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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHBIX TpynoB «HaHocucremu, nanomarepiaau, HaHorexHoJorii» (HHH) ny6aukyer emé
Heony6JINKOBaHHbIE I HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUSA B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX U TEOPETUUECKUX UCCJIeLOBAHU B 00acT PUBUKY, XUMUY, TEXHUKU, METOA0B CUHTE3a, 00paboTKMI
¥ AUArHOCTUKYM HAaHOPa3MEPHBIX CHCTeM M HAHOMACIITAOHBIX MaTePHAJIOB: KJACTEPOB, HAHOYACTHII,
HAHOTPYOOK, HAHOKPUCTAJJIOB U HAHOCTPYKTYP (2IaTUTONOL00HBIX U AP. OUOCHCTEM, aMOP(MHBIX U KOJI-
JIONHBIX HAHOPa3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IIJIEHOK ¥ TOKPBITU, HAHOIIOPOIIIKOB U T.J.).

CraTby MyOJINKYIOTCA Ha OAHOM M3 [BYX A3BIKOB: aHIVIMICKOM MJIN YKPAUHCKOM.

CraTbu, B 0hOPMJIEHNY KOTOPBIX HE COOJIIOEHEI cieayolire npasuia qid mybaukamnuu 8 HHH, Bos-
BpaII[aloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHusa cuuTaeTca JeHb IOBTOPHOTO
IIPeJCTABJIEHUS CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHBIX HIUKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANIMCAHA BCEMU aBTOpPaMu (C yKa3aHueM MX aJPecoB JIEKTPOHHOM [10YThI);
ciaenyeT ykasaTh (paMuUINIO, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKknusa OyAeT BeCTU IEePENucKy, ero
TIOYTOBRIH azpec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM TOYTHI.

2. N3nokeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUpPOBaHHBIM (paszenamu «1. Beegenue», «2. Jkcue-
puMeHTasnbHasA/TeopeTnueckas MeTOguKa», «3. Pesysnbrarsl u ux obcyxaeHue», «4. BerBogsl», «Iluru-
POBaHHAsS JUTEPATYPa»), COKATHIM, 6e3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUN U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAaHHBIX TabJIUIl, PUCYHKOB U MOANNCEH K HUM. AHHOTAI[UsA U pasnes « BoIBOABI» HOKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIeLyeT IPUBOAUTDH B OOIIEIIPUHATHIX eUHUIIAX .

3. 06BéMm craThu noKeH ObITH He 60s1ee 5000 ci0B (¢ yIETOM OCHOBHOT'O TEKCTA, TaGJINI], IOLIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osee 22000 cioB u 60 pucyHkos), perratorcs peaxosurerneiit HHH Ha ocHOBaHMM mpeABapuUTEIHLHO
IpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PaGOTHI.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONNCH € MIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIN Ha Oymare ¢popmara A4 yepes JBOIHOI HHTEPBAJ B OAMH CTOJIOEI] C OLHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0A3aTeqbHO IpefocTaBidercs (1o e-mail miu Ha KOMIakT-gucKe) Gaila pyKomucu
craTbu, HaOpaHHBINA B TeKcTOBOM pegakrope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIei), Hanpumep, Smirnov.doc.

6. ITeuaTHBII BapUAHT PYKOIIUCHU U €€ 3JIeKTPOHHASA BEPCUS JOJIKHBI ObITh HACHTUYHBIMU U COJEPIKATH
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammoraummio (200—-250 cioB)
cratbu (BMecTe ¢ 5—6 KiaroueBbIMH cjoBaMu). TeKCTHI YKPAaUHOASBIYHBIX CTATell JOJKHBI TaKXKe COLep-
JKaTh 3aryiaBre CTaTby (BMeCTEe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupensyto anaoranuio (300—350 cioB), KIOUEBBIE CI0OBA, 3aTOJIOBKY TA0IUI] U TOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIKe. KpoMme TOro, cogepoxkaHusi aHHOTAIUM HA YKPAMHCKOM U aHIJIMMCKOM S3BIKAX
A OJIXKHBI 6]:1’1‘]: UOEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4€pPHO-0esIble WIN MOJYTOHOBbIE ¢ TPaJanueil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJIbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuUInu IepBoro aBropa. Bce puCyHKY JOJKHBI OBITH
JIOIIOJTHUTEJIBHO IIPEICTaBJIEHBI B BUle OTAENIbHBIX (haiioB (IIPeAIOUTUTENbHO B rpadudeckux ¢popmarax
TIFF, EPS nau JPEG) c HagBaHusAMu, cocToAuMy 13 ¢GaMuUIny IepBoTro aBTopa (JaTuHUIE) 1 HoMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo minrocrpaimii (B ToM Yucje IOJTYyTOHOBBIX) LOJIKHO
obecreunBaTh X BocupousBegenue ¢ paspemenrem 300—600 Touek Ha gr0iiM. [[OTOJIHUTEIBHO PUCYHKY
IIPeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hapnucu Ha pucyHKax (0COO€HHO Ha IOJYTOHOBBIX ) HaZI0 II0 BOBMOYKHOCTY 3aMEHUTb OYKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHBIMU HA KOHTPACTHOM (hOHE), a KpUBbIe 0003HAYMNTD I{H(PaMU UJIN PASIHNIHOIO
THUIA IUHUSMYU/MapKepaMu, PasbsACHAEMbIMY B IOAIUCAX K PUCYHKaM Wi B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOKHBI OBITH YEPHOIO I[BETa U JOCTATOYHBIX TOJIIIVH/PAa3MePOB IJiA KaueCTBEHHOTO
BOCIIPDOM3BEEHNUsI B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMmas IIMPUHA pucyHKa — 12,7 cm).
CHUMKHU JOJIKHBI OBITh Y6TKMMU U KOHTPACTHBIMUY, & HAANUCHU U 0003HAUEHUS JOJIKHBI HE 3aKDPHIBATH
CyII[eCTBEHHBIE AeTaky (s 4ero MOXKHO HCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMYEHUs [IPU CHEMKE JKeJIaTeJIbHO IPOCTAaBUThH MaciITad (Ha KOHTpacTHOM (oHe) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moAnucH K 0CsIM, BBIIOJHEHHbIE HA A3bIKE CTAThH, JOJDKHBI COJEDPIKATD
0603HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBA€MBIX BEeJIUUNH U Yepe3 3alsTYI0 UX eIUHUIILI U3MEPEHU .

9. ®opMmyasI B TEKCT HEOGXOJUMO BCTABIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosrocThIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Tak:ke TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOJKHBI UMETh CILJIOIIHYIO
HyMepaIuio 10 BCeil craTbe.

11. CeblKu Ha JUTEpAaTypPHBIE NCTOUHUKY CJIEAYET JaBaTh B BHUE IOPAAKOBOIO HOMEpPa, HaleyaTaH-
HOT'0 B CTPOKY B KBaApPaTHHIX CKOOKax. CIIMCOK JIUTEepaTyphbl COCTABIIAETCSA B IIOPSIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIOK IPUBEEHbI HIYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PANOK CJIeJOBAHWUA MHUIIMAJIOB U (PaMUINI aBTOPOB, 6ubarorpaduuecKuX CBEAEHUN U HA PasfeUTelb-
Hble 3HAKU, a TaKKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTHPOBAHHON paboTH U (B KOHIE
KasKI0i cchliku) eé nudposoro nuaentuduraropa DOI, ecsiz TakoBOII MMeeTCA Y COOTBETCTBYIOIEH Iy6-
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM IIPAKTHKH ITYBJIAKAIUIA
Penaxkuunonnas Kojierns cGOPHUKA HAYUYHBIX TPYAOB « Hanocucmemu, Hanomamepiaiu, HaHome-
XHOJ02Il» CJefyeT 9TUUEeCKUM HOPMAaM, IPUHATHIM MEXKIYHAPOAHBIM HAYYHBIM COOOIIECTBOM, U
IesaeT BCE AJIs TPeJoTBpaIlleHus JI0ObIX HapyIIeHuil nx. B cBoell feATeIbHOCTH pefaKIiusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIx nyoaukamnuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejcTaBeHHBIE CTATHU PELEH3UPYIOTCS 9KCIIEPTAMU B JAaHHON 00JIaCTH.

o Ilpu paccMOTpeHHU CTAaThbM YUYHMTHIBAIOTCS €€ COOTBETCTBUE IIPeJMETHOH 00JacT, 00O0CHO-
BaHHOCTb, 3HAUMMOCTb, OPUTUHAJIBHOCTb, YNTA0EJIbHOCTb U A3BIK (IIPABOIMCAHUE).

o Ilo pesynabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh HPUHATA K ONYOJMKOBAaHUIO 6e3
IopaboTKMU, IPUHATA ¢ JOPAOOTKON MM OTKJIOHEHA.

e OTKJOHEHHBIE CTAThU IIOBTOPHO HE PEIeH3UPYIOTCS.

e CraTbu MOTyT OBITH OTKJIOHEHBI 0e3 PeleH3WU, €CJU OHU OYEBUAHBIM 00pa3oM He MOAXOMAT
UL TyOJUKaALUN.

e Pepaknusa nDpuHUMAaeT pelleHWe O MyOJIMKAIUui, PYKOBOJCTBYSCH MOJUTHUKON KypHAaja, C
YUETOM [eiCTBYIOIIEro 3aKOHOAATEJLCTBA B 00JaCTH aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOpPMAIUSI, €CJIU MMEeTCS AOCTATOYHO OCHOBAHWI moOJa-
raTh, YTO OHA ABJISETCA ILJIATAATOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JIUUHBIX)

BCe YYACTHUKU IIPOIiecca peleH3upOBaHUSA HOJIXKHBI COOOIUTHL 00 9TOM penkoJuieruu. Bee cmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETaHUN DEeIKOJIIErUN.

IIpuHATbIe K ONYOJMKOBAHUIO CTAThU PAa3MEIAIOTCSI B OTKPBITOM JAOCTYIle Ha caiiTe cOOpPHUKA;

aBTOPCKHUE IIPAaBa COXPAHSIIOTCA 34 aBTOPAMU.

BTuqecmne NIPUHUMIIBI B J€ATEJIbHOCTU PELEeH3eHTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU IO WX COAEP:KAHUI0, GE30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAINY, DPEJIUTHO3HBIM YOeKACHUSIM, STHUUECKON NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyJHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IOCTYIUBIINX
CTaThbAX JIWIAM, He ABJIAMIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU pefaKIuu U
U3aTe bCTBA.

o PeneHsun TOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. llepcoHaNIbHAA KPUTHKA aBTOPA HEIPHU-
emisieMa. PeleH3eHTH 0653aHbI 000CHOBBIBATH CBOIO TOUKY 3PEHUS YETKO M OOBEKTUBHO.

o PenensupoBaHue IMOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHne W IIOCPECTBOM COTPYIHUYECTBA
C PeleH3eHTaM! U aBTOPaMH YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE IJIA PELEH3UN, ABIAITCA KOHPUICHINAIbHEIMYA JOKYMEHTAMU U
PeLleH3UPYIOTCI aHOHUMHO.

o PemensenT Takke 00s13aH 00palaTh BHUMAHNE PEJAKTOPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJEHHON CTAaThU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PelleH3eHT HeIo-
CPeICTBEHHO 3HAKOM.

IIpuHIUIBI, KOTOPHIMY JOJIKHBI PYKOBOICTBOBATHCA ABTOPHI HAYYHBIX IIyOIMKAIUIT

e ABTOpHI cTaTell AOJYKHBI IIPEJOCTABJATH TOYHBINA OTYET O BBIIOJIHEHHOU paboTe M OGBEK-
THUBHOE 00CY’KIeHIe e€ 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABJIATH HOCTOBEDPHBIE PE3YJILTATHI IIPOBELEHHOrO 0030pa U
aHaIM3a KCCIeJOBAaHUU. 3aBeIOMO OUIMOOUHBIE MIM CHATLCUDUINPOBAHHBIE YTBEPIKICHUS
HEIIPUEeMJIEMBI.

e CraTbs LOMKHA COZEPIKATh JOCTATOUHOE KOJMYEeCTBO MH(OpPMAIUU IS IPOBEPKHU U IIOBTO-
PEHUS DKCIEPUMEHTOB HJIM PACUYETOB APYIMMH HCCIeoBaTeasaMHu. MolleHHWYeCKue UIN 3a-
BeZOMO HeIpaBAWBLIE 3aABJIEHUS IIPUPABHUBAIOTCA K HEITUUYHOMY IIOBELEHUIO U SBJIAIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpPHI MOTYT IPELOCTABIATH OPUTMHAJIbHBIE DEryJispHble u 0030pHbIe paGorel. Ilpm mc-
MOJIb30BAaHUY TEKCTOBON WM rpaduyecKoil wH(popMamuu, MOJYyYeHHON u3 pPaboT APYTUX
I, 00g3aTeNbHO HEOOXOAWMEBI CCHIIKYM HA COOTBETCTBYIOIINE IYOJMKAIWN WUIN IUCHMEH-
HOe paspellleHNe UX aBTOPOB.

o TIloxmaua craTbu Gosiee YeM B OAWH KYpDHAJ DacCIlleHHBAaeTCAd KaK HEITUYHOE IIOBeLeHUe U
ABJISIETCA HEIIPUEMJIEMOI.

e ABTODPCTBO [JOJI’KHO OBITH OI'PAaHWYEHO TEMM, KTO BHEC 3HAUMTEILHBIN BKJIAJ B KOHIIENIIIUIO,
paspaboTKy, NCIIOTHEHNE WY MHTEPIPETANNIO 3adBJIEeHHOTO UCCIEeJOBAHUA.

e NcrouHUKU (PUMHAHCOBOIH IOANEPIKKY IMIYOJMKYEMOTO HCCIeLOBAHUS MOTYT OBITH YKa3aHbL.
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This article discusses some aspects and problems of mechanoplasma treat-
ment technology based on the mechanoplasma effect that occurs in the
processes of intensification of metal machining (in particular, cutting in-
cluding turning, friction and destruction) in lubricating-cooling techno-
logical means.

VY wmifi cTaTTi posTIANAIOTHCA OeAKi acleKTH Ta IpobJeMu TeXHOJOorii mexa-
HOILIa3MOBOr0 OOpOOJeHHS Ha OCHOBI MeXaHOILJIa3MOBOTO e(eKTy, IO BU-
HUKae B Ipoliecax iHTeHcu@ikamii MexaHiuHOro 0OpOOJAHHA MeTaJiB (30K-
peMa, pisaHHS, BKJIOUAIOYM OOTOUYBAHHSA, TEPTA Ta PYHHYBAHHSA) B MAacCTU-
JIbHO-0XOJIOIKYBAJbHUX TEXHOJOTIUHUX 3acobax.

Key words: mechanoplasma effect, metal machining, cutting, turning,
friction, destruction.

Karouori cioBa: MexaHOIJIa3MOBUIl edeKT, 00pobJieHHA MeTanay, pisaHHd,
00TOUYKa, TepTs, PYHHYBaHHSI.

(Received 11 February, 2020, in revised form, 20 February, 2020)

1. INTRODUCTION

Despite the significant development of methods of forming without
removing chippings, metal cutting remains the leading, final pro-
cess providing the specified requirements for accuracy, quality of
the processed surface and other operational characteristics.

Metal cutting is a complex process, including turning, friction
and destruction. The continuous watering of a liquid with several
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tens of components of lubricant-cooling agents (LCA) dissolved and
emulsified in it influences all these processes.

Undoubtedly, the further development of metal processing will
largely depend on the effectiveness of the influence of LCA on met-
al workability, a complex indicator that determines the rate of tool
run out, the magnitude of the cutting force and power consump-
tion, tool temperature and surface quality. Meanwhile, there is a
rather extensive material showing that despite the use of new con-
tinuously updated compositions of LCA, the complexity of machin-
ing continues to be large, and in many cases technological means do
not yet provide the specified requirements for accuracy and surface
quality as well as other operational characteristics of manufactured
critical parts.

This state of the problem remains for decades, that is largely due
to the ambiguity of ideas about the physical nature of the processes
of contact interactions of the medium with a new electrically active
metal structure formed due to physical impact, and this does not
contribute to the efficiency of the search of new approaches to solve
the problem under consideration.

Analysis of reviews, reports and articles makes it possible to
highlight some areas of research; their implementation will over-
come this difficulty and advance in solving this problem in the
right direction [1].

2. EXPERIMENTAL/THEORETICAL METHODS

Among them, the most important, specific and interesting area of
research is the possible initiation of activation processes in the chip
formation zone of the initial electro passive surfactant medium
(LCA) and its subsequent transformation by wave propagation of
chemical reactions up to the formation of an electrically active ion-
ized gas [2]. It was supposed that such a gas, consisting of hydro-
gen in its active forms, electrons, and neutral molecules, is ideally
suited to perform the functions of a technological medium capable
to improve optimally the workability of a metal [3]. Such a process
becomes possible because the complex of physicochemical processes
and phenomena accompanying the mechanical process creates the
conditions necessary for the occurrence of chemical transformations
of the initial hydrocarbon medium into radically active hydrogen
plasma [4, 5].

Solving this complex problem requires setting new tasks: study-
ing the phenomena of quantum diffusion of hydrogen particles in a
narrow gap space of a crack with a pronounced polar effect at its
apex, transportation of a medium in an inhomogeneous region of
plastically deformable material in front of a crack apex, and reveal-
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Fig. The scheme of positive feedback between quantum effects and chemi-
cal processes generated by a growing crack.

ing the nature of contact interactions of particles with electric
charge and their influence on the processes of deformation and
fracture, etc.

To solve these problems, contributing to a radical increase in the
efficiency of the processing medium, it is necessary not only to
transfer the interacting metal-medium system from the level of
weak adsorption interaction of the body with the medium to a much
stronger level—electrical interaction, but also to ensure timely flow
of the medium into the adhesion overcome zone between atoms of a
deformable material.

The practical aspect of this assumption was to use the properties
of the resulting objects and materials of nanodimensional scale,
which differ in extremely high aggressiveness from the properties
of free atoms or molecules, as well as from the bulk properties of a
substance consisting of these atoms or molecules, as a processing
medium. In addition, as such a product has an electric charge, its
interaction with the electromagnetic field that occurs in the work-
ing system ‘machine—tool-part’ allows for timely delivery of the
activated substance to the plastically deformable area of the materi-
al, that is, directly to the rearrangement zone and breaking of the
bonds of atoms. It was also assumed that such a problem could be
solved only if high molecular compounds are used as the main addi-
tives to LCA [6]. This conclusion was justified by the specific prop-
erties of polymers, which are manifested when bonds are broken in
the main polymer chain under the influence of various physical,
chemical, and mechanical factors. In particular, polymers under the
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influence of such factors at the last stage of chemical reactions
produce a product of a qualitatively changed physicochemical prop-
erty and high reactivity. It was believed that the conditions that
form in the cutting zone and in the slit space of the crack due to
the accompanying destruction of various physical and chemical pro-
cesses and phenomena of quantum nature are sufficient for the
manifestation of specific features of polymers [7]. Consequently, in
the case of the implementation of the proposed medium activation
scheme, the possibility of the formation of a hydrogen plasma at a
crack dead end as an medium performing the function of a techno-
logical tool, i.e., LCA. In turn, this should lead to the development
of a new technology for obtaining new technological tools that con-
tribute to solving practical problems of metal machining.

Some physicochemical laws of high reactivity of polymer additive
to LCA.

The reasons for the high reactivity of the polymer additive are
most pronounced in comparison with their low molecular weight
counterpart. In relation to the problem under consideration, the
main differences are as follows.

If we compare the detachment energy of a hydrogen atom in a
series of saturated hydrocarbons (in many cases they make LCA),
then, in comparative units, it will be 11 units for heptane, 3 units
for polyethylene, and 2 units for polyisobutylene [8]. This means
that the decomposition of polymer macrochains occurs at a much
lower temperature than a molecule of a similar chemical nature. In
addition, the destruction of the polymer on the hot surfaces of the
chippings and tool, that is, the decomposition of the polymer, un-
like low molecular weight substances, will proceed according to the
free-radical chain mechanism, which gives a high rate of an elemen-
tary act of chemical transformation and a high concentration of the
product formed [1, 9].

As known, among the physical factors that can initiate chemical
reactions in polymers, thermal exposure occupies an important
place, as it is the cause of one of the most important characteristics
of polymers—their thermal stability. For example, the decomposi-
tion of polyethylene (PE) begins at a temperature of 290°C, and at a
temperature of 315°C, the rapid formation of volatile products oc-
curs [10]. Therefore, if polyethylene is used as an additive to LCA,
then, the temperature at which its chemical transformations begin
will be significantly lower than the temperature of heat fluxes in
the cutting zone and the temperature of the chippings.

It should be noted one more important feature of the chemical
transformations of the polymer, as additive to LCA. Unlike low mo-
lecular weight analogues, high molecular weight compounds even as
a result of the first act of chain breaking give a high concentration
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of reactive products that cause further chemical reactions. In this
case, the radicals move from one chain (or chain fragment) to an-
other by detaching the hydrogen atom until they get close enough
for them to recombine. Moreover, each radical is able to initiate a
new radical reaction, leading to the breaking of about 10000 poly-
mer chains [11]. The formation and accumulation of active products
and relatively stable intermediates is an additional source of in-
creasing the concentration of new active particles, because of which
the reaction becomes self-accelerating, and the formation of a large
concentration of ionized hydrogen. The peculiarity of the decay of
the polymer macrochain lies in the fact that, as it is known from [8,
9], during the pyrolysis of the polymer and, in particular, PE, in
addition to the gas phase, a solid phase is also formed, namely, a
polyconjugated polycyclic system consisting of graphitized aromatic
rings [4]. In this regard, in the process of cutting, when using PE
as an additive to LCA, carbon accumulation in the form of allo-
tropic modification graphite is possible on the cutting surfaces of
the tool [1]. Such a pyropolymer residue, firstly, can be a good lub-
ricant that promotes the separation of friction surfaces, and second-
ly, a medium for the implementation of permanent carbonization of
the tool cutting edges. Both the first feature of the LCA polymer
additive and the second one are that both of them will contribute to
a significant increase in the tool wear resistance, as well as a reduc-
tion in the work spent on friction of the front and back surfaces of
the tool with the processed material and chippings.

Thus, the purpose of the polymer additive is to influence not only
the main energy costs of the cutting process (plastic deformation
and friction), but also contribute to the achievement of the main
goal of machining, namely, to obtain parts with a given accuracy
and surface quality while obtaining certain economic results.

The following should be noted. It is known that the reactivity of
a functional group does not depend on whether it is attached to a
polymer chain of any length or to be part of a small molecule of a
low molecular-weight substance [8]. This principle is qualitatively
observed, but the quantitative comparison shows significant differ-
ences in the reactivity of low and high molecular weight compounds
of similar chemical nature. Therefore, when considering the chemi-
cal reaction process, two questions arise in order to obtain the de-
sired substance. The first one is as follows: ‘Is a reaction possible
under the given conditions?’ Equally important is the second ques-
tion: ‘Under what conditions will the reaction precede fast enough
so that this process has practical significance?’ Returning to our
case, it can be argued that in the conditions of the cutting zone,
both low- and high-molecular compounds that make up the LCA will
decompose. For this, the formed conditions in the process of sepa-



6 0. I. SOSHKO, V. 0. SOSHKO, and I. P. SIMINCHENKO

rating the chippings from the work piece are sufficient for a posi-
tive answer to the first and second question [1]. At the same time,
because of chemical transformations of a low molecular weight sub-
stance, the rate of formation of the desired substance and its con-
centration are so insignificant that they do not have a significant
effect on the processes of metal deformation and fracture during
cutting, and, consequently, such a chemical process has no practical
meaning.

Crack as a factor forming conditions for the chemical activation
of the medium and its transportation to the fracture zone.

Since the breaking of the interatomic bonds of the body is local-
ized in places of stress concentration of different origin, but mainly
in the microregions of the cracks adjacent to the tops, in the article
it is considered the situation that develops in such areas due to the
possible influence of the medium. In this case, it is not a question
of defects (microcracks) emerging on the surface of the deformable
metal, but only of growing microcracks at the vertices of which new
surfaces are opened, i.e., located and developing in close proximity
to the cutting edge of the tool. We will consider such a microcrack
having a vee shape with a collar descending to the interatomic dis-
tance as a source of subsequent destruction.

The results of studies of the kinetics of the cutting process, con-
firmed by experiment [12], show that, at the microscale, the chip
does not contact the tip of the tool cutter, creating a reaction slot
mating with the cavities of the crack [7]. Due to mechanical action
on the material, a crack grows, its juvenile surfaces are exposed,
and at the same time, various physical processes and phenomena are
generated in the slot space.

Consequently, the zone limited by the cavity of the crack, the
wedge of the tool and the tip of the crack can be represented as a
kind of reactor. In its space under the influence of various process-
es and phenomena accompanying the destruction, the hydrogen-
containing gas mixture formed at the first stage of transformations
is transformed into radically active hydrogen plasma [1].

According to the proposed scheme, the hydrocarbon gas mixture
resulting from the destruction of the polymer component of the
LCA will continuously flow and accumulate in the space bounded by
the crack tip, its ‘banks’ and the cutting edge of the tool. In this
reaction zone the final formation of hydrogen plasma occurs. The
ionizers in this process are juvenile catalytic active new crack sur-
faces, exoelectronic emission, as well as self-accelerating gas-
discharge processes that occur in the crack cavity [2].

Based on this conceptual position, we will consider how surfaces
are formed at the moment of destruction of a solid body, and what
their physicochemical properties are.
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Today, there is no longer any doubt that the mechanical effect
leading to the growth of a crack in a solid and the formation of new
surfaces is accompanied by an outbreak of the chemical transfor-
mation of the medium [11]. In fact, in this case the growth of the
crack plays the role of a trigger mechanism, which includes various
chemical reactions. One of them will be initiated by new surfaces.
Such a freshly formed surface is not ideal; point defects periodically
are located on it, the most electrically active centres, such as the
vertices, ribs and edges of crystals, steps of chips, pores, and then
less active, in accordance with the type of symmetry and spatial ar-
rangement of atoms on the surface. These surface elements can be
represented as microelectrodes capable of taking part on the one
hand, in various physical and chemical processes, and on the other,
as acting accelerating or inhibiting potentials when electrons and
ions contact and migrate to the crystal surface. Therefore, a mosa-
ic, catalytically active surface is capable of activating the chemical
reactions occurring on it, sometimes even with zero activation en-
ergy. So, for example, the fact of hydrogen catalysis on a clean sur-
face of iron was established even at a temperature of 253°C [13]. By
analogy with this, it can be assumed that during contact interac-
tions of the constituents of the gas mixture, chemicals with the
surfaces of the crack, a chain of chemical transformations of sub-
stances will also occur with the formation of hydrogen-containing
plasma at the final stage, i.e., ionized gas.

The ability of catalytically active metal surfaces to generate ac-
tive forms of hydrogen in volume was established in the early works
of Langmuir. Obviously, in this case, the surface heterogeneity
primarily causes interaction with the first layer of elements of the
gas mixture that comes into contact with it. However, since a large
number of lattice defects (vacancies, dislocations, grain boundaries,
subgrains, and phases) with sizes from several angstroms to 100 A
come to the surface, adsorption of the following gas layers will oc-
cur. In addition, such defects can apparently be modelled in the
form of channels, which can serve as pathways for the predominant
diffusion of hydrogen.

The reaction zone has another extremely important property. The
exclusivity of this property is that on the contact surfaces of the
tool with the processed material in the chip formation zone, some
electrons in the process of plastic deformation and friction acquire
kinetic energy sufficient to overcome the potential barrier of their
separation from the metal boundary, which leads to thermal current
[14]. Since the main current carriers, electrons, move from the
heated region (the tool blade) to the cold (processed metal), the
work piece will be enriched with charge carriers, electrons, and ac-
quire a negative space charge, and the instrument, depleted in elec-
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trons, will be charged positively. This process proceeds continuous-
ly, as well as the ‘pumping’ of electrons in one direction from the
tool to the material being processed, and an electric current will
flow in the ‘machine—tool-work piece’ system. In this regard, in the
reaction zone, there will be a separation of the direction of flow of
positively and negatively charged hydrogen particles: the tool will
attract particles of negative electric charge, and protons will begin
to move in the direction of the surface of the crack tip. After pass-
ing through the surface of positively charged hydrogen particles,
they will be carried away by the conduction electrons of the treated
metal, moving in an electric field at high speed. The drag of pro-
tons by conduction electrons is so great that positively charged par-
ticles begin to move, as a rule, towards the anode, against the field,
like particles with a large negative charge [15, 16]. This process,
called the electronic ‘wind’ effect, can provide the speed of proton
movement along the shear layer at a speed exceeding the crack
growth rate [3].

Finally, exoelectronic emission plays a significant role in the
formation of hydrogen plasma in the reaction region. This phenom-
enon occurs because electrons escape from the collar of the crack
during its growth with high intensity (6-10 pulses per minute) and
energy (10% eV) [17], exceeding the ionization energy of the hydro-
gen atom (13.595 eV). This means that conditions are created in the
reaction zone for impact ionization of hydrogen molecules and re-
sidual gas hydrocarbons. Moreover, the processes proceeding from
the appearance of primary ions to the formation of new as well as
molecular products and free radicals complete in just 10 seconds
[15].

The notions of the physicochemical nature of the activation of
the initial medium are confirmed not only by modern theoretical
studies, but also by the practical result of their use. Therefore, for
example, if a metal plate is introduced into the ionized hydrogen
stream, its surface will quickly melt and a weld pool will form. In
this case, the flame temperature is about 3700°C. On this principle,
an industrial welding method has also been developed, which is
called ‘atomic arc welding’. In addition, the technology of plasma
cutting of metal is known, when a narrow stream of ionized hydro-
gen is directed to the metal, melting it in a thin layer. Thus, be-
cause of impact ionization, chemical reactions on the catalytically
active surfaces of the crack, and self-accelerating reactions in the
reaction zone, a high concentration of a water conduit in the ion-
ized state will begin to form at a high speed. Subsequently, under
the action of the electric field of the system, as well as the negative
charge concentrated at the crack tip [1], the flow of protons carry-
ing a positive electric charge will rush through the narrow gap to
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the crack tip. When approaching its crack tip, the proton flux is
divided into two parts. One part of the protons collides with the
flow of exoelectronic emission and, because of interaction with elec-
trons, recombines with the release of thermal energy (from 60 to
120 kcal/mole). The second part of the protons, passing through the
surface of the collar of the crack, freely trans- and intergranular
moves along the shear layer due to the effect of electronic ‘wind’.
In this case, some diffusing protons become trapped by hydrogen
traps, in which they also recombine with the release of thermal en-
ergy.

The provisions expressed here were fully confirmed by the results
of experimental and theoretical studies, as well as by practice data,
this is reflected in some publications [1-5, 7].

3. RESULTS AND THEIR DISCUSSION

It is important to note that a significant feature of the proposed
model is the real possibility of a positive feedback between the
growing crack and the medium: the developing crack creates condi-
tions in the slot space for the medium to be activated before the
hydrogen plasma, and the resulting plasma has a positive effect on
its development (Fig.). In this case, the final activation processes
take place in a narrow slit space with a pronounced polar effect at
the crack tip with the formation of chemical transformations among
pre-hydrogen plasma at the last stage.

Thus, for the implementation of mechanoplasma treatment, the
process of activation of a polymer-containing surface-active medium
and its transformation into radically active hydrogen plasma should
include the following stages.

1. Adsorption of polymer additives to LCA, consisting of hydro-
carbon molecules and its chemical compounds, on the hot surfaces
of the cutting zone.

2. Thermal degradation of macromolecular compounds.

3. The chain reaction of the macrochain, initiated by the active
products formed during its pyrolysis.

4. Desorption of reaction products—a gas mixture in various ac-
tive forms of hydrogen, as well as a homologous series of aliphatic
saturated hydrocarbons.

5. Diffusion of the resulting activated products into the reaction
gap.

6. Heterogeneous and homogeneous catalytic reactions on juvenile
freshly formed surfaces and in the space of the reaction gap with
the formation of ionized hydrogen-containing gas.

7. Recombination of protons in the space between the cracks.

8. Impact ionization of a hydrogen-containing gas by an electron
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avalanche with the formation of a hydrogen plasma.

4. CONCLUSION

The problem of the need for the development of metalworking and
the most important research tasks put forward in this connection,
which are based on the fundamental laws of physics of the cutting
process and constantly emerging and developing new frontier areas
of science, are formulated. The main objective of the research is re-
lated to the knowledge of the laws of such extremely complex in
terms of diversity and extremeness of the processes conditions,
which is the process of metal cutting during continuous watering of
a liquid with several tens of components dissolved and emulsified in
it. The solution of this problem should lead to an understanding of
the physical nature of the phenomena that accompany this process,
and based on this, it is possible to develop new approaches to create
the optimal technology for the shaping of parts. One of them may
be the proposed technology of mechanoplasma processing, which at
the same time combines not only the possibility of intensifying the
process of parts manufacturing at its optimum cost-effectiveness,
but also obtaining products with operational properties, which are
adjustable in a certain range.

A model of a radical improvement in metal workability and solu-
tion methods are offered. Its implementation is possible if a plasma
effect is formed in the reaction zone between the tool wedge and the
crack tip. Positively charged hydrogen particles diffusing from the
plasma and accelerated by the electric field interact with the real,
electrically active structure of the material and, as a result, a large
thermal energy is released.

This phenomenon leads to a significant relief of the deformation
and fracture processes. The manifestation of the plasma effect de-
pends on the presence in the medium of hydrogen compounds, the
atoms of which are part of any technological tool. However, the
greatest effect is achieved with a maximum degree of ionization and
hydrogen concentration in the crack cavity. Conditions for for-
mation in the reaction zone are created only if a high molecular
weight compound is present in the composition of the technological
means. This conclusion is of great practical importance, since direct
recommendations from here should be sought for effective additives
to LCA among polymer compounds that give reactive forms of hy-
drogen and carbon in the chain of chemical transformations of their
macrochains.

The experimental results and data from industrial enterprises
convincingly demonstrate the undoubted advantage of mechano-
plasma processing. The formation of parts in this case is character-
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ized by high machinability, which is characterized by a decrease in
tool wear and cutting force, an increase in tool life and quality of
the machined surface, as well as the fact that the process proceeds
at high dimensional accuracy with the achievement of a large eco-
nomic effect.

To implement the technological process of mechanoplasma treat-
ment, it is necessary to use the unique properties of objects and ma-
terials of the nanometre range, which are highly active than the
properties of free atoms or molecules, as well as from the bulk
properties of compounds and substances consisting of the same at-
oms or molecules.

It should be noted that the plasma effect is no less pronounced
during technological processes of processing other solids. For exam-
ple, a significant effect is observed when grinding solid bodies of
inorganic nature, and drilling solid bodies of geological rocks with a
high degree of strength, processing silicate glasses and semiconduc-
tor crystals, etc.

The authors sought to show in the article the great promise of
using mechanoplasma treatment of solids, and also bearing in mind
the importance and complexity of the problem, they considered it
possible to express some hypothetical thoughts.

Detailed information that can be used to develop a highly effi-
cient technology for mechanoplasma processing is given in the bro-
chure [18].
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The goal of the present work is to optimize the composition of amorphous
molecular semiconductor (AMS) films based on poly(N-vinylcarbazole), to
upgrade the process of registration of light fields, and to reveal the role
of volume charges in the formation of ordered nanostructures, using re-
versible templates. It is found that, when gold condenses on the AMS sur-
face, the surface relief increases, and the distribution and symmetry of
localized gold clusters are determined by the electric field pattern on the
AMS surface. The role of the absorption parameter and the composite sub-
strate is determined, basing on the study of the absorption parameters of
the composite with photo-induced charge. The optimal conditions of the
composite application for the study of the spectral characteristics of the
investigated structures are determined.

MeTto0 mamHoi pobOTH € ONTUMIi3allif CKJIamy aMOP(PHUX MOJEKYJIAPHUX Ha-
miBnpoBigHuKOoBUX (AMH) maiBok ma ocuoBi momi(N-Bimimkap06asonay), BIO-
CKOHAJIEHHSA IIPOIleCy peecTpariil CcBiTJIOBUX IOJIIB i BUABJIEHHS POJIi
00’eMHUX 3apagiB y (hopMyBaHHI BOOPSAKOBAHMX HAHOCTPYKTYP i3 BUKOPH-
cTaHHAM 06OpoTHiX I11ab6joHiB. BcTaHoBIEeHO, 1110, KOJU 30J0TO KOHAEHCY-
erbcsi Ha AMH-moBepxHi, penbed MOBepxXHi 30iJBINTYETHCA, a POSMOALIT i
CUMETpPiA JIOKAJi30BaHUX CKYITUEeHb 30JI0TA BU3HAYAIOTHCA CTPYKTYPOIO eJe-
KTpuuHoro moyig Ha AMH-mosepxHi. BusHaueHo poJb IapamMeTrpa IIOTJIM-
HaHHA Ta KOMIIO3UTHOI HiAKJIaOWHKN, I'PYHTYIOUNCH HA BUBUYUEHHI IIapaMer-
PiB mOrIWHAHHSA KOMHIO3SUTY 3i CBiTJIOIHAYKOBaHWMM 3apsaaoM. BuaHaueHO
ONTHUMAJIbHI YMOBM 3aCTOCYBAaHHS KOMIIO3UTY [IJA BUBUEHHS CIEKTPAJIbHUX
XapaKTepPUCTHUK IOCIHiAKYBAHUX CTPYKTYP.
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1. INTRODUCTION

Recent investigations in the field of optical technologies are aimed
at the development of devices with sub-wavelength dimensions, in
which photon are operated by means of nanoscale optical phenome-
na. Therefore, there is a fundamental discrepancy between the scale
of nanodevices and the wavelength of light (order of a micrometer).
In many materials, the intensity of the interaction of light with
matter decreases as (a/A)?, where a is the scale of the material
structure, and A is the wavelength of light. However, there are sur-
face plasmons in metals; so, metals can concentrate electromagnetic
(EM) fields in regions with smaller dimensions as compared to the
wavelength, while the local field is simultaneously increasing by
several orders of magnitude. Thus, it becomes urgent to develop a
technology for the fabrication of metal-dielectric composites with
various topologies.

According to the modern electrodynamics [1] of these composites,
the signal amplification factor is described by the expression
|E(r)/E,|, where E(r) is the local electric field, and E, is the ampli-
tude of the incident field. The enhancement of local fields in
nanostructured materials strongly depends on the ratio of the diam-
eter of the particles, a, and the distance between these nanoparti-
cles, 8. The diameter of the particles should be much smaller than
the wavelength of the incident light (o <), in order to be fulfilled
the quasi-static approximation (o + 6 <A) between the size of nano-
particles and the diffraction pattern period.

In this case, the ratio |[E(r)/E,| can be calculated as a continuous
function of the lattice packing density, which is described by single
geometric parameter y=a/d, where 0 is the smallest distance be-
tween the particles. The increase in the intensities of the local and
average EM fields largely depends on both the wavelength of the
incident radiation and the diameter/distance ratio, y. Metal—
dielectric composites with large geometric parameter y can provide
greater field amplification in a wider range of exciting radiation
wavelengths. This has important practical uses. High values of op-
tical amplification are explained by the presence of resonant modes



FORMATION OF ORDERED NANOSTRUCTURES OF TARGET GEOMETRY 15

in periodically ordered structures, and by the existence of giant
fluctuations of local fields between particles, which determine the
ability of the composite to accumulate and reveal EM energy. These
fluctuations are provided by the large effective absorption, which
should be inherent to the composite. However, under strong locali-
zation of field, the probability of detecting exogenous molecules de-
creases as compared to the case with less localized EM field. There-
fore, the diameter/distance ratio should be optimized close to the
threshold value y within the largest possible volume of the compo-
site. The threshold value y can be determined, using the percolation
model for fluctuations of local fields in the composite. The behav-
iour of metal—dielectric composites near the percolation threshold
has been the subject of numerous studies [1-5].

According to this model [1], the composite undergoes a metal—
insulator transition upon reaching the percolation threshold p=p..
In this case, the characteristics of the composite (conductivity, die-
lectric susceptibility, the probability of formation of an infinite
cluster of conducting material) are functions of the conductivity of
the metal layer p and have a singular behaviour near the percolation
threshold. The same model predicts that metal—dielectric composites
with zero losses, which have higher absorption at the frequencies
below the plasmon frequency, have higher values of local EM fields.
Thus, one can assume that giant field fluctuations will be realized
near the percolation threshold at concentrations p = p., when absorp-
tion can reach 50%, so that EM energy can be accumulated in the
metal—dielectric composite; systems with high absorption will have
intense local fields. This assumption is of great importance, as it
allows introducing a criterion for evaluating local fields in the de-
veloped metal—dielectric structures.

2. METHOD FOR FABRICATION OF ORDERED STRUCTURES

There is a problem of fabrication of ordered structures at the na-
noscale. There are two known methods of synthesizing ordered
structures: top-down and bottom-up ones.

In the present work, a method based on a light-controlled tem-
plate was used for the fabrication of ordered structures. The tem-
plate is a system functionally organized in space that allows struc-
turing nanoscale objects because of the near-field interaction of
these objects with the template structure. The use of photosensitive
AMS films with thermoelectret properties made it possible to fabri-
cate templates with volume charge and electric field E ~ 107" V/mm
structured by the light field. The fabrication of ordered nanostruc-
tures involved three stages. At the first stage of the process, a
composite (PVC) was obtained in a thin film of photosensitive AMS
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deposited by physical vapour deposition technique in a ‘VUP-5M’
unit on a glass substrate (d =3 mm) coated with an ITO layer with
copper electrical contacts. The ITO (indium tin oxide—In,04(Sn0,))
layer consisted of 90 wt.% In,O; and 10 wt.% SnO, compound Solid
solution of this compound is optically transparent and has high
electrical conductivity (20 Ohm/square) that allows it to pass elec-
tric currents up to 10 A/cm. At the second stage, the top-down
method was used in the electrographic process of holographic li-
thography on AMS films. The polymer template was fabricated in
three stages (Fig. 1).

1** stage: uniform deposition of positive charge in a corona dis-
charge on the surface of the polymer semiconductor (AMS) film.

2" stage: exposure to the light field; as a result, the modulation
of the surface density of electrostatic charge, the formation of an
electrostatic image due to photo-induced conductivity of the AMS,
and trapping of current carriers by deep traps occurred.

3" stage: controlled heating of AMS; as a result, the surface re-
lief was formed on the AMS, and thermally stimulated electric
charge appeared in the AMS volume. After heating, the AMS was
rapidly cooled to fix the surface relief.

For the exposure of the template, three laser beams directed to
the base along the lateral surface of a right cone with an apex angle

Fig. 1. Block diagram of template fabrication process.
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of 25° were used. Under the exposure to the light in the electric
field of flat capacitor formed by the conductive composite layer and
the surface charge of AMS, the photo-generation of current carriers
occurs and photoconductivity appears in the AMS [6—9]. The photo-
currents result to a decrease in the potential of film surface. Under
the exposure, the surface charge is distributed on the AMS surface;
the charge distribution is determined by the light field. The spatial-
ly modulated field of surface charges can deform the film surface
when it softens. The time of formation of the AMS surface relief
was 0.05 s. The reconstruction of the process characteristics was
provided by automatic hologram registration, using the control
module [10].

At the third stage, gold layers of various thicknesses (50 nmx0.5
um) were applied on the AMS surface by thermal evaporation in
vacuum.

The polymer template was fabricated with the following parame-
ters:

spectral sensitivity range: 0.4-0.9 um;

diffraction efficiency limit (DE) of 20%;

holographic sensitivity: A =0.63 and DE = 1%, 500 m?/J;

spatial frequency bandwidth: 300—-1000 lines/mm;

hologram development time (10-150)-102 s for the composite on
a glass substrate;

size of AMS working surface: 3x4 cm;

overall dimensions of the device: 200x500x100 mm.

3. DISCUSSION

When the AMS is heated in the intense field of modulated positive
surface charge (E =10° V/m, 8E =10%), thermally stimulated trap-
ping of charge carriers occurs on deep traps, and volume charge is
formed in the AMS. The probability of charge trapping is deter-
mined by the density and energy characteristics of deep traps in the
AMS. Therefore, when the film is irradiated, it is possible not only
to form the surface relief on the AMS (relief template), but also to
obtain trapped charge (electret template), according to the scheme
shown in Fig. 2. The density of the localized volume electric charge
turns out to be modulated by the intensity of the light field in the
exposing hologram and, therefore, has the same topology.

As seen from Fig. 2, volume charge of negative polarity is
formed in the AMS at the initial stage of the AMS relief develop-
ment. The methods of optical holography, optical and electron mi-
croscopy, and AFM showed the adequacy of the topology of light
field and the distribution of volume charge in the AMS to the to-
pology of the fabricated and replicated structures.
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Fig. 2. Relaxation kinetics of potential on the free surface of AMS film:
1—relaxation of electric potential on the AMS free surface without prelim-
inarily formed volume charge (thermally stimulated charge); 2—relaxation
of electric potential on the AMS free surface with preliminarily formed
volume charge; 3—relaxation of a thermally stimulated charge in the AMS
volume; 4—formation of AMS surface relief; 5—AMS temperature chang-
es.

The templates of different geometries were obtained by means of
the process described above (Fig. 3).

Typical images of the template surface obtained at an optical mi-
croscope are shown in Fig. 4. The modulated surface relief of film
formed the two-dimensional spatially periodic structure; Fig. 4, a
represents the topology of the light field of exposing hologram.

The study of gold film deposition on the AMS surface showed
that, even in the case of AMS with smooth surface, this process oc-
curred in accordance with the pattern of the light field applied. For
the AMS with relief amplitude of about 50 nm, it was possible to
increase it up to 200 nm by gold deposition (Fig. 5).

During the deposition of gold on the template surface in vacuum,
a system of spatially ordered gold clusters formed on the surface
(Fig. 4, b). It should be noted that gold condensed in certain clearly
localized areas; it was not evenly distributed on the surface. One
would expect that, during deposition onto a surface with developed
relief, gold adatoms will gather mainly at the bottom of the dim-
ples, but this did not happen. The location and symmetry of the de-
posited gold clusters are determined by the light field topology. The
surface of the polymer template under discussion had a periodic re-
lief with peaks’ height of about 350 nm (Fig. 5), whereas, for the
template coated by gold, the height was of 500 nm. Depending on
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Fig. 3. The template surfaces. Optical microscope ‘Biolam’, structure peri-
od d=2 pm.

the intensity of the beam and deposition time, the size of gold is-
lands can be varied from just adsorbed layer to several micrometers.

A comparison of the topology of the exposing light field, which is
visualized as a profile of the surface relief (Fig. 5, a), and the to-
pology of the surface after gold deposition (Fig. 5, b) allows to con-
clude that the gold islands formed exclusively in the areas of mini-
mum light intensity, which corresponded to the maximum values of
the local field E of the trapped charge in the surface layer. Electric
field with a significant intensity gradient was localized in the areas
where electric charge was trapped in the photoconductive film dur-
ing exposure to the light field. Gold clusters were not observed in
the dimples where the intensity of the exposing light field had a
maximum and the trapped charge did not form (Fig. 5, b).

The electric field in these zones was estimated by the method in
Ref. [11] by means of comparing the reliefs formed in the field of
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a b

Fig. 4. The template surface (optical microscope ‘Biolam’, magnification
x800): a—AMS surface before gold deposition; b—AMS surface after gold
deposition. Structure period is of about 2 pum.

a b

Fig. 5. AFM images of the template surface: a—AMS surface relief before
gold deposition; b—AMS surface relief after gold deposition. The structure
period is of = 2 um, gold film thickness is of 50 nm.

surface and localized volume charges. The average value of the po-
tential on the film surface in the electret state was of 80 V, and the
modulation amplitude of the surface, assuming a sinusoidal distri-
bution, reached 12 V at a film thickness of 820 nm and a period of
the formed structure of 2.1 um. The dielectric constant of the
nanocomposite was estimated as the square of the refractive index
(its typical value for carbazolyl-containing polymers is of 1.4).
Therefore, the electric field localized in the thickness of film can be
estimated as of 100 MV/m with a modulation of 10%.
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4. CONCLUSIONS

The composition of AMS films and the process of recording light
fields are optimized. The role of volume charges in the formation of
ordered nanostructures using reversible templates is determined. It
is found out that the surface relief increases after deposition of
gold on the AMS surface; the distribution and symmetry of local-
ized gold particles are determined by the pattern of electric field on
the AMS surface. The role of the absorption parameter and the ef-
fect of the composite substrate were clarified, basing on the study
of absorption modes of the composite with photo-induced charge.
The optimal conditions for the formation of local fields in the com-
posite were determined by studying the spectral parameters of its
absorption.

It is shown that the electrophysical properties of AMS largely
control the parameters of the template, affect the deposition of gold
films, the polariton—plasmon characteristics of the composite, and
the appearance and existence of large fluctuations of EM field of
the composite. A laboratory prototype of an automated device for
the fabrication of reversible templates with photo-induced charge
and a technology for the forming ordered structures are developed
and tested.
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A method for producing the secondary charge with nano- and dispersed
diamond fractions by the detonation method for the modifying and hard-
ening of metal, which is effective in restorative hard facing of parts by
hardening coatings, welding of defects, increasing the operational re-
sistance of mating parts by adding them to grease is developed. The pro-
posed method is based on the getting of the charge from the disposal of
ammunition special set with reusable detonation, which ensures stable ob-
taining of diamond fraction and modifying additives. The qualitative and
quantitative analyses of the charge components, which are divided into
magnetic and non-magnetic ones, are done. The optimal proportion of the
modifying additives for the use of them, when entering into the liquid
bath during hard facing, is determined.

Pospobiero cmoci6 omep:kaHHsA BTOPUHHOIO 3apsany 3 HaHO- Ta AUCIEPCHOIO
IiAMaHTOBUMH (PpPaKIiAMM JeTOHAIINHOI0 METOMOI0 MJaA MOAUGMIKYBaHHA Ta
3MiITHEHHS MeTaJy, 10 € e(DeKTUBHUM IIPW BiJHOBJIIOBAJILHOMY HATOILJIEHHI
IeTajiB 3MiIHIOBAJILHUME IIOKPUTTAMH 3 TBEPAUX CTOIIiB, 3aBaplOBaHHi me-
(deKTiB, TiABUINIEHH]I eKCILIyaTalilfHOl CTIMKOCTH CIPAKEHUX OEeTalliB mdoma-
BaHHAM iX y IJIacTHYHE MacTujao. Taky MeTomy OJep:KaHHS ITUXTHU 3aCHO-
BaHO Ha yTwmiaisaimii BigmoBigHOro cKJamy OoempuiiaciB i3 6GaraTopasoBoiO
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IeToHAaIli€elo, I10 3abesameuye ofeps:KaHHs crabinbHOl (pakmii giamanTiB i
MonzudikyBalbHUX AOMIITOK. BUKOHAHO AKiCHY Ta KiJbKicHY aHaJsisu BMic-
TY KOMIIOHEHTIiB IIUXTH, AKUX MOAiJI€HO Ha MAarHeTHY Ta HEMarHEeTHY CKJAa-
IoBi. BCTaHOBJIEHO ONTHMAJLHY YaCTKY BUKOPUCTAHHA iX 1Mida Moamdiky-
BaHHS PiIKOTO PO3YMHY IPU HATOILJIEHHI.

Key words: nano- and dispersed diamonds, detonation, ammunition, dis-
posal, composition of the charge.

KarouoBi cioBa: Hamo- Ta OUCIEPCHI AiAMaHTH, OeTOoHAaIlidA, 6Goempumacwu,
yTHUIi3aIidg, BMiCT IITUXTH.
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1. INTRODUCTION

Deep research for obtaining diamond fractions are carried out in
the field of physics and chemistry using various methods for their
preparation. At the same time, their properties are evaluated and
features in the structure formation and the possibility of use for
modification are predicted. To a lesser extent, studies are being
carried out to use such additives in liquid metal in the production
of parts and their restoration and operation. This is due to the fact
that each area of use requires the provision of specific application
properties stipulated by normative and technical documentation.

Most often, alloying and modifying additives are used to increase
the durability of parts. Additional alloying significantly increases
the cost of manufacturing products. Therefore, more often, it is
used the introduction of modifying additives, which, when restored,
provide the required physical and mechanical properties of the ma-
terial: it is grinding the grain size during crystallization with con-
tribution to the formation of more uniform structure. As such mod-
ifying additives, oxides, nitrides and, more recently, diamond frac-
tions are used. To increase the effect from using the diamond modi-
fier, it is specially treated with the application of coatings consist-
ing of various components.

These are such as Ni, Cr, Ti, Co—Ni, Ni-W, Ti—Cr, Ti-W [1, 2].
To modify the diamond fraction with additional components, they
are applying to it by multistage processing, including special roll
forming and sintering at various temperatures (750 and 900°C).
Such technology for producing a powder composition is quite expen-
sive.

This work proposes a method for producing powder composition
obtained in the form of secondary raw materials from the disposal
of a specific set of ammunition that has expired.

The aim of the work is developing the method for producing the
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stable nano- and dispersed diamond fractions, and saturating them
in the form of coatings with modifying, microalloying components
based on secondary raw materials after the disposal of ammunition.

To achieve this aim, it was necessary:

to select the type of disposable ammunition;

to develop the method for their disposal;

to estimate the composition of the resulting mixture and its mod-
ifying effect due to the obtaining the diamond fraction and constit-
uent components.

2. OBJECT AND METHODS OF RESEARCH AND OBTAINING
SECONDARY RAW MATERIALS

Based on the requirements for hardening restoring coatings, we an-
alyzed materials of various types of cartridges that can be disposed
in a small container.

The 12.5 mm live and 15 mm signal cartridges are most effec-
tive; the proportions of them are 99.0% and 10%, respectively. The
number of signal cartridges should not exceed this number, since
they include Mg, which will significantly increase the pyroeffect
and provide local detonation up to 3000°C. Such ammunition has
complex structure, for which materials of different composition are
used. The composition of the cartridges also includes gunpowder,
and this does not require additional use of explosives during their
disposal.

When choosing the starting material during detonation, it was
also taken into account that the Cu and Zn components stabilize

Fig. 1. Scheme of ammunition in the furnace for detonation.
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such process.

For detonation, we used a container (Fig. 1) of 1 m® volume with
holes on its surface, sidewalls, and bottom to remove gases and fu-
sible components. Such holes were formed with diameter of 6 mm
and placed at distance of 50 mm from each other. The container for
detonation was installed in the field at distance of 1.5 km from the
buildings. Before lying in the container, the cartridges were packed
in bundles of 10 pieces and laid in four layers, and then, set on
fire—the lower (first bundle). The detonation time of each layer
varied: for 1% one, it was of 1-2 s; for 2" one, it was of 2-3 s; for
3™ one, it was of 3—5 s; for 4™ one, it was of 5-10 s (Fig. 2). Signal
cartridges were distributed evenly in bundles with the lighting ones
of each layer. This provided an average temperature of the detona-
tion of 1500-1800°C.

A distinctive feature of this detonation method is obtaining the
mixture with stable diamond phase and the ability to simultaneous
obtaining the modifying components.

To study the qualitative and quantitative compositions of the
charge, chemical and spectral analyses, electron microscopy meth-
ods, and local spectral analysis were used.

To use such mixture to achieve specific properties, it can easily
be divided into fractions (small non-magnetic, magnetic, and large-
mixed ones). Depending on the type of fraction, it can be effectively
used for various purposes in metallurgy, engineering, the oil and
gas industry as modifying additive in metal [3] and grease to stabi-

Fig. 2. Changing the time and temperature of the explosion of each layer.
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lize the operation of equipment [4].

This paper presents the results of analysis of the secondary
charge composition of small fractions (magnetic and non-magnetic
ones) with nano- and dispersed diamonds.

3. RESULTS OF THE RESEARCH

When disposing of ammunition, conglomerates of different sizes are
formed, which are crushed and analyzed by various methods. At the
first stage, the properties were evaluated by chemical analysis. In
this case, the average contents of the main components included in
the metal of the cartridges, namely, Fe, Cu, and C, were deter-
mined. It was established that their share in such charge are: 3.47—
3.43% of C; 3.14% of Cu, and up to 100% of S, Ca, Mg, K, Na, Fe,
0,.

To identify all possible components included in the fine fraction
of the mixture, we analyzed their contents by the method of spec-
tral analysis of conglomerate-fragmented grains. Table 1 and Figure
3 show statistical analysis of the components’ content in the grains
of the magnetic charge and, selectively, in the conglomerate, re-
spectively.

TABLE 1. The chemical composition of the magnetic component of the
charge.

Conglomerate | Conglomerate |Conglomerate|Conglomerate A
Element 1 2 3 4 X;fsfe
% Error % Error % Error| % Error

Ti 11.83  0.36 9.14 0,28 10.83 0.28 10.67 0.34 10.61
Cr 0.69 0.06 0.48 0.04 0.57 0.04 0.53 0.05 0.57
Mn 0.43 0.04 0.36 0.03 0.38 0.03 0.36 0.03 0.38
Fe 6.81 0.1 13.7 0.13 5.0 0.07 8.31 0.11 8.46
Co 0.8 0.04 1.21 0.04 0.58 0.02 0.74 0.03 0.84
Ni 0.18 0,02 0,08 0,01 0,17 0.01 0,13 0,01 0,14
Cu 25,99 0.18 20.64 0.14 37.79 0.19 17.23 0.13 25.41
Zn 11.83 0.1 6.91 0.06 17.16 0.1 5.9 0.06 10.45
Y 0.8 0.02 1.07 0.02 0.47 0.01 1.24 0.02 0.9

Mo 0.14 0.001 0.07 0.01 0.08 0.01 0.07 0.01 0.09
Ag 0.06 0.01 0.29 0.01 0.27 0.01 0.41 0.01 0.75
Cd 2.13 0.03 0.83 0.02 1.02 0.02 0.9 0.02 1.23
Sn 3.99 0.06 1.64 0.03 2.05 0.04 1.75 0.04 2.36
Sb 1.72 0.03 0.7 0.02 0.92 0.02 0.77 0.02 1.08
Au 0.66 0.03 0.7 0.02 0.71 0.03 0.87 0.03 0.75
Pb 31.92 0.24 42.1 0.22 22.0 0.19 50.13 0.26 36.54
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b

Fig. 3. The distribution of components in two grains of magnetic-
component conglomerate of the charge.

The measurement error is of 0.004—-0.36% , where the minimum
corresponds to Mo, and the maximum corresponds to Ti.

The above analysis shows that the maximum dispersion of read-
ings in the fine magnetic fraction is characteristic for components
with higher their content in the charge: Fe, Ti, Cu, Zn, and Pb.

At the same time, the analysis did not reveal such components as,
for example, C, Mg, Si, and other modifying additives.

It can be assumed that such components are not distributed even-
ly in the conglomerate of grains or cannot be detected by this meth-
od. This is especially true for the diamond phase. Therefore, we
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Fig. 4. The diamond fraction in the non-magnetic component of the charge.

conducted detailed local studies of grains to assess their structure
with the identification of the diamond fraction.

Statistical electron-microscopy analysis and local x-ray diffrac-
tion revealed multilayer coatings on diamond fractions, which are
easily deformed during detonation, since they are located both in-
side the conglomerate grains of different sizes and along their
boundaries in the form of film coating (x10000, Fig. 4).

At the same time, there are conglomerates consisting of metal
oxides in the non-magnetic component of the charge, and they are
less deformed during detonation. In the first case, during cyclic
detonation, the diamond fraction is crushed to nano- and dispersed
inclusions, and in the second case, their size is much larger and is
measured in microns. This is due to the fact that such inclusions
are sintered in weakly deformable shell of metal oxides. At the
same time, the diamond fraction in these two variants of formation
of the conglomerate grains is stable due to this method of detona-
tion, and this is confirmed by the fact that, during five years of
storage, it does not decompose with the formation of graphite. The
diamond phase with a less plastic coating is better detected when
using such charge in the structure, applied hardening coating.

Figures 4 and 5 show the diamond fraction detected in the non-
magnetic and magnetic fractions of the charge, respectively.

The non-magnetic component of the charge was estimated by the
method of spectral analysis (Table 2), which showed that its main
constituents are as follow (in %): 6.42 of Fe (possibly, y-Fe); 13.30
of Cu; 5.69 of Al; 8.23 of Ti; 13.37 of Mg; 1.63 of V; 5.88 of Zn;
16.98 of Sn.

When comparing the various types of the charge, it is clear that
they differ significantly. Thus, significant content of impurities
was revealed in the magnetic component, which can reduce the mod-
ifying effect during hard facing and hardening of restorative coat-
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Fig. 5. The diamond fraction detected in the magnetic charge during hard
facing.

ings, and its use requires further investigation in production condi-
tions. In such fraction of the charge, the Fe content is also in-
creased, and of the modifying additives, only yttrium is present,
the proportion of which in individual conglomerates varies in the
range of 0.471-1.244%.

The most effective component for hardening of restorative coat-
ings is the non-magnetic component of the charge with nano- and
dispersed diamonds. It contains more modifying additives: Al, Mg,
Y.

The content of components in the non-magnetic fraction of the
charge, estimated by the spectral method, is given in Table 2.

Such charge includes 24 constituents that is 33% more than the
magnetic component, in which there are no Al, Si, Zn, V, Hf, Ta,
W, Bi, and Ag. Moreover, from the entire statistical sample, such
components are mostly present in single grains, although in some of
them, the average concentration reaches 13.37% of Mg, 5.69% of
Al, 1.63% of V, and 0.86% of W. The average proportion of the
remaining components detected in single grains of conglomerate
does not exceed 0.01-0.58%.

Some of components, which are included in the magnetic compo-
nent of the charge, differ significantly in concentration. Thus, the
fraction of Ti, Sb, Fe, and Pb in it is 25% and 39% higher, respec-
tively, and Cu, Zn, and Co are 2 times higher than non-magnetic
component. The concentration of Y, Ca, Mo, and Cd in the com-
pared types of charge is rather close, and magnesium is absent.

When using the non-magnetic component of the charge as the
modifying additive, introduction of it is also most effective in the
amount of 5—-7% of the electrode or wire fraction. When recalculat-
ing, the average input fraction of the modifying additive in the lig-
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TABLE 2. The chemical composition of the non-magnetic component of the
charge.

No of grain

Element, % Average value

1 2 3 4 5
Mg — 66.83 — — — 13.37
Al — 28.46 — — — 5.69
Si — 1.95 — — — 0.39
Ti 20.19 — — 11.01 9.96 8.23
A% 8.16 — — — — 1.63
Cr 1.17 — — 0.66 0.54 0.47
Mn 0.86 0.04 — 0.46 0.44 0.36
Fe 6.23 0.46 4.91 9.61 10.88 6.42
Ni 0.01 — — 0.21 0.18 0.08
Cu 7.81 1.45 9.15 25.01 23.09 13.30
Zn — 0.82 4.63 11.36 12.61 5.88
Y 2.58 — — 0.72 0.77 0.82
Zr 0.24 — — — — 0.05
Mo 0.44 — — 0.18 0.13 0.15
Sn 5.48 — 71.19 4.52 3.7 16.98
Hf 2.9 — — — — 0.58
Ta 0.41 — — — — 0.08
W 4.24 — — — — 0.85
Pb 39.24 — 8.13 30.39  34.67 22.48
Bi 0.06 — — — — 0.01
Ag — — 0.4 0.08 — 0.10
Sb — — 1.6 2.09 — 0.74
Co — — — 1.12 1.09 0.44
Cd — — — 2.58 1.94 0.90

uid bath will be as follow (in %): 0.8 of Mg; 0.34 of Al; 0.02 of Si;
0.49 of Ti; 0.03 of Fe; 0.005 of Ni; 0.003 of Zr; 0.1 of V; 0.03 of
Cr; 0.02 of Mn; 0.8 of Cu; 0.35 of Zn; 0.05 of Y; 0.01 of Mo; 0.22
of Hf; 0.005 of Ta; 0.05 of W; 1.35 of Pb; 0.21 of C (nano- and
dispersed diamonds).

Based on the information obtained about the components and
their share in the mixture, when using non-magnetic component of
the fraction as a modifier, it follows that the main modifying addi-
tives are Mg, Al, Ti, and Cu. The average amount of diamond frac-
tion estimated by the carbon fraction by chemical analysis in such
mixture is of 3.45% of C, and when introduced with the mixture
for modification, it will not exceed 0.21% . When applying restora-
tive coatings, components with a low melting point will float to the
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surface and will be removed by machining.

Studies on the use of such charge, taking into account its compo-
sition and the proportion of input components, have confirmed the
feasibility for parts and constructions [5—7], which are used in var-
ious conditions of production and operation: hard facing of restora-
tive coatings, welding of defects, and introducing into grease to
stabilize the operation of fit.

4. CONCLUSIONS

A new technological process is proposed for producing nano- and
dispersed diamonds in the detonation secondary charge from the
disposal of ammunition specific set that has served its shelf life.
For detonation, live 12.5 mm cartridges (99.0%) and 15 mm signal
cartridges (1.0% ) were used.

A type of container for disposal and a method for the detonation
of such ammunition as well as a method for their placement are
proposed. This ensured their cyclic deformation as well as the for-
mation of stable diamond phase and the removal of significant pro-
portion of volatile and low-melting components.

The resulting detonation charge is easily divided into fractions:
small (magnetic and non-magnetic) and large mixed ones. The per-
formed studies showed that different fractions of the charge differ
in the chemical composition and size of the diamond component.
Nanodiamonds are formed largely in the non-magnetic component of
the charge, and they are coated with plastic compounds. In the
magnetic component, diamonds cover metal oxides, which prevent
the destruction of this phase, and it is sintered during cyclic deto-
nation.

Qualitative and quantitative comparative spectral analyses of the
grains’ conglomerate constituents of the magnetic and non-magnetic
components of the charge were performed. It is shown that the first
ones contain 16 constituents, and the second ones contain 24 con-
stituents. They differ in the share of modifying components, which
are found in individual grains.

Studies have established that the maximum proportion of the
modifying additive corresponds to the non-magnetic fraction of the
charge.

Based on the composition of the charge, it is recommended to use
it for the modification of liquid metal during restorative hard fac-
ing in the amount of 5—-7% of the electrode or wire fraction.

Depending on the type of charge (magnetic or non-magnetic one),
its use is effective for various conditions of hardening and increas-
ing the operational stability of parts.
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EnexTponpoBigHicTh i MAarHETOPE3MCTUBHI BJIACTHBOCTI IAPYBATUX
cTpyKTYp Ha ocHoBi Fe Tta SiO
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IIpencraBieHO eKCIEPUMEHTAJNbHI pe3yJbTaTH II0A0 eJIeKTPOIPOBiAZHOCTH
Ta MarHeTOPe3MCTHUBHUX BJIACTUBOCTEH IIapyBaTUX CTPYKTYP Ha ocHOBi Fe
ta SiO, oZep:KaHUX METOAOI0 IIOIIAPOBOTO €JEeKTPOHHO-IPOMEHEBOTO OCa-
IoKeHHs y Bakyywmi. IlokasaHo, 10 BeJIWYMHA MHUTOMOTO OIOPY 3aJIEKUTH
Big edeKTMBHOI TOBHIMHH ITapiB Fe, 110 3yMOBJIeHO PO3MipHUMU edeKTaMu
y miIiBKoBuUX MaTepiasax. MarneTope3sucTuBHUN edeKT AJIA CBiXKOCKOHIEH-
COBaHMX 1 BigmajeHUX ITapyBaTHUX CTPYKTYP Ma€ aHi30TpPOOHHUI XapakKTep,
a #toro BeauuuHa He mepeBuinye 0,1% sa KiMHaATHOI TeMmepaTypu.

The experimental results on electrical conductivity and magnetoresistive
properties of layered structures based on Fe and SiO prepared by layer-by-
layer electron-beam condensation method are presented. As demonstrated,
the value of resistivity depends on the effective thickness of Fe layers. It
is associated with the size-effect appearance in thin-film materials. For
as-deposited and annealed structures, the magnetoresistive effect has ani-
sotropic character, and its value does not exceed 0.1% at room tempera-
ture.

Karouori cioBa: moiapoBa KOHJAEHcAllisl, €JeKTPONPOBiAHICTh, TepMiuHWMIT
Koe(imieHT omopy, MarHeToOpe3nuCTUBHI BJIAaCTUBOCTI.

Keywords: layer-by-layer condensation, electrical conduction, temperature
coefficient of resistance, magnetoresistive properties.
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1. BCTYII

Ha crorommimiaiii menpb mpobsieMa BUBUEHHSA Pi3HUX HAHOPO3MipHUX
TeTEPOCTPYKTYP € OAHicI0 3 HaANOiJbII I[IKaBUX i BAXKJIUBUX AK IJIA
dyHzaMeHTaJIbHOI HAyKM, TaK i I8 OPUKJIATHUX po3pobox [1, 2].
T'erepocucremu, a0 AKUX MOYKHaA BiZHECTHM I'PaHyJIbOBAHI ILIiBKOBI
CTOIIM HA OCHOBi (pepoMarHeTHHX i MIIAXETHUX MeTatdiB [3, 4], KoM-
MO3UTHI MaTepianru Tumy QepoMarieTuk—mieleKTpuk [5], macusBu
MAarHeTHUX HaHOYACTHHOK [6], BaKyyMHiI TyHeNmbHI CcTpyKTypm [7]
TOII0, YMOJKJIUBJIIOIOTh, BUBYATH e(eKTH, OB’ A3aHI 3 IMepeHECeHHAM
3apAny Ta chmiHoBoi moJsapuaalrii [8, 9] uepes pisui marepigiau. Opme-
p:xaHi pesyJbTaTH MOXKYTh OyTH BUKODPUCTAHI A CTBOPEHHA (DYHK-
IiOHAJILHUX MaTepiaaiB i3 HoBuMU BiacTuBocTamu [10].

CuctemMu Ha OCHOBi ITapyBaTMX HAHOCTPYKTYP YMOKJIMBIIOIOTH IO-
caikyBaTu TakKi GyHmameHTanbHi mpobyeMu, AK Ipupoia oOMiHHOI
B3aEMOJil MiX MarLHeTHMMH IIIapaMM 4Yepe3 HeMarHeTHi IIpOMIapKu
CIIiH-3aJIe;KHOT'O0 PO3CiAHHA Ta TYHeJIOBaHHSA eJeKTPOHiB, (hopMyBaH-
HA oOmiHHOI aHisorpomii Tomro [11, 12]. HaHi cTpyKTypm 3HaMIILIN
BUKOPHUCTAHHSA IMTUPOKOTO CIIEKTPa B CyYacCHill eJeKTPOHHIN Ipomuc-
JIOBOCTi 3aBAAKM TaKUM BJIACTUBOCTAM, SAK MOMKJIUBICTH 3alUCy Ta
3UYNTyBaHHA iH(popMaIlii, TeTeKTyBaHHSA MarHeTHUX IIOJIiB TOIIIO.

Or:xe, MeTOI0 AaHOI po6OTH OYyJI0 eKCIIepUMEHTAJbHE JOCJIiIKeHH
€JIeKTPOIIPOBiIHOCTI Ta MarHeTOPe3UCTUBHUX BJIACTUBOCTeIl cBikoc-
KOHJIEHCOBAaHMUX i TepMocTabijizoBaHUX 3a Pi3HMUX TeMIIepaTyp IIapy-
BaTux cTpyKTyp [Fe/SiO],/I1.

2. METOJUKA TA TEXHIKA EKCIIEPUMEHOTY

Hns dopMyBaHHSA ITapyBaTHUX CTPYKTYP HA OCHOBiI (pepoMarHeTHUX i
IieJIeKTPUYHUX MaTepiaAiB, AK NIPaBUJIO, BUKOPUCTOBYIOTHCS Pi3Hi
METOAM, IO YMOMKJHMBIIIOIOTH PeajiidyBaTH MOIIapoBe OCAIKEeHHA Ha
TiAKJIAAUHKY MeTaJIeBOl Ta MieJeKTPUYHOI KOMIIOHEHT (MarHeTpoHHE,
MOHHO-TIPpOMEHeBe, Pe3UCTUBHE TOINO; AUB., HaOpuKJaam, [13]).

Y mamiii pobori aAna GopMyBaHHS IITapyBaTUX CTPYKTYDP HA OCHOBI
Fe Tma SiO 06yn0 BUKOpPHUCTAHO METOAY IIOIIIAPOBOI €JIEKTPOHHO-
mpoMeHeBOoi KoHAeHcarlii y Bakyymi ycrtanoBku BYII-5M (Tuck rasis
sanumKoBoi atmochepu — ~ 107 ITa) Ha curTamoBi HmigKIaAWHKHN 3a
KimHaTHOI Temmeparypu. ToBIIIUHA MarHeTHUX IIapiB dy, 3MiHIOBaJa-
cAa y Mexkax Bim 5 mo 10 HM, a TOBIMHA AieJIeKTPUUHUX IPOIIAPKiB
cranoBuia dgo=2 HM. KOHTDOJIb TOBIMHU IIapiB 3MilficHIOBaBCA in
situ MeTOJ0I0 KBapIlOBOrO pes3oHaTopa 3 TouHicTio v 10% . Bubip To-
BIIIUH ITapiB OYB B3yMOBJIEHHI TuUM, IO Opu (OPMYyBaHHI 3pasKiB
cTaBMJacA 3ajada OAep:KaTH KOMIIOSUTHI MaTepianm tumy depomar-
HeTuK—gienektpuk [Fe/SiO],, ne n — KinbKicTh moBTOpiB O6imapy (y
maHiit pobori n=15) 3 yaprpaTroukumu mapamu [13]. 3pasok y maHo-
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My BHIIQIKY CKJIALAEThCs i3 HaHOrpaHya Fe, Misk axumMu (GpopMyoOTh-
ca xaHamnu 3 SiO (muB. puc. 1). IIpuumuna cerperarii SiO Ha moBepxHi
rpanys epoMarHeTHOTO MaTepiany, srizmo 3 [14], momarae y 3meH-
IIeHHi eHeprii cucTeMn BHACJIIOK TOTO, IO IIOBEPXHEBA eHeprid mie-
JEeKTPUYHOrO MaTepidAJy MeHIIa, HiK y (hepoMarHeTHOroO.
KoMmmosuiiitiny # ejJleMeHTHY aHaJi3¥W TOHKOILIIBKOBUX 3pasKiB
3miliCHIOBaJM 3a JIOIIOMOIOI0 CKaHYBAaJbHOTO €JeKTPOHHOIO MiKpoc-
koma (Tescan VEGA3) 3 eHeproposciioBalbHUM PEHTI€HiBCHbKUM
(EDX) merextopom (Oxford Instruments). Ons maHux gocaimxeHb
OyJu BMKOPHCTAHI CKJIOBYIJIEIEBlI HMiAKJIaAMHKMN po3MipaMm 5x5H MM.
Tumoi EDS-rommosuiiiai kaptu eaemenTiB Fe, Si it O ta EDX-
cuekTep Ana mapyBatux ctpykKTyp [Fe(10)/SiO(2)];/11 micna xkoumeH-
camii HaBemeno ma puc. 2. HaaBHicTh enementy C mHa EDX-cmexTpi
OB’ A3aHa 3 BUOpPAHUM TUIIOM INiAKJAIWHKU IJI9 JAHUX TOCITiIKeHb.
3 EDX-KOMIIO3UIIIHHMX KapT [Jd IIapyBaTUX CTPYKTYpP
[Fe(10)/SiO(2)];/II 6yno BcTamoBieHO, 10 Fe, Si i O piBHomipHO po-
3mOiJieHi Mo BchOoMYy 00’€My ILIiBKOBOTO 3pasKa, IO IIiATBepPIKye
e(eKTUBHICTL 3aCTOCYBaHHSA METOAM IIOIIIapPOBOI KOHIAEHCAIlili CTPYK-

Puc. 1. CxemaTnuHe 300parkeHHS CTPYKTYPU ITapyBaTHX IJIIBKOBUX 3Pa3KiB
[Fe/SiO],/I1."

Puc. 2. EDS-kommosutiini kaptu enemenris: Fe, Si #t O ta EDX-crmekrep
nis mapysatux crpykTyp [Fe(10)/Si0O(2)],/I1 micaa xongencamii.?
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TYp 3 YJABTPATOHKHMH IIapaMu s (GOpMyBAHHA KOMIIOBUTHHUX Ma-
TepianiB Tuny gepoMarHeTuK—AieIeKTPUK.

3 MeTOI0 eKCIEepUMEHTAJbHOTO MOCIHiIKEeHHS eJeKTPOIPOBiTHOCTHU
Ta BILIMBY TEMIIEPATYPHOTO edeKTy Ha BEJIUUYMHY MAarHEeTOOIIOPY MIOcC-
JiIPKyBaHi 3pasKM IIPOXOANJIN TEePMOOOPOOJEeHHS 3a CXEeMOI0 «Harpi-
BaHHA—-BUTPUMEKa 3a Temmeparypu y 400, 500, 600 ta 700 K mpoTs-
roM 15 XB.—OXOJIOLKEHHI» .

HocmimxeHHa MarHeTOPE3WCTUBHUX BJIACTHUBOCTEH IIPOBOAMIIOCH Y
MOB3JOBXKHIN i momepeuHiél reoMeTpiAx y 30BHIMIHBOMY MAarHeTHOMY
moii immykiriero B =+600 mTa. BernunHa MarHeToOIIOPY PO3PaxoOBY-
Bajaca 3a cuiBBigmomennam MR = (R(B) - R(B,))/R(B,), ne R(B,) —
eJIeKTPUYHMI OHmip Y MArHeTHOMY IIOJIi HACHUEHHsS a00 y MaKCHUMAaJb-
HO MOKJIMBOMY MarHeTHOMY moJii; R(B) — IOTOYHe 3HAUEHHS OIIOPY
ILIiBKY B MarHeTHOMY IIOJIi.

3. EJJEKTPOIIPOBIAHICTD ITAPYBATUX CTPYKTYP

EnekTpruHa IIPOBiMHICTL TOHKMX METAJeBUX ILIiBOK BU3HAUAETHCS
AK KOMIIOSUIIITHMM CKJIaIOM, TaK i XxapakTepoM KpHUCTaJiuHOI CTpY-
Krypu. IIpu mpoMy y BUIAAKY CTPYKTYPHO HECYIILJIbHUX abo miapy-
BaTUX ILJIIBOK NPOABIAIOTHCA €JeKTPOo(isuuUHi BJIACTUBOCTI, ITIO 3HAU-
HO BiJpiBHAIOTHCA He JIUIIE BiJl BJACTUBOCTEH MaCUBHUX MAaTeEPidAiB,
aje M Bim OHOIIIAPOBUX CYIIIBHUX ILTiBOK. 3ayBasKMMO, IIIO0 TPAaHC-
IOPTHi BJIACTUBOCTI I'PAHYJIBOBAHUX i IMIapyBaTUX CTPYKTYP THUILY Me-
TaJ—IieeKTPUK MOKHA HaOJMIKEHO OIIMCATH 3a JOIOMOIOI0 TPhOX
PeXUMIB IPOBIAHOCTH: METAJIUYHOTO, MEPEXiJHOrO Ta AieJeKTPUYHOTO
[15]. BBamxaeTbcs, II0 AOMiHYBaJHLHMM MEXaHiZMOM IIPOBiAHOCTHU
KepMeTHUX I'PaHYJIbOBAHUX IJIIBOK OJA 00’€MHOI YACTKM MeETAJeBOl
(daszu, MEHIIIOI 3a IIOPir MEPKOJIAIlil, € TYHEeJNIOBAHHSA €JeKTPOHIB.

Puc. 3. 3anexXHicTh MUTOMOr0O OIIOPY BiJ TeMIepaTypu IJs TepMocTabiiso-
Banux 3a Temneparypu y 700 K crpykryp [Fe/SiOl,/II (I — dg.=5b HM,
dsio=2 uM; 2 — dy, = 8 HM, dgo =2 BHM; 3 — dy, = 10 BM, dgo = 2 uM).?
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Y nmamiii pobOTi IIPOBEIEHO AOCHiIKEeHHS eJeKTPOIPOBiMHOCTH IIIa-
pyBatux ctpyKTyp [Fe/SiO];/Il 3 ebexTuBHUMU TOBHIMHAMU dp,= H—
10 ™M Ta dgo =2 um. Ha pucyHKy 3 HaBeZeHO 3aJI€KHOCTi ITUTOMOTO
OIOpPY Bim TeMmepaTypu OJA 3pasKiB, TepMOCTaOiIi30BAaHUX 34 TEM-
neparypu v 700 K. K BugHO 3 pHCYHKAa, AJA BCiX 3paskiB peasisy-
€ThCA MeTaJiuHUU XapaKTep IIPOBifHOCTH B iHTepBaJIi TeMIepaTyp
290-700 K. Ile cBimuuTh mpo Te, 10 y AiANA30HI e(eKTUBHUX TOB-
muH mapiB Fe dp,=5-10 HM MeraseBi mmapu € eJeKTPUYHO CYIIiJb-
HUMHK. ¥ TOH e uac HieJeKTPUUYHI IPOIIapKM MOMKYTb OYTH CTPYK-
TYPHO HECYIiJIbHMMHM BHACJIIJIOK iXHBOI Majol e(peKTHBHOI TOBIIUHMU.
TakuM ymHOM,(HOPMYETHCA KJACTEPHA CTPYKTypa 3 METaJIEBUX OCTPi-
BIIiB, AKi JOTMKAIOTLCA OAUH OO OLHOTO, IO ¥ IIPUBOAUTH 4O 3HAUHO-
ro 3pocTaHHA e(EeKTHUBHOCTH IIPOIECIiB eJIEKTPOIEePEeHECeHH, a 3aJe-
skHocTi p(T) MaloTh TUIIOBUH IJiA MeTaliB XapakTep. Ha remmepary-
PHi#l 3aJIeKHOCTI NMTOMOTO OMNOPY CIOCTEpPirarThbcA XapaKTepHi mi-
JAHKW, Ha AKUX pPeali3yeThcA PO3CIAHHA eJeKTPOHIB Ha aedeKTax
KpucTajgiuyHoi OymoBM, MeKaxX B3epeH Ta iHTepdelicax (eJIeKTPOH-
MarHoHHa Bsaemonia (imtepBan 290 K-0,) Ta BucoKoTeMIlepaTypHa
eJeKTpoH-(oHOHHA B3aemogia (imTepsan 0,—700 K) [16].

Cuix sasHaumTH, N0 XapaKTepHA [ CBIXKOCKOHAEHCOBAHUX 3Pas-
KiB BeJIMUYMHA IHUTOMOro omopy (p) cKiagae Beamunny (30—70)-1077
Om-M. ¥V mporieci TepmocTabisisarii 3a pisHUX TeMIlepaTyp CIIOCTepi-
raeTbCs 3MEHIIIEHHS IMUTOMOTO OIIOPY BHACJIIIOK 3aJiKOBYBaHHA [e-
dexTiB Kpucramiunoi ctpyktypu (puc. 4). Ilicaa repmoctabinisaiii
3a temmeparypu y 700 K muromuii omip smenmyeTsca go (8—10)-1077
Om-Mm. [I1s Bcix mochim:KyBaHMX 3paskiB (pikcyBaBcsa JIMIlle MOTaTHii
TepMiuyHUN KoedillieHT omopy .

Ha pucyHKy 5 HaBeJeHO 3aJIe;KHOCTI MUTOMOIO OIOPY P Bim edek-
TUBHOI TOBHMHU 1IapiB Fe dg,. 1li 3amekHOCTI HOCATH MOHOTOHHUI
xXapakTep, i MUTOMMUI OIip Jiuille 3MEHITYeThCS pU 30iJbIeHHI ede-

Puc. 4. 3aneXHicTh OUTOMOTO OMOPY BiJ TeMIlepaTypu BiAIa/IlOBaHHS IJIs
mapyBatux ctpykTyp [Fe/SiO];/II (I — dg.=5 HM, dgo=2 EM; 2 — df, =8
BM, dgo=2 EM; 3 — dp,= 10 HM, dg =2 HM).*
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Puc. 5. 3anexHicts mmrtomMoro omopy Bix edekTuBHOI TOBITMHU IapiB Fe
Iasa cBiskockoHAeHcoBaHoi (I) Ta TepmocrabinizoBaHoi 3a Temmeparypu y
400 (2), 550 (3) i 700 K (4) mapysatoi ctpykrypu [Fe(dy.,)/Si0(2)]s/I1.°

KTUBHOI TOBIHIMHU MeTadiunux mmapis Fe. [IpuunHoio 11boro, Ha HAIITy
IYMKY, € IPOSB PO3MipHUX e(eKTiB y IIiBKOBHUX MaTepisiax. OcHo-
BHUMHI UYNHHUKAMM, AKi 3yMOBJIIOIOTh HASBHICTH POSMIPHUX 3aJIeiK-
HoOcTell p Ta [, € BHECOK [JOJAaTKOBOTO DPO3CigHHA HOCiiB 3apanxy Ha
30BHIITHIX ITOBEPXHAX ILIIBKU Ta MiK3epeHHUX MeyKaX.

4. MATHETOPESUCTHBHI BJIACTHUBOCTI

Amnajisa omep:KaHMX HOJBOBUX 3ajieskHocTeill marzmetroomnopy (MO) sk
IJIs CBi*KOCKOHJIEHCOBAaHMX 3Pas3KiB, TaK i A4 BiAmaleHHUX 3a PisHUX
TeMIIepaTyp mokasaja, 1o MO mae aHisoTpomHuit xapakrep (puc. 6).
AMILTiTYZa MarHeTOpes3suCTHUBHOTO e(EeKTy B IO3JOB:KHiN i momepeu-
Hili reomerpiax mipanHa criaagasa 6amsbko 0,05% 3a KimuaTHOI Te-
mnepatypu. IIpumunHOO IILOTO € TOu (haKT, 110 PpepoMAaTrHEeTHI MeTaaun
y ILTIBKOBOMY CTaHi mpu (GopMyBaHHi iX Ha aMOPPHUX HigKJIaTMHKAX
3a KiMHAaTHOI TeMIepaTypu Ta JOCTATHHO BEJIMKUX MIBUIKOCTEI oca-
M:KeHHS Xoua i 3aJMINaloThbCd MarHeTHUMU, OJHAK IXHSA HaMarkLeTo-
BAHIiCTh € iCTOTHO MEHIIIOI0 3a HAMArHEeTOBAHICTH MACHBHHX MeTaJe-
BUX 3pasKiB. 3MeHIIIeHHSA HAMATHETOBAHOCTYU M CIPUUYMHSIE IamiHHsA
aMILIITy Ay aHi30TPOIIHOTr0 MArHETOPE3UCTUBHOIO ePeKTy.

Caim sasdHaumMTH, M0 y HOAIOHMX CTPYKTypax (KEpMETHUX Ta OCT-
piBIIeBUX IITiBKaxX) MeXaHi3sMHU peajisarlii MarmeToomnopy cKJamHi i Ha
CLOTOMHIIMHIA MeHb A0 KiHIg He 3 AcoBaHi [17, 18]. ¥V mamomy Buma-
ary mapu Fe npu dp, = 5-10 HM, ocam:keHi Ha TOBepXHIO aMOPQHOIL
CUTaAJIOBOl IMiAKJAANHKMN, AK NPaBUJIO, € CTPYKTYPHO HECYIIJIbHUMMU.
ToMy MOKYTH peaisyBaTHCs YMOBHM, 34 AKX BIINB aHizorpomii MO
Oyzae HeicTOTHMM; HJOMiHYBaJIbHUM Ke edeKToM Oyae isorpomumit MO,
3YMOBJIEHAH CIIiH-3aJI€KHUM TYHEJIOBAHHAM €JIEKTPOHIB MixK Qepo-
MarHeTHUMU oOcCTpiBusaMu. [Ipu 3asHaveHUX dp, MOXKe OyTH peasrizo-
BaHA CYNEPIIO3UILisd CIIiH-OpOiTAJIBHOTO PO3CIAHHA Ta CHiH-3aJIEKHOTO



EJIEKTPOITPOBIIHICTD I MATHETOPESVICTMBHI BJIACTIBOCTI CTPYKTYP 41

Puc. 6. IlonboBi 3ayIe’KHOCTI MO3AOBXKHBOTO Ta IMOMEPEYHOT0 MAarHETOOIIOPiB
cBisKoCcKOHAeHcOBaHUX (a) i BigzmaneHux 3a temmepatyp y 500 (6) i 700 K (8)
mapyBatux cTpykTyp [Fe(10)/Si0(2)],/I1.5

TYHEJIIOBAHHS €JIEKTPOHIB. Y HAIIIOMY BUIIAAKY, BHACJIIOK JOCTATHHO
MaJjoi e)eKTUBHOI TOBIMHU TieJEKTPUYHOTO MPOIIAPKY (dgo= 2 HM),
B)Ke y Tmporeci KoupeHcarii Bi0yBaeThCA YTBOPEHHA KJACTEPHOI
CTPYKTYpPU i3 MeTaJiYyHUX OCTPiBIiB, AKi AOTMKAIOTBCA ONUH OO OfI-
Horo. K HacJigoOK, mMOMiHyBaJbHUM € BIJIUB aHisoTpomuoro MO. ITi-
cass TepmoobpobsenHsa 3a Temmeparyp yv 400, 500 i 700 K xapakTtep
MarHETOOIIOPY 3aJuINaeThcsaA He3aMiHHUM. Ciix Jsmie 3a3HAYUTH, IO
HAaCUYEeHHA NOJHOBUX 3aJIE}KHOCTEH ITO3MOBKHBOTO Ta IIOIEPEUHOTrO
MO cTpykTyp, Bigmamenux 3a temmeparypu y 500 K (puc. 6, 6), Bix-
OyBaeThCcA y BUIIUX MOJAX, HiK AJA 3pasKiB, CBisKOCKOHIEHCOBaHUX
i Bigmamenux sa Temmepatypu y 700 K.

Tako:k I TaKuX 3paskiB (QixcyeTbesa i samenmenus (y 1,5-2 pa-
3u) Beamumuau MO. Taki smiHu, Ha Halry AYMKY, 3yMOBJIeHi ¢Gopmy-
BaHHAM OKCUIHUX (das.

3 migBuilieHHAM TeMmnepartypu BignamioBaumHs go 700 K BigOysa-
€ThbCcs icToTHe 30inbITeHHS po3MipiB sepen Fe, 1o i mpuBoguTh 10
30iJIbINIEHHA BEJWYMHU MATHETOONOPY Ta MOHMKEHHSA IOJS HacUYeH-
Hs.
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5. BUICHOBRH

Hns mapysatux ctpykTyp [Fe/SiO]; 8 ToBmuuamu mapis Fe (dy, = 5—
10 am) i SiO (dgo =2 HM) peayidyeThbcsd MeTANTiUYHUUA PEKUM IIPOBif-
HOocTH y TeMIeparypHomy imTepsBaai 290-700 K. Ha temmepaTypHHX
3aJIeXKHOCTAX IIMTOMOTO OIIOPY CHOCTepiraroThCA XapaKTepPHi MiJdaH-
KM, Ha AKUX peaslidyeThca eJeKTpoH-MarHonHa (imTepan 290 K-0,)
Ta BHCOKOTEMIepaTypHa ejgekTpoH-GoHoHHA (imTepBan 60,—700 K)
B3aemojii. BesnurHa MUTOMOrO ONOPY 3aJIEKUTh BiJl e(peKTHUBHOI TO-
BituHU 1apis Fe, mio mos’a3ane i3 posmipuuMu eeKTaMu B ILIiBKO-
BUX MaTepidgax.

Maruerope3ucTuBHUN e(PeKT OJs CBiKOCKOHIEHCOBAHMX i Bimma-
JeHux 3a temmepatyp y 400, 500, 600 i 700 K mrapyBaTux CTpPYKTYp
[Fe/SiO], mae amisoTponHuii xapakTep. Beauunua Sk MMO3T0BKHLOTO,
TakK i IMOIepeyHoro MarHeTooImopy B MarHeTHux mouaax mo 0,6 Ta me
nepesuinye 0,1% 3a KiMHaTHOI TeMIlepaTypH.

PoboTy BuKOHAHO B paMKax gep:kboomierHux Tem 01190100777 i
0120U0102005.
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! Fig. 1. Schematic representation of the structure of layered film samples [Fe/SiO];/II.

2 Fig. 2. EDS-compositional maps of elements: Fe, Si, and EDX-spectrum for the layered
structures [Fe(10)/Si0(2)];/1II after condensation.

3 Fig. 3. Temperature dependence of resistivity for the structures [Fe/SiO];/II thermostabi-
lized at a temperature of 700 K (I —dp, =5 nm, dgo=2 nm; 2—dp, =8 nm, dgo=2 nm; 3—
dg. =10 nm, dgp =2 nm).

4 Fig. 4. Dependence of resistivity on the annealing temperature for the layered structures
[Fe/SiO];/II (1—dp,=5 nm, dgo=2 nm; 2—dp, =8 nm, dgo=2 nm; 3—dg=10 nm, dgo=2
nm).

> Fig. 5. Dependence of resistivity on the effective thickness of Fe layers for the layered
structure [Fe(dy.)/SiO(2)]5/I1 freshly condensed (I) and thermostabilized at the temperatures
of 400 (2), 550 (3) and 700 K (4).

5 Fig. 6. Field dependences of the longitudinal and transverse magnetoresistances of the lay-
ered structure [Fe(10)/SiO(2)];/I1 freshly condensed (a) and annealed at the temperatures of
500 (6) and 700 K (8).
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Obtaining Ge—GeS:Nd Heterojunction and Research of Current—
Voltage Curve

A. S. Alekperov, A. E. Nabiyev, and T. M. Aydinova

Azerbaijan State Pedagogical University,
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For the first time, we grew an n-Ge—p-GeS:Nd heterojunction by the
method of vacuum thermal evaporation, and we studied the possibility of
rectifying the current by this heterojunction according to its current—
voltage curve. In order to study the effect of radiation on the current—
voltage curve of the heterojunction, samples were studied as subjected to
different doses of gamma irradiation (of 50 and 150 krad). Moreover, the
data obtained were compared and analyzed.

Buepite mu Bupoctusau rereponepexin n-Ge—p-GeS:Nd meromoio TepMoBa-
KYYMHOT'O BUIAPOBYBAHHSA Ta BUBUUIN MOMKJUBICTHL BUIPAMJIEHHS CTPYMY
UM TeTepollepexoloM BiAIOBIAHO OO Oro KPUBOI CTpyM—Hampyra. 3 Me-
TOI0O BUBUYEHHS BILIMBY BUIPOMiHEHHS Ha KPHUBY CTPyM—HAIIpyra rerepole-
pexoxy OyJi0O MOOCHim:KeHO 3pasKu, IO 3a3HABAJNM pPIBHMX [JO3 TraMma-
onpominenua (y 50 i 150 xpax). Binsme Toro, ogep:kani mami 0yso mopis-
HAHO 1 IIpoaHajiBoBaHO.

Key words: heterojunction, vacuum thermal evaporation, current—voltage
curve, dark current, gamma irradiation, generation and recombination
processes.

Karouori ciaoBa: rerepomepexis, TepMOBaKyyMHE BUIAPOBYBaHHS, KpHUBAa
CTPYyM—HAIpPyra, TEMHOBHUM CTPYM, raMMAa-OIIPOMiHEHHsA, IIPOIECH r'eHeparii

Ta pexoMOiHaIii.
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1. INTRODUCTION

Interest in GeS single crystals classifying as axialite increased after
it became possible to reproduce a holographic recording on its sur-

45
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face. Over the past ten years, the greatest interest in layered GeS
single crystals has arisen after scientists at the University of North
Carolina of the United States of America obtained a nanostructure
similar to cloves and made field effect transistors operating in the
high-frequency band [1]. As a result, nanostructured lithium ions
Li", which have the property of intercalation, are used in the manu-
facture of super capacitors of greater electric capacity and solar
converters. The studies showed that being a direct-gap semiconduc-
tor, a layered GeS single crystal is also a photosensitive semicon-
ductor-compound in the near-infrared and visible regions [2].

One of the main challenges facing modern electronics is the man-
ufacture of radiation-resistant, environmentally friendly and cost-
effective solar converters [3]. For this purpose, systems with differ-
ent structures are developed and manufactured, namely, thin films,
Schottky barriers, homo- and heterostructures, which are widely
used in various fields of science and technology [4]. Among the not-
ed structures, heterojunctions are distinguished by a high efficiency
and a wider field of practical application [5].

2. METHODS OF OBTAINING

Despite the numerous advantages, for obtaining heterojunctions
with high efficiency factor working in a stable operating mode, it is
important to observe strictly the following conditions:

contacting semiconducting substances should have the same crys-
tal structure;

parameters of crystal lattices should be as close as possible;

in both semiconducting substances, electronic transitions must be
either direct or indirect.

In reality, you can find semiconductor elements and compounds
satisfying all these conditions. If these conditions are not satisfied,
an additional potential difference arises at the contact of the mate-
rials and the band structure is destroyed. To eliminate these draw-
backs, it is necessary to use solid solutions consisting of several
isomorphic components. The difference in the physical properties
and geometrical sizes of atoms mutually replacing each other leads
to deformation of the crystal lattice. It is possible to prevent de-
formation by changing the percentage of the elements making up
the solid solution and converging the parameters of the crystal lat-
tices of the substances in contact.

When changing the type of conductivity of the Ge crystal, phos-
phorus was used as an admixture. Phosphorus atoms, changing the
type of conductivity and lattice parameters of the Ge crystal, do not
allow the appearance of an additional potential difference at the
contact of the Ge—GeS:Nd heterojunction.
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The thermal spraying method was used for obtaining the Ge—
GeS:Nd heterojunction. A Ge;_,Nd_S polycrystal was placed on a Ge
phosphor-doped substrate, which was located at a distance of 10-15
cm from the quartz vessel. The crystal was heated using a resistive-
ly controlled tungsten wire wound on a quartz vessel. When the
temperature of the vessel reaches 350°C, because of sublimation,
the polycrystal evaporates and absorbs into the germanium sub-
strate [6]. The thickness of the absorbed layer is controlled by the
time of sublimation. The temperature of the polycrystal was meas-
ured using a potentiometer KSP-4, which is included in the package
of the vacuum post ‘VUP-5M’, the absorption process was carried
out under a pressure of 10—6 mm Hg. The stoichiometric composi-
tion of the Ge;_.Nd,S solid solution, the crystal structure, and lat-
tice parameters close to the phosphor-doped Ge single crystal were
determined using Vegard’s law. In this case, to obtain a heterojunc-
tion with a minimum voltage, using a Ge;_,Nd, S polycrystal on a Ge
substrate, a solid solution of the composition Ge,4sNd, .S was used.
The quality of the resulting heterojunction is determined directly
by its current—voltage characteristic and the alternating-current
rectification ability.

3. EXPERIMENTAL DATA AND THEIR DISCUSSION

To determine the mechanism of generation and recombination of the
electrical conductivity of the studied structure under the influence
of various doses of gamma radiation, the current—voltage curve
(VAC) curves in the forward and reverse directions of the structure
was studied. As can be seen from Fig. 1, the VAC of the anisotropic

Fig. 1. Dark current—voltage curve of heterojunction Ge—-GeS:Nd. 1—300
K; 2—100 K.
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n-Ge—p-GeS:Nd heterojunction is asymmetric. This is evidence of
the existence of a potential difference at the junction of Ge and
GeS:Nd semiconductors and the dependence of the current strength
in the circuit on its direction. The dark current strength at a re-
verse voltage value U=1V is of 0.1-0.5 pA. And the current
strength is of 40-50 mA at the same forward voltage. When the
reverse voltage U > 4-5 V is observed, the process of ‘breakdown’ in
the p—n-junction is observed.

A change in temperature in the range of 100-300 K leads to an
increase in the reverse dark current and a shift of the characteristic
to the low-voltage region. These patterns are explained by a de-
crease of the forbidden bandwidth of the semiconductor material.

The study of the VAC characteristics of the Ge—GeS:Nd hetero-
junction shows that the dependence of the forward and reverse cur-
rents on the voltage of the external electric field obeys the law

I1=1, I_exp(qU / (nkT)) - IJ .

Here, I, is saturation current strength; g—electronic charge; U—
voltage; k—Boltzmann constant; T—absolute temperature; n—the
‘ideality’ factor for thermionic emission and recombination process-
es at the semiconductor contact, which, in our case, is = 1.6. As can
be seen from the formula, an increase in temperature leads to an
increase of the concentration of free carriers and current strength.
By extrapolating the VAC curve with respect to the voltage axis,
the contact potential differences (U,) were calculated for different
temperatures, 100 and 300 K, as of 0.6 V and 0.5 V, respectively.
To obtain the generation and recombination data in the region of
volume charges in various temperature and voltage ranges, the VAC
of the Ge—GeS:Nd heterojunction in the forward direction was stud-
ied. The dependence on a logarithmic scale of the VAC of the het-
erojunction in the forward direction is demonstrated in Fig. 2. The
study of the graph shows that the dependence I = f(U) obeys the law

I =1I,exp(qU/(nkT)),

where n is the coefficient characteristic of the p—n-junction, I, is
the saturation current strength, ¢ is the electron charge, k is the
Boltzmann constant, and T is the absolute temperature. It was
found from the analysis of the graph that, when the applied for-
ward voltage value is of 0.05—-0.25 V, the saturation current densi-
ty decreases from 5107 A/sm® to 2-10°® A/sm®. For the straight
section of the graph, the coefficient n grows from 1.0 to 1.6. An
analysis of the obtained data shows that the current flow mecha-
nism in the Ge—GeS:Nd heterojunction and the generation—
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Fig. 2. Dark current—voltage curve of heterojunction Ge—GeS:Nd. 1—100
K; 2—300 K.

Fig. 3. Dark current—voltage curve of Ge—GeS:Nd heterojunction in the
reversed direction: 1—100; 2—200; 3—300 K.

recombination processes in the region of volume charges reconcile
with the Sah—Noyce—Shockley theory [7]. The activation energy is
calculated using the value of the slope angle of the I,=/(1/T)-
temperature curve plotted using VAC. As found, at low tempera-
tures, AE; =0.20 eV, and at high temperatures, AE,=1.04 eV.
Figure 3 demonstrates VAC of the reverse direction of the Ge—
GeS:Nd heterojunction at temperatures of 100 and 300 K on a loga-
rithmic scale. It was revealed that the dark current depending upon
voltage varies according to the I oc U™ law. It was found from the
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InI = f(U) relation that, at a temperature T =300 K and a value of
the applied reverse voltage U < 6.8 V, the indicator m =1.2, and at
U > 6.8V, the indicator takes a larger value and is equal to m =1.4.
With a decrease in temperature to 100 K, the power coefficient de-
creases to m =1.1. The reason for the decrease is the generation—
recombination processes.

Thus, the analysis of the dark VAC of the Ge—GeS:Nd hetero-
junction shows that the generation recombination processes occur-
ring in the region of volume charges have exponential character and
explained on the basis of the Sah—Noyce—Shockley law. In the case
of high temperatures (T > 200 K), with applied voltages U< 0.1V,
the exponential nature of the I=f(U) relation indicates that the
electrical resistance of the base material is less than the resistance
of the shunting element.

As noted, one of the main challenges facing modern electronics is
to obtain radiation-resistant solar converters that function normally
in outside space. Compared to other structures, heterojunctions are
characterized by high efficiency and radio stability [8]. The VAC
obtained for this purpose of Ge—GeS:Nd heterojunctions were stud-
ied after irradiation with gamma rays at doses of 50 and 150 krad.
The effect of various doses of gamma radiation on the dark VAC of
the Ge—GeS:Nd heterojunction in the forward and reverse directions
was revealed. Their analysis showed that, with an increase in the
radiation dose, a change in the current strength in the forward di-
rection obeys an exponential law. The exponential relation (func-
tion) is violated when the applied voltages are of 0.15-0.4 V. It is
established that the current flowing mechanism in the Ge—GeS:Nd
heterostructure depends on the filling mechanism of the depleted
local trapping levels located in the forbidden region.

Another important factor affecting the electrical conductivity is
the interaction of radiation defects arising under irradiation with
existing lattice defects throughout the crystal. Under the influence
of low-dose gamma rays (50 krad), the migration of radiation defects
throughout the crystal leads to the formation of neutral defects and
complex aggregates around Nd atoms [9]. Because of these process-
es, a certain order is created in the crystal. The existing order con-
tributes to a decrease in carrier concentration and at the same time
a decrease in current strength. These processes depend on the tem-
perature of the sample and on the electrical voltage applied to it.
The formation of second type defects occurs at irradiation doses of
the order of 150 krad. In this case, the process of creating defects
also involves electrons formed because of the ionizing effect of
gamma rays, the kinetic energy of which is close to the gamma-ray
energy. Acceptor-type defects, which have arisen in this way, lead to
an increase in the electrical conductivity of the crystal [10].
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4. CONCLUSIONS

Thus, the following results were obtained from the analysis of the
dark VAC of the n-Ge—p-GeS:Nd heterojunction in wide temperature
ranges and radiation doses.

1. The mechanism of electrical conductivity connected with the
processes of generation and recombination in the region of volume
charges and at certain temperatures and the radiation dose obeys
the Sah—Noyce—Shockley theory.

2. The consequences of deviation from the above rule are neutral
defects, which arise because of the interaction of radiation defects
with primary lattice defects at high temperatures and high doses of
radiation.

3. Defects arising at radiation doses of F <50 krad contribute to
an increase in the concentration of free carriers in the structural
base, as well as an increase of the dark current.
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Metal-oxide semiconductors are the most widely used gas-sensitive mate-
rials due to their numerous advantages such as high sensitivity to various
gases with ease of production, high compatibility with other processes,
low cost, simplicity of measurements along with minimal energy consump-
tion. From this point of view, investigations of the morphological and
electrical characteristics of metal-oxide materials, particularly based on
tin(IV) oxide, and the determination of their sensitivity to organic com-
pounds such as ethyl acetate and chlorobenzene are extremely important.
In this work, tin(IV)-oxide nanostructures have been synthesized by chem-
ical vapour deposition (CVD) technique and modified with argentum. Ob-
tained samples have been investigated with electron microscopy, and as a
result, it was found that, during the synthesis under different conditions,
nanoparticles of zero- and mixed zero- and one-dimensional morphology
were obtained. The study of electrical characteristics and sensitivity to-
wards vapours of ethyl acetate and chlorobenzene has been carried out.
The comparison of electrical properties and sensitivity to the vapours of
organic substances of pure and modified 0D- and mix 0D + 1D-SnO,-
samples is presented. It was found that morphology affects not only elec-
trical properties of tin(IV)-oxide nanostructures, but also their sensing
properties. It was shown that the addition of argentum has an ambiguous
effect on the sensitivity depending on the morphology of the obtained
samples; modification leads to increasing of 0D-sample sensitivity and
decreasing of sensing response for 0D + 1D-SnO,-sample.

HamiBOopoBiZHUKM 3 METAJOOKCHULY € HAWOiJIbINI IMTUPOKO BUKOPUCTOBYBAHMU-

53
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MU Ta30YyTJMBUMM MaTepisagaMu 3aBAAKMN IXHIM YNCIeHHHM IiepeBaram,
TaKUM SK BHCOKA YYTJWUBiCTHL MO PiBHUX rasiB mpum IPOCTOTi BUPOOHUIITBA,
BHCOKa CYMiCHiCTH 3 iHIIMMM mpollecaMu, HU3bKa BapTiCTh, IIPOCTOTA Mi-
PAHBb TOPAN 3 MiHIMaJBLHUMM eHeproBUTparaMu. 3 Ifiei TOUKH 30py ZOCJIi-
IoKeHHS MOPGOJIOTIYHMX Ta eJIeKTPUYHHUX XaPAKTEPUCTUK METAJOOKCUTHUX
MaTepisanaiB, ocob6amBo Ha ocHOBiI okcupay onmBa(IV), Ta BusHaueHHA IXHBOIL
YYTJIUBOCTA IO OPraHIUYHUX CIOJNYK, TaKUX SK eTUJaIleTaT i XJopOeH30.I,
HaA3BUYAMHO BaKJIUBi. ¥ Iill poOoTi HaHOCTPYKTYpu okcuny omuBa(IV) cu-
HTE30BaHi METOJ0I0 XeMiUHOTO IapOBOTO OCAAKeHHA Ta MomudikoBani Ap-
rearymoMm. OpnepskaHi 3pasKm [OOCTiAKyBaIu 3a JOIOMOTOI0 €JIeKTPOHHOI
MiKpockoIrii, i B pesysbTaTi 6yJ0 BCTaHOBJEHO, IO IIil Yac CHHTE3W B Pis-
HUX yMoBax OyJau oJep:KaHi HAHOUACTHMHKM HYJLOBOI Ta 3MilllaHOI HYJbOBOIL
1 omHoBuMipHOI Mopdoorii. IIpoBemeHo moCTimKeHHS eJeKTPUUYHUX Xapa-
KTEePUCTUK i YYTJIMBOCTU O Tap eTmJjaleTraty Ta xJjopbeusony. Ilpeacras-
JIEHO TIOPiBHAHHS €JIEKTPUYHUX BJIACTUBOCTEH i UyTJIMBOCTH O Tap OpramHi-
YHUX PEUOBHH umcTuX i MomudpixkoBanux 0D- ta cywmimti 0D + 1D-SnO, 3pa-
3KiB. Bcramosieno, mio MopgoJorid BIJIMBAaE€ He TiJIbKU Ha eJeKTPUYHi
BJIACTUBOCTI HAaHOCTPYKTYP okcuny oauBa(IV), a i1 Ha ixHi uyTiauBi BiacTu-
BocTi. ITokasano, 110 momaBaHHsa APreHTyMYy Ma€ HEOQHO3HAUHUI BIJIUB Ha
YyTJIUBICTD 3aJ€KHO Bif MopdoJorii omep:kanmux 3pasKiB; MoaupiKyBaHHA
MIPUBOAUTE N0 36inbieHHA uyTauBocTu 0D-3pasKa Ta 3MEHIIEHHA UYTJUBO-
ctu peaxkiii pia 0D + 1D-Sn0O,-3paska.

Key words: SnO, nanostructures, morphology, modification with argen-
tum, electrical properties, sensitivity, volatile organic compound.

Karouori cimoma: HaHOCTpyKTypu SnO,, Mopdosoria, momudikamnia ApreH-
TYMOM, €JIEKTPUYHI BJIAaCTHUBOCTi, YYTJIUBIiCTh, JIETKA OpraHiuHa CIIOJYKA.

(Received 16 April, 2020 )

1. INTRODUCTION

The development of sensors for the identification of volatile organic
compound (VOC) vapours is relevant in connection with the inten-
sive development of industrial processes such as oil refining, petro-
chemical production and construction [1-4]. It is known that VOCs
are one of the main causes of air pollution, and almost all of them
are flammable. Currently, the level of VOCs emissions has become a
serious problem all over the world and some of them can cause di-
rect harm to human health [5], the prominent representatives of
which are ethyl acetate and chlorobenzene vapours.

Ethyl acetate (CH,;COOC,H;) belongs to the IV hazard class. Ethyl
acetate gives occasion to irritation of skin (dryness and formation
of cracks), prolonged inhalation may cause damage of kidneys and
liver, irritates the mucous membranes of the eye and respiratory
tract. It is toxic to the nervous system. Ethyl acetate has low level
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of volatility. Its chemical properties are similar to those of acetone,
so working with it necessitates caution [6]. Chlorobenzene (C;H;Cl)
belongs to the III hazard class and causes localized redness, swell-
ing, itching, and problems of the gastrointestinal tract, headache
and dizziness. Chlorobenzene is explosive and toxic [7].

Thermocatalytic, IR absorption, electrochemical (amperometric),
photoionization, and semiconductor sensors are especially noted
among gas sensors used to determine VOCs due to their compact-
ness, mobility, and fast reaction [8—11]. Among listed sensors, met-
al-oxide conductometric gas sensors are of great interest in the gas
environment quality control due to high sensitivity, ease of produc-
tion, low cost, ease of use and minimal energy consumption [12,
13]. One of the main characteristics that determine the field of sem-
iconductor gas sensors application is response sensitivity. The sen-
sor sensitivity directly depends on the properties of the sensitive
material. That is why chemical and structural characteristics such
as morphology, particle size, specific surface area, chemical compo-
sition, and defects of the material are considered [14, 15].

It is known that morphology of metal oxides particles significant-
ly affects their electrical properties [16]. In [17], a comparative
study of the electrical characteristics of round-shaped and thread-
like SnO, nanoparticles obtained by same synthesis method was car-
ried out. As a result, it was shown that morphology significantly
affects their electrical characteristics: the current—voltage depend-
ences vary from characteristic for semiconductor (for rounded na-
noparticles) to ohmic (for thread-like nanoparticles) materials. The
electrical properties of metal oxides are also significantly affected
by their chemical composition and defects [18, 19]. In addition, in
[20—-22], it was shown that a decrease in the particle size and an in-
crease in the specific surface lead to improvement in sensitivity to
many vapours and gases.

Tin(IV) oxide is the most promising sensing material among a
wide set of semiconducting metal oxides [4, 23, 24]. However, sen-
sory materials based on pure SnO, also have certain disadvantages,
which include lack of sensitivity for some applications, low selectiv-
ity and poor stability [25-27]. To eliminate these shortcomings,
doping, modification and composite creation on the base of pure
SnO, are used [28—33]. To increase the sensitivity of tin(IV)-oxide
layers to VOCs, modifiers such as noble metals (Pt, Pd, Au), metal
oxides (Co;0,, In,05, ZnO, etc.) and carbon nanomaterials are mainly
used [34, 35]. It should be noted that in the literature there is no
information on usage such modifier as argentums, which is an order
of magnitude cheaper than noble metals.

The goal of this paper is to investigate the influence of morphol-
ogy and argentum modification on the electrical properties and sen-
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sitivity of tin(IV)-oxide nanostructures towards vapours of organic
substances such as ethyl acetate and chlorobenzene.

2. EXPERIMENTAL TECHNIQUE
2.1. Materials Synthesis

SnO, nanostructures of different morphology (round-shaped and
wire-like) were synthesized by chemical vapour deposition (CVD)
technique from tin(II) oxalate in the inert nitrogen atmosphere [36,
37]. Formation of tin(IV) nanostructures of different morphology
was achieved by varying the process parameters, namely the tem-
perature, precursor, heating rate and synthesis duration [38]. A
study of the effects of CVD synthesis conditions showed that the
structure and morphology of SnO, essentially depend on the type of
precursor and the heating rate and slightly on the synthesis tem-
perature. It was established that reducing the heating rate from 80
deg/min to 20 deg/min changes the morphology of tin(IV) oxide
from nanosize to one-dimensional nanostructures.

The modified SnO, samples were obtained by impregnating ob-
tained tin(IV) oxide powders with the argentum(I) nitrate solution
with subsequent thermal decomposition [39]. For this, the calculat-
ed volume of the AgNO; solution was added to the 0.2 g of SnO,.
The resulting suspension was poured with 1 cm® of double distilled
water and left for 7 days. The samples were further dried at 383 K
for 1 hour and calcined at 673 K for 2 hours.

2.2. Characterization Techniques

To study electrical properties of the obtained pure and modified
tin(IV)-oxide materials, the sensitive layer was formed according to
[40] by the method of coating by drop. Obtaining the film on the
substrate was carried out as follows. First, the substrate was
cleaned with ethyl alcohol in an ultrasound bath for 2—-3 minutes
and then fixed in a centrifuge. At the same time, the suspension of
the powder at issue with organic solvent (1,2-propanediol) was pre-
pared. The drop of the prepared suspension was applied to the cen-
tre of the substrate and centrifuged at the speed of 6200 rpm for 2
minutes to form the continuous layer. The procedure was repeated 3
times. After this, the substrate with obtained layer was dried at
200°C for 15 minutes.

Figure 1 shows the electrical scheme of the experimental setup
for electrical properties investigation. The potentiostat/galvanostat
DPTG-317 [41] was guided by the program that allows registration
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Fig. 1. Electrical scheme of the experimental setup.

of voltammetric, chronoamperometric and other curves. At the
same time, this device also facilitates current analysis. The applied
electrode potential varied in the range of £5 V.

Heating to 423 K and cooling of the electrode was carried out us-
ing two Peltier modules that were connected to the temperature
controller REX C-100. When cooling, the voltage was applied in the
opposite direction. The practically achieved cooling of the investi-
gated substrate was 283 K. The substrate holder with the layer of
the investigated SnO, powder was attached from the top to the Pel-
tier module. The Peltier module was connected to the radiator for
transferring heat either way. To achieve the minimum temperature,
the fan was used to blow at the aluminium radiator.

Almost all of studied powders showed resistance higher than 1
MOhm that means the currents passing through the electrodes are
very small, usually less than 0.1 pA. Such systems are vulnerable to
external noise, so the electrodes and wires had to be screened. For
this purpose, the aluminium holder closed from above by the alu-
minium electrode shield was made. Additionally, the body contained
the hole for supplying analyzed gases.

The system also included the power supply RXN-1505D with ad-
justable output voltage from 0 to 15 V. The maximum thermal effi-
ciency was 5 A. The potentiostat/galvanostat was connected to the
PC and all measurements were recorded using the ‘Cyclic voltamme-
try’ program [41] As a result, the voltamperometric curve with the
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values of the applied voltage on the X-axis (varied linearly in the
specified range) and the current intensity on the Y-axis was ob-
tained. From the obtained curve in different sections of the graph
(at specific points of the curve), the resistance of the electrode was
determined. The resistance was calculated using the least squares
method. If the obtained dependence was nonlinear, the applied volt-
age influenced the resistance of this material.

The device is intended for electrochemical tests and is modular in
structure. The device interacts with the computer through the LPT
connector, providing the parallel, fast transfer of 8-bit data. The
potentiostat/galvanostat KSP is intended for use in systems requir-
ing very high sensitivity and low noise levels. The software for the
measurements control was written in Delphi.

To study electrical properties of SnO, samples in the atmosphere
of studied gas, the gas medium was created. For this purpose, 2—5
cm?® of the organic liquid was collected using the special 20 cm?® sy-
ringe, after which the syringe was pumped with air at the certain
temperature. After that, the remaining liquid was poured out and
the resulting gas was blended to 20 cm?, and thus, the gas concen-
tration of 25% was achieved. To calculate the pressure of saturated
vapours of organic substances, the Antoine equation was used [42].

3. RESULTS AND DISCUSSION
3.1. Samples

The varying of process conditions during CVD synthesis led to the

TABLE 1. Obtained pure and modified SnO, samples.

Sample Description

0D-SnO Zero-dimensional tin(IV) oxide nanostructures synthe-
2 sized at heating rate 80 deg/min

0D + 1D-mix SnO Mix of =zero- and one-dimensional tin(IV) oxide
2 nanostructures synthesized at heating rate 20 deg/min

0D-2AgSn0, 0D-Sn0O, sample modified with 2% of argentum
0D-5AgSn0, 0D-Sn0O, sample modified with 5% of argentum
0D-10AgSn0O, 0D-SnO, sample modified with 10% of argentum

0D + 1D-mix 0D + 1D-mix SnO, sample modified with 2% of argen-

2AgSnO, tum
0D + 1D-mix 0D + 1D-mix SnO, sample modified with 5% of argen-
5AgSn0, tum

0D + 1D-mix 0D + 1D-mix SnO, sample modified with 10% of ar-
10AgSnO, gentum
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establishment that reducing the heating rate of the furnace from 80
deg/min to 20 deg/min changes the morphology of tin(IV) oxide
from nanosize to one-dimensional nanostructures. Thus, two tin(IV)
oxide samples were obtained: zero-dimensional structures synthe-
sized at 80 K/min, the faster heating rate; mixed zero- and one-
dimensional SnO, nanostructures synthesized at the same synthesis
conditions but using 20 K/min, the slower heating rate. Obtained
samples were modified with argentum in amounts of 2%, 5% and
10% . Obtained tin(IV)-oxide samples are presented in Table 1.

3.2. SEM Results

SEM microphotographs of unmodified and modified SnO, samples
processed using Quanta FEG 250 at two different heating rates are
shown in Fig. 2.

0D-SnO, sample synthesized at 80 K/min fast heating rate has a
dense porous structure with predominant grain size of 1-2 microns
and characterized by formation of particles of uneven and needle
shapes. 0D + 1D-mix SnQO, sample obtained with the reduced heating
rate of 20 deg/min is the mixture of the fine and coarse-disperse
needle-shaped powder. Thus, it can be seen that different synthesis
conditions, namely the speed of the heating rate, causes the change
of tin(IV)-oxide morphology and allows to obtain one-dimensional
SnO, nanoneedles.

As one can see from the presented images of modified zero-
dimensional and mixed zero- and one-dimensional SnO, samples, in
the case of 0D-Sn0O, sample, as the content of the argentum grows,
the number of agglomerates increases. From the data of the electron
microscopy for the modified mixed 0D + 1D-mix SnO, samples, it is
evident that the needle form predominates in the tin(IV)-oxide sam-
ple doped with argentum in the amount of 5%, while with the ar-
gentum content of 10%, there is a presence of larger pieces of the
metal itself.

3.3. Current—Voltage Dependences

Electrical characteristics of the SnO, powders were studied using
the cyclic voltammetry technique. The current range was selected
automatically, depending on the current values set in the graphic
field. At any moment, the registration of current could be stopped,
or the direction of potential sweep could be changed. This program
was used to determine the current—potential characteristics of the
tested powders, and to calculate the resistance or conductivity val-
ues on their basis. The program allowed investigating the stability
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Fig. 2. SEM images of SnO, samples.

of the studied systems under influence of time, temperature and
photoelectric effects.

Cyclic voltammograms of all samples at ambient are shown in
Fig. 3. For all samples, there is a change in resistance, depending
on the applied voltage, which is the characteristic of materials with
semiconductor properties. Cyclic voltammetry curves for synthe-
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Fig. 3. I-U curves of SnO, samples.

sized samples differ not only in appearance (presence or absence of
hysteresis), but also in magnitude of current flowing through the
substrate.

Unlike the mixed 0D + 1D-mix-SnO, sample, zero-dimensional
sample is characterized by the presence of hysteresis and signifi-
cantly lower values of current—up to 6 nA compared with 0—0.004
uA for the sample 0D + 1D-mix SnQO,. Modifying the 0D-SnO, sam-
ple with argentum leads to the hysteresis decreasing and, in the
case of samples modified with argentum in the amount of 2% and
5%, to increasing the current values up to 2.2 pA and 90 pA, re-
spectively. For the 0D-10AgSn0O, sample, the values of the current
flowing through the substrate is in the range 0—3000 nA. The addi-
tion of argentum in the amount of 10% causes a significant de-
crease in the values of current strength. In the case of modified
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TABLE 2. Electrical properties of tin(IV)-oxide powders at ambient and
potential 2.5 V.

Sample Current, pA ‘Resistance, MOhm [Conductance, puS
0D-SnO, 0.002 1296.00 0.001
0D + 1D-mix SnO, 0.001 1782.00 0.001
0D-2AgSnO, 0.882 2.84 0.352
0D-5AgSn0, 0.976 2.56 0.391
0D-10AgSnO, 1.625 1.54 0.649
0D + 1D-mix 2AgSn0O, 0.042 59.43 0.017
0D + 1D-mix 5AgSn0O, 0.031 80.90 0.012
0D + 1D-mix 10AgSnO, 0.039 63.83 0.016

mixed SnO, samples, the hysteresis appears and the current de-
creases to values of 60—100 nA.

Differences in the volt—ampere curves of the synthesized samples
are due to the difference in the morphology of 0D- and 1D-SnO,
nanostructures. It is known that the sharper graph goes to the top,
the greater conductivity of the sensitive layer and, as a result, the
greater response of gas sensor will be. The lack of hysteresis on the
I-U curves is more desirable, because of better stability of devices’
work characteristics in this case.

Based on the data of the volt—ampere dependences at the same
value of potential, the electrical characteristics of the studied sam-
ples were calculated (Table 2).

0D- and mixed 0D + 1D-tin(IV)-oxide samples differed slightly in
their values of current and, as a result, exhibited equal conduct-
ance. It can also be seen that for mixed zero- and one-dimensional
Sn0O, samples modified with different amounts of Ag, the conduc-
tivity values lie in the almost one range and pass through the max-
imum. Moreover, in the case of 0D-SnO, nanostructures, the con-
ductivity increases with increasing of Ag content.

3.4. Temperature Influence on Electric Characteristics

Sensors used to analyze gaseous substances usually operate at elevated
temperatures. Therefore, it is important to know the dependence of
electrical conductivity of the investigated samples on temperature.
Electrodes with deposited on them powders were investigated when
heated from 303 K to 423 K and with appropriate cooling. The
measurement of the resistance data was performed at 2.5 V.

The dependences of electrical conductivity on temperature when
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heating and cooling are presented in Fig. 4.

For all studied samples, there is a general tendency—their con-
ductivity increases with the temperature increasing. The value of
conductivity during heating at the same temperature is lower than
during cooling. The 0D-SnO, sample was characterized by conduc-
tivity values 10 times higher than those for the mixed 0D + 1D-mix-
SnO, sample were. Modifying of the zero-dimensional powder with
2% Ag leads to the significant growth in conductivity, however
further increase in the argentum content causes decreasing of the

Fig. 4. Dependence of electrical conductivity on temperature of SnO, samples.
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electrical conductivity. Similar data is obtained in the case of the
sample represented by the mixture of 0D- and 1D-SnO, nanostruc-
tures. Adding Ag in this case negatively affected the electrical
properties of powders.

3.5. Chronoamperometry

Analysis of chronoamperograms was carried out using the program
‘Chronoamperometry’ [41]. This program is intended for recording

Fig. 5. Chronoamperograms of SnO, samples under the influence of ethyl
acetate.
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current with the established voltage between electrodes. It allowed
setting of the measuring period, the range of current in the graphic
field, the level of noise dumping. The program was used to study
photoelectric effects and changes in powder parameters under the
influence of studied substances vapours. It was assumed that, for
practical application, value of the voltage applied to the electrodes
would normally not exceed half the typical voltage of the micropro-
cessor controllers’ supply, which is equal to 2.5 V. Therefore, the
resistance analysis of the electrodes coated with the investigated
powders was carried out at 2.5 V.

Figures 5 and 6 show chronoamperograms of the synthesized
pure and modified tin(IV)-oxide samples of different morphology
under the influence of ethyl acetate and chlorobenzene vapours.

Modification of zero-dimensional tin(IV)-oxide sample with ar-
gentum in the amount of 2% and 5% leads to the improved re-
sponse of the sensitive layer to ethyl acetate and chlorobenzene
compared with pure 0D-Sn0O,. When increasing the content of ar-
gentum to 10%, there is a decrease in sensitivity of the modified
zero-dimensional tin(IV)-oxide sample both to the ethyl acetate and
chlorobenzene vapours.

Accordingly to the obtained amperograms, for the modified
mixed zero- and one-dimensional samples, it can be concluded that,
in the case of ethyl acetate detection, adding argentum has a rather
negative impact (Fig. 5). However, presented results show that sen-
sitivity of the mixed SnO, sample to chlorobenzene can be improved
by its modification with argentums; especially, it is noticeable for
the 0D + 1D-mix-2AgSn0, sample (Fig. 6).

3.6. Sensitivity

Sensitivity of the SnO, films to ethyl acetate and chlorobenzene va-
pours was calculated on the basis of processing data obtained from
chronoamperograms, taking into account resistance values of the
sensitive film at ambient and resistance values under the influence
of vapours [31]. The results of the calculations are given in Tables 3
and 4.

From the obtained data, it can be seen that both unmodified sam-
ples show good sensitivity to ethyl acetate vapours. Significantly
lower response was obtained for chlorobenzene—21% and 0.5% for
zero-dimensional and mixed samples, respectively.

Among modified zero-dimensional samples, the best response to
ethyl acetate vapours was observed for powders modified with 2%
and 5% of argentum. Modification of 0D + 1D-mix-SnO, sample
with 2% Ag slightly increased sensitivity to ethyl acetate and in-
creasing of argentum content led to the sensory response decreas-
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Fig. 6. Chronoamperograms of SnO, samples under the influence of chloro-
benzene.

ing. It is worth noting that when increasing the percentage of ar-
gentum to 10%, the sensitivity of tin(IV)-oxide samples to ethyl
acetate deteriorates sharply. In the case of chlorobenzene detection,
modification with argentum showed strong sensitivity improvement
that is especially noticeable for SnO, samples modified with 2% Ag.

In our opinion, the different influence of argentum on the sensi-
tivity of 0D- and 0D + 1D-tin(IV)-oxide samples is related to the
barrier conductivity of these samples, the main parameter of which
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TABLE 3. Sensitivity of SnO, samples to ethyl acetate at 303 K.

Parameters before gas | Parameters after
Sample passing gas passing S, %
I, pA R, MOhm | I, uA | R, MOhm
0D-SnO, 0.050 49.702 0.024 103.734 109
0D + 1D-mix SnO, 0.015 166.667 0.003 827.815 397
0D-2AgSnO0, 24.580 0.102 9.570 0.261 157
0D-5AgSn0, 23.720 0.105 6.860 0.364 246
0D-10AgSnO, 1.500 1.666 0.920 2.714 63
0D + 1D-mix 2AgSn0O, 0.285 8.766 0.056 44.964 413
0D + 1D-mix5AgSn0, 0.031 79.847 0.017 147.929 85

0D + 1D-mix 10AgSn0O, 0.039 64.218 0.020 126.775 97

TABLE 4. Sensitivity of SnO, samples to chlorobenzene at 303 K.

Parameters before gas | Parameters after
Sample passing gas passing S, %
I, pA R, MOhm | I, pA | R, MOhm
0D-SnO, 0.014 185.736  0.011 225.225 21
0D + 1D-mix SnO, 0.021 117.371 0,021 117.925 0.5
0D-2AgSnO0, 20.530 0.122 9.560 0.262 115
0D-5AgSn0, 13.830 0.181 7,870 0.318 76
0D-10AgSnO0, 1.450 1.725 1.600 1.563 9
0D + 1D-mix 2AgSn0O, 0.201 12.413 0.104 23.969 93

0D + 1D-mix 5AgSn0O, 0.020 126.711 0.018 136.314 8
0D + 1D-mix 10AgSn0O, 0.021 118.483 0.019 133.690 13

is the height of barriers at the nanoparticles’ boundary. For unmod-
ified powders, in the case of nanosize SnQO,, the number of barriers
is larger than for mixed SnO, structures. When doping 0D-tin(IV)-
oxide powders, argentum first increases and then reduces the
height of the barriers, the charge transfer is facilitated, respective-
ly, the electrical conductivity increases. For the mixed zero- and
one-dimensional structures, the unmodified sample is characterized
by a significantly smaller number of energy barriers, adding the
argentum causes their formation, which worsens electrical conduc-
tivity.

4. CONCLUSIONS

SnO, nanostructures of different morphology (zero-dimensional and
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mixed zero- and one-dimensional) were synthesized via the chemical
vapour deposition method. Obtained samples were modified with
argentum in the amount of 2%, 5% and 10% by impregnating
method. The sensitivity zero-dimensional and mixed zero- and one-
dimensional SnO, nanostructures obtained by CVD method towards
ethyl acetate and chlorobenzene vapours was first determined.

The current—voltage dependences of pure and modified SnO, sam-
ples are characteristic of materials with semiconducting properties.
The investigation of synthesized tin(IV)-oxide powders using the
chronoamperometry method showed that in most cases SnO, had the
good reaction to ethyl acetate, which is associated with higher val-
ues of the specific electrical conductivity of these substances. Both
pure tin(IV)-oxide samples show good sensitivity to ethyl acetate
and much worse reaction to chlorobenzene vapours. Among the
modified samples, the best response to vapours of organic com-
pounds was observed for powders modified with 2% and 5% of Ar-
gentum.

The effect of the modifier is ambiguous, depending on the mor-
phology of SnO,; modification of zero-dimensional tin(IV)-oxide
structures leads to improved electrical characteristics and sensitivi-
ty of the synthesized samples; while adding argentum to the mixed
zero- and one-dimensional nanostructures in most cases has a nega-
tive effect. This can be explained by different barrier conductivity
of these samples, which relates to their morphology. Thus, in this
case, morphology has bigger influence on sensitivity than modifica-
tion.
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ExcrepuMeHTAIbHO AOCTIIMKEHO KOMIIO3HUIlil emoKCUAHOI CMOJM 3 IIipOreH-
HUM HaHOKpeMmHedeMoM Tuny <«Aepocun A-300» B cBoiii He3MiHeHii, yIImi-
abHeHiN («/leHcua») i moBepxHeBO-MOAMMDiKOBaHiIN IommmoMm cpibia Gop-
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max. ITokasano, 1o «JleHcusi» Mae 3HAUHO HUMKYY 3JATHICTH A0 3aryIieHHA
i, BimmoBimHO, B KijMbKa pas3iB BUIIY KOHIIEHTPAI[il0 YTBOPEHHA THUKCOTPOII-
HOl1 emokcuauoi Kommosuilii — 31-33 mac.% (y A-300 — 12 mac.%). Ile,
AK TPaBUJIO, HE MOHMIKYE XapaKTEePUCTUKM MiITHOCTU IOJIiMEPHOTO eIOKCH-
KOMOO3UTY, a B PAMIi BUHaAKiB migcuiioe ix (aaresiio, mimmicTs i Momysb
IPYKHOCTH NPU BUTMHAHHI, MOAYJb IIPYKHOCTH MPU CTHUCKAHHI Ta CTii-
KicTh y BHCOKOMY BaKyyMmi). MeTomoro MiKpOCKOIIili BHUABJIEHO 3HAUHI Bif-
minHOCTI B MopdoJorii kommosutiB 3 A-300 ta «JeHcuiaom». Bouu mposas-
JAI0TbCS Y OiNbINT piBHOMipHOMY posmomimi «JleHcuay», 10 BUPAKAETHCA B
MEeHIIIi# KijbKocTi Ta MeHIIOMYy po3Mmipi ariaomepariB. Ilokasaso, 1o CTiii-
KicTh 0 TEPMOOKMCHIOBAJNLHOI AECTPYKIII He 3MiHIOETHCA IIPU OOJaBaHHI
«lencuny», ame migBumiyetrbcs B pasi momaBanHsa A-300 ta cymimri «Jlen-
cun» + Agd. BBemenna «HeHcmiy» Ta cymimi «IleHcun» + Agd migsuimiye
CTiliKicTh M0 HaAOyxaHHA Ta AECTPYKIII B arpeCcMBHOMY AalleTOHOBOMY pPO3-
YUHHUKY, B To# uac ax A-300 e aminioe ii. Omep:kaHi pe3yabTaTu eKcIie-
PUMEHTIiB BKas3yIOTh Ha II€PCIEKTUBHICTHL TEXHOJOTi# ozep:kaHHA HaHOMa-
TepisaniB 3 KpemHedemamu A-300 Ta «JleHCcHI» OJIA CTBOPEHHA HOKPUTTIB,
anare3wBiB a60 KOMMOAYHIIB AJIS IPOMMCJIOBO-pPeCTaBpaIliiHUX ITOTPED.

Compositions of epoxy resin with pyrogenic ‘Aerosil A300’-type nanosilica
in its unmodified, compacted (‘Densil’) and surface-modified with silver
iodide forms have been experimentally investigated. ‘Densil’ has been
shown to have several times lower densification capacity (at 31-33 wt.%;
for A300, it is of 12 wt.%). At the same time, it usually does not reduce
the strength characteristics of the polymer epoxy composite. Moreover, in
some cases, they are strengthened (adhesion, strength and elastic modulus
in bending, elastic modulus in compression, and resistance in high vacu-
um). Microscopy revealed significant differences in the morphology of the
composites with A-300 and ‘Densil’. They are manifested in a more even
distribution of ‘Densil’ that is expressed in smaller quantities and smaller
agglomerates. As shown, the resistance to thermooxidative degradation
does not change with the addition of ‘Densil’, but increases with the addi-
tion of nanosilica A-300 or ‘Densil’ + Agd. The introduction of ‘Densil’
and ‘Densil’ + AgdJ increases the resistance to swelling and degradation in
an aggressive acetone solvent, while the silica A-300 does not change it.
The results of the experiments indicate the promising technology for fab-
rication of nanomaterials with silica A-300 and ‘Densil’ to create coatings,
adhesives or compounds for industrial restoration needs.

Karouori cioBa: emoKcuIHUilT KoMmosuT, HaHOKpeMHe3deM A-300, «IeH-
CcuJI», MIIIHICTh IPM CTHCKAHHI Ta IIpm BUTMHAHHI, aaresis mo craJuai, Mmo-
IyJb MPYsKHOCTH, CTIMKiCTh 4O TEpMOZECTPYKIIii, HaOyxaHHA.

Key words: epoxy composite, A-300 nanosilica, ‘Densil’, compressive

strength, bending strength, adhesion to steel, elastic modulus, resistance
to thermal degradation, swelling.

(Ompumano 10 aromozo 2020 p.; nicas doonpayrwsarnns — 15 keimus 2021 p. )
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1. BCTYII

IIporarom ocTaHHIX AECATHUIIITL KOMIIO3UTH Ha OCHOBI €IIOKCUIHUX,
aKpUJIATHUX Ta IHINIUX TEePMOPEaKTHBHUX CMOJI i3 CHMJIIKATHUMU Ha-
HOOKCHUIAaMU aKTHUBHO IOCJLMMKYIOThCA. IHTEpec m0o HUX JHIIEe 3POC-
Ta€, OCKiJIbKM BOHHU BJKe BHAMIIIM 3acTOCYBaHHA B JaKodapOoBiii,
aBigxkocMiuHill, mpuaamoOyAiBHiNI Ta iHmmx ramysax [1-11]. Enok-
CHUIHI HAHOKOMIIO3UTH I[iHHI THM, IO iXHi 0a30Bi BJIACTHUBOCTi He 3a-
JeXaTh Hi Big Micia BMpOOHHIITBA, aHiI Bim uacy 36epiramusa. Emok-
cugHi cMoJu A0Ope MOEAHYIOTHCA 3 HEMOJAPHUMM Ta HNOJAPHUMU Pi-
IUHaAMHU i, BigIoBigHO, 3 MalyKe yciMa HaIOBHIOBaYaMMU.

IliporenHui#t HaHOKpPeMHE3eM BiJpidHAETHCA BijJ cujikaresiB amop-
(GHOI0 KYJIACTOI CTPYKTYPOIO IEPBMHHUX YACTHHOK, 3aTHOIO IO ar-
perarmii Ta ariaomepariii [1-8]. Bim xemiuno iHepTHuii, ofHAK Ma€ BHU-
COKY CIIOPiTHEHICTh i3 EeNMOKCHJHMMM CMOJIAMU, I00pe PO3HOMiJIAI0-
YUCh Y HUX.

Ham xosexTusB mpaiffoe B I1iii chepi moran 25 poxis [1-9]. 3 mpo-
BeJleHUX POOiT BijoMO, IO BBEeJAEHHA B €MOKCHUIHY abo oJiroakpujar-
HY CMOJU IIipOreHHOTO KpeMHe3eMy 3MiHIoe Jjunie Aesdki @isuko-
MeXxaHiuHi BJlacTHMBOCTi (3aryIleHHs, aATesilo O cTaji), IIpu IILOMY
HEe3HAUHO BIIJIMBAIOUYM HAa MIiMHICTh HPU CTHUCKAHHI Ta BUTMHAHHI.
Haii6inem ABHI edekTy omepskano nmpu Bmicti 1-5 mac.% miporeHHo-
ro kpemuesemy [1-9]. Ile ysromKyeTbcaA 3 KJIACHUUHUMU AAHUMIU,
ONMMCAHUMHU y IIepioJ] aKTHUBHOT'O BUBUEHHS EIMOKCHUIIB Ille 3a uacis
CPCP [9], srigno 3 axuMu Jjuilie B obsacTi 3 Mac.% cHoocrepiraerbcs
picT MIITHOCTH emOKCUKpeMHEe3eMHUX KOMIIO3UTIB, IO CIIOCTePiraeTh-
cA 3aBAAKM ONTHMAJbHOMY 3MOYYBAHHIO HAIOBHIOBauYa CcMOJOI0. [lo
TOTO K, Yepe3 BHCOKY IMUTOMY IIOBEPXHIO HMipOT€HHOTO KPEeMHE3eMY B
CMOJIy HEMOKJMBO BBecTH itoro Oinbmre 15—25 mac.% . Haiiuacrimre
BUKOPHCTOBYIOTEH 10ro HesHauHuii BmicT (qo 4 mac.% ), HaOpUKJIaL, B
SIKOCTi iHepTHOrO 3rymiyBaua jJakogapoboBux marepianris [10].

€ 1 raki podoru [11, 12], me ommcaHO MOHOTOHHE 3POCTAHHA PAILY
MIiITHICHUX XapaKTePUCTUK INIPU HAMOBHEHHI eNOKCHUMAIB HipOTreHHUM
KpeMHe3eMOM ak O0 rpaHumuHoro Bmicty B 20-25 mac.%.

Tomy, HesBaxkawuu Ha 40-piuHMI eKCIIepUMEHTAJbHUM TOCBifg i
3HAUHEe HaAKOMMWYEHHsA eKCIePpUMEHTAJbHUX JaHWX, BUBUEHHS HAHO-
KOMIIO3UTIB IOJi€eIOKCHUIHUX CMOJI, HAIIOBHEHUX MHipOT€HHUM KpeM-
He3eMOM, i Joci BUKJIMKAEe YMMAaJ0 OUCKYyciii. 3o0KpeMma, IPUKJIAIU
OCTaHHIX eKCIEPpMMEHTAJbHUX POOIT MOKa3yTh HEOJHO3HAUHI pe-
3yJIbTaTH.

KosnekTuB ipancbKkux BueHHX [13] mOpiBHAB BIJIMB HaHOKPEMHe3e-
My Ta BYTJIEIleBUX HAHOTPYO0OK (06ox mismerpom y 10-15 HM) Ha
BJIACTHMBOCTI HAIIOBHEHUX HUMM EHOKCHAiB. BOHM MOCATHYJU IIOCHU-
JeHHA MinmHocTu (yaapHOi B’S3KOCTH a00 OIIiPHOCTH); HPU IIHOMY
HaWTinmIi pesyJbTaTH IOKaszajau KoMmmosuTu 3 1 mac.% HamoBHEHHS
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ois HaHOKpeMmHesemy (toxmi ax 0,5 i 3 mac.% iioro He 3MmiHOBaIu
MMOKAa3HUKIiB MillHOCTHU), IITO, OOHAK, He 36iraeThca 3 pesyJbTaTaMU
po6otu [10], me mokasamo, 110 HAHOKPEMHe3eM Oa€ HANJIIIIi KOMIO-
BUTHU 3aBAAKN TOTAJILHOMY 3MOYYBAaHHIO YACTHHOK 3a BMicTy ix y 3
mac.%, ajge HiATBepIKye HAIIL pesyabTaTy (3pPOCTAHHSA MIITHOCTH
npu BmicTi vy 1-2 mac.% i maginaa 3a 3 mac.% — s «Aepocuiry A-
100»), omyo6aikoBaui B 2002—-2004 [5, 17] Ta 2008—-2015 pp. [1-9].

Teiismop Ta iH. [11] mocraimxyBanu emoxcucmosry DER 332 (anasor
EII20) 3 40 mac.% 30ib—T'e/ib-HAHOKpPeMHe3eMy poamipom y 20 HM 3
IodaBaHHAM TyMu. ¥ PoOOTi HaBeJeHO JOCTATHLO UiTKe Ta KpacuBe
Mikposobpakenna moBepxHi (ACM) i Bigkony (CEM) emoxcumoiime-
Py 3 HaHOKpeMmHe3eMoM. OueBHUIHO, IO Ile — BHUIIJEHI YaCTHHKU
KpPeMHEe3eMYy, i JerKo BraJfyeThbCs HAABHICTh IX y CTPYKTYpPi Bigkosy
KOMIIO3UTY. ABTOPU pPOOJATH BMCHOBOK NP0 He3HaUYHe HOHUKEHHS
MOAYyJsA BUTMHY HOpu AoO0aBKaX HAHOKPeMHe3eMy, aJjie MiIlHicTh B
00’eMi y HUX micyigd HamoBHeHH:A 3pocTtae [11].

CioBencoki Bueni [14] mpeacTaBuiIM OOCTHiMKeHHS BIJIMBY Ha IIO-
aienoxcun Epikote 828LV EL memiporemnoro xpemHeseMy pigkodas-
Horo ocamxeHHa — 130 HM (oTBepAHUII aMiHOTE€KCAaHOM 3a METOMIOIO
IIITo6epoBux chep). Kpim mikasoro IY-cmexkTpa, Ha AKOMY BUIHO BHU-
cokoinTeHcUBHMi mik mpu 1143 cm !, BimHecenuit no C—O-KoauBaHb,
3acayrosye ma yBary gy:ke sakicumiti CEM-3HiMoK HaHocdep
(puc. 1, 2). Takoxx gy:xe imdopmaruBHi CEM-300paeHHsa BimkoJiB
KOMIIO3UTiB (AmB. puc. 5 3i crarrti [14]). AKiio Bigkos BuxigHOI cMO-
JU Haragye «KJIIIHi», To y cMmoau Bckoro 3 0,5 006’eMHMX BiZCOTKIB
KpeMHe3eMy aBTOPU Oaumiam «JIYCKOIOmiOHI cTpykTypu». AJje, Ha
JKajJb, aBTOPU He HaBeJMW HAHUX IIPO MeXaHiuHi mapaMeTpu KOMIIO3HU-
TiB, X0Ua y BHCHOBKAX 3aABUJIN OPO OakamHa migBumiuTu ix. Omike,
Ile TUTAHHSA 3aJUIIAETHCSI aKTyalbHUM, OCKIIBKHU JiTepaTypu 3 Me-
xaHiku cucreMm emnokcua—IlITobepoBi chepu € medararo.

Kinmox i cmiBaBTopu [12] pmocaimskyBajiu BIJIMB 30JIb—T'€JIb-
Aepocuny B Enmokcuni, i Bcranosuiu, 1o 20 mac.% HaHOKpeMHe3eMy
OiABUINYIOTh MOAYJb i MiIHiCTH, He BILIMBAIOUM HA TEMIEpaTypy
crebayBanHsa. To6TO aBTOPU CTBEPAKYBAJU, IO HAHOKpPEMHEe3eM IIij-
BUIIy€ MIITHiCTh MOHOTOHHO 3 pOocTOM KoHIleHTpalii. Bei same:xuocTi
MaioTh MOHOTOHHO 3POCTAaOUMi 3 KOHIIEHTpaIlielo xapakTep (a B Ha-
IMIUX JOCTiMKeHHAX € excrpemymu). OgHak, B 3a3HaueHili poOoTi He
IOCTiKyBaBcA IikaBimumii Ta iHopmaruBHUM iHTepBan y 0,5-3
Mac.% (me 3socepemkeHO Macy e(eKTiB MOCHJIEeHHS Ta ocJiabJieHHS
KOMIIO3UTY); HAIIOBHEHHA CTApTye Biapasy Bix 4 mac.% [12].

Tako:x 3 OpeAcCTaBIeHUX PHUCYHKiIB y pobori aBropiB [12] BumHO,
III0 HABiTh IIPOBEeAEHA PETEeJbHO 30Jib—T'eJb-CHHTEe3a He Jaja piBHOMI-
PHOTO PO3MOAiNy YaCTMHOK HAHOKPEMHEe3eMy, IPUUOMY PO3Mip arJo-
mepariB goxoxus mo 0,2 MKM, AK i B pasi o0epeXHOro 3MilryBaHHS
IIOPOIIIKA.
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1 2

Puc. 1. IlopiBusiuHs 06’e¢MiB 5 rpamiB 3BUUAMHOTO IIiPOHAHOKpPEMHE3eMY
(«Aepocuny A-300») (1) i «dercuay» (2).!

Puc. 2. ACM-mikpodoro BuximHoro HaHokpemHeszeMy («Aepocun A-300»,
aiBopyu) i «llemcuny» (mpaBopyu); macirrabu — 500x500 M i 2x2 MKM
BigmosigHo (3 poboru [18]).2

B poboTti [15] mokasano, 1o B inTepsBasai 0,5—3 mac.% HaMIinmIIy
MminmicTs mae ckiaam is 2,5 mac.% HaHOoKpemHesemy (To6TOo 3a 3
mac.% HacTae cman), a IMOJOBYKEHHS 3POCTA€ MOHOTOHHO 31 3pocTam-
HaM foro Bmicty (mo 3 mac.%). ¥ 1bOMy BHUIIAAKY, 3a JAHUMU BUe-
HUX, MIIIHiCTh BUpOCTae Biapasy B 4 pasu y HOPiBHAHHI 3 HEHAIIOB-
HeHUM ImoJsiMepoM. Tarkuii KOJOCANIBLHUUA «CTPHOOK» MiITHOCTH, Ha
HAIl IIOTJISAJ, HIOTPedye peTelbHOl eKCIepHMMEeHTAJILHOI IIepeBipKu;
HaBiTh He3BaKaOUM HaA Te, IO KpeMHe3eM OyB He BUXiZHUN, a aMi-
HOMOAM(DiKOBAHUI.

IIuTamHio emOKCMKPEeMHE3eMHHX i aKPUJIOKPEMHEe3eMHUX KOMIIO-
3uIiili mpucBadYeHO OaraTo iHmmx crateir [16—25], pan TexmiuHo-
pedepatuBHUX OrOosnereHiB [26, 27] i mucepraminn [28, 29]. Ogna 3
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Puc. 3. Onepsxani asropamu [18] CEM-doro HaHOKpeMHezeMy «JleHcu».?

Hux, — aucepraiia II. Ilirramera [28], — poskpuBae 6arato ocobJiu-
BOCTell BIJIMBY HaHOpoaMipHoro SiO, B HaHIMIUpIIOMY IiAmasoHi —
mo 35 mac.%. Hucepramiss Crapokamomcbkoro [29] BusBmia HOBI
MOJKJIMBOCTI KpeMHe3eMy 3 BUXiZHOIO Ta MOAn(piKOBAHOIO IIOBEPXHEIO
OIS ofep:KaHHa OioMeIWUHMX IIOJiMepPHUX HAHOKOMIIO3UTIB. 3as3Ha-
YMMO, IO B 000X ITMX AucepTaiiax i pazxi crareii [8, 9, 20] mokasa-
HO, IO BBeIeHHA HaHO-Si0, MoOKe gaBaTu 1 mnmamiHHS Qisuko-
XeMiUHUX XapaKTepUCTUK IOJiMepHUX MaTepidais.

Y Iacruryri ximii mosepxHi iMm. O. O. Uyiika HAH VYkpaiuu 6ys0
3HAWIEeHO MeTOAy OIepsKaHmHA yIiliJbHeHoro Hauo-Si0, «leHcuma»
[18], HOBUBHOI0O AKOTO € BHCOKAa HacHIIHA MIiJLHiCTH i, Bigmomimuo,
MOJKJINBiCTh BBEeJeHHS B KOHIlEHTpaliax, suiux 3a 25—30 mac.%.

MeToro mamoi poboTu OyJiO Ofep:KaTH IepIi AaHi mpo BIJIuUB «JlleH-
cuJly» Ha MiIHiCTh i MOP(OJIOTiI0 eIOKCHUKOMIIOBUTIB Ta MOPiBHATH
i maHi 3 mamuMu AJd Buxigaoro «Aepocuay A-300» (yuriibHeHHIM
SKOTO Oep:KaHo «JleHCcH»).

2. METOAU I MATEPIAJN
2.1. «[dencum»

«leucun» — 1e HaHoposMipHuii KpemueszeMm (100% -miokcunm Kpem-
HiI0), TPOAYKT TreoMeTPUUYHOro rasodasHoro moaudikyBaHHSA IIipo-
TeHHOT0 KpeMHuesdeMy (Bimomoro ak «Aepocui», «Kabocum», «Acui»).
B pesyabrari Takoro momudikyBaHHA HaHOKPEMHE3eM 3as3Ha€ 3HAU-
HUX 3MiH Ha MaKpO- Ta MaKPOPiBHAX, IO HAWOiJBIII HAOUHO HPOSAB-
JIAE€ThCA Ha 3MiHi Moro HacunHOI miissHOCTH (puc. 1).

BaxksnuBoro BiacTuBicTiO «JleHCMy» € MOro HU3bKA 3AaTHICTH OO0
saryieHHA. | eJeyTBOpeHHA y BOZL AJIA HBOTO CIOCTEPiraeThCHA Tillb-
Ku mpu BMicTi mpubamsuo y 50 mac.%, B Toii yac aK OJA MapKu A-
300 — =10%. Ile yMOKJIMBIIOE BUKOPUCTOBYBaTH «JlleHcua» mpu
oJlep:KaHHi BUCOKOHAIIOBHEHUX IIOJIiMepiB.

3 Tabauii 1 BugHo, 1m0 «lleHcua» Mae Maiiike Ty 3K IUTOMY IIOBe-
pxHIO, ame HabaraTo HUKUY HaCHUIIHY MIiJIbHicTH (e Ife BUAHIiIIE 3
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TABJINIIA 1. IlopiBusHHa mapaMeTpiB HaHOKpemHesemy <«Acma A-300» i
oflepsaHoro 3 Hporo «Jlencury».*

Ilorkasuuku «Acun A-300» «dencumn»
IMuroma moBepxHs S, , M*/T 30010 250
Hacunna ryctuna d,,, r/1 50 350
Poawmip wacturoOK d,,,, HM 9+1 24+4
Touka rexeyrsopenns y Boxi (TT), % ~10% ~50%

puc. 2) i 6igbimumii gissmMmerep yacTUHOK, aHixk A-300. ¥V m’aTepo BUILA
TOUKA I'eJIEyTBOPEHHSA CBiIUYUTH IIPO Te, IO «JleHCHJI» MOKHa BBECTHU
Habararo Oinbime, Hixk Buxigaoro A-300, i, BigmoBigHO, omep:KyBaTH
KOMIIO3UTH, HEJOCTYIIHI IIPY BUKOPHUCTAHHI IIPOCTHUX HaHOKPEMHEese-
MiB. 30Kpema, Ile YMOKJIUBIIIOE BUKOPHCTOBYBaTu «lleHcua» mpu
oJlep:KaHHi BICOKOHAIIOBHEHUX IIOJIiMepiB.

YV mamiit po6ori BukopmcraHo «lleHcuy» 3 HaHeCeHWM IIapOM ¥HO-
Iuny cpibaa.

2.2. MeTogu BUTOTOBJIEHHA TAa BUIPOOYBAHHS €IMOKCUKOMIIO3UTIB

IlopiBHANBHI KOMIIOSBMTH 3 MiKpPOHANOBHIOBAuUiB OyJ0 3po0JeHO Ha
OCHOBi MOJEJIbHOTO CKJAAYy eIOKCHIHA CMOJa—OTBepI:KyBau (o0mmgBa
KommoHeHTn — 3 Uexii, €C) y cmiBBigmomenni 5:1. Kommosuiris Ha-
moBHIOBasgacs 1-5 mac.% wuHanoxkpemuesemy A-300 (3 Kamycbxoro
JE3 IXII HAH VYxkpainm 3a jgimeusiero Degussa) 3 #oro ymrijibHeHOI
monudikarii «HeHcuny» y BuxigHomy Ta Moau@iKkOoBaHOMY HOIMAOM
cpibia Buriami B KiabkocTi 1:1 mo opramiunoi ¢pasi (TodTo Oyam ofe-
p:kani 50 mac.% HamOBHEHHS KOMIIO3UTIB).

BumnpobyBaHHA XapaKTePUCTHUK MiIIHOCTH IIPOBOAMJIN HACTYIHUM
ypHOM. MinHicTh mpu ctucHeHHi 3 ypaxyBanHaAM ['OCT 4651-2014
BU3HAYAJIM Ha 3pasKax-IMUuJIiHapax giamerpom y 7 + 0,5 MM i BrcoTOIO
y 12+1 mm ma npeci LuisShopper. Mogyap Bu3HauaBCs 3TigHO 3
T'OCT (3 pospaXyHKOM II0 IPAMili FiIAHIII KPUBOI HaBaHTAKEHHS).

CrupaHHA BHM3HAYaJIMd 3a MAaCOI0 CTEePTOr0 KoMmosuTy micas 60
mpoxoniB mo 20 cm Ha Hakgaky PgO. CrifikicTe m0 cTmpanHsa 0yJio
po3paxoBaHO AK O0EpHEHY XapaKTepPUCTUKY 3 ypaxyBaHHAM BimgHOC-
HOI rycTuHH 3paskiB 3a (opmynoro I=p/(Xp..,) (P/Pue — CHiIBBiI-
HOIIIEHHS T'yCTHHH KoMHOo3uTy Ta H-momimepy, X — Maca cTepTOro
KoMIIO3UTy [Mr]).

Anresia npu Bigpusi BusHauanm srigao 3 I'OCT 14760-69 ma cra-
JIeBUX I'pubKax Ijommeo v 5 cm® Ha mamuHi YMM.
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Hab6yxanusa tabmerox (1x1x0,2 cm®) BusHAUAIM KJIACHYHO 33 IPH-
pocToM 3 po3paxyHKOM 3a (opmyioio g =(m —mgy)/my [Mac.%], ne m
i my, — KiHIEeBa Ta mouyaTKOBa Macu 3pasKa.

3. EKCIIEPUMEHT I OBI'OBOPEHHS PE3YJIBTATIB

3. MopdoJoria kommo3uriB 3 «/leacuaom» 3a tanuvmu CEM- Tta
ACM-mikpockomii

3 CEM-3o6paxens (puc. 4, 5) MOKHa OIIiHUTHU PO3Mip YaCTHMHOK Ha-
MMOBHIOBaYa. 3 pucyHKY 4 Buamo, mo A300 ckiamaeTbcs 3 IIyXKUX
arjioMepaTiB KOMIIAKTHOl, ajle HeCUMeTPUUYHOI (opMu po3MipoM O
20 mKM (B oKpemux Bumaakax no 50 mxm). «Ilemcua» ckiaagaeTbcsa 3
OijbII IiTBHUX arjoMepariB, aje Takoi K (GopMu i 3 BeJIUKUM UUC-
JoM BequkKux — n0 50 mxMm. MoaudixkoBauumiti fogugoMm «JleHCHI»
Mae 30BciM iHNTY MOpP(oOJIoTifo, Haraayouu IIBUJAIIE IMiJIbHOCIEUYEHY
pyay. B oxpemux BuIagkax BHUIHO arjomepaTtu (oueBUAHO, 30epircs
B IMOYaTKOBOMY BUTIALL «llemcui») go 50 MKM.

3 PUCYHKY 5 BUJAHO, IO BUXigHUI «J/leHCHJI» TIpeACcTaBjse YIiJb-
HEeHy Macy piBHOMipHUX arperartiB, Tonai ak «lleHcun» + Agd criana-
€ThCA 3 PiBHOPO3MipHUX arperaris i ariaomeparis.

ACM-MiKpocKoOIIia Hagae AOCTATHLO HATJIAAHY im(opMailizo — AK

Puc. 4. CEM-(oTo IIOPOIIKiB HAIIOBHIOBAUiB i3 3pocTaHHAM MaciITady.’
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Puc. 5. CEM-306pa:xeHHsa nopomkKiB «lencun» i «Tencma» + Agd.®

Puc. 6. ACM- i CEM-300paskeHHA €NMOKCUAHUX IMOJIiMepiB 6e3 (BepxHiil psanm)
i 3 (HM:KHIiN pAN) HAHOKPEMHE3eMOM 3a AaHuMM (pisHMX MaciiTabiB) HaAITUX
i BaKopmoEHMX myOrikaIiii.’

oIryOJIiKOBaHY B 3aKOpAOHHMX BuaaHHAX [11, 12], Tak i omep:kaHy B
Hamminn Jgraboparopii [7] (puc. 6). Mu 6aummo, IITO HEHAIIOBHEHUI IIO-
JiMep Mae «ropoxysaTuii peiabed» 3 mepemamzoMm BucoT y 0—10 mm i
ImepeBaskKHO 3 IMOpaM¥W HAHOMETPOBUX (3HAUHO pimmie — MiKpomeTpo-
Bux) poamipis. Ilicis momaBamua 1-3 mac.% HaHOKpemHeszemy (A-
300 To1110) 3’ABIAIOTHCA OKpPeMi mopu Ta chepuuHi araomMepary HAIO-
BHIOBaua po3mipamu y 10—200 uM (puc. 6, BepxHill pan).

3 CEM-mikpodoro3obpaskensb (puc. 7) BUIHO, IO HEHATIOBHEHUM
3pas’oK 3a MOP(OJIOTi€I0 Jello BiApisHAeThcA Biff HATOBHEHUX. ¥ He-
HatmoBHeHOMY (3pasku H mwa puc. 7) BUAHO MiKpOIIyXupIli HOBiTPs,
AKi 300pakeHi moogmMHOKMMEK abo y Buriaani ckymuedsb mo 20-30
MTYK. [HIMUX ABHUX BKJIIOUYEHb TaM He BUAHO (KpiM piaxicHmX cBiT-
JUX TOUYOK, ITIO BiTHOCATHCS aBTOPOM M0 MOXUOKU IPUIALY).

Y manoBueHomy HemoaumdpiroBanum A-300, xpim Oyabdamior (AKuUX
3HAUHO MEHIIEe, i BOHU OiIbImi, HisK Ajgda H) 4iTKO BUAHO YaCTHHKU Ta
HaBiTh QPaKTAJTbHOTO BUIJISAAY arjoMeparTy HaHOKPeMHe3eMy (3paskKu
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H, expar 2000 mxm H, expan 100 MEM H, expan 500 Mmxm H, expar 250 mxm

Puc. 7. CEM-300pakenusa moJimepie 3 3 mac.% «Jlencuay» uu A-300 i Ges
HarnoBHEeHHA (H).®

A-300 Ha puc. 7). 3MeHIIIeHHA TOPUCTOCTH MOMKHA BimHecT: IO ajico-
poIitinoi 3gaTHOCTHM mOoBepxXHi Si0,. AraomMepaTn TaKOMK € JOTiUHUM
HACJiIKOM IIPHUCYTHOCTH KPEMHE3eMiB.

IMinkoMm JsoriuHO MpUOyCTUTHU, 10 «lleHcHuir» (AK OiibIn yIIiJibHEHA
daza A-300) 6yme abo a3MiHIOBATH IIOPUCTICTH, a00 K BIJIMBATH HAa
Burysan arperatiB. B igeani «IleHcusi» aK OGiabIn cyMicHUIT 3 eIOKCH-
CMOJIOIO TIOPOIIIOK (Uepes MEHINy AMCIEPCHICTH) MAae JaTH MEHII IIO-
miTHi armomeparu. IIpmbiamsHO Ie ¥ cmocrepiraerbcsa. YacTUHKH
«JleHCHUIY» He HPOTJIAZAIOTHLCS 30BCiM (TOOTO BiH po3mofiiseThbcs Ha-
bararo Jimnmie, Hisk A-300). ¥V Toi1 »XKe yac mop crTae 3HOBY 6arato —
mpubausHo K y H-3pasky (AKIo He Oijbiie!), a 3a poaMipaMu BOHU
MOXKYTL OOCATATH OLMBINMMNX HidK Ada H BeaumumH — ax g0 50 MKM
(3pasku [l Ha puc. 7).

4. MIITHICTb KOMIIO3UTIB

SK BimomMo 3 umcIeHHMX HAIMUX PaHHIX pobir [1-9], momaBaHHA 3BU-
yaitaoro «Aepocuay» (6e3 mommdikyBaHHA ITOBepXHi abo yIIiJabHEH-
Hs) He Oae TMOMITHMX 3MiH MIITHOCTM IIPU CTHUCHEHHi. ¥ BHOAIKY 3
«J[leHcuaoM» MOXKHA OUiKyBaTU IIOPYIIIEHHA Iliel 3aKOHOMipHOCTU B
cuJy MOTOo 0CO0JMBOI PO3BHMHEHOI HHTOMOI IIOBEPXHi MpW IMiJIBHIN
HaAHOCTPYKTYDPI.

PesyibTaTu mMoKasyioTh oOMe:xkeHuil BiinB 1—5 mac.% «Iemcumy»
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Ha MIiIHICTL IIpu CcTHUCHEHHi I azaresiio (mpu 1 mac.%) mpu Bimpusi.
Ta, mHa Bigminy Big sBuuaiinoro A-300, BBemeHHA «lleHcuny» (BUXin-
HOro Ta MomudirkoBaHoro Agd) Moike TiIBUITUTU MOIYJIb IPYKHOCTHU
nmpu ctuckauui — mampuiraan Ha 10% (mpu 1 mac.%) abo 15% (mpu
5 mac.%; Taba. 2, cepia 2). HesmiuHicTh Ke omep;KaHMX MPU CTHC-
KaHHi OidrpaM «HaBaHTa'KeHHA—PYUHYBaHHSI» (TYyT iX He HaBeIEeHO
OCKiJIbKM BOHU BUTJISAAIOTH OJAHAKOBO) IIOKAa3ye, ITTO BBEIEHHA 3a3Ha-
YeHMX HAaHOKPEMHe3eMiB He Ja€ 3MiH y xXapakTepi pydHyBaHHSA 3pas-
Ka, TOOTO He HNPUBOAUTEL A0 ILmacTudikaiii ix abo OKpUXUEeHHs.

MoskHa TaKOM 3ayBaKUTH, 1[0 BBeIeHHA «JleHCHIy» CIpPHUSE 3POC-
TAHHIO I[iJIBHOCTH KOMIO3HUTY, Xoua BBeleHHA Buximmoro A-300
mpoMy He cupusde (tabu. 1).

TecTn Ha BUTMH IOKasaJu, I0 gomaBaHHA 5 mac.% A-300 mpuso-
IUTHb IO iCTOTHOTO MiABUINEHHSA K Minmuoctu (y mouan 1,5 pasm), Takx
i momyna (trab6xa. 2). Ile, oueBHMOHO, € HACHIAKOM THUKCOTPOIIHOCTH
eTMoKCUKpeMHe3eMHOoI Kommosuilii mpu 5 mac.% (mpu 4 mac.% BoHa
IIe € TeKy4YoIl0) BHACIiOK (D)OPMYBaHHS IITLHOTO KPEeMHE3eMHOro Ka-
PKacy, 1o ¥ gae icTOTHY 3MiHY HPYsKHOCTHM KOMIO3UTY ITiCJIA TBEp-

TABJUIIA 2. XapakTepUCTUKU MIiITHOCTM 3Pas3KiB eMOKCUAHUX KOMIIO3M-

riB.®

Crucuenna C, ycepeiHeHe HaBaHTa-

. 3
cepiga Ne 1 | KeHHA (KIc) HA CTOBITYUK AisIMETPOM Mozyxs E-10°

y 7,5 MM i Bucotoro y 12+ 1 mm rre/em’
H (0%) 420 (100%) 13,2
3% A-300 330 10,3
1% IO 440 14,7
5% IO 410 12,4
3% OA 360 12,3
1% Agd 370 10,7
3% Agd 360 12,8
5% Agd 400 14,6
Crucuenna C, ycepenHeHe HaBaHTa- Mogyas E-103,
cepig Ne 2 | sKeHHA (KTC) HA CTOBITYUK isTMETPOM Kre/cm’
y 6,5 MM i Bucotoro y 11 +1 mm (ycepenHeHMIT)
H 360 13,1
1% A300 350 13.5
1% 1 360 14.4
1% OA 365 13.9
5% IOA 270" 15.1

3MiHa IIiJBHOCTH

ITosnauenna: I — «HeHcun»; JA — «JleHcua» 3 TOKPUTTAM Agd.
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IIpodosicenns TABJTHI]I 2.

Maca (Mr) cToBOIUMKa AigMeTpOM
y 7,5 MM i Bucotoio y 12 mm
(ycepenueHi 3HaUeHH)

3wmina (y %) mo H

H 495 100%
1% A-300 490 99%
1% 1 510 103%
1% OA 515 104%
Anresia mo crani Apnresia mo craui, Makcuma-
(Bizpus, krc Ha 5 cm?), JBbHUH, ofep:KaHUU II0 cepil
ycepemgHeHO MOKa3HUK (Krc)
H 160 (100%) 200
1% A-300 160" (100%)
1% IO 120" (75%)
1% OA 150" (94%) * orineHO
5% A300 660 (413%) 920
5% I 320 (200%) 400
5% DA 440 (275%) 520
MingicTs Ipu BUTHHI, KI/MM> Moﬂggfcﬁgflgggmﬂ’
H 4,0 13
5% A-300 7,7 17,5
5% I 4,4 14
5% DA 4,7 13

ninHA. «JleHCcUs», B CBOIO uepry, i «lleHcua» + Agd He JalOTh TUKCO-
TpomHoCcTU Hpu b5 mMac.%, i TomMy, OUEBHAHO, iXHif BIJMB Ha Mill-
HicTh i MOZYy/b HNPYIKHOCTH € He TAKMM 3HAUHMUM, X0ua I HeIo IIOCHU-
JIOBaJbHUM (Tabj. 2, OCTaHHI PAJKU).

Cuain sayBaskuru, mo mpu 5 mac.% (Ha Biaminy Bim 1 mac.%) Ha-
MOBHIOBAYi BUKJIMKAIOTL AYy:Ke IIOMiTHe 3POCTaHHA anaresii mpu Bia-
puBi, ocobsmBo Buximauit A-300 (Tabs. 2). MeHIT 3HaYHE ITiCUIEHHA
(ogHAK TakoyK momiTHe — y 2 Ta Oinbime pasiB) garoTe i 5 mac.%
«llencuny» ta ftoro moxudixkosanoi opmu.

3 Tabauni 3 BuAHO, IO «JleHcua» Mae 3HAYHO MEHITY 3arylle-
HiCcTh, OCKiJIBKHK IOTO MOJKHA BBeCTH HabaraTo OijbIille 0e3 camo3sac-
TUTaHHS (THKCOTPOMHOCTM) Kommoauiiii. Ile MoKe OyTu BayKJIUBUM
IJIA PAAY MOPaKTUYHMX 3aCTOCYBaHb (HAIPUKJIAL y JakodapboBUX
MaTepifgax i MOKPUTTAX).

3 rabauii 4 BugHo, 1o komoo3utu 3 A-300 i, ocobauBo, 3 «JleH-
CUJIOM» IIPOSABJSIOTh BHUCOKY CTiMKiCcTh HO BaKyyMyBaHHS CKJEGEHUX
KOHTaKTiB y Mpujagax, OOBIIe 36epiramoum repMeTUUYHICTh, aHiK
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TABJINIIA 3. ITokasHUKK THKCOTPOIHOCTH KOMIO3HUIiii. °

HamosuioBau A-300 | I | oA
mr Ha 0,6 Mr cmosiu 0,08 0,27 0,3
mac.% y cmouri 12 31 33

TABJINIIA 4. Hami komnosurii 3 pisHUMY HamOBHIOBAYAMM Ta YUCJIO IIUK-
JIiB mpu BHcokoMy BakyyMi (107°), AKi BUTpPHMYIOTH mocaim:keHi KoMmosuTu
3 A-300 Ta «[eHcuysom» ¥ iHIIMMM HAMIOBHIOBAYaMHM, Ta KOMEDI[ifiHi KJjei
dipm Henkel Ta 8M.!!

A-300 |« dencun»| SiC |ement |[KBapm| BN
Hanosmiosau |0/ ™ 4o ™ 500, | 50% | 50% | 30% [Henkel| 3M
Yuciio MUKJIiB 6 4 3 3 2 2 3 2

aHaJyioru (B TOMY YHMCJi 3aXifHi KOMEpPI[iiiHi).

5. ICR-TEPMOI'PAMH KOMIIOSHUTIB

3 TepmorpaM MoO:KHA 0aunTH, IO BBEAEeHH:A «JleHCUIYy» He Ja€ IOMi-
THUX 3MiH y XapakTepi JecTpykiiii moaimepy (puc. 8, a—2).

Mo:xua 6aunTu, 1o BBegeHHA A-300 Bce K IPUBOAUTL M0 AESIKOTO
3cyBy maxkcumymy ITA B cropony Buinmux temmeparyp (mo 350°C) s
BUIIOI0 eK3orepieio (puc. 9). Biacue «encun» moeprae Bux ITA
o Buximmoro 3paska (H-3paska), II0 CBiAuUTL PO ¥oro 6inbin cjald-
Kuii (cKopimie, HaBiTL HEIIOMIiTHMI) BILIMB Ha TePMOCTiHKicTb, Ha Bi-
ominy Big A-300. 3are «lencun» 3 Agd mpuBoguTh m0 Ie OibImoi
exk3oTepMmii TepmooxkucHeHHs, HiK a1 A-300 (mo 1 mBr ), 3HOByY 3i
smimenuam Makcumymy o 350°C (ak i aaa Buxigmoro A-300). ToboTo
MoAM(MiIKyBaIbHUN HOAMAHUM IMIAp IIOBEPTAE MHOBEPXHEBO-IHCIEPCHi
BJIACTUBOCTi «JleHCHMIYy» DO BUXITHUX, XapaKTepPHUX I HeyIIiJIbHe-
Horo A-300.

6. HABYXAHHS TA CTIMKICTh B ATPECUBHUX
CEPEJOBHIIAX (ITPH 3 MAC.% HAIIOBHEHH)

3 «KJacuuHOI» HAyKoBOi JiTeparypu XX CTOJITTS Bimomo 1m0: «3Ha-
YHY POJIb ¥ BOJOCTIMKOCTI IT0JiMepiB i r'yM Bizirpae yTBOpeHHA HaITi-
BOPOHUKHMX KaHaJiB i3 YACTMHOK AaKTHWBHOT'O HAIMOBHIOBauda, IO
IPUBOAUTEL OO IMOHMKeHHA HabyxaHHA. [Ipu MeHIuX Ke BimcoTKax
HATIOBHEHHA HaOyXaHHA BiAMOBiZHO mocuiioeTbea» [19].

3 pucyuky 10 BuaHO, IIT0 HEHAIIOBHEHUII 3pPa30K 3a TPUBAJIOI BU-
TpUMKM critikimuii momo H,0,, Hik HamoBHeHi 3pasku. BBemeHH:
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8 4

Puc. 8. Ilosui JCK-TepmorpaMm KOMHIO3HUTiB i3 momaBaHHAM 3 Mac.% pis-
HUX HAaHOKPEeMHe3eMiB: a — 0e3 HamoBHeHHs; 6 — 3 3 mac.% A-300; 8 — 3
3 mac.% «JleHcuny»; 2 — 3 3 mac.% «Jencuia» + Agd.'?

«JleHcuay» HaBIIAKW Bele MO 3TJIAAKyBaHHA BiAMiHHOCTeEMH, TOOTO He
moripmrye crifikocTu B mepekmcy (Ha Biamimy Bim Buximmoro A-300 i
«llencuny» 3 itommaom cpibiia).

HabGyxaHHA X B alleTOHI NMOHUMKYETHCS SK IIicid BBemeHHA «lleH-
cuny», Tak i «HeHcuna» + Agd. 1 me BuUrigHO BUPi3HAE YIIiJIbHEHY
dopmy «Aepocuay» Bim Buximmoro A-300, axuit GPaKTUUYHO KOIiio€
KPHUBY AJII HEeHAIIOBHeHOTro moJiMmepy (pmc. 11).

3 pucyHKY 12 mMoixkHaA 0aumTH, III0 HEHAIOBHEHI 3pas3Ku CTAlTh (i-
3UYHO NECTPYKTYPOBAHUMHU BKe ueped 3—4 TOAWHU IIiCJas BUTPUMKMU,
a OinbITicTh 3 HATOBHEHMX HE CXUJIbHI 10 (hismumoi mectpykiii (oco-
0s11BO, 3pasok 3 A-300).

7. BUAICHOBRH

1. VimrinbHeHU HaHOKpeMHe3eM «JleHcus» IpU CBOIM XeMiJgeHTUYHO-
cti 3 Buximumm mpoaykToMm («Aepocusm A-300») mMae icTOTHO BHIITY
3maTHIiCTH Mo 3arymieHHsA. Ile BimoOpasKyeTheca 3HAYHO BUIIIMM IIPOIIE-
HTOM, 3a AKOI0 HACTA€ THKCOTPONHICTh ENMOKCHUAHOI KOMIIO3HUIIII mo
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Puc. 9. Cymimeni JITA-repmorpaMu BCix BUOPOOYBaHUX 3pPasKiB: KOMIIO3UT
6e3 mamoBHeHHs; AgJ — uwmcrtuii fomun cpibaa; A-300 (3 mac.% HamoBHEH-
Ha); geHcun — «Jlercun»; JA — «Jlercun» 3 Agd (38 mac.%).'?

Puc. 10. Kpusi mabyxauua B 35% H,0,. Ilosnauenusa: Hl — HeHanoBHeHUIA
kommosut; 1 — «Hencun»; JA — «leHcun» 3 fiogumom cpibima; A-300 —
KpeMHeseMm A-300.

orBepainaa — 31-33 mac.% samicte 12 mac.% guas A-300.

2. Mopdosoria xKoMIo3uTiB BimoOpaskae arperaTuBHY CTPYKTYDPY
HAIIOBHIOBaYa B cMOJIi 3 poaMmipamm ariomepartiB go 500 mxm. «IleH-
CIJI» PO3MOAiIA€ThLCSA piBHOMipHimIe, HiK «Aepocua A-300», 110 3y-
MOBJIEHO HOI0 BHII[OI0 HACUIIHOIO IIIiJIbHiCTIO.

3. Hocmimsxeni mpu 1-3 mac.% BiacTuBocTi MimHOCTH (Ha CTHC-
KaHHA U aAresiro) Ta rycTMHA KOMIO3WTIB, AK IIPABUJIO, MaJoO 3aJie-
JKaTh Bix smicTy manmx HamokpemHesemiB. IIpm 5 mac.% wmae micie
NOCUJIIOBAJILHUI BIJIMB KPEeMHe3eMiB Ha MIIHICTh i MOAyJib IIpU BU-
ruaaaHi. OcobauBo 1e momiTHO Aas A-300, 10 ImMOsICHEHO BTPATOIO
TEeKYJYOCTH KOMIIO3UIil mpu 5 mac.% 3 popMyBamHSAM y Hill I[iJIbHOTO
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Puc. 11. Kpusi na6yxanHa B anerosi.®

Puc. 12. Bup 3paskis 6e3 (H1 ra H2) ra 3 3 mac.% «Hencuay» ([3-1 ta 13-
2), «encua» + Agd (TAg-3%) # A-300 (3*”) B ameromi: Buxigmi spasku
(0); micaa 3,5 roguH, 1 gHa Ta 2 nHiB BUTpUMEKH.'S

KPeMHe3eMHOTO Kapkacy (uoro 3a 5 mac.% He cmocTepiraerbcs njs
000x «IleHCUIiB»).
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tom row), according to data (of different scales) in our and foreign publications.

8 Fig. 7. SEM-image of polymers with 8 wt.% of ‘Densil’ or A-300, and without filling (H).
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‘Densil” + Agd.

13 Fig. 9. Combined DTA-thermograms of all tested samples: without filling, AgJ—pure silver
iodide; A-300 (3 wt.% filling); ‘Densil’; JA—‘Densil” with Agd (3 wt.%).

14 Fig. 10. Swelling curves in 85% H,0,. Designations: H1—unfilled; 01—‘Densil’; JTA—
‘Densil’ with silver iodide; A-300—A-300 silica.

15 Fig. 11. Acetone swelling curves.

16 Fig. 12. Type of samples without (H1 and H2) and with 3 wt.% of ‘Densil’ (II3-1 and [I3-
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Films of PVA-PVP doped with CuO nanoparticles have been fabricated.
The structure, dielectric and optical characteristics are studied for optoe-
lectronic fields as pressure sensors. The results indicate that the dielectric
parameters of PVA/PVP blend improve with raise in CuO-nanoparticles’
ratios. The optical-characteristics’ measurements explain the enhancement
in optical characteristics with rising of the copper-oxide content. The ap-
plications’ results indicate to the prepared nanocomposites have good sen-
sitivity for pressure.

Burorosneno niaisBku PVA-PVP, merosani manouactruakamu CuO. Bymosa,
TieJeKTPUYHI B OINTUYHI XapaKTepPHUCTUKYN BUBYAIOTLCA OJIS ONTOEJEKTPOH-
HUX Tajty3ell AK JaTYUKiB THCKY. Pe3yiabTatTu mokasyioTh, II0 AieJIEKTPUYHI
napamerpu cywmimnii PVA/PVP mominmyiorTbea i3 30iJbIlIeHHAM CIIiBBigHO-
menHA CuO-HaHOUacTMHOK. MipsAHHA ONTHUYHUX XapaKTEPUCTUK MOACHIO-
IOTh IiABUINEHHSA ONTUUYHUX XaPaKTEPUCTUK i3 301JbIIIeHHAM BMiCTy OKCHUIY
mini. PesyabTaTy 3acToCyBaHHA CBifUyaTh IIPO Te, IO OJePKaHI HAHOKOMIIO-
3UTHU MAIOTh XOPOIIY UyTJUBICTH O THUCKY.

Key words: sensors, blend, dielectric properties, copper oxide, optical
properties.

KarwouoBi ciaoBa: gaTumKu, CyMilll, AieJIeKTPHYHI BJIACTHUBOCTi, OKCHZA Mifi,
ONTHUYHI BJIACTUBOCTI.

91



92 Ahmed HASHIM, Alaa J. KADHAM ALGIDSAWI, Hind AHMED et al.

(Received 30 May, 2020; in revised form, 22 June, 2020)

1. INTRODUCTION

Composite materials are described as materials that contain two or
more various phases, which are not the same in their chemical and
physical properties and separated from each other by a distance in-
terface. Due to their ability to be applied in many technological ap-
plications, polymer composites have attracted great attentions. They
are effectively used in the daily applications as shielding to radio
frequency interference for electronic devices and photo-thermal op-
tical recording. Polymeric materials are essentially nominated to be
used in the electronic applications [1]. The AC impedance search
was carried out with the studying the electronegativity of a sub-
stance. It is attributed to charge carriers structure whose impact
assists in limiting the AC impedance of polymers. In the material
technology and science field, nanocomposites of organic/inorganic
have received display attention in various fields. Nanocomposite
show large optical transparency where the nanoparticles have short
wavelength than visible light, which further limits the scattering
loss. The polymer nanocomposite interest is improved related to its
various characteristics which were present related to the mixture of
the distinctive properties of each part, host polymer and quantum
dot. Its tuneable and unique properties make it various from other
traditional substances.

The altering in its chemical and physical characteristics is related
to the size-dependent QDs, mixed with the rise processability, mor-
phological explain and chemical structure of the polymer materials
[2]. Metal oxides nanoparticles have explained their huge interest in
applications of solar cells optoelectronics, sensing, catalysis, and so
on related to their exceptional chemical and physical characteristics
varying from the bulk. Copper oxide (CuO) nanomaterials have con-
cerned more attention among all the metal oxides, related to its ex-
ceptional characteristics. Copper oxide (CuO) nanoparticles can have
the lower surface potential barrier advantage than that of the met-
als, which influences electron field emission characteristics. CuO is
considered as an efficient catalytic agent, a potential field emitter,
as well as a good gas sensing material. It also acts an important
function in the solar cell and optoelectronics [3].

CuO is classified into transition metal oxide group; CuO is a p-
type, semiconductor with narrow band gap. CuO has monoclinic
structure and several interesting properties: high stability, photo-
voltaic characteristics, super thermal conductivity and antimicrobi-
al activity [4]. PVA is a polymer by carbon chain backbone connect-
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ed by hydroxyl groups.

The OH groups may be a hydrogen-bonding source and therefore
help in the polymer blends formation. The PVA is nontoxic, which
is generally used in the polymeric blends related to its excellent
chemical and physical characteristics, good forming of film proper-
ties, noncarcinogenic, emulsifying capability, biocompatible and bi-
odegradable characters. These exceptional properties allow it for
pharmaceutical applications applicability, drug-coating agents, cos-
metic and industries of surgical structures. Polymeric blend may be
more positive because of its easier fabrication technique and its ease
to manage the polymer electrolytes characteristics by varying the
blended polymer composition.

These polymeric blends include gained an ever-rising importance
as a good way to improve, with no chemical fabrication, new sub-
stances by improved characteristics. From the view scientific point,
polymeric blends may enlighten structural characteristics relation-
ships assisting us to know the polymer interactions underlying
physics [5]. Polyvinyl pyrrolidone is soluble in water and additional
polar solvents. PVP is a hygroscopic powder; it easily obtains wet
related to moisture absorbance in the atmosphere, during winter
and rain seasons. The pyrrolidone group chooses to complex with
several inorganic salts resultant in surface passivation and fine dis-
persion for the composites [6].

This paper aims to the fabrication of PVA/PVP/CuO nanocompo-
site to use it for pressure sensors.

2. THEORETICAL RELATIONS

Dielectric constant €' is given by the relation [7, 8]:
g=" (1)

where C, is capacitance and C, is capacitor of vacuum.
The dielectric loss &” is determined by [9, 10] as follows:

g"=¢D, 2)

where D is dispersion factor.
The AC electrical conductivity is given by [11, 12]:

Cac= we"e’, 3

where w is angular frequency.
Absorption coefficient a was calculated by the equation [13, 14]:
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o= 2.303(4/1), (4)

where A is absorbance and ¢ is sample thickness.
The energy gap is calculated by means of the equation [15]:

Ahv=B(hv-E,), (5)
where B is constant, hv is photon energy, E, is energy gap, r=3

(forbidden indirect transition) or =2 (allowed indirect transition).
The refractive index n is given by the relation [16]:

1+\/§

= , (6)
1-JR
where R is reflectance.
The extinction coefficient & is given by [17]:
oA
k=—, 7
i (7

where A is photon wavelength. The parts of dielectric constant, real
€, and imaginary &,, are determined by [18] as follow:

g, =n’ -k, 8)
g,=2nk. 9

The optical conductivity (c,,) can be determined by [19]:

_anc
? 4’

(10)

()

3. MATERIALS AND METHODS

Polyvinyl alcohol (PVA)—-polyvinyl pyrrolidone (PVP)—copper oxide
(Cu0O) nanocomposites were prepared by using casting method. The
PVA + PVP was synthesized by dissolving 0.5 gm of PVP and PVA
in the distilled water (20 ml) with ratio PVA (77 wt.% ):PVP (23
wt.%). The copper oxide was added to PVA-PVP blend with various
ratios: 1.5, 3, and 4.5 wt.% . The dielectric characteristics measured
by LCR meter type (HIOKI 3532-50 LCR HI TESTER). The optical
characteristics tested in range of wavelength 220—-820 nm by spec-
trophotometer (UV/1800/Shimadzu). The piezoelectric application
of PVA-PVP-CuO nanocomposites was tested by measuring the
parallel capacitance (C,) and dispersion factor (D) between two elec-
trodes on the top and bottom of the nanocomposites films with dif-
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ferent pressures range 80—200 bar.

4. RESULTS AND DISCUSSION

FTIR tests of PVA/PVP/CuO samples are shown in Fig. 1. FTIR
shows the nanocomposites interactions. It explains bands around
3257 cm ™ and 3274 cm™ related to OH group. The bands at around
1290 cm™ are due to the C—O—C bonds. Peaks at around 1652 cm™
are related to C =0 groups. Peaks at around 1420 cm™' are due to
the C-O groups. The CuO nanoparticles are produced changes in
PVA-PVP-blend spectral characteristics including change in the in-
tensities and shift in some bonds. The FTIR showed that there are
no interactions between PVA/PVP blend and CuO NPs [20].

Figures 2 and 3 show the variation of dielectric constant and die-
lectric loss of PVA-PVP-CuO-nanocomposites’ films with frequen-

cy.

c d

Fig. 1. FTIR spectra of PVA-PVP-CuO nanocomposites: a—PVA-PVP
blend; b—1.5 wt.% CuO NPs; ¢—3 wt. CuO NPs; d—4.5 wt.% CuO NPs.
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The plots of both ¢ and ¢" are slowly reduce with the rise of the
frequency and it reaches to constant values at high frequencies.
This performance is related to high charge-accumulation contribu-
tion at the samples. Usually, the ¢ and &” values are high at low
frequencies and reducing with the rise of frequencies ascribed to
effects of polarization. Moreover, there are three areas shown in the
performance of ¢ and &” over the frequency. At low frequency, the
¢ and ¢” values reduce related to the interfacial polarization influ-
ence contribution in dielectric permittivity. While at intermediate

Fig. 2. Variation of &' for Fig. 3. Variation of " of
PVA/PVP/CuO films with frequen- PVA/PVP/CuO films with frequen-
cy. cy.

Fig. 4. Photomicrographs (x10) for PVA-PVP-CuO nanocomposites: a—
PVA-PVP blend; b—1.5 wt.% CuO NPs; ¢—3 wt. CuO NPs; d—4.5 wt.%
CuO NPs.
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frequencies, the dielectric dispersion is related to the dipolar polar-
ization. The non-linearity performance of ¢ and &"” is reduced with
the rise of frequency.

The ¢’ and ¢" are raising with a rise in CuO NPs ratio which due
to rise of the density of charge carrier in polymer matrix, as shown
in Fig. 4. Figure 4 explains that the CuO NPs are distributed at
lower ratios as clusters. When raising the ratios of CuO, the CuO
particles form a network inside the PVA/PVP blend [21]. The
source of the dielectric constant and loss enhancement is the elec-
trical contacts generated from the copper oxide networks [22—-24].

Figure 5 represents the AC electrical conductivity variation of
PVA-PVP-CuO with frequency. From Figure 5, the conductivity
rises with rise in frequency and CuO NPs. The enhancement of elec-
trical conductivity with rising frequency indicates the charge carri-
ers presence transported by hopping through defect sites along the
polymeric chain [25]. The increase in conductivity with rising of
CuO NPs ratios can be related to raise the charge carriers in (PVA-
PVP) blend [26].

Figure 6 explains the absorbance of PVA-PVP-CuO nanocompo-
sites with wavelength of photons. The absorbance of PVA-PVP
blend rise with rise in CuO NPs ratios, which is attributed to in-
crease in the charges’ carriers numbers [27-34].

Figure 7 shows the absorption coefficient with energy of photon
of PVA-PVP-CuO nanocomposites. The purpose of the absorption
coefficient is know of electrons transition nature, when the values
of a are high in high energies probable the direct transition. The
results show that the o has values are less than 10* cm™ and, ac-
cordingly, the nanocomposites have indirect energy band gap as
shown in Figures 8 and 9 to allowed and forbidden indirect transi-
tions. Figures 8 and 9 show that the energy band gap of indirect

Fig. 5. Conductivity variation of Fig. 6. Absorbance of PVA-PVP-
PVA/PVP/CuO films with frequen- CuO nanocomposites with photons’
cy. wavelength.
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Fig. 7. Absorption coefficient and Fig. 8. Energy gap of allowed indi-
photon energy for PVA-PVP-CuO rect transitions.
nanocomposites.

Fig. 9. Energy gap of forbidden in- Fig. 10. Variation of £ with wave-
direct transitions. length of PVA/PVP/CuO films.

transitions is reduced with rise in CuO NPs ratios. This is related to
the rise in the conduction and valence the band shift. In addition,
the improvement of carrier—carrier interaction related to the high
carrier concentration in conduction and valence bands causes to a
decrease of the band gap. Besides that, the unsaturated defects
presence leads to a rise in the localized states density in the band
gap and, then, reduces the energy gap [35].

Figures 10 and 11 explain the extinction coefficient and refrac-
tive index variation wavelength of PVA/PVP/CuO nanocomposites.
From these figures, the extinction coefficient and refractive index
of PVA-PVP blend rise with rise in CuO NPs ratios. The increase in
k and n attributed to raise the absorption coefficient and density of
PVA-PVP blend [36].

The variations of (real and imaginary) parts for dielectric con-
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Fig. 11. Variation of n with wave- Fig. 12. Variation of ¢, with wave-
length of PVA/PVP/CuO films. length.

Fig. 13. Variation of ¢, with wave- Fig. 14. Variation of optical conduc-
length. tivity of PVA/PVP blend and CuO

nanoparticles with wavelength.

stant with wavelength are shown in Figures 12 and 13, respectively.
The g, variation mostly depends on n?, as the k* values are small in
comparison with n? values, while the ¢, generally depends on the &
values [37].

The optical conductivity variation of PVA/PVP blend and CuO
nanoparticles doped PVA/PVP blend with wavelength is shown in
Fig. 14. It demonstrates a rising in optical conductivity with rais-
ing the doping ratios and rise in photon energy. This behaviour re-
lated to the rise in CuO NPs rise the electron transitions’ contribu-
tion between the conduction and valence bands because of raise the
localized stages density in an energy gap, which causes the energy
gap reduction and raise the absorption [38—44].

Figure 15 shows the variation of parallel capacitance with pres-
sure. The capacitance increases with increase in pressure due to the
crystal consists of several interlocking domains, which include neg-
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Fig. 15. Variation of parallel capacitance with pressure.

ative and positive charges. These domains are symmetrical within
the crystal, with the result that the crystal has a net charge of ze-
ro. When a stress is applied to the crystal, this symmetry is broken,
and, in order to restore the symmetry, these domains realign them-
selves, and, through the realignment, generate a current, and the
capacitance will be increased [45].

5. CONCLUSION

The dielectric parameters of PVA/PVP blend rise with the rise in
CuO NPs ratios. The dielectric parameters changed with the rise in
frequency. Optical characteristics are enhanced with rise in CuO
NPs ratios. The pressure sensors results indicated that the PVA-
PVP-CuO nanocomposites include highly sensitivity with the rise in
pressure.
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Molecular Processes in Electric Destruction of Nanocomposites
Polyethylene + Nanoclay After Exposure to Electric Discharge
and Orientation

A. R. Sadygoval', I. I. Abbasov?, E. S. Safiev?, A. A. Hadiyeva',
Kh. O. Sadig?, and V. A. Alekperov!

Institute of Physics, N.A.S. of Azerbaijan,
33, H. Javid Ave.,
AZ-1143 Baku, Azerbaijan
2Azerbaijan State Oil and Industry University,
20, Azadlig Ave.,
AZ-1010 Baku, Azerbaijan

It is studied the effect of electric discharge and orientation on the electric
lifetime (tr) and dielectric strength (E) of the polyethylene (PE) + nanoclay
(NC) nanocomposites. Changes in the structure of materials under the in-
fluence of external factors are determined by infrared spectrometry and
compared with their electrical properties. After electric ageing, the rate
of formation of carbonyl groups (C=0) in nanocomposites is comparatively
lower than in PE. In destructive processes, NC is much more active than
in stabilizing processes.

HocnimsxeHo BIJIUB eJEKTPUYHOTO PO3PANY I OpieHTallili Ha eJeKTPUYHUHN
yac JKUTTA (T) ¥ gienexTpuuHy MinHicTs (E) HaHOKOMIIOSUTIB IIOJIieTHJIEH
(IIE) + namorsamaa (HT). 3minu y cTpyKTypi MarepisaiiB mig BIJIMBOM 30B-
HIIIHIX YMHHUKIB BU3HAUEHO METOAOI0 iH(ppauepBOHOI creKTpomeTrpii i mo-
PiBHAHO 3 IXHIME eJeKTPUUYHUMHU BJacTUBOCTAMHU. llicaa ejeKTpuuHOTO
CTapiHHA IBUAKICTHL YyTBOpPeHHsS KapOoHinbHUX rpym (C=0) y HaHOKOMIIO-
3UTaX € MOPiBHAHO 6ijbIoio, Hixk y IIE. ¥V mectpyxkTuBHuX mporecax HI e
HabaraTo aKTHUBHIiIIO0, HiK y cTabimisamiiiHux mpoiiecax.

Key words: nanocomposite, dielectric strength, lifetime, orientation, car-
bonyl group.

KarouoBi croBa: HaHOKOMIIOSUT, eJIEKTPUYHA MIiIHICTL JiesleKTpuUKa, dac
JKUTTS, OpieHTAIlisd, KapOOHiIbHA rpyma.
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1. INTRODUCTION

One of the most widely used macromolecular compounds in industry
and in everyday life is PE. As an insulating material used in the
cable industry and a material for the manufacture of plastic pipes,
PE during operation is exposed to various external factors (mechan-
ical load, electric field and discharges, temperature, radiation, ezc.)
and is destroyed. To weaken this process or increase the lifetime, a
polymer composition is made by introducing additives with differ-
ent percentages into a pure polymer. By choosing an additive and
taking into account its percentage, high-quality products can be ob-
tained from a composite material with suitable properties.

High-quality products from such composite materials during op-
eration are exposed to the above-mentioned external factors and be-
come unusable. Non-recyclable polymer products can lead to envi-
ronmental pollution. Composite products with improved properties
obtained by various methods age over time. Accordingly, the study
of the destruction of polymeric materials under the influence of ex-
ternal factors is very important from a scientific and practical point
of view. By investigating the cause of the destruction of polymeric
substances, it is possible to acquire knowledge in changing their
properties, decreasing the rate of destruction (ageing) or increasing
the lifetime.

In the cited works [1-5], the mechanical, electrical, optical and
other properties of composites were studied: PE + polypropylene
(PP) fibre, PE + glass fibre, PE + diamond, PP + NC, PE + NC, etc.
with organic and inorganic additives. Analyzing these properties,
significant findings have been received on revealing the fracture
mechanism of these composites. By studying changes in the struc-
ture and mechanical properties of nanocomposites under the influ-
ence of external factors, it is possible to approximate their mechan-
ical durability in advance.

2. PRODUCING OF THE SAMPLES AND MEASUREMENT
METHODS

After mechanically mixing different percentages of NC (1.0-10.0%)
with PE by hot pressing (425 K, 150 MPa, 10 min), we get samples
with 40—-70 microns’ thick. In Giannelis’s experiments [6], nano-
composites were prepared in three stages (Fig. 1).

At the 1°* stage (a), a tactoid is formed; polymer links cover clay
agglomerates from the outside. At the 2" stage (b), the segments of
the links entering the voids between the layers contribute to the
separation of the layers by 2—3 nm [7]. At the 3™ stage (c), the clay
layers are displaced relative to each other, the layers are disordered
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Fig. 1. Three structures of ‘polymer—layered silicate’ composites.

(disorientation) and complete delaminated. A uniform distribution
of clay within the polymer indicates a defect-free nanocomposite
structure. To elucidate the role of NC additives in changing the
properties of materials preaged and exposed to electrical discharges
at different time periods (¢=1, 2, 3, 4, 5, 10, 15 hours) and orient-
ed samples, the lifetime (time-to-puncture) was measured using
breakdown installation [8]. To study important structural changes
in nanocomposites after exposure to electrical discharges and orien-
tation, the optical density (D) was calculated using IR spectrometry
in the frequency range of 500—2700 cm ™ at the corresponding fre-
quency of 1720 cm™ for the carbonyl group (C=0), and its value
was compared with the dielectric strength.

3. RESULTS AND DISCUSSION

The effect of NC on the dielectric strength of PE was previously
studied by us [56]. It was shown that the lifetime and dielectric
strength change depending on the amount of NC. Investigating the
impact of external factors on the lifetime and dielectric strength of
PE-based nanocomposites and NC additives, it is possible to get
some information about the mechanism of electrical breakdown (de-
struction) and the role of NC in this process. It is expedient, there-
fore, to use two differently influencing factors: 1) destabilizing
(electric discharges, electric field, mechanical load, temperature,
radiation, emission, etc.), leading to ageing and destruction; 2) sta-
bilizing (orientation, micro- and nanoadditives, fillers, etc.). It is
known that electrical ageing of polymers can be carried out by vari-
ous methods [9, 10]. Ageing of pure polymers and nanocomposites
(based on them) during operation occurs for years; therefore, accel-
erated ageing of materials is carried out under laboratory condi-
tions in special installations. In our research, electric discharge was
chosen as a destabilizing factor, and orientation was chosen as a
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stabilizing factor.

Research objects were samples: pure PE and PE+ 3% NC. To
study the effect of electric discharges the samples in the above time
intervals were subjected to ageing at a voltage of U=9-10® V. Fig-
ure 2 presents logarithmic dependence of lifetime for samples on
electric field strength.

Using this graph, it is possible to construct the dependence of the
dielectric strength at 1=1 sec on the time of discharge exposure
(Fig. 3).

At short time of discharge exposure (1-3 hours), dielectric
strength of both samples increases and a decrease in E is observed

Fig. 2. Dependence logt; = f(E) of PE and PE + 3.0% NC samples at various
ageing times. 1, 2, 3, 4—PE; 1', 2', 3', 4—PE+3.0% NC (1.1'—¢=0;
2.2'—t =38 hours; 3, 83—t =5 hours; 4, 4—t =15 hours; T =293 K).

Fig. 3. Dependence of dielectric strength on time of discharge exposure. I,
1'—pure PE; 2, 22—PE + 3.0% NC; 1, 2—E; 1', 2—D.
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with increasing ageing time. For the nanocomposite, the rate of de-
crease in E is lower than in PE. It is well known that, under the
influence of electric discharges, macromolecules oxidize, wear out,
amorphous regions soften (bonds are broken, microvoids and cracks
are formed, etc.), intermolecular interactions weaken [4, 11]. NC
prevents the breaking of bonds, formation of microvoids and cracks
under the influence of electric discharges, and thus, prevents the
appearance of carbonyl groups in the oxidation process.

The experimental results of the influence of orientation as a sta-
bilizing factor are presented in Fig. 4. With an increase in the de-
gree of orientation, the rate of increase in E of nanocomposite com-
pared to pure PE is insignificant.

To explain the experimental results, changes in the structure of
the samples under the influence of electric discharges and orienta-
tion were studied by IR spectroscopy. Spectrograms of both samples
were recorded in the frequency range of 500-2700 cm™ (Figs. 5 and
6).

At a frequency of 1720 cm™ corresponding to the carbonyl group
C=0, the intensity of the oxidation peak varies depending on the
time of discharge exposure. Calculated from the spectrum, the opti-
cal density D,y of the C=0 group is shown in Fig. 3. At the initial
time of exposure to electric discharges (1-3 hours), D,;,, decreases;
with a further increase in the exposure time, D,;, increases. The
rate of increase in the optical density of nanocomposite in compari-
son with PE is low. Depending on ageing, under the influence of a
certain tension, initially increasing of E and, then, its decreasing is
explained as follows.

In polymers under the action of electric discharges along with
oxidative-destructive processes, their macromolecules are cross-
linked (net or spatial polymers constructed from long chains con-
nected to each other in a three-dimensional grid with transverse
chemical bonds). Short cross-linking time (cross-linking of polymer
chains through chemical bonds) is superior to oxidative—destructive
processes; therefore, there is no reduction in the dielectric strength
for both samples. Accordingly, the optical thickness of the C=0
groups decreases. With prolonged exposure to electric discharges,
with the decay of chemical bonds, the number of C=0 groups in-
creases. For #=15 hours, the value of E decreases in comparison
with this parameter at =0, and for both samples, this decrease
corresponds to an increase in D;;9y. This shows that there is a corre-
lation between dielectric strength and optical density (Fig. 3, Ta-
ble).

Comparing the dielectric strength and optical strength of the
samples after exposure to electric discharges, it can be noted that
NC slowing down the oxidation process plays the role of an antioxi-
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Fig. 4. The dependence of dielectric strength on the degree of orientation:
1, 1'—pure PE; 2, 22—PE +3.0% NC; 1, 2—E; 1', 2'—D.

Fig. 5. IR spectra of PE: 1—t=0; 2—¢ =3 hours; 3—t =15 hours; 4—¢=10
hours; 5—t =15 hours (U = 9-10® V).

dant; for t =15 hours, the decrease in E for the nanocomposite and
PE is 35% and 43%, respectively, and the increase in D,y for both
samples is 50%.

It is clear from the Fig. 4 and Table that, after exposure to the
stabilizing factor for both samples, an increase in E corresponds to
a decrease in D;;y,. The values of E for the nanocomposite and PE
before and after orientation are given in Table. It can be seen that,
depending on the degree of orientation, the value of E in pure PE is
higher compared to the nanocomposite. The role of the additive in
these processes is different (destructive and stabilizing ones). The
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Fig. 6. IR spectra of PE+3.0% NC nanocomposite: I—t=0; 2—t=3
hours; 83—t =5 hours; 4—¢ = 10 hours; 5—t =15 hours (U =9:10% V).

TABLE.
E, x10° V/m E, x10° V/m
nonaged aged AE, % . AE, %
Samples U=0, U =9 kV, |decrease| nonoriented O}t’l_el;t%d increase
t=0 |¢=15 hours -
PE 70 40 43 70 95 36
PE+3% NC 54 35 35 54 67 25

influence of NC on destructive processes is much greater than on
stabilizing ones.

A number of studies [11-13] have shown the influence of supra-
molecular structure on dielectric strength of polymer dielectrics.
Orientation drawing is one of the main physical methods for chang-
ing the supramolecular structure of polymers and, as a result, the
effect on their most important operational properties, including the
dielectric strength of polymers.

Thus, despite the fact that the nanoclay introduced into the pol-
ymer in some cases affects the supramolecular structure, the orien-
tation process prevails in this case. Based on experimental data, we
can conclude that nanoclay plays an active role only in processes
where destructive processes prevail.
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4. CONCLUSIONS

Summarizing the findings on the effects of electric ageing and the
orientation drawing on the dielectric strength of PE and PE + 3.0%
NC, it can be concluded that introduction of nanoclay, preventing
destructive processes, has a stabilizing (reinforcing structure) ef-
fect, thereby making it possible to obtain polyethylene films with
more stable electrical and mechanical properties.
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Electrophysical Properties of Polymeric Nanocomposites
Based on Barium Ferrites Modified by Copper Iodide
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Barium ferrites modified with copper iodide were synthesized by the sol—
gel-autocombustion method. The sizes of barium-ferrite crystallites for all
samples were of 20—50 nm. The magnetic and electrophysical properties of
Cul/ferrite-filled polychlorotrifluoroethylene (PCTFE) composites are in-
vestigated in the microwave range at ambient temperature. As shown, the
introduction of Cul/ferrite composites into PCTFE leads to an increase of
the values of the complex dielectric permittivity magnitude by 2—-5 times
in comparison with the system containing the unmodified component.

deputu 6apito, MmogudikoBaHi ffoguIOoM Mifi, 6y CHHTE30BaHi METOM0I0 30/I1b—
r'elb-aBTOropiHHA. Poamipu KpucraiiTiB pepuris 6apiro Ajsd Bcix 3pasKiB cra-
HoBuu 20—50 uM. MarHeTHi # eeKTpodiswyHi BIaCTUBOCTI KOMIIO3UIiHHUX
marepianiB 3 mosixsgoprpudroperunerom (IIXTDE), nanosuenux Cul/depur,
TOCJII;KYBAJIN B MiKPOXBUJIBOBOMY AisIIa30Hi 3a TEMIIepaTypPu HaBKOJIUIITHBOTO
cepemoBuria. Ilokasano, 1o BBegeHHA KommoauTiB Cul/deput y [IXTDPE npu-
BOOUTL OO 30iJbIIIeHHS 3HAUEHb KOMILJIEKCHOI HieJIeKTPUYHOI MPOHUKHOCTH B
2—5 pagziB y IOPiBHAHHI 3 CHCTEeMOIO i3 HeMOAU(PiKOBAHUM KOMIIOHEHTOM.

Key words: compositional material, disperse filler, interfacial interaction,
barium hexaferrite, nanosize copper iodide.

KarouoBi ciaoBa: KOMIO3uIiiiHMii MaTepisj, AUCIEpPCHI HAIIOBHIOBAYi, MiiK-
¢asHa B3aeMoLis, rekcadepuT 6apito, HaHOPO3MipHUI Homaua Mimi.
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1. INTRODUCTION

Electromagnetic field (EMF) shielding is an actual task of health

111
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protection, information security, electromagnetic compatibility and
electromagnetic ecology of residential buildings [1]. The complex
mechanism of propagation and absorption of electromagnetic radia-
tion as well as the technological complexities of the synthesis of
materials with predetermined electromagnetic properties in a wide
range of frequencies are the reasons for the creation of new nano-
materials [2]. Since the ability of materials to absorb electromagnet-
ic radiation is determined by their electrical and magnetic proper-
ties, which include specific electrical conductivity, dielectric and
magnetic permeability, high dielectric and magnetic losses are im-
portant for such materials [3].

Therefore, to effective absorption of the electromagnetic wave,
the creation of composite materials is required. The necessary ab-
sorption of composite materials can be obtained by changing the ra-
tio of components with dielectric and magnetic properties. By using
magnetic, dielectric, and conducting materials in the preparation of
nanocomposite absorbing materials, it can be expected to obtain a
powerful absorber with the contribution of various materials with
various absorbing mechanism. The incorporation of conventional
inorganics or non-magnetic materials and their using in the formu-
lation of absorbing coatings has led to better absorption characteris-
tics against to the individual components due to their interactions
and synergetic effects [4]. The use of ferrite fillers (MFe,O,,
M =Ni-Zn, Mg-Zn, Co?', Ni*", Fe®*", Zn%*, Cu®', etc.) in composite
materials is promising due to their high value of saturation magnet-
ization and magnetic losses including hysteresis loss and eddy cur-
rent loss [5]. In addition, the hexaferrite barium (BaFe,,0;,) fea-
tures a moderate saturation magnetization, low toxicity, high me-
chanical hardness, excellent chemical stability [6, 7]. The dielectric
permittivity in ferrites may arise from the nanoparticle modifica-
tion with copper iodide. Copper iodide has attracted particular in-
terest owing to several factors such as the high conductivity, nega-
tive spin orbit, diamagnetic behaviour, high and stable permittivity
values [8]. Composites, in which ferrites are embedded into a poly-
mer matrix, act as better EM absorbers than simple bulk ferrites.
Furthermore, polymer matrix of PCTFE is flexibility, resistance to
mechanical and chemical effects.

The aim of the research was to develop and synthesize the poly-
mer-filled systems based on the PCTFE and surface-modified fer-
rites by copper iodide in order to study their electrophysical and
magnetic properties as potential EMR-shielding materials.

2. EXPERIMENTAL PART

The Cul/barium ferrite nanocomposites were synthesized via the
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sol—gel-autocombustion method to create the newest nanomaterials
that effectively interact with electromagnetic radiation. All the
chemical reagents were pure grade and used without any purifica-
tion.

The stoichiometric amounts of iron nitrate Fe(NO;);-9H,0, barium
nitrate Ba(NOQO;), were dissolved in distilled water. Then, appropriate
amount of citric acid was added to nitrate solution with continuous
stirring with a magnetic agitator. The molar ratio of nitrates to cit-
ric acid was 1:1. The pH was adjusted to 7.0 by 1.0 M solution of
NH,OH. The reaction mixture then was stirred continuously at
100°C until partial solvent evaporation and transformation into a
viscous gel. The gel was combusted in a self-propagation manner
until all gel was completely burnt and converted to a powder form.
Finally, after the reaction, high-dispersion powders (barium ferrite
precursor-BFP) were calcined at 850°C in air for 5 h (see Eqs. (1)—
(4)) [9, 10]:

Gel - BaCOj; + y-Fe, 04, (1)
BaCO; + y-Fe,0; — BaFe,0, + CO,, (2)
v-Fe, 05 —> a-Fe, 04, 3)
BaFe,0, + 5y-Fe,0; — BaFe;,044. 4)

Chemical modification of surface of the as-synthesized ferrite
(BFP and BaFe;;0,4) by copper iodide was carried out via the co-
precipitation of Cul from aqueous solutions of CuSO,, KI and
Na,S,0; in the presence of barium ferrite, accordingly to the proce-
dure described elsewhere [11] (the concentration of copper iodide on
a surface of ferrite was 0.32 and 0.38 volume fractions):

2CuS0O, -5H,0 + 2KI + 2Na,S,0, - 5H,0 —
— 2Cul + K, S0, + Na,S,0, + 20H,0.

Polymer-filled composites were prepared by mechanical milling of
the polychlorotrifluoroethylene (PCTFE) powder with modified fer-
rites (Cul/BFP, Cul/BaFe;,0,9) until homogeneous mixture, which
thereafter was compressed at the polymer-melt temperature of 513
K and a pressure of 2 MPa.

The real (¢') and imaginary (¢”) components of the complex per-
mittivity of composites at microwave frequencies (9 GHz) were
measured using the interferometer (RFK 2-18, USSR) for measur-
ing the phase difference and the standing wave meter (R2-60,
USSR) by an electrodeless method [12]. The samples of the compo-
sites had a rectangular shape of 10x23 mm with a thickness of 2
mm.
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Crystalline structure was determined using the x-ray analysis
(DRON-4-07, Lomo, USSR) in emission of the cobalt cathode with
nickel filter in the Bragg—Brentano geometry. Crystallite sizes were
determined from the width of the most intense line in x-ray spectra
according to the Scherrer equation [13]:

D = E\/BcosH, (5)

where k is a constant assumed to be equal to 0.9, A is the CoK,
wavelength (0.1789 nm), 6 is the Bragg angle, and B is the full
width at half maximum of the x-ray diffraction peaks [14, 15].

Additional information about the microscopic structure of com-
posites was obtained from transmission electron microscope (TEM)
images (JEOL-1230).

Hysteresis curves of the magnetic moment for synthesized mate-
rials were recorded at room temperature by means of sample vibra-
tion magnetometer [16]. To exclude interaction between particles of
the dry and highly dispersed particles under this investigation,
samples were dispersed in paraffin at a volume concentration of
= 0.03. For measurements, a cylindrical glass cuvette with an inner
diameter of 2.5 mm and a height of 20 mm was used. The meas-
urement setup and technique were described previously [17].

100 nm

b

Fig. 1. TEM images of synthesized ferrite: a, b—BaFe;,0,4.

TABLE 1. Statistical characteristics of nanoparticle ensembles obtained for
BaFe;,0,,.

Sample D,, nm c, nm | (InD),, | Ginp N
BaFe;,0,, 67.16 46.1832 4.01 0.6671 132

Note: D,—the mean diameter; c—mean root square deviation of particle diameter;
(InD),—the mean logarithm diameter; o,,,—mean root square deviation of loga-
rithm diameter; N—number of particles in the ensemble.
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3. RESULTS AND DISCUSSION

Transmission electron microscopy was used to determine the size
and shape of the as-synthesized nanoparticles of barium ferrite
(Fig. 1). As shown in Fig. 1, a, b, the average size nanoparticles of
barium ferrite are of 20—50 nm. All the TEM images show moder-
ately agglomerated and individual particles.

Statistical analysis of initial ferrites was performed by random
sampling of more than 50 particles using the TEM image. The mean
diameters of synthesized nanoparticles, their mean root square de-
viation, and the number of particles in the studied ensembles of the
synthesized ferrites derivatives were calculated (Table 1).

The probability density curve of the lognormal distribution of
BaFe;,0,y nanoparticles in diameter is a better approximation to the
experimental histogram of relative frequencies than the probability
density curve of the normal distribution of BaFe;,0,, nanoparticles
in diameter (Fig. 2).

Lognormal distribution of nanoparticles is realized with a parallel
mechanism of particle growth: atom—atom, dimer—dimer, tetramer—
tetramer, octamer—octamer, etc. In this case, the number of atoms
in the particle is described by the sum of geometric progression. In
a random process and parallel growth mechanism, the nanoparticles
are lognormally distributed [18].

Crystalline structure of the as-synthesized ferrites and their Cul
modified derivatives were studied with x-ray analysis (Fig. 3). Dif-
fractograms of BPS (curve 1) indicate the samples had cubic Fe;O,
phase (JCPDS 88-315) and BaCO; orthorhombic phase (JCPDS 71-
2394). The formation of the BaFe;,0,4 phase (JCPDS 84-0757) was
observed in the case of annealed samples (curve 3). Diffraction pat-
terns of ferrites modified by copper iodide (curve 2, 4), contains all
reflections corresponding to ferrites and planes that refer to the
presence of the copper iodide cubic phase (JCPDS 83-1105) and
hexagonal phase Cul. Additional diffraction peak at 20 = 38.51° ob-
served in Fig. 3 was identified as hexagonal phase of Fe,O; (JCPDS
33-664), which probably arises due to the calcination of the ferrite
sample in air at high temperature.

An average crystallite size of copper iodide for all samples is of
about 25 nm. The crystallites’ size of the synthesized BFP and
BaFe,;,0,y samples is = 50 nm.

The results of thermogravimetric analysis of the synthesized fer-
rite samples are presented in Fig. 4. The process of thermal decom-
position of samples consists of three stages. The first stage is ob-
served in the temperature range from 50 to 200°C with a slight
weight loss (up to 2%), which may correspond to the evaporation of
adsorbed water (curve 1). The second stage, from 200 to 800°C, re-
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Fig. 2. Experimental histogram of relative frequencies (1), the probability
density of the lognormal (2) and normal (3) distributions of BaFe;,0,,4 na-
noparticle diameters.
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Fig. 3. X-ray diffraction patterns of nanocomposites: 1—BFP; 2—
0.32Cul/BFP; 3—BaFe,,0,4; 4—0.32Cul/BaFe,,0,,.

lates to the decomposition of BaCO,; with the formation of monofer-
rite first and subsequently barium hexaferrite [19]. Mass loss at
temperatures above 800°C is not observed. This indicates the com-
pletion of thermal decomposition and the final formation of the
BaFe;,0,4 phase.

Optimum concentrations of the copper iodide (0.32 < ¢ < 0.38), at
which the maximum values of the complex permittivity and electri-
cal conductivity in Cul/BFP and Cul/BaFe;,0,4 systems, were de-
termined experimentally.

Under introduction of Cul/BFP and Cul/BaFe;,0,, into the
PCTFE, the values of &', ¢” and ¢ depend nonlinearly on the volume
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content of copper iodide. The observed concentration dependences
are probably related to change in sizes of the copper-iodide particles
or structure of their clusters on the surface of ferrite.

Chemical modification of surface of the ferrite by copper iodide
leads to an increase in ¢’ and €” in the microwave range of polymer
composites (Cul/BFP-PCTFE, Cul/BaFe;,0,,—PCTFE) with respect
to the system, which does not contain modified components (Cul—
PCTFE) (Fig. 5). This effect is because ferrite particles modified by
copper iodide are forming more branched clusters in polymer matrix
at lower concentrations, as well as the influence of the polymer

100+
\

994

ni, %

954

974

200 400 600 800 1000
t, °C

Fig. 4. Derivatives of synthesized ferrites: I—BFP; 2—BaFe,,0,,.

30

4 251 4
25
20
20
54
75 !
101
10 g
5 1 34
1
0 T . . . 0 T T T .
0.00 0.04 0.08 0.12 ais ¢ 000 0.04 0.08 0.12 0.16 ¢
a b

Fig. 5. Dependences of the &' (a) and&” (b) at 9 GHz of the copper iodide
volume fractions (¢) in polymer composite systems: 1—Cul-PCTFE; 2—
0.32Cul/BaFe,,0,,—PCTFE; 3—0.32Cul/BFP-PCTFE; 4—0.38Cul/BaFe,;0,4—
PCTFE.
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Fig. 6. Hysteresis loops for synthesized ferrites’ samples and modified one
with different content of the copper iodide: I—BaFe;;0;9, 2—
0.32Cul/BaFe;,0,y; 3—0.38Cul/BaFe;;,0,9; 4—BFP; 5—0.32 Cul/BFP; 6—
0.38Cul/BFP.

boundary layers on the electrophysical properties of the obtained
composites.

In the case of 0.32Cul/BaFe;;0,, composites, the value of the
complex permittivity and electrical conductivity is lower than for a
system with 0.32Cul/BFP-PCTFE. Upon annealing of BFP, the
formation of an ordered structure of barium hexaferrite occurs and,
as a result, the defective structure of the ferrite surface decreases.
This leads to an increase in the size of crystallites of copper iodide
on the surface of the BaFe,,O;, and, possibly, to an increase in the
size of agglomerates of copper iodide during the modification of
barium ferrite.

The magnetization hysteresis loops recorded at room temperature
for synthesized ferrites and their modified derivatives are shown in
Fig. 6.

With an increase of the Cul concentration, the specific saturation
magnetization of Cul/BFP and Cul/BaFe;;0;, samples decreases
monotonically from 21.4 to 10.4 G-cm®/g and from 54.6 to
29.5 G-cm?®/g, respectively (Fig. 6). At the same time, an increase in
coercive force of Cul/BaFe;;0,, has monotonic character, whereas
the same for Cul/BFP is nonmonotonic. Magnetic characteristics for
all the samples are listed in Table 2. Obtained specific saturation
magnetization of BaFe,;0,, is 54.6 G-cm®/g, which is significantly
lower than the calculated one for a bulk ferrite particle (67.7
G-cm®/g). A decrease in the magnetization of BaFe,;;0,, particles
with a decrease in their size is probably caused by incomplete coor-
dination of atoms on the particle surface, which leads to a noncol-
linearity spin configuration and causes disorientation of the surface
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TABLE 2. Magnetic characteristics of synthesized ferrites and their deriv-

atives.
Sample composition® Iég c{chlfnléo/g Gé‘fng g Gé‘fng g | M/M,| €, (CuD
BaFe,,0., 2.54  53.1 54.6 22.3  0.40 0
0.32Cul/BaFe,0,, 3.05  37.6 38.6 159  0.41  0.29
0.38Cul/BaFe,,0,, 3.04  28.7 29.5 121 0.40  0.43
BFP 1.24  26.7 21.4 1.3 0.52 0
0.32Cul/BFP  1.83  14.8 15.2 5.22  0.34  0.29
0.38Cul/BFP  1.63  10.1 10.4 2.48 023  0.41

Note: H,—coercive force; M,,.o.—specific magnetization; M,—specific saturation
magnetization; M,—residual specific magnetization; M,/M,—relative residual spe-
cific magnetization; “—with a-Fe,0, on the surface of ferrite particles [22].

spin tilt and, due to thermal fluctuations of magnetic moments,
significantly reduces the total magnetic moment for a given mag-
netic field [20, 21].

With an increase in the Cul concentration of the ferrite surface,
the values of the residual magnetization decrease and the coercive
force of the composites increases. It is known that the experimental
values of the coercive force (H,) of ensembles of monodisperse sin-
gle-domain magnetite particles with a diameter of 30—50 nm are of
350-450 Oe. The critical diameter of a single-domain magnetite
particle is of 250 nm. The theoretical value of H, of a single-
domain particle Fe;0, is 2|K1|/Ms ~ 454 Oe, where K, is the first
anisotropy constant (1.07-10° erg-cm™®), 4nM, is the saturation in-
duction of 6000 Gs at 300 K. The theoretical value of the H, en-
semble of statistically oriented single domain BaFe;,0,, crystallites
is 0.96|K,|/ M, =8 kOe, where K,=3.3-10° erg-cm™®, 4nM,=4775 Gs
at 300 K. Samples of BaFe;,0;4 have higher H, in comparison with
samples barium-ferrite precursor, which includes Fe;0,.

4. CONCLUSIONS

Barium hexaferrite with average nanoparticles size of about 20-50
nm was synthesized by means of the sol-gel-autocombustion pro-
cess.

The values of €', ¢” in the microwave range nonlinearly depend on
the concentration of Cul for modified ferrites (BaFe,,0,,, BFP) and
reaches a maximum value at 0.38 volume fractions.

An introduction of the Cul/BaFe;;0, and Cul/BFP in polychloro-
trifluoroethylene leads to an increase in the electrophysical parame-
ters in all concentration range at room temperature.
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PobGora cTocyeThca BusHaueHHA (Gi3MUHMX 3aKOHOMIPHOCTEH B3a€MO3B’A3KY
MiK MeXaHiKO-MiIlHiCHMMU mapaMeTpaMM IPU JUHAMIYHMX HaBaHTAKEHHAX
BUPOOiB 3 peakIliiiHo-3B’a3aHor0o Kapbiny kpemuiio (PKK) i #ioro ctpyKTyp-
HO-TIOJMIITUIHUMU XapakTepucTukaMiu. IIpu BUTOTOBJIEHHI 3pasKiB BHUKOPUC-
ToByBaJsiaca muxTta 3 BmicToM SiC y 85-95% 3a maasmocTu momimiok Curi-
mito Ta Kapbony. JlocrigiKkeHHA TPOBOAMINCA 3 BUKOPUCTAHHAM AUMPAKTO-
metrpa JIPOH-3M i xopendarniiinoi anaixisu. Byjgo BCTaHOBJIEHO, IO IIOJiTHII
SiC 6H e 6asoBum mpu ctBopeHHi enemeHTiB O6poui 3 PKK. IIpucytHicThb
gasqumkoBux (as Si (C-rpadiry) 3a maaBaoctu SiC 6H (SiC 6H i SiC 4H)
3YMOBJIIOE BHCOKi 3HaueHHA T'yCTUHHU 3pa3KiB. BcTaHoOBJIEeHO, IO po3Mipu
006JI1acTi KOTepeHTHOro po3cigaHHA PeHTr'eHOBMX IIPOMEHiB 3a (PiKCOBAHOTO
3HAUEeHHA I'YCTHHH 3pasKa 3ajieKaTh Bil xapakTepy HOJIiTHOY KPUCTAJIIUHOI
I'PaTHUII, 3HaxoZAThCca B Mexax 400—700 A i spocrarors i3 36inmbIIeHHAM
ryctuHu 3paska. Ilokasamo, 110 BUCOKi 3HAUEHHSA I'YyCTUHU Ta MAaJIi BEJIUYU-
HU BHYTpPilIHiX MiKpoHampy:kKeHb 3paskiB 3 PKK gocaratoTbcs mpu HeBe-
JUKUX CTYHEeHAX TeKCTYPOBAHOCTU 3pas3Ka.

The work is concerned with the determination of physical regularities of
interrelation between the mechanical-strength parameters at dynamic
loadings of products of reactively bound silicon carbide (BSC) and its
structural-polytypic characteristics. For the fabrication of samples, it is
used a charge with a content of SiC of 85-95% in the presence of impuri-
ties of silicon and carbon. The studies are performed using the DRON-3M
diffractometer and correlation analysis. As found, the SiC 6H polytype is
base in the fabrication of armour elements with BSC. The presence of re-
sidual Si (C-graphite) phases in the presence of SiC 6H (SiC 6H and
SiC 4H) causes high values of sample density. As established, the size of
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the region of coherent x-ray scattering at a fixed value of the sample den-
sity depends on the nature of the crystal-lattice polytype, is in the range
of 400-700 A, and increases with increasing sample density. As shown,
high values of density and small values of internal microstresses of sam-
ples with BSC are achieved at small degrees of texturing of the sample.

Karouosi ciroBa: xKap06ig KpeMHiro, 006/1acTh KOrepeHTHOro BimouBaHHs PeHT-
T'€HOBUX ITPOMEHiB, IOJITUIIM KPUCTAJIIUHOI I'DATHUILI, MiKpPOHANIPY’KEHH,
KopeJsAIlifina aHaJisa.

Key words: silicon carbide, x-ray coherent reflection region, crystal-lattice
polytypes, microstresses, correlation analysis.

(Ompumano 3 keimusa 2020 p.; nicas doonpayrweanus — 6 wepsns 2020 p.)

1. BCTYII

ITocritino 3pocraioui BUMOTrH OO OPOHBOBUX KOHCTPYKIIMl IIPHUBOASATH
0 HeoOXiTHOCTM CTBOPEHHS HOBUX KePaMiuHMX MATEPidjiB 3 IOJIiI-
IIeEHMMU BJACTHUBOCTAMM Ta IIHPIIOIO0 cdepoio 3acTocyBaHHSA. Bubip
KOHKPETHUX THUIIIB OpPOHBOBUX MATEPifAJiB, IXHBOTO PO3MIIIEeHHS ¥
3aXMCHUX MOAYJIAX BMU3HAYAETHLCA B3aBIAHHSIMH, IO CTOSATH IIepen
CTBOPIOBAaHUM MOAyJieM (KJIACOM 3aXMCTY TOII0), 00’€KTaMM, HA AKUX
BOHH PO3MIIIYIOThCA, a TAKOMK JOJATKOBUMH YMOBAMH’ IPHU IIPOEKTY-
BaHHI (BUMOTH OO Macu BUPOOY, HOr0 BapTOCTH, JKMBYYOCTH Ta iH.).
IIe symoBaoe (hopMyBaHHA KOHKPETHUX IIepeBar i HeJOJiKiB y KO-
HOrO 3 THUIIiB OpoHeKOHCTPYKIiii. Tak, M AKi Ta r'HydYKi 3aXMCHi MO-
IyJi, BUTOTOBJIEHI 3 BOJIOKHHCTUX KOMIIO3UTIB, MAlOTh HEBEJIHUKY TO-
BIIIUHY Ta IIOBEPXHEBY I'YCTHUHY, ajie He 3a0e3MeuyioTh HEBUCOKUI
KJlac AWHAMiYHOTO 3aXWHCTy, IIEPII 3a BCe, Bil KyJab 3 TepMO3MiIlHe-
HUMHK cTajJeBUMH abo TBepocTomHUMU ocepasamu. CraneBi MaioThb
3HAYHY TI'YCTUHY, ajie HeJIOCTATHIO TBEPIiCTb, II[0 MPU3BOLUTHL M0 iCTO-
THOTO 3POCTAaHHSA IIOBEPXHEBOI TI'yCTHMHUN OpoHemaHesJi mpu cmpobi sa-
OesmeunTH HeOOXigHWII KJjac 3axmcTy. Ha Bigminy Bim MmeranreBux
CTOIIiB, KepaMika Mae HUB3BKY yIapHY B’fA3KiCTb, IO 3YMOBJIIOE KPU-
XKe pyHHyBaHH4g ii Ipu B3aeMOii 3 ocepaaM KyJIi (HU3bKY sKUBYUIiCTB).

Pasom 3 Tum, edeKTUBHUII 3aXMCT BiA 3aco0iB ypasKeHHd, IO Xa-
PaKTepus3yIOThCI BHCOKOI0 KiHeTHMYHOIO eHeprieio yaapy Ta HPOHUK-
HOIO 3JATHICTIO OPOHEOIHHMX KYJb i3 TePpMO3MIIITHEHUM OCEPASIM, MO-
JKJIMBUEM JININE IIPW PYHHYBaAHHI yaapHukKa. PosB’asamusa 1miei mpo-
O0sieMu MOTPeOye BUKOPHUCTAHHA MaTepPisAliB i3 BUCOKMMU 3HAUCHHAMU
TBepAocTu i ymapHoi B’sizkocTu. OCKiJIbKM cTajeBa OpPOHS iCTOTHO
IOCTYIIAETHCA B TBEPAOCTi OPOHEOIHHUM ocepAsaM yOapHUKiB, BoHa He
MOKe OYyTH OCHOBOIO IJI CTBOPEHHS e(PeKTHBHOTO 3aXUCTy. ¥ IUX
yMOBaX HAWIEPCHeKTHUBHIIINM MATEPisjJoM JJs CTBOPEHHS 3aco0iB
OopoHesaxmucty 3a Kiaacom 5—6 A (3a ICTY B 4103-2002) a6o II-III
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piBaa 3a STANAG 4569 ¢ Kepamika, TBepAicTh AKOI 3HAUHO IIepe-
BUIITY€E TBEPIiCTh MaTepiaxy ocepas kKyii. Kpim Toro, kepamiuni ma-
TepifAJaym MaloTh y IIOPiBHSHHI 3 MeTaJeBUMU MEHIIYy T'yCTHUHY, IO
3HAYHO MiABHUINYE eproHOMIiuHi Ta BaroBi xapaKTepMCTHUKU OpoHesa-
XVCHUX MOJIYJIiB.

Cyuacui ereMeHTH OPOHLOBOTO 3aXWCTy JIIOAWHHU Ta JIETKOTO Opo-
HBOBAHOTO TPAHCIIOPTY MAalOTh CKJIAAHY KOMIIO3UTHO-(PYHKIIIOHAILHY
cTpyKTypy [1]. Ile moso:keHHA MOMKHA IPOLTIOCTPYBaTH 3a IJOIIOMO-
roi0 aKTyaJbHOI KOMIO3UTHOI OpOHi, II[0 MaE€ B CBOEMY CKJAaIi CIIeIli-
sAmi3oBaHi KepaMiuHi ereMeHTHU (ILTacTHUHU, ITapu abo KyJi), ki moa-
piOHIOIOTBECA, BiAXUIAIOTH, TAJIbBMYIOTh i ILIACTUUYHO Ae(dOPMYIOTH
ocepenox Kyii [2]. Kpim 1mporo, HadBHICTH IPOMIiMKKY MiK egeMeH-
TaMu, IO IMOAPiOHIOIOTHCA, BIAXUJIAIOTH i TaJIbMYIOTh OCEPEIOK KYJIi,
yuM 3a0e3meuyeThCcad MOJKJIMBICTL IIepefaBaHHA HAAJUIIKOBOI eHeprii
yaapy BiJi OKpeMoOro KepaMiuHOTro eJeMeHTYy 10 CYCimHiX eJleMeHTiB,
oTouyioTh iioro. Taka muckperHa OpoHsa 3abesmeuye edeKTHUBHE YBiO-
paHHA Ta PO3CiloBaHHA KiHeTWYHOI eHeprii KyJi. OmHUM 3 HalBaXK-
JUBIIUX €JIeMEHTIB CHUCTeMMU IUCKPETHOI KOMIIO3UTHOI OpoHi € Bix-
XUJIAOUI KepaMiuHi ejleMeHTH, AKi HOoApiOHIOITLCS Ta A0 SAKOCTHU
AKX CTAlOTh 0COOJMBO BMCOKi Bumoru [3—5].

TpaguiliffHOI0 TEeXHOJIOTi€I0 omepsKaHHA KepaMiuHuUX BHUPOOIB pea-
knifinum cuikauaam (PC) e cmikanHa 3a BUCOKOI TeMmepaTypu IIOme-
penHbO BiAIpecoBaHMX IIOPOIIKOBUX 3arOTiBOK, IIPHUKJAIOM YOTO, 30-
KpeMa, € KepaMika Ha ocHOBiI xapbimy kpemuiio SiC [5—8]. Peaxiriii-
Ho-cueueHut SiC—Si (PC) — mpakTuuHOo 06e3ycagKoBuii i 6e3mopucTuii
MaTepidAs; HOro MiKpOCTPYKTypa Mae ABi XapaKkTepHi ocoOJMBOCTI —
HasgBHiCTh MiIlHOrOo KapOimo-KpeMHiIOBOro Kapkaca, Io 3abesmeuye
BUCOKi (hismKo-MexaHiuHI BJacTMBOCTI MaTepidsy, Ta BimbHOTO (HE-
3B’sA3aHOI0) KPEeMHiI0 I BYTIJIEIlIO.

IIpoBeneni mocuimkeHHSA TOKAasajgu, IMO AJIA KepaMiKMm Ha OCHOBi
PC moHM:KeHHs 3epHUCTOCTH BuUXimuumx mopoinkis SiC Big 50 mo 6
MKM IIPUBOAUTH A0 iCTOTHOTO MiBUINEHHS MIITHOCTH HPU BUTWHAHHI
creueHoi KepaMiku 0e3 3MiHM MOKasHUKA TBepmocTu [9].

Ha saxucHi xapaKTepHUCTUKN KepaMiuHUX eJIeMeHTIiB BILJIMBAE Ta-
KOJK MOJIEKYJISPHA Ta CyIpaMoOJEeKyJspHa CTPYKTypa KepaMiku, sdKa
MOKe OyTH AK IOMOTeHHOI0, TaK i rereporeHHo-Kpucraiiuaom [10],
10 YMOJKJIMBJIIOE 3MiHIOBATU (DisMKO-MeXaHiuHi BJIACTHMBOCTI BUPOOiB
3 KepaMiuHUX MaTepiAJiB 3a paxyHOK BHOOpPY ITapaMeTpPiB TE€XHOJIOTiI
oIep:;KaHHA iX, I'PAaHYJOMETPUUHUX XaApPaKTEePUCTUK BUXITHUX IIOPO-
IIKiB, crmoco0y sMmimyBamusa iX, MeToau (OPMYyBaHHS Ta BiAIlaaioBaH-
Hsa BUPOOiB i mogasbiIoro oopobsenua ix. B Toii ke yac s3aauimiaocsa
HeIOCTiMKeHNM NHUTAHHS IIPO BILINB CTPYKTYPH Ta CYyOCTPYKTYypHU
KPHCTAJITIB HA XapaxkTep CHJ B3a€MOMil KPUCTATIUYHUX YaCTHUHOK, a,
OTKe, Ha PiBeHb OANiCTUUHUX BJIACTHUBOCTEH KepaMiuHUX eJeMeHTiB
Ipy INHAMIUHNX HaBAHTaKEeHHIX.
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Mera maHUX »OOCTiA)KeHb — BHU3HAUEHHA 3aKOHOMipHOCTEM B3ae-
MO3B’ 3Ky MiK MeXaHiuHMMHM BJIACTUBOCTAMM IIPHM AWHAMIUHMX Ha-
BaHTa'KeHHAX BUPOOIB 3 peakxIliiiHo-ciieueHOTo Kapbigy KpeMHilo Ta
MOro CTPYKTYPHO-TIOJNIITUITHUMHU XapaKTepPUCTUKaAMMU.

2. MATEPIAJN TA METOOAUKA DOCJIIIAKREHHA

IIpu BUTOTOBJIEHHI 3pa3KiB BUKOPUCTOBYBajaca ImmxTa 3 BMicTom SiC
y 85—95% . Cepen ocHOBHUX mgomimitok Oyuau npucyTHi Cumimiit i Kap-
0oH. BMmicT immux esnemenTiB ckiagaB Meuine 0,2% . CoeueHi 3pasku
MaJau opmy mapasesenimeniB i3 posmipamu 25x25x30 mm. Ilpu Bu-
0opi 3pasKiB BpaxoByBasoCsd, IO MilHicTs, BupobiB iz SiC—Si [5, 8] B
icToTHi#T Mipi BUBHAUYaETHCA T'VCTHHOI BUPOOY. ToMY AJA mOmasbIIo-
o JOCJiI:KeHHs Bimbupanu 3pasku 3 rycTuHoio (p) He MmeHmiomo 3,05
r/cm®, 10 YMOMKJIMBMIO BH3HAUATH XAPAKTEPUCTUKU AaKTyaJIbHUX
eJIEMEHTIiB 3aXMCHUX OpoHeeJeMeHTiB. Byjg0o BMKOpHCTAaHO 3pasKu 3
TAaKMMHU 3HadeHHAMHU ryctmHu (B r/cm®): 3,05, 3,07, 3,10, 3,15,
3,18, 3,20. I'ycTuHa 3pasKiB BapiioBaJjiacs 3a JOIIOMOTOI0 BBEICHHS B
CTPYKTYPY OpPHKETy IOJaTKOBOTO BYTJIEII0 (Zo3oBaHa A00aBKAa), AKUIA
3B’sI3yBaB BiJIbHUI KPEMHil, yTBOopioioui mpu cuikauui B-SiC. I'ycru-
HY 3pasKiB BU3HAYAJW METOAOIO TiIPOCTATHUYHOTO 3BAaKYBaHHA BiJIO-
Bigro mo I'OCT 20018-74: cmouaTKy 3BaKyBaBCs Ha IIOBITpi BuUXin-
HUU 3pasoK; IOTiM 3pasoK 3BasKyBaBCA IIiCJIA TPOIeAyPU BOIIiHHA,
10 IIPOBOAMJIACSA 3 METOI0 3allOBHEHHS IIOBEPXHEBUX Mip 3paska, i
HapeIITi B IUCTUJILOBAHIN BOAL 3 BiIOMOIO BJIaCcHOIO I'ycTuHOIO [12].
HudpakToMeTpuuHi AOCTiIKEeHHA 3pPasKiB MPOBOAUJINCA 3 BUKOPHU-
cranaam gudpaxromerpa JJPOH-3M. dudpaKkTorpaMu ofep:KyBajau B
IVUCKPETHOMY DPEeXHMi 3a TaKMWX IlapaMeTpiB CKaHyBaHHA: KYTOBUH
inrepBaa 20 = 20—-150°, kpok crkanyBaHHa — y 0,05°, uac excmosuirii
3paska PeHTI'eHOBUM ONPOMiHEHHAM y TOUIll IIpu BuUMipi nudpakrTor-
pamu popiBuioBaB 10 c. Ilpu BuMipax BuKOpucTOByBajocs (hijJbTpo-
Bane CuK,-BunpominenHs. ludpakTorpamMu OHep:KyBalu AJA KOMK-
HOTO 3pasKa BiJf JBOX B3a€MHO INMEPIEHAUKYJAPHUX TOBEPXOHBL 3 Me-
TOIO 3’sICyBaHHA TOMOTEHHOCTU (DA30BOTO CKJIANY, a TaKOXK HASBHOCTU
TekcTypu. Iasa amanisu @ iHTepmnperarii ogep:KaHUX PEHTI'€HiBCHKUX
ITaHUX OyJ0 3aCTOCOBAHO OPHUTiHAJBLHUN MaKeT Mporpam, AKWUN 3 BU-
KOPUCTaHHAM BimoMux ajroputmis [13] 6yB pospobsenuii Ha Gisuy-
momy paxyabreri KHY imeni Tapaca IlleBuenka. Ileit makeT MicTUTD
IMOBHUY KOMILIEeKC peaniszaiii crampaptHux npouenyp I'. Pirsesnbpa
Ta NIpU3HAUYeHUHN mAJid BupimieHHsa pisHomaniTHmX XRD-3aBmawb, a
caMe: BU3HAUEHHS IOJIOKEHDb IIiKiB Ta iHTer'PaJbHUX iHTEHCUBHOCTEM
BperroBux BigOWBaHBb 3a AOIIOMOTOIO0 MOBHOIPOMiIbHOI aHAaJi3M; mpo-
BeleHHA fAKiCHOI Ta KijgbKicHOI (hasdoBuMX aHaji3 3 BHUKOPUCTAHHAM
nauux PDF nna imentudikamnii a3 i meTogu HaliMeHIINX KBaJpaTiB
I YTOUYHEHHS IepiofiB KpUCTANiuHUX I'pPaTHUIL (ha30BUX CKJIAIO-
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BUX; TECTYBaHHS B3allPOINOHOBAHUX CTPYKTYPHUX MOJEJNiB Ta yTOU-
HEHHA IIapaMeTpiB KpHUCTaJidyHOl CcTPyKTypu (asd. Binbmm meranbHy
indopmarrito mpo Ieii makKeT mpeacTaBJIeHO B poboTi [14].

3. PEBYJBTATH JHOCJIUIZKEHD TA IX AHAJIZA

PesyabraTin mocaimixeHb HaBemeHO Ha puc. 1 i puc. 2, me mpeacTas-
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Puc. 2. ®parmenTu audpaxTorpaM 3paska 3 rycTuHon y 3,20 r/cm3.?
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JeHO au(paKTorpaMu, SKi iJOCTPYIOTHL MaHi, ofep:KkaHi Big ABOX B3a-
€MHO HepPIeHINKYJIAPHUX IIOBEPXOHb 3pasKiB i3 ryctunoio y 3,05 ta
3,20 r/cm?® Bigmosigmo. Ha pucyrkax 1 i 2 HaBemeHO 3aJIeXKHOCTI iH-
reHcuBHOCTH ([) mudparoBaHux PeHTT'eHOBHUX IPOMEHIB B YMOBHUX
ONMHUIIAX (V.0.) Bil BeJIMUMHN IOABIAHOrO KyTa iXHBLOI audparirii
(20). Tak, Ha puc. 1 i puc. 2 Kpusi 1 BiAgmoBiZaOTH BiIbHiN (poHTAa-
JbHi#l moBepxHi 3pasKiB, a KpuBi 2 — MNepHEeHIUKYIAPHUM IO HUX
OiunuM moBepxHaM. [liag mammx, HaBemeHuUX Ha puc. 1 i pue. 2, Ta
aHAJIOTIiUHUX, OJEP:KaHMX Ha 3pasKax 3 iHI0o TI'YCTUHOIO, OVJIM BHU-
3Ha4YeHi poamipu obJiacTeit KorepeHTHOTO poscianHa (L = L(0)) Penrt-
r'eHOBUX IIPOMEHIB Big 3paskiB 3a cmiBBigmomiemmam J[lebGas—
IITeppepa:

Ki
LO)=——. (1)
B cos(9)
Tyt B — mmpuHa pedekcy Ha HOJOBMHI BUCOTH (B panisgHax), a K

— OesposMipHUM KoedimieHT, 3amekuuil Big GopmMu yacTuHKU (cTama
IITeppepa). [loB:KmMHA XBUJIi BUKOPHUCTOBYBAHOTO PeHTIeHOBOrO BU-
npominenusa (1) mopisaioe 1,54178 A.

3 maBemeHuxX Ha puc. 1 i puc. 2 mgaHWUX BUILIMBAE, IMO (PasoBUi
CKJIaJl PeuoBUHMU (DPOHTAJIBHOI IOBEPXHI 3pasKa IOAEKyAW BimpisHA-
€ThCA Bim (pasoBoro cxjaany pedoBHHU iforo O6iuHoi moBepxHi. B icTor-
Hilf Mipi 1Ie 3ymMOBJIeHO i TuM, ITO0 Kapbilg KpeMHil0 Mae BeIUKY KiJb-
Kicte momitumiB (Bimomo momanm 300 KpucramiuHux ¢opM Kapoimy
KpeMmHi0) [11], fimoBipHicTE (hOPMYyBaHHA AKUX 3aJEKUTL BiJ 0CO0-
JIUBOCTEM TeMIIepaTypHOTO PeXUMY CIiKaHHA 3pasKa, a TaKOoyK HeoJ-
HAKOBUM TeIJIOBiABeJeHHAM BiJbHOI Ta OiuHOI IIOBEPXOHL 3pasKa.
Bigmitumo, 1o moaitunu Kapbify KpeMHiI0 € BapidmiamMu ommiel i
Tiel K XeMiuHOI CIIOJIYKU, AKi iJeHTHuYHi B ABOX HAIPAMKAaX, aje Bi-
IpisHaoTheA B TpeThoMy. Ille ommiero mpuumHOIO BimmMinHOCTU AUD-
pakTorpaM IIapiB PEYOBMHU B3a€MHO IEPIEHANKYJIIPHUX ITOBEPXOHD
3pasKka MOXKYThb OyTM BimMmMimHOCTI iXHBOTO (ha30BOrO CKJIALY, IO €
HacJiKoOM mepelbiry peakIiiii miJi yac TeXHOJIOTIYHOTO IIPOIIECy.

BpaxoByuUM MOMKJIMWBICTH HAABHOCTM y BUTOTOBJEHUX 3pasKax K
MoJiTHIIB Kapbiy KpeMHiio, Tak i cymyTHixX iM ¢as, MeTomo fAKic-
HOI (ha3oBoi amayisu OyJi0 IMPOBemeHO imeHTHU(IKAaIliI0o KOXKHOI 3 omep-
JKaHUX AudparTorpaM, a MeTOAOI0 KiJbKicHOI (asoBoi aHaisu BuU-
3HA4YEeHO BaroBuii (00’eMHMIT) BMicT KOKHOI 3 imeHTH(ikoBaHUX (Da-
30BUX cKJamoBux (Tabi. 1). IIpu mpoBemeHHI po3paxXyHKIB 3 KiJbKic-
HOI (ha3oBoi aHaidu OYJI0 TaKOMK BCTAHOBJIEHO, IO AeAKi ¢asu B 3pa-
3Kax OyJM iCTOTHO TEKCTYpOBaHi, IO MEPENIKOAKANO0 KOPEKTHOMY
BM3HAUYEHHIO BMiCTy iX y Kepawmiili. 3a JaHUMU PEHTI'eHiBChbKOI (aso-
BOI aHaJi3m OCHOBHOIO (DAa30BOIO CKJIAJOBOIO MOCJIIIKEHUX KepaMik,
fAKi MaioTh BeJIWKi 3HAUEHHA T'YCTUHU, € MOJITHHO Kapbify KpeMHiio
SiC 6H 3 a=0,3081(2) am, ¢c=1,511(1) M, BMicT AKOTO B IIMX 3pa-
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skax mepesuinye 80 Bar.% (75 06.%). HailimeHIria rycTuHa MOpUTAa-
MaHHaA 3pasKaM, IKi B OCHOBHOMY MiCTATL KyOiuHmil mosiTuno KapOi-
ny kpemuito B-SiC 3 a=0,4360(3) am. Oxpim sraganux ¢das gedaxi
3pasKy MiCTATH IIfe ABa HMOJiTUOM Kapbigy Kpemuiio, a came, SiC 4H
3 a=0,3080(4) M, ¢=1,004(2) am i SiC 15R 3 a=0,3080(2) um,
c=3,772(1) um. B aKocTi cymyTHiXx a3 y 3pasKax € TaKOK KpPeMHil
i rpadit (Taba. 1).

3 HaBefeHux y Tabg. 1 gaHUX BUIIJINBAE IIeBHUIN B3a€MO3B’ SI30K
MK (asoBUM CKJIamoM (HAABHUMU HOJIiTHUIAMU Kapbily KpeMHiio Ta
CYIyTHIMH aas HHX (asaMM) i TYCTHHOI0O BUTOTOBJIEHMX 3PasKiB.
Tax, y spaskax xap0bigy KpeMHiro BMicT 0aszoBoro mositumy SiC 6H
cupuse 30iJbITeHHIO TYCTUHU BUTOTOBJIEHUX KepaMmik. Ila Tenmenis
CIIOCTEPITaeThCsA MPAKTUYHO IJA BCixX mocaimkeHux 3paskiB. IIpore
HaABHICTh y 3paskax KyOiuHoro kapbiny kpemuiro B-SiC 3ymoBiioe
MaJIi 3HaueHHA IXHBOI I'yCTUHMU.

Opmep:xaHi pesyabTaTH [OJA BCiX 3pasKiB IIOKasaJgu 3ajIeKHICTH
sHauenb L (B A) Bij ryctumm spaska, a TaKosK BiJi XapakTepy IOJi-
TUITY, 110 ()OPMYE€ IIOBEPXHIO KOTePEeHTHOro poscitoBamudA. Ile moJio-
JKeHHJA iIocTpyIoTh madi Tadu. 2.

Hami, maBemeui B Tabia. 2, MOKasvioTh, IO BeamuuHa L 3a (dikco-
BaHOI P 3aJIe;KUTDL Bil XapaxTepy IIOJITHUIIY Ta 3pocTae 3i 30iJbIIeH-
HAM TyCTHUHHN 3paskKa (TodbTo mpum BuKoHaHHI ymoBu 3,05 < p< 3,20
r/cm®) i sHaxomuThca B Mexxax 400—700 A, mo ysromxyersca 3 Io-
nepenuivMu manumu [3]. SamemxuicTs L Bix BUAy HOJiTHOY Ta I'yCTUHU
p HaBeleHO Ha puc. 3.

36inbmmensa L npu 3poctaHHi ryctuHu SiC MOKe OyTH 3yMOBJIEHE
3MEHIIIeHHAM KOHIeHTpaIlil mip pevuoBuMHU Ta 3MEHIIIEHHIM PiBHA Te-
KcTypoBaHoCcTH (a3 y IIUX 3pasKax.

JlJIsg momasibIioro BWU3HAYEHHS IIPUPOAM 3ajekHocTu L Bim Beau-
yuHU P OyJI0O MPOBENEHO BU3HAUEHHS 3aJIE}KHOCTU BEJIWYUHU MiKpPO-
Hampy:KeHb (€) Bim L i p. BeauumHa € BCcTaHOBJIOBAJAcsa 3 BUKOPUC-
TaHHAM Bimomoro cmiBBigHoIeHHs Binbamcoma—ITomnaa [15]:

B cos(0) = % +4esin(0). (2)

3aJIe’KHICTh € Biff TYCTUHU p 1JMIOCTPYIOTH AaHi, HaBeleHi B Tabm. 3. 3
HaBelleHNX y Tabjs. 3 JaHUX BUIHO, 1[0 IIPU 3POCTaHHI p BimOyBaeTh-
cA 3MEHIIEHHA BEJWYWHU MiKPOHANPY:K€Hb, IO CBiJUUTH IIPO 3MEH-
HIeHHA TEKCTYPOBAHOCTU 3pas3Ka.

IIpu mpoBenmeHHi KinbKicHOI (asoBoi aHamisu, PO3paxyHKU I
AKOI I'PYHTYIOTBCS HA BUKOPHUCTAHHI 3HaueHb iHTeHCUBHOCTEH BinbOu-
BaHb (PA30OBUX CKJAJOBUX, OyJIO BCTAHOBJIEHO HAsIBHIiCTh Pi3HOro pis-
Hf TeKCTypoBaHocTu (a3 y Iux 3paskax. [jgsa BcTaHOBJIEHHA B3ae-
MO3B’A3KY Mi’K TEKCTYypPOBAHICTIO Ta I'yCTHHOIO O0YyJIO MPOBEJEHO KOope-
JANINHY aHaidy, Ipu AKild IIPOBOAUJIOCSA CIIiBCTABJIEHHS iHTEHCUB-
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TABJINIIA 1. PesynbraTtu (pasopoi aHamisum audpaxTorpaM IOCTiIKyBaHUX
so 3
3paskKis.

N dazoBuii cKaan, Bar.% 3

" SIiC 6H [SiC 4H|SIC 15R] B-SiC | Si | Crpagir | » /™
1 (dpouT) 22 — — 76 2 — 3,05
1 (6ix) 1 — — 84 15  — 3,05
2 (dponT) 79 — 5 15 1 — 3,07
2 (6ix)) 76 — 5 18 1 — 3,07
3 (dponT) 50 — 4 43 3 — 3,10
3 (6ix) 72 — 5 19 4 — 3,10
4 (ppoHT) 82 — 3 — 15 — 3,15
4 (6ix) 80 — 5 — 15— 3,15
5 (dponT) 89 — 3 — 8 — 3,18
5 (6ix) 87 — 3 — 10— 3,18
6 (dponT) 84 10— R 6 3.20
6 (6ix) 81 5 — - - 14 3,20
7 (dpoHT) 82 — 4 — 14 — 3,30
7 (6ix) 82 — 3 — 15— 3,30

TABJINIA 2. SanexHicTh JiHIHHUX PO3MipiB 06JIaCTU KOTE€PEHTHOI'O BixOu-
BAaHHSA BiJ I'yCTHHU 3pasKa Ta HAABHHUX Y HbOMY MOJiTHHIIB.*

p, r/cm® 3,06 3,07 3,10 3,15 3,18 3,20 3,30
L(6H), A 530 480 550 630 620 680 680
L(4H), A 400 640
L(Cube), A 520 460 560

L(15R), A 560 640 630 690

HOCTel BifmOMBaHb TEKCTypoBaHUX (pas, MPUCYTHIX Ha AudpaxTorpa-
MaX, OJep:KaHMUX BiJf B3a€MHO MHEePIEeHINKYJIAPHUX MMOBEPXOHb KOXK-
HOT'0 [IOCJiIKyBaHOTo 3pasKa. Pes3yibTaTy IILOTO CIIiBCTABJICHHSA MAa-
BaJli MOKJIMBIiCTL TOPiBHIOBATH OCOOJMBOCTI CTPYKTYPYBaHHSA MAaTe-
piany 3paskiB Ha IXHiX BIJIBHUX IIOBEPXHAX.

B AKocTi uMcI0BOI XapaKTEPUCTUKM IILOTO CIIiBCTABJIEHHS OYJIO
BUKOpPHCTaHO Koedimientr kopesarnii 3a Ilipconom (KKII) mma Bigou-
BaHb AudpaxKTorpaM BiJ B3aEMHO IEPIEHIUKYJISIPHUX II0BEPXOHbD.
Byso BpaxoBano, 110 KoedimieHT kopemnarnii 3a IlipcoHom xapakTepu-
3V€ CTVIIiHBb JIHIAHOI 3aJIe;KHOCTH MisK nBOMAa 3MiHHMMH. BenmuwuHa
KKII nexutrs B imtepBaii Bim —1 mo +1. Smauenmna KKII=+1 csia-
YaTh PO HAABHICTL (DVHKIIIOHATHHOI 3aJI€KHOCTH MiK DO3TIAHYTHU-
mu osHaxamu. fAximo KKII =0, To MoxkHa 3poOUTH BUCHOBOK IIPO Te€,
110 JiHIAHWHA 3B’SA30K MiK JOCIIIKYBAaHMMU BeJUUYWHAMU BigCyTHiiA.
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Puc. 3. 3anexkHicTh JMiHIHHMX po3MipiB 00JacTH KOTepeHTHOTO BimOWBaHHS
BiJl XapaKTepy MOJIiTHIIY Ta I'YCTHHH 3pasKa.’

TABJUIIA 3. SanexkHicTh BeIMYNHN MiKPOHATPYKEHb BiJl ycepemHeHOI T'y-
cTUHU 3paska.’

p, T/cM® 3,05 3,07 3,10 3,15 3,18 3,20 3,30
10" 29 32 31 24 24 22 21

Y npomy BUOAAKY MOXKJIWBA HaABHICTBL iHINOI, HesiHifiHOI hopmu 3a-
Je:xkHocTu Mixk smimauMmu. Bemmumna KKII ogHuM umcioM gae ysAB-
JIEHHA TPO HANPAMOK 1 cuiy 3B 8Ky MisK ByactuBoctaAMmu. Kopes-
OifHUN 3B’A30K BBaKaeThca cuabHuM, Koau KKII sHaxomuThcsa B
me:xkax Big +0,7 mo +1, cepexnim — Bim +0,3 mo +0,699, a crabxum
— Big 0 mo £0,299 [16]. Omep:xaHuil 3B’A30K MiK I'yCTHUHOIO 3pa3Ka
ra sHaueHHAM KKII mma inTeHcuBHOCTel BigOmBaHb audparKTOorpam,
OleP:KaHUX BijJi HOTO B3a€EMHO NEPIEHIMKYJIIPHUX ITOBEPXOHbL, HaBe-
IeHo Ha puc. 4.

IIpamo mpomnopiifina sanexuicTs Mizk KKII Ta p cBiguuth mpo Te,
1IT0 BUCOKi B3HAaUeHHA T'YCTUHU MOMKYTh peajlidyBaTuca B Kepamirli
TiIBKY 3 MEHIIIUM CTYyIIeHeM TeKCTYpPOBAHOCTH.

4. BAICHOBRH

ITokasano, 1o moaitun SiC 6H € 6a30BUM OJid PEaKIlifiHO-CIIEUEeHOTO
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Puc. 4. 3anexkHicTh Koepimienra kopendiii sa ITipcomom audpakTorpam Bifg

B3a€EMHO IMEPHEeHINKYIAPHUX IOBEPXOHL 3pasKa BiJ I'yCTUHHU Oro MaTepisd-
7

ay.

Kapbigy KpeMHil0o IpU CHiKaHHi eieMeHTiB OPOHBOBOTO MPU3HAUCHHA.
HasapwuicTs 1mboro moJituny B emeMmenTax 3 PC HaBiTL 3a HasgBHOCTHU
daanimKoBux ¢as Si abo C-rpadiTy 3yMOBIIIOE BHCOKi 3HaueHHS T'yc-
TUHU 3Pa3KiB 1 MOKJIMBICTL BUKOPUCTAHHA IX AK €JeMeHTiB OpPOHBO-
BOT'0O 3aXUCTY.

IIpucyrHicTs moaitTumy [B-SiC B exementax 3 PC He cmpusie yTBO-
PEHHIO CTPYKTYPU 3 BUCOKUM pPiBHEM TI'yCTHHU.

Minimisania BmicTy 3saaumimkoBux (a3 KpemHilo abo rpadiry B
mporieci BurororsieHHA eneMeHTiB 3 PC Kapbiny KpemHiio crpuse 30i-
JIBIIIEHHIO HOT0 I'yCTHUHMU.

Bucoki smauenHnsa ryctunu 3paskiB 3 PC mocArarmoTbes TiMIbKU IpHU
HeBEeJIUKUX CTYIEeHAX TEeKCTYPOBAHOCTU 3pasKa.

Jlimifini poamipu o6sacTH KOTE€PEHTHOro BinOmBaHHA PeHTT'eHOBUX
IIPOMEHiB BUDPOOIB 3 peakIliliHO-cImeueHOro KapbOily KpeMmHilo 3ae-
JKaTh Bim xapakTepy moiaitTumy 3a dikcoBamoi p, 3pOCTarOTh mpu 30i-
JBIIIEHHI TycTHMHM 3paska (mpum BukKoHaHHi ymoBum 3,05 <p<3,20
r/cm®) i sHaxomaThca B Mexxkax 400—700 A, mio ysromxyerbca 3 IIO-
nmepenHiMu JaHuMU B poOoTi [3].
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The electrical parameters of the microelectronic devices are limited by the
presence of the grain boundaries, including dangling bonds, which can repre-
sent states with minority carrier traps. The improvement of photovoltaic ef-
ficiency requires a good understanding of the phenomenon of solidification,
which varies with temperature. In this work, we study the influence of the
annealing temperature and hydrogenation on the electrical conductivity and
resistivity. The changes in resistivity as a function of heat treatments show
that their overall contribution becomes important with increasing tempera-
ture before becoming dominant. The analysis by induced current shows the
effect of recombinant grain boundaries and electrical activity.

EnekTpuuni mapaMeTpu MiKpPOeJeKTPOHHUX HPHUCTPOIB 00MeKeHi HaaBHICTIO
M€K 3ePeH, B TOMY UMC/Ii 06ipBaHUX 3B SA3KiB, AKi MOMKYTD IIPEJCTABIATH CTA-
HU 3 ITaCTKaMU I HeOCHOBHUX HOCIIB 3apany. IlinBuienusa ¢otoesieKTpUY-
HOI e()eKTUBHOCTU BHUMAra€e XOPOIIOr0 PO3YMiHHSA SBUIA TBEPAHEHHA, SKe
BapiloeThCA B 3aJIelKHOCTI Bim Temmeparypu. Y mamHiii po6oTi MU BMBYAEMO
BILIMB TEeMIIEPATYPHU Bigmanay i rizpyBaHHA Ha eJIEeKTPOIPOBIAHICTL 1 muTOMMI
omip. 3MiHE THUTOMOro Oomopy AK (PYHKIII TepMiuHHX 00p00J/IeHh IIOKA3YIOTh,
110 1XHif 3araJbHUI BHECOK CTAa€ BaYKJIMBUM IIPU IIiABUINEHH] TeMIlepaTypH,
TepII Hi’K cTaTh JOMiHyBaJIbHUM. AHaJsi3a 3a iHIYKOBAHUM CTPYMOM IIOKAa3y€e
edeKT peKOMOIHAHTHUX MEJK 3€epPeH Ta eJIEKTPUYHOI aKTUBHOCTHU.

Key words: polysilicon, electrical conductivity, trap states, grain bounda-
ries.
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1. INTRODUCTION

As a critical part of studies on silicon-based solar cell development,
as widely reported recently, the techniques employed to characterize
polysilicon have been improved drastically. The polysilicon material
is used in many industrial applications such as microelectronic com-
ponents [1-3], integrated circuits and photovoltaic generators [4,
5]. Circuit complexity and large-scale integration of these compo-
nents require a constant upgrade to improve and control of the
properties of these materials [6, 7]. During material preparation,
polysilicon is subject to various heat treatments to reduce defects
and allow implanted ions to take positions where they are electrical-
ly active. The diffusion of dopants is generally much higher in the
grain boundaries than in grains [8, 9]. The importance of the aver-
age grain size in the polysilicon material depends on physical and
electrical properties of this material. This has driven us in this
work on the changes in electrical characteristics of polysilicon ma-
terial, subjected to different heat treatments.

2. EXPERIMENTAL PART

Polycrystalline-silicon thin films were deposited by low-pressure
chemical-vapour deposition (LPCVD) at 620°C by silane (SiH,) de-
composition. These processes are performed at a low (500 mTorr)
pressure and deposition ratio 45 A/min. The samples used in this
work were the 0.688 um thick polycrystalline silicon films deposited
on single-crystalline silicon substrate of orientation <111> and re-
sistivity from 6 to 12 Q-cm [10]. To isolate the polysilicon thin film
from the single-crystalline silicon substrate, a buffer layer of SiO,
of 0.116 ym thickness was deposited on the silicon substrate. De-
posited polysilicon thin films were irradiated with phosphor (P) and
arsenic (As) ions at a dose of 10'® cm ™ and energy of 180 keV. Heat
treatment was then applied to the samples for 120 min at a temper-
ature varying from 1000°C to 1150°C before the ion implantation.
The samples followed by another heat treatment after implantation
at a temperature between 1050°C and 1200°C for 30 min. These
heat treatments were followed by annealing at the end of the pro-
cess at 450°C for 30 min under nitrogen or hydrogen. Measure-
ments of the Hall effect and the resistivity were carried out on



ANNEALING AND HYDROGENATION EFFECTS ON THE ELECTRICAL PROPERTIES 135

these films.

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the reduction of the resistivity as a function
of annealing temperature before and/or after ion implantation.

As the annealing temperature increases, the disordered atoms at
the grain boundaries rearrange themselves and align along the pre-
ferred lattice sites, leading to the growth of the gain and, therefore,
resulting in reduction of the density of the trap states and the sites

Fig. 1. Resistivity vs. the annealing temperature before implantation.
These samples were annealed for a period of 120 min.

Fig. 2. Resistivity vs. the annealing temperature after implantation. These
samples were annealed for a period of 30 min.
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of segregation [11].

The reduction in the disorder and density of trap states implies
and explains the reduction in resistivity as shown in Fig. 1. Results
have been shown in scientific literature [12]. The decrease in the
resistivity with the increase in the annealing temperature is due to
the decrease in the density of defects, which are capable of diffus-
ing carriers at the grain boundaries, when the samples are annealed
at high temperature. These results in the decreased resistivity and,
therefore, the enhanced mobility of charge carriers as reported by
Mekhalfa et al. [13].

The strong reduction of resistivity in the samples doped with ar-

Fig. 3. Conductivity vs. the annealing temperature.

Fig. 4. Resistivity vs. the annealing temperature after implantation. The
samples underwent annealing before implantation at 1150°C for 120 min.
Dashed lines represent the curves of the samples, which were subjected to
an annealing under hydrogen at the end of the process.
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senic (As) implies a significant increase in the density of dopants,
which interact inside the grains, when the temperature of annealing
increases as compared to the case of the doping with phosphor as
shown in Fig. 2. On the other hand, the diffusion of the arsenic at-
oms from the boundaries toward the inside of the grains is more
important than that of the phosphor as shown in Fig. 2.

The variation of the conductivity as a function of annealing tem-
perature is presented in Fig. 3. From Figure 3, it can be seen that
the slope of the curve is negative, and it decreases when the anneal-
ing temperature increases. With the increase in temperature, the
resistivity of the neutral regions increases [14] and excites the free
carriers, which easily overcome the potential barriers with increased
mobility and, thus, reduce the resistivity of regions of barriers. The
change in the conductivity can also be attributed to the reduction of
the density of the trap states and the segregation sites as a result
of the rearrangement of the network of joints and the growth of the
grains; this leads to increase in the free-carriers’ concentration and
reduction in the height of the potential barriers of deserted areas
[15]. Concurrent to this, the I-V characteristics of the polysilicon
samples with hydrogen passivation shows a systematic improvement
that has been demonstrated in the literature [16—18].

Figure 4 shows that the resistivity of the polycrystalline samples
annealed after implantation in the temperature range from 1050 to
1150°C remain unchanged and decreases sharply at 1200°C. These
samples were subjected to an annealing under hydrogen at the end
of the process. This indicates that, in temperature range between
1050 and 1150°C, the average grain size remains unaltered. The
grain size increases thereafter at higher temperatures. We find that
hydrogen reduces the resistivity and improves the mobility. Honda
et al. [19] have shown that hydrogen passivation is essential for im-
proving the properties of polycrystalline-silicon thin films.

4. CONCLUSION

The aim of this work is to study the effect of annealing tempera-
ture on the resistivity of the polysilicon thin films by activating
and redistributing the implanted dopant atoms.

The polysilicon films doped by ion implantation with arsenic or
phosphorus with an average dopant concentration of 10" cm™ were
studied. The resistivity was negatively correlated with the anneal-
ing temperature before and/or after both P and As ion implanta-
tion. The resistivity dropped significantly for the samples with ar-
senic ion implantation. On the other hand, the resistivity is signifi-
cantly higher in polysilicon films doped with arsenic than in phos-
phorus-doped films for the same dopant concentration.
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The Hall mobility of phosphorus-doped polysilicon films was also
found higher than that for films samples implanted with arsenic.

We found that hydrogen passivation is essential for improving
the properties of polycrystalline-silicon thin films.
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B poboTi momaHo pe3yabTaTu ofep:KaHHA TOHKMX maiBok CdS MeTomoiro BU-
COKOYACTOTHOTO MArHETPOHHOTO OCAM:KEeHHS. BCTAHOBJIEHO 3aJIeKHICTH TO-
BIIMHYN TOHKUX ILTIIBOK BiJ yacy ocamkeHHA. HaBegeHO CHEKTPU OINTHUUYHOTO
MIPOMIYCKAHHA Ta BU3HAUEHO iHTerpajibHY BEeJWUYUHY IIPOMYCKHOI 3TaTHOCTU
HAHOPO3MipHMX ILIIBOK. BCTaHOBJIEHO 3aJjIeKHIiCTh INUPUHU 3a00POHEHOI
30HU BiJ TOBIMWHM IIIiBOK. BuspjeHo ontuManbHy TOBIHUHY (= 100 HM)
ToHKOI miaiBku CdS mjd BUKOPHUCTAHHS B SAKOCTI OIITHYHOIO «BiKHA» COHJ-
YHOI'0 eJIeMeHTa.

The results of synthesis of the thin CdS films by means of the high-
frequency magnetron sputtering method are presented. Dependence of
thickness of the thin films on the deposition time is established. The opti-
cal transmission spectra are given, and the integral bandwidth of nanosize
films is determined. Dependence of band gap on the film thickness is es-
tablished. Optimum thickness (z 100 nm) of thin CdS film is revealed for
using it as a buffer layer of the solar cell.

Karouoni cioBa: TOHKI mIiBKM, ONTUYHE IPONYCKAHHS, 3a00pOHEHA 30HA.

Key words: thin films, optical transmission, band gap.

(Ompumano 12 keimus 2020 p; nicas doonpayrosanus — 27 aucmonada 2020 p. )

1. BCTYII

Cnonyku rpynu A"BY' BBaskaooThCA IepCIeKTUBHUMHM MaTepisjamu
CLOTOJIeHHA Ta HANOGJIMKYOro MaiibyTHLOTO 3aBAAKM CBOIM YHIiKalb-
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HUM (QismuHEM BJacTuBOcTAMK. CBifueHHSM IILOTO € 3pocTaioua 3
POKY B PiK KiJbKiCTh SIK TEOPETUUYHMX, TAK i eKCHepUMEHTaJbHUX
HAYKOBUX IyOJiKaIliii 3a TEMATUKOIO CTOCOBHO IJIIBKOBUX HAIIiBIIPO-
BigHUKOBUX crnonyk A"BY.

3 ormAay Ha TeHJEeHIlll PO3BUTKY CyYacHOI eJeKTPOHHOI TexXHiKu
HaMOLIBIINYE iHTEepec AJA MPAKTHUYHOTO BUKOPUCTAHHS IIPEACTABJIIA-
IOTh He MAacCHBHI KpuCTaju, a IMOJiKPUCTAJIUHI IIIBKM HaAIliBIPOBiJI-
HUKIiB. Y HOPiBHAHHI 3 MOHOKPHCTAJaAMHN ¥ €HiTaKCiHHUMUN CTPYKTY-
paMu TeXHOJOTiUYHUI IIPOoIlec ofepP:KaHHA MONIKPUCTATIUYHUX TJIiBOK €
OiJIBII ITPOCTUM i TPOAYKTHUBHUM, IO He BUMAarae 3acTOCYBaHHSA IIpe-
nuaitiHol pocToBOi amapatypu. Bce 1e 37eIlleBI0€ HAMiBIIPOBIAHUKO-
BUII MaTepiAa i cTBOPIOBaHI Ha MOro OCHOBI mpuJagn.

BcranosieHo, mo Halle(peKTUBHIIIIUM MAaTepPisjoM ONTUYHOTO BiK-
Ha JJs COHAYHUX eJeMEeHTIB Ha OCHOBi moriamHaabHOTO Itapy p-CdTe
ta Cu(In,Ga)Se, € muporosonHuii HamiBonpoBigHuUK n-CdS. Cynabdin
KaaMiio Mae BHCOKY (DOTOUYTJIMBICTHL i 3am0BiNbHY IMUPUHY 3a00po-
HeHOI 30HU (E,= 2,39 eB [1]). HaykoBi momykn anbTepHATHBHUX Ma-
TepPiAJiB IJIg ONTUYHOTO BikHa, AKi He maBamum 0 TOKCUYHUX BiIXomiB
B IIpoIleci BUPOOHUIITBA ¥ yTUJIi3allil COHAUYHUX €JeMEeHTiB, MPUBeJIn
I0 Takux crmoayk Ak ZnQO, ZnSe Ta iH.; ogHAK KOJHA 3 HUX He 3a-
Oesmeunsia epeKTHUBHICTL COHSYHUX  €JIEMEHTiB, AaHaJIOTiuHy
CdS/CdTe [2, 3].

B maniii po6oTi mpeacTaBiIeHO MOCTiMKeHHSA BIJIUBY TOBIIMUHU IIIa-
piB CdS Ha ixui onmTmuHni BiacTuBocTti. MeToio poboTu 0yJsi0 BCTaHOB-
JeHHSI ONTUMAJBHOTO CIIiBBiIHOINIEHHA KiJbKOCTHM BUKOPUCTAHOTO
MaTepidaly Ta MPOIyCKHOI 3MaTHOCTH.

2. METOOJUKA ERCIIEPUMEHTAJBHUX ODOCJIIIKEHD

Touki naisku CdS ocamkyBaiM Ha CKJIAHI MiAKJIaIUHKN PO3MipoM
16x8x1,1 MM® MeTOZOI0 BHCOKOYACTOTHOI'O MAIHETPOHHOI'O HAIOpPO-
mrenuda (13,6 MI'nm) 3 Bukopucranuam BYII-5M (Selmi, Ykpaina) [1].
MimreHHIO CAyryBaB MOHOKpUCTANIUHUN nuck 99,999% wuwmcroru, TO-
BiiuHOIO ¥ 1 MM i miamerpom y 40 mm. Bigmans Big mimieni mo migk-
JaguHKN craHoBuma 60 mMm. B zasnexuHocTi Big HeoOXigHOI TOBIIMHU
mriBku CdS ocam:xeHHs TpusaJjo Big 1 mo 165 xs.

OcamxeHHA IJIIBOK BimbyBaJsiocs mpu THUCKY aprouy (Ar) y 1,0-1,3
ITa. Temneparypa migkjaagmuaiku craHopusa 573 K. KoHTposab Temme-
patypu 3pilicuioBasu 3a gpomomororo IIII[-perynaropa, AKHE TaKOMK
KOHTPOJIIOBAB INIBUAKICTH HarpiBy I OXOJOI:KEHHA Ta 3abe3meuyBaB
TeMIIePATYPHUN PEKUM OCaAKeHHs.

TosBminuy miriBok CdS BumipioBasiu 3a mOIOMOroio mpodisomerpa
Veeco (momens Dektak 8). Kpim mwboro, ToBimuny maiBku Neb (mus.
TabJ.) PO3PaxoBYyBaJU 3a METOAMKOIO [4, 5], 1110 I'PYHTy€eThCS Ha BU-
3HaUeHHi iHTepdepeHNifilHUX MaKcUMyMiB i MiHiMyMiB y cmeKTpaJb-
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Hill 3aJIeKHOCTI Koe(imieHnTa nmponyckaHHs. ByJio BCTAHOBJIEHO cepe-
OHIO HIBUJIKICTh OCAKEHHA IIJIIBOK, AKA 3HAXOAWJACh Y IiANa3oHi
3,9-4,2 A/c.

CreKTpanabHy B3aJIe)KHIiCTh ONTUYHOIO NPOIMYCKAHHA OAep:KaHUX
3pasKiB y BUAUMIi# i 61u3bKil iHppauepBoHiil obaacTax AOCTimKyBa-
J1 3a KiMHaATHOI TeMmiepaTypu 3a gomomoror Shimadzu UV-3600 [1].

[na BU3HAUEHHA MIMPUHU 3a00pOHEHOI 30HU OyJsi0 moOyaoBaHO 3a-
JEMKHICTh Koe(imieHTa OITHYHOrO IOTJIMHAHHA 3TiJHO 3 KJACHMYHOIO
(POopPMYJIO0 IJId IPAMO30OHHMX HAIIiBOPOBiTHMUKIB:

1/2
a=a,(hv-E,)". (1)

BukonaHo JiHifIHYy anpokcuUMAallil0 OJepKaHOl KPUBOI MOTJIMHAHHSA
y TaymoBux koopauuatax ((ahv)? 3ane:xHO Bim Av) mO IepeTuHY 3
Biccio eHepriil i Bu3HaUeHO IINPUHY 3a00pOHEHOI 30HM 3a aHAJOTiu-
HOI0 METOAUKOIO, AK y [4].

3. PE3YJILTATH 1 OBTOBOPEHHS

OpepsxaHa 3ajie}KHICTh TOBIIWMHM ILIiBKU d,, Bill Yacy ocamKeHHSA
Mo:Ke OyTM eKcTpamoJboBaHa JiHiHOIO QyHKIielo (muB. pmec. 1 i
Taby.). 3 rpadika eKCTPAIoJAIlii PO3PaxoBYEMO CepenHIio IMBUIAKICTD
OCaJKeHHA, AKa cTaHOBUTH =4,1 A/c. TouHicTh, PO3PAaXyHKY TOBIIH-
HY TOHKUX ILTiBOK CTAHOBUTH = 8%.

Ha pucyHKy 2 mpejacTaBJIEHO CIIEKTEP ONTHUYHOIO IPONYCKAHHA TO-
HKuX 1riBoK CdS pisHOi ToBIMHU 3a KimMHaTHOI Temnepatrypu. 1Liis-
KM XapaKTepusylTbCd BUCOKHM 3HaYeHHAM KoedillieHTa mpomyc-
KaHHA B 00JacTi iXHBOI mposopocTu. 18 TOHKMX IJIiBOK TOBIIMHOIO
mennie 100 HM KoedimienT mpomyckamusa B obJsacti 300-500 HM €
mocTaTHbO BucoKuM (momasn 50%) i BmmBae Ha KPYTiCTh KOPOTKOX-
BUJILOBOTO KPAIO OINTUYHOTO MOTJIMHAHHS, MOBEIiHKA SIKOTO MOKe 3a-
JIesKaTy BiJf YMOB IIiCJSPOCTOBOTO BifmaJsy oep:KaHUX ILIIBOK, IO
Ma€ CTaTU OCHOBOIO MOJAJIBIIUX JOCTiAMKEHb.

IaTerpasibHy BEeIMYMHY ONTHUUYHOIO ImponyckaHuA ImiriBok CdS B za-
JIEJKHOCTL BijJf TOBIIMHM OI[iHIOBAJIM 3a JOIIOMOTOIO CIIiBBiZHOIIIEHHS

[4]:

- 1 &
T = dex , (2)
b-a
ae T —_— iHTel"paJIbHa BeJINYMHA IIPOITYyCKAaHHA B J_'[iHHaSOHi AJOBMKNH

XBUJIb a—b (ouB. puc. 2).

OnrtuuHa muprHa 3a60pPOHEHOI 30HU, BifoMa AK MiHiMaJbHA eHep-
risg, HeoOXigHA HANiBIPOBIAHMKOBOMY MATEPiANy MAJAA 30yI'KeHHS
eJIEKTPOHAa, MOKe OyTH BU3HAUYeHA 3i CIeKTpa mpomycKaHHs. [iasa Bu-
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Puc. 1. Banexuicts TomuHy miriBok CdS Bif wacy ocamxenHs.’

TABJIMIA. OnTuuni mapamerpu TOoHKuX ILTiBOK CdS (mia iHTerpasbHOi
BeJIMUNHN IPOIYCKaHHA BUKopucTaHo a = 300 M, b = 850 uM).2

dT .
Ne (t, | dyes BM | T, % | E,, eB ( J » HM | E7, eB |AE, eB| R, HM

dh
1 60 25 88,41 2,364 476 2,601 0,181 3,638
2 120 51 78,98 2,334 500 2,480 0,06 6,319
3 240 103 66,98 2,284 508 2,426 0,006 19,983
4 480 208 51,70 2,375 510 2,431 — —
5 960 419 56,44 2,448 502 2,441 — —

3HAUEHHs ONTHUYHOI INMUPUHU 3a00poHeHOol 30Hu 1iIiBoKk CdS mu Bu-
KopuctoByBamu Taymosi koopauuaTtu. IloOymyBaBilin 3ajie:KHiCTH
(ahv)? Bim hv, 3 BUKODHCTAHHAM eKCTpamoiAlii mimifimoi wacTumU
OiIAHKW OO0 OCi eHepriili MOKHA OJepP:KaTH BeJIWUYNHY HPSIMOI ONTHUU-
HOI mupuHU 3a00poHeHOol 30HM. TaKkoK 3HAUEHHS IMHUPUHU 3a00pOHEe-
HOI 30HM MOKJMBO BUSHAUUTH 34 IIOJIOKEHHAM MaKCHUMyMYy IIepIioi
noxiguoi dT/d\ KoedimicHTa HPONYCKAHHA IO JOBMKWHI XBHJII [6].
Ilono:xeHHsS MaKCUMyMy BiAmoBimae ImupuHi 3a00pOHEHOI 30HU E; i
BHU3HAUAETHCA 3 Pe3yJbTaTiB iforo I ayccoBoi ampoxcuMarii.
3asHaummo [6], mI0 ojep:KaHe 3HAYEHHA IMMPWHU 3a00POHEHOI 30-
HU (E;) memio BigpisHAeTbcA Big omTuuHoi E, (quB. Taba.). OgHak
IVHaMiKa 3MiHM IMUPUHU 3aO00POHEHO1 30HUW i3 TOBIIMHOIO € aHAaJOTiI-
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a 0

Puc. 2. CuexTpu mpomycKaHHA TOHKHUX IIiBOK CdS Ha CKASHUX MigKJIaIWH-

Kax 3 pisHMMH uacaMHu OCaI:KeHHs (a); Ieplla MOoXimHa CIeKTPiB IIPOIycC-
kanaa dT/dh (6).2

Puc. 3. OntuuHe moriamHaAHHA TOHKMX ILTiBOK CdS y Taymosux KoopauHa-
4
Tax.

YHOIO 0 pe3yJbTaTiB, oflep:KaHMUX i3 eKcTpamnoJalii cuexkTpis y Tay-
I[OBUX KOOPAUHATaX.

Ax 6aummo 3 puc. 3, Kpaii (pyHIaMEHTAJILHOTO IOTJINMHAHHS 3Mi-
IIyETHCA B CTOPOHY BHCOKHMX €HEPri#l i3 3MeHIIeHHAM TOBIIWHU ILJTi-
BKHU (d <100 uM™m). Take spocranHa E, i3 3MeHINIeHHAM TOBIIMHM ILTi-
BKU (d <100 umM) wMoxke OyTH 3yMOBJIeHE IIPOSABOM KBaHTOBO-
posmiproro edexty [3, 7]. B mamomy BuUmagKy 3Mill[eHHA IHPUHA
3a00pOHEHOI 30HU 3 TOBIIMHOIO OMMUCYETHCS CIiBBigHOIIIEHHAM [6]:
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2
. a
AE:E*_E"”“E( j (3)
g g b R
ne E' — eKcmepuMeHTAJIbHO BCTAHOBJIEHE 3HAUEHHSA INUPUHU 3a60-
g . bulk .
poHeHoi 3ouu, E, — 3HaueHHsA INIUPUHU 3a00pPOHEHOl 30HU MJIsd

06’emuoro 3paska CdS, E, — eHeprisa 3B 3Ky €eKCHUTOHY, dp — DBopis
paxmitoc, R — pagitoc 3epeH (IPUIYCKAETHCS, IO KPUCTAJITH OIHCY-
10TheA chepuunoio dopmow); E" =2,42 eB (CdS, crpykTypHUii TII
Bloptiuty) [6], E, = 27 meB, az =30 A [8].

Has roukmx miaiBok CdS (d <100 M) Oyo BU3HAYEHO CepemHiii
poaMmip papmitoca KpucradiTiB (guB. TabJ.) 3rigHO 3i CHiBBigHOIIIEHHAM
(3). Mo:xxeMo cmocTepiraTu 3pocTaHHA PO3Mipy KPUCTAJIITIB i3 36i1b-
IIeHHAM TOBIIWHU ILJIiBKU.

3ajeXHIiCTh ONTUYHOI IMMUPUHU 3a00pOHeHOI 30HU E, Biji TOBIIMHU
IJIiBKY IPEACTaBJIEHO B TabJI. Ta Ha puc. 4.

3pocranua E, i3 36inpmeHHAM TOBIMHU IIiBKHU (d > 100 BEM) 3y-
cTpiuaeTbcs gocraTHbo uacto [9, 10] Ta moske 6yTu moB’sI3aHO 3i 3po-
CTaHHAM KOHIEHTpAIlil BibHUX eJeKTpoHiB y miiBkax [9]. lauumit
3CYB MIUPUHU 3a00pPOHEHOI B30HU i3 POCTOM KOHIIEHTpAIlii BiIbHUX
€JIEKTPOHIB MOKe OyTH IIOSICHEHO NpPOsABOM edeKTy DByprreiitna—
Mocca [11, 12].

3 aHaAJNi3W ONTUUYHUX IapaMeTpPiB BCTAHOBJEHO ONTHUMAJbHE CIIiB-
BigHOMeHHA TOBMUHM TOHKOI miiBku CdS Ta ii iHTerpanbpHOi mpomy-
ckHoi 3gaTHoCcTu: d,.p =103 HM, T =66,98% (Egz 2,426 eB).

Puc. 4. 3anexkHicTh ONTUYHOI IMUPUHU 3a00POHEHOI 30HU BiJ TOBIIWHU ILTi-
5
BKH.
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4. BAICHOBRH

BcranoBieHo JiHiMIHY 3a/€KHICTH TOBITUHU TOHKUX ILIIBOK Bij uacy
ocamkeHua B Mexax 60—960 c. BusasiaeHo 3pocTaHHA IIUPUHU 3a00-
POHEeHOl 30HU! i3 3MEHIIIeHHAM TOBIMUHU IIiBKU (> 103 HM), 1110 MOKe
OyTH BUKJINKAHO IPOSIBOM KBAHTOBO-po3MipHoOro edexkrty. Ilomano 3a-
JEKHICTh iHTerpajbHOl BEJIMUYMHHU ITPOIYCKAaHHA BiJi TOBHIMHU ILJIiB-
Ku. BeraHoBieHo, 10 ONTHMAJILHA TOBINUHA TOHKOI maiBku CdS, axa
MOsKe OyTH BUKODHCTaHA B AKOCTi Oydepa («ONTUYHOIO BiKHa») B CO-
HAYHUX ejJeMeHTax, craHoButh = 100 um (d,,;,.=103 am, T =66,98%,
Eé: = 2,426 eB).
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! Fig. 1. Dependence of the CdS-film thickness on the deposition time.

2 TABLE. Optical parameters of thin CdS films (a =300 nm, b =850 nm were used for the
integral transmission).

3 Fig. 2. Transmission spectra (a) and transmittance first derivative dT/dA (6) for thin CdS
films on a glass substrate for different deposition times (film thickness; see Table).

4 Fig. 3. Optical absorption of thin CdS films in Tauc coordinates.

% Fig. 4. Dependence of the optical band gap on the film thickness.
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In the present paper, thin NiO films are prepared on glass substrates, us-
ing spin-coating method for sol-gel solution with a concentration of
0.7 M. There were the NiO films annealed at different temperatures of 25,
450, 500, 550 and 600°C for 2 hours. XRD spectra indicate that the films
exhibit polycrystalline structure, which belongs to the cubic type of NiO.
It is obtained that the crystallite sizes are increased to the maximum val-
ue of 50.32 nm along (200) plane and obtained at 600°C. The crystallinity
of the thin films is improved at a high temperature, for which there are
only a few defects. UV-vis spectrophotometric detection of NiO films
shows an average transmittance of about 85%. The band-gap energy is
increased after annealing from 3.101 to 3.855 eV for unannealed films
and annealed ones at 500°C, respectively. At high annealing temperature,
the thin NiO films become less disordered with fewer defects, which are
related to the Urbach energy that can be obtained by the order of magni-
tude as 180 meV at 600°C. The transparent thin NiO films become con-
ducting to have a minimum value of the sheet resistance that is revealed
at a lower temperature. The best-estimated structure and optical charac-
terization are achieved for the NiO films annealed at 500°C.

Y mamiit crarti ToEKi maiBkum NiO roryBanm Ha CKIAHUX IMigKJIaTUHKAX Me-
TOHOI0 IeHTPU(YryBaHHA 30Jb—TeJb-PO3UMHY i3 KoHIeHTpalieio y 0,7 M.
Tyr nmaiBgu NiO Oymo Bigmanzeno 3a pisHmx Temmepatyp vy 25, 450, 500,
550 i 600°C mporsarom 2 roamu. Cuexktpu XRD BKasyooTh Ha Te, IO IJIiBKU
JIEeMOHCTPYIOTh IIOJIKPUCTAJIIUHY CTPYKTYPY, IO HAJIEKUTHL OO KyOiuHOTrO
tunny NiO. Posmipu xpucranitiB € 306isbIlleHMMU A0 MaKCUMAaJIbHOTO 3HA-
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yenHa y 50,32 um B3mos:k miaommuHu (200) i omep:kaHi 3a TeMmieparypu y
600°C. KpucramiuHicTh TOHKMX IJIIBOK HOJINIIyBajacs 3a BUCOKOI TeMIle-
parypu, 3a AKoi mpucyTHi 3aHanTo maino AedekriB. CrmexTpodoTomMeTpuyuHA
aHaJiza y BUAUMOMY # yabTpadioseroBomy mismasonax miaiBok NiO meMoH-
cTpye cepenHiit KoedimieHT mpomyckaHHA 6ausbko 85% . Illupuna szabopo-
HeHOlI (eHepreTMYHOi) 30HM 3pocja Iiciaa Bigmany Bixm 3,101 mo 3,855 eB
I HeBigmaseHuX i BigmameHux miaiBok mpu 500°C BigmoBimHO. 3a BHCOKOI
TeMIepaTypu Bigmany ToHKi maiBkm NiO cTaioTh MEHIN PO3YHOPAIKOBAHN-
MU i3 MEHINoI0 KijgbKicTio medeKTiB, MOB’A3aHUX 3 eHeprielo Ypbaxa, AKY
MOKHa oZep:KaTu 3a nopagkoM BeawduHU AK 180 meB mpu 600°C. IIposopi
ToHKi maiBku NiO craioTh IPOBIiZHUMU, i MiHiMa/libHe 3HAUEHHS OIIOPY JIKC-
Ta OyJI0 BUABJEHO IIpHW OijbIn HUBBbKiHA Temmepatrypi. Haiiminmii pospaxyH-
KOBa CTPYKTypa M ONTHYHA XapaKTepusallid JocAraioTbCs IJA BigmasieHoi
mriBku NiO mpu 500°C.

Key words: NiO, thin films, transparent conducting films, annealing tem-
perature, spin-coating method.

Karouoni caoBa: NiO, TouKi maiBKu, mpo3opi mpoBigHi miaiBKu, TemMmepary-
pa Bigmamy, MeTona IeHTPU(PYTYBaHHS AJIA OJEPKAHHA IMMOKPUTTIB.
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1. INTRODUCTION

Based on latest researches on the investigation of new materials,
various nanostructured materials composed of binary semiconductor
compounds, such as In,0;, ZnO, Cu,0, SnO, and CdO, have been in-
vestigated for several applications [1, 2]. Naturally, oxides of nickel
may exist in various forms, such as NiO, NiO,, NiO,, and Ni,O; [1—-
3]. However, the transparent conductive oxide (TCO) films have
been attracted significant attention in optoelectronic devices [4].
Among these materials, NiO is appropriate for UV photodetectors
and p-type electrical conductivity [5]. NiO has been intensively
studied as a promising material for gas sensors because of its wide
band gap (3.6—4.0 eV) and high stability that is similar to ZnO [6].

Nickel oxide (NiO), which is one of the most important binary
semiconductor compounds, has potential applications in memory de-
vices, p-type oxide semi-conductors, sensors, UV detectors, solar
cells, transparent diodes, UV photodetectors, touch screens, trans-
parent transistors, displays, and defrosting windows [1-6]. Nano-
crystalline thin NiO films can be produced by several techniques
such as reactive evaporation [7], molecular beam epitaxy (MBE) [8],
magnetron sputtering technique [9], pulsed laser deposition (PLD)
[10], spray pyrolysis [11], sol-gel process [12], chemical vapour
deposition, and electrochemical deposition [13].
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The influence of annealing temperature on structural and optical
properties of thin NiO films (especially, undoped thin NiO films)
derived from sol—gel method was less studied. The choice of tem-
perature in range between 450 and 600°C is important study with
deposition of the thin films on glass substrate. We observe that the
glass substrate was brittle at a temperature higher than 600°C.

This paper presents new results of the effect of the annealing
temperature on the crystalline structure, optical and electrical
properties of NiO films, and thin NiO films on glass substrate by
spin-coating method using homogeneous and stable nickel nitrate
hexahydrate with a concentration of 0.7 M.

2. EXPERIMENTAL DETAILS
2.1. Preparation of Precursor Sol

NiO solution was prepared by dissolving (0.7 M) nickel nitrate hex-
ahydrate in the solvent containing equal volumes of absolute H,O;
then, there have added drops of HCI stabilized; the mixture solution
was stirred and heated at 25-50°C for 3 h to yield a clear and
transparency solution. The coating was made one day after the pre-
cursor was prepared.

The substrate was R217102 glass with a size of 1 cmx2 cmx0.1
cm; prior to pumping, the substrate (R217102 glass) was cleaned
with alcohol in an ultrasonic bath and blow-dried with dry nitrogen
gas.

2.2. Deposition of Thin Films

The first sample was prepared by dropping the coating solution onto
glass substrate, which was rotated between 2000 and 2500 rpm for
25 s by using spin coater. The coating process was repeated for
eight times to obtain a thin film. The preheat-treatment tempera-
ture of 150°C is required for the complete evaporation of organics
and the initiation of formation and crystallization of the NiO film.
After the deposition of five layers, the resulting thin films were
annealed at 0°C, 450°C, 500°C, 550°C and 600°C in air for 2 h.

2.3. Characterization of Thin Films

The crystal phase and crystalline orientation of the thin films were
determined by x-ray diffraction (XRD, Bruker D8 advanced x-ray
diffractometer) with CukK, radiation (A=1.541 A) analysis; the
samples were scanned from 30° to 55°. The optical transmission
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spectra of the films were measured in the range of 300-1200 nm
using a double-beam Lambda 35 UV /visible spectrophotometer. In
addition, the electrical conductivity of the films was measured in a
coplanar structure obtained with evaporation of four golden stripes
on film surface. All spectra were measured at room temperature.

3. RESULTS AND DISCUSSION
3.1. The Crystalline Structure of Thin NiO Films

The XRD patterns for thin NiO films deposited on glass substrates
at different annealing temperatures of 450, 500, 550 and 600°C for
2 h in air are shown in Fig. 1; XRD spectra indicate that the films
exhibit polycrystalline structure that belongs to the cubic type of
NiO. As can be seen, the films show XRD peaks at 37.2° and 43.3°,
which correspond to the (111) and (200) crystal planes, respectively,
of the cubic NiO phase ((JCPDS) No. 73-1519) [14]. For the increas-
ing of annealing temperature from 450 to 550°C, it can be obtained
that the (111) peak has higher intensity with the preferred orienta-
tion with (111) plane; however, the film annealed at 600°C has

Fig. 1. X-ray diffraction spectra of thin NiO films annealed at different
temperatures.

TABLE 1. The structural parameters of thin NiO film as a function of the
annealing temperature according to (111) diffraction peak.

Annealing temperature, °C | 20, degree |, degree | G, nm| a, nm | Exx> Y0

450 37.62 0.189 44.41 0.4138 -3.896
500 37.62 0.184 45.61 0.4138 -3.896
550 37.36 0.179 46.85 0.4166 -1.120

600 37.36 0.191 44.14 0.4166 -1.120
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higher and sharper diffraction peaks indicating an improvement in
(200) peak intensity compared to other films, revealing that the
films are nanocrystalline with a preferred orientation with (200)
plane perpendicular to substrate.

The diffraction peak angles of thin NiO films were estimated
(Table 1), and the lattice parameter a for these films was calculated
from XRD patterns by using the following equation [15]:

a

BT L)
(" + Rk +1%)

where a is the lattice parameter, h, k and I are the Miller indices of
the planes, and d,,, is the interplanar spacing. The variations of lat-
tice parameter are shown in Tables 1 and 2.

In order to attain the detailed structure information, the grains’
sizes G of (111) and (200) planes were calculated according to the
Scherrer equation [16]:

dhkl

G- 0.9A1 ’
BcosH

(2)

where G is the crystallite size, A is the x-ray wavelength (A =1.5406
A); B is the full width at half-maximum (FWHM), and 0 is Bragg
angle of the diffraction peaks; their variations are shown in Tables
1 and 2.

The variation of crystallite sizes of thin NiO films according to
(111) and (200) diffraction peaks as a function of annealing tem-
perature is shown in Fig. 2. As can be seen, the crystallite sizes
were varying in the range of 37 and 52 nm (see Tables 1 and 2). It
can be see that the crystallite sizes of (111) and (200) plans increase
with increasing of annealing temperature from 450 to 550°C. Ap-
proximation of the crystallite sizes of (111) plans is high than those
of (200) plans for annealing temperature smaller than 550°C. How-
ever, the film annealed at 600°C has a highest crystallite sizes of
(200) plans in comparison with other. On the other hand, it can be
noted that the optimal values of the average crystallite size of the

TABLE 2. The structural parameters of thin NiO film as a function of the
annealing temperature according to (200) diffraction peak.

Annealing temperature, °C| 20, degree | B, degree| G, nm | a, nm | Exx> Y0

450 43.58 0.23 37.19 0.4150 -2.664
500 43.40 0.22 38.86 0.4167 -1.026
550 43.58 0.21 40.74 0.4150 -2.664

600 43.52 0.17 50.32 0.4156 -2.120
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Annealing temperature, °C

Fig. 2. The variation of crystallite size G according to the (111) and (200)
diffraction peaks as a function of annealing temperatures of thin NiO
films.

NiO films under consideration are observed beginning from 550°C
of annealing temperature. The increase of the crystallite size has
been indicated by the enhancement of the crystallinity and a-axis
orientation of thin NiO films; these phenomena were observed in
Refs. [1-6]. This result can be explained by coalescence of the crys-
tallites of the thin films improved with oxygen diffusion [16].

The dislocation density (8) defined as the length of dislocation
lines per unit volume has been estimated using the equation [17]

d=—5, 3)

where & is the measure of the amount of defects in a crystal. At a
first glance, we can see that the values of & depend on the annealing
temperature (see Table 3). In Figure 3, it is presented the variation
of the dislocation density ¢ according to (111) and (200) diffraction
peaks that indicates that the effect of annealing temperature on the
crystallization of thin NiO films can be observed at 600°C.

The lattice parameters are substrate dependent; the mean strain
exx values for thin NiO films can be calculated following formula
[18]:

e = 2% .100%, (4)
a,

where gyy is the mean strain in thin NiO films (see Tables 1 and 2),
a is the lattice parameter of thin NiO films, and a, is the lattice
constant of bulk NiO material (standard a,=0.41769 nm).

The variation of mean strain of (002) peak for thin NiO films is
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TABLE 3. The dislocation density (8) of thin NiO films according to the
(111) and (200) diffraction peaks as a function of annealing temperatures.

Annealing temperature,
°Cl 450 500 550 600

The dislocation density
811107 5.072 4.807 4.556 5.133

8200107 7.227 6.620 6.025 3.950

Annealing temperature, °C

Fig. 3. The variation of dislocation density & according to the (111) and
(200) diffraction peaks as a function of annealing temperatures of thin
NiO films.

presented in Tables 1 and 2. As can be seen, all values of the mean
strains are measured in a tensile condition, and the negative values
of the mean strains were observed in thin NiO films.

3.2. The Optical Properties of Thin NiO Films

The optical transmission of thin NiO films measured as a function
of the wavelength is presented in Fig. 4. It shows the optical
transmission spectra of thin NiO films deposited at different an-
nealing temperatures. As can be seen, for the longer wavelengths
(A >400 nm), all the films become transparent; it is also found that
all the films show a high optical transmission, around 80%, in the
visible region. The optical absorption at the absorption edge corre-
sponds to the transition from valence band to the conduction band
(A >400 nm), while the absorption in the visible region was related
to some local energy levels caused by intrinsic defects. As clearly
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Fig. 4. Variation of spectral transmittance (T') with wavelength (1) for thin
NiO film annealed at different temperatures.

TABLE 4. Variation of the optical band-gap energy and the Urbach energy
of thin NiO films with different annealing temperatures.

Annealing temperatures, °C|Optical gap energy E,, eV [Urbach energy E ,, meV

As deposited 3.101 454.976
450 3.536 339.311
500 3.855 191.036
550 3.847 206.179
600 3.854 180.756

seen in this region, the transmission is decreased because of the on-
set fundamental absorption in the region of 300—-350 nm.

The optical band-gap energy (Table 2) for thin NiO films is ob-
tained by the following expressions [19]:

A=o0d=-InT, (%)
(Ahv)* =C(hv - E, ), (6)

where A is the absorbance, d is the film thickness, T is the spectral
transmittance of thin films, o is the absorption coefficient value, C
is a constant, Av is the photon energy, and E, is the band-gap ener-
gy for the semiconductor. The values of E, and AE, are listed in Ta-
ble 4. On the other hand, we have used the Urbach energy (E,),
which is related to the disorder in the film network, as it is ex-
pressed as follows [19]:

A=A exp(hv/E,), (7)
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where A, is a constant, hv is the photon energy, and E, is the Ur-
bach energy, which is presented in Table 4.

The graph of (Ahv)® versus hv plotted for NiO films fabricated at
different annealing temperatures is shown in Fig. 5, a. It can be
seen that the extrapolation of linear portion of the graph to the en-
ergy axis at A=0 [30, 31] in the range of 300—-350 nm gives band
gap energy E, shown in Table 2. Besides, Figure 5, a shows the
graph of InA versus hv plotted to be used to deduce the Urbach en-
ergy [19].

Figure 6 shows the variations of the band-gap energy E, and the
Urbach energy E, as functions of the annealing temperatures. The
optical gap and disorder vary inversely. It is observed that the
band-gap energy and Urbach energy of thin NiO films are increased
after annealing; this result can be explained by nickel hydroxide

a b

Fig. 5. Typical variations of (4kv)? and InA drawn as functions of photon
energy hv and used, respectively, for the band-gap energy (a) and Urbach
energy (b) determination by means of extrapolation.

Fig. 6. The variations of optical band gap E, and Urbach energy E, for
thin NiO films with annealing temperature.
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found as deposited and can be decreased as evaporated with anneal-
ing at temperature, which is located between 500 and 600°C. This
result can be explained by increasing the transmission of the films
(see Fig. 4). The increasing optical gap at 500 and 600°C can indi-
cate on oxygen diffusion with annealing. As can be seen in Fig. 6, a
minimum Urbach energy for thin NiO film is reached between 500
and 600°C that means that this is a temperature adequate for less
disorder; this can be explained by increasing of the crystallite size
(see Fig. 2).

3.3. The Electrical Conductivity of Thin NiO Films

The four-point probe is preferred for measurement of sheet re-
sistance (R,,); in the linear four-point probe technique, the current
(I) is applied between the two outer leads, and the potential differ-
ence (V) is measured across the two inner probes [33]. Since negligi-
ble contact and spreading resistance associated with the voltage
probes, one can obtain a fairly accurate estimation of R,,, using the
following relation [20]:

n V

" e T ()

where I is the applied current, and V is the measured voltage. In
the above-mentioned configuration, a correction factor of 4.532 was
applied for the sample 2 cmxl cm with equally spaced (2 cm?)
probes. Figure 7 gives the sheet resistance R,,. The result shows the
conductivity of thin NiO film with increasing annealing tempera-

Fig. 7. The variation of electrical resistance of thin NiO films with anneal-
ing temperature.
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tures. This is due to the increasing of the strain (because of fewer
defects) (see Tables 1 and 2).

4. CONCLUSION

In summary, high-quality transparent thin NiO films were grown
on glass substrates at room temperature by sol—gel-solution spin-
coating method; the influence of annealing temperature on struc-
tural, optical, and electrical properties was investigated. The coated
NiO films were annealed in air for 2 hours at different tempera-
tures of 0, 450, 500, 550 and 600°C. The films were obtained at a
concentration of sol-gel solution of 0.7 M. XRD spectra indicate
that the films exhibit polycrystalline structure that belongs to the
cubic type of NiO. The crystallite sizes of NiO thin films were in-
creasing with increasing annealing temperature, reaching the max-
imum value of 50.32 nm for (200) plane obtained at 600°C. The
crystallinity of the thin films is improved at high annealing tem-
perature that was dependent on a few defects. Spectrophotometry
(UV—vis) of NiO films deposited at different annealing temperatures
shows an average transmittance of about 85% . The band-gap energy
is increased after annealing from E,=3.101 to 3.855 eV for unan-
nealed and annealed films at 500°C, respectively. At high annealing
temperature, the thin NiO films become less disordered with a few-
er defects that is related to the Urbach energy, which can be ob-
tained by the order of magnitude as 180 meV at 600°C. The trans-
parent semiconductor thin NiO films become conducting to have a
minimum value of the sheet resistance R,, found at lower tempera-
ture. The best-estimated structure and optical characterisation are
achieved for annealed NiO film at 600°C.
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Thin films of B-Ga,0; formed from nanocrystalline grains are obtained by
the method of radio-frequency (RF) ion-plasma sputtering. Investigations
of the surface morphology of thin films by atomic force microscopy (AFM)
have shown that the average size of nanocrystalline grains, which form
films, increases during thermal treatment. Based on the analysis of the
results of the distribution of grain diameters, it is found that, regardless
of fulfilment of thermal treatment, for thin films of B-Ga,0O,, there is a
trimodal distribution, which is formed during the deposition of films. The
fulfilment of thermal treatment does not change the shape of this distri-
bution and leads to a uniform increase of the grain sizes throughout the
entire distribution.

Metomoo BucokouacToTHOro (BY) HOHHO-IIJIA3MOBOTO PO3IIOPOINIEHHA OJEep-
skaHO TOHKI miiBku B-Ga,0;, AKi GopMyroThCcA 3 HAHOKPUCTAJIUHUX 3€PeH.
Hocaim:xeraa wmopdoJsorii TOBepXHi TOHKWX ILJIIBOK METOAO0K aTOMHO-
cuinoBoi Mikpockomii (ACM) mokasanum, IO HpU IIPOBEAeHHiI TepMooOpos6-
JIEHHS 3POCTa€ CepemHill po3Mip HAHOKPUCTAJIIUHUX 3epeH, AKi (GopMyoTh
niaiBku. Ha ocHOBiI amanisu pesdysbTaTiB po3momisly pos3MipiB mismeTpiB 3e-
PeH BCTaHOBJIEHO, II[0, He3aJIeXKHO Bij 3milicHeHHS TepMOOOpPOOJIeHHSA, B TO-
HKuX IIiBKax P-Ga,0; cmocrepiraetrbea TpUMOJAABHUIN PO3TOAia, AKUH (o-
PMYeTbCS y IIpolleci HaHECEHHA ILIIBOK. 3AiliCHEHHA TepMOOOpPOOJIEeHHA He
3MiHIOE (DOPMY [MAHOTO PO3MOAINY i HPUBOAUTH IO PiBHOMiIpHOTO 3pOCTAaHHA
PO3MipiB 3epeH B3JOBXK BCHLOTO PO3IOLiTY.

Key words: gallium oxide, thin films, nanocrystallites, trimodal distribu-
tion.
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1. INTRODUCTION

Among the large number of materials for optoelectronics, lumines-
cent materials used in the creation of displays, scintillators, devices
for recording and visualization of information occupy a special
place. In this regard, the films based on B-Ga,0O; are widely used as
thin film materials, which are promising for field-effect transistors
(FET) [1], gas sensors [2] and electrodes, transparent in the UV re-
gion [3, 4]. Depending on the method of obtaining and the dopant,
such thin films are used as photoluminophors [5, 6], cathodolumi-
nophors or electroluminophors [7, 8]. In general, the optical and
electrical properties of thin B-Ga,0; films are determined by the
methods they were obtained, the regimes of deposition, and subse-
quent technological methods, which create different degrees of per-
fection of the obtained samples. Taking into account that the lumi-
nescence efficiency, electrical conductivity, and photoelectric prop-
erties of thin B-Ga,0; films are largely determined by the dimen-
sional, morphological, and structural properties of the nanoparti-
cles, which form these films, the effect of thermal treatment on the
surface morphology of thin films is investigated in this article.
Thin films are obtained by radio-frequency (RF) ion-plasma sputter-
ing. The application of this method is considered as optimal for the
deposition of semiconductor and dielectric thin films and allows
controlling the structure and stoichiometry of the obtained thin
films [9]. Among the high-precision methods in determining the
size and study of the morphology of nanoparticles, there is atomic
force microscopy (AFM), which is used in this work.

2. EXPERIMENTAL TECHNIQUE

Thin films of B-Ga,0; with a thickness of 0.2-0.8 uym were obtained
by RF ion-plasma sputtering on substrates of v-SiO, fused quartz.
RF sputtering was carried out in an atmosphere of argon in the sys-
tem using the magnetic field of external solenoids for compression
and additional ionization of the plasma column. After deposition of
the films, the heat treatment in argon atmosphere at 1000-1100°C
was held. X-ray diffraction studies showed the presence of a poly-
crystalline structure of films with a predominant orientation in the
(400), (002), (111), and (512) planes. The diffraction patterns for -
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Ga,0; films were described by us earlier [10] in more details.

The surface morphology of films was investigated using atomic
force microscope (AFM) ‘Solver P47 PRO’. Processing of experi-
mental data and calculation of surface morphology parameters were
carried out, using the Image Analysis 2 software package.

3. RESULTS AND DISCUSSION

Figure 1 shows the microphotographs of the surface of thin p-Ga,0,
films, obtained by radio-frequency (RF) ion-plasma sputtering,
without thermal treatment and after thermal treatment in an argon
atmosphere. The topography of the samples was quantitatively
characterized by standard parameters: root mean square roughness,
maximum height of grains, mean grains’ diameter, which were cal-
culated according to AFM data for sections of the same size
(10001000 nm). The characteristic parameters of thin [-Ga,0,
films without thermal treatment and after thermal treatment in ar-

b d

Fig. 1. Images of the surface morphology of thin B-Ga,0; film obtained by
RF sputtering: (a, b) without thermal treatment and (¢, d) after thermal
treatment in an argon atmosphere. Images a and ¢ are two-dimensional;
images b and d are three-dimensional.
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gon atmosphere are listed in Table 1. As can be seen from the ob-
tained results, the presence of thermal treatment has a significant
effect on the size of the crystal grains and the surface roughness of
the films.

The analysis of AFM images (Fig. 1) and parameters of crystal-
line grains (Table 1) of the surface of thin p-Ga,O; films shows that,
after thermal treatment of these thin films, the sizes of nanocrys-
talline grains, which form these thin films, increase. The increase
in the size of the crystal grains and, in particular, the increase in
the values of the root mean square roughness and the average di-
ameter of the grains indicate a complication of the surface struc-
ture.

A comparison of the histograms of the distribution of grains’
heights (Fig. 2) shows that thermal treatment of thin p-Ga,0; films
leads to the formation of higher peaks on the film surface and the
increase of the interval of scatter of peaks in height.

The increase in the size of crystal grains and the simultaneous

TABLE 1. Parameters of crystallite grains of thin f-Ga,0; films.

Without thermal | Thermal treatment
Parameter

treatment in argon atmosphere
Mean grains’ diameter, nm 19.6 62.7
Root mean square roughness, nm 8.5 10.6
Max height grains, nm 9.1 12.0
Mean grains’ area, nm? 692 6121
Mean grains’ volume, nm? 6572 70312
100
0.3}
2 A
“. ® ol
a A
= =
= =
8 8 04+
e B
- 02}
0 2 4 6 8 10 12 14 s 0 2 4 6 8 10 12 14 16 18 20
Grain height, nm Grain height, nm
a b

Fig. 2. Grain-height distribution on the AFM image of thin B-Ga,0O; films
obtained by RF sputtering: (a) without heat treatment, and (b) after ther-
mal treatment in argon atmosphere.
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decrease in the concentration of grains in thin B-Ga,0; films after
thermal treatment (Fig. 1) indicate the possibility of the transition
of the surface of thin B-Ga,0; films after thermal treatment in a
more nanostructured state due to the crystallization of the surface
layer.

The characteristic size distributions of grain diameters of thin p-
Gay,0; films depending on the thermal treatment are shown in
Fig. 3.

In a thorough review [11], the growth of crystal grains and the
evolution of crystal structures are analyzed, and it is shown that
polycrystalline thin films with a thickness of about 1 um or less,
that is characteristic for our studied B-Ga,0; films, often have 2D-
like structures. In such structures, the most grains’ boundaries are
perpendicular to the film surface. Most materials analyzed in [11]
form films with nonequilibrium grains, the size of which is smaller
than the film thickness, and they form two-dimensional structures
only after thermal treatment. Based on numerous results in [11], it
was also concluded that the formation of grains in thin films is dif-
ficult-to-describe accurately on the basis of model representations
or using comparisons with experimental analyzes used for the study
of foam or monolayers. In the general, the grain sizes in polycrys-
talline films are lognormally distributed by size.

In some cases, further grain growth occurs due to ‘abnormal’
growth or predominant growth of several grains, which usually
have specific crystallographic orientation ratios relative to the sub-
strate surface plane. This situation is most likely characteristic of
thin B-Ga,0; films, which are obtained by us and characterized by a
well-developed structure of the x-ray diffraction spectrum [10].
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0 20 40 60 80 100 120 0 30 60 90 120 150 180 210

Grain diametr, nm Grain diametr, nm
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Fig. 3. Distribution of grain-diameter sizes and calculated approximation
of the diameter distribution on AFM images of thin B-Ga,0; films: (a)
without thermal treatment, and (b) after thermal treatment in argon at-
mosphere.
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TABLE 2. Maxima on the approximation of the distribution of grain-
diameter sizes of thin 3-Ga,0; films.

Film of B-Ga,0; | dy, nm | dy,nm | dy,nm | dy/d, |  dy/d,
Without thermal
treatment (I) 7 24 39 3.43 1.63
Thermal treatment in 30 108 178 3.60 1.65
argon atmosphere (II)
d(11)/d (1) 4.29 4.50 4.56

When the number of growing grains leads to a ‘matrix’ of grains
outside the static boundaries, a bimodal size distribution of grains
develops, that is called the growth of secondary grains [12]. The
grains, which grow abnormally, often have a limited or uniform
texture. The growth of secondary grains in thin films usually in-
volves evolution in the distribution of grain textures as well as evo-
lution in the distribution of grains by size.

Our results of grain-size diameter distribution for thin B-Ga,O,
films (Fig. 3) show that, regardless of the presence of thermal
treatment of these films, at least, a trimodal distribution is ob-
served, that is most likely characterized by growth of not only sec-
ondary grains but also tertiary ones. Since this situation is typical
for freshly applied films without thermal treatment, the growth of
secondary and tertiary grains occurs in the process of RF spraying
of thin films. The characteristic maxima on the approximation of
the distribution of grain-diameter sizes of thin B-Ga,O; films and
some relations between them are given in Table 2.

As can be seen from Table 2, the presence of thermal treatment
leads to an increase in grain size in the trimodal distribution, but
does not change the shape of the distribution. This is confirmed by
fairly close values of the ratios of primary, secondary and tertiary
maxima in the distribution of grain-diameter sizes in films both
without thermal treatment and in the presence of thermal treat-
ment. In addition, the close values of the ratio d,(II)/d,(I) indicate
that, in the process of thermal treatment, there is an almost uni-
form increase in the size of the grain diameters of the primary,
secondary and tertiary maxima distribution of grain diameters.

4. CONCLUSIONS

It has been established that, during RF ion-plasma sputtering, thin
B-Ga,05 films consisting of nanometer grains are formed. According
to AFM data, it is shown that the presence of thermal treatment in
an argon atmosphere leads to an increase in the average diameters
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of nanocrystalline grains from 19.6 to 67.2 nm. Based on the analy-
sis of grain-diameter size distribution results, it was found that,
regardless of the presence of thermal treatment, the trimodal dis-
tribution is observed in thin B-Ga,0; films due to the growth of sec-
ondary and tertiary grains, which occur in the process of RF depo-
sition of thin films. The presence of thermal treatment does not
change the shape of the established trimodal distribution and leads
to a uniform increase in grain diameters of the primary, secondary
and tertiary maxima of the distribution of grains’ diameters.
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In the present research, thin films of zinc oxide (ZnO) are elaborated by
solar spay pyrolysis method with using solar energy to heat glass sub-
strate at 450°C in ambient atmosphere without any special conditions.
This method was developed in our laboratory using simple tools. The zinc
acetate with a molarity of 0.1 M was sprayed with deferent deposition
rates (7, 11 and 13 ml). The effect of such depositions on the structural,
optical, and electrical properties is examined by using x-ray diffraction
(XRD), ultraviolet and visible spectroscopy, and four-point probe method,
respectively. The analysis of properties shows that ZnO films are polycrys-
talline with the preferential orientation (002) and are crystallized in the
wurtzite-phase type. The grain size increases to 23 nm, then decreases
until it reaches 16 nm. The direct band-gap value decreases from 3.30 to
3.28 eV, when the thickness increases from 126 to 148 nm. As revealed,
the conductivity varies with film thickness.

Y mpomy mocaimskeHHI TOHKI maiBKuM okcuay nuHKY (Zn0) 6yau pospobieni
MEeTOZO0I0 COHSAYHOI IMipoJisu MyJbBepPMU30BAHOTO IIapy — 3a JOIIOMOI0I0 BU-
KOPHUCTAHHSA COHAYHOI eHeprii AJsA HarpiBaHHS CKJIAHOI HiAKJIaIWHKHK 3a
remreparypu y 450°C y armocdepi HaBKOJUIITHLOTO cepemoBUINA 0e3 KO-
HUX ocobsmBuX yMoB. 1o MmeTomy OyJsio po3pobsieHo B Halriii JabopaTopii 3a
JOIIOMOT'OI0 IIPOCTUX iHCTPYMEHTiB. AleraT IUHKY 3 MoJapHictio y 0,1 M
POBMIOPOIITYBaSIX 3a PisHUX HMIBUAKOCTel ocamkeHus (7, 11 i 13 mua). Buaus

o

TaKUX OCAJKEeHb Ha CTPYKTYPHi, ONTUYHI ¥ eJeKTPUYHI BJIAaCTHUBOCTI JOCJi-
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I:KYyBaJU 3a JOIIOMOTOI0 peHTreHiBcbkoi mudpakrmii (XRD), yasrpadionero-
BOi Ta BUAMMOI CIIEKTPOCKOIIiIl Ta YOTUPOTOUKOBOI 30HAOBOI METOIM BiAmo-
BimHO. AmaJsriza BJIACTHMBOCTEM IOKasye, 1Mo MIiBKM ZnO € moJikpucramsiu-
HUMU 3 mepeBaskHoio opieHTarieo (002) Ta Kpucramisyiorbea v (asi BiopT-
muToBoro Tuny. Poamip 3epHa 30inbmryeTbea m0 23 HM, HOTIiM 3MEHIITYETHCS
Io pmocarHeHHs 16 HM. BemunumHa 3a60pOHEHOI eHePreTWYHOI 30HW 3 Mps-
MHUMH IIepexofaMu 3MeHINnyeThbcs Bixg 3,30 mo 3,28 eB, xomu ToBiuHaA 36i-
JbItyeTbes Big 126 go 148 um. BusBieHa eJeKTPONPOBiAHICTh 3MiHIOETHCA
3aJIe’KHO BiJ TOBIIMHU ILJIiBKHU.

Key words: ZnO, thin films, deposition rate, solar spray pyrolysis tech-
nique.

Karouosi ciaoBa: ZnO, TOHKI miIiBKM, MIBUAKICTE OCAm)KEeHHA, METOLUKA CO-
HAYHOI IIipoJIisy myJIbBepU30BaHOTO IIIAPY.

(Received 24 March, 2020 )

1. INTRODUCTION

Zinc oxide (ZnQO), which is one of the most important II-VI semi-
conductor materials, is semiconductor with a wide direct energy
band gap of 3.37 eV [1]. At room temperature, ZnO has a hexagonal
wurtzite-type structure and a natural n-type electrical conductivity;
whereby changing the annealing conditions and doping, the resistiv-
ity may be adjusted by order of magnitude to 10™* Ohm-cm [2]. Re-
cently, ZnO takes some important part of researching, because it
has high chemical and mechanical stability that allows it to be used
in photovoltaic cells [3]; his wide direct band gap makes it trans-
parent for a large wavelength range in the solar spectrum [4]; ZnO
has considerable thermal stability in hydrogen plasma atmosphere,
low electrical resistivity [5], and low cost price. All these properties
make it the most important transparent conducting oxides [6]
(TCO). Several deposition techniques have been widely used to pro-
duce TCO films, namely, RF magnetron sputtering [7], molecular
beam epitaxy (MBE) [5], reactive thermal evaporation [8], pulsed
laser deposition (PLD) [9], chemical vapour deposition [10], electro-
chemical deposition and spray pyrolysis technique (SPT) [11].
Among these methods, spray pyrolysis has many advantages to al-
low it to be the most appropriate technique for producing thin films
such as simpler and inexpensive one and taking a hand to obtain
films with the efficient properties for optoelectronic applications.

In this work, we deposited thin ZnO films on glass substrate, us-
ing solar spray pyrolysis technique, and we have studied the impact
of deposition rate on the structural, optical, and electrical proper-
ties of thin ZnO films. The main goal for this research is to find
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optimum information on deposition rates, which give reliable prop-
erties, and use renewable energy such as solar energy to produce
semiconductors.

2. EXPERIMENTAL

The spray pyrolysis technique permits to obtain thin films of metal
oxides with the required properties, as it is the case for the ZnO
material. In this method, the solution precursor was prepared by
dissolving 0.1 M (Zn(CH,COO),, 2H,0) in deionised water. To stabi-
lize and acquire transparent solution, we have added a few drops of
concentrated hydrochloric acid (HCl) and stirred the mixture at
60°C for 120 min. Before started spraying the solution, we had tak-
en R217102 glass with 30 cmx7.5 cmx0.1 cm as substrate and
cleaned it. To heat the substrates, we had used the solar cells’
method, wherever, we have fabricated solar parabolic concentrator
as shown in Fig. 1; the sun rays fall on a mirror coated parabolic
surface (reflector), reflecting toward the area where the substrates
are placed (receiver). When Zn precursors sprayed over a hot sub-
strates glass, a pyrolytic process occurred, and ZnO films were pro-
duced. The possible reaction proposed by Paraguay et al. [12] is as
follows:

ZnO(CHSCOO)Z(solid near subsrtrate) % 4zn(CH3COO)2(gas near substrate) +
+H,0 adsorbtion Zn,O(CH;COO)g corbed substrate) T

(CHSCOO)(gas near substrate) T and —_— Zn04 (CH3COO)G(adsorbed/substrate) +
+3H,0 — 4Zn0 +6CH,CO0H,_, T

(film/substrate) (gas) °

The Bruker AXS-8D diffractometer with CuK, radiation (A=
=0.15406 nm) was employed to record the XRD pattern of the de-

Fig. 1. The experimental setup.
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posited thin ZnO films. The optical transmittance of the as-prepared
thin ZnO films was recorded in the range of 300-900 nm by an ul-
traviolet—visible spectrophotometer (SHUMADZU UV-1800). Final-
ly, the electrical resistivity of the resulting films were investigated
using four-probe methods with Keithley 2400-LV Low Voltage
SourceMeter instrument at the room temperature.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure of Thin ZnO Films

The x-ray diffraction patterns of the solar spray-deposited thin ZnO
films are shown in Fig. 2. As can be noticed, there are seven obvi-
ous peaks corresponding to (100), (002), (101), (102), (110), (103)
and (112) planes. The XRD spectrum shows well that all films are

Fig. 2. X-ray diffraction spectra of thin ZnO films at different deposition
rates.

TABLE 1. Recapitulating measured values of Bragg angle (20), the inter-
planar spacing (d), the full width at half-maximum (FWHM), the crystal-
lite size (G), and lattice parameters (¢ and a) for thin ZnO films as a func-
tion of deposition rate.

Deposition FWHM,
d, A

rate, ml degree

07 002 33.89 2.64461 0.62 12.26 5.28922 3.305192

11 002 33.75 2.65528 0.32 23.43 5.31056 3.232482

13 002 34.01 2.63565 0.45 16.72 5.2713 3.326635

hEl|20, degree G, nm c, A a, A
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polycrystalline in nature with a hexagonal wurtzite-type structure
(JCPDS card no. 036-1451) [13]. The XRD patterns of all the sam-
ples indicated increased intensities for the peaks due to the increas-
ing in thickness or the quantity of precursors deposed [14]. As can
be seen, the (002) plane indicates preferential orientation along the
c-axis. The full width at half-maximum (FWHM), B, of thin ZnO
films for (002) plane is given in Table 1. As the thickness increases,
FWHM of thin films shows an increase and then decrease. The lat-
tice parameters ‘a’ and ‘¢’ were calculated using the lattice spacing
(d,) of (002) plane and the following relation [15]:

1
4h*+hE+E 122
dhkl:(——+—] ) (1)

3 a’ c*

The crystallite size of thin ZnO films (G) was calculated using a
well-known Scherrer’s formula [16]:

G- 0.92 ’ @)
BcosH
where A is the x-ray wavelength (of 1.5406 A), B is the observed an-
gular width at half-maximum intensity (FWHM) of the peak, and 6
is the Bragg’s angle.

Figure 3 shows the variation of crystallite size as a function of
deposition rate; it can be observed in Fig. 3 that the crystallite size
increases until reaching the value of 23.43 nm, which corresponds
to the deposition rate of 11 ml indicating by an improvement in the

Fig. 3. The variation of crystallite size as a function of deposition rate for
thin ZnO films.
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crystallinity [17], then deceases that provides an adequate explana-
tion for the deterioration in the crystallinity of the films. The c-
axis strain (g,,) values have been calculated using the following
equation [18]:
g=S"% 100%, 3)
Co

where ¢ is the lattice parameter of the thin films calculated from
the x-ray diffraction data, and ¢, is the lattice parameter of bulk
ZnO (standard c,=0.5206 nm). Table 1 gives the variation of values
of Bragg angle (20), the interplanar spacing (d), the full width at
half-maximum (FWHM), the crystallite size (G), and lattice parame-
ters (¢ and a) for thin ZnO films as a function of deposition rate.

3.2. Optical Properties of Thin ZnO Films

The impact of deposition rate on the optical transmittance of the
Zn0O samples is shown in Fig. 4. As the thickness increases and,
therefore, the deposition time increases, the transmittance of films
decreases; this result was expected, as the deposition time is in-
creased, the absorbance of photons in a material increases. Addi-
tionally, the roughness is proportional to the thickness that pro-
vides increasing in multiple internal reflections at the surface and
gives an adequate explanation for the decreasing in transparency
level [14].

For further study of the effect of deposition rate on optical pro-
prieties of thin ZnO films prepared by solar spray pyrolysis, we use
the transmission spectra recorded within the 300-900 nm wave-
length region to calculate band gap energy (E,) and Urbach energy
(E.)-

The E, value is calculated by means of the Tauc plot and using
the following relation [19]:

(Ahv)* =C(hv-E,), (4)

where A is the absorbance, C is a constant, Av is the photon energy,
and E, is the band gap energy of the thin films. Figure 5 shows a
variation of (Ahv)® as a function of (hv) used to inferring optical
band gap E,. The Urbach tail energy (E,) is expressed from the fol-
lowing relation [20]:

A:Aoexp(hv/Eu), ()]

where A, is a constant, Av is the photon energy, and E, is the Ur-
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Fig. 4. Transmission spectra T(A) of thin ZnO films for different deposi-
tion rates.

Fig. 5. The typical variation of (Ahv)? vs. photon energy for all deposited
thin ZnO films as a function of deposition rate.

bach energy. The values of E, and E, are mentioned in Table 2. As
it can be seen in Fig. 6, the E, values estimated decrease slightly
from 3.30 to 3.28 eV. In contrast, the E, values increase with the
thickness. This is due to disorder in the film [21].

3.3. The Electrical Resistivity of Thin ZnO Films

The electrical resistivity was measured by the Keithley electrometer
2400 using the four-probe method with a closer temperature, where
a constant current is applied to the films and the different voltages
are concluded. Figure 7 shows the variation of the electrical resis-
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Fig. 6. The variations of optical band gap E, and Urbach energy E, for
thin ZnO films with deposition rate.

TABLE 2. Recapitulating measured values of band gap energy (E,), Urbach
energy (E,), and electrical resistivity (p) for thin ZnO films as functions of
deposition rate.

Deposition rate, ml E, eV | E,, meV | p, Q-cm
07 3.30 123.2 1.19
11 3.29 145.6 0.01
13 3.28 190.0 0.08

tivity p of ZnO at different deposition rates; it can be observed that
the resistivity decreases from 1.19 to 0.01 Q-cm with the deposition
rate increasing from 7 to 11 ml; then the resistivity slightly in-
creases reaching 0.08 Q-cm as the deposition rate increases to
13 ml. The decrease of resistivity from 1.19 to 0.01 Q-cm can be
explained by the improvement in the crystallite size that causes the
decrease in grain-boundary scattering [14]. As for the increase in
resistivity, this is due to deterioration of the crystallinity.

4. CONCLUSIONS

In the present study, solar spray deposition method was used to
fabricate ZnO films for different thicknesses (7, 11 and 13 ml). The
impact of deposition rate on the structural, optical, and electrical
properties is studied and found to be influenced. The XRD results
show that the films are polycrystalline of the hexagonal wurtzite
type, and the (002) plan was preferred orientation. The crystallite
size increases until it reaches 23.43 nm and then decreases to 16.72
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Fig. 7. Electrical resistivity of thin ZnO films at different deposition rates.

nm perhaps due to crystallinity case. Optical proprieties show that
the transmittance decreases when the deposition time increases,
and, with increasing of the film thickness, the values of band gap
energy and Urbach energy change oppositely. The smallest recorded
value of E, is of 3.28 eV, whereas the Urbach energy is of 190.0
meV, and the deposition rate corresponds 13 ml. The low result of
the electrical resistivity (0.01 Q-cm) is achieved at highest value of
crystallite size.
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Zinc-oxide nanoparticles have been synthesized by using an easy, cheap, and
rapid green method, namely, hydrothermal method with the assistance of
stainless-steel autoclave at two different temperatures (100°C and 150°C),
and their structural, optical, and chemical properties are investigated. XRD
analysis identified the hexagonal wurtzite-type structure of ZnO nanoparti-
cles as well as indicated that the crystallite size increased from 10.08 nm to
37 nm along with the elevated growth temperature from 100°C to 150°C. The
transmittance spectra showed a sharp decrease in the transmittance after
crossing a certain wavelength that was the strong evidence of cut-off wave-
length for the transmittance of ZnO nanoparticles. The observed band gaps
from the Tauc plot were of 3.60 eV and 3.05 eV at growth temperature 100°C
and 150°C, respectively. The FTIR spectrum showed the incomplete removal
of organic solvent. However, more organic-solvent presence was observed at
high growth temperature indicating existence of more impurity compared to
lower growth temperature.

HamouacTuHKM OKCHAY IIMHKY OyJM CHHTE30BaHi 3a JOIOMOIrOI0 IPOCTOi,
IeImieBoi Ta IMBUAKOI 3eJeHOI MeToAu, a caMme, TigpoTepMiuHOI MeToau 3a
JIOTIOMOT'0I0 aBTOKJIaBY 3 HeipskaBifiHOl KpuIli 3a JBOX Pi3HUX TeMmepaTyp
(100°C ra 150°C), a ixHi CTPYKTYpPHi, OIITHYHI Ta XeMiuHi BJIACTHUBOCTI JOC-
JimxyoTbesa. PenrrenorpadgiuHa aHasmiza BUsSBMJIA I'eKCATOHAJBHY BIOPTILH-
THOTO TUITY CTPYKTYPY HamouacTMHOK Zn0, a TakoK IMMoKasaJja, IIf0 Po3Mip
KpucrajitiB 30imbmusea Big 10,08 um mo 37 HM pasoM i3 IigBHUIIEHOIO Te-
mrepatyporo pocty Bim 100°C go 150°C. CoeKTpu IpoOmyCKaHHS IIOKa3ajiu
pisKe 3MeHIIEHHSA NPONYCKAHHA IMiCJA IepPeTUHY NEeBHOI AOBKUHU XBUJI,
10 CTaJI0 BaroMUM CBiJUeHHAM TIPaHWYHOI MAOBKWHU XBWUJI JJIA IIPOITyC-
kKamua HaHouacTuHkamMu Zn0O. Cmocrepe:xkyBaHi IMIupWHU 3a00poHEHOI (eHe-
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pretuunoi) 3oHM Ha Taykosili mimaHmi cranoBuau 3,60 eB i 3,05 eB 3a Te-
mueparypu pocty y 100°C i 150°C Bigmorizuo. IH(pauepBoHMl creKkTep Ha
ocHOBI @yp'e-IepeTBOPY MOKA3aB HEIOBHE BUAAJEHHS OPraHiuYHOTO PO3UMH-
Huka. OgHaK crocrepirasmocda 6isibllle TPHUCYTHOCTH OPraHiYHOTO PO3UMHHU-
Ka 3a BHCOKOI TeMIepaTypu POCTY, IIIO0 BKa3ye Ha HASABHICTH OiJbIIOi Kijb-
KOCTH JOMIIIIOK IIOPiBHSAHO 3 HUKYOIO TeMIIEPATypPOI0 POCTY.

Key words: ZnO nanoparticles, hydrothermal method, autoclave, optical
properties, XRD, FTIR.

Karouosi croBa: manouactTuuku 7Zn0, rigporepmiuma MeTona, aABTOKJIABHE
00po06JIeHHS, ONTHYHI BJIACTMBOCTi, PeHTreHiBcbKa aumdpakrmisa, imdpauep-
BOHA CIIEKTPOCKOIiA HAa OCHOBI ®yp e-mepeTsopy.

(Received 3 July, 2020)

1. INTRODUCTION

Semiconducting nanomaterials have unique optical, mechanical,
electrical, magnetic, electrical properties, which make promising
application in the field of solar cells (photovoltaic cells), optical
planar waves’ guides, electronics, catalysis, optical communication,
energy storage, sensing, data storage, transmission, environmental
protection, cosmetics, and light emitting devices (LEDs) [1-3].
Among all of the classes of semiconducting nanomaterials, prepara-
tion and applications of the metal-oxide nanostructures play a vital
role in many areas of chemistry, physics, and materials science [4, 5].
Zinc-oxide nanoparticle is one of the II-VI materials, and it has
some of the advantages over the other semiconducting materials [6]
such as high electron mobility with undoped state, high thermal
conductivity, good transparency, large breakdown field due to high
band gap. It can also be used in the high-temperature operation due
to its thermal stability. It is a direct band-gap material having the
direct band gap of 3.37 eV at room temperature, and its binding
energy is of 60 meV [7], whereas the binding energy of GaN is of
28 meV [8]. All these novel properties of ZnO nanoparticles have
attracted the researchers to focus on synthesis, characterization and
device application of ZnO nanomaterials. ZnO nanostructures have
high demand in the technological application, and this demand en-
forces the researchers and scientists for the development of the syn-
thesis techniques of high-quality zinc-oxide nanostructures. All of
the synthesis techniques of nanomaterials can be classified in two
classes. If the small building blocks congregate to form a larger
structure, then it is called ‘Bottom Up’ method where the main con-
trolling parameters are morphology, crystallinity, particle size, and
chemical composition [9]. Another synthesis technique is named as
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‘Top Down’ method where the larger objects are altered into smaller
structures [10]. The variety of nanostructured materials such as,
nanowires [11], nanotubes, nanorings, nanotetrapods have been syn-
thesized by chemical vapour deposition method [12], thermal evapo-
ration method [13], sol-gel method [14], co-precipitation method
[15], hydrothermal method [16—20], electrodeposition method [21],
and chemical bath deposition method [22].

This research mainly focuses on the hydrothermal synthesis tech-
nique for ZnO nanoparticles to control over size. The hydrothermal
method is a synthesis technique that grows crystals and nanocrys-
tals using reactions in a liquid medium at elevated temperatures
and pressures. There are numerous advantages of the hydrothermal
method including aggregate reduction resulting in monodispersity,
ability to morphological control of the final products, and crystal-
line product [23]. The main interest of this research work focuses
on the growth parameters, which influence the synthesis of ZnO
nanostructures in a significant scale.

2. EXPERIMENTAL

The ZnO nanomaterials were synthesized by using autoclave assist
hydrothermal process. The total synthesis process was maintained
under low temperature. We designed a desired shaped (cylindrical)
autoclave for low-cost production of ZnO nanoparticles. We made
such an arrangement that prevented any kind of leakage inside the
autoclave, which is necessary for the production of ultrafine metal-
oxide nanoparticles.

Firstly, stock solutions of Zn(CH,COO),-2H,0 (0.1 M) was pre-
pared in 50 ml methanol under stirring. To this stock solution, 25
ml of NaOH (0.3 M) solution prepared in methanol was added under
continuous stirring. Then, these solutions were transferred into
stainless-steel autoclaves and maintained at various temperatures in
the range of 100-150°C for 6 hours under autogenous pressure. It
was then allowed to cool naturally to room temperature. After the
reaction was complete, the resulting white solid products were
washed with methanol, filtered and then dried in air in a laboratory
oven at 60°C.

All of these steps can be described as follows:

Zn(CH,CO0), + NaOH —> Zn(CH,COO)OH + CH,COONa ,
Zn(CH,COO)OH + NaOH —> ZnO + CH,COONa + H,0 .

To get fine grain powders to maximize surface area, to reduce
particle size and to get a homogeneous mixture, powder was milled.
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3. RESULTS AND DISCUSSION

The ZnO nanomaterials were synthesized by using autoclave at two
different temperatures (at 100°C and 150°C) and characterized by x-
ray diffractometry (XRD), UV-Vis Spectroscopy and Fourier-
transform infrared spectroscopy (FTIR) for structural, optical, and
chemical properties’ study, respectively.

3.1. X-Ray Diffraction Analysis

Structural analysis of the sample has been done by powder x-ray
diffraction method using a computer-controlled GBC EMMA x-ray
diffractometer with CuK, radiation (under operating voltage of
40 kV, current of 40 mA and maximum temperature of 1600°C) us-
ing wavelength of 1.5406 A. The scanning angular range was
10° <20 < 70° to get possible fundamental picks for each sample.
The results of x-ray diffraction for increasing growth tempera-
tures are shown in Fig. 1, a. The XRD spectra show typical hexago-
nal wurtzite-type structure of ZnO with respect to standard card
(JCPDS No. 79-0208). The crystallite sizes of ZnO were calculated
using the Debye—Scherer's formula [24]: D = 0.92/(Bcos0), where A,
0 and B are the x-ray wavelength (1.54056 A), Bragg’s diffraction
angle and line width at half-maximum of the ZnO (101) diffraction
peak, respectively. The crystallite size of the ZnO nanoparticles in-
creased from 10.08 to 37 nm with an increase in growth tempera-
ture from 100 to 150°C. It was observed that the XRD-peak broad-
ening decreases, while the intensity increases confirming an im-
proved crystal quality with increased growth temperature. Expan-

a b

Fig. 1. (a) X-ray powder diffraction pattern and (b) comparison of changes
in peak intensity and positions for ZnO nanoparticles prepared at 100°C
and 150°C growth temperature.
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sion of the lattice due to increased growth temperature is responsi-
ble for increase in lattice parameters a and ¢ determined by the fol-
lowing equation:

&2 3

1 4(R+hk+E I’
sfpemer).
where d is interplanar spacing, h, k, [ are the Miller indices, a, ¢
are the lattice parameters. For hexagonal structure, a=b+#c and
a=p=90° y=120°.

The volume of the unit cell was calculated by using the following
formula [24]:

B

V =""d’.
2

Zn—0-bond length was calculated by using the following relation [25]:

where the u parameter for the wurtzite-type structure is given by

2
L= _10.25.
3c

Now, different measured properties of nanostructured ZnO materi-
als have been calculated and tabulated in Table. The c¢/a ratio is ob-

TABLE. Different measured properties of ZnO nanoparticles.

Lattice Parameters, A = ot
< < .
s |8 p
a=b c X = f:
g g Z ap
o o] - =1
Sample Tg = Tg = g 3 ® =
o =l = =l S g o0 o
3} = O = ~ < o
g 8 g 8 © = ) 8
= ® 0 @ o 8 3
&, = 3 = 2 ® ]
x % X % o = §
€] < = < -
at 100°C 3.25 5.22 1.6062 47.7494 2.47492 1.9795
3.250 5.207

at 150°C 3.26 5.23 1.6043 48.1357 2.46949 1.9848




182 A. K. M. SHAHABUDDIN, Nasrin JEWENA, Sujan Kumar DAS et al.

served to decrease with the increasing the growth temperature. The
average ratio of lattice parameters, c/a, is of approximately 1.60525
that is slightly greater than the ASTM standard value (1.60215). The
interplanar spacing has been decreased due to small shift in 20 due to
increase in growth temperature. The unit-cell volume and Zn—0-bond
length were found to be increased with the increase of synthesis tem-
perature. Similar trend was observed from the particle size data. It is
observed that the values of lattice parameters, volume of unit cell and
interplanar spacing are in good agreement with the ASTM standards.
Again, the values of Zn—0-bond length are also in good agreement with
the result obtained by Ilican et al. [26].

Figure 1, b shows how the peak intensity of the particles decreas-
es continuously with the increase in growth temperature and as
width of the peaks gets narrower. Maximum emission intensity was
observed for growth temperature of 150°C, while maximum peak
width was at 100°C. As the particle becomes thicker, the crystalline
quality is improved, and preferred orientation of the grain is en-
hanced. The decrease of the FWHM with increasing growth temper-
ature could be due to the coalescence of grains at higher tempera-
tures leading to increase in the average crystallite size. According
to Ostwald ripening, the increase in the particle size is due to the
merging of the smaller particles into larger ones [27].

3.2. Optical Properties Analysis

The optical properties of the synthesized ZnO nanoparticles have
been studied by using the UV-Vis spectroscopy. The absorbance,
reflectance and transmittance are recorded with the variation of in-
cident-photon wavelength in the range from 190 nm to 1100 nm

a b

Fig. 2. UV-Vis (a) absorption spectra and (b) transmission spectra of ZnO
nanoparticles prepared at temperatures of 100°C and 150°C.
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with 1 nm wavelength step. By using the absorbance, reflectance
and transmittance data, the extinction coefficient, optical band gap,
refractive indices, and dielectric constants have been calculated.

UV-Vis spectrum in the absorption mode is measured at room
temperature for different ZnO samples while dispersed in methanol
and shown in Fig. 2, a.

Absorption peaks are centred at 373 nm, 365 nm at 100°C and
150°C temperatures, respectively, that are considerably blue-shifted
relative to the absorption onset of bulk ZnO because of the quantum
size effects were found. This UV-absorption peak confirms the for-
mation of nanosize zinc-oxide particles [28].

Figure 2, b shows the transmittance spectra for the ZnO nanoparti-
cles. The sharp drop in transmission at relatively short wavelengths
compared to the bulk material is indicative of the formation of ZnO
nanocrystals. The transmittance spectra show a sharp decrease in the
transmittance, and after crossing a certain wavelength, it does not
show the same character and becomes almost straight line.

The optical transition involved in the thin films can be deter-
mined on the basis of the dependence of absorption coefficient (a)
on hv by using the Tauc relation: ahv = B(hv - E,)", where E, is the
optical energy gap between the bottom of the conduction band and
the top of the valence band, the value of B is a constant, and n is
the index, which can assume value of 0.5 for indirect transition and
2 for direct transition.

The energy band gaps E, for all the samples were obtained from the
plot of (ahv)? against hv by superimposing an extra-plotted line on the
energy axis at straight line portion, as shown in Fig. 3, a. The values of
E, obtained were of around 3.60 eV and 3.05 eV at two different tem-
peratures. It was observed that, by increasing the temperature, the
grain size of the particles increases but the band gap decreases (Fig. 3,
b). It is also a size-dependent property of nanomaterials, which testi-
fies to that, by decreasing the size of nanomaterials, the band gap of
the particles increases in a significant way [29].

The extinction coefficient, &, can be calculated from o using the
relation: o =4nk/)A, where, A is the wavelength. The variations of &
with hv for copper-oxide nanoparticles at different temperatures are
shown in Fig. 4, a. It is seen from the plot that the extinction coef-
ficient, k, decreases with the increase in photon energy.

The refractive index (n) of the nanoparticles was calculated from
the following equation:

1+R 4R b2
n= + s—k|
1-R \1-R)

where R is the reflectance and k is the extinction coefficient.
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From the graph (Fig. 4, b), it was observed that the refractive

a b

Fig. 3. (a) Band gap determined from the Tauc plot and (b) relation between
band gap and particle size of the ZnO nanoparticles at different temperatures.

a b

Fig. 4. (a) Variation of extinction coefficient with incident-photon energy
and (b) variation of extinction coefficient with incident-photon wavelength
for ZnO at different temperatures.
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a b

Fig. 5. Incident-photon wavelength-dependent (a) real and (b) imaginary
dielectric constants for ZnO nanoparticles at different temperature.

index of the particles decreases exponentially by increasing the
wavelength of the incident photon.

The dielectric constant of material is a quantity related to the
refractive index. It is a measure of insulation. The dielectric con-
stant of ZnO nanoparticles can be expressed by the relation:

e=g¢, +ig;,

where ¢, and ¢; are the real and imaginary parts of the dielectric
constant, respectively. The real and imaginary dielectric constants
can be calculated with the equations as follow below:

e, =n’—Fk, ¢ =2nk.
Now, we can see the figure of dielectric constant vs. wavelength

in Fig. 5, a, b. It is observed that real dielectric constant increases
with the increase in wavelength.

3.3. Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy study of ZnO nano-
particles at different temperature was performed for the composi-
tional study of ZnO nanomaterials. The FTIR spectra of the samples
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Fig. 6. FTIR spectrum of ZnO nanoparticles at temperatures of 100°C and
150°C.

were recorded at room temperature using the IR Tracer-100 in the
wave-number range of 400—4000 cm™ and presented in Fig. 6. Ab-
sorption peaks were found approximately at 485, 1022, 1406, 1587
and 3406 cm™ from FTIR spectrum. In the given figures on the ax-
is of wave number, the absorbance peaks around 3400 cm™, approx-
imately 1587 cm™, 1022 cm™, and approximately 485 cm™ are the
peaks representing the hydroxyl (—OH) groups, organic group of
carbon (carbonyl carbon C=0), probably due to the nitrate (NOyi)
group, and zinc and oxygen (Zn—0) [30, 31] groups, respectively.
The results show the incomplete removal of organic solvent. Howev-
er, more organic-solvent presence is observed at high growth tem-
perature, indicating presence of more impurity compared to lower
growth temperature. Therefore, it can be concluded that no signifi-
cant impurities are present in the sample.

4. CONCLUSIONS

The ZnO nanoparticles have been synthesized by using an easy,
cheap, and rapid green method, namely, hydrothermal method with
the assistance of stainless-steel autoclave at two different tempera-
tures maintained at furnace. The influences of temperature and
some other growth parameters on structural, optical and some
chemical properties of metal-oxide nanoparticles (ZnO) were inves-
tigated by using some advanced techniques like x-ray diffraction
(XRD), UV-Vis spectroscopy and Fourier-transform infrared (FTIR)
spectroscopy. XRD analysis identified the hexagonal wurtzite-type
structure of ZnO nanoparticles and indicated that the grain size of
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the crystal increased from 10.08 nm to 37 nm along with the ele-
vated growth temperature from 100°C to 150°C. It was also ob-
served that the XRD-peak intensity decreased with the higher
growth temperature that confirmed an improved crystallinity at
lower temperature. From the UV—-Vis spectroscopy, it was observed
that the absorption peaks are centred at 373 nm and 365 nm at
100°C and 150°C temperatures, respectively, that is considerably
blue-shifted. The transmittance spectra showed a sharp decrease in
the transmittance after crossing a certain wavelength that was the
strong evidence of cut-off wavelength for the transmittance of ZnO
nanoparticles. The UV-Vis-study depicted increase in grain size,
but the decrease in band gap with the elevated temperature that is
the obvious indication for the size-dependent property of nano-
materials. The transmission of FTIR spectra confirmed the presence
of the hydroxyl (—OH) groups, organic group of carbon (carbonyl
carbon C=0), probably due to the nitrate (NOs)) group, and zinc
and oxygen (Zn—0) groups, respectively. The results showed the in-
complete removal of organic solvent. However, more organic-solvent
presence was observed at high growth temperature, indicating pres-
ence of more impurity compared to lower growth temperature.
Hence, it can be concluded that the size of the ZnO nanoparticles
can be controlled by the synthesis temperature.
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Electroluminescence of Aluminium-Oxides’ Nanoparticles in
Overstressed Nanosecond Discharge Plasma in High-Pressure
Air
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The results of the study of the electroluminescence of aluminium-oxide
nanoparticles in plasma of an overstressed bipolar nanosecond discharge
ignited between aluminium electrodes at an interelectrode distance of 2
mm and under an air pressure in the range of 50—202 kPa are presented.
Aluminium vapour was introduced into the plasma due to microexplosions
of inhomogeneities on the surface of the electrodes in a strong electric
field (E). The plasma of the discharge under study is characterized by a
wide luminescence band in the spectral range of 300—430 nm, against the
background of which, spectral lines of aluminium atoms and ions as well
as nitrogen atoms and ions are observed. When air was replaced by argon
of the same pressure and under the same ignition conditions of the dis-
charge, these luminescence bands were absent. Based on the well-known
published data on photo- and cathodoluminescence of solid-state alumina
nanostructures, the broad luminescence bands from plasma were detected
and attributed to the emission of the F and F' centres formed by oxygen
vacancies in aluminium-oxide nanoparticles. The transmission spectra of
thin films synthesized on glass substrates from plasma products were
studied. Based on the BOLSIG+ program, the basic parameters of air
plasma with a small admixture of aluminium vapour were simulated for
the values of the E/N parameters (the ratio of the electric field (E) to the
total concentration of the mixture of aluminium and air vapours (X)),
which were realized in the experiment.

IIpencraBieHO pes3yJbTaTH [TOCHiI:KEHHs eJeKTPOJIoOMiHecIieHITii HaHouac-
TUHOK OKCUAY AaJIOMiHil0 B IIJIa3dMi HaJMipHO HamIpy:KeHOro OiloJIsIpHOTO
HAaHOCEKYHIHOTO PO3PALY, IO 3aIlaJIOEThCA MiK aAJIOMiHiAOBUMHU €JIEKTPO-
JaMUu Ha MisKeJeKTpPONHi#A Bimmani y 2 MM i 3a TUCKY HOBiTpA B AiAmasoHi
50-202 kIla. Ilapu ajOMiHi0O HOTpPANJAIN B IIJIa3My BHACJiJOK MiKpOBH-
OyxiB HeomHOpPiAHOCTell HA MOBEPXHi €JEeKTPOJ Y CUJILHOMY eJeKTPUUHOMY
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mosi (E). Ilmasma DOCHiAKyBaHOTO PO3PANY XapaKTepPU3YEThCA IMHPOKOIO
CMyYTOI0 JIIOMiHecIleHIlil B cmeKTpaidbHOMy miamasoui 300-430 um, Ha Tii
SAKOI cIocTepiraroThcs CHeKTpanabHi JiHii aTromiB i fiomiB Asromimiio, a Ta-
Kok aTtomu Ta imoum Hirporemy. Kosu moBiTpsA 3aMiHioBaau aproHOM 3 OJ-
HaKOBUM THUCKOM i 3a OJHAKOBUX YMOB 3aliMaHHS PO3PALY, IIi CMyru JIOMi-
HecreHItii BigcyTHi. Ha ocHOBIi BijoMux omyO6/iKoBaHMX HaHUX PO (GoTo- Ta
KaTOJOJIIOMiHECIIEHIiI0 TBEPAOTLJIFHNX HAHOCTPYKTYpP IJINHO3eMy OyJIO BHU-
ABJIEHO MIMPOKi cMyrm JIOMiHecIHeHIil 3 ITasMu, IO ITOACHIOBAJIOCS eMici-
ero F- i F'-meHTpiB, yrBOopeHux BakaHciaMu OKcCUI'eHy B HaHOYACTHHKAX
OKcUuIy ajifoMiHifo. BrBUeHO CIEeKTpPU IPOIYCKAHHS TOHKUX ILJIiBOK, CUHTEe-
30BaHUX HAa CKJIAHUX MMiAKJaAWHKaAX i3 IIJa3sMoBUX IpoaykTiB. Ha ocHoBi
nporpamu BOLSIG+ 06yi0 3MoAesbOBAaHO OCHOBHI IapamMeTpu IIOBiTpsaHOL
IIJIa3MMU 3 HEBEJIUKOIO AJOMIMIKOI0 mapiB AJfoMiHil0 AJIs 3HAUeHb ITapaMeTpiB
E/N, akux 0yJ0 peaysrisoBaHO B €KCIEePUMEHTI.

Key words: electroluminescence, nanostructures, aluminium, overstressed
nanosecond discharge, argon, air.

KarouoBi ciaoBa: eleKTPOJIIOMiHECIeHIlisI, HaHOCTPYKTYpPU, aJIOMiHill, HaI-
MipHO HaOpPYKeHUI HAaHOCEKYHIHUI PO3pAlL, aproH, IIOBIiTpPHd.
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1. INTRODUCTION

The results of a study of the characteristics and kinetics of process-
es in heterogeneous plasma based on mixed flows of buffer gas ar-
gon, an oxidizing agent—water molecules and aluminium dust—are
presented in Ref. [1]. In such plasma, the gas component, liquid
droplets, solids and plasma simultaneously coexist. The work is re-
lated to the search for effective and cheap hydrogen production
technologies based on the plasma-chemical oxidation of aluminium
in water vapour. Because of such a stimulated process, aluminium
dioxide is formed, and thermal energy is released [2]. Moreover, the
value of obtaining a hydrogen molecule does not exceed 1.5
eV/molecule that is much more economical than in the hydrolysis
method of producing hydrogen.

In Ref. [3], the characteristics and parameters of a high-current
vacuum-arc discharge in aluminium vapour were studied, which
were obtained by erosion of the electrodes at buffer gas pressures in
the range of 1-10% Pa. Aluminium plasma with an electron tem-
perature of 1200—2200 eV was obtained at an electron concentration
of about 10" cm™.

When using a subnanosecond high-voltage discharge between al-
uminium electrodes, the results of studying the characteristics of
aluminium atmospheric pressure plasma with the ectonic mechanism
of aluminium vapour injection are presented in Ref. [4].
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The use of aluminium plasma and oxygen-containing gases can be
used for the synthesis of nanostructures of aluminium oxides,
which in the form of thin films or powders can be used in the form
of luminophores that stimulates the study of new physical methods
of their synthesis [5, 6].

Currently, there are practically no works on the synthesis of
alumina-based nanostructures using pulsed discharges with the ec-
tonic mechanism [7] for the injection of aluminium vapour into ox-
ygen-containing gas plasma. The results of such studies of the syn-
thesis conditions and some characteristics of copper, zinc, and iron
oxides’ nanostructures are presented in Refs. [8-10].

This paper presents the results of a study of the synthesis condi-
tions and the electroluminescence characteristics of aluminium-
oxide nanostructures, which were synthesized in plasma of an over-
stressed nanosecond discharge between aluminium electrodes in air
and argon.

2. TECHNIQUE AND EXPERIMENTAL CONDITIONS

An overstressed nanosecond discharge in air or argon was ignited in
a 3-liter sealed dielectric chamber between aluminium electrodes. A
diagram of a gas-discharge plasma-chemical reactor for the synthe-
sis of nanostructured thin films of aluminium oxides is shown in
Fig. 1. The diameter of the cylindrical aluminium electrodes was 5

Fig. 1. The structure of the gas-discharge cell: 1 is the dielectric cell hous-
ing; 2 is the substrate fastening system for deposition of thin films; 3 is
the electrode spacing adjustment system; 4 is the metal electrodes; 5 is the
spatial deposition zone of the films; 6 is the glass substrate for films’ dep-
osition; 7 is a film based on the material of electrodes and fractions of air
plasma.
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mm. The radius of the rounded working end of the aluminium elec-
trodes was of 3 mm. The air and argon pressure varied in the range
of 5.3—-202 kPa. The distance between the electrodes was of 2 mm.
Aluminium vapour was introduced into the discharge gap due to
microexplosions of the inhomogeneities of the surface of aluminium
electrodes in a strong electric field of the discharge and the for-
mation of ectons [7].

To ignite the discharge, high-voltage bipolar pulses with a total
duration of 50—100 ns and amplitude of +20—40 kV were applied to
the electrodes.

The plasma volume depended on the repetition rate of voltage and
current pulses and, in the frequency range of 10-150 Hz, increased
from 8 to 25 mm?. The discharge was photographed, using a digital
camera, and as a scale, the distance between the electrodes was used
to determine the plasma volume. With an interelectrode distance of
1-2 mm, the discharge gap was highly overstressed. The nanosec-
ond discharge at a pressure of p=5-202 kPa was quite uniform
that was caused by the action of the preliminary ionization system,
which, in this case, can be played by a runaway electron beam and
the accompanying x-ray radiation [11].

The voltage pulses at the discharge gap and the discharge current
were measured, using a wide-band capacitive divider, a Rogowski
coil, and a 6-LOR 04 wide-band oscilloscope. The temporal resolu-
tion of this recording system was of 2—3 ns. The spatial characteris-
tics of the discharge were studied, using a digital camera. The pulse
repetition rate varied in the range f=35-1000 Hz. The plasma ra-
diation spectra were recorded, using an MDR-2 monochromator, a
FEU-106 photomultiplier, a direct current amplifier, and an elec-
tronic potentiometer. The radiation of the discharge plasma was an-
alyzed in the spectral range of 200-650 nm. The plasma-radiation
registration system was calibrated by the radiation of a deuterium
lamp in the spectral range of 200-400 nm and a gang lamp in the
range of 400-650 nm. The pulsed electric power of an overstressed
nanosecond discharge was determined by graphically multiplying
the waveforms of voltage and current pulses. The time integration
of the pulsed power made it possible to obtain energy in one electric
pulse, which was introduced into the plasma.

Nanostructured thin films based on the degradation products of al-
uminium electrodes and air molecules were deposited during 2—3 hours
of operation of the reactor in the form of a transparent thin film on
glass or quartz substrates, which were installed at a distance of 3 cm
from the centre of the discharge gap. The resulting films were studied
for light transmission in the visible wavelength range. The experi-
mental technique and technique for recording the transmission spectra
of synthesized films are described in Refs. [12, 13].
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3. ELECTRICAL AND OPTICAL CHARACTERISTICS

Figure 2 presents an oscillogram of a voltage pulse between the al-
uminium electrodes at an air pressure of 101 kPa. Due to the mis-
match of the output resistance of the pulse voltage generator and
the plasma resistance, the voltage pulse took the form of short os-
cillations decaying in time, as in Ref. [4] for such a discharge of
subnanosecond duration. The maximum range of the components of
the voltage pulse of positive and negative polarities is in the range
of 15-25 kV, and the duration of an individual spike was in the
range of 5—10 ns. The shape of the current pulse repeated the shape
of the voltage pulse. The maximum amplitudes of the positive and
negative components of the current pulse reached 130-150 A.

The characteristic form of the pulsed electric power of an over-
stressed discharge between aluminium electrodes and the energy in-
put in one pulse at an air pressure of 101 kPa are shown in Fig. 3.
The maximum pulsed-discharge power in air at a pressure of 50 kPa
reached 3 MW, and at a pressure of 101 kPa, it increased to 6.5
MW. With an increase in air pressure from 50 to 101 kPa, the en-

Fig. 2. Oscillograms of the voltage pulse of an overstressed nanosecond
discharge between aluminium electrodes at an air pressure of 101 kPa.

Fig. 3. Pulse power and energy input per pulse in a plasma at an air pres-
sure of 101 kPa.
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ergy contribution to the plasma increased from 109.6 mJ to 152.8
md.

In Figures 4 and 5, the characteristic emission spectra of over-
stressed nanosecond discharge plasma between aluminium electrodes
in air and argon are shown, respectively. The experiments with ar-
gon, which were carried out in the same pressure range as with air,
were performed to demonstrate the absence of emission bands of
nanostructures of aluminium oxides in an inert-gas plasma (in the
absence of oxygen molecules). The spectra shown in Figs. 3 and 4
are registered under the same conditions for the excitation of the

Fig. 4. Emission plasma spectra of an overstressed nanosecond discharge at
different air pressures (of 5.3, 50.7, 101.3 and 202.6 kPa).

Fig. 5. Emission plasma spectra of an overstressed nanosecond discharge at
different argon pressures (of 5.3, 50.7, 101.3 and 202.6 kPa).
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discharge and under the same conditions of registration. Therefore,
the intensities of individual spectral lines and bands can be com-
pared with each other.

It can be seen from these spectra that the intensity of the glow of
the discharge plasma in air at all the pressures studied by us ex-
ceeds the radiation intensity of spectral lines and discharge bands
in argon. In the emission spectra of air plasma with a small admix-
ture of aluminium vapour, radiation was detected at the transitions
of atom and singly charged aluminium ion, nitric oxide radicals and
nitrogen molecules, as in the emission spectra of a subnanosecond
plasma in a similar medium [4]. In an argon-based discharge, radia-
tion was predominantly recorded at transitions of an atom and an
aluminium ion.

In a discharge in air mixtures with a small admixture of alumin-
ium vapour in the emission spectra (Fig. 4), broad emission bands
with maxima in the spectral ranges of 410-420 nm and 300-390
nm are recorded. The highest radiation intensity of these bands was
obtained at a maximum air pressure of 202 kPa. In argon-based
mixtures, these bands are absent in the discharge emission spectra.
It was noted in Ref. [5] that a wide emission band was observed
with a maximum at a wavelength of 415 nm in the photolumines-
cence spectrum of anion-defective single crystals of nanostructured
ceramics based on alumina, when the corresponding samples were
excited by radiation with a wavelength of 205 nm. This band coin-
cides with that obtained in the present experiment. It is interpreted
as the luminescence band of F centres (the transition is 1s—3p with
the maximum of the emission spectrum at an energy of 3.0 eV and
a decay time constant of 36—40 ms) [5, 6]. The results of studies of
the cathodoluminescence spectra of nanostructured oxide ceramics
were also presented in Ref. [5], which were close to the spectrum of
aluminium. Cathodoluminescence was excited by a pulsed electron
beam with a density of 1 A-cm™, an energy of 180 keV, and a dura-
tion of 3 ns. The spectrum of this cathodoluminescence was similar
to the spectrum recorded in our experiment at an air pressure of
202 kPa. The main was the emission band with a maximum at wave-
lengths of 410-420 nm (quantum energy of 3.0 eV), which was ad-
joined by a wider short-wave band with quantum energy maxima at
3.4, 3.8, 4.3 eV [5]. The ultraviolet bands photo- and cathodolumi-
nescence bands of nanostructured alumina ceramics are associated
with the emission of F' centres created by oxygen vacancies and
have a relatively short decay time (of 0.6—1.0 us) [5, 6].

Figure 6 presents the transmission spectrum of a film based on
aluminium-oxide nanostructures synthesized at room temperature
on a glass substrate in the visible region of the spectrum.

As can be seen from Fig. 6, the obtained film is characterized by
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Fig. 6. The transmission spectra of a nanostructured alumina film on a
glass substrate in the spectral region of 350-800 nm (band lamp): I is
pure glass; 2 is a film obtained by sputtering aluminium electrodes in air
at a pressure of 101 kPa, a current pulse repetition rate of 40 Hz and a
sputtering time of 3 hours; 3 is a film synthesized by replacing aluminium
electrodes with chalcopyrite-type CulnSe, electrodes synthesized under the
same conditions as a film 2.

a weak transmission of radiation in the visible wavelength region,
comparable with the transmission of radiation by a chalcopyrite
film (which is such as a result of strong light absorption by chalco-
pyrite [14]). As is known, chalcopyrite films are used in photovolta-
ic devices (solar cells) and are effective converters of light into elec-
tricity [15]. According to Ref. [6], films based on nanostructured
alumina ceramics are practically not transparent to the visible re-
gion of the spectrum; their transmission begins to increase in the
spectral range of 0.8—2.0 um from 1-3 to 25%.

4. PLASMA PARAMETERS

The parameters of the discharge plasma for a mixture of aluminium
and air vapours at atmospheric pressure (component ratio is
30 Pa:202 kPa, respectively) were determined numerically and cal-
culated as the total integrals of the electron-energy distribution
function (EEDF) in the discharge. EEDFs were found numerically
by solving the Boltzmann kinetic equation in the two-term approx-
imation [16]. EEDF calculations were performed, using the program
[9]. Based on the EEDFs obtained, mean electron energy, electron
mobility, electron temperature, specific losses of electric-discharge
power on inelastic and elastic processes of electron scattering by
aluminium, argon, nitrogen, oxygen and carbon dioxide molecules,
the ratio of which is 30:60.6:157741.8:42319:1878.6 [Pa], depend-
ing on the magnitude of the reduced electric field (the ratio of the
electric field (E) to the total concentration of the mixture of alu-
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minium and air vapours (N)). The range of changes in the parame-
ter E/N=1-200Td (1-10'"-2.10""° V-cm?®) included the values of
the parameter E/N, which were realized in the experiment.

The following processes are taken into account in the integral of
collisions of electrons with atoms and molecules: elastic scattering
of electrons by aluminium atoms, excitation of energy levels of al-
uminium atoms (threshold energies of 3.1707 eV, 2.9032 eV,
4.1463 eV, 4.2339 eV, 4.1296 eV, 5.1220 eV), aluminium atom ion-
ization (threshold energy of 6.0000 eV); elastic electron scattering
by argon atoms, excitation of the energy level of argon atoms
(threshold energy of 11.50 eV), ionization of argon atoms (threshold
energy of 15.80 eV); elastic scattering and excitation of energy lev-
els of nitrogen molecules: for rotational levels, threshold energy of
0.020 eV, for vibrational ones, threshold energies of 0.290 eV,
0.291 eV, 0.590 eV, 0.880 eV, 1.170 eV, 1.470 eV, 1.760 eV, 2.060
eV, 2.350 eV, for electronic ones, threshold energies of 6.170 eV,
7.000 eV, 7.350 eV, 7.360 eV, 7.800 eV, 8.160 eV, 8.400 eV, 8.550
eV, 8.890 eV, 11.03 eV, 11.87 eV, 12.25 eV, 13.00 eV, ionization
(threshold energy of 15.60 eV); elastic scattering and excitation of
energy levels of oxygen molecules: vibrational (threshold energies of
0.190 eV, 0.380 eV, 0.570 eV, 0.750 eV), electronic (threshold en-
ergies of 0.977 eV, 1.627 eV, 4.500 eV, 6.000 eV, 8.400 eV, 9.970
eV, dissociative electron attachment (threshold energy of 4.40 eV),
ionization (threshold energy of 12.06 eV); elastic scattering and ex-
citation of energy levels of carbon-dioxide molecules: vibrational
(threshold energies of 0.083 eV, 0.167 eV, 0.252 eV, 0.291 eV,
0.339 eV, 0.422 eV, 0.505 eV, 2.5 eV), electronic (threshold ener-
gies of 7.0 eV, 10.5 eV), dissociative electron attachment (threshold
energy of 3.85 eV), ionization (threshold energy of 13.30 eV). Data
on the absolute values of the effective cross sections of these pro-
cesses, as well as their dependences on electron energies, were taken
from the databases in [17-20].

The electron temperature in the gas-discharge plasma of the
emitter was determined from the well-known formula [10]:
€=3kT/2, where ¢ is the electron energy, k is the Boltzmann con-
stant, T is a temperature in kelvins.

The electron drift velocity was determined from the expression
[10]: V,.=ukE, where p,—electron mobility, E-—plasma field
strength.

Plasma field strength E was calculated by the formula: E=U, /d,
where U, —voltage on plasma, d—discharge gap.

Electron concentration (N,) was determined by the well-known
formula [10]: N,=j/(eV,), where j—discharge current density, e—
electron charge, V, —electron drift velocity.

Mean energy of the discharge electrons almost linearly increases
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a b

Fig. 7. Specific discharge power losses in the processes of inelastic (a) and
elastic (b) collisions of electrons with mixture components in gas-discharge
plasma on the reduced electric field.

from 0.1432 eV to 5.316 eV with an increase in the E/N parameter
from 1 Td to 200 Td. For the reduced electric field strength values
of 51 Td and 102 Td, at which experimental studies of the electrical
and optical characteristics of the discharge were carried out, mean
electron energies were 1.222 eV and 2.860 eV, respectively, and
their highest energies reached 20.84 eV and 39.20 eV, respectively.
The electron temperature in this case was of 14175.2 K and 33176
K, and the electron drift velocities were of 8-10* m/s and 1.122-10°
m/s at the values of the E/N parameter of 51 Td and 102 Td, re-
spectively. The electron concentration at these parameters was of
3.9.10** m™® and 5.7-10** m™® at a current density of 5.1:10° A/m?
and 1.02-10" A/m® on the surface of the electrode of the radiation
source (0.196-:107* m?).

In Figure 7, a, b, the dependence of the specific power of the dis-
charge losses in inelastic (a) and elastic (b) collisions of electrons
with the components of the mixture in a gas-discharge plasma on
the reduced electric-field strength is shown. An increase in power is
observed with increasing values of the reduced electric field, both
for inelastic processes and for elastic ones. The specific powers for
the reduced electric-field strengths, at which our experiments were
carried out, they were equal to: 0.3801-10' eV-m®/s and
0.1289:107"® eV-m?®/s for the reduced electric field of 51 Td, and
0.4597 10 eV-m®/s and 0.1579-:10 ' eV-m?/s for a reduced electric
field of 102 Td.

5. CONCLUSION

Thus, it was found that the plasma of an overstressed nanosecond
discharge formed under the action of a packet of 5—10 ns voltage
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pulses with a total duration of 100-120 ns, between aluminium
electrodes at air pressures of 50—202 kPa, pulse discharge power of
3-6.5 MW and the energy input per pulse of 110-153 mdJ is a
source of luminescence of aluminium-oxide nanoparticles in the
form of a wide band, which is in the spectral range of 300-430 nm.
The detected broad luminescence bands from nanosecond discharge
plasma are assigned to the radiation of the F- and F'-centres of ox-
ygen vacancies in nanostructured alumina ceramics. Upon deposi-
tion of degradation products of electrodes and air molecules in
plasma on a glass substrate, films based on aluminium oxides were
obtained, which are characterized by low transparency in the visible
region of the spectrum.

The gas-discharge plasma, in which films based on aluminium ox-
ides were obtained, had the following main parameters: mean ener-
gies, temperature, and electron concentration of 1.222 eV and 2.860
eV, 14175.2 K and 33176 K, 3.9-10** m™® and 5.7-10*° m3, respec-
tively. The values of the reduced electric field were of 51 Td and
102 Td. The specific discharge power for inelastic and elastic colli-
sions of electrons with atoms and molecules, which were part of the
working mixture of a gas-discharge plasma are increased by a unit
of the total concentration of the mixture with an increase in the
reduced electric field for both inelastic and elastic processes. For
these values of the reduced electric field, at which the experimental
studies were carried out, they were equal to 0.83801-107'* eV-m?/s
and 0.1289-10'® eV-m?®/s, as well as 0.4597-10"'" eV-m?®/s and
0.1579-107'% eV-m?/s, respectively.
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Synthesis and Adsorption Properties of Multiwalled Carbon
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National Technical University of Ukraine
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Multiwalled carbon nanotubes (MWCNTSs) were synthesized by carbon va-
pour deposition method onto the Mo, Fe/MgO catalyst, which was pre-
pared with a precipitation method. The synthesis was carried out at four
different temperatures: 600, 700, 800, and 900°C. It was found that the
yield of carbon nanotubes increases in proportion to the increase of the
synthesis temperature. For purification from catalyst residues and amor-
phous impurities, as-grown carbon nanotubes were treated with nitric acid
(1:1) at boiling for 1 hour with subsequent washing with distilled water.
Abundance of catalyst residues after such a treatment decreased from 35—
70% to 2-6% that was established with complex thermal analysis. High-
resolution transmission electron microscopy indicated that the length and
diameter of the obtained multiwalled nanotubes vary depending on the
temperature of their synthesis. It was concluded, as the higher tempera-
ture of synthesis is, the greater the length and diameter of produced car-
bon nanotubes are in these experimental conditions. The porous structure
of both series of synthesized samples (initial as-grown and washed ones)
was studied by the method of low-temperature adsorption—desorption of
nitrogen. The obtained isotherms of nitrogen adsorption—desorption indi-
cated that the synthesized samples demonstrate similar adsorption proper-
ties. The isotherms of all carbon nanotubes belong to the III type accord-
ing to Brunauer classification, except the first washed sample, which
demonstrated the isotherm of the II type. The pore diameter distributions,
which were obtained by mathematical processing the adsorption isotherm
with DFT method, discovered that the samples are characterized by the
almost complete absence of micro- and mesopores, while macropores exist
in a wide range of diameters from 5 to 30 nm. The adsorption properties
of the obtained MWCNTs were determined through adsorption of two dye
types: cationic methylene blue and anionic Congo red from model aqueous
solutions. The initial unwashed nanotubes illustrated the high affinity
towards the anionic type dye and the almost complete absence of affinity
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to the cationic dye; moreover, their adsorption capacity does not depend
on the temperature, at which they were obtained. The washed carbon
nanotubes exhibit the opposite behaviour; they do not adsorb anionic dye
at all, but they actively adsorb cationic dye, and their adsorption activity
decreases with increasing temperature of their synthesis.

Bararocrinui ByrJieneBi HaHOTPYOKM CHHTE3YBaJU METOHOIO OCAKEHH: Iia-
piB Byriemio Ha kKaraiaisdatopi Mo, Fe/MgO, axkuii omep:KyBalu METOI0IO
ocamikeHHs. CUHTe3y IIPOBOAUIMN 3a UYOTHUPLOX pisHmMX Temmepartyp: 600,
700, 800 i 900°C. BcraHoBJIeHO, IITO BUXiJ BYTIJIEI[eBUX HAHOTPYOOK 3POCTAE
MIPOIOPILifiHO MiABUINEHHIO TeMIlepaTypu cuHTe3u. I[n1sa oumineHHA Bim 3a-
JUMIKiB KaTajidaTopa i aMOpP(pHUX MTOMIIIIOK BUPOIIEHi ByTIJieleBi HAHOTPY-
O0Ku 00po0asay HiTpaTHOIO KucyaoToio (1:1) 3a kuminaa nporarom 1 roguuaM
3 MOJAJBIIINM BiIMUBAHHAM AHCTUJILOBAHOIO BOAOIO. BMicT sainuiikiB Kara-
JisaTopa micasa Takoro ob6pobJsieHHA 3meHIIyBaBca 3 35—70% mo 2—6%, 110
OyJI0 BCTAHOBJIEHO 3a JOIOMOTIOI0 KOMILJIEKCHOI TepMmiuHOoi aHaxisu. Eiaext-
POHHA MiKPOCKOMiss 3 BHMCOKOIO PO3AiIBLUYOI0 3MAaTHICTIO IIOKasaja, IO J0B-
JKMHA Ta [IifAMeTep OJep:KaHMX 0araTOCTiHHUX BYIJIENIeBUX HAHOTPYOOK
3MIiHIOIOTBCS B 3aJIe;KHOCTI Biff TeMIepaTypu iX CUHTe3U, a caMe, YUM BUIIE
TeMIlepaTypa CHUHTe3W, TUM OiJbIlli JOBKUHA Ta AiAMeTep CUHTE30BAHUX 3a
JaHUX eKCIepUMEeHTAJIbHUX YMOB BYIJIEIIeBUX HaHOTPyOok. IlopyBary
CTPYKTYPY 000X cepili CMHTe30BaHHX 3pas3KiB (4K BUXigZHUX, Tak i Bigmwu-
TUX) BUBYAJM METOJAOI0 HM3BKOTEMIIEpATypPHOI amcopOIrii—mecoplIrii asory.
Opep:xaHi izoTepmu agcopOiii—gecopbirii azoTy BKasyBaJu Ha Te, IO CHUH-
Te30BaHi 3pasKu AeMOHCTPYIOTh MOAi0OHiI amcopOIiliHi BaacTuBocTi. IsoTepmu
BCiX ByTIJIelleBUX HaHOTPYOOK HaJse:xaTh mo III Tumy 3a BpyHayepoBoio KJjia-
cugikaiiero, 3a BUHATKOM IIE€PIIOr0 IPOMUTOIO 3pasKa, AKWIH IIPOJEMOHCT-
pyBaB isorepmy II Tumy. Posmozin mismerpiB mop, ofepsKaHUU MIJIAXOM Ma-
TeMaTUYHOTO 00pOoOJieHHA isdorepmu amcopbiii meromoro DFT, BusaBus, IIo
CUHTE30BaHi 3pasKM BYTJIENEBUX HAHOTPYOOK XapaKTepU3YIOThCSI Maiiike
IIOBHOIO BifICYTHICTIO MiKpOIIOp, OJAHAK BOHU BOJIOAIIOTH PO3BUHEHOIO ME30-
TIOPYBAaTIiCTIO 3 MPEeBAJIOBAIBHUM AiAMeTpoM mop Bix 25 mo 30 mm. Axcop6-
IifiHi BJIACTHMBOCTI BYTJIEI[€BUX HAHOTPYOOK BU3HAUAJIM IILIAXOM aAcopOIrii
IBOX THUIIIB OapBHUKIB: KaTiOHHOTO METHUJIEHOBOTO CHHBLOTO II aHIOHHOTO
KOHI'0 YePBOHOTO 3 MOJAEJLHUX BOOHMX po3umHiB. Buximwi meBimMmwuTi HaHO-
TPYOKHM iJIOCTPyBal BUCOKY CIIOPifHEHIiCThL A0 OapBHMKA AHIOHHOTO THUIY
Ta Maii:Ke MOBHY BiJICYTHIiCTBH CIIOPiZHEHOCTH IO KaTiOHHOTO OapBHUKA; Oi-
JbIIle TOTO, IXHA afcopOIlifiHa 3maTHiCTH He 3ajelkajia Bij TemmepaTypu, 3a
AKOoi BOHUM Oyau cuHTe30BaHi. Bigmwuri ByrJeneBi HaHOTPYOKM ITOKasaiu
iHITYy TeHIeHIIil0: BOHM B3araji He IOTJIMHAJIK aHiOHHUII OapBHUK, ajie aK-
TUBHO aAcopOyBaiu KaTioHHHUII, a iXHA amgcopOIlifiHa aKTHUBHICTL 3MEHIIIY-
Bajiaca 3i 306iJIBIIIEHHAM TeMIIepaTypH iX CUHTE3U.

Key words: multiwalled carbon nanotubes, synthesis, adsorbent, dye.

Karouosi croBa: 6araTocTinui ByriereBi HAHOTPYOKM, CHHTEe3a, aAcOpPOEHT,
6apBHUK.
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1. INTRODUCTION

Multiwalled carbon nanotubes (MWCNTSs) are becoming more com-
mon as effective sorbents, due to a number of distinctive features:
high specific surface area [1], a developed system of cylindrical
pores [2], selectivity to certain adsorptive types [3], chemical stabil-
ity [4], and mechanical strength [5]. This fact, along with that car-
bon nanotubes have a higher capacity, can cause the replacement of
active carbon by MWCNTs in various sorption processes from liquid
and gaseous media [6, 7] and as stationary phases in chromatog-
raphy [8].

Carbon nanotubes are frame cylindrical nanostructures formed by
folding a graphene grid into a seamless cylinder, in which the car-
bon atoms are arranged in hexagons [9]. Multilayered carbon nano-
tubes consist of a multitude of concentric cylinders held by Van der
Waals forces [10].

The structural and adsorption properties of carbon nanotubes
substantially depend on the method and conditions of synthesis
[11]; therefore, the establishment of this dependence is an im-
portant task, which allows predicting the possibility of using the
obtained sample in a particular area.

Various dyes of both anionic and cationic types are one of the
most widespread pollutants of the aquatic environment. About
100 000 different types of dyes are produced in the modern world
[12-16]. The dye industries along with the textile industry are the
main sources of this pollutant type. Such water-soluble dyes are
highly toxic and resistant to removal. In water treatment processes,
a number of ways are used to remove such pollutants that can be
divided into biological, chemical and physical [17]. Biological meth-
ods include the use of microorganisms (bacteria, fungi, and algae)
and characterized by low energy requirements and demand in toxic
chemicals. Chemical methods include oxidizing (for instance, the
Fenton process), photo- and electrochemical methods have a high
demand for expensive and toxic reagents [18—-19]. Among physical
methods, adsorption, ion exchange, and membrane filtration can be
distinguished.

Adsorption on porous sorbents is one of the most common and
effective methods for removing dissolved dyes. For these purposes,
active carbon is widely used in powder and granular form. However,
as an alternative, MWCNTSs can be used, the cost of which decreases
every year.

For this reason, the purpose of the present work was the synthe-
sis of multiwalled carbon nanotubes at different temperatures and
the study of their adsorption properties toward anionic and cationic
dyes Congo red and methylene blue.
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2. EXPERIMENT
2.1. Preparation of the Multiwalled Carbon Nanotubes

The carbon nanotubes were synthesized by carbon vapour deposition
method (CVD) onto the Mo, Fe/MgO catalyst, which was prepared
with a precipitation method. For this, the initial solutions
(NH,):Mo0,0,, and Fe(NO,); were mixed, the powder of MgO was
added and stirred for 3 hours, then, the obtained suspension was
heated up to 80°C and stayed at this temperature for overnight. The
obtained catalytic mass was milled and calcined at 550°C for 2
hours in the air.

The CVD process was carried out in a horizontal quartz reactor in
electric oven connected with gas mixing system at atmospheric
pressure. About 100 mg of fresh catalyst was placed on a ceramic
boat and located at the middle of reactor. The reactor was heated to
the required temperature (600, 700, 800 and 900°C) in a nitrogen
flow (150 mL/min) at heating rate of 10°C/min. When the required
temperature reached, acetylene with the flow of 50 mL/min was in-
troduced. In this way, a mixture of these two gases was in the ratio
of 3:1. This mixed gas was further introduced into the reactor for 1
hour. Then, the reactor was cooled down to the ambient tempera-
ture under nitrogen flow. The yield of carbonaceous deposit after
reaction, Y., was calculated using the formula below according [20]:
Y.=(Wap— Whiat)/Wiat» where W,,,—weight of carbon deposit, W,,,—
weight of used catalyst.

For purification from catalyst residues and amorphous impuri-
ties, as-grown MWCNTs were treated with nitric acid (1:1) at boil-
ing for 1 hour with subsequent washing with distilled water. Thus,
two groups, as-grown and washed ones, with four samples in each,
were obtained. The designations and characteristics of the obtained
eight samples of MWCNTSs are presented in Table 1.

TABLE 1. Samples designation.

Designation | Synthesis temperature, °C Washing
1.1 600 initial unwashed
1.2 700 initial unwashed
1.3 800 initial unwashed
1.4 900 initial unwashed
2.1 600 washed
2.2 700 washed
2.3 800 washed
2.4 900 washed
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2.2. Instrumental Tests

High-resolution transmission electron microscopy (HTEM) was per-
formed on a FEI Tecnai 12 TEM with accelerating voltage of 120 kV
at the accelerating voltage of 10 keV.

TG analysis was performed on a NETZSCH TG 209F1. Approxi-
mately 5 mg of material was heated from 25 to 1000°C at the ramp-
ing rate of 10°C/min under O, and N, mix gas (1:4).

Porous structure of synthesized samples was studied by the
method of low-temperature adsorption—desorption of nitrogen on a
Quatachrome Nova 1000e apparatus. The distribution of pore radius
is calculated by the method of Density Functional Theory (DFT-
method). By mathematical processing of nitrogen adsorption—
desorption isotherms were calculated: BET specific surface area (S,,,
m?/g), total pore volume for pores with radius less than 185 nm at
P/P,=0.99 (Vy, cm?®/g), micropores volume (V,,..,, cm?®/g), and aver-
age pores diameter (d,,,, nm).

2.3. Adsorption Activity Studies

The adsorption properties of the obtained MWCNTs were deter-
mined through adsorption of two dye types: cationic methylene blue
(MB) and anionic Congo red (CR) from model aqueous solutions. The
structural formulas of these dyes are shown in Fig. 1.

Typically, in adsorption tests, 50 mg of carbon nanotubes was
mixed with 10 cm? of dyes solution (MB or CR) and ultrasonicated
for 10 and 20 min. After centrifugation during 30 min, residual
concentrations of dyes solution were determined by using spectro-
photometer UV-1200 and the adsorption rate (4, %) was calculated
according to the formula A=(C,;-C,s)/C.y>» where C,,,—initial
concentration of dyes solution, mg/g, and C,,,—residual concentra-
tion of dyes solution, mg/g.

3. RESULTS AND DISCUSSION

The yield of the obtained nanotubes depending on the synthesis
temperature is displayed in Fig. 2 as a histogram. In this figure, it
is seen that the yield of the resulting nanotubes increases in propor-
tion to the increase of the synthesis temperature. It is obvious that
the maximum yield of multiwalled carbon nanotubes is achieved at
the highest investigated temperature of 900°C.

The results of the thermal analysis of the obtained carbon nano-
tubes before and after purification are presented in Fig. 3. As can
be seen in Fig. 3, a, the initial nonwashed nanotubes contain a large
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Fig. 1. The structural formulas of methylene blue (a) and Congo red (b).

Fig. 2. Dependence of MWCNTs yield on the temperature of synthesis.

amount of the catalyst used in the synthesis. The largest amount of
catalyst (70%) contains in nanotubes synthesized at a temperature
of 600°C. Carbon nanotubes, which were obtained at a temperature
of 900°C, contain slightly less mineral impurities (65%). The small-
est amount of catalyst (35%) is present in the carbon material syn-
thesized at medium temperatures (of 700°C and 800°C).
Thermograms of MWCNTSs after boiling with nitric acid (1:1) and
thorough washing with distilled water to a neutral pH are pictured
in Fig. 3, b. As seen in Fig. 3, b, the most heat-resistant nanotubes
are nanotubes obtained at average temperatures of 700°C and
800°C. The content of mineral impurities within them after washing
is almost the same, i.e., it is =4%. The highest content of catalyst
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a b

Fig. 3. Thermograms of initial (a) and washed (b) MWCNTs.

residues = 6% 1is observed in nanotubes synthesized at the highest
temperature. The nanotubes obtained at a lower temperature have
the least heat resistance; however, the content of mineral impurities
within them is the smallest, and it does not exceed 2%.

The structure and morphology of the obtained nanotubes after
washing were studied by the HRTEM method. The results of this
study are shown in Fig. 4, which indicates that the length and di-
ameter of the obtained multiwalled nanotubes vary depending on
the temperature of their synthesis. As reflected in Fig. 4, a, b, the
nanotubes obtained at 600°C have a length of 500 nm and a diame-
ter of 7-10 nm. Figures 4, ¢, d illustrate tubes synthesized at
700°C, which have a length of 700 nm and a diameter of 10—-12 nm.
The tubes obtained at 800°C show a length of 700 nm and a diame-
ter of 12-15 nm, as can be seen in Fig. 4, e, f. Nanotubes synthe-
sized at the highest temperature (900°C) acquire the largest diame-
ter and length: a length of 1000 nm and a diameter of 15-20 nm,
as can be seen in Fig. 4, j, h.

Thus, it can be concluded, as the higher temperature of synthesis
is, the greater the length and diameter of produced carbon nano-
tubes are in these experimental conditions.

The structural-adsorption characteristics of the obtained nano-
tubes were investigated, using the method of low-temperature ad-
sorption—desorption of nitrogen. The obtained isotherms of nitrogen
adsorption—desorption are presented in Fig. 5. As can be seen, al-
most all the synthesized samples demonstrate similar adsorption
properties. The isotherms of all carbon nanotubes belong to the III
type (according to Brunauer classification) except the sample 2.1,
which demonstrates the isotherm of the II type. In the case of the
sample 2.1, the initial rapid increase in nitrogen adsorption, as well
as the presence of a hysteresis loop in the high-pressure region, in-
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Fig. 4. HRTEM images of obtained MWCNTs after washing.

dicates the existence of a certain amount of micro- and mesopores,
but this quantity is insignificant.

For the remaining samples, the general view of the adsorption
isotherm, as well as the presence of a slight hysteresis loop, indi-
cates that adsorption occurs mainly on the outer surface of the
sample, while micro- and mesopores are practically absent.

The pore-diameter distribution graphs, which obtained by math-
ematical processing the adsorption isotherm (see Fig. 5) with DFT
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Fig. 5. Isotherms of low-temperature adsorption—desorption of nitrogen
obtained onto initial unwashed (1.1, 1.2, 1.3, 1.4) and washed (2.1, 2.2,
2.3, 2.4) carbon nanotubes.

method, are in Fig. 6. As may be inferred from the obtained
graphs, the samples are characterized by the almost complete ab-
sence of micro- and mesopores, while macropores exist in a wide
range of diameters from 5 to 30 nm.

The BET specific surface area (S,, m?/g), total porosity (Vi,

sp?



210 Iryna IVANENKO and Tetiana DONTSOVA

Fig. 6. Pores’ diameters’ distribution of initial unwashed (1.1, 1.2, 1.3,
1.4) and washed (2.1, 2.2, 2.3, 2.4) MWCNTs.

cm?®/g), micropores volume (V,;...,, cm®/g), and average pores diame-
ter (d o, nm) of all obtained MWCNTSs are shown in Table 2.

As can be seen from the table, for both initial and washed nano-
tubes, S,, decreases in proportion to an increase in the temperature
of their synthesis. Washed tubes synthesized at the lowest tempera-
ture have the highest specific surface area, as expected, based on
their adsorption—desorption isotherms for nitrogen. The micropores’



SYNTHESIS AND ADSORPTION PROPERTIES OF MULTIWALLED C NANOTUBES 211

TABLE 2. The structural-adsorption characteristics of MWCNTs.

Treatment Sample | S,,, cm®/g | Vs, cm®/g | V oieros /8 | dpore» NIM
1.1 130 2.0 0.04 0.6
L 1.2 100 1.2 0.03 0.6
Initial unwashed o 105 1.1 0.03 0.4
1.4 50 0.4 0.02 0.4
2.1 225 0.7 0.08 12
2.2 170 1.1 0.06 0.3
Washed 2.3 130 1.1 0.04 0.3
2.4 80 0.8 0.02 0.4

volume and average pores’ diameter of both the initial and washed
nanotubes also decrease in proportion to the increase in their syn-
thesis temperature. For total porosity, a strict dependence on the
production temperature is not observed.

Subsequent experiments had shown that the initial untreated
nanotubes and nanotubes washed from the catalyst residues are
very different in their adsorption behaviour in solutions. In addi-
tion, the temperature of synthesis of nanotubes greatly affects their
adsorption capacity.

For example, in Fig. 7, a, which illustrates the adsorption of me-
thyl blue by the initial unwashed nanotubes after 20 minutes of
contact, it is seen that the degree of its adsorption does not exceed
7% . Initial unwashed nanotubes adsorb Congo red dye much more
actively. As reflected in Fig. 7, b, all samples of the initial nano-

a b

Fig. 7. Adsorption rate of MB (a) and CR (b) after 20 min by initial un-
washed MWCNTs.
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tubes show approximately the same adsorption capacity towards the
anionic type dye, which is = 70%. Such experimental data clearly
illustrate the greater affinity of the initial unwashed nanotubes to
the anionic dye and the almost complete absence of affinity for the
cationic dye.

The results of a study of the adsorption properties of washed
nanotubes are presented in Fig. 8. The washed nanotubes showed
high adsorption activity towards methylene blue even after a 10-
minute contact, as shown in Fig. 8, a. Samples 2.1 and 2.2 after 10
minutes of adsorption reached an adsorption capacity of 72 and
45%, respectively. After 20 minutes of adsorption equilibrium,
higher values of adsorption capacity were achieved, as can be seen
in Fig. 8, b. A tendency towards a decrease of adsorption activity
with an increase of the temperature of nanotubes synthesis is also
clearly visible, which is most likely associated with a proportional
decrease of their surface area (see Table 2).

It is important to note that none of the washed nanotube samples
showed any noticeable adsorption towards Congo red dye. This al-
lows us to conclude that the clean surface of carbon nanotubes has a
high affinity towards the cationic dye and that there is no affinity
to the anionic dye, i.e., their behaviour is completely opposite to the
behaviour of the initial unwashed nanotubes.

In our opinion, such a difference in the adsorption properties of
carbon nanotubes can be explained as follows. The initial unwashed
nanotubes contain from 30 to 70% of the non-combustible residue,
that is a mixture of metals and their oxides (see Fig. 3, a), which
act as active adsorption centres for anionic dyes. The nanotubes
washed with nitric acid are practically free of metals and their ox-

a b

Fig. 8. Adsorption rate of MB by washed MWCNTSs after 10 minutes (a)
and 20 minutes (b).
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ides, but their surface was coated with carboxylic, phenolic and
other polar functional groups, during the boiling process with acid,
which dissociate in solutions and act as adsorption centres for cati-
onic dyes.

Such an explanation of the differences in the adsorption behav-
iour of the initial and washed nanotubes excludes the ion-exchange
adsorption mechanism and confirms the physical nature of the ad-
sorption of dyes. It proceeds due to dipole—dipole attraction between
dye molecules (constant dipoles) and the surface of nanotubes con-
taining dipoles in the form of catalyst residues and functional
groups, i.e., mainly due to the orientation-dependent Van der Waals
forces.

4. CONCLUSIONS

Multiwalled carbon nanotubes were synthesized by the SVD method
at four different temperatures using a Mo, Fe/MgO catalyst. It was
found that the carbon deposit yield increases in proportion to the
increase of the synthesis temperature.

Boiling the obtained carbon deposit with nitric acid (1:1) for 1
hour provides purification from catalyst residues up to 94-98%.
Nanotubes obtained at a temperature of 900°C after washing con-
tain the largest amount of catalyst. The surface area, the micropore
volume, and the average diameter of the initial and washed ob-
tained nanotubes are in direct proportion to their synthesis temper-
ature.

The initial unwashed nanotubes illustrate the high affinity to-
wards the anionic type dye and the almost complete absence of af-
finity to the cationic dye; moreover, their adsorption capacity does
not depend on the temperature, at which they were obtained. The
washed carbon nanotubes exhibit the opposite behaviour; they do
not adsorb anionic dye at all, but they actively adsorb cationic dye,
and their adsorption activity decreases with increasing temperature
of their synthesis.

The differences in the adsorption properties of initial unwashed
and washed nanotubes confirm the physical nature of the adsorp-
tion, which proceeds due to dipole—dipole attraction between dye
molecules (constant dipoles) and the surface of carbon nanotubes.
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Based on the quantum-chemical method of molecular orbitals, implement-
ed in the Gaussian 09w software package, a method of modelling nano-
complexes for creation of antitumour and anti-inflammatory medicines is
developed. The object of study is a complex of C4, fullerene and anti-
tumour agent 1-(4-Cl-benzyl)-3-C1-4-(CF;-phenylamino)-1H-pyrrole-2,5-
dione (abbreviated as MI-1). Each detached part, C¢, and MI-1, has a ther-
apeutic effect. The main antitumour and anti-inflammatory action relies
on MI-1 compound. It is found that the nanocomplex of C4, fullerene with
MI-1 is stable at human-body temperature. The nanocomplex is able to
serve as a vehicle of medicines to the tumour tissue and dissociate in the
tumour due to its low pH (higher acidity) compared to healthy tissue and
exhibit therapeutic properties of individual components.

Ha ocHOBi KBaHTOBO-XeMiuHOI MeTOAUW MOJIEKYJIAPHUX opbiTajeit, peasizo-
Bamoi B makeri mporpam Gaussian 09w, po3BUHYTO MeTOAYy MOIeJIIOBAHHS
HAHOKOMILJIEKCiB 11 CTBOPEHHA AHTUNYXJWHHUX i MMPOTHM3amaJIbHUX MEIU-
yHux npenapatiB. 00’exToM npocaimxeHHA € KoMmmekc GynepeHa Cg, i
IPOTUNYXJIUHHUHI 3acib 1-(4-C1-6ensuin)-3-C1-4-(CF;-dheninamino)-1H-
miposi-2,5-gion (imma Haszea — MI-1). KosxkHa Bimokpemiena uactuna, Cg, i
cnonyka MI-1, maioTh TepameBTUYHY #Aifo. OCHOBHA HPOTHUNYXJIWHHA Ta
mpoTu3amajbHa Oid MOKJAZAEThbcs Ha cmoayky MI-1. Byao BcTaHoBJEHO,
mo HaHoKoMILIeKc dysiepeHa Cg, 3i cmosykoro MI-1 € crabinbHuUM 3a TeM-
mepaTypu Tija JoanHu. HaHOKOMIIJIEKC 3JaTHUU CIYIyBaTH HOCiEM Jikap-
CBKHUX 3ac00iB [0 YIIKOIKEHOI TKAHWHN Ta AUCOIiI0OBATH B IyXJHHI 3aBAsd-
Ku HudbKkoMy DH (0inbInm BUMCOKi#T KHCJIOTHOCTiI) NMOPIBHAHO 3i 370pOBOIO
TKQHWHOIO, IIPOABJIATYA TEPAIIEBTUYHI BJIACTHUBOCTI OKPEMMUX KOMIIOHEHTIB.
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INTRODUCTION

Chronic inflammation is the basis of many pathologies, including
malignancy genesis. Oxidative stress is one of the basic processes
that underlie numerous inflammatory diseases and neoplasms [1].
Numerous studies have demonstrated the antineoplastic effects of
natural antioxidants (vitamins, minor amino acids, polyunsaturated
fatty acids, plant extracts) in vitro, but the effectiveness of these
agents in in vivo systems is highly doubtful [2]. On the other hand,
compounds of artificial origin, in particular, nanomaterials, have
clearly defined properties and are involved in a limited number of
cellular processes, which leads to their directional effect and more
pronounced therapeutic effect [3]. Biocompatible water-soluble Cg,
fullerenes are able to efficiently capture free radicals and, thus, act
as antioxidants that cause their antitumour and anti-inflammatory
properties [4, 5]. In addition, they are non-toxic in in vitro and in
vivo systems at physiological concentrations [6]. In Refs. [7-9], it
was suggested that C4, fullerene molecules, due to the possibility of
simple chemical manipulations with them, could be used for
transport of biologically active compounds with other nanoparticles.
Complexes of Cg, fullerene with cytostatics have more potent biolog-
ical action than cytostatics themselves, and less overall toxicity
[10]; such structures are stable.

The pyrrole derivative 1-(4-Cl-benzyl)-3-Cl-4-(CF;-fenylamino)-1H-
pyrrol-2,5-dione (MI-1) is a targeted inhibitor of protein kinases
and exhibits antitumour and anti-inflammatory properties [11, 12],
i.e., is a potential therapeutic agent. Therefore, the authors made
the assumption regarding the potential prospect of a Cg, fullerene-
based composition and MI-1 compound for the development of anti-
tumour and anti-inflammatory drugs.

In our work, based on the quantum-chemical method of molecular
orbitals implemented in the Gaussian 09w software package [13], we
developed a method for modelling nanocomplexes based on Cg, full-
erene and pyrrole derivatives on sample 1-(4-Cl-benzyl)-3-Cl-4-(CF,-
fenylamino)-1H-pyrrol-2,5-dione. The calculations are based on den-
sity functional theory modelling of electronic structure of mul-
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tielectron systems.

RESULTS

The structural formula of C4, fullerene with pyrrole derivative MI-1
is shown in Fig., a. The geometrical optimization of clusters was
performed; the energy spectrum of electrons was calculated, and the
binding energy of the cluster was calculated (DFT, STO-3G) [13].
The binding energy of nanocomplex of Cg, fullerene with MI-1 com-
pound is as follows:

Ebind = _3922.26 a.u.

The width of the energy gap (HOMO-LUMO) is determined by
difference between the energy values for the upper unoccupied mo-
lecular orbit (HOMO) and the lower occupied molecular orbit
(LUMO). The energy values given in atomic units for the filled and
unfilled molecular orbitals of nanocomplex are shown in Fig., b.
The width of the HOMO-LUMO energy gap is

AE =0.1867 a.u.~5.079 eV.

The geometrical optimization of Cg4, fullerene was performed and
the energy spectrum of electrons was calculated. The binding ener-
gy of Cg, is as follows:

a b

Fig. (a) Structural formula of Cg, fullerene with pyrrole derivative MI-1;
(b) energy values for the filled and unfilled molecular orbitals of nanocom-
plex; the energy values are given in atomic units.
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EY

bind

=-2259.03 a.u.

The energy values for filled and unfilled molecular orbitals of Cg,
determined, the width of the HOMO-LUMO energy gap is

AE =0.28288 a.u.~ 7.6974 eV.

The geometrical optimization of MI-1 compound was performed
and the energy spectrum of electrons was calculated. The binding
energy of MI-1 compound is as follows:

E? =-1663.29 a.u.
The energy values for the filled and unfilled molecular orbitals of
MI-1 compound was determined, and the width of the HOMO-
LUMO energy gap is

AE =0.0450 a.u.~1.225 eV.

The dissociation energy of the Cg, fullerene nanocomplex with
MI-1 compound was calculated by the formula

= E _E(l) _ E(2)

bind bind bind *

Edis
From the above results, it follows that the dissociation energy of
the nanocomplex with the separation of Cg, from compound MI-1 is

E4,=-0.00662 a.u. ~—0.18 eV.

DISCUSSION

The average energy of thermal motion per atom at a temperature
T=300K is EkzT=0.026 eV. The results show that modulo
|Eq;,| >> ExT. This indicates that the nanocomplex Cg, with MI-1 is
stable. Based on the above results, it can be argued when nanocom-
plexes penetrate the tumour tissue through a low pH (higher acidi-
ty) compared to healthy tissue [14]; a significant part of these com-
plexes will dissociate. In the tumour, two independent components
Cso and MI-1 will be act. Nanocomplex is transport means, but each
separated part, fullerene and MI-1 compound, has therapeutic ef-
fect. The main anticancer and anti-inflammatory action relies on
MI-1 compound.

Energy values of the filled and unfilled molecular orbitals and
HOMO-LUMO gap width can be used to determine the degree of
dissociation of the nanocomplex C4, molecule with the MI-1 com-
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pound by comparing experimentally obtained positions of the long-
wave edge of absorption and luminescence of cells with the width of
the gap HOMO-LUMO.
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HocaigsxkeHo sMiHM piBHA 3amaJjieHHA y TpaBMOBaHOTO muscle soleus miypiB
IIPY BUKOPUCTAHHI TaKUX TepalleBTUYHUX areHTiB, AK Cg-(ysnaepeH (mosa
— 1 mr/Kr), menTos (mosa — 1 Mr/Kr), Ta iXHbOTO CIIiJIBHOTO 3aCTOCYBaHHSA
y BUTJISAI BHYTPIIIHLOM A30BUX iH’e€KIiii. K OioMexaHiunumii Mapkep 3a-
TMaJbHOTO IIPOIlecy B M’fA3i mMpoaHa idoBaHO 3MiHY HOTO sKOpcTKOCTH. Jlociri-
['KeHO 3MiHU Ipo- I aHTMOKCHUAAHTHOTO OajlaHCy B KPOBi mIypiB micasa iH-
OIYKYBaHHA M’ S30BOi TpaBMU Ta 3aCTOCOBAHUX TEPAIIeBTUYHUX areHTiB, a
came, kouieHTparnii TBK-akTuBHHX IIPOAYKTIiB IIePEKHCHOTO OKMICHEHHS
JimigiB, mepeKmcy BOJHIO, BiZHOBJIEHOIO IJIYTATiOHY M aKTHWBHOCTH KaTaJa-
su (TBK — TiobapbiTypoBa Kuciaora). BecTamoBiaeHO 3HAUHY CHHEPIETHUUHY
mito Cg-bynaepeHa Ta MEHTOJy Ha 3amaJbHUM IIPOIEC ¥ TPAaBMOBAHOMY
M’s3i, 110 BiZKpHUBae MOKJIMBiCTH KOMOIHOBAHOT'O 3aCTOCYBaHHS iX AK ede-
KTUBHUX TepaleBTUUHUX areHTiB.

Changes in the level of inflammation in the injured muscle soleus of rats
with the usage of such therapeutic agents as C;, fullerene (dose of 1
mg/kg), menthol (dose of 1 mg/kg) and their combined use in the form of
intramuscular injections are studied. The change in muscle stiffness is
analyzed as a biomechanical marker of the inflammatory process in it.
Changes of the pro- and antioxidant balance in the blood of rats after the
induction of muscle injury and the applied therapeutic agents, namely,
the concentration of TBA-active lipid peroxidation products, hydrogen
peroxide, reduced glutathione and catalase activity are studied (TBA—
thiobarbituric acid). A significant synergistic effect of the combined us-
age of both C4, fullerene and menthol on the inflammatory process in the
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injured muscle is established that opens up the possibility of their use as
effective therapeutic agents.

Karouori cioBa: Cyy-QysiepeH, MeHTOJ, M’s30Ba TpaBMa, 3amajeHHA, 6io-
MexaHiuHa Ta OioxeMiuHa aHaJIisu.

Key words: C;, fullerene, menthol, muscle injury, inflammation, biome-
chanical and biochemical analyses.

(Ompumano 14 eepecus 2020 p.; nicas doonpaurwsanns — 12 ciuna 2021 p.)

1. BCTYII

HocaigskeHHA TepanmeBTUYHOI Ail BOMHOTO KOJIOIZHOTO pPo3umHy Cgo-
dynnepera (CqBP®) ma m’s30Bi martoJsorii mokasasio, II0 #oro BBe-
MEeHHA Y MajJuX J03aX CIPUAJO MMOSUTUBHOMY BIJIMBY HAa MEXaHOKi-
HETUYHI ITOKa3HUKMW CKOPOUYEHHSA CKEJIETHUX M’ A3iB HIypiB 3a TaKuMx
maToJyIoTi#i, AKX BTOMAa, AaJKOroJbHa MioIlaTisg, IMoBHa abo0 YacTKOBa
imewmisa [1-4]. B emexTpodizionoriunmx i 6ioxeMiyHMX IOCTiIMKEHHAX
BCTAHOBJIEHO, IO 3acTocyBauua Cy,BP® mpuBoauTL A0 3MEHIIIEHHS
Yyacy BiJHOBJIEHHSA CHJM M A30BOTO CKOPOUYEHHHA, 30iJbIIeHHA
M’s30BOI BUTPUBAJIOCTA Ta 3HMKEHHS PIBHA MATOJOTiYHMX 3MiH [5].
Ha ocuoOBi manux, ofep:KaHUX y IMUX €KCIEePUMeHTax, OyB 3pobJeHU
BUCHOBOK, IO OiocyMicHiI Ta HeTOKCHUHi (IIToHaliMeHIle, 3a HU3bKUX
TepaneBTUYHUX A03) HaHodyacTuHKU Cg-pysiepenie [6—8] smarui
BILIMBATU HA PO3BUTOK 3aIaJIbHOTO IIPOIIECY Y IMOIIKOAKEHOMY M’ 3i.
IIpore TpaBMa 3 Po3pPUBOM M’ A30BUX TKAHWH (3 €KCyHaIli€l0 — BUXO-
IOM DPinuH i KJITMH KPOBi i3 CyAuMH y TKAHWHU I OpraHu 3 HACTYI-
HUM 3allaJIbHUM IIPOIIECOM) € BasKKOIO IIAaTOJIOTi€I0, IO YCKJIATHAETH-
cA OOJBOBOIO CHMIITOMATUKOIO BHCOKOTrO piBHA. OmgHOUYAacHO 3 TKa-
HUHHUMHU PO3JIalaM¥ BUHUKAE 1 KOMILIEKC CYAUHHUX 3MiH y BUTJIALL
KOPOTKOYAaCHOTO CIIa3My, apTepianbHoi Ta BeHO3HOI rimepemiit [9].
Xoua B ycix BHUIIaAKaXxX 3amajibHa peakIlis € HACJHiJKOM IMOABU y IIOIII-
KO KEeHUX TKaHWMHAX B3HAYHOI KiJIbKOCTM BiJbHOPAAMKAJIBHUX areH-
TiB, AKi 3ayCKaOTh KacKaj MaTOJIOTIiYHMUX PeaKI[iif, o0 HalpaBJeHi
Ha pyHHYBaHHA IiJIiCHOCTH KJIITMHHUX 00070HOK [10], 3acTocyBanHA
Cso-by1mepeHoBoi Teparii 3a TAKMX CKJATHUX IIAaTOJOTiUHUX 3MiH, Ha
HaIly JYMKY, He € JOCTaTHLO MOBHUM BUPIIIEHHAM IJA aJeKBaTHOTO
MOJeJII0 MalOyTHLOTO AOCJIiAKeHHS.

HemtomaBHi mocaiiyKeHHA BUABUJIMN BILJIMB MEHTOJY Ha BiZHOBJIEH-
HA CUJIM M’ A3iB HUMKHBOI YaCTHMHM Tija MicJid IMOIIKOAKeHHsS iX BHa-
caimok (ismuyHMX HaBaHTaKeHb. TakoK OyJI0O BCTAHOBJIEHO aHECTE3Y-
BaJbHY aKTUBHICTH MEHTOJY B CHCTeMax in vivo # in vitro [11, 12].
Buxogauu 3 1uUX JaHUX, MOOAATKOBUM KOMIIOHEHTOM 3a Cg-
dynaepeHoBoi Teparrii M’sA30B0oiI TpaBMH MK 00paiyd BigOMUI aKTHBa-
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Top TRPMS8-kamaniB — MeHTOJI.

2. METOOAUKA ERCIIEPUMEHTY

g mpoBemgeHHS OOCIHimKeHHA OyJIM BUKOPUCTAHI HIypi-camiri JriHii
Wistar y Bimi 3 micamis macoro y 170+ 5 r. IIpoTokoa gociimKeHb
O0yB 3aTBepm:xeHuilt komiciero 3 6ioeruxu HHII «Imcturyr 6iosorii Ta
MeIUITMHU», 3TiAHO 3 ImpaBujaMmu «EBpoIeiicbKol KOHBEHI[iI IIpo 3a-
XUCT XpebeTHUX TBAapWH, IO BUKOPUCTOBYIOTHCS B €KCIIEPHUMEHTAJIb-
HUX Ta iHIINX HAYKOBUX ILIAX» i HopMaMu OioMeZMUYHOI eTHKH, a
Tako:K 3rigHo i3 3axomom YKpaimm (Ne 3446-IV Bim 21.02.2006 p.,
M. KuiB) «IIpo saxmcT TBapuH BiJi KOPCTKOTO IIOBOMKEHHSA» IIPHU
MIPOBeIeHHI MeINKO-010JIOTiUYHUX MOCIiIKeHb.

Amnecresilo TBapMH NPOBOIWJIN BHYTPIITHHLOOUEPEBUHHUM BBeIeH-
HAM HemOyTasy (40 mr/Kr). M’A30By TpaBMy BUKJUKAJIN, CTUCKAIOUN
M’A3 Ha 1 XB. 3aTHCKaueM 3a THCKY y 3,5 kr/cm® [13]. Taka mporie-
Iypa IpuBOAMJA A0 CUCTEMHOIO IPOABY HATOJOTIUHUX 3MiH, AKi xa-
PakTepHi [IJA PO3SBUTKY BUCOKOEHEPTeTUYHUX M’ SIB0BUX TPAaBM.
Muscle soleus 3BIIBHAJIM BiJl OTOUYHOUMX TKAHUH i uepe3 3aJMIITKO-
BUHM CYXOKUJIOK HNPUETHYBAJIU N0 JaTUuKiB cuau [14]. [Iasg mMomgyabo-
BaHOI cTuMyaAlii edpepenrtis y cermenrax L7-S1 mepepisanu BeuTpa-
JbHI KOpiHIi y Miclgx Buxomy ix 3i cmuuHOro mos3ky. Cuiy cxopo-
YeHb M’f3a BUMIipIOBaJIM 3a MOIOMOTOI0 TEH30METPUUYHHX TATUUKIB
[14]. Crumynsamniro edepeHTIB 3AiMCHIOBAJN €JIEKTPUUYHUMU iMIIYJIb-
caMu TPUBAJICTIO y 2 MC, AKX Oya0 ch)OPMOBAHO 3a JOIIOMOTOIO0 KEPO-
Bauoro AllIl-rereparopa iMOyJabCciB uepes miIaTUHOBI esekTponu [14].

PiBenb BMicTy (hepMeHTIB y KPOBi eKClepUMEHTAJbHUX TBAPUH SAK
MapKepiB 3amajieHHs 3a M’ A30BOi TPaBMU BU3HAYAJIW 3 BUKOPUCTAH-
HAM KJIiHiKO-miarHocTuuHoro obsagHanusa [15].

g omep:xkannua CgBP® 6ysi0 BUKOPHUCTAHO METOAY, 3aCHOBAHYy Ha
TepeBefieHHI IMUX BYTJIEIEBUX HAHOCTPYKTYP 3 TOJIYOJy V BOAY 3 Ha-
CTYIHUM 00poOJIeHHAM yJabTpasBykoMm [16, 17]. Omep:kauuii CzBPD
€ TUIIOBUM KOJOIZHMM PO3UMHOM, AKUH MIiCTUTh SK IIOOJMHOKI MoO-
aeryau Cg (20,7 HM), Tak 1 HaHoarperatu ix posmipom y 1,2-—
100 =M™ [18, 19].

MenTtoa i Cq,BP® BBOAMIN BHYTPIIIHROM A30BO i3 KOHIIEHTPAIIi€IO
y 1 mr Cgo-ysrmepena i 1 Mmr meuTony Ha 1 K Macu TBapWHU Bimpa-
3y micuida imimiamnii m’sa3oBoi Tpasmu [12].

CraTtuctuuHe 0OpPOOJEeHHA Pe3yJbTaTiB BUMIipIOBAaHb ITPOBOIUJIN
MEeTOJAaMM BapiAmifiHOI CTATHCTUKM 3a JOIOMOTOI0 IPOTrPAMHOIO 3a-
oesmeuenna Origin 9.4. Bioxemiumi gaui 6yJ0 mpeacTaBieHO SAK ce-
penHe 3HAYEHHS T cCTaHJapTHA HMOXMOKaA CEepegHBOTO AJA KOMKHOI Tpy-
nu. BigMinHOCTI MiK eKcIepMMeHTAJIbLHUMU IpPylaMu 0yJIO BUSIBJIEHO
3a JOIOMOro0 ONHO(MAKTOPHOI auchnepciiimol aHajgisu 3 HACTyIHUM
TeCTOM MHOXXHHHOI'O MOpiBHAHHA 3a Boudepponi. 3uaueHHsa HMOBip-
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Hoctu p < 0,05 BBasKaIMCA 3HAUMMUMU.

3. PE3YJIBTATH TA OBI'OBOPEHHS

M’sasoBa TpaBMa, AK IIPABUJO, CYIPOBOJKYETHCA 3aMaJIbHUM IIPOIlE-
coM, OioMexaHiUHMM IIPOABOM SAKOTO € 30iJbIIIeHHS M’ SA30BOIl 3KOPCT-
KOCTH 3aBIAKU 3POCTAHHIO IK 00’€My M’ A30BOi TKAaHWHM, TaK i KiJab-
KOCTU CIIOJIYUHOI TKAHMHU y HOMIKomKeHomy M’ asi [20, 21]. o sa-
HaJbHOTO IIPOIecy TaKOoK 3ajyueHi T-miMmdornuTm, AKi pasoM 3 IIUTO-
KimHaMu peryJimioTh BigHOBJIeHHA M’ A3a Ta (ibpos, i He#Tpodinu,
3JaTHI pyHHYBaTH HOINKOMKEHI TIISHKN TKAHUH IJIAXOM (DAroIlUTO-
3y Ta Oii IpoTeoJiTMUYHOI cucTeMu. Bogmouac i KJIITMHM BUBLIBHIO-
oty nuTokinu (NADPH-oxcumasa Ta Mmiesmomepokcumasu), AKi r'eme-
pyiors axTuBHiI ¢dopmu KucHio (APK, 3oxpemMa cymepoKcHI-aHiOH i
ImepeKuc BOOHIO).

A®K pyliHyIOTH HEKPOTHMUYHI TKAaHWHUW, a 3 iHIIOTO OOKY, 3aroct-
PIOIOTH IIPOIlEC 3alaJieHHsA Ta HAHOCATH INKOAY 3A0POBUM MiodhiOpu-
aam [22]. Makpodaru HagXOZATL OO MICIh ypaKeHHA 3 KAallijJapis,
10 3BHAXOMATHCA § M’fA3aX, 3 emiMisito Ta mepumisiio, AKi BUAIIAIOTH
XeMoaTpPaKTaHTH. 3arajoM Iie IPU3BOIUTDL A0 M’ A30BOI HAOPAKJIOCTH,
sAKa 30i/bINlye JKOPCTKICHY KOMIIOHEHTY TPaBMOBaHOTO M’sza. Pibpo-
OsacTu BimirpaioTh BasKJIUBY POJIb Y BiZHOBJIEHHI M’s30BOi TKaHWHU,
CEeKPeTYIOUM ITO3aKJITHHHI MaTpuKcHi O6inkum — komared I ta II Tu-
miB, ¢GiOpoOHEKTUH, eJlaCTUH, IIPOTEOIJIiKaH’, JaMiHiH, AKi 30idbIry-
I0Th M’SIB0BY JKOPCTKiCTBh y nMekKisbKa pasiB. lle smiHioe ¥ iHImi mexa-
HiuHi XapaKTepuMcTMKU M’ A3a (HAIPUKJIAJ, TPYKHICTH i MimHicTb),
10 TPU3BOAUTH OO0 PO3BUTKY (iOpo3y Ta HEMOBHOIO BiJHOBJIEHHS
m’aziB [12, 14]. Pidpos xapaKTepU3yEThLCSI HAKOIMYCHHIM MTO3aKJIi-
TUHHUX OiJKiB, IepIl 3a Bce, Kojareny I Tumy, IO TAKOMK 3MiHIOE
JKOPCTKiCTh M’S30BUX BOJIOKOH. TaKMM UYMHOM, BUMIpPIOIOUM KOPCT-
KicTh M’s13a, MU 3MOTJIM IPOAHAJIiZyBaTH 3MiHU PiBHSA 3amaJbHOTO IIPO-
Iecy 3a BUKOPUCTAHHA JOCTIIKYBAaHNX TepPAaleBTUUYHUX areHTiB [23].

[na Bu3HAUEHHA 3MiH y KOPCTKicHi#l cucTemi M’s3a OyJyio mpoaHa-
JII30BaHO Yac IMOBEPHEHHS M’ fA30BOI CHJIM M0 BUXiTHUX (KOHTPOJBHHUX)
sHauedb. Ha pucyHky 1 mpexacraBiieHo KpuBi 10 mocaimoBHUX CHJIO-
BUX BiAmoBimeil TpaBmMoBaHOTO muscle soleus uepe3 b roguu micias
imimiamii TpaBMu. 3MeHINIEHHA CUJU CKOPOUEHHS YIPOJOBMK IEPIITUX
5 IOCHTiIOBHUX CKOpPOUYEHDL 3MiHIOBAJIOCS MaiyKe IIOBHOIO PUTigHiCTIO
M’s3a Ha OCTAHHIX CTUMYJAIiNHMX myaax. Hac moBepHeHHA M’ s30BOI
CUJIM [0 IIOYATKOBOTO IIOJIOKEHHA CKJaB 282+ 32 Mc mpu mepiiomy
ckopouenHi Ta 302+ 32 Mc mpu gecsaTOMy, IO CTAHOBUJIO IIPUPICT
maiiske 600% Bix KOHTPOJBLHUX 3HaUeHb. BapTo BigsHAUMTH HesHAU-
He 30iJbIIIeHHS »KOPCTKOCTH M’A3a yupomos:k 10 mpoBegeHHX CKOPO-
uyeHb (5% ) 3a icToTHOro (87% ) MOHMKEHHA M’ sI30BOI CILIN.

Ix’eknii Cgo-byanepeHa ycyBaniu AK CTPUOKOIOLiOHE 3MeHIIIEHHS
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Puc. 1. Kpusi 10 mocaigoBHMX CHJIOBUX BiAIOBiZeli TpaBMOBaHOTO muscle
soleus Ha cTuMyJadaniiHEUil curuaa yactoroio y 50 I'm, TpuBaiicTio y 6 ¢ (6e3
pesakcaIiiiHoro Iepiony) IpH 3aCTOCYBaHHI TepaleBTHYHUX areHTiB uepes 5
roauH michada imimisamii TpaBMu (a); KPUBi CMJI0OBUX BiATOBime# micasa mpunu-
HEHHS CTUMYJIAIIAHOTO curHaay (0); yac MOBEePHEHHS CHJIOBOI KPHMBOI y IIO-
yaTKOBy mosuiiio (8); injury+ Cgz, Ta injury + Cs+ M — TpaBmMa Ha TJi
im’exmiit Cyo-ynnepena ta Cqy-dyiaepena 3 mearogom (M) sigmosizmo.!

CUJIN CKOPOUEHHA M’fA3a, TaK i QIIOKTyaliliHy CKJAJ0BY CKOPOUyBa-
JbHOTO Iporecy (puc. 1). Hac moBepHeHHA M’ A30BOi CHUJIM A0 BUXIi-
HoTO TosiosKeHHs (131 £ 12 mc mpu mepiiomMy cKopoueHHi Ta 139 + 22
MC IIpU JeCATOMY) iCTOTHO 3MeHIIHMBCA Ta cKJaB 153% Big KOHTpO-
JbHUX 3HAUEHb.

Im’ekIrii MeHTONy He MPUBOAUJIU OO iCTOTHUX 3MiH y M’s30Biii mu-
HaMii, 3ajuinamum ii MOJTimiIeHHA Ha PiBHI CTaTUCTUYHUX ITOXMOOK
(maHi He mIpeaCTaBJIEHO).

3a kombOiHoBaHOTO 3acTocyBaHHA Cg-hyssiepeHa Ta MEHTOJY IIO-
HU)KEHHS MaKCHUMaJbHOI CHMJIOBOI BiAMOBiZi mpociigkoByBajsocs Ha
KokHOMY 3 10 mociimoBHMX cKopoueHb (puc. 1). Yac moBepHeHHA
M’sI30BOI CHJIM IO BUXIiJZHOTO ITOJIOJKEHHS CKJaB 76 + 15 mc mpu mep-
oMy ckKopoueHHi Ta 88 + 31 mMc mpu mecATomy, [0 cTaHOBUIO 82%
Bii KOHTPOJBHMUX 3HaUeHb. TaKMM UYMHOM, cuHepriiina pmia Cgy-
dynmepeHa Ta MEHTOJYy NPUBOAMJA IO 3MEHIIEHHA JKOPCTKiCHMUX Xa-
pPaKTepuCTUK TpaBMOBaHOro M’sa3a maixke Ha 500% .

3Mina O6ioxeMiyHOTO CKJIaAy KPOBi 3a aKTUBHOrO (DYHKIIiOHyBaHHS
TOITKOMKEeHNX M’ A3iB € BimoOpaskeHHAM Qisiosmoriuaux 3MiH, aAKi
BUHUKAIOTh y CKeJeTHOMY M’asi. Moro GesmocepenHsa aHAiza TaKoXK
HaJa€e MOYKJIUBICTD OI[iHMTH e(@EeKTUBHICTHL TepameBTUYHOI nii mpena-
paTy Ha HaTOJIOTiuHi IIPOoIlecu y HbOMY.

3a pOo3BUTKY M’s30BOi mATOJIOTii 3MiHA PiBHA €HOOTeHHUX AHTHOK-
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Puc. 2. TTokasHUKHU Opo- I aHTHUOKCUAAHTHOTO OaJjialHCcy B KPOBi ITypiB micisa
iHgykyBaHHA M’sA30B0oi TpaBMu: KoHIeHTparnii TBK-akTuBHUX HDpPOAYKTiB
nepexucHoro okucHenHa Jimigis (TBARS), nepekucy Boxuio (H,0,), BigHOB-
neHoro rayrariony (GSH) # axkrtuBHicts karanasu (CAT); injury+GCgy i
injury + C¢o+ M — tpaBma Ha Tii in’ekniit Cqy-bynnepena ta Cqp-dyiiepera
3 merTosNOM (M) BigmosigHO. “p < 0,05; “p < 0,05 BigHOCHO rpynu injury.2

CHUIAHTIB € iCTOTHMM KpPHUTepieM, IO BU3HAUAE PiBeHb (isiogoriuamx
HOpPYIIeHb M A30B01 KaiTuHu. Ha pHCYHKY 2 mpeacTaBJIeHO pe3yJibTa-
TH TECTiB, SKi MOKa3ylOTh PiBeHb HAKOIMMWYEHHS BTOPUHHUX IPOAYK-
TiB IEePEeKMCHOTr0 OKMCHEHHS JIImigiB y KpoBi mIypiB micias immgywirii
m’sa30Boi TpaBmu. Omep:kaHi JaHiI cBiguaTh PO IIiABUINEHWIT PiBeHb
TBR-akTuBHUX TPOAYKTIB mepekucHOro okucHeHHs Jjimigis (TBARS)
i mepexucy BogHiO (H,0,) miciaa crumysainii TpaBMOBaHOTO M’sA3a, a
came: 235% (p<0,05) nma TBARS i 451% (p <0,05) gaa H,0, mopi-
BHSHO 3 HEIIOIIKOAMKEHUM M’ sI30M.

Ilicna BBemeHHs C4BP® konmeurpamis TBARS HesmauHO moOHU-
JKyBaJlacs IIOPIBHAHO 3 IOIIKOAMKEeHMM M’A30M 6e3 rTepamii — 202%
(p <0,05). Takum unrOM, TepameBTuuHUU edeKT Cy;,(BP® 3a mum ma-
pxepoMm ckJyaB me Oiibirie 11% . Iloumm:kenua pisasa H,0O, micas Bse-
neuus CgBP® cranoBmyo He 6inbiie 14% (puc. 2).

IIpu sacrocyBanHi KommiaeKcHUX iH’eKIint CyBP® i mentomy Te-
pameBTuunuii epext 3a mapxepom TBARS crmxaB 31% (p<0,05), a
ons H,O, — 47% (p <0,05), mo y moHan 2 pasu IIepPeBUINUIO Tepa-
nmeBTUYHHNN eeKT okpeMux in’ekimiit C;BP®D.

Amnajisa piBHIB eHIOTeHHNX AHTHOKCHAAHTIB 3acBigumja 3HadHe
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30inpIIeHHA PpiBHA BigHoBigenoro riuyratriony (GSH) — 301%
(p < 0,05) ta aktuBnoctu Karamasu (CAT) — 471% (p <0,05).

Ilicna BeemenHs Cy,BP® aktuBmicTe GSH HesHauHo monmsumiaca
— Ha 9% (p<0,05). INoumxkenua noxkasHukiB CAT za miel Tepamii
BUSBUJIOCA OijbIll epeKTUBHUM i cKJamo 14% (p < 0,05).

IIpu sactocyBanHi KommaexkcHux im’ekiiii Co,,BP® i menrtony pi-
Beab GSH mnonususcsa maiisxke Ha 50% mOpiBHAHO 3 (PyJIepeHOBOIO
reparriero. TepanmeBruunuii epert mpu mpomy ckiaas 29% (p <0,05).
Bognouac piBens CAT sanumuBesa MPaKTUYHO HE3MiHHUM HOPiBHSIHO
3 (pysrmepeHOBOO Tepairieio (MoHu3uBCcA He Oinabirne Hix HA 2—3%).

BakimnBo 3asHauMTHM, IO 3aCTOCYBAHHSA MEHTOJBHMX iH’€KIill He
BUABUJIO JOCTOBIpHUX 3MiH y KOZHOMY 3 OioxeMiuHMX MapKepiB IIO-
PiBHSAHO 3 TPaBMOBAaHUM M’ A30M (JaHi He IIPeCTaBJIECHO).

3amnajenua, AKe BUHUKAE IIPU AECTPYKIIii M’s30Boi TKaHMHU, iHi-
miroerbea APK. Tak, mpu roctpiéi TpaBMi y M’A3aX aKTUBHO yTBOPIO-
€ThbCA CyHepoKcuiumii pagukaa, H,0, Ta rigpokcuIbHUN paguKal
[24]. 3a HOpMaAJIbHMX YMOB AaHTHOKCHUIAHTHA CHUCTEMA 3JaTHA YTBO-
poBaTu cTabijbHiI CIOTYKM, HEHTPaAJidyHuW HAIJUIIOK BIJILHUX pa-
mukaiiB. [Ipore, 3a 3HAYHUX IOMIKOAKEHHSAX, BOHA HE CIIPABJIAETHCA
y TOBHI# Mipi 3i cBo€ (PYHKIIi€0, i TOMYy BUKOPHCTAHHA ITOTYXKHIiX
MIPUPOAHIX abo IITYyYHUX €K30TeHHUX AaHTHUOKCUIAHTIB 3 TepaleBTHY-
HOIO METOIO 3laTHe IPUIIIBUIIINTH IIPOIleC BimHOBIeHHA M’ a3a [25].

KinbKicTs BHYTPINMIHLOM’A30BOI CHONYYHOI TKAHWUHM Ta MOPGdOJIO-
riyHUH PO3WOALJN il BHAUHO Bapiloe MixK M’A3aMu 3 pisHUMU OioMexa-
Hivaumu ¢yuKniamu. Tonorpadia KoJsareHOBUX BOJIOKOH 3a PO3BUT-
Ky M’ A30BOTO 3alajIeHHS € BajKJIUBUM UMHHUKOM, AKUH 3MiHIOE KO-
pcTKicTs M’A30BOI cucTeMu 3a matoJiorii [26]. Hac i miBuaKicTh exc-
mpecii 6inKiB cmosyyHOl TKAHWMHHN TAKOXK BKAa3yOTh Ha BigMiHHOCTI
MiKk M’A3aMu pisHMX THUOiB. MexaHiuHa pPOJb BHYTPIiITHBOM’ 30BOI
CHOJYYHOI TKAHMHUW 3a HOPMaJbHUX YMOB CKOPOUEHHA M’ d3a oOMe-
JKYETbCA ITaCUBHOIO IIPYKHBOIO peakiliero. OpmHak 3i 36igbIIeHHAM
30BHIIIHIX HaBaHTa)KeHb Ha AKTUBHUI M A3 BiiOyBamOThCA 3MiHU B
eKcmpecii 6inkiB crosyunoi TkaHuHU. lle 3amyckae mesaki agamrartiii-
Hi IIPOIlecH y CKOPOUYyBaJNbHIN (GYHKIII M’ A30BOTO KOMILJIEKCY «CUHE-
pricr—aHTaroHicT» 3 ypaxyBaHHAM JedopMalifHMX 3CyBiB i 3MiHUM
M’s30BO1 reomMeTpii 3a BUKOHAHHS PYyXJUBUX 3aBlaHb. 3MiHU JKOPCT-
KicHOI KOMIIOHEHTH M’f3a HaIpAMY HOB’A3aHi 3 mepebiroMm 3amajabHO-
ro mpollecy y Mmoirkom:xeHomy m’sasi [27]. Komaren, — ocHOBHUIA 0i-
JIOK CIIOJIYUYHOI TKaHWHU, — € HeBiJ €éMHOI0 CKJIaJOBOIO0 M’ A3iB i Bimi-
rpa€ BasKJIMUBY POJb AK y BCTAHOBJEHHI TUTAHIYHUX CKOPOYEHb, TaK i
B YTPUMAaHHI AOCATHYTUX I[iJTbOBUX IIO3UIIi}i aKTHUBHOTO M’ s3a 3ara-
Jgom [28]. Binbmre 90% BHYTpPiTHbOM’sI30BOTO KOJIar'eHY 3HAXOAUTHCS
y nepumisii. KomareHosi 3IIUBKYM IpeACTaBJIAIOTE CO00I0 CTPYKTYPH,
K1 BUHMKAIOTh y pe3yJbTaTi KOHAeHcAIllil 3aJuINKiB JisuHy abo Tifm-
poxcumisuHy ¥ iXHiX aapgerimiB. 3MINBKU 3B A3YIOTh IBi abo Tpu
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MOJIEKYJIN KoJiareHy. 3i 30iJbIIIeHHAM B30BHIIIHIX HaBaHTa)KeHb Ha
AKTUBHUIN M’ A3 CIIOCTEPiraeThcA 3CYB Y THHI Kojareny (B 0ik 6inbImmoi
KimbkocTu I Tumy) Ta 30inbhrenHsa KoHIeHTparii smmBox [29, 30].
Came Taki sMiHM y KOJIareHOBUX XapaKTEepPUCTHKAaX, a He 3MiHU KOH-
IeHTpaIii KoJjiaredy, BiAHOBiZaJbHiI 3a 30iJbIIMEHHS »XOPCTKOCTH KO-
JareHy 3a PO3BUTKY 3aHaJILHOTO IPOIECY.

HocmimxenHua poyi M’ A30BuX (aciiii y migTpuMaHHiI ZOCATHYTOTO
CTAI[IOHAPHOTO CTaHY aKTUBHOTO M’ fd3a IIOKAa3ajo, I0 M’ dI30Ba BTOMA
He € OCHOBHUM UMHHHUKOM y IIboMy BuOaaky [31, 32]. Bymo 3pobieno
BHCHOBOK IIPO Te, IITO caMe HOPYIIeHHS KOPCTKICHUX CTPYKTYpP Y (a-
cIlii 3a BMHUKHEHHSA 3allaJibHUX IIPOIleCiB Biflirpae OCHOBHY PpOJIb ¥
PO3BUTKY ¥ YTPUMAaHHI M’A30BOI HAIPYKEHOCTH Ta 3MiH B iHTepCTH-
migapHOMY THCKY. Ile Moske mMOsCHUTH 30iJbIITIeHHA Yacy IOBepHeHHS
M’si3a Ha BUXiTHY IiILOBY IIO3UIIII0 34 PO3BUTKY 3alajIeHHI.

4. BAICHOBRH

OTmixe, MO3UTHBHA TepaleBTHYHA 3MiHA MOCHiAKyBaHmxX OioMexaHiu-
HuX i1 OioxeMiyHMX MapKepiB HiATBEPAKYE MOIKJIMBICTH CYMiCHOTO
3acTocyBaHHA BOAHOTO po3umHY Cgo-pyimepeniB [33] 1 MeHTONy AK
e()eKTUBHUX AareHTiB, 3JaTHUX Koper'yBaTu IATOJIOTiYHUII cTaH
M’s30BO1 cuCcTEMU, IO BUHUKAE IPU TpaBMax. BusaBjieHUIl CUHEPTi3M
nii menTony Ta Cg-dysiepeHa Ha MOCTTPABMATUYHUI ITPOIEC BiTHOB-
JIEHHA CKeJIETHOTO M’fA3a BiIKPUBa€ peajibHi NMEPCIEKTUBU AJA IOAA-
JBINX KJIHIYHUX BUIPOOYBaHB iX.

Agropu BucaoBaOOTH BAAuHicTh MOH VKpainu 3a diHaHCOBY i-
aITpuMKy (rpaHT Ne 19B59P036-01).
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! Fig. 1. Curves of 10 consecutive force responses of an injured muscle soleus to a stimulation
signal with a frequency of 50 Hz and a duration of 6 s (without a relaxation period) when
using therapeutic agents 5 h after initiation of injury (a). Curves of force responses after the
termination of the stimulation signal (6). Time to return the force curve to its original posi-
tion (8); injury + Cgy and injury + C¢o + M are trauma caused by injections of Cg, fullerene and
Cgo fullerene with menthol, respectively.

2 Fig. 2. Indicators of pro- and antioxidant balance in the blood of rats after induction of
muscle injury: concentrations of TBA-active products of lipid peroxidation (TBARS), hydro-
gen peroxide (H,0,), reduced glutathione (GSH) and catalase activity (CAT); injury + C4, and
injury + C¢o + M are trauma caused by injections of Cg, fullerene and Cg, fullerene with men-
thol, respectively. p < 0.05; “p < 0.05 relative to injury group.
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Ha pacuérublii cuét Ne UA603223130000025308000000067, MPO 322313
HASBHAYEHUE ILJIATEA: 3a cOopHuk «Hamocueremu, HaHomarepianu, HaHoTexHoJoril» miust UM® HAHY
«IIMATEIBIMUAK»:
OCHOBAHME: npegomaata 100%
N HaumenoBanue En. usm. Koa-so Ilena Cymma
1 cOopuuk «HaHocucTeMu, HaHOMAaTEpiagu, 9K3. 4 36 US$ 144 US$
HAHOTEeXHOJOril» (BKJOUas JOCTABKY IOUYTOMN)
CymMa K omjarte 144 US$
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