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HHPOPMAIIUA AJI1 ABTOPOB

Coopuuk HayuHsIx TPynoB «Hanocucmemu, Hanomamepianu, nanomexunonozii» (HHH) my6nukyer emé
HeONyOJMKOBaHHbIE U He HAXOJAINECA HA PACCMOTPEHHY [JJId OIyOINKOBAHNA B UHBIX UBJaHUAX HAYYHBIE
0630pHI 1 OPUTMHAJIbHBIE CTATHH, COAEPIKAIINe U XapaKTePU3YIOIIe Pe3yIbTaThl 9KCIePUMEeHTAIbHBIX U
TEOPETUYECKUX HCCIEAOBAHUI B 061aCTH (PUBUKY, XIMUU, OMOJIOTUY, TEXHUKH, METOLOB CHHTE3a, 00padoT-
KU ¥ AMArHOCTHKY HAHOPas3MEPHBIX CHCTEM M HAHOMACIITaGHBIX MaTEpPHAJIOB: KJIACTEPOB, HAHOUYACTHIIL,
HaHOTPYOOK, HAHOKPUCTAJJIOB ¥ HAHOCTPYKTYP (anaTUTONOLO0HBIX U AP. GuocucTeM, aMOP(MHBIX U KOJLIO-
HMHBIX HAHOPA3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IUIEHOK U IIOKPBITHIl, HAHOIIOPOIIIKOB U T.A.).

Coopuuxk HHH He my6GiukyeT: cTaThu IIOJEMHUUYECKUE, KIAaCCUMUKAIMOHHBIE M y3KOCIEIuaJbHbIE,
cofepoKallie perieHnsi CTaHAaPTHBIX 3a/{ad; CTaThU OIKCATEIbHbBIE M METOJUUECK e (€CIU MEeTOA He SBJIA-
€eTCA IIPUHIUIINAJIBHO HOBLIM); CTaTbH, B KOTOPBIX MU3JIarat0TCA OTAEeJIbHBIE 3Tallbl NCCIE€NJOBAHUA UJIN Ma-
TepuaJl, pa3feJEHHbBIN Ha HECKOJIBKO IIOCIEA0BATEIbHBIX IIyOJNKAIWil; CTATHH O PANOBHIX UCCIEA0BAHUAX,
He IPEeCTaBJSIONNX O0IIero NHTepeca 1 He COAEePIKAIUX 3HAUNMBIX BHIBOJIOB.

CraTbu MyOJNKYIOTCA Ha OAHOM M3 [BYX A3BIKOB: aHIVIMICKOM MJIN YKPAUHCKOM.

Crarbu, B 0popMIeHNN KOTOPBIX He COOMIIOAEHBI ClaeAyolire npaBuia fiaa nyoankanuu 8 HHH, Bos-
BpAIIal0TCsa aBTopaM 6e3 pacCMOTPEHUA 10 cyiiecTBy. (JaToil mocTyIieHns CYuTaeTcs JeHb IIOBTOPHOTO
TIPeJCTaBIEHUSA CTATHH IIOCJIe COOII0NeHN YKa3aHHbIX HUKe IIPaBUIIL. )
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TOUYTOBBIN agpec, Homep TesnedoHa (harca), agpec 9JIeKTPOHHOM! ITOUTHI.
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pumentaasHa/Teopernuna meromuka», «3.Pe3dynabraTtu Ta iX 00roBopeHHsI», «4.BucHoBKM», «BHeckn
crmiBaBTOpiB», «[luTOBaHA JiTEepaTypa»), CKATHIM, 6€3 AJIMHHBIX BBEIEHUI, OTCTYILIEHU, TOBTOPOB, AY0-
JINPOBAHUS B TEKCTE JAAHHBIX TabJUIl, PUCYHKOB, moAmuceidl K HuM. AHHOTauus M pasaes «BucHoBKm»
[IOJKHBI He yOJInpoBaTh APYT Apyra. YncIoBbie JaHHbIE CIeAyeT IPUBOJUTD B OOIIEIPUHATHIX eANHUIAX.

3. 066éMm craThu qosKeH ObITE He 60s1ee 5000 ci1oB (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI, TIOAIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyIYHbIX 0030POB
(ue 6osee 22000 cioB u 60 pucyHKOB), perratoTcs peakosierueit HHH Ha ocHOBaHMM HpeaBapUTEIbHO
IpeoCTaBIEHHOM aBTOPAMU PACIIINPEHHOI aHHOTAI[UY PaGOTHI.

4. B pemaxnuio 00sA3aTeJbHO IpenocTaBisgeTcsa no e-mail (wim Ha KoMnakT-gucke) daia pyKomucu
crarhy (C WIJIOCTPATUBHLIM MATEPHAJIOM), HAOPaHHBINA B TEKCTOBOM pemakTope Microsoft Word 2003,
2007 mau 2010 ¢ HasBaHWMEM, COCTOAINMM 13 (QaMWUIUM IEPBOrO aBTopa (JaTUHUIEH), HAIpUMeED,
Smirnov.doc.

5. DyIeKTPOHHAA BepCcUsA PYKOINUCHU JOJIKHA coZeprkaTh anHoTauuro (200—250 cioB) craTbu (BMecTe
5—6 xkmoueBbiMu ciaoBamu) u 5—7 uagexcoB PACS (B mocienueit pegakiuu ‘Physics and Astronomy
Classification Scheme 2010°’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition;
cM. PACS numbers (imp.kiev.ua)). TeKkcTbl yKpanHOSA3BIYHBIX CTATEHN JOJYKHBI TAKIKE COZEPIKATh 3arJia-
BU€ CTAThU (BMECTE CO CIMCKOM aBTOPOB M aApecaMy COOTBETCTBYIOIIMX YUDEKAEHUIT), PACIINPEHHYIO
amHoTanuio (300—350 cioB), KJIOUEBBIE CJIOBA, 3ar0JIOBKM TAOJIUI[ M HMOAIUCHA K PUCYHKAM HA aHIJIMI-
cKkoM sa3bIKe. Kpome Toro, cofepskanus aHHOTAIUI HA YKPAUHCKOM ¥ aHTJIMICKOM S3BIKAX JOJKHBI OBITH
UIEHTUYHBIMU I10 CMBICIIY.

7. PucyHku (uBeTHbIe, YepHO-Gesible WM IIOJYyTOHOBBIE C Ipajalieil ceporo) AOJKHEI ObITh IIpei-
CTaBJIeHBI B BUJe OTAENbHBIX (paiiyioB (mpepmoururesbHO B rpaduueckux ¢opmarax TIFF, EPS umau
JPEG) ¢ HasBaHUAMM, COCTOAIIMMY U3 (DaMUJIMU IIEPBOTO aBTOpa (JaTHUHUIEH) M HOMepa PUCYHKA,
Hanpumep, Smirnov_fig2a.tiff. KauectBo uiaroctpaiuii (B TOM YrcJe IIOJYTOHOBBIX ) JOJIPKHO obecredn-
BaTh UX BocupousBeneHue c¢ pasperreruem 300—600 Touek Ha Ai0iM. [[ONOJHUTETHHO PUCYHKU IIPELO-
CTaBJIAIOTCA B hopMaTe IPOrpaMMsbl, B KOTOPOH OHU CO3/JaBaJIUCh.

8. Hagnucu Ha pucyHkax (0COOEHHO ITOJIYTOHOBBIX) HAJO II0 BO3MOKHOCTH 3aMEHUTh GYKBEHHBIMU 060-
3HAYEHUAMY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KPUBbIE 0603HAUUTH HUMPAMYU UJIU PA3JIUYHOTO TUIA
JIMHUAME/MapKepaMy, pasbACHAEMBIMH B IOANUCAX K PUCYHKaM MM B Tekcre. Ha rpaduxax Bce Ju-
HUY/MapKEPhI JOJLKHBI OBITH YEPHOTO IIBETA U JOCTATOYHBIX TOJIIIIVH/PasMepPOB AJIA Ka4eCTBEHHOI'O0 BOCIIPO-
U3Be/IeHNA B YMEHBIITEHHOM B 2—3 pasa Buje (PeKoMeHyeMasd MupuHa pucyHka — 12,7 cm). CHUMKY TOJBK-
HBI OBITh Y6TKUMY 1 KOHTPACTHBIMY, & HAATINCH ¥ 0003HAUEHUA JOJKHBI He 3aKPhIBATH CYIIIeCTBEHHBIE J1eTa-
7 (I 4ero MOYKHO HCIIOJIB30BaTh CTPEJIKM). BMecTo yKasaHUA B IOATEKCTOBKE YBEJIUYEHUSA IIPU CHEMKE
JKeJIaTeJIbHO IIPOCTaBUTh MacIITab (Ha KOHTPACTHOM (JOHE) Ha OHOM U3 WIEHTUYHBIX CHUMKOB. Ha rpadukax
TOANMUCH K OCSM, BBIIOJHEHHbIE Ha SI3BIKE CTATHM, JOJIKHBI COJlepKaTh 0003HAUeHUs (MIM HAaMEHOBAHUS)
OTKJIaAbIBAEMBIX BEJIMYNH U UepPe3 3allATYI0O UX eTUHUIIBI U3SMEPEHUA.

9. ®opMyasI B TEKCT HEOGXOJUMO BCTABJIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHoCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a TakyKe TaGIMIBI ¥ IIOJCTPOYHEIE MPUMEYaHHA (CHOCKH) ZOJIKHBI IMETH CILIOUIHYIO
HyMepaIuio II0 BCeii cTaThbe.

11. CebLiku Ha JUTEpPaTypHBIE NCTOUHUKY CJIEAYeT JaBaTh B BUE MOPAIKOBOIO HOMEPA, HalleuaTaH-
HOI'0 B CTPOKY B KBaAPaTHBIX CKOOKax. CIIMCOK JIUTepaTyphl COCTABISAETCS B IIOPSIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIJIOK IPUBEEHbl HUYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PANOK CJIeJOBAHUSA MHUIINAJIOB U (haMuinil aBTOpOB, GubinorpaduuecKux CBeLeHUN U HA Pasfe/IuTeb-
Hble 3HAKMU, a TaKyKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTHPOBAHHON pabGoTH U (B KOHIE
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BUJIABHHUYA ETUKA
TA 3ANIOBITAHHS HECYMJITHHIV ITPAKTHIII ITYBJIKATIA
Pepakmiiina Koseria 36ipHuka HayKoBux mpaib «HaHocucTeMu, HaHOMATEpiaain, HAHOTEXHOJIOTII»
JOTPUMYETHCS €TUIHUX HOPM, NPUUHATHIX MI’KHAPOJHWM HAYKOBHUM CIIiBTOBAPKCTBOM, i pOOUTH
yce sl 3amobiraHHA OyAb-AKUM IIOPYIIEHHSM I1X. ¥ CBOIMl [isJIbHOCTI pefaKIlisi CIMpAaeThCs Ha
pexomenzanii Komirery 3 ernku HaykoBux myouikariit (http://publicationethics.org).

O060B’A3KM pemaKIii
. Bci npencrasiieHi cTaTTi peneH3YIOTHCS eKCIIepTaMu B JaHil o6acTi.
. ITlig yac posriAmy cTaTTi BpaxXoBYIOThCS Ii BiAmoBigHiCTH IpeameTHiil obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, YUNTAOEJBHICTL i MOBa (IIpaBomuc).
. 3a pesyJbTaTaMU PEIlleH3YBaHHS CTATTS MOKe OyTU IPUMHSTA A0 OmyOIiKyBaHHS 0e3 Jopo6-
KU, IPUHHATA 3 TOPOOKOI0 abo BigxwuieHa.
. Bigxuieni crarTi moBTOPHO He PeIEeH3YIOTHCS.
. CrarTi MOKyTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYMHOM He IIiAXOAATH
I yOsTiKarrii.
. Pepakiis yxBaiioe pillleHHsA Iof0 MyOsikarii, Kepyoouuch MOJITHKOI 30ipHUKA, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.
. He pomyckaeTrbes mo myoarikaiiii indopmaiiisi, SKIO € AOCTATHLO IiJCTaB yBakaTH, II[0 BOHA
€ miarisTom.
3a HasgBHOCTH AKUX-HEOynb KOHQJIIKTIB iHTepeciB ((hiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYacCHUKHU IIPOIleCy PelleH3yBaHHS IIOBUHHI cHOBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHa
PO3IJIANAIOThCA Ha 3acifiaHHi pexkoJerii.
IIpuiiaari 1o onyOIiKyBaHHA CTAaTTi PO3MIIAIOTHCA Y BiAKPUTOMY HOCTYIIL Ha caiTi 36ipHMKA;
aBTOPCBHKI ImpaBa 30epiraloThbCs 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

. PerieHseHTH OIIHIOIOTH CTATTi 3a IXHIM BMicTOM, 0e3BiZHOCHO [0 HAIiOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHuX mepeKoHaHb, eTHIYHOI MPUHANEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakiiii He MOBUHHI MOBIAOMIATH SAKY-HeOyab iH(opMallio mpo crarTi, II[0
HagiAmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHMKAMU peJakiiii Ta Buaa-
BHUIITBA.

. PeliensyBanHs moBUHHE OYyTH IIpoBeaeHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIPU-
nyctuMa. PereHsenTu 3000B’A3aHi 0OIPYHTOBYBATHU CBOIO TOUKY 30pPY YiTKO I 06’€KTHUBHO.

. PerensyBanusi mornoMarae BUJABIEBI mpuilMaTy pillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOITHMIITBA
3 pelleH3eHTaMU I aBTOPAMU MOJIIIIIINTH CTATTIO.

. Marepianu, orpumani nisa pereHsii, € KOHGIZEHIIHHUMEU JOKYMEHTaAMH Ta PEIeH3YIOThCA
aHOHIMHO.

. PerenseHnT Takoyk 3000B’s3aHUil 3BepPTATH yBary peJaKTopa Ha icTOTHY ab0 J4acTKOBY MOZi0-
HiCTH IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIOI POGOTOI0, 3 AKOKI PEIEH3EeHT Ge3rnocepes-
HbO 3HAHOMUMA.

IIpuHIMIN, AKMMHU MOBHHHI KePYyBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIii

. ABTOpHu craTell MOBMHHI HagaBaTU TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOI'OBO-
peHHsd i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTH MOCTOBipHI pesyJbTaTH IIPOBEAEHOr0 OIJIAAy U aHamisu
nmocaimxenb. CBioMo mOMUIKOBI a00 chanbeudikoBaHi TBepKeHHA HEIPUUHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHdopmarlii mjis mepeBipKM Ta IIOBTOPEHHS
eKCIIepUMEHTIB a00 po3paxyHKiB iHmwumu pociaimunkamu. [Ilaxpaiiceki abo cBimomo Hempas-
IUBi 3aABU NPUPiBHIOIOTHCA O HEETUYHOTO IOBOAKEHHS i € HEIPUHHATHUMMU.

. ABTOpPH MOXKYTb HaAJaBaTH OPUIIHAJBHI PeryJsapHi # orasamoBi poGoTu. 3a BUKOPHUCTAHHS
TeKCcToBOI abo rpadiunoi indopmarii, orpumanoi 3 pobiT iHmMX 0ci6, 000B’sI3KOBO HEOOXimHi
MOCHUJIAaHHS Ha BiAmoBigHi myGiikarii abo mucbMOBHUM [03BiJ iXHiIX aBTOPIB.

. ITomaua crarTi GisbIn HiK B OOUH KypHAJ PO3I[IHIOETHCA AK HEeTUYHE IOBOJKEHHS i € He-
IPUNHATHOIO.

. ABTOpPCTBO IMOBUHHE OyTH O0OME)KEeHe TUMM, XTO 3pOOMB 3HAUHUI BHECOK y KOHIIEMIil0, PO3-
poOKYy, BUKOHAHHS a00 iHTepIIpeTaIito 3asgBJIEHOr0 AOCiIKeHHS.

. Ioxepesa hiHaHCOBOI MiATPUMKU TOCTiMKEHHSA, 10 TYOIiKyeThCs, MOKYTb OyTH 3a3HAUeHi.
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Nanotehnologii’ (i.e., ‘Nanosystems, Nanomaterials, Nanotechnologies’) follows ethics norms
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
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Formation of Bosons in SmMnQ;, as 1D Charge/Spin Density
Waves Caused by Confinement of Spinon Pairs in a System of
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Dirac Fermions
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As shown, the appearance of two unusual peak features of isotherms 1
and 2 of the magnetization reversal of SmMnO,,; near zero magnetic field
is a natural consequence of the spin—charge separation characteristic of
the previously well-studied theoretically one-dimensional Mott insulator in
the state of a quantum Luttinger liquid. Attention is drawn to the differ-
ence between the two peak features of isotherms 1 and 2 of the magneti-
zation reversal near H =0 Oe, which depends on the direction of growth
of the external magnetic-field strength. We believe that such behaviour of
magnetization in the low-temperature region is caused by the fact that the
transverse component of the external magnetic field closes the spinon gap
A, in SmMnO,,s. A characteristic feature of this state is the spatial sepa-
ration of charge and spin excitations. According to these studies, even a
weak increase in the transverse component of the external magnetic field
can lead to further confinement of spinon pairs, which is accompanied by
the appearance of gapless modes of natural longitudinal oscillations of the
spin chain system. We assume that the step-like features of field depend-
ences of magnetization of SmMnO;,; at temperature T'=0.6 K are similar
to characteristics of step-like quantum Hall effect for massless Dirac fer-
mions in graphene.

ITokasamo, 1110 IMOsiBa ABOX HE3BMUYAWHHUX IIIKOBUX 0co0JamBocTei izoTepm 1 i
2 mepemarHeryBaHHA SmMnO,,; mo6gu3y HYJIHOBOTO MATrHETHOTO IIOJA €
NPUPOSHIM HACIIAKOM XapaKTEPUCTHUKU PO3MiJIEHHS CIIiH-3apAIiB pauilire
Io0pe BUBUEHOTO TEOPETHUYHO OAHOBUMipHOro MoTTOBOro isojsaropa y crami
KBaHTOBOI JlaTTHH)KepPOBOI piamHN. 3BEepPTAEThCA yBara Ha PLKHUIIO MixK
IBOMA IMiKOBMMM OCOOJIMBOCTAMHU izoTepMm 1 i 2 mepemarsHeTyBaHHS MMOOJIH3Y
H=0E, axa 3ajlleXKUTb BiJi HAIPAMKY 3pPOCTaHHSA HAIPY>XEHOCTH 30BHiIII-
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HBOI'O MarHeTHOro IoJisd. Mu BBayKaeMo, IO TaKy IOBEIiHKY HaMarHeTOBa-
HOCTH B 00J1aCTi HU3BKUX TeMIEpaTyp B3YMOBJIEHO THM, IO IIOIEepedYHa
CKJIa[JOBa B0BHIINTHHOTO MAaTHETHOTO IIOJIA 3aKPUBA€ CIIHOHHY WIIIWHY A, V
SmMnO; ;. XapaKTepHOI OCOOJHMBICTIO IIHOTO CTaHY € IIPOCTOPOBE PO3i-
JeHHSA 3apsaJ0BUX i CIiHOBMX 30ya:KeHb. 3TiHO 3 MUMHU AOCHIMKEeHHAMU,
HaBiTH cjabKe 30iJIBIITEHHSA IOIEPEeYHOI CKJIAJA0BOI 30BHIIITHLOTO MAarHeTHOTO
IOJIsI MOJKe IIPUBECTU [0 IMOJAJBIIOr0 OOMEKeHHsS CIIHOHHUX Iap, II0 Cy-
IIPOBOIKYETHCA TMOABOIO OEBIMiIIMHHMX MOJ BJIACHUX IO3JOBMKHIX KOJUBAHBb
CHCTEMU CIiHOBOTO JaHIIora. Mu mpumycKaeMmo, IO CTYIiHYacTi 0COBJIMBO-
CTi MOJIBOBUX B3ajieKHOCTel HamarfHeroBaHoctTu SmMnO,.; 3a TemMmeparypu
T=0,6 K ¢ mogioHMMU M0 XapaKTEPUCTUK CTYIIiHYACTOrO KBAHTOBOTO I[0JI-
JoBoro edeKTy ajya 6e3amacoBux [ipakoBux depmioHis y rpadeni.

Key words: quantum Luttinger liquid, 1D charge—spin density waves, con-
finement of spinon pairs, step-like quantum Hall effect for massless Dirac
fermions.

Karouosi ciroBa: JlaTTuH:KepoBa KBaHTOBA piAmMHAa, OJHOBUMIpHI XBWJIi 3a-
PAIOBO-CIIIHOBOI T'yCTHHU, OOMEKeHHS CIiHOHHUX IIap, CTYIMiHYACTHUIl KBaH-
toBuit ['onyiB edekT ansa 6esmacoBux [ipaxoBux (pepMmioHiB.

(Received 4 September, 2025)

1. INTRODUCTION

In Refs. [1, 2], a Luttinger exactly soluble model of a one-
dimensional many-fermion system is discussed. The model has a
fairly realistic interaction between pairs of fermions. An exact cal-
culation of the momentum distribution in the ground state is given.
As shown, there is no discontinuity in the momentum distribution
in this model at the Fermi surface, but that the momentum distri-
bution has infinite slope there. Comparison with the results of per-
turbation theory for the same model is also presented, and it is
shown that, for this case at least, the perturbation and exact an-
swers behave qualitatively alike. Finally, the response of the system
to external fields is also discussed. As shown, he did not solve his
model properly because of the paradoxical fact that the density op-
erator commutators, which always vanish for any finite number of
particles, no longer vanish in the field-theoretic limit of a filled Di-
rac sea. In fact, the operators define a boson field, which is ipso
facto associated with the Fermi-Dirac field. This observation to
solve the model was used and was obtained the exact (and now non-
trivial) spectrum, free energy, and dielectric constant. This was also
extended to interactions, which are more realistic. According to
Ref. [3], one powerful approach to 1D-lattice fermion systems is to
utilize a particular continuum limit to derive a low-energy effective
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model that can be solved analytically. For the simplest case of spin-
less fermions with local interactions away from half-filling, this ap-
proach leads to the so-called Luttinger model [1], which can be
solved exactly using bosonization [2].

Exact solubility means a lot in this case: not only the partition
function, but also all Green’s functions of the Luttinger model can
be computed exactly by analytical methods. This method can be
generalized to 1D Hubbard-like systems and is the basis of a para-
digm for 1D interacting fermion systems. In Ref. [3], a detailed
derivation of a two dimensional (2D) low energy effective model for
spinless fermions on a square lattice with local interactions is giv-
en. This derivation utilizes a particular continuum limit that is jus-
tified by physical arguments. It is shown that the effective model
thus obtained can be treated by exact bosonization methods. It is
also discussed how this effective model can be used to obtain physi-
cal information about the corresponding lattice fermion system.

According to Ref. [11], the problem of interacting fermions sim-
plifies in one dimension. In a pioneering paper, Tomonaga treated
the case of a two-body interaction, which is long ranged in real
space. He showed that the low-energy excitations of the noninter-
acting as well as the interacting system can be described in terms of
noninteracting bosons. The important idea to solve the case of in-
teracting fermions was the observation that a long-range interaction
in real space is short ranged in momentum space and therefore only
particles and holes in the vicinity of the Fermi points are involved
in the interacting ground state and states with low excitation ener-
gy. To obtain his results, Tomonaga linearized the energy dispersion
around the two Fermi points +k;. Luttinger later used a model with
strictly linear energy dispersions, which is closely related to the
massless Thirring’s model. A very elegant method to calculate cor-
relation functions for the model is the bosonization of the fermion
field operator. The exponents of the anomalous power law decay of
various correlation functions are determined by the anomalous di-
mension, which can be calculated explicitly for the Tomonaga—
Luttinger (TL) model. It was an important observation of Haldane
that the low-energy physics of the exactly solvable TL-model pro-
vides the generic scenario for one-dimensional fermions with repul-
sive interactions. Like in the Landau’s Fermi-liquid picture, a few
parameters completely determine the low energy physics.

Generally, they are as difficult to calculate as the Landau param-
eters. In contrast to the higher dimensional case, there are addi-
tional exactly solvable models, for which Haldane’s Luttinger liquid
scenario can be tested and the parameters determining the anoma-
lous dimension can be calculated using the Bethe-ansatz technique.
Another important manifestation of Luttinger liquids is called
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spin—charge separation, i.e., for low energy excitations, the charge
and spin degrees are completely decoupled. This shows up, for ex-
ample, in the spectral function of the one-particle Green’s function,
which largely determines the photoemission spectrum. Recent high-
resolution photoemission experiments on quasi-one-dimensional or-
ganic conductors have been interpreted to show Luttinger-liquid be-
haviour.

In Ref. [12], it was investigated the electronic band structure of
Pt-induced nanowires on Ge(001) [Pt/Ge(001) NWs] by angle-
resolved photoelectron spectroscopy at 6 K. Single-domain samples
of Pt/Ge(001) NWs were prepared on vicinal Ge(001) substrates.
One of the bands disperses only in the nanowire direction, and its
Fermi surface consists of strictly straight lines, indicating that it is
an ideal one-dimensional metallic state. An energy distribution
curve of the one-dimensional band is explained by a Fermi—Dirac-
type spectral shape, which is against both a Luttinger liquid and
Peierls instability schemes. In Ref. [13], dispersing 1D bands have
been observed for the first time in an organic conductor by high-
resolution photoemission experiments on TTFTCNQ (tetrathiafulva-
lene tetracyanoquinodimethane). Their properties are extremely un-
usual: the bandwidth is much larger than traditional estimates, and
the quasi-particle states are strongly renormalized, with no weight
at the chemical potential. A deep pseudogap around the Fermi ener-
gy persists, and even increases, up to room temperature. Also was
reported a direct determination of k; in this material, and the ob-
servation of the opening of a Peierls gap in the low-temperature
charge-density wave phase. In Ref. [14], it was presented that the
Luttinger liquids are paramagnetic one-dimensional metals without
Landau quasi-particle excitations. The elementary excitations are
collective charge and spin modes, leading to charge—spin separation.
Correlation functions exhibit power-law behaviour. All physical
properties can be calculated, e.g., by bosonization, and depend on
three parameters only: the renormalized coupling constant K,, and
the charge and spin velocities.

Also it was discussed the stability of Luttinger liquids with re-
spect to temperature, interchain coupling, lattice effects and pho-
nons, and list important open problems. In Ref. [15], it was com-
pute mean field phase diagrams of two closely related interacting
fermion models in two spatial dimensions (2D). The first is the so-
called 2D t—t'-V model describing spinless fermions on a square lat-
tice with local hopping and density—density interactions. The second
is the so-called 2D Luttinger model that provides an effective de-
scription of the 2D ¢—t'-V model, and in which parts of the fermion
degrees of freedom are treated exactly by bosonization. In mean-
field theory, both models have a charge-density-wave (CDW) insta-
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bility making them gapped at half-filling. The 2D #—t'-V model has
a significant parameter regime away from half-filling, where nei-
ther the CDW nor the normal states are thermodynamically stable.
It was shown that the 2D Luttinger model allows obtaining more
detailed information about this mixed region. In this work, the con-
finement of low-energy thermal excitations of spinons in SmMnO,,s
was found in the form of excitations of the type of nanofragments
of 1D charge and spin-density waves, characteristic for low-energy
excitations of a metallic one-dimensional quantum Luttinger liquid.

2. MATERIAL AND METHODS

Samples of self-doped manganites SmMnO;,s (6 = 0.1) were obtained
from high-purity oxides of lanthanum, samarium and electrolytic
manganese, taken in a stoichiometric ratio. The synthesized powder
was pressed under pressure of 10 kbar into discs of 6 mm in diame-
ter, 1.2 mm thick and sintered in air at a temperature of 1170°C
for 20 h followed by cooling at a rate of 70°C/h. The resulting tab-
lets were a single-phase ceramic according to x-ray data. X-ray
studies were carried out with 300 K on DRON-1.5 diffractometer in
radiation NiK,;,... Symmetry and crystal lattice parameters were
determined by the position and character splitting reflections of the
perovskite-type pseudocubic lattice. Temperature and field depend-
ences of dc magnetization were measured using a VSM EGG
(Princeton Applied Research) vibrating magnetometer and a nonin-
dustrial magnetometer in ZFC and FC modes. When measuring the
temperature dependences of the magnetization M(T) in the ZFC
mode, the sample was first cooled to 4.2 K in a zero external mag-
netic field, followed by an increase in temperature to the required
value. In the FC mode for measuring the magnetization M(T), the
sample was first cooled to 4.2 K in magnetic fields of wvarious
strengths, followed by heating. The field dependences of the mag-
netization M(H) were measured during sample remagnetization at a
temperature of 4.2 K in a wide range of magnetic fields in the ZFC
and FC measurement modes.

3. EXPERIMENTAL RESULTS AND DISCUSSION

In this work, the field dependences of SmMnO;; magnetization
were investigated in the ZFC and FC measurement mode in the
magnetic field range of £5000 Oe (Figs. 1-4). The confinement of
low-energy thermal excitations of spinons in SmMnO;.; was found
in the form of excitations of the type of nanofragments of 1D
charge and spin density waves, characteristic of low-energy excita-
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Fig. 1. Field dependences of magnetization of SmMnO,,s in the ZFC meas-
urement mode in the form of isotherms of magnetization reversal of sam-
ples with different directions of growth of the external magnetic-field
strength at T=0.6 K (I) and T=4.2 K (2). Field dependences of magneti-
zation of SmMnO,,; at T=4.2 K in the FC measurement mode (3).
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Fig. 2. Field dependences of magnetization of SmMnO,,; at T=0.6 K in the
ZFC measurement mode in the form of isotherms 1 and 2 of magnetization
reversal of samples with different directions of growth of the external
magnetic-field strength. As can be seen in this figure, during the magneti-
zation reversal of the sample in the ZFC measurement mode, two peak fea-
tures of magnetization are formed near H =0 Oe in the range of magnetic
fields of £500 Oe.

tions of a metallic one-dimensional quantum Luttinger liquid.

With an increase in the external magnetic-field strength, a sec-
ond-order quantum phase transition of the QSL to the Luttinger
liquid state occurs, induced by an increase in the external magnetic-
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Fig. 3. Field dependences of magnetization of SmMnO;,s at T=4.2 K in FC
measurement mode in the form of isotherms 1 and 2 of magnetization re-
versal of samples with different directions of growth of the external mag-
netic-field strength. During the magnetization reversal of the sample in
FC measurement mode, two peak features of magnetization are formed
near H =0 Oe in the magnetic-field range of £500 Oe.

field strength. As a result of this transition, near H =0 Oe, peak
features of ‘supermagnetization’ are formed with varying degrees
of their overlap, characteristic of the excitation of gapless decou-
pled charge and spin density waves in a Luttinger liquid. As can be
seen in these figures, during the magnetization reversal in two
measurement modes, two peak features of the magnetization M(H)
near H =0 Oe are formed in the range of magnetic fields of £500 Oe
(Figs. 2, 3).

The difference between the two peak features of isotherms 1 and
2 of the magnetization reversal near H =0 Oe, which depends on
the direction of growth of the external magnetic-field strength, is
noteworthy. As can be seen in Figs. 3 and 4, with an increase in the
magnetic field in the positive direction (isotherm 1), separate CDW
and SDW states are realized, which are not related to each other.
At the same time, when the sign of the field growth changes to the
opposite (isotherm 2), we observe near H =0 Oe related CDW/SDW
states that stimulates the transition of the system of zigzag AFM
spin chains weakly coupled by the exchange interaction into a state
similar to a metallic Luttinger liquid.

We believe that such behaviour of the magnetization in the low-
temperature region is caused by the fact that the transverse compo-
nent of the external magnetic field closes the spinon gap A, for
SmMnO,,s. A characteristic feature of this state is the spatial sepa-
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Fig. 4. Field dependences of magnetization of SmMnO,,; at T=4.2 K in the
ZFC measurement mode in the form of isotherms 1 and 2 of magnetization
reversal of samples with different directions of growth of the external
magnetic-field strength. As can be seen in the figure, during the magneti-
zation growth of the sample in the ZFC measurement mode, three unusual
step-like features of magnetization M(H) are formed near H =0 Oe that
characteristic for forming of Landau bands in a Luttinger liquid. We ex-
plain the formation of a wide dip in magnetization near zero external
magnetic field in isotherm 2 with the decay of the bound state of
charge/spin density waves (CDW/SDW) during the process of sample de-
magnetization.

ration of charge and spin excitations. In this quasi-one-dimensional
state, multiparticle excitations in the form of 1D charge and spin
density waves, which obey the Bose statistics, dominate and largely
replace elementary excitations in the form of spinon pairs. Of inter-
est is the result that decoupled charge/spin density waves are
formed in isotherms 1, whereas coupled 1D CDW/SDW collective
excitation of the quantum spin liquid arises in isotherms 2 near ze-
ro magnetic field. Excitation of such 1D collective states in an ex-
ternal magnetic field was observed earlier in systems of weakly-
coupled exchange Heisenberg and Ising AFM spin chains with dif-
ferent configurations and degrees of anisotropy. According to these
studies, even a weak increase in the transverse component of the
external magnetic field can lead to further confinement of spinon
pairs, which is accompanied by the appearance of gapless modes of
natural longitudinal oscillations of the spin chain system.
According to Ref. [6], in the limit of low excitation energies of a
one-dimensional Mott dielectric, spin—charge separation occurs,
which made it possible to accurately calculate their dynamic spec-
tral function of charge density and spin A(w, kr+q). It was found
that, in a one-dimensional Mott dielectric at a temperature T=0 K,
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the excitation and annihilation operators of an ensemble of fermi-
ons with left and right directions of motion separate them into sep-
arate charge and spin regions as a result of bosonization in the
form of fragments of separated one-dimensional charge density
waves (CDW) and spin density waves incommensurate with the
crystal lattice. We believe that the appearance of two unusual peak
features of isotherms 1 and 2 of the magnetization reversal of
SmMnO,,s near zero magnetic field are a natural consequence of the
spin—charge separation characteristic of the previously well-studied
theoretically one-dimensional Mott insulator in the state of a quan-
tum Luttinger liquid [6, 7]. Attention is drawn to the difference
between the two peak features of isotherms 1 and 2 of the magneti-
zation reversal near H =0 Oe, which depends on the direction of
growth of the external magnetic-field strength. As can be seen in
Figs. 2, 3, with the increase of the magnetic field in the positive
direction (isotherm 1), separate CDW and SDW states are realized,
which are not related to each other. At the same time, when the
sign of the field growth changes to the opposite (isotherm 2), we
observe near H =0 Oe the CDW/SDW states related to each other
that stimulates the transition of the system of zigzag AFM spin
chains weakly coupled by the exchange interaction to a state similar
to the metallic Luttinger liquid. We believe that such behaviour of
magnetization in the low-temperature region is caused by the fact
that the transverse component of the external magnetic field closes
the spinon gap A, for SmMnO,,s. A characteristic feature of this
state is the spatial separation of charge and spin excitations.

In this quasi-one-dimensional state, multiparticle excitations in
the form of 1D charge and spin density waves, which obey the Bose
statistics, dominate and largely replace elementary excitations in
the form of spinon pairs. Of interest is the result that decoupled
charge/spin density waves are formed in isotherms 1, whereas cou-
pled 1D CDW/SDW collective excitation of the quantum spin liquid
arises in isotherms 2 near zero magnetic field. Excitation of such
1D collective states in an external magnetic field was observed ear-
lier in systems of weakly-coupled exchange Heisenberg and Ising
AFM spin chains with different configurations and degrees of ani-
sotropy. According to these studies, even a weak increase in the
transverse component of the external magnetic field can lead to
further confinement of spinon pairs, which is accompanied by the
appearance of gapless modes of natural longitudinal oscillations of
the spin chain system.

Field dependences of magnetization M(H) of SmMnO,,; at T =4.2
K in the ZFC measurement mode (Fig. 4) differ greatly from the
graphs presented in Figs. 2, 3. As can be seen in these figures, dur-
ing the magnetization of the sample in the ZFC measurement mode,
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three step-like features of magnetization are formed near H =0 Oe
in the range of magnetic fields of £500 Oe (isotherm 1). During the
process of demagnetization of the sample (isotherm 2) in the mag-
netic-field range of +500 Oe, a wide dip is formed with an extreme
drop in the magnetization of the sample M(H) near the zero field.
We explain the formation of a wide dip in magnetization near zero
external magnetic field in isotherm 2 with the decay of the bound
state of charge/spin density waves (CDW/SDW) during the process
of sample demagnetization.

We assume that step-like features of field dependences of mag-
netization of SmMnQO,,; (Fig. 4) are similar characteristic of quan-
tum Hall effect for massless Dirac fermions in graphene [16—-18]. In
Ref. [16], it first was reported a condensed matter system, where
electron transport is essentially governed by the Dirac equation and
charge carriers mimic relativistic particles with zero mass and an
effective ‘speed of light’ ¢*~ 10° m/s. The unusual response of mass-
less fermions to magnetic field is highlighted further by their be-
haviour in the high-field limit, where there is the quantum Hall ef-
fect (QHE). It was shown the Hall conductivity c,, of graphene plot-
ted as a function of electron and hole concentrations in a constant
field B. Pronounced QHE plateaux are clearly seen but, surprising-
ly, they do not occur in the expected sequence c,, = (4€®/h)N, where
N is integer. On the contrary, the plateaux correspond to half-
integer v, so that the first plateau occurs at 2¢?/h and the sequence
is (4€*/h)(N +1/2). Note that the transition from the lowest hole
(v -1/2) to lowest electron (v=+1/2) Landau level (LL) in gra-
phene requires the same number of carriers (An=4B/@,~1.2:10"
cm®) as the transition between other nearest levels (cf. distances
between minima in p,,).

This one results in a ladder of equidistant steps in o,,, which are
not interrupted, when passing through zero. To emphasize this
highly unusual behaviour, it was shown that c,, for a graphite film
consisting of only two graphene layers, where the sequence of plat-
eaux returns to normal and the first plateau is at 4e®/h, as in the
conventional QHE. It was attributed this qualitative transition be-
tween graphene and its two-layer counterpart to the fact that fer-
mions in the latter exhibit a finite mass near n =0 (as found exper-
imentally and to be published elsewhere) and can no longer be de-
scribed as massless Dirac particles. These studies of graphene have
revealed a variety of unusual phenomena characteristic of two-
dimensional (2D) Dirac fermions. In particular, it was observed
that: a) the integer quantum Hall effect in graphene is anomalous
in that it occurs at half-integer filling factors; b) graphene conduc-
tivity never falls below a minimum value corresponding to the con-
ductance quantum e®/h, even when carrier concentrations tend to
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zero; c) the cyclotron mass m, of massless carriers with energy E in
graphene is described by equation E = m.c.?; d) Shubnikov—de Haas
oscillations in graphene exhibit a phase shift of n due to Berry’s
phase. As can be seen in Fig. 4 in this work, during the magnetiza-
tion growth of the sample in the ZFC measurement mode, three
step-like features of magnetization M(H) are formed near H =0 Oe
that is characteristic for forming three Landau bands in a Luttinger
liquid.

According to Ref. [17], when electrons are confined in two-
dimensional (2D) materials, quantum-mechanically enhanced
transport phenomena, as exemplified by the quantum Hall effect,
can be observed. Graphene, an isolated single atomic layer of graph-
ite, is an ideal realization of such a 2D system. The low-energy
band structure of graphene can be approximated as cones located at
two inequivalent Brillouin-zone corners. In these cones, the 2D en-
ergy dispersion relation is linear and the electron dynamics can be
treated as ‘relativistic,” where the Fermi velocity v, of the graphene
plays the role of the speed of light. In particular, at the apex of the
cones (termed Dirac point), electrons and holes (particles and anti-
particles) are degenerate. Landau level (LL) formation for electrons
in such a system under a perpendicular magnetic field, B, has been
studied theoretically using an analogy to the 2+ 1 dimensional
quantum electrodynamics. The exceptionally high-mobility graphene
samples allow investigating transport phenomena in the extreme
magnetic quantum limit, such as the QHE. In this work, the overall
positive R,, indicates that the contribution is mainly from electrons.
At high external magnetic fields B=1-8 T, R, (B) exhibits step-like
features (plateaus), and R,, is vanishing, which are the hallmark of
the QHE. At least two well-defined plateaus are observed before the
QHE features transform into Shubnikov—de Haas oscillations at
lower magnetic field. The quantization of R,, for these first two
plateaus is better than 1 part in 10*, precise within the instrumen-
tal uncertainty.

In Ref. [18], the quantum Hall effect with a Berry’s phase of = is
demonstrated on a single graphene layer grown on the C-face of 4H
silicon carbide. The mobility is of = 20000 cm?/(V-s) at 4 K and
15000 cm?/(V-s) at 300 K despite contamination and substrate
steps. This is comparable to the best-exfoliated graphene flakes on
SiO, and an order of magnitude larger than Si-face epitaxial gra-
phene monolayers. The QHE is well resolved in this sample, which
shows quantum Hall plateaus in the magnetic-field dependence of
the Hall resistance, as first observed in exfoliated graphene flakes
on SiO,. The Hall plateaus correspond to transverse resistances
Pry= (h/4€*)/(n+1/2) for n=0 to 3, where n is the Landau level in-
dex, which establishes the nontrivial Berry’s phase of n. The longi-
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tudinal resistivity p,, shows the characteristic Shubnikov—de Haas
(SdH) oscillations (SdHOs), in which Landau levels from n =0 up to
n =28 are easily recognized. The SdHOs develop into the QHE in
high fields, manifested by characteristic zero resistance minima and
Hall plateaus.

According to Ref. [19], the electronic properties of a graphite
monolayer have attracted theoretical interest due to a Dirac-type
spectrum of charge carriers in this gapless semiconductor. Recent-
ly, Novoselov et al. fabricated ultra-thin graphitic devices including
monolayer structures. This was followed by further observations of
the classical and quantum Hall effects in such systems confirming
the expectations of an unusual phase of Shubnikov—de Haas oscilla-
tions and QHE plateaus sequencing, as manifestations of a peculiar
magneto-spectrum of chiral Dirac-type quasi-particles containing a
Landau level at zero energy. In Ref. [19], it was studied an effec-
tive two-dimensional Hamiltonian to describe the low-energy elec-
tronic excitations of a graphite bilayer, which correspond to chiral
quasi-particles with a parabolic dispersion exhibiting Berry’s phase
of 2r. Its high-magnetic-field Landau level spectrum consists of al-
most equidistant groups of four-fold degenerate states at finite en-
ergy and eight zero-energy states. This can be translated into the
Hall conductivity dependence on carrier density, c,,(N), which ex-
hibits plateaus at integer values of 4e?/h and has a ‘double’ 8¢%/h
step between the hole and electron gases across zero density, in con-
trast to (4n + 2)e?/h sequencing in a monolayer.

According to Ref. [20], the half-integer quantum Hall effect in
single-layer graphene (SLG) 1, 2 and the unconventional quantum
Hall effect in bilayer graphene (BLG) 3 reveal spin- and valley-
degenerate relativistic Landau levels. Due to the extremely large
Landau-level splitting, completely-resolved levels can be observed
up to room temperature. However, even at very high perpendicular
magnetic fields, the Zeeman splitting within one Landau level is
negligible smaller compared to the Landau-level splitting and, more
importantly, the Landau-level width generally exceeds the spin
splitting. Exceptionally, the zeroth Landau level in SLG becomes
extremely narrow at magnetic fields B> 20 T that allows an exper-
imental observation of a spin-related gap opening at magnetic fields
B> 20 T. Another observation of a spin degeneracy lifting with an
effective g factor g = 2 was reported for v=+4 in SLG for magnetic
fields B>30 T, combined with lifting the valley degeneracy at
v==1. In Ref. [20], it was determined the spin splitting of broad-
ened Landau levels for SLG and BLG by measuring SdH oscillations
in tilted magnetic fields. This technique allows adjusting the ratio
between the spin splitting and the Landau-level splitting by control-
ling the ratio between a total magnetic field and a component per-
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pendicular to a two-dimensional graphene flake. Using the well-
established Lifshitz—Kosevich formula, it was determined the prod-
uct of the effective g factor and cyclotron mass m’g" from the angu-
lar dependence of the SdH amplitudes, and it was found that g is
enhanced compared to the free-electron value.

Similar stepwise oscillations of magnetization were previously
discovered by us for SmMnO,,; in the temperature dependences of
M(T) [21]. According to Ref. [21], quantum oscillations of the tem-
perature dependence M(T) of the magnetization of SmMnO,,; (QHE)
measured in the strong magnetic field H = 3.5 kOe in the tempera-
ture range 4.2-12 K have an unusual form. With an increase in the
field to H = 3.5 kOe, a step-like quantization of the spinon spectrum
appeared in the form of the formation of threshold features of
magnetization in the Landau bands n=1, n=2, and n=38 in the
kind of steps (plateaus) corresponding to the integer filling of three
Landau bands with a finite gap by spinons. As the temperature ris-
es, the height of the thresholds and the width of the steps increase.
Emergence of new quantum oscillations of the magnetization tem-
perature dependences in the strong field regime of measurements is
caused by the Landau quantization by the gauge field of the spinon
gas with a fractional spin S=1/2, moving on circular orbits in the
direction transverse to the direction of the ‘magnetic’ component B
of the gauge field.

4. CONCLUSIONS

According to the theory, in the limit of low excitation energies of a
one-dimensional Mott dielectric, spin—charge separation occurs,
which made it possible to accurately calculate their dynamic spec-
tral function of charge density and spin A(w, kz+¢q). It was found
that in a one-dimensional Mott dielectric at a temperature T=0 K,
the excitation and annihilation operators of an ensemble of fermi-
ons with left and right directions of motion separate them into sep-
arate charge and spin regions as a result of bosonization in the
form of fragments of separated one-dimensional charge density
waves (CDW) and spin density waves incommensurate with the
crystal lattice. We believe that the appearance of two unusual peak
features of isotherms 1 and 2 of the magnetization reversal of
SmMnO,,; near zero magnetic field are a natural consequence of the
spin—charge separation characteristic of a quantum Luttinger liq-
uid. Attention is drawn to the difference between the two peak fea-
tures of isotherms 1 and 2 of the magnetization reversal near H =0
Oe, which depends on the direction of growth of the external mag-
netic-field strength. As can be seen in Figs. 2, 3, with the increase
of the magnetic field in the positive direction (isotherm 1) separate
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CDW and SDW states are realized, which are not related to each
other. At the same time, when the sign of the field growth changes
to the opposite (isotherm 2), we observe near H =0 Oe the
CDW/SDW states related to each other that stimulates the transi-
tion of the system of zigzag AFM spin chains weakly coupled by the
exchange interaction to a state similar to the metallic Luttinger
liquid. We believe that such behaviour of magnetization in the low-
temperature region is caused by the fact that the transverse compo-
nent of the external magnetic field closes the spinon gap A, in
SmMnO,,s. A characteristic feature of this state is the spatial sepa-
ration of charge and spin excitations.

In this quasi-one-dimensional state, multiparticle excitations in
the form of 1D charge and spin density waves, which obey the Bose
statistics, dominate and largely replace elementary excitations in
the form of spinon pairs. Of interest is the result that decoupled
charge/spin density waves are formed in isotherms 1, whereas cou-
pled 1D CDW/SDW collective excitation of the quantum spin liquid
arises in isotherms 2 near zero magnetic field. Excitation of such
1D collective states in an external magnetic field was observed ear-
lier in systems of weakly-coupled exchange Heisenberg and Ising
AFM spin chains with different configurations and degrees of ani-
sotropy. According to these studies, even a weak increase in the
transverse component of the external magnetic field can lead to
further confinement of spinon pairs, which is accompanied by the
appearance of gapless modes of natural longitudinal oscillations of
the spin chain system.

We assume that step-like features of field dependences of mag-
netization of SmMnO,,s at temperature T =0.6 K are similar charac-
teristic of quantum Hall effect for massless Dirac fermions in gra-
phene. In these works, it was firstly observed a condensed matter
system, where electron transport is essentially governed by the Di-
rac equation and charge carriers mimic relativistic particles with
zero mass and an effective ‘speed of light’ ¢*=10° m/s. These stud-
ies of graphene have revealed a variety of unusual phenomena char-
acteristic of two-dimensional (2D) Dirac fermions. In particular, it
was observed that: a) the step-like quantum Hall effect in graphene
is anomalous in that it occurs at half-integer filling factors; b) gra-
phene conductivity never falls below a minimum value correspond-
ing to the conductance quantum e?/h, even when carrier concentra-
tions tend to zero; c) the cyclotron mass m, of massless carriers
with energy E in graphene is described by equation E =m."?; d)
Shubnikov—de Haas oscillations in graphene exhibit a phase shift of
n due to Berry’s phase. During the magnetization growth of the
sample in the ZFC measurement mode, three step-like features of
magnetization M(H) are formed near H =0 Oe that is characteristic
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for forming three Landau bands in a Luttinger liquid.

The low-energy band structure of graphene can be approximated
as cones located at two inequivalent Brillouin-zone corners. In these
cones, the 2D energy dispersion relation is linear and the electron
dynamics can be treated as ‘relativistic’, where the Fermi velocity
vr of the graphene plays the role of the speed of light. In particu-
lar, at the apex of the cones (termed Dirac point), electrons and
holes (particles and antiparticles) are degenerate. Landau level (LL)
formation for electrons in such system under a perpendicular mag-
netic field, B, has been studied theoretically using an analogy to the
2 +1 dimensional quantum electrodynamics. The exceptionally high-
mobility graphene samples allow investigating transport phenomena
in the extreme magnetic quantum limit, such as the QHE. It was
shown the overall positive R,, that indicates the contribution from
electrons mainly. At high external magnetic fields B=1-8 T, R, (B)
exhibits step-like features (plateaus), and R,, is vanishing, which
are the hallmark of the QHE. At least two well-defined plateaus are
observed before the QHE features transform into Shubnikov—de
Haas oscillations at lower magnetic field. The quantization of R,
for these first two plateaus is better than 1 part in 10%, precise
within the instrumental uncertainty.
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Qubit Architectures: Towards Informational Nanotechnologies
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Quantum computing is increasingly regarded as a part of information
nanotechnology, where reliable diagnostics under realistic noise conditions
are crucial. Depolarization channels are commonly used as a fundamental
model of quantum noise, but systematic diagnostic frameworks are still
underdeveloped. We introduce a structured approach as to computational
methods for depolarization channels, establish formal criteria such as
metric reliability, and develop diagnostic maps and quantum Fisher in-
formation (QFI) tensors. Symbolic modelling of density matrices under
noise allows for the analytical calculation of QFI components, revealing
the isotropy and degeneracy of tensors at the critical point of Bloch-
sphere collapse. Comparing quantum metrics, including purity, entropy,
accuracy, Bloch norm, and Bloch-angle deviation (BAD), uncovers differ-
ent sensitivities. Notably, purity and entropy reach their extremes with
minimal uncertainty, while the Bloch norm and BAD quickly detect orien-
tation loss and the inversion of the Bloch vector. The classification of
subcritical Bloch-sphere compression, critical collapse, and supercritical
inversion is validated, with BAD serving as an operational boundary
marker. Potential applications include reliability testing in quantum pro-
cessors, decoherence diagnostics in nanoscale devices, and benchmarking
quantum gates. In Ukraine, this work is among the first systematic stud-
ies of a depolarizing quantum-noise channel, enhancing national expertise
in diagnostic tools for quantum nanotechnology.

KBauToBi 00uMCIeHHA BCe YACTillle PO3TIANAIOTh AK YacTUHY iH(opMaIriii-
HUX HAHOTEeXHOJIOTi#, Mme HaAiiHaA AiATHOCTHMKA B peaJiCTUYHUX YyMOBax
IIyMy € KPUTUYHO Ba'KJIMBOI0. Kamamu memosapuaartii sasBuuaii BUKOPUC-
TOBYIOTHh SAK (DYHJaMEHTaJbHUI MOJIeJb KBAHTOBOTO IIyMYy, ajie CUCTEMATHU-
YHi JiATHOCTHYHI paMKH BCe Ille HeJOCTATHLO Po3podjeHo. My BIPOBAIKY-
€MO CTPYKTYPOBAHMM IiAXiA IToA0 OOUYMCIIOBAJIBHUX METOXMIB OJA KaHaJiB
JIeroIsapusaiiili, BCTaHOBJIIOEMO (hopMaJbHI KpuTepii, Taxki K MeTpuuHa Ha-
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OifiHicTh, 1 po3p0o0IAEMO AiATHOCTUYHI KApPTH Ta TeH30PH KBAHTOBOI iH(oOp-
marii 3a @imepom (KI®P). CumBoiiulHe MOIeIIOBAHHA MATPUIh T'YCTUHU B
yMOBax IIYMY YMOJKJUWBJIIOE aHAJITUYHO po3paxoByBaTu KommnoHeHTH KID,
BUABJIAIOUYY i30TPOIIiI0 Ta BUPOAKEHHA TEH30PiB Y KPUTHUUHIN TOUYIlL KoJjam-
cy Bnoxosoi chepu. [lopiBHAHHA KBAaHTOBUX METPUK, BKJIIOUAIOUN UHCTOTY,
eHTpOMilo, TOuHicTb, BIoxoBy HOpMy Ta geBiaiiio Baoxosoro kyra (IIBK),
BUABJISIE PisHY uyTauBicTb. IlpumiTHO, IO ymcTOoTa II €HTPOINiS CArarTh
CBOIX KpalHOIIiB 3 MiHiMaJIbHOI0O HEBU3HAYEHICTIO, TOAlI AK BiioxoBa Hopma
ta [JBK mBuIKO BUABJIAIOTH BTPATy OpieHTaIii i iHBepcito BioxoBoro Bek-
Topa. Kimacudikaiiitzo cyOKpUTUUYHOTO CTHCHEHHA BJioxoBoi cdhepu, KpUTHUU-
HOTO KoJialcy Ta HagkputumuHoi imBepcii migrBepa:xeno, mpuuomy [IBK
CIYXKUTh OMNepaliiHUM TIpaHUYHUM MapkKepom. IloTeHIifiHi sacTocyBamHsS
BKJIIOUAIOTh TECTYBaHHA HAMIHOCTH KBAHTOBUX IIPOIECOPiB, MiATHOCTHUKY
JIeKOoTepeHIlil B HaHOPO3MipHUX IPUCTPOAX i MOPiBHAJBHY aHANi3y KBaHTO-
BUX BeHTUJiB. I[a poGora € ogHMM 3 mepHINX B YKpaiHi cHCTeMaTHYHUX
IOCHiIKeHb [eIloJIAPpU3yBaJbHOI0 KBAHTOBOI'O HIIYMOBOI'O KaHANy, 10 PO3-
IIUPIOE HAIIOHAJBHY €KCIIEPTU3Y B AiATHOCTUYHUX iHCTpyMeHTaX AJA KBa-
HTOBUX HAHOTEXHOJIOTIH.

Key words: quantum nanotechnology, depolarization channel, quantum
Fisher information, Bloch-sphere collapse, diagnostic metrics, Bloch-angle
deviation.

KarouoBi c1oBa: KBaHTOBA HAaHOTEXHOJIOTifA, KaHaJ OelMoJsapusallii, KBaHTO-
Ba iH(opwmamia 3a Pimepom, Koaanc BaoxoBoi chepm, miATHOCTHYHI MeT-
pukKu, gesigmnia Bioxosoro Kyra.

(Received 12 January, 2026 )

1. INTRODUCTION

Quantum computing is increasingly seen as a specialized area of in-
formation nanotechnology for three main reasons. First, it utilizes
qubits, nanoscale devices developed through nanotechnology. Sec-
ond, qubit behaviour and information processing are governed by
quantum physics, including superposition, entanglement, and deco-
herence. Finally, quantum computing introduces a novel method of
processing information at the quantum nanoscale, positioning it as
an innovative tool for data management.

The intersection of quantum computing and nanotechnology pre-
sents significant potential, as quantum computation depends on na-
noscale precision and materials [1]. Nanoscale materials are crucial
for advancing quantum technologies, including computation and
sensing [2]. Moreover, nanotechnology is essential for the creation
and control of qubits, where quantum effects exclusively emerge at
the nanoscale [3].

Therefore, quantum computing should no longer be viewed mere-
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ly as a technology that utilizes quantum phenomena; it should be
regarded as informational nanotechnology.

Despite advancements in quantum computing and nanotechnology
for qubit design, there is a lack of robust diagnostic frameworks for
assessing qubit stability and reliability under realistic noise condi-
tions. It often leaves a gap between theoretical research and practi-
cal engineering applications in quantum processors.

Although the depolarization channel is widely recognized as a
fundamental model for quantum noise [4], there is a lack of under-
standing of how to systematically quantify and diagnose quantum
information loss at the device level. Current methods do not fully
utilize quantum Fisher information and related tensor-based metrics
to evaluate the informativeness and robustness of qubit states
against environmental disturbances.

The depolarization channel is an essential model of quantum
noise that explains how quantum information is lost due to envi-
ronmental disturbances. In this channel, a quantum state is ran-
domly affected by one of the Pauli operators, leading to increased
mixedness and a loss of coherence. Superconducting qubits, with
short coherence times and strong environmental coupling, are espe-
cially vulnerable to this noise [6—7].

This work addresses this gap by developing a comprehensive,
computation-based diagnostic framework that links quantum infor-
mation theory with engineering practice.

By introducing formal criteria like metric validity and self-
boundedness and by automating the creation of diagnostic maps and
quantum Fisher information tensors, this research provides new
tools for real-time evaluation and optimization of nanoscale quan-
tum architectures.

The authors connect quantum information theory with engineer-
ing models and analyse quantum channels affected by depolarizing
noise [5, 8]. Key aspects include critical points for orientation loss,
criteria for metric usability, and self-boundedness for evaluating
quantum states in single-shot measurements.

This study advances quantum diagnostics by providing a frame-
work for nanoscale quantum structures in informational nanotech-
nology [9, 10].

2. SYMBOLIC MODELLING METHODS

Our approach is based on a fundamental concept in quantum me-
chanics, namely, the density matrix. The density matrix describes
the complete statistical state of a quantum system. It extends the
idea of a state vector, allowing us to explain both coherent and in-
coherent superpositions (i.e., mixed states) arising from uncertainty
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or environmental factors. This framework enables us to calculate
expectation values, entropies, and diagnostic metrics, including
quantum Fisher information (QFI), purity, and fidelity [10].

Let the density matrix of a pure state of a qubit be p. Then, one
can write down the standard expression for the matrix of a noisy
state [5]:

P = (L= pp+ £ (XpX + YpY + ZpZ). (1)

In this context, X, Y, and Z represent the well-known Pauli matri-
ces associated with the corresponding quantum gates, while p indi-
cates the depolarization rate [5]. This demonstrates that there is a
(1 —p) probability that the qubit state remains unchanged. Con-
versely, there p is a probability that the qubit experiences an equal
mixture of three errors.

If one chooses the initial pure state of a qubit in the form

|w) = cos (g) |0) + exp(—ip) sin (gj 1), (2)

where 0, ¢ are the quantum state angular co-ordinates on the Bloch-
sphere surface, then, Eq. (1) is as follows:

1+ A cos(0) A sin(0)

exp(ip)
o = 2 2 (3)
" | Asin(0) ) 1 - X cos(0)
— exp(—ip) —

where A =1-4p/3. If one sets A =1 (that is, p=0), then, they get
the density matrix p for a pure initial state.

A couple of essential nuances must be addressed before proceed-
ing with the analysis.

Second, the admissible range of the Bloch-sphere shrink parame-
ter A requires clarification. In the standard formulation, one typi-
cally defines: Then the Kraus probability parameter range is
p €[0,3/4].

However, several sources [8-11] extend the range to A € [-1/3,1].
This broader interval arises naturally when the Kraus parameter is
interpreted as a probability (p €[0,1]), and it still preserves the
channel’s entirely positive, trace-preserving (CPTP) character. The
extended range allows one to analyse both the critical point (with
the collapse of the Bloch sphere at p=3/4) and the overcritical re-
gime, where the Bloch sphere inverts for the noisy state.

In the following sections, we accept the expanded range [8—-11]
for A, as it offers a more symmetric and metrically meaningful
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framework for quantum metrological diagnostics.

Quantum Fisher Information (QFI) is a key concept in quantum
metrology, because it defines the ultimate limit on the accuracy of
parameter estimation [10]. Often called a monotonic measure, QFI
functions as the quantum equivalent of classical Fisher Information
(CFI) [12]. While CFI measures how a statistical probability distri-
bution changes with parameter variations, QFI shows how a quan-
tum state responds to tiny changes in a selected parameter.

The Quantum Fisher Information (QFI) is specifically defined for
a quantum state with respect to a particular parameter. It quanti-
fies the sensitivity of that state to changes in the parameter
through the geometry of quantum statistical manifolds. In this
way, QFI establishes a practical connection between the structure of
quantum states and the maximum measurement precision achievable
[10].

The calculation of QFI using symmetric logarithmic derivatives
(SLDs) is explained in Ref. [12] and clarified further in Ref. [13].
In this study, we adopt the methods described in those sources.
While the approaches in Refs. [12] and [13] offer analytical formu-
las for the components of the QFI metric tensor in simple quantum
systems, it is essential to note that ‘standard numerical procedures
based on eigen decomposition quickly become impractical with in-
creasing system size’ [10].

The noisy density matrix (3) depends on three parameters: either
(A, 6, @) or equivalent (p, 0, ¢), with the Kraus probability (p) offer-
ing the more straightforward physical interpretation. Consequently,
the quantum Fisher information (QFI) metric tensor is defined as a
3x3 matrix

Fpp Fpe Fptp
F(p,0,0)=| F,, F, F, |- (4)
Fﬁvp F, 0 F«p«p

Similarly, any quantum metric (m) derived from the density ma-
trix can be expressed as a function m(p, 0, ¢).

The quantum Cramér—Rao bound (QCRB) establishes the minimal
achievable variance of an unbiased estimator for a single-shot
measurement and is a cornerstone of quantum metrology [14, 15].
For a scalar metric observable, the bound is expressed in terms of
the gradient and the inverse of the QFI matrix:

Am = Vm(pa e’ (P)TL : Fil(p’ 69 (P) : Vm(p’ ea (P) . (5)

The QFI matrix defines the geometry of the quantum statistical
manifold, while the gradient maps the metric’s dependence on this
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geometry. In turn, quadratic form (5) provides the tightest lower
bound on the variance of the single-shot estimation for the metric.
Let us consider the Bloch vector of a noisy state, for example,

Tr(p,X) A sin(0) cos(p)
b, =|Tr(p,Y) |=| —Asin(0)sin(y) |. (6)
Tr(p,Z) A cos(0)

The Euclidean norm of this vector, which is clearly equal to the
absolute value of A, can serve as a scalar measure that depends sole-
ly on the Kraus parameter, since A is defined as (1 — 4p/3). This sca-
lar captures the isotropic compression of the Bloch sphere caused by
the depolarizing noise channel. At the critical point (p=3/4 and
A =0), the Bloch vector completely collapses, and for A <0, it in-
verts, marking the transition into the overcritical regime.

Additionally, one can calculate the variance (or its square root,
called uncertainty) of this measure, if the quantum Fisher infor-
mation tensor (QFI) is known. This is especially relevant for p-
intervals, where the uncertainty of a single test does not surpass
the metric. As a result, repeated measurements are unnecessary,
saving resources, particularly, time, which is often the most valua-
ble.

3. RESULTS AND DISCUSSION

Let the indices a and B range over all pairs from the set of parame-
ters (p, 0, ¢). Then, the elements of the QFI metric tensor (F) can be
expressed as follows:

F, = Gj Tr(p, {L., L }).- (7)

Here, {Lu,LB} is the anticommutator of the two SLD matrices men-
tioned above. The following matrix equation defines them [14, 15]:

9. _(1
axa - (zj{pn’l‘a}(xa € (p,e,(P)) * (8)

The main computational challenge arises from the fact that the
dimensions of all matrices in the system grow exponentially as 2",
where n is the number of qubits [15]. However, for a single qubit
(n =1), there are no significant issues, and the analytic forms of the
three operators L, are provided in Table 1.

Considering these and the expression (7), F(p, 0, ¢) can be uttered
in the following form:
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TABLE 1. Analytic expressions for symmetrical logarithmic derivatives
(SLDs).

Parameter | L.
3 (cos(e) ~1+4p/8  sin(0)exp(ip) j

Kraus parameter, p

4p(p - 38/2)\ sin(0)exp(-ip) —cos(0)—1+4p/3
sin(6) —cos(0) exp(ip)
Polar angle, 6 (4p/3-1) [— cos(0) exp(—ip) —sin(0) j
. e 0 —exp(io)
Azimuthal angle, ¢ (4p/3-1) Sm(e)(exp (—ip) 0 j
2 0
p(@B—-2p)
F=| 0  (1-4p/3y 0 : ©)
0 0 (1-4p/3)* sin(6)*

A diagonality in the QFI (Quantum Fisher Information) metric
tensor shows that the parameters (p, 0, ¢) are statistically inde-
pendent directions in quantum information geometry. Since there
are no cross-terms (covariances) between these parameters, their
sensitivities to changes can be measured separately. In other words,
estimating p does not affect the analysis of 6 or ¢, and vice versa.

QFI metric tensor is invertible almost everywhere, excepting the
critical point p = 3/4. It means that the quantum Cramér—Rao bound
(QCRB; see expression (b)) is well defined. Thus, the tensor pro-
vides a valid Riemannian metric on the parameter space; so, the ge-
ometry is non-degenerate.

At p=3/4, the Bloch sphere collapses to a single point (b, =0).
The angular part of the QFI tensor (related to 6 and ¢) becomes de-
generate because angles lose meaning, when the Bloch-vector length
drops to zero. However, the radial component (the p-direction) re-
mains well defined, so estimating the noise strength is still feasible.
Physically, this means that, once the state is maximally mixed, one
cannot extract orientation information, i.e., the system carries no
angular information.

This interesting observation was previously noted in Refs. [16,
17]. They highlighted that the channel’s spherical symmetry causes
all angular information to disappear once the Bloch sphere shrinks
to the maximally mixed state. As a result, the QFI tensor becomes
degenerate in its angular block at the critical point. At the same
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Fig. 1. Displaying the uncertainties (standard deviations) for two parame-
ters: a) the Kraus parameter (p), which represents the noise strength, and
b) the polar angle (0), which defines the quantum-state position on the
Bloch sphere (these uncertainties are normalized to n). The top edges of
the shaded regions depict the uncertainties as functions of p across differ-
ent scenarios: at a single-shot trial (N =1; grey solid line); after N =10
measurements (dark dash-dot line); after N =100 measurements (dashed
line).

time, the radial component related to the noise strength stays finite
and can still be estimated.

The diagonality and invertibility of the QFI metric tensor (9) in-
dicate that the depolarizing channel maintains isotropy, meaning
the informational geometry is separable. At the critical point, only
angular information is lost, while scalar metrics depending solely
on the Kraus parameter p remains unaffected. Even when the Bloch
sphere collapses and orientation information cannot be obtained, it
is still possible to estimate the noise parameter p.

The uncertainty in the Kraus parameter (p) shows a local maxi-
mum of 3/4 at the critical point, indicating that a single estimate
near collapse is unreliable. This highlights the need for repeated
measurements to ensure accuracy, reflecting the complex interplay
between isotropy, tensor degeneracy, and operational sensitivity.

Using Eqgs. (5) and (9), we determine the minimum uncertainties
for p and 6. Figures 1, a and b display these uncertainties for both
single-shot and repeated measurements as functions of noise
strength p. In single-shot scenarios, uncertainties stay significant
across most of the p range, making repeated measurements more
effective for achieving reasonable precision.

Note that Fig. 1, b also shows the minimal uncertainties of the
azimuthal angle ¢, observed at 6 ==n/2, which is on the equator of
the Bloch sphere. The uncertainties of the Kraus parameter vary
smoothly, with a local maximum at the critical point (p =3/4). In
contrast, the angular uncertainties exhibit a singularity there, re-
flecting the geometric loss of orientation information at maximal
mixing, as mentioned above.
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Quantum metrics are mathematical tools used to measure changes
in quantum states, especially, the decoherence, caused by noise. The
selection of appropriate quantum metrics to describe a specific noise
channel, such as depolarizing noise, is not strictly fixed. Instead, it
depends on expert judgment influenced by two main factors.
Contextual Relevance. The chosen metric must align with the re-

searcher’s physical intuition and the operational goals of the

analysis, whether it is tracking coherence loss, estimating param-
eters, or benchmarking quantum operations.

Channel Behaviour Specificity. Some metrics are selectively sensi-
tive to certain types of noise. For example, purity might be par-
ticularly useful for decoherence, while fidelity is often favoured
as a measure of quantum gate performance.

Our short list of metrics, which is presented in Table 2 in a bit of
detail, of quantum metrics for depolarizing includes several essen-
tial measures: the Quantum Fisher Information (QFI) mentioned
earlier, purity, the Bloch-vector norm, von Neumann entropy, fidel-
ity, and a less common but specific metric: the angle between pure
and noisy Bloch vectors.

In a depolarizing channel, the qubit’s action is isotropic, causing
uniform contraction of the Bloch sphere by a factor represented by
the Kraus parameter, which indicates noise strength. This contrac-

TABLE 2. List of quantum metrics for the depolarizing noise channel.

Metric | Definition Operational Role | Sensitivity
Derived from derivatives . . Sensitive to pa-
. . Precision bounds
of the density matrix rameter changes
. for parameter
with respect to parame- estimation (e.g., Kraus pa-
ters (see Eq. (9)) rameter p)

Decreases mono-

Quantum
Fisher Infor-
mation (QFI)

Tracks decoher-

Purity Tr (Pi tonically with
) ence strength noise
Bloch-vector b Geometric meas- Shﬁ.mks(iSOtEOm'
norm b, ure of coherence o7 “RAer depo-

larization
Quantifies disor-
-Tr(p, log,p,) der and infor-
mation loss

Benchmarking  Sensitive to over-

2
Fidelity (Tr,f\ﬁpn\ﬁ ) gate/channel per- lap with the tar-

formance get state
Diagnosis of an- Sensitive to ori-
gular informationentation loss and
collapse inversion

Increases with
mixing

von Neumann
entropy

Bloch-angle Angle between pure and
deviation noisy Bloch vectors
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tion affects scalar metrics such as those in Table 2 making them
dependent solely on the noise strength and ignoring angular orien-
tation. In contrast, Quantum Fisher Information (QFI) involves de-
rivatives of the density matrix, making it sensitive to both angular
and radial variables. This difference allows QFI to detect directional
degeneracies at critical points.

Figure 2 shows the results of calculations for quantum metrics
along with their uncertainties, presented as scalar functions of the
Kraus parameter. The critical point manifests differently across
these metrics: purity and von Neumann entropy show extrema indi-
cating maximum mixing; the Bloch-vector norm exhibits a distinct
corner, signalling collapse and reversal of orientation; while fideli-
ty, relative to the input pure state, remains smooth and unaffected
by the criticality, as it depends only on overlap and not on orienta-
tion. Together, these results highlight the selective sensitivities of
scalar metrics some directly capture the collapse of coherence, while
others are unaffected by the geometric singularity.

Uncertainties in quantum metrics respond to the critical point in
two diverse ways. Fidelity and the Bloch-vector norm show local
maxima, indicating instability in single-shot estimation near the
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Fig. 2. Presenting various metrics along with their uncertainties (standard
deviations) plotted against the Kraus parameter p. The metrics displayed
include (a) purity, (b) fidelity, (c) entropy, and (d) Bloch-vector norm. The
solid black lines represent the metrics themselves, while the solid gray
lines and shaded areas indicate the uncertainties for a single-shot meas-
urement (N =1). Additionally, the dash-dot lines represent the uncertain-
ties after conducting N = 10 measurements.
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collapse point. In contrast, purity and von Neumann entropy have
sharp corners, where uncertainty drops to zero. This dichotomy
highlights the operational trade-offs: single-shot trials are feasible
for purity, but they remain difficult for the Bloch-vector norm, ex-
cept in a narrow low-noise regime. Additionally, the extreme values
of purity and entropy at the critical point coincide with the mini-
mum uncertainty, suggesting that these metrics can serve as relia-
ble probes for quantum metrology in depolarizing channels. There-
fore, the collapse point is not just a singularity in geometry but al-
so a region of improved diagnostic precision for specific scalar
measures.

The concept of Bloch-sphere collapse at the dephasing channel’s
critical point suggests that the norm of the Bloch vector can be
measured directly; however, this is impractical. Uncertainty domi-
nates near the crucial point, making it impossible to pinpoint the
moment of collapse due to statistical fluctuations. Thus, the zero
norm serves as a geometric indicator rather than a measurable
quantity. This emphasizes the need to focus on other diagnostics,
like purity or entropy, which offer more practical insights into de-
polarizing dynamics with a less uncertainty at critical points.

The Bloch-angle deviation (BAD) normalized by = exhibits a
Heaviside step function dependent on the Kraus parameter p. At
the critical point, the Bloch vector collapses, and BAD undergoes a
discontinuous jump. Consequently, the derivative of BAD with re-
spect to p is the Dirac delta function: identically zero across the en-
tire domain except at the critical point, where it diverges to infini-
ty. This singular derivative defines the uncertainty of BAD, which
remains negligible everywhere except precisely at the collapse.

Operationally, this behaviour indicates that BAD can be measured
with nearly zero uncertainty on either side of the critical point, but
not precisely at the point itself. In metrological terms, one can
‘capture’ use brackets around the collapse measurement from both
directions a strategy like the artillerymen’s phrase ‘into a fork’,
where the target is localized by bounding shots from opposite sides.
This property makes BAD a uniquely precise diagnostic: it remains
insensitive to criticality yet maximally discriminates between states
before and after collapse. In this way, BAD provides a sharp opera-
tional boundary marker for the depolarizing channel, complement-
ing scalar metrics that smooth over the transition.

It is worthwhile revisiting the discussion of parameter ranges for
the depolarizing channel introduced in Sec. 2. For the Kraus pa-
rameterization, the contraction factor takes wvalues, with repre-
sentative noise strength. Within this framework, the channel exhib-
its a distinct internal structure.

Subcritical mode (1 >A>0 and 1>p > 3/4). The Bloch sphere under-
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goes isotropic shrinkage and the normalized BAD remains zero,

indicating that the orientation of the Bloch vector is preserved.

Critical point (=0 and p=3/4). The Bloch sphere collapses, and
BAD becomes undefined. This marks the singular transition be-
tween depolarizing and repolarizing behaviour.

Overcritical mode (0 >\ >-1/3 and 3/4 < p <1). The Bloch sphere
reverts to its original size, but is flipped in orientation, with
BAD set to 1. This flip corresponds to a repolarizing regime,
where states are mapped to their antipodes.

The internal structure of the depolarizing noise channel, de-
scribed here as the taxonomy of subcritical contraction, critical col-
lapse, and overcritical inversion, has been well supported by aca-
demic literature for the last two decades. This structure can be di-
vided into three types: subcritical contraction, critical collapse, and
overcritical inversion. Early research in Ref. [18] has expanded the
Kraus representation of the depolarizing channel to include memory
effects, noting that the contraction factor A can take negative val-
ues. This suggests an inversion of the Bloch-vector direction. Such
results confirm the existence of an overcritical regime, where the
Bloch sphere not only recovers its magnitude, but also reverses its
orientation. Pang and co-workers in Ref. [19] experimentally
demonstrate that even fully depolarized channels (zero capacity, col-
lapsed Bloch sphere) can regain operational utility. This aligns with
our interpretation of the post-collapse regime, in which diagnostic
strategies such as BAD bracketing (‘taking into account’) can ex-
tract information despite the collapse.

Recent studies reinforce the distinction between metrics at key
points. The authors of Ref. [20] highlight singularities and unstable
trajectories in depolarizing maps, indicating that geometric
measures, such as the Bloch-vector norm, show significant uncer-
tainty near collapse. Furthermore, Ref. [21] demonstrated that en-
tropy-based diagnostics enter ‘absolute regimes’ under depolarizing
conditions, serving as reliable markers with minimal uncertainty.
The paper [22] emphasizes that fidelity is smooth and insensitive to
collapse, which aligns with our finding that fidelity does not distin-
guish between regimes. Burrell extends the geometric analysis of
generalized depolarizing channels, confirming that contraction fac-
tors crossing zero correspond to an inversion of orientation [23].

4. CONCLUSIONS

In conclusion, the depolarizing channel has a complex internal
structure that a single diagnostic cannot fully capture. While tradi-
tional measures such as purity, entropy, and fidelity track behav-
iour across noise regimes, geometric diagnostics like the Bloch-
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vector norm and BAD more clearly illustrate singular collapse and
inversion. To synthesize these findings, Table 3 summarizes the be-
haviour and uncertainty of each metric across the subcritical, criti-
cal, and overcritical regimes, providing the reader with a clear op-
erational map of the channel’s diagnostic landscape.

In computer engineering, the taxonomy of depolarizing noise
channel regimes and the uncertainty analysis can enhance reliability
modelling and error-aware scheduling in quantum processors. This
ensures that nanosystems avoid unstable operating points that could
lead to collapse. In the realm of informational nanotechnologies,
metrics such as purity and entropy, which maintain minimal uncer-
tainty at the critical point, serve as robust indicators for control-
ling decoherence in nanoscale devices, ranging from spintronic cir-
cuits to quantum dots. In quantum computing, BAD can be a pre-
cise diagnostic tool for benchmarking channels and gates, comple-

TABLE 3. Comparative synthesis of the behaviour and uncertainty of key
quantum metrics across the subcritical, critical, and overcritical regimes
of the depolarizing channel.

Metric Suberitical Critical point Overcritical Uncertainty behaviour
mode mode
Smoothly Increases . .
decreases o withps e e e
. with p; co- u symmetric y .
Purity . value at the collapse point; feasi-
herence is ., about the . .
raduall collapse point critical ble single-shot estima-
lgost Y point tion
Increases Maximum Decreases Corner with minimal
Entro With p: mix- entropy with p; uncertainty at the
py in f (’)WS (maximally symmetric collapse point; strong
g8 mixed state) behaviour  metrological probe
Zero (Bloch Continues Local maximum in
Bloch vec- Shrinks iso- sphere col- decreasing; uncertainty; insensi-
tor norm topically lapses to a unaffected tive to collapse but
point) by inversion noisy near criticality
Decreases Continues Local maximum in
Fidelit linearly with Smooth, no decreasing; uncertainty; insensi-
y P y singularity  unaffected tive to collapse but

by inversion noisy near criticality

Zero uncertainty eve-
BAD rywhere except a Di-

(Bloch fc)ié?ln?:a- Undefined :icg?lrg;ltae- q rac delta spike at col-
Angle De- serveIZl) (collapse) to anti p(I))de) lapse; measurable
viation) p ‘fork’ strategy availa-

ble
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menting fidelity measurements by distinguishing between depolariz-
ing and repolarizing regimes. Additionally, the ‘fork’ strategy for
measuring BAD near the point of collapse suggests new methods for
single-shot estimation in quantum metrology. Furthermore, identi-
fying overcritical inversion is linked to recent experimental advanc-
es in zero-capacity recovery through channel superposition [19].

These opportunities highlight both the innovative ideas and prac-
tical uses of the proposed diagnostic framework. By combining ge-
ometric representations, uncertainty analysis, and metrological fea-
sibility, this study lays a foundation for future work in quantum
information science and engineering. A clear understanding of
qubit behaviour at critical points is crucial for both theoretical and
practical progress in these areas.

Despite extensive literature on quantum noise, the authors found
limited publications by Ukrainian researchers on depolarizing chan-
nels in quantum nanosystems. This does not reflect a lack of inter-
est; active research continues in related fields. Our study aims to be
among the first systematic investigations in Ukraine focused on
quantum metrology of noise channels, contributing to the global
dialogue on quantum information geometry and advancing quantum
computing and nanotechnology research in Ukraine.

This study introduces BAD as a new diagnostic tool and presents
one of the First systematic uncertainty analyses of scalar and geo-
metric measures of depolarizing noise. While the current research
focuses on single-qubit channels, future studies should expand to
include multi-qubit systems and incorporate correlated noise to im-
prove applicability. By identifying which metrics remain dependable
near the point of collapse, this framework will support the devel-
opment of robust quantum metrology protocols. Additionally, it will
be valuable for fault-tolerant architectures and diagnostic tools es-
sential for scalable quantum nanotechnologies.
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Since the scaling of archetypal transistors has extended its lowest point,
the rational substitute for the complementary metal-oxide semiconductor
(CMOS) technology to attain advance improvements in the circuits on the
criterions of size, low power, and device density usage has turned into an
imperative essential. In an extremely rapid expansion of VLSI technology,
it is the requirement of the era to reach a consistent model with area and
low-power consumption. Quantum-dot cellular automata (QCA) are a pro-
spective nanotech archetype, which performs as a different resolution to
regular CMOS that has several physical limitations and sets of circuits’
bounds. QCA is an enticing nanotechnological paradigm because of its bet-
ter switching frequency and faster-performing speed besides it comprise a
novel approach for information transformation. This paper illustrates a
new design of XNOR, TR, BVF gates, and 1-bit comparator by Feynman
gate based on the QCA and CMOS technology, which is well organized
compared with the earlier outline. To computer simulate and confirm the
suggested gate, QCA designer and Microwind Lite engines are utilized.
The quantum costs of the proposed typical circuits and their QCA designs
are computed and compared that confirms that the proposed QCA designs
have extremely low quantum cost compared to typical layouts. The power
dissipation by the designs is estimated that confirms the prospect of QCA
nanodevice performing as a substitute stage for the implementation of
reversible circuits. The firmness of the proposed designs under thermal
randomness is analysed, presenting the functioning efficacy of the de-
signs. The designs have a propitious future in forming of nanoscopic-scale
low-power consumption information transforming scheme and can be mo-
tivated advanced digital functions in QCA.

Ockinbku MacmTabyBaHHSA apXeTUIOBUX TPAH3UCTOPIB JOCATIO CBOTO HAT-
HUKYOTO DiBHA, pallioHaJIbHA 3aMiHA TEeXHOJIOTil BUTOTOBJEHHS KOMILIEMe-
HTapHUX iHTerpajbHUX cXeM Tuly Metajd—oKcuj—HamiBmpoBigzauk (KMOHm)
JJIs NOCATHEHHA NepeJOBUX YAOCKOHATIEHb y CXeMax 3a KPUTepiAMHU pO3Mi-
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Py, HU3BKOTO €HEPTOCIOKMBAHHA Ta IMiJPHOCTHM BUKOPUCTAHHS IIPUCTPOIB
craja HaA3BUUYAWHO Ba'KJIMBOIO. B yMOBax HaJA3BUYANHO IITBUAKOTO PO3BUT-
Ky TexHoJIOTii BUTrOTOBJIEeHHS HanBeauKux iHTerpanbHux cxem (HBIC) Bu-
MOTOI0 €IIOXU € MOCATHEHHS Y3TOMKEHOTO MOZEJIO i3 IIJIOIIEel0 Ta HU3BKUM
eHeprocuo:kuBaHHAM. KiitTuuuuii aBromat Ha KBaHTOoBUX HATKax (KKA) —
e MMepPCHeKTUBHUI HAHOTEXHOJOTIYHMHN apXeTul, AKHUN Mae BiAMiHHY po3-
minpuy spaTtHicTh miomo 3Bmuarinoi KMOHm, ame mae #i Kinbka (GisumuHHX
obMe:KeHb 1 HabopiB mMe:xx KOoHTYypiB. KKA € mpuBa®anBOI0 HAHOTEXHOJOTIU-
HOI0 TapajuIMOI0 3aBASAKU Kpallliil 4acToTi ImepeMmKaHHA Ta INBUINIINA PO-
60Ti, a TaKOK TpeAcTaBJisge co000 HOBMU HiAXiA MO0 ImepeTBOPEHHS iH(O-
pMmarii. ¥V 1mii#f cTaTTi IPOiSTIOCTPOBAHO HOBi KOHCTPYKILil JOTiYUHMX BEHTHUJIB
tuny «Bukjaioude ABO-HE», «TR (Thapliyal-Ranganathan)», «BVF (me-
’KOBe BEKTOpHe IoJie)» i 1-0iTHoro Kommapatopa 3a PeiiHMAHOBUM BEHTH-
gem Ha ocHOBi TexHosorii KKA ta KMOHn, axa e mobpe opraHizoBaHOIO
MOPIiBHAHO 3 MONepenHiM ILIaHOM. s KOMII IOTEPHOI'O MOJEJIOBAHHA Ta
MiITBEPKEeHHS 3alIPOIIOHOBAHOTO BEHTUJIS BUKOPUCTOBYIOTHCA KOHCTPYK-
Top KKA Ta mexamismm Microwind Lite. PospaxoBano Ta mOpiBHSIHO KBaH-
TOBi BUTPATH CTOCOBHO 3aIPOMOHOBAHUX TUIIOBUX CXeM Ta IXHiX KOHCTPYK-
nit KKA, axi miaTBepakyoThb, M0 3ampoloHoBaHi KoHcTpyKIii KKA ma-
I0Th HaN3BUYAHO HU3bKi KBAHTOBI BUTPATU IMOPiBHAHO 3 TUIOBUMHU CXeMa-
mu. OmiHeHO POBCIAHHA MOTY;KHOCTM KOHCTPYKIIAMU, IO HMiATBEPIKYE IIe-
PCHEKTHUBHICTh BUKOpPUCTaHHA HaHompucTpoie KKA aK saminm mjga peadi-
samii oboporHix cxem. IIpoaHasizoBaHO CTiHKicTh 3aIIPOIOHOBAHUX KOHC-
TPYKIIili IIIOJO TeIJIOBOI BUMIAAKOBOCTH, IO IpeAcTaBsde ePeKTUBHICTL Py-
HKI[IOHYBaHHA KOHCTPYKIiii. KoHCTPYKIii MaioTh CIpuATINBEe MAiOyTHE y
dopMyBaHHiI cxeM mepeTBOPeHHA iHQOpMAIlili HAHOCKOMIYHOrO MaciiTady 3
HUSBKUM EHEPrOCIOKMBAHHAM i MOXKYTh OyTH iHimilioBaHi posmiupeHMMU
nudpposumu pyaruniavmu B KKA.

Key words: quantum-dot cellular automata, XNOR gate, TR gate, BVF
gate, 1-bit Feynman gate comparator, power dissipation.

Karouoni cioBa: KIiTWHHWI aBTOMAT Ha KBAaHTOBUX IATKAX, BEHTUJIb BU-
kiaoude ABO-HE, sentunas TR, Beutuar BVF, 1-6iTHmii xommapaTop 3a
DefiHMAaHOBUM BEHTUJIEM, PO3CIAHHA MOTYKHOCTH.

(Received 6 September, 2024 )

1. INTRODUCTION

CMOS technology has been dominant the roost for several times and
currently it is the reasonable technology in the microelectronic ar-
ea. In current period, the goal is to scaling down to scheme a com-
bined circuit, specifically rising the thickness of the circuit and
thus it is essential to change from transistor to transistor less cir-
cuit. Nanotech has been the attentions of a widespread explore to
replace the estimated restrictions of regular CMOS at the edge of
the roadmap [1]. Moore’s law expresses that the escalation of com-
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bined circuits is at the level of 2X per each 18 months, where X
denotes the number of transistors per entity area [2]. As the mani-
fested restrictions of this technology, i.e., fault analysis complica-
tions, speed, oxide thickness, and extent overhead; enlarged with
the better circuit intricacy as shift to an advanced stage of system
unification, the effective substitute for the CMOS has grown into
an instant requirement. Quantum-dot cellular automata [3, 4] that
has currently been identified as one of the elites arising technolo-
gies with conceivable applications in imminent computing [5, 6] for
its specific speed, smaller space, and very low power utilization in
different computational functions [3]. Quantum dots are small ele-
ments generally (2—10 nm) composed from semiconductor resources,
which show microelectronic properties. Their lesser size denotes
that electrons do not have to move as far as equated with higher
particles; so, electronic tools conceived by quantum dots can per-
form swifter. Logic circuits created from quantum dots is one of
the utmost contemporary technologies that is being scrutinized and
circuits occupied in quantum-based computers can be obtained from
the quantum dot circuits. This technology is an assuring computing
concept which has huge applications in evolving technologies, e.g.,
quantum computing, optical information handling, digital signal
processing, optical computing, DNA computing, etc. [T-9].

In information-lossless circuit, the input vector is produced from
each output vector, and vice versa. It has presented [10] that the
cost of each bit of information depletes the energy of ETIn2 [J],
where £ is Boltzmann’s constant and T is the pure temperature. At
room temperature, the extent of heat produced because of a single
bit of information loss is minor, that is estimated as 2.9-1072! J, but
it is not insignificant. Later, it is indicated [11] that the energy
falls could be avoidable, if the computation is carried out with no
cost of information. Molecular QCA can function at room tempera-
ture [12] and an amount of QCA based circuits have been suggested
based on QCA wires, inverter and majority gate. Several QCA occu-
pying combinational [13—-18] and sequential [19—22] designs have
been projected in recent times, though, reversible circuit form [23—
28] in QCA are still uncharted research field. In this paper, three
inventive QCA circuit models and comparator have been proposed
that is more effectual in terms of total cell numbers, space and
complexity corresponding to the earlier design [40—42] and their
performance has been tested using the QCADesigner and Microwind.
Besides, analyses of the proposed reversible circuits and their corre-
sponding QCA designs are presented based on quantum cost and the
heat-energy dissipation as well as the output polarization and con-
sistency of the designs is measured under thermal randomness.

This article is organized in six sections. Section 1 presents the
introduction of QCA. Section 2 discusses a concise synopsis of the



36 Md. ABDULLAH-AL-SHAFI

QCA structures. In section 3, the approach and urged layout of the
proposed design in QCA are discussed. The simulation outcomes as
regards different characteristics of these shown designs are de-
scribed in section 4. Section 5 describes the quantum cost and pow-
er dissipation of proposed QCA layout. Lastly, section 6 concludes
this analysis with imminent work.

2. QUANTUM-DOT CELLULAR AUTOMATA

All QCA provisions logic cases not as voltage phases but rather
based on the point of separate electrons. The central QCA features
are QCA wire, inverter and majority gates. Cells are the elementary
entities of QCA based circuit and they are usually constituted of
four quantum dots positioned at the corners of a square pattern.
Each cell is charged with two supplementary electrons, which chan-
nel from one low-potential state to another across a high-potential
direction and a back plane voltage switches the cell occupancy.

The electrons will be located in transversely to each other owing
to reciprocal repulsive electrostatic power, possessing the utmost
distance between them. A remote cell may be in one of two corre-
sponding energy positions. These positions are called cell polariza-
tions P=+1.00 and P=-1.00 as shown in Fig. 1, a. P =0 denotes an
unpolarised cell, which covers no information. A cell polarization P
is -1, if the electrons are involved the locus 2 and 4; in the same
way, a cell polarization P is +1, if electrons are involved the posi-
tion 1 and 3. The cell-polarization equation [29] is presented below:

Pq +p4)_(p1 +p3)

bl |
(P + P2 +P5 +Py)

(1)

where the charge at dot i denoted by p,. QCA wire encompasses of
series of cells, where the cells are united one after another [26, 27].
QCA wire is employed to transfer signal from one position to anoth-
er in a circuit. Logical charges are moved from cell to cell because
of the Coulomb contacts. There are two modes of alignments in a
QCA wire namely binary wire and inverter chain. QCA wires can be
either originated up of 45° cells or 90° cells as shown in Fig. 1, b.
In case of inverter, if two cells point at 45° with regard to each
other, their contact will be reverse and, for that, these cells are
mostly employed for coplanar wire crossings.

The inverter is a pattern of cells that reverse the input topology
from one logic to another. Usually, two categories of inverter are
applied [28] that has been operated for the realization of several
structures as an essential cell [14], [16], [28], [31]. The inverter can
be designed by fixing QCA cells at 45° position [31] as appeared in
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Fig. 1. QCA logical designs: a—plain cell; b—wires; c—potent inverter;
d—3-input majority gate; e—>5-input majority gate.

Fig. 1, ¢, which is potent and mostly used in circuit design. The
logic values 0 and 1 transformed to 1 and 0 because of electrostatic
repulsion. Binary wire transfers signal with similar polarity from
one place to another, while inverter chain reverses the input cell
polarity when odd figures of cells are employed in it. Majority gate
is assembled of five QCA cells; a central cell, one output, and three
inputs. Polarity of the middle cell, as identified as device cell, is
imposed by the Coulomb repulsion to be equivalent to the output
cell. The device cell at the centre of the gate has its least energy,
when it accepts the polarization of the majority of the three input
cells, since this is the formation, where the repulsion between the
electrons in the three inputs cells and the electrons in the device
cell is lowest.

Table 1 presents the output and input cells arrangements; 1’
signifies logic ‘1’ and ‘0’ implies logic ‘O’ in Table 1. So, an ar-
rangement of inverter and majority voter is appropriate to con-
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TABLE 1. Truth table of three input majority gate.

A | B c Output
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

struct an extensive logic set for scheming of any circuit.

Majority voter can operate as AND or OR logic gate depending on
the static polarity of the third input of the majority voter as pre-
sented in Fig. 1, d. The logical equation of the 3-input majority
gate can be stated as follows:

MV(A, B, C)=AB + BC + AC. 2)

Logical 2-input AND and 2-input OR functions can be executed
using majority voter by putting one input cell to binary ‘0’ and ‘1°,
subsequently. Equations (3) and (4) express the ‘AND’ and ‘OR’
gate process, while C=0 and C=1:

MV(A, B, 1)=A + B, (3)
MV(A, B, 0)=AB. (4)

The satisfying attainment of realizing a 3-input majority voter
with five QCA cells inspired the analysts to hypothesize an in-
ventive configuration for 5-input majority voter. Later, a specific
layer [30] 5-input majority voter utilizing ten cells executed in a
precise cell layout, which is displays in Fig. 1, e. The logic equation
of the 5-input majority voter can be expressed as follows:

MV, B, C, D, EY=ABC+ABD + ABE + ACD + ACE +
+ADE + BCD + BCE + BDE + CDE. (5)

To form more complicated QCA devices, the location of QCA cell
is not only essential also needs to coordinate the information, so
that evade having a signal extending a logic gate and proliferating
before the other inputs move the gate. This specific characteristic is
particularly imperative in QCA circuits, ensuring its accurate func-
tion, and this aspect is attained by QCA clock. The clock is an elec-
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trical region that switches the channelling barriers within the cell,
therefore, retaining control, when a cell may or may not be polar-
ized. QCA clocking is produced of four periods lagging by n/2 [32,
33] (see Fig. 2) that generates an innovative way to conceive
nanocircuits distinct from the regular CMOS circuits [34]. In each
region, a certain potential can adjust the barriers between the dots,
and the organization of clock zones allows a group of QCA cells to
construct a particular calculation; then, its positions are stationary
and its outputs can be applied as inputs to the following clock zone.
Switch period: the barrier between dots of QCA cell is elevated
and the dots are motivated by the electron of its adjoining as well
as electron begins channelling between dots; thus, the cell turns in-
to polarized. Hold period: cell barrier stays high and electron can-
not channel between dots, and the cell keeps its existing position.
Release period: barrier between dots is decreased, the electron can
channel within dots and cell comes to be unpolarised. Relax period:
barrier remains at lowered and cell stays in unpolarised position.

3. METHODOLOGY AND PROPOSED DESIGN

An assay is fulfilled to acquire the required devices and selected to
realize the suggested design. The composition level is permitted ap-
plying a number of approximate simulators as the nonlinear approx-
imation methods and bistable simulation device. However, these ap-
proximate do not develop the specified measures because these
methods are iterative. In time, the QCA designer is preferred and
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this simulation tool is demonstrated [35]. The bistable simulation
tool has been occupied in the simulation interface between cells;
clearly, the contact force linking two cells decomposes contrariwise
with the fifth power of the length untangling them. During this
estimation, not all the cells impact is counted and cells within the
radius of R are being measured. For i-th cell, the scientific pattern
is depicted by the following Hamiltonian:

1 k
_5 jEi,j -7
Hizz 1 ol (6)
-y 5 BE:;

2

where P; is the polarization for cell j, E%; is the kink energy be-
tween the cells (i and j), and y is the channelling energy. For every
cell i, the amount of the Hamiltonian is over all cells (viz., j) in its
radius of effect, R. The Jacobi algorithm has been utilized to obtain
the eigenvectors and eigenvalues of the Hamiltonian. At the layout
level, small QCA block is designed and simulated for analysis of its
precision. Later, these QCA blocks are unified together through
QCA wire to manage the proposed composition. Finally, the con-
sistency of the design is surveyed by the QCA designer. The simula-
tion outcome the essential waveform for the logical circuit and dur-
ing simulation, it created few criterions that contains default
standards as the cell size, layer separation, relative permittivity,
samples number, etc. The proposed design in CMOS is formulated
and simulated using Microwind [36] tool. This engine is standard
and appropriate to achieve the surface of the diverse logic circuit.
In this paper, the waveform of the proposed layout seamlessly fits
the logical input and output.

A gate is identified information-lossless or reversible, if there is
a one-to-one correspondence between its number of output and input
assignments. Information-lossless circuit stimulates a certain set of
input vector for each set of the output vector and it accomplished
common attention since their possibility to subside the dissipation
of power. In this paper, a significant layout of BVF and XNOR cir-
cuits is organized. The XNOR gate (also denoted as ENOR or Exclu-
sive NOR) is a digital logic gate with two or more inputs and one
output, which presents logical equivalence. The result of an XNOR
gate is valid, when all of its inputs are false or all inputs are true.
If certain of its inputs are true and others are false, then, the out-
come of the gate is false. Two input XNOR gate can be achieved by
an inverter and three majority gates as presented in Fig. 3.

Among these majority voters, two majority gates are effected to
perform like OR gates by making one input equivalent to ‘1’ and
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the last majority gate is effected to perform like an AND gate by
composing the third input equivalent to ‘0’. The logical equation of
XNOR gate is as follows:

P=(AB)+(A+B) =AB+A'B'. (7

The TR gate (also familiar as Thapliyal and Ranganathan gate)
[87] is a 3-input and 3-output reversible gate shown in Fig. 4. The

A
B TR gate
C
A B C

Fig. 4. Block diagram of (a) TR gate; (b) proposed layout of TR gate in QCA.
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Fig. 5. Block diagram of (a) BVF gate; (b) proposed layout of BVF gate in QCA.

input vector of TR gate is stated as I (A, B, C) and the correspond-
ing output vector is O,(P, @, R). The outcome is denoted as P=A,
@ =A®B and R=AB'®C. The quantum cost of TR gate can be real-
ized from the quantum execution of Toffoli gate [38]. Using 2 NOT
gates and 1 CNOT and Toffoli gate, the cost of TR gate is achieved.
Therefore, the cost will be quantum cost of 1 Toffoli gate + quantum
cost of 1 CNOT gate, i.e., =6.

BVF gate also identified as 4x4 double XOR reversible logic gate
[39]. The input vector is defined as I, (A4, B, C, D) and the output
vector is O,W, X,Y,Z). The result is expressed as W=A,
X=A®B, Y=C and Z=C®D as shown in Fig. 5. This gate can be
operated for the replication of the expected inputs to meet the fan
out conditions, and the gate is employed to model the operand bits
and the number of gates needed to copy is decreased by 50% with
similar quantum effort.

A 1-bit comparator takes two 1-bit numbers, for example, A and
B as inputs and generates an output specifying whether Y, =ARB',
Y,=A NOR B, and Y;=A'B for A> B, A=B, and A < B, correspond-
ingly. Figure 6 illustrates the simulated layout of proposed XNOR,
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Fig. 6. QCA simulated circuit design of proposed: (a) XNOR gate; (b) BVF
gate; (c) TR gate; (d) 1-bit comparator by Feynman gate.

BVF, TR, and 1-bit comparator in Feynman gate, respectively,
where: in Fig. 6, a, A, B and P are the input and output cell, corre-
spondingly; in Fig. 6, b, the inputs are A, B, C, D and their equiva-
lent outputs are W, X, Y, and Z; in Fig. 6, ¢, the inputs are A, B, C
and their corresponding outcomes are P, @, R; in Fig. 6, d, inputs
are A, B and their corresponding outputs are Y,, Y,, and Y;. In cir-
cuit composition, two static polarizations P=+1 and P=-1 are op-
erated that are occupied to shift the logic form.

4. SIMULATION-RESULTS’ ANALYSIS

The design has been functionally fabricated and simulated using the
QCA designer that presents some criterions in the coherence vector
and bistable approximation, which are the default features in QCA
designer. These parameters are exhibited in Table 2. The decisive
QCA functioning design of the proposed XNOR, BVF, TR and 1-bit
comparator design of Feynman gate is illustrated in Fig. 7, a, b, ¢
and d, respectively. The first layout involves of 40 cells and cover-
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TABLE 2. Parameters of bistable approximation and coherence vector.

Criterion Value
Size of cell 20 nm
Dot diameter 5.000
Number of samples 12800
Temperature 1.00 K
Relaxation time 1.000000e*° s
Convergence tolerance 0.001000
Radius of effect (bistable) 65.000000 nm
Time step 1.000000e % s
Relative permittivity 12.900000
Layer separation 11.500000
Radius of effect (coherence) 80.000000 nm
Clock amplitude factor 2.000000
Clock high 9.800000e-022
Clock low 3.800000e-023
Lower threshold [0] -0.500
Upper threshold [1] 0.500
Maximum iterations per sample 100
Total simulation time 7.000000e ™ s

ing an extent of 0.04 pm?, the second layout involves of 79 cells
and covering an extent of 0.07 um?, the third layout involves of 92
cells and covering an extent of 0.12 pm® and the comparator in-
volves of 78 cells and covering an extent of 0.08 pum?. It is very es-
sential to create an operationally firm layout in QCA functions.
There are certain concerns realized into account to raise the design
stability. When building models in QCA, a substantial attempt
should be made to maintain the wire length in a specified clocking
region to a minimum. For smaller wires, it is almost certainly that
all cells creating up the wire will switch effectively.

The scheme of proposed design in CMOS is organized in Fig. 8, a,
b and c, respectively, which is performed using Microwind Lite en-
gine, a fast-systematized EDA tool for front and back-end chip
fashion into an integrated flow. Table 3 explains the complication
of the proposed design respecting the number of cells, majority vot-
ers, clocking zones and covered area applied to perform the layout.

Table 4 illustrates that the proposed XNOR has improvements of
38.46% and 42.85% in terms of total cell and area respectively,
relative to the design proposed in Ref. [40]. Similarly, the im-
provements of BVF, TR and 1-bit Feynman gate comparator are
3.66% and 30.00%, 18.58% and 40.00%, 10.36% and 3.00%, cor-
respondingly, proposed in Refs. [41, 42].
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Fig. 7. QCA outcome of the proposed: (a) XNOR, (b) BVF, (¢) TR, and (d)
1-bit comparator design of Feynman gate.

5. DESIGN QUANTUM COST AND POWER DISSIPATION
OF THE PROPOSED CIRCUIT AND ITS QCA OUTLINE

The quantum cost of 2x2 reversible circuit is counted one, however
all reversible 1x1 circuit have a quantum cost of zero [24]. Thus,
the quantum cost of XNOR gate is one. BVF and TR gate have a
quantum cost of two and four respectively.

The proposed 1-bit comparator in Feynman gate is organized of
one Feynman gate and three reversible NOT gate, Thus, the pro-
posed 1-bit Feynman gate comparator has a quantum cost of
(1x1 + 0), i.e., 1.0. The corresponding quantum costs of the proposed
layouts are figured in Table 5.

The proposed XNOR design has area of 0.04 pm? and latency of
0.75. Therefore, the cost of the proposed QCA design is ar-
eaxlatency 2 =0.04x0.752, i.e., 0.022. The proposed QCA BVF cir-
cuit has an extent of 0.07 ym?® and latency of 0.50, which reason
the quantum cost of the proposed circuit is = 0.07x0.502, i.e., 0.017.



46 Md. ABDULLAH-AL-SHAFI

—outt

e R

a b

= - e ] .

=T - R : —4out3

AT 2

A (= | AR T R
S S A o P

E"’/!d”””” 2
[z rrr it trnas. :

o2 o S A i % 5 F:
JEE;ﬁé’ B A o A O A o e e e

B

(4

Fig. 8. Simulated circuit design in CMOS: (a¢) XNOR gate; (b) BVF gate;
(c) TR gate.

Just as, the costs of other circuits are estimated, and the results
are presented in Table 5. The quantum cost of XNOR gate in typical
design is 1.0, however in QCA-based design, it is of 0.022. For 1-bit
Feynman gate comparator, typical layout has a quantum cost of 2.0,
but QCA-based layout requires a quantum cost of 0.020. Table 5 il-
lustrates that the quantum cost of QCA-based layouts is lower than
that of traditional layouts. Hence, QCA-based designs are cost ef-
fectual with corresponding to quantum cost. The relevant compari-
son is also illustrated in Fig. 9.

The dissipation of power by each QCA cell in a circuit is identical
[43]. Therefore, in a range of connected QCA cells, the total dis-
pelled power can be projected by adding the dispelled power of each
cell within the range. The circuit power consumption is reliant on
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TABLE 3. Performance criterions of proposed design.

Parameter Cell in- [Clock| Time | Covered | Area in [Improvement
tricacy | used |delay |area, pm?%CMOS, nym? (in times)
Proposed XNOR gate 40 3 0.75 0.04 21.9 548
XNOR gate [41] 65 4 1 0.07
Proposed BVF gate 79 3 0.50 0.07
47.6 595
BVF gate [41] 82 3 0.50 0.10
Proposed TR gate 92 4 1 0.12 71 592
TR gate [42] 113 4 1 0.20
Proposed 1-bit Feyn- 78 3 0.50 0.08
man gate comparator
1-bit Feynman o
gate comparator [42] 87 4 0.50 0.11
TABLE 4. Complexity of the proposed designs.
. 2 | Area Cell improve- Areaimprove-
Proposed design| Cell area, pym use, % ment, % ment, %
XNOR gate 0.013 32.50 38.46 42.85
BVF gate 0.026 37.14 3.66 30.00
TR gate 0.031 25.83 18.58 40.00
1-bit Feynman 0.026 32.50 10.36 3.00

gate comparator

the logic gates operated in constructing the circuit.

Applying a larger quantity of logic gates involves larger power
dissipation by the circuits. The dispelled energy of the circuit is the
total of the power dissipated by all the majority voters, inverters,
and the range of QCA cells. The computation is achieved with the
QCA power dissipation tool QCA Pro [43]. This paper, in spite of
using the QCA Pro, mathematical analysis of Hamming distance-
based assessment of power dissipation is applied to achieve the pow-
er dissipation of the proposed circuits. The assessment is achieved
using the similar temperature (i.e., T = 2.0 K) and the similar chan-
nelling energies (i.e., 0.25E,, 0.75E,, etc.). It has been described [43]
that, for a shift in the Hamming distance between inputs to the cir-
cuit, the energy dispelled will be differed too. In the case of the in-
verter, 1 >1 or 0 — 0 input switching means Hamming distance
‘0’, and the inverter has dispelled power of 0.8 meV at y=0.25E,
and 2.7 meV at y=0.5E,. For 150 or 0—>1 input switching,
Hamming distance ‘1’ is considered for the inverter and the invert-
er has dispelled power of 28.4 meV at y=0.25E, and 28.6 meV at
y=0.5E,. A ceiling Hamming distance of ‘3’ is measured for the
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TABLE 5. Complexity of the proposed designs.

Quantum |Area, Quantum cost of
Proposed layout cost jm? Latency proposed layout
XNOR gate 1 0.04 0.75 0.022
BVF gate 2 0.07 0.50 0.017
TR gate 4 0.12 1.00 0.120
1-bit Feynman gate comparator 1 0.08 0.50 0.020
5
0 XNOR gate m BVF gate
4
B TR gate
3 B 1-bit FG comparator
2
1 | |
0 T n
QCA based Typical

Fig. 9. Quantum cost of the proposed circuit and its QCA layout.

majority voter for 000 — 111 input switching that affects the ceil-
ing dissipated energy of 41.0 meV by the majority voter at
vy=0.25E, and 41.2 meV at y=0.5E,. Correspondingly, dissipation
of power by the majority voter and inverter for several Hamming
distances was testified in Refs. [44, 45]. The QCA design of the
proposed XNOR consists of one inverter and three majority gates.
Each of these majority voters has one stable input polarization.
Therefore, the Hamming distance for these majority voters is
measured to be ‘2’°, correspondingly. For maximum energy dissipa-
tion, Hamming distance ‘1’ is measured for each of the inverters.
Applying the Hamming distances related to the input to logic gates
and counting the QCA arrays perform in XNOR, the power dissipa-
tion of the proposed XNOR is analysed. The results are shown in
Table 6. An equal method is applied for figuring the power dissipa-
tion by the BVF, TR and 1-bit Feynman gate comparator and the
outcomes are denoted in Table 6. Table 6 illustrates that the power
dissipated by the XNOR at y=0.25E, is of 79.3 meV, and at
vy=1.0E,, it is of 94.6 meV. Similarly, for BVF gate, the dissipated
power at y=0.25E, is of 260.4 meV, and at y=1.0E,, it is of
295.6 meV; for TR gate, it is of 305.1 meV and 355.6 meV, corre-
spondingly. The power dissipated by the proposed 1-bit Feynman
gate comparator is of 206.7 meV when y=0.25E, and 235.6 meV
when y=1.0E,. Here, T is the temperature, y stands for channelling
energy, and E, denotes the kink energy. These outcomes show that
all the circuits dissipate very little heat energy. The results are also
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TABLE 6. Energy dissipation by the proposed layouts.

T=2.0 K (meV)
0.25E, | 0.5E, | 0.75E, | 1.0E,

Proposed design

XNOR gate 79.3 82.8 88.3 94.6
BVF gate 260.4 270.8 275.2 295.6
TR gate 305.1 322.8 340.5 355.6
1-bit Feynman gate comparator 206.7 213.8 224.9 235.6
f= 430 —&— XNOR —8— BVF
;8 400 —/— TR —¢—1-bit FG comparator,
e I ——
£ 300 - ——
w
9 250 .. N e ——K
7 200 e —
g 150
o 100 ¢
* + ¥ v
m 50 T T T
0.25 0.5 0.75 1.0

Tunneling energy

Fig. 10. Power dissipation by the proposed circuits (T = 2.0 K).

outlined in Fig. 10.

The average output polarization (AOP) of any cell of the QCA
circuit is decreased by enhancing the temperature. The outcome of
temperature on the AOP of the urged circuits is presented in Fig.
11. The AOP of the output cell P of the proposed XNOR is slowly
lessened, up to a temperature of T =8 K. TR gate work competently
between 1 K and 4 K. Similarly, the BVF and 1-bit Feynman gate
comparator circuit work proficiently between 1 K and 5 K.

To generate the AOP at separate temperatures, all the proposed
designs are simulated by the QCADesigner tool [46] and the highest
and lowest polarizations for each cell are observed.

For instance, at T=1 K, the highest and lowest polarizations of
output cell P of XNOR are of 9.54¢ " and —-9.52¢™!, correspondingly.
So, the AOP for cell P is of [(9.54e)—(-9.52¢7)]/2 = 3.51.

In the similar way, the AOP for separate cells of each proposed
circuit at several temperatures are analysed as shown in Fig. 11.

6. CONCLUSION

QCA is an evolving nanotech where elements are micro sized and
current clock speed on terahertz range. By uniting the excessive low
power consumption of reversible computing and QCA, it is possible
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Fig. 11. Temperature effect on AOP of the proposed circuits: (a) XNOR,
(b) BVF, (c) TR; (d) 1-bit Feynman gate comparator.

to design an extremely profitable logic device, which also apposite
for reversible logic circuits.

This paper, a remarkable layout of XNOR, TR, BVF and 1-bit
Feynman gate comparator is presented in QCA. The proposed
XNOR, TR, BVF gate is 548, 592, 595 times reduced in area, corre-
spondingly, than CMOS technology and flout multilayer wire cross-
ing that would be extremely substantial for designing fault tolerant
and compact low power expending nanomaterial.

For the first time, the power dissipation, quantum cost and con-
stancy of the XNOR, TR, BVF and 1-bit Feynman gate comparator
have been proposed in this paper.

The proposed QCA circuits exceed the existing ones in terms of
cell complexity, area, and latency. The quantum cost-based assess-
ment confirms that the proposed circuits have incredibly low quan-
tum cost measure up to typical designs. The layouts have extremely
low heat-energy dissipations, presenting that QCA nanomaterials
are appropriate for applying reversible circuits.

The analysis of constancy of the proposed designs under thermal
randomness exhibits the permanence of the circuits.

The assessment of simulation outcomes of the proposed circuit
with theoretical significances verifies the functionality of the cir-
cuits.

The projected design can be used to achieve the nanoscopic scale
reversible computing architecture in communication through low
power consumption.
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Po3po0ka mpucTporo s ogep:KaHHSI BHCOKOI €HTPOIIii
3 ()OTOHHOTO IIyMy y KpUNTOTrpagivHUX 3aCTOCYBAHHAX

T. O. T'openixkosa

3anopisvKuil HAYioHaAbHUL YHisepcumem,
8ys. YHigepcumemcvka, 66,
69011 3anopixcics, Ykpaina

Po6GoTa crocyeThcsi pO3POOKM HPOTOTHUNY KBAHTOBOTO I'eHEpaTOpa BUIIATKO-
BUX UNCeJ, IN0 gojae (GpyHIaMeHTAJIbHI O0OMe:KeHHsS TPATUIliiHUX MEeTOMiB.
Ha Bigminy Bim mceBHoBHMIAaIKOBUX T'€HepaTOPiB, AKi IMOKJamarmThCa Ha 00-
YMCIIOBAJIBHY CKJIQHICTh, 1 KJIACMUYHUX alapaTHUX I'€HepaTopiB, CXUJIbHUX
IO 30BHIIIIHIX BIJIMBiB, 3alIPOMOHOBAHUII IPUCTPiii 6a3yeThcA Ha OHTOJIOTI-
YHiliT OpUPOAi BUIIAJKOBOCTHU MiKpocBiTy. I[:KepesoM eHTpomii € ApoOOBUii
LITyM, II[0 BUHUKA€E BHACIIJOK AUCKPETHOI MPUPOAYM HPOXOKEHHS 3apALIB ¥
doromerekTopi. Takuii migxim rapauTye HemepeabauyBaHIiCTh, IO € OCHOBOIO
nas GopMyBaHHSA CTIHKMX KpunTorpadgivHmx KJOUiB i mudpoBux migmucis.
IlpencraBienuii TpuUCTPii € KOMILJIEKCHMM allapaTHO-IIPOTPAMHUM PiIlleH-
HaMm. Ia pospoOKa mpomoHye edeKTUBHE Ta HAAilHE M)Kepeso eHTPOIii Ais
iHTerparrii y cydacHi cuctemMu Oesmeku, 3abe3meuyioum CTifKicTh o0 aTak,
AKi BUKOPUCTOBYIOTh CJIa0KiCTh r'eHEpPaTOPiB BUMAAKOBUX UHMCEJ.

The work is concerned with the development of a prototype of a quantum
random-number generator that overcomes the fundamental limitations of
traditional methods. Unlike pseudo-random generators, which rely on
computational complexity, and classical hardware generators, which are
susceptible to external influences, the proposed device is based on the on-
tological nature of the randomness of the microworld. The source of en-
tropy is fractional noise that arises from the discrete nature of the pas-
sage of charges inside the photodetector. This approach guarantees unpre-
dictability, which is the basis for the formation of stable cryptographic
keys and digital signatures. The presented device is a comprehensive
hardware—software solution. This development offers an efficient and re-
liable source of entropy for integration into modern security systems, en-
suring resistance to attacks, which exploit the weakness of random-
number generators.

KarouoBi croBa: KBaHTOBUI I'eHepaTOp BUIIAAKOBUX UMCEJ, iCTUHHA €HTPO-
mig, apoboBuit mym, KpunrorpadiuHa crifikicts, Gon HelimauiB amroputm,
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54 T. O. TOPEJIIKOBA

amapaTHUU 3axXucT iHpopMaillii, cucreMu Oe3IeKH.

Key words: quantum random-number generator, true entropy, fractional
noise, cryptographic stability, von Neumann algorithm, hardware infor-
mation protection, security systems.

(Ompumano 2 xwoemunsa 2025 p.)

1. BCTYII

Y cyuacHomy mudppoBOMY CBiTi 3abesmeueHHA HamiiHOI iH(pOpMAaILiii-
HOI Oe3leKu € OJHMM 3 HaiOiJbIll aKTyaJbHUX 3aBlaHb. 3POCTaHHA
00cATiB MaHMWX i MONyJAPHOCTH OJOKUYEHH-IIAT(GOPM CTBOPIOIOTH HOBIi
BUKJUKHU IJIS 3aXUCTY BiJi HECAHKI[IOHOBAHOT'O JOCTYHY, IIaXpaicTBa
Ta Kibepartak. OgHUM 3 QyHIaMEHTAJIbHUX €JIEMEHTIiB 0e3meuHmX iH-
dopmaliiHUX CHUCTEM BUCTYIA€E r'eHepallisi BUNAAKOBUX YUCEJ, alKe
caMe BiJl IXHBOI AKOCTU 3aJIe;KUTh CTiMKicTh KpunrorpadiuHux ajro-
puTMiB, AKi, y CBOIO Uepry, € OCHOBOIO CyUacHHX 3ac00iB 3aXuCTy Ja-

Hux [1, 2].

BunagkosicTs € HeoOximHOIO Ayid (opMyBaHHA KpunTorpadiyamx
KJIIOUiB, OJHOPA30BUX IApoJiB, MU(PPOBMX MiANMCIB, a TaKOXK [IJd
nporienyp aBTeHTU(iKaIii Ta Bepudikaiii. Byab-ake BigxuiaeHHA Bifg
icTMHHOI BMIIQJKOBOCTH MOXKe MaTH KaracTpodiuni Hacaigku. IloBe-
JIeHOo, 1o cJa0Ki reHepaTOpy BUMAAKOBUX YKCEJ CTABAJIU IIPUYUHOIO
YUCJIEHHUX KOMITPOMETAI[ili KPUITOCUCTEM:

— xommpomerallig RSA-kaiouiB y unmax Infineon (2017) (uepes cia-
oxuii I'BY, 1110 BUKOPHMCTOBYBaBCA B UUIIaX, MOCHITHUKHN 3MOTJIU
BigHOBUTH mpuBaTHi Kaodui RSA Ha ocHOBI BiZKpuTHX);

— Bpasausicts Debian OpenSSL (2008) (momuska B KOAi IpusBeja
IO TOTO, IO AJSA T'eHepallil KJIOUiB BUKOPUCTOBYBaJiMcA Iiependa-
YyyBaHi 3HAUEHHA, 1110 3pOOUJIO IX JIETKO 3JIaMyBaHUMM);

— KoMmmpomeTallis Bitcoin-ramaniiie Ha Android (2013) (zmesaxi moma-
TKU JJIsI KPUIOTOBAJIOT BUKOPHCTOBYBaJu caabkuii I'BY, 1o gaso
3MOT'Yy 3JIOBMUCHUKAM Ilepeq0auuTy MPUBATHI KJIOUi Ta BUKPACTU
KOIIITH);

— Bpasausicte PHP (2007) (comabka eHTpomia B reHepaTopi BumIaj-
koBux uucea PHP po6uia ceancoBi imeHTudikaTopu mepembauysa-
HUMU, M0 JAaBaJIO 3MOTYy BUKpaJaTH CeaHCU KOPUCTYBadiB Ha BeO-
camrax) [3].

Came TOMy IHTaHHS m:Kepejia BUIAAKOBOCTH HE € ADPYTOPAIHUM;
BOHO Ma€ IepIIOopsAHe 3HAUEHHS Y KOHTEKCTi MOOYZOBU 3aXUIIMEHUX
CHUCTEM.

Tpamuiiiiio y mudpoBUX CHUCTEMAaX BUKOPUCTOBYIOTHCS IICEBIOBU-
nankoBi remeparopu uuces (PRNG). Ixua po6ora 6asyerbca Ha geTe-
pMiHOBaHUX aJroOpuUTMax, AKi 3 MouaTKOBOro 3HaueHHA (seed) obGuwmc-
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JIIOIOTH IIOCJIiZOBHOCTI YmMCeJ, 0 BUIJIALAIOTH BUIAAKOBHUMHU. llomry-
JAPHUMHU € aJr'OPUTMH HA OCHOBI JiHIHHMX KOHI'PDYEHTHUX METOXiB,
3CYBHUX pericTpiB abo xpunrorpadgivamx OpuMiTHBIB (HampuKJIam,
AES a6o SHA B pexxumi remeparopa). Ilepesaroto PRNG e Bucoxka
HIBAAKOIisA, IIPOTEe T'OJIOBHUM HEMOJiKOM 3aJHINAEThCSI IXHA Imependa-
YyBaHiCTh: 3HAIOUM IIOUYATKOBE 3HAUEHHA ab0 BHYTPIilIHii#l cTaH, 3J0-
BMHUCHUK MOJK€ BiITBOPHTH BCIO IIOCJIiZOBHicTE [4].

Hna migBuieHHs piBHA 6e3lMeKM 3aCTOCOBYIOTHCA KpUIITOTpadiumo
critiki remepatopu (CSPRNG), aAKi yCKJIAgHIOIOTH BiZHOBJIEHHA IIOYa-
TKOBHUX YMOB HAaBiThL 3a BiIOMOI YaCTMHMW BUXiJHOI IIOCJIiTOBHOCTH.
Brim, ixHa OesmeKa 3aBKAU COUPAETHCA HA IPUIYINEHHS PO O0UMC-
JIOBaJIbHY CKJAAHICTL IIEBHUX MAaTeMaTHUUYHUX 3amad. ToOTo cTifikicTh
CSPRNG BimHOCHAa: 3a YMOBU BiIKPUTTS HOBUX AJI'OPUTMIB YU PO3-
BUTKY IIIBUAKOCTH OOUMCJIeHb TaKi reHepaTopu BUABIAIOTLCSI Bpas-
auBuMH [5].

Iumiolo kaTeropiero € amapaTHi I'eHepaTOpPM BUIIAAKOBUX YMCeJI
(HRNG), AKi BUKOPHCTOBYIOTH (pisMuHi mpollecu SK AKEpesio eHTPo-
nii. Hafiuacrimie 1me — TeIIOBUM IMIyM Yy pPe3UCTOpaxX, KOJWBaHHSA
eJeKTPOHHUX cXeM a0 XaOoTHUHi 3MiHM B eJIeKTPOMATHETHUX Cepemo-
Bumiax. HesBaskaoum Ha OLMBIT BHCOKY AKICTh y IOPiBHAHHI 3
PRNG, 1i meTonu He mo30aBieHi mpobyem:

— @isuuHi mpolecu MOKYThH IigmaBaTHCA 30BHIINTHLOMY BIJIUBY (Ha-

MpUKJIAL, TEMIePaTypPHUX 3MiH ab0 eJeKTpOMarHeTHNX HaBeIeHb);
— IIIyMOBi mpollecu iHOAI MalOTh JaTEeHTHI 3aKOHOMipHOCTi, IO IIO-

HUKY€E PiBeHb €HTPOIIil;

— CKJAIHO (popMaIbHO AOBECTH iCTHHHY BUIAIKOBICTH OJep:KaHUX

TOCJILJOBHOCTEI.

TaxuMm uymHOM, OOMABA IIiAXOAM, AK IICEBJOBHUIIAAKOBi, Taxk i ama-
paTHi KJIacUYHi r'eHepaTopu, MalTh iCTOTHI o0OMeKeHHA. Y KOHTEKCTI
BUCOKOHABAHTAKEHUX KPUITOrpadiuyHUX cucTeM, M€ I[iHA TOMUJIKHU €
HAA3BUYANHO BUCOKOIO, IbOT0 BUABIAECTHCA HEIOCTATHLO [6].

2. KBAHTOBI ITPOIIECH SIK IIPUPOTHE IKEPEJIO
BUIIAJTKOBOCTHU

Ha mporuBary KJacMYHMM METOJaM, KBAHTOBi r'eHepaTOpW BUHATKO-

Bux umces (QRNG) 6asyiorbca Ha QyHIaMEHTAJTbHUX 3aKOHAX KBaH-

TOBOI MeXaHiKM, fAKi MawTh HMOBipHicHY npupony. BumnagkoicTb

TYT He € HACJiKOM CKJAJHOCTH UM HEIOBHOTU PO3YMiHHS, a BUCTY-

IIa€e OHTOJIOTIUHOIO XapaKTePUCTUKOIO MikpocBiTy. IlpukaazamMmu KBa-

HTOBHUX MPOIIECiB, 10 3acTocoByOThCA ¥ QRNG, e:

— (oToHHa moJApusalisa: BUOIp HAIPAMKY IOJApPU3aIlii OKPeMOro
doToHa € HemepeabauyBAHIM;

— KBaHTOBe TYHEJIOBAHHS: Yac MMOBIPDHOTO NEPEXOJy eJIeKTpoHa ue-
pes 6ap’ep He MOKHA BU3HAUNTU HAIlEpen;
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— npob6osuit mym (shot noise), sxuii BUHMKAEe BHACJIiZOK TOro, IO
Hocii sapany (poToHH UM eJeKTPOHMN) HAAXOAATH y HETEKTOp y BU-
HagKOBi MOMEHTH Yacy;

— CIIOHTaHHe BUIIPOMiHIOBAHHS B JiadepaxX: MOMEHT eMmicii (poToHa

Ma€ KBAaHTOBO-MMOBIPHICHY IPHUPOIY.

Ha BigmMiHy Bij TemsoBOro 4um eJeKTPOHHOIO IMyMY, IIi IIPOIlecHu
MPUHIINIIOBO HE IIiAJAal0ThCA KJIACUUYHOMY IepeabadveHHio. BoHU € pe-
ajrizariero 6a30BMX IIOCTYJIATiB KBAHTOBOI Teopii, i 'KogeH aJaropuTm
YM MOJeJNIb He Jal0Th 3MOT'y pPeKOHCTpyoBaTH ix Hamepen. Came Tomy
QRNG 3zabesneuyioTh iCTUHHY BUIaIKOBicThb [7].

Bubip QRNG s 0aszoBoro mxepesa BUIALKOBUX YMCEJ y HOaHIik
poboti 3ymoBienmuii 6ararbMa 00’eKTuBHMMU npuurHamu. ¥ PRNG
BUIIQAKOBICTh Jinille eMyJaioeThbcsA, a B HRNG Boma moxxe OyTH cIO-
TBOpeHa ITymMoM abo 3soBHimHiMu uymHHHUKaMu. ¥ QRNG Bunagko-
BicTh r'apaHTOBaHA CaMOI0 IPHPOZOI0 KBAHTOBHX SABUIN. IeHepaliis
sHaueHb Ha ocHOBI QRNG BuKIIOUae pusuK cIabKuUX 3HaueHb, AKi
BUHMKAIOThL 3a HEJOCTATHLOI eHTpomii. Ile KpUTHUUYHO BaKJIWBO IIiJ
Yyac BUKOPUCTAHHA AJTOPUTMIB eTiNTUUYHUX KPUBUX, Ie HaBiTL HeBe-
JUKAa BTpPaTa BUOAJKOBOCTU MOXKE IIPU3BECTH A0 IIOBHOTO KOMIIpOMeE-
TyBaHHA cucTemMu. Ha Bimmimy Bim kmacumunumx mxepen, QRNG me mo-
Tpebye CTAaTUCTUYHOTO MOMENIOBAHHSA IJS IIiATBEePIKeHHS BUIIATKO-
BOCTHU: ii rapaHTyIOTh 3aKOHU KBAHTOBOI MexaHikm [8].

3. IPUHIIUIIX POBOTH KBAHTOBOI'O I'EHEPATOPA
BUITAAKOBUX YUCEJ

MeTon BUIIaAKOBOTO BHOOPY YYaCHUKIB i KOHTPOJBHUX TOUOK 0asy-

eTbcsi Ha KoMmbOiHarii Kpunrorpadii eminTuuHMX KpWBUX i reHepartii

icTuaHO BumamskoBux unced. QRNG y 1boMy KOHTEKCTI BUCTyIaE He

TOIOMiKHUM, a BUSHAYAJILHUM €JIeMEeHTOM:

— BiH 3abesmeuye HemepeabavyBaHicTh BUOOPY YUYaCHUKIB, IO yHe-
MOJKJIMBJIIOE MAaHIMyJaAIil 3 60Ky OKpPEeMUX BY3JIiB;

— TapaHTye piBHOMipHicTH posmopminy mix uac BubGopy O6JIOKiB, 3armo-
biraroum KOHIIEHTPAIlii KOHTPOJIIO;

— cTBOpIoe 6a3y mJyiA GopMyBaHHA KJIOUiB i miAnMCciB, CTIHKUX OO
aTak Ha pPiBHI AK KJACMYHUX, TaK 1 MOTEHIIAHUX KBaHTOBUX
KOMII’IOTepiB.

Bubip Ha KOpHMCTHL KBAHTOBOTO T'eHEpaTopa BUIIAAKOBUX UHCET €
CBiIOMOIO BiMOBOIO BiJ HCEBIOBUIIAAKOBUX i KJIACMUHUX amapaTHUX
MEeTOMiB, AKi He BiAIIOBiZAIOTHL CyyacHMM BUMOTAM IIOJAO0 KPUIITOTpa-
diunmoi 6esneku. Bukopucranasas QRNG yMoKIMBIIOE TiJHATH PiBeHb
3aXMUIMEHOCTH CHUCTEeMM Ha AKICHO HOBUI Iabesib, 3a0e3leuyouyn He-
nmepenbauyBaHicTh i CcTifiKicTh 10 OyAb-AKKMX BiIOMHUX THUIIIB aTak.

3alIponoHOBAHUN pPO3PO0IeHUil HmPUCTPili 0asyeTbhbcsA Ha BUKOPUC-

TaHHI KBAaHTOBUX [OJKepej BUIIAIKOBOCTH, II[0 3a0e3meuye SIKiCHO BHU-
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Ui piBeHL HellepeAO0AUyBAHOCTU y ITOPiBHAHHI 3 KJIACUYHUMHU T'eHe-
paTopaMmu IICeBAOBUIAIKOBUX umceJ. B OCHOBI po0OTHM IIOKJIAZeHO
sBuIe apobosoro mymy (shot noise), AKe BMHHKAae BHACIILOK [IuC-
KpeTHOI mIpupoau (POTOHIB Ta eJeKTPOHIB. 3a mMaAiHHSA CBiTJIOBOTO IIO-
TOKY Ha (POTOZETEKTOp IIpoliec peecTtparii ¢orouiB omnucyerbesa Ilyac-
COHOBHUM pPO3IOALJIOM, e MMOBipHIiCTH ciocrepe:xkeHHs k (oToHiB 3a
IeBHUU HNPOMIiKOK Uacy 3aJaceThCs (popMyJIOIO

P(k;0) = Ve R, (1)

Ie . — cepenHsd iHTEHCUBHICTHL (DOTOHHOTO IIOTOKY.

Y crTpywmi, 110 BUHMKAE B Pe3yJbTaTi TaKOro IIPOIleCy, CIocTepira-
€ThCS IITyMOBAa CKJAZ0Ba 3 KBAaHTOBOIO IIPUPOJOI0, CHEKTPajbHaA TyC-
TUHA KOl ONMUCYETHCA PiBHAHHAM

Si(f) = 2q1, (2)

e ¢ — 3apan eJeKTpoHa, a I — cepexnHiit gporoctpym. Came 1msa He-
mepenbauyBama CKJIaIOBa i cTae OCHOBHUM [IKepeioM eHTpoIlii y ma-
HOMY mpucTpoi. Ilia Toro, mob OIiHWUTU AKIiCTH ONep;KaHUX BUIIA[-
KOBUX IIOCJiJOBHOCTEM, BUKOpUcTOByeThcA IIleHHOHOBaA €HTpOIid,
AKa BU3HAYAETHCA AK

H(x)=-) p,log, p,, (3)
i=1
e p; — HMOBIipHiCTh mOABU BigmoBimHOrOo cumOboay. IneanbHuii Buna-

IKOBUII TeHepaTop 3abesleuye MaKcuMaJibHE 3HAUYEHHS EHTPOIii,
O0m3bKe 70 ofHOro 0iTa Ha KOKHUIT 3TeHepoBaHmit OiT [9].

Opnax QisuuHi mKepesia BUIAIKOBOCTU, 30KpemMa (hOTOMETEKTOPH,
MOMKYTh JI€MOHCTPYBaTH CTATHUCTUYHI mepekocu y OiK reHeparlii 0i-
JBITTOL KiJTBKOCTH HYJIIB UM ONUHUILL. {1 ycyHeHHA Iiei mpobiaemMu y
mpucTpoi 0yB peartisoBauuii por Heiimanui anropurm. Moro cyrs mo-
JISITa€ y TOMY, IO BXifHa HOCJiZOBHiCTHL po30MBAEThCS Ha mapu 0iTiB,
micas yoro BigKmpgaroThes koMmoOimarril «00» i «11», Toxi ax «01» im-
TEePIPETYEThCA IK HYJb, a «10» AK oguHuIlg. 3aBAIKU IILOMY 306epi-
raeTbCcA JIMIe PiBHOMMOBipHaA iH(opmarliis, a mepekic msKepesaa ycy-
BaeThCcA. PoOpMaSbHO MPOIEAYPaA OMUCYETHCA TAKUM UNHOM:

J, b, =b,,
f(bp bg) = O’ (bp bg) = (O’ 1)’ (4)
1, (bl,bz) =(1,0).
TakuMm ymHOM, HaBiTh AKIINO IMEPBUHHUHN (POTOHHUM IITyM MiCTUTH

CTPYKTYPHI BigXmjeHHs, BUXifHaA IOCIiZOBHICTH IIicasa oOpoOJeHHS
3a ¢dou HelimanoBuM anropmTMoM HaOyBa€ BJIACTUBOCTEIl pPiBHOMIp-
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HOT'0 BHUIIaAKOBOTO posmoxmiay [10].

Pospobimenuii reHepaTop BUIAAKOBUX UHCeJ 0a3yeThCAd HA BUKOPU-
CTaHHi (POTOHHOrO IMIyMy SK IKepeJia eHTPOIIil Ta HOoro ImogajbIIoOMy
micuJIeHH]I 3a JOIIOMOTOI0 MAJIOIIYMHUX aHAJIOTOBUX KacKamiB. Ilasa
OpaKTUUYHOI peasisallii reHepaTropa OyJI0 BUKOPHCTAHO MiKPOKOHTPO-
aep ESP32, akuii BUKOHye (PYHKIIII JHUCKpeTHUs3allili aHaJOroBOT'O CHI-
Hamy (¢oromionu 3a momomoroio B6ymoBamoro AIIII, fioro momepemgHbO-
ro o0pobJyieHHA Ta momaJbInoi mudpoBoi TpaHchopmarii. 3i6paHi 6iTu
MOCJiTOBHOCTU IIONAIOThCA Ha IIporpaMHy peaJsiszarito ¢pon Helimano-
BOTO aJIl'OPUTMYy HOJIs IiABUINeHHsS PiBHA eHTpormii. Takwmit migxin
YMOMKJIIBJIIOE OIEPIKATH IIOCJIIJOBHOCTi, IO BiANOBiZal0OTL KPUIITO-
rpagiyHMM BUMOTraM IO BHUIAJKOBOCTU M YCHINITHO ITPOXOAATH IIEPEeBi-
PKY 3a cratuctTuuHuMU Tectramu craumapty NIST SP 800-22.

Y CTPYKTYpi HNPUCTPOI0 MOYKHA BUIIIUTH TPU (PYHKIIiOHATLHI 0JI0-
KH: CeHCOPHUI, IIiACUII0OBAIbHUNA Ta oOumcaoBanbuuii. CeHcopHy ua-
CTUHY IIpeACTaBJIeHO (DOTOIETEKTOPOM, IO IIPAITIOE B YMOBaX CJIa0KO-
O OCBiTJIeHHs abo IIiJ BIJIMBOM [OesKOTO m:KepeJsa cBiTia. Ak Oaso-
BUUM BapisiHT, 3acTOCOBYeThbCcs (doromioma BPW34 y pesxumi 3BOpOT-
HBOTO 3MiIlleHHdA; IIPOTe MIJA HiABUIIEHHA PiBHA IIyMy MoKe OyTHu
BUKopucTaHa JaBuHHA (oromiona (APD), 1o mpariioe y peXuMi mpo-
6010. Uepes Hei Teue Ay:Ke MAJIUil CTPYM, HACTIIbKU MaJuUi, 110 HOTO
HEeMOJKJINBO CIIPUNHATH 6e3locepenHbo 0e3 IMOCUIEeHHA; TOMY Y CXeMY
IPUCTPOIO TaKOK nMomaHo ImigcuiaioBad. Ileit cTpym — HemoCTiHUM;
BiH CKJAJaeThCA 3 OKPEeMUX IepeHeceHb 3apsamy, II0 XaOTHUYHO BUHI-
KaoTh. EJIeKTpoHN B HAIIBIPOBIAHUKY He PyXalThCid AK Oesmepeps-
HUH TOTiK, a mepecTpuUOYIOTh BUIIAAKOBO, IIiIKOPSIOUYNCH HMOBipHic-
Hifl mpupoai KBaHTOBUX mporieciB. e i € gpoboBuii MIyMm — QIIOKTY-
amii (BUIIaAKOBI KOJMBAHHA), AKI BUHMKAIOTHL caMe uepe3 AUCKpeT-
HICTH eJeKTPUYHOT0 3apsany, AKI HeMOKJIMBO IepeabauuTu abo 3Mo-
IeJNoBaTU, TOMY IO BOHM BiZOyBalOThCS B KBAaHTOBOMY MacIiTabi,
1Io3a paMKaMM KJIACUYHOI IIPUYMHHOCTH.

doTomiona y mit cucreMi BUKOHY€E POJIb He IIPOCTO JaBaua CBiTJa,
a KBaAHTOBOTO [OiKepesa eHTpoIrii. BoHa cTBopioe curua, axuii abco-
JIOTHO He IIigTaeThbCcAd PO3PAxXyHKY, HABITH AKIIO TOYHO Bimomi Bci
mapaMeTpu CXeMU, HaOpyru, TeMIepaTypu, PiBHA ocBiTaeHHs. as
OifKpecJeHHA He3aJeXHOCTH BiJ B0BHIMIHIX UYMHHUKIB QoTomiony
poOsTaIllloBaHO y CBITJIOHEIPOHUKHiN KopoOIi. PoTomiona reHepye Te-
mHOBUM ctpyM (dark current) HaBiTh y moBHIiNI Tempasi. Ile
MoB’sA3aHe 3 TEeIJIOBUMHM KOJMBAHHAMM Ta KBAHTOBUMHU edeKTaMU ¥
MaTepiami, Tomy 10 camM (aKT OPOXOMKEHHA KOXKHOIO OKPEeMOTo
eJIEKTPOHA KPi3h MOTEHIiAIbHUN 0ap’ep — Iie Impollec HMOBipHiCHUI.
Komua mporpama, HigKUII CyIepKOMII'IOTep He MOXKe 3as3gaJieriib
3a3HAUNTH, KOJU MPOCKOUUTL HACTYIIHUUN €JIeKTPOH, i caMe B IIbOMY
noasarae PyHAaMeHTaJabHa HemepeadauyBaHicTs [11].

I:KepesoM CBiTJia MOKe BUCTYIATH CBiTJIOAiona 3 HU3BKUM pPiBHEM
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BJACHUX IIIyMiB, PO3TAIIOBAaHA Y CBITJIOHEIIPOHMKHOMY KOPIIyCi pa-
30M i3 (poTomiomoro s popMyBaHHA CTAaOiJILHOTO IIIYMOBOTO KaHAJY.

Amajorosuii Kackaj peaizoBaHO Ha omepaliiHOMy HifcHIOBaYi
magiommrymuoro tuny (manpuxiaang MOPA2340UA). Cxemy mo0ymoBaHO
3a KOH(irypaitiero HeiHBepTyBaJbHOIO ITiflCUJIfOBaYa 3 BEJIIMKUM KoOe-
dimieHTOM mmiACcHUIEHHs, IIf0 3a0e3leuye peecTpallilo HABiTL He3HAU-
HuX (QuaokTyarii ¢orocTpymy. PesucTop 3BOPOTHLOTO 3B’SI3KY HOMI-
"HasoM vy 100 xkOM BM3HaUa€e BeJUUMHY IiJCUJIEHHS, TOAL AK Hapaje-
JbHO BBiMKHeHHnIi KoHAeHcaTop y 100 u® BuKOHYye (PYHKIIIIO 0OMe-
JKeHHA BUCOKOUYACTOTHOI CKJIaJ0BOI.

Buxing mizcuiaioBaJbHOTO KacKady IIONAaEThCS HA aHAJOTOBUU BXij
ESP32 (mampuraag GPIO34), me curuan onudpoByeEThCA BOYIOBAHUM
AIIII. ITomanbiiie 00poOJIeHHS mependavae 3aCTOCYBAHHSA aJITOPUTMY
3a (o HeiimaHoM, IIT0 yCyBa€ MOMKJMBI CTATUCTUYHI IIEPEKOCU Y TIO-
cJIimoBHOCTIL OiTiB.

IIpencraBieHuil pPisHOBUA PO3POOJIEHOTO T'eHepaTopa BUMIALKOBUX
YKcesJ CKJIANAEThCI 3 TPHOX HesalleKHUX map ¢oroeneMeHTiB (¢oTo-
miom i3 BiAHOBiZHOIO IiACHUIIIOBAJIBLHOIO 00B’A3KO0I0), KOXKHA 3 AKUX
dopMye BIacHMUM KaHaJ ITyMOBOro curHainy. Taxka apxiTeKTypa mae
3MOT'Y 3MEHIIMUTU BILJIUB JOKAJBHUX (DIIOKTYyaIlill i mMigBUITUTU CTiH-
KicThb cucTeMM: HaBITHL AKINO OOWH KaHAJI THUMYAaCOBO JA€ 3aHUIKEHUIH
piBeHb ITymMy, OBa iHIM BaJHINTAIOTBCA AKTUBHUMU, 3a0e3meuyioun
eurponito. [na cTabiaibHOCTH POOOTH TOJATKOBO BUKOPUCTOBYETHCS
JIOIIOMisKHa CBiTJIOAiOMa, IO CTBOPIOE KOHTPOJILOBAHUU PiBEHBb OCBIT-
JeHHA ¢oToxion i MiHiMi3ye pU3MK IIOBHOI BTpaTU CUI'HAJy uepe3 30-
BHiMTHI mepemkoau. EleKTpUUYHY cxXeMy HPUCTPOIO IIPEJCTaBIEHO Ha
puc. 1.

Amnajorosi curHajau 3 KOXKHOI mapu (oToesleMeHTiB HaIXOOATh Ha
Bxonu ESP32, me mepeTBOpPOIOTHCA B IMu(GPOBUII BUTJAA 34 JOIIOMO-
roto BOymoBaHoro AIIII. ITomanbiie mporpamue o6pobJieHHsS Iependa-
yae MOEeTHAHHA JAHUX TPHOX KaHAJNIB y €IWHUN pesyabTar. I[1a mbo-
r0 BUKOPUCTOBYETHLCA IIPOIleAypa 3 BUOIPKOBUM 3aCTOCYBaHHAM MeJi-
SAHHOTO 3HaUeHHs, AKA NPUTHIUYe OAWHUYHI BUKHIN, a TaKOMK oOIe-
pamii XOR, mio sabesmeuyioTh HemepeadauyBaHicTh Bubopy. Taxum
YUHOM, KiHIEBUHM CHUI'HAJ MICTUTh AK (PismuHy €HTPOIIil0o (hOTOHHOTO
IIyMmy, Tak i MaTeMaTHUUYHO IIOCUJEeHY BUMNAAKoBicTb. Ha pucyHKy 2
MIpeACcTaBIeHO 300pa'keHHsA MaKeTHOI IJIaTM TOTOBOTO IIPOTOTUIY
IIPUCTPOIO, e PO3MIIlleHO yc¢i onucaHi BUIlle KOMIIOHEHTH.

Y neMoOHCTpaIifiHOMYy BapigHTi IPUCTPOIO IependavueHO BUKOPUC-
ranua HeBequkoro OLED-guciiies, akuii gae saMory y peajbHOMY ua-
ci BUBOAUTHN BUIIAJKOBe 3HaueHHsA. Taka (QyHKIiA Mae, Hacammepen,
IeMOHCTpAI[ifHNI XapaKTep: BOHA Ja€ MOJYKJMUBICTH HAOYHO IIOKAa3y-
BaTH 3MiHY BUIAAKOBUX BeJWUYMH i KOHTPOJIOBATH IIPAIle3JaTHICTD
CUCTEMH IIiJl UaCc eKCIePUMEHTIB UM MyOJiYHUX ITPeseHTallill.

Paszom i3 TuM, HaABHICTL AuCILIed He € 000B’sI3KOBOI0 YMOBOIO IJIs
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Puc. 1. EnexTpuuna cxeMa po3po0JeHOro NMPOTOTUIY KBAHTOBOTO I'€HEPaTo-
pa BHUIAJKOBUX uKces.!

poboTu remepaTopa. ¥ MPAaKTUUYHUX 3aCTOCYBAHHAX BHIIAJKOBI ITOCJIi-
JTOBHOCTI MOMKYTH 0e3llocepesHbo IepefaBaTHcA uepesd imTepdeiic Se-
rial (UART/USB) a6o :x mepemaBaTuca II0 0e3ZpPOTOBHX KaHaJaax
(Wi-Fi, Bluetooth) ma immi mpwmcrpoi, 30KpemMa Ha IIePCOHAJIbHUIA
KOMII'I0Tep, cepBep abo BOYAOBAHY CHCTEMY, e BOHU OyAyTh BUKOPU-
cTaHi gasa xpunrorpadivamx abo craTucTUUHMUX 3amau. Taxkmit migxizg
pobuTh cumcTeMy THYYKOIO: BOHA MOJKE€ BHUCTYIIATH SAK aBTOHOMHUI
IeMOHCTpAaIlilHuii MOAYJb i3 BidyaJsisalieo, Tak i SK ITOBHOIliHHE
JIPKepeJsio eHTPOoIIil JJjdA iHTerpartii y CKJaAHIIII amapaTHO-IIpOTpaMHi
KoMmILIeKcu. [leMoOHCTpaIiiHMY BapigAHT NPUCTPOIO NIPeACTaBJIEHO Ha
dororpadii (puc. 3).

4. EKCIIEPUMEHTAJIBHI PE3YJbTATH ¥ OIIIHKA EHTPOIIIT

JJ1a OMiHKY AKOCTH 3TreHEePOBAaHUX BUMAJKOBUX umcesJ OyJo IIpoBese-
HO CTATHCTHUUHY aHagizy Bubipkm 3 2500 sHaueHb y AiAmasoHi Bifg
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Puc. 2. ®ororpadia posmagHoi MaKeTHOI IJIATHM IPOTOTHUIY KBAHTOBOTO Te-
HepaTopa BUIIAAKOBUX yuce.?

Puc. 3. 3oBHiIIHINT BUTIAL TOTOBOTO AE€MOHCTPAIiAHOTO MPOTOTHUIY KBaHTO-
BOTO I'eHEPaTOpa BUIAAKOBUX UHCes.’

101 mo 9988. ¥Yci uncna BusBuINCA YHiKAJIbHUMM, IOBTOPU BiACYTHI,
IO CBiAYMTH TPO BUCOKUUA PiBEHb Pi3SHOMAHITHOCTH Ta BiACYTHiCTH
oueBUIHUX apredakTiB y reHeparii. CepegHe 3HaUeHHS CKJAJO
4879,02, memiaua — 4619,5, a crammaptuuni Bigxua — 2740,6, 1o
Io0pe y3TOMKYEThCA 3 OUiKYBAHHAM PiBHOMIipHOTO PO3IOLLIY.

Hns mepeBipku piBHOMipHOCTHM OyJ0 BUKOHAHO ¥"’-TecT i3 pos3burt-
TIM BMOIpKM Ha OecATh piBHUX iHTepBayiB. Ojep:xame 3HaUeHHS
" =5,68 i3 9 crynenamu cBobogu BiATIOBifae p-sHAUYEHHIO TPUOJIMSHO
y 0,77, 110 3HAUHO IIEPEBUINYE TPAAUIIMHUNA PiBeHb 3HAUYIIOCTH Y
0,05. Takum uymHOM, TimmoTes3a IIPO PiBHOMipHMUII PO3IOAia He Bigxu-
JISETHCA 1 MOKHA CTBEPIsKyBaTHU, IO UMCJA OXOILIIOITh YBECh Hidla-
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30H 0e3 KOHIleHTpaIllil y BY3bKHX 30HAaX.

HomaTtkoBo 6yso pospaxoBano IIleHHOHOBY eHTpPOIIiI0, AKa CKJaJa
H =~ 7,97 6iT/cuMBOJI, IO € Mal)Ke MaKCHUMAJLHO MOKJIMUBUM 3Ha-
yeHHAM AJA MHOKUHEN 3 2500 piBHOMMOBIpHMX YHiKaJIbHUX €JIeMeH-
rTiB. Ile miATBEPIAKYy€E BUCOKY CTYIIiHb HEBU3HAYEHOCTU Ta BUIIAJTKOBO-
cTu BUOipKH.

Ha piBHIi 6iTOBMX IIOCJiJOBHOCTEH IPOBENEHi TeCTH Ha CepiiiHicTh,
aBTOKOPEJIAIiI0 Ta CTHUCHEHHS He BUSABUJIM CTATHUCTUYHO 3HAUMMUX
BigxmiiB.

Byno npoBemeHoO HOLATKOBI eKCHepHMMEHTU IJA HesaJexKHOI Bubip-
KU, I10 JaJI0 3MOTY IIiATBEPAUTH CTiHKICTL Ofep:KaHUX Pe3yJIbTaTiB:
y"-Tect piBHOMipHOCTI (10 iHTepBasiB Bim 1 mo 9999): " =10,24,

p=0,3314; sHauenna p > 0.05 o3Hauae BigcyTHiCTHP 3HAYHUX Bif-

XWJIB BiJf piBHOMiIpHOTO pPO3MOAiTY;

Tect KommoropoBa—CmupHoBa (HopmyBamua ma [0, 1]): KS=0,070,
p=0,1663; Tect ocramaboi mmbpu (y’ mma 0-9): y"=5,36,
p=0,8019;

nudpy Ppo3IOAiJieHI piBHOMIpHO, BifCYyTHE YyIlepem:keHHA Ha piBHI
MOJIOAIIINX PO3PAAiB; aBTOKopenadrnia (jdaru 1-20): 3HaueHHA KO-
JUBAIOTHCA HABKOJIO HYJS, iCTOTHUX 3aJIe:KHOCTell He BUABJIEHO.
Opmep:xaHi pesyJabTaTH CBigyaTh, IO BubOipKa HDpoHIIa KJIIOUYOBL

CTATHUCTHUYHI TecTH Ha BUIIaIKOBicTh. Cepilo3HHMX 3aKOHOMipHOCTeI

yu yruepemKeHb He BuABJeHO. lle mimTBepmKye, 110 po3pobienuii re-

HepaTop MOKe BUKOPMCTOBYBATHCS SK HaIiliHe IKepesio eHTPOIIii

Iaa KpunrorpadgiuHmx 3amad Ta iHIIUX CHUCTEM, Je IOTpidHa BUCOKa

AKiCTh BUIAJKOBUX UMCEI.

5. BUICHOBOK

Y ommcaHomMy mpuCTpPOi moegHaHO (hisMUHy HelepeadauyBaHICTHL KBa-
HTOBOTO IIYyMY 3 MaTeMaTHUUYHO OOI'DYHTOBAaHMMMU METOJAAMU yCYHEHHSA
mepekociB i KpumrorpadgiuHMMU MexaHi3MaMu MOCTOOpoOJeHHA. 3a-
BAAKU I[BOMY JOCATAE€THCSA BHCOKMUUM pPiBeHb EHTPOINl 3a IOMipHHX
allapaTHUX BUTpAaTaX, IO poOuTh peasisaiiito Ha ESP32 edeKTuBHOIO
AK I HAYKOBUX EKCIEPUMEHTIB, TaK i JJiA MPaKTUYHOTO BUKOPUC-
TaHHA y CUCTeMaX Oes3meKu, OJIOKUeNH-TeXHOJoriax uu IHTepHeTi pe-
eii.

IIpomeMoHCTPOBAHUM HPOTOTUII KBAHTOBOTO T'€HEpaTOopa BUIIAIKO-
BUX UMCEJ YCHIIlIHO BUPIIIye aKTyaJbHy IIpo0JjieMy 3abe3meueHHs
Kpunrorpa@iuHuX CHUCTeM [I:KepesoM iCTMHHOI BUIIaJKOBOCTHU, AKE €
HEBPAa3JUBUM A0 KJACUYHUX METOAIiB 3JIOMY YU OOUMCJIIOBAJIBHOTO
mporuosyBaHHsa. CTBOpeHWI NPUCTPili € 3HAUHUM KPOKOM BIIEpe,
OCKiJIbKM BiH CBiJOMO BiAXOAWTH Bijg 3acTapiinx IICEeBIOBUIIAAKOBUX i
KJIACUYHMX allapaTHUX I'€HepaTopiB, UuudA CTifKicThb € Jjulile BigHOC-
Hoio. HaromicTh, y poOoTi iHTerpoBaHo (yHAaMeHTaJlbHEe KBaHTOBE



PO3POBKA TIPUCTPOIO IJISI ONEPY¥KAHHSI BUCOKOI EHTPOIIIL 63

ABUIIE, — IIIyM Ha HAIIiBIIPOBiIIHUKOBOMY IIEPEXOMi, — B apXiTEeKTy-
py, 1o 3abes3lmeuye HelepemdadyyBaHiCTh HA aTOMapHOMY piBHi. Ama-
paTHe pilieHHA IOoemHye OaraTtopasoBe (ismuHe mMKEpesao eHTPOIil
(Tpu Hesase:KHi KaHaiau (POTOAETEeKTOpPiB) i3 cmermidysizoBanmMu aHa-
JoroBuMu Kackamamu. I[a 6araTokaHaJbHA apXiTeKTypa y MOeTHaHHIL
3 IIPOTPAMHOIO0 KOPEKI[i€lo, IO BUKOPUCTOBYE METOAN YCYHEHHS IIe-
pPeKociB, maja 3MOTy AOCAITH MaKCHMAJbHOI AKOCTH BUXIiTHOI ITOCJIi-
JTOBHOCTH.

ExcnepuMeHTaNIbHI MOCHiAMKeHHA IIiATBEpAUJIN, IO I'€eHEpPATOp BU-
pobiisge mocaimoBHOCTI, AKi BiAmOBiZaOTh BUMOTraM I[OAO0 SIKOCTH BI-
nagkoBux umces. Ile poOuTh po3pobieHuii MpUCTPifl AsKepesioM eHT-
pormii g BayKJIMBUX 3aCTOCYBaHb, BKJIIOUAOUM (hOPMYBaHHSA KJIIOUiB
y GJIOKUeHH-TeXHOJIOTiAX, MeXaHisMu aBTeHTH(}iKaIllii, a Takox iHIIi
CHUCTEeMH, Je I[iHAa MOMWJIKHN € HaA3BUUYANHO BUCOKOIO. TakuM UuMHOM,
peaiisaiiia TpPOTOTUNY KBAHTOBOTO I'eHepaTopa BHUIIAAKOBUX UHCEJ Ha
6azi ESP32 memomcTpye e(peKTUBHUI MIIAX IMOAO IIOOYIOBU 3aXHUIIle-
HUX i CcTiMKMX IMomo MaMOyTHIX aTak amapaTHO-HPOTPaAMHUX KOM-
ILJIeKCiB.
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3 Fig. 3. Appearance of the finished prototype of the quantum random-number generator.
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The minireview analyses fundamental experimental and theoretical re-
search and applied applications of nanolasers based on semiconductor (in-
cluding also perovskite) quantum dots. As shown, the development of
nanolasers based on semiconductor and perovskite quantum dots is a con-
sequence of long-term progress in the physics and chemistry of semicon-
ductors. Due to the dimensional quantum limitation of the motion of qua-
siparticles (electrons and holes) in quantum dots, it becomes possible to
vary the emission and absorption spectra by changing the sizes of quan-
tum dots in the nanorange. This allowed semiconductor and perovskite
quantum dots to demonstrate a high quantum yield and a narrow width of
the emission spectrum. These properties of semiconductor (including also
perovskite) quantum-dots’ ensembles made it possible to develop a number
of nanolasers with high optical characteristics. Current trends in laser-
technology development are focused on environmental requirements, in
particular, on the development of lead-free perovskite quantum dots to
reduce toxicity. Hybridization of perovskite quantum dots allows pas-
sivation of the surface, reduction of defect density and increase of charge-
carrier lifetime, which lowers the threshold of laser generation and in-
creases the stability of the devices. Such hybrid systems demonstrate im-
proved crystallinity, increased charge-carrier mobility and efficient
charge transfer between layers that contributes to increasing quantum
efficiency and expanding the emission spectrum from the visible range to
the near-infrared range. This opens up new opportunities for the creation
of highly efficient, stable and environmentally safe optoelectronic and la-
ser devices of a new generation.

B wminmiorsani npoBezneHo aHanizy GyHZaMEHTAJbHUX €KCIePUMEHTAJIbHUX i
TEOPeTUYHUX MOCHifKeHb Ta NPUKJIAJHUX 3aCTOCyBaHb HaHOJa3epiB Ha oc-
HOBi HamiBOPOBITHWKOBUX (BKJIOUAIOYM TAKOYK IIEPOBCHKITHMUX) KBAHTOBUX
uaTok. Ilokasano, 110 pO3BUTOK HaHOJAa3epiB Ha 6a3i HANiBOPOBIAHMKOBUX
i MepOBCHKITHUX KBAHTOBUX IIATOK € HACIIAKOM TPUBAJIOTO Iporpecy B (i-
3uIli Ta XeMil HAIIiBIPOBiAHUKIB. 3aBAAKM PO3MipHOMY KBAHTOBOMY oOOMe-
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KeHHIO PYXY KBasWUYaCTHHOK (eJeKTPOHIB i AipoK) y KBAHTOBUX I[ATKaX
CTaJI0 MOKJIMBUM BapiloBaTH CHEKTPU BUIPOMiHEHHA Ta BOUPAHHSA IIIAXOM
3MiHU pO3MipiB KBaHTOBUX LATOK y HaHoAiAmaszoHi. Ile ymMoKIMBUIO B Ha-
MiBIPOBiJHMKOBUX i MEPOBCHKITHMX KBAHTOBUX I[ATKAX AEMOHCTPYBATU BU-
COKMI KBAaHTOBUM BUXiJA i By3bKY IIUPUHY CIEKTPY BumpominenHsa. Ili Bia-
CTHUBOCTI aHcaMOJIiB HaAIiBIPOBIZHMKOBUX (BKJIIOUYAIOUN TAKOXK II€POBCHKIT-
HMX) KBAHTOBUX IITOK HAJaJU MOMKJINBICTHL PO3POOUTH IiNUIl pPAA HaHOJA-
3epiB 3 BUCOKVMMU ONTHYHUMU XapakTepuctukamu. CydacHi TeHAeHIii pos-
BUTKY JIa3ePHUX TEXHOJIOTi!i OpieHTOBaHO Ha €KOJIOTiuHi BuMOru, 30KpeMa
HaA PO3POOKY 6e3mIIoMOyMOBUX MEPOBCHKITHMX KBAHTOBUX I[ATOK JISI 3Me-
HIIIeHHS TOKCHUUYHOCTHU. [i0puamsaliia KBAHTOBUX IATOK IIEPOBCHKIiTIiB
YMOKJIMBJIOE IMACHUBYBATH IIOBEPXHIO, 3MEHIIUTHU T'yCTUHY aedeKTiB i min-
BUIIIUTHU Yac KUTTS HOCIIB 3apAny, IO MOHMMKYE IIOPir JasepHOi reHepairii
Ta migBuIye cTabiabHicTh poboTu mpucTpoiB. Taki riépmami cuctemu ne-
MOHCTDPYIOTH MOJIiNIIeHy KPUCTANiuHiCTh, HMifBUIIEHI pyXJUBiCTH HOCIIB 3a-
pany U edeKTUBHE MepPeHECeHHS 3apdaAy MisK IlapamMu, IO CIPHUAE HiIBU-
IMEeHHI0 KBAHTOBOI e(EeKTMBHOCTU Ta POIIIUPEHHIO CIEKTPY BUIIPOMiHEHHSA
Big Buammoro a0 6am3bKOro indpauepBoHoro aiamasony. Ile BigKpuBae HOBIi
MOJKJIMBOCTI OJis CTBOPEHHS BUCOKOE(EKTHBHUX, CTAOIIBLHHX i eKOoJIoTiuHO
0e3MeYHNX OMTOEJEKTPOHHUX i Ja3epHUX IIPUCTPOIB HOBOTO IOKOJIIHHA.

Key words: perovskites, quantum dots, optical transitions, quantum ener-
gy levels, nanolasers.

KarouoBi ciaoBa: mepoBCHbKiTHM, KBAHTOBi IISATKH, OINTHYHI II€epPexXoqu, KBaH-
TOBi eHepreTUYHi piBHi, HaHOJIa3epuU.

(Received 6 September, 2025; in revised form, 12 September, 2025 )

1. INTRODUCTION

Nanolasers based on semiconductor (including also perovskite)
quantum dots (QDs) are attracting significant attention from re-
searchers due to the rapid advancement of nanolaser technologies
driven by fundamental experimental and theoretical studies [1-20].
Their practical interest stems from their potential for creating
compact photonic chips, biosensors, and single-photon sources, ena-
bled by high photoluminescent efficiency, narrow emission band-
width, and low lasing thresholds [20—-28].

A key theoretical challenge in studying nanosystems is describing
the interaction of electromagnetic fields with surface electronic
states localized at the interfaces of nanosystems [11-18]. This ap-
proach requires accurately modelling interactions (Coulomb, polari-
zation, exchange, spin—orbit, spin—spin, etc.) between quasiparticles
(electrons, holes, and excitons) induced by electromagnetic fields at
these interfaces. It is also necessary to determine the size limits of
quantum objects (QDs, nanofilms, quantum wires), where the effec-
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tive mass approximation remains valid [11-18].

In the 1960s and 1970s, despite the availability of advanced
technologies (nuclear energy, semiconductor nanoheterostructures)
and known perovskite materials, these materials were not used as
the basis for devices (solar cells, LEDs, lasers) due to several objec-
tive reasons. Firstly, their unique optoelectronic properties, par-
ticularly those of organic—inorganic halide perovskites, which now
drive fundamental and practical interest, were not yet discovered
[12-18, 29-31]. Secondly, technologies for producing high-quality
thin films and nanostructures with controlled parameters were una-
vailable, and synthesis methods were limited, preventing the crea-
tion of materials with the required purity and structure [30—-32].
Additionally, there was a lack of theoretical understanding of
charge transfer mechanisms, defects, stability, and interface inter-
actions, which are critical for developing efficient devices [11-18].
Furthermore, there was no urgent need for new materials in solar
energy or displays, as silicon, GaAs, and other semiconductors met
the technological demands of that time [32, 33].

The development of nanolasers based on semiconductor (including
also perovskite) QDs is the result of long-term progress in semicon-
ductor physics and chemistry. In the 1980s and 1990s, the founda-
tions for creating QDs—nanocrystals, which allow tuning of emis-
sion and absorption spectra by varying their size in the nanoscale
range due to quantum confinement—were established. Classical
QDs, such as CuCl, CdS, CdSe, ZnS, ZnSe, GaAs, and aluminium
oxide, demonstrated high quantum yields and narrow spectral
widths but faced limitations in stability and environmental safety
[12-28, 34-51]. Concurrently, research on perovskite materials
gained attention due to their unique properties, realized in solar
cells: high absorption coefficients, long carrier diffusion lengths,
and low defect concentrations [11-17, 52, 53]. A major break-
through occurred with the synthesis of halide perovskite QDs with
the formula CsPbX; (X =Cl, Br, I), which combined the advantages
of classical QDs and perovskites—high photoluminescent efficiency
(up to 90-100%), narrow spectral width (18—-36 nm), a wide tunea-
ble emission range (from blue to red), and high carrier mobility [53,
54]. Key contributions came from studies [6, 11, 15, 55], which
first demonstrated the effectiveness of such QDs for nanolasers,
providing low lasing thresholds and emission stability [53].

In study [11], the photoluminescent properties of CsPbX,; QDs
with average sizes of 10—-12 nm were investigated. It was found
that interband transitions between quantum-confined electronic
states in these QDs exhibit giant dipole moments (on the order of
10 Debye) [12, 15, 17]. Such quantum-confined electronic states can
lead to strong optical absorption in these QDs. Additionally, these
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states were found to be long-lived (on the order of 30 ns), raising
hopes for achieving Bose—Einstein condensation of excitons in these
QDs [12, 15, 17].

Research has focused on optimizing the composition of perov-
skites (e.g., fully inorganic CsPbBr,;), morphology, and surface lig-
ands to enhance the stability and efficiency of nanolasers, as well as
developing new compositions from simple nanocrystals to hybrid
structures and laser arrays [51, 52, 54]. Encapsulation of materials
in bilayer mesoporous SiO significantly improved moisture re-
sistance and device durability, while the wuse of plasmonic
nanostructures reduced lasing thresholds and expanded functionali-
ty for biophotonics [56]. Thus, the development of nanolasers based
on semiconductor and perovskite QDs illustrates a rapid evolution
from fundamental discoveries to practical applications in modern
optoelectronic technologies [12—-17, 51-54].

Following initial studies of halide perovskites, which exhibited
high absorption coefficients (> 10 cm™) and long carrier diffusion
lengths (up to 1 um), their potential in laser technologies was rec-
ognized [52, 57]. The next step was the creation of CsPbX, (X =ClI,
Br, I) QDs with sizes of 3—13 nm, which, due to quantum confine-
ment, enabled precise tuning of emission spectra: blue (CsPbCl,,
410-430 nm), green (CsPbBr;, 510-520 nm), and red (CsPbl;, 680—
700 nm) [52, 57]. Subsequently, hybrid structures such as ‘quan-
tum-dot-in-perovskite’ were developed, where colloidal QDs were
integrated into a perovskite matrix, improving charge transfer and
stability [568]. A significant breakthrough was the creation of nano-
lasers with ultralow lasing thresholds (e.g., 1.9 W/cm? at 120 K for
CsPbBr; QDs) and small mode volumes (= 0.2%), enabling their inte-
gration into photonic chips [67]. Each step was accompanied by im-
provements in the physical parameters of materials and devices, fa-
cilitating the transition from laboratory samples to practical nano-
lasers with controllable properties [562, 56—58].

This minireview analyses fundamental experimental and theoreti-
cal studies and applied applications of nanolasers based on semicon-
ductor (including also perovskite) quantum dots. As shown, their
applied interest stems from their potential to create compact pho-
tonic chips, biosensors, and single-photon sources, enabled by high
photoluminescent efficiency, narrow emission bandwidth, and low
lasing thresholds.

2. SEMICONDUCTOR QUANTUM DOTS IN NANOLASERS

The unique optoelectronic properties of semiconductor and perov-
skite QDs have enabled the creation of nanolasers [17, 34, 44, 50].
QDs made of cadmium and zinc sulphides/selenides, gallium arse-
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nide, and perovskites such as CsPbBr; and CsPbl,; exhibit low defect
densities, high carrier mobility (up to 60 cm?/(V-s)), and low Auger
recombination rates [59]. The bandgap energies (E,) of such QDs
range from 1.5 to 2.6 eV, allowing experimental observation of in-
terband transitions of charge carriers (electrons and holes) across a
wide range, including near-infrared and optical spectral regions
[59].

Chemically, perovskites are easily synthesized by solution meth-
ods, which simplify their application in nanolasers [59, 60]. Quan-
tum confinement in semiconductor and perovskite QDs occurs, when
the radii a of the QD become smaller than the Bohr radius of the
exciton a,, =¢h®/(me’) (m, =mm, /(m,+m,)—the reduced
mass of the exciton in the QD , m, and m,—the effective masses of
the electron and hole in the QD; e—the dlelectrlc constant of the
QD), Bohr radius of the electron a, = e¢h® / (me”) and Bohr radius of
the hole a, =ch? / (m,€%), i.e., the ‘conditions must be fulfilled [11-
18] as follow

a<a,a,,aq,, . (1)

Usually, the Bohr radii of quasiparticles a,, a,, a,, are of the or-
der of 2-7 nm [11-18]. We will assume that the motion of qua-
siparticles (electrons, holes, and excitons) in QDs can be described
in the effective-mass approximation [11-18]. We will describe QDs
by the model of an infinite spherical-potential well. Then, the lower
energy levels of the electron E, L (a) in the conduction band of QDs
and the hole E, , (a) in the valence band of QDs are determined by
the formulas [1f—18]

Eng,lp (a) = h2((Pnﬂ‘lp )2 / (zmeaz) ’ (2)
Enh,lh (a) = ]L2((Pnk,zh )2 / (thaz) ’ 3)

where the subscripts (n,,l,)) and (n,,l,) are the principal and azi-
muthal quantum numbers for the electron and the hole; and ¢,, are
the roots of the Bessel function, i.e., J,,,,(¢,,) =0. The expressions

E, l(a) (2) and E l(a) (3) correctly describe the lower quantum-
dimensional energy "levels of the electron and hole within the QD, if
their position is much lower than the depth of the QD potential well
(of the order of the band gap width E,). In this case, the conditions
are satisfied as follow:

E,,(@),E, (a) <E,. (4)

Fulfilment of condition (4) also allows us to consider the motion
of quasiparticles within the QD, in which the conduction band and
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the valence band have a parabolic shape. To observe the energy lev-
els of an electron (2) and a hole (3) in a QD at room temperature T,,
it is necessary that the energy distance between adjacent levels,

AE, (@) < kT, (5)

was much smaller than a quantum of thermal energy kT, [11-18].
When conditions (1), (4) and (5) are met, as a result of interband
transitions of an electron from quantum-dimensional energy levels
E, (@) (2) to quantum- dimensional energy levels E  (a) (3) in a
QD, emission (absorption) spectra are formed [11-18]:

ho, (a) = " (a)+E L () + E,, (6)

where i, (a) is the quantum of light emitted during the transi-
tion. The selection rules allow only interband transitions, in which
the quantum numbers (n, = n,) and (I, =,) of the electron and hole
are preserved. With a decrease in the radlus a of the QD, the posi-
tions of the quantum-dimensional energy levels E, , (a) < a 2 (2) of
the electron and E, (@) oca 2 (3) of the hole shift upward, ap-
proaching the boundary of the QD potential well. As a result, the
energy levels E , (a) (2) of the electron and E, " (a) (3) of the hole
are pushed out of the QD potential well. For 1nstance, for the CdSs
QD with a radius a <2 nm, only two electron levels (n, =1,1, =0),
(n,=1,1, =1) and two hole levels (n, =1,7, =0), (n, =1, lh =1) re-
main in the QD potential wells [17]. These interband transitions can
be used in the operation of CdS QD nanolasers [17]. The decrease in
the radius a of the QD also led to an increase in the effective band-
gap width (h.o)n’l(a)oca’z) of the QD [11-18, 61, 62]. Therefore,
varying the parameters of nanosystems, such as the values of the
effective masses of quasiparticles and the radii a of the QD, allows
for the directed production of nanosystems with predetermined op-
tical properties.

For CsPbBr;-perovskite QDs, a size reduction from 8.5 to 4.1 nm
causes an increase in the band gap from 2.37 to 2.5 eV, which is
accompanied by a blue shift of photoluminescence [11, 61, 62]. In
such QDs, an increased exciton binding energy is observed (for ex-
ample, for CsPbBr; nanoplates, it can exceed 40 meV), which ensures
efficient charge transfer and a longer lifetime of excited states
compared to bulk crystals [11, 63, 64]. In two-dimensional perov-
skites, a decrease in the layer thickness leads to an increase in the
effective mass of carriers and an increase in the exciton binding en-
ergy, which allows tuning the optical properties [65]. Quantum con-
finement also affects the rate and mechanisms of relaxation: for
example, in MAPDbI, QDs, multiexciton generation processes occur
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in a few femtoseconds and radiative recombination in nanoseconds
[66]. Due to these effects, perovskite QDs exhibit high photolumi-
nescence quantum efficiency, narrow emission spectrum width, and
the ability to tune precisely the colour of the glow through control
of size and composition [61, 62]. This makes perovskites unique
structures for creating efficient nanolasers, LEDs, and solar cells
[11, 61-63].

Compact nanolasers based on perovskite and semiconductor QDs
are a new class of miniature coherent light sources that combine
ease of fabrication, a wide tuning range, and high optical character-
istics. Perovskite QDs, in particular CsPbBr;, allow the creation of
lasers with extremely small dimensions (e.g., 10x10 pum?), narrow
emission linewidth = 0.1 nm, and low losses due to the use of quasi-
continuum-coupled states (quasi-BIC) [67]. Vertical cavity lasers
based on CsPbBr; QDs demonstrate an ultralow generation threshold
0.39 pd/ecm?, high stability of operation (over 5 hours or 1.8-10
pulses), and the ability to operate in the femtosecond regime, which
is important for portable electronics and optical communications
[67, 69]. Nanolasers based on perovskite QDs provide a wide range
of wavelength tuning (from blue to near-infrared ones), a narrow
emission band (0.1-0.2 nm), and the possibility of flexible 3D pat-
terning for integration into miniature photonic chips, displays, sen-
sors, and biomedical devices [56, 67, 70, 71]. An important ad-
vantage of these lasers over semiconductor QD lasers is also their
high stability to moisture and temperature, especially in composites
with SiO or liquid crystal resonators [566, 72]. Recent developments
include topological lasers based on CsPbBr; QDs, which are defect-
resistant and provide single-mode generation even with miniaturiza-
tion [69].

3. THEORETICAL MODEL OF AN OPTICAL NANOLASER
ON HEAVY HOLE TRANSITIONS

The optical properties of quasi-0D structures consisting of spherical
semiconductor (or dielectric) nanocrystals (NCs) (or QDs) of radius
a=1-10 nm, grown in transparent dielectric (or semiconductor)
matrices, are currently being intensively studied [11-18]. Optical
and nonlinear optical properties of heterophase nanosystems are de-
termined by the energy spectrum of spatially limited electron—hole
pairs (EHP) (or excitons) [11-18]. Quantum size effects have been
detected in the energy spectra of electrons and excitons in such
quasi-0D structures using optical spectroscopy [11-18].

The motion of charge carriers in NC, like in QDs, is limited in
three directions. Therefore, the energy spectrum of charge carriers
is discrete in NC with linear dimension of the order 1-10 nm [12,
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15, 17, 34, 44, 50]. This property can be used to create optical
nanolasers or optical computers [37, 44, 50]. In this context, we
point out that the size (i.e., radius) a of a QD should be in the range
of a few nm in order to provide that the difference, i.e., energy
splitting AE,, , between electron and hole levels are of the order of
a few kT, at the room temperature T,. In Ref. [17], it was dis-
cussed theoretically the prospect of using semiconductor NCs for
designing nanolasers.
The energy spectrum of an EHP

Enﬂ,le:O,th (S) =

(7
= B, + w'n’S7Kb +S7(Z, o +P, o +8,/5 ) + o(S,n,) (¢, +3/2),

in the quantum state (n,[,_,,t,); (n,,1,) are the principal and orbital
quantum numbers of the electron, and ¢, are the principal quantum
number of the hole in a spherical NC with permittivity ¢,, sub-
merged in a dielectric matrix with ¢, such that &, >>¢; was obtained
in Ref. [17] within the adiabatic approximation (m,<< m,, where m,
and m, are the effective masses of an electron and a hole in the NC)
using only the first-order perturbation theory in the functions of a
spherical-potential well of infinite depth. Here, t, =2n, +1, =0,1,...
(n, is the hole radial quantum number and [, is the orbital quantum
number of a hole), S=a/a, is the dimensionless radius of the NC,
and a, and E,—the Bohr radius of the hole and the band gap in an
infinite semiconductor with permittivity ¢,, respectively. The ener-
gy in Eq. (1) is measured in the units of Ry = h*/(2m,a’), the coef-
ficient K =0.67 accounts for the variance of the NCs with respect
to the radii a [17], and the parameter b=m,/m,. The parameters
z,, and P, , were determined in Refs. [17]:

1
ano = 2jdx(1 —xz)’1 sinz(rcnex) , (8)
0

P, , =2Ci(2nn,) - 2In(2nn,) — 28 + &, /e, — 1, 9)

where Ci(y) is the cosine integral and d = 0.577—the Euler constant.
The EHP spectrum (7) was obtained for NCs whose sizes a are
limited by the condition

a,<<a,<<a<a, (10)

where a, are the Bohr radius of the electron in an infinite semicon-
ductor with permittivity &,, and a, is a characteristic length of the
order of the interatomic distance. When this condition is satisfied,
the polarization interaction of an electron and a hole with the sur-
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face of the NC plays a large role in the potential energy of the
EHP. The condition (10) also makes it possible to study the motion
of an electron and a hole in the NC in the effective-mass approxi-
mation.

The last term in the EHP spectrum (7) gives the hole spectrum
M, o, (S) in oscillator form [17]:

“ng,lezo,th (S) = ‘Pne,O'S_1 + (’O(S’ ne) (th + 3/2) ’ (11)
oS, n,) = 2.232(1 + (2/3)n*n?) " 5972, (12)

where ®(S,n,) is the frequency of the hole-oscillator vibrations, in
an adiabatic electronic potential [17]. The second term in Eq. (7)
(kinetic energy of the electron), which is due to the purely spatial
limitation of the quantization region, makes the main contribution
to the EHP spectrum (1) obtained within the adiabatic approxima-
tion, and the last two terms, which are associated with the Coulomb
and polarization of the electron and the hole with the surface of the
NC, appear only as corrections.

Thus, the polarization interaction of an electron and a hole with
the surface of a NC, just as the quantization of the charge carriers,
contributes to the renormalization of the energy gap (8) of the NCs.

In Ref. [17], interband absorption spectra of CdS NC (g,=9.3) of
sizes varying from 1 to 10 nm dispersed in a transparent dielectric
matrix of silicate glass were investigated. The effective masses of
electrons and holes in CdS were (m,/my,=0.205) and (m,/m,=5), re-
spectively (i.e., m, << m,).

In the experiment reported in Refs. [16, 34, 44, 50], an energy
structure consisting of an equidistant series of levels was found in
the region of transitions to the lower level of dimensional quantiza-
tion of the electron (n,=1). The above structure is caused by quan-
tization of the hole energy spectrum in the adiabatic potential of
the electron.

From the comparison of formula (6) (for n,=1) with the experi-
mental dependence of the splitting magnitude of the NC size a ob-
tained in Refs. [17], it follows that, for NC of radii 1.5<a <3.0
nm, the splitting ®(S, n,) (12) is in good agreement with the exper-
imental data [34, 44, 50] and differs from the latter only slightly
£4%) [17].

Based on the presented results, a scheme of operation of a laser
developed on the basis of CdS NCs grown in boric—silicate glass ma-
trices was formulated [17] as follow.

1. Pumping: the hole transition from energy level p, 110, 4(S)
(11) to electron state (n, =1,7, = 0) (1s state) (7) in conduction band
with energy
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he, (S) =E, + Ene =1,4,=0 (S)+ Yo —1,1,-0,1,-1 (S). (13)

2. Creation of inverse population on the hole level (¢,=0 by
means of electron transition from the energy level E, ., S) (1),
with spin flip [50], to the hole energy level l"l'np=1,l¢,=0,th=1(s)yi (5). The
energy of this transition

heo,(S)=E, + E, , o(S)+ 1, 1, 0, -0(S)- (14)

3. Lasing step: transition of the hole in the valence band between
equidistant levels (¢, = 0) > (¢, = 1) separated by the energy

AS, n, =1) = ha(S,n, =1); (15)

for NC of the radius a=2 nm, Ao =54 meV (15) is several times
greater than the thermal energy E,T .

Thus, in a nanolaser on CdS NCs, the pumping energy #mn, = 3.12
eV (7) would correspond to visible light, and lasing at energy
A® = 54 meV (9) would occur in the infrared range.

4. APPLICATION OF NANOLASERS IN OPTICAL
INTERCONNECTS

Due to their unique properties, nanolasers based on perovskite and
semiconductor QDs fined a variety of applications. In each specific
application (for example, optical interconnects, photonics, biopho-
tonics), not all general properties of perovskite and semiconductor
QDs are used, namely those that are critical to achieving the de-
sired functions and efficiency of the device. Properties such as band
gap width, emission wavelength, generation threshold, carrier
transfer rate, and moisture stability are not just universal charac-
teristics, but those that are specially selected and optimized for a
specific field of application.

Thus, in the field of optical interconnects, nanolasers based on
perovskite and semiconductor QDs are used as sources of coherent
light for ultrafast data transfer between chips. The most common
perovskite QDs used for this purpose are methylammonium lead
bromide (MAPbBr;), methylammonium lead iodide (MAPbIL,), and
caesium lead bromide (CsPbBr;). QDs often have the formula CsPbX;,
where X is Cl, Br or I [566, 57, 73, 74]. They are used to create in-
tegrated photonic circuits, sensors, spectroscopic systems, and opti-
cal computers. High quantum efficiency, a wide emission spectrum,
and the ability to tune precisely the wavelength make these materi-
als versatile for such photonic applications [1, 56, 74]. For example,
CsPbBr, perovskite QDs embedded in a two-layer mesoporous silica



NANOLASERS BASED ON SEMICONDUCTOR QUANTUM DOTS 75

matrix demonstrate efficient two-photon excitation and moisture
resistance, which allows them to be used in biophotonics and sen-
sors. Such nanolasers are characterized by high optical quality fac-
tor, high carrier transfer rate and bright emission even in the near
infrared range [56, 73]. Experiments have shown that photoelec-
trons and holes generated in a perovskite matrix with a significant
band gap (of the order of 2.5 eV) are transferred to the QD with an
efficiency of up to 80%, where intense light emission occurs [73].
Thus, nanolasers based on perovskite QDs (e.g., MAPbBr;, CsPbBr;,,
CsPbX,) characterized by a band gap of 1.5-2.3 eV, a radiation
wavelength of 520—-800 nm, an ultralow generation threshold (up to
1.9 W/cm?), and a high optical @-factor have the potential for ef-
fective integration into optical interconnects and photonic devices
[67, 73-T76].

5. APPLICATION OF NANOLASERS IN BIOMARKET
DETECTION, SENSING AND DIAGNOSTICS

Promising nanolasers for use in biomarker detection, sensing and
diagnostics are created based on perovskite QDs with the general
formula ABX,, where A is an organic or inorganic cation (e.g., Cs,
MA"—methylammonium, FA"—formamidine), B is a metal (usually
PbI"), X is a halogen (Cl, Br, I'). Typical examples are CsPbBrs,
MAPbDLBr;, and CsPbl;.

The quantum dimensional effect in QDs with sizes of 2-10 nm
makes it possible to tune precisely the values of the effective band
gap and emission spectra by changing the particle size [12-18, 61,
75, 77]. Perovskite QDs used in nanolasers are characterized by
high photoluminescence quantum efficiency (PLQY >90%), narrow
emission bandwidth (FWHM = 15-30 nm), wide wavelength tuning
range (400-800 nm) and low lasing threshold (I _th =10-100
pd/em?) [61, 74, 75, 77], existence of long-lived edge-dimensional
electronic states with lifetime t=20-50 ns [12-18, 61, 77]. Due to
high defect tolerance and ease of synthesis, such QDs demonstrate
stable luminescence even without additional surface passivation [61,
75]. CdSe, InP-based QDs, as well as perovskite QDs (e.g., CsPblX,,
where X =Cl, Br, I) are used for cell biomarkers, protein and DNA
sensing, and for the creation of highly sensitive biosensors [74, 77].
In biomedical applications, perovskite QDs are encapsulated in bio-
compatible shells (e.g., SiO,, polymers), which ensures stability in
aqueous media and minimizes toxicity [61, 75]. Thus, CsPbBr,@SiO
QDs are used for high-resolution cell labelling and for sensing metal
ions and biomolecules due to changes in luminescence intensity up-
on interaction with the analyte [61, 74]. In laser biosensors based
on perovskite QDs, a generation threshold of < 100 pJ/cm? is
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achieved that allows them to be used for point sensing of biological
objects [77]. Thus, nanolasers based on perovskite QDs (ABX,, in
particular, CsPbBr;, MAPbBr;) and QDs (CdSe, InP, CsPbBr,), which
have found application in this field combine high photolumines-
cence, narrow emission band, low generation threshold and the pos-
sibility of biofunctionalization, which makes them ideal for modern
biomarkers, sensing and diagnostics [61,74, 75, 77].

6. APPLICATIONS IN QUANTUM AND NEUROMORPHIC
TECHNOLOGIES

Nanolasers based on perovskite QDs (ABX;, e.g., CsPbBr,, CsPbl;) and
semiconductor QDs (CdSe, InP, PbS) demonstrate unique physical
properties, which makes them promising for quantum and neuro-
morphic technologies (systems whose architecture and operating
principles are similar to the biological brain). The main physical pa-
rameters, which give them promise in such applications, are the
bandgap widths (from 1.7 to 2.3 eV); photoluminescence quantum
efficiency (PLQY) can exceed 90-99% even without additional pas-
sivation; emission bandwidth (FWHM)—15-30 nm; excited state
lifetime—10-100 ns; QD sizes are of 4-12 nm (strong quantum
confinement) [11, 12, 15, 17, 34, 44, 50, 61, 77].

For quantum technologies, the important properties are single-
photon emission, narrow spectral line, spin control and coherence:
for example, CsPbBr; QDs demonstrate emission coherence up to 80
ps, as well as the possibility of spin control through size and com-
position [61, 77]. In quantum computing and cryptography, such
QDs are used as single-photon sources for quantum communica-
tions, as well as for multistimulus optical coding and 3D optical
memory [61, 74, 77].

In neuromorphic technologies, hybrid structures based on CsPbBr,
QDs/graphene or QDs/carbon nanotubes provide photonic synapses
with energy consumption on the order of tens of attojoules, simula-
tion of short- and long-term memory, and associative learning [61].
Promising transistors based on perovskite QDs demonstrate high
carrier mobility (up to 10 cm?/(V-s)), an extended hysteresis win-
dow, and stability under multiple switching [61]. Highly confined
CsPbBr; QDs with dimensions (4—-8 nm) are a source of single pho-
tons for quantum computing, with high colour purity and stability
[77]. Hybrid perovskite/QD structures are used for optical memory,
where the information storage time can reach several hours, and
recording/erasing is performed by a laser pulse [61, 77]. QDs in
photonic neuromorphic sensors provide sensitivity up to 107
Joules, which allows us to recognize weak signals and simulate syn-
aptic transmission [61].
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7. PROSPECTS FOR THE DEVELOPMENT OF LASER-
TECHNOLOGY RESEARCH

One of the main problems of theoretical research on nanosystems is
the correct description of the interactions of nanoparticles (Cou-
lomb, polarization, exchange, spin—orbit, spin—spin ones) with the
interfaces of nanosystems (semiconductor—dielectric—metal) [12-
18]. Theoretical modelling of hybrid nanosystems based on perov-
skite and semiconductor QDs, which takes into account quantum-
dimensional effects, allows us to predict the influence of the size,
shape and composition of QDs on the effective band gap, emission
and absorption spectra that is key to optimizing the optoelectronic
properties of materials [12-18, 78, 79]. Studies show that the in-
teraction between nanoparticles localized above the QD surfaces in
the perovskite matrix can lead to efficient energy transfer, changes
in the emission and absorption spectra (e.g., red and blue shifts) and
even to the emergence of quantum effects such as coherence, which
opens up prospects for quantum technologies [73, 78]. Hybrid struc-
tures of the ‘quantum-dot-in-perovskite’ type provide high quality
interfaces, which contribute to efficient charge transfer and in-
crease the stability and diffusion length of charge carriers [73, 78].
Current trends in the development of laser technologies are fo-
cused on environmental requirements, in particular, on the devel-
opment of lead-free perovskites and QDs to reduce toxicity [12—18,
31, 44, 50, 79, 80]. Hybridization of perovskite QDs allows pas-
sivation of the surface, reduction of defect density and increase of
charge carrier lifetime, which lowers the threshold of laser genera-
tion and increases the stability of the devices [11-17, 78, 81]. Such
hybrid systems demonstrate improved crystallinity, increased
charge carrier mobility and efficient charge transfer between lay-
ers, which contributes to the increase of quantum efficiency and
expansion of the emission spectrum from the visible to the near in-
frared range [12-18, 73, 78, 81]. This opens up new opportunities
for the creation of highly efficient, stable and environmentally safe
optoelectronic and laser devices of a new generation [78, 79, 80].
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The OMeATP/Cs,AgBiBr;/TiO,/FTO solar cell is studied using SCAPS-1D
simulation, where a compound with nanoparticles with sizes ranging from 1.2
to 2.9 nm is used. Previous practical research is compared with the program,
and good results are obtained that mimic the results of the practical research
used. The cell is improved by increasing the work function; so, the conversion
efficiency is increased from 0.31% to 1.01% . The distortion rate of the reflec-
tion layer is increased; so, the efficiency is increased from 1.01% to 1.22%.
The thickness of the absorption layer is changed; so, the efficiency is increased
from 1.22% to 3.91%. Then, the radiation recombination coefficient is
changed. It is noticed that the cell efficiency is increased and the recombina-
tion is decreased; so, the efficiency is increased from 3.91% t04.79%.

Conaunnit entemerT OMeATP /Cs,AgBiBry/TiO,/FTO mocrinsxeno 3a gomomo-
TOI0 MOJEJIIOBAHHSA CUMYJIATOPOM €MHOCTHU COHAUYHMNX eaemeHTiB SCAPS-1D,
Jle BUKOPHUCTAHO CIIOJYKY 3 HaHOUAaCTUHKAaMu posmipoM Bix 1,2 mo 2,9 um. ITo-
mepenHi MPaKTUYHI JOCTiIMKEeHHA IMTOPIiBHAHO 3 IPOrpaMoIo i oep:KaHo X0Po-
IIi pes3yJabTaTu, II0 iMiTYyIOTh PEe3yJIbTaT BUKOPUCTAHUX IIPAKTUYHUX TOCJi-
I:KeHb. EjleMeHT BIOCKOHAJIEHO IIJISAXOM 30iJbIIIeHHS POOOTH BUXOIY; TOMY
e()eKTUBHICTE mepeTBOopeHHA 30iapmuaaca Big 0,31% nmo 1,01% . IIsuaxicTs
CIIOTBOPEHHS IMIapy BiOMBAaHHA 30i/IbIIIeHO; TOMY e(peKTUBHICTh 30iabIInIacsa
Bix 1,01% mo 1,22% . ToBiuHy 1mapy BOMpaHHA 3MiHEHO; TOMY e(DeKTUBHICTH
s6inpmmuaaca Big 1,22% mo 3,91% . ITotim 3smineno KoedilieHT pekombinaIii
BunpominenHua. IlomiueHo, 1m0 eeKTUBHICTL eleMeHTy 36iJbITTHIACT, a pe-
KoMmOiHaIlig 3MeHINuJaca; ToMy epeKTUBHicTh 36iapmimaaca Bixg 3,91% mo
4,79% .
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1. INTRODUCTION

Over the past ten years, lead-halide perovskite (LHP) nanocrystals
have garnered a great deal of attention because of their exceptional
optical and optoelectronic qualities, which include long photocarrier
diffusion lengths, low exciton binding energies, and high photolu-
minescence quantum yields (PL QYs) [1-3]. Over the past ten years,
lead-halide perovskite (LHP) nanocrystals have garnered a great
deal of attention because of their exceptional optical and optoelec-
tronic qualities, which include long photocarrier diffusion lengths,
low exciton binding energies, and high photoluminescence quantum
yields (PL QYs) [4, 5]. The materials exhibit diffusion of both holes
and electrons of more than approximately one micron, and the dif-
fusion length means that these materials can operate effectively in
a thin structure, and that charges can be transported in the perov-
skite itself over long distances [6, 7]. Recent research has indicated
that the charges of perovskites always exist in the form of free
electrons and holes, rather than as bound excitons, because the ex-
citon binding energy is low enough to enable charge separation at
room temperature [8]. Double perovskite materials, Cs,AgBiBrg,
have been discovered, as they are layered. Absorption is suitable for
the manufacture of solar cells, as it is a highly crystalline com-
pound, which encourages energy generation [9, 10], as it is more
stable because it is not affected by moisture [11]. In this research,
we will take the main absorption layer, the perovskite compound
Cs,AgBiBrg, which is a double layer that is free of toxicity and less
affected by humidity, with a back reflection layer, OMeTAD, a
matching layer, TiO,, and FTO permeation. The theoretical work
was compared with experimental work, and a great convergence in
the results was revealed, to show the extent of the program sobrie-
ty, because we performed an improvement on the cell generated
through the SCAPS-1D program.

2. NUMERICAL SIMULATION IN SCAPS

Modelling can be performed using the SCAPS program, which is a
one-dimensional solar cell simulation program designed at the Uni-
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versity of Ghent in Belgium to simulate traditional semiconductor
crystalline materials such as CIGS, CdTe, or other materials such as
SnS. The user can describe a cell consisting of a maximum of seven
layers for different properties such as optical absorption, thickness,
doping concentration, energy gap, etc. The spectral responses are
determined and can be calculated in the dark and in the light as a
function of temperature. This program has been developed and ap-
plied to all solar cells. It is a program is available free. The pro-
gram is based on solving semiconductor equations. We begin by
writing the Poisson equation, an elliptical partial differential equa-
tion, named after the French physicist Simeon Poisson, who discov-
ered its application in universal gravity and static electricity with
the equation also known by its name, the Poisson—Boltzmann equa-
tion, which regulates the relationship between electric potential and
the distribution of electric charge, and in general, it has applica-
tions in quantum theory [12, 13]:

VE=2(p-n+N;-N,). (1)
€
Then, the continuity equation gives the following relationships [14]:
@zl(VJnJan—Rn), (2)
dt q
dp 1
Ez—;(VJp+GP—Rp). (3)

Finally, the charge carrier equations for the diffusion and drift
current density can be obtained from the following equations [15]:

J, =q(n,nE+D,Vn), (4)

J, =q(n,PE+D,Vp). (5)

To measure the quality of photovoltaic cells, fill factor (FF),
short circuit current J,, open circuit voltage V,, and conversion

efficiency n must be known, as these variables are related to each
other with the following equations [15]:

FF — Pmax — VmaXImax , (6)
Pt I[0(,' JSC
P V J FF
— max — oc SC . 7
"B, T B ®

The age of the minority carriers can be determined, which is the
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average time required for the recombination of the minority carri-
ers, and it is linked to the doping concentration and recombination
by the following relationships [16]:

n=(V,N)", (8)
t=An/R. 9)
The saturation current equation for the diode is one of the im-

portant equations, which determines the effect of propagation
length and carrier density on cell performance [12, 15]:

2 D.n?
I, =|:qD”nl 2% } (10)
LN, LN,

Likewise, quantum efficiency (QE) greatly affects the perfor-
mance of the cell, whose equation can be written [16, 17] as follows:

QE =1.24R, /%. (11)

3. SOLAR CELL INSTALLATION

The OMeATP/Cs,AgBiBr6/TiO,/FTO solar cell consists of a FTO
window layer of transparent metal oxides that has a relatively large
energy gap; then, it is followed by the TiO, compatibility layer,
which has an energy gap suitable for the gradient of the absorption
layer with the penetration, and then the Cs,AgBiBry; absorption lay-
er, which has a relatively small energy gap and forget. It has a flat
band front and silver ohmic contact with a work function 4.26 V
and the cell is on a glass floor [18]. Table 1 gives the values of the
program parameters. Table 2 gives the values of the defects that
must be entered in the absorption layer for the SCAPS program to
study the performance of the experimental cell. The temperature
was 300 K. Figure 1 shows the installation of the solar cell.

To enhance the efficiency of solar cells, we must work on: compare
the experimental cell with the theoretical cell; optimize the cell by
changing the back-connection work function; improve the cell by
changing the thickness and the impurity ratio to obtain the best cell.

4. DISCUSSION OF RESULTS
4.1. Comparing the Experimental Cell with the Theory

To simulate the performance of the solar cell, the program used
must be verified and the extent of its conformity with the practical
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TABLE 1. Physical parameters for all layers [19-23].

Parameters Symbol, unitlOMeTAD|Cs,AgBiBry TiO, | FTO
Thickness W, nm 0.05 0.5 0.07 0.05
Band gap E, eV 2.9 2.05 3.45 3.5
Electron affinity X, eV 2.2 4.19 4.2 4
Dielectric permittivity €, 3.0 5.8 10 9
CB effective density " s 9 570%  1.010 2.2.10%2.2.10'
of states
VB effective density s 9910®  1.0.10% 1.8-10191.8-10%
of states

Electron thermal velocity V,, cm/s  1.0-10° 1.0-10° 1.0-10” 1.0-107
Hole thermal velocity Vs, cm/s  1.0-10" 1.0-10° 1.0-107 1.0-107

Electron mobility u,, cm?/(V-s) 1.107* 11.8 100 20
Hole mobility Wy» cm?/(V-s) 1.10* 6.49 25 10
Shallow uniform donor —  *y 0 s g 1.010" 1.0-10"1.0-10%
density
Shallow uniform accep- N, 1/em* 1.010® 1.0-10" 0 0

tor density
Coefficient absorption o, 1/em  1.0-10° 4.510®° 1.0-10° 1.0-10°

Radiative recombination 2/ 1 0109 4.0.10° 2.31092.310°
coefficient

TABLE 2. Surface defects and absorption layer defects.

Absorption
.. Surface defects Surface defects
Characteristics of defects - defects p- . .
OMeTAD/Cs,AgBiBrg Cs,AgBiBr, Cs,AgBiBr,/TiO,
Energy level with respect 1.3 0.6 1.3
to reference, eV
Total density, N,, cm 2 1.0-107 1.0-10% 1.0-10°
Capture cross section 9.3.108 1.0-10°% 9.3.10718
area of electrons, §,, cm? ’ ’ :
Capture cross section 9.3.108 1.0-10715 2.3:.10718

area of holes, §,, cm?

results must be verified. We conducted a simulation of the practical
research by FAN, Ping et al. [24] on the SCAPS program, and the
results showed a great match between the practical and theoretical
results, as shown in Table 3, but the match is not complete.

Among the results, it is a decrease in the filling factor, which led
to a decrease in the conversion efficiency. The reason is due to the
defects in the interface P-OMeATD/Cs,AgBiBrs, p-Cs,AgBiBr,/TiO,
and the defects in the absorption layer p-Cs,AgBiBr;. With a de-
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Ag
OMeTAD
Cs,AgBiBrg
TiO,
FTO
Glass

Fig. 1. Solar cell installation.

TABLE 3. Theoretical and experimental cell outputs.

Solar cell Vv,V

OMeATD/Cs,AgBiBry/TiO,/FTO (Experimental)
[24] 0.87 1.24 0.65 0.70

J, mA/cm2|FF, % |n, %

OMeATD/Cs,AgBiBr,/TiO,/FTO (Theoretical) 0.84 2.61  32.2 0.72

crease in N, defects, the correspondence of the experimental work
with the theory increases, due to the increase in durability. Minori-
ty carriers, which are inversely proportional to defects, as shown in
Eq. (8); so, recombination will decrease, and as shown in Eq. (9),
the efficiency of the theoretical cell increases over the experimental
cell.

4.2. Effect of the Work Function

The layers of the solar cell consist of semiconductor materials and
have a front connection and a back connection to transfer electrical
power outside the cell. The front connection is between a metal and
a semiconductor, and its resistance is very small compared to the
resistance of the device. It is called ohmic contact because the re-
sistance is very small [25]. Ohmic contact depends on the form Main
on the relative difference between the work function of a conductor
and the electronic affinity of a semiconductor material. The work
function can be defined as the lowest binding energy of an electron
to the surface of the metal. The front connection in the program
has a flat band icon, but the back connection has a certain re-
sistance and is called as the Schottky connection.

The Schottky connection works the opposite of the ohmic connec-
tion, as it does not allow current to flow except in one direction,
that is, it resembles a one-sided p—n diode. Therefore, we notice
that the concentration of carriers on the conductive side is much
higher than its focus is on Semi Mosul. For the back connection,
silver metal was used [26], and the work function was changed from
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4.2 eV to 4.9 eV. We noticed an increase in the conversion efficien-
cy, fill factor, and open circuit voltage. This is because for a p-type
metal-semiconductor connection, the work function of the metal is
less than the work function of the semiconductor, which leads to
the flow of electrons from the conductor to the semiconductor, and
increasing the work function helps to achieve quickly a state of
thermal equilibrium [27].

Figure 2 shows the effect of the work function on the cell out-
puts. Figure 3 shows the relationship of voltage with current, and
we notice an increase in efficiency and fill factor with an increase
in the work function. Quantum efficiency was studied, which is the
percentage of the number of carriers generated in the cell to the
number of photons falling on the solar cell.

Figure 4 shows the relationship of wavelength as a function of
quantum efficiency, and we notice that there is no it as affected by
the change in the work function because it depends on the spectral
response and wavelength [16, 17].

4.3. Effect of Acceptance on Reflection Layer

The distortion of the back reflection layer was changed from 1-10'°
cm™® to 1-10%2 cm ™ so we noticed an increase in the conversion effi-
ciency and filling factor, and Fig. 5 shows the change.

V.., mV J,» Am/cm®
1.4 1.3
1.2
1.0 1.1
08 0.9
0.6
04 0.7
0.2
0'91‘2 4.4 4.6 4.8 O‘54.2 4.4 4.6 48
FF Work Eta Work
70 1.5
60 12
0.9
50
0.6
40 0.3
391.2 4.4 1.6 4.8 04.2 44 4.6 4.8
Work Work

Fig. 2. Work function as a function of cell output.
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oJyor» Am/em?

Vv,V
0001 02 03 04 03 713 14
0.2 1—J,, (4.2 €V)
-0.4 2—J, (4.3 eV)
06 83—, (4.4 V)
i 4—d, (4.5 eV)
: 5—J, (4.6 V)
-1.0 6—,, (4.7 eV)
-12 7—.,, (4.8 €V)
14 §—d, (4.9 eV)
Fig. 3. Voltage as a function of current.
QE, %
20, — QE (4.2 eV)
— QE (4.3 eV)
15 — QE (4.4 eV)
QE (4.5 eV)
10 - — QE (4.6 eV)
— QE (4.7 eV)
5 — QE (4.8 eV)
— QE (4.9 V)
1]
%' 0 200 300 400 500 600 700 800
-5 A, M

Fig. 4. Wavelength as a function of quantum efficiency.

J _, Am/cm?
tot
VU(_, mV ]_5"
1.3
1.2 1.0
1.1 0.5
1.0 0.0
1-10™ 1-10%° 1-107 110 1.10™ 1-10%" 1-10% 1-10%
FF Nd back Eta Nd back
73 1.3
- Gl e
0.9
65 0.7
60l ) i 05 _ § N
1-10% 1-10° - 104 1102 1-10* 1-10* 1-10% 1-10%
Nd back Nd back

Fig. 5. Percentage of midwife defects as a function of cell output

The cell outputs increase the doping ratio, because increasing the
doping ratio leads to an increase in carriers; so, the saturation cur-
rent of the cell decreases, as shown in Eq. (10). Figure 6 shows the
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V,V
B 0% 01 02 03 04 05 06 07 08 09 10 T3 1.4
2 o4 1—dJ,,, (Nd 1.10")
g 06 2—J,  (Nd1.10")
< 08  3__J, (Nd1.10")
% jg 4-——J,, (Nd 1.10%)
~ o4l
Fig. 6. Voltage as a function of current.
25
5% —QE (Nd 1-10%)
< . —QE (Nd 1-10%)
&g - ——QE (Nd 1-10%)
@ s : QE (Nd 1-10%?)
0 A, M
100 200 300 400 500 600 700 800

-5

Fig. 7. Relationship of wavelength with quantum efficiency nm.

relationship of voltage with current. Figure 7 shows the relation-
ship of wavelength with quantum efficiency, and that quantum ef-
ficiency begins at 7% at the length. The wavelength is of 100 nm
and increases to 17% with the greatest amount at the wavelength
of 370 nm; then, it begins to decrease gradually until it reaches ze-
ro. The reason is that the length of propagation decreases and the
absorbance is at the lowest amount at high wavelengths because the
efficiency is inversely proportional to the wavelength according to
Eq. (11) [28].

4.4. Effect of Thickness and Radiation Recombination of the Ab-
sorption Layer

The thickness of the absorption layer was changed from 0.5 ym to
2.5 ym. We noticed an increase in the shunt efficiency and a de-
crease in the fill factor and short circuit current, as shown in Fig.
8. This is because increasing the thickness leads to an increase in
the absorption of photons, so the generation of the electron-gap pair
increases and the recombination process at the interface decreases,
which leads to an increase in the optical current [29, 30].

Figure 9 shows the relationship of voltage with current.

Figure 10 shows the wavelength with quantum efficiency. Notice
the increase in quantum efficiency that starts at the smallest thick-
ness of 7% until it reaches 15% at the largest thickness, where the
quantum efficiency increases and reaches the greatest amount of
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m, Am/cm?
1.31
4 1‘3—\7
2 1.29
0 1.28
0.5 1.0 1.5 2.0 25 FF
?ta Thickness 80 Thickness
75
4 70
3 65
2 60
1 55
0 50
05 09 13 1.7 2.1 25 0.5 1.0 1.5 2.0 2.5
Thickness Thickness
Fig. 8. Thickness as a function of cell output.
i Vv,V
0 0.1 02030405 0607 08 09 1.0 1.1 314
NE -1|_1
b3 2 1—d,,, (500 nm)
= -2 3 4/ 2—J (700 nm)
g o4 B o 3——d.r (1000 nm)
< 35 4 J (1250 nmy
T 4% 5—J" (1500 nm)
~ Z 6—f , (1750 nm)
_5 7—J (2000 nm)
[ §—d'"" (2250 nm)
-6 9—J" (2500 nm)

Fig. 9. Voltage as a function of current for different absorption layer thick-
nesses.

1—QE (500 nm})
2—QE (750 nm)
3 —QE (1000 nm)
4 QE (1250 nm)
5 QE (1500 nm)
6

QE (1750 nm)
7 —QE (2000 nm)
8 —QFE (2250 nm)
N\ 9 —QE (2500 nm)

QE, %

—5100 200 300 400 500 600 700 800

A, M

Fig. 10. Wavelength as a function of quantum efficiency for different ab-
sorption layer thicknesses.

45% at the wavelength of 370 nm; then, it begins to decrease.
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Therefore, because the value of the absorption coefficient is high
at short wavelengths, absorption occurs near the surface because
the recombination time is short; so, the previously generated carri-
ers are captured by the p—n crystal diode [31].

Figure 11 shows the relationship of recombination with the cell
output. You notice an increase in cell efficiency and fill factor
whenever recombination decreases, with both current and voltage
remaining constant, because the decrease in recombination increases
the durability of the minority carriers, which increases the cell effi-
ciency according to Eq. (8) and Eq. (9), due to the increase in the
voltage barrier [32, 33].

Figure 12 shows the relationship of voltage with current. Figure
13 shows the relationship of wavelength with quantum efficiency.
We notice a slight increase in Auger recombination, which leads to
a decrease in the average life of the carriers at the surface, in addi-
tion to the formation of deposits and deformation on the surface

140 Eta
50

135 45
4.04

1.30]
3.5

1.25 3.0

Lo g 10 LLL0% L& 10 2,010 26107 3.1.10% 3610% 4.1-1071-10™ 610" L1-10™ L610™ 2.1-10™ 2.6-10° 31107 3.6-107 4.1-10
Recombination Recombination

FF

72

T

68 1.40,
66|
&) 135
62

1.30)
60

P 6107 L0 L6100 200 26100 30107 36100 4 Pl e T TR0 10T 2107 5110 Se0T a0
Recombination Recombination

Fig. 11. Recombination as a function of cell output of the absorption layer.

g.oo 0.1 02 0.3 04 05 06 0.7 08 0.9 1.0 1.1 12 13 14
AV, V

—2.00 —d,, (110
2—dJ, (31070
—4.00 g3—d,, (510 19)

J,,.» Am/em?

4o, (110 1)
5, (9:10°19)
—6.00 6—dJ,, (2.107)

7—d, (4107

Fig. 12. Voltage as a function of current for different recombination val-
ues of the absorber layer.
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Fig. 13. Wavelength as a function of quantum efficiency for different re-

combination values of the absorption layer.

TABLE 4. Meaning of the symbols used in the research.

Mean of Symbol Symbol Mean of Symbol L’Symbol
Open circuit voltage Ve Electric filed E
Conversion efficiency n charge q
Maximum power P .. Holes constriction P
Actual power P, Electron constriction n
Input power P,, |Acceptance consternation N,
Time of minority carriers 7 |Electron current density J,
Defects concentration N, Holes current density J,
Heat velocity V., |Electron generation rate G,
Conductivity c holes generation rate G,
Various concentrations of minority An The rate of electron re- R
carriers combination "
saturation current I, The ratebgf hgles recom-  p
ination P
The propagation length of elec- I Electron diffusion con- D
trons € stant "
The propagation length of holes L, |Holes diffusion constant D,
Electron con.centration of pure n? Electron mobility W
semiconductor i "
Quantitative efficiency QE Holes mobility U,
Spectral acceptance R, Fill factor FF
Wave length A Short circuit current J

sc

[34]. Quantum efficiency is zero at long wavelength because no
light can be absorbed below the forbidden energy gap.

5. CONCLUSIONS

The OMeATP/Cs,AgBiBry/TiO,/FTO cell was simulated using the
SCAPS program and compared with an experimental cell. A very
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large convergence was found between theoretical and experimental.
The cell was also improved by increasing the work function. It was
noted that increasing the distortion of the back reflection layer in-
creases the performance of the cell to return photons to the cell. The
thickness of the absorption layer has a significant impact on the per-
formance of the cell. We noticed that increasing the thickness in-
creases the efficiency of the cell due to increasing the absorption co-
efficient, and decreasing recombination increases the cell efficiency
because recombination reduces the generation of the electron-gap
pair.
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Solar-Cell Properties of Porous Silicon/Cadmium Telluride
Junction
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PSi—CdTe junction is prepared using spray pyrolysis and photoelectro-
chemical etching methods; the deposition method of thin CdTe films is
performed at 90°C; thin CdTe films are completely crystalline with energy
gap of 2.4 eV. The grain sizes are investigated using SEM and x-ray spec-
troscopy; both measurement techniques show that the grain sizes are
within the nanoscale. The junction show I-V characteristics similar to the
diode in both forward and reverse bias; the junction also show solar-cell
characteristics with fill factor of 0.594.

Ilepexix PSi—CdTe ogep:kaHo MeTomaMu POBIOPOIIYBAJBLHOI Iiposisu Ta
$OTOENIEKTPOXEMIUHOr0O INABJICHHA; METOJ ocaiskeHHA TOHKMX miaiBok CdTe
BUKOHAHO 3a TeMmieparypu y 90°C; Touki miaisku CdTe e€ mosHicTIO Kpucra-
JiYHUMHK i3 3a00POHEHOI0 eHepreTUYHO 30HOI y 2,4 eB. Posmipu sepen
IOCTiIKeHO 3a NOIOMOTOI0 CKaHiBHOI eJIeKTPOHHOI MiKpockomii Ta peHTTe-
HiBCBKOI CIEKTPOCKOIii; o0uaBa MeTOAW MipAHHSA IOKAa3yIOTh, III0 PO3Mipu
3epeH 3HAXOAATbCA B HaHoMaciuTabi. Ilepexin meMoHCTPYEe BOJIBT-aMIIEPHi
XapaKTepUCTUKM, MOAIOHI mo mioam, AK y IPAMOMY, TaK i Y 3BOPOTHLOMY
3MIIl[eHH]i; IIepexia TaKoMK AeMOHCTPYE XapaKTEPUCTHUKM COHAYHOTO ejieMe-
HTa 3 KoedimienTom 3amoBHenHA y 0,594.

Key words: porous silicon, cadmium telluride, thin films, semiconductors,
optical properties of semiconducting thin films, diode characteristics, so-
lar-cell characteristics.

Kuarouori caoBa: mopyBaTuii KpemHil, Tenypun Kaagmiro, ToHKI miiBku, Ha-
MiBOPOBiJHUKY, OITUYHI BJIACTUBOCTI HAIiBOPOBIJHUKOBUX TOHKUX ILJIiBOK,
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XapaKkTePUCTUKY TioaM, XapaKTEePUCTUKYU COHAYHUX eJIEMEHTiB.

(Received 7 September, 2024; in revised form, 8 October, 2024 )

1. INTRODUCTION

Cadmium telluride CdTe is one of the II-VI group semiconductors;
cadmium telluride has unique properties, which enable it to enter
into many applications, including gamma-ray detection [1], fuel
cells [2], photocatalytic hydrogen production [3], sensors [4, 5], la-
ser materials [6], and solar panels [7]. It is a p-type semiconductor
and can be converted to n-type by heat treatment [8], has a band-to-
band energy gap of about 1.4—-1.5 eV [9-12], high absorption coeffi-
cient of 10* cm™ [13, 14]. Cadmium telluride can be deposited via
different easy methods including chemical bath deposition [15—-17],
flash evaporation [18], close spaced sublimation [19], spray method
[20], thermal evaporation [21, 22], and electrodeposition [23].

In our work, thin CdTe films have been deposited on porous sili-
con to fabricate PSi—CdTe solar cell; the optical, structural, and
electrical properties were measured for thin CdTe films and PSi-
CdTe junction.

2. EXPERIMENTAL METHOD

n-type silicon wafer was used as a substrate to construct PSi—CdTe so-
lar cell. The silicon wafer was etched to obtain the porous silicon using
photoelectrochemical-etching technique; the method was performed
with etching current of 15 mA /cm?, etching period of 10 min with 18
wt.% HF and ethanol (99.9%) (1:1) aqueous solution [24].
Tellurium oxide TeO, was dissolved in 25 ml distilled water in-

HF solution
S

Fig. 1. Experimental setup for the fabrication of porous silicon by electro-
chemical etching of silicon wafers [25].
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cluded 5 ml HCI, while ZnCl, was dissolved in 25 ml of distilled wa-
ter; both solutions were mixed for 1 hr at 90°C using magnetic stir-
rer. Finally, the deposition of the mixture was performed using
spray-pyrolysis method with deposition temperature of 100°C, 20
sprays, nozzle distance of 30 cm, and air pressure of 7.5 kg/cm?.

3. RESULTS AND DISCUSSION

Thin films of CdTe on porous silicon were deposited; the optical,
structural, and electrical properties of the CdTe film and the junc-
tion have been discovered.

The film show a high transmittance, which increases with wave-
length, where the maximum transmittance was of 97.3. The absorb-
ance spectrum has a peak at wavelength of 540 nm, which belong to
the CdTe nanotubes (Fig. 2).

The energy gap of the cadmium-telluride films was calculated us-
ing Scherrer equation; it was of about 2.4 eV (Fig. 3).

97.54 0.0301
97.04
96.5- 0.0257

X 96.0 =S

. ~ 0.020

[ 95.5 <
b 0.0151
9454
94.0+—r—r—r"—rrrr—r—Trrr T 0.010+——r—"—""1"r—"r"rr—r"—Tr T

300 500 700 300 1100 300 500 700 900 1100
Wavelength, nm Wavelength, nm

Fig. 2. The transmittance and absorbance of thin CdTe films.
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Fig. 3. Energy gap of thin CdTe films.
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Field-emission scanning electron microscope has been used in the
examining of thin CdTe films (Fig. 2); the images show the for-

Fig. 4. FE-SEM images of thin CdTe films on porous silicon substrate: (a)

magnification x30000, (b) magnification x120000.

Counts

300000 -}
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Fig. 5. XRD spectrum of thin CdTe films on porous silicon substrate.

TABLE 1. The average grain size of thin CdTe film.

2-theta, 0 FWHM [2Th.] | D, nm Average grain size, nm
27.0091 0.4489 18.20207032

27.7446 0.5628 14.54100846

27.832 0.0858 95.39885917 37.07802849
27.9339 0.1667 49.1123415

28.8395 1.0083 8.135862994
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mation of the CdTe nanotube in different orientations and diame-
ters; the average nanotube diameters was of about 39.47 nm.

XRD spectrum of the CdTe shows that the film was completely
crystalline, where a single significant peak appear at 20=27.82°
with the (111) orientation. The average grain size was calculated
using Scherrer equation; it was equal to 37.07802849 nm (Fig. 5
and Table 1); this result agrees with the FE-SEM image.

The electrical properties of PSi—CdTe junction were investigated;
the junction show I-V characteristics similar to diode characteris-
tics in both forward and reverse bias as shown in Fig. 6. PSi—CdTe
junction also show solar-cell characteristics with short circuit cur-
rent density of 9.862 mA/cm?, open circuit voltage of 0.730 V, fill
factor of 0.594, and efficiency of 4.061% (see Fig. 7 and Table 2).

4. CONCLUSIONS

Thin films of CdTe have been deposited via spray-pyrolysis method

. 0004 .
g —+—10 min. g 104 10 i
< 0.000 _— S I
< g s
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+~ =
@ —0.0084 g
g @
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T 00124 ] z
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3 &)
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0020 +— —————— T 8 ; . , :
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Fig. 6. I-V diode characteristics of Fig. 7. Solar-cell characteristics of
PSi—CdTe junction. PSi—CdTe junction.

TABLE 2. Solar-cell parameters’ values of PSi—CdTe junction.

Area cm? 10 min
p, mW /cm? 100
J . mA /cm? 9.362
V. \ 0.730
S ax mA /cm? 8.122
v, v 0.500
FF 0.594

PCE % 4.061
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on porous silicon, which has already been prepared using photoelec-
trochemical etching technique. The energy gap of thin CdTe films
was of 2.4 eV. The grain sizes were measured using SEM images
and x-ray spectrum; they were of about 39.47 nm and 37.07 nm,
respectively. The x-ray spectrum shows also that the film was com-
pletely crystalline. The PSi—CdTe junction show diode and solar-cell
characteristics with fill factor of 0.594 and efficiency of 4.061%.
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Zinc Sulphide at 250°C
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The thin films of zinc sulphide (ZnS) with nanograins are produced on
(glass) substrates at 250°C using the spray-pyrolysis deposition technique
(SPDT). The films have a polycrystalline cubic structure with preferred
orientation along (111) direction of growth. The optical characteristics of
the thin ZnS film indicate a direct optical energy gap of 3.320 eV. The
film displays a thickness of 250.25 nm with grain sizes ranging from
9.76 nm to 11.46 nm. For approximate values, the measurements are done
with the use of a computer simulation tool ‘Hebal Optic’. It is also ob-
served for all the films that there is an inverse proportional change in
resistance to temperature and that the formed films have two activation
energies.

Touki maiBku cynawsdiny Luuky (ZnS) 3 HaHosepHamMu OyJ0 OZep:KaHO Ha
CKJIAHUX Imigxgazmakax 3a 250°C 3a JOIOMOroo METOAY OCAIKeHHS PO3IIo-
poITyBaJibHOIO Mipoaisoo. IIaiBKM Manm moJiKpucTamiuHy KyGiuHY CTPYK-
TYPY 3 IepeBa’KHOI0 OpieHTaIli€l0 B3ZOBK HampAMKYy pocty (111). Onrmuni
XapaKTEePUCTUKN TOHKOI ILIIBKM ZnS BKasyBaJU HA IMUPUHY IPAMOI ONTHU-
yHOi 3ab0opoHeHO0l eHepreTuuHoi 30oHu v 3,320 eB. IlriBka mMaia TOBIUHY VY
250,25 um i3 poamipamu 3epeH Bim 9,76 um mo 11,46 um. [Insa omep:KaHHA
npubJIN3HUX 3HAYEHb MIipSHHA BUKOHYBaJHCA 34 JOIIOMOIOI0 3acoly
KoM’ torepuHoro mogenioBanHa «Hebal Optic». Takosx 6yso BigmsHaueHo, 1Mo
UL BCiX TIiBOK € 00epHEHO IIPOMOPIifiHA 3MiHa OMOPYy 3 TeMIEepaTypoio Ta
110 YTBOPEHi IJIiBKM MaOTh IBi eHeprii akTusaii.

Key words: software ‘Hebal Optic’, nano-ZnS, thiourea, energy gap, spray-
pyrolysis deposition technique.

Karouosi croBa: mporpamui sacoou «Hebal Optic», Hamo-ZnS, TioceuoBuua,
3abopoHeHa eHepreTuUHa 30HAa, METOJ PO3MOPOITYBAILHOI MipoJrisu.
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1. INTRODUCTION

Zinc sulphide (ZnS), also referred to as sphalerite, is a chemical
compound having the chemical formula ZnS. Its name suggests a
lack of similarity with other minerals. ZnS is a transparent, semi-
conducting, and yellow salt. The dissolution of ZnS is limited be-
cause to its low sublimation; hence, it is soluble in acids but not in
water. Additionally, it exhibits low toxicity [1]. Because of its
broad energy gap, ZnS is an excellent material for luminescence,
which may be achieved in the almost visible range with appropriate
grafting. ZnS is now considered as one of the best materials for di-
odes among multi-buffer layers. Compared with CdSe or CdS, bene-
fits of the ZnS include its environmentally safe handling and non-
toxic, and moreover, its ability to provide better lattice matching to
CIGS absorbers with energy gaps ranging from 1.30 to 1050 eV,
when compared to CdS, which transmits photons with higher energy
and boosts light absorption in the absorber layer [2]. ZnS has many
applications according to the physical and chemical properties for
it, including field effect transistors. ZnS has two phase composi-
tions: one is the cubic zinc blende phase, the most appropriate phase
at 300 K, which may transform into the hexagonal phase, upon
heating to 1298 K under atmospheric pressure; while, the other
compound belongs to the wurtzite-type phase of hexagonal system,
which is the most preferred phase for its optical optimum, ZnS is
consistently utilized in blue light-emitting lasers’ diodes, and anti-
reflective and corrosion coatings. It is always used to create televi-
sion and x-ray screens [3].

2. EXPERIMENTAL PART

Nanosize thin ZnS films are produced using an aqueous solution of
zinc nitrate (a white powdered material, which is dissolved more
rapidly in water than in other liquids, with a molecular weight of
297.364 g/mole and a purity of 99.96%) and thiourea (C.S. (NH,),).
The colure is a white powder rapidly soluble in water. An initial so-
lution, weighing 76.614 g/mole and having a purity of 98%, was
obtained by dissolving 1.480 g of zinc nitrate in 0.1 L of distilled
water at room temperature. A second solvent, with a concentration
of 0.01 M, was also made at room temperature. The solvent were
mixed using a magnetic mixer to dissolve completely thiourea
(0.076 g) in 100 mL of distilled water. The solvent was placed on a
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magnetic mixer for 10 minutes until homogenous and free of plank-
ton. The two solvent were then mixed in an equal volume ratio
(1:1); for getting a homogeneous solution, the solution was stirred
with a magnetic stirrer for an additional 10 minutes.

Thin ZnS films are formed, when the solution is deposited onto a
glass substrate using a chemical decomposition process. Thermo-
chemical spraying technology was chosen to appropriate for creating
oxide and sulphate materials and is inexpensive according to the
cheap cost of the equipment required to generate these films. The
film can be created by combining two components or by combining
materials with various melting points. The film is formed using
normal conditions. The prepared solution is applied to the glass
substrate at 250°C; the average distance from the sprayer (nozzle)
to the glass substrate is of 28 cm, as a larger distance would cause
the material to evaporate before reaching the substrate.

The glass substrate with a thickness of 0.1 cm is covered with a
thin layer. The properties of the resulting film can be affected by
the presence of impurities; so, the glass substrate is thoroughly
cleaned before spraying. The substrate is cleaned after cutting it
into small squares of 2.5 cmx2.5 cm. To remove plankton, the sub-
strate is first rinsed with water. The substrate is then incubated in
a glass flask with 99.99% -pure acetone for 10 minutes. The sub-
strate is then incubated in another container with 99% -pure ethanol
for 10 minutes. Finally, to remove any residual acetone and etha-
nol, the substrate (glass) was put in a flask containing only distilled
water and let to stand for 15 minutes; to clean the glass lens, the
glass substrate is finally wiped dry with a cloth. At 250°C, a thin
layer of ZnS was deposited on the glass substrate.

3. RESULTS AND DISCUSSION
3.1. Structure

ZnS was prepared on a substrate (glass) at 250°C; then, it was an-
nealed at 300°C for 30 min. XRD data showed that the system was
cubic with (111) being the main growth direction. In Figure 1, an-
gle 20 = 27.55°, 47.87°, 56.39° corresponds to (220), (311) and (111)
in sequence [4, 5]. The peak positions of ZnS in XRD were com-
pared with ICDD 00-001-0792 and the structural characteristics of
the standard peaks (Table 1).

Table 1 shows how close they are to each other. In addition, we
observed that with increasing base temperature, the peak intensity
of the ZnS nanocrystal-size film increased and the full width at
half-maximum (FWHM) curve decreased. This supports the increase
in the percentage of crystallization, as the increase in peak height
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Fig. 1. XRD for ZnS at substrate temperature of 250°C.

TABLE 1. Structural parameters of ZnS at 250°C.

Sample 20 | hkl | dy, A| FWHM [ D, nm
27.55 (111)  3.12  0.8659  9.87
ZnS-250°C 47.87 (2200 1.91 0.8755 9.76

56.39 (311) 1.63 0.7456  11.46

Fig. 2. FE-SEM for thin ZnS-250°C film.

indicates a decrease in crystal defects and an increase in crystalliza-
tion [6]. The average grain size of ZnS was within the range of 9.76
nm—11.46 nm, when computed using Eq. (1):

0.9
= 1
" BcosO L)
(A=1.5406 A is x-ray wavelength (K,-line); p is XRD ‘full width at
half-maximum’ [in radians]; 0 is Bragg’s diffraction angle) [7].
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When observing the morphology of the film surface using a
scanning electron microscope (FE-SEM), as in Fig. 2, the ZnS-250°C
film consists of orderly arranged nanosheets, which adhere to each
other. This is the result of increasing heat to stimulate grain
growth and alignment. As can be seen in Fig. 2, the particles have
this shape, which is related to Refs. [4—6]. The thickness of the
film was calculated using a computer simulation tool called ‘Hebal
Optic’. Based on the permeability value, the film thickness was de-
termined to be approximately of 250.25 nm. The film was found to
have a thickness of 250.25 nm.

3.2. Optical Properties
To calculate the absorption coefficients, we used equation
ahv=B(hv-E,) (2)

(B is a constant, o is the absorption coefficient, hv represents the
energy of photon, E, is optical energy gap, and r=1/2 is allowed
direct transition) and Fig. 3, which depicts the absorption spectrum
(A =1log(T/d), d is thickness of the sample, T is transmission) as a
function of wavelength. The findings indicated that, when the sub-
strate temperature increases, the generated thin-film absorbency
improves, indicating enhanced crystallization (increase in crystal
size).

Figure 4 depicts how the absorption coefficient varies with inci-
dent photon energy. The results indicated that the absorption coef-
ficient of thin ZnS films developed on a glass substrate increased
with photon energy. The maximum absorption was seen at 320 nm,

ZnS-250
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Fig. 3. The absorption of thin ZnS-250°C films.
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Fig. 4. The absorption coefficient of thin ZnS-250°C films.
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Fig. 5. Tauc plot for thin ZnS-250°C films.

with the highest values occurring at high photon energy ranging
from 4 to 4.3 eV. This indicates that the absorption occurs within
this specific frequency range, which encompasses the optical ab-
sorption edge.

The probability of electronic transitions occurring between the
conduction and valence bands aligns with the results of empirical
investigations [8, 9, 10]. The difference between the valence and
conduction bands was calculated using the energy-gap value, which
may be used to evaluate a material’s electrical, thermal, and elec-
tronic properties. Equation (2) [11] demonstrates the application of
the Tauc equation in computing the direct energy gap. Given that
the transitions are permitted to be of the direct kind, characterized
by a value of (r=1/2), draw the link for tangent (ahv)® and the in-
cident photons’ energy, then extend the curve straight portion to
determine the point, where it crosses (where (ahv)®=0), represent
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the optical energy gap.

In Figure 5, the band gap of the films was observed for ZnS; it
has an optical energy gap of 3.32 eV at 250°C, which is nearly in
line with the findings of Refs. [12, 13].

3.3. Electrical Properties

Figure 6 illustrates the link between inverse temperature and con-
ductivity. The conductivity increases, when temperature increases
from 40°C to 180°C, indicating that the layers are semiconductors.
With increasing temperature, conductivity increases, while activa-
tion energy decreases. The underlying cause could be large particle
sizes and excellent crystallization. Grain-boundary scattering has a
general effect on charge-carrier mobility and film crystallinity. In
our situation, grain expansion caused by the charge-carrier
transport mechanism reduced grain-boundary scattering [14, 15].
To evaluate electrical conductivity, we use the given equation:

C = G, exp [— kE;’] 3

B

(o, is temperature-independent constant, E, is activation energy for
conduction, k; is Boltzmann’s constant, and here, T is a tempera-
ture [K]).

The conductivity and activation energy are shown in Table 2.
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Fig. 6. Energy gap from electrical conductivity of ZnS-250°C films.

TABLE 2. The activation energy and optical energy gap.

Eal Ea2
(313-363 K) (363—-453 K)
ZnS-250°C 0.903 eV 1.833 eV 3.32 eV

Sample
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Energy gap can be computed using the linear relationship, as il-
lustrated in Fig. 6.

For the thin ZnS films, the presence of two linked zones is the
reason for the alteration in the conduction mechanism. The temper-
ature in the first zone is low (313—-363 K), whereas the second zone
is greater (363—-453 K) [16].

4. CONCLUSION

The thin ZnS films were formed on a glass substrate using spray-
pyrolysis deposition technique. The x-ray diffraction (XRD) study
of this thin film revealed a ‘full width at half maximum’ (FWHM)
value of 0.141°. This indicates that the crystallinity of the films
can be enhanced by increasing the temperatures of the glass sub-
strate. It was also shown that all films had a cubic crystal structure
with a favourite (111) orientation. An increase in substrate temper-
ature resulted in enhanced crystalline quality of the films, accom-
panied by a growth in grain sizes of thin film from 9.760 nm to
11.460 nm. A comprehensive analysis of the morphological, optical,
and structural characteristics of the films was carried out using the
computer program ‘Hebal Optic’ of simulation. The findings indi-
cated an energy gap of 3.32 eV as well as nanoscale branching den-
dritic formations. As a result, it has semiconductor properties,
which are important in electronic devices and solar cell manufac-
ture.
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In this research, strontium fluoride doped with antimony in different
proportions is prepared using solid-state method. The prepared compounds
are characterized using XRD, FT-IR and photoluminescence techniques.
As found, the prepared compounds crystallize according to the cubic pat-
tern with nanosize grains and have a clear fluorescence property.

Y upomy pocaimsxkenHi ¢ropunm Crpouitiro, jgeroBanmit Ctubiem y pisHHX
IpomopIiAx, OyB omep:kaHmil TBepmodasHuM MeromoM. OmepskaHi CIONyKU
OyJI0 OXapaKTepHU30BAHO 34 JOIOMOTOI0 METOHiB PeHTIeHiBChbKOI mudpakririi
(XRD), indpauepBoHOI cmeKTpockomii Ha ocHOBi @yp'e-mepersopy (FT-IR)
Ta (poTosrroMiHecteHIrii. Bysio BusiBiieHo, IO oAep:KaHi CIOJYKH KpPHCTaJi-
3YIOThCA y KYOiUHY CTPYKTYpPYy i3 HAHOPO3MipHMMM 3epHAMM, a TAKOXK Ma-
I0Th YiTKY ()JIIOOPECIIEHTHY BJIACTHUBICTh.

Key words: strontium fluoride, doping, SrF,:Sb, photoluminescence.
Karouosi crosa: propun Crponiiiro, seryeauus, SrF,:Sb, doromromineceniris.

(Received 14 November, 2024; in revised form, 22 November, 2024 )

1. INTRODUCTION
Since the first Nd:YAG laser ceramic was reported by Ikesue et al.

in 1995 [1], transparent polycrystalline ceramics have found in-
creased interest over the last few years. The majority of transpar-
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ent ceramics researches focus on oxide materials like Nd;, Y, 5, Al;O;,
(Nd:YAG), however, fluoride materials are very attractive and
promising materials for laser applications [2—5]. Among the fluo-
ride compounds, strontium fluoride (SrF,) is an attractive material.
Because of its excellent optical properties, e.g., the high transmis-
sion in the infrared and ultraviolet spectral range 0.13—11 pm, the
low refractive index nDj1.439 and 589 nm, and the extremely low
solubility in water 120 mg L1, SrF, is an ideal material for optical
applications and is often used as a coating material for high-quality
optical windows, prisms and lenses to reduce reflection and to in-
crease transmission. Furthermore, as the isotype of CaF,, SrF, has
gained great interest as a laser material when doped with rare-earth
ions [6-8].

For example, thanks to its broad emission bands, Yb:SrF, single
crystal is a promising gain medium in tuneable laser and ultra-short
pulse laser generator [9, 10]. With their superior optical and chemi-
cal properties, SrF, ceramics are highly suitable for a wide range of
industrial and scientific applications such as laser technology, scin-
tillators, photolithographic processing and specialized window pro-
duction. However, few works have been done on the preparation of
SrF, transparent ceramics. Basiev et al. reported laser operation of
rare-earth doped ceramics of Nd:SrF, and its solid solutions fabri-
cated by a hot-forming method [11]. However, it is deformation of
single crystals and lacks for advantages of ceramics such as much
superior mechanical property, lower temperatures than single crys-
tal growth process.

In this study, we have focused on preparation of SrF, nanopow-
ders doped with Sb.

2. EXPERIMENTAL
2.1. Preparation of Sh:SrF, Nanoparticles

The solid-state method was used to prepare SrF,:Sb 0.0, 0.1, 0.15,
0.2, 0.25, 0.3 wt.% as follow accurately weighed in the required
proportions and thoroughly mixed and ground using an agate slurry
and pestle to convert into very fine powders. Acetone was used to
help the solid compounds mix during the sample preparation pro-
cess in relatively small quantities. The previous materials were
ground and mixed with an agate mortar to ensure obtaining a ho-
mogeneous mixture after adding an amount of acetone in order to
improve the homogeneous mixing process for it for about 15
minutes until the acetone dried. This process was repeated three
consecutive times for each of the samples. After that, the resulting
mixture was dried by heating it to a temperature of 100°C for a pe-
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riod of time sufficient to ensure the removal of moisture. The sam-
ples were annealed at 350°C for 4 hours, after which the samples
were gradually cooled in the heating oven to room temperature at a
rate of 1°C/min.

2.2. Characterization

The crystallite structure and size of the synthesized nanoparticle
samples were calculated using an x-ray powder diffractometer
(XRD) (Philips-PW-1840) with a CoK, radiation of 1.789 A in a 20
range of 20—80°. While the analysis of the chemical composition
was carried out using Fourier transformation infrared (FT-IR mod-
el: Jasco Spectrum 4100 FT-IR) spectroscopy. The luminescence
properties were studied using UV-Vis Spectroscopy.

3. RESULTS AND DISCUSSION
3.1. DTA Analysis

The DTA curve shown in Fig. 1, demonstrate the thermal behaviour
of the system as it was scanned within a temperature range 0-
1000°C. The ratio of 0.25 was chosen to study the thermal changes.

The DTA diagram shows exothermic effects. The first exothermic
effect at 288°C indicates the entry of antimony into the crystal
structure of strontium fluoride. The second exothermic effect at

26-
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DTA-Signal [ASF2SB-TPR]
\

504.4°C 24.3 nV

288°C 15 pVy

745.9°C 7 uv
|
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Temperature, °C

Fig. 1. DTA of SrF,:Sb (0.25 wt.%).
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504.4°C indicates the formation of antimony pentoxide Sb,0O;. The
third exothermic effect at 745.9°C indicates the formation of stron-
tium oxide.

3.2. XRD Analysis

Figure 2 shows x-ray diagrams of strontium fluoride compound
doped with antimony in different proportions. These diagrams are
consistent with the reference card (SrF,: 96-900-9044) for pure
strontium fluoride with some displacement, indicating a clear
change in the dimensions of the primary lattice cell as a result of
the entry of antimony into the structure of strontium fluoride. The
diagram SrF,:0.3Sb shows a significant change in the structure in
accordance with the reference card and this is explained by the
formation of antimony pentoxide.

The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [14]:

KA

D:Bcose’ ()

where K is Scherrer’s constant (K =0.89 assuming spherical parti-
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Fig. 2. XRD patterns of SrF,:Sb nanoparticles.
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cles), A is the x-ray wavelength, B is the peak width at half maxi-
mum (FWHM), and 0 is the Bragg’s diffraction angle. The average
crystal size was of 7.778 nm for SrF,:0.25Sb.

3.4. FT-IR Spectroscopy

The FT-IR spectrum of SrF,:Sb nanoparticles is presented in Fig. 3.
By comparing the infrared spectra of the compounds prepared

1SrF,~0.3Sb

|SrF,-0.25Sh

- - o =

{SrF,-0.2Sb

1SrF,~0.15Sb

2

—

Fig. 3. FT-IR spectra of synthesized SrF,:Sb nanoparticles.
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with different proportions of antimony, it was found that new ab-
sorption bands appeared that were different from the absorption
bands of the pure strontium fluoride compound. These bands appear
at 469, 615, 728, 876, 953, 1115, 1147, 1172 cm™'. These bands
may be due to the vibration of the bonds according to the vibration-
al patterns: Sr—Sb—Sr, Sb—Sr—Sb, Sr—Sb—F, Sb—Sr—F, Sb—F-Sb, and
F-Sb—F. This is evidence of the occurrence of a bond between the
antimony atoms and the strontium fluoride, which confirms the en-
try of these atoms into the crystal structure of the compound.

As for the doping ratio (0.3), it was observed in the resulting
spectrum that the previously formed bands disappeared, indicating
the dissociation of antimony from strontium fluoride and the ap-
pearance of new absorption bands at wave numbers 414, 447 cm™

TABLE. The emission wavelength and the calculated energy gap.

Wavelength Energy gap
excitation 200 6.18
emission 310 3.99
emission 340 3.64
emission 355.4 3.48
emission 420 2.94
emission 451 2.74
emission 473 2.61
emission 495 2.50
200 nm
2300 = E{)Fz Pure 1
— )
2000 I — by,
! { — Sbo.z
I L [
‘ | . EbU.Za
1500 H 0.4
1000
500

2000 300 400 500 600 700 500 900
Fig. 4. Luminescence spectrum of SrF,:Sb nanoparticles at 200 nm excita-
tion wavelength.
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Fig. 5. The electronic transitions in the SrF,:Sb.

due to the bonds Sb—O-Sb, O—Sb—0O, and this is evidence of the
formation of antimony oxide (Sb,05).

3.3. The Luminescence Properties

The luminescence of the samples was measured using a UV-Vis
spectroscopy, where the samples were excited at different wave-
lengths and the emission spectrum of these samples was recorded
(Table).

Figure 4 shows the luminescence spectrum of the prepared sam-
ples with different doping ratios at 200 nm excitation wavelength.

These electronic transitions can be represented by the following
diagram shown in Fig. 5.

CONCLUSION

SrF,:Sb nanoparticles were successfully synthesized using soled
state method. The resulting compounds were characterized using
XRD techniques, which confirmed the size of nanoparticles, and IR
spectroscopy. The photoluminescence was studied and have a clear

fluorescence property.
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Using V. S. Urusov’s crystal-energy theory of isomorphous miscibility,
the mixing energies (interaction parameters), critical decomposition (sta-
bility) temperatures, and limits of isomorphous substitutions are calculat-
ed, as well as the thermodynamic stability regions of zircon-type ortho-
phosphate solid solutions with the composition Y, ,Ln PO,, where Ln—
lanthanides or Sc. The contributions to the mixing energy arising from
differences in the sizes of the substitutional structural units and from
differences in the nature of the chemical bonding of the system compo-
nents are characterized. A thermodynamic-stability diagram of solid solu-
tions and the corresponding decomposition domes are presented, enabling
graphical prediction of the decomposition temperatures of solid solutions
for given substitution limits, or the equilibrium substitution limits for a
given temperature and thermodynamic-stability region. The results do not
contradict the experimental data reported in the literature. They may be
helpful in the search for compositions of mixed matrices and activators
for new luminescent, laser, and other materials based on Y, ,Ln,PO,
(Ln = Gd—Lu, Sc) solid solutions, including nanomaterials.

3 BUKOPHUCTAHHAM KPHCTAJIOEHEPTeTUUHOI Teopii isoMopdHoi 3MilyBaHOCTH
B. C. ¥YpycoBa pospaxoBaHOo eHeprii swmimanHa (mmapaMeTpu B3aeMoii),
KPUTUYHI TeMmepaTypu posmany (crabinbHocTH), TpaHUIl iBOMOPDOHUX 3a-
MiIlleHb, a TaKOXK BU3HAUYEeHO 00JacTi TepMoamHaAMiuyHOI cTabiJIBHOCTH TBED-
INX po3unHiB oprodocdaTiB 3i CTPYKTYypo HUPKOHY ckjaaxy Y, Ln PO,
ne Ln — naHTamoimm a6o Sc. OxapaKTeprm3oBaHO BHECKHM B €HEpPTrilo 3Mi-
mIaHHA, 3YMOBJIEHI BIAMiHHOCTAMU y po3Mipax 3aMilyBaHUX CTPYKTYPHUX
OJUHUIIb, 4 TAKOXK y XapakKTepi xXeMiuHoro 3B’A3KYy KOMIIOHEHTIB CHCTEM.
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Ilomamo miarpamy TepMoAMHAMiUHOI CTa0iJILHOCTH TBEPAUX PO3UUHIB i Ky-
IIOJIX IXHBOTO PO3MWAAy, IO Ja€e 3MOTy rpadiuHO IPOTrHO3YBATH TEMIIEPATYPU
pos3many TBEPAWX PO3UMHIB 3a 3ajJaHMMU T'DAHUIAMU 3aMiIfeHHa abo piBHO-
BaKHI IpaHuIli samimieHHA 3a 3aJjaHOI TeMIlepaTypu Ta 00JIacTi TepMoAMHa-
MiuHoi crabinbHOCTH. PesynbTaTu pobOTH He CcyIlepedaTh eKCIepHUMeHTaJb-
HUM JIiTepaTypHUM [OAaHUM i MOMKYTh OYyTHM KOPHUCHHMM IIiJ Yac IIOINYKY
CKJIQiB 3MiIlaHMX MATPUIb Ta aKTHUBATOPiB HOBUX JIOMiHECIIeHTHUX, Jia-
3epHUX Ta IHmMWX MarepiaxiB Ha ocHOBI TBepaux posumHiB Y,  Ln PO,
(Ln = Gd—Lu, Sc), y Tomy uncii i HaHOMAaTepPiAIiB.

Key words: solid solutions, lanthanides, yttrium, scandium, orthophos-
phates, isomorphous substitutions, mixing energy, thermodynamic stabil-
ity, substitution limits.

KarouoBi croBa: TBepai posumHu, Jantamoigu, Itpiii, Cxanzgiii, oprodocda-
T, i3oMop(dHi 3aMillleHHs, eHeprid 3MilllaHHSA, TepMOAMHAMIUHA CTA0iJb-
HiCTb, IPaHUIIl 3aMillleHb.

(Received 11 August, 2025; in revised form, 18 August, 2025)

1. INTRODUCTION

Solid solutions based on rare-earth element (REE) orthophosphates
are promising materials with excellent luminescent properties and
high thermal and radiation stability. They are used as scintillation
detectors, phosphors for radiography and plasma panels, materials
for radioactive waste storage [1], laser media, protective coatings,
cements, high-temperature ion exchangers [2], light-emitting di-
odes, solar panels, thermal barrier coatings, and in optical ther-
mometry [3].

In addition, in recent years, REE orthophosphate-based nano-
materials have begun to find medical applications. Nanocrystals of
yttrium orthophosphate (YPO,) doped with Dy*" ions at various con-
centrations are considered promising for use in laser-induced hyper-
thermia of cancerous tumours. The local temperature of nanoparti-
cle powders increases linearly with increasing laser power and Dy*
concentration, enabling high heating and cooling rates. This allows
for precise control of the exposure time and minimal doses of laser
irradiation on patients [4].

UV phosphors emitting in the 200-280 nm range are of particu-
lar interest for medical applications due to their pronounced bacte-
ricidal properties, resulting from the coincidence of their emission
wavelengths with the range of maximum DNA sensitivity of micro-
organisms to UV irradiation. Moreover, ultraviolet radiation effec-
tively destroys surface cancer cells without damaging deeper tissues
[6]. REE orthophosphates are also employed in drug delivery sys-
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tems and as fluorescent labels for visualizing biomolecules and cel-
lular structures [6].

Initially, materials based on individual orthophosphates were
used. Later, it was found that ‘double’ orthophosphates containing
two or more rare-earth elements (REEs) in the host lattice are more
effective. For example, very high intensity under ultraviolet excita-
tion was observed for the solid solution Gd,;Y,;PO,:Tb*", which ex-
hibits a twofold increase in luminescence intensity compared to
YPO,:Tb*" [6].

The choice of yttrium orthophosphate as one of the components
in the Y, ,Ln PO, systems is because, along with gadolinium and
lutetium compounds, it is most commonly used as a host matrix for
mixed orthophosphates. In addition, it is isostructural with the or-
thophosphates of REEs, and the crystal ionic radius of yttrium
(1.159 A) differs only slightly from the radii of other REE ions
(from 1.193 A for Gd*' to 1.117 A for Lu®") [7]. Therefore, a con-
tinuous series of solid solutions between the components is possible
in most of the previously described systems (see, e.g., Refs. [1-3, 5,
6, 8-11]). In some works (e.g., Refs. [4, 12, 13]), only individual
fragments of continuous solid solution series were synthesized, as
substitution limits were not reported.

At the same time, to the best of our knowledge, there is no liter-
ature data on Y, .Ln PO, systems (Ln =Gd-Lu, and Sc) with limited
solid solution series. However, it is known [14—-16] that, in general,
continuous solid solution series should decompose upon cooling
samples synthesized at high temperatures, forming limited composi-
tion ranges based on the system components.

The choice of YPO,-based systems for the present study was also
motivated by the absence of intrinsic luminescence in YPO, crystals
down to 5 K [17].

Considering the above, before synthesizing solid solutions and
studying the ‘composition—property’ relationships, it is desirable to
know the limits of isomorphous substitutions and their thermody-
namic stability under synthesis, intended use, and even storage
conditions. Knowledge of the thermodynamic stability regions of
solid solutions is essential for controlling their properties and en-
suring their reproducibility over time and under varying tempera-
tures.

Experimental determination of substitution limits and stability
regions of solid solutions synthesized by the ‘annealing and quench-
ing’ method using x-ray diffraction analysis (XRD) is complicated
by the difficulty of achieving equilibrium at low temperatures due
to the low diffusion rate in the solid phase, as well as by the possi-
bility of partial decomposition upon cooling from high tempera-
tures.
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In addition, XRD may be of limited informativeness when the
components are isostructural with very close sizes of the substitut-
ing structural units, as in the case of the Y,_ Dy, PO, system [4], in
the case of spinodal decomposition of the solid solution [14—-16], or
when the studied samples are of nanoscale size, due to broadening
and overlapping of x-ray reflections.

A lack of data on the limits of isomorphous substitutions and the
stability regions of solid solutions forces researchers to select ma-
trix and dopant compositions either by analogy with closely related
systems or through a ‘trial and error’ approach. Such a method is
often accompanied by excessive consumption of costly reagents and
a significant increase in the time required for research. In this re-
gard, it is advisable to use experimental methods and computational
approaches that allow for a preliminary assessment of the stability
of solid solutions and the substitution ranges, thus avoiding the
mentioned limitations.

An example of such a rational approach can be found in studies
[3, 5], where, in selecting the synthesis conditions for compounds in
the Y,_,Sc PO, system, the authors used calculation results for this
system presented in Ref. [18].

It should be noted that nanoscale orthophosphates exhibit en-
hanced practically relevant properties due to their larger specific
surface area. This is related to the fact that structural units located
at the surface differ in coordination numbers from those inside the
bulk, and this difference becomes more pronounced as the particle
size decreases, leading to modifications of the material properties.
As reported in Ref. [19], the conventional concepts of surface ener-
gy developed for macroparticles remain applicable to nanoparticles
larger than 10 nm.

At the same time, it is known that in nanocrystalline materials
with particle diameters above 6 nm, the volume of the surface layer
remains smaller than that of the crystal interior [20]. Furthermore,
according to Ref. [20], the structural characteristics of solid solu-
tions do not depend on the particle size, at least within the range of
6-t0-40—-80 nm.

Based on the above considerations, the present work aimed to
predict the thermodynamic stability and the limits of isomorphous
substitutions in =zircon-type orthophosphates of the composition
Y, ,LnPO,, where Ln=Gd-Lu, Sc. In this study, the calculated
mixing energies (®,,,), substitution limits (x), and critical decompo-
sition temperatures (T,,), obtained regarding the key energetic con-
tributions (size-related, @z, and bond-ionicity contribution, @),
provide a framework both for assessing the stability of Y,_ Ln PO,
including their nanoscale forms, and for selecting the optimal con-
ditions for their synthesis.
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2. INITTAL DATA AND CALCULATION METHOD

Within the Urusov’s crystal-energy theory of isomorphous substitu-
tions, the main challenge in determining the limits of isomorphous
substitutions is finding the mixing energy. In the quasi-chemical
approach, this corresponds to the interchange energy, and in the
theory of subregular solid solutions, it corresponds to the interac-
tion parameter [14—-16]. Within the approximation of regular solid
solutions, the critical (maximum) decomposition temperatures T.,
are calculated using Eq. (1) [14]:

Tcr = Qmix/(szN)7 (1)

where @,,;. is the mixing energy, k; is the Boltzmann’s constant,
and N is Avogadro’s number.

In the considered systems, the relative differences in interatomic
distances ‘cation—tetrahedral anion’ are significantly less than 0.1
(ranging from 0.0003 to 0.0411; Table 1). Therefore, according to
Ref. [14], the calculation of solid-solution decomposition tempera-
tures can be performed in the regular-solution approximation using

TABLE 1. Selected initial data, calculated mixing energies, and critical de-
composition temperatures of solid solutions Y,_ . Ln PO,, Ln = Gd-Lu, and Sc.
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Gd 3.561 0.0177 4.250 1.386 2.314 0.712 0.0100.618 4.868 291
Tb 3.537 0.0108 1.582 1.410 2.290 0.708 0.0141.212 2.794 167
Dy 3.526 0.0077 0.804 1.426 2.274 0.705 0.0171.787 2.591 155
Ho 3.512 0.0037 0.186 1.433 2.267 0.703 0.0192.233 2.419 144
Er 3.498 0.0003 0.001 1.438 2.262 0.702 0.0202.474 2.475 148
Tm 3.490 0.0026 0.092 1.455 2.245 0.695 0.0274.521 4.613 275
Yb 3.480 0.0054 0.395 1.479 2.221 0.692 0.0305.597 5.992 358
Lu 3.467 0.0092 1.148 1.431 2.269 0.704 0.0182.023 3.171 189
Sc 3.361 0.0411 22.869 1.415 2.285 0.707 0.0151.449 24.318 1452
Y 3.499 — — 1.340 2.360 0.722 —  — — —
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Becker’s equation (Eq. (2)) [21]:
o 1-2x R,T,
1 - Qmix

1-x

, (2)

In

where x is the mole fraction of the dissolved component, R, is the
universal gas constant, and T, is the solid-solution decomposition
temperature. In both equations, R, and @, are expressed in calo-
ries [14].

Since the system components are isostructural, the mixing energy
@, was calculated using Urusov’s equation (Eq. (3)), representing
it as the sum of two contributions caused by differences in the de-
gree of ionicity of the chemical bond in the system components (@)
and the sizes of the substituting structural units () [14—-16]:

_ 1390mz, z o(Ae)
2R

Q,. =Q. +Q; +Cmnz,z, [%j [kd /mole],(3)

where m = 2—the number of different structural units in the system
components in the pseudo-binary approximation of the zircon struc-
ture; z,=2z,=3—the charge magnitudes of the substituting and
common structural units in the components; a=1.723—the reduced
Madelung’s constant calculated using Templeton’s formula [22];
C =113 kdJ—an empirical value depending on compressibility and
other crystal characteristics taken from Ref. [14]; n=6—the co-
ordination number of the substituting structural unit in the pseudo-
binary approximation of the structure; R—interatomic distances
‘cation—tetrahedral anion’ Ln—PO, in the system components taken
from Ref. [23]; AR and AR/R,—the difference and relative differ-
ence of interatomic distances ‘cation—tetrahedral anion’; R,—the
interatomic distance in the system component with the smaller cati-
on radius; Ae—the difference in the degree of ionicity of the chemi-
cal bond in the system components.

The degrees of ionicity € of the chemical bonds in the REE phos-
phate systems were determined based on the difference in electro-
negativities y(Ln®") of the cations [24] and the PO,* anion. The
electronegativity of the PO,*” anion was taken as 3.7 according to
Batsanov [25].

3. RESULTS OF CALCULATIONS AND DISCUSSION
3.1. Mixing Energies of Solid Solutions

Some initial data and calculation results of the contributions Qg
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caused by differences in the sizes of substituting structural units in
the system components, to the total mixing energy @,,, are pre-
sented in Table 1 and Fig. 1, a.

As seen from the presented data, with increasing REE atomic
number, the contributions @, caused by differences in the sizes of
substituting structural units, change smoothly. They decrease sig-
nificantly from 4.250 to 0.001 kJ/mole along the series of solid so-
lutions from Y, ,Gd, PO, to Y, .Er,PO, and then increase to 1.148
kd/mole in the series from Y, Er, PO, to Y,_.Lu,PO,.

In the case of the Y,_,Sc, PO, system, the contribution Qg is sig-
nificantly larger (22.869 kJ/mole) because the crystal ionic radius
of scandium is much smaller than those for the REEs [7], resulting
in a larger size parameter AR/R, for Y,_.Sc, . PO,, accordingly.

The smooth (regular) variation of @y values is apparently because
the size parameter AR/R, was calculated based on sufficiently accu-
rate interatomic distances. The minimal values of @ in the middle
of the dependence result from minimal differences in interatomic
distances between the orthophosphate ions Y*' (3.499 A) and Ho*
(3.512 A), Er** (3.498 A), and Tm?* (3.490 A).

The contributions caused by differences in the degree of ionicity
of the chemical bond in the system components, @., to the total
mixing energies @,,. increase with the atomic number of the rare-
earth element (REE) from Gd to Yb, rising from 0.618 to 5.597
kd/mole, and then sharply decrease to 2.023 kJ/mole in the case of
lutetium orthophosphate (Table 1, Fig. 1, b). This behaviour is due

@, kJ/mol

Atomic number of REE

Fig. 1. Dependences of the contributions @ (curve a) and @, (curve b) to
the total mixing energies @,,. (curve c) of solid solutions Y, ,Ln,PO,,
Ln = Gd—Lu, Sc, on the atomic numbers of the rare-earth elements.
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to symbiotic changes both in the differences in ionicity degrees of
the chemical bonds among the system components and in the elec-
tronegativities of the REEs.

The latter is explained by the fact that in the REE series, when
moving from Tb to Yb, one electron is added to the 4f-sublevel of
the REE with each step. In contrast, the transition from Yb to Lu
does not add an electron to the 4f-sublevel but instead places it in
the 5d-sublevel.

Overall, for REE orthophosphates from Dy to Lu, the total mix-
ing energy @, is mainly determined by contributions associated
with differences in the degree of ionicity of the chemical bond @,
while for Gd and Tb orthophosphates, the contributions due to dif-
ferences in the sizes of substituting structural units @ dominate.

3.2. Substitution Limits and Thermodynamic Stability Regions

The decomposition temperatures T, for limited solid-solution series
were calculated using Eq. (2) for given substitution limits: x =0.01,
0.03, 0.09, and 0.20 (Table 2). Based on the calculated decomposi-
tion temperatures (T,) and critical decomposition temperatures (T.,),
their dependences on the atomic numbers of the REEs were plotted
(Fig. 2).

These dependencies allow graphical determination, for limited
solid solution series, of the equilibrium substitution limits x at giv-
en decomposition temperatures, or the decomposition temperatures
at given substitution limits, for the orthophosphate systems rang-
ing from Gd to Lu.

The intersection points of an isotherm drawn at the given decom-
position temperature with a vertical line drawn from the REE atom-
ic number enable estimating the composition interval within which
the substitution limit lies. Interpolation along this vertical segment
between the two closest curves then gives the substitution limit it-
self [26, 27]. The substitution limit can be refined by constructing,
for a specific system, the dependence of the calculated decomposi-
tion temperatures (from Becker’s equation) on the given composi-
tion, i.e., by plotting the decomposition domes.

The calculated critical decomposition temperatures of the contin-
uous solid solution series for the systems under consideration (Table
1, Fig. 2, e) are of 144-358 K for REEs orthophosphates and 1452
K for scandium orthophosphate. These values allow one to deter-
mine the temperature range for a continuous solid solution series.
Thus, at T > T., (curve e), the unlimited solid solutions are thermo-
dynamically stable over the entire concentration range 0 <x <1. At
T <T,, the unlimited solid solutions are unstable and may decom-
pose into phases with limited solubility, if the diffusion rate and
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TABLE 2. Decomposition temperatures (T, [K]) of limited solid-solution
series in the Y, ,Ln PO, systems for substitution limits: x=0.01, 0.03,
0.09, and 0.20.

In Decomposition temperatures T, [K] for substitution limit x
0.01 0.03 | 0.09 0.20

Gd 124 157 206 251
Tb 71 90 119 144
Dy 66 84 110 134
Ho 62 78 102 125
Er 53 80 105 128
Tm 117 149 195 238
Yb 153 193 254 310
Lu 81 102 134 164

T, K

4007 a—s—x = 0,01

3504 b—e—x =0.08

¢—a— x = 0.09
d—v—x =0.20

64 65 66 67 68 69 70 71
Atomic number of REE

Fig. 2. Dependences of the calculated decomposition temperatures of solid
solutions in the Y, ,.Ln PO, system on the REE numbers (thermodynamic
stability diagram) for substitution limits x =0.01 (a), x=0.03 (b), x=0.09
(c), x=0.20 (d), and x =0.50 (e).

time are sufficient for their formation.

It should be noted that the solid solutions in the Y, ,Ln,PO, sys-
tems have very low critical decomposition temperatures, with most
of them even below room temperature. Consequently, they will re-
main stable over a wide temperature range from the critical tem-
peratures up to the melting points of the system components, which
exceed 2400 K [28]. This fact may indicate an advantage of materi-
als based on continuous solid-solution series of yttrium orthophos-
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phate with the composition Y;_,Ln PO, in terms of property stabil-
ity and reproducibility compared to similar materials based on solid
solutions of other orthophosphates, such as scandium orthophos-
phate Sc, .Ln,PO,, whose critical temperatures range from 810 to
2880 K [18]. Moreover, materials based on continuous solid-solution
series of the Y, .Ln PO, system may find preferential use in the
production of nanomaterials by the sol—gel or low-temperature hy-
drothermal method, since nanomaterials are usually synthesized at
low temperatures.

For all Y, ,Ln, PO, systems, where Ln=Gd-Lu, and Sc, the de-
composition temperatures were calculated in the composition range
1.0> x>0 with a step of x=0.05, and decomposition domes were
plotted (Figs. 3, 4). From these data, with greater accuracy than in
Fig. 2, one can graphically determine the decomposition tempera-
ture for a given substitution limit, the substitution limit for a giv-
en temperature, and the regions of thermodynamic stability of the
solid solutions. Above the peaks of the decomposition domes, con-
tinuous solid-solution series will be stable; below the peaks but
above the dome lines, two limited solubility regions will exist; below

T, K T, K
300{ @ Lin = Gd 300{ 0 T = Tifi

2501 2504

2001 Foris 2001 /I:: \
iﬁg TR iy i;‘i Lﬁ-;*;\
50 50

00 02 04 06 08 10 00 02 04 06 08 1.0

Composition (x) of the Y, Ln PO, solid solution
T, K
4007, Ln = Yb
3504 =
300
2501
200
1504
100
50

Ln = Dy

00 02 04 06 08 1.0
Composition (x) of the Y, Ln PO, solid solution

Fig. 3. Decomposition domes of solid solutions in the Y,_,Ln PO, systems:
(a) Ln=Gd, Thb, Er; (b)) Ln =Ho, Tm, Lu; (¢) Ln = Dy, Yb.
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T,K 1723 K

’._--I-.-—I-._..‘..
A,
"~

"~g 1233 K

00 02 04 06 08 1.0
Composition (x) of the Y, Sc PO, solid solution

Fig. 4. Decomposition dome of the Y,_,Sc, PO, solid solution (=) and exper-
imental data on synthesis temperatures for samples at 1233 K [3] and
1723 K [3, 5] (single-phase < and multiphase ® samples).

the dome lines, mixtures of two solid solutions based on each com-
ponent of the systems will be present.

4. COMPARISON OF CALCULATION RESULTS
WITH LITERATURE DATA

Since the size parameters AR/R; for the substitution of yttrium by
scandium (Table 1), or scandium by yttrium [18], are less than 0.1
and equal, the solid solutions in the Y,_Sc, PO, [3, 5] and Sc,Y,_.PO,
[11] systems can be considered within the regular solution approxi-
mation [14], and the calculated critical decomposition temperatures
for both solid solutions will be practically identical.

To our knowledge, there is no literature on the critical decompo-
sition temperatures, thermodynamic stability, or substitution limits
for the Y, ,Ln, PO, solid solution systems with limited component
solubility. Of course, this complicates the assessment of the reliabil-
ity of the performed calculations.

However, there are reports on the synthesis temperatures of spe-
cific solid-solution compositions (Table 3). As seen from the data in
Table 3, in most of the cited works (12 out of 13), the synthesis
temperatures exceed the calculated critical decomposition tempera-
tures, above which a continuous series of solid solutions exists in
these systems. This indicates that the calculation results do not
contradict the experimental literature data in the sense that synthe-
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TABLE 3. Comparison of calculated T, results with synthesis tempera-
tures from experimental studies”.

. Synthesis Synthesis tem-
o,
Composition, Ref. x or % method perature, K T., K
0.0, 0.25, Precipitation
Y, .Lu, PO, [2] 0.50, 0.75, from aqueous 293-383; 773 189
1.00 solutions
0, 0.2, 0.4
Y, ,Sc,P0O,:0.5 mol.% 2 ; > Sol-gel method
Eu® [3] 0.5, (i% 0.8, + annealing 1233 +1723 1452

Sol—-gel method
0.01. 0.05 with microwave—

Y,_ Dy, PO, [4] hydrothermal 473 155

0.475 (MW-HT)
treatment
0, 0.01, 0.05,
0.10, 0.2, Solid-
Y1.8e.PO ISl g 47055, 06, state method 1723 1452
0.8, 1.0
(Gd,Y,.,), ,PO;:yTb®" 0, 0.25, 0.5, Solvothermal 433 + 1028 + 201
(y=0 or 0.15) [6] 1.0 method +1273
Y0.95(1—x)Yb0.95xEro.05P04 0, 0.3, 0.5, _
(8] 0.7, 1.0 MW-HT 473 358
Y, ,Yb,PO, [9] 0<x<1 Solidstatemeth- 1473 358
YPO, doped with Tm?" 000835 O(')ng > Co-precipitation 275 (for
(0.1, 0.3, 0.5, 1 (%or ,I:m3'+)_ from aqueous 333. 1073 Tm?*);
mol.%)/Yb* (10 0.10 (for’ solution followed ’ 358 (for
mol.%) [10] .Yb3+) by annealing Yb*)
0, 0.2, 0.4, _
Schl_xPCg.O.E) MoJI. % 0.5, 0.6, 0.8, Sol—gel me!;h- 1373 1450
Eu’ [11] od + annealing
or 1.0
_ Flux growth _
Y, Dy, PO, [12] 0.005-0.1 technique 1673-1073 155
Low-temperature
Y, PO,:xYDb* [13] 0-0.1 hydrothermal 473 358
method

Notes: “1. References [2, 6] provide synthesis and subsequent annealing temperatures of
nanomaterials aimed at eliminating defects that, according to Refs. [29-31], are typi-
cally present in nanomaterials obtained at low temperatures. 2. References [3, 11] list
only the annealing temperatures after synthesis by the sol-gel method. 3. References
[4, 12, 13] do not specify substitution limits; it is possible that fragments of continuous
series of solid solutions were synthesized.

sis was carried out within the thermodynamic-stability regions of
solid solutions predicted by us.
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At the same time, the synthesis of zircon-type solid-solution
samples in the Y, ,Sc,P0,:0.5 mol.% Eu* [3] and Sc,Y,  PO,:0.5
mol.% Eu®' [11] systems have been described, carried out by anneal-
ing mixtures of the components at 1233 and 1373 K, respectively.
Under these conditions, according to XRD data, continuous solid-
solution series were formed, as reported in those studies. However,
in the luminescence spectra, which, according to the authors of Ref.
[3], are more sensitive than XRD, additional bands were observed,
indicating the multiphase nature of the synthesized samples. This
agreed with our previously calculated [18] critical decomposition
temperature for these solid solutions (1450 K), according to which,
at 1233 and 1373 K, a continuous solid-solution series should not
form (Fig. 4). Therefore, considering the critical decomposition
temperature reported by us in Ref. [18], the authors of Refs. [3, 5]
annealed Y, Sc,P0O,:0.5 mol.% Eu®" samples at 1723 K, obtaining a
continuous solid-solution series (Table 3, Fig. 4).

It should be noted that the orthophosphates Y, .Lu, PO, nH,0O
(x=0.0, 0.25, 0.50, 0.75, and 1.00) obtained in Ref. [2] at 293—-383
K were nanosized (particle size of 5—-10 nm); after calcination at
773 K, the particle size increased to 10-20 nm, and after calcina-
tion at 1373 K, it further increased to 40—80 nm.

The Y,_.Dy, PO, samples synthesized in Ref. [4] exhibited a high
degree of crystallinity, with average particle sizes determined by
transmission electron microscopy of 40 + 15 nm for x=0.01, 65 + 22
nm for x =0.475, and 125+ 45 nm for x=1.

The GdPO, powders obtained in Ref. [6] consisted of nanowires
with lengths of 600 nm-3 ym and diameters of 20-70 nm; for
Gdg 75Y,25PO,, the nanorods of 100-600 nm in length and 40—-80 nm
in diameter were observed, whereas, for Gd,;Y,;PO,, the nanorods
were of 100—400 nm in length and 50-100 nm in diameter. In con-
trast, YPO, powders displayed a rice-grain-like morphology, with
particle sizes of 60—100 nm. Analysis of the data in Ref. [6] clearly
shows that the amount of Y substituting for Gd in the GdPO, ma-
trix affects the length-to-diameter ratio of the nanorods’ morpholo-
gy.
The particle sizes of Y g5-r) YDbg.o5.Er0sPO, (x=0, 0.3, 0.5, 0.7,
and 1) obtained in Ref. [8], as estimated from transmission electron
microscopy images, ranged from 20 to 45 nm.

The average particle size of YPO, doped with Tm?*" (0.3 mol.%)
and Yb?*' (10 mol.%) was approximately of 140 nm [10]. At the
same time, the average crystallite sizes of YPO, doped with Tm?"
(0.1, 0.3, 0.5, and 1 mol.%) at a fixed Yb® concentration (10
mol.% ) were 23, 22, 21, and 22 nm, respectively [10].

According to TEM data, Y,_.Yb PO, particles (x=0-0.1) exhibit-
ed a leaf-like nanomorphology with particle sizes of about 80 nm in
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length and of about 16 nm in width [13].

Thus, comparison of the calculated critical decomposition tem-
peratures with the synthesis data (Table 3) shows that the composi-
tions obtained by sol—gel, hydrothermal, or microwave methods at
293-473 K [2, 4, 6, 8, 10, 13] are formed under conditions in
which surface effects of nanoscale particles may significantly influ-
ence thermodynamic stability. At the same time, the calculated T,,
values for these systems are lower than the synthesis temperatures
that confirms the applicability of the crystal-energy theory of iso-
morphous miscibility for predicting the conditions of nanoparticle
formation. Therefore, the proposed computational approach opti-
mizes the synthesis conditions, including those of nanocrystalline
forms obtained at relatively low temperatures.

4. CONCLUSIONS

1. It has been shown that in the Y, ,Ln PO, systems, the @, contri-
butions to the mixing energies @, increase with the atomic
number of the rare-earth element (REE) in the series of systems
involving orthophosphates from Gd to Yb and, in most cases, de-
termine the total values of the mixing energies (in 6 out of 8 sys-
tems, except for those involving Gd and Tb orthophosphates).

2. It has been established that the @y contributions to the mixing
energy decrease in the Gd-Er series from 4.250 to
0.001 kd/mole, and then increase to 1.148 kJ/mole in the Er—Lu
series. Such variations in @, and @y lead to nearly identical val-
ues for the total mixing energies and the critical decomposition
temperatures of solid solutions in systems involving Tb, Dy, Ho,
and Er orthophosphates.

3. A thermodynamic stability diagram for the Y, ,ILn, PO, (Ln=Gd-
Lu) systems and decomposition domes for the Y, Ln, PO,
(Ln =Gd-Lu, and Sc) systems are presented, enabling graphical
prediction of solid-solution decomposition temperatures for given
substitution limits, equilibrium substitution limits for a given
temperature, and thermodynamic stability regions.

4. It has been established that most Y,_,Ln PO, systems have criti-
cal decomposition temperatures either much lower than room
temperature (systems Y, TbPO,, Y, Dy/PO,, Y, Ho/PO,,
Y, . Er PO, and Y, ,Lu,PO,) or, within the calculation error, close
to room temperature (Y, ,Gd,PO,, Y, ,Tm,PO,, and Y,  Yb PO,).
Therefore, they may be promising to produce nanomaterials, as
the latter are synthesized at comparatively low temperatures.

5. Due to the extensive temperature range of thermodynamic stabil-
ity (of about 2000 K), materials based on yttrium orthophosphate
solid solutions Y, ,Ln PO, may surpass materials based on solid
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solutions of other REE orthophosphates in terms of stability of
properties and reproducibility.

6. It has been shown that the calculation results do not contradict
the experimental literature data in the sense that the synthesis of
solid solutions in the Y, Ln PO, systems in [2-6, 8-10, 12, 13]
was carried out within the thermodynamic stability regions pre-
dicted by us. In addition, our calculated critical decomposition
temperature for Y, Sc,PO,, as well as the previously reported
value for Sc,_, Y, PO, [18], agree with the results of Refs. [3, 5]
concerning the choice of synthesis conditions for Y,;_.Sc, PO,.

7. Since the critical decomposition temperatures, substitution lim-
its, and regions of thermodynamic stability of solid solutions are
derived from the mixing energy @,,., which in the systems con-
sidered is governed primarily by differences in the interatomic
distances of the components, and given that these distances have
been shown in Ref. [20] to be independent of nanoparticle size in
the range of 6-t0-40—80 nm, the quantitative theory of isomor-
phous miscibility can be confidently applied for predicting iso-
morphous substitutions in particles larger than 6 nm.
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This research involves the preparation of activated nanocarbon using pine-
cones obtained from the forestry of the city of Mosul, Iraq. The prepared
carbon is observed as nanoparticles with a particle size of 16.08 nm meas-
ured by a scanning electron microscope and a BET-theory surface area of
1.9719 nm?. The iodine number of 1147 mg/g ' and x-ray diffraction spec-
trum of the prepared activated carbon are also evaluated. The adsorption
of meloxicam onto prepared activated carbon is studied in aqueous solu-
tions. Freundlich and Langmuir isotherms are applied; the Freundlich
model is more relevant to the practical data for the studied system due to
the significant results of high R?=0.9968 values compared to Langmuir’s
R?2=0.9915. The study of adsorption thermodynamically at equilibrium has
shown that the adsorption process is spontaneous, as indicated by the neg-
ative value of Gibbs free energy (AG®) and the low value of the entropy af-
ter the adsorption process (negative AS°®). Moreover, the type of adsorption
refers to physical absorption (AH =-33.090 kJ/mole) due to the force con-
trolling the bond between the drug and the surface of carbon, which indi-
cates adsorption as a heat-releasing process. Pseudo-first-order, pseudo-
second-order, and intraparticle molecular diffusion are studied. The kinetic
results show that the adsorption process at equilibrium follows the equa-
tion of a pseudo-second-order reaction, while interaction and molecular
diffusion are not the only mechanisms dominating the adsorption process.

IIe mocsimsxeHHA BKJIIOUAJO INPUTOTYBAHHA aKTUBOBAHOTO HAHOBYIJIEIIO 3
BUKOPHUCTAHHAM COCHOBUX IIHIIOK, OTPMMAHUX 3 JiicHmIITBA Micra Mocyu,
Ipak. IligroromjieHe ByTrijiA cmocTepirajocd y BUIJIAAI HAHOYACTUHOK 3
poamipom uactTuHOK y 16,08 HM, BUMipaHUM 3a JOIIOMOTOI0 CKaHYBaJbHOTO
€JIEKTPOHHOTO MiKpOcKoma, Ta IJIoIelo moBepxHi 3a Bpynepom, EMmmeTom i
Tennepom (BET-teopieio) y 1,9719 am?. Takox 6ynu oniHeHi fogHe umcio
1147 mr/r! Ta cuekTep peHTreHiBCHKOI AMGpPAaKIil IiATrOTOBIEHOrO aKTHBO-
BAHOT'O BYTiJIs. AcopOIilo MeJOKCHKAaMy Ha IIiArOTOBJIEHOMY aKTHBOBA-
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HOMY BYTiJIJIi BUBUAJIM y BOAHUX PO3UMHAX. Byjam sacTocoBaHi izoTepmu 3a
Dpetiaaaixom i Jleurmioopom; PpelHAIiIXiB MoAeab OYB OiNbINT peJIeBaHTHUM
IS TPaKTUYHUX OAaHUX CTOCOBHO JOCJHiMKYBaHOI CHUCTEeMU 3aBAAKH 3HAU-
HEM pe3yJbTaTaM i3 BHMCOKMMM 3HaueHHAMH R?=0,9968 mopiBHAHO 3
R?=0,9915 za Jlearmiopom. TepmoguHaMiuHe mociaimxeHHA amcopOIii B pi-
BHOBAa3i MOKasaJyio, 110 Hpoliec aacopOIrii € CIIOHTAHHUM, Ha II0 BKasye He-
raruBHe 3HavyeHHs I166coBoi BinpHOI eHeprii (AG®) Ta HU3bKe SHAUEHHS €H-
Tpomii micia mporecy azcopbiii (meratusae AS®). Binwime Toro, THI afcop-
61ii BimHOCHUTBCS mO (ismunoi abcopodiii (AH =-33,090 x/l:%/Mob) uepes
CUIY, AKa KOHTPOJIOE 3B’fA30K MijK IIpemapaToM i IIOBEepPXHEIO BYTJIEIIO, IO
BKasye Ha Te, IO aAcopOIlid € IpollecoM BUAIJIEHHA Telja. Byia moci-
JI:KeHa IICEBIOIEPINOro MOPSAAKY, IICEBAOAPYTOT0 IMOPAAKY Ta BHYTPIIIHBO-
YACTUHKOBA MOJIeKyJasaApHa audysia. KiHeTuuHi pesyibTaTu IMOKAa3yOThb, IO
mpoliec azcop6irii B piBHOBa3i BifgmoBimae piBHAHHIO peakIlii mceBAOAPYroro
TMOPAAKY, X0Ua B3aEMOMiA Ta MOJEKYJIApHA Iudysid € He eIUHUMHU MeXaHi-
3MaMH, IO JOMiHYIOTH Yy IIpoIleci amcopoOIrii.
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1. INTRODUCTION

The major problems of environmental pollution are one of the big-
gest facing the modern world and the most widespread due to indus-
trial progress, which has caused an increase in the world’s popula-
tion. Industry is considered one of the biggest pollutants in the en-
vironment. Chemicals, or their biological decomposition products,
are among the pollutants that affect the water ecosystem because
they contain harmful chemical groups. Recently, pharmaceutical
products have increased in their application, depending on their
widespread use. As a result, large amounts of pharmaceutical prod-
ucts are discharged as waste materials, which cause the main envi-
ronmental pollutants in liquids to be wasted due to their toxicity [1].

It is also considered an antibiotic-resistant pathogen. The classi-
fication of non-steroidal anti-inflammatory drugs (NSAIDs) repre-
sents one of the most important groups of pollutants due to their
widespread use, as these medicines treat diseases that affect hu-
mans and animals in terms of their analgesic effect [2], anti-
inflammatory effect, and antipyretic effect. In addition, NSAIDs
belong to the OTC group of medications; without a prescription,
they are the most common drugs observed in aqueous wastewater
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because of their characteristics in terms of their hydrophobicity and
stability [3].

NSAIDs can remain in the aqueous phases and can also exist at a
surface concentration of up to 1 ng/L of water molecules [4]. The
most common wastewater contamination is from homes, hospitals,
clinics, or production plants. Medicine has prolonged exposure and
caused bioaccumulation, which leads to chronic effects of toxicity
that may include growth patterns, metabolism, and reproductive
problems. The removal of NSAIDs has been applied in several ways,
such as photocatalytic degradation [5, 6], microextraction [7], oxi-
dation [8], biodegradation [9], chlorination [10], biofiltration [11],
electrochemical oxidation [12] and an adsorption using activated
carbon from different sources.

Meloxicam (MLX) is a member of NSAIDs has been observed in
waste water in despite of its poor water solubility, its more soluble
in alkaline solution at pH of 10.7 up to 19.9 mg/mL in recent study
three type of activated carbon were synthesized and applied as
sorbent for MLX removed sorbent for MLX removed from aqueous
solution [1].

The aim of this study is to synthesized activated carbon from

pinecone to be used for the removal of MLX from aqueous solution.
This study includes the determination of adsorption efficiency and
capacity of MLX in terms of isotherms, kinetics and thermodynam-
ics at equilibrium.
Freundlich Isotherm. The Freundlich equation is one of the well-
known isotherm models that can be successfully applied to single-
component systems. This model assumes that the surface of the ad-
sorbent is not homogeneous due to the irregularity of the potential
energy on it as a result of the adsorption sites having varying levels
of energy, the strength of the linear relationship can be expressed
through the value of the correlation coefficient R?, as this value is
used to evaluate the extent, to which experimental data for adsorp-
tion can be represented by this isotherm. The linear model can be
expressed as follows:

logq, = logK;+ n'logC,, (1)

where K; and n represent Freundlich isotherm constants, the value
of g, represents the amount of adsorbed material per gram of adsor-
bent, which is known as the adsorption capacity (at equilibrium)
(mg/g), while C, represents the concentration of the remaining ma-
terial, which is the non-adsorbed at equilibrium (mg/L). When
drawing the relationship between logq, versus logC,, it gives a
straight line with a slope equal to 1/n, which represents a measure
of the intensity of adsorption, and a cross section equal to logK,,
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which is a function of the adsorption capacity, whereas the value of
n indicates the best value for obtaining the adsorbent feature and
the degree of non-openness to the adsorbent feature layer, where,
when it is only limited between 1-10, this means that adsorption is
good and preferred; however, when the value of n is less than one,
this adsorption is preferred and not preferable. When n =1, this
adsorption is linear, whereas when n <1, the adsorption is chemical,
and when n > 1, there is physical adsorption [13].

Langmuir Isotherm. This model assumes that molecules adsorb on a
specific number of openings (pores) located on a specific weight of
the adsorbent surface, which are energetically equivalent and each
hole can hold only one adsorbed molecule, the molecules adsorbed on
the adsorbent surface do not interfere with each other or with other
attacking molecules present in the solutions. Therefore, a single
layer of adsorbed molecules is formed on the adsorbent surface. Ac-
cording to this model, the adsorption phenomenon is rapid in the
beginning and then reaches a state of equilibrium after the relative
rate of speed equals due to the attachment of molecules on the sur-
face of the adsorbent and the rate of their return to the solution
[14]. According to this model, the amount of adsorbed material is
proportional to the part exposed to the adsorption phenomenon,
while the amount of returning particles is proportional to the cov-
ered part of the surface, this model can be expressed as follows:

Ce/qe=1/Quax + C/ (bQ)s (2)

where b is the Langmuir isotherm constant and indicates the
strength of the drugs’ attachment to the surface of the adsorbent
material, while the value of @,,, represents the maximum theoreti-
cal capacity for adsorption of the adsorbent material (milligrams of
adsorbent per gram of adsorbent material), while the values of C,
and ¢, are the remaining concentration and adsorption capacity at
equilibrium, respectively [15].

Kinetic Study. In order to obtain accurate information that ex-
plains the mechanism of adsorption and the kinetic forces affecting
it, kinetic models were studied on the studied drug as follows.

The first description of the kinetic data for adsorption was by
Lagergren, and that was through the pseudo-first-order equation,
which is considered the first equation used to describe the speed
rate of adsorption, based on its capacity, and then it was used by
many researchers [16, 17]. The pseudo-first-order equation can be
expressed as follows:

ln(qe_ qt) = lnqe - klt' (3)

In order for this model to apply to practical data for adsorption,
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by plotting the relationship between In(q,— q,) versus time ¢, it must
give a linear relationship and a match must be obtained between the
calculated and practical adsorption capacity value.

This model is also used to describe the kinetics of adsorption, as
this model explains how the rate of speed depends on the adsorption
capacity of the solid adsorbent and not on the concentration of the
adsorbent. Unlike the other kinetic models, it predicts the behav-
iour of adsorption along the time period of adsorption, this is con-
sistent with an adsorption mechanism that includes a step that de-
termines the rate of speed, which may include countervailing forces
through the sharing or exchange of electrons between the solution
and the adsorbent, where the pseudo-second-order equation can be
expressed as follows:

t/q.=1/{kx(q.)*} + (1/q.)t. (4)

In order for this model to apply to practical adsorption data, by
plotting the relationship between t/q, versus time ¢, it must give a
linear relationship, and a match must be obtained between the cal-
culated and practical adsorption capacity value [16, 17]. It is also
possible to use the adsorption rate constant k, to find the value of
the initial pseudo-second-order adsorption speed (%) through Eq. (5):

h = kZ(Qecal.)z' (5)

The overall rate of adsorption will be determined by the slowest
step, which may be diffusion from the outer boundaries of the lig-
uid to the adsorbent surface, or the implicit molecular diffusion
within the pores of the adsorbent material. The rate of adsorption
speed on the active sites is assumed to be fast, and one of the im-
portant things that must be found and determined is the potential
rate of speed specific to the adsorption mechanism. If the implicit
molecular diffusion is the controlling factor, depending on the reac-
tion rate, the process of removing adsorbed materials changes with
the square root of time. As a result, it is possible to calculate the
rate of adsorption speed by calculating the adsorption capacity of
the adsorbent as a function of the square root of time, as the im-
plicit molecular diffusion model can be represented by Eq. (6) [18]:

q:= Kdifftl/z +C; (6)
K, (mg-g'min "?) represents the velocity rate constant for implic-
it molecular diffusion, while C (mg-g™') is the value of the cross-
section, and the value of K,; can be found from the slope of the
straight line.
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2. EXPERIMENTAL METHOD
2.1. Instruments

Ultraviolet—Visible Spectrophotometer, double beam type (model
1800-UV) supplied by Shimadzu company, Japan. pH meter (Jenway
3510 model) was used for pH measurement. Scanning electron mi-
croscopy (SEM) was used to study the morphology. Oven and muffle
furnace were used for drying and carbonization purposes, respec-
tively. Water bath shaker of Type ST402 from Jwrio Tech. of Kore-
an origin centrifuge used to isolate samples; the Hermle (LDZ4-
2MEDICAL Low SPEED CENTERFUGE) type is of German origin
and equipped by HERME LABORTECHNIK, SEM scanning device
of MIRA3BLMU model. The measurements were conducted at the
University of Tabriz in Iran.

2.2. Chemical Materials

All chemical used, including hydrochloric acid (0.1M), potassium car-
bonate and distilled water supplied by BDH-Fluke company, thiosul-
phate, starch, iodine, meloxicam (MLX) 4-hydroxy-2-methyl-N-(5-
methyl2-thiazolyl)-2H-1.2-benzothiazine-3-carboxamide-1,1-dioxide
(Fig. 1) were supplied from Sammara drug company, Iraq. All sol-
vents and reactants were at analytical grade.

Synthesized activated carbon (SAC), a new type of charcoal, was
prepared using pine cone by cutting them, washing several times,
drying under atmosphere air, and then, drying using oven at a tem-
perature of 105—-110°C for 48 hours, then, carry out the initial car-
bonization process by heating the powder at temperature of 450°C
for 1:15 hour, then, the charcoal is cooled at room temperature,
and for the purpose of performing the final carbonization, it is
heated the charcoal powder using muffle furnace after mixing it
with (K,CO;) in ratio of (1:1) by weight of (K,COs:charcoal) to a de-
gree of temperature of 750°C for one hour. Then, the mixture was
cooled and washed with distilled water several times until the pH of

Fig. 1. Structural formula of meloxicam.
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the washing water was equal to 7. Then, it was treated with a solu-
tion of 5% hydrochloric acid and heated for two hours. Then, it is
cooled to laboratory temperature and washed until the acidity of the
wash water reaches=7. The prepared activated charcoal was dried
well, then, mechanically crushed, and molecular sieves were used to
isolate it and preserved in sealed containers for subsequent study.

2.3. Adsorption

Many factors may be affected on the adsorption efficiency and ad-
sorption capacity like the amount of activated carbon, initial con-
centration of MLX, contact time, temperature and pH were studied
to investigate the optimum condition of these parameters.
Determination of the Iodine Number of SAC. The adsorption of io-
dine was reported in a simplest test for determination of surface ar-
ea of a synthesized activated carbon (SAC), which correlated to the
volume of pores. Iodine number was considered as the amount of io-
dine solution per 0.25 mg of activated carbon placed in 250 mL of
conical flask, then, added 5 mL of cone HCI and boiling for 30 sec.
After cooled, the sowing 25 mL of iodine solution (0.1 N) were add-
ed and shaken for 10 min. The suppurated was filtrated; 5 mL of
filtrate was calibrated with sodium thiosulphate (0.1 N) using addi-
tion of two drops of starch. Iodine number (1. N) was calculated as

5(10C, - 1.2C,V,)126.93D
m b

IN = (D

where C; [mole-L'] refers to the concentration of standard iodine
solution; C, [mole-L '] represents the concentration; V, [mL] volume
of burette; m [gm] weight of coal; D is the correction factor.

2.4. Determination of the Amount of Adsorbent

Both the adsorption efficiency and capacity are used to express the
amount of the adsorbed substance, by estimating the remaining
amount of the substance in the solution. Since the drug that was
studied is not coloured, the spectroscopic method in the (UV) re-
gion, which falls in the lower range 362 nm, was calculated. The
amount of adsorbed material is determined by the difference be-
tween the initial concentration and the remaining concentration in
the solution. The calibration curve was adopted to find these con-
centrations. The adsorbed material, adsorption efficiency, and ad-
sorption capacity were found using Eq. (8), (9):

A=¢bCl, (3
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qe = (Cl - Ce)VL/m ’ (9)
Adsorption [%] = {(C, — C,)/C,} - 100, (10)

where A represents the absorption, ¢ is the absorption coefficient, b
is length of the light path for visible rays, C is the concentration, I
represents the cell width (I=1 cm), C; represents the initial concen-
tration, C, represents the remaining concentration, (C,— C,) repre-
sents the adsorbed concentration, which is symbolized by C,,, while
q, represents the adsorption capacity, as for V, is the volume of the
drug solution in [litres], and m is the weight of the adsorbed mate-
rial [g]. All concentrations are in [mg/L].

2.5. The Use of the Batch Method

All studies have been completed on the influence of factors on the
adsorption process and its kinetic studies, which include applying
the study in a one-shot method by changing some variables and fix-
ing others, as follows.

Solutions of different concentrations of the drug were prepared
in tightly sealed conical glass flasks under the same conditions.
Then, quantities of adsorbent material prepared activated carbon
were added to it, and it was shaken continuously at specific times
and at a rate of shaking (100 revolutions/minute) using a water
bath shaker after with temperature controller [19].

3. RESULTS AND DISCUSSION
3.1. Adsorbent Material

The surface of the material was characterized using an experi-
mental study with Debye—Scherrer Eq. (11) [20]:

D = E)L/(Bcosb), (11)

where D—the size of minutes in aggregate unit, £—Debye’s con-
stant equal to 0.94, A—the total wavelength of 1.5406 A copper,
p—the total width at the maximum opening of the apex. The full
width at half-maximum FWHM is measured in the degree unit
[deg.] and converted to the unit [rad]), as the FWHM value is set
by ©/180, and 0 is the diffraction angle in [deg.] (Fig. 2).

The x-ray spectrum notes the presence of several bands, each
band indicating a specific phase. The bands located at the location
(20 =23°) and (26 =43°) belong to the (100) and (002) phases, re-
spectively, which confirm the natural porous structure of activated
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Fig. 2. X-ray diffraction (XRD) spectrum of prepared activated charcoal.

carbon. In addition, the presence of this broad band in the spectrum
of activated carbon indicates that the carbon has a high surface ar-
ea, and these results were consistent with the values of the surface
area and the microscopic image of the scanning electron device,
which showed that activated carbon possesses structural porosity
[21].

From the high-field scanning electron microscope images shown
at different magnification powers, the carbon surface has porous as
it contained a large number of pores in different shapes and sizes.
It was also noted that there were white crystals on the surface of
the activated carbon, which play an essential role in the process of
removing pollutants from the liquid phase, as shown in Fig. 3.

3.2. Determine the Maximum Wavelength and Calibration Curve

The maximum wavelength A,,, was determined at the highest ab-
sorption of the solution prepared from the drug under study, by re-
cording the absorption spectrum of the drug solution with an ap-
propriate concentration, through which the highest wavelength of
the drug solution was determined. Different concentrations of drug
solution were prepared from stock solution 1000 ppm, then, the ab-
sorption of the solution at those concentrations was detected to plot
the relationship between the absorption with the corresponding con-
centrations by applying the Beer—Lambert law. It was found that
the A, value of MLX is of 362 nm, as shown in Fig. 4.

3.3. The Effect of Adsorbent Weight

This study was conducted for a series of solutions of 25 mL with
concentrations of the drug meloxicam at 35 ppm with different
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Fig. 4. Calibration curve for the MLX.

weights of activated charcoal prepared to obtain the required remov-
al ranging from 0.01 g to 0.12 g. After shaking these solutions for a
period of 60 minutes, the solutions were separated and the absorp-
tion was measured and calculated. The concentrations of the remain-
ing materials were then estimated, and the adsorption capacity and
percentage of adsorption were estimated based on Eq. (1) and Eq.
(2), respectively. Studying the effect of the amount of adsorbent ma-
terial is considered very important because it has a significant im-
pact on the adsorption process, and those weights mentioned were
adopted in our current study [22], as in the following Table 1.

The adsorption capacity decreases with an increase in the weight
of the adsorbent, accompanied by an increase in the percentage of
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TABLE 1. Effect of the amount of adsorbent in the efficiency and capacity
of adsorption for 60 min. at 25°C; shaking speed of 100 rpm; a concentra-
tion of 35 ppm of 25 mL of MLX drug solution.

Quantity of

Type of adsorbent| C;, mg/L B

Ce’ mg/L % qe’ mg/L

0.01 21.467 38.665 33.832
0.02 20.405 41.699 18.243
0.04 13.320 61.941 13.549
SAC 35 0.06 9.131 73.910 10.778
0.08 6.833 80.474 8.801
0.1 4.305 87.699 7.673
0.12 2.278 93.491 6.817

TABLE 2. The effect of concentration in the efficiency and capacity of ad-
sorption for 60 min.; the amount of adsorbent is of 0.12 g at 25°C; shak-
ing speed of 100 rpm of 25 mL of MLX solution.

Type of adsorbent C,, mg/L | C,, mg/L | % q,, mg/g
15 0.424 97.168 3.036
20 0.965 95.173 3.965
25 1.312 94.749 4.934
30 2.007 93.307 5.831
SAC 35 2.277 93.491 6.817
40 4.729 88.175 7.347
45 6.196 86.229 8.083
50 7.760 84.478 8.798
55 9.961 81.888 9.383

adsorption. This can be explained by the fact that increasing the
amount of adsorbent increases the number of empty effective ad-
sorption sites [23], which leads to a decrease in the adsorption ca-
pacity when a specific number of drug molecules are adsorbed using
fixed concentrations of meloxicam, and at the same time the per-
centage of adsorption increases. With the increase in the amount of
adsorbent material, this is due to the easily attachment between the
drug molecules and the sites eligible for adsorption on the surface
of the adsorbent material.

3.4. The Effect of Initial Concentration

The results obtained with studying the effect of the initial concen-
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tration are shown in Table 2.

The results in Table 2 is a sequential adsorption reduction with
increasing concentration and for all adsorbed materials, because in-
creasing concentrations at the beginning of adsorption lead to an
increase in the number of available molecules over time as they
compete among molecule by molecule in association to achieve dis-
tinction of sites, and the continuity remaining on the surface of the
adsorbent was with a constant quantity that is likely to be used
with increasing the concentration leading to the occurrence of a
larger amount of adsorbent in the solutions. Thus, an increase in
the remaining amount in the solutions is greater with increasing
concentrations in working on an effective rate of adsorption (an ef-
fective rate of adsorption), while the safety of adsorption increases
with increasing concentrations due to the increase in concentra-
tions. In the adsorbent material, small quantities are recorded [24].

3.5. Effect of Contact Time

The effects of contact time shown in Table 3.

These results obtained in the Table 3 regarding the effect of con-
tact time indicate that the adsorption process in the beginning,
from the first minutes, is very fast, and then it begins to slow
down gradually until the adsorption is reached to a state of equilib-
rium, since the adsorption process takes place after the equilibrium
occurs, it remains approximately constant, since the adsorption pro-
cess reaches the speed, at which the molecules of the adsorbent
(drug) bond to the surface of the adsorbent, equal to the speed of
the return of other molecules from the adsorbent surface to the so-
lution. This is called as the state of equilibrium. It has been found

TABLE 3. Effect of contact time in the efficiency and capacity of adsorp-
tion at 25°C; the amount of charcoal prepared of 0.12 g; an initial concen-
tration of 35 ppm for MLX solution.

Type of adsorbent | Time, min. C,, mg/L | % | q,, mg/g
10 8.977 74.351 5.421
20 8.745 75.013 5.469
30 7.568 78.378 5.715
SAC 40 5.927 83.066 6.056
50 4.730 86.486 6.306
60 2.277 93.491 6.817
70 2.239 93.601 6.825

80 2.239 93.601 6.825
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that all materials under study have reached to equilibrium in a time
ranging between 60—70 min.; this variation in the speed of adsorp-
tion occurs due to the abundance of empty active sites that are
found on the surface of the adsorbent material, which qualifies it to
bind to the adsorbent material at the beginning of the adsorption
process, in addition to the fact that the concentration of the adsor-
bent material at the beginning of adsorption is high, which easily
accomplishes the process of transferring the molecules of the adsor-
bent material (meloxicam) to the surface of the adsorbent material
(SAC), and with the passage of time it will decrease at the effective
eligible sites for adsorption, and with it, the competition between
the drug molecules to bind to these eligible sites will increase, re-
sulting in a decrease in the acceleration of the adsorption process
until the system reaches a state of equilibrium [25].

3.6. Effect of Temperature

The effect of temperature on the adsorption of drugs adsorbed on
the surface of activated charcoal was studied over a specific range
of temperatures ranging from 288-338 K, as the effect of tempera-
ture is considered one of the important studies for calculating the
thermodynamic functions AS°, AH?, and AG°. This study was con-
ducted at fixed concentrations of the drug and fixing all other vari-
ables, including the amount of adsorbent and the natural acid value
of meloxicam, and using a fixed volume of the drug solution 25 mL
and a constant shaking speed of 100 revolutions/minute. Table 4
shows the results obtained.

According to the results listed in Table 4, an increase in tempera-
ture leads to a decrease in the adsorption efficiency (percentage)
and the adsorption capacity in all materials under study. This
means that increasing the temperature will lead to an increase in
the process of the return of the molecules of the adsorbed material

TABLE 4. Effect of temperature in the efficiency and capacity of adsorp-
tion using the amount of adsorbent 0.12 g; an initial concentration of 35
ppm; a time of 70 minutes.

Type of adsorbent | Temperature, K C,, mg/L | % q,, mg/g
288 1.428 95.918 6.994
298 2.239 93.601 6.825
SAC 308 3.861 88.968 6.487
318 5.250 84.997 6.197
328 7.297 79.150 5.771

338 8.146 76.723 5.594
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from the surface of the adsorbent to the solution. This is as a result
of the breaking of the bonding forces between the adsorbent materi-
al and the adsorbent surface, and this indicates that the adsorption
process is heat-emitting, which clearly indicates the physical nature
of adsorption in the carefully studied system, and that this state-
ment is completely consistent with the rule of Chatelier [26].

3.7. pH Effect

The results obtained of studying the effect of acid function are
shown in Table 5.

The natural acid function of drugs is shown with the symbol (),
which is indicated on the number of the natural acid function for
each drug shown, and from Table 5. It has been observed that the
adsorption efficiency and adsorption capacity decrease clearly when
moving with the acid function from the acidic medium to the neu-
tral medium and then the basic medium. It is concluded that the
process adsorption may occur in acidic and basic functions. It is
known that the surface of activated carbon is dominated by a nega-
tive charge and a small amount of positive charge. In the acidic
medium, the proton atoms dominate the solution, which is equiva-
lent to the positive charge on the surface. However, in the basic
medium, it is dominated by the negative charge, as these charges
are equivalent to the positive charge in the drug compound, thus
hindering its movement. It reduces the adsorption efficiency [27].

3.8. Calculating Thermodynamic Parameters

Thermodynamic functions are among the important variables that
give a distinct interpretation when studying the adsorption process.

TABLE 5. Effect of acid function in the efficiency and capacity of adsorp-
tion at a time of 70 min.; an initial concentration of 35 ppm at 25°C; the
amount of adsorbent material is of 0.12 g; a shaking speed of 100 rpm of
25 mL of MLX solution.

Type of adsorbent pH | C,, mg/L | Cus> mg/L | % | q,, mg/g
13 1.525 33.474 95.642 6.973
12" 2.239 32.760 93.601 6.825
SAC 11 3.513 31.486  89.961 6.559
10 4.710 30.289 86.541  6.310
9 5.463 29.536 84.390 6.153

8 6.911 28.088  80.253  5.851
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They explain the nature of the system studied, as well as the type
of forces that control it and the course of the adsorption process. In
addition, they can give an idea of the type of molecular interactions
that can occur during the adsorption process, which have a major
role in determining its competence. The heat of adsorption can be
found from the Van’t Hoff equation, which represents the relation-
ship between temperature and the equilibrium constant:

K,= K e /BT, (12)

where AH represents the heat of adsorption, K represents the equi-
librium constant for adsorption, while K, represents a constant val-
ue.
Taking In for both sides, we get the following form:

InK, = InK,{-AH /(RT)}, (13)

The value of AH can be found by drawing the relationship be-
tween InK versus the reciprocal of temperature 1/7, which gives a
straight line with a slope equal to (-AH/R), and by knowing the
value of the equilibrium constant for adsorption, which can be
found from the ratio between concentration of the adsorbed materi-
al remaining in the solution:

Kc = Cads[mg/L]/Ce[mg/L]' (14)

It is possible to find the value of AH and then find the other
thermodynamic functions AS°, AG® through the following equations:

AG® = -RTInkK,, (15)
AG® = AH — TAS®, (16)
AS° = (AH - AGY)/T. (17

The value of AG® represents the change in the standard free ener-
gy at any stage of adsorption, while AG® represents the zero value
and the free energy, when the equilibrium process is constant.
Therefore, the value of AS® was found, which represents the state of
the system at any stage of adsorption stages [28].

As for the figure that represents the linear relationship resulting
from plotting InK versus 1/T by applying the Van’t Hoff Eq. (12),
it is shown in Fig. 5 and Table 6.

The values of the equilibrium constants K, decrease with increas-
ing temperature for a single drug, which agrees with what was pre-
viously found, as the efficiency of adsorption decreases with in-
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Fig. 5. The relationship between InK, versus 1/T to calculate the thermo-
dynamic functions for drug adsorption.

TABLE 6. Equilibrium constants and thermodynamic functions at equilib-

rium.
[ ypeleiyfemperatunes K, | AG,kJ-mole |AH, kJ-mole!|AS, J-mole . K
adsorbent K J
288 23.5 -7.559 -88.605
298 14.629 -6.647 -88.735
308 8.065 -5.345 -90.081
SAC 318 5.665 —-4.585 ~33.090 -89.638
328 3.796 -3.637 -89.794
338 3.296 -3.351 -87.984

creasing temperature, which indicates that the forces responsible
for the adsorption process are physical forces, as the increase in
temperature leads to its breakdown. Then, the adsorbed molecules
return to the solution.

The value of the enthalpy change AH that was calculated over a
range of temperatures, in which Van’t Hoff assumed that the value
of (AH) is constant over a certain range of temperatures, was all of
a negative sign, which indicates that the adsorption process is heat
emitting. While their values indicate the type and nature of the
forces responsible for the adsorption process, they are of a physical
nature, as all their obtained values are less than 40 kJ-mole™,
which is within the energy range of physical bonds [25]. Most of the
forces in which drugs bind to the adsorbent surface (carbon) are of
the type of hydrogen bonding forces, whose energy ranges 5-15
kd /mole.

The negative values of AS° give an indication of the state of
regularity in the system studied. What is worth noting is that the
strength of the interference and the preference for adsorption to
occur over extortion and the fact that its values are within a cer-
tain range and are close at all temperatures, this supports that the
system is of a physical nature, and that the role of entropy change
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is limited. In influencing the progress of the adsorption process,
these results are supported by the values of the change in free en-
ergy AS°, as their values indicate a decrease in the spontaneity of
adsorption with the increase in temperature.

3.9. ADSORPTION ISOTHERMS
3.9.1. Freundlich Isotherm

When applying Eq. (1) for this isotherm to the practical data for
adsorption, by drawing the graphical relationship between logg, ver-
sus logC,, and through it, the values of the Freundlich constants K/,
n were calculated from the slope n and the cross-section K; of the
straight line in order, as shown in Fig. 6 and Table 7.

As observed, the results listed in Table 7 showed that the Freun-
dlich isotherm equation applied to the data for the adsorption sys-
tem was fitted based on the data of correlation coefficient wvalue
R?=0.9968, so that isotherm Freundlich is more applicable to de-
scribe the adsorption of MLX. Therefore, the adsorption followed a
multilayer model as a heterogeneous surface indicated by n value of
3.203, which is between 1 and 10. Moreover, the adsorption process
is higher than desorption process for the value of K;, which has a
relationship with the adsorption coupling, with energy value and a
factor that depends on the nature of both the adsorbent and the ad-
sorbent [30].

1.07
0.9
o
sy 0.87
—~ y=0.3122x + 0.6618
0.7 R? = 0.9968
0.6 | \ \
0 0.5 1 1.5
logC,

Fig. 6. Application of Freundlich isotherm to practical data for adsorption
of the studied drug.

TABLE 7. Freundlich constants K, n and correlation coefficient R? ob-
tained by applying them to practical adsorption data.

Type of adsorbent | Drug | n | kK, | R
SAC meloxicam 3.203 4.589 0.9968
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y = 0.0962x + 0.1392

R2=0.9915
< Lo
T
DN
0.5
0.0 T T T T T T 1
0 4 6 8 10 12
C,, mg/L

Fig. 7. Application of the Langmuir isotherm to experimental drug adsorp-
tion data.

TABLE 8. Langmuir constants b, @,,, and the correlation coefficient R?
obtained by applying them to practical adsorption data.

Type of adsorbent | Drug | Qua-mg/g | K, L/mg | R?
SAC meloxicam 10.395 0.691 0.9915

3.9.2. Langmuir Isotherm

This isotherm is the most common and applied to practical adsorp-
tion data. Through it, information is obtained that shows the extent
of the ability of the adsorbent material to absorb molecules of the
adsorbent material, which is represented by the maximum theoreti-
cal adsorption capacity @,,., [mg/g], which is supposed to be in the
form of a single layer on the surface. The strength of its connection
is also expressed by the Langmuir constant K, [L/mg].

The practical results of the adsorption of the drugs, which were
chosen to complete this study, were applied to the surface of the
adsorbent materials at equilibrium using the mathematical equation
of the Langmuir isotherm, Eq. (2), by drawing the graphical rela-
tionship between C,/q, versus C,, and the Langmuir constants @,,,,
and K; were calculated from the slope and cross-section of that
straight line, as shown in Fig. 7 and Table 8.

3.10. KINETICS STUDY
3.10.1. Pseudo-First Order Equation

The pseudo-first order equation model, Eq. (3), was applied by
drawing the relationship between In(q,—¢q,) versus t (the time per
minute) to obtain a linear relationship with the magnitude of its
slope &, and its intercept Ing, and through it, values of ¢, and &, can
be found. The shape and results obtained are shown in Fig. 8 and
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0.6 y = —0.02568x + 0.7313
- 8-3 n R =0.9181
:l-"" '0 m Time, min.
. 20 40 60
o 0.2
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-0.8

Fig. 8. Pseudo-first order model to experimental drug adsorption data.

TABLE 9. Practical and theoretical pseudo-first-order rate constants, ad-
sorption capacity, and the correlation coefficient obtained by applying
them to practical adsorption data.

Type of adsorbent| DrUg Qe(expp mg/gl Qe(calc.)’ mg/g |K1’ min-_l R2
SAC meloxicam  6.825 2.077 0.0258 0.9181

listed in Table 9.

3.10.2. Pseudo-Second Order Equation

When applying the pseudo-second order model to practical adsorp-
tion data by plotting the relationship between ¢/q, versus time t as
Eq. (4), it is also possible to use the adsorption rate constant &, to
find the value of the initial pseudo-second-order adsorption speed h
through Eq. (5). The shape and results obtained are shown in Fig. 9
and listed in Table 10.

3.10.3. Intraparticle Diffusion Model

The intraparticle diffusion model was applied to the practical data
for adsorption by applying Eq. (6) by plotting the relationship be-
tween the value of g, versus the square root of time. The value of C
gives evidence of the thickness of the outer layer of the solution
boundaries and its effect, as a high value of C indicates this class as
having a greater influence. The shape and results obtained are
shown in Fig. 10 and listed in Table 11.

According to the results presented in Table 11 and from the
shapes shown in Fig. 10, the implicit molecular diffusion mecha-
nism will be the only mechanism that guides the adsorption process,
only when the relationship between ¢, versus t'/? is blinded by a
straight line passing through the original point, and since this does
not happen, it is inferred that the process of implicit molecular dif-
fusion plays an important role in the process of removing the drug
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Fig. 9. Application of the pseudo-second order model to experimental drug
adsorption data.

TABLE 10. Rate constant of practical and theoretical pseudo-second order
adsorption capacity and correlation coefficient obtained by applying them
to practical adsorption data.

Type Getexor> Getcale.)s KZ ’ h ’ 2
of adsorbent| LrU€ mg/g mg/g |g-mghmin.”! |mg-g min? =
SAC meloxicam 6.825 7.358 0.0206 0.962 0.994
8_
y = 0.3427x + 3.9231
" R? = 0.949
~. 71
o5 [ ]
=
$ 6
5 T T 1
4 6 8 10
t1/2, min

Fig. 10. Application of the intraparticle molecular diffusion model to prac-
tical drug adsorption data.

TABLE 11. Intramolecular diffusion constants and correlation coefficient
obtained from their application to practical adsorption data.

Type o Lmin—1/2 o1 2
of adsorbent Drug C, mg/L| K, mg-g -min C, mg-g R
SAC meloxicam 35 0.3427 3.9231 0.949

from its aqueous solutions using activated carbon.

With the experimental results, it suggested that not the only
mechanism controlling the drug adsorption as shown previously.
The results listed in Table 11 have shown that an increase in drug
concentration leads to increase, in the force for adsorption, in the
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drug diffusion rate K,;. It has been observed that increasing of the
drug concentration leads to an increase in the thickness of the
boundary layer between the carbon surface and the drug molecules
[31].

4. CONCLUSIONS

As concluded, a novel activated nanocarbon was prepared from
pinecone and then characterized. The nanoparticles of activated
carbon were applied to study the adsorption of MLX from its aque-
ous solution. The optimum condition of the adsorption process was
evaluated, such as the amount of adsorbent in SAC of 0.12 g with
the initial concentration of MLX of 15-35 mg/L for 60 minutes of
contact time at equilibrium for alkaline medium at 288-338 K, and
the adsorption was found to be an exothermic process. The experi-
mental process of adsorption was evaluated using the Langmuir and
Freundlich isotherms to detect the type of adsorption. Based on the
correlation (R*=0.996), the Freundlich model has a significant pat-
tern compared to other models, which were fitted to the experi-
mental data. Hence, the adsorption process is suggested to be a het-
erogeneous, multilayer process. Kinetically, the adsorption process
is followed by a pseudo-second-order reaction.
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The co-precipitation method is used in this study to prepare and charac-
terize the structural properties of two types of ferrites: zinc—nickel fer-
rite Zn—Ni Fe,O, and zinc—chromium ferrite Zn—Cr Fe,O,. These ferrites
are separated into two parts: one without sintering and the other after
sintering at 1100°C for 3 hours to facilitate further crystallization. The
ferrites are investigated by x-ray diffraction (XRD) to confirm Zn-Cr-,
Zn—Ni-nanoferrite samples without sintering and sintered at 1100°C.
These are attributed to the face-centred cubic (f.c.c.) spinel phase, and the
Debye—Scherrer equation is used to determine the average crystallite sizes
of the prepared samples, which are found to be equal to 7.05 nm for Zn-—
Cr-ferrite nanoparticles without sintering and 64.67 nm Zn—Cr-ferrite na-
noparticles sintered at 1100°C. Being equal 46.86 nm Zn—Ni-ferrite nano-
particle without sintering and 57.41 nm for the Zn—Ni-ferrite nanoparti-
cle sintered at 1100°C, it is shown that these materials are of nanoscale.
The composition of the ferrite has better crystallization. That is sintering
at that temperature has led to an increase in the degree of crystallization
and a decrease in the crystal defects formed in the ferrites during prepa-
ration. The field-emission scanning electron microscope (FE-SEM) is used
to examine Zn—Cr-, Zn—Ni-nanoferrite samples without sintering and sin-
tered at 1100°C. The pores separating the particles are eliminated during
the sintering process that produces strong bonds in the agglomeration
form.

Y mpoMy OOCHiKEeHHI BUKOPUCTAHO METO[ CIIiJIBHOTO OCAMKEHHS IJIs OLep-
JKaHHS Ta XapaxkTepumsallil CTPYKTYPHUX BJACTUBOCTEI ABOX THUIIIB (hepuUTiB:
nuHK-HiKJIeBoro ¢epury Zn—Ni Fe,O, Ta muHK-xpomoBoro ¢epury Zn-—
Cr Fe,0,. @epuru posgijieHO HA JBi yacTHMHU: OZHY 0e3 CIiKaHHA, a iHITY
micas crmikamaa 3a 1100°C BopomoB:k 3 TOOWH IJIs IOJETIIEeHHS ITOAAJIBIITOL
KpucraJsaisaiii. PepuTu OOCIIIKEHO 3a JOIOMOTOI PEHTIeHiBChKOI amdppax-
mii ana migTBepKeHHA 3paskiB Hamodepuris Zn—Cr, Zn—Ni 0e3 cmikamusa
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ra cneueHux 3a 1100°C. Ile moACHIOETHCA T'PAHEIEHTPOBAHOIO KYOidHOIO
mrineabHOI0 (Das3oio, i AJjid BU3HAUEHHS CepPelHiIX PO3MipiB KpuCTaNiTiB mif-
TOTOBJIEHUX 3pas3KiB OyJsio Bukopucrano piBHauHa [[ebasa—Illeppepa, ske mo0-
piBHIOIOTE 7,05 HM #aIa HaHouacTMHOK (Qeputy Zn—Cr 06e3 chmikaHHA Ta
64,67 aMm gnma HanoyacTuHOK (eputry Zn—Cr, cmeuenux 3a 1100°C. Hopis-
Hioloun 46,86 uM A HaHOUuacTMHOK ¢eputry Zn—Ni 6e3 cmikaHHsS Ta
57,41 HM nna HaHOYacTHHOK (eputy Zn—Ni, cmeuenux 3a 1100°C, 1mi pos-
MipM ITOKas3yioTh HaHOMACIITAOHiCTL HMux wMarepisaiB. Ckiaanm depuTy Mmae
Jinmry KpucTastisaiiio, ToOTO CHiKaHHA 3a Ifiel TeMmepaTrypu HIPUBOAUTEL O
30i/IBITIEHHA CTYIEeHS KPUCTAJIi3allii Ta 3MEHIIIeHHA KPUCTATIUHUX nedeKTiB,
10 YTBOPIOIOTHCA y epurax mig vyac mpuroryBaHHA. Iia mocaigskeHHA 3pa-
3kiB maHodepuris Zn—Cr, Zn—Ni 6e3 cuikanaa Ta cueuenux 3a 1100°C 6yio
BUKOPHCTAHO CKAHYBAJLHUUN €JIEKTPOHHUN MIKPOCKOII 3 IOJLOBOIO eMiciero.
ITopu, 1110 PO3AiNAIOTHL YACTUHKM, OyJIM YCYHEHi IIif dac IIpoliecy CIiKaHHSI,
1110 IIPUBEJIO [0 YTBOPEHHA MIIHMX 3B A3KiB y QopMi ariomeparrii.

Key words: co-precipitation, ferrite, nanoparticles, spinel, field-emission
scanning electron microscopy, x-ray diffraction.

Karouori cioBa: cmiBocagikeHHs, (pepuT, HAaHOYACTUHKU, IIIiHEIb, CKaHY-
BaJIbHA €JeKTPOHHA MiKPOCKOIIiA 3 IIOJLOBOIO eMicieio, peHTr'eHiBCbKa Au(-
paxiis.

(Received 15 September, 2024; in revised form, 17 September, 2024 )

1. INTRODUCTION

In science research, magnetic nanoparticle systems have generated
great interest, especially in physics and related fields. Owing to their
many and significant characteristics, recent advanced research has
shifted to the synthesis of metallic oxide nanoparticles, where a
pressing need has arisen to produce materials known as nanomateri-
als-materials with a large surface area relative to their size [1]. Mag-
netic drug targets, magnetic resonance imaging for medical diagno-
sis, recording materials and catalysts, environments, and more are
just a few of the numerous applications for magnetic nanoparticles
[2]. Over time, ferrites have continued to garner interest. Because
ferrites are stable, reasonably priced, and have a broad range of
technological applications, they cannot be replaced by any other
magnetic material [3].

Ceramic materials known as ferrites are created by chemically
adding one or more metals to iron oxides (Fe,0,). Ferrites are mix-
tures of two metallic oxides, which can include any bivalent ele-
ment, such as barium (Ba), zinc (Zn), nickel (Ni), manganese (Mn),
or zinc oxide. Ferrites have exceptional magnetic and electrical
properties [4]. Based on their structural characteristics, ferrites are
divided into two groups: cubic and hexagonal. Soft ferrites are an-
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other name for cubic ferrites.

These cubic ferrites are further classified into two types: spinel
ferrite and garnet ferrite. Hexagonal ferrites are also known as
hexaferrites and are hard ferrites because it is tough to magnetize
and demagnetize them. They are also known as permanent [5]. Ap-
plications for hard ferrites include microwave absorbing systems,
refrigerators, loudspeakers, washing machines, TVs, communication
systems, switch-mode power supplies, and high-frequency applica-
tions. However, soft ferries have a wide range of uses in the elec-
tronic industry, including the development of transformer cores,
high-frequency inductors, and microwave components, due to their
good magnetic field conductivity [6].

Soft chemical techniques like hydrothermal synthesis, sol—gel,
and co-precipitation can be used to create ferrite particles at the
nanoscale [7]. Because co-precipitation does not require high pres-
sure or temperature and because impure materials are removed
through filtration and washing, it is an appropriate chemical meth-
od for synthesizing nanoparticles [8]. The benefits of the co-
precipitation method include high yield, high purity of product, and
ease of use [9]. From a physical perspective, the co-precipitation
process is driven by three main mechanisms: Surface adsorption:
Ions in solution with the opposing charge can be drawn to the pre-
cipitate’s surface charge. Inclusion: The analyte can high frequency
be incorporated non-isomorphically (solid solution) or isomorphical-
ly (mixed crystal) to replace an ion in the precipitate’s crystal
structure. Additionally, Ions are physically engulfed in the precipi-
tate before they can diffuse or disperse, known as occlusion [10].

2. EXPERIMENTAL

Synthesis of the ferrite nanoparticles was done by co-precipitation in
two parts: part one, was mixed thoroughly 8.11 gm ferric chloride
FeCl;, 11.9 gm chrome nitrate Cr(NO;)-9H,0 and 14.85 gm zinc ni-
trate Zn(NO,), and part two, 8.11 gm ferric chloride FeCl;, 14.54 gm
nickel nitrate Ni(NO;), and 14.85 gm zinc nitrate Zn(NO;), as start-
ing materials, each starting material was weighted separately and
add 100 ml of distilled water and then mixed all these cationic solu-
tions while stirring to complete dissolution. A sufficient amount of
the NaOH solution is made at a concentration of 2M. After that, a
thin stream of NaOH solution is added to the cationic solution while
stirring and heating the mixture until precipitation happens. To fin-
ish the reaction, the precipitate is heated to a temperature of 50°C
while still in its alkaline state. After another hour of stirring to al-
low the particles to age, the precipitated particles are filtered and
repeatedly cleaned before being dried for an hour at 150 degrees Cel-
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Fig. 1. Preparation steps of nanoferrite crystallite.

sius.

After that, the co-precipitated ferrite agglomerates were ground
into extremely fine particles for a few minutes using an agate mor-
tar and pestle. These particles are finally sintering at 1100 degrees
Celsius to continue crystallizing. The primary steps used in the
preparation are schematically represented in Fig. 1.

3. RESULTS AND DISCUSSION
3.1 XRD Analysis and Particle Size Calculation

Figures 2, 3 show the XRD pattern of the Zn—Cr Fe,O, nanoparticle
prepared using co-precipitation technique.

Figure 2 the sample without sintered, the appearance of some
phases shows the part of the oxides of raw materials at 6=29.3,
31.9, 38.9, 47.9 because the Zn—Cr ferrite phase isn’t grown yet, at
0 =35.1 which there is a partial phase grown of Zn—Cr ferrite.

Figure 3 sintered at 1100°C for 3 hours, x-ray diffraction pattern
shows fully the growth of crystalline Zn—Cr ferrites phases. Differ-
ent peaks appear on the XRD pattern, namely, 20=30.09, 35.42,
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Fig. 2. The XRD pattern of the Zn—-Cr ferrite nanoparticle without sin-
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Fig. 3. The XRD pattern of the Zn—Cr ferrite nanoparticle sintered at
1100°C.

37.05, 43.05, 53.39, and 62.51 degrees, which are attributed to
(220), (311), (222), (400), (422), (511) and (440) planes, respective-
ly. The pattern of Zn—Cr ferrite nanoparticles is compatible with
(JCPDS card numbers 84-0314 and 89-1012). Verification of the
face-centred cubic spinel phase (FCC) [11]. The Debye-Scherer’s
equation has been used to determine the average crystallite size:

D =0.91/(Bcos6p), (1)

where A is the incident x-ray radiation wavelength 1.54056 A, B is
the peak’s full width at half maximum (radian), and (0p) is the XRD
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TABLE 1. The XRD result obtained for the Zn—Cr ferrite nanoparticle
without sintered.

FWHM, B, | , 5 |Crystallite Average

. crystallite
degree size, nm :
size, nm

Zn—Cr-Fe,O, 35.13 311 1.2343 2.56683 7.054478 7.054478

Component | 20, degree | hEkl

TABLE 2. The XRD result obtained for the Zn—Cr ferrite nanoparticle sin-
tered at 1100°C.

FWHM, B, Crystallite | Average crys-
d, A ; ) )
degree size, nm |tallite size, nm
30.09 220 0.1511 2.96835 56.88784
35.42 311 0.1448 2.53081 60.18393
37.05 222 0.1278 2.42308 68.50793
Zn—Cr-F 4.678174
n-CrFe0: 1305 400 0.1329 2.09797 67.15018 O+07817408
53.39 422 0.1328 1.71284 69.98047

62.51 440 0.1486 1.4834 65.35871

Component |20, degree| hkl

peak’s Bragg diffraction angle (degree) [12]. Tables 1 and 2 provide
the assignments of different reflections as well as a detailed analy-
sis of the XRD.

Figures 4 and 5 show the XRD pattern of the Zn—Ni Fe,O, nano-
particle prepared too using the co-precipitation technique.

Figure 4 shows the diffraction pattern of ferrite without sintered
and Fig. 5 shows the X-ray diffraction pattern of the same nanofer-
rite using sintering at a temperature of 1100°C for 3 hours. When
comparing these patterns, Fig. 4 shows that the dominant direction
(311) also remains for the sintered ferrite, with its intensity in-
creasing with sintering at the expense of other peaks. This indicates
the presence of some levels that are preferred for the growth of
crystalline directions, and the intensity of this peak increases ac-
cordingly, which confirms that the ferrite composition has better
crystallization. That is, sintering at that temperature has led to an
increase in the degree of crystallization and a decrease in the crys-
talline defects formed in the ferrite during preparation, which indi-
cates that sintering leads to a rise in crystalline regularity.

The diffraction patterns match the spinel ferrite standard pattern
(ICDD no. 00-022-1012) fairly well. At diffraction angles (20) of
29.9, 35.3, 36.9, 42.8, 53.1, 56.6, 62.2, 70.5, 73.5, and 74.5 de-
grees, they are clearly defined and comprise robust reflection peaks
that are attributed to the (220), (311), (222), (400), (422), (511),
(440), (620), (533), and (622) planes, respectively. By taking into
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Fig. 4. The XRD pattern of the Zn—Ni ferrite nanoparticle without sin-

tered.
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Fig. 5. The XRD pattern of the Zn—Ni ferrite nanoparticle sintered at
1100°C.

account the strongest diffraction peaks in XRD spectra, the crystal
size of the ferrite samples was ascertained [13]. In this study, the
crystal size of the tested sample was determined. The crystal size of
the ferrite samples was ascertained by taking into account the
strongest diffraction peaks in XRD spectra using Scherrer’s formu-
la, as indicated in Eq. (1). Tables 3, 4 are a summary of the crystal-
lite size D calculation.

3.2. Field-Emission—Scanning Electron Microscopy (FE—SEM)

FE-SEM was used to examine Zn—Cr Nano ferrite samples without
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TABLE 3. The XRD result obtained for the Zn—Ni ferrite nanoparticle
without sintered.

. Average
Component | 20, degree | hkl F;}VHM’ d, A Cr.ystalhte crystallite
egree size, nm size. nm

35.3 311 0.9323 3.06377 9.199623
Zn—-Ni-Fe,O, 53.1 422 6.0734 2.56683 1.43285 46.86716588
62.2 440 0.0692 2.0012 129.969

TABLE 4. The XRD result obtained for the Zn—Ni ferrite nanoparticle sin-
tered at 1100°C.

. Average
Component (20, degree| hkl F;}VHM’ d, A Cr_ystalhte crystallite
egree size, nm size. nm

35.3609 311 0.1554 2.53632 56.0663222
36.2246 222 0.1321 2.4778 66.1159439
, 42.9799 400 0.1687 2.1027 52.8816646
Zn-NiFe.0i 59 9501 422 0.1692 1.71645 54.8963699 ° 11182041
56.5681 511 0.1313 1.62564 71.7883791

62.4414 440 0.2272 1.4861 42.7192428

sintered and sintered at 1100°C for 3 hours.

Figure 6, a, b depicts a typical FE-SEM image. The FE-SEM im-
age b is nearly uniform and agglomerated grains are observed [11].
Particle aggregation takes place in the nanometer range, as seen in
FE-SEM image b. As seen in image a, the pores separating the par-
ticles were eliminated during the sintering process, which produced
strong bonds in the agglomeration form. The limited grain size of
the particle is determined by the interplay between porosity and the
grain boundary. Through this investigation, it was found that when
the particles were sintered at 1100°C, their average grain size de-
creased.

Figure 7, a, b shows FE-SEM pictures of Zn—Ni Fe,O, NPs. The
FE-SEM images of the zinc-nickel ferrite without sintered and sin-
tered at 1100°C for 3 hours.

Figure 7, a without sintered shows irregular, non-symmetrical
particles. For the Zn—Ni ferrite sample sintered at 1100°C, Fig. 7, b
the agglomeration shows uniform particles [14]. The FE-SEM image
shows that the agglomeration of Zn—Ni ferrite that sintered at
1100°C nanoparticle is relatively higher when compared to that of
the without sintered nanoparticles because of the effect of the cap-
ping agent on modifying crystal sizes.
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Fig. 6. FE-SEM images for Zn—Cr ferrite: (a) without sintered; (b) sintered
at 1100°C.
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Fig. 7. FE-SEM images for Zn—Ni ferrite: (a) without sintered; (b) sin-
tered at 1100°C.

4. CONCLUSION

In conclusion, this study found the following:

1. the powders obtained by co-precipitated presented the formation
of Zn—Cr ferrite and Zn—Ni ferrite crystalline phase;

2. the powders’ crystallinity and crystallite size increased with sin-
tered at 1100°C for 3 hours in the spinel lattice Zn—Cr ferrite and
Zn—Ni ferrite;

3. all the compositions studied here by means of the XRD and FE—-
SEM showed the formation of soft nanoparticles’ agglomerates.
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The study investigates the influence of transition (Mn) and rare-earth (Tb)
dopants on the surface morphology of as-deposited GaN thin films. GaN,
GaN:Mn, and GaN:Tb thin films are obtained by radio frequency (RF) ion-
plasma sputtering in a nitrogen atmosphere on single-crystal Si sub-
strates. Surface morphology studies performed using atomic force micros-
copy (AFM) show that the addition of Mn promotes an increase in the av-
erage grain diameter from 85 nm to 166 nm and is accompanied by a de-
crease in the root-mean-square roughness from 6.4 nm to 4.8 nm. An
analysis of crystallite-size distributions by diameter, area, and volume is
carried out, and it is suggested that anomalous secondary grain growth
occurs during the RF-sputtering process, when Mn impurity is added. The
addition of Tb impurity leads to an even greater increase in grain size,
which is attributed to the large ionic radius of the Tb®" ion and the gener-
ation of significant mechanical stresses.

¥ poboti npoBeneHO AOCIHifKeHHs BIJIUBY moMimtok mepexizumx (Mn) i pi-
nkicuosemenbuux (Thb) ememenriB Ha Mopdosorizo moBepxHi cBi:kOHaHece-
Hnx ToHKuX mIiBoK GaN. Touki maisku GaN, GaN:Mn i GaN:Tb oxepsxano
MEeTOJOM BHCOKOUYACTOTHOIO HOHHO-IJIA3MOBOTO PO3IIOPOIIEHHSA B aTMocdepi
a30Ty Ha MOHOKPHCTATiIUHMX migkjgaguakax Si. HocraigsxenHs mopdosorii
MOBEPXHi TOHKUX ILIIBOK METOIOM aTOMHO-CHJIOBOI MiKpocKomii mokasam,
mio moxaBaHHs Mn cupusie 3pOCTaHHIO CEPEIHBOrO AisiMeTpa 3epeH 3 85 mo
166 HM i CyIpoOBOMKYETHCS MOHMMKEHHAM CEePeIHbOKBAAPATUYHOI IIIEPCTKO-
crtu Big 6,4 mo 4,8 um. IIpoBemeno aHaidy pos3mofijiB KpucTaJiTiB 3a mid-
MeTpOM, IIJOINe0 ¥ o06’eMoM 1 3ampomoHoBaHO, Ifo y 1mpomeci BY-
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HAIIOPOIIIeHHsS Bi0yBaeThCcsA aHOMAJbHUN PIiCT BTOPUHHUX 3epeH 3a Joja-
BamHA goMmimku Mn. 3 momaBanHaAM mgomimku Tb cmocrepiraerbca ie 0i-
JIbITIe 3POCTAHHA PO3MIipiB 3€peH, IO OB’ A3YETHCA 3 BEIUKUM HOHHUM pa-
mitocom fiora Tbh®' i cTBOpeHHAM CHJIBHHX MeXaHiYHHX HAIPYsKeHb.

Key words: thin films, GaN, doping, manganese, terbium, RF sputtering,
surface morphology, atomic force microscopy.

Karouosi cmoBa: Touki miaiBku, GaN, meryBanus, Mauram, Tepb6iit, BY-
PO3MIOPOIIIeHHA, MOP(OJIOTiA MOBePXHi, AaTOMHO-CUJIOBA MiKPOCKOIIisd.
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1. INTRODUCTION

In recent years, gallium nitride (GaN) has been extensively studied by
many researchers due to its widespread use in optoelectronic devices,
lasers, and photodetectors [1-7]. In particular, the luminescent prop-
erties of both pure and doped GaN are widely studied, which allows for
a significant expansion of the functional capabilities of this material
[8—13]. In addition, GaN is widely used in power electronics [14] and is
the preferred semiconductor for power converters in automotive elec-
tronics and the power supply industry [15].

Gallium nitride is an important material in the development of
efficient light-emitting diodes (LEDs) [16, 17] and micro-light-
emitting diodes (uLEDs) with green and blue emission, designed for
integration into display systems [18]. The application of this mate-
rial is not limited to these areas, as researchers have developed and
tested a light-controlled artificial synapse based on gallium nitride
(GaN), capable of mimicking the learning and memory processes of
the human brain for the creation of ultrafast and energy-efficient
neuromorphic computing systems [19].

For the practical application of semiconductor thin films in opto-
electronics and instrument engineering, their morphological charac-
teristics are quite important, since they affect the efficiency of de-
vices created on their basis. In general, the issue of the physical
properties of thin films is complicated by the fact that their struc-
ture is often far from perfect. Obtaining the required, stable, and
reproducible properties of polycrystalline films is limited due to the
presence of grain boundaries. The physical properties of polycrystal-
line thin films depend significantly not only on the characteristics
of the material, but also on the energy levels that arise due to the
presence of grain boundaries. It is clear that these levels are deter-
mined by the size of the crystallites that form thin films. This has
led to the investigation of the surface morphology of GaN,
GaN:Mn, and GaN:Tb thin films using atomic force microscopy
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(AFM) and scanning electron microscopy (SEM). The thin-film sam-
ples were obtained by RF ion-plasma sputtering, which is optimal
for producing homogeneous semiconductor and dielectric films [20].

2. EXPERIMENTAL TECHNIQUE

GaN, GaN:Mn, and GaN:Tb thin films with thicknesses of 0.3—-0.8
nm were obtained by RF ion-plasma sputtering on monocrystalline
Si substrates. RF ion-plasma sputtering was carried out in a nitro-
gen atmosphere in a system using a magnetic field of external sole-
noids for compression and additional ionization of the plasma col-
umn. The concentration of Mn?*" and Tb*" activators was 1 mol.%.
The structure and phase composition of the obtained films were in-
vestigated by x-ray diffraction analysis (Shimadzu XDR-600). The
characteristic diffraction patterns of the thin films were presented
previously in our work [21].

Elemental analysis of the studied samples at several points on the
surface of the thin films was performed using an OXFORD INCA
Energy 350 energy-dispersive spectrometer.

The surface morphologies of GaN and GaN:Mn thin films were
studied using an atomic force microscope (AFM) ‘INTEGRA TS-
150’. Surface images of the thin films were recorded in semi-
contact mode (tapping mode) in air. A silicon cantilever of the
NSG10 series with a resonance frequency of 323 kHz and a stiffness
of 24 N/m was used. In addition, a scanning electron microscope
(JSM-7200F, Jeol) operated at an accelerating voltage of 7 kV was
also employed to investigate the surface morphology of GaN,
GaN:Mn, and GaN:Tb thin films.

3. RESULTS AND DISCUSSION

AFM images of the surface morphology of as-deposited GaN and
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-
strates are shown in Fig. 1.

For areas of identical size (5x5 pm) on the AFM surface morphol-
ogy images of the studied samples, a number of standard parame-
ters were calculated: root-mean-square roughness, average rough-
ness, average grain diameter, average grain area and volume, grain
height with maximum number of grains, coefficient of kurtosis and
surface skewness. The characteristic surface roughness parameters
and grain size characteristics of as-deposited GaN and GaN:Mn thin
films obtained by RF ion-plasma sputtering on Si substrates are
presented in Table. As can be seen from the obtained results, Mn
doping significantly affects the surface roughness and grain size of
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Fig. 1. AFM images of the surface morphology of as-deposited GaN (a, ¢)
and GaN:Mn (b, d) thin films obtained by RF sputtering on Si substrates.
Images a and b are two-dimensional; ¢ and d are three-dimensional.

TABLE. Surface roughness and crystalline grain parameters of GaN and
GaN:Mn thin films.

Parameter GaN | GaN:Mn
Average grain diameter D, nm 85 166
Root mean square roughness S,, nm 6.4 4.8
Average roughness S,, nm 5.1 3.8
Grain height with maximum number of grains Z, nm 29 23
Average grain area S, nm? 2660 7750
Average grain volume V, nm?® 8240 23700
Coefficient of kurtosis S,, 3.7 4.0
Surface skewness S,, 0.08 0.20

GaN thin films.

Analysis of the AFM images (Fig. 1), as well as the surface
roughness and crystalline grain parameters (Table) of GaN and
GaN:Mn thin films, shows that the grain sizes of as-deposited
GaN:Mn thin films obtained by RF ion-plasma sputtering on Si sub-
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strates are significantly larger compared to those of pure GaN sam-
ples. For example, the average grain diameter of GaN:Mn thin films
is almost twice that of GaN films. At the same time, for GaN:Mn
thin films, a decrease in both the root-mean-square and the average
arithmetic surface roughness parameters by nearly 1.3 times is ob-
served compared to the corresponding values for GaN thin films.

The increase in crystalline grain size, in particular the increase
in the average grain diameter, area, and volume, along with the
simultaneous decrease in parameters such as root-mean-square and
average-arithmetic surface roughness, indicates a complication of
the surface structure of the thin films. The S /S, ratio for GaN and
GaN:Mn thin films is 1.25 and 1.26, respectively, which corre-
sponds to a normal distribution of grain heights forming the sample
surface [22].

Comparison of the histograms of grain height distribution (Fig.
2) shows that Mn doping influences the formation of the surface
morphology of GaN thin films obtained by RF ion-plasma sputter-
ing on Si substrates and leads to a reduction in grain heights com-
pared to undoped samples. The results obtained show that GaN:Mn
thin films are characterized by horizontal grain growth parallel to
the substrate surface.

The S,/S, ratio values and the grain height distribution histo-
grams (Fig. 2) confirm that coarse structural defects are not typical
for GaN and GaN:Mn thin films, i.e., there are no extreme peaks on
the sample surface. To evaluate further the effect of Mn impurity
on the surface morphology of GaN thin films, we analyse the sur-
face skewness (S,,) and coefficient of kurtosis (S,,) parameters,
which are sensitive to the presence of isolated deep valleys or high
peaks [23]. For both types of films, the value of S,, >0, and for the

350 350
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+2 +=
= 1s0] 5 150
S 100} S 100}
50r 50t
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Fig. 2. Grain height distribution on AFM images of as-deposited GaN (a)
and GaN:Mn (b) thin films obtained by RF sputtering on Si substrates.
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as-deposited GaN thin film, the value is 0.08, while for the as-
deposited GaN:Mn film, this value is 2.5 times higher and amounts
to 0.20. The surface morphology of both undoped and Mn-doped
GaN thin films are characterized by a large number of protruding
peaks above the valleys. For pure as-deposited GaN thin films, an
almost symmetrical grain height distribution is observed, which is
consistent with the S, /S, ratio data and the analysis of height his-
tograms, while in the as-deposited Mn-doped GaN films, the surface
is formed with a larger number of protruding peaks (crystallites).
The S,, value for as-deposited GaN and GaN:Mn thin films is great-
er than 3, indicating that the surfaces of both samples contain a
significant number of pronounced peaks.

Various factors can influence the formation of the surface mor-
phology of thin films, such as the methods of production and the
thermal treatment process of thin films, in which both the anneal-
ing temperature and the annealing atmosphere in which the thermal
treatment process takes place play significant roles. The type of
substrate and the presence of buffer sublayers have different ef-
fects on the formation of the surface morphology of the samples. In
work [24] investigated the influence of MgAl,0,, AIN, and ZnO
buffer layers on the crystallite size in GaN thin films and found
that the smallest crystallite sizes and highest mechanical stresses
are characteristic of GaN thin films deposited on quartz substrates
with a MgAl,O, buffer layer. In Ref. [25], the evolution of the sur-
face morphology of GaN films grown by molecular beam epitaxy on
Si(111) substrates using AFM was studied as a function of layer
thickness, and two different models of morphology formation be-
haviour depending on the GaN layer thickness were identified. In
Ref. [26], the structural, morphological, and magnetic properties of
GaN:Tb and AlGaN:Tb films obtained by ion implantation of Tbh"
into c-oriented (0001) GaN and AlGaN films followed by thermal
annealing were investigated. The effect of impurities and annealing
on changes in surface morphology was studied using AFM, and it
was shown that the annealing process effectively repairs crystal de-
fects and reduces surface roughness caused by the ion activator.

To better understand the formation of the surface morphology of
as-deposited GaN and GaN:Mn thin films obtained by RF ion-plasma
sputtering on Si substrates, we analyse the grain size distributions
that form the surface of the studied samples. The characteristic
grain diameter size distributions of GaN and GaN:Mn thin films are
shown in Fig. 3.

In a comprehensive review [27], it is noted that polycrystalline
thin films with thicknesses up to 1 um often exhibit 2D-like struc-
tures in which most grain boundaries are perpendicular to the film
surface. Perpendicular grain growth to the surface is also charac-
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Fig. 3. Grain diameter size distribution and the calculated fitted diameter
distribution from AFM images of as-deposited GaN (a) and GaN:Mn (b)
thin films obtained by RF sputtering on Si substrates.

teristic of our GaN films. For most materials analysed in Ref. [27],
films are formed from non-equilibrium grains with sizes smaller
than the film thickness and form two-dimensional structures only
after annealing. In general, the grain sizes in polycrystalline films
are lognormally distributed. In a number of cases, further grain
growth occurs due to ‘abnormal’ growth or the preferential growth
of several grains, which usually have specific crystallographic ori-
entation relationships with respect to the substrate surface plane.
Our results indicate that such a situation is most likely characteris-
tic of the GaN:Mn films we obtained. When the number of growing
grains leads to the formation of a grain ‘matrix’ beyond static
boundaries, a bimodal grain size distribution develops and is re-
ferred to as secondary grain growth [28]. Grains that grow abnor-
mally often exhibit a limited or uniform texture. The growth of
secondary grains in thin films typically involves evolution in the
distribution of grain textures as well as evolution in the distribu-
tion of grains by size.

Our results for the grain diameter size distribution in GaN and
GaN:Mn thin films obtained by RF ion-plasma sputtering (Fig. 3)
indicate that for GaN films deposited on Si substrates, a unimodal
diameter distribution with a peak at approximately 80 nm is ob-
served (Fig. 3, a). A more complex diameter distribution is formed
when GaN:Mn thin films are deposited (Fig. 3, ). For these films,
three local maxima appear in the diameter distribution at approxi-
mately 112, 152, and 192 nm, indicating the appearance of a tri-
modal diameter distribution. The diameter distributions (Fig. 3) and
the average diameter sizes values (Table) indicate that during the
deposition process of GaN films, the addition of Mn impurity leads
to a change in surface energy and promotes the ‘coalescence’ of



182 O. M. BORDUN, I. I. MEDVID, I. Yo. KUKHARSKYY et al.

6007 200 .
160}
5 450¢ 5
@ @ 120}
3007 +
g £ g0
3 S
150} 10l
0™*=700 1400 2100 2800 3500 0=—3500 6000 9000 12000
Grain area, nm? Graine area, nm?
a b

Fig. 4. Grain area size distribution and the calculated fitted area distribu-
tion from AFM images of GaN (a) and GaN:Mn (b) thin films obtained by
RF sputtering on Si substrates.

grains into larger formations during film growth. In these films,
secondary and tertiary grain growth was observed during the RF
sputtering process.

The grain area distribution for sputtered GaN thin films deposit-
ed on Si substrates is also characterized by a normal distribution,
whereas for as-deposited GaN:Mn thin films on Si substrates, the
distribution has a more complex shape, exhibiting two maxima that
indicate a bimodal grain area distribution (Fig. 4).

For a more detailed analysis, let us consider the grain volume distri-
bution in GaN and GaN:Mn thin films obtained by RF ion-plasma sput-
tering on Si substrates. The characteristic grain volume size distribu-
tions of GaN and GaN:Mn thin films are shown in Fig. 5.
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Fig. 5. Grain volume size distribution and the calculated fitted volume dis-
tribution from AFM images of GaN (a) and GaN:Mn (b) thin films obtained
by RF sputtering on Si substrates.
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As shown in Fig. 5, the grain volume distribution for the GaN
and GaN:Mn thin films deposited on Si substrates is fairly well de-
scribed by a lognormal law. Such behaviour is typical for grain di-
ameter distributions in polycrystalline films [29]. The results of the
grain volume distributions are in good agreement with the previous-
ly discussed ratio of the root-mean-square surface roughness to the
average arithmetic roughness, as well as with the grain height his-
tograms forming the surface of the studied samples, and are de-
scribed by a normal statistical distribution.

For GaN:Mn thin films obtained by RF sputtering on Si sub-
strates, the grain size distributions, specifically, by diameter and
area, exhibit a more complex behaviour. This can be explained by
the formation of non-equilibrium grains on the Si substrate upon
the addition of Mn dopant, which changes the film growth mecha-
nism compared to undoped films.

To understand better the AFM surface morphology results of
GaN and GaN:Mn thin films, Fig. 6 presents an AFM image of the
Si substrate surface onto which the studied samples were deposited.

The AFM image in Fig. 6 shows the surface of the Si substrate,
which is characterized by linear traces of mechanical polishing and
isolated local protrusions, without signs of morphology formation
typical for the surface of films deposited on this substrate.

The surface morphology results of GaN and GaN:Mn thin films
obtained by AFM are in good agreement with the results recorded
using SEM. Figure 7 shows SEM images of the surface morphology
of GaN, GaN:Mn, and GaN:Tb thin films.

The SEM results (Fig. 7) correlate well with the AFM data for
GaN and GaN:Mn thin films. The as-deposited undoped GaN thin
film is characterized by a fine-grained structure (Fig. 7, a), which
is confirmed by the smaller average grain sizes determined from the
AFM images (Fig. 1 and Table). The SEM images of the surface of
GaN:Mn and GaN:Tb samples indicate a significant influence of the
impurity and its type on the formation of the film surface morphol-
ogy. The introduction of Mn impurity leads to an increase in grain
size, as evidenced by the increase in their average diameter, area,
and volume from AFM data, accompanied by a decrease in surface
roughness parameters S, and S, (Fig. 1 and Table). In the GaN crys-
tal lattice, Mn atoms relatively easily replace Ga atoms, since the
ionic radius of Mn?*" (0.66 A) is close to the ionic radius of Ga®*"
(0.62 A) [30]. The grain boundaries in GaN:Mn thin films become
more distinct, and the grain peaks appear flatter. In the case of Tb
doping, the films exhibit an even larger grain structure, indicating
a change in the nucleation and crystallite growth mechanisms. It is
likely that the large ionic radius of terbium Tb?*" (0.92 A) [31] cre-
ates such strong stresses that the film begins to grow more uneven-
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Fig. 6. 2D (a) and 3D (b) AFM images of the surface morphology of the Si
substrate.

Fig. 7. SEM images of the surface morphology of as-deposited GaN (a),
GaN:Mn (b), and GaN:Tb (¢) thin films obtained by RF sputtering on Si
substrates.

ly with large grain sizes.
The obtained results indicate that transition and rare-earth ele-
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ment impurities significantly influence the formation of the surface
structure of GaN films.

4. CONCLUSIONS

It has been established that RF ion-plasma sputtering onto single-
crystal Si substrates results in the formation of GaN and GaN:Mn
thin films composed of nanometer-sized grains. Based on AFM im-
ages, it was shown that the average grain diameter is 85 nm for
GaN thin films and increases to 166 nm for GaN:Mn films. It was
found that for GaN:Mn thin films, the root-mean-square and aver-
age-arithmetic surface roughness values are 4.8 and 3.8, respective-
ly, which are 1.3 times lower than the corresponding values for the
as-deposited GaN film. Based on the analysis of the grain diameter
size distributions, it is shown that GaN films exhibit a unimodal
distribution, whereas GaN:Mn films follow a trimodal distribution.
Based on the analysis of the grain diameter size distributions, it is
proposed that secondary and tertiary grain growth processes occur
during the RF sputtering process. Based on the analysis of the
grain volume distribution results, it is shown that, in both cases,
the grain volume distribution follows a lognormal law. Comparison
of AFM and SEM results showed that the surface morphology de-
pends on the type of impurity, and the introduction of Tbh*" with a
larger ionic radius (0.92 A) leads to significant structural stresses
and the formation of a pronounced coarse-grained structure.
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Cadmium oxide (CdO) thin films are synthesized by the chemical spray
pyrolysis method on glass. The thin-film substrates are prepared at vary-
ing temperatures: 400°C, 450°C, 5600°C. The samples are examined using a
double beam spectrometer UV—Vis; the absorbance and reflectance spectra
of the produced films are measured over a range of wavelengths 310-910
nm in order to study the optical properties of these films. As discovered,
the absorbance varies with wavelength. Specifically, we observe that the
absorbance behaves in the opposite direction of the transmittance, peaking
at 350 nm, after which the absorbance spectrum starts to decay exponen-
tially until the absorbance hits its lowest value at the 700 nm wavelength.
The results reveal absorbance spectrum achieving its maximum value at
400°C and lowest value at 500°C. As also observed, the value of the spec-
trum remains consistent within the range of 700-910 nm; the evaluated
energy band gap increases from 2.33 eV to 2.41 eV with the increase of
substrate temperature. Furthermore, the results for the optical constants
such as the refractive index, extinction coefficient, and absorption coeffi-
cient decrease with substrate temperature.

Touki maiBku oxcuny Kammiro (CdO) Oysio cMHTE30BAHO METOAOM XeMiduHOI
PO3IIOPOIITYBAJILHOI CTPYMUHHOI miposidu Ha ckJji. ToHKOILIiIBKOBI mimkJa-
IUHKKU OyJao migroromyieHo 3a pisuux Temmepatyp: 400°C, 450°C, 500°C.
3pa3ku OyJI0 JOCHiAKEeHO 3a [JOomoMOrol aBompomeHeBoro UV-—Vis-
CIIEKTPOMETpAa; CIEeKTPU BOMpaAHHSA Ta BiOMBAHHA OJEPKAHUX ILIIBOK OyJ0
BUMIipSHO B AiAmasoHi moB:KuH XBuab 310—-910 HM 3aa7a BUBUEHHS OINTHUY-
HUX BJIACTHUBOCTEH IUX ILIiBOK. ByJ0 BUABJIEHO, IO BOMPaHHA 3MiHIOETHCS
3 MOBYKMHOIO XBUJi. 30KpeMa, MU CIIOCTEPiraeMo, I1T0 BOMPAHHSA MOBOAUTHCA
IPOTUJICKHUM UHHOM IIOJ0 IIPONYCKAHHS, AocAramoum miky npu 350 HM,
mMicJas YOro clIexTep BOMpPAHHSA IIOYMHAE EKCIOHEHI[IHO cIagaTH, TOKU
BOUpAHHA He MOCATHE CBOr0 HAWHUIKYOrO 3HAUEHHS 34 MOBXKHUHU XBUJL Yy
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700 M. PesynbTaTu moxasajiu, IO CIIeKTep BOMpPaAHHSA AOCAT CBOTO MAKCH-
masbHOrO 3HaueHHA mpu 400°C, a mHaitHM:kdyoro sHaueHHsa — npu 500°C;
TaKo:K OyJI0 BilsHAUEHO, IO 3HAUEHHA CIIEKTPY BaJUIINAETHCA CTA0iIBHUM Yy
miamasoui 700—910 um, a ollimeHa HMIMpUHA 3a00POHEHOI 30HU 361JIBITYETHCA
3 2,33 eB mo 2,41 eB 3i 36ijbIlleHHAM TeMIepaTypu HOigkJIagmHKu. Kpim
TOT0, Pe3yJbTATH CTOCOBHO ONTUYHHX KOHCTAHT, TAKMUX AK MOKA3HUK 3aJI0-
MJIeHHSA, KoedillieHT eKCTHHKIIII Ta KoedilieHT BOMpaHHA, 3MEHIIIYIOThCA 3
TeMIepaTypoIo MiTKJIaTUHKH.

Key words: cadmium oxide, chemical spray pyrolysis, energy gap, absorb-
ance spectrum.

Karouosi croBa: oxcux Kammiro, xemiuna posmopollyBajbHA CTPYMUHHA
mipoJiza, 3a60poHeHa eHepreTUYHA 30HA, CIIEKTeP BOMPAHHS.
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1. INTRODUCTION

Recent years have seen a significant increase in interest in trans-
parent conducting oxides (TCO) thin films due to their distinct
chemical and physical characteristics that set them apart from bulk
materials and individual atoms. Because of its uses in optoelectronic
devices like solar cells, phototransistors and diodes, transparent
electrodes, and gas sensors, researchers have turned their attention
to cadmium oxide (CdO) in recent years [1].

Large energy band gaps (bulk CdO is an n-type broad band gap
semiconductor with a direct band gap of 2.3 eV and an indirect
band gap of 1.36 eV), a high transmission coefficient in the visible
spectral domain, and remarkable luminescence characteristics are
just a few of the materials’ many appealing qualities that make CdO
thin films appealing.

Over the past decade, numerous techniques have been employed
to prepare CdO thin films, including spray pyrolysis [2], oxidation
of cadmium films [3], metal organic chemical vapour deposition
(MOCVD) [4], sol—gel [5], sputtering [6], vacuum evaporation [7],
and reactive pulsed laser deposition [8]. These techniques have all
been studied for their electrical and optical properties. It was
demonstrated through experimentation that these characteristics
are highly dependent on the deposition circumstances and film
structure. The size and form of the particles, in addition to devia-
tions from the ideal CdO stoichiometry, determine the intensity of
the optical and electrical effects of CdO.

The primary impacts of UV irradiation on thin films are altera-
tions in their thickness, chemical composition, and structure, which
result in changes to their electrical and optical properties, accord-



STUDY OF THE OPTICAL AND STRUCTURAL PROPERTIES OF CdO THIN FILMS 191

ing to several recent researches [9-12]. When silicon oxide thin
films were exposed to airborne UV light, Bradford et al. [11, 12]
noticed changes in the films’ optical characteristics and explained
these changes as the result of an increase in oxygen molecules or
atoms in the deposited films. Electrons are excited by UV light and
move from the valence to the conduction band, creating holes in the
process. Redox interactions with the surface species can be started
by the photogenerated electron—hole pairs that move to its surface
[10, 13, 14]. When TiO, films are subjected to UV irradiation, two
distinct and independent processes take place, according to Fernan-
dez—Rodriguez et al. [10]: changes in the contact angle. These alter-
ations mostly impact the film surfaces, and the majority of the ma-
terial is probably going to undergo oxygen incorporation and rear-
rangement. We are curious as to whether these changes brought
about by UV irradiation might also have an impact on its other
characteristics. This research aims to examine how UV irradiation
affects the optical characteristics and structure of CdO thin films.

CdO films can be grown using a variety of methods, including
thermal evaporation [5], sputtering [6], pulsed laser deposition [7],
molecular beam epitaxy [8], spray pyrolysis [4], and metal organic
chemical vapour deposition (MOCVD) [9, 10]. However, despite its
great promise, the formation of films thinner than 100 nm of this
material has not been well studied, that is, to the best of our
knowledge, and no results have been found in the literature as of
yet. The paucity of reports may be explained by the challenges in
regulating the growth parameters to promote lateral development
when growing into substrates [11], where flat surfaces with varying
growth rates are essential.

However, because of their unique nucleation characteristics and
the lack of a substantial number of nucleation sites on the sub-
strate, some research on the growth of this material reveals the
challenges in obtaining high densities of isolated nanoparticles of
CdO on substrates [12]. Some growth restrictions on flat thin layers
with good crystalline quality may also stem from this challenge.

2. EXPERIMENTAL DETAILS
2.1. Sample Preparation

The process of preparing CdO solution is done using cadmium acetate
[(CH;CO0),Cd,H,0] [M.W. =266.53 gm/m]. It is a white powder of
American origin provided by (SIGMA CHEMICAL CO). To prepare a
solution with a concentration of 0.1 M at room temperature,
2.6653 gm is dissolved using a sensitive four-level electronic balance
of cadmium acetate to be dissolved in 100 mL of distilled water and the
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Fig. 1. Experimental setup of the spray pyrolysis technique.

two materials are mixed well using a magnetic stirrer at a temperature
of 40°C for 10 min to ensure the homogeneity of the solution, which
results in a colourless solution like water. Then, the solution is filtered
through filter paper to obtain a clear solution without any sediments
or possible impurities. Square glass slides with dimensions of 2.5 cm
and an area of 6.25 cm? are used, where they are cleaned well in three
stages to ensure obtaining completely clean slides. These three stages
begin by cleaning them using running water with soap solution for
3 min to remove traditional dirt, then immersing them in acetone and
placing them in the ultrasonic device for 15 min, and finally washing
them with distilled water and then drying them using hot air for
120 sec.

The prepared substrates are placed on the surface of an electric
heater to obtain the required temperature as shown in Fig. 1. The
deposition time is set at 10 sec at a rate of 20 sprays with a 3 min
pause between each two sprays. The vertical distance between the
nozzle of the spray device and the glass substrate is 30 cm and the
temperature of the substrates is fixed at 400, 450, and 500°C and a
total of 20 sprays for each temperature. The air pressure is set at 2
bars. The details of the spraying process are mentioned in Table.

3. RESULTS AND DISCUSSIONS
3.1. The Optical Absorption Analysis

The interaction of light with CdO thin films was studied to learn
more about the optical properties. We used UV-Vis spectroscopy
(Shimadzu UV-1800) to characterize the optical properties of CdO
thin films at a scanning rate of 400 nm/min and the absorption
spectra were obtained from 190-1100 nm). When light interacts
with the thin film, an optical absorption process occurs against the
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TABLE. Parameters for the spray deposition of the films.

Spray parameters Optimum value/item
(CH;C0O0),Cd,H,0 solution concentration 0.1 M
Nozzle Glass
Nozzle—substrate distance 30 cm
Solvent Distilled water
Carrier gas Compressed air
Pressure 2 bar
Solution flowrate 5 mL/min
Substrate temperature 400, 450, 500°C
0.8 .
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Fig. 2. UV-Vis absorbance curves of CdO films as a function of substrate
temperature.

wavelength spectra of the thin films deposited at different tempera-
tures of the glass substrates on which they were deposited. Figure 2
shows a decrease in absorption with increasing temperature. The
spectra also showed a clear decrease in absorption at long wave-
lengths, indicating the presence of direct optical transition in the
thin films, as well as a shift to red with increasing temperatures of
the glass substrates. High temperatures can affect structural prop-
erties such as crystallinity, grain size, and defect density, which in
turn affect the optical behaviour of the material.

The surface plasmon resonance (SPR) peak of CdO thin films on
glass was observed at 350 nm. The peak shape is due to the light scat-
tering caused by the CdO thin films and the peak position due to the
absence of agglomeration in the nanoparticles deposited on the glass
and the interactions between CdO particles and different substrates. It
is worth noting that the UV—Vis spectrum of CdO nanoparticles on
glass substrate shows only the SPR peak corresponding to the in-plane
dipole. Crystallization is enhanced at higher temperatures during the
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growth of the thin film better, the density of defects such as grains and
dislocations decreases and, as a result, the light absorption by these
defects decreases. This in turn leads to a decrease in the overall absorp-
tion. Higher temperatures can also facilitate the growth of smoother
film surfaces by enhancing the mobility and diffusion of nanoparticles
on the surface. Reducing the surface roughness reduces light scatter-
ing and increases the light transmission through the film. This also
leads to a decrease in absorption. The colour of the CdO film changes
from light brown to dark brown with increasing temperature of the
glass substrates.

The incident photon energy as well as the properties of the mate-
rial itself have an impact on a materials’ absorption coefficient. Ac-
cording to Beer’s law, the transmission (T') and reflection (R) spec-
tra are related to the absorption coefficient [12]:

1 (1-R) 1-R)’
OL_dlog 2T +«/2T2+R2}’ W)

where d is the thickness of the sample. The absorption coefficient (o) at
the wavelength of maximum absorption decreases with the increased
substrate temperatures of CdO thin films as shown in Fig. 3.

An important factor affecting a materials’ optical and electronic
properties is the optical band gap E;Pt' . The optical band gap of the
CdO thin films was determined using the Tauc plot and calculated
by fitting the equation to the data of Ref. [13]:

(ahv)"? = k(hv - EX"), (2)
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Fig. 3. Absorption coefficient of CdO thin films as a function of wave-
length with difference substrate temperatures.
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where r is a number that indicates the type of electronic transition
that causes the absorption and takes values of 1/2 or 2/3 for direct
transitions and 2 or 3 for indirect ones, depending on whether the
transition is allowed or forbidden, respectively. hv is the photon en-
ergy; o is the absorption coefficient, and B is a constant of effec-
tive mass. Figure 4 presents the optical energy gap increasing with
increasing substrate temperatures.

The refractive index (n) describes how a beam propagates through
a transparent medium. The optical parameters of the samples can be
used to determine the refractive index using the following relation-
ship [14]:

(3)

(1+Rj+ 41%2_K2
1-R) \1-R)

Reflectivity (R) is calculated from absorption and transmission
spectra using the law of conservation of energy [R=1—- T — A]. On the
other hand, the extinction coefficient (K) depends on the absorption
coefficient and wavelength of the incident beam and is given by [15]

oA
K=—. 4
ym (4)
The refractive index and the extinction coefficient against wave-
length are given in Eq. (3) and Eq. (4). It can be seen that n and K
of CdO thin films decreases with increasing substrate temperatures,
and, in the visible region, when thin films are deposited onto a sub-

—— T = 400°C, E”= 2.33 eV
—— T = 450°C, E)'= 2.37 eV
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Fig. 4. Optical band gap values for prepared CdO thin films for different
substrate temperatures.
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Fig. 5. Refractive index (a) and extinction coefficient (b) as a function of
wavelength for CdO thin films for different substrate temperature.

strate at higher temperatures, they tend to have improved crystal-
linity and reduced defects. In the case of CdO thin films, increasing
the substrate temperature can lead to better crystallization and
larger grain sizes, which can result in reduced light scattering and
absorption. This, in turn, leads to a decrease in both the refractive
index and extinction coefficient as displayed in Fig. 5.

The complex dielectric constant caused by photon interactions
with medium charges is commonly referred to as polarization. Us-
ing Maxwell’s relations, evaluation the real (¢,) and imaginary (g)
parts of the dielectric constant can be calculated for optical wave-
lengths based on optical constants. The refractive index and extinc-
tion coefficient are connected to the real and imaginary of the die-
lectric constant through the following relationships [16]:

e, =n?-K? g =2nK. (5)

The real and imaginary dielectric constants of CdO thin films de-
crease with increasing substrate temperatures and in the visible region
as are plotted in Fig. 6. Nanoparticles size in CdO thin films can be af-
fected by increasing the substrate temperature. The materials’ dielec-
tric properties are impacted by changes in bandgap and carrier concen-
tration, as, especially in the visible range. Consequently, the real and
imaginary dielectric constants decrease.

The optical conductivity CdO thin films can be determined using
the correlation between the absorption coefficient and the refractive
index [16]:

(&) .:_’ (6)
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Fig. 6. Real dielectric constants (a) and imaginary dielectric constants (b)
as functions of wavelength for CdO thin films for different substrate tem-
perature.
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Fig. 7. Optical conductivity as a function of wavelength for CdO thin films
for different substrate temperature.

where ¢ is the speed of light in a vacuum. The decrease in optical
conductivity can be attributed to decrease for absorption coefficient
and the refractive index with increasing the substrate temperature,
as shown in Fig. 7.

3.2. Field Emission—Scanning Electron Microscopy (FE—SEM) Results

Utilizing the FE-SEM analysis at a 200kx magnification, it possible
to analyse the morphology and particle size distribution of CdO thin
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films for different substrate temperature.

With increasing substrate temperature, the nanoparticles of CdO
become larger due to the heightened kinetic energy of the particles,
rendering them more susceptible to diffusion and coalescence, lead-
ing to the formation of larger particles. Consequently, a denser and
less porous membrane is formed, exhibiting greater cohesion. More-
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Fig. 8. FE-SEM micrographs of CdO thin films for different substrate tem-
perature and the particle size distribution for (a) 400°C, (b) 450°C, and (c)
500°C.
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over, the shape of the membrane particles is also affected, as the
particles tend to become more spherical with increasing substrate
temperature. This is because of the increasing in temperature re-
duces the surface tension on the membrane particles, allowing them
to adopt a more stable shape.

The FE-SEM images in Fig.8 clearly show that CdO-
nanoparticles’ diameters with a size range of 25, 34, and 41 nm for
400, 450, and 500°C, respectively. Finally, the FE-SEM results are
in good agreement with the results of UV—Vis analysis.

4. CONCLUSIONS

Cadmium oxide thin films can be easily and low-cost produced by
chemical spray pyrolysis technique. The optical properties show that
the optical constants such as refractive index, extinction coeffi-
cient, dielectric constants and optical conductivity decreases with
increasing substrate temperature. In addition, the surface morphol-
ogy of CdO thin films is a sphere-like shape and diameters increas-
ing with substrate temperature. The average particles size range of
25, 34 and 41 nm for 400, 450, and 500°C, respectively.
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In this work, cadmium-oxide films are prepared using the spin-coating
technique. The study is focused on clarifying the effect of changing the
thickness of the film on the optical properties of cadmium-oxide films de-
posited on 1.5x2 cm? glass substrates at a temperature of 400°C. The be-
haviour of the visible and ultraviolet absorption spectra of cadmium-oxide
films are also studied as functions of wavelength. These results show that
the intensity of absorption increases with increasing membrane thickness;
this indicates an increase in the concentration of the membrane material.
Some optical constants are also studied, such as the index of refraction
and the real and imaginary dielectric constants, in addition to the extinc-
tion coefficient and electrical conductivity. As found, their values change
with increasing film thickness. Through the absorption spectrum, the op-
tical energy gap is calculated, and it is found that there is a slight change
with increasing film thickness, as its value decreases from 2.22 eV to 2.20
eV, when the film thickness increases from 143 nm to 368 nm.

VY miit pobori miaiBku okcuay Kammiio 6ya0 omep:KaHo HaHECEHHAM ITOKPUT-
TS METOAOM IeHTpUudyryBaHHsa. IochimskeHHA 30cepemKeHO Ha 3’sgCcyBaHHI
BILIMBY 3MiHM TOBIMUHU ILIIBKM Ha OITHWYHI BJIACTUBOCTI ILJIIBOK OKCHUIY
Kagmiro, HaHeceHUX Ha CKJAHI migxgaguaxku miomeio 1,5x2 cm? 3a Temime-
parypu y 400°C. TakoK HOCIiZKeHO MOBENiHKY CIEKTPiB BUAUMOTO I yJIb-
TpadioseToBoro BOUpaHHSA IIiBOK oKcuay Kaamiro Ak GYHKIIN JOBKUHU
xBuiai. Ili pesyabTaTy MOKAa3yiOTh, IO iHTEHCHBHICTHL BOMpAHHA 3pocTae 3i
301JIbIIIEHHAM TOBIIUHUN MeMOpaHu’, IO BKadye Ha 30iJbIlIeHHS KOHIEHTpPA-
mii marepisnmy memOpaHum. TaKo:K mOCHiAsKeHO OedAKi ONTHMYHI KOHCTaHTH,
Taki AK IMOKAa3HUK 3aJOMJEHHA Ta JilicHA U ydABHA AieJIeKTPUYHI KOHCTaH-
TH, HAa AOJATOK A0 KoedillieHTa eKCTHMHKIII i ejleKTpompoBigHocTu. Byio
BUABJIEHO, IO BCi IXHi 3HaUeHHA 3MiHIOIOThCA 3i 30iJbIIEHHAM TOBIIUHU
IUIiBKK. 3a JOIOMOTOI0 CIEKTPY BOMpPaHHSA OYJI0 PO3pPaxOBaHO INMUPHUHY OI-
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TUYHOI 3a00pOHEHO0I 30HM Ta BUSBJEHO, IO CIOCTEPiraeThbCcs He3HauHa 3Mi-
Ha 3i 30iMBINIEHHAM TOBIWHU ILJIiBKH, OCKiMIbKM ii 3HAUEHHS 3MEHIITYETHCA
3 2,22 eB mo 2,20 eB, Koy ToBHIMHA ILTiBKU 30iabmiyeTbesa Big 143 HM 1o
368 HMm.

Key words: cadmium oxide, spin coating, energy gap, absorbance spec-
trum.

Karouosi cmoBa: oxkcun Kamgmito, omepskami MeTomoM IeHTPU(YI'YBaHHS II0-
KpPUTTSA, 3a00poHeHa eHepreTUYHa 30Ha, CIIEKTep BOMpaHHA.

(Received 28 November 2024 )

1. INTRODUCTION

In recent years, there has been a notable surge in interest in trans-
parent conducting oxides (TCO) thin films, attributed to their
unique chemical and physical properties that differentiate them
from bulk materials and individual atoms [1].

Cadmium oxide (CdO), characterized by a direct optical band gap
ranging from 2.2 eV to 2.7 eV and exhibiting n-type conductivity,
is frequently employed in applications including spintronics, trans-
parent electronics, optoelectronics, and sensors. Cadmium oxide
(CdO) is a commonly favoured material for applications such as pho-
todiodes, gas sensors, solar cells, and anti-reflective coatings [2—4].
Cadmium oxide (CdO) is regarded as a potential material for photo-
voltaic applications owing to its elevated electrical conductivity and
optical transmittance in the visible spectrum. CdO thin films are
produced using various deposition processes, including pulsed-laser
deposition (PLD) and spray pyrolysis, chemical bath deposition, hy-
drothermal synthesis, and magnetron sputtering. In comparison to
these approaches, the sol—gel process is effective for creating metal
oxide coatings as it achieves a homogeneous structure and can be
maintained under the management of each phase necessitates un-
complicated apparatus and is applicable at reduced temperatures.
The sol-gel spin-coating technique involves the solutions formulat-
ed for the films and is applied to a substrate, which is subsequently
spun at varying velocities and durations. The solution is applied to
this base to create a film [5]. The spin-coating process allows for
the straightforward diversification of required films, modifying pa-
rameters including film thickness, rotation speed, and rotation du-
ration, number of coatings, solution volume, and annealing temper-
ature. This approach is favoured because of its cost-effectiveness
and rapid manufacturing capabilities [6]. As discovered, the ther-
mal treatment of CdO thin films after deposition at different an-
nealing temperatures reveals significant modifications in their opti-
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cal and structural characteristics [7].

This work aims to prepare thin films of cadmium oxide using the
sol—gel spin-coating technique, to study their optical properties,
and to demonstrate the effect of film thickness and temperature on
those properties.

2. EXPERIMENTAL DETAILS
2.1. Preparation of the Solution

The solution was prepared by dissolving 1.33 gm of aqueous cadmi-
um acetate [(CH;CO0),Cd,H,0)] in 10 mL of 2-Methoxyethanol and
stirring it with a magnetic stirrer for 20 min at room temperature.
After that, the temperature of the solution is raised to 70°C. Then,
ethanolamine (MONO) is added dropwise to the solution. This pro-
cess takes 120 min in order to obtain a homogeneous, transparent
and colourless solution. The temperature of the final solution is re-
duced to room temperature, then, filtered using filter paper, and
then, left for 24 hours.

2.2. Preparation of Glass Substrates

A glass substrate with dimensions 1.5x2 cm was prepared. These
substrates are cleaned by first washing them with water for 3 min,
then, they are immersed in a solution (distilled water + acetone)
with 20% acetone. The substrates and the solution are placed in the
ultrasound machine for 15 min at room temperature. The slides are
cleaned then with distilled water for 3 min and dried then using hot

. Glass cover

N 3000-30 s

Fig. 1. (a) Device diagram for spin coating; (b) photo of spin coating.
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air for 1 minute. Sample weights are measured using a very sensi-
tive four-stage balance.

2.3. Deposition Process

The sol—gel solution is coated on glass substrates using a device
spin coating as shown in Fig. 1. The parameter used was of 3000
rev/min for 30 s. The samples are then dried using an electric heat-
er at a temperature of 200°C for 15 minutes to get rid of solvents
and organic contamination. The thin films are then annealed in an
oven at temperatures of 400-500°C. Finally, the weights of the
samples are measured after the deposition process in order to calcu-
late the thickness of the film prepared by the gravimetric method.

3. RESULTS AND DISCUSSIONS
3.1. The Optical Absorption Analysis

The interaction of light with CdO thin films was studied to learn
more about the optical properties. We used a UV—Visible spectrome-
ter (Shimadzu UV-1800) to characterize the optical properties of
CdO thin films; the absorption spectra from 190 nm to 1100 nm
were obtained. When light interacts with the thin film, an optical
absorption process occurs against the wavelength spectra of the thin
films deposited at an annealing temperature of 400°C. Figure 2
shows an increase in absorption with increasing film thickness. The
spectra also showed a clear increase in absorption, indicating the
presence of a direct optical transition in the thin films, as well as a
red shift with increasing thickness of the deposited films. High

Absorbance, a.u.

0.0 T T T T T
350 450 550 650 750 850 950
Wavelength, nm

Fig. 2. UV—Vis absorbance curves for CdO films with different thickness.
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Fig. 3. Absorption coefficient of CdO thin films with difference of film
thickness as a function of wavelength.

temperatures in the annealing process can affect structural proper-
ties such as crystallinity, grain size, and defect density, which in
turn affects the optical behaviour of the material. The surface
plasmon resonance (SPR) peak of CdO thin films on glass was ob-
served at 350 nm. The peak shape is due to the light pooling caused
by the CdO thin films and the peak position due to the agglomera-
tion of nanoparticles deposited on glass and the interactions be-
tween CdO particles and different substrates. It is worth noting
that the UV—Vis spectrum of CdO nanoparticles on glass substrate
shows only the SPR peak corresponding to the in-plane dipole. Crys-
tallization is enhanced at higher temperatures during thin film
growth better, the density of defects such as grains and dislocations
decreases and, as a result, the light absorption increases. This in
turn leads to the increase in the overall absorption.

The incident photon energy (as well as the properties of the ma-
terial itself) has an impact on a materials’ absorption coefficient.
According to Beer’s law, the transmission (7)) and reflection (R)
spectra are related to the absorption coefficient [8]:

_ 2 _ 2
o Lig| A-RF , A-RF |
d 2T  \2T?+R’

where d is the thickness of the sample. The absorption coefficient
(o) at the wavelength of maximum absorption decreases with in-
creasing membrane thickness of CdO thin films as shown in Fig. 3.
An important factor affecting the materials’ optical and electron-
ic properties is the optical band gap E;“. The optical band gap of

(1)
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Fig. 4. Optical band gap values of CdO thin films prepared for two differ-
ent thicknesses.
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Wavelenght, nm Wavelenght, nm
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Fig. 5. Refractive index (a) and extinction coefficient (b) as functions of
wavelength for CdO thin films with different thicknesses.

the CdO thin films was determined using the Tauc plot and calcu-
lated by fitting the equation to the data of Ref. [9]:

(ahv)"" = B(hv - EI"), (2)

where r is a number that indicates the type of electronic transition
that causes the absorption and takes values of 1/2 or 2/3 for direct
transitions and 2 or 3 for indirect ones, depending on whether the
transition is allowed or forbidden, respectively. hv is the photon en-
ergy; o is the absorption coefficient, and B is a constant of effec-
tive mass. Figure 4 presents the optical energy gap decreasing with
increasing film thickness.

The refractive index (n) describes how a beam propagates through
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Fig. 6. Real dielectric constants (a) and imaginary dielectric constants (b)
as functions of wavelength for CdO thin films with different thickness.

a transparent medium. The optical parameters of the samples can be
used to determine the refractive index using the following relation-

ship [10]:
n=itB, AR g (3)
1-R \(1-R)

Reflectivity (R) is calculated from absorption and transmission
spectra using the law of conservation of energy (R=1-T7T-A). On
the other hand, the extinction coefficient (K) depends on the ab-
sorption coefficient and wavelength of the incident beam and is giv-
en by [11]

o
an’

The refractive index and extinction coefficient versus wavelength
are given in Eq. (3) and Eq. (4). It can be seen that the extinction
coefficient (K) of CdO thin films decreases and the refractive index
(n) increases with increasing film thickness and in the visible re-
gion. Increased thickness can result in better crystallinity and larg-
er grain sizes, which can result in reduced light scattering and ab-
sorption [12]. This in turn leads to an increase in the refractive in-
dex and a decrease in extinction coefficient as shown in Fig. 5.

The complex dielectric constant caused by photon interactions
with medium charges is commonly referred to as polarization. Us-
ing Maxwell’s relations, evaluation of the real (¢,) and imaginary (g;)
parts of the dielectric constant can be calculated for optical wave-

K (4)



208 Mohammed AL-BADRANI, Yasir Yahya KASSIM, and Mutaz Salih Hasan ALJUBOORI

1.6 Cdo
T = 400°C
j—n=1
1.21 3—n=2

e
@0

=
'S

0.0 T T T T T
350 450 3550 650 750 850 950

Wavelenght, nm

Optical conductivity, o-10%, cm™

Fig. 7. Optical conductivity as a function of wavelength for CdO thin films
for different thickness.

lengths based on optical constants. The refractive index and extinc-
tion coefficient are connected to the real and imaginary parts of the
dielectric constant through the following relationships [13]:

e, =n’-K?, g, =2nK . (5)

It can be seen from Fig. 6 that the real dielectric constant in-
creases, while the amount of the imaginary dielectric constant de-
creases with the increase in membrane thickness.

The optical conductivity of CdO thin films can be determined us-
ing the correlation between the absorption coefficient and the re-
fractive index [12]:

onc
(e) = —
t. ’
x 4

where ¢ is the speed of light in a vacuum. The decrease in optical
conductivity can be attributed to decrease for absorption coefficient
and the refractive index with increasing the substrate temperature,
as shown in Fig. 7.

(6)

4. CONCLUSIONS

It was shown through this research that the thickness of the film
has a direct effect on the optical properties of cadmium-oxide films.
It was found that the absorption increases with increasing film
thickness (), and this indicates the occurrence of the crystal
growth process. By analysing the absorbance spectrum using a UV—
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Vis device, it was found that the refractive index, the real dielectric
constant, and the optical conductivity increase with increasing film
thickness, but that both the extinction coefficient and the imagi-
nary dielectric constant decrease with increasing film thickness. It
was also found that the optical energy gap decreases slightly from
2.22 eV to 2.20 eV with increasing film thickness from 143 nm to
368 nm.
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Synthesis and Characterization of Nano-CdO:SnO, Thin Film
for Gas-Sensing Applications
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Motivated by the utility of gas-sensing technology, investigations of thin
films of the tin oxide-doped cadmium oxide (CdO:SnQO,) of nanograin size
in the range between 10.3 nm and 18.3 nm have been undertaken applying
different characterization methods. CdO films doped with nano-SnO, con-
tents in the range of 1-3% were deposited on soda lime glass (SLG) sub-
strates at room temperature by pulsed laser deposition (PLD) and succeed-
ed by annealing for 60 min at a temperature of 400°C. The dominant
phase for these films shows a hexagonal crystal structure, which is the
metastable phase of the doped CdO. Tauc’s relation is used for determin-
ing the energy band gap (E,) regarding doped CdO thin films over the
photon energy range of 300 nm to 800 nm. A rise in SnO, concentrations
is accompanied by a reduction in optical transmittance. The Hall effect
measurement demonstrates the n-type conductivity of our produced films.
When the SnO, content is of = 0.01 and the operating temperature is of
300°C, the maximum attainable sensitivity of CdO:SnO, mixed films to-
ward nitrogen dioxide (NO,) gas is achieved in terms of sensing character-
istics. The outcomes demonstrate that, with a recovery time of 60 seconds
and a response time of 25 seconds, the maximum sensitivity is equivalent
to 78.05% . From room temperature to 300°C, the resistance to NO, gas is
reduced linearly with operating temperature.

MoTuBOBaHI KOPHCHICTIO TEXHOJIOTrii TrasoBOr0 30HAYBAHHS, MTOCJIiIKEHHSI
TOHKUX ILIiBOK okcuay Kamwmiro, seroBanoro okcuzom Cramymy (CdO:SnO,),
3 HaHOpo3MipoMm 3epeH y mismasoui Bixm 10,3 M mo 18,3 HM Oyiau mpoBemdeHi
3 BUKOPHCTAHHAM PisHUX MeTOmiB xapakrepusairii. Jlerosaui miaisku CdO is
BMicTOM HaHouacTuHOK SnQ, y misimasoni 1-3% Oysm ocamskeHi Ha migkJa-
IWHKAX 31 CKJIa 3 HATPOHHOTO BallHa 3a KiMHATHOI TeMmepaTypu MeTOAOM
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iMIyJILCHOTO JIa3ePHOI'0 OCAMKEHHS 3 IONAJBIINM BiAIIAJIOM YIPOIOBIK
60 xBuauH 3a Temmeparypu y 400°C. NominyBambHa (asa A MUX ILIiBOK
Ma€ TeKcaroHaJbHY KPHCTAJIIUHY CTPYKTYpPY, AKa € MeTacTabibHoI0 (asoio
#1 nmeropamoro CdO. TaykoBe cmiBBigHOIIIEHHA 0yJI0O BUKOPUCTAHO IJIsI BU3HA-
yeHHA IMPUHU 3a00poHeHOI 30HU (E,) n1a jJeroBaHux ToHKUX miaiBoxk CdO B
niamasoHi eHepriii ¢oroniB Big 300 um g0 800 HM. 36iibIlIeHHA KOHIIEHTpA-
1ii SnO, CyIpOBOAKYETHCA MOHUIKEHHAM OITHYHOTO IPOIycKauHHsa. MipsaH-
HaA TosmoBoro edeKTy MEeMOHCTDPYE N-THUN IIPOBiIAHOCTM BUTOTOBJIEHUX ILJIi-
Bok. Kosu Bmict SnQO, cranoButs = 0,01, a poboua Temmeparypa — 300°C,
IOCATAETHCA MAaKCHUMAJbHO JOCAMKHA UYYTJAWBICTh B3MiIIaHMX  IJIiBOK
CdO:Sn0, mromo rasomoaiouoro miokcuay Hirporewy (NO,) 3 ToOuKu 30py Xa-
PaKTepPUCTUK UYTJIUBOCTU. Pe3yibTaTy MOKasyoTh, IO 34 Yacy BiAHOBJICHHS
y 60 cexyHp i uyacy BiAryky y 25 ceKyHa MaKcHMaJbHa YyTJUBICTHL eKBiBa-
aentHa 78,05% . Big kimmarmoi Temmeparypu mo 300°C crifikicTs momo ra-
somogi6uoro NO, JiHilTHO 3MeHIIyeThCA 3 POOOUOI0 TEMIIEPATYPOIO.

Key words: transparent metal oxide, nanothin film, pulse laser deposition,
CdO, SnO,, gas-sensing application.

KarouoBi cmoBa: mposopuii OKCHI MeTaJdy, HAHOTOHKA ILIiBKa, iMOyJIbCHE
JaasepHe ocamkenusi, CdO, SnO,, sacTocyBaHHsA B rasoBiil ceHCOpHIIi.

(Received 26 September, 2024; in revised form, 20 November, 2024 )

1. INTRODUCTION

Metal peroxides are interesting since they could be employed as sen-
sors [1], catalysts [2], sources of oxygen in organic synthesis [3],
and precursors for metal-oxides’ synthesis [4—6]. There are numer-
ous ways to make metal peroxides [6], such as the direct route reac-
tion of oxygen with metal in air (or ammonia) as well as in liquid,
the reaction regarding a metal salt with hydrogen peroxide, typical-
ly in basic solution, the thermal decomposition of the superoxide,
and the electrochemical route. Unfortunately, the majority of cur-
rently used techniques have some drawbacks. These include hazard-
ous and complex fabrication processes, costly and difficult-to-find
precursors, and poorly crystallized or even impure final products.
The automotive industry as well as environmental research in both
outdoor and indoor settings, like greenhouse gas monitoring, are
only two of the many uses for gas-sensing technologies [1-6].
People are currently aware of the environmental damage caused
by industrial emissions. One of such waste gases, NO,, was linked to
an increased risk of developing respiratory diseases in people, in-
cluding pulmonary edema and asthma, and has raised concerns
about environmental pollution on a global scale [7]. Yet, human be-
ings cannot survive in an environment with 3 ppm NO, for more
than 8 hrs, according to the Health and Safety Rule Alarm [8].
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Lately, researchers and industry have become more interested in
gas-sensing technology as a common application for intelligent de-
vices. Researchers were exploring a range of options to improve
gas-sensing performance because of the limitations and wide range
of applications of numerous gas-sensing technologies. Numerous
elements, including selectivity, sensitivity, response time, cost, and
size, must be taken into account in order to evaluate the effective-
ness of gas-sensing systems. A repeatable and stable gas signal
throughout time should be shown by gas sensors as well, but struc-
tural alterations, composition, appropriate doping materials, and
application of the right surface treatment all affect stability [9].

Techniques for gas sensing include liquid chromatography, gas
chromatography, electrochemical sensors, acoustic sensors, optical
sensors, and chemical resistance sensors. Some of these techniques,
for instance, gas and liquid chromatography, and acoustic sensors
have limitations of high cost, low sensitivity, slow response, and
difficulty in downsizing [10—16]. On the other hand, gas sensors de-
pend on chemical resistance of such polymers, carbon nanotubes, and
metal oxide-based sensors have been used to minimize the size of a
powerful and cheap device. Among these three types, metal oxides
are the most popular type due to their brilliant properties [17—20].

Transparent conducting metal oxides (TCO), like tin oxide (SnO,),
indium oxide (InO), cadmium oxide (CdO), and zinc oxide (ZnO),
have been investigated intensively in the last decade. CdO has at-
tracted greater attention than other potential TCO due to its vari-
ous advantages such as high carrier concentrations and moderate
electron mobility [21]. These properties of CdO thin films facilitate
its inclusion in different applications such as photodiodes, trans-
parent electrodes, solar cells, and gas sensors [22]. CdO thin films
crystallize as a cubic crystal system, and the dominant phase for
CdO films exhibits the rock-salt crystal structure, which is the sta-
ble phase of CdO [23, 24], but it can also crystallize in metastable
phases such as zinc blende, wurtzite, CsCl, and NiAs crystal struc-
ture [25]. Polycrystalline CdO thin films could be deposited through
various methods, such as metal-oxide chemical vapour deposition
(MOCVD), direct current sputtering (DCS) and radio-frequency
sputtering (RFS), spray pyrolysis, chemical bath, and pulsed laser
deposition (PLD). However, to deposit stoichiometric and tin-doped
CdO, PLD is considered as the preferred method [25].

This work aims to find a correlation between the optical, struc-
tural, and electrical properties regarding doped CdO thin films with
different SnO, contents. It is also an attempt to optimize the SnO,
content for the best sensing ability using crystal structure, grain
size, transmission, band gap, carrier concentration, mobility, and
sensing characteristics for NO, sensing applications.
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2. EXPERIMENTAL WORK

Samples were prepared using high-purity cadmium oxide (CdO)
powder (99.99%) that was doped with tin oxide (SnO,) of 99.8%.
Samples weighing 3 gm, one of them pure CdO and three samples
doped with SnO, with impurity percentages of 2, 4, 6% were
weighed with a sensitive electronic balance with four decimal places
after sorting from. The mixing technique has been utilized for ob-
taining high homogeneity between the pure CdO granules and the
samples doped with SnO,, where the powders were ground using a
ceramic mortar for half an hour; then, the ground powders were
placed in plastic boxes containing three balls with a diameter of
0.50 cm. After that, each box was placed inside an English type
mixer (Spex) for ten minutes, and then, the mixed powders were
compressed with a pressure force of 6 Tons in a special mould (steel
stainless) with a diameter of 1.2 cm and a thickness of 0.3 cm for a
period of 5 minutes using an American-made hydraulic press manu-
factured by Across International, as shown in Fig. 1.

To produce CdO tablets before and after doping, we used glass
slides as substrates for film growth after cutting them into smaller
pieces. To ensure their cleanliness, such glass slides are precleaned
through ethanol and distilled water. Subsequently, the glass slides
undergo ultrasonic cleaning. Sedimentation system consists of two
parts as follow.

1. Laser System. The pulsed Nd:YAG laser manufactured by the
company DIAMON-288 pattern EPLS System with a wavelength of
1064 nm, as can be seen in Fig. 2, was used in the process of depos-
iting the prepared patterns on glass bases. The system consists of a
power supply and a control system. Using a computer and an inter-
nal cooling system, the path of the laser beams is fixed on the tar-
get manually, as the laser used has the following specifications: la-
ser energy of 100-1000 mdJ (energy used is of 600 md); frequency
6—1 Hz (frequency used is of 6 Hz); laser wavelength A = 1064 nm;
duration of each pulse=10 nsec and a number of 100 pulses at
room temperature, as the incident laser rays create an angle of 45°
with the surface of the target. Cooling method for the device: it is
by manually circulating the device hot water with cold water
through a tank located inside the device.

2. Sediment Chamber. It is a cylindrical chamber with a diameter
of 30 cm and a height of 40 cm made of quartz. The film deposition
process takes place in it, using a pulsed laser at high discharge, and
it is designed to contain a gate for the gas to escape upon discharge
and for viewing the laser rays.

The process of deposition of samples prepared from CdO discs be-
fore and after doping with SnO, took place inside the wvacuum
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Fig. 1. Shape of the samples.

Fig. 2. The Nd:YAG pulsed laser instrument.

chamber of the laser system and under a vacuum pressure of 1072
hPa. The deposition process includes basic steps, which are the in-
teraction regarding pulsed laser beams with target, which is a com-
pressed powder disk. Subsequently, the prepared thin films were
annealed at a temperature of 400°C.

At room temperature, the experiments have been carried out with
CuK, radiation source (AL =1.5414 A) at 20-values ranging between
20 and 80 for recording the XRD data. An accelerating voltage of
30 kV and emission current of 20 mA were used in the experiment.
UV-Vis spectrophotometry (UV-265 Shimadzu) was used to examine
the optical characteristics of CdO:SnO, thin films inside the wave-
length range of 300-1100 nm. A test of a gas sensor with a bias
voltage of 6 V has been carried out at various sensing temperatures.
With the use of aluminium electrodes for each measurement, Hall
coefficient was determined utilizing a four-probe approach.
Through introducing a magnetic field perpendicular to the mem-
brane surface, Hall effect has been computed. Additionally, the Hall
probability () of electrical conductivity (o) and the concentration
of charge carriers (p) have been ascertained. Furthermore, the test
was run under a bias voltage of 6 V specifically for NO, gas and at
multiple sensing temperatures for the gas sensor measurement.
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3. RESULTS AND DISCUSSION
3.1. The Crystal Structure: X-Ray Diffraction Analysis

The x-ray diffraction results of all mixed CdO:SnO, thin films de-
posited on glass substrates through PLD method and annealed at
400°C are illustrated in Fig. 3. The observed peaks include (110),
(104), (111), (101), (220), (200), (311), and (222). The dominant
plane is (111), which is attributed to its stability. The samples con-
sist of a film comprising a mixture of the cubic structure of cadmi-
um oxide and the polycrystalline structure of tin oxide with a tet-
rahedral arrangement [26, 27]. It can be observed that increasing
the weight ratio results in an increase in the intensity regarding
thin films.

Additionally, there is a reduction in full width at half maximum
(FWHM) from 0.704 nm to 0.4257 nm in the (111) direction, indi-
cating that the crystallite size increases from 11.8 nm to 18.3 nm
for the thin film (Table) [28].

A =
oS8
b oG 2%° o
2r 20 05 o8 8o
L 2 O = =3 &} =
g = U,_ OU
st 23| 7 88 ==
o =5 89 2§
ar 3% Sn0Oj
st &
E ] 2% Sno, ]
- 1% Sn0O,
[ e, Pure CdO]
20 30 40 50 60 70 80

20, degree

Fig. 3. XRD patterns of pure CdO and nanocomposite CdO,_SnO,,,.

TABLE. XRD parameters for CdO:SnO, thin films.

Sample | 20, degree | FWHM, degree | d, ., A | Grain size, nm ‘ hkl

Pure 33.1539 0.8048 2.6999 10.3 (111)
1% 33.3551 0.7042 2.6841 11.8 (111)
2% 33.4054 0.5784 2.6802 14.3 (111)

3% 33.3551 0.4527 2.6841 18.3 (111)
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3.2. Optical Properties
3.2.1. Transmission (T)

Figure 4 presents the optical transmittance spectra of CdO:SnO,
thin films within wavelengths ranging from 300 nm to 800 nm and
with SnO, contents of 0.01%, 0.02%, and 0.03%. It could be indi-
cated that the transmittance is gradually increased with the in-
crease in wavelength, albeit at a small rate. However, for wave-
lengths below 400 nm, a sharp decrease in transmittance is observed
that is associated to the absorption edge in the corresponding wave-
length region [29].

In the visible region, the transmittance spectrum shows a gradual
increase, reaching a maximum transparency of approximately 77%
in the near-infrared (NIR) region. This behaviour reflects the na-
ture of the film. It could be attributed to an increase in oxygen con-
tent in the material or the scattering of photons by crystal defects
[30]. Overall, optical transmittance decreases with an increase in
SnO, content.

3.2.2. Optical Energy Band Gap

A critical optical constant used in fabrication of many electrical de-
vices, depending on semiconductor physics, is the energy band gap,
which is specified as the energy needed to transfer an electron from
valence band maxima to the conduction band minima. The relation-
ship (1) could be used to compute the energy gap value (E,) [31]:

ahv = A(hv-E,), (1)

Transmission, %

Fig. 4. Transmission of CdO thin films with different SnO, contents as a
function of the wavelength.
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Fig. 5. Energy gap of CdO thin films with different SnO, contents.

in which o represents the absorption coefficient, v represents the
photon energy, A represents a constant, and r is an exponential in-
dex with a value of 1/2. By squaring Eq. (1), we obtain the follow-
ing equation:

(ahv)? = A*(hv — E). (2)

Doping results in decreased energy-gap values, especially at high-
er weight ratios (Fig. 5). The energy gap is impacted by the in-
creased doping ratios because they cause new localized states to
form inside the band gap and tail states to form close to the band
edges [32].

3.3. Electrical Properties: Hall Effect

Several electrical characteristics of the prepared samples are ascer-
tained by means of the Hall-effect measurement. For nanocomposite
films, carrier concentration, u, conductivity, mobility, and the ma-
jority charge-carrier types are examined [33].

The electrical conductivity of a material is influenced by the con-
centration and mobility of the carriers, both of which are affected
by temperature and impurities.

Figure 6 shows that the increase in the SnO, contents from 0.01
to 0.03 results in an increase in carrier concentration of the pre-
pared thin films from 1.50-10" to 1.89-10" cm™. On the other
hand, the behaviour of carrier mobility shows the opposite trend,
where the increase of the SnO, content reduces the value of the car-
rier mobility from = 2000 to 800 cm?/(V-sec), as depicted in Fig. 6.
Results are in good agreement with Ocak et al. [29].
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Fig. 6. Variation of n, and py with different weight ratio for CdO:SnO,.

3.4. Gas-Sensing Properties

Two factors affect the sensors’ response: the rate, at which gas
molecules diffuse to the surface, and the kinetics of chemical pro-
cesses taking place outside the grains. The varying rates of such
processes set a limit on the sensor response at different tempera-
tures. The maximum sensor response is achieved at intermediate
temperatures, when the rates of both processes equalize. According
to this process, the sensor response peaks for each gas at a particu-
lar temperature [34].

Figure 7, a—d, e—h, i—l, m—p illustrates the variation of re-
sistance with time for the films at different operating temperatures
in the case, when exposed to NO, gas. Gas-on period is indicated by
the red arrow, while the gas-off period is shown by the green arrow.
It is well known that NO, gas is oxidative in nature. The resistance
to NO, gas exhibits a linear decrease with increasing temperature
within the range of room temperature to 300°C.

The sensitivity regarding the sensor to NO, gas exhibits a linear
increase with temperature within the range of room temperature to
300°C. This relationship is illustrated in Fig. 8. The maximum sen-
sitivity of prepared CdO:SnO, thin films towards nitrogen dioxide
(NO,) gas is achieved, when the SnO, content is of 0.01. This opti-
mal operating condition occurs at a temperature of 300°C. At this
point, the maximum sensitivity reaches 78.05% . The recovery time
of the sensor is of 60 seconds and response time is of 25 seconds.

When a reducing or oxidizing gas is introduced, a gas-sensor re-
sponse time is the amount of time, which the sensor takes to
achieve 90% of its minimum or maximum conductance value. Com-
parably, recovery time is the amount of time needed for the sensor
to stabilize within 10% of its original baseline following the stop-
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Fig. 7. Resistance variation: (a, b, ¢, d) for pure CdO, (e, f, g, h) for
CdO:1% SnO,, (i, j, k, 1) for CdO:2% SnO,, and (m, n, o, p) for Cd0:3%
SnO, thin films with different operating temperatures for NO, gas.

ping of the reducing or oxidizing gas flow [35, 36].

Figures 9 and 10 depict the relation between recovery time and
response time at different operating temperatures and etching times
for pure CdO and its combinations with 1%, 2%, and 3% SnO,
(CdO:Sn0,). It is observed that the response time is fast (of approx-
imately 20 seconds), while the recovery time is also fast (of approx-
imately 40 seconds).

4. CONCLUSIONS

Using the PLD approach, nano-CdO:SnQO, thin films of different
compositions have been successfully formed on glass substrates. The
films with the CdO:SnO, compositions have a polycrystalline struc-
ture, as shown by XRD analysis. As the weight ratio of SnO, rises,
the energy gap shrinks, suggesting a trend towards lower energy
levels. Thin films demonstrated the behaviour of an n-type charge
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Fig. 9. Response time of CdO:Sn0O, thin films towards NO, gas with differ-
ent SnO, contents measured under various operating temperature.

carrier. There appears to be an inverse link between temperature
and resistance since the resistance to nitrogen dioxide reduces line-
arly with rising temperature. With the exception of one particular
instance, the sensor sensitivity to NO, gas rises linearly with tem-
perature, suggesting a positive association between the both magni-
tudes. Both pure CdO and mixed CdO:SnO, films show high resistiv-
ity at high temperatures in the case, when measuring NO, gas with
the gas sensor, indicating lower sensitivity to NO, gas.
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The atmospheric-pressure chemical vapour deposition (APCVD) technique
is used to grow ZnO nanowires (NWs) on glass substrates. The effect of
different doping ratios (0, 2, 4, and 6 wt.%) of aluminium on the struc-
ture, morphological and optical properties of the ZnO:Al nanowires is
studied. The optical, structural, and morphological results were evaluated
using ultraviolet—visible (UV—-Vis) spectroscopy, x-ray diffraction (XRD),
and field emission scanning electron microscopy (FE—-SEM) with energy
dispersive x-ray (EDX) spectroscopy. Optical results indicate that, with
the increase of aluminium doping, the interatomic distance in the crystal
lattice is decreased, and the energy gap is shifted to redshift. The doping
with aluminium improves the crystallinity of the network. Morphological
observations indicate that, when measuring the diameters of ZnO nan-
owires, the diameter of the aluminium-doped ZnO nanowires increases
with increasing doping ratio. The surface of the ZnO nanowires also con-
tains Al atoms, and EDX spectroscopy supports this finding. Our current
research may serve the development of future nanooptical devices.

Hna supomiyBaunaa maHomporiB (H) ZnO Ha CKASHUX MigKJIaguHKAX 0yJI0
BUKOPHUCTAHO METOJ XeMiuHOro ocaaKeHHs 3 mapoBoi ¢asu (APCVD) za ar-
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Moc(EepPHOTO THUCKY. ByJ0o mOCHiA:KeHO BIJIMB Pi3HUX CTYIEHiB JeryBaHHsS
0, 2, 4, 6 mac.%) anoMiHieM Ha CTPYKTYpHi, Mopdosoriuni # omTwuHi
BiaacTuBOCTi HaHOAPOTiB ZnO:Al. OnTtuuni, cTpyKTypHi Ta Mopdosaoriumi
pes3yJabTaTH OIiHIOBAJM 3a AOIOMOTOo0 yiabTpadiomeroBoi it omTuunoi (UV-—
Vis) cmexkTpockomnii, peHTreHiBcbkoi audpakiii (XRD) Ta momboBoi emiciii-
HOI cKaHyBaJbHOI eleKTpoHHOI MiKpockomii (FE-SEM) 3 eHeproaucmepciii-
HOI0 peHTreHiBchbKOI0 (EDX) cmexTpockomiero. OnTuuHi pesyabTaTu IIOKasa-
JHu, 1110 3i 30iJbIIIeHHAM Jer'yBaHHA aJIOMiHieM MirkaToMoBa Bigmaab y Kpu-
cTaJiuHiN TI'paTHUIII 3MEHIIYETHCSA, a €HepreTUudYHa IIiJIMHA 3MIIlyeThCA B
6iK MOBINMMX XBUJIb. Jler'yBamHA aJIOMiHi€EM MOJIMIINIO KpPHCTATIYHICTH
CTPYKTYpHOI Mepe:ki. MopdosoriuHi crmocrepe:keHHs IIOKasajiu, IO 3 Mi-
PAHHAM AigMeTpiB HaHoaporiB ZnO aisamerep JeroBaHMX aJIIOMiHieM HaHO-
aporiB ZnO 306inmbiryBaBesA 3i 30iJIBIIIEHHAM CTYIeHs Jier'yBaumHs. IloBepxuHs
HamompoTiB ZnO Tako:k mictuiaa atomu Al, a EDX-crmekTpockomis miaTsep-
Imia meil BUCHOBOK. Harlrli mOTOUYHI MOCTiAKeHHA MOKYTH CHPHUATH PO3P0OO6-
i MaitbyTHIX HAHOONTUYHUX IPUCTPOIB.

Key words: atmospheric-pressure chemical vapour deposition, ZnO nan-
owires, band gap, doping with Al, vapour—solid process.

Karouori cioma: xemiuHe ocamsKeHHsA 3 mapoBoi dasm 3a aTrMochepHOTo THu-
cKy, ZnO maHOApPOTH, 3a00pPOHEHA 30HA, Al-jler'yBanHs1, mapoasHuil IpoIlec.

(Received 15 August, 2024; in revised form, 30 September, 2025 )

1. INTRODUCTION

ZnO strong exciton-binding energy of 60 meV at room temperature,
wide band gap of 3.37 eV, strong radiation tolerance, high thermal
conductivity, high electron mobility, and high breakdown electric-
field strength are appropriate for optoelectronics, laser technology,
and electronics applications [1, 2]. There are various structural ar-
rangements of ZnO nanomaterials [3] such as nanotubes [4], nan-
owires (NWs) [5], nanobelts [6], nanorods [7], nanoribbons [8], and
nanocables [9]. Numerous ZnO nanowires distinguish from the rest
of the configurations with the large surface-to-volume ratio, which
gives a large active area, the high electron mobility, and transpar-
ency, are worthy for the electron-transport layer, which is benefi-
cial for UV lasers [10], light-emitting diodes [11], solar cells [12],
nanogenerators [13], gas sensors [14], photodetectors [15], and pho-
tocatalysts [16].

Aluminium (Al) is a cheap and abundant element; hence, Al:ZnO
could be a good replacement for indium—tin oxide films, which are
commonly used in solar energy systems [17]. It has been believed
that adding dopants Ga, In, Li, Cu, Al, etfc. is one of the easiest
ways to control the nanostructures produced by chemical vapour
deposition [18]. It should be mentioned that the band-gap energy of
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ZnO is lowered by Cd, Ti, and Al, but raised by Li and Mg, for ex-
ample [19]. Increasing ZnO electrical conductivity is the primary
objective of Al doping. The doping concentration primarily dictates
where the Al atom is located inside the ZnO lattice; at concentra-
tions below 2%, it occupies the Zn site, while, at concentrations
above 2%, it occupies the interstitial site. The concentration of free
carriers increases, when Al*" is used in place of Zn*" [20].

Previous research investigated the effects of Al doping on prop-
erties of ZnO nanowires; however, a detailed analysis is still re-
quired to ascertain the effects of Al-doping concentration on ZnO
[21-23]. Many deposition methods like sputtering [24], pulsed laser
deposition [25], chemical vapour deposition, spray pyrolysis [26],
and sol-gel processing [27] ways have been adduced to produce
Al:ZnO nanowires. The method used in this paper, the chemical va-
pour deposition (CVD) method, for growing ZnO NWs does not re-
quire complex equipment or high vacuum and can be adapted to
many practical variations. Its flexibility, thus, allows for many
composition and location changes during deposition. This results in
high-quality materials, i.e., with excellent homogeneity and purity
of the fabricated material, step coverage, and adhesion, high
productivity, etc. [28]. In this work, pure ZnO and Al:ZnO
nanostructures were produced via the chemical vapour deposition
approach. It examined the relationship between Al concentration
and both the growth of morphology and the tuning of the optical
band gap. It was demonstrated that the evolution of surface form
and optical properties was related to the Al content in the Al:ZnO
nanostructures.

2. EXPERIMENTAL DETAILS

Initially, the glass substrates of 10x10 mm was ultrasonically
cleaned in acetone, ethanol, and deionized water (D;) for ten
minutes in each solution to eliminate impurities. Then, high-purity
zinc acetate dihydrate 99.97% Zn(CH;CO0O),-2H,0 was used to pro-
duce zinc vapour, while aluminium nitrate Al(No;);-9H,0 was used
to dope aluminium with 0, 2, 4, and 6 wt.% for 1D ZnO NWs
growth via a dual-zone APCVD method at growth temperature of
600°C. Growing low-dimensional nanomaterials via vapour-transport
deposition within the horizontal tube furnace are widely used [29].
A thorough explanation of the APCVD system was provided in an-
other place [30].

The temperature of growth was raised by 10°C/min. The sub-
strate and activator were weighed according to the weight ratios
listed in Table 1 and placed in an alumina boat (5 cm) away from
the flat steel substrate holder; after inserting them into the deposi-
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TABLE 1. The proportions of doping.

The mixture

Weight of Weight of weight remains

Fixed weight | Fized ratio doping material | base material

constant
Zn acetate, g | Percentage Al nlir;te, g |Zn ic(eiig:; ' 8 Total, g
0.8 0% 0.016 0.784 0.8
0.8 2% 0.032 0.764 0.8
0.8 4% 0.048 0.752 0.8
0.8 6% 0.064 0.736 0.8

tion reactor, the quartz tube was tightly closed to prevent any leak-
age out of the system. 1D ZnO NWs were synthesized for 10 min at
evaporation temperature of 600°C using O, gas applied at a flow
rate of 25 cm?/min. The temperature of growth was raised by
10°C/min. To regulate precisely the flow rate, a mass flow control-
ler (MFC) was used.

Then, without an oxygen atmosphere, the samples were annealed
for three hours at a constant temperature of 600°C. Every other pa-
rameter related to the growth was maintained at a constant level
and closely monitored. Finally, after the annealing time was over
and the furnace was switched off, and once it gradually cooled down
to room temperature, the samples were taken out from the reactor
and analysed. It should be noticed that the substrates darkened
(took on a brown tinge). A UV—Vis spectroscopy (UV-1800 Shimad-
zu, Japan) was utilized to measure the optical transmittance (7T") and
absorbance (Abs) spectra of the grown materials ZnO NWs/glass in
the 360—-1000 nm wavelength range, with bare glass serving as a
reference. Using an x-ray diffractometer (Malvern PANalytical-
Aeris) with CuK, (L=1.5406 A) radiation operating at 40 kV and
30 mA, the orientation and crystal structure of the grown samples
(ZnO NWs/glass) were confirmed. The samples were scanned in the
range of 25-75° with an angle step size of 0.011°. FE-SEM
equipped with EDX spectroscopy was inviting to obtain surface and
cross-sectional images and settle the chemical composition of the
grown samples.

3. RESULTS AND DISCUSSION

UV-Vis spectroscopy is a direct approach to studying the optical
characteristics and band structure of semiconductor materials. The
optical transmittance (7T) and absorption (Abs) spectra of ZnO NWs
fabricated on glass substrates with different impurity ratios are
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Fig. 1. Optical transmittance spectra of ZnO NWs prepared with different
doping ratios.
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Fig. 2. Optical absorption spectra of ZnO NWs prepared with different
doping ratios.

shown in Figs. 1, 2, respectively. These spectra show that the mate-
rials have low optical T in the visible range (400-700 nm). It was
found that, as the impurity ratios grow from 0 to 6 wt.%, the
transmittance values decrease, the absorption values increase, and
the fundamental absorption edge shifts toward lower energies, or
longer wavelengths. This may be due to the donor levels increasing
near the conduction band [31].

Moreover, a decline in transmittance from 80% to 60% has been
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noted in the visible region of the spectrum with a small transmit-
tance in the ultraviolet region known as the absorption. As the al-
uminium-doping ratio increased, the absorption likewise increased
from 1.5 to almost 3.5, and it is well known that this is one of the
factors used to calculate several optical constants, including optical
energy [32]. This indicates that the doping caused actual donor lev-
els to form within the energy gap and close to the absorption edge.
These donor levels then absorb low-energy photons, resulting in a
noticeable increase in the absorption-coefficient values. Consequent-
ly, this allowed us to select the proper activation ratio, or the nec-
essary sample to block the necessary portion of the solar spectrum
in the context of solar cell manufacturing, for instance [33].

The absorption-coefficient values (o) for all prepared formula-
tions were obtained using the Beer—Lambert law [34] according to
the following equation:

o [em™] = -In(T)/¢, (1)

where t is the thickness; the samples had a thickness of approxi-
mately 541 nm.

The optical energy gap of the prepared samples was calculated
using Tauc’s relation according to the following equation [35]:

ahv=A(hv-E,), (2)

where h is Planck’s constant, v is the frequency of the incident
light photon, and A is a constant that depends on the values of the
effective mass of the charge carriers; n depends on the nature of
the prevailing optical transitions.

Figure 3 shows the o spectra of ZnO NWs grown on glass sub-
strates with different impurity ratios. As shown in Fig. 3, the a of
NWs in the UV region increased from =1.3-10° cm™ to =6.0-10*
cm ' with the increase of impurity ratio. This behaviour can be at-
tributed to the difference in impurity ratios.

Figure 4 shows the relationship between (ahv)? and kv for ZnO
NWs doped with different doping ratios (0—6 wt.%), where they
decreased optical energy gap E,=hv from 3.2 eV to 3.1 eV with in-
creasing doping ratios, respectively. We also notice from Fig. 4 that
the optical absorption edge showed a redshift. The decrease in the
energy gap of the prepared samples with increasing doping ratio can
be observed in Table 2 and Fig. 4, and can be attributed to the
Burstein—Moss shift [36].

Thus, for ZnO NWs made on glass substrates (see Fig. 5), the de-
velopment of different intensities of the (002) plane was ascribed to
the crystallite-size variation and lattice-strain effects on the struc-
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Fig. 3. Suggested malfunction spectra of ZnO NWs prepared with different
doping ratios as the wavelength functions.
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different doping ratios.
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Fig. 5. XRD patterns of ZnO NWs prepared on glass substrates with dif-
ferent doping ratios.

Figure 5 shows that each peak can be matched with the standard
pattern (JCPDS 36-1451). Each sample has a highly-crystalline
wurtzite structure. The diffraction intensity of the ZnO NWs was
significantly higher than that of the other axes, indicating that the
NWs grew in line with the c-axis [37], which is because ZnO has the
lowest surface free energy. In the 002 plane, no diffraction peaks of
Zn0O:Al NWs were observed in the XRD spectra, indicating that all
samples had a preferential orientation of the c-axis perpendicular to
the substrate surface. The intensity of the (002) peak of the ZnO:Al
NWs is similar to that of the pure ZnO sample [38].

From the XRD patterns, the structural parameters including
crystallite-size ratio (D), dislocation density (3), lattice confor-
mation (g), interplanar distance (d), and lattice constants (a and c¢)
of ZnO NWs were calculated using following equations [30]:

D =0.942/(B cos 0), (3)
§=D7, (4)
& =p/(4tan0), (5)

d = 1/(2sin0), (6)
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1 4h+hk+E 1P
i3 2 t 5 (7
(hkl) a 4

where the x-ray wavelength, Bragg’s angle, Miller’s indices of the
crystal plane, and FWHM of the diffraction peak in radians are
represented by the variables, A, 0, kkl, and 3, respectively. Table 2
contains a tabulation of all the calculated values.

The values of the structural parameters of the grown nanofibers
differ slightly from those in previous studies [39, 40]. This diver-
gence indicates that the values of the structural parameters were
determined by the synthesis process and reaction parameters. We
note that the increase in the crystal size in Table 2 and Fig. 5 with
the increase in the doping ratio indicates an increase in the degree
of crystallization of these samples after doping [41]. The crystal
size of the samples prepared with different doping ratios was calcu-
lated based on the values of the (002) plane angle, which are ap-

EHT= 10004V SignalA= SET : EHT= 10004V Sigral A= SET Date: 12Jun 2023

I WD=8.86 mm PhotoNo. = 42 Timo: 1647:39
[ of P 2 inE L S e A s BT AT ¢ iR

c f

Fig. 6. SEM images of ZnO NWs grown with different doping ratios (a—0
wt.%, b—2 wt.%, c—4 wt.%, d—6 wt.%) on glass. The insets in a-d
show a high-magnification top view of the grown ZnO NWs.
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proximately equal to 34°, and the values were within the nanoscale.
Table 2 shows samples prepared with a 2% -doping ratio, which has
a low value of 8. This behaviour indicates a low defect rate in these
samples [42].

Figure 6, a—d shows the FE-SEM images of the samples doped
with aluminium with different ratios, where increasing the impuri-
ty content to 6% inhibited the growth process towards the c-axis,
which has the lowest surface energy, indicating that the growth di-
rection became more likely lateral (horizontal), leading to an in-
crease in the diameter of the nanowires [43].

Using Imaged 1.47v software, the average diameter (D,,,) of the
grown nanowires was calculated from, at least, thirty measurements
in FE-SEM images (see Fig. 6, a—d).

Figure 7 shows the distribution of the average diameters of the
nanowires after the aluminium-doping process at different ratios (0,
2, 4, 6 wt.%); different diameters of ZnO NWs were obtained on
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&1 7] -Gaussian fit § [\ -Gaussian fit
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Fig. 7. Diameters’ distribution for ZnO NWs prepared at different doping
ratios: a—0%, b—2%, c—4%, and d—6%.
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Fig. 8. EDX spectra of ZnO NWs prepared on glass substrates with differ-
ent doping ratios.

glass substrates, and the average diameter increased from 591 + 125
nm to 662 + 178 nm as the doping ratio increases.

The growing-samples’ diameters’ distribution was fitted with a
Gaussian distribution and shown as a solid red line in each histo-
gram with the D,,, serving as the peak position.

EDX analysis was performed as shown in Fig. 8 to evaluate the
nanochemical composition of the samples grown on glass substrates,
where the presence of carbon (C), oxygen (O), zinc (Zn), and alumin-
ium (Al) elements was confirmed. EDX spectra clearly showed the
doping material through this analysis, as its percentage increased
significantly with increasing doping. This demonstrates that Al is
integrated into the ZnO NWs [44].

4. CONCLUSION

ZnO NWs were successfully prepared on glass substrates using the
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APCVD technique. The effect of changing the aluminium-impurity
ratio on the physical properties of the synthesized samples was de-
termined. Optical measurements revealed that the doped nanostruc-
tures resulted in decreased transmittance and increased absorption.
This could be because the donor levels rise near the conduction
band, and the absorption edge shifts to lower energies, which in-
creases the probability of photon absorption. XRD results confirmed
the synthesis of ZnO NWs with a hexagonal structure and a prefer-
ential orientation along the (002) lattice plane. FE-SEM images re-
vealed the growth of ZnO NWs on glass substrates with different
diameters, where the diameter of the nanowires increased with in-
creasing the aluminium-doping ratio. EDX analysis confirmed the
high purity of the synthesized samples. In addition, quantitative
surface EDX results revealed that the zinc content with aluminium
content was suitable for the doping ratios. Therefore, it was demon-
strated that the addition of aluminium in different ratios plays a
key role in improving the nanostructure properties and increasing
the crystallinity of ZnO, using APCVD technique. Finally, our re-
sults demonstrate the potential of APCVD as a viable method for
producing pure and doped ZnO nanowires.
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In this paper, ZnO nanoparticles are synthesized by biosynthesis method
using aloe vera gel/leaf aqueous extract. The obtained nanoparticles are
characterized using IR and XRD. The IR results show the absorption band
of Zn—0 at 498 cm™, while the powder XRD pattern confirms the hexago-
nal wurtzite-type structure with particles’ size of 35.01 nm. ZnO nanopar-
ticles are used as catalysts for degradation of methylene blue using hy-
drogen peroxide as an oxidant. The catalytic activity is calculated.

V¥ miii po6ori maHouacTuHKM ZnO OyJI0 CMHTE30BAHO METOAOM OioCHMHTEe3U 3
BUKOPUCTAHHAM BOJHOTO €KCTDPAaKTy TeJiio/iaucta ajoe Bepa. Omep:xaHi Ha-
HOYACTHUHKHN OyJI0O OoXapaKTepums3oBaHO 3a momomororo IY- i peHTremiBchbKoi
Indpariiitnol conexktpockonii. Pesynabratu IY-cnmeKTpockomil mIOKasyoTh
cmyry B6mpamHa Zn—O mpu 498 cMm !, Tomi AK HOpPOIIKOBa peHTreHiBChKA
IudparkTorpaMa MiATBEPKYE TeKCaroHaJbHY CTPYKTYPY TUIY BIOPTIIUTY 3
poamipom uactuuoK y 35,01 am. Hanouactuuaku ZnO 6yj10 BUKOPHUCTAHO AK
KaTajgisaTopu Iisd Aerpajaiii MeTHJIEHOBOTO CHMHBOTO i3 3aCTOCYBAHHAM IIe-
PeKucy BOIHIO fAK OKKCHIOBauYa. DByJio po3paxoBaHO KaTaJiTUUYHY aKTUB-
HiCTb.

Key words: ZnO nanoparticles, plant extract, aloe vera gel, methylene blue
degradation.

Karouosi croBa: HanouacTuuku ZnO, pocIuHHUI €KCTPaKT, I'eJib ajloe Bepa,
Jerpajgaiiisi MEeTHJIEHOBOTO CHHBOIO.

(Received 27 August, 2024 )

1. INTRODUCTION

Metal oxides, mainly ZnO, have attracted attention for environmen-
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tal remediation [1-3]. Residual dye contents in textile wastewater
have complex aromatic structures that are difficult to degrade by a
biological treatment. Therefore, over the last few decades, consider-
able attention has been paid to decomposing these textile waste dyes
by improving the properties of metal oxides, mainly ZnO, by pre-
paring nanoparticles (NPs). Several methods have been developed
for their synthesis including physical, chemical and biological
methods [4—-7].

The use of plant extracts in the synthesis techniques make the
use of moderately pollutant free chemicals to synthesize nano-
materials and increase the use of eco-friendly solvents such as wa-
ter. Green chemistry seeks reducing pollution at the source [8].
Green chemistry encompasses all aspects and types of chemical pro-
cesses that reduce negative impacts to human health and the envi-
ronment. This principle focuses on choosing reagents that encoun-
ters the least risk and generate only benevolent by products.
Though physical and chemical methods are trendier for the synthe-
sis of NPs, the biogenic fabrication is a better choice due to eco-
friendliness. Because of the need of environmental friendly NPs,
researchers are using green methods for the synthesis of various
NPs for pharmaceutical applications [9-12].

The biological approaches of using microorganisms and plants or
plant extracts for the synthesis of NPs have been suggested as val-
uable alternatives to chemical methods. Several biological systems
including bacteria, fungi and yeast have been used in synthesis of
nanoparticles. Nanoparticles, due to their smaller size and large
surface, exhibit remarkable novel properties and methodical appli-
cations in the field of biotechnology, sensors, medical, catalysis, op-
tical devices, DNA labelling, drug delivery, and they are rewarding-
ly treated as a bridge between bulk material and atomic and molecu-
lar structures.

It is well known that ZnO is an important metal oxide semicon-
ductor. ZnO NPs have found fabulous applications in biomolecular
detection, diagnostics, and microelectronics [13—16].

The aim of this study is to prepare ZnO NPs using a green chem-
ical method and examine the catalytic properties of the ZnO nano-
composites for methylene blue (MB) oxidation.

2. MATERIALS AND METHODS
2.1. Materials
(Zn(CH;CO00), 99%), (NaOH 99.5%) were supplied from Riedel de

Haen. These chemicals were utilized in the synthesis of the samples
using distilled water.
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2.2, Preparation of ZnO Nanoparticles

Aqueous zinc acetate solution 50 mL of 0.02 M was prepared and
added to the aqueous leaf extract of aloe vera 100 mL of 50% be-
cause of better size distribution of ZnO NPs at room temperature.
The resulting mixture was stirred for 20 min. Then, sodium hy-
droxide solution 8 mL of 3.0 M NaOH was added drop wise to in-
crease the pH to 12. The resulting pale creamy mixture was then
stirred (2 h). The white precipitate was collected by filtration; it
was washed with distilled water and with ethanol (96%) to remove
the impurities. The resulting white powder of ZnO NPs was dried in
a vacuum oven (at 80°C during 2 h). Then, the product was calci-
nated at 700°C during 3 h. The yield of the ZnO NPs was of 99%.

2.3. Characterization

The crystallite structure and size of the synthesized nanoparticles’
samples were calculated using an x-ray powder diffractometer
(XRD) (Philips-PW-1840) with a CuK, radiation of 1.5418 A in a 20
range of 20—-80°, while the analysis of the chemical composition was
carried out using Fourier transformation infrared red (FT-IR) mod-
el: 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 gr 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 activity (Ca, %) of MB was calculated by Eq. (1):

Ca =[(A, - A,)/A,]-100%, (1)

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

3. RESULTS AND DISCUSSION
3.1. FT-IR Spectroscopy

The FT-IR spectra of ZnO nanoparticles are presented in Fig. 1. All
FT-IR spectra results, which were observed in the range of 400—
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Fig. 1. FT-IR spectra of synthesized ZnO NPs.

TABLE. The absorption bands wave number of the FT-IR spectra of ZnO NPs.

Wave number, cm? Bond type
3425 O—H (stretching)
1634 H-0O-H (bending)
498 7Zn—0 (stretching)
450 Zn—0-Zn (stretching)

4000 cm ™ at room temperature, are arranged in Table. The most
important absorption bands in the spectra are at 450 cm™, 498 cm™
and belong to Zn—0, Zn—0-Zn, respectively.

3.2. XRD Analysis

The XRD pattern for the prepared ZnO nanoparticles via biochemi-
cal method was shown in Fig. 2. The phase of the samples has a
hexagonal structure. The calculated unit cell parameters
(a=b=3.242 A, ¢c=5.188 A) with a good agreement with the values
reported in the JCPDS file # 96-210-7060.

Figure 3 shows the lattice cells of prepared metal ferrite.

The average crystallite size was calculated using Scherrer’s equa-
tion, which is expressed as follows [17]:

D = K)\(BcosH) , (2)
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Fig. 2. XRD patterns of ZnO NPs.

Fig. 3. Lattice cells of ZnO NPs.

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 maxi-
mum (FWHM), and 0 is the Bragg’s diffraction angle. The average
crystal size was of 35.01 nm.

3.3. The Catalytic Activity

The catalytic activity of ZnO NPs prepared by the biochemical
method was studied through the methylene blue oxidation reaction
using hydrogen peroxide. Figure 4 shows the absorption spectra of



246 Mohammad Nour Ahmad ALKHODER

2.0
I—MB
|5 2 MB +H,
| 3—7no NPS !

< /J

J
400 450 500 550 600 650 700 750 800
A, M

Fig. 4. UV—Vis spectra of MB with and without ZnO NPs.

methylene blue with and without ZnO after 30 min of reaction time.
The catalytic activity was calculated by means of Eq. (1).

As can be seen from the previous results, the catalytic activity
reached to 88.7%.

4. CONCLUSION

ZnO NPs was successfully synthesized using biochemical method.
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 ZnO NPs
have a high catalytic activity.
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This research is aimed to prepare PVA with ratios of 0.2, 0.4, and 0.6
wt.% by the casting method and with a thickness of 270+5 pym. The mor-
phological characteristics are examined via FE-SEM and FT-IR, and the
results show that the composites have a homogeneous and granular struc-
ture and that ZnO is well distributed within the polymer. The reason for
the increased movement of charges is the action of a grid of nanomateri-
als inserted into the polymer. FT-IR analysis reveals absorption peaks at
3251.3 cm™ and 2812 cm™ due to the O—H bond, which indicates the
presence of polyvinyl alcohol. The absorbance of the prepared composites
increases with increasing nanomaterials’ concentration, reaching 93% at 6
wt.% . In addition, the energy gap decreases with increasing nanomaterial
concentration to 2.87-2.73 eV, and all optical parameters o, n, &, g,, and
g, increase with increasing nanomaterials’ concentration. For all the sam-
ples, the dielectric constant decreases as the frequency increases and in-
creases with increasing nanomaterials’ concentration within the polymer.
A decrease in the effect of charge polarization is the main factor of the
dielectric loss of the PVA-ZnO nanocomposite; at the same time, increas-
ing the concentration of nanomaterials leads to an increase in the dielec-
tric loss. An increase in the frequency of the electric field and an increase
in the concentration of nanomaterials increase the electrical conductivity.
The humidity sensor shows almost no humidity hysteresis, and its resis-
tance decreases with increasing humidity and zinc-oxide concentration.
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This makes these films useful for electronic applications and light filters,
and they can be also used as ultraviolet detectors and humidity sensors.

e mocamimxenns mae Ha MeTi mpuroryBaHHA moJiBiHimoBoro crnupry (IIBC)
3i cmiBBigmomenusam xomnonenris 0,2, 0,4 Ta 0,6 mac.% MeTOmOM JIUTTS Ta
ToBHIMHOIO y 27015 MmKM. MopdoJsoriuai xapaKTepUCTUKU AOCTiAKEHO 3a
JIOTIOMOTOI0 eMiciiiHol (aBTOEJIeKTPOHHOI) CKaHYBAJIbHOI €JIEKTPOHHOI MiKpo-
CKomil Ta iH(ppadyepBOHOI CIEKTPOCKOIii Ha ocHOBI Pyp'e-IepeTBOpYy; pe-
3yJAbTAaTHU IMOKAa3aJu, IO KOMOO3UTHA MAlOTh OJHOPIAHY Ta 3€ePHUCTY CTPYK-
Typy, a ZnO go6pe posmofiieHuii y moaiMmepi. IIpMunHO0O IIOCHIEHOTO PYXY
3apsamiB € OiA ciTKM HaHOMATEpisaJaiB, BCTaBJeHUX y IojimMep. AHajisa ma-
HUX iH(ppauepBOHOI CIeKTpocKomii Ha ocHOBI Pyp'e-mepeTBOpy BUABMIA
miky BOmpaHHA B okoui 3251,3 cm ! i 2812 cm !, symoBiexni 38 askom O—H,
0 BKasye Ha HAABHICTH IOJiBiHiNOBOro cnupry. BOupanHa omepsKaHUX
KOMIO3UTIB 30iJIbIITyeThCca 3i 30iIbIIIEHHAM KOHIIEHTpAIlil HaHOMAaTepisdiiB,
mocaruysmu 93% 3a 6 mac.% . Kpim Toro, saGopoHeHa eHepreTuuHa 30HA
3MEHIIIYEThCA 31 30ibIIIeHHAM KOHIleHTpalii maHoMmarepisais go 2,87-2,73
eB, a Bci onTuuHi mapameTrpu o, n, k, €. i g 30iABIIYIOTECA 31 30iJMBIIEHHAM
KOHIleHTpaIii HamomarepianiB. [lyia Bcix 3pas3KiB HAiejleKTpUYHA IIPOHUK-
HiCTb 3MEHHIYETbCA 3i 30iMBIIEHHAM YacTOTU Ta 30iabImyeThcA 3i 30ijb-
IIeHHAM KOHIIeHTpaIlil HaHoOMAaTepisanaiB y mosimMepi. 3MeHIIIeHHS BILJIHUBY
nmonApusalii 3apsaay € OCHOBHMM UMHHUKOM [JieJIEKTPUYHUX BTPAT HAHOKO-
mnoosuty IIBC-ZnO; BomHouac 306iJbINIeHHA KOHIIEHTpaIlii HaHOMaTepisaiiB
MIPU3BOAUTL 10 30iJbIIIeHHA mieJeKTPUYHUX BTpaT. IIiABUINEHHA YacTOTU
€JIEKTPUYHOTO TIOJISI Ta 30iJbIIeHHS KOHIIEHTpAIlii HaHOMATepidaJiB migBu-
OIYIOTh €JEeKTPONPOBiAHICTh. aTUMK BOJIOTOCTH MaMKe He JAEMOHCTPYE Tic-
Tepes3u BOJOTOCTH, a HMOr0 OIip 3MEHIIYEThCA 3 IIiABUINEHHAM BOJIOTOCTH Ta
KoHIeHTpalii okcuay Iluuky. Ile poOuTh 3asHaueHi ILIIBKM KOPUCHUMU
IJs eJeKTPOHHUX 3aCTOCYBaHb i CBiT/IO(MiJbTPiB, a TaKOXK IX MOXKHA BUKO-
pHCTOBYBaTH AK YJIbBTPadiosIeTOBl JeTeKTOPU Ta JaTUUKU BOJOT'OCTH.

Key words: PVA-ZnO nanocomposites, a.c. electrical properties, morpho-
logical properties, zinc oxide, humidity sensor.

KiaiouoBi ciioBa: HaHOKOMIIOBUTU NOJiBiHiIOBHIT cnupT—Zn0, eleKTpuYHi
BJIACTUBOCTI Ha 3MiHHOMY cTpyMi, mMopdoJsoriuni BaacTuBocTi, okcug Ilun-
Ky, AJaTYUK BOJOT'OCTH.

(Received 5 August, 2024 )

1. INTRODUCTION

Composite materials are composed of two or more phases that are
different from one another both chemically and physically [1].
These amazing materials, sometimes referred to as nanocomposites,
are an integral part of contemporary materials due to their many
advantages, which include low weight, resistance to corrosion, high
fatigue strength, and simple assembly [2]. When creating compos-
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ites, reinforcing material is often added in a continuous phase
called the matrix or binder [3]. Strengthening and enhancing over-
all properties are frequently achieved by incorporating dispersed
phases into the matrix, which may be an engineered material such as
a metal, polymer, or ceramic [4].

Nanocomposites do not differ from traditional materials in terms
of the filling and matrix, but traditionally, they use, for example,
glass or carbon fibres [5], while nanocomposites use a filling made
of nanomaterial such as gold, silver, and silicon [2]. The composite
depends upon three factors: the matrix, the reinforcement, and the
adherence of the matrix to the reinforcement [6], compatibility and
the ability to dissolve in water. In addition, hydrogels can be
formed by physical and chemical methods [7]. Polyvinyl alcohol
(PVA) has features that have made it the focus of researchers’ at-
tention due to its strong storage and insulating ability and its opti-
cal and electrical properties depending on the activator [8, 9]. PVA,
with the formula (C,H,0),, is frequently used in various contexts,
with semiconductors being one of the most prevalent [10]. The
semiconductor zinc oxide (ZnO) has a large exciton binding energy
of 60 meV at ambient temperature and relatively wide band-gap en-
ergy of 3.37 eV [11].

For use in medicine and the environment, ZnO is also biocom-
patible, biodegradable, and biosafe [11, 12]. The energy gap of ZnO is
wide, making it one of the most promising semiconductor materials
for optical applications in the ultraviolet spectral range [13]. The
process of doping polymers and forming a matrix is beneficial for
the formation of nanocomposites, and as a result, the structural and
other physical properties increase [14], the fabrication of polymer-
based nanocomposites for investment in electronic and optical appli-
cations and solar cells [15, 16]. This work investigated the morpho-
logical, electrical, and optical properties of PVA-ZnO nanocompo-
sites via FE-SEM, optical microscopy, and FT-IR spectroscopy.
This research aims to create PVA-ZnO nanocomposites and analyze
their electrical and optical properties, as well as some structural
aspects, with the intention of employing them as humidity sensors.

2. COMPUTATIONAL DETAILS

This section concentrates on the procedural aspects of employing
the casting process to produce and examine PVA-Zn0. 25 ml of dis-
tilled water was used to dissolve 1 g of PVA, and after the polymer
was completely dissolved, a percentage of 0, 2, 4 and 6 wt.% ZnO
were added. Then, the nanomaterial was dispersed with an ultra-
sonic device. After that, the mixture was poured into dishes to a
thickness of 270+ 5 pm. After one week, these films were measured.
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Zinc oxide (Zn0): Zhengzhou Dongyao Nano Materials Co., Ltd.,
is a Chinese company, from which this powder was obtained. Its
features include a high purity of 99.99%, a white colour, a density
of 5.606 g/cm?, and a nanoparticle size of 50 nm.

The molecular weight of the utilized polyvinyl alcohol (PVA)
ranged from 26.200 to 30.400 g/mol. China’s Shanghai Kaidu In-
dustrial Development Co., Ltd. is the manufacturer of PVA.

The optical properties of the films, such as the absorbance (A),
absorbance coefficient (a), real dielectric constant (g,), imaginary
dielectric constant (g;), refractive index (n), extinction coefficient
(k) and band gab (E,), were evaluated via several measurements.
These measurements were conducted using a spectrophotometer
equipped with two laser beams Shimadzu, UV-1800 A0, Japan
across the spectrum range of 200 nm to 1100 nm. The structural
characteristics of the PVA-ZnO films were investigated by Fourier
transform infrared (FT-IR) spectroscopy in the range of 500-4000
cm ' and FE-SEM, and the results were analyzed. Additionally, the
electrical properties of the a.c. films were examined and analyzed.

Understanding a material's optical constants in great detail
across a broad range of wavelengths is necessary for its use in opti-
cal applications and the creation of reflective coatings [17]. The op-
tical characteristics of all materials may be correlated with their
electrical, electronic band, and atomic structures [18]. The Beer—
Lambert equation is the equation, by which the optical absorption
coefficient can be described [19]:

o 2.3?3A . )

The logarithmic relationship between the incident intensity I, and
the reflected I, is known as the absorbance A [20]:

A=-logT = log(;—OJ. (2)

A

Optical constants of the optical properties of films, such as the
complex dielectric constant (with parts ¢,, g;), extinction coefficient
(k), and index of refraction (n), can be described as follow [21]:

ar
k=—, 3
i 3)
1
n:ﬂ. (4)
1_R1/20

Through these two equations, complex dielectric constants can be
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calculated as follow [22]:
g, =n’— k2, (5)
g, =2nk. (6)

The optical energy gap can be determined from that region as
shown in the following relationship [23]:

ahv =B(hv-E,) . (7)
The presence of free ions in the polymer increases its electrical
conductivity:
1 L
c,=—= .
P, R4,

Using the Debye equation, the dielectric constant can be calculated:

()

e=¢'—ig", 9)

where ¢" represents the dielectric loss [24].

3. RESULTS AND DISCUSSION
3.1. Optical Properties

Figure 1 shows the absorption for samples with a thickness of
27015 pum. The absorption in the ultraviolet region is high and be-
gins to decrease at a wavelength of 400 nm. Additionally, with in-
creasing concentrations of the ZnO nanomaterial, the absorption de-
creases even with increasing wavelength, and the absorbance
reaches 93% at 6 wt.% [25]. The absorption coefficient can be cal-
culated from Eq. (1). Figure 2 shows that with increasing energy,
the absorption coefficient increases, and the type of electronic tran-
sitions can be determined. This increase is due to an increase in the
concentration of ZnO, which leads to electronic crossing between
the partial orbitals with the help of phonons, and the electronic
momentum is preserved [8, 26]. It is possible to draw a tangent
slope for all the films, which shows the energy gap versus the pho-
ton energy. The results also showed that by increasing the concen-
tration of nanomaterials ZnO, the energy gap decreases, which ex-
plains the narrowing of the crossing region from the valence band
to the conduction band and the increase in the movement of elec-
trons [27].

Figure 3 shows that the energy gap decreased as 2.87, 2.83, 2.79,
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Fig. 1. Absorbance versus wavelength for the PVA—-ZnO nanocomposites.
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Fig. 2. The photon energy (hv) and absorption coefficient (a) for ZnO at
various concentrations in PVA.

and 2.73 eV; the reason for this decrease is the creation of local
bands due to the increase in the amount of the nanomaterial ZnO in
the polymer.

This nanocomposite can be used as a humidity sensor. These
nanocomposites are also used in optical applications [27, 28].

An increase in the concentration of nanomaterials ZnO increased
the extinction coefficient, as shown in Fig. 4; since this nanocompo-
site contains polyvinyl alcohol, the unsaturated carbonyl group at-
tached to ethylene will show a peak in all samples close to 400 nm
[8, 19, 21, 29]. Because of the link between them, the extinction-
coefficient curve behaviour of the nanocomposites is comparable to
the absorption coefficient (see Eq. (3)) [16]. Furthermore, a sharp
increase in the extinction coefficient occurred at the absorption
edge. These results could be ascribed to both increased absorbance
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Fig. 4. Extinction coefficient versus wavelength for the PVA-ZnO nano-
composites.

because of the transmission phase and increased scattering due to
the increase; this finding matches the morphological characteristics
of the FE—SEM images [30, 31].

Figure 5 shows that when the concentration of nanomaterials
(ZnO) increases, so does the refractive index. The optical energy gap
and reflectivity of the films are responsible. The packing density
and orientation are related to variations in the n value [32].

The amount, by which a substance slows the speed of light, is
proportional to its real component. The imaginary fraction, g,
shows how a dielectric absorbs energy from an electric field through
dipole motion. As a result of kZ being less than n? according to
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Fig. 6. Real dielectric properties versus wavelength for the PVA-ZnO
nanocomposites.

Eq. (5), the behaviour of ¢, in Fig. 6 is comparable to the refractive
index performance. However, g, depends mostly on the value of the
extinction coefficient (k,) according to Eq. (6) [33].

3.2. A.C. Electrical Conductivity

Using Eq. (9), the dielectric constant (¢') of the PVA—-ZnO nanocom-
posites was determined.

Figure 8 shows the dielectric constant of the PVA-ZnO nanocom-
posites as a function of the frequency. The dielectric constant de-
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for the PVA-Zn0O nanocomposites.

creases with increasing frequency in all the samples. This phenome-
non can be attributed to the dipoles in the nanocomposites turning
in the direction of the applied electric field and the reduction of
space charges or interfacial polarization to overall polarization [34].

Figure 9 illustrates how the dielectric constant of the PVA-ZnO
nanocomposites varies with the number of nanoparticles present at
f=100 Hz. This indicates that the dielectric constant of the PVA-
Zn0O nanocomposites increases as the amount of ZnO nanoparticles
increases. It is noted that all nanocomposite samples increase with
increasing nanoparticle loading. Interfacial polarization within the
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Fig. 9. Impact of ZnO-nanoparticles’ content on the dielectric constant of
PVA-ZnO nanocomposites at 100 Hz.

nanocomposites in an applied field with an alternating electric field
and an increase in charge carriers could be used to characterize
these processes [35]. This indicates that the produced nanocompo-
sites have low or low energy loss, making them appropriate for use
in pressure sensors and nanoelectronics applications.

The dielectric loss (¢"”) was calculated from Eq. (9).

Figure 10 shows the dielectric loss for the PVA-ZnO nanocompo-
sites as a function of frequency. As the frequency increases, the di-
electric loss of the PVA-ZnO nanocomposites decreases, which is
caused by a decrease in the influence of space charge polarization.
The dielectric loss is highest at low frequencies and decreases as the
frequency increases. This is because the electric dipoles have ade-
quate time to align with the electric field before changing direction
[36].

The effect of ZnO concentration on the dielectric loss of PVA
polymer at f=100 Hz is shown in Fig. 11. An increase in the num-
ber of nanoparticles causes a rise in the dielectric loss, which is ex-
plained by an increase in the number of charge carriers [37]. Clus-
ters are formed when the number of nanoparticles in the nanocom-
posites is minimal, but when the concentration is high, up to 6
wt.%, they combine to form networks. The dielectric loss of the
nanocomposites increases as the amount of ZnO NPs increases, as
illustrated in the figures. As the amount of ZnO NPs in the poly-
mer (PVA) increases, so does its dielectric loss, which is explained
by the increase in charge carriers for the nanocomposites [38].

To measure the a.c. electrical conductivity of the nanocomposites,
Eq. (8) was used. Nanoparticles produce a route network inside the
nanocomposite at high concentrations of nanoparticles 6 wt.% for
the PVA polymer.
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Fig. 11. Effect of ZnO NPs on the dielectric loss of the PVA-ZnO nano-
composites at 100 Hz.

Figure 12 displays the fluctuation in the electrical conductivity
of the PVA-ZnO nanocomposites with frequency. As demonstrated
in the figures, the electrical conductivity increases as the electric
field frequency increases for all the prepared nanocomposites. This
behaviour is caused by the hopping process, which moves charge
carriers, and space charge polarization, which occurs at low fre-
quencies. For PVA-Zn0O nanocomposites, the electrical conductivity
increases with increasing frequency due to the enhanced mobility of
charge carriers in the high-frequency region [39]. Figure 13 shows



260 Ameen Alwan MOHAIMEED and Maher Hassan RASHEED

1.10+
1.10°
1.10 5

11074

1.10*

——Pure

Conductivity, (Ohm-cm)™!

1-10° -2 wt.% ZnC
——4 wt.% ZnC
1.10-10 ——6 wt.% ZnC
1-10 '+ T r — - ‘
1-10? 1-10° 1-10¢ 1-10° 1-108 1-107

Frequency, Hz

Fig. 12. Electrical conductivity versus frequency for the PVA-ZnO nano-
composites.

=
=
=

1-10 3
1-10°4
1-10’103
1-10 114

110 1z 4

Conductivity, (Ohm-cm)™!

110

0 0.01 0.02 0.03 0.04 0.05 0.06
Con. wt.% ZnO

Fig. 13. Effect of ZnO-NPs’ filling on the electrical conductivity of nano-
composites at 100 Hz.

how ZnO nanoparticles affect the electrical conductivity of the PVA
polymer at 100 Hz. According to the figures, as the concentration
of ZnO nanoparticles increased. Because of the composition of the
dopant nanoparticles, which gradually reduce the resistance of the
nanocomposites and increase the electrical conductivity, the in-
crease in electrical conductivity with increasing ZnO nanoparticle
content is attributed to an increase in the number of charge carri-
ers. This finding aligns with the findings of previous studies [40,
41].

Figure 14 shows the measured values of the humidity sensor. The
humidity and temperature were maintained at room temperature.
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Fig. 15. FT-IR spectrum of the PVA-ZnO nanocomposites.

According to the experimental findings, the humidity sensor exhib-
ited nearly no humidity hysteresis, and its resistance decreased as
humidity increased [42]. An increase in the zinc-oxide concentration
decreased the resistance level with increasing humidity [43].

3.3. Morphological Properties

The purpose of the FE-SEM examination was to clarify the density
and distribution of the nanoparticles in the manufactured polymeric
film, as the images showed a homogeneous distribution of ZnO
within the polymer. The image also showed that the ZnO nanoparti-
cles appeared to have been coated with the polymeric material (PVA),
as shown in Fig. 15 [8]. Increasing the number of ZnO molecules rep-
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Fig. 16. FE-SEM images of (a) PVA, (b)) PVA/0.2 wt.% ZnO, and (c)
PVA/0.6 wt.% ZnO.

resented in a network in the polymer matrix increases the conduc-
tivity due to its ability to accelerate electron motion, which is the
main reason for the reduction in the E, [44].

Other nanomaterials, such as graphene, can be used [45—46].

Figure 16 shows the FT-IR spectrum of the PVA/ZnO nanocom-
posites; the O—H bond is responsible for the absorption peak ob-
served at 3251.3 cm™ and 2812 cm™, which indicates the presence
of PVA and indicates its identity; these two peaks are attributed to
the PVA polymer, which is an aliphatic compound. It traps water
from the air, which is typical in humidity sensor applications [8].
The vibration peaks that appeared at 1625.03 cm™ and 1154 cm™
indicate weak Zn—0O and ZnO, bonds. When ZnO nanomaterials were
added to the polymer at various concentrations, some changes were
observed in the vibration peaks, and no peak creep was observed.
This means that the reaction is physical [7, 8].

4. CONCLUSION

The results showed that the prepared films are homogeneous, and
the diffusion of the nanomaterial within the polymer is good,
which, in turn, enables the electrons to move more freely. FTIR
analyses revealed the highest absorption at 38251.8 cm™ and
2812 cm™ due to the O—H bond, which indicates the presence of
PVA. It traps water from the air, which is typical in humidity sen-
sor applications. Additionally, in the UV region, as the number of
nanomaterials increases, the energy gap decreases to between 2.87
eV and 2.73 eV, and all the optical constants increase with increas-
ing nanomaterial concentration. Therefore, they can be used as de-
tectors in the UV region. As the frequency and concentration of
nanomaterials increase, the dielectric constant, dielectric loss, and
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AC electrical conductivity increase.
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The PVA/MgO/Fe,O; nanocomposites’ films are fabricated in the present
work to utilize in different nanoelectronics applications. The morphologi-
cal, optical, and dielectric properties of PVA/MgO/Fe,O; nanocomposites
are studied. The results show that the MgO/Fe,O; nanoparticles (NPs)
have good distribution inside the polymer matrix. The absorbance of PVA
is increased, while the transmittance and energy gap are decreased with
rising in the MgO/Fe,0;-NPs’ content. The dielectric properties (dielectric
constant, dielectric loss, and electrical conductivity) are enhanced with
increasing MgO/Fe,0;-NPs’ content. The final results confirm that the
PVA/MgO/Fe,0; nanocomposites can be useful for different nanoelectron-
ics applications.

Y it pobori OyJi0 BUI'OTOBJIEHO ILTiBKM HAHOKOMIIO3UTIB MOJiBiHiIOBMIT
cuupt (IIBC)/MgO/Fe,O; nns BUKOPHCTAaHHSA y PiBHMX HAHOEJIEKTPOHHUX
3acTocyBaHHAX. Bynu pociigskeni mopdosoriuni, onTuyHI Ta gieseKTpUUHi
BiractuBocti HanoromnosutiB IIBC/MgO/Fe,O;. Pesynabratu mokasanu, IO
nHanoyactTuaku MgO/Fe,0; MaOTh XOpPOUIUil PO3IOIiJ BCepeAuHi moaiMepHOI
martpuili. Boupauua IIBC s36imbmryBaiocs, ToAi AK IPOIyCKAHHS Ta IMUPUHA
3a00pOHEHOI 30HU 3MEHIITYBAAMNCA 31 36iJIbIIIEHHAM BMIiCTy HAHOUYACTHUHOK
MgO/Fe,O;. HienekTpuuHi BIaCTUBOCTI (JieIeKTpUYHA MPOHUKHICTH, iejek-
TPUYHI BTPATH M €JIEKTPOIPOBIAHICTH) MOJINIITyBaJNCA 31 30iIBIIIEHHAM BMi-
cry HanouacTuHOK MgO/Fe,O;. OcraTouni pesynbratu migTBEepAMIN, IO Ha-
Horkommosutu [IBC/MgO/Fe,0O; MOXKyTh OyTH KOPUCHUMU AJs Pi3HUX 3aCTO-
CyBaHb HAHOEJIEKTPOHIKH.
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1. INTRODUCTION

Organic—inorganic hybrid optical materials are extremely valuable
from a technological perspective. Hybrid compositions with remark-
able properties may emerge once the relationships between the
properties of inorganic elements and polymer matrices are clarified.
Polymeric nanocomposites, because of their interesting properties,
are also a significant class in the field of applied materials science
technology. Polymer composites display a variety of fascinating op-
tical features, including a high/low refractive index, tailored ab-
sorption/emission spectra, and strong optical nonlinearities. Hy-
brids are eligible for potential optoelectronic applications because
they possess such rare properties [1-4].

Polymer nanocomposites are one of the most important materials
in the academic and industrial areas, and are produced by dispers-
ing nanofillers with one or more dimensions at nanoscale into the
polymeric matrix. Recently, researchers have been attracted to
polymer nanocomposites over conventional microcomposites due to
their wide applications in electromechanical systems and their large
interfacial area per unit volume of the dispersion medium [5].

Polyvinyl alcohol (PVA) anions are suitable bridging ligands for
constructing network coordination polymers. PVA is a semi-
crystalline polymer and its crystalline index depends on the syn-
thetic process and physical ageing. It has gained increasing atten-
tion in the biomedical field due to bioinertness [6]. Metal-oxide
nanoparticles (NPs) production has received a lot of interest over
the last two decades. Plethoras of ways have also been developed to
prepare nanoparticles. Magnesium oxide (MgO) was chosen for this
study because of its several features, including high purity, non-
toxicity, and odorlessness. They also have a high hardness and a
high melting point [7].

Fe,O; NPs have special properties like good electron mobility,
magnetic ability, and a 2.2 eV optical energy-band gap, which are
useful for optoelectronic applications. Fe,O; NPs have potential ap-
plications in the fields of medicine, life sciences and computer tech-
nology like magnetic resonance imaging (MRI), drug carriers in de-
livery, gene carriers in gene therapy, nanofertilizers, non-
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fungicides, nanopesticides, nanofood, food packing, nanocoating,
nanosensors, nanoscale memory, nanowires, spintronics, etc. They
can be used as filters in sunscreens, biosensors [8]. The nanocompo-
sites were investigated to employ in various fields included sensors
[9-15], optical fields [16—25], antibacterial [26—34], energy storage
[85—43], radiation shielding and bioenvironmental [44—-48], elec-
tronics and optoelectronics [49—63]. This paper aims to prepare of
PVA/MgO/Fe,0; nanocomposites to employ in various photonics and
optics applications.

2. MATERIALS AND METHODS

Films of PVA/MgO/Fe,O; nanocomposites were fabricated using
casting process with different contents of MgO/Fe,O; NPs are 2.5%
and 5% with concentration 50% MgO: 50% Fe,0;.

The optical properties of PVA/MgQO/Fe,O; nanocomposites were
tested using the double beam spectrophotometer (Shimadzu, UV-
1800A) at wavelength from 340 nm to 740 nm.

The dielectric properties of PVA/MgO/Fe,0; nanocomposites were
examined at frequency range (100 Hz—2-10° Hz) by LCR meter (HI-
OKI 3532-50 LCR HI TESTER). The absorption coefficient o is
given [64] by

o=2.3034/t, (1)

where A is the absorbance and ¢ is the film thickness.
The energy gap is calculated [65] by

ahv=C(hv-E,), (2)

where C is the constant; hv is the energy of photon; E, is the en-
ergy gap, and r=2 and 3 for allowed and forbidden indirect transi-
tions, respectively.

The dielectric constant &' is defined [66] by

g =C,/C,y, (3)
wherever C, is the matter capacitance and C, is the vacuum capaci-
tance.

Dielectric loss ¢” is determined [67] by

e"=¢D, 4)

where D is the dispersion factor. The A.C. electrical conductivity is
given [68] by
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Oc.= 271fe' Dg,, (5)

3. RESULTS AND DISCUSSION

The performances of absorbance and transmittance for
PVA/MgO/Fe,O; nanocomposites with wavelength are demonstrated
in Figs. 1, 2, respectively. As represented in these figures, the
PVA/MgO/Fe,O; nanocomposites have high absorbance with low
transmittance at UV region because the high photons energies at
these spectra. The absorbance decreases and transmittance increases
with increasing wavelength. Also, the absorbance of PVA raises,

Absorbance, a.u.

0.05 \\_‘4 = i —————

340 440 540 640 740
Wavelength, nm

Fig. 1. Performance of absorbance for the PVA/MgO/Fe,O; nanocomposites
with wavelength.
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Fig. 2. Variation of transmittance for the PVA/MgO/Fe,O; nanocomposites
with wavelength.
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while the transmittance reduces with increasing MgO/Fe,O;-NPs’
content, which is related to increase of charge carriers density, as
shown in Fig. 3, which are absorb or scat the photons [69—-83].

The energy gaps for PVA/MgO/Fe,O; nanocomposites of allowed
and forbidden indirect transitions are shown in Figs. 4 and 5, re-
spectively. The energy gaps of PVA are reduced with rising
MgO/Fe,0;-NPs’ content; this is related to the creation of complexes
of charge transfer in the polymer matrix. These charges transfer
complexes rise the electric conduction by generating extra charges,
this effect in a decrease of the energy gap. With increasing
MgO/Fe,O; content, the dopant molecules begin bridging the gap
separating the two localized levels and reduce the potential barrier
between them, thereby create easily the charge carrier transfer be-
tween localized levels [84—-97].

The wvariations of dielectric constant and dielectric loss for
PVA/MgO/Fe,0; nanocomposites with frequency are confirmed in
Figs. 6, 7, respectively. As shown in these figures, the dielectric
constant and dielectric loss are decreased with increasing frequency.

Fig. 3. Optical microscopic images for the PVA/MgO/Fe,O; nanocomposites
(x10): a—pure; b—2.5 wt.% MgO/Fe,O; NPs, c—5 wt.% MgO/Fe,O; NPs.
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Fig. 4. Energy gap for the PVA/MgO/Fe,0, eV nanocomposites of allowed
indirect transition.



272 Ahmed HASHIM, Aseel HADI, and M. H. ABBAS

164
——Pure
2.5 wt.%
£ 141 =5 wt.%
>
i
g 124
&
%107
=
=
e ]
o 8_
6
1.0 4.0

Eph, eV
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Fig. 6. Variation of dielectric constant for the PVA/MgO/Fe,0; nanocom-
posites with frequency.

For low frequency, the polymer molecules obtain enough time to
orient themselves according to the applied field. With rising fre-
quency, the 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 elevated frequencies as the
polarization decreases the dielectric loss and dissipation factor, also
decreased, as sufficient time is not provided to the polymer chain to
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Fig. 7. Variation of dielectric loss for the PVA/MgO/Fe,O; nanocomposites
with frequency.

11073

=
=
~.
7p]
- ——Pure
=
= —-=2.5 wt.%
B 1107 =5 wt.Y%
-
o
S |0+
= 110785
)
S
= 1107
9
B
10-104
§ 1-10
= g
311071 T T —
Z 1-10° 1-10° 1-10* 1-10° 1-10°

F, Hz

Fig. 8. Variation of electrical conductivity for the PVA/Mg0O/Fe,O; nano-
composites with frequency.

generate phase angle. Thus, at high frequencies the contribution of
orientational or dipole polarization vanishes and the effect is only
for electronic polarization, which is instantaneous. The dielectric
constant and dielectric loss are increased with increasing contents
of nanoparticles, which is due to increase in charge-carriers’ num-
bers [98—-116].

The wvariation of electrical conductivity for PVA/MgO/Fe,O,4
nanocomposites with frequency is represented in Fig. 8. The electri-
cal conductivity rises with increasing nanoparticles contents and
frequency. The increase of electrical conductivity with increasing
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nanoparticles contents related to raise in the charges carriers num-
bers. The frequency-dependent conductivity is caused by the hop-
ping of electrons in the localized states near the Fermi level and
also attributed to the charge-carriers’ excitation to the levels in the
conduction band [117-127].

4. CONCLUSIONS

The current work included fabrication of PVA/MgO/Fe,0;-
nanocomposites’ films to exploit in various nanoelectronics fields.
The morphological, optical, and dielectric properties of
PVA/MgO/Fe,O; nanocomposites were studied. The results showed
that the absorbance of PVA was increased while the transmittance
and energy gap were decreased with rising in the MgO/Fe,0;-NPs’
content. The dielectric properties were enhanced with increasing
MgO/Fe,05-NPs’ content. The final results confirmed that the
PVA/MgO/Fe,0O; nanocomposites can be useful for various nanoelec-
tronics applications.
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The purpose of this work is to create new nanocomposite films using poly-
vinyl alcohol (PVA) and polyethylene glycol (PEG) with nanostructures of
silicon dioxide (SiO,) and nickel oxide (NiO) for use in challenges involv-
ing gamma-rays as shields. The nanocomposites indicate favourable char-
acteristics for gamma ray shielding, including lightweight, good flexibil-
ity, large attenuation coefficients, and cost-efficiency. The structural
properties and surface morphological changes of the nanocomposite are
analysed using an optical microscope. Scanning electron microscopy dis-
plays multiple coherent and consistently dispersed, randomly scattered
clusters or pieces. The created nanocomposites are evaluated to see how
well they can block gamma-radiation. According to the experimental re-
sults, the PVA-PEG-SiO,—NiO-nanocomposite films reveal substantial
attenuation coefficients, when subjected to gamma rays. This nanocompo-
site has potential as a material for gamma-ray shielding and elastic uses.

Meroio 11iei poOOTH € CTBOPEHHS HOBHUX HAHOKOMIO3UTHHUX IIJIiBOK 3 BHUKO-
pucranaaMm moJiBiuimoBoro cnupty (IIBC) ta mosmieruaenraikonato (IIET) 3
HaHoCTpyKTypamm miokcunpy Cuiimiio (SiO,) ta oxcuagy Hikmato (NiO) mmaa
BUKOPUCTAHHSA B 3aBJaHHAX, IOB’SI3aHUX 3 raMa-IPOMEHIOBAHHAM, AK €K-
panu. HaHOKOMIIOBMTH [JEeMOHCTDPYIOTH CIPUATINBL XapaKTEPUCTUKU AJId
eKpaHyBaHHsA TraMa-BUIIPOMiHEHHs, BKJIIOUAIOUU JIETKY Bary, QO0Opy TIHYyY-
KicTb, BequKi KoedinieHnTn ociabiieHHa W eKOHOMiIUuHY e(eKTUBHiCTS.
CrpykTypHi BiracTuBOCTi Ta MOPGOJIOTiIiUYHI 3MiHM MOBEPXHI HAHOKOMIIO3UTY
0yJi0 IpoaHaAJi30BAHO 3a AOIOMOTOI0 OUNTHYHOIO MiKpockoma. CkaHyBaJIbHA
eJICKTPOHHA MIKPOCKOIIisI MOKa3ye YHCJeHHI KOTepeHTHi Ta MIOCJIiZOBHO pO-
3MOMiJIeHi, XaoOTUYHO PO3KHUAaHiI Kjactepu abo (pparmentu. CTBOpeHi HaAHO-
KOMITO3UTHU OYJIO OI[iHeHO, 100 MMoGauuTH, HACKIJIBKM J00pe BOHU MOXKYTh
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6JIOKYBaTH TaMa-BUIIPOMiHEHHs. 3TiflHO 3 eKCIepUMEHTAJILHUMHU pe3yJibTa-
ramu, HaHOKoMIo3uTHiI miaiBku IIBC-IIEI'-Si0,—NiO memoHCTpyIOTH 3HAUHI
KoedimieHTn ocimabiieHHA raMa-nmpoMeHiB. Ileil HaHOKOMIIO3UT Ma€ IIOTEHITi-
AN AK MaTepiAn A eKpaHyBaHHS raMa-BUIPOMiHEHHS Ta BUKOPHCTAHHS B
eJIaCTUYHUX MaTepisiax.

Key words: PVA/PEG nanocomposites, SiO,—NiO nanoparticles, scanning
electron microscopy, gamma rays.

Karouori cioBa: nHawmokomnosutu PVA/PEG, nmanouactmaku SiO,—NiO,
CKaHyBaJibHa eJIEKTPOHHA MiKPOCKOIisl, ramMa-IIpOMeHIOBAHHS.

(Received 25 April, 2024 )

1. INTRODUCTION

Nowadays, polymeric materials are among the most widely utilized
materials because of their low cost, simplicity of production, good
norms, and frequent excellent performance. It is well known that
the majority of polymeric materials are insulators and that the elec-
trical and electronic industries have long used these materials. Pol-
ymeric materials have long been utilized as an auxiliary material,
but due to their advantageous properties, they are now considered a
fundamental material for usage in the electrical and electronic sec-
tors [1, 2].

A polymer mixture is created by combining two or more polymers
to form a novel material with different physical characteristics.
There are five main types of polymer blends, including thermoplas-
tics, thermosetting blends. A lot of interest has been focused on
polymer mixing as a simple and affordable method of producing
scalable polymeric materials for industrial use [3]. Put another way,
the characteristics of the mixes may be adjusted based on their in-
tended use by carefully selecting the polymer materials [4, 5].

One kind of material with special qualities is called a polymer
nanocomposite (PNC). When nanoparticles or nanofillers are dis-
persed throughout a polymer matrix, the result is a polymer nano-
composite (PNC). To enhance the material’s high-quality qualities,
at least one dimension of an organic polymer matrix is filled with
metallic particles [6, 7]. Modern polymers called PNCs can be uti-
lized in place of more conventional packed polymers. Among these
attributes are the greatly improved characteristics of nanocompo-
sites due to their filler dispersion in comparison to pure polymers.
Heightened conductivity, thermal stability, and tensile strength
combined with decreased flammability. Additionally, the addition of
nanoparticles to polymer composites produced a new class of compo-
site materials with enhanced and distinctive characteristics. Exam-
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ples of these are spheroids, fibres, and platelets [8, 9].

Polyvinyl alcohol, or PVA, is a polymer that exhibits remarkable
qualities, including its capacity to produce hydrogels by chemical or
physical means, as well as its non-toxicity, biocompatibility, water
solubility, and non-carcinogenic nature [10, 11]. PVA is suitably
flexible and has a high sufficient tensile strength. Ranges of low
molecular chemicals, the majority of which include polar groups,
are often used to plasticize PVA in order to increase its deformabil-
ity [12, 13]. Another manmade polymer that is dissolved in water
and has a wide molecular weight band is polyethylene glycol (PEG).
Because of its elastic chain, combining it with rigid polymers to
generate new materials with certain properties is a good alternative
[14, 15]. Polyethylene glycol (PEG) is a polyether molecule that is
used in a variety of scientific sectors and businesses because of its
unique physicochemical properties [16].

Silicon oxide (SiO,) or silica is a 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. All
forms of silica are odourless solids composed of silicon and oxygen
atoms [17]. Among its many exceptional qualities are low expansion
factor, rigidity, and thermal stability. Nanosilica is also known as
nano-silicon dioxide (SiO,). Researchers from all around the world
are interested in composites made of silicon dioxide at the nanoscale
[18, 19]. Among the many nanomaterials, which are accessible,
nickel oxide (NiO) nanoparticles have attracted a lot of interest
primarily due to their exceptional stability and superior optical,
electrical, magnetic, and catalytic characteristics. Their numerous
uses, such as in gas detectors, electrochromic parts, rechargeable
batteries, dye-sensitive solar cells, solar energy absorbers, and mag-
netic cameras [20, 21].

NiO nanoparticles (NPs) are essential for preserving the quality
of the environment because they can efficiently remove both organ-
ic and inorganic contaminants [22]. The potential harm that gamma
rays can do to human health makes the study of shielding against
gamma radiation an exciting field of research. To block y-rays, va-
rieties of materials were used, such as glass and concrete. Recycled
thermoplastics and inorganic nanofillers were combined to create
nanocomposites with the desired y-radiation and x-ray attenuation
capabilities [23]. With the growing use of radioactive materials in
industry and medicine, shielding is essential to safeguarding people
and equipment [24].

2. MATERIALS AND METHODS

In order to make a more homogeneous solution, PVA/PEG was com-
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bined in 45 mL of distilled water using a magnetic stirrer at 70°C
for 50 minutes. This process produced nanocomposites. The casting
procedure was utilized to generate films of nanocomposites with
different weight percentages 0, 2, 4, 6, and 8 wt.% of silicon diox-
ide (SiO,)—nickel oxide (NiO) NPs. The homogeneous solution was
placed in a petri dish and left to dry for 6 days at room tempera-
ture. It was then extracted and cut into parts. The following meas-
urements were performed on the resulting PVA-PEG-SiO,—NiO
nanocomposites: A 20x magnification Olympus system Nikon-73346
optical microscope equipped with a microscopic photographic cam-
era was employed. The structural features of nanocomposites were
investigated using field emission scanning electron microscopy (FE—
SEM) (Model/Inspect TM F50-DETAILS = 1.2 nm at 10 kV; pressure
3.11e-3 par; country—Holland). PVA-PEG-SiO,—NiO nanocompo-
sites under study were used to attenuate gamma rays for different
concentrations of SiO,—NiO nanoparticles with different volume
fractions, applying nanocomposites as a gamma-ray shield .The
samples were placed parallel in front of a gamma-ray source Cs-
137.5 mci, at a distance of 3 cm. Utilizing Geiger counter meas-
urements of transmitted gamma ray fluxes via PVA-PEG-SiO,—NiO
NCs nanocomposites, the linear attenuation coefficients were com-
puted.

Based on the thicknesses of the films, the linear attenuation coef-
ficients (u) may be obtained using the following equation [25, 26]:

N =Ny, 1)

Here, p—the attenuation coefficient of gamma radiation, and the
number of radiation particles, designated as N,, measured during a
certain time frame in the absence of an absorber. Furthermore,
when a sample of thickness x is added, the research looks at the
number of particles, N, found throughout the same time period.

3. RESULTS AND DISCUSSIONS
3.1. Optical Microscopy for PVA—PEG—Si0,—NiO NCs

Photographs of PVA-PEG-SiO,—NiO nanocomposites taken at a
power of 20xmagnification are displayed cross-sectionally in Fig. 1.
A clear distinction is made between SiO,—NiO nanoparticles and
PVA-PEG mixture in nanocomposites. The clearly visible intercon-
nected network of SiO,—NiO nanoparticles forming paths connected
to each other within the nanocomposite samples resembles sponge
bonding. It indicates that the nanoparticles spread in the matrix of
the polymer mixture in a regular manner in all directions, filling
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Fig. 1. Photomicrographs x20 for PVA-PEG—SiO,—NiO NCs: a—for pure
PVA-PEG; b—for 2 wt.% SiO,/NiO; c—for 4 wt.% SiO,/NiO; d—for 6
wt.% SiO,/NiO; e—for 8 wt.% SiO,/NiO.

all the voids inside the polymer. Based on the microscopic images in
Fig. 1, the proportions of the nanoparticles can be distinguished.
The continuous network in the shapes b, ¢, d, and e increases the
movement of charge carriers, and thus changes the properties of
the nanocomposite [27, 28].

3.2. Scanning Electron Microscopy (SEM) Measurements of PVA—
PEG—Si0,—NiO NCs

A scanning electron microscope is used to look at the distribution of
nanocomposites particles in the matrix of polymers and to assess
the overall effect of the quantity of SiO,/NiO NPs. A SEM image of
the pure blend surface for films composed of PVA-PEG-SiO,—NiO
NCs is shown in Fig. 2. The films were placed sequentially with dif-
ferent concentrations of Si0O,/NiO nanoparticles. Image (a) in Fig. 2
for the polymer mix appears to be clear, linked, and to have a con-
stant form, revealing a somewhat smooth surface [29, 30]. As the
ratio of SiO,/NiO nanoparticles increases, the surface morphology
of the polymer mixtures PVA/PEG in Fig. 2, b, ¢, d, and e varies.
Furthermore, the surface of nanocomposites films exhibits a large
number of equally distributed, widely varying elliptical particle ag-
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Fig. 2. SEM images of PVA-PEG-SiO,~NiO NCs: a—PVA-PEG; b—2
wt.% Si0,~NiO; c—4 wt.% Si0,~NiO; d—6 wt.% Si0,~NiO; e—8 wt.%
Si0,~NiO.

gregates or pieces, which could indicate a uniform growth process
[31, 32]. As the nanoparticle ratio in polymer blends increases, sur-
face form evolves. When the concentrations of Si0,/NiO NCs in-
crease, the grains agglomerate and converge, and more aggregates
or fragments are randomly distributed on the upper surface of the
nanoparticles [33—36], as shown in Fig. 2, e.

3.3. Application of PVA—PEG—Si0,—NiO NCs for Gamma-Ray
Shielding

The percentages of silicon dioxide/nickel oxide SiO,—NiO nanoparti-
cles are positively correlated with the natural logarithm of the ratio
of N to N, for polymer mixtures PVA/PEG, as demonstrated in
Fig. 3. Table presents the values, which were achieved. The fluctua-
tion of gamma-radiation attenuation coefficients for PVA/PEG pol-
ymer mixes as a function of SiO,—NiO-nanoparticles’ ratios is dis-
played in Fig. 4. The PVA/PEG-polymer blends exhibited promising
radiation absorption capabilities. As SiO,—NiO-nanoparticles’ con-
centration increases; so, the attenuation coefficients do. This is so
because the substance used to make shielding materials is PNC, by
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Fig. 3. Variability of N/N, for PVA/PEG-polymer blends with varying
Si0,—NiO-NPs’ ratios.

TABLE. Values of N/N,, In(N/N,), and u [em™] for PVA-PEG-SiO,~NiO
PNC.

Content of SiO,—NiO nanoparticles, wt.% | N/N, | In(N/N,) | u, cm—*
0.804 0.2180 0.002704
0.799 0.2234 0.001357
0.797 0.2261 0.010378
0.781 0.2469 0.031016
0.734 0.3089 0.038618

O NO

which gamma rays can be reflected, scattered, or absorbed [37, 38].

The gamma-radiation attenuation coefficient numbers for PNC
are as high as 0.03861 cm ™. When compared, the results of poly-
mer PNC and concrete indicated a great deal of similarities, as seen
in the figure below. Because of the polymer nanocomposite in-
creased mobility, lack of electrical conductivity, and ability to pre-
vent neutron escape, it demonstrated better characteristics than
concrete [39—41]. Furthermore, growing In(N/N,) of the PVA/PEG
mixture is observed in Fig. 5 along with rising SiO,—NiO-NPs’ con-
centrations [42, 43]. Table shows N/N,, In(N/N,), and p [cm '] val-
ues for PVA-PEG-SiO,—NiO PNC.

4. CONCLUSIONS

In the present investigation, the casting solution method of produc-
tion was used for manufacturing plastic nanocomposite films.
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Fig. 5. Variability of In(N/N,) for PVA/PEG-polymer blends with varying
Si0,—NiO-NPs’ ratios.

The film consists of a mixture of PVA/PEG as the basic matrix
and SiO,—NiO nanoparticles added in variable proportions. The opti-
cal-microscope photographs illustrate that the SiO,—NiO additions
were dispersed uniformly, and the nanoparticles organized into a
consecutive network inside the polymer mixture. SEM examination
was performed on the top surface of the PVA-PEG—SiO,—NiO-NCs’
films to examine the surface morphology. The findings point to the
existence of several aggregates or pieces, which were dispersed ran-
domly over the surface. Eventually, when the amount of SiO,—NiO
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nanoparticles increases, the attenuation coefficient for gamma radi-
ation climbs as well. The results of the investigation display that
the PVA-PEG-SiO,—NiO-nanocomposite films exhibit good gamma-
ray shielding features, when employed as a lead-free material. This
implies that it may be a good substitute for traditional shielding
materials in the field of nuclear medicine.
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Films of PEO/Si;N,—CeO, nanocomposites (NCs) are fabricated by casting
method with different contents of PEO-polymer matrix and Si;N,—CeO,
nanoparticles (NPs). The PEO/Si;N,—CeO, NCs are examined for gamma
ray shielding. The results show that the PEO/Si;N,—CeO, NCs have the
high attenuation coefficients for gamma rays. The attenuation coefficients
increase with the increase of the Si;N,—CeO,-NPs’ concentration.

IIniBku HamokommosuTiB mosiermneH okcupn (ITEO)/Si;N,—CeO, 6yao Buro-
TOBJIEHO METOAOM JIHUTTA 3 pPisHMM BMicToM moJsimepHoi marpuiii ITEO Ta
nanoyactuHok Siz;N,—CeO,. Hanoxomnosutu ITEO/Si;N,—CeO, 6yno mocii-
JI'KEeHO CTOCOBHO eKpaHyBaHHA ramMa-npoMeHiB. PesysibraTu mokasasm, IIo
HaHokommnosutu ITEQ/Si;N,—CeO, maioTh BuCOKi KoedimieHTn ociabieHHS
rama-nipomeniB. KoedimienTu ociabiieHHSa ITiABUIYIOTHCS 31 301JbIIEHHAM
KoHIeHTpaIii HamouacTuHOK SigN,—CeO,.

Key words: PEO, CeO,, Si;N,, nanocomposites, radiation shielding.

Karouori caoBa: mosietmsen okcupg, CeO,, Si;N,, HaHOKOMIIO3UTHU, pamid-
MiAHUHT 3aXUCT.

(Received 10 March, 2024 )

1. INTRODUCTION

Polymer nanocomposites (PNCs) contain typically one or more
nanoparticles (NPs) components within the polymer matrix [1]. The
enhancement of the properties with the addition of nanoparticles
can be achieved due to different factors; one of the most important
of them is a corresponding interfacial interaction between the
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nanoparticles and the matrix with good dispersion of particles
within the matrix [2]. Polymer nanocomposite materials are of
great scientific and technological interest due to their unique me-
chanical, electronic, and optical properties [3]. The important prop-
erties of polymer nanocomposites cause a wide range of applications
in various technologies such as advanced materials and goods, sen-
sors, energy devices, and medicines [4]. Polyethylene oxide (PEO) is
known as semi-crystalline, water-soluble, non-ionic, biodegradable
and biocompatible polymer of considerable industrial significance,
which finds applications in many different branches of industry [5],
such as cosmetology (personal lubricants, emulsions, skin creams),
pharmaceutical products, gene therapy, etc. [6].

SizN, nanoparticles exhibit high potential for the reinforcement
of polymers. Si;N, is a ceramic material with high strength and
toughness. It has been used in many industrial applications, such as
cutting tools, high temperature automobile components, springs,
bearings and engine components. Si;N, nanoparticles have also been
used for enhancing the thermal conductivity of polyethylene com-
posites and the wear resistance of polymer materials [7]. Cerium
oxides have recently attracted much interest due to their unique
properties, which make them suitable for various applications [8].
Cerium oxide (CeQ,) is a typical rare-earth element oxide [9]. Com-
mercially, CeO, has numerous applications including fuel cells (as
summarized by (EPA, 2009)), coatings, polishing agent (for glass
mirrors, electronic wafers, precision optics, ophthalmic lenses, tele-
vision tubes, plate glass) and petroleum refining (cracking cata-
lysts). CeO, is applied in a variety of consumer products including
semiconductors and as an additive in cigarettes. CeO, nanoparticles
are predominantly employed as diesel-fuel additive [10]. There are
many studies on properties of nanocomposites like optical properties
[11-19] and electrical properties [20—31] to apply for radiation
shielding [32, 33]. The present work aims to fabrication of
PEO/Si;N,—CeO, nanocomposites for radiation shielding.

2. MATERIALS AND METHODS

The silicon nitride (SizN,, 15—30 nm, purity 99.9%) and cerium di-
oxide (CeO,, 99.97, 50 nm) nanopowders were obtained from US Re-
search Nanomaterials, Inc. The PEO/Si;N,—CeO, nanocomposites
(NCs) were prepared by casting method. The 1g of the
poly(ethylene oxide) (PEO) was dissolved in 60 ml of distilled water,
and then the solution was thoroughly mixed for one hour with a
magnetic stirrer. The nanoparticles (NPs), namely, from 50% Si;N,
and 50% CeO,, are added to the PEO solution with contents of
1.9%, 3.8%, 5.7%, and 7.6% . The nanocomposites were casted in a
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template, namely, a Petri dish measuring 10 cm in diameter. The
PEO/Si;N,—CeO, nanocomposite films were tested by using the opti-
cal microscope (supplied from Olympus name (ToupView) type
(Nikon-73346)) with magnification x10.

The attenuation of radiation is characterized by relationship [34]
N = Nye™™, where N, is the number of particles of radiation counted
during a certain time duration without any absorber; p is the at-
tenuation coefficient of gamma radiation, and N is the number
counted during the same time, with a thickness of sample x.

3. RESULTS AND DISCUSSION

Figure 1 indicates microscopic images of PEO/Si;N,—CeO, nanocom-

e

Fig. 1. Photomicrographs (x10) for PEO/Si;N,—CeO, NCs: (a) for PEO
pure; (b) 1.9 wt.% Si;N,—CeO, NPs; (c¢) 3.8 wt.% Si;N,—~CeO, NPs; (d) 5.7
wt.% Si;N,—CeO, NPs, and (¢) 7.6 wt.% Si;N,—CeO, NPs.
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posite at magnification power x10. This figure shows that the
Si;N,—CeO, nanoparticles are aggregated as clusters at low concen-
trations. When increasing the concentration of nanoparticles, the
nanoparticles form a paths’ network inside the polymer matrix [35—
46].

Figure 2 shows the variation of (N/N,) for PEO with different
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Fig. 2. Variation of N/N, for PEO with different concentrations of Si;N,—
CeO, nanoparticles.
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Fig. 3. Variation of attenuation coefficient of gamma radiation for PEO as
a function of Si;N,—CeO,-nanoparticles’ concentration.
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concentrations of Si;N,—CeO, nanoparticles. The transmission radia-
tion decreases with the increasing of the concentrations of Si;N,—
CeO, nanoparticles that is attributed to the increase of the attenua-
tion radiation [47].

Figure 8 shows the wvariation of attenuation coefficients of
gamma radiation for PEO as a function of Si;N,—CeO,-nanoparticles’
concentration. The attenuation coefficients increase with the in-
crease of nanoparticles’ concentration; this is due to the absorption
or reflection of gamma radiation by shielding nanocomposite mate-
rials [48-50].

4. CONCLUSIONS

This work included the fabrication of PEO/Si;N,—CeO,-
nanocomposite films with various concentrations of polymer matrix
and nanoparticles. The gamma-ray shielding application for
PEO/Si;N,—CeO, nanocomposites was tested. (Incidentally, the re-
sults indicated that the PS/SiO,—SrTiO; nanocomposites have the
high attenuation coefficients of gamma rays.) The attenuation coef-
ficients were rising with the increase of Si;N,—CeO,-nanoparticles’
concentration.
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The article discusses a promising technology for assessing the blood-
coagulation system, namely, laser speckle analysis (LSA), with an empha-
sis on the use of optical nanostructured components to improve the qual-
ity of diagnostics. A review of the physical foundations of the method,
modern scientific research and comparison with traditional viscoelastic
haemostatic assays TEG, ROTEM, ClotPro is carried out. Particular atten-
tion is paid to the role of nanotechnological solutions (anti-reflective
nanocoatings of the ‘moth-eye’ type, plasmon Ag, Si nanoparticles and
silver nanofilms with a thickness of 40—-80 nm) in the formation of a sta-
ble, high-contrast speckle pattern. The mechanisms of reducing parasitic
reflections, increasing light transmission and amplification of the local
light signal due to the effects of the local and surface plasmon resonances
are described. As shown, the introduction of such nanostructures into the
configuration of the LSA sensor can improve significantly the signal-to-
noise ratio, increase the spatial resolution and accuracy of the assessment
of the microdynamics of formed blood elements. The potential of portable
implementation of LSA with nanoreinforced optical elements for the field
and military medicine Role 2, Role 3 is highlighted, where the applicabil-
ity of conventional coagulation devices is limited. The proposed approach
combines optical diagnostics and nanotechnology methods, which open up
new opportunities for the creation of a new generation of mobile biomedi-
cal sensors. This work emphasizes not only the technological novelty of
LSA, but also its direct clinical value for increasing the effectiveness of
treatment in conditions of emergency and military medicine.

V¥ crarTi fimeThcA PO MEPCHEKTHUBHY TEXHOJOTiI0 OIIHKM CHCTEMM 3TOpTaH-
HS KpoBi, — JasepHy cuekg-aHamnidy (LSA), — 3 aKkIleHTOM Ha 3aCTOCYBaH-
HS ONTUYHUX HAHOCTPYKTYPOBAHUX KOMIIOHEHTIiB JJIs IiJBUIIEHHSA SKOCTU
miaraoctuku. IIpoBeneno orysaza (GpisMUHMX OCHOB METONY, CY4aCHUX HAYKO-
BUX JOCJiKeHb 1 MOPiBHAHHSA 3 TPAIUIIHHUMU BHCOKOEJIACTUUYHUMU T'eMO-
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craruunumu cucremamu TEG, ROTEM, ClotPro. OcobauBy yBary mpumgijie-
HO POJIi HAHOTEeXHOJIOTiYHUX pilieHb (AHTUBiAOJMCKYBAaJbHUX HAHOIIOKPUT-
TiB THny ‘moth-eye’, miasMOHHUX HAHOYACTHMHOK Ag, Si i cpiOHuMX HaHOI-
aiBok ToBmuHON y 40—80 HM) y dopMyBaHHI cTabiIbHOr0, BUCOKOKOHTPAC-
THOTO cHeKJ-maTepHy. Ommcamo MexaHi3Mu IOHMKEHHS BTOPUHHUX BiabOu-
BaHb, IIiABUINEHHS CBiTJIOIPOIYCKAHHSA Ta IIOCHUJEHHS JOKAJLHOTO CBiTJIO-
BOTO CUTHAJy 3a PaxyHOK e(eKTiB JIOKAJIbHOTO Ta MOBEPXHEBOTO MJIA3MOH-
HuX pe3oHaHciB. IlokazaHo, II0 BIPOBAJKEHHSA TaKUX HAHOCTPYKTYD Y
KoHpirypailito LSA-cerHcopa MoKe 3HAYHO IOJIIIINTH CIIiBBiJHOIIIEHHS CH-
T'HaJI/IIyM, OiJBUIIUTH IPOCTOPOBY PO3JLIbUY 3ZATHICTH i TOUHICTH OIiHKU
MikponuHaMiku (opMeHUX ejleMeHTiB KpoBi. IlimkpeciieHO MOTEHIIAN IIOP-
TaTUBHOI peasisaiii LSA 3 HaHOTOCHJIEHMMM ONTUUYHUMHU eJIeMeHTaMM IJIsd
MoJIKOBOI Ta BificbkoBol memunuuau Role 2, Role 3, me MOMKIMBOCTI BUKOPH-
CTAHHS KJACUYHUX KOar'yJAAIifHUX MIPUCTPOIB € 00OMeKeHHMMU. 3alpOIloHO-
BaHUM MiAXi IOEgHYE ONTUYHY MIATHOCTHUKY Ta METOAW HaHOTEXHOJIOTiM,
110 BiZKpMBa€e HOBI MOKJIMBOCTI AJIA CTBOPEHHS HOBOTO IOKOJIHHSA MOOLIb-
HUX OiomMenmuHUX ceHcopiB. Ilsg poboTa migKpecsioe He JUITEe TEeXHOJOTIuHY

e(peKTUBHOCTH JiKyBaHHA B YMOBAaX €KCTPEHOI Ta BiliCbKOBOI MeIUIIMHMU.

Key words: laser speckle analysis, fibre-optic light guides, blood coagula-
tion, nanocoatings, optical diagnostics, military medicine.

Kiarouosi croBa: Jla3depHa CHeRJI-aHaJIi3a, BOJIOKOHHO-OIITUYHI CBiTJIOBO,Z[I/I, 3Io-
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(Received 10 August, 2025; in revised form, 15 September, 2025 )

1. INTRODUCTION

High-quality monitoring of blood clotting is critically important in
various clinical and emergency situations, in particular, during
surgical interventions, injuries, in ICU, and in combat conditions
[1-5]. Rapid detection of coagulopathy or hypercoagulation allows
the timely use of blood products, haemostatic drugs or anticoagu-
lants, which directly affects the quality of medical care [6—9].
Classic laboratory tests such as prothrombin time (PT), activated
partial thromboplastin time (aPTT), and fibrinogen levels provide
limited insight into the dynamic process of clot formation. Instead,
viscoelastic haemostatic (VHA) methods, including thromboelasto-
graphy (TEG), rotational thromboelastometry (ROTEM), and Clot-
Pro, provide real-time assessment of coagulation kinetics, clot
strength, and lysis process [10]. These systems have become the
gold standard in cardiac surgery, traumatology, and liver trans-
plantation [11-13]. However, their widespread use is limited by
technical complexity, high cost, the need for trained personnel and
sensitivity to mechanical stability, which limit applicability in field
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or combat conditions [14].

In recent years, optical methods, in particular, laser speckle
analysis (LSA), have attracted attention as a promising alternative
for non-contact and operative assessment of blood clotting [15]. By
capturing dynamic changes in the speckle structure that occur when
coherent laser radiation interacts with a blood sample, LSA allows
indirectly assessing the process of clot formation without physical
contact or moving parts [7]. Such properties make the method espe-
cially interesting for creating compact, reliable, using fibre-optic
LEDs, and potentially suitable for use in the field [16].

In the context of the full-scale war of the Russian Federation
against Ukraine, the need for rapid and portable medical diagnos-
tics has increased significantly. Stabilization points, UGS, and
frontline medical units operate in resource-constrained environ-
ments where traditional thromboelastography systems often cannot
be installed [10]. Compact an optical diagnostic method capable of
assessing blood clotting without stringent installation requirements
could significantly improve the effectiveness of care in such condi-
tions.

The purpose of the review is to summarize the current state of
research in the field of laser speckle analysis for monitoring blood
coagulation, analyse its correlation with standard thromboelasto-
graphy, highlight the advantages and limitations of the method,
review the use of nanoreinforced optical elements, as well as the
prospects for its implementation in military and field medicine.

2. OVERVIEW OF THROMBOELASTOGRAPHY

Thromboelastography is a method of visualizing and quantifying
blood clotting processes in real time. It allows you to trace all
stages of clot formation from initiation to fibrinolysis based on
changes in the mechanical properties of a blood sample.

The classical thromboelastograph (TEG) and its modern analogues
(ROTEM and ClotPro) use a viscoelastic analysis model. The princi-
ple of operation is to measure the force that is transmitted between
a rotating or oscillating element (bowl or stem) and a clot that
forms in a test tube with a blood sample [17].

The main parameters that the thromboelastograph fixes:

— R (Reaction Time)—the time before the onset of coagulation
(thrombin activation);

— K (Kinetics)—the time until certain clot strength is reached;

— o angle (Alpha angle)—the rate of formation of the fibrin
framework;

— MA (Maximum Amplitude)—the maximum strength of the clot,
which characterizes platelet and fibrin function;
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— LY30 or ML (Lysis)—the degree of fibrinolysis 30 min after
reaching MA.

ROTEM and ClotPro use similar parameters, but with their own
terminology, for example, CT (Clotting Time), CFT (Clot Formation
Time), MCF (Maximum Clot Firmness), LI30/ML.

Due to its high information content, thromboelastography is
widely used in cardiac surgery, traumatology, obstetrics and resus-
citation. The method allows you to reduce the use of blood compo-
nents, optimize anticoagulant therapy and prevent thrombotic com-
plications [18, 19].

At the same time, the use of the above systems in the field is
complicated due to their need for stable horizontal placement, the
absence of vibrations, temperature sensitivity, as well as the high
cost and need for personnel training. This opens up the prospect for
the development of alternative methods, in particular optical ones,
such as laser speckle analysis [10].

3. THEORETICAL FOUNDATIONS OF SPECKLE ANALYSIS

Laser speckle analysis (LSA) is based on an optical phenomenon that
occurs, when a heterogeneous medium is illuminated by coherent
laser radiation [20, 21].

Because of the interaction of the beam with microscopic struc-
tures (for example, blood cells or plasma components), a character-
istic interference pattern is formed on the surface of the sample,
namely, a speckle structure. It has a random appearance, but
changes in time in response to micromovements, diffusion of parti-
cles or changes in the rheological properties of the medium [16].

In dynamic analysis, which is used to study blood coagulation, a
change in the intensity or contrast of the speckle structure over
time is recorded [21]. In the initial stages of coagulation, when the
cells are still moving in the plasma, there is a high variability in
intensity. As the fibrin clot forms and the particles lose mobility,
the variability decreases, and the speckle pattern stabilizes.

The laser radiation passes through the blood sample, after which a
speckle pattern is formed, which is recorded by the camera through
the optical system and in a short period of time (Fig. 2) [22].

One of the key parameters is speckle contrast, which can be cal-
culated from the standard deviation of pixel intensity in a specific
time or space window. A decrease in contrast indicates an increase
in the mobility of particles, while its increase indicates the stabili-
zation of the structure, i.e., the formation of a clot [14].

Other analysis techniques include constructing temporal autocor-
relation functions, estimating average phase shift, detecting optical
vortices, or statistical changes in image texture. All these ap-
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Fig. 1. Structural diagram of a laboratory setup for recording speckle im-
ages [22]: 1—He—Ne laser; 2—lens; 3—Dblood sample; 4—recording screen;
5—camera.

b

Fig. 2. Control speckle image.

proaches are aimed at obtaining information about the micromove-
ments of blood cells, which change in the process of coagulation.

Thus, the LSA provides an indirect but informative assessment of
the stages of blood clotting without physical contact with the
specimen. The technique is characterized by high sensitivity, does
not require markers or reagents and can be implemented on compact
fibre-optic LEDs [23, 24].

The following sections discuss examples of studies, in which LSA
has been used to assess blood coagulation, in particular, compared
to thromboelastography systems.
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4. REVIEW OF STUDIES ON THE USE OF LSA TO ASSESS
BLOOD CLOTTING

Over the past decade, a number of studies have been conducted that
have demonstrated the effectiveness of laser speckle analysis (LSA)
in assessing blood-clotting parameters. One of the first large-scale
studies in which a system based on LSA was developed to measure
the viscoelastic properties of blood during coagulation. The authors
showed that the indicators obtained using this method show a high
correlation with the data of traditional mechanical rheometry [21].

Further research [25] proposed alternative ways to analyse
speckle patterns, including the detection of optical vortices, which
allowed for improved temporal resolution and accuracy in determin-
ing the moment of clot formation. In this work, a comparison was
also made with the parameters of the thromboelastograph, which
confirmed the clinical relevance of the technique.

Other studies have adapted the LSA to the conditions for assess-
ing coagulation in gel-like media, demonstrating the wide versatil-
ity of the approach and the possibility of modifying the method to
meet the needs of medical diagnostics.

All of the above-mentioned papers highlight the potential of LSA
as a non-contact, fast, and cost-effective alternative to traditional
coagulology methods. Although clinical use is still in the prototype
phase and in vitro studies, the availability of comparative data with
thromboelastography suggests significant prospects for use in re-
source-limited settings, including Role 2, Role 3 medical care for
the wounded [1].

5. COMPARATIVE ANALYSIS OF LSA AND TEG/ROTEM/ClotPro

Comparison between laser speckle analysis (LSA) and traditional
highly-elastic methods for assessing blood coagulation (TEG,
ROTEM, ClotPro) allows us to determine the advantages and limita-
tions of each of the approaches, as well as the potential of LSA in
clinical applications, as shown in Table 1 below [1, 6, 7, 25].

Main parameters for comparison are as follow.

Despite the fact that thromboelastography is a recognized clinical
standard, its use in difficult conditions (combat, field, mobile hos-
pitals, etc.) is significantly complicated due to sensitivity to tilt,
vibration and the need for consumables. LSA can be implemented as
an alternative in the form of a compact, non-contact device that al-
lows you to obtain quickly information about the state of haemosta-
sis even under minimal laboratory conditions.

In Table 2 [21, 26—28] below, there is a comparing the quantita-
tive indicators obtained by traditional thromboelastography tech-
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TABLE 1. Comparative analysis of LSA and TEG/ROTEM/ClotPro.

. Thromboelastography .
Setting (TEG/ROTEM /ClotPro) Laser speckle analysis (LSA)
Onset of clotting R/CT Speckle Yama}nhty
reduction time
Rate of clot formation K, a/CFT, a Contrast change gradient
Maximum Speckle field stability and
clot strength MA/MCF intensity
o . Secondary increase
Fibrinolysis LY30/ML in variability (experimental)
Contact of the sample .
with the instrument Need Not required
The need for reagents Yes (e.g., activators) No
. . 5—-20 min
Research time 80-60 min (depending on implementation)
Field use Limited Possible

(with proper implementation)

TABLE 2. Comparison of quantitative indicators of TEG, ClotPro and
LSA.

Setting | TEG/ClotPro (average) | LSA (similar indicator)
. 5-7
R, min 5-8 (Contrast stabilization start)
MA, mm 55-70 Variation index =0.75—-0.90
Clot formation time ~10 min ~ 8 min

Speckle rheology

Viscosity (indirectly) — (LSR scale 0-1)

niques (TEG, ClotPro) and the corresponding parameters, which are
evaluated by laser speckle analysis (LSA), according to literature
sources.

At the same time, the LSA does not yet have full clinical valida-
tion and requires further research, in particular using various co-
agulation profiles, in vivo testing, as well as the development of
data interpretation standards. Despite this, the already available
experimental comparisons demonstrate a high degree of correlation
between optical performance and results obtained with
TEG/ROTEM.

To visualize the main differences between classical thromboelas-
tography methods and laser speckle analysis of comparison in the
context of use in clinical and military practice, the following is a
comparative in Table 3 [1-4, 6, 15, 19, 21].
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TABLE 3. Comparison of application possibilities in the clinical and mili-
tary practices of TEG, ROTEM, ClotPro and LSA.

Setting (%}Elao/rﬁl())()Te]lEal\s/It/ogﬁ) i%}?;) Laser Speckle Analysis (LSA)
Method type Mechanical—optical Optical (based on coherent
scattering)

Contact Pin Contactless
The need for reagents Reagents are needed No reagents
Time to get the result 10-60 min 2-10 min

Mobility Stationary device  Portable, POC option possible

High
Vibration sensitivity (requires Low (can be adapted)
a stable surface)

Possibility of field use Low High

In this way, LSA not only complements classical methods, but
also has the potential to replace them in specific situations where
classical equipment is unavailable, less practical or too difficult to
use.

6. PROSPECT FOR USE IN THE FIELD

Assessing blood clotting in resource-limited settings, especially in
field or combat situations, requires technologies that are as
autonomous, fast, and easy to use as possible. In such conditions,
traditional thromboelastography systems are often unusable due to
limitations in mobility, the need for calibration, reagents, constant
power supply, and stable horizontal installation.

Laser speckle analysis (LSA) has a number of features, which de-
termine its peculiarity for use in the field:
— contactless (it reduces the risks of contamination, simplifies
maintenance and allows integration into sealed modules);
— no need for reagents (it allows you to reduce costs and minimize
logistics dependencies);
— compactness and energy efficiency (the technology can be imple-
mented on the base of portable lasers and CMOS cameras);
— rapid analysis provides results within 5—20 minutes, which is
critical with a mass admission of patients);
— possibility of installation in mobile laboratories or medical plat-
forms (ambulances, stabilization points, field surgical hospitals,
etc.).

In the context of the war in Ukraine, such decisions are espe-
cially relevant. Domestic stabilization points often operate with
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minimal equipment, in the field or in rooms without a stable power
supply. LSA devices can be implemented as portable diagnostic
modules for the initial assessment of the coagulation status of vic-
tims, which will allow timely decisions on transfusion, the use of
anticoagulants or referral to the hospital.

The minimum requirements for laboratory diagnostics vary sig-
nificantly depending on the level of the medical unit. Coagulation
tests PT, aPTT, INR are included in the mandatory list only for
Role 3 units, while for Role 2 such tests are not provided as manda-
tory [1]. This creates a potential clinical risk, since urgent surgical
interventions are often performed at the Role 2 level in conditions
of limited laboratory infrastructure, which makes it impossible to
detect coagulopathy in time. Lack of access to coagulogram results
can delay critical decisions about blood transfusion, fibrinogen ad-
ministration, or anti-shock measures [6, 29].

In this context, portable technologies, such as laser speckle
analysis (LSA) or thromboelastography (TEG/ROTEM), can signifi-
cantly enhance the diagnostic capabilities of Role 2 [30]. Due to
autonomy, high speed of obtaining results 5—15 minutes and the
absence of the need for reagents, such methods are able to provide a
prompt assessment of haemostasis even in unstable conditions [31].
This makes them particularly suitable for Damage Control Resusci-
tation (DCR) scenarios, which, according to modern military doc-
trine, are actively implemented at the Role 2 level. LSA can act not
only as an alternative to classical laboratory coagulation, but also
provide continuous monitoring of the state of coagulation before,
during and after surgery, which significantly increases the chances
of survival in patients with polystructural injury.

Most patients admitted to the Role 2 level have combined and
combined combat injuries accompanied by massive bleeding. Accord-
ing to clinical studies, acute traumatic coagulopathy (ATC) can occur
already at the prehospital stage (for in 25—-35% of seriously injured
patients [32]). In such situations, delay in identifying blood-clotting
disorders significantly worsens the prognosis and can lead to unjusti-
fied blood loss, hypothermia and fatal complications. As stated in the
updated European guidelines for the treatment of bleeding, the use
of POC methods for monitoring haemostasis can significantly reduce
the time to clinical decision-making compared to traditional labora-
tory tests [33]. If such technologies are integrated into the Role 2
structure, it is possible to achieve more effective coagulopathy con-
trol, which corresponds to modern principles of management of seri-
ously injured patients in the war zone.

In the context of optical diagnostics, it is also worth noting that
physical and chemical environmental factors affect the biosynthetic
activity of microalgae specifically for each species. For example,
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may either stimulate or inhibit the synthesis of metabolites, includ-
ing lipids, carotenoids, chlorophylls, proteins and carbohydrates. In
addition, the spectrum and intensity of light, as well as the dura-
tion and frequency of exposure to ultrasound, UV and a-radiation,
are able to alter the metabolic pathways of microalgae, which dem-
onstrates the breadth of possibilities for the influence of physical
factors on cellular processes, which is consistent with the mecha-
nisms that underlie laser speckle analysis.

7. NANOCOATING OF OPTICAL COMPONENTS TO IMPROVE
SPECKLE IMAGE QUALITY

In a configuration where laser radiation is directed at an angle of
45° directly at the sample, and the reflected signal is recorded
through the lens, optical transparency and the purity of the optical
path play a key role in the formation of a high-quality image [34,
35]. Under the conditions of laser speckle analysis, even minor
parasitic not required on the lens or objective surfaces can cause
interference noise, a decrease in contrast and errors in the analysis
of particle dynamics [36].

Nanoscale particles, especially metallic particles, are essential for
increasing the sensitivity of laser speckle analysis due to the phe-
nomenon of local surface plasmon resonance (LSPR) [37, 38]. Under
the action of coherent laser light, electrons on the surface of the
nanoparticle oscillate synchronously, which greatly enhances the
scattering and absorption of light under resonant conditions. This
effect produces brighter, more sensitive speckle signals, allowing
detection of cell movements or aggregation even with fewer parti-
cles or aggregation of cells or protein structures into the blood-
stream [28, 39].

One of the most promising solutions is the use of nanostructured
anti-reflective (AR) coatings. The moth-eye coating mimics the
structure of the eyes of nocturnal insects and creates a gradient re-
fractive index at the air—glass interface, which significantly re-
duces reflection in a wide spectral range even at angular incidence
of light [40]. Such nanocoatings reduce reflection from the surface
to <0.5% and increase light transmission up to 99% in the wave-
length range of 400—-900 nm [20, 41].

Unlike traditional multilayer AR coatings, which are effective
mainly at normal beam incidence, moth-eye nanotextures remain ef-
fective at oblique angles, which is especially important when ob-
serving a sample at an angle of 45° [25].

Another approach is to use coatings with plasmonic nanoparticles
(e.g., Ag or Si), which not only reduce reflection but can also amplify
the local light signal through the surface plasmon resonance. These



LASER SPECKLE ANALYSIS OF BLOOD COAGULATION: OVERVIEW 311

effects allow not only to muffle background noise, but also to in-
crease the amplitude of the speckle signal and image detail [25, 41].

Studies show that such nanocomposites significantly improve the
signal-to-noise ratio in optical imaging systems, in particular by re-
ducing scattering and interference artefacts [20].

Nanocoatings also have a positive effect on optical clarity and spa-
tial resolution, as the reduction of spurious reflections allows weak
signals to be recorded without additional noise. Combined with high-
quality lenses, this provides better focal stability, speckle structure
clarity, and a more accurate analysis of microdynamics in the blood
sample.

To implement these approaches, methods of nanolithography, ion
etching, self-assembly technologies, or nanoparticle sputtering can
be used. Most commercial optical manufacturers already offer AR
lenses with nanotextures, including Edmund Optics, Thorlabs, Jen-
optik, and others.

8. PHYSICAL MECHANISMS OF THE EFFECT
OF NANOPARTICLES ON LSA SENSITIVITY

One of the important factors in increasing the sensitivity of LSA is
the use of nanoscale structures, whose size is commensurate with the
wavelength of coherent laser radiation in the range of 400-900 nm
[38]. It is at this scale that the phenomena of localized surface plas-
mon resonance (LSPR) and surface plasmon resonance (SPR) occur
[36]. When coherent light interacts with silver, gold, or silicon
nanoparticles, electrons on their surface begin to oscillate synchro-
nously with the electromagnetic field, resulting in a significant in-
crease in the local electric field near the nanoparticles, the formation
of ‘hot spots’, and a sharp increase in the intensity of light scatter-
ing and absorption [35]. As a result, even minimal changes in the
blood microstructure during the initial stages of coagulation become
available for registration, which directly increases the sensitivity of
the sensor.

Work in the field of biosensors confirms that the nanosize of
particles itself allows recording the smallest changes in the refrac-
tive index of the medium, which is impossible for classical macro-
scopic optical elements. The use of nanoparticles in the near-
infrared range provides an increase in refractometric sensitivity
along with better control of spectral selectivity, which opens up
prospects for high-precision biomedical sensors [42]. For LSA, this
means that the system is able to record microdynamic changes in
the movement of cells and proteins even before the appearance of a
macroscopic clot, that is, those that precede the formation of the
fibrin scaffold.
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Another important mechanism is a sharp increase in the scattering
and absorption of light by nanoparticles. For example, it has been
shown that scattering from a gold nanoparticle with a diameter of 80
nm can be 10° times stronger than fluorescence and 10'? orders of
magnitude more intense than the Raman signal [42]. For the practi-
cal side of LSA, this means that, even when using low-power diode
lasers, a sufficiently intense speckle signal is formed, which allows
reducing power consumption, simplify the optical circuit and reduce
the dimensions of the device. Accordingly, the amplified signal al-
lows you to use compact CMOS cameras without losing the quality of
measurements.

The effect of nanocoatings on the signal-to-noise ratio in the sys-
tem is no less important. Even minor parasitic reflections from the
surfaces of lenses or lenses can lead to interference noise, which re-
duces the accuracy of speckle analysis. The use of anti-reflective
nanocoatings of the moth-eye type can reduce the reflection coeffi-
cient to <0.5% and increase light transmission to almost 99% [43],
which ensures the formation of a pure speckle pattern, suitable for
further digital processing and creates the prerequisites for a more
accurate assessment of cell micromovements. The additional appli-
cation of plasmonic nanoparticles integrated into the coating allows
not only to dampen unwanted reflections, but also to amplify the
useful signal thanks to LSPR [23, 44, 45].

An important role in the formation of a qualitative speckle pat-
tern is also played by the coherence of the radiation source. Adjust-
ing the degree of partial coherence can optimize the signal-to-noise
ratio in nanoparticle imaging. For LSAs, this approach allows you
to reduce the impact of static interference noise and artefacts,
while remaining highly sensitive to dynamic changes in the sample.
Considering this factor in the design of portable sensors makes
them less demanding on ideal operating conditions, which is espe-
cially important for military medicine.

The combination of the above-mentioned physical mechanisms
makes it possible to create compact and at the same time highly
sensitive sensors. Signal amplification at the level of nanostructures
reduces the requirements for laser power and camera sensitivity,
reduces the number of optical components and simplifies the design
of the system, which opens the way for the development of Point-
of-Care devices suitable for use in mobile laboratories, stabilization
points and field hospitals.

9. NANOCOATING OF CUVETTES: USING SILVER NANOFILM
TO RECORD SPECKLE STRUCTURES WITH REFLECTED LIGHT

Laser speckle analysis involves the use of coherent radiation passing
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through the sample, but, when using a heated table (so that the
blood sample does not dry out), recording the reflected speckle pat-
tern becomes less effective. To obtain a clear and stable image, it is
best to have a thin silver nanocoating at the bottom of the cuvette
where the blood sample is stored.

The precipitated silver nanofilm with a thickness of 40-80 nm
creates an optically active surface that reflects laser radiation with a
high coefficient, while allowing the phenomena of local plasmon
resonance (LSPR) and surface plasmon resonance (SPR) to be real-
ized at the silver—biological fluid interface. This makes it possible to
increase the sensitivity of speckle analysis to micromovements of
blood cells or changes in rheological properties during coagulation
[46].

Such solutions are widely applied in PPR microscopy, biosensors
and laser optical backscatter systems. Silver nanofilms with a thick-
ness of =50 nm offer the highest sensitivity to changes in the refrac-
tive index of the medium compared to other metals, in particular,
gold.

The morphology and thickness of the silver layer has a great in-
fluence on the reflective properties and interference effects that
form the structure speckle. Samidir Im Nanofilms (<100 nm) gives
the best-distributed display for recording speckle pattern [45, 47].

9. CONCLUSIONS

Laser speckle analysis (LSA) has established itself as a promising
optical diagnostic tool for assessing blood clotting. Compared to
traditional thromboelastography systems TEG, ROTEM, ClotPro,
this method has a number of advantages: contactlessness, no need
for reagents, the possibility of portable implementation and the
speed of obtaining results.

Available studies confirm a high correlation between the indica-
tors obtained with the help of LSA and the parameters of standard
coagulological devices. Although the method is still at the stage of
laboratory validation, it has significant potential for use in extreme
conditions, in particular, in field hospitals, stabilization points, and
during emergencies.

Further research should be aimed at standardizing the technique,
developing software for signal processing and creating full-fledged
prototypes for clinical use. In the future, LSA can become an inte-
gral part of mobile diagnosis of haemostasis, especially in condi-
tions of war or disasters, where the speed of decision-making saves
lives.

The use of nanocoatings on optical elements, in particular, lenses
and lenses, in speckle imaging systems reduces noise levels, im-
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proves contrast and image detail, which is critical for the correct
analysis of coagulation processes in biological samples.

The integration of silver nanofilm as a reflective element into the
optical circuit of the speckle analyser allows:

— to increase optical contrast;

— to enhance the dynamics of the speckle signal;

— to react sensitively to structural and viscous changes in the
blood sample during coagulation.

This solution is a full-fledged element of the nanotechnological
design of the system, taking into account the scale, application
methods (e-beam evaporation, sputtering) and nanostructural surface
properties.
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Effect of Nanogold Layer on the Aluminizing Process
of Superalloy BV-18 and Its Resistance to Hot Corrosion
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Nanolayer of gold is obtained by the method of physical vapour deposition
as a thermal barrier on a nickel-base superalloy. The effect of this layer
on the aluminizing process and the efficiency for hot-corrosion resistance
is studied by comparing two sets of samples: the first set, which is con-
tained of the gold layer, while the second set is aluminized without this
layer. The aluminizing process is carried out for both sets, using the pack-
cementation method at a temperature of 1000°C. The samples coated with
nanogold show a different behaviour from those samples, which are alu-
minized only, where the use of nanogold oxide improves the alloy ability
to withstand hot-corrosion conditions.

Hanommap 3os0Ta 6yJi0 ofep:KaHo MeTOOOM (Di3MUHOTO OCaIKeHHSA 3 IMapoBOi
(asu Ak TemnoBuit 6ap’ep Ha HiKJIEBOMY cymepcTolmi. Biius 1mporo mapy Ha
ImpoIliec aJdOMiHyBaHHA W e()eKTUBHICTH CTIHKOCTH OO rapsadoi Koposii 6yJo
IOCJIIIKEeHO IILJISXOM IIOPiBHAHHS MBOX HAOOpPiB 3paskiB: mepinmit HAGip Mi-
CTHB IIIap 30JI0Ta, a Apyruii Habip OyB aJOMiHOBaHMU 0e3 IILOTO IIapy.
IIpomec amomMiHyBaHHSA HMPOBOAUBCA IJA 000X HaOOPiB METONOM MaKyBaJb-
HOol nemeHTatii 3a Temmneparypu y 1000°C. 3pasku, HOKpUTi HaHO30J0TOM,
IEeMOHCTPYBaJI iHIITy HMOBEeAiHKY, Hi)K Ti, 1o OyJyim JiuIe ajilOMiHOBaHi, ne
BUKOPUCTAHHA HAHOOKCHUAY AypyMy MOJINOINIO 3ZATHICTH CTOIY BUTPUMY-
BaTH YMOBH rapA4oi Kopoaii.

Key words: diffusion coating, hot corrosion, nanogold, pack cementation,
surface engineering.

Karouosi caoBa: nudysiline MOKpUTTs, rapAdya KOpO3isi, HAHO30JI0TO, TBEP-
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1. INTRODUCTION

Diffusion coatings were developed firstly and are used primarily to
enrich the surface of the superalloy with aluminium. These coatings
proved very successful and in the early to mid-1960s, this coating
technique was applied to turbine blades made of nickel alloys [1-3].
There are a number of methods of forming aluminide coatings such
as slurry spraying followed by high temperature diffusion, electroly-
sis and pack cementation. Of all these methods, pack cementation is
the one widely used, as it is inexpensive and ideally suited for coat-
ing small components [4—6]. Despite the mentioned features, the dif-
fusion of Ni from the superalloy and that of Al from the overlay
causes, however, structural changes capable of causing spall off of
the protecting layer [7]. Diffusion barrier coating systems have ex-
cellent mechanical properties (creep and fatigue), improving alloy
substrate performance, and enhance the anti-exfoliation properties of
YSZ in thermal barrier coatings (TBC) in addition to providing excel-
lent oxidation resistance [8]. Adding a layer of yttrium oxide (Y,0;)
to the alloy Fe—30 Cr before the aluminizing process improves its re-
sistance to oxidation, as the yttrium oxide layer acts as a diffusion
barrier that prevents the spread of aluminium from the coating layer
into the alloy and preventing the spread of the alloy elements out-
ward. The concentration of the element yttrium has an effect on the
properties of the coating resulting from the aluminizing process,
small amounts of it act as nucleation sites that impede the growth of
granules, while adding large amounts of it leads to delaying the
phase transformation 0-Al,0; — a-Al,O; [9]. The diffusion barrier
may partially prevent the interdiffusion of the alloy elements, thus
improving the oxidation resistance of thermal barrier coatings
(TBCs), where the content of aluminium and chromium was higher,
while the rest of the alloy elements were lower in the mixture coat-
ing material for the sample with the diffusion barrier compared to
the one without the barrier [10]. In this research, adding a nanogold
layer as a thermal barrier to a nickel-based alloy and study the effect
of that layer on the aluminizing process and efficiency of hot corro-
sion for the BV-18 nickel-based superalloy. The resulting coatings
were analysed quantitatively and qualitatively for both types of coat-
ing using x-ray spectroscopy (XRD), (SEM), and (EDX) techniques to
determine the compounds that make up the coating and their phases.

2. EXPERIMENTAL METHODS
2.1. Materials

In this study, the superalloy BV-18 is used, which is one of the
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blades of turbine engines used in gas stations to generate electrical
power; its quantitative and qualitative specifications are shown in
Table 1.

2.2. Coating Processes

In this study, two types of coating techniques are used.

2.2.1. Pack Cementation

Aluminizing is performed in a tube furnace under vacuum, which is
maintained throughout the process (heating, holding, and cooling).

The cementation process was carried out for all prepared samples
and for the superalloy BV-18 using a mixture of aluminium powder
30% as the coating material, aluminium oxide (alumina) 66% as a
material that helps prevent agglomeration of the mixture, and am-
monium chloride powder. With a percentage of 4% as an activating
material, the mixture is placed after good mixing inside the pod
gradually, while placing the samples to be coated in it. The pod is
closed and placed inside a vacuum oven according to Fig. 1.

The temperature of the oven is set at the required degree 1000°C.
Cementing takes place for a period of 6 hours, and after the comple-
tion of the coating process, the samples are cooled inside the oven
until the temperature (of 200°C) reaches, while continuing to oper-
ate the vacuum device. Then, the samples are taken out, cleaned,
then weighed and stored well until tests are conducted on them.

TABLE 1. Composition [wt.%] of superalloy BV-18 used in the experi-
ments.

Element | Ni | Cr | Ti [ Co [Mo]| Al | ¢ [ si | s
wt.%  balance 17.85 4.15 5.31 2.28 10.53 8.79 4.99 3.57

/
Electrical [ R : {Rotary pump
furnace 4

Mixture of samples | [Aluminia tube
and coating powder

Fig. 1. Schematic drawing of the coating system.
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Fig. 2. Q150R ES device used to deposit nanogold layer.

TABLE 2. Composition [wt.% ] of the coated superalloy BV-18.

Type of coating | Element | Al | Ni | Co | Cr | Au | Si | Mo
Single aluminizing wt.% 21.21 25.52 16.08 8.18 Non 0.42 0.66
Nanogold wt.% 24.00 12.62 3.01 2.32 1.99 0.76 0.00

2.2.2. Nanogold Layer Coating

There are different techniques for fixing the diffusion barrier ma-
terial on the surface of the sample, including chemical evaporation
(CVD) or physical (PVD) coating, laser coating, and others. In this
study, the sputtering coating technique was used. This method is
one of the physical evaporation (PVD) methods and is a widely used
technique. To deposit thin films, a nanogold layer was deposited on
some samples of the alloy BV-18 targeted in our study using a de-
vice (Q150R ES), the image of which is shown in Fig. 2. Sputter
target/disc style 57 mmx0.1 mm thick gold.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology

The results were obtained after aluminizing the superalloy BV-18
with pack-cementation process through a single aluminizing process
and aluminizing in the presence of the nanogold at a temperature of
1000°C and for time period of 6 h. For each processing mode, single
set of parameter was used: high temperature with high Al activity
(HTHA).

The results of the analysis of the scanning electron microscopy
(SEM) shown in Fig. 3 for the two types of coatings showed a ho-
mogeneous spread of aluminium.

From spectroscopic analysis of the EDS (Figs. 4, 5), there are
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100 um

a b

100 pm

Fig. 3. Surface morphology of aluminizing with: a—single aluminizing;
b—nanogold.

Fig. 4. EDS for aluminizing coating for single aluminizing of BV-18 su-
peralloy at 1000°C for 6 h.

e T T A T R AR T

0 2 4 6 8 keV

Fig. 5. EDS for aluminizing coating in the presence of nanogold layer for
BV-18 superalloy at 1000°C for 6 h.

many peaks for the elements, including aluminium, nickel and co-
balt, and the highest intensity of these peaks is the element alumin-
ium, which represents the basic element for the coating layer.

This is what appeared in the data of Table 3 for quantitative and
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TABLE 3. Average mass gain and average thickness of aluminized samples
by single aluminizing and nanogold for BV-18 superalloy for 6 h at 1000°C.

Type of coating Av. thickness of coating, pym | Mass gain, mg/cm?
Single aluminizing 350 48.63
Nanogold 358 40.57

TABLE 4. The phases are possible to form in single aluminizing coating.

Ref. Code Compound Name Chemical Formula
03-065-0672 Aluminium Cobalt AlCo
00-002-1261 Aluminium Nickel AINi
00-002-1239 Aluminium Chromium AlCr,
00-021-0008 Aluminium Nickel AlNig
00-038-1026 Aluminium Chromium AlgCry,
03-065-3454 Aluminium Nickel Al;Ni,
03-065-7336 Aluminium Chromium Al 955Cr 017
03-065-8530 Aluminium Molybdenum AlMog
00-042-1467 Cobalt Oxide Co30,
00-032-0285 Chromium Oxide CrO,

TABLE 5. The phases are possible to form in aluminizing process in pres-
ence of nanogold layer.

Ref. Code | Compound Name Chemical Formula
03-065-8473 Aluminium Gold AlLLAu
01-075-1865 Aluminium Oxide Al O,
00-029-0021 Aluminium Cobalt AlCo
00-002-1261 Aluminium Nickel AINi
00-047-1410 Aluminium Titanium AlTi,
01-089-3697 Gold Au

qualitative analysis by the scanning electron device (EDS).

The percentage of aluminium and nickel is shown in Table 5. This
supports the analysis of XRD spectrum in obtaining the intermedi-
ate compounds of nickel-aluminium, as well as obtaining some in-
termediate compounds of cobalt—aluminium, with a weight ratio
[wt.% ] of cobalt.

3.2. Optical Microscopy Examination

The samples that were coated with single aluminium using the pack-
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Outer region

Inner region

Interdiffusion zone

\ Substrate |

Fig. 6. Microstructure of the samples coated with two types of aluminizing
coatings: (a) single aluminizing; (b) nanogold at temperature of 1000°C for
6 h.

cementations method showed the appearance of three areas of coat-
ing: the outer layer, the inner region and, interdiffusion zone,
which is a narrow area free of deposits. The cross-section of the
samples was photographed as shown in Fig. 6 for two types of coat-
ings (a—single aluminizing; b—nanogold). The thickness of coating
with single aluminizing and nanogold with mass gain value are
shown in Table 3.

The microscopic examination of the coating after 6 h showed the
presence of two regions, the outer region containing dark structures,
which may be secondary phases, and the inner region having light-
coloured structures, somewhat narrow and a little thick at the bot-
tom, i.e., the interdiffusion zone. This is known as the diffusive ex-
change zone. It is also noted that the microscopic structure of the re-
sulting coatings is characterized by the presence of more than one
phase in the coating layer, and the outer coating layer consists of
phases rich in aluminium.

3.3. XRD Analysis

It must be remembered that the alloy used in the research is nickel-
based, and its coating with aluminium leads to the formation of one
of the phases of intermediate compounds nickel-aluminium, and
this has already happened. The results of XRD analysis revealed
many complications in terms of the number of resulting phases, but
they confirmed the formation of the aluminium-rich phase Ni—Al
and Ni,Al; are mainly in the coatings produced after 6 hours this is
consistent with what was stated in Ref. [11] for high temperature—
high activity aluminize coating.

The results of the x-ray diffraction analysis of the coated sample
for a period of 6 hours, as was shown from the diffraction model in
Fig. 7, the appearance of peaks by returning to the phase diagrams
for both systems nickel-aluminium and aluminium—gold. In Figures
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Fig. 7. X-ray diffraction plot of a sample coated with: (a) single aluminiz-
ing; (b) nanogold at 1000°C for 6 hours.
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Fig. 8. Comparison of the results of X-ray analysis that are formed in a
single aluminizing coating for BV-18 superalloy at 1000°C for 6 h with
those stored in the X’Pert High Score Plus program.

8 and 9, we find that the phases are possible to form at this tem-
perature. Tables 4 and 5 show the phases, which are possible to
form in single aluminizing and with nanogold layer.

3.4. Hot-Corrosion Test

This test was conducted with the aim of identifying the resistance of
the single aluminized sample compared to the aluminized sample in
presence of nanogold layer for hot corrosion conditions, and the test
results have been shown by studying (the change of mass with time)
in salt vapour at 900°C. As shown in Fig. 10, the sample aluminized
with single aluminizing suffered some decreasing in mass in the first
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Fig. 9. Comparison of the results of x-ray analysis, which are obtained for
the aluminizing coating in the presence of nanogold layer for BV-18 su-
peralloy at 1000°C for 6 h, with those stored in the X’Pert High Score

Plus program.
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Fig. 10. Cyclic oxidation kinetics of single aluminizing coating and in
presence of nanogold layer in salt vapour at 900°C.

50 hours of exposure, while stability in mass was observed with alloy
that coated with nanogold layer before aluminizing process.

4. CONCLUSIONS

In this research, the effect of adding nanogold layer as a thermal
barrier on (aluminizing process and resisting hot corrosion) was
studied. It is indicated from the (Microscopic, XRD, SEM-EDS)
analysis that inward diffusion of Al and outward diffusion of Co,
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Ni and Cr have led to the formation of multilayer with different
phases, the addition of nanogold produce some different phases
such as Al,Au and stable alumina phase (Ref. Code 01-075-1865),
namely, o-Al,0;. By monitoring the weight loss and the data ob-
tained from the kinetics of oxidation, it was shown that the coating
in the presence of nanogold has the best resistance to hot corrosion
and had less change in mass during the test compared to single
aluminized, and the protective oxidation scale a-Al,O; has very good
adhesion and stability during exposure time. Overall, for the above,
this thermal barrier is considered with a high efficiency in resisting
the harsh operating conditions of engineering equipment.
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