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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuHBIX TPYROB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) ny6iukyer emé
HeoyOJINKOBaHHbIE ¥ HE HaXOASAIIVMECS Ha PACCMOTPEHUM JIs ONyOJNKOBAHNSA B MHBIX UBJAHUAX HAYY-
Hble 0030PBI U OPUTMHAJIBHBIE CTAThU, COJAEPIKaIe U XapaKTePU3YIOIIre Pe3yIbTaThl 9KCIIePUMEHTAIb-
HBIX ¥ TEOPETUYECKUX MCCJIEA0BAHUM B 00JacTH (PUSUKHU, XUMUU, OMOJIOTUN, TEXHUKHN, METOIOB CUHTE34,
00paboOTKY 1 AMATHOCTUKY HAHOPAa3MEPHBIX CUCTEM U HAaHOMACIITAOHBIX MAaTEPUAJIOB: KJIACTEPOB, HAHOYA-
CTUII, HAHOTPYOOK, HAHOKPUCTAJIJIOB 1 HAHOCTPYKTYP (aaTUTOMOAOOHBIX U AP. GrocucTeM, aMOPMHBIX U
KOJIJIOUJHBIX HAHOPA3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK U TOKPHITU, HAHOIIOPOIIIKOB M T.x.).

Crarbu myOIMKYIOTCA HA OAHOM K3 [BYX SI3BIKOB: aHIVIMACKOM IV YKPAUHCKOM.

Crarbu, B 0popMIeHNN KOTOPBIX He COOMIIOAEHBI CIeAyore IpaBuia jiua nyoankanuu 8 HHH, Bos-
BpAaIIaloTCsa aBTopaM 6e3 pacCMOTPeHUA 10 cyinecTBy. ([laToit mocTymieHus cunTaeTcsa JeHb IIOBTOPHOTO
IIPeJCTABJIEHNUS CTATHY IIOCJIE COBJIIONeHUsI YKa3aHHbBIX HUKe IIPABUIL. )
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TIOYTOBBIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM TOUTHI.
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pumenraabHa/TeopeTuuna meroquka», «3. Pesyabpraru ta ix 06roBopeHHs», «4. BucuoBku», «Ilurosa-
Ha JiTepaTypa»), C:KaTbIM, 0e3 AJINHHBIX BBeJeHU, OTCTYIJICHUH U IIOBTOPOB, JYOJUPOBAHUSA B TEKCTE
MaHHBIX TA0JINI[, PUCYHKOB U IMOAIMCEH K HUM. AHHOTAus U pa3nes « BHCHOBKM» TOJIKHBI He Ty06aupo-
BaTh APYT Apyra. YucaoBbie JaHHBIE CJIeyeT IPUBOAUTE B OOIIENIPUHATHIX eAUHUIIAX .

3. 06bém craThu q0JKeH ObITE He 6osiee 5000 cii0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI], IOAIUCEH K
pUCYHKaM, crucka gureparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(e 6omee 22000 cnoB u 60 pucyHkoB), pemratorcsa penkosterneii HHH Ha ocHOBaHWU IpeABapuUTeIHLHO
IIPe0CTaBIEHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PaGOTHL.

4. B pefaknuio mpegocraBiasercsa 1 9K3eMILIADP PYKOIINCH ¢ WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIA Ha 6ymare popmara A4 yepes IBOMHOI MHTEPBAJ B OJUH CTOJIOEI] C OHOI CTOPOHBI JIKCTA.

5. B pepakiuio ob6s3aTeabHO IpepocTaBiasgercsa (o e-mail nin Ha KoMmaxkT-gucKe) Gaity pyKOmucH
craTby, HAOpaHHBIN B TeKcTOBOM pegakTope Microsoft Word 2003, 2007 wmxu 2010 ¢ HazBaHUEM, COCTO-
AmuM u3 haMuUInK IepPBOro aBTopa (JaTuHuIeir), Hanpumep, Smirnov.doc.

6. ITeuaTHBII BapUAHT PYKOINCHU U €€ 3JIeKTPOHHASA BEPCUS JOJKHBI OBITH HACHTUYHBIMU U COZEPIKATH
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammuio (200—250 cioB)
crarbu (BMecTe ¢ 5—6 KarouyeBsIMu ciioBamMu). TeKCTHI YKPAaMHOSSBIUHBIX CTATEH NOJKHBI TAKIKe COLep-
JKaTh 3aryiaBre cTaTby (BMeCTe CO CIMCKOM aBTOPOB M aJpecaMy COOTBETCTBYIOIIUX YUPEKAEHUI), pac-
mupennyto anaoranuo (300—350 cioB), KI0UEBBIE CIOBA, 3aTOJIOBKY Ta0IUI] U TOAIINCH K PUCYHKaM Ha
aHrImiickoM sa3bpike. Kpome Toro, comeprkaHus aHHOTAUN HAa YKPAWHCKOM U aHIJIMMCKOM S3BIKAX
JOJIXKHBI 6LI’I‘L UIEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4epHO-0eIble WJIN MOJYTOHOBbIE ¢ TPaJanueil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJIbHBIX JINCTAX C YKasaHUeM HOMepa PUCYHKa U (haMuiny mepBoro aBropa. Bece puCyHKY JOIKHBI OBITH
[OTIOJIHUTEILHO IIPE/ICTaBJIEHbI B BUE OTAeIbHBIX (PailioB (IIpejrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS unu JPEG) ¢ HagBaHUAMY, COCTOAIIMMY 13 (aMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Haupumep, Smirnov_fig2a.tiff. KauecTBo mimrocrpanuii (B TOM Yuciie IIOJYTOHOBBIX) SOJIMKHO
obecreunBaTh UX BocupousBegenue ¢ pasgpemienueM 300—-600 Touek Ha AroiiM. J[OIOJTHUTEIBHO PUCYHKY
IIPeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJYTOHOBBIX ) HA/IO 110 BOZMOYKHOCTY 3aMEHUTEH OYKBEHHBIMU
obo3HaueHNAMY (HaOPAaHHLIMU HA KOHTPACTHOM (DOHE), a KPUBbIe 0003HAUUTD I{HMPAMU UJIU PASIHIHOTO
TUIA JUHUSMU/MapKepaMu, PasbsACHAEMBIMY B IMOAIUCAX K PUCYHKaM Wi B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH UEPHOIO I[BeTa U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEIeHNA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMICI/I JOJIXKHBI 6I:ITI: I{é'l‘KI/IMI/I " KOHTPACTHBIMM, a HAAIUCU U 0608Ha‘{eHI/Iﬂ JAOJIXKHBI HE 3aKPbIBATh
CYII[eCTBEHHBIE AeTaju (s 4ero MOXKHO MCIIOJIH30BAaTh CTPEJIKM). BMecTo ykasaHUs B IOJTEKCTOBKE
YBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUThH MaciITad (Ha KOHTpAcTHOM (hOHE) Ha OJAHOM U3 UAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucy K ocsiM, BBHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKATh
0603HaueHns (NI HANMEHOBAHUA) OTKJIAJbIBAEMBIX BEJIUUNH U Yepe3 3aIsTYI0 UX eTUHUIILI U3MEDEHU .

9. ®opmyasI B TEKCT HEOGXOUMO BCTABJIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHocThI0
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. PucyHku, a TakyKe TaGJIMIBI ¥ IIOJCTPOYHEIE MPUMeYaHUsA (CHOCKH) TOJKHBI IMETH CILIOUIHYIO
HyMepaIuio II0 BCeil craTbe.

11. Cebuiku Ha JUTEpaTypHBIE NCTOUHUKY CJIEAYeT HaBaTh B BUE MOPAIKOBOTO HOMEPA, HalleuaTaH-
HOT'O B CTPOKY B KBaAPAaTHBIX CKOOKax. CIMCOK JIUTepaTyphbl COCTABIAETCSA B IIOPSIKE IIEPBOTO YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAHNE HA I10-
PANOK CJIeJOBAaHUSA WHUIINAJIOB U (aMuinii aBTOpOB, 6ubirorpaduuecKux CBeAeHUN U HA PasJe/IuTeIb-
Hble 3HAKM, a TaKyKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IUTUPOBAHHON pabGoThl U (B KOHIE
KasKI0i cchliKu) eé nudposoro nuaentuduraropa DOI, ecsiz TaKoBOII MMeeTCA Y COOTBETCTBYIOIEH Iy6-
nuKanum (1 yKasaH Ha e€ MHTePHeT-CTPAaHNUIle U3JaTeIbCTBA):
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHII ITIPAKTUIII ITYBJIK AT

Pepakmiiina KoJserisa 36ipHuka HayKoBuX mpailb «HaHocucremu, HaHOMAaTepiaim, HAHOTEXHOJIOTII»
IOTPUMYETHCS €TUIHUX HOPM, NPUUHATUX MI’KHAPOJHUM HAyKOBHUM CIIiBTOBApHUCTBOM, i pPOOHUTH
yce IJsi 3amobiraHHsA OyAb-IKUM IIOPYIIEHHSM I1X. ¥ CBOIN [is/JIbHOCTI pefaKIlis CIIMpAaeThCsd Ha
pexomengamnii Komitery 3 eTuxku mHaykoBux myoOsikamniii (http://publicationethics.org).

0060B’A3KM pegaKiii
. Bci npencrasiieHi cTaTTi peleH3YIOTHCS eKCIIepTaMu B JaHil 061acTi.
. ITig yac posryiamy craTTi BpaxoBYIOThCs Ii BiAmoBigHiCTH mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, UNTAOEJBHICT i MOBa (TIpaBomuc).
° 3a pesysbTaTaMHU PEIeH3YBaHHSA CTATTA MOKe OyTU IpUIHSTA A0 OmyOIiKyBaHHS 0e3 Jopod-
KU, IPUAHATA 3 JOPOOKO abo BigxwuieHa.
. Bigxuiieni crarTi moBTOPHO He PeIEeH3YIOThCS.
. CrarTi MOKyTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM YMHOM HE IIiAXOAATH
I yOsTiKarrii.
. Pepakiis yxBaiioe piieHHs 1Moo myOsikaiii, Kepyoouuch MOJITHKOI 30ipHUKA, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.
° He momyckaerbes mo myOurikariii indopmalrisi, SKIIO € AOCTATHLO IifCTaB yBa’kaTH, II[0 BOHA
€ maarisaTom.
3a HagBHOCTH AKUX-HEOynb KOH(IIKTIB iHTepeciB ((iHaHCOBUX, aKaJeMiuHUX, 0COOMCTUX) BCi
YYaCHUKH IIPOIlecy pelleH3yBaHHS IIOBUHHI CIOBIiCTUTH IIpO Iie penkosierii. Bei cmipui numranHa
PO3IJIAAIOTHCA Ha 3aciflaHHi pefKoJerii.
IIpuiiaaTi go onyOIiKyBaHHA CTaTTi PO3MIIAIOThCA Y BiAKPUTOMY AOCTYII Ha caiTi 30ipHUKA;
aBTOPCBHKI mmpaBa 30epiraloThCs 3a aBTOPaMU.

ETuyHi NpUHIUIM B TiSIbHOCTI PeleH3eHTiB

° PerleHseHTH OIiHIOIOTH CTATTI 3a IXHIM BMicTOM, 0e3BiJHOCHO 10 HAIiOHAJIBLHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHuX mepeKoHaHb, eTHIYHOI MPUHAJEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CuiBpobiTHUKY pefakiiii He MOBUHHI MOBIAOMIATH SKY-HeOyIb iH(opMallio mpo crarTi, II[0
HagiAmLIM, ocobaM, AKi He € peleH3eHTaMM, aBTOPaMU, CIiBPOOITHUKaMU pefakiiii Ta Buma-
BHUIITBA.

° PeliensyBanHs IMOBUHHE OYyTH IIPOBeAeHO 00’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpPa HEIpHU-
nyctuMa. PereHseHTH 3000B’A3aHi 0OI'PYHTOBYBATU CBOIO TOUKY 30pPY UiTKO I 06’€KTUBHO.

° PerensyBanus mornoMmarae BUAABIEBI IpuiiMaTy PillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOITHUIITBA
3 pelleH3eHTaMU I aBTOpaMU MOJIIIIIIUTHA CTATTIO.

. Marepianu, orpuMmani Jisa pereHsii, € KOHDIAEHIIHHUMEN JOKYMEHTaAMHU Ta PEIeH3YIOThCA
aHOHIMHO.

° PerenseHT Tako)K 3000B’si3aHUiI 3BEpPTATH yBary peJaKTopa Ha icTOTHY ab0 Y4acTKOBY MOXi0-
HICTH IIpEACTaBIEHOI CTATTi 3 AKOIO-HEOYAH 1HIIOI POOOTOI0, 3 AKOIO PEIeH3EeHT 0e3mocepen-
HbO 3HANOMUM.

IIpuHIMIHN, AKMMHU MOBUHHI KePYBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIiit

° ABTopu crarell MOBUHHI HagaBaTH TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOI'OBO-
peHHs i 3HAYUMOCTH.

. AsTopu craTTi NOBMHHI HaZaBaTU JOCTOBIpHI pesyJsibTaTH IIPOBEAEHOr0 OrJISAy U aHaxisu
nmocaimkenb. CBigqoMo moMuIKOBI abo chanbcudikoBaHi TBepKeHHA HEIPUUHATHI.

° CrarTs MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh imdopmarlii 1jis IepeBipKM Ta IIOBTOPEHHS
eKCIIePUMEHTIB a00 po3paxyHKiB iHmwumu pociaigunkamvu. [Ilaxpaiicbki abo cBimomo Hempas-
IVBi 3aABM MPUPIiBHIOIOTHCA O HEETUYHOTO MOBOYKEHHS 1 € HeNPUNHATHUMU.

. ABTOpPH MOXKYTb HaAJaBaTU OPUTiHAJBHI peryispHi # orjismoBi poboTu. 3a BUKOPUCTAHHS
TeKcToBOI abo rpadiunoi indopmarii, orpumanoi 3 pobiT iHmMxX oci6, 000B’sI3KOBO HEOOXimHI
MOCUJIAHHSA Ha BiAmoBiAHI my6iikarlii abo muchbMOBU 03B iXHIX aBTOPIB.

. ITomaua crarTi GinbII Hi’X B OZUH JKypHAJ PO3I[IHIOETHCA AK HEETUYHE IOBOJKEHHSA i € He-
TPUNHATHOIO.

. ABTOpPCTBO IMOBUHHE OyTH OOMEKEeHe TUMU, XTO 3pOOMB 3HAUHUIN BHECOK Yy KOHIIEMIil0, PO3-
POOKY, BUKOHAHHA a00 iHTepIIpeTaIlito 3asBJIEHOTO JAOCIiIKeHH.

. Ioxepesa (hiHAHCOBOI MiATPUMKY OCTiIKEHHA, 10 TyOIiKyeThCsa, MOKYTb OyTH 3a3HAUeHi.

ISSN 1816-5230. Hanocucremu, HaHOMAaTepiaan, HAHOTeXHOJIOrii. 2024 XV



TH®OPMAIIIA OJIA IIEPEOIINIATHUKIB I ABTOPIB

PUBLICATION ETHICS

AND MALPRACTICE STATEMENT
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accepted by international scientific community and makes every endeavour to prevent any
infringements of the norms. The Editorial Board follows the guidelines of the Committee on
Publication Ethics (http://publicationethics.org).

Duties of Editors

o All submitted papers are subject to strict peer-review process by reviewers that are experts
in the area of the particular paper.

® The factors, which are taken into account in reviewing process, are relevance, soundness,
significance, originality, readability, and quality of language.

® The possible decisions include acceptance, acceptance with revisions, or rejection.

e If authors are encouraged to revise and resubmit a submission, there is no guarantee that
the revised submission will be accepted.

® Rejected articles will not be re-reviewed.
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?BinHuubKkuil HAUIOHAALHUL MeXHIYHUIL YyHigepcumem,
XmenvHuuvke woce, 95,

21021 Binnuysa, Ykpaina

Meroz pagiouacTOTHOTO MarHETPOHHOTO HAaHECEHHS BUKOPUCTAHO AJISA OJep-
JKaHHA HAHOCTPYKTYPOBAHUX TOHKUX ILIiBOK ZnO. [[id OIiHKM TOBIUHU
IIiBKU Ta JOCHiMKeHHS MopdoJiorii il moBepxHi OyB BUKOPUCTAHUI METOT
CKaHyBaJIbHOI eJeKTPOHHOI Mikpockomii. Cnocrepiraerbca ogHOpigHA MOPGO-
JIOTisT TMOBepxHi 0e3 ABHUX CTOPOHHIX BKJIOUEHDb; TAKOK OI[IHEHO TOBIIUHY
IUIiBKY, SdKa JEeKUTh B AiAmasoni 267-272 um. Omep:xkaHi ILIiBKM, XapaKTe-
PUBYIOTbCA PO3SBUHEHOI0 HAHONOBEPXHEI0 3 YTBOPEHHAM KJIACTEPiB Maiike
chepuunoi opmMm Ta ixHiM cepemHiM miamerpom mpubamsHO Bim 25 mo 40
HM. Bys0o BcTaHOBJIEHO, ITIO ILIIBKM 3 TOBIMHOIO 0u3bKo 270,0 HM MaioTh
rapHy IPO30PiCTh y BUAUMOMY HAisAnasoHi 3i sHauenHamu Bixm 60% mo 85%.
Meromom Tayka omep:kaHo 3HAUEHHS HIMPUHU 3a00POHEHOI 30HU, IO CKJIa-
mae 3,31 eB. MeromoM peHTI'eHiBCBKOI (DOTOEJIEKTPOHHOI CIIEKTPOCKOIIil
(P®C) 6ysn0 BcTaHOBIEHO 30iMbIIIeHHA eHeprii 3B’sa3Ky Zn2p- ta Zn3d-piBHIB
y mIiBIi y mOpiBHAHHI 3 mopomkoM ZnO, 110 CBiAYUTh IPO BiATiK eJIeKTPOH-
HOI ryctmHU Bifm #oHiB I{uHKy. BeTanoBiIeHO 3MiHY CIiBBiIHOINIEHHA KiJIbKO-
cru atomiB OkcureHy no Kimbkoctu aromiB I[uHKY Ha moBepxHi Ta B 00’eMmi
maiBku metogqoMm P®PC. PPOC-crexTpu OKcureny 0yJo PO3KJIaAEHO HA 3 KOM-
[IOHEHTH, IIepIIa 3 AKUX Binmosizae #iomam O? y marpumi ZnO, npyra — io-
Ham O? B periomax 3 medimmrom OKcureny, i Tperss — 3a azcopboBaHi BUAN
OKcureHy Ta TiJpOKCUJIbHI I'PyIM Ha MOBEePXHi IIiBKU. I3 ogep:KaHUX CIIEKT-
piB BaJIeHTHOI 30HU GYJIO BCTAHOBJIEHO, IO AHO BAJEHTHOI 30HU CKJIAJAETHCA
nepeBaskHO 3 3d-craHiB I[MHKY, a CTesd BaJIEHTHOI 30HU 3YMOBJIIOETHCA Ti0-
punusoBanumu O2p- Ta Zn4s-cramamu.

The radiofrequency magnetron deposition method is used to fabricate

nanostructured thin ZnO films. The scanning electron microscopy method is
used to estimate the film thickness and to study its surface morphology. A
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homogeneous surface morphology without obvious foreign inclusions is ob-
served, and the film thickness is estimated to be in the range of 267-272
nm. The obtained films exhibit a developed nanosurface featuring the for-
mation of nearly spherical clusters with an average diameter ranging from
25 to 40 nm. As found, the films with a thickness of about 270.0 nm have
good transparency in the visible range with values ranging from 60% to
85%, and the band gap of 3.31 eV is obtained using the Tauc method. An
increase in the binding energy of the Zn2p and Zn3d levels in the film com-
pared to ZnO powder is found by x-ray photoelectron spectroscopy (XPS)
that indicates an outflow of electron density from zinc ions. The change in
the ratio of oxygen atoms to zinc atoms on the surface and in the film vol-
ume is determined by the XPS method. The analysed XPS spectra of oxygen
are decomposed into 3 components, the first of which corresponds to O*"
ions in the ZnO matrix, the second corresponds to O ions in oxygen-
deficient regions, and the third corresponds to adsorbed oxygen species and
hydroxyl groups on the film surface. From the obtained valence-band spec-
tra, it is found that the bottom of the valence band consists mainly of 3d
zinc states, and the top of the valence band is determined by hybridised O2p
and Zn4s states.

KarouoBi croBa: MarmeTponHe HAIMOPOIIEHHsS, TOHKI miaiBku Zn0O, P®C,
CEM, BajeHTHa 30HA, 3a00pOHEHAa 30HA.

Key words: magnetron sputtering, ZnO thin films, XPS, SEM, valence
band, band gap.

(Ompumano 1 mpasus 2023 p.; nicas doonpayosauns — 5 mpasns 2023 p.)

1. BCTYII

B ranysi ¢isuKm MeTasiB TPETHOTO TUCAYOJITTA IMOSBUINCA MATEPid-
Ju, 10 MalTh (hi3MUHI BIACTMBOCTI MeTasiB, Xoua 3a IIPUPOJIOI0 He
MalOTh HNPSIMOT0O BifHOIIIEHHS OO MeTaJIiB, HAIPUKJIAL HPOBITZHUUI IIO-
aimep PEDOT:PSS, okcupn rpageny Ta HaHOUYACTHHKUN ABOOKUCY Tu-
rany. Taka TeHIEeHIIiA CyIPOBOIKYETHCA TUM, IO 3aCTOCYBAHHS UMC-
TUX METAJNiB Ha MPaAKTUI[l YacTO YCTYIIA€ CBOE MicClle CIOJyKaM, AKi
moximHi Bim HuMX, aje 30epiraroTh BJIACTHUBOCTI MeTaJIiB, HAIIPUKJIAT
eJIEKTPUYHI.

IlepcuexTuBHUMU y IILOMY ILTAHI € TOHKi IJIIBKM OKCHAIB MeTAaJIiB
3 JOCTATHBO BUHCOKWMM IIPOBIZHMMM BJACTUBOCTSIMMU, IO HAWIIIN
CBO€E 3aCTOCYBAHHS, HAIPUKJAL B €HEepPTeTUIli Ta CIiHTpoHimi. 3o0Kpe-
Ma, B okcuai IImHKY cmocrepiraerbcsa QepoMarHeTusaM IIiCJIsg IOTO
momyBaHHA aromamu meraniB: Co, Mn, Fe, Cu. IlepcuexTuBHUM Ha-
IPAMOM y CydacHili metanyprii € Tako:x KapborepMiuHe BiHOBJIEHHS
OKCHIiB MeTaJIiB, IO € BeJUKOHAMIMNHUM HAa ILIAXY II€PETBOPEHHSI
OKcuaiB MeTasiB y metanu. iaa edpekTuBHOI peasrizaliii mporo € oxe-
p:KaHHs pos3BuHeHOI moBepxHi. Tomy mocrmimKeHHA (QismuHHX BJac-
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THUBOCTEH OKCHUIIB MeTaJiB 3 PO3BHHEHOIO IIOBEPXHEIO0 € aKTyaJbHOIO
3a1avero.

Cepen iHINIMX OKCHAIB MeTaJIiB OCTAHHIM uacoM TOHKI maiBxu ZnO
NIPUBEPTAIOTh 3HAUHY yBary AOCJIMHWKIB 3aBIAKU KOMILJIEKCY CBOIX
VHIKAIbHIX BJIACTUBOCTEH: mpsMa 3a00poHeHa 30HA IMIMPUHOWL y 3,37
eB [1], rapua mposopicTs Yy BHUAMMOMY OiANAa30Hi, THUTOMA IIPOBiz-
HicTh v 6,24-10* Om/cMm [2], 3HAUHA eHeprisa 3B’sA3KY €KCUTOHIB, IO
criazae 60 meB.

BpaxoByoounm HH3LKY cobiBapTicTh Ta IXHIO eKOJIOTiuHYy G6esmeu-
HicTh, TOHKI maiBku ZnO € mikaBuM 00’€KTOM AJIS OOCJHiIKeHbL y 0a-
ratbox cepax mpurganuHoi ¢isuxu. Came ToMy HaMaramTbCI BUKO-
PHCTOBYBATH iX B SAKOCTI XeMiUHNX CEHCOPiB, B OIITOEJEKTPOHHUX
OPUCTPOAX i COHAYHMX KOMipKax B AKOCTi IIPO30PMX ITPOBiTHUX ejie-
KTpox [3].

Bararo meroniB cuHTE3M BUKOPHCTOBYETLCA IJIA ONEPKAHHA TOH-
Kux 1miIiBok ZnO, cepen AKHUX: 30JIb—TeJb, XeMiUHe OCaIKeHHS 3 IIa-
poBoi dasu, cmpeii-mipoJiza, MarHeTpoHHe ocamkeHHa [4—6]. Cepen
ycix MeTOoAiB pajioduacToTHe MATHETPOHHE OCAIKeHHS BUIIIAETHCA
3aBASAKU BUCOKiM OJHOpimHOCTI 3a HaHeCceHHA Ha IiIKJIaIUHKHN, Be-
JUKiN mIoIni, HU3bKi#l TeMIlepaTypi CUMHTE3U, IPOCTOTi, a TAKOX Ma-
critaboBamocTi mporiecy. OcTaHHE CHPOINY€E IPOIEAYPY BIPOBAIIKEH-
Ha Jab0paTOPHUX IOCTIIKeHb y IPOMMUCJIOBI mpoiiecu. Takok Hame-
CeHHsA TOHKHUX IIJIIBOK MOKe OyTU CIIpOIleHe 3a PaXyHOK IIPOCTIIoi
cuHTe3u MimreHi. OLHUM 3 TAKUX MUIAXIB MOMKe OYyTU CTBOPDEHHSA Mi-
IIeHi 3 mOpoIKy oKcuay LIMHKY 3a MTOIOMOrOI0 IIpecyBaHHS, IO PO-
OUTDH TPOIlEC CUHTE3U OiJbII THYUKUM.

BpaxoByooun BUKJIaJeHe BUIIEe, IIOCTae IIoTpeba B JabOpaTOPHUX
JoCHimxeHHAX (PisUKO-XeMiuHUX BJilacTUBOCTell miIiBok ZnO mjas mo-
IaJbIIIOr0 BIOCKOHAJEHHS METONIiB OIepsKaHHA iX 3 MeTOI0 BIIPOBAa-
IKeHHS IJIIBOK Y BUPOOHUIITBO.

2. CHHTE3A TA METOIH JOCJII;KEHHS

Touki mriBku ZnO 0ys0 ocaaKeHO METOIOM PamiouacTOTHOrO MarHe-
TpouHOr0 HaHeceHH:A (13,56 £ 0,135 MI'1) 3 BUKOPpUCTAHHAM BUCOKO-
yucToi mimmeHi 3 mpecoBaHoro mopoInky ZnO (99,9%) miamerpom y 4
cM. B AKocTi migKJIagMHKY BUKOPUCTOBYBAJIOCA MiKPOCKOIIiUHE CKJIO,
TIOIIePeTHHO OUUIIEHE AIleTOHOM Ta i30MPOIIiJIOBUM CIIMPTOM B YJbT-
pasByKoBiii BamHi mporarom 20 XBUJIMH i IpPOMHUTE AeiiOHI30BAHOIO
Bogoio. Ilicasa 1mporo CKJIO OyJ0 TPAHCIIOPTOBAHO Yy BAaKyyMHY KaMepy
Ta BCTAHOBJEHO Haja MimeHHIo ZnO Ha Biggani y 4 cm. PopBarkyyM-
Hui i gudysifiHui HacOC 3 a30THOIO MACTKOIO OYJIO 3amiAHO IJA Ofe-
p3KaHHA BHCOKOTO Bakyymy B 5-107° Ila. [l yTBOpPeHHA ILIa3MHU BU-
KopuctoByBaBcsa aprof (99,9%). Tuck Bcepenmui kamepu mig yac Ha-
HecenHsa craHoBuB 1,3 Ila. IlmiBKu ocamKyBasucsa 3a IOTYMKHOCTHU
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mar"erpoua y 80 Br.

OnoTtuuHi KpuBI IpomycKaHHs Oyao ozxepsxano Ha UV-vis-NIR-
cuaexTpodoromerpi Spekol-1500 B gismasoui xBumias 180-1100 M.

P®C-cuexTpu ocTOBHUX PiBHIB 3pas3kiB 0yJ0 ofep:KaHO Ha peHTIe-
HiBcbKOMY crmekTpoMeTpi JEOL Japan XPS 2400. PobGouuii BakyyMm
i Jac eKcIlepuMeHTy cTaHOBUB He MeHIre 10°' ITa. BuxkopucroByBa-
JW BUNPOMiHEHHA Bif MaruiifioBol aHonm 3 eHepriero JaiHii MgK, vy
1253,6 eB. Emepreruuma posfiibua 3gaTHicTh cramoBuiaa 0,1 eB.
MonHe IIaBieHHS 3pasKiB mpoBOAMIN B aTMocdepi aproHy 3a Hampy-
ru y 3,0 kB i ctpymy y 30,0 mA yupozos:x 30,0 xB. Ilix uac oxmep-
JKaHHsS CIEeKTPiB 3apAakKa 3pasKiB He crocrepiranmacda. Emxepria
3B a3Ky Cls cranoBuia 284,2 eB.

Mopdosaoriuny amajmisy IIOBEepPXHi IIicjsg BHUPOIIYBAHHA TOHKOI ILTi-
BKu ZnO mpoBOAuJIMN 3a AOIIOMOIOI0 CKAHYBAaJbLHOI €JIeKTPOHHOI MiK-
pockormii (SEM, Tescan Mira 3).

3. PE3YJIBTATH 1 OBTOBOPEHHS

3a [OIMOMOTOI CKaHYBAaJBHOTO €JEKTPOHHOIO MiKpocKoma OyJio ofe-
psxaHO 300paKeHHS IIOBepXHi TOHKMX IIiBoK ZnO. Ha pucysry 1
300pasKkeHO XapaKTepHy MoOpP(dOJorio IJIiBKU, AKa CKJIAJAETHCA 3
yTBOpeHb Maitike chepuunoi popmu i3 cepemrim gigamerpom y 25-40

Puc. 2. CEM-306paenss ToHKOI miiBku ZnO.?
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HM. OKpim TOTO, 3¢pHO — IIIiJIBHO MAKOBaHe i YTBOPIOE 3JIeTKA TeKcC-
TYypOBaHy MMOBepxHI0. JlaHi MIiBKY € MOBOJI roMoreHHUMEU 0e3 ABHUX
CTOPOHHIX BKJIIOUEHL Ha JOCTATHBO BEJHUKIN HOCIHiMKyBaHill ImOBEpX-
Hi.

Hia oIiHKM TOBIIUHU ILJIiBKM HaMu OyJIO 3pyHHOBAHO ii mmoBepX-
HI0. 3 PHUCYHKiIB 2 BHJIHO, II[0 TOBIIMHA IJIIBKM JEKUTH Yy AiAmasoHi
267—-272 HM; OTiKe, OJepiKaHi IJIIBKM € JOCTAaTHBO OJHOPiZHMMHU 3a
roBiuHOI0. IlopiBHIOIOUM maHi 3 JiTeparyporo [7, 8], Bmamoca Bcra-
HOBUTHU PiCT IIJTiBOK Y3IOBK OCi C.

JJig BCTAHOBJIEHHA XEMIUHOTO CKJaay IIOBEpPXHi, a TaKoXK
3’sCyBaHHS OCOOJIMBOCTEH eJIeKTPOHHOI OymoBu OyJso omep:kaHo PDC-
CIEeKTPHU MOCIIMKYyBaHUX CcIONyK. KinbkicHa xemiuma amasiza (TabJi.
1) mokasajia HaABHICTh TPHOX XEMIUHUX €JEeMEHTIiB y JOCJimKyBaHUX
3paskax, a came, Oxcureny, Iluaky Tta KapboHy, AKMI TpuUCyTHiN Yy
Bcix spaskax. KinbKicHa xemiuma aHaJiza mpoBoAmjacs Ha OCHOBI
«wide»-CIIeKTpy MIJIAXOM MIOPiBHAHHS iHTEHCHUBHOCTU MiKiB Zn2p;,,,
O1s 3 ypaxyBaHHAM Iiepepisy doToiioHizallii 3a J0IOMOroo0 IIporpaMu
SpecSurf.

IlepeBasxkHO mig yac cMHTE3W ILTiBOK oKcuay I[MHKY 3a DOIIOMOTOIO
pamioyacTOTHOrO0 MarHeTPOHHOTO HAaHECeHHs OJePiKYyIOTh HecTeXioMme-
TpuuHi maiBKuU 3 6igbituM BMmicToM Iuuky [9]. ¥V Hammomy BuUmagkry
Taka KapTUHA He € XapaKTepHOIO IJIA IIOPOIIKY Ta IIOBEPXHi IJIiBKHU,
B TOM 4Yac AK ITicJIA I[aBJIEHHA MJIIBKM aproHOM CIOCTepirajgacsa 3miHa
CHiBBiHOIIIEHHA XeMiuHMX ejeMeHTiB. [[aHa 0cOOMMBiCTL MOKe OyTH
moB’aA3aHa 3 aAcopbOBaHOI0 BOAOIO Ta TiAPOKCUJIBHUMU TPyHaMU Ha
MOBEePXHIi MJIiBKH.

Ols-cuexkTep Okcureny OVB DO3KJIAAEeHWN Ha 3 KOMIIOHEHTH (pHC.
3). Ilepmmuii Wik 3 eHeprieo y 529,64 eB Bignosizae fiomam O* B Ma-
Tpurti ZnO 3i CTPYKTYpOIO BIOPIIUTY 3 IIePEBAXKHO MOHHUMHU XeMid-
Humu 3B’askamu Zn—0 [10]. IIik 3 emeprieo v 530,8 eB manexuTtn
itomam O y periomax 3 gmedimurom Oxcureny B marpuni ZnO [11]
abo Oxcuremy, IO 3HAXOAUTHCA B IIOBepXHeBUX Imapax. OcrTaHHii
miK 3 eHeprieio y 531,71 eB moB’sa3anuii 3 agcopboBaHuMu abo XeMi-
yHO agcopboBanumu dopmamu Oxrcureny, a came, O,, CO, H,O, abo
MMOBEPXHEBUMHU TiApokcuabHuMHU Trpynamu [12]. Orike, mepepo3momia
iHTeHCUBHOCTHY TiKiB Mae BimoOpaskaTu 3MiHM B KiJIBKOCTI OKCUTEHO-
BUX BaKaHCifi i azcopboBaHUX ejieMeHTiB Ha moBepxHi. Takum uu-
HOM, BPaxoOBYIOUM PO3BMHEHY HAHOIOBEPXHIO ILJIiBKM, MOXKHA CTBEp-

TABJHUIA 1. Kinbkicua xemiuna anamiza.®

3pasok Zn, at.% | 0, ar.%
IToporriok ZnO 48,2 51,8
IInxiBxa ZnO 47,5 52,5

IlniBka ZnO micisa miaBieHHS aproHOM 56,9 43,0
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Puc. 3. P®C-cnexrpu Ols: a) nopomky ZnO; 6) niaiBku ZnO; 6) mriBku ZnO
micyIsa maBiIeHHA aproHom.*

I)KyBaTH, II[0O BOHA MAae€ JHMITy aAcopOIiiiny 3maTHICThL y HMOPiBHAHHI
3 IIOPOIIKOM, IO MOKe OyTHM KOPUCHUM [Jis CTBOPEHHS XeMiuHMX
CEeHCOPiB.

CImeKTpu OCTOBHMX PiBHIB ZN MOKAa3yIOTh ABa UiTKUX IMiKU Zn2p;,,
3 eHeprieo 3B’a3Ky y 1021,4 eB i Zn2p,,, 3 eHepriero y 1044,5 eB
(puc. 4). Ilicna miaBJIeHHsS IIJIiBKKM aproHOM eHeprisg 3B S3Ky IIiKiB
Zn2p s6inpminiacs, IO IIOB’s3aHe 3 BiATOKOM eJIEKTPOHHOI T'yCTHUHU
Bix aromiB Ilmuky. CmiH-opbiTasbHe pOBIIEILIeHHA ITiKiB Zn2p;,—
2p;,5 cranoBuyo 23,1 eB; srigno 3 [13], maHe po3IeNJIEHHS € Xapak-
TepHUM A ZnO.

Ha pucysrky 5 3so0paxxeHo (OTOEJEKTPOHHUN CIEeKTep BAJEHTHOIL
30HM 3pasKiB, Ofep:KaHUU 3 BUKOPHUCTAHHAM BumpoMimenus MgK,.
Hesnaune 3pocTaHHSA iHTEHCHMBHOCTH B iHTepBasi eHepriii Bim 2,5 eB
mo 7 eB moB’asane 3 O2p-opbitanamu OKcUTeHy Ta YacTKOBO 3i cTaHa-
mu O2p, riopuauzoBanumu 3 Znds [14]. TosoBHUII MaKCUMyM iHTEH-
cuBHOCTH 3 eHepriero y 9,2-9,5 eB B ocHOBHOMY HAJIEKUTH OO0 3d-
opbitameir [luaky. OTiKe, HO BaJE€HTHOI 30HM MaMiKe ITIIKOM CKJazaa-



HAHOCTPYKTYPOBAHI TOHKI IIJIIBEKN ZnO 235
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Puc. 4. P®C-cuekrpu Zn2p mopommky ZnO, moBepxHi miaiBku ZnO Ta miIiBKu
7ZnO micna maBjIeHHA aproHOM.°
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Puc. 5. 3aiinara yacTuHa BaJeHTHOI cMyru mopoimnky ZnO, IMOBepXHi ILTiBKU
7ZnO Ta muiBkm ZnO micia maBiaeHHA aproHoM.®

eTbcsa 3 3d-cramiB IIuHKY, B TOI Yac AK CTeJis BAJEHTHOI 30HM — 3i
craHiB O2p Ta Zn4s. Takox cnocTepiraeTbcs He3HAUHUHN MK IPUOIN3-
HO Ha 22 eB, akuit noB’asaumit 3 O2s-cranamu OKcureny. 3HayHa pi-
SKHUIIA B 1HTEHCUBHOCTI IiKiB y BaJIeHTHINI 30HiI IOSICHIOETHCA iCTOT-
HOI0 DPiKHUIEI0 y Iepepisi QoroioHizalrlii mJid BaJIeHTHUX PiBHIB
(Tabu. 2).

OcCKiTbKM CHeKTPO(POTOMETPUYHI METOAM MOCIiIKeHb € JOBOJI TO-
YHUMHU JJId BU3HAUEHHS INMMPUHU 3a00pPOHEHOI 30HM TOHKUX ILIiBOK,
MU TIPOBEJIU JeTajbHE AOCJiKEeHHA 1X.

Touki maiBku ZnO MaTh TapHY IPO30PiCTh ¥ BUAUMOMY Hisdnaso-
Hi cuexTpy 3i 3Hauennam 60—-85% (puc. 6). Merogom Tayka [16] Oy-
JIO BUBHAUEHO INMPUHY 3a60pOoHEeHO] 30HU MWIiBKu ZnO, AKa AOPiBHIOE
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TABJIMIIA 2. Ilepepis doroitonizaiii BatenTaux pisuis ZnO [15].7

OpbiTanb 02s 0O2p Zn3d Zn4s
ITepepis goToitonisarii 0,1405 0,0193 0,81 0,0618
1001 2004
7004
01 N
< 600+
& 604 E 500+
g @ 4004
S 44 w o
é E 300
e g .
100+
0 0
~100

200 20 600 860 1600 1200 L0 15 20 235 30 35 40
Towuna xsari, av Enepria, eB E, = 3,31 eB

a 0

Puc. 6. Cnekrep nponyckanHa miiBku ZnO (a). BusHauenHsa 3a6opoHeHOI
soHU MeTozoM Tayka (6).°

3,31 eB.

4. BAICHOBRH

Touki HaHOCTPYKTypoBaHi miiBKu ZnO 6yJi0 CMHTE30BAaHO METOAOM
MarHeTPOHHOTO HAaHECEeHHS 3 MillleHi ImpecoBaHOTO MOPOIIKY. ToBIu-
Ha ILIiBOK cKJazaja = 270 HM.

IIlniBku MaioTh rapHy IPO30PICTh Y BUAMMOMY AifANAa30HI CIEKTPY,
3okpema 60—-85%, a Takox IMIUPOKY 3ab0poHEeHy 30HY B 3,31 eB.

BusaBnieno, 1o mIiBKU CKJIAAAIOTHCA 3 KJacTepiB Maiike cdepuu-
HOl (hopmu i3 cepexHim posmipom y 25—40 HM.

3a paxyHOK PO3BMHEHOI HAHOIOBEPXHi IJIiIBKaM IpuTaMaHHA Kpa-
ma abcopbIrifina 3gaTHicTh Yy HOPiBHAHHI 3 moporrkom ZnO.

OCHOBHUI BHECOK Yy CTPYKTYPY JHA BaJIECHTHOI 30HU BHOCATH 3d-
crauu [{uHKY, B TOI Yac AK CTeJid BaJIEHTHOI cMyru (opMyeThCs Tib-
pugusoBarumu O2p- ta Zn4s-craHaMu.

MIOAAKA

ITro poGory Oyno miaTpuMaHO OMOMIKETHOIO Iporpamono 6541230
Ne6.8/23-I1 B pamkax mpoekTy «CoHsSUHI eleMeHTU Ha OCHOBi IIepOB-
CBKiTiB i amaTuriB».
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! Fig. 1. SEM image of the ZnO thin film.



238 B. B. 3AIKA, H. K. IIIBAYKO, B. JI. KAPBIBCBEKUM ra ix.

2 Fig. 2. SEM image of the ZnO thin film.

3 TABLE 1. Quantitative chemical analysis.

4 Fig. 3. XPS spectra of Ols: a) ZnO powder; 6) ZnO film; 6) ZnO film after argon treatment.
® Fig. 4. XPS spectra of Zn2p, ZnO powder, ZnO film surface, and ZnO film after argon
treatment.

5 Fig. 5. Occupied part of the valence band of ZnO powder, ZnO film surface, and ZnO film
after argon treatment.

“TABLE 2. Photoionization cross section of the valence levels of ZnO [15].

8 Fig. 6. Transmission spectrum of ZnO film (a). Determination of the band gap by the Tauc
method (0).
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The crystalline structure and absorption spectra of thin ZnO films with differ-
ent levels of B doping are studied. The films are deposited on the glass sub-
strates using the radio-frequency magnetron sputtering without targeted-
substrates’ heating. The concentration of free charge carriers is estimated. The
observed ‘blue’ shift of the fundamental absorption edge in the ZnO:B films
with increasing of doping level is explained by the Burstein—Moss effect.

BuBueHO KpucCTaJIiuHy CTPYKTYPY Ta CIEKTPH BOMpPAHHSA ILJIiBOK OKCHUIY
IMuuky pisamx piBHIB JeryBanHAa Bopowm. IlniBKM HamocuIM Ha CKJISAHI ITif-
KJIQOUHKMU, SAKi IIiJecIpsMOBaHO He HarpiBaJu, 3a JOIOMOTOI0 BHICOKOUAC-
TOTHOTO MAarHETPOHHOTO poamopoineHHA. OIiHeHO KOHIIEHTPAIlil0 BiIbHUX
HOCiiB 3apsaay Ta IIOKasaHO, IO «OJIaKUTHE» 3MiIlleHHS Kpam cMyru (yH-
JaMeHTaJabHOTO BOuWpaHHs y miiBkax Zn0:B, sake cmocrepiramoca 3i spoc-
TaHHAM PiBHS Jer'yBaHHA, MOSACHIOETHCA edekToM Bypmireiitna—Mocca.

Key words: boron-doped zinc oxide, crystalline structure, absorption edge,
optical bandgap, Burstein—Moss effect.

Karouosi cimosa: jmerosanuii Bopom oxcun I[uHKY, KpucTagiuHa CTPYKTypa,
Kpaii cMyru BOUpaHH, ONTUYHA 3a00pOHeHa 30Ha, edeKT Bypiureiitna—Mocca.

(Received 25 April, 2023 )

1. INTRODUCTION

The semiconductor materials based on ZnO are considered as the
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best alternative to indium tin oxide, since they are much cheaper
and non-toxic [1-83]. For example, ZnO:Al films possess the trans-
mittance coefficient of approximately 90% in a visible region and
are almost not inferior to ITO films by the value of resistivity
(210°° Q-m) [1]. The numerous companies around the world are in-
volved into production of the transparent electrically conductive
ZnO-based oxides for the needs of electronics (for example, ‘TEL
Solar’ or ‘NEXTECK’). The transparent conductive ZnO-based ox-
ides are usually obtained by doping with group-III elements such as
In, Al, Ga and Y [1-3]. On the other hand, the number of publica-
tions devoted to study of the properties of boron-doped zinc oxide
films is not very large [4-18]. For the optimal application of ZnO:B
films, it is necessary to have in-depth knowledge and understanding
of their structure, optical and electrical properties. Unfortunately,
one can hardly find any literature data concerning the optical prop-
erties of ZnO films with different levels of boron doping obtained
with a standard radio-frequency (RF) magnetron sputtering tech-
nique.

The radio-frequency magnetron sputtering method has been wide-
ly used for fabrication of oxide thin films because of its advantages
consisting in the relatively high deposition rates, low cost, easy
control, and high efficiency for growing of thin films of a good
quality [19].

There are a number of heat-sensitive electronic devices with the
optically transparent electrodes. Therefore, at the stage of their
production, the temperature should not exceed 100°C [5, 6, 20].

In this paper, we report the data concerning the influence of sur-
face morphology on the optical spectra and electrical properties of
thin zinc-oxide films: pure and doped with boron in two different
concentrations. The films were obtained using the RF magnetron
sputtering method.

2. EXPERIMENT

The films of ZnO:B (with 0, 1 and 2 wt.% of B) were deposited by
the RF magnetron sputtering on the glass substrates in argon at-
mosphere without substrate heating. The working gas pressure was
equal to 0.1 Pa. The other important parameters were as follows:
the high-frequency oscillator power of 100 W, the distance between
the target and the substrate of 60 mm, the magnetic-field induction
of 0.1 T. The target was prepared from a compressed mixture of
ZnO (chemically pure grade) and B,O; (extra pure grade) powders
used in the appropriate proportions. The sputtering time was 1
hour. According to the ellipsometry data, the thickness of the films
was about 0.6 pm.
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The surface morphology of the samples was studied using a Solv-
er P47-PRO atomic force microscope (AFM).

The x-ray diffraction (XRD) measurements were carried out us-
ing a STOE STADI P diffractometer with a linear position-sensitive
detector in a transmission Bragg—Brentano geometry (CuK,,; radia-
tion at A =0.15406 nm, Ge (111) monochromator, detector scanning
step of 0.480° 20, accumulation time of 320 s, 20 angle resolution
of 0.015°, 20 range—23—-115 deg.).

Ex situ ellipsometry measurements were performed with a serial
null-ellipsometer LEF-3 M in a standard PCSA arrangement (polar-
izer—compensator—sample—analyser). He—Ne laser (A =632.8 nm)
was used as a light source.

The absorption spectra of the films in the ultraviolet and visible
regions were investigated using a portable fibre optic spectrometer
AvaSpec-ULS2048L-USB2-UA-RS (Avantes BV, Apeldoorn, Nether-
lands) with an input slit of 25 pym, diffraction grating of 300
lines/mm and resolution of 1.2 nm. A balanced, compact deuterium-
halogen light source Avantes AvaLight-DHc (200-2500 nm) was
used. Light detection in the spectrometer was carried out by a 2048
pixel CCD detector.

3. RESULT AND DISCUSSION

X-ray diffraction pattern for thin ZnO:B films (with 0.1 and 2
wt.% of B) are shown in Fig. 1. All peaks in XRD pattern were in-
dexed to the hexagonal structure with a space group P63mc (JCPDS
card No 36-1451) [3]. No additional peaks due to segregated boron-
rich phases have been found in any of the films under test [4, 21].

=
° f\ Zn0:B (1 wt.% B)
W
4+
o=
W
g undoped ZnO
e —_—
A 52 - = &~
Sa- ¥ =2 3 &
JCPDS: 36-1451 vgl = = 2 c
l [] n | 1 A
T T T T T T T
0 10 20 30 40 50 60 70 80
20, deg.

Fig. 1. X-ray diffraction pattern of as grown ZnO:B films (0, 1 and 2 wt.% of
B) and the standard XRD pattern of ZnO (JCPDS card No. 36-1451).
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This indicates that B ions are uniformly distributed into either Zn
sites or interstitial sites in the ZnO lattice [13, 16]. Zn*" and B*"
ions possess the radii equal to 0.074 nm and 0.027 nm, respectively,
and different oxidation states [7, 8]. This causes appearance of the
defects such as stress and dislocation in the thin films [16, 17]. The
interplanar spacing decreases due to the smaller ionic size of boron
[17]. A decrease in the intensity of (100), (002) and (101) reflection
peaks with the doping concentration increasing was revealed, that
testifies to a loss of crystallinity [15—18].

The average crystallite size D of undoped and B-doped ZnO films
was calculated using the full width at the half maximum (FWHM)
of the (002) and (100) diffraction peaks and the angle of diffraction
0 using the Debye—Scherrer’s formula [3, 13]:

Do 0.91 ’ 1)
BcosH
where A is the x-ray wavelength, p—the FWHM, and 6—the Bragg
angle of the diffraction peak. The dislocation density 6 and mi-
crostrain ¢ in the deposited films were calculated using the follow-
ing equations [3]:

8=1/D?, (2)
e=p/(4tan0). 3)

Table 1 presents the structural parameters of ZnO:B samples cal-
culated from the XRD data.

The surface morphology of undoped and B-doped ZnO films was
monitored by AFM. The dependence of crystallinity and crystallite
sizes on the boron concentration was revealed by their micrographs
(Fig. 2). The root mean square (RMS) roughness and average grain
size were measured on 2 nmx2 pm area. Table 2 presents these pa-
rameters as a function of doping level.

Both the AFM and x-ray diffraction data revealed the tendency
to reducing of the average size of crystallites with increasing of bo-
ron concentration.

The spectral dependence of absorption coefficient a in vicinity of
the absorption edge was calculated by Bouguer—Lambert—Beer for-
mula on the basis of the transmission spectrum. In general, the ab-
sorption coefficient is connected with the bandgap width E, by the
relation [2, 3]:

ahv=B(hv-E,), (4)

where r=1/2 for the direct allowed transitions, B is a constant,
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TABLE 1. The structural parameters of ZnO:B samples calculated on the
basis of the XRD data.

Crystallite Dislocation Microstrain,

Dopant
FWHM, deg. size, nm |density, 10 m™ x1073

concentration,

wt.% B [ (100) | (002) | (100) [ (002) | (100) [ (002) | (100) | (002)
0 0.43 0.7 21.8 13.7 0.2 0.5 3 4.4
1 1.23 1.42 7.6 6.8 1.7 2.2 8.6 9
2 1.5 1.8 6.2 5.4 2.6 3.4 10.5 11.4

TABLE 2. The RMS roughness and average grain size of ZnO:B thin films
as a function of the boron concentration.

Dopant concentration, wt.% B| RMS roughness, nm | Average grain size, nm

0 6.4 18.6
1 4.1 18.4
2 0.4 2.2

which is practically independent on the photon energy.

The values of the optical bandgap width were obtained from the
dependences of (ahv)® on hv in the high absorption region using ex-
trapolation of the linear sections of the curves to (ahv)>’=0 [2, 3].
The analysis of the fundamental absorption edge using the relation
(4) shows that the optical bandgap width of undoped ZnO is
E,=3.24 eV (Fig. 3).

Figure 4 shows the intrinsic absorption spectra in (ahv)?=f(hv)
coordinates for ZnO:B. Using the relation (4), there were obtained
the corresponding values of the optical bandgap width for ZnO:B (1
and 2 wt.%) films: E,  3.28 and 3.38 eV.

According to the conclusions [4, 7, 10, 12, 22], the increase in
the optical bandgap observed for our films due to doping with boron
can be explained by a so-called Burstein—Moss effect.

According to the Burstein—Moss effect, expansion of the bandgap
in an n-type semiconductor with a parabolic dispersion law for the
energy bands due to doping is described by the relation [3]:

AE, = 1* (3n*n)"” [(8x°m’), (5)

where m” is the effective mass of the electron in the conduction
band, % is Planck’s constant, n is the carrier concentration. Accord-
ing to this formula, the bandgap width increases with increasing of
the carrier concentration.

Based on relation (5), the concentration of the free charge carri-
ers in ZnO:B films was estimated using the two known values of the
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Fig. 2. AFM micrographs of the surface of ZnO films with different boron
concentration: (a) undoped ZnO; (b) ZnO:B (1 wt.% B); (¢) ZnO:B (2 wt.% B).

effective electron mass for ZnO m” =0.24m, and m"=0.35m, [3].
The calculations are given in Table 3.

4. CONCLUSIONS

In summary, the films of ZnO and ZnO:B (1 and 2 wt.% of B) were
obtained by RF magnetron sputtering on the glass substrates with-
out targeted heating. According to the ellipsometry measurements
data, the thickness of the films was about 0.6 pum. The crystalline
structure and the absorption spectra of these films were investigat-
ed. No diffraction peaks, which would be associated with the pres-
ence of boron or its oxides in any of the investigated film, were
found. The average crystallite sizes, the dislocation density and the
microstrains in the films have been calculated from the x-ray dif-
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Fig. 3. Absorption spectrum of 0.6 um thick undoped ZnO film presented
in the coordinates (ahv)? vs. hv.

2.0 —
ZnO:B (2 wt.% B)

15F

0.5 FZn0:B (1 wt.% B)

(ahv)?, x107, (cm™LeV)?

0.0
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hv, eV

Fig. 4. Absorption spectra of ZnO:B film presented in (akv)? = f(hv) coordi-
nates.

fraction data.

We observed a blue shift of the absorption edge in ZnO:B films in
respect of the undoped one. Based on the optical absorption spectra
of ZnO:B films, there were determined the approximate optical
bandgaps: E,~3.24 eV, 3.28 eV and 3.38 eV, respectively, for the

TABLE 3. Bandgap expansion and the concentrations of free electrons in
Zn0:B films calculated on Burstein—Moss model.

Sample |AEg, eV| n,x10%cem™ (m"=0.24m,)n, x10 cm ™3 (m"=0.35m,)
Zn0O:B (1 wt.%) 0.04 0.4 0.7
Zn0O:B (2 wt.%) 0.14 2.8 4.9
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boron concentrations of 0, 1 and 2 wt.% . The charge-carriers’ con-
centration in ZnO:B films was found to be of the order of 10 cm™.
We demonstrate that the ‘blue’ shift of fundamental absorption
edge in ZnO:B films with increasing of impurity concentration is
explained by the Burstein—Moss effect.
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CupsamoBaHO 3aKPUCTATiIB0OBaAHUH €BTEeKTUYHUN KepaMiuHMI CTOII
B,C/(V,:Tay 5Cry Moy ;W ,)B, BUTOTOBIIEHO MeTOZ0M 0e3THUITHLOBOTO 30HHO-
r0 TOIJIEHHS TOPOIIKOBUX NPECOBOK 3 BuKopucranuAM B,C Ta ambopuzmis
nepeximaux merainiB (VB,, TaB,, CrB,, MoB,, WB,) y akocTi Buxigumx ma-
TepisanaiB. MiKpocTpyKTypa ofep:KaHUX KOMIIO3UTIB IIpPeACTaBJIsA€ cCO00I0 Ma-
Tpuiio 3 Kapbiny Bopy, cupaMoBaHO apMoBaHy Ha Me30piBHiI ogHOMGAa3ZHUM
BHUCOKOeHTponifitEuM aubopugom (V,,Ta,Cry.Moy W, 5)B,. PerTrenocTpyk-
TypHa aHajli3a KOMIIO3UTIB MiATBepAuUJa HAABHICTH y iXHBOMY CKJami Ha-
crynaux ¢as: B,C ra (V,,Ta,Cr,,Mo,, W, 5)B,. ocaifxeHo BIIUB IIBUJ-
KOCTU BHUPOIIYBaHHA Ha CTPYKTYPHI Ta MiKpoMexaHidHI XapaKTepUCTUKU
kepamikn B,C/(V,,Ta,,Cry,Mo,,W;,)B,. Bceranosneno, 1o 30iTbIIeHHSA
IIBUKOCTU BUPOIIYBAHHA IPUBOAUTL IO 3MEHINEHHS PO3MipiB apMyBajb-
HOl (ha3u Ta MiABUINEHHS TBEPAOCTU Ta B’A3KOCTH pylHyBaHHA Bix 25,26 mo
32,48 I'Tla ra Bix 3,64 mo 5,84 MIla-m'/? BigmoBingHO.

Directionally solidified B,C/(V,;Ta, ,Cr, Mo, W, ;)B,-alloy eutectic ceram-
ics are prepared by the floating zone method based on the crucibleless
zone melting of compacted powders using B,C and transition metal dibo-
ride (VB,, TaB,, CrB,, MoB,, WB,) powders as initial materials. The mi-
crostructure of as-prepared composites consists of a B,C matrix uniformly
reinforced on mesolevel by means of the single-phase high-entropy
(Vy..Ta, ,Cry sMo, ;W 5)B, diboride. The XRD analysis of the composites
confirms the presence of the following phases in their compositions: B,C
and (V,,Ta,,Cr,,Mo, W, ,)B,. The effect of the solidification rate on the
structural and micromechanical characteristics of the
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B,C/(V,:Ta, ,Cr,,Mo,,W, 5)B, ceramics is revealed. As found, an increase
in the solidification rate leads to a decrease in the size of the reinforcing
phase and an increase in hardness and fracture toughness from 25.26 to
32.48 GPa and from 3.64 to 5.84 MPa-m'?2, respectively.

Karouori cioBa: xkapb6ig Bopy, BHCOKOeHTpOIifiHi Gopuau, CIPSIMOBAHO 3a-
KpHCTaIi30BaHi €eBTEKTUUYHI KOMIIOBUTHU, TBEPAMWI PO3UYMH, TBEPAICTH 3a Bi-
KKepcoM, TPIIUHOCTIAKICTb.

Key words: boron carbide, high-entropy borides, directionally solidified
eutectic composites, Vickers hardness, fracture toughness.

(Ompumano 29 keimusa 2023 p.)

1. BCTYII

Cepen xepamiunmx MmarepisaiB kap6ixm Bopy (B,C) Bussise ocobJim-
BUil iHTepec 3aBOAKM CBOIM BHHATKOBUM (MisMUYHUM i MexXaHiuYHUM
BJIACTMBOCTAM, TaKUM fAK BHCOKA TeMIlepaTypa TOILJIEHHS Ta TBEp-
IicTh, HM3bKA I'yCTHHA, BUCOKA 3JATHICTH M0 MOTJIMHAHHS HENUTPOHIB
i crifikicTh mO 3HOIIYBAaHHSA Ta BiAMiHHI TepMOeJeKTPUYHI BJIACTHBO-
cti [1]. Ile pobuTh #Oro mMepCHeKTHUBHUM KAHAUAATOM AJIA 3aCTOCY-
BaHHA B AKOCTi OpoHe- Ta iHCTPYMEeHTAJbHUX MATEPisdaiB, a TaKOXK B
AePOKOCMIUHMX TeXHOJOTifgX. 3aBAAKN CBOIM BJIACTUBOCTSAM HAIIiBII-
poBigHUKaA n-tuirty Kapoim Bopy mo:ke OyTu 3acTOCOBaHUII i B €JIeKT-
POHHUX TIPUCTPOAX, AKi MIpaIioTb 3a BHUCOKHX Temmepartyp [2].
IIpore, HesBakaroum Ha BUHATKOBI BiactuBocti B,C, #oro sacrocy-
BaHHSA B IIOBHOMY 00csa3i oOMe:KyeThcsa uUepes3 IIOTAHY YIIiJIbHIOBA-
HiCTB, BUCOKY KPUXKICTb i HU3BKY CTiliKicTh 10 OKMCHeHHA [3—4].

CpsaMOBaHO 3aKpPHCTANTi30BaHiI KepaMiuHi eBTEeKTUUYHi CTOOU € IIe-
PCIEeKTUBHUMHU KaHAUJATAMM HA POJb BHCOKOTEMIIEPATYPHUX KOHC-
TPYKI[IMHUX MAaTepifJiB HACTYIHOTO IIOKOJIIHHS uepe3 IXHIO BHCOKY
TeMIIEpPaTypPy TOILJIeHHS, BUCOKiI MeXaHiuHi XapaKTepUCTUKU, OCOOJIM-
BO 3a BUCOKUX TeMIIEpaTyp, i HUBbKY ryctuHy [3—4]. BoHu BuaBIa-
IOTh BiIMIHHY TepPMOCTiMKicTh i TepMOMIIHICTh, IXHS MiIHiCTHL Ha
BUTUWH 3aJIUIIAETHCA CTAJ0I0 ab0 HaBITHL 3pocTae 3a TeMIiepaTryp, 0Jiu-
3bKHX OO0 TEMIEepPaTypH TOIJIEeHHSA, IMO € 0e33aIepeuHOI0 IIepeBarolo
mepes TpamuIinHUMU KepaMiuHUMH Marepidnaamu [5].

Heari ocrarHi mocaimkenua [6, 7] mokasanm, 110 CIIPAMOBAHO 3a-
KpucCTaJIidoBaHi KepaMiuHi eBTeKTHUHi cTonu Ha OCHOBI Kapbizmy Bopy
MOYKYTh MaTW HOJIIMIIIEHYy MeXaHiuHy, TeIlJIOBY Ta XeMiuHy CTifKicThb
IOPiBHAHO 3 MOHOJITHMMM a00 TPagUuMiiHUMKU KOMIIO3UIIIHHIMUI
aHasoramu. Haiibinbile mociaim:xeHb B Iiii obJiacTi MpoOBOAUTHCA Ha
kommoaurax cucremu B,C/MeB, (Me: Ti, Zr, Hf, Nb, Ta, Mo), axki
JIEeMOHCTPYIOTH JOCTATHIO TePMiUHY CTifKicTh i MIITHiCTh HAa BUTUH SK
3a KimMHaTHOI, Tak i 3a Bucokoi remmeparypu (o 1600°C). IIpore s
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MOJININIeHHA BUCOKOTEMIIEPATYPHUX BJIACTHMBOCTeIl MOTPiOHiI HOBi Imi-
IXOIN.

B ocranHi poku yBary mOCJiMHUKIB IIPUBEPHYJU BUCOKOEHTPOIiMHI
mubopunu (BEB) mepeximmmx wMerasiB uepe3 MOTEHIIiliHe BUKOPIC-
TaHHA iX B SAKOCTI KOHCTPYKI[IMHMX MaTepidAJliB B eKCTpeMaJbHUX
ymoBax. Ile — HOBUII THUI MaTepiAJiB, IO BiJHOCUTBCA OO KJIACy
HaJBUCOKOTeMIlepaTypHol Kepamiku. Iada ¢opMyBaHHA BHCOKOEHT-
pormiifiHux 60opuAiB II’ATH a00 Oijbllle Pi3HUX AUOOPUIIB MOMKYTH OyTHU
3MiIlIaHi B eKBIMOJIAPHOMY CHiBBiZHOINIEHHi, IIT00 OJep:kaTH TBepIi
po3UYMHHN 3 MaKCUMaJbHOI KOH(IrypariiiHoo eHTpoIieio [8—14].

Ba mocaimxennamu Iinga rta in. [8] 6yso mpoBeseHO LOCITiMKeHHS
3 BHUTOTOBJIEHHA Ta xapakrtepmsaiii nmux cucrem. IlokasaHno, 1o TBe-
paicts i crifikicte go oxmcHenHa BEB ((Hf,,Zr,.Ta,;Nbg;Ti; ;)B,,
(Hf5Ziry 2Tag Mo s Tig 2)By, (Hfy 271 ,M02Nby 2 Tig2)B,, (HfMog2Tag,Nby 2 Tig2)B,,
(Moy 5Z1y s Tag 2Nbg 5Tl 5)By,  (Hfy 571 ;Ta, 2Crg s Tig 2)Bs), B mismomy,
BuIIi abo Kparri, Hi’K cepelHi MOKa3HUKU OKPeMHUX TUOOPUIIB MeTa-
ais [8].

Y 6inbIIocTi BUOAAKIB y IIUX OOCTiMKeHHAX AJA omepskamusa BED
BUKOPUCTOBYBaJIM MeXaHiuHe JieI'yBaHHS Ta HaCTyIHE iCKpPOILJIa3MOBe
cuikauuga (ITIC). OgHak € gedaKi TPyOHOIIL IIig Yac BUTOTOBJIEHHS BI-
COKOEHTPOIIIMHUX CTOIIiB 3arajioM, B MepIIy 4Yepry, Taki, AK omep-
JKaHHA BUCOKOIILJILHUX onHOMasHUX Marepiaiuis [14].

Omuu i3 cmocobiB ofep:KaHHS KepaMiuYHMX BHCOKOEHTPOIIiHHUX
CTOITiB — Ile CHMHTe3a iX 3 PO3TOIiB, 0COOJMBO MIJISIXOM CHPAMOBAHOI
Kpucramizarii [5, 15, 16]. BuinesasnaueHi mociaimkeHHsS BKas3yOTb
Ha Te, IO 3aCTOCYBaHHA BUCOKOEHTPOITIMHOI KepaMiKu B ITO€THAHHI
3i cupsaMoBaHO apMOBAHOIO HA ME30PiBHI CTPYKTYPOIO CIPAMOBAHO
3aKPUCTATiI30BAHUX KepaMiuyHMX eBTeKTHUUHHUX CTOIIIB MOKe 3HaUYHO
MOJITININTA MeXaHiuHi BJacTMBOCTI Kepamiku Ha ocHoBi B,C aAK 3a
KiMHATHUX, TaK i 3a BUCOKUX TeMIepaTyp. BapiloBaHHA CKJIaJoM BH-
COKOEHTPOTIHMX OOPUAIB TAKOK MOMKE CJyryBaTU JOJATKOBUM iH-
CTPYMEHTOM [JIsI OJIEPKaHHA KOMMIO3UI[IMHNUX MaTepidiB 3 migBuire-
HUMU (Pi3UKO-MeXaHiuHMMHU BJIACTUBOCTAMU. Tak, 3acTOCyBaHHSA OU-
oopuznie Banagito, Xpomy, Tamrany, Monibmeny ta Bosabdhpamy
YMOJKJIUBJIIOE IiABUIIUTU TBEPHICTb i OKUCHY CTifKiCcTh oAep:KaHUX
BUCOKOEHTpOMIiiHux cromis [8, 17, 18].

TakuM UYHMHOM, METOI0 JaHOi poboTu OyJa0 OAep:KaThu MeTOLOM
CIPAMOBaHOI KpucTaJisallii eBTeKTUYHUN KOMIIO3UT Ha OCHOBi KapoOi-
ny Bopy, cnpaMoBaHO apMOBaHUU Ha ME30PiBHI BUCOKOEHTPOHiMHUM
nubopuzpom (V,,Ta, ,Cr Mo, W, 5)B,y, Ta gocaiguTu itoro mikpocTpy-
KTypy, XeMiuHuii i (pas3oBuii CKJIaaM Ta MiKpoOMexaHiuHi BJIACTHUBOCTI.

2. EKCIIEPUMEHTAJIBHA METOJUKA

Eprexrnunnit komnosur B,C/(V,,Ta,,Cr0 ,Mo, ,W, ,)B;, cupamosa-
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HO 3aKpucTalizoBanuii, OyB ofep:KaHUil OPUIiHAJILHUM METOIOM 0e3-
TUTJIFOBOTO 30HHOTO TOILJIEHHS HECIIEYeHUX IIOPOIITKOBUX IIPECOBOK
[15]. B saxocTi BUXimHMX MAaTEpiANiB BUKOPUCTOBYBAJUCS IIOPOIITKU
VB,, TaB,, CrB,, MoB,, WB, Tta B,C (cepenniit posmip wactuaox — 1
MEM, uncrora — 98%) BupoOHHUIITBA [OHEIILKOr0 3aBOAY XE€MIiUHMX
peakTuBiB. BMicT KOXHOTO KOMIIOHEHTA PO3PaXOBYBaBCHA, BUXOAAUN
3 TOro, IO €BTEeKTUUYHUHA KOMIIO3UT MicTuTh 23 00’€MHHUX BiICOTKH
dasu (V,,Ta,,Cry Mo, , W, ,)B; Bignmosizuo no [13, 15, 16]. Mous-
HU# Bigcorox Bwmicty VB,, TaB,, CrB,, MoB, Ta WB, B
(Vo 2Tay ,Cry ;Mo ;W ,)B; 6yB ograkoBuM (20 Momb.% ). 3minryBaH-
HS IpoBoAMJIOCS IIIaAxoM 10-pasoBoro mMpoOTUPAHHS CYMIIIli ITOPOIIKiB
yepes CHUTO 3 po3MipoM KoMmipox y 50 mrm. Ilepex dpopmyBaHHAM 10
eBTEeKTHYHOI cyMmimri mopomkis mozasascsa 2,5% -BOOHUM PO3UYMH IIO-
JiBiHiJIOBOTO CIIMPTY B AKOCTi miaactudixaropa. CTpmikHI giamMeTrpom
y 10 MM i moB:KuHOIO y 145 MM OyJI0 OfepKaHO ILIAXOM IIPECyBaHHSI
3a Tucky y 50 MIlIa. Ilicig mpecyBaHHA 3pas3Ku MiAJaBaJIiCS CYIIiH-
HIO V BaKyyMHIi# cymuabHill 1madi mporarom 12 roguu 3a 100°C 3
MEeTOIO0 BUJaJeHHsS BOJIOTH Ta IMoJriMepmsarlrii miaactudikaropa.

BupoiyBanHa KPUCTATIB CIPAMOBAHO 3aKPUCTAJi30BAHOTO €BTEK-
tuusoro xommosura B,C/(V,,Ta,,Cry,;Mo,,W,,)B; mposoxmmocs y
BMCOKOYACTOTHIN iHAYKIINAHIN ycTaHOBII AJIA BUPOIIYBaHHA KPUCTa-
aiB «Kpucran 206», ocHalleHiii KaMepoo BUCOKOTO THCKY. B aAKocTi
3apOJIKa BUKOPUCTOBYBAJIM IOIEPEIHBO BUPOINEHUN CIPAMOBAHO 3a-
KpucrajgidoBaHuii eBTeKTHuHH Kommosut B,C/TiB, i3 sasmanerins
BU3HAUEHOI0 KpucTajorpadiunoo opierTamiero (104)B,C[(100)TiB,).
30HHE TOIJIEHHA TPOBOAUJIOCA B CEPEIOBUIINL T'eJIil0 3a HAAJUIIKOBOTO
TucKy y 1 arm. IIIBugkocTi BupomiyBauua ckiaaganu: 1, 2 1 3 Mmm/xB.

MiKpOCTPYKTYpPY OZep:KaHUX KOMIIO3UTIB BUBYAJU 3a AOIIOMOTOIO
CKaHYBaJIbHOTO €JeKTpPOHHOro Mikpockoma Axia ChemiSEM HiVac
(Higepnaunm), o06JsiafHAHOTO EHEPTOAVCIIEPCIHHUM CIEKTPOMETPOM
(EDX), 1110 BUKOPHUCTOBYBABCSA IJiA OIiHKM XEMIiUHOTO CKJIaLy OIep-
JKaHUX 3pasKiB, a TaKOMK PO3MOAIJY eJIeMeHTIiB o (asoBUX KOMIIO-
HEeHTaX eBTeKTUYHOTO KoMmmo3uTa. Pas3oBU# CKJIAML TOCIiAKyBaan
METOJOM PEHTI'€HOCTPYKTYPHOI aHaji3W 3a JOIMOMOIOI0 PEHTIEHiBChb-
koro nudparromerpa Rigaku Ultima IV 3 Bunpominernam Cuk,,.

IuTerpasbHy MiKpPOTBepAiCcTh OJep:KaHUX 3Pa3KiB MipaAam Ha I03-
IOBYKHIX 1 momepeuHMX Ilepepisax 3a [IOIOMOIOI0 CTAaHAAPTHOI MeETO-
IUKU iHIeHTyBaHHd. BunpoOyBaHHS Ha TBePAiCTh BUKOHYBAJIMW 3a
HaBaHTa)KeHHA y 9,8 H 3a momomoroio mudpoBoro MikpoTBepmoMipa
MHV-1000 (Kurait). Hac BUTPpUMKHU IIiJi HaBaHTAKEHHAM CTAHOBUB
15 c. Tpimunocrifikicts (K;c) pO3paxoByBaJu Ha OCHOBI MeETOIUKU
iHgeHTyBaHHsA, 3amporioHoBanoi Hiixaporo [40] maa Tpimum ITaaMmk-
BicTa y KpUXKUX MaTepifgiax:

Ko =9,052-10 2 H*PE*5C, V2,
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ne H — TBeppicts, E — moayap HOura, pospaxoBaHuil A KOMIIO3U-
ra B,C/(V,,Tay :Cro M0, W 2)B; 8a mpasumom cymimi ( Ep, =460
Ila [1], Ey, ra,,cr, Mo0,w, 8, = 000 TTla [20]), [ — cepenns posxuna
IisiroHaJii iHIeHTyBaHHSI, (fo — cepenHs mOB:KMHA TpimuH. I KO-
JKHOrO 3paska OyJo 3po0JIeHO II0 TPUAIATL MipSAHb OJIA OJepPrKaHHs
CepeaHbOI TBEPAOCTH TA HOBYKUHU TPIIIIHH.

3. PE3YJBTATH TA IX OBITOBOPEHHS
3.1. ®azoBmii craan

Ha pucyuky 1 mpexacraBieHo AudpaKTorpaMy 3pasKiB CIPAMOBAHO
sakpucraiizopanoro esrektuuHoro B,C/(V,,Ta,,Cry.Mo,,W, ;)B,-
CTOIly, AKi OyJu BUTOTOBJIEHI 3a Pi3HUX MMIBHUIKOCTEN BUPOIIYBaHHHA.
JlocaimkeHHA MOKasaJan HaABHICTBL ITIiKiB, IO BiANOBimarTh rekcaro-
HaJbHIN KpHUcTaniuHili cTpyKTypi MeB, Tuny AlB,, a TakoX cirabKux
mikis B,C (104) i (003). HesBa:katoum Ha Te, 1110 00’emuuii smict B,C
CTAHOBUTL (7% Yy CHUHTE30BAHUX KOMIIO3UTAX, AUMPAKIiHHI mTiku
B,C maroTs HUBBKY iHTEHCHBHICTH uUepe3 HUSBKHUUI DPEHTTEeHiBCBKUM
poscioBanbuuit paxrop aromiB Bopy Ta Kapbony B mopiBHAHHI 3 mgu-
OopumamMu mepexiHUX MeTaJsiB, IO KopeJioe i3 manumu pobotu [21].

BcranoBieHno, 1o Ha ofep:KaHUX AudparKTorpamMax Haubigbia iH-
TEHCUBHICTH IIepeBa’sKHO CIIOCTepiraeTbcs AJIA MiKiB 3 Kpucrajgorpa-
¢iumoio opienramiero (100) aIa9 BUCOKOEGHTPOHIHHOTO IUOOPUIY
(Tiy 971, ,HE, ;Nb, ,Ta, 5)B, Ta (104) nua xkapbizy Bopy.

s =] =
= o S = NN =
= 2 DA = =1 ° o o
S E BS B z 5% =
S B ag A B EE B
SR 2 TE 5
® 3 MM/MiH x AN 4 '\‘
J\ 2 MmM/MiH }"\ AL N\

IaTeHCHBHICTD, V.0

20 40 60 80
20, rpagycu

Puc. 1. PeHnTreniBcbki gudpaxTorpamMu 3pasKiB CHOPAMOBAHO 3aKPUCTATIiZ0-
BaHoro epTexkTuuHoro cromny B,C/(V,,Ta,,Cr,,Mo,,W,,)B;, omep:xanux sa
PiBHUX IIBUAKOCTE! BUPOITyBaHHI.
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ITe Brkasye Ha ImepeBakHY Kpucrajorpadiyny opieHTariro nmux ¢as
B ogep:xanux kommosurax B,C/(V,,Ta,.Cry.Mo,,W,,)B, (puc. 2).
Taxa moBemiHKa TaKOMX MOMKe OyTH HiATBepAKeHa BUKOPUCTAHHIM
CIPAMOBAHO 3aKpUCTaaidoBaHOrO 3apoaky 3 eBrekturku B,C/TiB, 3

Puc. 2. MikpocTpyKTypa y nmomepedynomy (a, 8, 0) Ta mO3I0OBXKHBOMY (0, 2, €)
rmepepisax o0 HaAUPAMKY BUPOIIYBAaHHA 3pa3KiB CHPAMOBAHO 3aKPUCTAJIi30-
BaHoro epTekTuuHoro crony B,C/(V,,Ta,,Cr,,Mo,,W,,)B;, omep:xanux sa
pisHUX HMIBUAKOCTEIl BUPOIINYBaHHA: a4, 6 — 1 MM/XB.; 6, 2 — 2 MM/XB.; 0, €
— 3 mMm/xB.2

2,2
2,0
1,8
1,6
1,4

1,2

H

L, meMm

1,0
0,8

0,6 ‘ ‘
0 2

L -
B

V, MmM/XB.

Puc. 3. 3anexHicTh TOIEPEYHOTO PO3MIPY CTPUIKHIB BUCOKOEHTPOIIIIHOTO
6opuny (V,Ta, ,Cry Mo, ;W ,)B, mia 3paskiB cupaMoBaHO 3aKpuCTalisoBa-
HOTO eBTekTHuHOro cromy B,C/(V,,Ta,,Cr,,Mo,,W,,)B, Bin mBuakxoctu
BHUPOIIyBaHHA.?
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BHU3HAUEHOIO KpucTagorpadiunoio opierranieio (104)B,C|(100)TiB,.

3.2. MikpocTpykTypa

Ha pucyuky 2 mokasaHO MiKPOCTPYKTYPY OJEep:KaHUX CIPAMOBAHO
apmoBaHux kommosuriB B,C/(V,,Ta,Cry,Moy W, 2)B,, BupomeHux
3a pisHMX IIBUAKOCTEN BUPOIIyBaHHs. BoHa mpencTaBise co000 Ma-
TpuIio 3 Kapoiny Bopy (TemHa (asa), cipsaMOBaHO apMOBaHY CTPUIK-
HEeBUMU BKJIIOUEHHAMU BUCOKOEHTPOITiTHOTO nubopumy
(Vy.2Tay 2Cry sMo, ;W ,)B, (cBiTaa dasa).

Bceranosieno, 1o 3i 30ibIIIEHHAM IIBUAKOCTYA BUPOIIYBAHHA KOM-
mo3uta Bim 1 mo 3 MM/XB HOIEpPeuYHHil Po3Mip apMyBaJbHOI (asu
aMeHITyeTbeA (puc. 2 i 3). Bimomo, 110 3a IOIIOMOTrOI0 CIPAMOBAHOI
KpucTaJisarmii MoKHa KOHTPOJIIOBATUA PO3Mip (pas3oBUX CKJIAJOBUX €B-
TEeKTUYHUX CTOIiB, PeryJIoouM IMBUAKICTL BupomryBauud [3]. 3i 30i-
JBINEHHAM IITBUAKOCTU KpucTaiisarii yac mgaa audysii 6ina posmiab-
yoi Merki TBepmoi Ta pinkol ¢das smeHmryerbcsa. lle, B cBowo uepry,
MIPUBOIUTE N0 3MEHIIIEHHS CepPeIHbLOTO IIOIIePEeYHOro Po3Mipy apMyBa-
JbHOI ()a3’ B eBTEKTUUYHUX cTomax (puc. 3).

3.3. XeMiuHUH CKJaL

HocimigxeHHA XeMi4HOTO CKJIaAy MeTOJOM MiKpPOpPeHTIeHOCHeKTpaJsb-
HOI aHaJi3W mokasaji, IO XeMiuHi ejleMeHTH, AKi BXOAATH OO CKJia-
Iy OJep:KaHOT0 KOMIO3UTA, AOCTATHBO PiBHOMIpPHO pO3MOijeHi IO
miomuHi 3paska (puc. 4). Ha pucyHKY ITOKasaHo KapTU PO3IOAiIY
exemeHnTtiB: Bopy (B), Kap6ony (C), Bamagito (V), Taumrany (Ta),
Xpomy (Cr), Momniogeny (Mo) i Boasdppamy (W) B KOMIO3UTI
B,C/(V,Tay 2Cry,Moy s W 2)B,. Becranosieno, mo Bop i Kap6or B oc-
HOBHOMY KOHIIeHTPYIOThcA B martpuini B,C, a mepeximgui meranu (V,
Ta, Cr, Mo i W) B ocHOBHOMY pO3TaIllOBaHi B 00JiacTi apMyBaJIbHOI
dasu (V,,Tay,Cry Moy, W, 2)By, 10, B CBOIO uYepry, HiATBepIKyeE
YTBOPEHHSA caMe BHCOKOEHTPOIIIHOTO AuGOpuILy.

3.4. MikpomMexaHiuHi BJIaCTUBOCTI

JocaimxeHHA MiKpoOMeXaHIUHUX BJACTUBOCTEN ONepPIKaHUX KOMIIO3M-
tiB B,C/(V,Ta, ,Cry Mo, . W, ,)B, nokasanmu, 1mo iHTerpajbHa MiKpo-
TBepAicTh 3a Bikkepcom (H,) i TpimmHocriiikicts (K;c) (puc. 5) 306i-
JBINYIOTBCSA 3 IIiABUINEHHAM IIIBUIKOCTHA BUPOINYBaHHS Bix 25,26 mo
32,48 + 0,5 I'Tla i Bix 3,64 mo 5,84 + 0,8 MIla-m'/? BignmoBizHO 3a Ha-
BaHTaKeHHA Ha iHAeHTOp y 9,8 H Kr, 110 IepeBuIllye 3Ha4YeHHA, Ofe-
poKaHi OJId eBTeKTUYHUX CTOMNIB, apMOBAHUX iHAUWBIAyaJIbHUMEU AuOO-
puzamu [16]. Taky moBemZiHKY MOKHA IOSCHUTU 3MEHIIIEHHAM PO3Mi-
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Puc. 4. Posmonin xemMiuHEX eJeMeHTiB y MiIKPOCTPYKTYpi cIpsMOBaHO 3a-
KpucTaxisoBaHoro esrekruunoro cromy B,C/(V, ,Ta, ,Cry;Mo, ;W 5)B,.*

34
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32

(=3

30

28

Hy, T'lla

K., MITa-m2
B wh

26

24
0,5 1,5 2,5 3,5

]

5 13 2,5 35

V, MM/XB. V, MM/XB.
a (1]

Puc. 5. 3anexuicTs iHTerpasbHoi MikpoTBepmocTi (a) i TpimunuocTifiKocTi (0)
CIPAMOBAHO 3aKpUCTadizoBaHoro esTekTuuHoro cromy B,C/(Tij,Zr, ,x
xHf, ,Nb, ,Ta, ,)B, Bif IIBUAKOCTi BUPOIyBaHHS."

PiB CTPYKTYPHUX CKJIAAOBUX 3 IMiABUIIEHHAM IIBUIKOCTH BUPOIILY-
BaHHA (puc. 3).

3ajeKHicTh BeJIWUYMHMN iHTErpajbHOI MiKpoTBepmocTu 3a Bikkep-
coM Mo:KHa moscHUTH edexToMm ['osnma—IleTya, OCKiIBKU 3MeHIIIEHHA
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PO3MipiB CTPYKTYPHUX CKJIAAZOBUX IIPUBOAUTHL M0 30iJbIIEHHS 1XHBOL
KiJIBKOCTH 3a OJHAKOBOTO BMiCTy apMyBaJbHOI (pasu, IO, AK HACJi-
IOK, Bele M0 30iJbINTEeHHS KiJIbKOCTH MiK(asHUX MeXK, AKi BUCTyHa-
I0TH B poJii Oap’epiB AJA TPOXOMKEHHS ILTacTUUYHOI medopmarlii ta
pylinyBaHHA. 3 iHIIIOro OOKY, MEHIIIUII MOIEPEUHUN PO3MIpP CTPYKTY-
PHUX CKJIAIOBUX CIPUAE 3MEHINEHHIO BEJIUUYNHU KPUTUUHUX PO3MipiB
nedeKTiB, AKi B HUX BUHUKAIOTh, IO BiIIIOBIAHO MO0 KPUTEPil0 pyiH-
HYBaHHA 3a rpi(l)(piTOM, OiBUINye 3HAUEHHA PYUHYBaJbHOTO HAMPY-
JKeHHSI B MAaTepisani, ToOTO cIpuse IIiABUINEHHIO HOro MIiITHOCTH Ta
TpimuHOCcTifiKocT. TaKuM uymHOM, iHTerpajibHa MiKpPOTBEPAICTH 3a
Bixkkepcom i TpimumHocTiliKicTh (K;;) 3pOCTalOTh 3i 3MEHIIEHHAM PO-
3MipiB CTPYKTYPHUX CKJAJOBUX y CIPAMOBAHO 3aKPUCTATIi30BAHOMY
esrekTruHOMy cromi B,C/(V,,Ta, ,Cry.Mo, W, ;,)B, (puc. 3, 5).

Ha pucynky 6 mokasaHo TumoBuii BimbuTok inmemTopa Bixkkepca
micad iHZeHTyYBaHHS Ha IIO3J0BXKHBOMY Iepepidi ofep:kaHoTro KOMIIO-
sura B,C/(V,.Ta,,Cry,Mo,, W, 5)B,, BupomeHoro 3i mBHUAKICTIO y 2
MM/XB.

Bcranosneno, 1o  TpimuHUM, AKi mapajenpHi g0 (asu
(Vo2Tag 2Cry Moy ;W ,)B,, AK HIpaBmio, CXHUIbHI BigxuiaTuca Bif
MIPAMOrO IIOIINPEeHHA 3 HACTYIHUM 3aTyxXaHHAM. TpPillluHM B IIepIIeH-
IUKYJIAPHOMY HaOpAMKY no0pe BU3HAUYEHi Ta B OCHOBHOMY IIOIIIMPIO-
0ThcA uepesd matpuuny (asy B,C 3 geakumMuy BinxuiieHHAMY i mepek-
purtaMm («MocTHKyBaHHAM») ¢azoro B,C/(V,,Ta,,Cry.Mo,,W 2)B;.
Bigomo, m1o BigxmiieHHA Ta <«MOCTUKYBaHHA» TPIIMUH — Il HaH-
OinbIII TIOITMPEHI MexaHi3MM 3MIiITHEHHS Yy CIPAMOBAHO 3aKPUCTAJi-
30BaHUX KepaMiuHUX eBTeKTukax [4, 7, 15, 22, 23]. Taki mexaHisamu
peaisyloTbCs 3aBAAKUN HAABHOCTI 3aJMIIKOBUX TEePMIiUHUX HAaIpy-
JKeHb Y (a30BUX CKJIAJOBUX KOMIIO3UTIB, AKi BUHUKAIOTh B Pe3yJIb-
TaTi piskHUII Koe(ilieHTiB TepMiuHOro posmupeHHa das. K Hacui-

Puc. 6. BigobuTtoxk ingenTopa BikKepca micis iHAeHTYBaHHS HA MO3J0BXKHBO-
My mepepisi omepaxanoro kommosura B,C/(V,,Ta, ,Cry,Mo, ;W ,)B,.°
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JIOK, TpimuHocTiiikicte ogepskanoro B,C/(V,,Ta,,Cry.Mo, W, 2)B,
KOMIIOBUTA B JAHOMY OOCTimKeHHI OyJia IigBMIIeHA 34 PAaXYHOK 3a-
JUINKOBUX HAIIPYKeHb, K1 BUHUKJN UYepes PisKHUII0 KoedimieHTiB
Tepmiuroro  posmmpesEas y B,C  (6-10°K™) [22] i
(Vo.2Ta, 5Cry Mo, ;W 5)B; (8,55:107° K™') [24]. Yepes menmmii Koedi-
IieHT TepMmiuHoro posmupeHHs matpuild B,C mepebyBae B CTHCHEHO-
My CTaHi, IO COPUAE peasisalfii MexaHi3MiB BiIXWJIeHHA Ta «MOCTH-
KyBauHs» TpimuH [25].

4. BAICHOBRH

TakuM YMHOM, B Pe3yJbTaTi BUKOHAHHS POOOTH METOIOM Oe3TUIJIbO-
BOT'O 30HHOT'O TOILJIEHHSA OYB YCIIIIIIHO CHMHTE30BAHUII CIIPAMOBAHO 3a-
kpucraigisoanuit esrektuuHuit B,C/(V,,Ta,,Cr, Mo, ,W,)B; KOM-
mo3uT. MiKpoCcTpyKTypa OJep:KaHUX KOMIIOBUTIB IIPEACTaBIIAE CODOIO
MaTpuIi0 3 KapOimy Bopy, cupaMoBaHO apMOBaHY BHUCOKOEHTPOIIii-
HuM paubopugom B,C/(V,,Tay,Cro.Mo, W, ,5)B,. 31 306inbleHHAM
IIBUAKOCTU BUPOIITyBaHHA Big 1 mo 3 MM/XB y KOMIIO3UTI IOmIeped-
HUU posMmip apmyBasibHOI (ha3u 3MeHHIyeTbcsa. daszoBa i xeMmiuHa
aHaJ[i3W IIOBHICTIO IIiATBEPIKYIOTH PE3YJIbTATU MiKPOCTPYKTYPHUX
ITOCJIiIKeHb.

TpimuHOCTiliKicTh 1 iHTerpasbHa MIKPOTBEPAICTH OJEPKAHOTO
KOMIIOBHTA JOCATaoTh 5,84 + 0,8 MIla-m®® i 32,48 £ 0,5 I'Tla Bizmo-
BiHO, IO IIE€PEeBUINYIOTH 3HAUEHHH, OJePiKaHi AJA eBTeKTUYHUX CTO-
IIiB, apMOBAHUX IHAWBIAYaJIbHUMU TUOOPUIAMU.

OpnepsxkaHi pesyJsibTaTH BKa3yIOTh HA BUCOKY IEPCHEKTUBHICTH IIO-
MaJbIiol pO3pOOKM CTOMIB 3a YYacTI0 BUCOKOEHTPOIIIHOI KepaMiku
I 3aCTOCYBaHHS B eKCTpeMaJbHUX YMOBaX.
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Pobory BuKOHaHO 3a miaTpuMmirm mpoerkTy Ne0122U001556, mio ¢i-
HaHcyeThcss MiHicTepcTBOM OCBiTH i HayKu YKpaiHwm.
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'Fig. 1. X-ray diffractograms of the directionally solidified eutectic B,C/(V5Tag sCry 2M0g s W 2)Bs
alloy obtained at different growth rates.

2 Fig. 2. Microstructure in the transversal (a, 6, 0) and longitudinal (6, 2, e) cross-sections to
the growth direction of the directionally solidified eutectic B,C/(V,sTag sCry Moy oW 0)B,
alloy obtained at different growth rates: a, 6—1 mm/min.; 8, 2—2 mm/min.; 9, e—3
mm/min.

3 Fig. 3. Dependence of the transversal size of rods of high-entropy (VT2 2CrosMog W 2)Bs
boride of the directionally solidified eutectic B,C/(V,sTaq,Cry Moy W 5)B, alloy on the growth
rate.

4 Fig. 4. Distribution of chemical elements in the microstructure of the directionally solidi-
fied eutectic B,C/(V,.oTa, ,Cry Mo, W, 2)B, alloy.

® Fig. 5. Dependence of integral microhardness (a) and fracture toughness (6) of the direc-
tionally solidified eutectic B,C/(V, sTa, 2Cry Mo, 2 W, 5)B, alloy on growth rate.

5 Fig. 6. The Vickers indentation trace on longitudinal cross section of the obtained
B,C/(Vy.2Tay ,Cry sMoy s W 5)B, composite.
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The paper proposes an explanation of the physicochemical processes occur-
ring during the electric-arc plasma-chemical synthesis of carbon nano-
materials. A diagram of the action of forces on charged particles and a
diagram of forces acting on the motion of ions in an arc in the presence of
a magnetic field for the plasma-chemical synthesis of carbon nanomateri-
als are presented and considered. The levels of organization of matter in
an arc discharge during the formation of carbon vapour with an increase
in temperature are considered. A comparative characterization and a con-
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ditional scheme for the formation of various carbon nanostructures dur-
ing plasma-chemical synthesis are proposed. The sequence of carbon trans-
formations during the formation of carbon nanomaterials and the condi-
tional levels of organization of matter with the types of processes occur-
ring on each of them during structure formation, as the classification of
carbon structures by size levels under conditions of temperature decrease
from plasma temperature to room one are established. Carbon nanomateri-
als are synthesized by the plasma-chemical method, and the analysis of
the obtained and processed carbon nanostructures is carried out by the
following methods: scanning electron microscopy, transmission electron
microscopy, Raman spectral analysis, UV-VIS spectroscopy, spectropho-
tometric analysis. The presence of fullerenes in the products of plasma-
chemical synthesis is established, and fullerenes are extracted from the
synthesized wall soot.

B maniit po6oTi 3ampomoHOBAaHO MOACHEeHHS (hi3MKO-XeMiuHUX MPOIleciB, IMO
BimOyBalOThCA I Uac eJIeKTPOAYroBOl ILIa3MOXEMIiUuHOI CHHTe3UW BYTJIelle-
BUX HaHoMaTepisaaiB. HaBemeHo Ta pos3riasgHyTO cxeMy Aii cuj Ha 3apaisKeHi
YACTUHKU Ta CXeMy MOil CHJI Ha PyX HOHIB y Ay3i 3a HaABHOCTH MATHETHOTO
MOJA IIJIa3MOXEMiuHOlI CHHTe3U BYIJIeIleBUX HaHoMAaTepiamiB. PoarasmyTo
piBHIi opranisaiii marepii y gyroBomy pos3psazi mig uac yrBopeHHa Kap6ono-
BOI mapu 3 WiABUINEHHAM TeMmiepaTypu. HaBegeHO cxXeMy pO3TalllyBaHHSA
30H po0OYOro IMPOCTOPYy pearTopa Bim oci myru (3a Tucky > 20 I'lla # Temme-
parypu > 12 000°C) mo crtinkmu peaxTopa (3a Temmepatrypu > 600°C). 3ampo-
TMMOHOBAHO IOPiBHAJBHY XapaxkTepusallilo i YMOBHY CXeMYy YTBOPEHHS pis-
HUX BYTJIEIIeBUX HAHOCTPYKTYP MiJ uac maasMoxeMiuHoi cuHTe3u. Becramo-
BJIEHO IIOCJiOBHiCTh HePeTBOPEHb BYIJIEII0 HiJ uac (opMyBaHHS ByTJIelle-
BUX HaHOMATePisJaiB Ta yMOBHi piBHiI opraxisamii marepii 3a Tumamm IIpo-
meciB, AKi BigOyBaloThCAd Ha KOMKHOMY 3 HUX IIiJl UaC CTPYKTYPOYTBOPEHHH,
KJacudikaiiio ByTrJeleBUX CTPYKTYP 3a PO3MIPHUMHN PIiBHIMU B yMOBax
MMOHMKEeHHS TeMIepaTypHu Bia miaasmMoBoi mo KimHaTHOI. TakoyK CMHTE30BaHO
BYIJIeIleBi HaHOMATEePiAIM MJIa3MOXEeMiuHMM METOJOM i IIPOBEAEeHO aHaJIi3y
olep;KaHUX M 00pOOJIeHMX BYIJIEIIEBUX HAHOCTPYKTYP METOJAaMH: CKaHyBa-
JBbHOI eJIEKTPOHHOI MiKPOCKOMii, MPOCBiTII0OBAIBHOI €JIeKTPOHHOI MiKpPOCKO-
mii, cIeKTpaJabHOI aHali3y KOMOIHAIiTHOTO PO3CisSHHSA CBiTJIa, CIIEKTPOCKO-
mii B ONTUYHOMY (BUAUMOMY) AiANA30HI MOBKWH XBUJIb i3 MPUJIETJTIUM 0
HBOTO yJbTpadioseToBUM [iATTa30HOM, CIEKTPOMOTOMETPUYHOI aHaIi3!.
Bysio BcTaHOBJIEHO MPUCYTHICTH (PyJIJIEpPeHiB y HMPOAYKTaX ILJIa3MOXeMiuHoi
CHUHTE3U, a TaKOK IIPOBEJEHO eKCTPaKIlilo QyJepeHiB i3 cuHTe30BaHOI
OIPUCTIHHOI caxKi.

Key words: carbon nanomaterials, fullerenes, fullerites, endofullerenes,
carbon nanotubes, synthesis, self-organization, plasma, electric arc.

Karouori cioBa: ByrJierneBi Hamomarepisiu, QyiiaepeHu, QyJaIepuTH, eHIo-

dynnepenu, BYIJelleBi HaHOTPYOKH, CHUHTE3a, caMoopradisaiis, mjaasma,
eJIeKTpUYHAa Iyra.
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1. INTRODUCTION

To date, it is very important to understand the physicochemical
processes of the synthesis of carbon nanomaterials (CNM), in order
to be able to predict the formation of their modifications and create
new structures and nanomaterials.

At this level of development of science, a wide range of methods
for the synthesis of carbon nanostructures (CNS) is known (laser,
detonation, pyrolysis, plasma-chemical in a gaseous medium, and
plasma-chemical in a liquid medium) [1-10]. Equipment for the syn-
thesis of CNS can have its own modifications that allow synthesis
with the maximum yield of the product of any particular CNS, or
allows you to create their modifications. CNM are divided into solu-
ble and insoluble CNS in hydrocarbon solvents. Soluble CNS include
fullerenes [11-15], endofullerenes [16—18], exofullerenes, and full-
erites [19, 20]. Insoluble CNS include nanotubes, nanofibers, gra-
phenes, and graphene packets [21-25].

Due to such a large number of methods for the synthesis of CNM
and a wide range of types of CNS, it has been possible to use them
as fillers and reinforcing materials in the automotive and aircraft
industries, as well as in 3D-printing technologies to increase the
tribological characteristics of materials [26—29]. Particular atten-
tion is paid to CNM in hydrogen energy, where the developed sur-
face of CNS is used to create new fuel cells on their basis, and solu-
ble CNM are considered as future hydrogen adsorbers [30-36],
which can compete with already known sorbents [37—62].

That is why it is important to understand the processes of CNM
synthesis in order to increase the range of use of CNS and for the
more intensive development of nanotechnology today.

2. PLASMA CHEMICAL SYNTHESIS EQUIPMENT FOR CARBON
NANOMATERIALS

The plasma chemical discharge is based on the action of an electric
arc that occurs between graphite electrodes in an inert atmosphere
(helium or argon). The installation was developed by Kritschmer et
al. [63] specifically for the synthesis of fullerenes. After moderniza-
tion (increasing the working temperature of the plasma formed be-
tween two graphite rods), the method allows not only for the pro-
duction of fullerenes, but also other carbon nanomaterials (CNM).
This was first seriously considered when obtaining and investigat-
ing fullerene-like materials.

In our work, plasma chemical vacuum equipment (Fig. 1) was
used for the synthesis CNM.
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Fig. 1. Plasma-chemical vacuum equipment for the synthesis of carbon
nanostructures.

Fig. 2. The reactor of the equipment for the synthesis of nanostructured
carbon samples. I—cathode; 2—cathode coolers; 3—a movable current-
carrying non-consumable graphite rod; 4—plasma zone; 5—helium atmos-
phere; 6—working graphite rod; 7—thermostatic device; 8—anode cooling;
9—reactor cooler; 10—device for effective pumping of the reactor to a
deep vacuum; I1—reactor sealing flanges; 12—anode; 13—replaceable cat-
alytic sleeves.



PHYSICOCHEMICAL PROCESSES OF ELECTROARC SYNTHESIS OF CARBON 265

Experiments to obtain working samples of CNS were conducted in
a reactor (Fig. 2) with an internal diameter of 150 mm, which has a
water-cooled jacket and flanges with circular rubber seals. The
jacket temperature is 25—30°C, and the inner wall of the reactor has
a temperature of 500-600°C.

Teflon insulators for current leads are attached to the flanges
(cathode 1 and anode 6, respectively). A graphite rod is fixed on the
cathode using a copper clamp, which does not wear out, while a
high-quality graphite rod (FPG-7 grade) measuring 800 mm is fixed
on the anode, which wears out during the experiment. The cathode
is connected (through a ceramic insulator) to a movable polished
stainless-steel stem that slides in Wilson seals and transmits trans-
lational motion from a non-consumable cathode to a stepper motor.
A scale is applied to the stem to measure electrode consumption
rates and prevent the melting of stems and clamps. Graphite wash-
ers are placed between copper holders and graphite rods.

The reactor has a device for pumping the reactor to medium vac-
uum (MV) from 10? to 107! Pa and filling the internal space with
inert gases, as well as pressure control, which fully ensures the
maintenance of a stable vacuum in the reactor.

Graphite was evaporated in a vacuum under a helium pressure of
0.02-0.09 MPa and a voltage on the electrodes of 22-30 V and a
current of 250-300 A.

3. PHYSICOCHEMICAL PROCESSES OF PLASMA CHEMICAL
SYNTHESIS OF CARBON NANOMATERIALS

The thermodynamic stability region of gaseous carbon lies in the
plasma temperature zone (=8 000 K), so, the transition of carbon
atoms to an excited state is only possible at temperatures signifi-
cantly higher than this value. In the interelectrode gap (Fig. 3),
conditions arise that allow carbon atoms to be transferred from
graphite electrodes to both a free (atomic) and plasma state.

As seen in Fig. 3, the area with the highest temperature in the
arc discharge is the cathode (=2 12 000 K). The surface of the anode
is heated less (210000 K), but the temperature on its surface
reaches values when carbon atomization is already possible. Thus,
‘carbon vapour’ is generated near the surface of both electrodes.

To understand the mechanisms of obtaining carbon nanomaterials
in the interelectrode space, it is necessary to consider the processes
that occur there. They inevitably affect the process of formation
and chemical composition of the products that are formed during
the destruction of the anodic carbon precursor.

The distribution of charged particles in different sections of the
electric arc is non-uniform: the particles concentration will be high-
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Fig. 3. Distribution of temperature (in [K]) zones along the axis of the
electric arc between graphite electrodes at a current of 200 A [64].

est along its axis. At the same time, some electrons and positive
ions will move from the arc centre to the periphery along the radi-
us, i.e., perpendicular to the magnetic field (the simultaneous action
of magnetic and electric fields). The force F acting on an electric
charge in a magnetic field is perpendicular to the velocity and tra-
jectory of motion and will have the greatest impact. Its value de-
pends on the charge (e), average particle velocity (v), magnetic in-
duction (B), and angle between the directions of the magnetic in-
duction and particle velocity, i.e., F = evBsina. This force (Fig. 4)
will be maximal at an angle of o=90° (then, F =evB), and smallest
at o =0 (in this case, particles move only under the influence of the
electric field). The direction of the force depends on the magnetic
field formed by the electrodes.

Hence, particles in the arc column under the influence of a mag-
netic field will rotate around the axis of the arc.

The rotations of ions and electrons occur (in accordance with
their opposite charges) in opposite directions; they can also capture
neutral particles that are in the arc column.

As the distance from the axis of the electric arc increases, the
temperature and concentration of ions, as well as the speed of gas
particle rotation, decrease. The rotational movement of gas particles
in the arc column, caused by the magnetic field action, further re-
duces the diffusion rate and ‘pulls’ the ionized hot gas towards the
axis of the plasma column. Because of the mutual influence of these
factors, charged particles will move in spirals that narrow (Fig. 5).

The centripetal force that arises when particles rotate in a circle
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also contributes to the increase in gas concentration gradient near
the axis of the electric arc.

The influence of electric and magnetic fields on the resulting
carbon particles is crucial in the formation of carbon nanostruc-
tures. The interelectrode arc can be considered as a conductor of
electric current with its own magnetic field, and the force lines of
the arc cord form closed circles.

It is known that the passage of electric current in metals is due
to the movement of electrons, which react to the influence of posi-
tively charged ions fixed in the crystal lattice. Unlike the metal ma-
trix, cations in the arc column, like electrons, move, forming their
own magnetic field.

In the plasma that arises between graphite electrodes, there are
two opposing streams of charged particles (electrons and ions with a
positive charge); the latter consist of carbon cations, carbon clus-
ters, and graphene fragments.

The speed of movement of positively charged particles depends on
the action of the electromagnetic field created between the elec-
trodes.

The opposing movement of oppositely charged particles promotes
their collision, and the energy of interaction depends on their mo-
mentum. This can lead to the destruction of existing structures, as
well as ionization of atoms.

The considered processes are consistent with the provisions of the
kinetic theory of electromagnetic processes by Yu. L. Klimontovich
[65] and the results of other studies [66—85].
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3.1. Physicochemical Processes at the Anode

During the transition of carbon from a solid state to a gaseous
state, its volume increases significantly. It should be taken into ac-
count that when such a volume is heated from 300 K to 12000 K,
the pressure increases =40 times. Thus, it can be concluded that
during the arc evaporation of graphite, local pressures in the mi-
crovolumes of the arc discharge can exceed 20 GPa, i.e., the for-
mation of nuclei of carbon structures during an arc discharge oc-
curs under conditions of high pressure.

3.2. Organization of Matter in Plasma Chemical Synthesis with the
Formation of Carbon Vapour

According to our research [1-25] and the works of other scientists
[63, 64, 66—-69, 73, 80, 85], we propose an illustrative scheme of
one of the variants of the carbon vapour formation process (Fig. 6)
with an increase in temperature (from room one to 12 000 K).

The entire process can be divided into five main energy stages. In
the first stage (stage I), compact graphite is under normal condi-
tions, where graphene sheets are bound together by Van der Waals
forces. Upon heating the graphite above 4 500 K (stage II), one-,
two-, and three-layered fragments of graphene sheets begin to sepa-
rate from its surface under the influence of the arc discharge.

At the next stage (III), the increase in temperature and collision
of graphene sheets with the electron stream leads to their destruc-
tion into cyclic and chain fragments, where atoms are bounded by
covalent bonds. Further temperature increase (stage IV) and colli-
sion of cyclic and chain formations with the electron stream leads
to the formation of multiatomic particles. In the final stage (V),

30? K Heating and evaporation of graphite 120(1)0 K
| I
4500 K " 2000 K
| i Il |Graphene fragments, v \%
' and individual
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Fig. 6. Levels of organization of matter in an arc discharge during the
formation of carbon vapour with an increase in temperature.
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there is plasma interaction between cations, electrons, and other
charged particles. These transformations occur sequentially between
graphite electrodes in the plasma of an arc discharge.

3.3. Processes Occurring in the Gas Phase and on the Reactor
Walls during Plasma Chemical Synthesis

Next, we focus on the processes, which occur in the internal elec-
trode space, as well as on the reactor wall.

3.3.1. Schematic Model of Reactor Space Zones

As the distance from the axis of the arc discharge increases (Fig.
7), working parameters (temperature, pressure) of the environment
and reactant composition [66—69, 80, 85] change radially. Addition-
ally, substance concentration in different cross-sections of the elec-
tric arc will be uneven. Electrons are displaced towards the axis of
the arc, and a greater number of positively charged particles are
trapped in the magnetic field.

The temperature of the central part of the arc significantly de-
creases (by radius) towards the periphery. Neutral particles move

Fig. 7. Diagram of the location of the zones of the working space of the
reactor. Zone ‘I’—arc axis (P >20 GPa, T >12000°C); zone ‘2’ (P=0.5—-
0.6 MPa, T =4 000-13 000°C); zone ‘3’ (P~0.1-0.2 MPa, T = 200-300°C);
zone ‘4’ (P ~0.09 MPa, T > 600°C); zone ‘5’—reactor wall (T > 600°C).
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away from the axis of the arc due to temperature and pressure gra-
dients, entering the reactor ash filled with helium and forming
ring-shaped clusters, which can be considered as coaxially arranged
reaction zones [86].

In zone 1, due to high temperature, the precursor graphite un-
dergoes destruction. The transition of carbon from a solid state to a
gaseous state and high temperature contribute to the emergence of
a sufficiently high pressure in the mixture, which leads to the for-
mation of compounds that participate in the formation of various
nanostructures. Zone 2 has lower pressure due to the condensation
of gaseous carbon (carbon atoms, chain formations, cyclic mole-
cules, as well as fullerene and graphene as microstructure nuclei).
Zone 3 is the coldest. The temperature of zone 4 rises again to
=~ 600°C due to radiative heating and bombardment of the reactor
wall by electrons. Thus, zone 4 has conditions favourable for pyro-
lytic processes and plays a significant role as a catalyst in this zone
(see Fig. 2).

The formed particles that reach the reactor wall are made up of
carbon atoms generated in zone 1. Then, under the influence of
temperature gradients (up to 12000 K) and pressure (> 20 GPa),
they enter to zone 4, where conditions sufficient for pyrolysis pro-
cesses are achieved, and the presence of a metal phase in the reactor
wall (zone 5) or a variable sleeve (Fig. 2) can catalyse structural
transformation processes. The distance from the centre to the wall
of the reactor shell (zone 5) plays a special role in the synthesis of
carbon nanoparticles.

3.3.2. Formation of Carbon Nanomaterials during Plasma Chemical
Synthesis

As mentioned above, charged carbon particles are held by an elec-
tromagnetic field [65, 67-69] and cannot practically escape into the
interelectrode space in large quantities. Therefore, in transfor-
mations, which occur in the gas phase (outside the arc zone and on
the walls of the reactor), their insignificant leakage can be disre-
garded, focusing only on the behaviour of neutral particles.

The ratio of the number of neutral and charged particles generat-
ed during graphite evaporation depends on the conditions of the
process. Based on the results of studies of the composition and
morphology of products formed on the reactor walls, a conditional
scheme can be compiled (Fig. 8) [4].

Some amount of carbon vapour, consisting of neutral particles of
the plasma flow, under experimental conditions, moves under the
influence of the T and P gradients and leaves the interelectrode
space at a speed of over 20-25 m/s, reaching the reactor wall in
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Fig. 8. Conventional scheme of the formation of various carbon nanostruc-
tures (CNS) during the arc process: SWNT-—single-walled carbon nano-
tubes (SWCNT); e,.—the flow of electrons moving from the cathode to the
anode; e,.q...a—reflected electrons; carbon nanostructures with a positive
charge [CNS]’; carbon nanotubes (CNT).

~(0.003 seconds and cooling almost to room temperature. During
this time, a series of processes occur, the duration of which varies
within nanoseconds, and the resulting product (wall soot) is located
on the reactor walls.

As the distance from the axis of the electric arc increases, the
temperature and concentration of particles, carbon atoms, and radi-
cals decrease, while their geometric dimensions increase. The diffu-
sion rate and number of collisions with other particles per unit time
also decrease. As a result, different structures can form in the gas
phase. If fullerenes are formed, they can transform into onions, and
in the presence of a catalyst, into nanotubes or other structures.

Experimental studies [1-25, 4, 70-72, 74-75, 77, 79, 81, 84, 87,
88, 89, 90] have shown that metals catalyse both the processes of
fullerene destruction and synthesis of other graphite-like struc-
tures.

During the operation of the electric arc, a lot of energy is re-
leased in the form of radiation. This raises the temperature of the
inner surface of the reactor to over 600°C. Electromagnetic radia-
tion and electron beams generated by carbon plasma promote the
transition of metal atoms from the surface layers of the metal car-
tridge case to the gas phase, which affects the formation of new
carbon nanomaterials.
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4. FEATURES OF THE FORMATION OF CARBON
NANOMATERIALS

Previous studies [1-25] and our experiments [4, 87, 70-72, 77, 79,
81, 84] indicate that the duration of the carbon nanoparticle syn-
thesis process (especially the time that the reactants spend in the
reaction zone) varies, although the morphology of the nuclei formed
at early stages may be identical. For example, the residence time of
reactants in the reaction zone during pyrolysis is of = 1.10* s, while,
during arc synthesis in the gas phase, it is of =3-107® s. Moreover,
our studies of arc synthesis in liquid environment show that the
residence time of reactants in the reaction zone is <1.107° s. [1, 24,
25, 88, 90-93] (Fig. 9). Thus, the difference in the duration of the
process between these synthesis methods is = 13 orders of magni-
tude. Therefore, the transition from one method to another and the
reduction of interaction time do not significantly affect the mor-
phology of the formed nuclei but mainly affect the yield of products
and depend primarily on changes in the geometry of the formed
products.

Thus, during the synthesis of carbon nanomaterials by any meth-
od, nanoscale objects are first formed, which become nuclei of new
structural units. Therefore, special attention should be paid to na-
nosecond-duration processes that determine the morphology and
properties of the final products.

4.1. Transformation of Carbon during the Formation of Carbon
Nanomaterials

Based on the results of our studies on the formation processes of
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Fig. 9. Comparative characteristics of the processes used in the synthesis
of carbon structures.
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Fig. 10. The sequence of carbon transformations during the formation of
carbon nanomaterials.

carbon nanomaterials [1-25, 87, 91, 92, 93], we have determined
the technological chain of transformations that the starting carbon-
containing reagents undergo (Fig. 10). Thus, for the synthesis of
new structures, carbon or carbon-containing precursors are chosen,
from which nuclei of a certain structure are formed. Depending on
the synthesis conditions, these can be carbon, graphite, diamond,
fullerenes, nanotubes, and other allotropic (or polymorphic) modifi-
cations of carbon.

The method of synthesis of carbon nanomaterials determines the
energetic state of the starting reagents [67, 68, 80, 85], and there-
fore, the features of the formation and structure of the synthesized
materials.

4.2, Classification of Carbon Nanomaterials by Levels of Matter
Organization

The duration of the synthesis of carbon nanomaterials determines
the change in their geometric dimensions. The physicochemical na-
ture of CNM is determined by the thermodynamics of the nucleation
process. Interaction at the atomic level occurs relatively quickly
(fraction of nanosecond). To obtain a product with a certain disper-
sion, namely, a material consisting of particles of certain geometric
dimensions and structure, as well as having defined properties, it is
necessary to control the interaction time at each level of organiza-
tion of structure formation.

The nucleus can consist of chains of different lengths and
branching, cycles and polyhedra. Its skeleton can be frame-like or a
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combination of these structural elements. As the number of atoms
in the cluster skeleton increases, the diversity of ways they can be
connected grows. At nuclearity above 20, a spherical spatial struc-
ture becomes thermodynamically and geometrically most favourable,
that is characteristic for fullerene carbon clusters.

Based on an analysis of available information, the conditions and
mechanisms of processes, which occur during the synthesis of car-
bon nanomaterials, have been considered [67, 68, 85]. A classifica-
tion of carbon structures by dimensional levels has also been carried
out, and the types of processes occurring at each level have been
considered. The main results of the studies are presented in Fig. 11
(bottom part), from which it follows that the processes that occur
during the formation of carbon nanoscale materials have a nanosec-
ond duration, occur at the atomic-molecular level, and can be tech-
nologically controlled. Figure 11 (bottom part) shows the classifica-
tion of carbon structures and the processes of their formation using
the ‘primary table’ of S. P. Gubin.

5. PROCESSES OF FORMATION OF CARBON MOLECULES

As mentioned above, the processes that lead to the formation of
carbon vapour and the formation of nanomaterials have nanosecond
duration and occur under highly non-equilibrium conditions. The
explanation of the facts of nanomaterials synthesis, which lead to
the self-organization of the discussed systems into new spatial-
temporal structures, is usually considered within the framework of
the thermodynamics of non-equilibrium processes [94, 95]. Howev-
er, creating a sequence of transformation processes that occur dur-
ing the transformation of matter at all levels of organization of
CNS from carbon vapour causes some difficulties.

The synthesis of particles and their transformation into sub-
stances at a reduced temperature of the system is fundamentally
possible due to changes in their thermodynamic characteristics.
Figure 11 (top part) shows the proposed mechanism for the synthe-
sis process of fullerite from carbon vapour at a temperature de-
crease from plasma to room temperature.

During the cooling of carbon vapour, covalent structures arise.
At the first stage, structures are formed, which use p-electrons of a
carbon atom to form a chemical bond. The bond energy in this chain
is the highest (720 kdJ/mol).

At the second stage, s-covalent structures arise, which have a
lower bond energy between molecules, which form high-molecular
compounds (711 kJ/mol—energy of graphene molecule destruction,
714 kJ/mol—energy of Cg, molecule destruction). The bond between
molecules is formed by s-electrons in an excited state (675 kd/mol—
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Fig. 11. Conventional levels of the matter organization, the types of pro-
cesses, which occur in each of them at structure formation, and the classi-
fication of carbon structures by dimensional levels under the conditions of
a decrease in temperature from plasma to normal.

energy of carbon atom transition to an excited state 2s — 2p) (c-
bond).

Figure 11 (top part) shows the levels of material organization
from carbon vapour to the formation of a spherical carbon molecule
up to the fullerite lattice with a temperature change from 12 000 K
to room temperature.

During clustering and ordering of carbon vapour, Van der Waals
structures are formed, which are crystalline substances. The bond
in them is formed using s-electrons (n-bond). Taking into account
the above, the bond energy varies from 17 kJ/mol (bond energy be-
tween graphite layers) to 180 kJ/mol (energy of destruction of the
fullerite structure).

The process of forming CNS can be conditionally divided into six
main stages: I—plasma interaction of atoms; II—formation of 2-
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and 3-atomic particles due to chemical bonding; III—formation of
chain and cyclic molecules and their clustering; IV—ordering of
five-atom molecules to form a spherical Cg, structure using covalent
bonds; V—clustering of spherical carbon molecule Cq,. Stage VI is
carried out after the extraction of C4, molecules from soot and their
crystallization from solutions—molecular crystals of fullerite with
f.c.c. lattices are formed.

Figure 11 provides information on the structural transformations
of carbon at different levels of matter organization, the types of
processes that occur at each of them during structure formation,
and the classification of carbon structures at different dimensional
levels. The proposed scheme makes it possible to trace the trans-
formations that the system of carbon atoms undergoes due to ener-
getically stimulated structural transformations at different levels
of matter organization.

6. EXPERIMENTAL DATA OF PRODUCTS OF
PLASMOCHEMICAL SYNTHESIS OF CARBON
NANOMATERIALS

There are many methods of analysing synthesized soluble [11-20]
and insoluble carbon nanomaterials [21-25, 96].

In a vertical reactor, the anode (consumable electrode) remains
stationary, and the cathode (non-consumable electrode) moves along
the axis of the reactor. Thus, the conditions of uniform distribution
of sediment over the entire inner surface of the reactor walls are
met and relatively the same thermodynamic conditions for conden-
sation of synthesis products are achieved (Fig. 2).

Working graphite electrodes doped with catalytic additives evap-
orate in a helium environment at a pressure of 0.02—0.09 MPa.

On the walls of the reactor, a soot-like sediment is formed [90],
which contains soluble (fullerenes and fullerene-like structures) and
insoluble nanomaterials (nanocomposites, carbon nanotubes, gra-
phene). The removal of wall soot is carried out by opening the upper
and lower reactor flanges (Fig. 2), followed by the displacement of
the sediment with a rubber piston from top to bottom. The wall soot
is collected in a storage container.

The structures of carbon products were studied using scanning
(JSM-T20) and transmission (JEM 100 CXII) electron microscopes
(SEM and TEM). The results of electron microscopy indicate that
the nanoscale components have different geometric shapes and
structures (Figs. 12—-16).

The soluble components of wall soot are fullerenes and fullerene-
like structures obtained by extraction (Fig. 14).

The results of the analysis of wall soot by Raman spectroscopy
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Fig. 12. SEM-image of insoluble nanostructures of wall soot treated with

ultrasound in an alcohol environment.

L —

Fig. 13. TEM-image of the morphology of nanosized particles that are a
component of wall soot.

are shown in Fig. 15, where the two-peak structure of the G-
maximum indicates the presence of two types of nanotubes in the
samples; the maximum near the frequency of 1570 cm™ is associat-
ed with ‘armchair’ type nanotubes (conductor), and the maximum
near the frequency of 1590 cm™ is associated with ‘zigzag’ nano-
tubes (semiconductor).

Quantitative and qualitative analysis of fullerene solutions was
carried out by UV-VIS-spectroscopy (Fig. 16), where fullerenes Cg,
and C,, were detected in extraction solutions of wall soot, where the
peak maxima A,,,=335.6 and 407 are characteristic for Cq, fuller-
enes and A,,, = 334.6 and 472.8 are characteristic for C,, fullerenes.

7. CONCLUSIONS

Based on literature data and our own experimental studies of
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graphite arc vaporization, a model of the processes of carbon prod-
uct synthesis formation has been proposed. The model is based on
the peculiarities of particle behaviour in an electromagnetic field at
extremely high pressure and temperature gradients.

One of the main conclusions can be considered the fact that mi-
cro- and macroquantities of carbon nanomaterials are formed at the

a b
Fig. 14. Soluble component of wall soot. (a) Fullerenes, wall carbon black,

graphite and electrodes are an allotropic form of carbon; (b) fullerenes ob-
tained after extraction of wall soot.
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Fig. 15. Raman spectrum of wall soot.
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Fig. 16. Optical density UV-VIS spectroscopy. Spectrum of fullerene solu-
tion.

stage of nuclei formation, i.e., the nanostructural product consists
of nuclei of different structures.

The sequence of transformations, which the initial carbon-
containing reagents undergo during the formation of carbon
nanostructural modifications, has been justified. A classification of
carbon structures and the processes of their formation have been
developed. A sequence of levels of material organization has been
proposed, which reflects the mechanism of formation of spherical
carbon molecules C4, from carbon vapour, when the temperature
changes from 12 000 K to room temperature. Carbon nanomaterials,
including fullerene-like materials, are formed in the vapour phase
because of interaction between carbon atoms.

The proposed scheme of carbon structural transformations at dif-
ferent levels of matter organization, types of processes occurring at
different dimensional levels allows us to trace the transformations
that a system of carbon atoms undergoes due to energetically stimu-
lated structural transformations at different levels of matter organ-
ization.
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The structure and features of thin GaN films deposited by means of the
radio-frequency (RF) ion-plasma sputtering are investigated. As shown,
thin GaN films are formed from nanocrystallites with average dimensions
of 14.3 nm and rather low crystal-lattice stresses. The influence of both
the working-gas N, pressure and the substrate temperature on the film
deposition rate is investigated.

HocaimxeHo CTPYKTYpPY M 0coBGJMBOCTI HaHeceHHsA TOHKHUX MIiBoK GaN cro-
cobom BucorkouactoTHoro (BY) itoHHO-TIIa3MOBOTO poO3mopoIlineHHs. Ilokasa-
HO, 110 TOHKI maiBku GaN (opmMyoOThCS 3 HAHOKPUCTATIITIB, cepemHi po3mi-
pu SKUX CTAHOBJAATL 14,3 HM i3 JOCTAaTHHO HU3BKUMHU 3HAUYEHHSIMU HAIPY-
JKeHb KpucTtajiunoi rpatHuii. JlocaigkeHo BIJIMB THUCKY pobouoro rasy N,
Ta TeMIepaTypyu HTiAKJaIUHKY Ha IIBUJKICTh HaHECEHHA IIJIiBOK.

Key words: gallium nitride, thin films, RF sputtering, structure.

Karouosi croBa: HiTpup Tamito, TOHKi TUIIBKM, BUCOKOYACTOTHE HAIopO-
IIIeHHs, CTPYKTypAa.
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1. INTRODUCTION
Thin films of gallium nitrides and oxides are the objects of inten-

sive research due to the prospects of their use in the creation of ef-
fective sources of visible and near ultraviolet (UV) radiation, elec-
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troluminescent displays, and receivers of ionizing and UV radia-
tions [1-6]. In addition, possessing unique parameters such as a
large band gap, high charge-carrier drift velocity, high breakdown
voltage, and high chemical and thermal stability, GaN is one of the
most promising materials for creating new generation microelec-
tronic and nanoelectronic devices [7—9].

In general, the question of the physical properties of thin films is
complicated by the fact that films do not always have a perfect
structure and can be polycrystalline, amorphous, or contain inclu-
sions of other phases. Obtaining stable, reproducible properties of
polycrystalline films is further complicated by the presence of in-
tergranular boundaries (IGB). The physical properties of polycrys-
talline thin films are largely determined not only by the material
properties but also by the energy levels arising from the presence of
the IGB. Such levels are also determined by the size of the crystal-
lites that form the thin films. Therefore, the problem of analysing
the size of crystallites and the influence of IGB is an important
task, when investigating the possibility of using thin films in optoe-
lectronic devices, in particular, light-emitting structures, or study-
ing electrical conductivity processes. This has led to the structural
studies of thin GaN films reported in this paper. The films were ob-
tained by the method of RF ion-plasma sputtering, which is optimal
for obtaining homogeneous semiconductor and dielectric films [10].

2. EXPERIMENTAL TECHNIQUE

Thin GaN films with a thickness of 0.3—1 pm were obtained by RF
ion-plasma sputtering on sapphire substrates (Al,O;). The RF sput-
tering was carried out in a nitrogen atmosphere at pressures from
5-102 to 5:107% Torr. The target for sputtering was metallic Ga. The
temperature of the substrates during sputtering varied from 400 to
650°C, and the RF discharge power was from 100 to 150 W.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (002) plane. The struc-
ture of the films is close to the ideal wurtzite structure. The thick-
nesses of the films were determined based on the interference pat-
tern in the transmission spectra according to the method [11, 12].

3. RESULTS AND DISCUSSION

One of the most reliable methods for determining the composition
and structure of the substance under study is x-ray phase analysis.
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The characteristic x-ray diffractograms of thin GaN films obtained
by RF ion-plasma sputtering in a nitrogen atmosphere are shown in
Fig. 1. The analysis of the diffractogram shows that it contains a
dominant, relatively wide reflection band in the region 20 ~ 33.5—
35.5°, which is caused by the reflection reflex from the (002) plane
in GaN with a hexagonal wurtzite structure. It should be noted that
this situation is in a good agreement with the results of some stud-
ies of GaN films obtained by RF sputtering [13, 14]. A similar situ-
ation is observed in the RF sputtering of oxide compounds [15].

For the ordered wurtzite structure, the maximum for the reflec-
tion from the (002) plane has a value of 20 ~ 34.4°. A precise com-
parison of the diffraction band due to reflection from the (002)
plane in the obtained GaN films and the ideal wurtzite structure
revealed some shifts of the 20 maximum that exceed the hardware
error of the experiment (A20 > 0.07°). The half-width of this band
also slightly increases. The shift of the maximum of this reflection
band toward lower values of 20 may be due to the partial increase
in interplanar distances in GaN films relative to single-crystal sam-
ples. This situation is in good agreement with the characteristic
lower packing density of thin films relative to single crystal sam-
ples [16]. In addition, during RF sputtering, the structure of the
resulting films depends on such factors as RF-radiation power, sub-
strate temperature, pressure in the working chamber, energy, and
composition of the bombarding ions. Considering that the sputter-
ing atmosphere consists of nitrogen, the formation of defects con-
taining excess nitrogen due to the reactivity of the sputtering and
the interaction of nitrogen contained in the plasma with the formed
GaN film is crucial for the formation of films.

3001
250¢
200F
150F

100F

Intensity, a.u.

50

0330 335 340 345 350 355 360

20, degree

Fig. 1. X-ray diffractograms of thin GaN films obtained by RF sputtering in-
side the N, atmosphere (1) and ordered wurtzite structure (2) (reflex (002)).



290 O. M. BORDUN, I. Yo. KUKHARSKYY, M. V. PROTSAK et al.

It is known that the width of the diffraction bands depends on
the size of the coherent scattering regions (the size of the nanocrys-
tallites) and the presence of defects and mechanical stresses in the
sample. Thus, the data on the widths of diffraction bands on x-ray
diffraction patterns can be used to determine the size of the parti-
cles, which form the sample and to analyse the mechanical stresses
in the samples [17].

According to Debye and Scherrer, the relationship between the
diffraction bandwidth and the crystallite size d is given by equation

~0.94
bcos®’

where A is the diffracting wavelength, which in our case is of
0.15418 nm (CuK,-radiation), B is the half-width of the band (width
at half height), and © is the diffraction angle.

The second reason for the broadening of the bands in the diffrac-
tograms may be imperfections in the crystallite structure and de-
fects that cause stresses in the crystals [18]. The band broadening
associated with stresses is described by equation

(1)

__B
£ 1igo’ (2)

where ¢ is the average stress value of the crystal lattice.

The calculations for the main characteristic diffraction band of
reflection from the (002) plane in thin GaN films show that the av-
erage size of nanocrystallites forming a thin film is d = 14.3 nm and
the average stress is €=0.0045. The obtained values of ¢ indicate
that GaN films obtained by RF sputtering in a nitrogen atmosphere
are characterized by rather low average lattice stresses. For compar-
ison, for example, when RF sputtering thin films based on Y,O,,
depending on the sputtering atmosphere, the average stresses are
€=0.0125-0.0148 [19].

Our studies show a significant effect on the rate of deposition of
thin GaN films of the N, pressure in the sputtering chamber and
the temperature of the substrate, on which the films are deposited.

The dependence of the thin GaN film deposition rate on the pres-
sure of the working gas N, at different RF radiation powers is
shown in Fig. 2. As can be seen from the results, the sputtering
rate is decreased with increasing the N, pressure. At the same time,
for the same pressure values, an increase in power leads to an in-
crease in the speed of film deposition. For example, as can be seen
in Fig. 2, a, b, at an N, pressure of 0.01 Torr at a power of 100 W,
the film deposition rate averages to 9.2 nm/min, and at a power of
140 W, this value reaches 13 nm/min. In addition, it was found
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Fig. 2. Dependence of the deposition rate of thin GaN films during RF
sputtering on the pressure of the working gas (N,) at a power of 100 W (a)
and 140 W (b). The substrate temperature is 600°C.

that with a decrease in the power of RF radiation, the rate of depo-
sition of GaN films with increasing working gas pressure begins to
decrease more and more slowly.

The decrease in the sputtering coefficient, which is estimated by
the rate of deposition of GaN onto the sapphire substrate with the
increasing pressure of the working gas N,, can be explained based
on the phenomena of backward diffusion and backscattering.

During backward diffusion, the diffuse return of sputtered atoms
with an average kinetic energy E, approximately equal to the aver-
age kinetic energy of the working-gas atoms Ey (E, ~ Ey) falling on
the target is observed. In backscattering, the atoms, which have
been atomized, return to the target due to their scattering on the
working gas atoms. The observed phenomenon of a decrease in the
rate of deposition of thin GaN films depending on the substrate
temperature can also be explained based on the backward diffusion
phenomenon (Fig. 3).

As can be seen from the above results, with an increase in the
substrate temperature from 400 to 600°C, a rather noticeable de-
crease in the rate of deposition of thin GaN films is observed.
Within the temperature region around 600°C and higher, this de-
pendence reaches saturation. This may indicate that starting from a
substrate temperature of about 600°C and above, there is certain
equilibrium between the number of deposited atoms and the number
of diffusely returned atoms.

4. CONCLUSIONS

Our studies show that the RF ion-plasma sputtering in a nitrogen
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Fig. 3. Dependence of the deposition rate of thin GaN films during RF
sputtering on the substrate temperature at a power of 100 W and a cham-
ber pressure of 0.01 Torr.

atmosphere produces thin GaN films with average crystallite sizes
of 14.3 nm and rather low lattice stresses. The decrease in the film
deposition rate with increasing working gas pressure and increasing
substrate temperature, which are associated with the processes of
backward diffusion and backscattering, was found.
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KpHuCTajlaX BUSABJAETHCA IEPETBOPEHHAM JPYroro poay, OJM3BKUM [0 IIep-
moro. IIpoBeneno o1iHky Temunepatypu Kriopi dasoBoro mepexony, a TakoK
BCTAHOBJIEHO 3aJIe’KHIiCTh IapaMeTpa MOPAAKY Bil HAUpPYy)KEeHOCTU 30BHIIII-
HBOTO €JIEKTPUYHOTO II0JIA ab0 30BHIIITHLOI OPi€HTOBAHOIO MEXaHiUHOTO Ha-
npy:xeHHsa. [IpoBemeHo oIiHKY KoHQirypailiinoi TemaomicTkocTu, ii Temiie-
paTypHOI 3aJIe:KHOCTH Ta IepelajaiB y Toulli ¢a3oBoro mepexony. BusHaueHo
TeMIepaTypHi 3aJIeKHOCTI pAMOi Ta 00epHEHOI MieJIeKTPUUYHUX ITPOHUKHO-
creit (uu TO CUPUHAHATANBOCTU). IIpOBemeHO MEPeBipKYy CIAYIITHOCTH 3aKOHY
Kiopi—Beiicca gaia KDP-kpucramis.

In the given article, a thermodynamic theory for nanodispersed powders
of ferroelectrics of various structures, including KDP crystals as potential
hydrogen sorbents, is presented. The article presents the statistical theory
of KDP crystals developed on the basis of molecular-kinetic concepts,
which allows determining, explaining and substantiating their physical
properties. The temperature dependence of the order parameter, which is
proportional to the degree of spontaneous polarization and deformation, is
determined, and the conditions, under which a phase transition in KDP
crystals turns out to be a second-order phase transformation close to a
first-order one, are elucidated. The Curie temperature of the phase transi-
tion is estimated, and the dependences of the order parameter on the in-
tensity of an external electric field or external oriented mechanical stress
are established. The configurational heat capacity, its temperature de-
pendence and jumps at the phase-transition point are estimated. The tem-
perature dependences of the direct and inverse permittivities (or suscepti-
bility) are determined. The validity of the Curie-Weiss law for KDP crys-
tals is verified.

Karouoni cmoBa: HamogucmepcHi mopoimnku, KDP-Kpucranu, BIOPAIKYBaH-
HA, Temneparypa Kiopi, (asoBuii mepexin, MoJeKyJAPHO-KiHeTUYHi yAB-
JIeHH#, CeI'HEeTOeJIEKTPUKY, CeI'HeToeJacCTUKY, napadasa, depodasa.

Key words: nanodispersed powders, KDP crystals, ordering, Curie temper-
ature, phase transition, molecular-kinetic concepts, ferroelectrics, ferroe-
lastics, paraphase, ferrophase.

(Ompumano 14 aunns 2023 p.)

1. BCTYII

KDP-cermeroenexkTpuxu (epoesieKTpuKN) — Iie i3oMophHI KpucTaiu
docdarie i apcenaris Kauito, Py6igiro, Ilesiro (KH,PO,, RbH,PO,,
CsH,PO,, KH,AsO,, RbH,AsO,, CsH,AsQ,) Ta ixui meiirepoBani (uac-
TKOBO a00 IMOBHIiCTIO) amaJyioru. BogHopas 3amMiHa mpoTito Ha melTepiit
He 3MiHIO€ ixHi (pidwuHi BJIACTUBOCTI.

Ha mpaxtuni KDP-Kpucraiu IIHPOKO BUKOPHUCTOBYIOTHCA IJIS
CTBOPEHHA PiBHOMAHITHUX €JeKTPOONTUYHUX HPUCTPOIB, O0COOJMBO B
JasepHili TexHiii. BoHM mpeacTaBiIsioThL C0O00I0 3MiIlIaHi OLHOBicHI
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Kpuctaiau (CerHeTOeJEKTPUKHU, CETHETOEJaCTUKNU U OJHOYACHO Iipoe-
JeKTpuKu Ta Immipoemactukmu). @Pisuuni BimactuBocti KDP-Kpucrasis
OiJMBIII TmpoOCTi HMOPiBHAHO 3 iHIMIMMU (QepoeeKTpuKamMii. BoHU 3a3Ha-
I0OTh JIHIIIEe OTHOTO (pa3oBOro mmepexony 3 mapa- y (¢epodasy, MamTb
JUIlle ONHY Bich cOmoHTaHHOI moadpmaarnii Ta gedopmairii. Temmepa-
Typu (a30BUX IIEPEXOIB Yy IOJAPU30BaHy Ta CIIOHTAHHO aed)opMoBa-
HY (asy sbirarorbesa. Bommouac (asosuii mepexin BimOyBaeThcs 3a
omHiei i Tiei sk camoi TemmeparTypu 3a ii migBuIieHHs ab0 MOHUIKEH-
Hs, TOOTO TeMIepaTypHa ricrepesa BimcyTHs.

Hawmoxpucranu KDP, ak i pisHOMaHITHI ByrJjeleBi HAaHOCTPYKTYpPU
[1-15], omep:kani pisauMu meromamu [16—25], MOXKYTh BUKOPUCTO-
ByBaTHCA B AKOCTi HAIOBHIOBAYiB JJA CTBOPEHHA HOBUX KOMIIO3UTIB
[26—29]. OxpiM eJeKTPOONTHYHOI0 HAIPAMY, 3acTocyBaHHa KDP-
CTPYKTYP POBIIIANAEThCA y aHTUOAKTepiAJbHiNM GiomMemuuHiit ramysi
3a YMOBM iXHBOTO HaHOKpucTajigyuoro crany [30]. Okpim Toro, momi-
OHi CTPYKTYypM MOKYTh BimirpaBatu pojb copOeHTy limporeny, Ak i
ByrJieneBi HaHOCTPYKTypu [31—-37] Ta GaraTo iHIIUX IepPCHIEKTUBHUX
metanaiB [38—54] Ta ixHix cromiB [55—63].

Omxe, npocrmimxenusa KDP-xpucraniB mpeacraBiase HAyKOBUIT i
IpaKTUYHUH iHTepec.

®isuuni BractuBocti KDP-KpucraniB 3asHaiOTh OCOOJUBUX 3MiH
[64—85] mob6ausy Temmepatrypu (asoBoro mepexony (puc. 1). Taxki
3MiHU TPOABJIAIOTHCA y BUTJIALI IMOABU PiBKMX MiKiB, 3jilamiB, 3TUHIB,
cTpuOKiB Ha rpadikax 3aJIe;KHOCTEH BiIIOBIAHMX XapaKTEPUCTUK.

KPD-kpucraiu xapaKTepu3yIOThCA HACTYITHUMU BJIACTUBOCTSIMMU.

I. Cryminp ixHBOI cmoHTaHHOI mosiApumsalii P mo oci ¢ Kpucramy
BMEHITYEThCA 31 301JBIIEHHAM TEMIIEpaTypPH: CHOYATKY IOCTYIIOBO, a
y Gesmocepenuiit 6sm3bKocTi 10 Temmneparypu Kiopi T, — pisko, aje
HemepepBHO [68, 74], ToOTO (pa3oBUil Iepexia € IIepexomoM IPYTroro
pony, 6amsbKuM g0 mepioro (puc. 1, a).

II. HasaBHiCTh 30BHIIITHBOTO €JIEKTPUYHOTO II0JIsI a00 OPi€eHTOBAHOTO
30BHIIITHHOTO MEXAHIUHOT0 HANPY:KEHHA 30iJbIIIy€ CIOHTAHHY IIOJIS-
pusartiiro abo gedopmaiiio (puc. 1, 6) [74]; BogHOpas xapaxkTep 3poc-
TaHHA 3aJIE}KUTh BiJl TEMIIepaTypu KPUCTAIY.

III. ITuroma TemnomicTkicTs C B Touli Kiopi sasHae TmmoBoro 3mi-
HeHHs — pisKoro mikomoxai6buoro pocry (puc. 1,6, 2) [67, 69, 70, 78].

IV. [ieneKTpuuHa TPOHUKHICTH Y HAIPAMKY OCi ¢ €, Pi3KO 3pocTae
y Tourri ¢asoBoro mepexoxny (puc. 1, d) [64, 65]. 3 TOHUKEHHIM Te-
mneparypu aas T — T, 3pocTaHHA BeJIMUWHU €, BiOyBaeThCA 3a Ti-
nepOoTiYHNM 3aKOHOM 0 3HaueHHA y 10°; BogHOpAa3 CIpaBelIMBUM €
saxon Kropi—Beiicca ¢, o« 1/(T —T,), i obepHeHa HieseKTpUYHA IIPO-
HUKHICTL MO0JM3y KPUTHUUYHOI TOUKM BuUille Touku Kropi gimifino 3po-
crae 3 Temieparypoio [75]. HiemekTpuuHa IPOHUKHICTH €, B HAIPAM-
Ky, HEePIEeHINKYJIIPHOMY OO0 OCi ¢, TaKOXK € BuCOKow. Buie T, Be-
JUYUHA €&, CJAaOKO 3pOCTae 3 IiABUINMEHHAM TeMIIEpaTypH, a HUMKYe
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Temnepatypu T, BOHA ITOHUIKYETHCA.

V. KoepimienT TenmmonpoBigHocT 1 3a3Hae 3jJaMy y Toulli (a3oBo-
ro mepexony (puc. 1, e) [76, 77]. Oguax ciim 3asHauuMTH, M0 Xapak-
Tep TeMIEPATYPHOI 3aJIe’KHOCTH KoediIlieHTiB TeIJIoIpoBigHOCTH]
KDP-kpucraiis 11e 10 KiHIIA He BUBUYEHO.

VI. Jlimiiina cumouTanmua gedopmaria X mIpencTaBse cO00I0 3CYB Y
ILJIOITMHI, TePIeHAuKYAIPHiA oci ¢ (puc. 1, x) [66]. Bepxua uactu-
Ha KpuBoOi Ha puc. 1, i BiAIOBizae eJIeKTPUYHOMY IIOJIO HAIPYIKEHi-
cTio F, mapajielbHOMY HAIPAMKY MOOJApU3allii, a HUKHA — IIO0JIO,
AKe CTPOTro IPOTUJIEKHE HaOPSIMKY CIOHTAaHHOI moJapusarlii. 3a Te-
mnepatypu T, BepXHS Ta HUMKHA YaCTUHU KPUBUX CXOAATHCA, YTBO-
pro0uYn OOHY KPUBY.
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Puc. 1. ExcuepumeHnTanbHi rpadgikm TeMmMImepaTypHUX 3aJIe;KHOCTeIi: CIIOH-
ranHoi mosapusaiii P(T) (a); remmomictkoctu C(T) (8, 2); mpsamoi Ta ob6ep-
HeHOI mienektpuunmux npoHmkHOcTell €.T) (0); KoedimieHTa TEemIOIpPOBigHO-
cru M(T) (e); cnorTaruoi medopmanii X(T) (i); moxymis mpyxuocTr C(T)
(3); momyna 3cyBy G(T) (i). 3ane:kHOCTI cmOHTaHHOI moJsApusalii Bixg Ha-
npys:keHoctu ejgextpuuHoro moad P(E) (6) KDP-kpucraniB mob6amsy Temiie-
parypu (asoBoro mepexony (IIo3HaueHOI TPUKYTHHUKaAMHU A ma oci abciuc
KpuBHX (a)) HapaeaeKTpuK—(epoeleKTpuK. !
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VII. Mogyas mpyskuoctu C,; y Touri Kriopi T, 3asmHae mopiBHAHO
cIabKoro 3MiHEHHs: Ma€ MicIlle HeBeJIMKe CTPHUOKOIOomiOHe 30iJbIeH-
HSA Ta 3MEHINeHHS JJS 30BHIIMHIX eJIeKTPUUYHUX IIOJIiB, CIIPAMOBAHUX
BigmoBigHO 3a Ta mpotu oci ¢ (puc. 1, 3) [72]. Moayins npysxHOCTH Cg
31 3MEHINIEHHAM TeMIlepaTypu Io0au3y Touku Kiopi mamae mo Hyas
[71].

VIII. Moayns 3cyBy G B Toulli (ha30BOTr0 Imepexony Ma€ aHOMAJIIIO0 Y
BuriAni V-nmoxi6Horo minimymy (pme. 1, i) [81].

®isuuni BimactuBocti KDP-xpucramiB Oysmo ommcano B 06ararbox
mocrmimxenuax [82—85]. ¥V mmx Ke IOCHIIKEHHAX MIPEICTaBIEHO
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TePMOANHAMIUHY TeOopilo (hepoesIeKTPUKIB PiBHUX CTPYKTYP, 30KpeMa
KDP-kpucrauris.

Huxue Oyme HaBemeHo craTucTuuHy Teopito KDP-xpucramnis, pos-
pobjieHy Ha OCHOBI MOJIEKYJISPHO-KiHETUUYHUX YABJEHb, KA YMOMK-
JIUBJIIOE BUBHAUYUTHU, MOSACHUTH U OOI'PYHTYBaTH ixHi QisuuHi BracTu-
BOCTI.

B:xe maBHOo OyJio BCTAaHOBJIEHO, IO (ha30Bi mepexonau 3 mapa- y ¢e-
podasy cerHeToeJIEKTPHUKIB i CEIr'HETOEJIACTHUKIB € IepexogaMu THUITY
BIOPAAKYBaHHsA [66, 81-85]. Bukinkae meBHuil iHTepec BU3HAUECHHS
TeMIIepaTypPHOI 3aJie;KHOCTU mapamerpa nopAnaky &(7), mpomopIliitHo-
ro CTYHEeHIO CIOHTAHHOI IIoJiapuaalrii Ta medopmariii, a TaKOK BUIC-
HEeHHA yMOB, 3a AKux (asoBuii mepexinm KDP-kpucraniB BUABUTHCA
IIepPeTBOPEeHHAM IPYroro poay, OJM3LKUM OO0 MepIIoro, OI[iHKa TeM-
nepatypu Kiopi (T,) ¢pa3oBoro mepexony, BCTAaHOBJIEHHS 3aJIKHOCTEIH
mapaMeTpa IOPAIKY Bil HAIPYKEHOCTH 30BHIITHLOTO E€JIEKTPHUUHOTO
mons E(E) abo 30BHIITHBOTO OPi€HTOBAHOTO MEXAHIUHOTO HAIIPYIKEH-
HS Ta MOMKJIWBOCTeIl NPOABY OCOOJIMBOCTell HA OCTAHHIX 3aJiesKHOoC-
TAX, OIiHKA KOH(irypamifinol TemjgomicTkocTHu, ii TemmepaTypHOI 3a-
ae:xxkuoctu C(T) Ta cTpubKa B TOUIli (pa30BOTO IIepPexony, BUSHAUCHHS
TeMIePaTypPHUX 3ajJeKHOCTell HpAMOi Ta 00epHeHOI ieJeKTPUUHUX
MIPOHMKHOCTEH ¢ abo uytiauBoctu ) (¥ =1 + €), mepeBipKa mpaBUJIBHO-
ctu 3akony Kropi—Beiicca ana Benmnuunu 1/y [86—88]. Bixmosixi Ha
i TUTaHHA PO3KPUBAIOTHCA HUIKUE B TEKCTi CTATTi.

2. CTPYKTYPA KDP-KPUCTAJIIB. IIAPAMETPHU IIOPAIRY

Crpykrypy H,, kpucrany auriapodochary Karmito KH,PO, (KDP) 0y-
JIo BHepIre mociaim:xerHo Bectom [89] i B moganbiiioMmy yTOUHEHO B PO-
o6orax [90, 91]. EmemenTapHa KoMipKa Kpucraay B mapadasi 3a Bec-
ToMm [89] € TeTparoHasbHOIO 3 IapaMeTpaMu IpaTHuni a = 7,434 A,
c=6,945 A (puc. 2, a).

dpaszep yBiB 40 POSTIIALY OPTOPOMOIUHY ejieMeHTapHy KOMipKy, B
AKili BeKTOpPU a,, a, € AigroHaxaMu BecToBoi Komipku (puc. 2, 6).
ITapamerpu rpatHUNi 3a @paszepom a,, a, y mapadasi € ogfHAKOBUMU
(a,=a,); v depodasi 3a Temmeparypu y 116 K BOHM CTaHOBIATL:
a,=10,53 A, a,=10,44 A, ¢=6,90 A.

TepMo0OPOOJIEHHSA B €JeKTPUUHOMY TOJi A€ 3MOTY OJep:KaTu Of-
HOmOMeHHUMN Kpucrtay [92].

fAx BugHO 3 pPUCYHKY 2, Yy By3JiaX KPUCTAJiUHOI I'PAaTHHUIII po3Ta-
moByioTbesa aromu Kamito (K) Ta @ochopy (P). Koxken 3 aromir Po-
chopy orouenmuit worupma aromamu Oxcureny (0O); rpynu PO, yTBO-
pIOIOTH MaiiKe IMPaBUJIbHI TeTpaeapwu, IeHTpaMu AKuUX € aromu Poc-
®dopy (P).

Koxua rpyna PO, moB’s3aHa 3 4yoTUpMa CyCiHIiMU IpymamMu Tigpo-
TeHOBUMH 3B’fA3KaMH J[JOBXKHHOW0 6ausbko 2,4 A. Tigporenosuii
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Puc. 2. Enemenrapaa komipka gurigpodochary Kamiro KH,PO,. (a) Tetpa-
TOHAJbHA CTPYKTypa ImapaejqeKkTpuuHoi moaudikailii 3a Bectom [89]. (6) Op-
TopoMbiuHa CTPYKTypa (epoerexTpuuHoi moaudikailii s3a ®@pasepom (aTomu
Okcureny ta Iimporeny He mokasano). CTpiKuM BKasylOTh HAIpPAMHU 3Mi-
miesb aromiB Kaumito (K) i @ochopy (P). IIlyHKTUDHUMYU NTPAMUMEA 3a3HAYEHO
MiKBY3J0Bi Bigmasi, Bzaemogmia mixk aromamum K i P ma axux GepeTbcsa 10
yBaru B po3paxyHKax. @ — aromu Kamito (K); @ — aromu ®ochopy (P),
@ — aromu Oxcureny (0); @ — aromu ligporeny (H).?

3B’SA30K HAIIPaBJEHUN IMEPIEeHIANKYJIAPHO M0 OCi ¢ i 3aBKAM HOB’A3ye
«BepxHili» Oxcuren oxmiei rpynu PO, 3 «Hm:KHIM» OKcCHUI'€HOM CyCi-
IHBOI IPyIu, AK IIOKAsaHo Ha puc. 2, d.

Ha xoxzoMy TaxoMy 3B’S3KY € OBa HOJIOMKEHHS PiBHOBAru aToOMiB
Tigporeny Ha Bigmami 6amssro 0,5 A omgue Bixg omHOrO, AKi B mapada-
31 pPOBHOMiIAIOTHCS CTATHCTHUYHO HEBIIOPSIKOBAHO; BOSHOYAC CIIOH-
TaHHA IOJIApH3allisg Ta AedopMallid PeYOBUHU BiACYyTHi. 3 IOHMIKEH-
HaMm Temmeparypu mpu 1T =-150°C =123 K BigOyBaeTbcsa BHOPAAKY-
BaHHA aToMmiB Iigporeny, AKi mepeBasKHO MOUYMHAIOTH PO3MiIIyBaTHCS
B OZHOMY 3 BUINE3TaJaHUX PiBHOBAKHUX MTOJIOKeHB [93—96], manpu-
KJajg moOJn3y «BepxHixX» abo «HmkHiIX» aromiB Okcureny, i smific-
HIOeThCA (has3oBuil mepexin y depodasdy. ¥ Takomy cTaHi 6ijd KOKHOI
rpynu PO, 3aBKau 3HaxXogAThCA Juille ABa atomMu ligporemy. Aromu
Kamito K oroueno BicbmMoma aromamMu OKCHUI'€HY Pi3HHX TeTpaeqpud-
Hux rpyn PO,, 3 AKux yotupu (y IJIOIIUHI, IePHIeHIUKYJIAPHIN oci ¢)
3HAXOAATHCA OJMIKYe, a UYOTHMPHU (ABa BHUINE i OBa HMKUE) — JaJri
momo aromis Kauiro.

YnopankyBanHa aromiB I'igporeny 3MiHIOE CTPYKTYPYy KpHUCTATY:
I'PaTHUIA cTae POMOiIUHOIO; BOAHOPA3 KBaApaTHa OCHOBA I'DATHUIIL 3a
BecTtom BuraryerbcAa B3OOBMK OOHiEI 3 misAromasein i CKOpPOUYYyETHCS
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B3IOBXK iHINOI. YHOopAAKYyBaHHA aToMiB [igporeny BUKJINKAE 3HAUHE
amimienua aromiB Kamito (K) ta ®Pochopy (P) y mpoTune:kHUX Ha-
mpAMKax mo oci ¢ (puc. 2, 6) BigzHocHO OKCUT'€HOBOrO KapKacy, SKUif
OPaKTUYHO He 3MiIlyeThcsa. 3MiineHHs artomiB Kauiro Ta Pochopy
3YMOBJIIOE€ CIIOHTAHHY IIOJIAPHU3aIlilo Ta Aedopmalriio Kpucrary, AKi
HampaBJeHi mo oci c¢. BomHouac smimienHas aromiB I'imporeny € mep-
NeHAUKYJIAPHUMU 0 OCi ¢ i He JaloTh BHECKY y CIIOHTAHHY ITOJIAPU-
sarito. 3i 3MiHOI0 3HAKy CIOHTAHHOI mojdpwusaliii aromu Iigporemy
BMIiITYyIOTECA 3 OJJHOTO MOJIOMKEeHHA piBHOBAru B imIe [95].

IIin wac pPo3poOKM CTAaTUCTUYHOI Teopil CIIOHTAHHOI MHOJIAPU3AILii
KDP-kpucrajiis 60ygemMo posTiggaTu I'paTHUIIO 3a PpasepoM i Bpaxo-
ByBaTu B3aemopii map aromie K—-K, P-P, K—P (mig P maemo Ha yBasi
atrom Pocdopy 3 oro HaHGIMKUMMHU UYOTHPMa aToMaMu Limporemy)
Ha Bigmasax

n=a /2,1rn=a,/2,1r,=¢c/2,
1
Ty =i«/af+a§+c2,d =%\/a12+02,d'=%x/a§+02’ W

AKUX 3a3HAUYEeHO NMYHKTUPHUMHU IPAMUMHU 3i cTpiakamu Ha puc. 2, 6.
Bsaemogii iHmMx aToMiB He AOTh BHECKU y CIIOHTAHHY ITOJApPU3a-
miro Ta medopmariiro; ToMy iX MOXKHA He BPaXOBYBaTH.

Y mapadasi a; =a,=a, i Biggaini (1), BinmoBigHO, JOPiBHIOIOTH

0 0
n=r=r=a/2,nrn =c/2,
1 1 (2)
0 2 2 0 ’ " 2 2
T :Zx}2a +c, :r4:r4:§ a” +c°.
s rizpodocdary Kaimito ixmi uncensri sHauenna (8 [A]) macTynmi:

rf =5,22, r'=5,265, r, =3,45, r, =4,1, r; = 6,26, r; =6,29. (3)
Ockinpku Bigpani r), ' i r), r; BimpisHAloTbCA OmHA Bij OAHOI ymIIe
IPYTUM 3HAKOM ITiciA KOMHU, Yy PO3paxyHKax OyJeMo IIPUIyCKaTH,
HJ;O r,l!zr,l” i dz’:l”.

Yepes ymopaAakyBaHHA Ta sMimnieHHsa aromiB Kauito Ta @ochopy
Bigmamai (1) sMiHIOIOTBCA (3MEHIITYIOTHCA ab0 30iJbIITYIOTHCSA) Y HOPiB-
HaAHHI 3 ixHiMu sHauvenHaMu (2) 3a HEBIOPAIKOBAHOI'O PO3TAITyBAH-
Ha. HabnauKkeHO MOKHA ITOKJIACTH:
nAR AR =R A, =R 2N, =R A, AT =T A, (4)
ne Bequuunu A; (i=1, 2, 3, 4) 6epyTbCcs 31 3HAKOM «+» UM «—» 3aJjie-
SKHO BiJ 30iJIbINIeHHS YM 3MEHIIeHHS MiKaToMOBOI Bimmaui.

I3 smimenuam aromiB Kausito Ta @ochopy mesari miskaTomMoBi Bin-
maui (y TJIOMIMHAX, MEePIeHAUKYJIAPHUX OO0 OCi ¢) 3ajuIIaiTbCcd He-
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3MiIHHUMH.
Kpucraniuny rparuumio KPD-Kpucrany s3pydHO pos30ouTm Ha ABi
niarparauni aaa aromiB Kagio K i ¢pochopy P BigmoBimHO, aAKi v de-
podaszi 3MIiNTyIOThCA Y TIPOTUICKHUX HAIPIAMKaX. 3a BOOPAIKYBaHHS
aromu Kamito smimiyrorsea yropy (puc. 2, 6; HadBeMO IIi 3CyBH IIpa-
Bumu (r)), a aromu Pochopy — yHu3 (ix mHasuBatumeMmo JiBumu (1)).
Y HeBHOPAAKOBAHOMY CTaHi Ta Ha MEPIINX CTaAiAX YIOPAIKYBaHHSA
amimienua atromiB K ta P MoKyTh OyTu mpaBMMU Ta JiBUMH. 3Cy-
HeHHsa aromiB Kaiito Ta ®ochopy BBaKATUMEMO KOJiHEapPHUMU.
NmosipHOCTi mpaBux i giBux 3mimens aromi K ta P y miarparmu-

X IIO3HAUaTHMEeMO TaK:
Ny” NV @ _ ﬁ pP® _ N;(z) ,

pPY = po» = 2 P (5)
r > > *r ’ l

Nl Nl N2 N2
me N=N,=N, — uwnciaa ByaxaiB (atomiB K Ta P cymapno) y miarpar-
HUISIX; BOJHOpPAs3 YMCJIO0 BCiX BY3JiB TrpaTHHUIl [gopiBHioe 2N,
Nfl), Nl(l), Nﬁz), Nl(z) — unciya aromiB K i P BigmoBiguo y miarpar-
HULAX (mepiriit i apyriit) 8 npasum (r) i jgiBum (I) sMimenHAMuY.

WwmogsipHocTi (5) moB’A3aHi CIIiBBiAHOIIIEHHAMMN:

PO p® =1, p® 4 p® _ 1, (6)

BBoaumo 10 POSriALy IIapaMeTpHu MOPAAKY OJIs KOMKHOI 3 miarpar-
HUIL:

& =BV -BY, & =P?-B®. (7

3a MOBHOTO PO3YIOPAAKYBAHHSA, KOJU HMOBIPHOCTI mMpaBuXx i JiBUX
smimens Bcix aromiB K Tta P omHakoBi, mapamMeTrpu HOPSAOKY TOPiB-
HIOIOTH HyIO &, =&, = 0. 3a nmoBHOro nopAaky Bci aromu Kamiro ma-
1otk mpaBi smimenna P =1, PP =0, a Bci aromu @ochopy — JiBi
amimenna P® =0, P? =1; y npoMy BUIOagKy HapamMeTpU TOPAAKY
MaKCHUMaJIbHi, 3a abCOJMIOTHHM B3HAUEHHAM [TOPiBHIOIOTHL OJSUHUITL
|§1| = |§2| =1 ra mporunexxHi 3a 3HaKoM &, =-§,. 3miHa 3HakiB ma-
pameTpiB mOpsAAKY Ha IPOTUJIEKHI O3HaAuUae, IMO IepIia Ta Apyra mij-
rpaTHUI moMiHgauca poasamu. OT:Ke, MaeMO MOJKJIMWBI 3MiHHM mapa-
MEeTpPiB HOPAAKY B MeKax

-1<¢&, <+1 i, Bignmosiguo, +1>¢§, > -1. (8)

Pipusnua (5), (6) ymosamsmolors supasutu PV, PV, P®  p®
yepes mapaMeTpy HOPALKY:

Pr(1>=1+2§1, Ba)zl—z&l, Pr(z):1+2§z, Pz(2)=1_2§2- (9)
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3. BILIbHA TA BHYTPIIIHA ROHQHI‘VPAHIPTHI EHEPTTII.
PIBHAHHA TEPMOJUHAMIYHOI PIBHOBATH
3 YPAXYBAHHAM TEMIIEPATYPU KIOPI

[ BupileHHA MOCTaBJEHUX 3aBAaHb CJiJ po3paxyBaTU Ta AOCJinu-
TH BiJIbHY €Hepriio Ta TepMOAMHAMIUHMN MOTeHIliAa KpucTtaxy [97].
Binbay eHepriioo cucremMu Bu3HaAYAEMO 3a (DOPMYJIOIO

F=U-kETInG, (10)
ne U — BHyTpimHa KoH(irypamiiina eHepria, G — TepMoaguMHAMiuHa
nmoBipHicTh, £ — BoabmManHoBa crana, T — abcCoJIOTHA TeMIepa-
Typa.

BryTrpimua xKoH(irypariiina eHeprid BusHauaeTbCs CYMOIO eHepriit
napaux B3aeMmoxiii atromiB K—P, K-K, P-P ma Bigmanax (1). 3 ypa-
XyYBaHHAM B3aeMogiit Bcix map aromiB Kaxito Ta Pocdopy Ha Bigma-
aax, npuiHATUX y (2) Ta (4), BHYTPIITHIO €HEPTil0 MOKHA 3aluCcaTH
Y BUTJIAIL

U = - ()
~Nge' (1, = A,
~Nig (
“N (7 +

(’"1) N(12)(r1 Al)UKP(rl_ ) Nl({le)( )UKP(rZ)_
UKP( - )——Nl({llf)(r2+A2)oKP(r2+A2)—
)= N (1 — Ay)vgg (13 — Ay) —

oo

)KK

3 UKK(r3+A) N1(>§>2)(r3)opp(r3)_

Ay)
(
A,)
Py = Ay ) Vpp (1 = Ay) = NG (1, + Ag ) vp (1 + A ) -
(
A,)
)
v (

wﬁ

(22)
(11)
r3) Ugp r3) Nl(illf)( -A )UKP(r3_A3)_

(
(
—N (13 + Ag) Ugp (73 + Ay) = Ny (1) Vg (1) =
= 8V (7~ ,) = N (1 + 8, v 1+ 4,) -
N(22)(
(

(22)
_NPP

r'4) r4) Nl(jf)( _A4)UPP(r4_A4)_
ry+ A ) o (r +4A,),

ne N (r,), N&(r,+A,) — uncna map aromis copry a, B=K, P,
AKi BHAXOAATHCA y BydJax Tumy i, j=1, 2 Ha Bigmanax r, abo r, + A
(n=1,2, 3, 4), BKA3aHUX y AYKKAX, & BEIUIHHA V4 (7,), U (7, EN 3
€ eHepriamm B3aemofii map aromis a, =K, P, Bgarumu 3 06epHeHI/IM
3HAKOM, Ha Bigganax r, i r, A, Bignosizro. B dopmymi (11) BepxHi
ingekcu «0» y BeJWYWH 7, BUILYIIIEHO.

Huxue emeprii mizkaTomMoBOi B3aeMoii 3amrcyBaTIMeMO TaK:

1 1 1
UKP(rI) = U%{;’ UKP(rl + A1) = Ui{%’ = 8%{;’

2 2 2
Vgp(73) = Ui{r)” Vgp(7y £ Ay) = Ui{r{ T Si{r)”
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Vg (13) = U%){’ Vi (73 £ A;) = U%}( + 8%31)0
Vpp(r3) = USI)” Vpp(r; £4;) = U(P3r)> * SSI)H (12)
Vkp (73) = Uiy Vg (13 £ Ag) = Ui £ 8,
Vkk (1) = Ugl)(’ Vg 17y £A,) = U%)( + 8%41){’
Vpp(7y) = Ugg’ Vppl(ry £ A) = U(P413 * 6(4)

Pospaxysok uucen map N (r,), Ny (r, £A,) ana pocrimxysanoi
CTPYKTYypH (puc. 2, 6) Jae HACTYIIHI BUpa3uU:

Nl({llf)( ) AN (Pa)P(z) Pz(l)Pz(Z)) =0,
(P“)P(z) +P(1)P(2)) 0,

= 2NP(1)P(1) 0 Ng)z} (7‘3 + A3) — 2NPr(2)Pz(2) _ 0,
IN (Pr(l)Pz(z) + Pr(z)Ba)) — 2N,
,) = 4NPYPD = 0, N (r, + A,) = ANP®P® = 0.

(r.) =
N () = 2N (B + BY') = 2N,
N (ry) = 2N (P + B ) = 2N,
N(12)(r3) 4N(P‘1)P(2)+P(“P(2)) 0,
NG (1) = 4N (P + BY) - 4N,
13
NS (r,) = 4N (B®" + B®") = 4N, (19
N}({l}g) o+ 1) 4N(P(1)P‘2’+P‘2’P(”):4N,
N}({l}g) r,+ 2) N(P(l)P‘Z’ +P‘2’P“)) = N,
)
)=

IIpaBopyu y dopmysax (13) BummcaHo 3HAUEHHS UMKCeJ IIap, IO PO3-
rIANA0ThCA, 3a TOBHOTO BHOpAAKyBaHHs, komu PY =1, PV =0,
P® =1, p® =1,

IlizcraBnsioun umciia aromoBux nap (13) y dopmyny (11) ana ene-
prii U, 3 ypaxyBaHHAM CIiBBigHOIIeHb (6) 3HAXOAMMO BHYTPIIITHIO
eHepriio Kpucrauay, BUPaskeHy uepes iiMoBipHOCTi (5), y BUrIALi

_ COINC) ©OIINC) ®)
U= 2N[2UKP+U +(UKK+UPP+20 )+

14
+2(vix + o)+ 2(B R + PPR)5 ], ()

—s0
ne O = Oyp-
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IlincraBnsioun B omep:kamy ¢opmyay (14) iimoBipHocTi (9), 3HaxO-
IUMO KOH(Irypaiiiiny eHepriio

U = 2N (v - £E,9) (15)

AK (QYHKIIiI0O IapaMeTpiB MOPAAKY &, &, I eHepreTHYHUX KOHCTAHT L
i 8. ¥ (15) BBemeHO HACTyHHE ITO3HAUCHHS:

v =208 + Vi) + Lk + Vfn + 20 ) + 2(Vix + Vi) 8. (16)

Tepmoamuamiuba MOBipHicTh G BU3HAUAETLCA IPaBUIaMU KOMOi-
HATOPUKHU:

G = N,!/(NPINP1)- N, V/(NPINPY). (17

Bepyun mo yBaru Crupainrosy gopmyny InX!=z= X(InX - 1), cayrm-
HY IUId BeJIUKUX umces X, 3 ypaxyBaHHAM (opmyJ (5) ana iAMoBip-
HOCTell Prm, Pl(l), Pr(z), B(z) 3HAXOAUMO HATypaJIbHUI JIOTapUTM Tep-
MOAWHaMiuHOl iMOBipHOCTU G y BUTJIALL

InG = -N(PInP® + B InB® + P®In P?® + B2 In B?), (18)

AKUi, 3 ypaxyBaHHaAM QopmyJa (9), HaOyBae BUTIALY

InG = —%N|:(1+ Eﬂ)ln%+(l— él)ln%ﬁt
(19)
NIRERINE NS ggm%}.

IligcraBasoun y ¢opmyny (10) ama BinmbHOI eHeprii F cmiBBigHO-
menusa (14), (18) a6o (15), (19) mgaa Bemuuwmu U i InG, sHaxommmo
BIJIBHY  eHepriro Kpucramay, BHpPa)KeHy uepe3  IHMOBipHOCTI
PV, PO PP P® a6o uepes mapamerpu HmOpAIKy &, &, BiAmoBigHO,
y BUIJIAIL

F=-2N[v-3+2(B"B® + P¥B")5 |+

(20)
+kTN[P®InP" + B In P + P In P® + PP In B® ],
abo
F=-2N(v-£83)+ 1kTN[(1 pg)nito
2 2 @1

+(1- él)ln%+(1+ e,)n i 5% ;&‘2 f(1-g)ni=% _;2}.
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OcTanHa (popMysa BHU3HAUAE 3aJeKHICTH BiJbHOI eHeprii kpucramy
Bim Temmeparypu T, mapameTpiB HOpPAAKY &, &, U eHepreTUYHHUX
KOHCTAaHT v, 0.

3MiHa BinbHOI eHeprii cucTeMu 3i 3MiHOIO ITapaMeTpiB MOPAAKY Bin
3HaueHb §;, £, 10 HyJsa B PO3PaxXyHKY Ha OJUH BY30J] KPHCTATiuHOL
I'PATHUILL JJOPiBHIOE

F(E,5,) - F(0,0 )
po EER) FOO s 4{(1+a1) e
(22)
+(1_§1)1n1—2§1+(1+gz)ln%+(1—§2)ln%+21n2}

YMoBU TepMoamHaMiyHOI piBHOBAru CUCTEMHU BU3HAYAIOTHCA PiBHO-
CTSIMMU:

of Joe, =0, of /68, =0, (23)

AKi 3 ypaxyBauHaAM (Gopmyau (22) naroTh CIIiBBiHOIIIEHHS:

1+<E_,1 1+<";2

ETIn="2L = —45¢,, kTn

1 2

= —48¢, . (24)

Opepsxani piBgaHHﬂ (24)'p;onycma10'rb po3B’A3Ku &, = —&; i‘ﬁz =&,
3a Takux 3aMiH mepie piBHAHHA (24) mepexoAuTh y APyre i HaBma-
Ku. Hac mikaBuTh mepIiiuii po3B’ 30K

€= &1 = _gz ’ (25)

dAKe BigmoBimae amimenaaM atomiB Kauito Ta @ochopy B IpPOTUIEHK-
HUX HampsaMKax. B 1boMy BHMOaAKy oOuABA PiBHAHHS TEPMOIMHAMI-
yHOI piBHOBaru (24) cucreMu IIEPETBOPIOIOTHCA HA OJHE.

BinbHa emepria (22) ta piBHAHHA piBHOBasKHOTO cramy (24) Haby-
BAIOThb BUTJISLY:

_ g2 ET 1+8 1-8
f=-v-88+ 2[(1 gIn==+(1-¢)n— +21n2} (26)

1+¢

RTIn 2= = 48, (27)

Barkaroun B piBHaHHI (27), mo  — 0, 3HaXO0AWMO TeMIEpPaTypy
dasoBoro nmepexony (tourky Kiopi) T:

ET, =28 = o, ; (28)

BeJIMuMHA 0, € eHepr‘iefo BIIOPAAKYBaHHA CUCTEMMU.
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Y 1mporieci BHOpAAKYBaHHSA BeJIWYMHA €HEPril BIOPAAKYBAHHSI ©
MOXKe 3ajie’kaTH BiJi MisKaToOMOBUX Bimmaleii, a 3 ypaxyBaHHAM
OCTaHHIX — Bij mapameTrpa mopaaky &. PospaxyHku mokasyioTs [97],
IO eHeprid BOOPAAKYBAaHHS B 3arajJbHOMY BUIIAAKY € ApPo0OBO-
pamioHaJIbHOI0O (PDYHKI[IE€I0 3 IIOJiHOMaMM B UMNCEJbHUKY Ta 3HaMEH-
HUKY YEeTBEPTOTO CTENEeHd 3a IapaMeTpoOM MOpPAAKY &. ¥ OKpeMux
BUHOAAKAX IS 3aJI€KHICTHL CHPOINYETHhCA, 1 BeJIWUYMHA  MOXKe OyTu
KBaApaTuuyHOI (QYyHKIIi€0 mapamerpa . Posrasgmemo ocranHiii Buma-
IOK, KOJIK

0=, + af?. (29)

Y Takomy BapisHTI TeMmIlepaTypHa 3aJieKHIiCTh MapaMeTpa MHOPAAKY
& = &(T) BusHauaeTbCca (hOPMYJIOIO

ETIn % = 2(0, + al’ )t (30)

3 TeMIIepaTypo yIopAAKyBaHHS (28).

Ha pucyuky 3 maBemeHo rpadiku TeMOepaTypHOI 3aJe:KHOCTHU Ia-
paMeTpa HOPSAAKY, moOymoBaui 3a (gopmyson (30) mis pisHMx 3Ha-
YeHb 0e3PO3MipHOTO €HEepTreTUYHOro IapaMmerpa o/®,. EKxcnepumenTa-
JIbHO TaKa 3aJeKHIiCTh XapaKTepuayeThCcs rpad)ikaMu TemMmepaTypHOI
3aJIEXKHOCTU CTyIIeHs crnoHTaHHOl moaspusalii P(T) mHa puc. 1, a.

Sx BugHO 3 pUCYHKY 3, xapakTtep 3asexkHoctu &(7T) mobsiusy TOUKU
Kropi cuabHO B3ajeXuUTh Bi 3HAUEHHS EHEPreTUUYHOTI'O IapaMeTrpa
o/®y. 3a Bix’emHUX 3HaueHb BenmumHU o rpadixkm (7)) maBromo T

0 1 1 1 1 I 1 1 1 1

0 01 02 03 04 05 06 07 08 09 10 pT/w,

Puc. 3. PospaxyHKoBi rpadiku TemiepaTypHOI 3aJIeKHOCTH MapaMeTpa IIo-
PAOKY CIIOHTaHHOI mojsigpusariii, mooymoBaHi 3a opmysoio (30) g 3HaUEeHD
eHepreTMUHOTO0 mapamerpa o/m,=0 (myEkTupHa Kpmsa), +0,2, +0,4, +0,6
(xpusi 1, 2, 3 gna sHAKY «+» i 1, 2', 8' gna 3HAKY «—»).2
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BUSBJIAIOTLECA mojoruMu. AKImo & o >0, rpadiku B POSTISAHYTOMY
TeMOepaTypHomy imTepBaii (mobsusy T,) cTaloTh KpyTuMHU, i 3i 30i-
JIBIIIEHHSM UMCJIOBOTO 3HAUEHHs BeJUUYMHH o (PasoBUi Iepexin Ha-
BiTh MOK€ BUSIBUTHCS IIE€PETBOPEHHSIM IIE€PIIIOTO POLY.

3 TOpPiBHAHHA PO3PaxXyHKOBHX rpadikiB Ha puc. 3 3 eKCIepUMeH-
TAILHUMU Ha PUC. 2, @ MOKHA 3POOUTH BHMCHOBOK IIPO Te, 10 B KDP-
Kpucrajax, B SKUX IIepeTBOPeHHs napadasu y ¢epodasdy BigOyBaeTh-
cAd 3a THUIIOM Iepexony APYroro poay, OJM3LKHUM [0 IIEPIIOTr0o POIY,
gasmexkHicTs §=§(T) mae omnucyBarmca GyuKiiero (30) 3 momarHim
3HAUEHHAM €HEepPreTUYHOT'o IlapaMeTpa o, HampukjJan o/o,=0,2. ¥V
IIbOMY BHIIQIKY IIapaMeTep IIOPAIKY, TaK caMoO fK 1 CIIOHTAHHA IIO-
Jgpusaiisa, moosusy Ttemiepatrypu Kriopi 3MiHO€ThCS HemepepBHO,
ajie pisko.

3. KOH®IT'YPAIINHA TENJOMICTKICTh

3Hauy BHYTPIIIHIO €Hepriio cucTeMH, AKa 3 PO3PAXyHKY Ha OJUH
BY30JI KpPUCTaJiuHOI I'paTHUNi aaa & =&, = -, 3 ypaxyBaHHAM (op-
My (15) i (29) mopiBHIOE

u= Lo +oe?)e, (31)

2N 2
MOKHA OI[IHUTHU TEeMIepPaTypPHY 3aJIeKHIiCTL TeIJIOMiCTKOCTH 3a (op-
MYJIOIO

dg

(e + 2a§2)gd—T. (32)

00U _oude _
oT 0¢dT
Ilna mporo TemmeparypHi sameskHocti Besnuud & ta dE/dT maroTh

O0ytu BusHaueHi 3 Gopmynau (30). Hudepenmitoroun piBuicts (30) 3a
TEeMIIepaTypow, 3HaxoaAuMo noxiguy d&/dT :

dg _ k148 (co0+6a§2— szj, (33)
dT 2 1-¢ 1-¢

a gaii temaoMicTkicTh C B ofuHUIAX BOJIbIIMAHHOBOI CTAJIOI AK

(1+2°‘g2]§1nl+é
o

%= 2 1-5 (34)
g[kT/O;O_l_Go‘gzj
1-¢ ®,

Ha pucynky 4 HaBegeno rpadixku ¢yukiii C(T) B obaacti pasoBoro
nmepexony, mobymosaui 3a ¢gopmyJion (34) 1A pisHUX 3HAUEHL 0e3po-
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C/k
3.8F

3.4fF
3.0F
2.6F
2.2F

1.8F

0.88 090 092 094 09 098 1.00 kT/(DO

Puc. 4. PospaxyHKoBi rpadikm TeMmepaTypHOI 3ajie;KHOCTH KOHGDIrypariii-
HOI TeIJIOMiCTKOCTH KpHCTanly B o0jsacTi ¢asoBOTO Iepexony, IMo0yaoBaHI 3a
dopmymoro (34) 3 ypaxyBanuam s3anexkHoctu &(T) (30) mna 3sHaueHL eHepre-
TUYHOTO HapameTpa o/, =0, 0,05, 0,1 (xpusi 1, 2, 3).*

3MipHOTO €HEepPreTUYHOTO IIapaMeTpa o/®,; BOAHOPA3 MIJA KOXKHOTO
3HAUEHHS BeJUUYUHU O/®, i meBHOI Temmepatypu 3a (opmysoio (30)
BM3HAYAJIOCSA 3HAUEHHS ITapaMeTpa MOPAAKY &, dAKe IOTiM migcraBid-
aoca y dopmyay (34).

AK BuUAHO 3 PHUCYHKY 4, B Toulli (asoBOro Iepexomy KOH(pirypa-
IMifiHa TeIJOMiCTKiCTh 3pOCTae Ta Ma€ IIiK, SKUH € TUM TOCTpimmum i
BUIUM, YUM OiJIbIlle 3HAUEHHS BeJIWUYUHU o/0,. lle o3Hauae, 1110 B
KDP-kpucramax ¢asoBuii mepexin mapaeaeKTPUK—(epPoeTeKTPUK
3MiAICHIOETHCA 3a IOSUTUBHUX 3HAUEHb BEJIUUYMHU O/®, 1 Mae OyTm
OJM3BKUM [0 MepPexony IepIIoro PoAy; BomHOoUAC 3i 30iJIbIIEHHAM KO-
edimienTa o/w, 3poctae cTpubok TemmomicTkocTu B TouIi Kiopi T,.

IlopiBHAHHS po3paxyHKOBOTO rpadirka (puc. 4) 3 eKcIepuMeHTAb-
HuMu rpadikamu (puc. 1, 6, 2) BKasdye Ha sAKiCHY BigmoBimgHicTh Teo-
pii eKcriepmMeHTYy.

5. TEPMOAVUHAMIYHHY IOTEHIIIAJ. 3AJIEAKHICTD
ITAPAMETPA IIOPAARY BIJI HAIIPYREHOCTH
EJIERTPUYHOI'O IIOJISA

Axmo gocaimKyBaHH Kpucrana nepeOyBae y 30BHIIIHBOMY eJIeKTPH-
YyHOMY HOJIi 3 Hampy:KeHicTio E Ta mig miero 30BHINIHBOrO MexaHid-
HOT'O OPi€HTOBAHOTO HANIPYKEHHS G, TO MOro craH Oyme BU3HAYATHUCS
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TePMOAMHAMIUHNM HOOTeHIisgjaoM. BomHOpas CTYIIiHb CIIOHTAHHOI IIO-
agpusarnii P rta medopmartii X OyayTh OPOUOPIiliHI mapameTpy IIo-
pagky &:

P=FkE X =FKE. (35)

ToMmy TepMOAMHAMIUHMNA HOTEHIIiAJ MOKe OyTH BU3HaAUeHUI 3a (Op-
MYJIOIO

® = F+EP +6X = F + 2NE'E¢ — 2NE'GE, (36)

Ie BHAKHM «+» i «—» BigmoBizaioTh poOOTi 30BHimNIHIX cui abo poboTi,
KA BUKOHYETHCS CHUCTEMOIO.

3 ypaxyBauuam Gopmy (26), (35) i (36) smMiHeHHS TepMoAMHAMIiU-
HOT'O IIOTEHIIANY Yy PO3PAXYHKY Ha OAWH BY30J KPHCTAJIIUHOI I'part-
HUIIiI Oyme DopiBHIOBATU

D) — D0 1
o= P PO - (o, +02?)e +
2N 2 (37)
+1kT{(1+§)1 1+& (1 &) a+21n2} E'EE — E"GE.
2 2 2
PiBuAHHS piBHOBaKHOTO cTany HabyBae BUTJIALY:
—(m0+2aa)a+ ET1n 1”5 ~KFE-K's=0. (38)

3a BigcyTHOCTH 30BHIimIHIX cua (E =c=0), BBaxkaouu y (38) £ > 0
i BpaxoBywuu, 1m0 ®,=kT,, 3HAXOAMMO TeMIIEPATYPHY B3aJIeKHiCTHb
rmapaMeTrpa mopaaky mooausdy Touku Kiopi y Burmaani

RT-T,)

e (39)

g~
3 1ILOT0 CHiBBiMHOIIIEHHS BUILJIWBAE, IO 0€3 IOPAAKY 3a TeMIIepaTy-
pu T>T, maemo o.>0. Armio :x T <T,, To a1 (HaszoBOro Imepexomy
apyroro poxy mae 6yt o< 0. OgHak 3a (asoBuUX IepexojiB, 0JIM3b-
KMX [0 IepIIoro poay, Temieparypa (pa3oBOr'0 IePEeTBOPEHHS MOKe
IeIo mepeBuIlyBaTu TeMIieparypy Kiopi, i, Ak O0ysgo 3’sicoBaHO BHIIE,
MOXKJMBUM € BUIALOK, IO YIOPAAKOBAHMI CTAaHiI MOOJM3Yy TOYKH
Kropi matumemo aima T > T, ta a> 0.

BBarxatouu B piBHAHHI (38) 6 =0, 3HAXOIMMO CITIiBBiTHOIIIEHHA

1+¢
1-¢’

sdKe BHU3HAUAE BaJIEKHICTh IapaMeTpa MOPAAKY BiJ Haupy:KeHOCTHU

KE = (208’ +030)§——le (40)
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3oBHimHEBOTO mosid & =&(E). 3anaroun B piBHAHHI (40) pisHi uyncaosi
3HaUeHHA mapamerpa mopaaky (0 < |§| <1), MOXHA BUBHAUUTHU BEJU-
yuHy k'E [Jis MeBHUX TeMIepaTyp i moOyayBaTu AJA 3aJaHUX TeMIIe-
paryp rpadiku E(E).

3pPYYHO BBECTU Y POSTIIAN 0e3PO3MipHY BEJINUYUHY

x=(T-T)/T, (41)

i BcramoBuTH 3asekHicTb {(E) myia pisHMX 3HAUYEeHBb X. ¥ IHOMY BH-
nagky dopmyia (40) HabyBae BUTIAILY

Fp-fe®e il ta-nmirs, (42)
o, 0, 2 1-¢
. 1+§
ITo6am3y Touxku Kropi, ne § —» 0,3 ypaxyBanHAM, IO lnﬁ ~ 28,
3aMicTh popmyau (42) MoKHA Ofep:KaTH HAOMMIKEeHY GopMyTy
Fpon®e, e, (43)
®g ®g

3 dopmyn (42), (43) BuniuBae, mio 3anexHicTs E(E) mae 6yTtu He-
JimiiiHOO.

Ha pucynry 5 so0paxkeno rpadiku sanexuoctu & =E(E), modbyno-
BaHi 3a Habim:xeHoio (popmytoio (43) (HemepepBHi Kpusi) Ta OGimbIm
TouHOIO (hopMyJioio (42) (IyHKTUPHI KpuBi) AJA pisHUX 3HAUEHDL Be-

tefhe~

0 0.4 0.8 1.2 1.6 2.0 kE/(x)o

Puc. 5. PospaxyHkoBi rpadikmu mapamerpa IIOPSIKY, IO XapaKTepPHU3ye CTY-
HiHb CHOHTAHHOI moJjspuaalii, mua pisamx Ttemneparyp (x=(T -Ty)/Ty),
3aJI€KHO BiJf HAIPY:KEHOCTH S0BHIIIHBOTO €JIeKTPUYHOTO IOJSA, IMOOYyZOBaHI
3a opmynamu (43) (HemepepBHi Kpusi 1, 2, 3, 4) ta (42) (yHKTUPHI KpuBi
2', 4"y pna o/ oy, =0,5 i uncaoBux sHaueHsp Beamumuu x =0, 0,5, 1, 2 (kpuBi
1,2, 8, 4).°
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JUYUHU X 1 eHepreTuyHOro mapamerpa o/m,=0,5. Ak Bugmo 3 puc. 5,
sasexkHicTs §(E) € HemiHiiiHOIO, ajse 31 30iJbINIeHHAM 3HAYEHHA X Ha-
OonmsKaeThea Ao JiHiiHOI. I'padiku, 1o BigmosigarTs 3HaueHHIO X = 1
i mobymoBani 3a ¢opmysnamvu (42), (43), s3b6iratorbesa. aa x < 1 OyHK-
TUPHI KpuUBi, IO BigmoBimaioTh 6igbIll TOuHIiN (opmyri (42), mpoxo-
IATH BUINE, a AJA X >1 — Hu:KUYe HellepepBHUX KPUBUX, MMOOyIOBAa-
HUX 3 BUKOPHUCTAHHAM Habau:xeHoi dopmynu (43). Kpim Toro, myHk-
THUPHA KpuBa 2’ Mae OCOOJUBICTL Yy BUIIALL HAABHOCTH E€KCTPEMYMY
Bennunuu E. Ile MoXHa IMOACHUTU TUM, II0 JOJaTHI 3HAUEHHA IIapa-
meTpa o > 0 BigmosimaioTh (paszoBoMy mepexomy mepimoro poxy. Iins-
HKa AB KpuBoi 2’ (puc. ) BimmoBimae HecTabilbHOMY CTaHy Ta He pe-
amigyerbed. Iy 3HaUEHHA mapaMeTpa IOpAIKY, 110 BiAToBizae TouIri
A (§=0,9), mae BigmOyBaTuca piske 3a (a30BUX MEPEXO[iB IEPIIOTO
pony cTpubKomoaibHe 3MEHINIeHHS CTYIeHA MoJAPU3allii Kpucraay Oo
HYJILOBOTO 3HaueHHs. ToMy 0co0JIuBicTb, BUABJIEHA B PO3paxXyHKaX,
He Ma€ IIPOSIBUTHUCA eKCIIePUMEHTAJIbHO.

ITopiBHAHHA po3paxyHKoOBUX rpadikiB (puc. 5) aaa o >0 3 excme-
puMeHTaNbHUMU KpuBuMu (puc. 1, 6) BKasye Ha iXHIO AKiCHY Bifmo-
BigHiCTB.

6. TIEJIEKTPUYHA CIIPUHHATJINUBICTD

Dopmynu (42) abo (43) yMOIKIUBIIIOIOTE OI[IHUTH JieJIeKTPUUHY CIPUIi-
HATJUBICTD ¥ a00 MieJeKTPUUYHY MPOHUKHICTE €= 1+ % Kpucramy.
HieseKTpuuHa COPUNHATINBICT, BU3HAUAETHCA (DOPMYJIOI0

g, = OP / OE = Kot / OF (44)

e &, — €JIEKTPUYHA IIOCTifiHA, AKY BKJIOUYAEMO y KoeditieHnT k'

Hna murigpodocpary Kamito mierekTpuuyHa TPOHUKHICTH € TEH30-
POM 3 KOMIIOHEHTaAMU €1, E€g9, E£33. PO3TJIAHEMO KOMIIOHEHTY B3JIOBIK
MIOJIAPHOI OCi ¢ &, = €&33 Ta BiAUOBiAHY 1#l AieJeKTPUUHY CIPUNHATIN-
BiCTB Y.

BukopucroByiouu Habam:keny gopmyany (43), AKa € CIYIIHOWO MO0-
auady Touku Kiopi, 3HaX0oquMo CHiBBiZHOIIIEHHS

E? 1 =608 + x, (45)
X
1o 3 ypaxyBauuam ¢opmya (39) i (41) mae
le _ 2k(T -T,) mna & =0,

46
x |-k(T-T,) pna & =0. (46)

Ax 6aunMo 3 omep:kaHUX BupasiB (46), y mboMy BUIAAKYy BUKOHY-
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€ThCs IIPABUJIO HET'aTUBHOI ABiHKM:

EIE R
OP )./ \OP ).,

BukopucroByioun 6inbiin Touny gopmyay (42), omepiryemMo obepHe-
HY OieJeKTPUUYHY CIPUHAHATINBICTD Y BUTJIAIL

k%1 —2x|1+

1+x( 20
x__
®, X

®

j , Ao & # 0, (48)

x, axmo & = 0.

A 6aummo i3 IMUX CIiBBiAHOIIIEHDb, 3aJIEKHICTh 00EPHEHOI IiesleKT-
puYHOI CHpUIHATIUBOCTH Bix Temmeparypu 1/y(x) sa BigcyTHOCTH
IunonbHOTO BHOpAAKyBaHHA (§=0) e mimitinoro. OmHak 3a £#0 na
3aJIeKHICTD BiKe € HeriminHoio. Ta mobamusy touxku Kiopi (x — 0) 3a-
gexuicTs 1/y (x) 6au3bKa m0 JiHIAHOI; TOMY CIYIIHUM € W IPABUJIO
HeraTuBHOI ABiiKu. [liesleKTpuuHaA K CHPUUHATIUBICTL nasa x — 0
(T — T,) sbinbmryerhea no Heckinuennoctu (y — 0).

IlopiBHAHHS Oomep:;KAaHMX PO3PAXYHKOBUX rpadikiB 3 eKcIiepuMeH-
TAJIbHUMU Ha puc. 1, 0 IJd dieJeKTPUUYHOI MPOHUKHOCTU 3HOBY BKa-

wy/k, % ky/w 1/,
80F
1,5
70F
60
S0r 11,0
40F
30t
40,3
20
10
[ PR X

I 1 1 1 1
0,08 0,04 0 0,04 0,08
Puc. 6. PospaxyHukosi rpadiku Temnepatypuoi sanesxuoctu (x = (T -T,)/T,)
o6epuenoi (1/xy — cyuinbHi Kpusi) Ta mpamoi (y — TYHKTHUPHI Kpusi) mie-
JEeKTPUYHUX COPUNHATIUBOCTElH, mobymoBaHi 3a (opmynoio (48) masa umce-
JLHOTO 3HAUEHHS eHepreTHYHOro mapamerpa 2a,/w, = —0,15.°
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3ye Ha 1XHIO AKicHY BiamoBigHicTh. 11i 3aKOHOMIpHOCTI i/IOCTPYIOTHCA
rpadikamu Ha puc. 6, ToOyZOBAHUMU AJId €HEPreTHUYHOTO IIapaMerpa
20/m9=-0,15. 3Banexnuicts 1/¢(T) nmna xpucrany KH,PO, 3a
T>T,=123 K ¢ niuitinoro. [na T — T, ekcuepuMeHTaabHUN rpadik
€.(T) mae rocTpuii mik.

Tako:x BapTO 3a3HAUMNTH, IO, OCKIJIBKMN AJSA TOCJIIKYBAHUX KPU-
CTaJIiB IMapaMeTpu IOPAAKY CIOHTAHHOI moJapumaaiili Ta medopmarrii
30iraroThCsa, TO TeMIIePATYPHI 3aJeKHOCTI AJad mpaMoi i obepHeHOl
OPY:KHIX IIOZATJIMBOCTEH MOYKHA OJEPsKaTH AHAJOTIUHMMH IO OIep-
JKaHUX IJIA IPAMOI ¥ 00epHeHOI mieJIeKTPUUYHUX IIPOHUKHOCcTel. [lisa
1nporo B piBHAHHI (38) caix mokaactu E = 0; B pe3yabTaTi 0ep:KyEMO
3aJyiekHicTh {(0), aHAJMOTIiUHY Tiif, 10 BuniauBae 3 piBHAHHA (40) mia
E(E).

Taki mocHimKeHHS YMOMKJIUBIIOIOTH IIOACHUTU II OOI'PYHTYBATHU
301JIBITIeHHsA CIOHTAHHOI medopmariii X 3 DOHMKEHHAM TeMIlepaTypu
T — T, (puc. 1, i), piske 3MmeHIIeHHa MonyJas mpy:kHOocTu Cg (pHC.
1, 3) Ta moxmyna 3cyBy G (puc. 1, i) B Touni Kropi. Boguouac, Bigmo-
BiJHO IO TeOpPeTHUUHUX PO3PaxyHKiB, sanexHicTb G(T) misa Kpucrasy
KH,PO, no6susy Temneparypu Kropi mae 6yTu JIiHiHIHOO, 1[0 TPOSAB-
JAEThCA W eKCIepuMeHTaJbHO, a Haxuau KpuBoi G(T) mma T <T, i
T >T, € TakuUMHU, M0 TAaHI'€HC KyTa HAXUJY MEPIIOr0 3a abCOJIIOTHOIO
BeJIMUMHOIO ITepeBulltye tTakuii nada T > T,.

7. BUICHOBRH

TakuM YMHOM, PO3pOOJieHA CTATHCTHUUYHA TEOPis CIOHTAHHOI ITOJAPH-
sarii Ta medopmariii y HaHoguciepcHuxX mopoinkiB KDP-kpucrasiiB 3
ypaxyBaHHAM iHTepmpetallii (as3oBOoro mepexony IIapaeleKTPUK—
depoeeKTPUK AK TUIY BIOPAIKYBAHHSA Aajla 3MOT'Yy BCTAHOBUTHU Ta
MMOSICHUTHU TeMIIEpaTypPHY 3aJIe’KHIiCThL ITapaMeTpa HOPAIAKY, XapaKTep
miei s3ayie;kHOCTU, OJMUBBKUI IO MEPEXOy IEPIIOr0 POAY, 3aJIEKHICTH
mapaMeTpa IOPAIKY BiJ HAIPYKEHOCTH 30BHIITHLOTO €JIEKTPUUHOTO
MoJisd, OOT'PYHTYBATU MPOAB il HeJdiHiTHOCTH.

3’sicoBaHO OCOOJMBICTL TeMIIEpaTyPHOI 3aJeXHOCTH KOH(pirypa-
IifHOI TeIJIOMICTKOCTM Ta IOKAas3aHOo, IO BOHA OJM3bKa M0 eKCIIepHu-
MEeHTaJbHOI caMe IJid BUIIAAKY (hasoBOTO Ilepexony, OJM3bKOTO 3a
POZIOM IO IIEPIIIOTO.

TakoK IIOKasaHO, II[0 TeMIIEpaATyPHi 3aJIeKHOCTI IIpAMOi i obepHe-
HOI CIPUAHATIUBOCTEI € TaKUMU, IO CIPABEIJIUBUM € 3aKoH Kiopi—
Beiicca (HesiHiliHa 3ajie’KHiCTL BenwuwmHU 1/y Bixg Temieparypu), a
mo6au3y Touku Kiopi BUKOHYEThCS IPaBUJIO Bif’eMHOI ABiMKM.

Vi BuaBiaeHi 3akoHOMipHOCTI 6yJI0 IMOPIiBHAHO 3 €KCIePHMEHTAJIb-
HUMHU JAaHUMU ¥ OJep:KaHo AKiCHY BiIOBiAHICTHL pesyabTaTiB pospa-
XYHKOBOI aHaJidm W eKCIEePUMEHTY, IO CBiAYUTHL HPO KOPEKTHICTH
(amexkBaTHICTDL) PO3POOJIEHOI CTATUCTUYHOI Teopii.
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! Fig. 1. Experimental graphs of temperature dependence of spontaneous polarization P(T)
(a), heat capacity C(T) (8, ¢), direct and inverse dielectric constant &.(T) (), coefficient of
thermal conductivity n(T') (e), spontaneous deformation X(T) (s), elastic constant Cy(T) (3),
shear modulus G(T) (i), as well as the dependence of spontaneous polarization on the electric
field intensity P(E) (6) of KDP crystals near the temperature of the paraelectric—ferroelectric
phase transition (marked by circles on the abscissa axis of the curves (a)).

2 Fig. 2. Unit cell of potassium dihydrogen phosphate KH,PO,. (a) Tetragonal structure of
paraelectric modification according to West [89]. (6) Orthorhombic structure of the Fraser
ferroelectric modification (oxygen and hydrogen atoms not shown). Arrows indicate the direc-
tions of displacements of potassium (K) and phosphorus (P) atoms. Dotted lines indicate the
internodal distances; the interaction between the K and P atoms is taken into account in the
calculations. ®—p0tassium atoms (K), .—phosphorus atoms (P), @ —Oxygen atoms (0O), &
—hydrogen atoms (H).

3 Fig. 3. Calculated graphs of the temperature dependence of the spontaneous-polarization
order parameter constructed according to formula (30) for the values of the energy parameter
a/wy=0 (dashed curve), +0.2, +0.4, £0.6 (curves I, 2, 3 for the ‘+’ sign and 1’, 2', 3 for the
‘~’ sign).

4 Fig. 4. Calculated graphs of the temperature dependence of the configurational heat capaci-
ty of the crystal in the phase-transition region constructed according to formula (34) taking
into account the dependence §(T) (30) for the values of the energy parameter o/w,=0, 0.05,
0.1 (curves 1, 2, 3).

® Fig. 5. Calculated graphs of the order parameter characterizing the degree of spontaneous
polarization for different temperatures (x = (T - T,)/T,) depending on the intensity of the
external electric field constructed according to formulas (43) (continuous curves 1, 2, 3, 4)
and (42) (dashed curves 2', 4') for a/w,=0.5 and numerical values of the quantity x=0, 0.5,
1,; 2 (curves 1, 2, 3, 4).

5 Fig. 6. Calculation graphs of temperature dependence (x = (T — T,)/T,) of inverse 1/y (solid
curves) and direct y (dashed curves) of dielectric susceptibility constructed according to for-
mula (48) for the numerical value of the energy parameter 20/w,=-0.15.
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In this paper, MFe,O, nanoparticles (M = Ca, Mg) are synthesized by sol—
gel method using different stabilizer (acetic acid, pectin and f-
carrageenan). The stability of the formed gel is studied extensively by de-
termining the affective conditions (type of stabilizer, molar ratio of stabi-
liser:M(OH),:Fe(OH),, time, and temperature) on the preparation process.
The most stabilized gel obtained using B-carrageenan for both Ca, Mg with
(1.2:107%:1:2), (1.837-107%:1:2) molar ratios, respectively, during 72 h at
25°C. The obtained gel is calcinated and analysed using DTA, XRD and IR
spectroscopy. The results show that the calcium ferrite is formed at
493.2°C by orthorhombic lattice cell with particle size of 13.01 nm and
the magnesium ferrite is formed at 621.4°C by cubic crystal phase with
particle size of 15.93 nm.

¥ miit pobori HanouacTuaku MFe,0, (M = Ca, Mg) cuHTe30BaHO 30JIb—T'€JIb-
METOJOM 3 BUKOPUCTAHHAM PidHMX cTabinmiszaTopiB (01TOBa KMUCJIOTA, MEKTUH
i B-xapparinan). CrabinbHiCTh YTBOPEHOTO I'€JII0 IMIUPOKO BUBUYAETHCA IIIJIA-
XOM BU3HAUEHHS YMOB, II[0 BILIMBAIOTh HA IPOIlEC MPUTOTYBaHHS (TUII CTa-
6iisaTopa, mosApHe cuiBBigHOmMeEHHA crabimizatop: M(OH),:Fe(OH);, udac i
TeMmiieparypa). Haiibinbin crabimizoBanuii rejb ofepsKaHO 3 BUKOPUCTAHHAM
B-kapparimany pgpas o6ox Ca, Mg 3 MOJIAPHUMU CHiBBiZHOIIEHHAMU
(1,2.1072:1:2), (1,37-10%1:2) BizmosizHOo mpoTaroM 72 roguH 3a TeMIIepa-
Typu y 25°C. Omep:KaHU# T'eib IIPOKAPIOIOTh i AHANI3YIOTH 3a JOIOMOTOI0
HTA, peurreniBcbkoi gudpakiii it IY-cnexkTpockormii. PesyabraT mokasy-
0Th, 110 (peput Kanbiiirzo yrBoproerbea 3a 493,2°C i3 opTropomM0biuHOIO KOMi-
pKoio rpaTHuIli 3 posmipom uactuHok y 13,01 um, a ¢epur Maruito yTBoO-
pioerbea 3a 621,4°C i3 Ky6iuHOIO KpucTaaiuyHOIO (has3o 3 PO3MipoM UacTH-
HOK y 15,93 HM.

Key words: sol—gel method, B-carrageenan, calcium ferrite, magnesium ferrite.
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1. INTRODUCTION

Magnetic nanoparticles have been primarily used in a range of pur-
poses such as in magnetic fluids [1], catalysis [2], and medical ap-
plications [3]. The magnetic characteristics of metal nanoparticles
(NPs) is based on their frame and dimension [4]. At present, mag-
netic oxide nanoparticles are charming and are of considerable in-
terest due to their wide range of applications, ranging from prima-
ry research to industrial purpose [5].

One of the many types of nanoparticles that are presently earning
much attention are the CaFe,O,, MgFe,O, NPs due to their magical
catalytic, optical, and magnetic particulars [6, 7]. Chemical stability
and biocompatibility are other characteristics that make these parti-
cles potentially useful for a broad range of applications [8].
CaFe,O,, MgFe,O, compounds have been recognized for potential us-
age in optical and magnetic memory instruments, photovoltaic cells
and gas sensors, while other applications that have been studied
earlier include: the production of steel [9—-12], high temperature
sensors; gas absorbers; oxidation catalysts; and various other appli-
cations [13, 14]. The structure of calcium ferrite is stable in a wide
temperature range [15—-17]. Several methods can be used to synthe-
size spinal magnetic nanoparticles, such as the hydrothermal [18],
ball-milling [19] coprecipitation [20], aerosolization methods [21],
auto-combustion [22] and sol—gel processing.

The sol—gel method has much considerable advantages for prepara-
tion of fine particle with micro- and nanosize distribution, such as
good stoichiometric leading and short processing time with lower tem-
perature [23—26]. This work aims to preparation of the CaFe,0O,,
MgFe,0, nanoparticles using sol-gel method and studying the impact
of preparation parameters on gel stabilizing, and studying of the pre-
pared compounds as catalysis for methylene blue (MB) oxidation.

2. MATERIALS AND METHODS
2.1. Materials

(Ca(NO,), 99%), (Mg(NO,)2.6H,0 99.5%), (Fe(NO;)3.9H,0 99.5%)
(NH,OH 25%), (CH;COOH 99%) were supplied from Riedel deHaen.
(B-carrageenan 99.5%), (pectin 99.5%) from ChemLab. These chem-
icals were utilized in the synthesis of the samples using distilled
water.
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2.2. Sample Preparation

Calcium hydroxide and ferric hydroxide were prepared separately
using NH,OH, after that we mixed Ca(OH), with Fe(OH); by 1:2 mo-
lar ratio and homogenized in distilled water by stirring continuous-
ly with a magnetic stirrer for 24 h at 25°C.

To study the effect of stabilizer on the gel formation, we add dif-
ferent stabilizers (acetic acid, pectin and B-carrageenan) at specific
conditions (molar ratio, time and temperature). After that, the
formed gel was calcinated after filtration and washing with distilled
water.

The previous procedure repeated for magnesium hydroxide.

2.3. Characterization of CaFe,0,, MgFe, 0, NPs

The thermal activity of fresh formed gel determined using DTA
(Shimadzu), the crystallite structure and size of the synthesized na-
noparticle samples were calculated using an X-Ray Powder Diffrac-
tometer (XRD) (Philips-PW-1840) with a CuK, radiation (1.5418 A)
in a 20 range of 20—-80°, while the analysis of the chemical composi-
tion was carried out using Fourier-transformation infrared (FTIR
model: Jasco Spectrum 4100 FT-IR) spectroscopy.

2.4. Catalytic Degradation Experiments

The degradation experiments were performed in the glass bottle
(250 mL) containing 100 mL of MB solution. In details, a certain
amount of catalyst (0.1 g) was added to the MB solution (64 mg/L)
under stirring for 1 h in the dark. 10 mL of H,0, solution (30%
v/v) was added.

The ultraviolet—visible (UV—Vis) absorbance of supernatant was
determined at wavelength of 665 nm (for MB). The catalytic activi-
ty (Ca, %) of MB was calculated by Eq. (1):

Ca=o=4A -100%, (1)

where A, and A, are the initial and equilibrium absorptions of MB,
respectively.

3. RESULTS AND DISCUSSION
3.1. Effect of Stabilizers on the Gel-Solution Stability

This experiment aims to detecting the best stabilizer for gel for-
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Fig. 1. The effect of the stabilizer type on the stability of the M(OH),—
Fe(OH); (M = Ca, Mg) system.

mation by comparing the stabile volume of formed gel using three
different stabilizers (acetic acid, pectin and p-carrageenan), which
were added with same molar ratio to the homogenized hydroxide
mixture, mixed very well until full homogenous, and transferred to
volumetric cylinder with notice to fixing the volume of mixture at
100 mL for all. We measured the stabile volume of gel after three
days (final stabilization). Figure 1 viewing the obtained results.

As can be seen, the best stabilizer was B-carrageenan that belongs
to the chemical formula. There are several hydroxyl groups, which
are able to form hydrogen bonds with metal hydroxides and, thus,
link these hydroxides with each other; this one prevents the precipi-
tation of hydroxides, and thus, gives high stability to the mixture.

3.2. Effect of Stabilizer Amount on the Gel-Solution Stability

To determine the best quantity of stabilizer (B-carrageenan) on the
stability of gel, different amount of (-carrageenan) were added to
the metals hydroxide mixture ranged 0.344-1072-1.72-10"2 mole. The
obtained results are represented graphically in Fig. 2.

From the results, it can be noticed that, with increasing the
amount of stabilizer, the stability of the gel increases (direct pro-
portion) until reaching to the equilibrium state, which takes
1.2-107% mole of stabilizer for calcium and 1.37-1072 mole for mag-
nesium.

3.3. Effect of Temperature on the Gel-Solution Stability

Depending on the previous optimal conditions, the effect of temper-
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Fig. 2. The effect of the stabilizer amount on the stability of the M(OH),—
Fe(OH); (M = Ca, Mg) system.

90
\
NN
RN
50 \"\
40 \%\
——Ca \\.

—eo—Mg

30

20

Stabile volume of gel, mL

10

% 40 60 80 100
T, °C
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ature on the stability of the gel formed was studied by placing the
mixture in a water bath at temperatures ranging between 25-90°C.

Figure 3 shows the effect of temperature on the stability of the
gel.

It is noted from the previous curve that the increase in tempera-
ture leads to a decrease in the stability of the gel and its agglomer-
ation and its transformation into a dense precipitate. The reason for
this is the increase in the thermal movement of the particles with
an increase in temperature, which leads to an increase in the possi-
bility of collisions between them and their adhesion with each other;
so, they turn into large particles and precipitate in the solution.
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3.4. Effect of Aging Time on the Gel Stability

The stability of the formed gel was studied over time. Figure 4
shows the obtained results. We notice a decrease in the stability of
the system over time until the stability state. The reason for the
decrease in the stability of the system is due to the increase in time
because of the effect of gravity that leads to the compression of the
formed gel and its gathering at the bottom. After 72 h, we note the
stability of the gel volume and the stability of the system.

3.5. DTA Analysis

Figure 5 shows the thermal behaviour of the M(OH),~Fe(OH),
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Fig. 4. The effect of the ageing time on the stability of the M(OH),—
Fe(OH); (M = Ca, Mg) system.
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(M = Ca, Mg) system compounds, as it was scanned within a range
of temperatures 0—1000°C. The thermal analysis chart (DTA) of the
prepared sample shows endothermic effects and a heat dissipative
effect. The first thermal effect takes place at the temperature
108.5°C (109.8°C) and refers to the physical dehydration by the
samples. The second effect is also endothermic and indicates the de-
composition of the used stabilizer at a temperature of 188.1°C
(191.3°C), while the third effect is exothermic and takes place at
493.2°C (621.4°C) and indicates the beginning of the formation of
the spinal calcium ferrite CaFe,O, (magnesium ferrite MgFe,0,).

3.6. XRD Analysis

The XRD patterns for the prepared CaFe,0,, MgFe,O, nanoparticles
via sol-gel method are shown in Fig. 6. The phase of the samples
was that of an orthorhombic structure for CaFe,O,, and cubic for
MgFe,0,.

The calculated unit cell parameters, a=8.3824 A, b=8.3619 A,
c=9.5567 A for CaFe,O, and a=8.36 A for MgFe,O,, in tow pat-
terns are in a good agreement with the values reported in the
JCPDS file #96-901-3282 for CaFe,0,, JCPDS file #96-101-1242
for MgFe,0,. Figure 7 shows the lattice cells of prepared metal fer-
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The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [27, 28]:
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Fig. 8. FTIR spectra of synthesized CaF,0,, MgFe,O, NPs.

TABLE 1. The absorption-bands’ wave number of the FTIR spectra of
CaF,0,, MgFe,O, NPs.

Ca Mg
Wave Wave
number, cm™! Bond type number cm™! Bond type
3442 O-H (stretching) 3423 O-H (stretching)
652 Ca—0 (as stretching) 613 Mg-O (as stretching)
Ca—0O-Fe Mg—-0O-Fe
502 (as stretching) 551 (as stretching)
434 Fe—-O (as stretching) 474 Fe—O (as stretching)
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D= K\ ,
BcosO

(2)

where K is Scherrer’s constant (K =0.89 assuming spherical parti-
cles), A is the x-ray wavelength, B is the peak width at half-
maximum FWHM, and 0 is the Bragg’s diffraction angle. The aver-
age crystal size was of 13.01 nm for CaFe,O, and of 15.93 nm for
MgFe,0,.

3.7. FTIR Analysis

The FTIR spectra of CaF,0,, MgFe,O, nanoparticles are presented in
Fig. 8. All the FTIR spectra results, which were observed in the
range of 4000—000 cm™ at room temperature, are arranged in Table
1. The most important absorption bands in the spectra are at 502
cm ™, 551 cm™, which belong to Ca—O-Fe, Mg—O—-Fe, respectively,
that confirms the formation of CaF,0,, MgFe,0,.

3.8. The Catalytic Activity

The catalytic activity of CaF,0,, MgFe,0, NPs prepared by the sol—
gel method was studied through the methylene blue oxidation reac-
tion using hydrogen peroxide. Figure 9 shows the absorption spec-
tra of methylene blue in the presence of different catalysis after 1 h
of reaction time. The catalytic activity was calculated through Eq.
(1). The obtained results are arranged in Table 2.

As can be seen from the previous results, the largest reached cat-
alytic activity was in the presence of CaFe,0,, which has a particles’
size smaller than the MgFe,O,-particles’ size.

4. CONCLUSION

CaFe,O,, MgFe,0, NPs were successfully synthesized using sol—gel
method. The effect of several factors on the stability of the formed
gel (type of stabilizer, quantity and temperature) was also studied.
The resulting compounds were characterized using XRD techniques,
which confirmed the size of nanoparticles, and IR spectroscopy. The
catalytic activity was studied, and it was found that the most effec-
tive compound is CaFe,0,.

5. HIGHLIGHTS:

Synthesis of calcium and magnesium ferrite nanoparticles; charac-



332

Mahmoud ALSALEH and Ibraheem Asaad ISMAEEL

L=
NG »&;2“ D~

1.0

0.8 //JS
06 L) A
) fadl/a
04

02 /

400 450 500 550 600 650 700 750 800

Fig. 9. UV—Vis spectra of MB in the presence of different catalysis.

TABLE 2. Catalytic activity for MB oxidation reaction in the presence of
different catalysts.

Catalyst | CaO | MgO | FeO, | CaFe,0, | MgFe,0,

Ca (%) 13.043 9.901 28.571 60 50.001

terization of the prepared compounds; studying the catalytic activi-
ty of the prepared compounds by the oxidation of methylene blue.
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Resistive and diode temperature sensors based on silicon nanowires
(SiNWs) are fabricated. Silicon nanowires are obtained by two-stage met-
al-assisted chemical etching (MACE) technique. The influence of SiNWs
synthesis parameters on device characteristics is investigated. In particu-
lar, the influence of the duration of the first and second stages of MACE,
the content of solutions based on AgNO,; and H,0,, the presence of tex-
tured surface of silicon wafer before the MACE process, additional pro-
cessing in an isotropic/anisotropic etchant after the MACE process on the
characteristics of temperature sensors is determined. The electrical and
thermosensitive parameters for obtained sensors are calculated, namely,
resistance, rectifying coefficient, and coefficient of thermosensitivity. A
significant influence of the MACE-process parameters on the lateral
roughness and volume porosity of the thermosensitive surface is deter-
mined. As established, the following technological operations lead to an
increase in resistance: a raise in the deposition time of silver nanoparti-
cles and the use of additional post-chemical treatment, as well as a de-
crease in the etching time and a decrease in the amount of H,0,. The re-
sistance of the array of silicon nanowires is in the range of 27.6-199.6 Q.
As established, the following process parameters improve the rectifying
characteristics: increasing the content of hydrogen peroxide, the presence
of preliminary texturing of silicon surface, as well as the use of additional
post-chemical treatment in an acid etchant. The maximum rectifying coef-
ficient of diode temperature sensors is of 2503. Significant impact of pro-
cess parameters on the lateral roughness and bulk porosity of the thermo-
sensitive surface is revealed. As found, the thermal sensitivities of both
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diode sensors and resistive ones are improved with the increase of MACE
first-stage parameters and the decrease of MACE second-stage parameters,
as well as in the presence of acid etching treatment. The maximum ther-
mal sensitivity coefficient of thermistors based on silicon nanowires is of
2336 ppm/K, while, for thermodiodes, this coefficient is of 2.5 mV /K.

CuHTe30BaHO PE3WCTUBHI Ta MiOAHI ceHCOpM TeMIlepaTypu Ha OCHOBI KpeMm-
mitiopux HaHoHuUTOK (KHH). KpemHifIOBi HAaHOHUTKU OyJIO OZEP;KAaHO METO-
JIOM JBOCTAAifHOTO METaJIOCTUMYJboBaHOTO XeMiuHoro miaBiaenud (MCXIII).
Hocaim:xeno BnauB mapaMmeTpiB cuHTesu KHH ma xapakTepuCTUKU IIpUJIa-
niB. 3oxkpema, OyJ0 BCTAHOBJIEHO BILIMB TPUBAJIOCTH IIEPIIOTO Ta APYroro
eramie MCXIII, BmicTy po3umuiB Ha ocHOBi AgNO; it H,0,, HagABHOCTH TeEK-
CTypHU Ha IOBePXHi KpeMHiiioBoi maacTuru g0 npoitecy MCXII, momaTKoBO-
ro oOpoOJeHHS B 130TPOMMHOMY/aHi30TPOMHOMY IIABHUKY IIicJid IIpoOIecy
MCXII[ ma xXapaKTepHUCTUKU CEHCOPiB TeMmIepaTypu. ByJo pospaxoBaHO
eJeKTPUUHI Ta TEePMOUYTJMBI ITapaMeTPHU [IJd OAEP:KaHUX CEHCOPiB, BO0Kpe-
Ma OIIOPY: Koe(illieHT BUIIPAMJIEHHSA Ta Koe(illieHT TepMOYyTJIMBOCTH. Bu-
3HAUEHO 3HAUHUI BIJIUB TEXHOJIOTIYHUX mapaMeTpiB cuHTesu macuBy KHH
Ha JlaTepaJibHy MIEPCTKiCTh Ta 00’€MHY IIOPHCTICTh TEPMOUYTJIMBOI IIOBEPX-
Hi ceHCOpiB TeMmepaTypu. BcTaHOBIIEHO, IO A0 30iJbIIMEHHS OIOPY IIPUBO-
IATH HACTYIHI TeXHOJOTiIUHi omeparlii: 3pocTaHHSA Uacy ocalKeHHd HaHOUa-
CTHHOK cpi0jla Ta BUKOPUCTAHHS JOZATKOBOTO IIOCT-XEMiUuHOTO O0OpoOJIeHHs,
a TaKO’K 3MEHIIIeHHsd Yacy I[aBJeHHA Ta 3MeHIIeHHA Kimbkoctu H,0,. Pos-
paxoBaHUI OIIip MacUBY KPEMHIiHOBMX HAHOHUTOK B3HAXOAUBCA B MerKax
27,6—-199,6 Q. BcramoBieHO, IO HACTYIHI TeXHOJIOTiUHi IIapaMeTpu IIO-
JITIITYIOTh BUMIPOCTYBAJMbHI XapaKTePUCTUKM: 30iJIbIIIeHHI BMIiCTY IIE€PEKUCY
Tigporeny, HadABHICTh IIONEPEAHLOTO TEKCTYPYBaHHS IIOBEPXHiI KpeMHioBOI
IJIACTUHU, & TaKOK BUKOPHCTAHHS JOJATKOBOTO IIOCT-XEMiuHOTO 00pPOOJIeH-
HA Yy KHUCJOTHOMY HIaBHUKY. MakcuMaJbHUHN Koe(dillieHT BUIIPOCTYBaHHSA
miomHUX ceHcoOpiB Temmepatypu ckjaaB 2503. BecraHoBieHO, IO TEPMOUYT-
JUBICTh AK MiOAHUX, TaK i PE3MCTUBHUX CEHCOPiB IMOJIMIIyeThCA 31 36iab-
meHHAM napameTpiB mepinoro eramy MCXII] Ta 3MeHINIeHHAM ITapaMeTpPiB
npyroro erarmy MCXIII, a TakoX 3a HasgBHOCTU AOJATKOBOTO XE€MiuHOTO 00-
poOJieHHA KUCJIOTHUM INMaBHUKOM. MakcumanbHUU Koe(dilieHT TepmMouyT-
JUBOCTH TEPMICTOPiB HA OCHOBI KPEeMHiNOBMX HAHOHUTOK cTaHOBUB 2336
ppm/K, Toxi aAK msma Tepmogion et KoeditienT cranosus 2,5 mB/K.

Key words: metal-assisted chemical etching, silicon nanowires, thermodi-
ode, thermistor.

KarouoBi croBa: merasocTUMyJIIOBaHe XeMiuHe IaBJeHHSA, KPEeMHiNOBI Ha-
HOHUTKHU, TEPMOAioNa, TEPMICTOP.

(Received 5 July, 2023)

1. INTRODUCTION

Temperature is one of the most measured physical parameters, as
many industrial areas require temperature control in manufacturing
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processes, as well as during operation, for storage and transportation
of devices, equipment, raw materials, food or pharmaceutical prod-
ucts, etc. Additionally, temperature measurement is an essential com-
ponent of electronic device protection systems, such as computers,
mobile phones, and others, where high temperatures can lead to a
breakdown. Specifically, embedded thermistors on a motherboard pre-
vent overheating when the workload increases or a fan fails.

Furthermore, temperature sensors allow monitoring temperature
of the entire computer or individual components and smoothly ad-
justing fan speed, reducing noise levels during downtime. Current-
ly, temperature sensors such as thermistors and thermodiode are
used. The principle of operation of a monocrystalline thermistor is
that its resistance decreases with increasing temperature. This is
because the number of free charge carriers in the semiconductor in-
creases with temperature, reducing its resistance. The most com-
monly used materials for thermistors are Ge [1], Si [2], and gra-
phene [3].

These devices have such advantages as sensitivity to small tem-
perature changes, excellent repeatability and significantly low hys-
teresis [4]. The disadvantages of thermistors include non-linearity
of their thermosensitive characteristics, aging, and some instability
in their characteristics. In certain cases, they are not compatible
with CMOS technology. The principle of operation of a thermodiode
is based on the decrease in voltage across the p-n junction with in-
creasing temperature at a fixed level of current according to an al-
most linear law. The most commonly used materials for thermodi-
odes are Si [5] and Ge [6]. Thermodiodes have such advantages as
low cost and almost linear voltage—temperature dependence over a
wide range (from 4.2 K to 888 K). Despite being widely used sen-
sors, thermodiodes also have their drawbacks, including low sensi-
tivity and self-heating.

The use of various types of nanostructures in sensors is highly
relevant today. These nanostructures include nanofilms [7, 8], na-
noparticles [9, 10], nanofibers [11, 12], nanocrystals [13, 14], nan-
owires [15, 16], nanorods [17, 18], and so on. One-dimensional (1D)
structures, such as nanowires, with widths up to 100 nm and
lengths exceeding their width, possess a high aspect ratio (ranging
from 10 to 100), making those highly promising materials in sens-
ing. The larger area of lateral surface of these nanostructures al-
lows for an increased number of molecules to be absorbed on the
sensor surface, enhancing its response. Another important ad-
vantage of silicon nanowires is the ability to create complex sensor
systems with high-density arrangements, which is crucial in many
branches of industry.

Currently, silicon nanowires (SiNWs) can be synthesized within
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one of two approaches: ‘top—down’ and ‘bottom—up’ [19]. In the
top—down approach, clusters of monocrystalline silicon are removed,
resulting in the formation of one-dimensional structures (nanowires
or pores). Within this approach, such methods of SINWs obtaining
can be distinguished: metal-assisted chemical etching (MACE) [20,
21], reactive ion etching (RIE) [22], and plasma chemical etching
[23]. In the bottom—up approach, silicon nanowires are grown by
assembling individual silicon atoms using the following techniques:
chemical vapour deposition (CVD) [19, 24], vapour-—liquid—solid
(VLS) growth [19, 25], solution—liquid—solid (SLS) growth [19], la-
ser ablation (LA) [26], and thermal evaporation of powder [26]. A
comparison of the two most common methods within the two ap-
proaches, VLS and MACE, has shown that nanowires obtained
through the vapour-liquid—solid growth exhibit a high degree of
ordering in their arrangement, but they have a relatively low sur-
face density. The advantages of the metal-assisted chemical etching
include its simplicity of implementation, low cost, and the ability to
synthesize a dense array of nanostructures with a high aspect ratio.

The aim of this research is to investigate the application of sili-
con nanowires in resistive and diode-type temperature sensors. For
this purpose, metal-assisted chemical etching was used, and the in-
fluence of process parameters on the characteristics of temperature
sensors based on silicon nanowires was studied.

2. EXPERIMENTAL PART

Device Fabrication. Resistive and diode temperature sensors were
fabricated in this research. The resistive sensors consist of a SINWs
and two front contacts (labelled as 1 and 2 in Fig. 1). The diode
sensors consist of a p—n junction, one front contact (either 1 or 2 in
Fig. 1) and one back contact (labelled as 3 in Fig. 1). The initial Si
wafers were of p-type conductivity with resistivity of 1 and 10
Q-cm, both textured and non-textured. To synthesize the experi-
mental samples, the silicon substrates were cleaned using a three-
stage cleaning process [27]. The texturing process was performed to
obtain a more developed surface by making of pyramids. For this, a
solution of 970 ml H,0/30 g KOH/70 ml IPA was used at a temper-
ature of 75°C for 15 min. The synthesis of silicon 1D structures
was performed using metal-assisted chemical etching (MACE), de-
scribed in our previous work [29]. In this study, additional etchants
were applied after the MACE process in order to remove the dam-
aged layer on the SiNWs. The acid etchant HF/HNO,/CH;COOH
(1:4:4) at room temperature for 10 min provided isotropic etching
of the surface, while the alkaline etchant NaOH/IPA/H,0 (2:10:88)
at a temperature of 90°C for 10 min ensured anisotropic etching.
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1 2

Fig. 1. Structure of a temperature sensor based on silicon nanowires: I,
2—front contacts Ti—Ni; 3—back contact Al; 4—SiNWs; 5—n-type Si; 6—

p-type Si.

Then, a p—n junction was obtained in the p-type SiNWs. Phosphorus
was introduced into the SiNWs in a two-step process using a diffu-
sion furnace: phosphorus predeposition (constant source diffusion)
step at 750°C for 5 min and phosphorus drive-in at 830°C for 20
min. As a result, an n-type silicon layer with a sheet resistance of
50 Q/o was obtained. A continuous backside aluminium contact was
deposited on the substrate using the DC magnetron sputtering. The
operating parameters of the vacuum deposition system were as fol-
lows: voltage—400 V, current—4 A, argon pressure—3-107* mm
Hg, deposition time—40 min. Subsequently, the aluminium film
was annealed in a diffusion furnace at a temperature of 650°C in a
nitrogen atmosphere. Thus, a backside contact with a thickness of
1.5 pym was obtained. For the formation of point front contacts
(Ti/Ni), electron-beam deposition was used. The deposition parame-
ters in the vacuum system were the following: chamber pressure—
10° mmHg, voltage—13 kV, current—120 mA. The deposition time
for titanium and nickel layers was 3 and 20 min, respectively. As a
result, a front contact with thickness of approximately 0.5 nm was
formed.

Characterization Techniques. To investigate the surface morpholo-
gy of silicon substrates after MACE, an atomic force microscope
(AFM) SolverPro was used in semi-contact mode. AFM images pro-
cessing was performed using the Nova software with scanning areas
of 50x50 um, 20x20 pm, and 10x10 um. The I-V characteristics of
the obtained diode and resistive-type sensors were measured using
the Power Supply HM8143 and the digital voltmeter MS8040. The
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quantitative evaluation of porosity of the silicon material was per-
formed using the weight by means of OHAUS Pioneer PX163 ana-
lytical balances. The temperature characteristics of the experi-
mental samples were measured in the range of 293 K to 353 K.
Temperature stabilization in the thermal chamber was achieved us-
ing the digital temperature controller PULSE PT20-N2 with an ac-
curacy of 1°C. The thermal sensitivity of the devices was evaluated
in constant current mode for the diode and constant voltage mode
for the resistor.

3. RESULTS AND DISCUSSION

Surface Morphology of Silicon Nanowires. Figure 2 shows the 2D
and 3D views of the surface morphology of SiNWs array. In Figure
2, it can be observed that the array of SINWs exhibits a high densi-
ty. The structural parameters are presented in Table 1. The average
height of silicon nanowires ranged from 1638 to 2328 nm, with a
maximum height diapason from 3030 to 5440 nm. The porosity co-
efficient ranged from 56% to 96%.

It should be noted that the surface of the silicon wafer after
MACE looks blurry and diffuse (Fig. 3, a). This can be attributed to
the presence of a damaged surface layer and natural oxide. To re-
move these layers, both alkaline (anisotropic) and acidic (isotropic)
etching were performed (Fig. 3, ¢, d). As shown in Figure 2, b, ad-
ditional pre-texturing of the initial wafer leads to the formation of

Fig. 2. AFM images of SINWs synthesized using the MACE technique: 2D
view (a) and 3D view (b).
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TABLE 1. MACE parameters of Si nanowire synthesis.

Parameters of the standard Additional chemical treatment

%E MACE process before or after the MACE process
c})% § t,, sec.|ty, min|AgNO,, mg/H,0,, ml|Texturing | Post-surface treatment

1 20 90 34 0,4 — —

2 20 90 34 0,8 — —

3 20 90 34 1,2 — —

4 20 45 34 0,8 — —

5 20 135 34 0,8 — —

6 60 45 34 0,8 — —

7 60 90 34 0,8 — —

8 60 135 34 0,8 — —
100 20 90 68 0.8 — —
101 60 90 68 0.8 — —
102 20 30 68 0.8 — —
104 20 90 68 0.8 — isotropic etching
105 20 90 68 0.8 + anisotropic etching
106 20 90 68 0.8 + —
109 60 30 68 0.8 + —
110 20 90 68 0.8 + isotropic etching
111 20 90 68 0.8 — anisotropic etching
112 20 90 68 0.8 + —
113 20 90 68 0.8 — —

pyramid-like structures that randomly cover its surface and in-
crease the surface roughness from 599 to 897 nm. However, a de-
gree of porosity has decreased from 82.5% to 56%. This may be
attributed to the fact that silver nanoparticles (Ag NPs) are depos-
ited less effectively on the side surface of the pyramids. After un-
dergoing treatment in an alkaline etchant, the width of the trenches
between the SiNWs increases, and the surface becomes rougher.
This is evidenced by the increase in surface roughness from 897 to
1006 nm. It can be due to the different etching rates, depending on
the crystallographic orientations. As a result, predominantly lateral
chemical etching of the trench-like pores is observed.

With the addition of an acidic etchant, isotropic etching takes
place, which removes the rough surface layer of the material. This
is indicated by the decrease in surface roughness from 897 to 771
nm. Additionally, a well-developed network of nanoscale pores is
formed on the surface, which has a square shape with a side length
of approximately 1 num (Fig. 3, d) due to etching at an equal rate of
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Fig. 3. AFM 2D images of SiNWs obtained using the MACE technique:
without additional treatment (a), on a textured substrate (b), on a textured
substrate with alkaline etching (¢), on a textured substrate with acidic
etching (d).

hills and pits. As can be seen in Fig. 3, the depth of the pores is de-
termined by different shades: lighter shades indicate small pores,
and darker shades indicate deeper pores. Such surface morphology
of SiNWs will influence the characteristics of devices based on
them. After the post-surface treatment, the degree of porosity of
the initial textured surface increased from 56% to 92% (for iso-
tropic etching) and to 96% (for anisotropic etching).

Resistive Temperature Sensors. The principle of operation of resis-
tive temperature sensors involves a change in device resistance with
temperature variation. The electrical and thermosensitive properties
of these sensors were studied based on the volt-ampere characteris-
tics (I-V) shown in Fig. 4, a and calculated coefficients of thermo-
sensitivity (Table 2).
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0

B SiNWs BIsotropic etching B Anisotropic etching ™ Texturing

b

Fig. 4. I-V characteristics of thermistor based on SiNWs (a) and their
thermosensitivity in dependence on additional-chemical treatment (b).

Produced resistive structures based on SiNWs are characterized
by linear and symmetric I-V characteristics. Calculated resistance
of the silicon nanowire array ranged from 27.6 to 199.6 Q depend-
ing on the synthesis parameters: the change in resistance increased
deposition time of Ag NPs and additional post-chemical treatment.
For example, increasing deposition time of silver nanoparticles from
20 to 60 sec leads to an increase in sensor resistance from 27.6 to
91.8 Q. This is probably due to the formation of a well-developed
surface, as evidenced by the increase in r.m.s. from 226 to 753 nm
and the increase in porosity from 82.5% to 98%. The use of an
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TABLE 2. Influence of texturing and post-chemical treatment on surface
morphology for SINWSs.
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Root mean square (r.m.s.), nm 599 813 624 771 1006 897

Maximum height of SINWs, nm 3030 4026 3704 4151 5440 4137
Average height of SINWs, nm 1786 1869 2180 2276 2328 1638
Degree of silicon porosity, % 82 99 98 92 96 56

acidic etchant resulted in an increase in sensor resistance from 42.5
to 79.4 Q, while an alkaline etchant increased it from 42.5 to 54.1
Q. This can be attributed to the significant increase in porosity
from 56% to 96%, while the surface roughness remained almost
unchanged, since the etching process primarily etched the surface
layer with defects. Thus, the influence of these fabrication process-
es on resistance of the SINWs array can be associated with an in-
crease in bulk porosity and/or surface roughness, which likely dis-
rupts the conducting channels and consequently leads to an increase
in resistance.

The following process parameters contribute to a decrease in re-
sistance of thermistors: increased etching time, increased amount of
H,0,, and texturing of the surface. Increasing the duration of the
second stage of MACE and presence of textured surface result in an
increase in surface roughness and significant reduction of the sur-
face porosity. This is expected to promote the formation of a great-
er number of conducting channels within the SINWs array, thereby
reducing the surface resistance of the sensors. Moreover, increasing
the etching time leads to a change in the shape of the SINWs array,
which enhances the conductivity of the sensors (due to the connect-
ed together SiINWs by sidewalls). Changing t, from 45 to 135 min
resulted in a decrease of resistance from 47.3 to 31.9 Q. Texturing
the sample surface before the MACE process reduced the sensor re-
sistance from 106.4 to 54.1 Q. It is worth noting that varying the
hydrogen peroxide content from 0.4 to 1.2 ml resulted in a decrease
in SiNWs resistance from 61.9 to 27.6 QQ, despite the increase in
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surface roughness and porosity. Clearly, treating the SiNWs in a
concentrated hydrogen peroxide solution significantly affects the
electrical characteristics of the sensors, which requires further in-
vestigation.

The thermosensitivity of resistive temperature sensors was de-
termined as the relative change in resistance with temperature var-
iation from 20 to 80°C. It was found that thermosensitivity exhibits
a clear dependence on resistance, whereby an increase in sensor re-
sistance leads to an increase in thermosensitivity (Table 2). Specifi-
cally, certain technological operations were identified to enhance
thermosensitivity. Increasing the deposition time of silver nanopar-
ticles from 20 to 60 sec. results in a significant increase in the co-
efficient of thermosensitivity from 221.1 to 985.4 ppm/K. Treat-
ment with an alkaline etchant impairs an increase in thermosensi-
tivity from 192.7 to 428.4 ppm/K, while, in the case of an acidic
etchant, it increases from 192.7 to 785.8 ppm/K. This dependence
of thermosensitivity on resistance is likely due to the increased de-
gree of porosity, which provides a larger specific surface area in-
volved in thermal generation of charge carriers.

A decrease in the resistance of the SINWs array impairs deterio-
ration in the thermosensitivity of resistive temperature sensors, at-
tributed to a lower surface porosity and thermosensitive area of the
sensor. Specifically, an increase in etching time and a presence of
surface texturing result in a decrease in coefficient of thermosensi-
tivity. For instance, increasing the etching time from 45 to 135 min
leads to a decrease in the coefficient of thermosensitivity from
1628.3 to 812.3 ppm/K. The presence of surface texturing signifi-
cantly reduces the coefficient of thermosensitivity to 192.7 ppm/K.
Similarly, the change of H,0, concentration from 0.4 to 1.2 ml re-
sults in a decrease of SiINWs thermosensitivity from 321.3 to 47.5
ppm/K. The influence of the two-step MACE etching process on
thermosensitivity is likely due to electrical factors rather than
structural factors (as surface roughness and porosity increase,
along with the thermosensitive surface area). It could possibly have
a negative impact on charge carrier lifetime. The maximum coeffi-
cient of thermosensitivity achieved for the resistive temperature
sensor was 2335.8 ppm/K.
Temperature Diode Sensors. Thermodiodes operate based on the
change in voltage drop across the p—n junction with temperature
variation under constant current. The electrical and thermal sensi-
tivity properties of diode-type temperature sensors based on SiNWs
were investigated using voltage—current characteristics shown in
Fig. 5, a and calculated rectification and thermosensitivity coeffi-
cients (Table 3).

Thermodiodes based on SiNWs are characterized by rectifying
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Fig. 5. I-V characteristics of thermodiodes based on SiNWs (a) and their
thermosensitivity in dependence on additional chemical treatment (b).

properties, as confirmed by the I-V curves in Fig. 5, a. The rectifi-
cation coefficients were calculated as the ratio of forward current
to reverse one at a voltage of 1 V. In addition, the maximum recti-
fication factor was 2503. The magnitude of thermosensitivity was
determined using the equation

U(T)=UT,)-S(T-T,),

where U(T) and U(T,) are the applied biases at temperatures T and
T, respectively, S is the thermosensitivity coefficient. Such a char-
acteristic was measured at 100 pA current to avoid self-heating of
the device, which would introduce errors in the measured tempera-
ture value.
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This research demonstrates that the process parameters of MACE
significantly affect the rectification coefficient. The following tech-
nological parameters were found to improve rectifying characteris-
tics. The variation in hydrogen peroxide content has shown that the
best rectification coefficient was achieved at a concentration of 0.8
ml, resulting in a value of 165. This can be attributed to a non-
monotonic increase in the forward current through the p—n junc-
tion.

However, further increase in the content of the second-stage rea-
gent significantly deteriorates the electrical properties of the sen-
sors. The presence of texture on the sensor surface improves recti-
fication coefficient by 65%. This is due to an increase in the for-
ward current through the p—n junction and a slight decrease in the
reverse current. The use of additional etching by means of an iso-
tropic etchant greatly improved the electrical characteristics of the
diode sensors. In particular, the rectification coefficient increased
by more than an order of magnitude (from 90 to 1745), which can
be attributed to a one-order decrease in the reverse current through
the p—n junction and a slight increase in the forward current.

It has also been found that increasing the duration of the first
and second MACE stages has a negative effect on the electrical pa-
rameters of the sensors. Especially, changing of deposition time of
Ag NPs from 20 to 60 sec reduces the rectification coefficient from
165 to 152, which can be explained by a two-fold decrease in the
forward current through the p—n junction. In addition, changing of
etching time in the range of 45 to 135 min decreases the rectifica-
tion coefficient from 77 to 44. This is associated with an increase in
the reverse current and a decrease in the forward current through
the p—n junction. It has been shown that a higher content of AgNO,
in the solution of the first stage leads to a decrease in the rectifica-
tion coefficient from 165 to 55. This is due to a significant decrease
in the forward current and an 80% increase in the reverse current
through the p—n junction.

The use of additional etching by means of an anisotropic etchant
resulted in an almost three-fold deterioration of the rectification
coefficient, which is due to more than a two-fold increase in the re-
verse current through the p—n junction and a slight decrease in the
forward current.

Increasing the duration of MACE first stage has an improving
effect on the thermal sensitivity of the sensor, resulting in an in-
crease of the thermal sensitivity coefficient from 0.9 to 1.8 mV /K.
It is evident that increasing the surface roughness of the sensor
from 226 to 753 nm provides an increase in the sensitive area of
the sensor. However, when etching time is increased, temperature
sensitivity of the device decreases by 35% . This observed trend may
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be attributed to the decrease in porosity, leading to a decrease in
thermal sensitive area of the sensor. In addition, concentration of
solution in the first stage of MACE (AgNO,) improves of thermal
sensitivity coefficient from 0.9 to 1.7 mV/K, which is due to an in-
crease in the device’s sensitive area. On the other hand, using a
more concentrated solution at the second stage of MACE signifi-
cantly decreases the sensor’s sensitivity from 2.3 to 1.3 mV/K, de-
spite an increase in surface roughness and porosity. It is evident
that the positive effect of an increased sensitive area (roughness
increased from 101 to 355 nm) is counteracted by the reduction in
carrier lifetime during treatment in a concentrated hydrogen perox-
ide solution. Surface texturing reduces heat-sensitive characteris-
tics more than twice. This deterioration in thermal sensitivity can
be attributed to a sharp decrease in porosity of the silicon nanowire
array from 82.5 to 56% . The use of additional etching on textured
samples, using an acid etchant, improved the thermal sensitivity
characteristics of the diode sensors from 1.5 to 2.5 mV/A. This im-
provement is attributed to the isotropic etching that smoothens the
surface irregularities (reducing surface roughness from 897 to 771
nm), while significantly increasing the porosity (from 56 to 92%).
However, when an alkaline etchant was used, the thermal sensitivi-
ty coefficient deteriorated by 50% despite the increased porosity
coefficient which needs further explanation.

4. CONCLUSIONS

In this research, thermistors and thermodiodes based on silicon
nanowires were developed, and the influence of MACE synthesis pa-
rameters on their characteristics was investigated.

It was determined that the technological synthesis parameters of
the silicon nanowire array have a significant impact on lateral
roughness and bulk porosity, which determine the specific surface
area of the thermosensitive sensor surface and, consequently, affect
the temperature sensitivity of the sensors.

Specifically, it was shown that increasing the parameters of the
first stage of MACE and using acid etchant leads to an improved
thermal sensitivity of both diode and resistive sensors. On the other
hand, increase of the parameters of the second stage of MACE and
the presence of surface texturing result in a deterioration of ther-
mal sensitivity of both types of sensors. The maximum thermal sen-
sitivity coefficients are as follows: 2336 ppm/K for thermoresistors
and 2.5 mV/K for thermodiodes.

These results indicate that use of a simple and cost-effective nan-
owire synthesis technology (MACE) is efficient for production of
resistive and diode temperature sensors.
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Bismuth oxide (Bi,O;) nanoparticles are synthesized and evaluated for
their function as materials for solar cells. Bi,O; solution is inexpensively
produced from the Nigella sativa seeds using a green synthetic method.
The synthesized Bi,O, solution is deposited by droplet casting method, and
the synthesized nanofilm is dried at 80°C. Subsequently, diagnostic tests
such as UV-VIS, XRD, and FTIR are performed on the Bi,O;/glass thin
films. By means of the SEM, EDS, AFM, and I-V characteristics in dark
and under illumination, the optical and structural characteristics of Bi,0,-
nanoparticle films are investigated to determine the optical energy gap
and crystalline material. X-ray diffraction reveals the presence of a te-
tragonal crystal system in the phase. The estimated band-gap energy E, is
approximately E, =3.6 eV, and FTIR analysis shows the degree of infra-
red absorption as a function of wavelength to demonstrate the presence of
functional groups in bismuth-oxide molecules from Bi—O bonds. SEM-EDS
morphology studies examine the occurrence of nanocrystals of various
shapes and sizes. Finally, as a bulk heterojunction device, the I-V per-
formance of the solar cell (Ag/Bi,0;/PSi/Si/Ag) deserves attention, and a
fill factor FF =48 is found for a solar-cell efficiency of 2.8%, ideality
factor B =1.35, characterization resistance R.;=175 Q, and the parallel
resistance = 25.14 Q-s. This cheap nanoparticle material could be an ideal
candidate for future energy applications.

CuHTe30BaHO i OIliHEHO HAHOYACTMHKU OKcuay Bicmyry Bi,O; Ha mpemmert
ixHBbOI MYHKII AK MaTepiAniB mis coHauHuX ejaeMeHTiB. Posumn Bi,O; He-
OPOTO0 BUPOOJAIOTH 3 HACIHHSA YOPHYIIKU IIOCIBHOI 3€JI€HUM CUHTETUUYHUM
merogoM. CuHTezoBaHmME posumH Bi,0; ocamXyrTh MeTOZOM KpAaIeJbHOTO
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JUTTS, a CHUHTEe30BaHY HAHOILIIBKY BUCYIINIYIOTH 3a Temmuepatypu y 80°C.
3rooM JiATHOCTUYHI TECTH, TaKi AK CHEKTPO(GOTOMETPiA B ONTUUHOMY (BHU-
OIUMOMY) HiANa30Hi 3 MPUJIETIUM O HBOTO yJIbTpadioseToBUM [qisnasoHOM,
peHTI'eHiBchbKa Audpakiiia i iH)pauepBoHA CIIEKTPOCKOIIiA Ha OCHOBI mepe-
TBOpPeHHA Pyp'e MPOBOAATHCA HA TOHKMX ILTiBKax Bi,0;/ckio. 3a momomo-
roi0 CKaHyBaJIbHOI eJeKTPOHHOI MiKPOCKOIIil, eHeproAuciepciiiHol peHTre-
HiBCBhKOI CIIEKTPOCKOIIi], aTOMHO-CHUJIOBOI MiKpocKoIii Ta I[-V-
XapaKTePUCTUK y TEMPABi Ta 3a OCBITJIEHHA AOCIiIKEHO ONTUYHI Ta CTPYK-
TypHi xapaktepuctuku Bi,0;-HaHOUACTUHKOBUX IJIIBOK [AJs BU3HAYEHHA
ONTUYHOI eHepreTUYHOI IMiJIWMHU Ta KPUCTAJIiuYHOTO Marepiany. PeHTreHiB-
cbKa qudpakKilis BUSBJIAE HASBHICTL TeTparoHaJbHOI KPUCTAJIIUHOI cHUCTeMU
B (pasi. PospaxyHKoBa eHepria 3a00poHeHOI 30HM E, CTaHOBUTH NPUOIU3HO
E, =3,6 eB, a ananiza iH()pauepBOHOI0 CIEKTPOCKOIIi€I0 Ha OCHOBi Ilepet-
BopeHHsA PDyp'e MOKas3ye CTYIiHL MOTJIMHAHHA iH(MPAUYEPBOHOTO BUIIPOMi-
HEHHA AK (QYHKII0 AOBKWHU XBUJi, II[00 HPOZEMOHCTPYBATU HAABHICTH
(QyHKIiOHAIBHUX TPYH y MOJEKYJax OKcuAy BicMyTy 3 xeMiuHMX 3B A3KiB
Bi—0. Hocaimsxenua mopdoJiorii 3a AOMOMOrOK CKaHYBaJbHOI €JIEKTPOHHOL
MiKpOCKOITii I eHeproAucliepciiinol pPeHTI'eHiBChKOI CIEKTPOCKOIii BuBUa-
IOTh MOSIBY HAHOKPHUCTAJIIB pisHux (opm i poamipis. Hapermiti, axk mpucTtpiit
3 06'€eMHEM TIeTepoIlepexooM, eKCILIyaTalilini axocti -V COHAYHOrO eje-
menTa (Ag/Bi,0;/PSi/Si/Ag) sacayroByoTh Ha yBary, a KoedillieHT 3amoB-
HeHHa FF =48 sualineno ni1sa epeKTHUBHOCTH COHAYHOI KoMmipku y 2,8%,
koedimienT imeampHocTH P =1,35, xapakTepucTuyHUN omip Rypy =175 Om i
napajgeabHU (IIyHTYBaJdbHUNA) onip = 25,14 Owm-c. Ileit memreBuii HaHOYAC-
TUHKOBUH MAaTepifJ MOKe CTaTH ifeaJbHUM KAHIUIATOM IJS ManOyTHiX
€HEePTEeTUUYHUX 3aCTOCYBaHb.

Key words: biosynthesis, Bi,O; nanoparticles, Nigella sativa, drop casting
technique.

Karouosi cioBa: 6iocuHTe3a, HanouactTuku Bi,0;, yopHyIIKa mociBHa, Te-
XHOJIOTifA KPAIJUHHOTO JIUTTS.
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1. INTRODUCTION

Nanomaterials are particles with diameters ranging from 1 nm to
100 nm. Their utility in many practical applications is attributable
to the fact that they have various uncommon properties as opposed
to larger-size materials [1, 2]. Nano-metal oxides are often utilized
in optics, electronics, and catalysts [3]. Many physical and chemical
processes have been used to manufacture Nano-metal oxides, which
generally include pollutants and poisonous compounds and are haz-
ardous to humans and the environment, as well as taking a long
time and consuming a lot of energy, in addition to being unstable
and producing by-products. Therefore, it becomes important to shift
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to simpler, more environmentally friendly, and ecosystem-friendly
manufacturing methods, such as green synthesis techniques [4]. The
technology is characterized by the ability to generate stable prod-
ucts with high oxygen content, while the phenolic plant extracts act
to oxidize and reduce metal salts and nitrates to nanoscale oxides
resulting in more efficient sites with high surface area [5]. The ox-
ide Bi,O; produced in this study can be obtained easily and inexpen-
sively using rice seeds.

2. EXPERIMENTAL DETAILS

Bi,O; is a substantial p-type semiconductor with direct optical band
gaps of 2.6 eV [6]. Bi,O; thin films are of importance because they
have significant traits and properties such as optical energy gap,
refractive index, optical conductivity, and mechanical strength [7].
Bismuth oxide, with the formula Bi,O; and the appearance of a yel-
low crystallite, is a significant material in many technical applica-
tions. Powder is distinguished by its colourlessness and tremendous
solidity. Bismuth oxide crystals have vital applications in electro-
magnetic applications and the investigation of optical conductivity
of thin films [8]. Bismuth oxide crystals can be made in numerous
ways, including thermal oxidation in the air by heating bismuth ni-
trate at a temperature of 80°C or through green synthesis, which
was employed in our study.

3. PREPARATION OF THE PLANT EXTRACT

It also contains pentacyclic soluble in water plant extract of plant
seeds (Nigella sativa) found in local markets, which contain their
function in the phenols that comprise excess components and reduc-
tions of metal solutions from their salts and nitrates. 1 g of plant
seeds (N. sativa) were crushed with an electric mixer, and the pow-
der was put in a glass beaker with 100 ml of pure water free of
mineral ions; it also contains pentacyclic soluble in water vegetable
extract of plant seeds (N. sativa) found in local markets, which con-
tain their function in the phenols that comprise excess components
and reductions of metal solutions from their salts and nitrates.
Plant seeds (N. sativa) of 1 gm were crushed using an electric mix-
er, and the powder was placed in a glass beaker (100 ml) of cleaned
water devoid of mineral ions. Aqueous bismuth nitrate Bi(NO;); ex-
ists. It exists as colourless crystals (that as water).

Soluble and have a molecular weight of 395 g/mol and density of
2.8 gm/cm®. After weighing, 4.85 gm of bismuth nitrate using a
delicate (4-digit) scale, it was dissolved in 100 mL of distilled wa-
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ter, and the mixture was stirred by a magnetic stirrer at 80°C for
30 min with the addition of 3 mL acid HCI to complete the dissocia-
tion process.

We also obtained an aqueous solution of bismuth nitrate. Then,
the plant extract of Nigella sativa was added gradually into the
aqueous solution made of bismuth nitrate, and keep stirring with a
magnetic stirrer to make it take on a new colour. The weight re-
quired for dissolution was calculated from nitrates of plant miner-
als to plant extracts using the following equation [9]:

M =(W,/My)-(1000/V). (1)

Here, M is molar concentration, mol/L; W,—solute weight, gm;
W,—molecular weight of, gm/mL; V—solvent volume, mL.

Figure 1 shows the mechanism of preparing bismuth oxide solu-
tion using green synthesis technology.

The Bi,O; NPs solution was deposited using the drop casting
method while heating the glass/PSi substrate to a temperature of
(80°C). We drop three drops of the generated nano-bismuth-oxide
solution on the glass slide of the electric heater connected to the
digital thermocouple, and then place it on the heater for 30 minutes
to allow the solution to precipitate fully. For example, with XRD,
UV-Visible, FTIR, TEM, by comparing with the international atlas
JCPDS, the material identification of the existence and appearance
of nanoparticles was found. Figure 2 shows the deposition process
using drop casting.

The process of synthesis of bismuth-oxide nanoparticles, im-
portant diagnostic tests, application as solar cells and measurement
of their parameters can be elucidated.

\|| ed extract

e+ - i y &= @

Mge!fa sativa DI water Ngtﬁa :arrva Cobalt nitrate

nanoparticles (CoO NPs)

Fig. 1. Shows the mechanism of preparing bismuth oxide [19, 21].
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Fig. 2. The drop casting process [20, 21].
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Fig. 3. XRD pattern of Bi,O; thin film deposited by drop casting on glass
[21].

4. RESULTS AND DISCUSSIONS
4.1. XRD

To examine the crystal structure of Bi,O; film growth and to de-
termine the nature of the crystal planes and their principal direc-
tions, x-ray diffraction patterns were used (the x-ray spectrum is
shown in Fig. 3).

There are six distinct peaks corresponding to angles 25, 31, 39,
47, 54, 58, as shown in Table 1. They correspond to crystal planes
(100), (101), (102), and (132), respectively. The deposited thin films
show a tetragonal phase according to the cards numbers 00-050-
1088, 00-044-1246 and 00-041-1449. This study approximates the
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TABLE 1. The properties of (bulk) bismuth oxide Bi,O; [21].

Properties of materials

Chemical symbol Bi,04

Energy gap 2.29-3.31 eV
Transmission 375—-542 nm

Colour Yellow

Density 8.9 g/cm?

Molar mass 465.96 g/mol

Group Bismuth 15/0Oxygen 16

Electron configuration Bismuth ([Xe]4f*5d'°6s%6p%)/Oxygen ([He]2s?2p*)
Melting point 817°C
Boiling point 1890°C

TABLE 2. Result of inter planer for XRD pattern [21].

A
=)
8 8 % < T =
o e A - o X
o0 N <] =T} g —
[ CD o] =1 = IS ~
< © a = = = Card No.
3 3 ~ g Q '3 P
= >< = o)) & [H)
o o < @ = S
N N = 0] =
b
Bi,0,

12.20 11.95 (100) 14.641 26.47 13.085 14.262 (00-050-1088)
23.79 24.00 (101) 7.331 44.88 7.7204 4.9645 Bi (00-044-1246)

Bi,0,

25.72 25.60 (020) 6.879 40.51 8.551 6.091 o 0.ty o)
Bi,0,

35.90 36.35 (102) 4.887 36.17 9.579 7.6428 o 0.3, o)
Bi,0,

49.43 49.10 (132) 3.669 41.40 8.369 5.834 (00-041-1449)

findings by T. P. Gujar, V. R. Shinde, C. B. Lokhande, R. S. Mane,
and S. H. Han (2005) [11], as shown in Table 2.

4.2. UV-VIS

The existence of Bi,O; NPs was identified by examining the ultravi-
olet spectrum (UV-VIS).

It was also revealed that absorption was at 35-10* cm™ while
scanning at wavelengths spanning from 300 to 900 nm. In the pho-
ton energy range from 1 eV to 7 eV, the optical energy gap of Bi,O,4
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Fig. 4. Plot of (ahv)? versus (hv) of Bi,O; NPs film [21].

nanoparticles is E, =3.6 eV and E, =4.9 eV. This is accomplished
by presenting magnltude (ahv)? as a function of photon energy hAv,
as seen in Fig. 4.

The growing amount of the energy gap returns to the point when
the matter transition into to a nanostate. The cause for the creation
of two energy gaps for the same film is due to the fission of the
Fermi level and the formation of new energy orders inside the pre-
vious energy gap. The absorption coefficient greater than 1-10* cm™
that mean the r=1/2, and the electron transfers were of the direct

type.

4.3. FTIR

Fourier spectroscopy was used as a diagnostic tool for the energy of
effective bonds at the main absorption zones. FTIR spectrum of
Bi,O, solution, strong peak was centred at 3340.43 cm™', which is
attributed to the presence of the hydroxyl radical adsorbed to the
surface of the nanomaterial (O—H stretch), while the peak was at
1631.41 cm™, which represents the O—H scissors, while the bond
was 7388 cm™. The hydroxyl radical Bi—-OH and the bond are 646.93
cm, 604.69 cm, and 604.69 cm™, respectively; so, it corresponds to
the bonding of the produced metal oxide Bi—O.

Figure 5 displays the FTIR spectrum, peak locations, and active
bonds of the prepared material, while Table 3 gives the results for
the prepared material, namely, FTIR spectrum of Bi,O,; solution and
bismuth oxide layers formed at a low reaction temperature.

These results are almost in agreement with the results obtained
earlier by other researchers N. Motakef-Kazemi and M. Yaqoubi
(2020) [12].
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Fig. 5. FTIR measured for bismuth oxide thin film deposited on glass [21].

TABLE 3. FTIR assessment for Bi,O; [21].

Band Type | FTIR Assessment for (Bi,0,)
3340.43 O—H Stretch
1631.41 O—-H Scissor
1189.53 Bi—OH
919.86 C-0
763.90
646.93 Bi_O
604.69

4.4. SEM

Figure 6 displays pictures taken by a scanning electron microscope
that are used to examine the surface topography of a thin film of
Bi,O; that has been applied to the surface of a glass slide. The im-
ages revealed a uniform distribution of small particles grouped into
uniform groups covering the glass surface, along with nanocrystal-
lite of various shapes and sizes, as well as acinus and nanoneedles
with an average size of 70.1 nm.

These findings almost exactly match the researchers’ findings (H.
Shirkhanloo, M. Safari, S. M. Amini, and M. Rashidi (2017) [13]).

4.5. EDS

It was discovered that the elements are present in proper ratios by
looking at their energy dispersion spectrometers. As illustrated in
Fig. 7, the sample was coated with a small layer of gold to boost the
reflectivity of the electronic beam falling vertically on the sample
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Fig. 6. SEM of Bi,O, thin film preparing by drop casting method [21].

Electron Image 19

a b

Fig. 7. EDS of Bi,0; thin film preparing by drop casting method [21].

under examination. This caused the appearance of the gold element.

4.6. AFM

Since the atomic force microscope provides accurate information
about the surface roughness and the nature of the particle distribu-
tion within the atomic grains as well as the root mean square of
these grains by scanning the surface for films and at a temperature
of 80°C, the surface topography of the deposited Bi,O; films pre-
pared by drop casting method was studied using the atomic force
microscope (AFM).

The Bi,O; NPs thin film is depicted in three dimensions in Fig. 8,
as shown in Table 4.
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Fig. 8. AFM images of the topography of a pure Bi,O; film deposited at
80°C [21].

TABLE 4. AFM data [21].

Item B,O4 Average Roughness Root mean
thin film diameter size, nm average, nm square, nm
Bi,0;/glass 95.03 1.50 1.57
4.7. I-V

In order to create the porous silicon PSi, electrochemical etching
(ECE) was used. In order to stimulate the corrosion process, Ameri-
can-made silicon wafers (n-type > 100) with ohmic resistance 1-10
were used. Current density of 25 mA/cm? and effect time of 20 min
were used under the illumination of a halogen lamp with a capacity
of 70 W and at a vertical distance of 20 cm from the sample to be
prepared. The silicon Si wafer serves as the cathode and a gold ring
serves as the anode. The drop casting process was used to create the
thin film for the solar cell Ag/Bi,O;/PSi/Si/Ag). The I-V in dark
and the I-V lighted, filling factor (FF), and transformation effi-
ciency are some of the most crucial electrical characteristics of a
solar cell. A solar cell is a technology that efficiently converts light
energy into electrical energy. One of the crucial electrical character-
istics that illustrate how the current behaves with the voltage ap-
plied to the cell in the cases of forward and reverse bias is the I-V
property, which is used to describe the performance of heterojunc-
tion cells. Figure 9 illustrates the current—voltage characteristics
(in dark) of the Ag/Bi,0,/PSi/Si/Ag heterojunction prepared by
drop casting technique.

Figure 10 shows that the current increases with the increase in
voltage when the bias is forward, but when the bias is reverse, the
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Fig. 9. I-V characteristics of Ag/Bi,O,/PSi//Si/Ag in illuminated and dark
[21].
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Fig. 10. Calculated ideality factor—V curve [21].

current increases gradually with the bias voltage and provides a
gradual breakdown voltage. This behaviour is a general property of
heterojunctions. When the bias is in the forward direction, the
width of the depletion region narrows as the voltage rises. The ma-
jority of charge carriers are injected by the applied bias voltage in
the forward bias state, which reduces the breadth of the depletion
region and raises the concentration of the majority and minority
carriers.

Due to the ability of establishing the parameters of the solar cell
and measuring its conversion efficiency, the measurement of cur-
rent—voltage characteristics in the condition of illumination is one
of the most crucial measurements for solar cells. The solar cell was
exposed to white light with intensity of 100 W/cm?; and by using
the I-V relationship in the case of illumination, we can draw it as
in Fig. 10 to show the change in values of the illumination current
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as a function of the reverse bias voltage. Two tangents are drawn to
acquire the parameters of the solar cell, and from their conver-
gence, the maximum value of P,,, (maximum power point) is calcu-
lated.

4.8. Solar Cell Parameters

While the value of the short-circuit current Iy, was found at V=0,
where we extract the value of the output power from the product of
the voltage and current, the open circuit voltage Vg, was deter-
mined at I =0 and equal to V=94 mV. The filling factor was com-
puted using the relationship (2) and the open circuit voltage and
short circuit current (P,,=Voclsc), and its result was
FF=17.11436. By dividing the current Iy, by the effective junction
area A,,; in units of cm® (Jg=Ig/A,;), the short-circuit current
density is calculated to be J4. =4 mA/cm?. The efficiency of the so-
lar cell was determined to be = 2.8 using the preceding measure-
ments and the calculation made in accordance with relationship (3).
Calculating solar cell characteristics using equations [14, 15] were
as follow:

FF = (Lj -100%, 2)
OCISC
n= [—IS;VOCJ .FF. (3)

Filling factor, maximum voltage for solar cells, maximum current
density, maximum current in a short circuit, and maximum voltage
in an open circuit are all represented by the letters FF, I, and V.
The P,, represents the amount of energy dropping perpendicularly
on a unit area over a unit time—radiation dose rate [16, 17].

4.9. Ideality Factor

The ideality factor P is calculated through the mathematical rela-
tionship (3) as the graphical relationship is drawn between the bias
voltage on the x-axis and In(J/J,) on the y-axis. After finding the
slope of the tangent to the curve, the reciprocal of the slope of the

TABLE 5. Solar cell parameter Ag/Bi,0,/PSi//Si/Ag in illuminated.

Voos V|Ise, mA| V,, V |J,,, mA|R,, m?| FF [Eff., %| B | Reu(Q) | Ry(Q)
0.65 9.00 0.40 7.00 100 0.48 2.8 1.35 175 25.14
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tangent is multiplied with the value q/(k;T).

The increase in the value of the ideality factor indicates that the
re-joining current is dominant, and this is due to the presence of
additional energy levels resulting from the deep defects in the pol-
ymorphic and shaped materials. Figure 10 illustrates the curve of
the ideality factor [18]:

_ 9 1;
P hT In(I, /I)’ ©)

where k; is Boltzmann constant, T—absolute temperature, I,—
forward bias current, Ig—saturation current.

5. CONCLUSIONS

Drop casting on glass substrates was used to describe the precipi-
tated Bi,O; films. Through optical investigations utilizing the visi-
ble and ultraviolet spectrum, two optical energy gaps, one in the
visible spectrum and the other in the ultraviolet, were used with
Tauc equation to determine the kind of transmission (direct trans-
mission). Testing revealed that the green manufacturing of nano-
particles produced successful results.
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In this paper, the synthesis of novel (polyvinyl alcohol (PVA) and carbox-
ymethyl cellulose (CMC)/silicon dioxide (SiO,) and tin oxide (SnO,)) nano-
composites to apply for gamma-ray shielding with low unit cost, flexible,
lightweight, and high corrosion resistance. Scanning electron microscopy
analysis of the nanocomposites consisting of PVA-CMC-SiO,—SnO, films
reveals the presence of numerous aggregates or fragments, which exhibit
the consistent and coherent distribution on the upper surface. The optical
microscope analysis of the blend additive distribution of nanoparticles in-
dicates the uniform and homogeneous pattern. The prepared nanocompo-
sites underwent testing to evaluate their effectiveness in shielding against
gamma-rays. The experimental findings indicate that the nanocomposite
films of PVA-CMC-SiO,-SnO, exhibit significant attenuation levels for
gamma-rays.

YV 1mifi pobOTi POSTIAHYTO CHUHTE3y HOBUX HAHOKOMIIO3UTIB (mMOJiBiHiIOBMIt
cuoupt (IIBC) ta kapb6oxcumerununenionosa (KMIL)/miokcuny Cuainito (SiO,)
ta okcupx Cramymy (SnO,)) 3azyia BacTocyBaHHS [Jid €KDAaHYBaHHA Y-
IPOMEHIiB 3 HM3BKOI BapPTiCTIO OAWHMUILI, 'HYYKICTIO, JIETKICTIO Ta BHCOKOIO
KoposiiiHoio cTilikicTio. CraHyBajlbHa e€JeKTPOHHO-MiKPOCKOIIiUHA aHaJiza
HAHOKOMIIO3UTIB, IO cKJazamThea 3 miaiBok [IBC-KMI[-SiO,—Sn0O,, BusaB-
Jile HaABHICTHh YMCJIEHHUX arperaTtiB abo ¢parmeHTiB, fAKi IeMOHCTPYIOTH
TIOCTiIOBHUI i KOTepeHTHUIl POSIOZiJl Ha BepXHill moBepxHi. AHajiza 3a
JOTIOMOT'OIO0 OIITUYHOTO MiKPOCKOIIAa aAWTUBHOTO POBIOALTY HAHOYACTUHOK Y
cyMinri BKasye Ha PiBHOMIpHY ¥ omZHOPimHY cTpykTypy. Ilizrorosieni Ha-
HOKOMIIO3UTH IIPOUIIIN BUOPOOYBAHHS IJis OIMiHKMN IXHBHOI e(peKTHBHOCTHU B
eKpanyBaHHi Bix y-mpomeHiB. ExcriepmMeHTaNbHI pe3yabTaTU CBiguaTh IIPO
Te, 10 HaHokoMmmnosuTHi niiBkum IIBC-KMI[-SiO,—Sn0O, a1eMOHCTpPYIOTH
3HaYHi piBHI ocjabyeHHSA y-IIDOMEHiB.

Key words: nanocomposites, SiO,—SnO, nanoparticles, polyvinyl alcohol,
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carboxymethyl cellulose, structural properties, gamma-rays.

KarouoBi ciaoBa: HaHOKOMIIO3UTH, HaHOUacTuHKY Si0,—Sn0,, mosiBirintoBuit
CIUPT, KAPOOKCUMETHUIIETI0JI03a, CTPYKTYPHI BJIACTUBOCTI, y-IIPOMEH].

(Received 11 July, 2023)

1. INTRODUCTION

Polymeric materials are widely utilized in contemporary applications
due to their affordability, ease of production, favourable properties,
and frequently exceptional performance. It is widely acknowledged
that most polymeric materials exhibit insulating properties, render-
ing them suitable for electrical and electronic use; a relationship has
been established since antiquity. Polymeric materials have become a
fundamental component in the electrical and electronic industries
due to their advantageous characteristics, despite initially being uti-
lized as auxiliary materials [1].

A polymer blend refers to the amalgamation of two or more pol-
ymers, creating a novel material exhibiting diverse physical charac-
teristics. The utilization of heat in conjunction with thermoplastic
materials and the combination of heat and plastic materials has
been a subject of interest in various fields. The five primary classi-
fications of polymer blends are polymer-filling blends, mixtures,
and rubber-thermosetting blends. The practice of polymer blending
has garnered significant interest due to its inherent advantages in
terms of simplicity and cost-effectiveness, making it a viable ap-
proach for producing scalable polymeric materials with the potential
for widespread commercial utilization. Simply put, mixtures’ prop-
erties can be controlled based on their intended use through the ap-
propriate selection of polymer materials [2, 3].

Polymer nanocomposites (PNCs) are determined as a type of ma-
terial with unique properties. A polymer nanocomposite (PNC) is a
polymer- or copolymer-containing nanoparticles or nanofillers dis-
tributed throughout the polymer matrix. Inorganic particles are
disseminated in an organic polymer matrix in at least one dimen-
sion to improve the quality attributes of the material [4, 5]. PNCs
are modern polymers, which can be used instead of traditional filled
polymers. One of the notable enhancements observed in nanocompo-
sites is the significant improvement in their properties compared to
those of pure polymers. This improvement can be attributed to the
enhanced dispersion of fillers within the nanocomposite structure.
The enhancements include heightened tensile strength, enhanced
electrical conductivity, decreased flammability, and improved ther-
mal stability. Nanoparticles added to polymer composites also re-
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sulted in a new line of composite materials with improved and
unique properties. Platelets, fibres, and spheroids are examples of
these ones [6, 7].

Polyvinyl alcohol (PVA) is a polymer with remarkable character-
istics, including biodegradability, non-toxicity, biocompatibility,
water solubility, and non-carcinogenicity. It can form hydrogels
through either chemical or physical means [8, 9]. PVA exhibits a
sufficiently high tensile strength and demonstrates sufficient flexi-
bility. In order to enhance deformability, PVA is commonly subject-
ed to plasticization through various low molecular weight com-
pounds, predominantly characterized by polar groups [10, 11].

Carboxymethyl cellulose (CMC) is cellulose ether that gels at high
temperatures and forms excellent films. Due to its polymeric compo-
sition and substantial molecular weight, it possesses the potential to
serve as filler in biocomposite films. The incorporation of CMC can
lead to improvements in both the mechanical and barrier characteris-
tics of starch-based films. Cellulose is a linear, high molecular weight
detergent and surfactant used as a polymer antidirt agent and a safe,
reusable, and biodegradable fibre surface protection [12, 13].

Silicon oxide (SiO,) or silica is most common in nature as quartz.
It has many forms, but all forms of silica are identical in chemical
composition, but with different atomic arrangements. Silica, in all
its manifestations, exists as an odourless solid material consisting
of silicon and oxygen atoms. Silica particles can become airborne
and aggregate to form dust that lacks explosive properties [14, 15].

Tin oxide (SnO,) is a transparent conducting oxide that increasing-
ly attracts attention as a nanostructured material, primarily due to
its remarkable electrical and optical characteristics. Tin dioxide
(Sn0O,) has emerged as a highly-promising material for various appli-
cations, future optoelectronic devices, photocatalysis, and solar cells.
This phenomenon can be attributed to the significant transmittance
exhibited by the material within the visible range of the electromag-
netic spectrum, coupled with a conductivity range typically falling
between 10°-10% (Q-cm)™* [16, 17]. Owing to its non-toxic nature, af-
fordability, chemical reactivity, and thermal resilience, this material
has been extensively utilised in biomedical applications and gas sens-
ing [18, 19].

Gamma-radiation is of particular significance regarding external
exposure due to its substantial penetrating capability and potential
adverse effects on human health. The cumulative exposure to ioniz-
ing radiation, such as gamma-rays, is associated with various ad-
verse health effects, including the development of cancer, DNA mu-
tations, and infertility, among others. Nevertheless, the ramifica-
tions of these exposures are contingent upon several variables, en-
compassing the specific type of radiation and its corresponding en-
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ergy, the quantity of administered dose (referred to as absorbed
dose), and the duration of exposure. The prioritization of shielding
has become imperative to safeguard individuals and equipment, ow-
ing to the escalating utilization of radioactive substances in medi-
cine and industry [20, 21].

2. EXPERIMENTAL PART

Nanoparticles of silicon dioxide (SiO,) and tin oxide (SnO,) were in-
corporated into nanocomposite films at different weight percentages
O, 2, 4, 6, and 8 wt.%), using the casting method. The procedure
entailed dissolving pure polyvinyl alcohol (PVA) and carboxymethyl
cellulose (CMC) in a ratio of 68:32 in 40 ml of distilled water for 40
minutes under constant stirring, using a magnetic stirrer at a tem-
perature of 70°C to attain a more uniform solution; this one led to
the formation of nanocomposite films consisting of PVA, CMC, sili-
con dioxide (Si0O,), and tin dioxide (SnO,). The liquid was contained
within a Petri dish. After synthesising polymer mixture nanocom-
posites, the resulting solution underwent a four-day drying period
at ambient temperature. The NCs were extracted from the Petri
dish and utilized for measurement.

The surface characteristics of the PVA-CMC-SiO,—SnO, nano-
composites were examined through the utilization of a scanning
electron microscope (Model/Mira-3 — Details/1.2 nm at 30 kV; 2.3
nm at 3 kV — Manufacturing and Country/Tescan, France) and an
Olympus type Nikon-73346 optical microscope with a magnifying
power of x10 and a camera for microscopic photography. This study
examines the gamma-ray attenuation characteristics of SiO,—SnO,
nanoparticles with different volume fractions, utilizing nanocompo-
sites for gamma-ray shielding. Prior to exposure to a collimated
beam emanating from gamma-ray sources (specifically Cs-137 with
an activity of 5 mci), specimens were situated in a designated loca-
tion. The distance between the gamma-ray source and the detector
is of 2 ecm. The current investigation entailed the determination of
linear attenuation coefficients using Geiger counter measurements.
The study assessed gamma-ray fluxes transmitted through nano-
composites of NCs composed of PVA-CMC-SiO,—SnO,.

The equation presented below can be used to derive the linear at-
tenuation coefficient pu based on the material thicknesses [22, 23]:

N =Ngye™, (1)
The variable N, represents the number of radiation particles detect-

ed within a specific time interval without any absorber. Meanwhile,
the variable p denotes the attenuation coefficient of gamma-
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radiation. Lastly, the variable N signifies the number of radiation
particles detected within the same time interval but with a sample
of thickness x.

3. RESULTS AND DISCUSSIONS

3.1. Scanning Electron Microscope Measurements of PVA—CMC—
Si0,—Sn0, NCs

To examine the spatial arrangement of micro-nanofillers in the nano-
composite samples, scanning electron microscopy (SEM) images were
acquired. Figure 1 displays the scanning electron microscopy (SEM)
images of the pure and nanocomposite samples. The homogenous dis-
persion of SiO,—Sn0O, nanoparticles in the polymeric samples can be
observed in Figs. 1, b, ¢. The scanning electron microscopy (SEM)
images of the doped samples reveal the presence of white granules
and the random distribution of granule clusters on the surfaces of
the samples. Furthermore, upon examination of the images, it is evi-
dent that the distribution of SiO, and SnO, on the surfaces of the
samples is uniform [24-28].

Fig. 1. SEM images of PVA-CMC-SiO,—Sn0O,) NCs: (a) PVA-CMC; (b) 2
wt.% Si0,—SnO,; (¢) 4 wt.% Si0,—Sn0,; (d) 6 wt.% Si0,—SnO,; (e) 8 wt.%
Si0,—Sn0,.
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Moreover, it has been demonstrated that the SiO,—SnO, nano-
fillers, after modification, exhibit exceptional adhesion properties
and establish robust interfacial bonding with the polymeric matrix.
The observation of granule aggregation on the surfaces of the sam-
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Fig. 2. Grain size for PVA-CMC-SiO,—Sn0O, NCs: (a) PVA-CMC; (b) 2

wt.% Si0,—SnO0,; (¢) 4 wt.% Si0,—Sn0,; (d) 6 wt.% SiO,—Sn0,; (¢) 8 wt.%
Si0,—Sn0,.
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ples can be attributed to the complexation between the SiO,—SnO,
nanoparticles and the polymer, particularly at higher concentra-
tions, as depicted in Figs. 1, d, e. The observed morphological alter-
ations in the PVA-CMC composite suggest interactions between the
nanofiller and polymer; this indicates that the constituent elements
of the polymeric samples in the nanocomposite exhibit compatibility
[29-33]. Figure 2 shows the grain size for PVA-CMC-SiO,—SnO,
nanocomposites calculated from SEM images.

3.2. Optical Microscope for PVA—CMC—-SiO,—Sn0, NCs

Figure 3 shows the optical images of PVA-CMC-SiO,—SnO, nano-
composites with different concentrations of SiO,—SnO, nanoparticles
at magnification power x10. The present study involved a compara-
tive analysis between pure polymer films and PVA-CMC-SiO,—SnO,
nanocomposite films. The microscopic images exhibit a discernible
distinction among the samples as the proportions of SiO,—SnO, na-
noparticles are progressively increased, as visually depicted in im-
ages a, b, ¢, d, and e. Homogenous distribution of SiO,—SnO, nano-
particles through PVA-CMC blend was observed. Upon reaching a
concentration of 8 wt.% in polyvinyl alcohol films, Si0,—SiO, nano-

e

Fig. 3. Optical microscope images of PVA-CMC-SiO,—-SnO, NCs at a mag-
nification (x10): (a) PVA-CMC; (b) 2 wt.% Si0,—SnO,; (¢) 4 wt.% SiO,—
Sn0,; (d) 6 wt.% Si0,—SnO0,; (e) 8 wt.% Si0,—SnO,.
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particles transition to form a cohesive network within the polymer
matrix [34—38].

3.3. Application of PVA—CMC—-Si0,—Sn0, NCs for Gamma-Ray
Shielding

Figure 4 illustrates the fluctuation of N/N, in the PVA-CMC blend,
when exposed to varying concentrations of SiO,—SnO, nanoparticles.
The N/N, values exhibit a decrease as the ratio of Si0,—SnO, nano-
particles increases. This observed behaviour could be attributed to
the nanocomposite shielding materials’ absorption or reflection of
gamma-radiation [39-42]. Figure 5 shows increasing In(N/N,) of
the PVA/CMC mixture with increases of SiO,—Cr,0; NPs concentra-
tions [43].

Figure 6 illustrates the fluctuation in attenuation coefficients of
gamma-radiation for the PVA-CMC blend about the concentrations
of Si0,—SnO, nanoparticles. The polymer blend demonstrated a fa-
vourable capacity for radiation absorption. The attenuation coeffi-
cients rise with increasing SiO,—SnO, nanoparticles because shield-
ing materials are made of nanocomposites, which either absorb or
reflect gamma-rays [44, 45]. The attenuation coefficient of gamma-
radiation for nanocomposites has reached a value of 0.026 cm™.
Nevertheless, incorporating PVA-CMC-SiO,—SnO, nanocomposites
offer a distinct advantage due to their enhanced mobility and re-
duced electrical properties. The utilization of this technology does
not result in any discernible impact on the magnetic or electrical

0.90

0.88F

0.86F

N/N,

0.84F

0.82F
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Fig. 4. Variance of N/N, for PVA/CMC mixture with different SiO,/SnO,
NPs concentrations.
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Fig. 5. Change of In(N/N,) for PVA/CMC blend with different concentra-
tions of Si0,/Sn0, nanoparticles.
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Fig. 6. Variance of attenuation coefficients of gamma-radiation for
PVA/CMC blend with different concentrations of SiO,/Sn0O, nanoparticles.

fields that may affect the health of individuals using or receiving
treatment [46, 47].

4. CONCLUSIONS

The present study involved the production of plastic nanocomposite
films utilizing the casting solution fabrication method. The films
were fabricated using nanoparticles of silicon dioxide (SiO,) and tin
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oxide (Sn0O,) in conjunction with polyvinyl alcohol (PVA) and car-
boxymethyl cellulose (CMC). The top surface of the PVA-CMC-
Si0,—Sn0,-NCs films was subjected to SEM analysis to investigate
their surface morphology. The results suggest the presence of di-
verse fragments or conglomerates that were distributed stochastic
across the surface. The optical microscope images reveal the emer-
gence of a cohesive network after the creation of silicon dioxide
(Si0,) and tin oxide (SnO,) nanoparticles in a polymer mixture, with
a weight concentration of eight percent. The concentration of SiO,—
SnO, nanoparticles directly correlates with the attenuation coeffi-
cient of gamma-radiation, as observed by the concentration of NPs.
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As a promising nanostructure to use in various optoelectronic nanodevices,
PVA-Zr0O,—CuO nanocomposites (NCs) are created in this study using the
casting method with different ratios of ZrO,/CuO. Compared to other
nanosystems, the PVA-ZrO,—CuO nanostructures stand out for their low
cost, high corrosion resistance, good optical properties, and lightweight. The
investigation is focused on examining the structural and optical characteris-
tics of nanocomposites composed of PVA-Zr0,—CuO. FTIR spectra indicate a
physical interference between the pure polymer and nanoparticles. The opti-
cal microscope is used to describe the structural properties and the changes in
the surface morphology of nanocomposite. The findings about the optical
characteristics indicate an increase in absorption by approximately 283%.
Additionally, the energy gap experiences a decrease by approximately 107%
for allowed indirect transitions and 408% for forbidden indirect transitions.
These changes are observed, when the PVA-ZrO,—CuO content reaches a
weight percentage of 6% . Consequently, these results suggest that the mate-
rial may possess suitability for a range of optoelectronic devices.

SK mepcneKTUBHY HAHOCTPYKTYPY IJs BUKOPHUCTAHHA B Pi3HUX OIITOEJIEKT-
POHHUX HAHOIPUCTPOAX, y IIbOMY AOCJiM:KE€HHI CTBOPEHO HAHOKOMIIO3UTU
IIBC-Zr0,—CuO 3 BUKOpPUCTAaHHAM METOAY JUTTS 3 PiSHUMMU CITiBBiHOIIIEH-
Hamu Zr0,/CuO. ¥V mopiBHAHHI 3 iHIIMMU HAHOCUCTEMaMU, HAHOCTPYKTYPU
IIBC-Zr0O,—CuO BuUpi3HAIOTHCA HU3bKOI BapPTiCTIO, BUCOKOK KOPO3iifHOIO
CTiMKiCTIO, XOPOIIMMH OITHUYHUMHU BJIACTUBOCTAMU Ta Jierkicrio. lociri-
I)KEHHS 30CEpePKeHO Ha BUBUYEHHI CTPYKTYPHO-ONTUYHUX XaPaKTEPUCTUK
HamoKoMMo3uTiB y ckaani [IBC-Zr0O,—CuO. CuexkTpu iHGpauepBOHOI CIEKT-
pockorii Ha ocHOBi meperBopeHHa Pyp'e BKasyoTh Ha (ismuny imTepdepe-
HI[if0 Mi’K YMCTHM HoJliMepoM i HaHouacTUHKaMU. ONTUUYHHUN MiKPOCKOII

379
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BUKOPUCTOBYETHCS MIJIA OIKCY CTPYKTYPHUX BJIACTHUBOCTEH i 3MiH MopdoJo-
rii moBepxHi HAHOKOMIIO3UTY. BHUCHOBKU IIPO ONTUUYHI XapaKTePUCTUKU CBi-
IUaTh PO 36iabINTeHHA MOoTAuHAHHA npubausuo Ha 283% . Kpim Toro, eme-
preTuyHa IiJINHA 3MEHINyeThcA mpuoausuo Ha 107% aasa mosBoJeHUX He-
npaMux mnepexoxniB i Ha 408% A 3abopoHeHUX HempAMux mnepexoxis. ITi
3MiHU cmocrepiraiorbesa, Koau BmicT IIBC-ZrO,—CuO carae BaroBoro Binco-
Tka y 6% . OTike, IIi pesyabTaTH CBiguaTh MpO Te, II[0 MATEPifAI MOXKe MaTHu
MPUIATHICTD AJIA IIJIOTO PAAY ONTHUKO-eJIeKTPOHHUX IPUCTPOIB.

Key words: polyvinyl alcohol, ZrO,—CuO nanoparticles, optical properties.

Karouori caoBa: moaisininmoBuit cnupr, HanouacTunku ZrO,—CuO, omruuni
BJIACTUBOCTI.

(Received 2 August, 2023)

1. INTRODUCTION

Authors and engineers have begun to take polymer nanocomposite
more seriously as a high-performance matrix; this led to a drastic
improvement in the polymer’s properties and materials due to the
nanoparticle’s contribution to manipulating the structure and im-
proving the materials’ properties [1, 2]. Nanomaterials and nano-
composites, currently regarded as novel and captivating fields with-
in materials science, have been observed in natural occurrences for
centuries. Nevertheless, the techniques for characterizing and ma-
nipulating the structure at the nanoscale have only been developed
much later. A nanocomposite is a conventional compound composed
of two components: filler and matrix. In a traditional composite, a
filler material such as glass fibre or carbon fibre is typically em-
ployed, whereas in a nanocomposite, the filler material consists of
nanomaterials. Nanomaterials encompass a variety of substances,
including carbon nanotubes, carbon fibre tubs, and nanoparticles
composed of gold, diamond, silver, silicon, and copper [3, 4]. Poly-
vinyl alcohol (PVA) is considered one of the most important poly-
mers. He is widely used in many important applications, such as
electrochromic, fuel cells, biomedical fields, and sensors [5, 6]. Pol-
yvinyl alcohol is a synthetic polymer that cherished widespread us-
age during the initial decades of the twentieth century. This sub-
stance has been utilized to produce diverse end products, including
lacquers, resins, surgical threads, and food-processing materials
that come into direct contact with food. These applications span di-
verse sectors, including manufacturing, commercial, medicinal, and
food industries [7, 8]. PVA exhibits notable mechanical properties
such as high tensile strength and flexibility.

Additionally, PVA demonstrates a remarkable ability to act as a bar-
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rier against oxygen and aroma. Additionally, it possesses commenda-
ble characteristics in terms of film formation, blending, and adhesion.
The transmission of visible light exhibits exceptional strength. The
significance of PVA polymeric composites in scientific applications
has been widely acknowledged [9, 10].

Due to their diverse potential applications, the metallic ZrO, na-
noparticles have garnered considerable attention within the wide
bandgap semiconductors. Additionally, they hold a prominent posi-
tion in photocatalysis research owing to their notable surface-to-
volume ratio [11, 12]. Zirconium dioxide (ZrO,) is categorized as an
n-type semiconductor based on electronic characteristics. The mate-
rial has bandgap energy of approximately 5 electron volts (eV) and
demonstrates significantly advantageous photocatalytic efficiency
when exposed to ultraviolet (UV) light irradiation. Applying ZrO,
nanoparticles is primarily influenced by their crystalline structure
and phase transitions. Furthermore, it is worth noting that ZrO,
nanoparticles demonstrate a significantly low thermal conductivity
and a high thermal expansion coefficient. This substance has been
employed in manufacturing various final products, such as lac-
quers, resins, surgical threads, and food processing materials that
have direct contact with food. Furthermore, the substance exhibits
nontoxic characteristics, thereby rendering it ecologically sustaina-
ble. It also demonstrates improved thermal and chemical stability
while offering cost-effectiveness [13, 14].

Copper oxide is classified as a semiconductor metal due to its unique
optical, electrical, and magnetic properties. This material has identi-
fied diverse applications, including the development of supercapaci-
tors, near-infrared filters, catalytic systems, sensors, magnetic stor-
age media, and semiconductors [15, 16]. The utilization of CuO nano-
particles (NPs) has been observed in improving polymer films, regard-
less of whether they are derived from petroleum-based or biobased pol-
ymers; this can be attributed to the remarkable characteristics exhib-
ited by CuO NPs, such as their significant surface-to-volume ratio,
thermal stability, relatively low toxicity, and capacity to enhance the
mechanical properties of polymers [17, 18]. The potential applications
of CuO nanoparticles span various fields, including electronic and op-
toelectronic devices. These applications encompass microelectrome-
chanical systems, gas sensors, magnetic storage media, solar cells,
field effect transistors, electrochemical cells, field emitters, and
nanodevices for catalysis. Consequently, CuO nanoparticles have gar-
nered significant interest in the academic community [19, 20].

This work used graphene oxide to improve the nanocomposites’
structural, optical, and electrical properties PVA—-ZrO,—CuO. This
study showed a significant improvement in these characteristics
mentioned above.



382 ENHANCEMENT STRUCTURAL PROPERTIES AND OPTICAL ENERGY GAP

2. MATERIALS AND METHODS

The fabrication of nanocomposite films was carried out through the
utilization of the casting technique, wherein polyvinyl alcohol
(PVA), zirconium oxide (Zr0O,), and copper oxide (CuO) nanoparti-
cles were incorporated. The procedure entailed dissolving pure poly-
vinyl alcohol in 45 ml of distilled water over 35 minutes; this was
accomplished by employing a magnetic stirrer at a temperature of
60°C to facilitate a more uniform solution.

The polymer underwent the incorporation of zirconium oxide
(Zr0O,) and copper oxide (CuO) nanoparticles at different weight per-
centages: 0%, 2%, 4%, and 6% . Following three days of air-drying
the solution at room temperature, the observed outcome entailed
the development of polymer nanocomposites. The nanocomposites
consisting of PVA, ZrO,, and CuO were obtained from the Petri dish
and employed for measurement purposes. The nanocomposite sam-
ples consisting of PVA, ZrO,, and CuO were subjected to Fourier
transform infrared spectroscopy analysis within the wave number
range of 1000 to 4000 cm™. The specimens were subjected to analy-
sis at different levels of concentration. A Nikon-73346 optical mi-
croscope, specifically of the Olympus type, was employed for this
purpose. The microscope had a magnification capability of x10 and
was equipped with a camera designed to capture microscopic imag-
es. The optical properties of nanocomposites comprising PVA-ZrO,—
CuO were examined in the 200—-800 nm wavelength range utilizing
a U.V./1800/Shimadzu spectrophotometer.

Absorbance is calculated by using relation [21]:

A=1,/1,, (1)

where I, is the absorbed light intensity and I, is the incident inten-
sity of light (A is the absorption of the material).
Transmittance is calculated by using relation [22]

T =1,/1,, (2)

where I, is the intensity of transmitted light and I, is the incident
intensity of light.
The indirect transition is calculated by using relation [23, 24]

ahv = B(hv-E,), (3)

where B is constant, hv is the incident photon energy, E, is the op-
tical band gap, and the value of r is 2 for allowed indirect transi-
tions and 3 for forbidden indirect transitions. (Let us d is the sam-
ple thickness.)
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3. RESULTS AND DISCUSSION
3.1. Fourier Transform Infrared Ray Analysis of PVA—Zr0,—CuO NCs

Fourier transform infrared (FTIR) spectroscopy has been employed
to examine the interactions occurring between atoms or ions within
nanocomposites consisting of polyvinyl alcohol (PVA), zirconium
dioxide (ZrQ,), and copper oxide (CuO). The interactions above may
encompass alterations in the vibrational modes exhibited by the
nanocomposites. The transmittance spectra of nanocomposite films
containing PVA-ZrO,—Cu0O, as measured by FTIR, are presented in
Fig. 1, a, b, ¢, and d). These spectra were obtained at room temper-
ature and covered 600—4500 cm™. The figure illustrates the pres-
ence of broad bands at 3264 cm™!, which can be attributed to the
presence of hydroxyl (—OH) groups. The vibrational mode associated
with the CH, asymmetric stretching is observed at approximately
2920 cm™ [25, 26]. The observed peaks at a wavenumber of 1600
cm ' have been ascribed to the stretching mode of the C=C bond.
The peak observed at approximately 1416 cm™ is attributed to the
symmetric bending motion of CH,. The spectral peak at approxi-
mately 1085 cm™ indicates the C—O bond. When examining PVA-
Zr0,—CuO samples with varying ratios of ZrO,/CuO, the FTIR spec-
tra exhibit shifts in peak position and alterations in shape and in-
tensity compared to pure PVA.

This observation suggests dissociation between the respective vi-
brational modes of two polymers and nanoparticles composed of
Zr0, and CuO [27, 28].

3.2. The Optical Microscopy of PVA—Zr0,—CuO Nanocomposites

Figure 2 depicts the optical microscope images of PVA-ZrO,—CuO
nanocomposites at various ratios, observed under a magnification
power of x10. The graphical illustration of the polymer blend film
depicted in the image (a) demonstrates a uniform phase without any
discernible phase separation. This observation suggests that the
PVA exhibits exceptional miscibility at this blend ratio. When the
concentrations of ZrO,—CuO increase in pure polyvinyl alcohol
(PVA), the nanoparticles aggregate and form clusters within the
polymer blend [29, 30]. At a high concentration of 6 wt.% of ZrO,—
CuO nanoparticles, the ZrO,—CuO nanoparticles exhibit the for-
mation of concentration network paths. These paths facilitate the
passage of charge carriers, resulting in a modification of the mate-
rial properties, as depicted in Fig. 2, b, ¢, and d [31, 32].

This study introduced an effective preparation technique that es-
tablishes optimal conditions for fabricating nanocomposite films.
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Fig. 1. FTIR spectra for PVA-ZrO,—CuO nanocomposites: (a) for pure PVA;
(b) for 2 wt.% ZrO,—CuO; (c) for 4 wt.% Zr0O,—CuO; (d) for 6 wt.% Zr0O,—CuO.

3.3. The Optical Properties of PVA—Zr0,—Cu0O Nanocomposites

Figure 3 illustrates the relationship between optical absorbance and
wavelength for composites of polyvinyl alcohol-zirconium dioxide—
copper oxide PVA—-Zr0O,—CuO. Based on the data in Fig. 3, it can be
observed that the spectra of all the films exhibit increased absorb-
ance in the ultraviolet region. The phenomenon of composites dis-
playing a diminished absorbance level within the visible spectrum
can be attributed to their interaction with atoms, which subsequent-
ly leads to the transmission of photons [33, 34]. When the wave-
length of incident photons decreases, particularly, in proximity to
the fundamental absorption edge, there is a corresponding occur-
rence of interaction between the incident photon and the material.
This interaction results in the absorption of the photon by the ma-
terial [35, 36]. The intensity of the peak exhibits an increase while
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Fig. 2. Photomicrographs x10 for PVA—-ZrO,—CuO NCs: (a) for pure PVA; (b)
for 2 wt.% Zr0O,—CuO; (c) for 4 wt.% Zr0O,—CuO; (d) for 6 wt.% ZrO,—CuO).

the position of the peak remains unchanged. The observed absorb-
ance demonstrates a positive correlation with the weight percent-
ages of the materials. This phenomenon can be attributed to the ab-
sorption of incident light by free electrons [37, 38].

Figure 4 depicts the transmittance values of the nanocomposites
PVA-ZrO,—CuO and pure PVA. The provided figure demonstrates a
notable enhancement in transmittance for the pure polymer and the
nanocomposites within the visible spectrum, in contrast to the ob-
served transmittance intensity in the ultraviolet (UV) region. Fur-
thermore, the reduction in transmittance intensity becomes increas-
ingly noticeable as the proportion of nanoparticles in the nanocom-
posites increases [39, 40]. This phenomenon can be ascribed to the
nanoparticles’ heightened absorption of incident light [41].

Figure 5 depicts the relationship between the square root of the
absorption edge (ahv)'? and the photon energy for nanocomposites
comprising polyvinyl alcohol-zirconium dioxide—copper oxide
(PVA-ZrO,—Cu0). By extrapolating a linear segment from the upper
portion of the curve towards the x-axis, specifically at the point
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Fig. 4. The transmission spectra of PVA-ZrO,-CuO NCs as a function of
wavelength.

where the square root of ahv equals zero, we can ascertain the en-
ergy difference linked to the allowable indirect transition.

Table illustrates a decline in the energy gap values with increas-
ing weight percentages of zirconium oxide (ZrO,) and copper oxide
(CuO) nanoparticles. This phenomenon is responsible for forming
localized states within the energy gap prohibited for electronic
transitions. The transfer process occurs biphasically, wherein elec-
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TABLE. Values of energy gap for indirect transitions (forbidden and al-
lowed) in the PVA-Zr0O,—CuO nanocomposites.

Content of PVA-ZrO,-~CuO| Indirect energy gap Indirect energy gap

nanoparticles wt.% (allowed), eV (forbidden), eV
0 4.37 3.76
2 2.98 1.85
4 2.76 1.64
6 2.11 0.74

tron transitions from the valence band to the localized energy levels
and subsequently progresses to the conduction band. This phenome-
non corresponds with a rise in the weight percentage of nanoparti-
cles composed of zirconium oxide (ZrO,) and copper oxide (CuO).
The observed phenomenon can be explained by the diverse composi-
tion of nanocomposites, where the flow of electrons depends on the
amount of additional components present. The study revealed a di-
rect correlation between the concentration of ZrO,—CuO nanoparti-
cles and the density of localized states [42, 43].

Figure 6 illustrates the correlation between the quantity (ahv)'/?
[cm"-eV]"? and the photon energy of nanocomposites. The presented
figure illustrates a decreasing trend in the energy gap values for
forbidden indirect transitions as the concentration of ZrO,—CuO na-
noparticles increases. Moreover, the magnitudes of forbidden indi-
rect transitions are relatively lower when compared to those of al-
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lowed indirect transitions [44, 45].

4. CONCLUSION

The current study involves the production of nanostructured films
composed of PVA-Zr0O,—CuO through the solution casting method.
The investigation focused on analysing the structural and optical
characteristics of nanostructures composed of PVA-ZrO,—CuO. The
Fourier transform infrared (FTIR) analysis revealed notable altera-
tions in the infrared spectra’ peak position, shape, and intensity
when comparing the polymer blend with nanoparticles to pure poly-
vinyl alcohol (PVA). These changes indicate no chemical interaction
between the polymer blend and the nanoparticles. The optical micro-
scope images provide evidence of the uniform dispersion of ZrO,—
CuO additives, with the nanoparticles forming a cohesive network
within the polymer blend. The augmentation in the concentration of
nanoparticles comprising zirconium dioxide (ZrO,) and copper oxide
(CuO) results in an elevation in the absorbance of nanocomposites
(NCs) composed of polyvinyl alcohol (PVA), zirconium dioxide
(ZrQ,), and copper oxide (CuO). Incorporating nanofiller consisting
of ZrO,—CuO at a concentration of 6 wt.% results in a reduction in
the energy gap associated with indirect transitions, including both
permissible and impermissible transitions. The energy gap related to
allowable transitions experienced a decrease from 4.37 eV to
2.11 eV. In contrast, the energy gap for non-permissible transitions
reduced from 3.76 eV to 0.74 eV. Moreover, an augmentation in the
ratios of ZrO,/CuO leads to a reduction in the extent of transmit-
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tance.
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In this study, PVA/In,05/Fe,0; nanocomposites are made using the solution
casting method with different amounts 0%, 2%, 4%, and 6% of In,05/Fe,0O4
nanoparticles. Films’ structures and insulating properties are investigated.
The optical microscope shows that polymer is wrapped around nanoparticles
in a continuous system. This network is comprised up of pathways, which
lead into nanocomposites and provide access for carrier movement through-
out those spaces. FTIR spectroscopy of PVA/In,0,/Fe,O; nanocomposites
shows that small vibrational molecular movement is caused by the addition of
In,0;/Fe,0; nanoparticles. The addition of In,0;/Fe,O; nanoparticles also
breaks polymer chains. Instead, a number of other groups are set up. The die-
lectric characteristics of films show that the dielectric constant, dielectric
loss, and A.C. electrical conductivity of PVA/In,0;/Fe,0; nanocomposites
growth with growing concentrations. As the frequency of the electric field
goes up, both the dielectric constant and the dielectric loss decrease, while
A.C. electrical conductivity increases.

Y mpomy pociaigzxenHi Hanoxkommnosutu IIBC/In,0;/Fe,0; (IIBC — mouiBini-
JIOBU ciupT) 6YJI0 BUTOTOBJIEHO METOAOM JIUTTS 3 POSUNHY 3 PiIBHUMU KiJTbKO-
cravmu y 0%, 2%, 4% i 6% wnanouactuuok In,0;/Fe,05. HocaimkeHo cTpyk-
TYpy ¥ iso;aniiini BiracTuBocTi maiBOK. ONTUYHUI MiKPOCKOIN ITOKAa3ye, IO
moJIiMep 3rOPHYTHUHN HaBKOJIO HAHOYACTUHOK y OeanepepBHii cucTemi. I1a me-
perxa CKJIaJaeTheda 3 MUIAXIB, AKi BeJYTh 10 HAHOKOMIIO3UTIB i 3a6€3IIeUyI0Th
IOCTYH AJIA PYXy HOCIIB y 1Mmx mpocTopax. IHQpauepBOHA CHEKTPOCKOIiA (Ha
ocHOBI neperBopeHHa Pyp’e) HanokomnosuTis IIBC/In,0,/Fe,0; morasye, 110
MaJanii KOJWBHUMN MOJEKYJIAPHUN PYyX COPUUYMHEHO AOJAaBAHHAM HAHOYACTH-
HOK In,0;/Fe,0,. onaBanua HaHOUACTUHOK In,0;/Fe,0; TaK0K po3puBae mo-
JiMepHi JIaHIIOTH. 3aMiCTh I[bOTO CTBOPIOETHCA PAL iHIIUX rpym. liesexkTpu-
YHi XapaKTepUCTUKU IJIIBOK IIOKa3YIOTh, II0 AieJIeKTPpUYHA IPOHUKHICTH, Ii-
eJIEKTPUYHI BTpaATH I €JIEKTPONPOBIAHICTh 3MIHHOTO CTPYMY HAHOKOMIIO3UTIB
IIBC/In,05/Fe, 05 3pocTaroTs i3 3pocTaHHAM KOHIEHTPAIil. 3 HmigBUIEeHHAM

391
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YACTOTH €JeKTPUUYHOTO IIOJSA [dieJIeKTPUUYHA IPOHUKHICTHL 1 mieJekTpuuHi
BTPATHU 3MEHIIYIOTbCS, a eJIeKTPOIPOBIAHICTE 3MiHHOTO CTPYMY 3pPOCTAaE.

Key words: PVA, dielectric properties, structural properties, nano-Fe,Os,
nanocomposites.

KarouoBi cmoBa: moJiBiHiZIOBMII CIIMPT, AieeKTPHUYHI BJIACTHUBOCTi, CTPYK-
TYpHi BJIacTHBOCTi, HaHOOKcuA PepyMy, HAHOKOMIIO3UTH.

(Received 19 July, 2023; in revised form, 20 July 2023)

1. INTRODUCTION

Nanotechnology has created a different part of study for the dispensa-
tion and creation of nanomaterials, which are substances that typically
have crystallite sizes of less than 100 nanometres [1, 2]. Nanotechnol-
ogy is a hot theme this time, reaching since new changes in technique
physics to precisely new fields to educating novel materials with na-
nometer-dimensions’ scale [3, 4]. That is fast emerging and rising,
with vast fields in various research approaches, advancement, and in-
dustrialized activities. Nanoparticles with higher thermal conductivi-
ty than their surrounding liquid have been created to improve deferral
effective thermal conductivity [5, 6].

Polymer matrix nanocomposites are an appealing and important
part of today’s materials because of their low weight, simple manu-
facturability, low cost, high fatigue strength, and good corrosion
resistance. The addition for nanoparticles into a polymer matrix
meaningfully alters its physical material properties such as struc-
tural—electrical-thermal—optical properties) [7—9]. The polyvinyl
alcohol is good host medium for extensive variety for nanoparticles.
It is motivated by the view of producing ultra-transparent films
with superior optical properties. They have received a lot of atten-
tion due to their excellent dielectric properties [10—12]. Their flexi-
bility is exceptional, and their dielectric strength is quite robust.

Due to they are created through erosion, iron oxides is intriguing
due to their catalytic, magnetic, and semiconducting material proper-
ties [13—15]. They can be used as high-density magnetic storage mate-
rials and as catalysts in the production of styrene [17, 18]. The typical
stoichiometric form of iron oxide is Fe,O; at room temperature.

For its structural, dielectric properties, the polymer nanocompo-
site of ferrous oxide with PVA is included in nanocomposites [19].

2. EXPERIMENTAL PART

Nanocomposite films were produced by employing the casting meth-
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od. The process includes dissolving pure PVA in 40 ml of distilled
water for 40 minutes while stirring with a magnetic stirrer at 65°C
to achieve a more homogeneous solution. The polymer was subjected
to the addition of nanoparticles of indium trioxide In,0; and iron
trioxide Fe,O; at varying concentrations of 0%, 2%, 4%, and 6%
wt.% . The structural characteristics of PVA/Sn0,/Cr,0; nanocom-
posites are tested by the optical microscope (OM) provided by Olym-
pus (Top View, type Nikon-73346) and Fourier transformation in-
frared (FTIR) spectroscope (Bruker company type vertex-70, Ger-
man origin) with range wavenumber 500-4000 cm™. The dielectric
characteristics were studied in the range from 100 Hz to 5-10° Hz)
by LCR meter (HIOKI 3532-50 LCR HI TESTER).

The dielectric constant (¢') of nanocomposites is given by the fol-
lowing equation [20]: &' =C,/C,, where C, is the capacitance and C,
is the vacuum capacitor.

The dielectric loss (g") is calculated by

¢"=¢D, (1)

where D is the dispersion factor [34].
The A.C. conductivity is determined by

Ca.c. = We"g, (2

where w is angular frequency [35].

3. RESULTS AND DISCUSSION

At a magnification of x10, samples of different concentrations of
PVA/In,05;/Fe,O; nanocomposites films in use are shown in Fig. 1. As
the pictures show, it is clear that the images (a, b, ¢, and d) are differ-
ent. Once the amount of In,0; and Fe,0; nanoparticles in a films reach-
es 6 wt.% for PVA/In,0,;/Fe,0; nanocomposites, the nanoparticles
start to form a network around the polymer. This network has ways for
nanocomposites to let charge carriers through [24, 25].

FTIR spectroscopy has been used to study how atoms or ions in
PVA/In,0;/Fe,O; nanocomposites interact with each other (Fig. 2).
These interactions can cause changes in the vibrational styles of the
nanocomposites. The widening vibration of OH for PVA is assigned
a broadband of about 3300 cm™ in the FTIR band of PVA films,
which may be because of the polymer and nanoparticles’ intermo-
lecular or intermolecular type of hydrogen bonding. At approxi-
mately 2930 cm™, the band corresponding to CH, asymmetric
stretching vibration occurs. The peaks at 1710 and 1652 cm™ are
caused by the C=0, C=C stretching mode [26—29].
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Fig. 1. The photomicrographs of PVA/In,0,/Fe,0; nanocomposites: (a) for
PVA; (b) for 2 wt.% of In,0,/Fe,0,; (c) for 4 wt.% of In,05/Fe,0;; (d) for 6
wt.% of In,0;/Fe,05.

The absorption peak at 1240 cm™* has been given to the CH
group. The C—O bending of carbonyl groups on the PVA backbone
matches the 1105 cm™ band. However, out of plane rings C—-H
bending has an absorption band of about 1963 cm™. The polymer—
In,0;—Fe,0; relationship results in a transition in the PVA spectral
range. This is because there are no interactions between the PVA
and the In,0;/Fe,0; nanoparticles. According to FTIR readings, the
transmittance is reduced owing to a slight growth in In,O; and
Fe,O; concentrations, as displayed in Fig. 2 [30—34].

The relation between dielectric constant and frequency for
PVA/In,0;/Fe,O; nanocomposites is displayed in Fig. 3. From this
figure, we can see the dielectric constant of nanocomposites de-
creases with increases frequency. This could be because dipoles in
nanoparticle models tend to align themselves in the directions of
practical electrical fields, which makes space charge polarization
drop to total polarization [35, 36].

Figure 4 shows the connection between dielectric constant and con-
centration of In,O;/Fe,0; nanoparticles for PVA/In,0;/Fe,O; nano-
composites. We can see that as the number of In,0; and Fe,O; nanopar-
ticles goes up, the dielectric constant goes up. This is because, in an al-
ternating electric field, nanocomposites undergo interfacial polariza-
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Fig. 2. FTIR spectra of PVA/In,0,/Fe,0; nanocomposites: (a) for PVA; (b) for
2 wt.% of In,0;/Fe,04; (c¢) for 4 wt.% of In,0,/Fe,04; (d) for 6 wt.% of
In,0;/Fe,0,.

tion, leading to an increase in charge carriers [37, 38].

The calculation of the dielectric loss " of nanocomposites was per-
formed using Eq. (1). The frequency-dependent dielectric loss of nano-
composites is illustrated in Fig. 5. The figure manifests that the die-
lectric loss gives a notable rises at lower applied frequencies, while it
exhibits a drop as the applied frequencies rises. The mentioned phe-
nomenon can be ascribed to the fact that with a rise in frequency, the
extent of the space charge polarization component diminishes [39, 40].

Figure 6 illustrates the dielectric loss with concentration of
In,0;/Fe,0; nanoparticles for PVA/In,O;/Fe,0; nanocomposites. We
can get that the dielectric loss goes up as the concentration of In,O,
and Fe,O; nanoparticles goes up. This is because the number of
charge carriers goes up. When the concentration of nanoparticles is
low, it forms clusters, but when it goes up to 6%, it forms a con-
tinuous network in the nanocomposite [41, 42].

The A.C. electrical conductivity was computed by using Eq. (2). Fig-
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Fig. 3. Dielectric constant as a function of frequency for PVA/In,0,;/Fe,0,
nanocomposites.

0.65 7

Dielectric constant
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Fig. 4. Difference dielectric constant with concentration of In,0,/Fe,O,
nanoparticles in PVA/In,05/Fe,0; nanocomposites.

ure 7 illustrates the frequency-dependent alteration of A.C. electrical
conductivity in PVA/In,0;/Fe,0; nanocomposites. The A.C. electrical
conductivity of nanocomposites increases with increasing of the fre-
quency of the applied electric field. The observed phenomenon can be
rationalized by the polarization effect and hopping mechanism. Conse-
quently, there is a polarization effect between finite networks or clus-
ters, and electron hopping happens between adjacent states that are
randomly distributed within these finite networks [43, 44].

Figure 8 shows A.C. electrical conductivity and concentration for
PVA/In,0;/Fe,0; nanocomposites. From this figure, we can see the
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Fig. 5. Change of dielectric loss with frequency for PVA/In,0,;/Fe,O; nano-
composites.
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Fig. 6. Relation between dielectric loss and concentration of In,0;/Fe,O,
nanoparticles for PVA/In,0,/Fe,0; nanocomposites.

A.C. electrical conductivity growths as concentration for In,0; and
Fe,O; nanoparticles growths, resulting from a growth in the total
number of charge carriers present in the polymer medium [45].

4. CONCLUSION

The findings of the optical microscope revealed that nanoparticles
form a continuous network in films (polyvinyl alcohol). The nanoparti-
cles inside the polymer are related together in this network. This cre-
ates paths for charge carriers to move over, which changes the way the
material works. The PVA/In,0;/Fe,0; nanocomposites contributed to
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small vibrational molecular movement, according to the FTIR.
Next, the adding of In,0,;/Fe,O; nanoparticles, number of polymer
chains has too been broken. Instead, a number of different chains

were created.

The dielectric properties of PVA/In,O;/Fe,O; nano-

composite films (dielectric constant, dielectric loss, and A.C. elec-
trical conductivity) go up as the concentration of In,0;/Fe,O; nano-
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particles goes up. The dielectric constant and the dielectric loss
both drop as the frequency of the electric field that is being used
goes up, while A.C. conductivity increases.
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Nanocomposites’ films of pure polyvinyl alcohol (PVA) and PVA doped
with SiO,/BaTiO; nanoparticles are fabricated using casting technique.
The dielectric characteristics of PVA/SiO,/BaTiO; nanocomposites are ex-
amined. The results show to enhance in dielectric properties, which in-
clude dielectric constant, dielectric loss and A.C. electrical conductivity of
PVA with an increase in the SiO,/BaTiOj-nanoparticles’ content. The die-
lectric constant and dielectric loss of PVA/SiO,/BaTiO; nanocomposites
are reduced, while the A.C. electrical conductivity is increased, with rais-
ing the frequency. Finally, the obtained results illustrate that
PVA/SiO,/BaTiO; nanocomposites may be useful in various electrical
fields.

IIniBkm HaHOKOMIIO3UTIB 3 umcrtoro moJiBiHimoBoro cmuprty (IIBC) i IIBC,
JeroBaHoro HamouactTuakamu SiO,/BaTiO;, BUTOTOBISAIOTHCA 3a TOIIOMOTOIO
auBapHOl TexHiKM. JoCaisKeHO IieJIeKTPUYHI XapaKTepPUCTUKU HAHOKOM-
nosutiB IIBC/SiO,/BaTiO;. OmepskaHi pesysabTaTé CBifUaTh OPO IIiJBUIIEH-
HA TieJeKTPUYHUX BJACTHUBOCTEH, K1 BKJIOYAIOTH Mi€JIEKTPUUYHY IITPOHUK-
HiCTb, AieJeKTPUUHI BTPATU Ta eJeKTPOIPOBigHicTH 3Mimuoro crpymy IIBC
3i sbismpireHHAM BMicTy HanouacTmHOK Si0O,/BaTiO;. [ienekTpmuHa IpOHU-
KHicTh, i giemekTpuuni BTpatm HaHOoKoMmmosutiB IIBC/SiO,/BaTiO; a3meH-
IIYIOTHCA, a €JeKTPOIPOBiAHICTh 3MiHHOTO CTPyMYy 30iJbINyeThCSA 3 IigBU-
ImeHHAM yacToTu. HapermTi, ogep:kaHi pesyabTaTH iJIOCTPYIOTH, IO HAHO-
komnosutu IIBC/SiO,/BaTiO; MoXyTh OyTU KOPUCHUMHU B Pi3HUX €JIE€KTPHU-
YHUX Tay3sX.

Key words: polyvinyl alcohol, BaTiO,;, SiO,, nanocomposites, dielectric
properties, conductivity.

Karouosi cixoBa: noxnisiminosuii cnimpr, BaTiO,, SiO,, HaHOKOMIOBUTH, HAie-
JIEKTPUYHI BJIAaCTUBOCTi, €JIEKTPOIPOBITHICTE.
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1. INTRODUCTION

Nanoparticles-reinforced polymer composites with preferred charac-
teristics are gaining significant attention among researchers for
their potential application in a wide range of industrial sectors such
as packaging, artificial biomedical implants, electrical devices, elec-
tronics, etc. Among them, functional polymer materials with high
dielectric constant, low dielectric loss and flexibility are highly de-
sirable in producing next-generation smart devices, such as decou-
pling capacitors, electric vehicles, solar photovoltaic generation
plants, sensors and actuators, electromagnetic interference (EMI)
shielding, switched-mode power supplies, etc. [1].

Modern electronics heighten the demand for adaptable, multipur-
pose, eco-friendly dielectric materials with superior properties. His-
torically, ceramics were used as dielectric materials; however, it
possessed undesirable properties such as brittleness, processing dif-
ficulties, and low stability. Polymers have superior flexibility, pro-
cessability, and lightweight, when compared to ceramics. In addi-
tion, they gained significant interest in science and technology dur-
ing the last decade as a dielectric or interfacial layer between met-
als and semiconductors. Among the polymers biodegradable, non-
toxic, and hydrophilic ones have specific research interest, as they
can be applicable in bioelectronics [2].

Polyvinyl alcohol (PVA) is semi-crystalline, with low electrical
conductivity. PVA has certain physical characteristics resultant
from crystal amorphous interfacial effects. Its electrical character-
istics may be modified to an exact requirement by the suitable dop-
ing substance addition [3].

Barium titanate (BaTiO;), due to its high dielectric permittivity,
ferroelectric properties and non-toxicity, is used in electronic and
microwave devices, as an interlayer in ceramic capacitive struc-
tures, as a sensor, in portable energy storage systems, in superca-
pacitors, etc. [4].

Silica is an inorganic substance, which can be functional in a
wider variety of fields. Silica is a stable substance and extensively
employed in quantum devices, optoelectronics, biomaterials, envi-
ronmental science and sensors [5].

The nanocomposites of polymers doped with nanoparticles (NPs)
included huge applications in the optical, electronics, optoelectron-
ics and sensors [6—32]. The present study objects to prepare of
PVA/SiO,/BaTiO; nanocomposites and studying their dielectric
properties to use in various electrical fields.
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2. MATERIALS AND METHODS

Films of PVA/SiO,/BaTiO; nanocomposites were prepared using
casting method. The pure PVA film was fabricated by dissolving of
1 gm in (30 ml) of distilled water. The SiO,/BaTiO;NPs were added
to PVA solution with concentration 1:1 and various contents are
1.3, 2.6 and 3.9 wt.% . The dielectric properties measured in fre-
quency ranged of 100 Hz—5 MHz by LCR meter type (HIOKI 3532-
50 LCR HI TESTER).

The dielectric constant, €', is given by [33] ¢’ =C,/C,, where C, is
the capacitance and C, is the vacuum capacitor.

The dielectric loss, €”, is calculated by [34] &” =¢'D, where D is
the dispersion factor.

The A.C. conductivity is determined by [35] o, ¢ = we"g,, where w
is the angular frequency.

3. RESULTS AND DISCUSSION

Figures 1-4 demonstrate the variations of dielectric constant and
dielectric loss with frequency and SiO,/BaTiO; NPs content, respec-
tively.

The dielectric constant and dielectric loss are decreased with fre-
quency, while it rises with SiO,/BaTiO; NPs content. These perfor-
mances of dielectric constant and dielectric loss related to the high
contribution of charge accumulation in the nanocomposites assigned
to the effect of polarization effect.

The dielectric constant and dielectric loss are rise with raising

5.8
—— Pure
1.3 wt.%
—— 2.6 wi.%
A4
3 3.9 wt.%

5.0

4.6

Dielectric constant

4.2

3.8+ 7 : . . ,
1-10° 1.10° 1.10% 1-10° 1-108 1107
F, Hz

Fig. 1. Variation of dielectric constant for PVA/SiO,/BaTiO; nanocompo-
sites with frequency.
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Fig. 2. Behaviour of dielectric loss for PVA/SiO,/BaTiO; nanocomposites
with frequency.
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Fig. 3. Dielectric constant variation with SiO,/BaTiO; NPs content.

the SiO,/BaTiO; NPs content, which related to rise of charges carri-
er numbers [36—44].

Figures 5 and 6 illustrate the behaviour of A.C. conductivity for
PVA/SiO,/BaTiO; nanocomposites with frequency for varied con-
tents of Si0,/BaTiO; NPs. From these figures, the electrical con-
ductivity rises with increasing the SiO,/BaTiO; NPs concentration,
where the distributed SiO,/BaTiO; NPs in the polymer medium has
increased the number of conductive pathways and increase in the
charge-carriers’ number.

The conductivity of PVA/SiO,/BaTiO; nanocomposites increases
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Fig. 4. Behaviour of dielectric loss with SiO,—BaTiO; NPs content.

].10—05,
——Pure

1-10%4 —=—1.3 wt.%
——2.6 wt.%
11097 ——3.9 wt.%

1-109%;
l. 10—0‘)_
1-107;

IIIO—H!

11072 : - ‘
1107 1-10° L-10¢ 1109 1-109 1107

F, Hz

A.C. electrical conductivity, S/em

Fig. 5. Performance of A.C. conductivity for PVA/SiO,/BaTiO; nanocom-
posites with frequency.

with increasing the frequency. The dependence of conductivity on
the frequency is caused by the charge carriers’ hopping in the local-
ized levels [45—5T7].

4. CONCLUSIONS

The current study included fabrication of PVA/SiO,/BaTiO; nano-
composites to use in different industrial applications. The results
demonstrated that the dielectric properties, which include dielectric
constant, dielectric loss and A.C. electrical conductivity of PVA,
are enhances with increasing the SiO,/BaTiO; NPs content. The die-
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Fig. 6. Variation of A.C. conductivity with SiO,/BaTiO; NPs content.

lectric constant and dielectric loss of PVA/SiO,/BaTiO; nanocompo-
sites are reduced, while the A.C. electrical conductivity is in-
creased, with raising frequency. The obtained results showed that
the PVA/SiO,/BaTiO; nanocomposites could be suitable in different
electrical fields.
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Optical Properties of PMMA /PS/CoFe,0, Magnetic
Nanostructures for Low-Cost Optoelectronics Applications
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This work aims to prepare the PMMA/PS/CoFe, O, magnetic nanostruc-
tures to employ in low-cost magnetic, optic and electronic applications
(PMMA —polymethyl methacrylate, PS—polystyrene). The optical proper-
ties of PMMA/PS/CoFe,0O, magnetic nanostructures are examined. The
results show that the absorbance and absorption coefficient of PMMA/PS
blend are increased with an increase in the CoFe,O,-nanoparticles’ content,
while the transmittance and energy band gap are decreased with increas-
ing the CoFe,O,-nanoparticles’ content. Finally, the results demonstrate
that PMMA /PS/CoFe,0, magnetic nanostructures may be suitable for var-
ious optoelectronics fields.

ITro poGoTy OyJi0o CIPAMOBAHO HA IIATOTOBKY MAaTHETHUX HAHOCTPYKTYP
IIMMA/IIC/CoFe, O, (IIMMA — mnomimerunamerakpuaar, IIC — mosicTu-
pOJI) I BUKOPUCTAHHS B HEJOPOTUX MATrHETHUX, ONTUYHUX Ta €JIEKTPOH-
HUX 3aCTOCYBaHHAX. J[OCIifKeHO OITHMUYHI BJIACTMBOCTI MarHeTHUX HAHOCT-
pyxTyp IIMMA /TIC/CoFe,0,. PesynbraTu mOoKasyoThb, 1[0 abCcOpOIlisa Ta Ko-
edimienr BoOupauua cymimnti IIMMA /IIC 36inbmryerbea 3i 30iabIIeHHAM BMi-
cty HanouactuHoK CoFe,0,, Tomi aK mpomycKaHHS Ta eHepreTUYHa 3ab6opo-
HeHa 30Ha 3MEHNIYIOTbCS 3i 36imbmieHHAM BMicTy HaHouacTuHOK CoFe,O,.
Hapemri, pesyiabTaTé [JeMOHCTPYIOTH, IO MAarHETHI HAHOCTPYKTYPHU
IIMMA /IIC/CoFe, O, MOXyTb OyTH NPUAATHUMU AJIS Pi3HUX Trajyseil OITO-
eJIEKTPOHIKH.

Key words: PMMA /PS/CoFe, O, nanocomposites, absorbance, energy gap.

KarouoBi ciioBa: HAHOKOMIIOBUTH TOJIiMeTUaIMeTaKpuiar/nosictupos/CoFe,O,,
BOMpAaHHS, eHepreTUYHa IiJINHA.
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1. INTRODUCTION

Polymer matrix nanocomposites, which exhibit distinct physico-
chemical characteristics by incorporating inorganic fillers into pol-
ymer networks, have received much attention due to their various
industrial applications in drug delivery, water treatment, food in-
dustry, aeronautical and aerospace structures [1].

Combining two or more polymers has become an effective strate-
gy to produce advanced polymeric materials with improved physical
and chemical properties compared to the original polymers. The fi-
nal product properties depend on factors such as the method of mix-
ing, the mixed polymer proportions, the temperature, at which mix-
ing is done, and the degree of mixing of individual polymeric com-
ponents. The rheological as well as the mechanical properties of the
material are strongly affected by the immiscible polymer phase be-
cause of its morphology and internal framework, which are con-
trolled by the degree of dispersion of polymers. The interfacial in-
teractions between polymer functional groups in the mixture govern
the final physical and chemical properties of the material. In addi-
tion, the incorporation of nanoparticles (NPs) into the polymer mix-
ture enhances their properties due to the interaction between them
and the functional groups of the mixture [2, 3].

On account of polymeric materials, polymethyl methacrylate
(PMMA) is one of the polymers that have garnered a lot of interest
due to its transparent and colourless properties. It has a long life
span, excellent mechanical and chemical stability, and high wetta-
bility. However, it has a few drawbacks, including low thermal sta-
bility, restricted electrochemical stability, and low cyclic rate effi-
ciency. For that reason, there has been a lot of research over the
past few decades showing that incorporating even trace amounts of
nanofillers into polymers can improve their properties without neg-
atively influencing their processability. Therefore, when the nano-
filler is incorporated, embeds, or decorates itself across a polymer
matrix, the structure of the resulting nanocomposite can produce
promising properties [4].

Polystyrene (PS) is an inexpensive, environmentally friendly pol-
ymer it is among the most popular materials, which has many ap-
plications in industry, building and construction, domestic appli-
ances and food packaging. In food packaging, polystyrene can be
used in many shapes as monolayer plastic film, plastic sheet, or in-
jection moulded and foamed [5].

Among various spinel ferrites, CoFe,O, has received special at-
traction due to the unique physical properties such as high Curie
temperature, large magnetocrystalline anisotropy, high coercivity,
moderate saturation magnetization, large magnetostrictive coeffi-
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cient, excellent chemical stability and mechanical hardness [6].

The nanocomposites of nanoparticles’-doped polymers have many
applications for different electronics, optical and electronics fields
[7-18]. The ©present work deals with preparation of
PMMA /PS/CoFe,O, magnetic nanostructures and studying the opti-
cal properties to use them in various optical devices.

2. MATERIALS AND METHODS

Films of magnetic nanostructures were prepared from PMMA/PS
blend doped with CoFe,O, nanoparticles by using casting technique.
The PMMA /PS/CoFe,0O, magnetic nanostructures films were fabri-
cated by dissolving of 1 gm of PMMA 50% and PS 50% in 30 ml of
chloroform using magnetic stirrer to mix the polymers for 1 hour
to obtain solution that is more homogeneous. Then, CoFe,O, nano-
particles were added to PMMA/PS blend with contents of 2.1%,
4.2% and 6.3% . The optical properties of PMMA /PS/CoFe,0, mag-
netic nanostructures films were tested by using the double beam
spectrophotometer (Shimadzu, UV-1800) in wavelength 240-840
nm.
Coefficient of absorption (o) is found by [19]:

o=2.303A/t, 1)

where A is the absorbance and ¢ is the sample thickness.
The energy gap is given by [20]:
ahv = B(hv-E,) , (2)
where B is the constant, hv is the photon energy, E, is the energy
gap, and r=2 and 3 for allowed and forbidden indirect transitions.

3. RESULTS AND DISCUSSION

The absorbance and transmittance behaviours of PMMA /PS/CoFe,0,
magnetic nanostructures with photon wavelength are shown in Figs.
1 and 2. As demonstrated in these figures, the PMMA/PS/CoFe,0,
magnetic nanostructures included high absorbance with low trans-
mittance at UV spectrum because the high energies at UV spectra
and have broad absorbance spectra in the UV and VIS areas, which
makes the PMMA /PS/CoFe,0, magnetic nanostructures can be use-
ful in the optical applications. The absorption of PMMA/PS rises,
while the transmission reduces with rising of the CoFe,O, NPs con-
tent, which is, due to rise in the density of charge carriers, lead to
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Fig. 1. Absorbance behaviour of PMMA/PS/CoFe, O, magnetic nanostruc-
tures with photon wavelength.
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Fig. 2. Performance of transmittance for PMMA/PS/CoFe, O, magnetic
nanostructures with photon wavelength.

absorb or scat the photons [21-30].

The absorption coefficient performance for PMMA/PS/CoFe,0O,
magnetic nanostructures with photon energy is represents in Fig. 3.
The values of a.<10* cm™ and indicate to indirect transition. The
increase in the o values might be due to the significant decrease in
the transitions of interband [31—-34].
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Fig. 4. Energy gaps of allowed indirect transition for PMMA /PS/CoFe,0,
magnetic nanostructures.

Figures 4 and 5 demonstrate the energies gaps for magnetic
PMMA /PS/CoFe,O, nanostructures of allowed and forbidden indi-
rect transitions respectively.

The energy gaps of PMMA/PS/CoFe,O, magnetic nanostructures
reduced with rise in the CoFe,O, NPs content; this is related to the
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Fig. 5. Energy gaps of forbidden indirect transition for magnetic
PMMA /PS/CoFe,O, nanostructures.

formation of charge-transfer complexes in the polymeric medium.
These charge-transfer complexes increase the electric conduction by
generating extra charges; this effect is in a decrease of the energy
gap. As the CoFe, O, NPs content increases, the dopant molecules
begin bridging the gap separating the two localized stages and re-
duce the potential barrier between them, thereby create easily the
charge carrier transfer between localized levels [35—40].

4. CONCLUSIONS

The present work includes fabrication of PMMA/PS/CoFe,O, mag-
netic nanostructures to employ in low cost magnetic, optic and elec-
tronic applications. The results show that the absorbance, absorp-
tion coefficient, extinction coefficient, refractive index, real and
imaginary parts of dielectric constants and optical conductivity of
PMMA/PS blend increased with an increase in the CoFe,O, NPs
content while the transmittance and energy band gap were de-
creased with increasing the CoFe,O, NPs content. Finally, the re-
sults demonstrated that PMMA/PS/CoFe,O, magnetic nanostruc-
tures might be appropriate for different optoelectronics fields.
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Films of PMMA /PS/CoFe,O, nanocomposites are fabricated with little cost,
lightweight and good physical properties to use in various electronics appli-
cations. The dielectric properties of PMMA /PS/CoFe,0, nanocomposites are
studied in frequency range from 100 Hz to 5 MHz. Results show that both the
dielectric constant and the dielectric loss of PMMA /PS/CoFe,0, nanocompo-
sites are decreased, while the A.C. electrical conductivity is increased, with
increasing the frequency. The dielectric parameters such as dielectric con-
stant, dielectric loss and A.C. electrical conductivity of PMMA /PS blend are
increased with increasing the CoFe,O, nanoparticles’ content. The final re-
sults show that the PMMA /PS/CoFe,O, nanocomposites may be useful for
various electronics fields.

IIniBxku 3 Harokommosuris IIMMA /TIC/CoFe, 0, (IIMMA — monimermimera-
kpuaart, I[IC — mosicTuposr) BUrOTOBIAIOTHCA 38 HEBEJIUKOIO ITiHOIO, JIETKiCTIO
Ta XOPOIIUMH (Pi3UUHUMHU BJIACTUBOCTAMU IJI BUKOPUCTAHHSA B Pi3HUX €JIeK-
TPOHHUX 3aCTOCYBaHHAX. JlOCIIiIKeHO NieJeKTPUUYHI BJIACTUBOCTI HAHOKOM-
mosutiB IIMMA /TIC/CoFe,O, B gismasoni wactor Bix 100 I'y 1o 5 MTI'm1. Pe-
3yJbTATU MOKAa3YyIOTh, IO IK MieJeKTPUYHA IIPOHUKHICTD, TaK i JieJeKTpuyHi
Brpatu HanokoMmmosutiB IIMMA /IIC/CoFe,0, 3MeHIITyIOTbCA, TOA1 AK €JIeKT-
pUYHA IPOBIAHICTE 3MiHHOTO CTPYMY 301JIBINTYETHCS 31 301IBIIIEHHAM YaCTOTH.
HiemekTpryHi mapaMeTpu, TaKi AK IieJeKTpUUYHA IPOHUKHICTD, fieJeKTPUUHI
BTPaTU # eJeKTPOUpPOBiAHicTH 3MiHHOTO cTpymy cywmimri ITMMA /IIC, 36iab-
HMIYIOThCA 3i 30iabIeHHAM BMicTy HaHouacTuHOK CoFe,0,. OcTtaTouHi pesyiib-
TaTH MOKAa3yIoTh, 110 HaHokoMmmodutu IIMMA /TIC/CoFe,0, M0OKyTH OyTH KO-
PUCHUMU JJIs PiBHUX rajayseil eJIeKTPOHIKH!.

Key words: polymethyl methacrylate, polystyrene, CoFe,0,, nanocomposites,
dielectric properties.

KarouoBi caoBa: mosimerunmerakpuiaar, moaictupona, CoFe,0,, HaHOKOMIIO-
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1. INTRODUCTION

Polymeric nanocomposites are promising materials that can be used
in industry and in research. They offer considerable property bene-
fits at far lower loadings than the structure of polymer composites
with typical micron-scale fillers, resulting in decreased component
weight and the capacity to simplify processing. Furthermore, their
versatile properties may open up new applications for polymers.
They find widespread application in a variety of fields, including
the information industry, packaging, safety, energy, transporta-
tion, electromagnetic shielding, defence systems, sensors, and ca-
talysis [1].

Acrylic-based polymers are one of the major thermoplastic poly-
mers due to their excellent thermal, mechanical and optical proper-
ties. Among acrylic polymers, polymethyl methacrylate (PMMA)
and polybutyl methacrylate are extensively investigated due to their
high surface clearance, good transparency and mechanical proper-
ties. PMMA, also known as acrylic glass, contains a methyl ester
group, which makes it bond with other polar polymers or polar fill-
ers. Because of its insulating and brittle nature, PMMA cannot be
used in applications that need conductivity or ductility. Several ex-
periments have been performed in order to improve the electrical
and mechanical properties of PMMA. Several inorganic nanoparti-
cles (NPs) have been widely studied to improve the properties of
polymers [2].

Polystyrene (PS) is a commercial thermoplastic polymer. It is
rather brittle, clear and has good mechanical properties and a low-
cost price. Thus, PS has a wide range of applications as construc-
tion materials, packaging, disposable cups, consumer electronics,
cassette boxes, compact disks and medical uses [3]. The addition of
nanosize fillers to a polymer blend is an effective way to improve
the desirable properties. Reinforcing polymeric blend materials us-
ing nanoparticles improves their mechanical, thermal and conduc-
tive characteristics. Individual nanoparticles are homogeneously
dispersed in a blend matrix, which is the perfect nanocomposite de-
sign. Nanocomposites have attracted a lot of attention due to their
wide range of applications in industry [4].

Cobalt ferrite (CoFe,0,) is a ferromagnetic oxide that has at-
tracted considerable attention due to its excellent magnetic proper-
ties, such as high coercivity, modest saturation magnetization, high
Curie temperature at 520°C, large magnet crystalline anisotropy,
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high mechanical hardness and remarkable chemical stability.
CoFe,0, crystallizes into an inverse spinel structure, where one-half
of the Fe®" ions occupy the tetrahedral sites, while the other half
are located in the octahedral sites together with Co®" ions [5]. The
polymers nanocomposites of inorganic materials doped polymers
have many applications in various optical, electronics and optoelec-
tronics fields [6—30].

This study aims to fabricate of PMMA /PS/CoFe,0, nanocompo-
sites and investigating the dielectric properties to employ in differ-
ent electronics applications.

2. MATERIALS AND METHODS

The PMMA/PS/CoFe,O, nanocomposites films were synthesized by
dissolving of 1 gm PMMA and PS in 30 ml of chloroform with ratio
of 50 wt.% PMMA and 50 wt.% PS by using magnetic stirrer to
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The CoFe,O, nanoparticles added to PMMA /PS blend with
various concentrations of 2.1%, 4.2% and 6.3%. The casting
method was used to fabricate the PMMA/PS/CoFe, O, nanocompo-
sites films. The dielectric properties of PMMA/PS/CoFe,O, nano-
composites films were examined at frequency (F) range from 100
Hz to 5-10° Hz by using LCR meter type (HIOKI 3532-50 LCR HI
TESTER).
The dielectric constant (¢') is determined by [31]:

§'=C,/Cy, (1)
wherever C, is the matter capacitance and C, is the vacuum capaci-
tance.

Dielectric loss (g") is given by [32]:
e"=¢D, (2)

where D represents the dispersion factor.
The A.C. electrical conductivity is defined by [33]:

Cac. = 27‘[F8’D80. (3)

3. RESULTS AND DISCUSSION

Figures 1-4 show the dielectric constant and dielectric loss per-
formances with frequency and CoFe,O, NPs concentration respec-
tively. With increasing frequency, the dielectric constant and di-
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Fig. 2. Variation of dielectric loss with frequency for PMMA /PS/CoFe,0,
nanocomposites.

electric loss are decreased. This is because of the available relaxa-
tion time of the polymer.

At low frequencies, polymer molecules get sufficient time to ori-
ent themselves according to the applied field. However, as the fre-
quency increases, molecules are not getting sufficient time to orient
themselves according to the direction of the electrical field. There-
fore, the overall polarization effect decreases and, consequently, the
value of dielectric constant decreases too as it is directly propor-
tional to the amount of polarization. At high frequencies, as the
polarization decreases, the dielectric loss and dissipation factor also
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decrease, as sufficient time is not provided to the polymer chain to
generate phase angle.

Thus, at high frequencies, the contribution of orientation or di-
pole polarization vanishes and the effect is only for electronic po-
larization, which is instantaneous. The dielectric constant and di-
electric loss rise with raising the CoFe,O, NPs concentration due to
the increase in charge carriers [34—46].

The A.C. electrical conductivity variation for PMMA /PS/CoFe,0,
nanocomposites with frequency and CoFe,O, NPs content are repre-
sented in Figs. 5 and 6, respectively.

As the CoFe,0, NPs content is increased, the inorganic filler
molecules start bridging the gap separating the two localized states
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and lowering the potential barrier between them, thereby, facilitat-
ing the transfer of charge carriers between two localized states;
hence, the conductivity increases as a result of increase the charge
carriers’ numbers. The frequency-dependent conductivity is caused
by the hopping of charge carriers in the localized state. The term
hopping refers to the sudden displacement of charge carriers from
one position to another neighbouring site and, in general, includes
both jumps over a potential barrier and quantum-mechanical tunnel-
ling [47-55].
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4. CONCLUSIONS

This study includes preparation of PMMA /PS/CoFe,O, to use in dif-
ferent electronics fields.

The dielectric properties of PMMA/PS/CoFe,O, nanocomposites
were tested in frequency ranged from 100 Hz to 5 MHz. Results
showed that the dielectric constant and dielectric loss of
PMMA/PS/CoFe,O, nanocomposites are decreased, while the A.C.
electrical conductivity increased, with increasing the frequency. The
dielectric parameters such as dielectric constant, dielectric loss and
A.C. electrical conductivity of PMMA/PS blend are increased with
increasing the CoFe,O, nanoparticles’ content.

The final results demonstrate that the PMMA /PS/CoFe,0, nano-
composites may be useful for various electronics fields.
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