on the surface of the crystal structures of the HIC (High
Integral Circuits) to apply an oriented layer of LC
(Liquid Crystals), and then apply the voltage to the
structure of the HIC (High Integral Circuits), then under
the action of the surface electric field in the layer of the
LC (Liquid Crystals) will disappear changesin the initia
orientation and hirefringence, which can aready be
observed in the polarized light of the microscope. By
comparing the visual images of the reorientation of the
LC (Liquid Crystals) to the research and the reference
test structure, one can promptly analyze the electrical
modes of the HIC (High Integral Circuits) structure and
obtain information on the causes of its defect. However,
this method did not allow determining the quantitative
values of electrical potentials of HIC (High Integra
Circuits) lements and nodes.

The magnitude of potential structures on the surface
of HIC (High Integra Circuits) can be judged from the
brightness of light cast LC (Liquid Crystals) layer over
remote regions of topological scheme. However, this
method only determined electric potentials on areas HIC
(High Integral Circuits) structure over which is the
reorientation of the NLC (Nematic Liguid Crystals)
under its own electric field over the surface included in
the power mode crystal structure HIC (High Integral
Circuits) , while it is necessary that the electric field of
the specified regions reached a certain value. If its value
isless than this value, then the electrical potentials do not
appear. This method is quite labor-intensive in the field
of optical information and does not provide the necessary
accuracy of their fixation.

This measurement option is also possible [5]. On the
surface of the investigation of the HIC structures, an
oriented NLC (Nematic Liguid Crystals) - layer applied
by a plate with a transparent conductive layer

Un
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In,0; Ta 6Sn0, is drawn to the NLC (Nematic Liguid
Crystals). When the HIC (High Integral Circuits) circuit
isreleased to the operating mode, a test voltage is applied
to a transparent conductive layer with a strong substrate.
In this case, over certain regions of the structure of the
HIC (High Integral Circuits) in the NLC (Nematic Liguid
Crystals) arise under the action of the electric field of
birefringence, which in polarized light manifests itself in
the form of an optical topological pattern, that is, they
determine the regions of circuits with the same potential -
that is, to fix the logical image - the state of the scheme.
However, this method can be not accurately determine
the values of potentials (complex amplitudes), whose
values are particularly important for signal ADS
(Automated Design System). For the determined
guantitative values of the electric potentials of the cast
elements and the topological areas of the WSI structures,
the voltage filtrate (potential) is transmitted over the
transparent conductive layer of the substrate at the
moment of reorientation of the NLC (Nematic Liguid
Crystals) over the anadytical region of the HIC (High
Integral Circuits) topological circuit [4].

The reorientation of the NLC (Nematic Liguid
Crystals) takes place more when the primary voltage is
reached between the transparent electrode and the
exploration region of the topological circuit of the value
of the reorientation threshold U,,. In other words, if ¢, iS
the potential on the nominal area of the topological
circuit, and ¢, - potential in the transparent emerald, then
the reorientation proceeds under the condition
On— QO = U, O @ — @, =@, At the start of the
reorientation process, ¢, = ¢, — U,,. For a given type of
NLC (Nematic Liguid Crystals) thereis aways a known
threshold voltage U,. In the case of fixed ¢, (at the
moment of reorientation) in place ¢, = ¢, — U,,.

The scheme of implementation of the proposed
method is shown in Figure 2, a

Thus, the fixation of the value of the monotonically
changing voltage over a transparent eectrodes e ectrode
at the moment of reorientation of the NLC (Nematic
Liguid Crystals)over the topological domain of the HIC
structure (node elements) allows us to use the universal

— |
data processing

p photodetector
unit

generator |

contact device |

test block

Fig. 2, a. Scheme for measuring el ectrical potentials.
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a) b)

Fig. 2, b. The capacitance measurement diagrams (¢)
on the transparent eectrode (continuous line), the
difference ¢, — ¢, (dotted line) and the brightness
for |Uy| > @y, a) |Usl < g, b) for ¢,>0 and
U 11>l ©) [UlI<lo, for ¢, <O.

value of the threshold voltage U,, of the NLC (Nematic
Liguid Crystals) reorientation to determine the complex
amplitude (phase) potential in any area of the HIC (High
Integral Circuits circuit.[5]

The sructure of the HIC (High Integra Circuits) is
installed in the contact device - the probe table. On its
surface is applied a layer of oriented, for example, with
crossed paperweights trandates into reflected polarized
light. Using the test block, a given power supply mode of
the HIC (High Integra Circuits)structure is given, which
determines the qualitative and quantitative distribution of
electrical potentials on the crystal surface of the HIC
(High Integra Circuits)structure. And the generator
supplies a periodic signal to the transparent conducting
electrode, for example atriangular shape.

The corresponding voltage change diagrams in time
7, s&t on the transparent eectrodelectrodide potentia
@, the difference (¢,, — ¢, )and brightness are shown in
Figure 2, b. Potentidls ¢,, on a trangparent conductive
electrode, which attained a reorientation of the NLC
(Nematic Liguid Crystals) in the diagrams in Figure 2b,
marked, respectively, ;- the potential for initiation of
the reorientation of the NLC (Nematic Liguid Crystals)
with positive potential on atransparent electrode and ¢;, -
with a negative one. The potentia on the investigated
element (nodes) of the HIC (High Integra Circuits)
structure is defined as follows. @, = @ — U, ; ¢, =
®q = Ug;

In this case, if ¢,is defined in the region of positive
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values of the ¢,, diagram, then use U,, with a "+" sign,
and if in the field negative values ¢, dways satisfy
condition: ¢, > 0, if lo;| <lpF| adif |p;]> .
For example, let the NLC (Nematic Liguid Crystals)
reorientation U, =% 4.5B, and the measured potential of
the beginning of the reorientation of the NLC (Nematic
Liguid Crystals) in the region of positive values ¢;=6B ,
and in the region of the discrete values of ¢,,= -3B then
P =¢n —U, =6-45=15, if ¢, = ¢, - U,
—3—(-45)=15B.

At the moment, which corresponds to the beginning
of the reorientation of the HIC (High Integral Circuits),
the brightness of the reflected NLC layer of light
changes. The fixation of the moment of reorientation of
the NLC is carried out with the help of a photodetector.
Then the electrical signal from the photodetector is
transmitted to the data processing base. Here also comes
the dectric signa from the generator. The data
processing base requires a differentiating link, a
comparison scheme, a memory register, and a schema of
outputting data on the display board. In the reorientation
of the NLC in the photodetector there is a step of the
current, which also plays the role of the sync pulse for
registering data in the memory register of the data
processing unit. At the same time, the value of ¢, ,
corresponding to the moment of reorientation, is
memorized in the memory register. Using different
methods and comparison schemes, define the module and
the sign ¢, obtained as a biasing (left or right) of the
value ¢, and the value U,,, which is entered into the
processing unit as a constant value. The scheme of
outputting the data of the formulas of the signal on the
display board, which illuminates the sign and the
magnitude of the potential of the analyzing area of the
element or the input structure of the HIC (High Integral
Circuits).[2].

As shown in the diagrams (Figure 2, b), the sign of
the determined value ¢, of the analyzing region of the
region of the topological structure of the HIC can be
compared with the duration and sequence of the pul ses of
light in the process of changing the value of ¢,. If a
first (with ¢, > 0), then a shorter pulse of light shines
than the next (¢,, < 0), then ¢_k> 0. If a first (¢, > 0)
there passes alonger pulse of luminescence than the next
with (¢, < 0), then we obtain ¢, < 0.

The received diagrammatic picture of the distribution
of electric potentials on the topological structure of the
HIC allows to analyze areas with abnorma potentials, to
conduct an anaysis and to find out the reasons for their
occurrence.

Determination and analysis of the distribution of
electrical potentials of the investigated structures HIC
(High Integral Circuits)dlows to develop technica
recommendations for the improvement of the scheme of
technical, technological, topological or functional
solutions in the design of structures HIC (High Integral
Circuits), as wel as in the process of their seria
production in order to increase the availability of suitable
and reliability diagnogtics.

Threshold nature of the reorientation of the NLC
allows to determine also the quantitative characteristics
of the electrical properties of semiconductor structures
HIC (High Integral Circuits). The local significance of
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resigtivity and conductivity of different functiona layers,
the magnitude of current losses due to the didlectric
isolation of the pockets, the dectrical properties of
didlectrics and the magnitude of the current losses
through them, the threshold stresses of parasitic
transigtors (acts as a test method in technological ADS
(Automated Design System)). The quantitative value of
the conductivity of the specific resistance of the screw
didectric and the currents of loss through it in the
semiconductor structures HIC (High Integral Circuits) is
determined with the help of existing eectrophysical
control. The plate from the gate insulator, in which the
aluminum alloying sites are applied to the entire width,
areingtalled in the NLC-cassette. A transparent electrode
is monotonoudy fed by a growing voltage, and its value
is fixed, at which a reorientation of the NLC (Nematic
Liguid Crystals)begins to occur, observing us with
aluminum vessdls.

If the reorientation is achieved at a potentia
difference between the plate and the transparent electrode
(TE), which is equal to the pow voltage, because such
areas become frozen on the substrate. If this voltage U is
greater than the threshold U, then U — U,-voltage is
applied to the didlectric, and its value expresses the
degree of current losses through the diameters with an

area equal to the aluminum. (from the relation Cil}

n

, Where p;6,- is the characteristic impedance and

Pdsy
PpkSpk
dielectric thickness, p,,; &, is the specific resistance and
the thickness of the LCD layer), the following conclusion
can be made.

Since the value 68,0,, 8,k is Most often seen from
the technology and can be measured, it is easy to
determine p under auminum metalization here. The
aggregate of such datain all duminum plates on the plate
substrate gives a picture of the distribution p, in the area
of the plate. The loss current through the closure
didlectric when the NLC reorientates over the aluminum

plate is determined by the formula I, InSal \yhere

Ppk5pk

S, 1S the area of the aluminum plate. That is, you can
locally determine any eectrophysical parameters of test
control.

I11.Results and their discussion

Use of NLC to remove the temperature field of HIC
crystal structures.

The most frequent types of refusals HIC (High
Integral Circuits) are characterized by the release of heat
in the local areas of their structure. Therefore, the study
of the temperature fields of the WSI structure allows
qualitative detection of the defect and e ectrophysical
diagnostics.

There are several ways to register atemperature field
HIC (High Integral Circuits). The most common method
is to obtain a thermo-dependent color picture of the
liquid crystal phase in cholesteric LC, and in infrared
radiometry. However, the resolution of these methods is
not sufficient to study defects in modern low-power and
with a large degree of integration HIC (High Integrd
Circuits). It is precisdy the method based on the phase

380

transition in nematic liquid crystals (NLC) that alows for
a high separation and sendtivity than infrared radiometry
and the method of CRC. This is due to the fact that the
temperature difference of the phase transition in the NLC
is very small (0.01 °) and is clearly fixed with a
microscope, complete with polarizers It is the NLC
characterized by birefringence and, therefore, in the
crossed polaroid film NLC, which is applied to the
surface of the structure HIC (High Integra Circuits)looks
likeabright field.

If the temperature of the surface of the structure
(which is formed by an external hesater) is raised, then in
local areas where it begins to exceed the value of the
phase transition of the NLC to an isotropic liquid, the
birefringence disappears and these places already ook
like black spots. At the edge of the black spot, the
temperature of the surface is equal to the temperature of
the phase transition. On this effect, the definition of the
temperature of the surface of the structure of the HIC
(High Integra Circuits) is based.

The method of forming a heat-resistant multilayer
metallization of the upper level of the wiring of
structures of highly integrated circuits, which includes
the formation of structures with profile levels in
interlayer metdlization using a photolithographic
process. [3]

In experiments, the structure is studied the HIC
(High Integral Circuits) is ingaled in contact devices -
cryostatin table. The overheating of the surface of the
WS structure to a temperature close to the temperature
of the mesophase of the NLC can be accomplished with
the help of an external heater indalled in the contact
device. As a heater, a tantalum thin film resistor may be
used on a sylindrica substrate. Thermostat alows to
remove maps of temperature distribution along the
surface of the structure | C | HIC The source of heat can
be diffusion resistors or transistors [4].

In Figure 3, a photo of atest structure with alayer of
NLC (Nematic Liguid Crystals) is presented. The dark
spot in the center of the resistor is the LC, which is
already in the isotropic phase.

Upon reaching the structure HIC (High Integral
Circuits) by the method of the NLC (Nematic Liguid

P . e -2

r -

Fig. 3. Test stack with alayer of LC.



Features Potential Measurementsin Submicron High Integral Circuits...

Crystals) probe is most often used by the eectric field
effect, based on the homogeneous orientation of NLC
molecules in the gap between the surface of the probe
and the surface of the structure HIC (High

Integral Circuits) when moving the microscope table,
the NLC(Nematic Liguid Crystals) layer, which isin the
gap between the lower surface and the surface of the
structure, is moved, and its orientation is practically
without delay in a certain place.[5]

For eectrophysical diagnostics by the NLC method,
a microscope MMU-11 "Epival" is used, with the NLC
probe prefixes that are similar in design. At the prefixes
to microscopes MMU-11 and "Epival" the corresponding
design documentation was developed 920.E2.00s and
920. E1 00sh. Formed NLC probes used to diagnose
gtructures | C | HIC, include the following submicron
technology ADS (Automated Design System):

- determination of the quality of the passive layer of
the or AL, O;0ver the metallized layers;

- control of eectric contact of contact pads in a
crystal;

- control of the eectrical contact of metallized
crystals with the topological links of the contact pads of
the crystal;

- determination of quantitative values of electrical
potentials of elements and nodes on the surface of the
ADS (Automated Design System ) structure.

- control and diagnostics of the quality of the
insulated, between the ball, under the shutter and the thin
oxide and the opening of the metal windows;

- contral of the digtribution of the temperature field
on the vertices of structures;

- quality control of pocket insulation and insulating
oxidative HIC on the basis oftructures;

- evauation of the thickness of the didectric layer
on the conductive substrate;

- quality control between layer insulator .

- control and diagnostics for a closure dielectric in

High Integra Circuits with pol ypropylene shutter;

- formation of test cells for arbostat-table of probe
measurements.

Used in NLC probe prefixes to microscope MM U-
11, variable probes, which are cylinders with a surface
coated with a transparent conductive film SaO_2, have a
diameter of 0.5-1.5 and a length of 2 and 3 mm. NLC
probe prefabricated to the microscopes are convenient for
operation, tuning, reliably provide contact with
eectrically controlled transparent electrode and
completely eliminate the possibility of destruction of the
wire leads of the crystal and their shortening to the
probes, that is, the NLC prefix is universal for different
structures of ADS technol ogy.

Conclusions

1. Analyzed eectro effects in liquid crystals and
envisage their usein SAPR technology.

2. The method of measuring the electrical potential
on the surface structure of the LC (Liquid Crystals) using
electro twist effect in NLC (Nematic Liguid Crystals)

3. Method of removing exhaust temperature field on
the surface of the transparent structure LC to determine
the areas of local warming.

4. Developed attachment to microscopes MMU-11
and «Epival» for e ectrodiagnostics using NLC probes.

5. Designed for ADS(Automated Design System)
technology methods  electrophysical  diagnostics
reliability of HIC(High Integral Circuits) structures by
NLC.
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dizuka i XiMis TOBEpPXHi,
HanocTpykTyps i HAHOTEXHOIIOT'i;
BumMiproBaHHs BIaCTUBOCTEH MaTepiaiB;
da30Bi niarpamMu piBHOBArHy;
I'ereporenHi cucreMu Ta MibkdasHi B3aEMOIT;
Komro3uTHi Ta KOHCTPYKIIiHI MaTepiaiu;
. Indopmarriitai Ta eeKTpOHHI TEXHOJIOTT;
10. dizuka i Texnika HBY.

ITpu mogadi cTaTTi 10 PO3MIIAAY HEOOXIAHO BKA3aTH HANPSIMOK, O SIKOTO BiTHOCHTBCSA CTATTS (3 BHIIE
nepepaxoBaHmX).

Bcei HaykoBi cTarTi, IO HAMIWOUIM A0 PEAAKIil, MiAIAraroTh OOOB'SI3KOBOMY PpEIIEH3YBaHHIO.
PerieH3yBaHHsI TPOBOANTRLCS aHOHIMHO (IeTalbHI YMOBH — Ha CaiTi XKypHAIY).

MNPABUJIA O®OPMJIEHHSI CTATTI
CrpykTypa mojaHoi cTaTTi 0hOpPMIISETHCS HACTYITHUM YHHOM.

1. Koau PACS a6o V/IK.

2. Tnimianu Ta npizeume (a) asropa (iB).

3. Ha3Ba crarri Mae OyTW JaKOHIUHOK 1 BiOOpa)kaTH CyTh CTaTTi, BII3HAYAETHCS HAIIBXHPHUM
mpudTom (16 kernp),y Ha3Bi CTATTI HE JOMYCKAETHCS 3AMUC CKOPOUCHD, HABITh 3aralbHONPUIHATHX.

4. YcraHoBa, ¢ BHKOHAHO poOOTy (MOBHA MOIITOBA ajpeca, aapeca EIeKTPOHHOI MomTh). SIKIo
KOJIEKTHB aBTOPIB BKJIIOUAE CITIBPOOITHUKIB PI3HUX YCTaHOB, TO CJIiJ] BKa3aTH MicIle pOOOTH Ta eNEeKTPOHHY
azipecy KOKHOT'O aBTOpA.

5. Anoranist: 06’em — 1o 200 cniB (Hamucana MoBoro cratTi). KitiouoBi ciioBa: iX KiTbKiCTh HE IIOBHHHA
MIEPEBUIIYBATH JECATH OJUHHUIIL. JlOMyCcKaeThCsl BUKOPUCTAHHS HEPO3IUTBHIX TEPMIHIB, IO CKIAJAIOTHCS 3
JIBOX-TPHOX CIIIB.

COoNOOR~WNE

Jlomawns cmopinka 6 mepeci Inmeprnem: http://www.pu.if.ualinst/phys che/start/pcss
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[Hdopmanis amst aBTOpiB

6. Tekcr crarri. [TociigoBHICTh MOAaYi MaTepiady y CTaTTi - BCTYII, TOJIOBHA 4YacTHHA (3 MOXKJIMBUAM
PO3OHMTTAM Ha PO3IITH 1 mMiapo3aian), BUCHOBOK. Habupatu mpudprom Times New Roman 10 kermem 3
OJIMHUYHUM MDKPSIKOBHM iHTepBaioM (BCi MoOJsi: 3BEpXy, 3HHU3Y, 37iBa i CpaBa — MO 2 CM). a TaKOX
3aronoBk migapo3ainiB (11 kernb). Tekct HaOMpaTH B OJHY KOJOHKY. BCi OMMHMIN BUMIpIOBaHHS MOBHHHI
Oytu y MikHapoaniit cucremi oguuuib (CI).

3aranpHuUil 00CAT CTATTi, BKIIOYAIOYM PHUCYHKH, TaONHIli, HE TIOBUHEH INEPEBUIIYBaTH 8 CTOPIHOK,
YKJIaJICHUX 3TiIHO BUMOTI XKypHay; 00CAT OrNIAIoBHX craTei — 10 25 ctop. TekeT craTTi mpuiMaeThes y
dopmati MS Word (*.rtf; *.doc; *.docx).

Pisnanns neobXxigHO mpyKyBatH y pemaktopi ¢opmyn MS Equation Editor. HeoOxiano maBaTth
BHU3HAYEHHS BEIMYMH, 1110 3 SIBJISIIOTHCS B TEKCTI BIIEpIIIE.

Tabruyi MOBWHHI OyTH BHKOHAHI HA OKPEMHUX CTOpPIHKax y TaOJIMYHHX pelakTopax. BukopucTaHHs
CHMBOJIIB TIceBIorpadiku Juist opopMIIEHHS TaOIUIb HE JO3BOJISIETHCS.

Pucynxu npuiimaroteest y popmarax: TIFF, GIF, BMP, JEPG. Po3wmip ¢aiiny kKoXHOro pucyHka He
moBuHeH mepepunryBatd 1 Mb. Bcei rpagiuni 300pakeHHs OXalOTHCS OKpeMHM (aifioM i3 3a3HaYeHHAM
MIJNKCY 10 PUCYHKA, IMIUPUHOIO 70 8 cM abo 10 16 cM kokeH. Daityiu 3 MaatoHKaMU HyMEPYIOTh 3TiIHO 3 iX
MOSIBOIO B TEKCT1 CTaTTi, Hanpukiaa, puc. 1. i T.n. ToBmmHa oci Ha rpadikax mopuHHa ckiazata 0,5 pt,
toBmpHa KpuBoi — 1,0 pt. PucyHku moBuHHI OyTH sIKiCHI, po3MipH MiANUCIB 10 ocei Ta mkamu — 10 pt npu
BKa3aHUX BHUIIIE pO3Mipax pUCYHKA.

Liiocmpayii npuiiMaroTbest 10 APYKY TUIbKM BHCOKOsiKicHI. [liamucw i cHMBONM TIOBUHHI OyTH
BJIPYKOBaHi.

7. Binomocti mpo aBTOpiB: Tpi3BHIIE, M s, T0-0aTHKOBI, HAYKOBUI CTYIiHb, BUCHE 3BaHHS, IMOCaa Ta
CNIEKTPOHHA aJipeca KOXKHOro 3 cmiBaBTopiB. CIifi BKazaTu ajpecy JUis JIMCTYBaHHS 3 BiANOBiTAIbHUM
aBTOPOM IOJIaHOi cTaTTi (0a)kaHO BKa3aTH MOOUTbHHI TeedoH).

8. [locunanus Ha JiTepaTypy: MOBHHHI HYMEPYBaTHCh MOCTIJOBHO Y MOPSAKY iX MOSBU B TEKCTi CTATTI.
JlirepaTypa MoBHHHA MMOJIABATHCh HA MOBI OPHUTIHAIY Ta TPAHCIITEPOBAHO JATHHUIICIO OKpEeMHUM (haiiioM.

J7ist mocuaHbh BUKOPUCTOBYIOTHCS HACTYITHI (pOPMATH:

Kuuru: Asrop(u) (inirianu, notim npi3uimia), Ha3sa kauru (BuaaBHUIITBO, MICTO, PiK BUJAHHS).

Ilpuknao:

[1]. B.K. Ridley, Quantum Processes in Semiconductors (Clarendon Press, Oxford, 1999).

Kypuamu: Aprop(u) (imiriamu, moriM mpi3Buina), Ha3zsa xypHany (BUKOPHUCTOBYIOTHCS aOpeBiaTypH
TUTBKY JJIsL BIIOMHX JKypHAJIiB), HOMEp TOMY (HOMEp BHITYCKY B JIyXKKax), HOMEp MOYaTKOBOI CTOPIHKH (pik
BUJIaHHS B y)KKaX).

Ilpuknao:

[2]. N. Blutzer, A.S. Jensen, Opt. Eng. 26(3), 241 (1987).

Marepianu koHdepenuiii: Aprop(u) (imirianu, mortim mpi3uima), Ha3a koH(epeHIii (BUIaBHHUIITBO,
MICTO, pPiK), HOMEp CTOPIHKH.

Ilpuknao:

[3]. L. Stanko, XIV International Conference on Physics and Technology of Thin Films and Nanostructures
(Vyshha shkola, Lviv, 2013), p. 120.

9. AHoTauisi aHTiiicbKO0 MOBOIO. B KiHIIi cTaTTi BKasaTH iHimiaau Ta npissuine (a) aBropa (iB), Ha3By
CTaTTi, YCTaHOBA, JI¢ BUKOHAHO POOOTY, a TAKOX aHOTAI[I0 3 KIIOYOBUMH CIIOBAMHU aHTIIIHCHKOIO MOBOIO
(mmst cTaTTi, 10 MOJAETHCS aHTIIICHKOI0 MOBOIO — HABE/IEHI JaHi BKa3aTH YKPaiHCHKOIO MOBOIO).

OcHOBHI KpHTepii KOCTI aHOTAIlii aHTTIHCHKOI0 MOBOIO JI0 YKPaiHOMOBHHUX CTaTeii:

1. TupopmatuBHEMH (HE MICTUTH 3aTrajlbHHUX CIIB).
2. OpurinanbHuME (He OyTH KaJIbKOIO yKpaiHOMOBHOI aHOTAIIIT).
3. 3micToBHMMHU (BiZoOpaXkaTh OCHOBHUM 3MICT CTATTI 1 pe3yJIbTaTH JOCITIKCHB).
4. CtpykTypoBaHi (CIiyBaTH JIOTII[ OIUCY PE3yJbTATIB Y CTATTI).
5. «AHTJIOMOBHUMU» (HAMHKCaHi SKICHO aHTIIHCHKOI MOBOIO).
6. Komnaktaumu (yxmagatucs B 00'eM Big 100 qo 250 ciiB).
10. 1o craTTi 10AaI0THCS:
1. Yrona mpo nepeaayy aBTOPChHKUX TIPaB.
2. Tlepenik MOXKIMBHX 2-X PELIEH3EHTIB, BKa3aBIIH IX EIEKTPOHHY aJpecy Ta 3aKiaj.

11. CraTTi MOAAIOTHCS JIMIIEC B ENEKTPOHHOMY BUTIISII €IEKTPOHHOIO IOINTOI0 HA aJpecy penakiii

xypuaiy " @izuka i ximis meepoozo mina’ journal.pcss@gmail.com ; fess@pu.if.ua.
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3amoBJsiiTe Ham xkypHaja Ha 2017 pik!

Jep:xaBHuii KoMiTeT 3B’ 13Ky Ta iHdopmaTu3anii Y kpainu

®. CII-1
ABOHEMEHT Ha 22938
JKypHa
» @i3mKa i ximia TBepgOro TiNA" (immexc BuaHHs)
(HaiiMeHYBaHHS BHIAHHS) | Kinbkictb
| KOMILJICKTIB
Ha200 pik mo Micamsax
[1 T2 3 [4 |5 6 [7 s [9 10 J1u1 J12
Kynu:
(mowrroBwii iHmeKc) (anpeca)
Komy:
(npisBuume, iHigianu)
B | wicne | minep TOCTABHA KAPTKA - JOPYYEHHS
Ha 22938
JKypHa
» @i3mKa i ximisa TBepOro TiNA" (innexc BuaHHs)
(HaiiMeHyBaHHS BHIAHHS)
. nepenIaTiH TPH.___KOIL. KinbkicTs
Bapricts .
nepeaapecyBaHHA ____TpH.___KOIL. KOMIIJIEKT1B
Ha200 pik mo Micamsax
[1 T2 3 [4 |5 6 [7 T8 [9 J10 JTu J1
Kynu:
MOITOBUI .
. micro/ceno
iHzIeKe
P— obJractb
paifon
BYJTHIIS
Oyx. KOPII. KB.

npizBume, iHinianm



IlepeBipTe npaBubHiCTH 0hopmiIeHHs nepeanIaTH!

Ha aGonemeHTi moBHHEH OYTH MPOCTAaBJIEHUH BIATUCK KACOBOI'0O arapara.

[Mpu odopmienni nepemmuiati (mepeaapecyBaHHs) 0e3 KacoBOrO amapara Ha
aOOHEMEHTI NPOCTaBJISETbCS BIATUCK KaJCHJIApHOTO IITEMIIENS BiJAUICHHS
3B's13Ky. Y LIbOMY pa3i MepeIuIaTHUKY BUJAE€TbCSI aOOHEMEHT 3 KBUTAHLIIEIO
PO OIUIaTy BapTOCTI MepearuiaTy (repeaapecyBaHHs;).

[lepenmiaTHUK 13 CIJJaYEHUX HUM KOWITIB 3a [Mepearsiary JAopydae
PoznoscropkyBauy cratuti Bunasiuioo cymy B po3mipi BUIaBHUYOI BapTOCTI
NepelIUlayeHoro  BUJAHHA HAa  yMoOBaX 1 B CTPOKH, BHU3HAYeHi
Po3snoBcropxyBaueM.

[nignuc nepenmuatauka ($hizuuHoi 0coOu a60 KepiBHUKA IOPUIMIHOI YCTAHOBH, 3aBipeHHi ne4aTko)/)
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