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Mpepgmet: Monba 3a NOKpeTarwe NOCTyNKa 3a peusbop y
3Batbe BULLUM HAYYHU CapafHUK

Monum HayuHo Behe MHcTuTyTa 3a pusmky y beorpagy Aa y Cknaay ca MpaBUAHUKOM O NMOCTYMNKY 1
HauMHy BpeAHOBatba W KBAHTUTATUBHOM WCKa3MBarby HAy4YHO-WUCTPAXKMBAYKMX  pesy/Tata
UCTpaXkMBaua NOKPEHe NOCTyNaK 3a Moj pen3bop y 3Barbe BULLIKM HAay4HU CapafHNK.

Y npunory AocTaB/bam:

MuL/betbe PyKOBOAMOLA NPOjeKTa ca NPeANoroM YnaHoBa KOMUCH]E;
Buorpadcke nogatke;

[Mpernen Hay4yHe aKTUBHOCTY;

EnemeHTe 3a KBa/IMTAaTUBHY OLLEHY Hay4YHOT AOMNPUHOCA;

EnemeHTe 3a KBaHTUTATMBHY OLLeHY Hay4yHOr A0NPUHOCA;

Cnucak o06jaB/beHUX PasioBa U UXOBE KOMUje;

MopaTke 0 LUTUPAHOCTH;

doTOKONU]jy peluerba 0 NPeTXoAHOM U3bopy y 3Batbe;

[JopaTtHe npunore.
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ap MaptuHa M'mnuh
BULLUM HAay4YHW CapaHUK
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NMpeamet: Muw/bere pykosoauoua npojekTa 3a pensbop Ap MapTuHe M'mnauh y 38arbe BULLU
Hay4YHU CapagHUK

[p MaptuHa Muaunh 3anocnexa je y NabopaTopuju 3a WUCTpaxusara y 06nacTu eNeKTPOHCKUX
maTepujana MHcTUTyTa 3a du3mnky y beorpaay, rae je NPBEHCTBEHO aHraXxoBaHa Ha 3ajauima BE3aHUM
33 ONTMYKE W CTPYKTypHE 0cOoBuHe HAHOAMMEH3NOHANHUX maTtepujana y3 nomoh pasnuuuTux
CMEeKTPOCKOMNCKUX M MUKPOCKOMCKUX TEXHMKA. Nepuog namehy 09.2020 n 07.2023 KaHAMAaTKMIbA je
nposena Ha MOCTAOKY Ha Freie Univeristit-y y bepauny. [ip rmauh ucnyrwasa ycnose nponucaHe
MpasuaHWKOM 3a U360p y Hay4Ha 3Batba MuHUCTapCTBa NPOCBETE, HayKe U TEXHONOLWKOT pa3Boja, Te
cam carnacaH ga HayuHo Behe MHCTUTyTa 3a GU3NKY Y Beorpagy NOKpeHe MocTynak 3a pensbop
KaHAMAATKUIbE Y 3Batbe BULWMN Hay4HW CapaHUK.

PykoBoaunal, nabopatopuje,
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ap Hebojwa Pomuesuh
Hay4HW CaBETHWK




Mpepnor YynaHOBa KOMMUCHje 3a NUCatbe M3BELUTAja

1. ap AHhenuja NWanh, HayuyHu caBeTHMK NHCTUTYTa 3a UMKy beorpag

2. ap 3opuua Nlazapesuh, Hay4yHu caBeTHUK NHTcUTyTa 33 dm3nKy beorpag,

3. Ap BpaHka Xayuh, BULWK Hay4YHU capagHUK NHCTUTyTa 3a dM3nKy beorpag

4. pp Munuua hypuumh, BUWKM HaydHU capagHUK UHCTUTYTa 3a UMKy beorpag

5. ap OywaH MNonoswuh, peposHu npodecop Pursmykor dakynteta YHMBep3uTeTa y beorpaay



2. BUOTPAGCKM MOAALIU

Op MapTtuHa Tunmh poheHa je 22.07.1983. roguHe y beorpaay, rae je 3aBpwmnna OCHOBHY LKoY
“CseTo3ap MapKkosuh” a 3atum u Tpehy bGeorpafcky rMmHasumjy. PakynteT 3a UMUKy Xemujy
YHuBep3uTeTa y beorpagy ynucyje wkoncke 2002/03 roamHe, Koju 3aspluasa anpuna 2008. roanHe
Kao jegHa oA Hajbosbux CTyAeHaTa y reHepaumju, ca npoceyHom oueHom 9,1. AMnaomMcKM pag nog,
HasnBom “PamaHoBa cnekTpockonuja DX-npumecHux ueHTapa y Pbi,SncTe(ln)” ypaauna je nog
meHTopcTBOM Ap MusbeHKa MNepuha n ap Hebojwe Pomuesuha. UcTe rogmHe ynucyje n gOKTOpCKe
cTyamnje ®akynteTta 3a $pU3NUKY XeMujy, Koje 3aBpLuasa jyHa 2014. roanHe, ogbpaHom Tese “OnTuyke
0COBUHE HAHOAMMEH3MOHMX cUCTEMa GOPMUPAHUX Yy NAACTUYHO AedopmMMUcaHOM DaKpy, TaHKUMM
dmnmosuma CdS u xetepoctpyktypama CdTe/ZnTe”, nog meHTopcTBomM aAp Hebojwe Pomyesuha,
Hay4yHor caBeTHMKa NHcTUTyTa 3a dU3KKy y beorpaay.

KanguaaTkuma je og centembpa 2008. roamHe 3anocneHa y UHcTUTyTy 3a dusuky y Beorpaay.
OCHOBHM NpeameT UCTPaxKMBaka jOj je ONTMYKA CNEKTPOCKOMWja U KapaKTepusauuja pasinNyumTmux
BpCTa HAHOMaTepwujana.

2011. roanHe CTUYe 3Bakbe UCTPaXKMBaAY capagHuK, 3aTuUM je y majy 2015. roanHe nsabpaHa y 3Bame
Hay4YHM capagHuK, Te jyna 2020. roguHe y 3Batbe BULLIM Hay4yHU capafHuK (A0Kas aaty npuaory).

Kangnpatkmmwa je oa 2008. go 2010. rogmHe aKTMBHO y4yecTBOBasa Ha NpojeKTy MuHucTapcTea
NpPoOCBeTe, HayKe UM TexXHONOWKor pasBoja 6poj 1410286, nop HasuBom “CneKkTpockonuja
e/leMeHTapHMX eKcLuMTauMja y NONYMArHETHUM noaynposoaHuumMma”, a og 2011. go 2020. roanHe
6buna je aHraxkoBaHa Ha npojeKTy wuctor MuHuctapctea 6poj 11145003 “OnToeneKkTpoHCKU
HAaHOAMMEH3MOHN CUCTEMWU- NYT Ka NpuUMeHn”, rae je pykoBoguna notnpojektom “CuHTesa
HaHoMaTepujana u CTpyKTypa”.

Op centembpa 2020. 3aK/byyHO ca jysiom 2023. rogmHe ap M'aunh je npBena Ha Hay4YHOM ycaBpLUABakbY
Ha Freie Univeristat-y y bepauHy, rae je 6una 3anocneHa Kao HayYHW pagHUK (NocTAoK) Ha MHCTUTYTY
3a eKkcnepumeHTanHy ¢ousmky, AG Reissig, Ha DFG npojekty ,Diatom frustules as nature-designed
building blocks for photonic applications”.

Op T'nuh je no capa objasnna 45 pagosa y mehyHapoAHUM YaCONMUCMMA, KOjU cy LMTUpaHKn 575 nyTa,
ca h daktopom 14 (cnucak pagoBa AaT je y npwaory 1 oBor u3BellTaja), Kao M 7 nornaesmba y
MoHorpadujama (gokas y npunory). KaHanAaTKMHUHWU pe3ynTaTv cy NPe3eHTOBaHW Ha AeceTUHama
KOHdepeHLUMja y 3eM/bM U MHOCTPAHCTBY. OAprKana je BULLE YCMEHUX NpeaaBakba, 04 KOjUX Cy 4Ba Mo
nosuey (Aokas aaTy npuaory), Kao 1 bpojHe cemuHape rpynu AG Reissig Ha Frei Universitat-y Berlin.
KoayTopKa je jeaHor naTeHTHOr peuwera. KaHaupatkubba je uynaHuua eautopujanHor oabopa
yaconuca American Journal of Optics and Photonics, 1 peueseHT y Buwe mehyHapoaHMx yaconumca
(nokas gaty npunory).



3. NPErNeA HAYYHE AKTUBHOCTU

HayyHo — ncTpaxkmBayka akTMBHOCT Ap MapTuHe M'auh je npBeHCTBEHO BE3aHA 33 EKCNEPUMEHTASTHY
dun3MKy uBpcTOr cTarba U PU3MKY HaHOMaATepujana, Kao U CUHTE3y HaHOMaTepujana U CTPyKTypa Y
OKBMPY MPOjEKTHUX 3ajaTaka Kojuma pyKoBOAM. MCTpakuBarba Cy NPBEHCTBEHO YCMeEpeHa Ha
yTBphUBate ONTUYKMX, CTPYKTYPHUX U ENEKTPUYHUX CBOjCTaBa MOMEHYTUX CUCTEMA Pa3ANYUTUM
CMEKTPOCKOMCKMM M MUKPOCKOMCKMM MeTogama. HayuHe akTuBHOCTM obyxBaTajy dopmynauujy
npobaema, ekcnepMmeHTanHW pag, 0bpaay pesyatata v TeOPUjCKY aHaIM3Yy UCIUTUBAHMUX MaTepujana.
KaHanaaTkumba y OKMpY MaTuyHe nabopaTopuje n3BogM mepera Ha ypehajuma 3a PamaHosy u
bGOTONYMUHECUEHTHY CMEKTPOCKONWjy M CMEeKTPOCKOMCKY e/NncoMeTpunjy, OOK ca Konerama Wus
NHCTUTYTa 38 MYNTUAMCUNIMHAPHA UCTPAXKMBakba BPLUM Mepersa Ha YB-BUC cnektpomeTpy. [JobnjeHu
eKCNepuMMeEHTaIHN Pe3yNTaTh ce aHaAn3Mpajy, Npu Yemy ce npumerbyjy noctojehn uam ce passujajy
HOBWM MOZENM, N JONa3n ce A0 jaCHe C/IMKe O CBOjCTMMA UCNUTUBAHMX MaTepujana.

Y HacTaBky je pgaT npernes o6aacTM UCTparkMBarba KaHAWAATKMHbE, PA3BPCTaH Yr1aBHOM MO
M3y4aBaHMM MmaTepujannuma.

OnTUUKe U CTPYKTYPHE 0COOUHE HaHOAMMEH3UOHUX CUCTEMA:
o  TaHku puamosu

M3yyaBaHM cy TaHKKM duamosm CdS un CuSe pasnunumte aeb/buHe A06MjEHN jeAHOCTaBHOM TEXHUKOM
BaKyyMCKOr HamapaBara. Y cayyajy CdS, nHdpaupBeHU cneKkTpu Cy aHanusupaHu Kopuwherem
HYMepPUYKOr MOZAeNa 3a n3pavyHaBatbe KoedpuumjeHTa pedneKcmje CNoxKeHUX CUCTEMA KOjU YKIbyUyjy
dbuam un cynctpat. OuenektpmyHa ¢yHKUMja TaHKor ¢uama CdS aHanmsmpaHa je nomohy Maxwell-
Garnet-oBe dopmysie Kao cmelwa xomoreHux cdepHux MHKAy3uja CdS y Basayxy. UHTeH3uTeTH
PamaHOBMX cnieKTapa cy aHanusmpaHu nomohy mcte popmyne, n Jobuno ce Beoma fobpo cnararbe
n3mehy npMmer-eHOr MOZena U eKCNEPUMEHTAIHMX NoAaTaka. MIHTepecaHTHO je HanoMeHyTH aa cy
dbmnmoBu BUCOKOT KBanuTeTa A0OMjeHU jeAHOCTaBHOM METOLOM BaKyyMCKOr HamapaBahba, LWTO
CMakbyje LieHy NpoM3BoaHe 3a NOTEHUNjaaHY NPUMEHY Y ONTOENEKTPOHULM U MME30eNeKTPOHNLM.

Y ppyrom cnayyajy (CdS) ce pagu o asodasHum ¢unamosmma. PamaHoBa M MHdpaupBeHa
cneKTpockonuja cy kopuwheHe 3a naeHTUdUKaLMjy n KBaHTUPUKaUM]jy ABe dase. Momohy mogena 3a
KOHdajHMeHT onTUYKMX PoHOHA ogpehmBaHe cy BesinumHe Yectnua CuSe; pase, npu yemy je ytepheHo
Aa ce aumeHsmje 4yectnua nosehaBajy ca noseharwwem aebsbuHe ¢uama. Mako je oaj mogen
OrpaHMYeH Ha HaHOYecTuLEe NpaBuaHOr chepHor 061MKa, MOKa3ano ce Aa OH Aaje Aobpe pesynTtaTte u
KOZ, peasiHMX HaHOKPUCTasa Koju cyu HenpasuaHor obanka. YB-BUC cnekTpockonujom cy gobujeHe
BpeAHOCTM 3abparbeHnx 30Ha 06e dase, nNpu Yemy je yTBpheHO [a OHe He3HaTHO onajajy ca
nosehatbem aebrwunHe ¢uama. OTONYMUHECLEHTHUM MeEpPEeHMMA Ha HUCKMM Temnepatypama je
[EeTeKToBaH AedeKTHU HMBO cefleHa — HeraTUBHU Y-LeHTap.

e CamoopraHu3yjyhe KBaHTHe TauKe

M3yyaBaHe cy xeTepocTpykType CdTe/ZnTe. 360r BeanKe pasanke y NnapameTpuma pelleTke, OBaKkee
CTPYKTYpe noroayjy dopmmparby KBaHTHUX TayaKka. YTBpHEHO je Aa youeHu MynTUPOHOHCKM Npouecu



3aBUCe o, TernepaType 1 eHepruje nobyae (Tj. TanacHe Ay*KuHe nacepa). Kaga ce eHepruja pacejaHor
doToHa NpubanKKN eHeprmnju 3abparseHe 30He ZnTe, ogroeapajyhn PamaHoB Mo nocTaje pe3oHaHTHO
nojayaH. Jasbe, anpokcMmaunjom edpeKTMBHE Mace, M3padyHaT je AMjameTap KBaHTHUX Tayaka CdTe —
4.3 nm, WTO je 3HaTHO Makse of bopoBsor paaunjyca ekcuntoHa CdTe Koju nsHocm 10 nm.

e OKcupgHu HaHonpaxosu aonupanu Eu®t, Dy3** u HegonupaHu

JlyMnHecueHUNja joHa pPeTKMX 3emMasba Haslasn BEAUKY NPUMEHY Yy aKTMBHWM CyncTaHuama benmx
docdopa Ko paBHUX eKpaHa, Nnasma aucnneja, IEL anopa nta. OKcnagHe HAHOCTPYKTYpPe AONUpaHe
joHMMa peTKMX 3emasba MoKasyjy nobosbluaHa onTuyka csojcTBa. HaHonpaxosu YVOs ca un 6es
ponupara joHuma Eu*, mcnmtmeanm cy metogom PamaHose cnekTpockonuje. YtspheHo je Aa
4ONupatbe OBMM jOHMMa pe3ynTyje npomeHama PamaHoBMX cneKkTapa. Koa gonumpaHor y3opka ce
nojas/byje HOB MOJ, Y3 NPOMEHY MHTeH3uTeTa noctojehmux moaosa. JoH Eu 3ametmbyje joH Y y pelieTku.
MN3oTOoNCKN edeKaT je AeTa/bHO pasmaTpaH M M3padvyHaBaH. Y Apyrom pagy je 3a UCTU maTepujan
M3y4yaBaHA KMHETMKA M BPEMEHCKN Pa3fioKeHa aHanmsa JyMUHeceHuuje, Npu Yemy je 3ak/byyeHo aa
je HaHonpax YVO4Eu®* noropaH matepujan 3a MNPUMEHY Y Pas3/IMUMTUM ONTOENEKTPOHCKUM
HanpaBama. Y Tpehem paay je ytBpheHO nocTojarbe NOBPLIMHCKON ONTUYKOT GOHOHA U Pa3NUYUTUX
MYATUHOHOHCKUX NpoLeca, WTo Merba cnektap 6ank YVO,.

Eyponujymom je gonupaH wm HaHonpax Gd,Zr,0;, maTepujan nosHat Kao gomahuH (xocT) 3a
$OTONlYMUHECEHTHY NMPUMeEHY. PamMaHOBOM CMEKTPOCKOMUjOM cy youyeHa aBa ¢$OHOHA Koja Ao caja
HUCY OMna pernctpoBaHa, W HWUXOBA MO3ULMja je Yy CKAaZy Ca YOYEHOM eneKTPOH-POHOH
WMHTEpaKLUMjom. PernctpoBaHn mMynTMQPOHOHCKM NPoLEecu Cy AMpeKTHa nocieauua Aonupara, a 10
ycnoB/baBa U nojaBy 604yHe Tpake GOoHOHa.

HaHonpax YAG:Dy ncnutmsaH je PamaHoBomM M GOTONYMUHECLEHTHOM CMEKTPOCKonujom. YTBpheHo je
[a NOCTOjM jako KynsioBakbe M3mehy joHa peTKe 3emsbe M BUOpaumja peleTke. PamMaHOBKU CNEKTpU
YAG:Dy cy HewTo Wwupu o4 oarosapajyhmx cnektapa moHokpuctana YAG, a HEKM MOLOBU NOKasyjy u
naaBu nomak. 3aksbydyje ce aa ce matepujan YAG:Dy morke KOpUCTUTM Kao M3Bop Bene cBeTnoctu
(6enu docdhopwu).

HaHonpax YFeOs je nobujeH mexaHOXeMMjCKOM CUHTE30M, 1 CBOjCTBA CY My UCMUTMBaHA ANdpaKLmjom
X- 3paka, PamaHoBOM M MHpaUpPBEHOM CneKTpockonunjom, Te Mossbauer-oBom CNeKTPOCKOMMjoM.
LlepepoBOoM jegHauYMHOM je M3payyHaTa BE/MUYMHA KPUCTA/IMTA U OHA u3HOCKM 12 nm. YoueHo je 7
PamHoBux 1 10 nHdpaupseHmx mogosa. Mdssbauer-osa meperba cy noTBpAMAa cynepnapamarHeTHU
KapaKTep opTtodepuTa.

e KBaHTHe TaukKe y NOJIMMEPHOj MaTpULm

McnuTtueaHa cy cBojcea HaHokomnosuta CdSe/ZnS-PMMA n ZnS-PMMA. Uun/b je ouyBaTU ONTUUKY
AKTMBHOCT KBAHTHMX TayaKa Yy HAaHOKOMMNO3MUTY, y3 Nobosblliartbe MeXaHMYKMX CBOjcTaBa. Y cay4ajy
core/shell ctpyktypa (CdSe/ZnS-PMMA), PamaHOBOM CNEKTPOCKONMjOM je yTBpheHo aa matpuua Huje
yThuana Ha poHoHcKe mogose CdSe jesrpa KBaHTHUX Tayaka, Tj cnektpu CdSe/ZnS-PMMA n CdSe/ZnS
CYy roToBO MAEHTMYHU. MoxKe ce pehu ga cy KpucTanuTtu cyndmaa u ceneHnaa ywnm y nope mpexe
PMMA 6e3 pemehera KOHTUHYaHe 3D CTpYKType noanmepHe maTpuue.

WWTo ce TMye HaHoKomnosuta ZnS-PMMA, aHanms3a PamaHOBMX CMeKTapa je BpLIEeHA MOAE/IOM
3aCHOBaHUM Ha Teopuju edeKTMBHOTr Meamjyma. YTBpHEHO je NpucycTBO MOBPLUMHCKOP ONTUYKOT
$OHOHA, Ynju 06AKK M NO3UnLMja 3aBMCE O BPCTE KOMNO3NUTA.



Kof, MynTUKOMMNOHEHTHOT MOIMMEPHOr HAHOKOMMO3UTa TUTaH-Kapbua/PMMA, Koju cagpsku TiC, TiC
MXene n octatke TiC n TiO y PMMA maTpuum, M3BpLUIEHA je KapaKTepusauwuja y3 nomoh XRD,
nHdpaypseHe N PamaH cnekTpocKonuje, Kao 1 ynopegHe aHanuse BubpaLMoHux ceojctaBa nytem DFT
npopayyHa. SEM mepewa cy nokasana ga Ccy nNpou3BeAeHe YecTuue TuTaH-kapbupa nobpo
AeduHncaHe 1 pasasojeHe y HaHOCKanHe 3pHa. MpumerseH je Maxwell-Garnett mogen 3a aHanusy
WHOPALPBEHOr CMNEKTPa, WTOo je omoryhuno oppehusarbe mMoauduKaumje OMNTUYKUX CBOjCTaBa
noAMMepHe maTpumue 3a 3anpeMmnHCcKkM yaeo og 0.25.

e HaHouectuue

M3yyaBaHe Ccy ONTMYKA W CTPYKTypHa CBOjCTBA Pa3HMX HAHo4yecTMua [O06MjeHUX pasanymnTum
meTofama: yectuue CdSe y ctakneHoj matpuum gobujeHe opuUrMHasHOM TEXHUKOM KOja KOMBUHyje
3arpeBatkbe M 03paumBambe YB nacepom; yectmue NiO gobujeHe KombUHaUMjom KonpeuunuTaumje m
oarpesara; yectuue ZnO ponupaHe CoO gobujeHe KonpeunnuTaumjom/KanumHaumjom, yectmue Cds-
«Mn,S noburjeHe MeToLoM KONoUAHE Xemuje.

®dpycryne gnjatomeja Kao npupoaHun 2D GOTOHCKU KpUCTanu

OBO je OWNna KaHOMAATKMHbMHA NaBHA TeMa MCTpPaXuBarkba 33 BpemMe HeHor 6opaska Ha Freie
Univeristat-y y bepnnny. M3yyaBaHe cy cunmkatHe GppycTyne AnjaTOMEjCKUX MUKPOOpraHM3ama Koje
noceayjy Beoma npaBuAHY CTPYKTYPY Ha AYKMHCKMM CKaslaMa Koje ce NpoCcTupy o4, HaHOMEeTapCKor A0
MMKPOMETAPCKOr Orcera, Npu Yemy CTPYKTYPHU obpacum n AMMeH3uje 3aBmce of BpCTe gMjaTomeja.
OBa CTPYKTypa MMa jeiIMHCTBEHa ONTUYKa CBOjCTBA, CAIMYHA OHMMaA Kog 2D (uam 3D) POTOHCKUX
Kpuctana. Kopuwherem xmbpuaH1UX CyncTpaTta gujaTomeja NpecByvyeHNM yATPaTaHKMM CNojeM 31aTa
NOCTUFHYTO je 3HAaTHO noseharbe MHTEeH3MTeTa MMOBPLIMHCKM NojayaHe PamaHoBe CheKkTpocKkonuje
(SERS). AHanusumpaHa cy Tpu xmbpuaHa cynctpaTa ca ¢pycTynama TPU pasimMunte BPCTe AWMjaTOME]a,
npu Yemy cy unanHapudHe epyctyne spcte Aulacoseira sp. nokasanu Hajsehe noseharbe curHana, oo
14 nyta. Hymepuuka aHanM3a METOAOM KOHAYHUX efleMeHaTa MOTBpAMAA je eKCMepMMEHTasHe
pesyntate. PesyntaTu nokasyjy aa opycryne gujatomeja pasamumntmx o6amka mory nobosbliat SERS
CurHan, npu yemy noseharbe 3aBMCK 04 reOMETPUje U YATPACTPYKTYpe dpycTye.

HeopraHcku ¢unmosu Ha paekcMbunHUm nonmmepuma

Y capagru ca ap HepuHrom lMeTtpaywkueHe ca TexHonowKor YHusepsuteta KayHac y JluteaHumjn,
n3yyaBaHu cy GpaeKCUBbUNHN noanmeprn MoandUKOBaHN XanKoreHuamMma 6akpa, KOHKpeTHO baKap-
cynpugom (Cu,S) n bakap-ceneHngom (Cu,Se), Koju npeacrassbajy obehasajyhy knacy matepujana
33 GNEKCMBUAHY eNeKTPOHUKY U ONTOeNeKTPOHCKe npumeHe. KopuwheHe cy pasanunte metoae
Aenosuvumje, yKbydyjyhn xemujcKo Tanoxere U3 Kynke, copnumoHo-amdysnoHu npouec u SILAR
MeToZy, Kako 61 ce Mpou3Be/M BUCOKOKBANIUTETHM TaHKM GUAMOBM Ca MOAECUBUM CTPYKTYPHUM,
ONTUYKMUM U eNEeKTPUYHUM CBOjCTBMMA.

Y npBom ciayyajy pagu ce O Aeno3vuuju TaHKux ¢unamosa CuS Ha nonavammgHum (PA) wn
noaunponuneHckum (PP) noanorama Kopuwhertem MeToae XeMUjCKOT TasloXKera U3 Kynke. Puamosu
[oOMjeHN HaKoH ABa WAW TpU UMKAyca Aeno3uuuje Mnokasanu cy yjeaHadeHy mopdonornjy u
XEeKCaroHa/iHy KOBeNWUTHY CTPyKTypy, noTepheHy XRD aHannsom. BpeaHOCTU eHepreTCKOr oncera og,
2,75-2,78 eV (aupekTHn) 1 1,29-1,41 eV (MHAUPEKTHM) YKa3yjy Ha o4AM4YHA NONAYNPOBOAHA CBOjCTBA.



NMomohy PamaHOBe creKTpocKonuje MAEHTUOUKOBAHU Cy KAPaKTEPUCTUUHW MUKOBU KOBESIUTHE U
CuxS dase, npu yemy cy CTPYKTypHe pas/siMke 3aBucuie of bpoja umkayca genosuumje n tuna
noaJsiore, WTO OBe MaTepujane YMHU NOrogHMM 3a GOTOHANOHCKE NPUMEHE.

[pyra ctyauja npeactaB/ba EKOHOMUYHY COpPNUMOHO-aNdY3NMOoHY meToay 3a TanoxKere Cu,S dnamosa
Ha npeaTpeTMpaHnm noanammugHum (PA6) nognorama. Metoze npeatTpeTMaHa 3Ha4YajHo cy yTuuane
Ha eNeKkTPUYHKM oTnop GpUAMOBaA, Koju je Bapupao og 7 kQ/sq go 6 MQ/sq. XRD aHanm3a nokasana je
OPTOPOMBUYHY KPUCTANHY CTPYKTYPY, AOK je NpeaTpeTMaH yHanpeamo KPUCTAIMHUYHOCT GUIMOBA.
LOVPEeKTHU M UHOMPEKTHU eHepreTcku oncesn og, 2,61-2,67 eV n 1,4-1,44 eV yKasyjy Ha obpa onTUYKa
M eNeKTpPUYHA CBOjCTBA MOroAHA 32 ONTOENEKTPOHCKE npumeHe. Pe3yntatm WUCTUYY BaXKHOCT
jeAHOCTaBHMX NpeATpeTMaHa y nobosbluarby KBaaUTeTa GpuUIMoBa.

Tpeha ctyanja uctparkyje Cu,—xSe TaHKe ¢uamoBe genoHoBaHe Ha noanamuay kopuwhersem SILAR
MeToZe NMpM pasIMuUTUM TemnepaTtypama. MoBuweHe TemnepaType AoBene cy Ao nobosbluaHe
BE/IMYMHE 3pHA M CMakbetba [YCTMHE AMC/IOKauWnja, 4YMme Ccy nobosbliaHU yjeAHAYeHOCT U
npoBoa/bmnBocT ¢puamosa. XRD n PamaH cnekTpockonuja noTepanne cy KybHy ctpyktypy Cux-Se, ca
eHepreTckMm oncesnma og 1,98-2,28 eV. dunmosu aenoHoBaHu npm 80 °C noKasanm cy Hajbosby
KOMbWHaUMjy yjeaHayeHOCTM, MPOBOA/bMBOCTM M ONTUYKUX CBOjCTaBa, Harnawasajyhu BarKHOCT
KOHTpOe TemnepaType 3a npunarohaBake nepdopmaHcH maTepujana.

MeTanHu Komnnekcu ca lndosum 6asama

Y 0BOM pafy onucaHa je CMHTe3a ABa HOBA KOMMAEKCA 2-aueTUNNUpuaMH-aMmHoryaHmamHa (L) ca
unHkom(ll) n ragmnjymom(ll), oagHocHo [Zn(L)(NCO)2] un [{Cd(L)CI(n-NCO)}2]. HbmuxoBa CTpyKTypa je
oapeheHa XRD aHanM30M, AOK je CMEKTPOCKOMCKA KapakTepusaumja obyxsatuaa M ABa NPETXO4HO
cMHTeTUcaHa komnaekca: ([Zn(L)(NSC)2] n [Cd(L)CI2]). IR n PamaH cnekTpu oTKpuan cy GOHCKe moaoBse
ca nosehaHum wuHTeH3MTeTMMa y oncery 1000-1700 cm™ 3a cBa u4eTupu y3opka. AHanusa
boTOoNyYMUHECLLEHLM]€E je NoKa3ana TPM NUKA, MPU YEMY Ce MHTEH3UTET 3HaYajHO Merao 3ameHom [Cl]~
nvraHga ca [NCO]J. Apyru [NCO]™ avraHg je AoaaTHO nojavao GoTonyMUHECUEHUM]Y Y LLeIOM oncery.
OBM pes3ynTatv npyajy 6o/bn yBUA Y UHTEPAKUM]y eneKkTpoHa U GoHa M npowunpyjy moryhHocTu
npUMeHe MeTasIHUX KOMMNJIEKca.

OnNTUYKA U eNneKTPUYHa CBOjCTBA MOHOKPMUCTANA pacanX TeXHUKOM Hoxpancku u bpuymaH

MpoyyaBaHM cy MOHOKpUCTanu gobujeHn meTogom pacTta KpucTtana no Yoxpanckom (Czochralski) u no
BpumaHy (Bridgman). M3pauyHaTti cy KpUTUYHK AMjameTap U KpUTUMYHA CToMna poTaumje, a oapeheHun
CYy Y NOrOAHW PacTBOPM 3a NOANPakbe U Harpmsarse. Mpu KapakTepmsaunjm 4oburjeHnx MoHOKpUcTana
je KopuwheH HU3 eKcnepuMeHTaNHUX MeToda: aAndpakumja X - 3paka, MHPpaupseHa U PamaHoBa
CNEeKTPOCKOMWja, CNEeKTPOoCKoncka enuncomeTtpuja. OBM maTepujanu, 3axBasbyjyhu BeUKOj
Pa3HOBPCHOCTU GU3NYKMX OCOOMHA MMajy BENKY NMPUMEHY Y €/IEKTPOHCKUM U OMNTOENIEKTPOHCKMM
ypehajuma, rae je HEONXOAHO Aa KPUCTanu MMajy Many rycTUHY AMC/AOKauuWja U BEIMKY ONTUYKY
xomoreHocT. CTora ce Be/MKa Naxra nocsehyje HaunHy 1 ycnosmuma fobujarba y3opaka. BiinGeOyo
KpucTanu cy gobujeHn no metoam YoKpanckor U3 BUCOKO YMCTUX NonasHux Bi,Os; and GeO; okcmnaa u
oKcnpaa Makbe ymuctohe u aHanmsmpanu cy y3 nomoh XRD, PamaH u UL, cnekTpockonuje. MHAeKcH
npenamarba cy ogpeheHn metogom enuncometpuje. Bi;nGeOzo KpUCTaN NPO3UPHO XKyTe 6oje je Ha
OCHOBY MarHeTHO ONTMYKOr KBasuTeTa YaKk 10 nyta 6o/bM of KomepumjanHor matepmnjana. Cepxa je
6una fa ce yTBpAN MUMHUMAHA YMCTOha OKCUAA HEONXOAHUX 33 Npou3BoarbY BiroGeOyo ceH30pcKor
Kpuctana. CHUKere LieHa NOCTynNKa Npou3BoAHE KpUCTana je jeaaH o4 raBHUX LUn/beBa Koju Tpeba



Aa 6yae ucnyreH, Aa 61 Morao fia ce KOpUCTM U yrpaam Kao ONTUYKM ceH30p Ha ocHoBy Papagejesor
edekKra.

MocebHo Tpeba uctahm gobujatbe OKCUAHUX KpUcTana UTpUjym-anymuHmjym rapHeta (YAG, Y3AlsO12)
W HEOAMHUjyMOM AOMUPAHOr UTPUjyM-anyMmuHujym rapHeta (Nd:YAG) gobpor onTuuyKor KsanuTeTa
meToAoM YoxpasicKor, U HUXOBY KapaKTepusauujy PamaH n uHbpaupBeHOM CMeKTPOCKOMUjOM.
MNoKa3aHa je jaka MeTal-KUCeoHUK BMbpaunja KapakTepnctnuyHa 3a sesy Al-O.

MoandnKkoBaHOM BEPTUKANHOM METOAO0M Mo BpuiimaHy y Bakyymy je AoBMjeH BUCOKO KBAaNUTETHU
MoHOKpuctan CaF,. JobujeHn KpucTan je ucnutmeaH PamaH n MHPpaLpPBEHOM CMEKTPOCKOMMjOM.
KpuctanHa cTpykTypa je noTtBpheHa PeHreHOCTPYKTYPHOM aHanun3om. KoHueHTpauuja pedekarta
KMCEOHMKA Y KpUCTany je ucnutuBaHa QGOTONYMMHECLEHTHOM crnekTpockonmjom. Momohy oBumx
MeTOo/a je NPoueHEH ONTUYKM KBanuTeT AobujeHOr MOHOKpUCTana 1 yTBpANAO ce aa je pobap, jep
CaMO MOHOKpUCTan fo6por onTUYKOr KBAaIMTETA MOXKE Aa/be Aa Ce Yrpagm y NOAMMEpPHY MaTpuLy M
Aa ce pobuje KOMMO3UT ca NOOO/BbLUIAHMM TEPMMYKMM W MEXAHMYKMM, @ OYYBAHMM OMTUYKUM
cBOjCcTBUMA.

BpuymaHoBoM meTogom cy AobujeHn n moHoKkpucTanm CdTege7S€0.03 M CdTege7S€0.03+1.2 at.%ln, unja
KapaKTepusauuja je BplleHa [anekoM WHOPaUpPBEHOM CMEKTPOCKOMMOM Ha  PasinyYUTUM
Temnepartypama. AHanuM3a cnekTapa je BpleHa ¢putoBarbem 6asnpaHMm Ha AUENIEKTPUUHO] QYHKLN)K
KOja YK/bydyje npoCTOpHy pacrnogeny cnobogHuMx Hocunaua Kao WM yTUUAj nNaa3mMoH-POHOH
MHTepakKumje. MokasaHo je ga oNTUYKM GOHOHM MeLLaHUX KpUCTana NoKasyjy ABOMOAHO NoHallakbe, a
yTBphHEH je u noKanHu mog nHamjyma. Y oba cnydaja je yreBpheHo npucycTBo NOBPLUMHCKOT C/0ja ca
HMCKOM KOHLIEHTPALIMjOM HOCMANALA.

MnactnuHo pedpopmncaHn meTanm U meTasHe nerype

M3yyaBajy ce onTuMyka cBojcTBa 6akpa w nerype b6akap-aAyMUHUjyMm MNOABPrHYTUX EKCTPEMHO]
nnacTMyHoj pedopmaumjy NOHOB/LEHOM YMNOTPebOM jegHAKOKaHaNHe YyraoHe npece, y UU/bY
nobosbllatba MeXaHMYKMX CBOjCTaBa maTepujana. TpocnojHn mogaen je KopuwheH 3a U3payvyHaBakse
Aeb/bMHe CMOHTAHO HacTanor 6akap OKcuaa W3 eIMMNCOMETPUJCKUX  Meperba. PamaHoBom
CMEKTPOCKOMNMjOM Cy PEerMcTpoBaHa gBa TUMa JIMHMjA, YCKE M LUMPOKE, LWITO yKasyje Ha noctojate
HAHOKPUCTaZHUX CTPYKTYpa 6akpa 1 Bakap oKcuAa, OKPYKEHMX Ca CBMX CTpaHa amopdHMm dasama.
MnactnyHa aedopmaumja 6bakpa HUje fgoBena Ao notTnyHe amopdusaumje ysopka. Kog nerype 6akap-
anyMMHKUjym je yTpheHo aa je cteneH amopdusaunje sehum y TpaHCBEpP3a/IHOj HEro Y NOHTUTYAUHANHO]
paBHU. PUHANHM y30paK UMa NoandasHy CTPYKTYPY ca HexomoreHum ypeherem ¢dasa.

YeTBOPOKOMMOHEHTHU CUCTEMMU

M3yyaBaHe cy onTUYKe 0CcobMHe pasbraxkeHUX MarHeTHUMX NoAynpoBogHMKa Zni«MnGeAs; U Zn;.
«Mn,SnSb, Kao n xankoreHnga Cu,FeSnS,. HaHouectunue Cu,FeSnS, cy cMHTETUCaAHE MEeXaHOXEMUJCKMM
nytem, u PamaHoBa CMeKTpocKonuja je KopuwheHa 3a cucTtemaTcko ogpehusarbe BUOPALMOHUX
CBOjCTaBa OBWX CUCTEeMa M WCMNUTMBAKE YTMLAja BPEeMeHa MJeBera Ha MUCTe Tj Ha uuctohy
HaHOKpMKCTana matepujana. lopes MoLOBa OCHOBHOT KPMUCTasla YOUEHU CY U MOLOBU KOjU Npunagajy
FeS n SnS ¢asama, Koju cnabe 1 Ha Kpajy ce rybe ca noseherem BpemeHa mieBetra. [ocne mnesema
04, 90 mMHyTa 0CTajy camo MOA0BU OCHOBHOT KpUCTana.

PamaHOBOM CMEKTPOCKOMMjOM Cy M3yyaBaHe ¢GOHOHCKe 0cobuHe U ZniMn,SnSb, He 6u am ce
YTBPAMNO KaKo gofaTak Mn yTuuye Ha ONTUYKa M CTPYKTYPHa cBOjcTBa ZnSnSbh,. PoHOHCKa cBOjcTBa
ZnSnSh; kao n MnSb cy no npeu Nyt ogpehmnsaHa. Ha ocHoBy NnomaKka poHoHa ZnSnSh, HaheHo je aa
ce ogpeheHa KonmumHa Mn yrpaauna y peweTky Kpuctana n dopmupana ZnixMnSnSb,.



NHpaLpBeHOM CNEKTPOCKOMMJOM Ce M3y4yaBao yTuuaj akTopa npurywersa Ha WHTEepaKuujy
nnasmoHa M aBa poHoHa y ZnixMnyGeAs,. OTKpuBeHa je cneumdunyHa npupoaa ¢peKBeHum]a
cnperHyTnx GoHoHa. Mpu BUCOKMM MpuUrylewnma, noctojakbe poHoHa y pernony mamehy TO n /10
dpekBeHUMja HNje NnpumeheH 3a N1a3sMoH-48a-GOHOHaA MHTEPAKLUMjy, CYNPOTHO CAyYajy 3@ NAa3MOH-
GOHOH MHTEpaKUMjy.

Cnojesutu llI-V nonynpoBogHuuM 4ONMPaHM jOHMMA NpenasHuX meTana

CnojesuTun nonynposoaHuum, na mehy kuma u y-InSe, cy o, BeIMKOr 3HaYaja Kako 3a GyHAaMeHTaHa,
TAKO M 33 NPUMEHEHA WUCTPa*kMBakba jep MMajy M3y3eTHO aHM3O0TPOMHE OMNTUYKE U e/IEKTPOHCKE
ocobuHe n NHepTHe 6asanHe N/bocHU. 360r oBMX 0cobWHa, C/I0jeBUTU MOAYNPOBOAHULM CE€ YecTo
KopucTe Kao doToxemujcke enektpoae. MHAMjym ceneHuma, ca AMPEKTHUM eHepPreTCKUM NpoLenom y
611MCKOM MHPpPaLPBEHOM OMCEry eHepruja je aTpakTMBaH maTepujan y 061acTn KOHBep3nje conapHe
eHepruje. OBaj paa npeacTas/ba AONPUHOC UCTPAXKUBakbY YTULI@ja NPpMMeEca Ha ONTUYKE OCOOMHe y-
InSe, nocebHO Ha ONTMYKM NpouLen WU eneKTpoHcke HuBoe. Meperba doTonymuHecueHumje cy
noTpBAM/a NNABM NOMaK €HEePrujckUX HMBOA Y BASIEHTHO] 30HM WM NOCTOjarbe AYOOKMX NMPUMECHMUX
CTatba. EHeprmjckm npenasyv 4McTor W AOMMPAHOr KpUCTana Ccy M3y4aBaHW CMEKTPOCKOMNCKOM
e/IMncoMeTpujom, rae je ytepheH BennKM 6poj npenasa y HUCKOEHEPIMjCKOM OMNcery, NoBe3aHux ca
AedpeKkTHUM 1 NPUMECHUM CTarbUMa, AOK je Y HUCKOKOEHEPTMjCKOM ONCery perMcTpoBaH naasu nomak
eHeprujcknx ctakba.

MpumeHa HeopraHckux puamosa y conapHum henmjama u potogerekTopuma

ConapHe henuvje ocet/bMBe Ha 60je nocTajy wWTeA/bMBa  aNTePHATMBA  KOHBEHLMOHA/IHUM
¢$oTOBONTAMLMMA 3aCHOBAHMM Ha p-n cnojy. FTnaBHa KOMNoHeHTa oBMx henuja je GoTOaKTMBHA aHOAA
HanpaB/beHa opa aebenor ¢omnma TiO, nokpuBeHa cnojem 6oje. Y oBom pady, NPUNPEM/bEH je
doToaHogHM agebeo ¢uam TiO, Koju cagpm mesonoposHe cdepe, U U3ydyaBaHa MPUMEH/bUBOCT
oBaKBOr ¢uama y conapHum henmjama ocet/bMBUM Ha 60jy. PamaHOBOM CMEKTPOCKOMMjoM je
yTBpheHo dopmuparse aHaTac pase HakoH TpeTuparba ca TiCls.

Cr,03 je obehaBajyhn KaHgMaaT 3a npumeHy y HoBum MIS(I)M doTopetektopuma. Oarosapajyhum
YC/I0BM 33 AeMNOHOBakbe 0BUX GUIMOBA TEXHMKOM PEAKTUBHOT CriaTepoBakba Tek Tpeba aedurHucatu.
Ty cnagajy napuujanHu NpPUTUCAK KMCEOHMKa, TemnepaTypa CyncTpaTa, Bpeme AenoHOoBaka, a U
oArpeBarbe. 3a caja je U3yyaBaH yTULAj NapumnjasHor NPUTMCKA Ha Aeb/bMHY M HAHOOMTMYKa CBOjCTBA
TaHKMX ¢GUAMOBA, HM3OM TexHuKa: PamaHoBom, uHpaupseHom u YB-BUC cnektpockonujom,
MMKPOCKOMNMNjOM aTOMCKe cune, andpakumjom X-3paka. OBa Tema je 3anoyeTa y capafrbu ca Louissa-
om Reissig ca Frei Universitat-a Berlin.

TpaHcnopT joHa ankanHux metana y DXE racy

Op Tvnuh ce npuKk/byunna Konerama us Fpyne 3a racHy eNekKTpoHUKY (ap Hukutosuh, ap CtojaHosuh!,
Aap Pacnonoswuh), Koju ce ayxe Bpeme 6aBe M3yyaBakbeM TPAHCMOPTA MNO3UTUBHMX jOHA Y FacHUM
npaxkwerwnma. OBae cy UsyyaBaHe TpaHCNOpPTHE 0CobMHe joHa ankanHux metana K*, Na*i Li* y DXE
(1,2 - pmeToKcMeTaH) racy, Koju ce KOPWUCTM Kao KaTa/iusaTtop y ¢u3MLM YBPCTOr CTakba M Kao
NpeKypcop y npousogmbn kepammke. M3abpaHe cy HajpepoBaTHMje peakumje joHa afKaaHUX MeTana
ca monekynom DXE raca u rerosum ¢parmeHTMMa, M M3payyHaTe oparosapajyhe eHTtannuje
dbopmuparba npoayKara.



CTakno-KepamuKa Ha 6a3u TUTaHaTa

CodeHcKa crakno-kepammika (CaTiSiOs), nepcnekTMBaH maTepujan 3a MATPUKC Kepamuke W
MMOBMNM3AUNjy HYKNeapHOr oTnaga, CMHTeTUCaHa je n3 mewasuHe CaCOs, TiO, m SiO,. HakoH
Ton/berba Ha 1400 °C, xnahewa M NOHOBHOI MIEBEH»Q, MaTepujan je KpUCTanM30BaH TEPMUUYKUM
TPeTMaHoOM, Npu Yemy je yncta MoHodasHa cheHcKa CTakNo-KepammuKa gobujeHa Ha 800 °C 3a 4 caTa.
Mopdonornja npaxa aHannsupaHa je nomohy SEM-a, a pa3Boj ¢asHor cactaBa npaheH XRD, FT-IR,
PamaH 1 TepMUYKMM aHanM3ama.



1. ENEMEHTU 3A KBAJINTATUBHY OLIEHY HAYYHOTI ONPUHOCA
KAHAUOATKUE

4.1. KBanurteTt Hay4yHUX pe3yaTaTa
4.1.1. HayyHu HMBO M 3Ha4aj pe3yAaTaTa, yTULAj Hay4YHUX pagoBa

Y cBom gocagawmem paay, ap Mvauh je obajsuna 45 HayuyHux pagosa ca ISI amcte. Op Tor 6poja, 3
paga cnagajy y Kateropujy M21A (mehyHapogHu 4yaconucu uM3y3eTHUX BpeaHoctu), 12 cy M21
KaTeropuje (BpxyHCcK1 mehyHapoaHu Yaconucu), 24 cy M22 Kateropuje u 6 cnagajy y Kateropunjy M23.
Ob6jaB/beH je u jegaH pag y Bogehem yaconucy HaumoHanHor 3Hadvaja M51, kao 1 7 nornassmba y
MoHorpadujama. Oaprkana je BuWe npegaBatba Ha MehyHapoAHUM KoHbepeHLMjama, 04 Kojux cy ABa
no nosuay.

HakoH n3bopa y Hay4yHO 3Bakbe BULLM Hay4yHU capagHuk, Op MNauvh je objasmna 10 pagosa ca ISI ancte.
Opa Tor 6poja, 3 pafa cnagajy y Kateropujy M21 (BpxyHcku mefhyHapoaHu yaconucu), Aok cy 7 pagosa
M22 KaTeropuje. Y oBoM nepuoay je KaHaAMaaTKUba objaBuna M nornae/be y mMoHorpaduju, a u
o4prKana BuLLe npefaBarba HA MehyHapoaHMM KoHbepeHUMjama.

Kao neT Haj3Ha4YajHMjuX paaoBa KaHaMAATKUHE N34BajaMo:

1. M. Gilic, M. Ghobara, L. Reissig, “Tuning SERS Signal via Substrate Structuring: Valves of
Different Diatom Species with Ultrathin Gold Coating”, Nanomaterials 13 (2023) 1594.

2. M. Gilic, J. Trajic, N. Romcevic, M. Romcevic, D. V. Timotijevic, G. Stanisic, I. S. Yahia, “Optical
properties of CdS thin films”, Optical Materials 35 (2013) 1112-1117.

3. M. Gilic, N. Romcevic, M. Romcevic, D. Stojanovic, R. Kostic, J. Trajic, W. D. Dobrowolski, G.
Karczewski, R. Galazka, “Optical properties of CdTe/ZnTe seft-assembled quantum dots: Raman
and photoluminescence spectroscopy”, Journal of Alloys and Compounds 579 (2013) 330-335.

4. M. Gili¢, M. Petrovi¢, R. Kosti¢, D. Stojanovié, T. Barudzija, M. Mitri¢, N. Romcevi¢, U. Ralevié,
J. Traji¢, M. Romcevi¢, I. S. Yahia, “Structural and optical properties of CuSe, nanocrystals
formed in thin solid Cu-Se film”, Infrared Physics & Technology 78 (2016) 276-284.

5. M. Romcevic, M. Gilic, L. Kilanski, W. Dobrowolski, |I. Fedorchenko, S. F. Marenkin, N.
Romcevic, “Phonon properties of ZnSnSb, +Mn semiconductors: Raman spectroscopy”,
Journal of Raman Spectroscopy 49 (2018) 1678-1685.

Y npsom pagy (Nanomaterials 2023) Op M'vanh getas/bHO M3ydaBa yaory pasinuuTUX amjatomeja Kao
XMBpUAHUX cyncTpaTa 3a MNoBpLIMHCKM NojayaHy PamaHoBy cnekTpockonujy. CynctpaTv 6asnpaHun Ha
TpU BPCTE AnjaTOMeja ca KpyuMjaJHO PasiIMuNTUM CTPYKTYPHMUM MapameTpuma, NpecByvyeHu TaHKUM
XOMOFeHMM CNojem 31aTa, MOKa3an cy 3HATHO nojadatbe PamaHoOBOr cMrHana, rae cteneH nojavama
3aBUCM YNpaBO Of CTPYKTYPHWUX napameTtapa. EkcnepumeHTanHu pesyntatv cy notepheHu w
HYMEPWMYKOM aHa/nn30M (MeToZa KOHauyHMX enemeHaTta). YTBpheHo je Aa pes3oHaHuMja BoheHux
MO/L0Ba BEPOBATHO HUje jeAMHN MEXaHU3aM KOju AONPUHOCK Nojayarby CUrHanNa.

Y apyrom paay (Optical Materials 2013) KaHAMAATKUHbA je AaNa K/bYYHM AONPUHOC KapaKTepmusaumjm
ONTUYKMX W CTPYKTYPHWUX CBOjCTaBa TaHKUX ¢uAmMOBa Kaamujym cynduga pasnvuute nebsbuHe.
NHopaLpBeHM cnekTpu Ccy aHanusmpaHu Kopuwherem HymepuyKor mogena 3a U3payvyHaBakbe
KoeduumjeHTa pedneKkcuje CNOKEHUX CUCTEMA KOjU YKbydyjy dmam m cyncTtpat. Mo npsu nyT je
AnenekTpuyHa PyHKuMja TaHKor dpmuama CdS aHannsmpaHa nomohy Maxwell-Garnet-ose dpopmyne Kao



CMellia XoMoreHUx chepHUX MHKNY3Kja y Ba3ayXy. MHTeH3uTeTM PamaHOBUX CNeKTapa cy aHanu3snpaHu
nomohy ucte dopmyne, n gobuno ce Beoma A06po cnararbe usamehy npumerbeHor mogesna u
eKcnepuMMeHTanHUX nogaTtaka. MHTpecaHTHO je HanomeHyTM Aa cy GMAMOBM BUCOKOr KBa/iuTeTa
[06MjeHn jeAHOCTaBHOM METOAO0M BaKyyMCKOT HamapaBahba, LITO CMakbyje LieHy NpousBogte 3a
NOTEHUMjaNHY NPUMEHY Y ONTOENEKTPOHUUM U MNE30ENEKTPOHULM.

Y Tpehem paay (Journal of Alloys and Compounds 2013) ap M'anh Bplun AeTa/bHy aHaAu3y pesynTaTa
CMEKTPOCKOMCKUX Meperba XeTepocTpyKTypa CdTe/ZnTe. 360r Bennke pasnnke y napameTpuma
pelweTKe, OBaKBe CTPYKType norogyjy ¢opmuparby KBaHTHMX Tayaka. HayuyHm ponpuHoc
KaHAMOATKMIbE Y OBOM Pajy je pacBeT/baBatbe Npupose MyaTMGOHOHCKMX NPOLLECa YOUEHUM TOKOM
doTONYyMUHECLEHTHMX U PamaHoBMX Mepersa. YTBphHeHo je ga 3aBuce og TernepaTtype U eHepruje
nobyae (Tj. TanacHe AyXuHe nacepa). Kaga ce eHepruja pacejaHor GpoToHa NPUBAMKM eHepruju
3abpareHe 30He ZnTe, opgrosapajyhm PamaHOB MopA, nocTaje pe3oHaHTHO nojavaH. [asbe,
anpokcumaumjom epeKTMBHE Mace M3padvyHaT je gujameTap KBaHTHMX Tayaka CdTe — 4.3 nm, wTo je
3HaTHO Marbe o bopoBsor paanjyca ekcumtoHa CdTe Koju nsHocu 10 nm. OBaj M NpeTxodHu paj
pe3ynTaT cy AOKTOPCKe AncepTaumje KaHanaAaTKUbe.

Y yerBptom paay (Infrared Physics and Technology 2016) KaHaAnAaTKMUHba AEeTa/bHO M3yYaBa ONTUYKA U
CTPYKTYpHa cBojcTBa 0Baj nNyT ABodasHMX TaHKUX ¢uamoBa. PamaHoBa M MHbpaupseHa
CMeKTpockonuja cy KopuwheHe 3a naeHTMdMKaumjy U KBaHTUGUKaunjy ase dpase. Nomohy mogena 3a
KOHajHMeHT onTuUYKnx GoHoHa oapehuBaHe cy BesinumHe Yectnua CuSe; ¢pase, npu yemy je yrepheHo
ha ce AumeHsnje 4yectuua nosehaBajy ca nosehawwem aebsbuHe dunama. Mako je oBaj moaen
OrpaHWYeH Ha HaHo4YecTuue npasuaHor cepHor 06/mMKa, MOKa3asio ce Aa OH Adaje Aobpe pesynTaTe U
KOZ, peasiHMX HaHOKPUCTaNa Koju cy HenpaBuaHor obumKa.

Y netom paay (Journal of Raman Spectroscopy 2018) KaHAMAaTKUHba Aaje K/byvyaH [A0MNPUHOC
KapaKTepusaumju 4YeTBOPOKOMMOHEHTHOr cuctema ZnixMnSnSb, PamaHoBOM cneKTpOCKOMMjom.
JopaTtak Mn oBakBMM MmaTepujannma omoryhasa ¢opmuparbe MarHeTHMX Knactepa, OAroBOpPHMX 3a
BMCOKOTeMMNepaTyHU pepomarHeTnsam. MokasaHo je aa cy oo BuwwedasHU matepujanu. Ha ocHoBy
BE/IMUMHE M 06IMKA CNOXKEHUX MUKPOCTPYKTYPA KOje ce cacToje oa pa3nnuntux ¢asa u knacrepa, mory
ce naeHTUHMKOBATU ANCNEP3IUBHE, AYNNEKC U TPUMNNEKC MUKPOCTPYKTYpe. POHOHCKA cBojcTBa ZnSnSh,
1 MnSb cy npeu nyT eKNepuMeHTaNHO pernctposaHa. Ha ocHoBy nomaka ¢poHoHa ZnSnSh,, yTBpheHo
je pAa ce oapeheHa KonnMunHa Mn yrpahyje y peweTky OCHOBHOI maTtepujana rae ¢dopmupa YsBpCT
pactBop ZnixMn,SnSbs.

4.1.2. MNo3nTUBHA LUTUPAHOCT HAYYHUX Pafo0Ba KaHANAATKUIbE

Ha paH 11.12.2024. roguHe, npema 6a3u nogartaka Scopus gp Mnanh uma 444 umtata. Npema 0BOj
6asn nopataka, weH h ¢akTtop je 13. lNpema 6asm nogataka Google Scholar, 6poj uwuTtata
KaHANOATKMHE HA UCTU AaH u3Hocu 575 (gokas gat y npunory).

4.1.3. MapameTtpu KBanmuteta yaconumca

Opa nocnearer nsbopa y 3Bambe, Tj. y nepuoay nsmehy 2020. u 2024. roauHe, ap M'nuh je objaBuna
10 pagosa, n10: 3y M21 1 7 y M22. YKynaH umnakT ¢akTop pagoBa KaHAWAATKMHIbE 04, nocaeamer
n3bopa y 3Bare nsHock 30,11. Yaconucu y Kojuma KaHANLATKUHA NYBANKYje LLeHEHWN CY U YIAeOHUN Y
oarosapajyhum obnactuma. [asbe je Aat cnucak yaconuca ca oaroapajyhum umnakt ¢paktopuma 3a
oarosapajyhy roanHy nyb6amkaumje.



e Physica E: Low - Dimensional Systems and Nanostructures (3,112 —2021; 3,369 - 2020) M22
o Nanomaterials (5,3 —2023) M21

e Chemosensors (4,0 —2022) M21

e Science of Sintering (1,4 -2024; 1,5 - 2022; 1,172 -2020) M22

e Optical Materials (3,69 - 2023) M21

e Optical and Quantum Electronics (2,47 - 2022) M22

e Materials Chemistry and Physics (4,094 - 2020) M22

4.1.4. CTeneH camoCTaNIHOCTU U cTeneH yyewha y peannsauymju pagosa

Op, 45 objaB/beHux pagosa, ap M'auh je npeu ayTop Ha 6 padoBa, Apyry Ha 11 pagoBsa, AOK je Ha
jeAHom pagy nocneamun ayTop.

Ha pagoBuma o6jaB/beHMM HaKOH M36opa y TPEHYTHO Hay4yHo 3Bawbe, Ap Mmauh je Bogehu aytop Ha
jeAHOM pagy, Apyrv ayTop Ha 2 paga, U nocnerbu ayTop Ha jeAHOM Hay4yHOM pajy.

Ha cBMMm pafoBMMa Ha KojuMa ce Hanasu, KaHAMOATKMHbA je y4ecTBOBaNa Y KOHKPETHOj dopmynaumju
npobnema, ekcnepumeHTasIHOM pagy-Meperbuma, obpagy pesyntata mepera, TyMauyekby WUCTUX,
NPUMeEHN TeopujckMx mogena. [p Mavh je on noyeTka CBOje HayyHe AeNaTHOCTWM 3aMoc/ieHa Ha
MHcTuTyTy 32 ¢m3mKy y beorpagy, roe y oasupy Jlabopatopuje 3a ucTpaxkuBara y obnactu
€NIeKTPOHCKMX MaTepujana ussoam BehuHy ekcnepumenata. Op M'mavh ce camoctanHo nosesana ca
rpynom [Ap MeTpaywKkneHe ca TexHosowkor ¢akynteta KayHac, J/IuTBaHuWja, WTO je pe3yntosasno
objaB/bMBartbeM TPU HayyHa pafa, CAoMWTEeHMMA Ha HEKO/IMKO HAy4YHUX KoHdepeHumja, Kao u
nnaHupaHom Epacmyc nocetom. Capahusana je u ca Teopujckom rpynom gp HKesbke HukmMtosuh oko
TPAHCNOPTHMX OCOBMHA aNKANHUX MEeTaNa Y racy, r4ae je HeH UHTEPAUCLUNIMHAPHU NPUCTYN JOKTOpPa
dM3NYKOXEMMjCKMX HayKa nocebHO AoLWao A0 M3paxkaja. MNpojekTHM 3aaaTak “HaHooNTUYKK edekTn y
nogellaBamy pagHux nepdopmaHcn andepeHumjanHux potoaeTekTopa caumrbeHnx og Cr,0s” Koju je
MHUUMjaHO 3ano4yeT pagu pobujarba DAAD ctuneHguje u Kpaher akagemckor 6opaBka Ha Freie
Universitat-y y bepanHy otBopuo je nyT 3a noctaok og 2020. go 2023. roanHe n AyrotpajHy capagky
0Be ABe NPeCcTUXHe UHCTUTYLMje.

4.2. AHraXxoBaHocTt y popmMmuparby HaydyHUX KagpoBsa

ToKom cBor noctgoka Ha Frei Universitat-y y bepavHy, KaHANAaTKUHba je aKTUBHO ydyecTBoBana y
OCMMIUHABAtby 33JaTaKa Be3aHWX 3a OOKTPOCKY Te3y CTyAeHTa AOKTOPCKMX cTyauja Moxamezna
I'xobape, KOHCyTaLMjaMa 1 cyrecTujama (3axBanHuLLA U3 Te3e AaTa y NPUory, Tesa je npesaTa U Yeka
ce gatTym oabpaHe).

Op Tmavh je 3HayajHO nNomorna KonerMHuuM (M npujatessmum) gp JeneHn Mutpuh npu mspagm
DOKTOpcKe aucepTaunje (Pakyntet 3a Pusmuky xemujy, 2021. roanHe, AOKa3 — 3axXBasHULA U3 Tese y
npunory).

Op MaptuHa Tunuh je capahmBana m 3HayajHo nomorna Hukonm Tacuhy ca WMHcTMTyTa 3a
MYATUAMCLUMNZIMHAPHA UCTPaXkMBakba MNPW  M3paau  [AOKTOpcKe AaucepTtauuje (TexHoNowKo -
MeTanypwKkm ¢akyntet, YHusep3autet y beorpagy 2017. rogvHe, AOKa3 — 3axBajHULA M3 Tese y
npunory).



Op MapTtnHa Tunuh je nomorna XaHu Wbpaxmum EnceBrve oKO M3page AOKTOPCKe aucepTauuje
(TexHonowko — meTanyplku dakyntet, YHuBep3suTeT y beorpagy 2017. roguHe, A0Kas — 3axBasHMLA
n3 Tese y npuaory).

Op MapTuHa M'vnuh je nomorna oko nspage tese CresaHy Aumutpujesuhy (TexHnuku darynteTy bopy,
YHuBep3uteT y beorpaagy 2015. roanHe, AoKa3 — 3axBa/IHULA U3 Te3e y npuaory).

4.3. Hopmuparbe 6poja KOAyTOPCKUX paAoBa, NATEHTHUX U TEXHUYKUX peLleHa

Kao wto je Beh peyeHo, KaHAMAATKMHbA je o4 M3bopa y NPeTxogHo HayyHo 3Bakbe objaBuna 10
Hay4yHMX pagoBa y MehyHapoAHUM YaconucmMma, og Tora 3 y Kateropuju M21 n 7 M22 Kateropuje.
YKynaH 6poj noeHa oBux pagosa je 59. Hopmuparbem oBUX noeHa no ¢opmynun 4atoj y NPaBUIHUKY,
HUX0B 6poj ce cmambyje Ha 53,5.

4.4. PyKoBohere NpojeKTMma, NoTNPOojeKTMMA U NPOjEKTHUM 334auMma

Y OKBMPY HAUMOHAMHOF NPOjeKkTa U3 061aCTU UHTErpPasHUX U UHTEPAUCUMMAMHAPHUX UCTPAXKMBAHA
11145003 “OnToeNneKTPOHCKM HAHOAUMEH3MOHU CUCTEMU — MyT Ka NpumeHn”’, dUHaAHCUMpaHUM of,
MuHMCTapcTBa NPOCBETE, HAYKe 1 TEXHOIOLWKOT pa3soja Penybanke Cpbuje, ap M'maunh je pykosoamna
notnpojektom “CuHTE3a HaHOMaTepujana U CTPyKTypa” (AoKas aaT y npunory — AHeKc 9 yrosopa o
peanusaunju npojekta MMN45003).

YUecHMK je NpojeKTa Koju ce peanunsyje y okBUpy bunatepanHe capagte, a Ha ocHoBy Cnopasyma o
Hay4Hoj capaarbm nsmehy NHcTuTyTa 3a dM3KMKy MNosbeke akagemuje Hayka U MHCTUTYTa 3a GU3MKY Y
Beorpaay (A0Ka3 y npuaory — cnopasym o capagrbh).

Tokom 6opaBka Ha Frei Universitdt-y y Bepaunny, y okeupy DFG npojeKkra: Diatom frustules as nature-
designed building blocks for photonic applications Ap M'mauh je pykosoanna 3agaumma Be3aHUM 3a
npumeHy gmjatomeja y NoBpLIMHCKM NOjavyaHO] PamMaHOBOj CNEKTPOCKONUju.

4.5. NateHTN
[p Tvnuh je KoayTop jeaHOr NATEHTHON peLlerba:

M. Konapx, M. hypuuh, M. Tunuh, B. Xayuh, MOLANSPUKOBAHU HOCAY 3A BEPTUKAJIHO
NO3NLUNOHUPARE TABJIETHUX Y30PAKA O MNPALLKACTUX MATEPUIAJIA KOJN JE IEO KOMOPE 3A
BAKYYMMUPAHE N X/IABEHE KOJA CE KOPUCTU Y CITEKTPOCKOICKUM MEPEHUMA, Pernctap
MannxX nateHaTta 3aBoAa 3a MHTe/eKTyasnHy cBojuHy MM2018/0028 oa 19.06.2018. roguHe (aoKas y
npunory).

4.6. AKTUBHOCT Y HAYYHUM U HAYYHO — CTPYYHUM APYLUTBMMA

Op Tauh je unanmua Cpnckor KepamuYKor ApyLTBa, Kao U CpncKor orpaHka AMepuyKor Kepammnykor
ApylwTBa.



Op Tvnuh je unaHuua egutopujanHor ogbopa vaconuca American Journal of Optics and Photonics
(AJOP) (noKa3s aaTy npunory — cepTuduKaT YnaHcTea).

Op Mvanh je peueseHT y Behem 6pojy mehyHapogHux yaconuca: Materials Science in Semiconductor
Processing, SciFed Journal of Metallurgical Science, Engineering Science and Technology, Processing
and Application of Ceramics, Optoelectronics and Advanced Materials — Rapid Communications
(mokasun gatn y npunory).

Op Tvunuh je 6una uynaH opraHusaumoHuUr ogbopa KoHdepeHumje KOHITPEC METPOJIOFA 2015,
3natnbop, 12-15. oktobap 2015. roanHe (AoKas AaTy npuaory).

HakoH n3bopa y npeTxo4Ho 3Batbe, Ap Mmauh je oap:kana npesasake No Nosmay:

M. Gilic, M. Ghobara and L. Reissig, “Photonic crystal behavior of biosilica — influence of frustule's
morphology on SERS sensitivity”, 15" Photonics Workshop: Kopaonik, March 13 — 16, 2022.

4.7. YTULAjHOCT Hay4yHUX pesyaTaTa

YTULajHOCT Hay4YHUX pagosa ap MapTuHe MTmauh geTasbHO je onucaHa y ogesbKy 5.1. 0BOr JOKYMEHTa.
Y npunory je Aat cnucak pagosa v uurara.

4.8. KoHKpeTaH AONPMHOC KaHAUAaTa Y peanusauunju pagosa y 3eM/byU U UHOCTPAHCTBY

Op MaptuHa Tunuh je y cBOjoj Aocafalikboj HayyHoj Kapujepu objaBuna 45 HayyHux pagosa Y
mehyHapoaHum Yaconucuma, 1 pag y 4yaconmcy HauMOHaAIHOT 3HaYaja, 8 norias/ba y MoHorpadujama.
Op Tora, 3 paga cy Kateropuja M21A, 12 cy M21, 25 M22 pok ux je 6 M23. Ha 6 nybankauymja ap Mr'wavh
je npsu ayTop, ApyrK je Ha 11, U KOPECNOHAUHT ayTOp Ha ABe.

HakoH n3bopa y TpeHyTHO HayyHo 3Bake, [ip M'mauh je objasuna 10 pagosa ca ISI ancrte. Og Tor 6poja,
3 cy M21 kateropuje (BpxyHcku mehyHapogHu yaconucu) u 7 cy M22 Kateropuje. Og oBor 6poja,
KaHAMOATKMHbA je MPBWU ayTop Ha jeaHoj nybauKauumju, Apyry Ha 2, a Ha jeAHo] nybaunkauuju je
KOpEecnoHAMHI ayTop. Y oBOM nepuogy je objasuna n 2 nornaesba y MoHorpadujama.

Ha cBum oBum pagosuma gp vnvh je akTMBHO y4vecTBoBasa, of dopmynauumje npobaema ao
dMHaNHOr pelaBakba Y3 KOMYHUKALMjY U capaitby Ca OCTaIMM KOayTOpPMMa, FAe ce UCTaK/la Kao BewT
KoopamHaTtop. MowTo je pey o ekcnepumMmeHTanHoj GU3NLM, NOCTaB/bakbe N U3BOhEHE eKcnepuMmeHTa
npeAcTaB/ba 3HaYajaH Ae0 KaHANAATKMIbUHE HayYHEe aKTUBHOCTY, Y WTa CNaga Npunpema anapartype
W npunpema y3opaka 3a eKCNepuMeHT, aauM W obpaga pesyntaTa mepera y3 Kopuwherbe
oAroBapajyhux Teopu1jcKMx Mogena, Kao U TeopujcKe cumyauuje.

4.9. YBogHa npegaBakba Ha KOHdepeHUuUjama u gpyra npegaBakba
Op T'vnuh je oaprkana Asa npegaBatba NO NO3UBY:

Martina Gili¢ and Milica Curéi¢, Optical and stryctural properties of nanostructured semiconductors,
The Seventh Serbian Ceramic Society Conference - Advanced Ceramics and Application, September 17-



19, 2018, Belgrade, Serbia, Program and The Book of Abstracts, INV-OGE4, 51-52. (aokas y npunory —
ceptudukar)

M. Gilic, M. Ghobara and L. Reissig, “Photonic crystal behavior of biosilica — influence of frustule's
morphology on SERS sensitivity”, 15" Photonics Workshop: Kopaonik, March 13 — 16, 2022.



5. ENIEMEHTU 3A KBAHTUTATUBHY OLLEHY HAYYHOI IONPUHOCA

KAHOUOATKUHE
5.1. OcTBapeHM pe3ynTaTn HaKoH oayKe HayuyHor Beha o npeasory 3a ctuuakbe TPeHYTHOr HayuyHor
3Bamba:

Kareropumja Bpoj pagoBa bpoj 6op0Ba no YKynaH 6poj YKynaH 6poj

paay 6opo0Ba HOPMMPAHUX
6opoBa

mM13 1 7 7 7

m21 3 8 24 20,38

mM22 7 5 35 33,12

mM32 1 1,5 1,5 1,5

mM33 2 2 2 2

M34 4 0,5 2 2

36up 71,5 66

5.2. Tabena ca KBaHTUTAaTUBHMM MOKa3aTe/bMma pajoBa

npeTxoaHor u3bopa y 3Bame:

Kateropuja M20 o06jaB/beHUM HaKOH

PenHu 6poj paga | Kateropuja M no CHMN
1 M21 8 5,3 1,09
2 M21 8 3,69 0,92
3 M21 8 4,0 0,96
4 M22 5 1,4 0,65
5 M22 5 2,47 0,92
6 M22 5 1,5 0,65
7 M22 5 3,112 0,79
8 M22 5 1,172 0,65
9 M22 5 3,369 0,79
10 M22 5 4,094 1,01
36up 59 30,11 8,43

5.3. Nopehewe ca MMHMMANHMM KBAHTUTAaTUBHUM YyCNOBMMa 3a u360p y 3Barbe BULUN HAy4HU

CapajHuK:
MuHumanaH 6poj M 6ozoBa OcTtBapeHo OcTBapeHo HOPMUPAHUX
YKYMHO 25 71,5 66
M10+M20+M31+M32+M41+M42 20 68,5 63
M11+M12+M21+M22+M23+M24 15 59 53,5




6. Cnucak pagoBa M ocTanux nybanMkKaumja KaHAMAATKUIbE, PAa3BPCTAHUX MO
Baxkehum Kateropmjama nponucaHux NPaBUIHUKOM

M10: MOHOIPA®UIE, MOHOITPA®CKE CTYAUIE, TEMATCKU 360PHULIN, NECKUKOIPADCKE U
KAPTOIPA®CKE NYB/IMKAUMIE MEBYHAPOAHOT 3HAYAJA

M13 - moHorpadcka cTyguja/nornasse y Kibnan M11 unm pag y tematckom 360pHUKY Boaeher
mehyHapoaHor 3Hauaja:

1. Z. Lazarevi¢, M. Gilic, A. Milutinovié¢, N. Romcevié, H. Elswie, V. Radojevi¢, D. Sekuli¢, “15
Growth and characterization of calcium fluoride single crystals”, Advanced Ceramics and
Applications, De Gruyter (2021) 179-203.

M20: PAOOBU OBJAB/BEHU Y HAYYHUM YACOMUCUMA MEBYHAPOAHOI 3HAYAJA
M21 - pag, y BpxyHckom melhyHapogHom yaconucy:

1. M. Gilic, M. Ghobara, L. Reissig, ,, Tuning SERS Signal via Substrate Structuring: Valves of
Different Diatom Species with Ultrathin Gold Coating”, Nanomaterials 13 (2023) 1594.

2. B. Babic, M. Romcevic, M. Gilic, J. Trajic, MM. Radanovi¢, Lj. S. Vojinovic¢-Jesi¢, MV. Rodi¢, N.
Romcevic, “Phonon assisted charge transfer in complexes of Zn (Il) and Cd (Il) with 2-
acetylpyridine-aminoguanidine”, Optical Materials 136 (2023) 113445.

3. G.Jakubauskas, M. Gilic, E. Paluckiene, J. Mitric, J. Cirkovic, U. Ralevic, E. Usoviene, E.
Griskonis, N. Petrasauskiene, “Characterization of Flexible Copper Selenide Films on
Polyamide Substrate Obtained by SILAR Method—Towards Application in Electronic
Devices”, Chemosensors 10 (2022) 313-325.

M22 - pap, y uctakHytom mehyHapoaHom yaconucy:

4. M.Curcic, M. Gilic, N. Petrauskiene, B. Hadzic, J. Mitric, E. Paluckiene, ,,Nanocomposite CuxS
on Flexible Polymers: Raman Study”, Science of Sintering (2024) in press.

5. J. Pesi¢, A. Solaji¢, J. Mitri¢, M. Gili¢, I. Pesi¢, N. Paunovié, N. Roméevié, “Structural and
optical characterization of titanium—carbide and polymethyl methacrylate based
nanocomposite”, Optical and Quantum Electronics 54 (2022) 1-13.

6. N. Petrasauskiene, E. Paluckiene, R. Alaburdaite, M. Gili¢, ,,Deposition of copper sulfide films
on polyamide surface” Science of Sintering 54 (2022) 1-14.

7. 1. Mitri¢, N. Paunovi¢, M. Mitri¢, J. Cirkovi¢, M. Gilié, M. Rom¢evi¢, N. Romcevi¢, “Surface
optical phonon and multi—-phonon transitions in YVO4: Eu3+ nanopowders”, Physica E: Low-
dimensional Systems and Nanostructures 134 (2021) 114923.

8. J. Maletaski¢, B. Todorovi¢, M. Gili¢, M. Marinovi¢-Cincovié, K. Yoshida, A. Gubarevich, B.
Matovic¢, “Synthesis and characterization of monophase CaO-Ti02-Si02 (sphene) based glass-
ceramics”, Science of Sintering 52 (2020) 41-52.

9. M. Curcic, B. Hadzic, M. Gilic, V. Radojevic, A. Bjelajac, |. Radovic, D. Timotijevic, M.
Romcevic, J. Trajic, N. Romcevic, ,,Surface optical phonon (SOP) mode in ZnS/Poly



10.

(methylmethacrylate) nanocomposites”, Physica E: Low-dimensional Systems and
Nanostructures 115 (2020) 113708.

A. Kalijadis, N. Gavrilov, B. Joki¢, M. Gili¢, A. Krsti¢, |. Pasti, B. Babi¢, “Composition, Structure
and Potential Energy Application of Nitrogen Doped Carbon Cryogels“, Materials Chemistry
and Physics 239 (2020) 122120.

PagoBu objaB/beHM npe n3bopa y TPeHYTHO Hay4YHO 3Bakbe:

M21A:

1.

M21:

4.

10.

11.

N. Romcevic, M. Romcevic, W. D. Dobrowolski, L. Kilanski, M. Petrovic, J. Trajic, B. Hadzic, Y.
Lazarevic, M. Gilic, J. L. Ristic-Djurovic, N. Paunovic, A. Rezska, B. J. Kowalski, I. V. Fedorchenko,
S. F. Marenkin, “Far-infrared spectroscopy of Zn;«Mn,GeAs; single crystals: Plasma damping
influence on plasmon-Phonon interaction”, Journal of Alloys and Compounds 649 (2015) 375-
379.

M. Gilic, N. Romcevic, M. Romcevic, D. Stojanovic, R. Kostic, J. Trajic, W. D. Dobrowolski, G.
Karczewski, R. Galazka, “Optical properties of CdTe/ZnTe seft-assembled quantum dots:
Raman and photoluminescence spectroscopy”, Journal of Alloys and Compounds 579 (2013)
330-335.

N. Romdéevi¢, M. Petrovié-Damjanovi¢, M. Romcevi¢, M. Gili¢, L. Klopotowski, W. D.
Dobrowolski, J. Kossut, I. A. Jankovi¢, M. I. Comor, “Magnetic field influence on optical
properties of Cd1-xMnxS (x = 0; 0.3)”, Journal of Alloys and Compounds 553 (2013) 75-78.

J. Mitric, U. Ralevic, M. Mitric, J. Cirkovic, G. Krizan, M. Romcevic, M. Gilic, N. Romcevic,
“Isotope-like effect in YVO4:Eu3+ nanopowders: Raman spectroscopy”, Journal of Raman
Spectroscopy (2019) 1-7.

M. Romcevic, M. Gilic, L. Kilanski, W. Dobrowolski, I. Fedorchenko, S. F. Marenkin, N.
Romcevic, “Phonon properties of YnSnSh,+Mn semiconductors: Raman spectroscopy”, Journal
of Raman Spectroscopy 49 (2018) 1678-1685.

G. Krizan, M. Gilic, J. L. Ristic-Djurovic, J. Trajic, M. Romcevic, J. Krizan, B. Hadzic, B. Vasic, N.
Romcevic, “Raman spectroscopy and electron-phonon coupling in Eu** doped Gd,Zr,0-
nanopowders”, Optical Materials 73 (2017) 541-544.

D. Sevic, M. S. Rabasovic, J. Krizan, S. Savic-Sevic, M. Mitric, M. Gilic, B. Hadzic, N. Romcevic,
“Characterization and luminescence kinetics of Eu®** doped YVO,; nanopowders”, Materials
Research Bulletrin 88 (2017) 121-126.

Z. Nikitovi¢, M. Gili¢, Z. Raspopovi¢, V. Stojanovi¢, “Comparison between transport parameters
for K* and Li*in 1,2-dimethoxy ethane (DXE) gas”, EPL 116 (2016) 15002.

M. S. Rabasovic, D. Sevic, J. Krizan, S. Savic-Sevic, M. Mitric, M. Petrovic, M. Gilic, N. Romcevic,
“Structural properties and luminescence kinetics of white nanophosphor YAG:Dy”, Optical
Materials 50 (2015) 250-255.

N. Romcevi¢, M. Gili¢, |. Anzel, R. Rudolf, M. Mitri¢, M. Romcevié¢, B. Hadzi¢, D. Joksimovié, M.
Petrovi¢c Damjanovi¢, M. Kos, “DETERMINATION OF MICROSTRUCTURAL CHANGES BY
SEVERELY PLASTICALLY DEFORMED COPPER-ALUMINIUM ALLOY: OPTICAL STUDY”, J. Min.
Metall. Sect. B-Metall. 50 (1) B (2014) 61-68.

M. Gilic, J. Trajic, N. Romcevic, M. Romcevic, D. V. Timotijevic, G. Stanisic, I. S. Yahia, “Optical
properties of CdS thin films”, Optical Materials 35 (2013) 1112-1117.
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M22:

13

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Z. 7. Lazarevi¢, P. Mihajlovi¢, S. Kosti¢, M. J. Rom&evi¢, M. Mitri¢, S. Petri¢evi¢, J. Radunovié¢, M.
Petrovi¢-Damjanovi¢, M. Gili¢, N. Z. Roméevi¢, “Determination of magneto-optical quality and
refractive index of bismuth germanium oxide single crystals grown by Czochralski technique”,
Optical materials 34 (2012) 1849-1859.

Z. 7. Lazarevi¢, G. Krizan, J. Krizan, A. Milutinovié¢, V. N. Ivanovski, M. Mitri¢, M. Gili¢, A.
Umiéevi¢, I. Kuryliszyn-Kudelska, N. Z. Roméevié¢, “Characterization of LiFePO4 samples
obtained by pulse combustion under various conditions of synthesis”, Journal of Applied
Physics 126 (2019) 085109-14.

Z. Lazarevi¢, G. Krizan, J. Krizan, A. Milutinovi¢, M. Gili¢, |. Kurzliszyn-Kudelska, N. Romcevic,
“Spectroscopic Characterization of LiFePO. as Cathode Material for Li-ion Battery Prepared in
the Pulse Thermo-acoustic Reactor”, Science of Sintering 51 (2019).

R. Abozaid, Z. Lazarevié, I. Radovié, M. Gili¢, D. Sevi¢, M. Rabasovi¢, V. Radojevi¢, “Optical
properties and fluorescence of quantum dots CdSe/ZnS-PMMA composite films with interface
modifications”, Optical Materials 92 (2019) 405-410.

N. Tasic, Z. Marinkovic Stanojevic, Z. Brankovic, M. Zunic, U. Lacnjevac, M. Gilic, T. Novakovic,
G. Brankovic, “Mesopporous TiO2 spheres as a photoanodic material in dye-sentisized solar
cells”, Processing and Application of Ceramics 12 [4] (2018) 374-382.

J. Trajic, M. Romcevic, M. Petrovic, M. Gilic, P. Balaz, A. Zorkovska, N. Romcevic, “Optical
properties of the mechanochemically synthesized Cu,FeSnS, (stannite) nanocrystals: Raman
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Abstract: Thin copper selenide films were synthesized on polyamide sheets using the successive
ionic layer adsorption and reaction (SILAR) method at three different temperatures. It was found that
elevating the temperature of the solution led to the creation of copper selenide films with different
features. X-ray diffraction characterization revealed that all films crystallized into a cubic Cuy_4Se,
but with different crystallinity parameters. With elevating the temperature, grain size increased
(6.61-14.33 and 15.81 for 40, 60 and 80 °C, respectively), while dislocation density and the strain
decreased. Surface topology was investigated with Scanning Electron Microscopy and Atomic Force
Microscopy, which revealed that the grains combined into agglomerates of up to 100 nm (80 °C) to
1 um (40 °C). The value of the direct band gap of the copper selenide thin films, obtained with UV /VIS
spectroscopy, varied in the range of 2.28-1.98 eV. The formation of Cu,_,Se was confirmed by Raman
analysis; the most prominent Raman peak is located at 260 cm™!, which is attributed to binary copper
selenides. The thin Cuy_,Se films deposited on polyamide showed p-type conductivity, and the
electrical resistivity varied in the range of 20-50 (). Our results suggest that elevated temperatures
prevent large agglomeration, leading to higher resistance behavior.

Keywords: copper selenide; polyamide; SILAR method

1. Introduction

Copper selenide can be formed in various stoichiometric compositions, such as CuSe,
CuySe, CuSe;, CuzSep, CuySes, CusSey, CuszSes, and non-stoichiometric compositions
Cuy_4Se [1-3]. The stoichiometric composition of copper selenide strongly influenced
its crystalline structure and electronic behavior—it alters its electronic, chemical, and
thermal properties [4,5]. Copper-deficient Cuy_,Se is an intrinsic p-type semiconductor
with direct bandgap energies in the range of 2.0 to 2.4 eV, the work function of 4.17 eV,
and high photo-electrochemical conversion efficiency (~14.6%) [3,5-8]. These features of
Cuy_«Se can be used as Shottky diodes [9], self-repairable electrodes [10], and photovoltaic
devices [8]. Furthermore, the Cu,_,Se columnar superstructures are used as low-cost and
highly efficient counter electrodes in quantum dot sensitized solar cells [11,12].

Several decades ago, due to concerns about homeland security, medical and environ-
mental monitoring as well as food safety, a large interest was shown in the development of
gas sensors for detecting volatile and toxic gases. Cuy_,Se exhibits good sensitivity and
short response and recovery times to Hg?* [13], and organic gases such as ethanol and
acetone [14].
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Many works have been reported on the formation of Cuy_Se on substrates, such as
glass [1,6,15], and fluorine-doped tin oxide [8,11,12,16].

Flexible electronics is a growing field that is promising to develop various new com-
mercial products such as displays, solar cells, flexible photovoltaics, and biomedical sensors
due to their lightweight and low cost [17-21]. Flexible polymer substrates possess unique
features such as low cost, low thickness, low mass, and excellent mechanical deformability.
They can remain in the environmental, chemical, and thermal environments required for
the construction of electronic circuits while maintaining their mechanical flexibility [22,23].
Recently, ferroelectric semiconductors have been increasingly studied [24,25].

When Cu;_4Se is deposited on a flexible transparent polymer substrate (polyvinylchlo-
ride, polyvinyl alcohol), the possibility of using thin flexible polymer substrates appears in
the fabrication of flexible optoelectronic devices [26]. Cuy_,Se films on polyester sheets
can be used as a transparent electrode for inorganic and organic hybrid light emitters, as a
possible replacement for indium tin oxide or fluorine-doped tin oxide [7].

This work reports the preparation and characterization of electrically conductive cop-
per selenide onto polyamide 6 (PA) sheets. Polyamide 6 was chosen as a cheap, chemically
stable, and flexible substrate. Flexibility is the ability of the material to be bent without
mechanical failures such as fracture and plastic deformation. One of the few mechanical
parameters that describe the deformation of a material is Young’s modulus, which charac-
terizes the resistance of a material to elastic deformation. Young’s moduli of polyamide
6 are lower than those of other polymers. For example, polyimide and polyethylene
terephthalate have a Young’s modulus of 4 GPa and 3 GPa, respectively, while the Young’s
modulus of polyamide 6 is 2.4 GPa [17,27,28]. As a semihydrophilic flexible polymer,
PA is capable of adsorbing molecules or ions of various electrolytes from nonaqueous
and aqueous solutions [29,30]. Unlike glass and fluorine-doped tin oxide substrates, on
which copper selenide builds a thin film, polymer allows the material to partially diffuse in
it, so the final product is a conductive composite (PA with copper selenide nanocrystals
embedded in it).

Cuy_,Se films can be prepared by chemical bath deposition [1,7,31], combined elec-
trochemical followed by chemical bath deposition [8], sonochemical synthesis [32], ion
beam sputtering deposition [33], electrochemical [12], successive ionic layer adsorption
and reaction [15,34], and other methods.

Here, copper selenide nanocrystals were formed on the surface as well as inside the
polyamide using the simple and versatile successive ionic layer adsorption and reaction
(SILAR) method. The method used differs from other chemical methods, as it does not
require specialized equipment or conditions; it is quite inexpensive and simple, convenient
for large area deposition, and it can be used at room temperature [34]. As a low-temperature
process, it also avoids oxidation [35]. The SILAR method consists of two stages: first, copper
ions are adsorbed on the polyamide surface from a precursor solution containing copper
ions; second, copper selenide thin films are formed by treating the layer formed in the
first stage with a solution containing selenium ions. To the best of our knowledge, the
copper selenide/PA composite by employing the SILAR method has never been obtained
before. We suggest that slightly elevated solution temperatures could facilitate crystalline
formation in the polymer matrix and therefore improve the optical and electric properties
of the as-obtained composites. Combined with the natural abundance of material and the
low cost of composite production, the copper selenide/PA composite could be a possibility
for printable electronics on flexible substrates or in sensors in the future.

Structural characterization of the composites was performed with the help of X-
ray diffraction, Scanning electron microscopy combined with Energy-dispersive X-ray
spectroscopy, and Raman Spectroscopy, while the optical properties were characterized with
UV/VIS spectroscopy. The surface morphology of the films was investigated with Atomic
Force Microscopy. The conductivity of the composites was checked with a multimeter.



Chemosensors 2022, 10, 313

30f13

2. Materials and Methods
2.1. Materials and Film Preparation

The reactive solutions were made with just pure analytical reagents and purified water.
All reagents were obtained from Sigma-Aldrich and used as received. Only freshly prepared
solutions were used for experiments and were not de-aerated during the experiments.

Thin copper selenide films were deposited on a PA sheet (PA 6, Tecamid 6, density
1.13g/ cm 3, thickness 500 um, surface resistance ~1 kQ)/m?), which was obtained from
Ensinger GmbH (Germany). Before the experiments, the PA films were boiled in distilled
water for 2 h to remove the remaining unpolymerized monomer residues. Then, they were
dried with filter paper and incubated over anhydrous CaCl, for 24 h.

The copper sulfate solution (CuSO,) was used as the cationic solution and the freshly
prepared sodium selenosulfate solution (Na;SeSO3) was used as the anionic solution for
the deposition of a thin film of copper selenide on PA using the SILAR method.

To prepare the Nay;SeSOj3 solution, selenium powder (99% purity) and anhydrous
sodium sulfite were dissolved in distilled water for 8 h at 80 °C with constant stirring. It
was kept for 24 h in a sealed container, to allow undissolved selenium to settle. A clear
solution was obtained after it was filtered [34].

In one SILAR cycle, the substrate was immersed separately in solutions of anionic and
cationic precursors. The substrate was washed with an ion exchange solution (distilled
water) to avoid a homogeneous deposition between each immersion.

Thin copper selenide films on polyamide substrate were grown by repeating these
cycles 30 times at different temperatures (40 °C, 60 °C, and 80 °C). The proposed reaction
mechanism of the obtained film could be found in [34].

2.2. Characterization of Copper Selenide Films

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffrac-
tometer equipped with a PW 1730 generator, 40 kV x 20 mA, using Ni filtered Co K«
radiation of 0.1778897 nm at room temperature. Measurements were carried out in the
2 h range of 10 to 70° with a scanning step of 0.05° and a scan time of 10 s per step. The
experimental values of d (lattice spacing) for copper selenide are determined using the
Bragg relation [36]. The average grain size (D) was calculated based on the full width
at the half-maximum intensity (FWHM) of the main reflections by applying Scherrer’s
formula [37,38]. Furthermore, to have more information on the number of defects in the
films, the dislocation density (8) [34] and the strain (¢) values were calculated [39].

Scanning electron microscopy (SEM) was performed using a Raith GMBH e-Line
instrument equipped with a field emission gun operating at 10 kV accelerating voltage,
magnification: 20,000 k. A secondary electron signal was used for imaging. Energy-
dispersive X-ray spectroscopy (EDX) imaging was performed using QUANTAX EDS with
an X-Flash Detector 3001 and ESPRIT software.

The UV/VIS absorbance and diffusion reflectance spectra were recorded in the wave-
length range of 200-800 nm on a Shimadzu UV-2600 spectrophotometer equipped with an
integrated sphere. The diffuse reflectance and absorbance spectra were measured relative
to a reference sample of BaSOj. The optical band gap from the diffuse reflectance measure-
ments was calculated using the Tauc plot [40,41]. The acquired diffuse reflectance spectra
are converted to Kubelka—Munk function [42]. The optical band gap was estimated by
extrapolating the linear portion of a plot of (¢hv)? versus hv to & = 0. Using this function, a
plot of («hv)? against hv is obtained.

Raman measurements were performed using TriVista 557 micro-Raman system in
backscattering configuration, equipped with a nitrogen-cooled CCD detector. The 514.5 nm
line of Ar*/Kr* ion laser was used as the excitation source. The measurements were
performed with low laser power to prevent a local overheating of the sample.

The surface morphology of copper selenide samples was investigated by atomic force
microscopy (AFM). AFM imaging was performed using the NTEGRA Prima system from
NT MDT. AFM measurements were performed at room temperature and under ambient
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conditions. The AFM topography and phase images were acquired simultaneously using
NSGO1 probes with a typical resonant frequency of 150 kHz and a 10 nm curvature radius
of the tip apex.

The constant current resistivity of the copper selenide films was measured using a
multimeter MS8205F (Mastech, Shenzhen, China) with special electrodes. The electrodes
were produced from two nickel-plated copper plates with a 1 cm spacing and the dielectric
material between them.

3. Results
3.1. XRD Characterization of Copper Selenide Thin Films

The crystal structures and orientations of the thin copper selenide films on the PA
substrate were investigated by X-ray diffraction patterns and are shown in Figure 1. The
XRD results revealed that all films have a polycrystalline structure.

(001c)
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(111)

Intensity (arb.units)
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Figure 1. XRD patterns of the initial PA and copper selenide thin films.

Semicrystalline peaks of polyamide were observed between 9° and 30° (in 20). These
peaks, according to JCPDS 12-923, appear at 20.3° and 23.8° with the corresponding d-
spacing of 4.36 and 3.74, respectively. They are attributed to the (100x) and (001«) crystal
planes, respectively, showing the presence of a dominant crystalline x-phase [28,43,44].
Two reflections were also observed at around 26 = 9.6° (020y) and 28.8° (002/202«). XRD
analysis showed that the temperature of the solutions of anionic and cationic precursors
used in the experiment influenced the composition of the obtained thin films. The X-ray
peaks on diffractograms are more intense when the solutions” temperature is higher. The
peaks at 28° and 45° are absent in the spectrum of pure PA and they correspond to planes
(111) and (220) of a cubic phase of Cu,_,Se Berzelianite (JCPDS 6-680). It is common
Cuy_,Se phase [12,15]. The experimental values of the Miller indices d, 26 and (hkl) of PA
and copper selenide thin films are given in Table 1.
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Table 1. Values of the Miller indices d, 20 and (/kl) of PA and copper selenide thin films.
Temperature
Miller Indices (hkl) PA 40°C 60 °C 80°C
(20) d(A) (20) d(A) (20) d (&) (20) d (&)
(020vy) 9.6 9.21 9.65 9.16 10.2 8.67 9.6 9.21
PA (100) 20.35 4.36 20.3 4.37 20.95 4.24 20.25 4.38
(001x) 23.8 3.74 24 3.70 24.3 3.66 23.75 3.74
Cuy_4Se (111) - - 27.15 3.28 27.7 3.22 27.1 3.28
PA (002/202cx) 28.75 3.10 28.8 3.10 294 3.04 28.75 3.10
Cuy_4Se (220) - - 44.95 2.02 45.5 1.99 44.8 2.02

Changes in the intensities and full width at half maximum (FWHM) values of these
peaks were observed with the use of different temperatures of solutions. The intensities
of the diffraction peak increased slightly with changing temperature of the solution tem-
perature from 40 to 80 °C. The structural parameters for the (220) peak such as FWHM (f),
grain size (D), dislocation density (), and strain (¢) for all films were evaluated by XRD
patterns and presented in Table 2. As shown, grain size increases, while dislocation density
and strain decrease with the change in the deposition temperature.

Table 2. Grain size (D), dislocation density (J), strain (¢) and full width at half maximum (FWHM, B)
values of copper selenide thin films.

Temperature 26 (°) B () D (nm) 51073 (nm~2) £1073 (nm—2)
40 °C 44.95 1.30 6.61 22.89 13.72
60 °C 45.5 0.60 14.33 4.86 6.25
80°C 448 0.54 15.81 4.00 5.76

These changes can be attributed to the improvement in film crystallization and to the
inductive lattice matching, which has a strong impact on structural parameters. The higher
values of D, and the smaller §, 6 and ¢ values indicate better crystallization of thin films.
Regarding the values of D, f, and 4, the best results were obtained for the film made at
80 °C, suggesting that a higher temperature facilitates the crystallization of the film.

3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Scanning electron microscopy was used to evaluate the changes in surface morphology
of the copper selenide layer on the PA substrate, with the changes in synthesis parameters.
The SEM micrographs of the samples are presented on the left-hand side of Figure 2, with a
magnification of 20,000 k. The images clearly show that the polymer is well-covered with
copper selenide thin films.

Copper selenide grains grow in irregular shapes and sizes. By changing temperature,
it could be seen that when the temperature increases, the copper selenide film becomes
denser, coated with tightly packed spherical grains that, in turn, were combined into
agglomerates of 100 nm to 1 um. Micrographs show a compact structure composed of
single types of small, densely packed microcrystals. The thin copper selenide films on
surface of PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. Such morphological forms can produce a very rough surface with high porosity,
which leads to increased catalytic activity.
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Figure 2. SEM micrographs and EDX spectra of copper selenide/PA thin films.

The elemental analysis of the copper selenide thin films was performed using an
EDX micro-analytic unit attached with scanning electron microscopy and shown on the
right-hand side of Figure 2. The presence of emission lines in the investigated energy
range indicates that copper selenide films were successfully deposited on the polyamide
substrates and the expected elements (selenium and copper) were detected. The element
analysis revealed the presence of Cu and Se with the average atomic percentages shown
on the right side of Figure 2. All films show a higher atomic presence of Cu than Se,
which confirms the presence of Cuy_4Se. The Cu/Se ratio measured by EDX analysis was
1.52-1.78, which is in good agreement with the XRD results.
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3.3. Measurements of Electrical Resistivity

The resistance of thin films of copper selenide formed on PA plotted in Figure 3 is
measured from the close contact up to the 1 cm distance of electrodes, and it includes the
contact resistance of the electrode contacts. On the contrary, the pure PA substrate shows
no electrical conductivity—the material is a pure insulator.
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Figure 3. Resistance vs. distance graph for copper selenide films on PA. The results are the averaged
values of 4 measurements, and error bars are indicated as the pink area.

At a distance of 1 cm between the electrodes, the resistances of films obtained at 40 °C,
60 °C and 80 °C are 270 ), 124 () and 49 ), while the values for the close contact between
the electrodes were obtained to be 50 (2, 26 (3 and 20 (), respectfully. The corresponding
slopes are 16, 11, and 2.6, which implies that the electrical properties of the film improve
with elevating the temperature. Compared to XRD results, the sample obtained at 80 °C
has the best crystallinity, which is directly connected with higher conductivity (i.e., lower
resistivity). As it can be seen in the graph, the error bar values are minimal for the sample
obtained at 80 °C, and they increase with decreasing the temperature.

3.4. Optical Analysis of Copper Selenide Thin Films

The absorbance and diffuse reflectance spectra of thin films of copper selenide on
PA in the wavelength range of 200-800 nm are presented in Figure 4. An increase in the
absorbance of the copper selenide films is observed with the increased temperature of
solutions, as well as the opposite effect of the reflectance.

The determination of band gaps in semiconductors is significant for obtaining basic
solid-state physics.

In this study, we used the Tauc plot for the determination of the optical band gap
from diffuse reflectance measurements [40—42]. The experimental values of energy gaps for
copper selenide thin films are determined to be 2.28 eV for the sample obtained at 80 °C,
2.14 eV for the sample at 60 °C, and 1.98 eV for the sample obtained at 40 °C (Figure 5).
This is in good agreement with the values of the reported data [3,5,6].

The obtained band gap values are also consistent with AFM data, according to the
rule—the smaller particle size, the bigger the band gap.
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Figure 4. Diffuse reflectance and absorbance spectra of copper selenide/PA thin films.

3.5. Raman Analysis of Copper Selenide Thin Films

Raman spectroscopy is a useful spectroscopic technique for detecting the vibration
energy levels of compounds and for further confirming the crystal structure.

Consequently, further clarity on the crystalline phase of the copper selenide thin films
was explored by Raman analysis. As shown in Figure 6, the typical Raman spectra of
three copper selenide film samples (deposited at different temperatures) exhibit similar
peak positions.
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Figure 6. Raman spectra of the copper selenide/PA thin films.

The only strong peak, observed at 260 cm ™!, can be assigned to the Se-Se stretching
vibration in Cu,_,Se and is consistent with the previous reports [11,45], while the peak at
187 cm~! corresponds to the Cu-Se vibration [46]. The peak at 520 cm ™! is the first overtone
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of the intensive peak at 260 cm~!. Raman analysis confirms the composition of the copper
selenide/PA films. There are no modes of elemental selenium or copper. The background
at the beginning of the spectra comes from PA.

3.6. AFM Analysis of Copper Selenide Thin Films

Atomic force microscopy is a very suitable method for visualizing the surface mor-
phology and quantitative analysis of surface roughness. 2D and 3D images, as well as
histograms of 5 x 5 um areas of copper selenide/PA films, are presented in Figure 7. The
height and surface morphology of the copper selenide thin films formed on PA depend
on the temperature of the solutions of anionic and cationic precursors used in the experi-
ment: the microstructure of the thin film changes according to the deposition temperature.
The surface image shows that the surface of the film is rough with particles gathered into
agglomerates. The typical parameters of the quantitative analysis of AFM images are
presented in Table 3. With an increase in the precursor solution temperature, the surface
roughness decreases and the film becomes more compact and dense. Average roughness is
~194 nm at a precursor solution temperature of 40 °C and decreases to ~16 nm and ~13 nm
in case of the temperature of 60 °C and 80 °C. As can be seen, a thin film of copper selenide
deposited at 80 °C temperature solution has greater uniformity and homogeneity than
other films.
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Figure 7. 2D and 3D AFM images and histograms of copper selenide/PA films.
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Table 3. Surface roughness parameters of copper selenide thin films.

Temperature
Parameters
40 °C 60 °C 80°C
Maximum height of peaks, hnax, nm 1048.41 117.32 123.16
Average height, hiean, Nm 565.57 65.64 49.99
Average Roughness, R,, nm 194.62 16.24 13.32
RMS Roughness, Rq, nm 227.76 19.90 17.21
Surface skewness, Ry 0.42 —0.13 0.58

4. Conclusions

Cuy_4Se thin films can be deposited on a flexible polyamide substrate by using the
SILAR method, while by adjusting the temperature of precursor solutions we can affect
and tune the optical, structural, and electrical properties of as obtained films. XRD analysis
revealed that Cuy_,Se exists in the cubic crystal structure. The band gap energy of Cuy_Se
films was found to be in the order of 1.98-2.28 eV. Raman analysis confirmed the formation
of the Cu,_,Se phase (260 cm~!) without any elemental selenium or copper phase. A thin
film of copper selenide deposited at 80 °C temperature solution has greater uniformity and
homogeneity than other films, the largest grain size, but with the smallest agglomerates,
the largest band gap value, and the best conductivity.
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Abstract

Resorcinol-formaldehyde (RF) cryogels were synthesized by sol-gel polycondensation of
resorcinol with formaldehyde and freeze-drying was carried out with t-butanol. Carbon
cryogel (CC) was obtained by pyrolyzing RF cryogels in an inert atmosphere to 950 °C.
Nitrogen doped CCs (CCN) were synthesized by introducing melamine into RF precursor
mixture solution to obtain nitrogen concentration 2, 6 and 10 wt. %. Material was
characterized by elemental analysis, nitrogen adsorption— desorption measurements, scanning

electron microscopy (SEM), Raman spectroscopy, FT-IR Spectroscopy. Cyclic voltammetry
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(CV) was used to investigate capacitive and electrocatalytic properties. Conductivity
measurement was also performed. Elemental analysis results confirmed presence of nitrogen
in CCN samples in the range from 0.45 to 1.15 wt.%. Raman spectroscopy of the samples
showed increase of D and G peak integrated intensity ratio (Ip/Ig) with nitrogen doping
suggesting that the structural disorder as well as edge plane density increase, but according to
similar Ip/Ig values for CCN samples, their share is not directly related to the amount of
incorporated N. Characterization by nitrogen adsorption showed that overall specific surface
and maximum mesopores are achieved in CCN sample with medium nitrogen concentration.
Results of cyclic voltammetry experiments demonstrated maximum capacitance for CCN
sample with smallest N wt.% indicating that narrow pore size distribution and high specific
surface area are dominant factors to achieve good capacitive behavior. The relatively low
doping level of nitrogen reached in CCN samples may be the reason for the incomplete
reduction of oxygen to hydroxide and furthermore it turned out that presence of N in the

structure of CC had a negligible effect on the otherwise relatively high conductivity of CC.

Keywords: Carbon cryogel; Nitrogen doping; Structure; Porosity; Energy application



1. Introduction

Carbon aerogels, cryogels and xerogels are carbon materials which are usually
obtained from the sol-gel polycondenzation of organic compounds, followed by drying, and
subsequent pyrolysis at an elevated temperature (ca. 1050 °C) in an inert atmosphere. In 1989,
Pekala firstly described procedure for the preparation of the organic gels by polycondenzation
of resorcinol (R) and formaldehyde (F) in water solutions, in the presence of sodium
carbonate (C) as basic catalyst [1, 2]. Drying of wet RF gels can be provided by supercritical
drying (aerogels), freeze drying (cryogels) and conventional evaporation of the solvent at
atmospheric conditions (xerogels). Supercritical drying or freeze drying is used in order to
keep the porous structure of RF gels. Following the procedure recommended by Tamon and
co-workers [3, 4], we developed a synthesis procedure for the carbon cryogels (CC) with a
tortuous open-cell structure, ultrafine particle (cell) and pore size (<50 nm), and high surface
area (400—1000 m? g!) [5]. The resulting materials are nanostructured sp? carbons with good
electrical conductivity, environmental compatibility and chemical inertness. These unique
properties make them promising materials for applications such as electrodes, adsorbents,
catalyst supports, hydrogen storage, supercapacitors or for solar applications [6-10].
Previously, we used carbon cryogels for removal of ionic species from water [11] and as a
catalyst support [12, 13].

Design of carbon materials properties and their precise control are essential if the aim
is to improve and extend their application. For instance, optimization of the morphology and
structure as well as direct introduction of porosity to enlarge the share of edge sites are proven
to be important for adsorption and electrochemical applications of carbon materials. Many
studies have shown that heteroatom doping (e.g., boron, sulfur, phosphorous, and nitrogen) of
sp? carbon materials could influence their physicochemical properties as well as electrical

conductivity and electrochemical properties [14-18]. Nitrogen doping has a significant



influence on the electronic structure and chemical properties of carbon materials due to its
comparable atomic size and five valence electrons available to form strong valence bonds
with carbon atoms [19]. Nitrogen species in the carbon materials can not only act as an
electron donor, but also introduce functional groups containing nitrogen and oxygen atoms
[20, 21]. A previously theoretical study has shown that nitrogen incorporation in carbon
structure results in the higher positive charge on a carbon atom adjacent to the nitrogen atoms
[22], and a positive shift of Fermi energy at the apex of the Brillouin zone of graphene [23].
Also, it is mainly believed that lone-pair of electrons of nitrogen can infuse an additional
negative charge in to the graphene & electron system which leads to an enhanced conductive
behavior along with stronger interaction with foreign molecules (i.e. ions, acidic compounds).
[24, 25].

Substitutionally incorporated nitrogen has received focused attention because of
significant changes in hardness, electrical conductivity, and chemical reactivity, which have
been theoretically predicted and experimentally observed [25-28]. It is well known that N-
doped carbon materials work well as the support for Pt catalysis by resulting in the
improvement of Pt nanoparticle dispersion in terms of catalytic activity and durability [29].
Many authors reported that N-doping improved the activity and performance of different
carbon materials (GO foams, single-wall carbon nanohorns, various porous carbons and
commercially carbon black) as the electrode for fuel cells [30-34]. Incorporation of N into
structurally and porously different carbon materials improved the cycling performance of Li-S
batteries [35- 37].

Different types of carbon gels produced using Pekala’s method have been mostly used
in adsorption and energy storage and due to their versatility in terms of surface area, pore
texture and surface chemistry they have got a considerable attention among the researchers

now a day. It was shown that N doping improved catalytic and adsorption properties of



modified carbon xerogels [24, 38—40]. Enhancing the adsorption properties is related to
nitrogen functional groups introduction on carbon xerogels surface which are responsible for
the increase of surface basicity and hydrophilicity. Nitrogen-doped (1.2—4.5 wt%) carbon
xerogels synthesized in an ammonia atmosphere showed good performances for hydrogen
storage and strong correlation was observed between hydrogen uptakes and N/C ratio [41]. A
chitosan based nitrogen doped carbon cryogel shows significantly enhanced performance as
supercapacitor and lithium ion battery electrodes in terms of capacity and rate capability due
to its quasi two-dimensional structure with reduced thickness [42].

Although many studies have evaluated the relation between N content, structure and
property of N-doped carbons, the influence of nitrogen doping on final physicochemical
properties has not been fully delineated. The reason for that lay in the fact that family of
carbon materials is very reach with different variation of structural, textural and
morphological properties which makes comparison of the effects induced by N doping quite
difficult. Also, utilization of different doping methods combined with the effects of a different
nitrogen source can modify physicochemical properties of the resulting doped carbon in many
various and unexpected ways [15-18]. Therefore, nitrogen doping of carbon materials should
be considered as non-straightforward process which success, as well as the final concentration
of incorporated nitrogen, strongly depends on the type of carbon material, doping method and
selected chemical taken as a nitrogen source. Among different carbon materials, CC is
material that has good characteristics for application in the field of energy conversion,
intensely developed porous structure, chemical inertness and electrical conductivity. In
accordance to that, the aims of this work were to determine the extent to which nitrogen can
be incorporated in CC structure, by adding N-containing compound into resorcinol -
formaldehyde mixture and to examine influence of incorporated N on CC's characteristics and

its potential energy application. In particular, possible use of these materials for charge



storage and electrocatalysis of oxygen reduction reaction (ORR) is addressed. Nitrogen doped
CC samples were synthesized by introducing melamine into precursor mixture to obtain
nitrogen concentration of 2, 6 and 10 wt. %. The efficiency of nitrogen incorporation studied
by various characterization techniques: scanning electron microscopy (SEM), nitrogen
adsorption— desorption measurements, Raman spectroscopy, as well as electrocatalytic,

capacitance and conductivity measurements.

2. Material and methods
2.1. Sample preparation and characterization

Carbon cryogel (CC) was synthesized by the method previously described by Babic et
al. [5]. Briefly, it is a polycondensation reaction of resorcinol (R) with formaldehyde (F) in
water solution with sodium carbonate as a basic catalyst, followed by freeze-drying and
carbonization in the inert atmosphere at 900 °C. Melamine (Sigma-Aldrich, St. Louise, MO,
USA) was used as a source of nitrogen and it was added to the precursor solution to obtain
nitrogen concentration of 2, 6, and 10 wt. %. The very important step prior to drying is rinsing
of RF gels in t-butanol ( 99.5 %, Acros Organics, USA) so that water solvent could be
replaced with organic one which does not exhibit significant changes in the volume of solvent
during the freezing process. After that all synthesized R-F gels were pre-frozen at -30 °C and
then freeze dried for 24 h under vacuum (0.4 mbar). N doped CC samples were marked as
CCN,, CCN; and CCNj (subscripts 1, 2 and 3 denote nominal nitrogen content in the
precursor solution of 2, 6 and 10 wt.%).

The LECO Elemental Analyzer CHNS-628 Model was used for the elemental analysis
of CC samples.

The morphology of samples has been investigated by SEM using high resolution

electron microscope MIRA3 FEG-SEM, Tescan at accelerating voltage lower than 29 kV.



The micro-Raman spectra were taken in backscattering configuration and analyzed by
TriVista 557 spectrometer, equipped with the nitrogen cooled charged-coupled-device
detector. As an excitation source, the 532 nm line of Ti: Sapphire laser was used, with the
laser power 50 mW. In order to analyze changes in bonding structure deconvolution of spectra
was performed using Gaussian fitting.

The specific surface area and the pore size distribution (PSD) of carbon cryogel
samples doped with different amount of nitrogen were analyzed using the Surfer (Thermo
Fisher Scientific, USA). PSD was estimated by applying BJH method [43] to the desorption
branch of isotherms and mesopore surface and micropore volume were estimated using the t-
plot method [44].

Analyses of surface oxygen groups were performed by Fourier Transform Infrared
(FT-IR) Spectroscopy (Bomem MB-Series, Hartmann & Braun).

2.2. Electrochemical measurements and electrode preparation

Carbon sample quantity, measuring 5.0 mg, was suspended in 1 cm? 40 v/v%
ethanol/water solution, followed by 15 minute homogenization in an ultrasonic bath. Droplet
of the catalytic ink was transferred onto the glassy carbon (GC) disk electrode (cross-section
surface — 0.196 cm?) and dried under N, flow to obtain overall loading of the catalyst was 250
ug cm 2 per geometric surface area. Upon drying, the surface was covered with 10 uL of 0.05
wt% Nafion in ethanol to ensure the integrity of the thin film during electrochemical testing.
The solvent was removed by evaporation.

Cyclic voltammetry (CV) was used to investigate electrocatalytic and capacitive
properties of doped carbons in a conventional one compartment three-electrode
electrochemical cell with wide Pt foil serving as a counter electrode and a saturated calomel
electrode (SCE) as a reference electrode. The capacitive performance was trialed in 3M KOH

solution while electrocatalytic activity toward ORR was investigated in oxygen saturated 0.1



mol dm™3 KOH aqueous solution using rotating disk electrode (RDE) voltammetry.
Measurements were done using Gamry PCI4/750 Potentiostat/Galvanostat equipped with a
Pine rotator. Before and during the capacitive measurements, a gentle gas flow of N, was kept
just beneath the electrolyte surface while ORR was tested in O, purged solution (purity
99.9995 vol%) at room temperature (25.0+£0.5 °C). Reported current densities are evaluated
with respect to the geometrical cross-section area of the supporting GC disk.

Conductivity was measured on GW instek LCR-6100 with carbon samples pressed

into a pellet under 2t pressure at 1000 Hz.

3. Results and Discussion

Results obtained by elemental analysis confirmed presence of nitrogen in CCN samples
(Table 1). Adding melamine to precursors solution resulted in the incorporation of nitrogen in
the wt.% range from 0.45 to 1.15. The reason for such low content of incorporated N in doped
carbon cryogels is presumably due to processes that take place during carbonization. Namely,
during carbonization, within formation of porous structure occurs, the majority of N species
localized on the surface or near surface of R-F gels burn off and as a consequence of that after
carbonization process only nitrogen from the bulk remains in final doped CC samples. A
similar phenomenon was observed by Wu et al. [45].

The morphology of the resulting CC samples was characterized by scanning electron
microscopy. Fig. 1 shows SEM images of the CC and CCN samples. It is evident that the all 4
presented materials are porous, but the pore size and shape are irregular for each sample. It
can be noted that presence of N in CC structure (Fig. b-d) affects the porosity of CCN
samples compare to CC to a considerable extent. It seems that nitrogen has direct impact to

specific surface area development. Further characterization by nitrogen adsorption gave a



better insight into the changes of the specific surface area and porosity induced by N
incorporation into CC structure.
Table 1. Elemental analysis results and calculated intensity ratio Ip/Ig for CC, CCN;, CCNy,

and CCNj samples.

Sample  [C]* (wt.%) [N]* (wt.%) [O]° (wt.%) [H]? (wt.%) Ip/lg

CcC 88.47 0.00 10.04 1.49 0.9
CCN, 84.85 0.45 12.80 1.90 1.1
CCN, 81.58 0.72 15.82 1.88 1.2
CCN3 82.44 1.15 14.72 1.69 1.2

aMeasured by combustion element analyses, ®Calculated by the difference

100 nm*

Y

Fig.1. SEM images of undoped CC (a) and nitrogen doped samples: CCN; (b), CCN; (¢) and
CCN; (d).

In order to evaluate the degree of CC's structural changes induced by N incorporation,
Raman spectroscopy was carried out (Fig. 2). Two main peaks can be observed: D band, at ~

1340 cm™! originates from disordered structures in the graphitic plane and G band, at



approximately 1570 cm™!, observed for all graphitic based structures, attributed to the E2g

vibrational mode present in the sp? bonded carbons [46, 47].
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Fig. 2. Raman spectra of CC, CCN;, CCN, and CCNj samples

There are also noticeable, but less intense three peaks in the region 2300-3400 cm™".
The most prominent second-order Raman peak G’ is located at ~2700 cm~'[48, 49]. Since the
frequency of this peak is close to twice that of the D-band frequency, the G’ band is an
overtone mode of the D band [47]. The second-order peak around 2940 cm™' is a combination
of the D and G bands and the peak around 3220 cm™! is attributed to the G band overtone [50,
51]. The most pronounced difference between Raman spectra of CC and CCN samples is a
strong increase of D peak intensity with N doping, which influenced the increase of integrated
intensity ratio Ip/Ig (derived from deconvolution of Raman spectra) of CCN samples
compared to Ip/Ig of CC (Table 1). The higher values of Ip/Ig ratio is the result of the larger

share of structural defects and edge plane exposure obviously caused by nitrogen atom
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incorporation into CC structure [25, 26]. The similar Ip/Ig values for CCN samples indicate
that share of structural defects is independent of the amount of incorporated N. Another
difference which can be noticed in Raman spectra is slightly decreasing of G’ peak intensity
with the increase of doping level. According to Bulusheva et al. the G’ band is independent of
the structural defects, but the change in its intensity may indicate changes in the electronic
structure induced by the N presence in the carbon lattice [49].

Nitrogen adsorption isotherms for carbon cryogel samples doped with different
amount of nitrogen, as the amount of N, adsorbed as a function of relative pressure at -196 °C,
are shown in Fig. 3. It can be notice that the shape of the isotherms is similar for all samples
with well defined hysteresis loops which means that the mesoporous structure is kept for
samples with the incorporated nitrogen into CC structure. The shapes of the hysteresis loop
indicate the irregular form of the pores in all samples.

According to the [IUPAC classification [52] isotherms of samples are of type IV and
with a hysteresis loop which is associated with mesoporous materials. In all samples, the
shape of hysteresis loop and isotherms are a combination of type H2 and H3. It was found that
materials that give rise to H2 hysteresis are often disordered and the distribution of pore size
and shape is not well defined. Also, isotherms revealing type H3 hysteresis do not exhibit any
limiting adsorption at high P/P,, which is observed with non-rigid aggregates of plate-like
particles giving rise to slit-shaped pores [53]. Adsorption amounts at low relative pressures
showed the presence of the micropores. Specific surface areas calculated by BET equation,

SgeT, are listed in Table 2.
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Table 2. Porous properties of CC and CCN samples.

SBET Smeso Smicro Viot Vinicro I'med I'max

m?/g m?/g m?/g cm’/g cm’/g nm nm
CcC 592 318 274 0.297 0.142 1.94 1.91
CCN, 887 513 374 0.665 0.179 2.24 1.99
CCN, 928 561 367 0.901 0.193 3.06 3.07
CCN; 676 305 371 0.681 0.147 3.81 3.80

Obtained results confirmed that the presence of the nitrogen atoms influences the
porous structure of the materials. Sggr values, for all samples, lie within 592-928m? g-!.
Values of the Sgpt showed that that all samples have high specific surface, as well as, that the
increase of specific surface are not proportional to the amount of incorporated N (Table 1),
since the maximum specific surface was achieved at CCN, sample. However, the values of
the specific surface for the CCN; and CCN; are similar (the difference is within 5%). Our
results showed that the presence of nitrogen atoms up to 1 wt.% increases the specific surface
and, after that value, the specific surface starting to decrease but it is still significantly higher
than for the pristine sample (CC). These results indicate that the optimal concentration of
nitrogen in precursor mixture is below 6 wt. %. when melamine is used as nitrogen source.
But, it should keep in mind that the incorporation of the nitrogen into carbon structure
strongly depends on the source of the nitrogen which, additionally, complicates the doping
process. These changes presumably originated from fact that N atoms during the preparation
process of CCN samples can substitute some carbon atoms which are most likely located on
the reactive edges and these N atoms could have a catalytic role in the porosity development

to some extent. The similar phenomenon was previously reported by Wang et al. [54].
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Pore size distribution (PSD) and calculated porosity parameters (Smeso> Smics Ymic) Of
samples are shown in Fig. 4 and Table 2, respectively. The figure shows that samples are
mesoporous with most pore radius below10 nm. Median pore radius, for all samples,
presented at Table 2, continuously increased, as well as the maximum pore radius (also
presented in Table 2), with the increasing the amount of doped nitrogen, which was
previously noted at SEM images (Fig.1). As we mentioned earlier, the presence of nitrogen

has the catalytic effect and accelerate the oxidation of the carbon surface. Due to that, the

specific surface area and the radius of the pores increase. To a certain limit, the increasement

of the specific surface and pore radius is happening simultaneously. At higher amount of

nitrogen atoms (above 1 wt.%), the increasement of the pore radius is so high that leads to the

decreasing of the specific surface. In that sense, the synthesis of the samples with different

amount of nitrogen is necessary to enable us to determine the optimal content of the nitrogen

atoms.

300

200

100

n (mmol g'])

Fig.3. Nitrogen adsorption isotherms, as the amount of N, adsorbed as a function of relative

pressure for CC and CCN samples. Solid symbols - adsorption, open symbols — desorption.
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Fig.4. Pore size distribution (PSD) for CC and CCN samples

The FT-IR spectra of the CC samples are shown in Fig. 5. Although carbonization
temperature was relative high (900 °C), a quite amount of surface oxygen groups can be
noticed for all samples, which was also indicated by the results of the elemental analysis
(Table 1). The reasons for such a state of surface chemistry for tested CC samples originate
from the structural and porous characteristics. Previously results showed that all CC samples
are characterized by disordered structure (Fig. 2) and highly developed specific surface
area(Table 2). Both of these characteristics are responsible for the existence of a large number
of carbon edge atoms, which represent active sites for surface oxygen group formation [55,
56].

FT-IR spectra for all CC samples show some characteristic bands: wide band near
3400 cm!, which represents hydroxyl stretching vibration mode in carboxyl, phenol and/or
intercalated H,O. The bands at 2925-2970 cm™! and 2850-2880 cm! related to symmetric and
antisymmetric stretching vibration of C-H bond, respectively, indicates the presence of
aliphatic groups [57]. The peak located near 1635 cm™! originated from the skeletal vibration

of graphitic domains. For all CC samples, FTIR spectra show high intensity bands in the
14



range of 1000-1300 cm™! which include the C-OH stretching and OH bending vibrations,
which implying the existence of residual hydroxyl groups. The band around 1380 cm™! can be
attributed to carboxyl C-O deformation vibrations [58, 59]. According to the obtained results,
nitrogen incorporation into CC structure did not affect the surface chemistry in a qualitative
way, probably due to low ratio of nitrogen to carbon atoms and final distribution on N in CCN

samples (mainly into the bulk).
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Fig. 5. FT-IR spectra of CC, CCN;, CCN, and CCNj; samples

Results from conductivity measurements are given in Table 3. Conductivity falls
slightly between CC and CCNj. This trend can be correlated to the increase in nitrogen and
oxygen content (Table 1) whose incorporation into the graphite plane is known to lower
conductivity. The values of conductivity are roughly half of those measured for similarly
prepared materials [5] which can be attributed to the measurement procedure. Namely, in our
measurements carbon was subjected to 2t pressure while those in [5] were measured by a four
point probe technique. It is well established that the conductivity of cryogel is strongly

dependent on the size of grains and their packing and it is presumed that the applied pressure
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during measurements influenced grain packing which results in lower conductivity values.
However, our previous experience with polyaniline-derived carbons [60, 61] shows that the
conductivity values are still sufficiently high to provide good electrochemical behavior of
explored materials. In other words, measured conductivities (Table 3) warrant efficient
current collection, especially considering that the electrodes are prepared in a thin film
configuration (Section 2.2).

Table 3. Conductivity values for CC and CCN samples

Sample CC CCN; CCN, CCN;s
Conductivity 14.8+0.5 119+04 10.1 £0.3 9.0+£0.3
(Scm™)

As an example of recorded CVs at the different sweep rate, CV of CCN; sample is
presented (Fig. 6, left), while the stored charge for all samples, obtained by CV integration

and normalization by the mass on the electrode is subsequently tabulated (Table 4).
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Fig. 6. Cyclic voltammograms of CCN; sample recorded in N,-purged 3M KOH solution
recorded at different potential sweep rates (left) and cyclic voltammograms of all four

samples recorded at 100 mV s,
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Nearly rectangular shape, quite often seen for similar types of carbons [18, 60, 61],
independent of the sweep rate, characterizes CVs of all samples indicating good capacitive
behavior with no discernible Faradaic processes in the form of peaks/humps present.
Elemental analysis indicates the presence of small amounts of nitrogen in doped samples,
known to show pseudo-capacitive behavior in certain forms, which is well documented as it
can significantly contribute to the overall capacitance [60, 61]. However, significant
contribution of pseudo-capacitance from nitrogen moieties can be excluded for CCN materials
as CV of CC is identical in shape as for CCN, possibly because of relatively low
concentration of nitrogen. Hence, we conclude that capacitance comes mainly from electrical
double-layer (EDLC), which is known to be highly dependent on the specific surface area.
When adjoining the capacitance values with specific surface area linear dependence is not
evidenced pointing to the fact that some other factors must come into play and that likely
entire Sggt 1s not electrochemically active.

Table 4. Capacitance values (C) at the different sweep rate for CC and CCN samples

Sweep rate C[CC] C[CCN]] C[CCNZ] C[CCN3]
(mVsT) (Fg) (Fg™) (Fg™) (Fg')
5 105 130 85 82

10 90 124 80 75

20 71 117 70. 58

50 65 114 68 54

100 62 106 59 40

Chmiola et al. conducted a detailed study on the correlation between pore size and
capacitance which showed capacitance increase with decreasing pore size, which approaches

maximum when desolvated ion diffuse into pores [62, 63]. The conclusion is therefore drawn
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that the key for achieving high capacitance is to tune the pore sizes to the electrolyte ion size
and ensure that the pore volume is accessible to ions without facing transport limitations in
addition to the high total surface area. Comparing measured capacitance values at 5 mVs~! we
can see that CC and CCN; store more charge, 105 and 130 Fg!, respectively, than CCN, (85
Fg') and CCN; (82 Fg!') even though they have smaller Sger then CCN,. To explain this
occurrence we adjoin the average pore size from PSD to Sggr values for both CC (1.91 nm;
592 m?g!; 105 Fg™') and CCN; (1.99 nm; 887 m?g!; 130 Fg!) and see that for materials
having similar pore size distribution, both are narrow and centered slightly below 2 nm,
specific surface area determines the overall capacity.

Looking now at the CCN; (3.07 nm; 928 m?g!;85 Fg') we see that, even though it
has the highest Sggr, having wider pores is not optimal, as adsorbed ions are now farther away
from the surface which leads to a lower capacitance value as it scales inversely proportional to
the ion center distance. Finally, CCNj3 (3.80 nm; 676 m?g!; 82 Fg!) having the smallest Sggt
among the doped samples and widest pores results in the lowest measured capacity. These
results demonstrate that tuning the carbon porosity in addition to maintaining the large
specific surface area is the way of achieving the good capacitive behavior. From Table 4 it
can also be seen that the effect of scan rate is rather prominent, when materials with similar
pore sizes are considered better rate capabilities are seen for materials with higher Sget (CCN;
and CCN,). We note that in all the cases capacitances normalized by Sggr are under 20 pF
cm 2, suggesting dominant EDLC contribution.

I-E curves comparing ORR activity of explored materials in 0.1M KOH, with a sweep
rate of 20 mVs™! at 600 rpm are presented in Fig. 7a. If onset potential is taken as a measure
of materials activity, the most positive onset potential is evidenced for sample CC with the

value of —0.15 V vs. SCE, making it the best among explored set of materials. However, all
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four have onset potentials spread in a potential window of 100 mVs™! indicating that even for

similar materials their activity can vary significantly.
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Fig. 7. (a) Background-corrected ORR polarization curves of investigated samples recorded in
O,-saturated 0.1 KOH (20 mV s7!, electrode rotation rate 600 rpm); (b) Background-corrected
ORR polarization curves of CCN; samples recorded in O,-saturated 0.1 M KOH under
different electrode rotation rates (20 mV s '), and (¢) evaluated number of electrons

consumed per O, molecule for CCN; sample (inset gives K-L plots).

CCN;y, as the best doped sample in the series (Fig. 7a), was subjected further to the RDE
experiment (Fig. 7b) and K-L analysis to determine the number of apparent electrons
exchanged and dominant mechanism (Fig. 7¢). Onset potential values are close to those
measured for similar types of materials with a small fraction of heteroatoms [18]. The

apparent number of electrons is determined from the slope of K-L lines defined by:

I S SR 1 0
WE) j.(E) j, Jj. 062-n-F-DO,)” v 0" c0,)

In Eq. (1), j(E) and ji(E) are the measured current density and the kinetic current

density at a given electrode potential (E), respectively, while j; is the limiting diffusion
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current density (which indirectly depends on E via n). Additionally, v presents the kinematic
viscosity of the solution (0.01 cm?s™') [64], D(O,) is the diffusion coefficient of O,
(1.9 x 1073 cm? s7!) [43] and ¢(O,) is the concentration of dissolved O, (1.2 x 107 mol cm™3)
[65]. K-L analysis was done in the potential range —0.35 to —0.85 V vs. SCE. Interestingly, n
was found to be close to 2 at low overvoltages, while it slightly increased with deeper
negative overvoltage and reached 2.55 at —0.85 V vs. SCE (Fig. 7¢). This indicates that 2e" is
principal pathway in O, reduction for CCN; which is contrary to N-doped carbon nanotubes
and polyaniline derived N-containing nanocarbon [66] which shows a switch from 2e~ to
predominantly 4e~ mechanism at deep negative overvoltages. This discrepancy can be
attributed to the level of nitrogen doping as aforementioned materials have about 9 wt.%
while CCN; has only 0.5 wt.%. Results are analogous to those found for low level doped
carbons [13, 18], where n was also between 2 and 3, stressing that high doping level is crucial
for good ORR selectivity. However, considering practical application of CCN in the field of
electrocatalysis, these materials seems as proper candidates for electrochemical synthesis of

hydrogen peroxide due to rather exclusive 2e~ reduction of O,.

4. Conclusions

In this study, nitrogen doped carbon cryogels were synthesized and characterized.
Final nitrogen concentrations in doped samples were found to be in the range of 0.45—1.15
wt.%. Investigation of nitrogen doped carbon cryogel by means of Raman spectroscopy
revealed an influence of nitrogen substitution on the structural disorder in carbon cryogel
structure. Scanning electron microscopy, as well as characterization by nitrogen adsorption,
pointed out that, even with such low nitrogen contents, it is possible to drastically affect
morphology and porosity of carbon cryogel. Namely, although the doped samples preserved

the dominant mesoporosity, the values of the specific surface area for two samples with lower
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nitrogen content increase over 50% compared to the value of pristine carbon cryogel. For the
sample with highest nitrogen content, this enhancement of specific surface area is quite lower,
indicating that lower content of incorporated nitrogen, has a much more pronounced
developing effect to specific surface area. The maximum capacitance value of 130.2 Fg! at 5
mVs~! is obtained for material concurrently having narrow pore size distribution and high
specific surface area reiterating the conclusion that tuning of carbon porosity is the way to
achieve good capacitive behavior. Low level nitrogen doping has a small effect on ORR
selectivity in the alkaline solution which predominantly goes through 2e~ mechanism. To
achieve complete reduction of oxygen to hydroxide high level of doping is needed. Obtained
results showed that it is possible, using simple doping procedure with low nitrogen content, to
affect the morphology, structural and surface characteristics of the carbon cryogel, which

further could lead to the expansion of nitrogen doped carbon cryogel application.
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Fig. 7. (a) Background-corrected ORR polarization curves of investigated samples recorded in
O,-saturated 0.1 KOH (20 mV s7!, electrode rotation rate 600 rpm); (b) Background-corrected
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Highlights

e Nitrogen doped carbon cryogels with nitrogen content to 1.15 wt.% were synthesized

e Drastic changes in doped samples morphology and porosity were obtained

¢ The maximum capacitance value was obtained for the lowest nitrogen content

e Effects of nitrogen doping on carbon cryogels electrocatalytic properties and conductivity
were insignificant

e Low nitrogen content led to sufficiently modified carbon cryogels properties
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Abstract:

In this paper, we present a novel and low — cost method for preparing copper sulfide
films on polyamide. Non-treated as well as pre-treated PA6 films by 3 different methods (in
boiled water; in NaOH solution; in boiled water and then in NaOH solution) were used for
the formation of Cu,S layers by the sorption-diffusion method. Molten sulfur has been used as
a sulfurization agent. The XRD, FTIR, and UV-VIS methods were used to characterize the
structural, optical, and electrical properties of samples and to track changes in samples after
each treatment stage. The sheet resistance of Cu,S layers depends on the pre-treatment
method and varied from 7 kQ/sq to 6 MQ/5q. The optical band gaps (Eg) for direct and
indirect transitions are determined to be 2.61-2.67 eV and 1.40-1.44 eV, respectively.
Furthermore, the optical constants n, k, and o are determined from UV-VIS measurements.
Keywords: Thin film; Copper sulfide; Polyamide 6; X-ray diffraction; Optical properties.

1. Introduction

Copper sulfides, Cu,S, x=1-2, are one of the most important compounds of
chalcogenide semiconductor materials due to their low toxicity, versatility, and availability.
They can be used as absorbers and p-type semiconductors due to their excellent electrical,
optical, and structural properties [1-3]. The electrical conductivity of copper sulfides is
decreasing from CusS to Cu,S, direct bandgap values vary from 2.2 to 2.9 eV in Cu,S, 2.1 eV
in CuygS, and 1.7 eV in CuS [1,4-6].

Copper sulfides are widely applied as thin films and composite materials with
technologically important applications in optoelectronic devices [7,8], sensors [9,10],
photocatalysis [11,12], photovoltaic cells [10,13], for high-energy supercapacitors [14,15],
battery electrodes [7,16,17], and in biomedical fields [18,19]. Recently, they found
application as counter electrodes in quantum dot sensitized solar cells [15,20]. For all these
applications, the material must be highly accessible; therefore, it is very important to identify
simple and inexpensive production technologies on a large scale.

The deposition of a thin layer of copper sulfide on the surface of an organic polymer
is one of the simple ways to obtain electrically conductive films for the manufacture of
electronic devices, because they can change properties from a semiconductor to a metal
conductor. The ability of a polymer to sorb fine particles from a solution provides
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opportunities for many novel applications [21]. Once the copper sulfide is deposited on a
flexible transparent polymer substrate, the resulting coated polymer may be applicable in
many areas: as the conductive substrate for the deposition of metals and semiconductors
[22,23]; as room temperature gas sensors [24,25]; in thermoelectric applications [26].

Polyamide (PA6 or polycaproamide, Nylon 6) as a semihydrophilic polymer is
capable of absorbing ions or molecules of various electrolytes from aqueous and non-aqueous
solutions [27]. Polyamide can be characterized as a polymer with high thermal resistance and
good mechanical properties.

Polymers with electrically conductive metal chalcogenide layers on their surface can
be prepared by the sorption-diffusion method described in our earlier works [27-29].
According to this method, the surface of a polymer is pre-treated by a solution containing a
sulfurization agent and subsequently treated by an aqueous solution of metal salt.

This work presents a new low-cost method for preparing good quality Cu,S thin films
on a modified PAG surface. The structure of the prepared films is studied by X-ray diffraction
(XRD), Fourier transform infrared (FTIR), and UV-VIS spectroscopy. The material
(composite) structure and the optical and electrical properties of Cu,S films are discussed.

2. Materials and Experimental Procedures
2.1. Materials

Analytical pure reagents and distilled water were used to prepare the reactive
solutions. All reagents were obtained from Sigma-Aldrich and used as received. Only freshly
prepared solutions were used for experiments and were not de-aerated during the experiments.

The polyamide film (PA6) (Tecamid 6, thickness - 500 xm, density - 1.13 g/cm™,
surface resistance 10 Q/sq) used in this study was obtained from Ensinger GmbH
(Germany).

2.2. Formation of CuyS thin layers

According to the bibliography [30], the impregnation of copper sulfide on PA6 or
other polymers requires a previous treatment process to facilitate its adhesion. For the
experiment, non-treated PA6 samples have been used, as well as the ones pre-treated by 3
different methods: boiled in distilled water for 120 min; exposed to 0.1 M NaOH solution for
120 min at 80°C; boiled in distilled water for 120 min and subsequently exposed to 0.1 M
NaOH solution for 120 min at 80°C (Table I). All samples were rinsed and air-dried at room
temperature, followed by desiccation with CaCl,.

Tab. | Sample labelling and experimental conditions of PAG.

Labelling | Experimental conditions

PAG-0 Non-treated

PAG-1 Boiled in distilled water for 120 min

PAG6-2 Exposed to 0.1 M NaOH solution for 120 min at 80°C

PAG-3 Boiled in distilled water for 120 min and subsequently exposed to 0.1 M NaOH
solution for 120 min at 80°C.

The formation of copper sulfide layers on PA6 film surface was carried out in two
stages. In the first stage, the PAG films were sulfurized by molten sulfur at 135°C for 1 min in
a glass reactor. In the second stage, the samples of sulfurized PA6 films were treated with the
aqueous 0.4 M CuSO, solution with the reducing agent at 80°C for 10 min. The PAG substrate
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was placed vertically. After the treatment with the solution of Cu(l/Il) salts, the samples of
PAG6 were rinsed and dried in a desiccator.

2.3. Characterization of PA6 and copper sulfide layers

An X-ray diffractometer (D8 Advance diffractometer, Bruker AXS, Karlsruhe,
Germany) has been applied to examine the crystal phase of the PA6 and PA6/Cu,S samples.
The samples were scanned over the range 26 = 3-70° at a scanning speed of 6° min™ using a
coupled two theta/theta scan type. The peaks obtained were identified based on those
available in the PDF-2 database.

The optical properties of the PA6 and PA6/Cu,S samples were measured at room
temperature by using UV/VIS spectrometer Lambda 35 UV/VIS (Perkin Elmer, USA) in the
range of 200 to 1100 nm.

The FTIR spectra were recorded in the wavenumber range of 3500 to 600 cm™' using
the compensation method on Perkin Elmer FTIR Spectrum GX 2000 spectrophotometer by
averaging 64 scans with a wavenumber resolution of 1 cm™' at room temperature.

The constant current resistivity of the copper sulfide films was measured using a
multimeter MS8205F (Mastech, China) with special electrodes. The electrodes were produced
from two nickel-plated copper plates with a 1 cm spacing and the dielectric material between
them.

3. Results and Discussion
3.1. X-ray diffraction analysis

Polyamide 6 has the repeating group [-NH(CH;)s(CO)-] and is characterized by the
presence of secondary amide groups CO-NH in the polymer skeleton. The hydrogen bonds
formed between neighbouring chains strongly affect the mechanical properties. PA6 is
semicrystalline; it consists of crystalline and amorphous phases. The degree of crystallinity of
PAG is 35-45 %. The crystalline regions contribute to the hardness, temperature stability, and
chemical resistance. Amorphous areas contribute to the impact of resistance and high
elongation [31,32]. PA6 has two well-established crystalline modifications of a phase and y
phase, which can be transformed into each other under certain conditions. The stable
monoclinic a phase is dominant in the structure of PA6; while y form is unstable, and it can
be transformed into the o form [33].

(11001_) _PAG-0

_PAB-3
_PAB-1

.PAB-2

Intensity (arb.units)

(x002/202)

10 15 20 25 30
20 (degree)

Fig. 1. XRD patterns of PAG.
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The first task of our work was to study the influence of the polymer preparation on
the formation of the copper sulfide thin films by XRD and FTIR analysis.

The XRD diffraction patterns of the initial polyamide films used in the experiments
are presented in Fig. 1.

The experimental values of d (lattice spacing) for the polymer are determined using
Bragg’s relation [34] by taking the 8 value from the peak position of XRD pattern:

ni=2dsing (1
where n (an integer) is the order of diffraction; /4 is the wavelength of incident X-rays; d is the
interplanar spacing of the crystal and @ is the angle of incidence. Calculated values of d are

shown in Table II.

Tab. Il The 26, d and (hkl) Miller indices values of PAG.

PA6-0 PAG-1 PAG-2 PAG-3

(hkI) 20(°) | d(A) 20 (°) d(A) 20 (°) d(A) 20 (°) d(A)

(v020) 9.24 9.56 9.38 9.42 9.36 9.44 9.36 9.44

(a100) 20.19 | 4.39 20.05 4.42 20.11 4.41 20.11 441

(«001) 23.03 | 3.85 23.44 3.79 23.25 3.82 23.44 3.79

(0002/202) | 28.41 | 3.14 28.52 3.13 28.52 3.13 28.52 3.13

The peaks of semicrystalline PA6 between 8° to 30° (in 20) were observed. These
peaks, according to JCPDS 12-923, appear at ~20.1° and ~23.4 with the corresponding d-
spacing of ~4.4 and ~3.8 A, respectively. They are attributed to the a100 and 001 crystal
planes, respectively, and showed the presence of the dominant crystalline a-phase [30,32].
Two reflections are also observed at around 26 = 9.3° (y020) and 28.5° 0002/202.

It has been observed that the intensities and full width at half-maximum (FWHM)
values of these peaks slightly changed with the preparation of the PA6 before the formation of
the copper sulfide thin films. These changes may be attributed to the crystallinity of the films.
The structural parameters for the (a001) peak such as FWHM (), crystallites size (D),
dislocation density (o) and strain (¢) for all the prepared films were evaluated from XRD
patterns and presented in Table Ill. The grain size of the thin films was calculated by XRD
patterns using Debye Scherrer’s formula [35]:

_ 0.94 )
S cosf

where D is the crystallite size; 4 is the X-ray wavelength used; f is the angular line width at
half-maximum intensity in radians and & is Bragg’s angle.

Additionally, to have more information on the number of defects in the films, the
dislocation density (0) was evaluated using the formula [36]:

1

52?

@)

The strain values were calculated from the following relation [37]:

gzﬂcose

2 (4)
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The results in Table 1l showed that the highest value of crystallite size has the
polymer PAB-1, while it’s dislocation density and strain have the lowest value. The larger D,
and the smaller S, 6 and & values indicate better crystallization of the films [38,39].

Tab. 111 The crystallite size (D), dislocation density (9), strain (¢) and full width at half
maximum (FWHM, p) values of copper sulfide thin films.

20 (°) B (©) D (nm) 8-10%(nm?) | &10°(nm™)
PA6-0 23.03 2.61665 30.98 10.42 11.19
PA6-1 23.44 2.2013 36.86 7.36 9.40
PA6-2 23.25 2.42247 33.48 8.92 10.35
PA6-3 23.44 2.22641 35.69 7.85 9.71

X-ray diffraction analysis of the sulfurized PA6 films showed that elemental
hexagonal sulfur was diffused into PA6 surface. The peaks of PA6-0 at 9.27°, 18.78°, 20.07°,
23.1°, and 28.4° are attributed to sulfur Sg [JCPDS No. 72-2402].

XRD studies of Cu,S thin films are limited by the polycrystallinity of the layers
obtained and by the semicrystallinity of the PA6 film itself. The intensity of the peak
maximum of PAG6 at 20 < 25° exceeds few times the intensity of the copper sulfide peaks
maxima. The XRD spectrum recorded after treatment of sulfurized PA6-0 film in Cu(l/Il) salt
solution shows the peaks at 9.37° (attributed to sulfur), 20.22°, 23.24° and 28.5° (attributed to
copper sulfide phase) and indicates the formation of chalcocite, Cu,S [JCPDS No. 12-227].
Although the overlapping of XRD peaks makes their identification difficult, the XRD data for
other sulfurized and treated samples with copper sulfate solutions are presented in Table 1V.
They indicate that the composition of Cu,S layers does not depend on the pre-treating method
of the polymer surface.

Tab. IV Comparison of d-spacing, angle values and their respective planes for Cu.S layers
obtained by different pre-treating methods of polyamide surface.

PA6-0 PA6-1 PA6-2 PA6-3 (hki)
20() | d(A) [ 20() | d(A) | 20() [dA) | 260() | d(A)
S 927 | 953 | 927 | 954 | 927 | 954 | 931 | 949 | (100)

(hexagonal) 18.78 4.72 18.76 4.72 18.76 | 4.72 | 18.83 | 4.71 | (200)

JCPDS No 20.07 4.42 20.14 4.4 20.14 44 20.05 4.4

72-2402 231 | 3.85 | 2295 | 387 | 2295 | 3.87 | 233 | 3.8 | (101)
284 | 314 | 2841 | 3.14 | 2841 | 314 | 285 | 3.13 | (300)
Cu,S 2022 | 439 | 2012 | 441 | 2012 | 441 | 20.03 | 443 | (212)

(orthorhombic) | 23.24 3.82 23.20 3.83 23.20 | 3.83 23.3 3.81 | (133)

JCPDS No 285 3.13 28.54 3.13 2854 | 313 | 2848 | 3.14 | (351)
12-227

3.2. FTIR spectrum analysis

The FTIR spectra of PA6 films are shown in Fig. 2. PA6 has IR active bands: the
stretching band of N —H at about ~3295 cm™: at ~3077cm™ ! due to the first overtone of
amide II; the symmetrical and asymmetrical stretching bands of a methylene group (CH,) at
~2862 and ~2932 cm™, respectively. The band at ~1635 cm™ corresponds to the stretching of
the amide carbonyl and the one at ~1537 cm™ is due to the amide II (N — H) in plane bending
and C— N stretching [40,41]. In the 650-1400 cm™ region of the IR spectra, the modes
attributed to CH, sequences (1478 cm™ — CH, scissor vibration, 1373 cm™ — amide 11l and
CH, wag vibration, 1199 cm™ - CH, twist-wag vibration, 959 cm™ CO-NH in plane
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vibration) and crystalline forms of PA6 films can be distinguished. This confirms that the
sample studied consists predominantly of a crystalline form.

~N-H
overtone

symah, N
asym stretching
- Amide |

(C=0+ C-N)

~ Amide Il
(N-H band + C-C strech)+ C=0 bending)

-
C-N ~
stretching

Transmitance (arb.units)

Amide 117
(C-N+ N-H bending)

T T T T T T T T
1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Fig. 2. FTIR spectra of PAG.

All peaks are consistent with the data in the literature [40,42], but the peak intensities
differ when PAG6 samples are prepared differently. More intensive peaks were obtained by the
treatment of PA6 with an alkali solution. However, no significant differences were observed
between the spectra of the PA6-0 and PA6-1, PA6-2, or PA6-3. There were no changes in the
shape of these peaks compared to the PA6-0 sample.

3.3. UV-VIS absorption spectroscopy

The UV-VIS absorption spectroscopy is a powerful tool for the investigation of the
optical properties of the material. In this study we used Tauc plot for the determination of
optical band gap from absorbance measurements [43]:

ahv=A(hv - E,)" ®)

where a is the absorption coefficient; #v — photon energy; E; — energy band gap; A — a
constant; n —a constant for a given transition (n =2 for direct transition and n = % for indirect
transition). The optical band gap can be estimated by extrapolating the linear portion of the
(ahv)? and, respectively (av)*? plots versus Av to a = 0 [44].

h
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(ahv)? (eV em™)*
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8

Absorbance (arb.units)

/
Y
|

Energy (eV)
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Wavelenght (nm)

2
Fig. 3. UV-VIS absorbance spectrum and plot of (a4v) against 4#v for PA6-0 film (inset).
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The energy band gap for pure PAG is 4.66 eV (Fig. 3), which means that the polymer
is an insulator. The variations in UV-VIS absorbance spectra of PAG6 boiled in distilled water,
exposed to a NaOH solution, and boiled in distilled water for 120 min and subsequently
exposed to a NaOH solution for 120 min at 80°C are not pronounced in the shape compared to
unterated polyamide 6.

Fig. 4 illustrates that copper sulfide films show strong absorption in the UV region
(maximum at cca 320 nm with a shoulder at cca 350 nm) while in the VIS region the
absorbance drastically drops.

Absorbance (arb.units)

T T
200 400 600 800
Wavelenght (nm)

Fig. 4. UV-VIS absorbance spectra of PA6/Cu,S films.

Both direct- and indirect-allowed transitions are exhibited in the Cu,S film. The
experimentally determined values of energy gaps for Cu,S thin films slightly differ, their
values range from 2.61 to 2.67 eV for direct transitions (Fig. 5), and from 1.40 to 1.44 eV in
the case of indirect transitions (Fig. 6). It seems that despite the way the samples of polymer
were treated prior to deposition, their optical properties, such as band gap energies, are quite
similar.

150 150
=100 ~100-
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i 3
Z 50 Z 50
g 2
0 r T — 0 : i —& T
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= %100+
5 PA6-2/Cu S E
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- ()
s £ 1
/ E=265eV -
0 ‘ : il s 5 ‘ . —7 EQT 261eV
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2
Fig. 5. Plot of (a4v) against 4v for PA6/Cu,S films (Direct transition).
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Fig. 6. Plot of (ahv) against 4v for PA6/Cu,S films (Indirect transition).

In the literature [6,45,46], we can see that the values obtained for Ey by different
authors were not exactly the same: the energy band gap values for Cu,S vary from 1.0 to 1.5
eV for indirect transitions and from 2.40 to 2.96 eV for direct transitions. Different values of
the energy gap may be due to different techniques of preparation, the thickness of the films
obtained, the particle size, and the mechanism of light absorption in the film.

Table V gives the values of the energy gaps obtained in the present work. These
results are consistent with the literature [6,45,46].

Tab. V The band gap energies of copper sulfide thin films deposited on polymer.

PA6-0/Cu,S | PA6-1/Cu,S | PA6-2/Cu,S | PAB-3/Cu,S
Direct transition (eV) 2.63 2.61 2.65 2.67
Indirect transition (eV) 1.41 1.40 1.43 1.44

The lowest band gap result was obtained for PA6-1/Cu,S. A lower bandgap implies
higher intrinsic conductivity, i.e. as the energy band gap decreases, the electrical conductivity
increases. Therefore, the optical constants were calculated just for PA6-1/Cu,S film. As
mentioned above, this film has also the best crystallinity.

The optical constants of Cu,S thin films were studied using optical absorption theory
[6]. According to the conservation law of energy theory, the relation between reflectance (R),
transmittance (T), and absorbance (A) is:

R+T+A=1 (6)

where transmittance (T) was measured by T = 107, Additionally, the optical constants of
Cu,S thin films such as the refractive index (n) and the extinction coefficient (k) are important
parameters for thin films. The extinction coefficient (k) is the attenuation per unit radiation,
and it is related to the absorption coefficient by the following relation:
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The refractive index (n) is the measure of how fast light propagates through the material. The
higher the refractive index is, the slower light travels through the material, which changes its
direction. It is a very important optical property in designing optical devices. There are many
ways to determine the refractive index of the material. In this work, the approach of H. Pathan
et al. is used [6]:

1+ \/E . (8)
TR
The plots of absorbance (A), reflectance (R) and transmittance (T) against wavelength (1) (a)
and plots of refractive index (n) and extinction coefficient (k) against v (b) for PA6-1/Cu,S
thin film are shown in Fig. 7.
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Fig. 7. Plots of absorbance (A), reflectance (R) and transmittance (T) against wavelength (1)
(a) and plots of refractive index (n) and extinction coefficient (k) against /v (b) for PAG-
1/Cus,S thin film.

The refractive index value exhibits a minimum at ~2.17 for the PA6-1/Cus,S thin film
at the energy equal to 1.68 eV. The extinction coefficient of the Cu,S thin film at the same
energy was found to be 0.11.
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The real (&) and the imaginary (e;) part of dielectric constant for the same film were
determined using the relations [6]:

g =n?—k?, 9
& =2nk. (10)

The obtained results were shown in Fig. 8.

The imaginary part confirms the contribution of the free carrier to the absorption.
From Fig. 7 and Fig. 8 it can be seen that the real and imaginary dielectric constants have the
same behaviour as the refractive index and extinction coefficient.
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Fig. 8. Plot of real (&) and the imaginary (&) part of the dielectric constant against /v for
PAG - 1/Cu,S thin film.
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Fig. 9. Plot of In(a) against iv for PA6-1/Cu,S thin film.
The defect states in the optical band gap region are represented by Urbach energy,

which can be extracted from absorption spectra and can be calculated using the following
relation [47,48]:
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a = o, exp [EJ , (11)
Eu

where a is the absorption coefficient; ay is constant; E is the incident photon energy which is
equal to Av, and E; is the Urbach energy. The Urbach energy can be obtained from the slope
of the straight line of plotting In(a) against the incident photon energy Av. Fig. 9 shows the
variation of In(a) versus Av for the PA6-1/Cu,S film.

The Urbach energy value was calculated from the reciprocal of the straight line slope
of PAG-1, with the obtained value of 0.51 eV.
The optical conductivity (o) was determined using the relation [46]:

anc
skdiad 12
o ppe (12)

where o is the absorption coefficient; n is the refractive index of the film, and c is the speed of
light in a vacuum. Fig. 10 shows the variation of optical conductivity (¢) with energy. The
increased optical conductivity is due to the high absorbance of the copper sulfide thin film.

(s
)]
1

o
s
1

o
M
1

Optical conductivity, o+10" (sec™)

o
o

20 25
hv (eV)

Fig. 10. Plot of optical conductivity (o) against 4v for PA6/Cu,S thin film.

The parameters determined for the thin films were compared to those published for
Cu,S thin films prepared by similar techniques, and it was found that the results of optical
constants are consistent with the data from the literature [6].

3.4. Measurements of electrical resistivity

Formed Cu,S layers changed conductivity of PAG: the surface resistance of pure PA6
is 1.0x10" Q/sq. The square sheet resistance measurements of Cu,S layers on PA6 matrix
showed that the lowest resistivity was obtained on a sample which was formed on PA6-1 (~7
kQ/sq), next value was for PA6-3 (~10 kQ/sq), then on PA6-0 (~60 kQ/sq), and on PAG-2
electrically conductive layers are not formed (6 MQ/sq).

4. Conclusion

Copper sulfide thin films are deposited on a polymer substrate using the novel
sorption-diffusion method. XRD analysis has revealed that the crystallinity of the non-treated
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PA6 sample is the highest. After the pre-treatment of PAB, the position and intensity of the
peaks changed slightly in diffractograms. According to the diffractograms, elemental
hexagonal sulfur was diffused into PA6 surface after sulfurization. The XRD pattern indicates
that the Cu,S films possess a structure that matches the orthorhombic crystal system of the
chalcocite (Cu,S) phase. Direct and indirect allowed transitions are exhibited for Cu,S thin
films with energy band gaps of 2.61-2.67 eV and 1.4-1.44 eV, respectively. The lowest
resistance of copper sulfide thin film was found on PA6-1/Cu,S and equals ~7 kQ/sq. It has
been proven that films of good quality for optoelectronic application could be produced by
implementing a simple and low-cost technique.
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Caxcemax:. Y 06om pady je npedcmasmena HO8A U NOBOLHA MemModd npunpeme uimosa
bakap cyarguoa na noruamudy. Hempemupanu, xao u npemxoono mpemupanu PA6 guimosu
nomohy 3 paziuyume memooe (y Kmwyuanoj éoou, y pacmeopy NaOH; y kwyuanoj éoou na y
pacmeopy NaOH) cy xopuwhenu kao cyncmpamu 3a ghopmuparse crojesa CuyS copnyuono —
oughyzuonom memooom. Kao cyargpopuzayuonu acenc rxopuwhen je monmenu cymnop. 3a
Kapaxmepuzayujy CmpyKmypHux, ONMUYKUX U eNeKMPUYHUX 0COOUHA Y30paka, anu u 3d
npaherbe npomena HaKoH ceaxoe cmyniea mpemupara, xopuuihene cy XRD, FTIR u UV-VIS
mexnuke. Tloepuwuncku omnop ciojesa CuyS 3aeucu 00 memooe mpemuparba nOauMepa u
kpehe ce usmehy 7 kQ/Sq u 6 MQ/SQ. Ha ocnosy UV-VIS meperwa odpehiene cy wupune
3a06par-eHUX 30Ha 3a OUpeKmue u uHOupekmue npeiase, u kpehy ce y oncezy 2.61 — 2.67 eV u
1.40 — 1.44 eV pecnexmueno. Odpehene cy u onmuuxe koncmaume n, k u o.
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Abstract

Flexible polymers modified with copper sulfides have emerged as a novel class of materials,
presenting composite structures with remarkable properties suitable for applications in flexible
electronics. This study focuses on the deposition of copper sulfide (Cu,S) layers onto the surfaces of
polyamide and polypropylene through the chemical bath deposition method, employing either 2 or 3
deposition cycles. The objective is to explore the impact of deposition cycles and discern the optimal
conditions for the deposition process. Comprehensive analysis of the Cu,S thin films entails techniques
such as scanning electron microscopy (SEM), Raman spectroscopy, UV-VIS spectroscopy, and X-ray

diffraction to shed light on their structural and optical characteristics.
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1. INTRODUCTION

The CuS, commonly referred to as covellite, demonstrates both superconducting and metallic
behaviour at distinct temperatures, as documented in various studies [1-5]. Notably, this material is
environmentally friendly and abundant. Its considerable potential for application in Li-ion
rechargeable batteries has been widely recognized [6-8]. Additionally, numerous reports highlight its
suitability for use in optoelectronic devices [9], solar cells [2, 5, 9, 10], photo catalytic activity [11],
chemical sensing [12], and in the fabrication of gas sensors for devices [8, 13, 14]. The origin of
superconductivity in CuS is elucidated by its intriguing crystal symmetry. It possesses two distinct
crystalline forms at different temperatures. Under ambient conditions, it adopts a hexagonal structure
with the space group P63/mmc (Z=6) [15, 16, 17]. However, at a low temperature of approximately
55K, it undergoes a structural phase transition from a hexagonal structure to orthorhombic crystal
symmetry (Cmcm) [17]. Despite extensive investigations of the structure and associated properties of
Cus, the findings exhibit mutual inconsistencies. Notably, there are conflicting reports regarding the
transition temperatures from the conducting to the superconducting state in CuS. Raveau et al. [18]
have documented superconducting behaviour below 40K, while Buckel et al. and Saito et al.
independently observed it at remarkably lower temperatures, specifically 1.2K and 1.72K, respectively
[19, 20].

Copper sulfide forms five stable phases at room temperature: covellite (CuS), anilite (Cuy.75S),
digenite (Cu,gS), djurleite (Cuy¢sS) and chalcocite (Cu,S) with a crystal structure varying from
orthogonal to hexagonal [13]. Copper sulfide films are interesting absorber materials with their film
solar cells with ideal optical characteristics [5, 21, 22]. Copper sulfide thin films maintain
transmittance in the infrared region, low reflectance in the visible region, and relatively high
reflectance in the near infrared region, which has been used in many applications, including solar
control coatings, solar energy conversion, electronic, and low-temperature gas sensor applications [14,
21, 22, 23].

Furthermore, disagreement persists regarding the valence state of the Cu atom within the
structure. Several oxidation formalisms propose a valence state for the Cu atom ranging from 1 to
1.4e” [20, 24, 25]. Conversely, X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) assert the ionic state of the Cu atom with a valency of 1e [10, 26, 27]. Kumar et
al.'s XAS investigation [28] reports two oxidation states of the Cu atom, corresponding to two distinct
crystallographic positions. Moreover, X-ray emission spectroscopy (XES) and X-ray absorption near-
edge spectroscopy (XANES) consistently depict the same valence state of the S atom in solid CusS [29,
30, 31]. Consequently, a consensus on the aforementioned aspects of CuS remains elusive.

Nanocomposites are a class of composites wherein at least one of the constituent phases exhibits
dimensions within the nanometer range [6]. These materials have emerged as promising alternatives to
address the limitations associated with microcomposites and monolithics. However, their preparation

presents challenges, particularly in the precise control of elemental composition and stoichiometry



within the nanocluster phase. Widely regarded as materials defining the 21st century, hanocomposites
possess distinctive design characteristics and property combinations not observed in traditional
composites.

Polymer nanocomposites consist of two primary elements: an organic polymer matrix and
inorganic components, often semiconductors. This category encompasses a variety of structures,
including three-dimensional metal matrix composites, lamellar composites, colloids, porous materials,
gels, and copolymers where nanosized materials are dispersed within the bulk matrix. The properties
of these nanocomposites are intricately linked to the characteristics of their components, morphology,
and interfaces. To broaden the potential applications of polymer nanocomposites, enhancements in the
thermal, mechanical, and electronic properties of conventional polymer materials are essential [32,
33]. This necessitates a concerted effort to improve and optimize these properties, thereby extending
the range of possible applications for these advanced materials.

Usage of polymer films, coated with electroconductive layers, has been increasing in the past
years due to their elasticity, resistance against corrosion and low toxicity. Electrically conductive Cu,S
layers on polymers can be prepared by methods of vacuum evaporation, activated reactive evaporation
[13], electroless deposition [34], successive ionic layer adsorption and reaction (SILAR) [15],
chemical bath deposition [35], and sorption—diffusion methods [36, 37].

Polyamide is a semihydrophilic polymer with the ability to absorb ions and molecules from
various electrolytes in both aqueous and non-aqueous solutions [38]. This property makes it useful for
a range of applications. Polyamide is known for its high thermal resistance and excellent mechanical
properties. Types of Polyamide:

e Nylon 6 (PA 6): This is a widely used polyamide with good mechanical properties and

excellent resistance to abrasion.

¢ Nylon 66 (PA 66): Known for its high melting point and chemical resistance, it is commonly

used in the automotive industry.

Nylon is widely used in the textile industry for the production of fabrics, garments, and carpets.
Polyamide is used in various automotive components, such as gears, bushings, and engine parts. Nylon
is used in the production of durable and heat-resistant plastic parts.

On the other hand, polypropylene (PP) is an economical thermoplastic polymer that boasts
outstanding chemical, physical, and mechanical characteristics. These include flame resistance,
transparency, a high heat distortion temperature, dimensional stability, and recyclability, making it
well-suited for a wide array of applications [39, 40, 41, 42]. Polypropylene is relatively rigid, has a
high melting point (160-166 °C), low density (0.91-0.94 g/cm?®), and demonstrates good resistance to
high temperatures, chemical agents, and impacts [43].

This study aimed to investigate the morphology and optical properties of copper sulfide layers
formed on polyamide and polypropylene film using the chemical bath deposition method. Structural

characterization of the thin films was performed with the help of X-ray diffraction, and Scanning



Electron Microscopy, while the optical properties were characterized with UV/VIS spectroscopy and
Raman spectroscopy.
2. MATERIALS AND METHODS

2.1. Thin films formation

Commercially available PA (PA 6, Tecamid 6, Ensinger GmbH (Germany) and PP (Proline
X998, KWH Plast, Finland) films were chosen as flexible substrates for the deposition of thin films of
copper sulfide Cu,S). The nominal characteristics of PP and PA films provided by the manufacturer

are given in Table 1.

TABLE 1. Characteristics of PA and PP films

Polymer Appearance Thickness (um) Density (g/cm®) Surface
Resistance (€2)
PA opaque 500 1.13 10"
PP clear 150 0.90 10"

Acetone (CH;COCHs;, 99.5%), alcohol (CH;CH,OH, 95%), and all other chemicals used for
deposition were purchased from Sigma-Aldrich and were of analytical grade, used without further
purification.

Before the experiments, the PA films were boiled in distilled water for 2 h to remove the
remaining un-polymerized monomer residues. PP films were etched for 25 min at 90 °C with
oxidizing solution (H,SO4/HsPO, (1:1), saturated with CrOs) [39] Then, samples of polymers were
dried with filter paper and incubated over anhydrous CaCl, for 24 h.

The Cu,S thin films deposit was carried out at room temperature by using the following
procedure: 0.05 M CuCl, and 0.05 M Na,S,05; were mixed, and the pH of the resultant solution was
adjusted to 3. The pre-treated PA and PP samples were vertically immersed along the wall of the
reactor and were left undisturbed for the deposition of Cu,S films for 16 h at 20 °C. At the end of the
deposition time, the samples were taken out and then the substrate was rinsing with distilled water for
30 s to remove the desorbed ions and dried in a desiccator for 8 h. The deposition process was carried
out by repeating such deposition cycles 3 times. The formed samples were annealed at 80 °C for 30

minutes in an air atmosphere.

2.2. Thin films characterisation



Structural characterization of polymers coated with films was done by a Scanning Electron
Microscope Hitachi SU8030 supported with a secondary electron detector.

Raman measurements were carried out in a backscattering configuration on a Horiba XploRA
confocal Raman instrument equipped with a charge-coupled-device (CCD) detector. The spectra
acquisition was carried out using an excitation laser wavelength of 532 nm of ca. 100mW power, in a
spectral range of 200 — 1100 cm .

The UV/VIS diffusion reflectance spectra were recorded in the wavelength range of 300 — 1000
nm on a Shimadzu UV-2600 spectrophotometer equipped with an integrated sphere. The absorbance
spectra were measured relative to a reference sample of virgin polymers (PA and PP). The optical
band gap from the absorbance measurements was calculated using the Tauc plot.

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffractometer
equipped with a PW 1730 generator, 40 kV % 20 mA, using Ni filtered Co Ka radiation of 0.1778897
nm at room temperature. Measurements were carried out in the 2 h range of 10 to 90° with a scanning

step of 0.05° and a scan time of 10 s per step.

3. RESULTS AND DISCUSSION
3.1. Scanning Electron Microscopy

The scanning electron microscopy technique was used to evaluate the changes in the surface
morphology of polyamide and polypropylene after 2 or 3 cycles of copper sulfide Cu,S thin films
deposition. The description makes reference to SEM micrographs in Figure 1. In Figure 1(a), the SEM
images illustrate the initial state of the polymers, with PA on the left and PP on the right. In Figure
1(b), the SEM images indicate that copper sulfide grains exhibit irregular shapes and varying sizes
after 2 cycles of film deposition. Following 3 cycles of film deposition, Figure 1(c) reveals
micrographs displaying a dense structure composed of a single type of small, closely packed
microcrystals. The thin copper sulfide films on the surfaces of PP and PA are well-dispersed,
relatively uniform, and consist of randomly oriented particles. Such morphological characteristics can
result in a highly rough surface with significant porosity, potentially leading to increased catalytic
activity. The pronounced agglomeration on the surface of thin films indicates semiconductor

characteristics of Cu,S.
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Figure 1. SEM micrographs of PA (left) and PP (right) polymers: (a) virgin polymers, (b) after 2
cycles of film deposition, and (c) after 3 cycles of film deposition.

PA showcases a porous structure reminiscent of seaweed, indicating a high degree of porosity.
Consequently, it necessitates 3 cycles of film deposition to achieve the desired results. The substantial
porosity on the surface of PA promotes strong adhesion and facilitates the growth of the copper sulfide
film. In contrast, the surface of PP bears a resemblance to melted plastic and displays a porosity
relatively lower than that of PA. For PP, the optimal outcome is achieved with 2 cycles of film
deposition, as further cycles result in the agglomeration of film material.



These findings underscore the importance of customizing the number of film deposition cycles
to align with the specific surface characteristics of different polymers. The choice of cycle count plays
a pivotal role in shaping the resulting film morphology and its associated properties.

3.2. X-ray diffraction

The crystallinity and the preferred crystal orientation of the Cu,S nanocomposite were analyzed
by the XRD method. Figure 2 shows the diffraction pattern of the film. There is one high intensity
diffraction peak around at 26=28,46° which is related to lattice planes of (101) (PDF 06-0464) the
hexagonal phase of the Cu,S covellite structure [4, 6, 22, 39]. The other peak that appeared with lower
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Figure 2. X-ray diffraction results of PA/Cu,S and PP/Cu,S after 2 or 3 cycles of deposition.

The peak of lower intensity in our case is visible only in the instance of Cu,S on the flexible
polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable
only in the case of PP/Cu,S after 3 cycles, corresponding to 26=32.49 degrees. This pertains to the
Cu,S (0.6<x<1) phase, present in the sample at a significantly lower concentration, as confirmed by
the Raman spectrum [38].

3.3. UV-VIS Spectroscopy

UV/VIS analysis is able to describe the electrical properties of the materials. Bandgap (E),
which indicated conductivity of the material: conductor, semiconductor or insulator, can be calculated
from the data of this investigation. The optical absorption data have been analyzed to determine the

optical bandgap values using the Tauc’s relation [44]:

ah = A(hv — Eg)n (1)

where o — the absorption coefficient, hv — the photon energy, A — the proportionality constant, E4 — the

optical bandgap, n — a constant associated with different types of electronic transitions.

The absorbance spectra of the film were measured in the range of 2001000 nm, as shown in
Figure 4. Films have max absorbance around 300 nm and then absorbance drops, one more hill in NIR

region, around 900 nm, indicates a copper-deficient compound (Cu,S or less).
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Figure 3. UV-VIS Absorbance spectra and spectra plot of (ahv)? or(ahv)"? versus Photon energy (hv)
for polymers with thin films.

The experimental values of (ahv)® against hv are plotted in Figure 3. The variation of (ahv)?
with hv is linear, indicating that a direct transition is present. Extrapolating the straight-line portion of
the plot of (ahv)® against hv to energy axis for the zero-absorption coefficient gives the optical band
gap energy of the samples.

The energy band gap values for a thin film using PA polymer, which has a thickness of 0.05 cm,
are as follows:

For the direct band gap:
After 2 cycles: 2.75 eV
After 3 cycles: 2.78 eV

For the indirect band gap:
After 2 cycles: 1.41 eV
After 3 cycles: 1.29 eV

These values represent the amount of energy required to transition an electron from the valence

band to the conduction band. The direct band gap signifies the energy difference between the highest
energy state in the valence band and the lowest energy state in the conduction band, whereas the
indirect band gap considers transitions involving changes in momentum.

It is important to note that the number of film deposition cycles can have a discernible impact
on the band gap values. In this particular case, subtle variations in the band gap values are observed

between 2 and 3 cycles of film deposition for both direct and indirect transitions.



The energy band gap values for a thin film using PP (polypropylene) polymer, with a thickness

of 0.02 cm, are as follows:
For the direct band gap:

After 2 cycles: 2.76 eV

After 3 cycles: 2.77 eV
For the indirect band gap:

After 2 cycles: 1.37 eV

After 3 cycles: 1.31 eV
It is noteworthy that the values of the direct band gap slightly exceed the typical range reported

in the literature, which generally falls within 2.5 eV [45]. Although the film thickness did not differ
significantly, the direct band gap values for all four samples were remarkably consistent. These results
underscore that the PP/Cu,S and PA/Cu,S composites exhibit clear semiconductor properties, and their

direct band gap values suggest their suitability as promising materials for the fabrication of solar cells.

3.4. Raman Spectroscopy PA and PP polymers with thin films

Raman spectroscopy provides valuable insights into the local structure of materials. Based on
the XRD patterns, Cu,S and Cu,.,S can be expected in the Raman spectra. The knowledge of the
vibrational properties of bulk material is deciding for the analysis of the vibration properties of
nanoparticles; hence, we began the analysis of vibrational properties with a brief report of the data
from the literature, which are related to the registered phases. Copper sulfide exists in five stable
phases at room temperature. These phases have crystal structures that range from orthogonal to
hexagonal. Hexagonal Cus$S crystals have a space group Dg," and a primitive unit cell that contains 12
atoms, namely, six of Cu and six S ones. Group theory analysis predicts eight Raman active modes of

the zone-center for this crystal [46]:

241, + 2E 15 + 4E»; (2)

The Raman spectra are usually analyzed using the convolution of the Lorentzian functions,

where each line has intensity (1), given with:

24 w
I(w) o ?4(W—WC)2+W2 )
where w., W, and A are the position of the maximum, the half-width of the peak, and the peak
intensity, respectively. In Figure 4, Raman spectra are depicted for PA and PP polymers with thin

Cu,S films following 2 or 3 cycles of film deposition, spanning the frequency range of 200-1100 cm™.



The data measured depicted with lines in Figure 4 resemble the calculated thick curve, which

represents the sum of the components each one defined with Equation 3.
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Figure 4. Raman spectra of the Cu,S nanocomposite on PP and PA polymers.

A small peak at 265 cm™ corresponds to the Cu-S vibration in covellite (CuS) [46].
Additionally, a highly sharp peak at 471 cm™ is attributed to the S-S stretching vibration of S, ions at
the 4e sites [46]. The dominance of the S-S stretch band in the spectrum, particularly when the
potential enters the region where Cu,.,S is formed [47], suggests that lattice atoms are well-ordered in

a periodic array. This result underscores the capability of Raman spectroscopy to distinguish between



copper sulfides with and without S-S bonding. Notably, the intensity of this peak increases after 3
cycles of film deposition. By increasing the number of deposition cycles, stable Cu,,S phases are
obtained, opening up possibilities for new applications.

Raman spectroscopy is a technique that has enabled the determination of Cu,S and Cu,,S
phases composition in thin films nanocomposite. The presence of the Cu,S phase is approximately
2,5%, while the Cu,.,S phase is three times higher. In the case of PA polymer, after the third cycle of
deposition, there is an increased agglomeration indicated by increased intensity of the mode. In the
case of nanocomposite with PP, there is no pronounced agglomeration.

CONCLUSION

Copper sulfide thin films are deposited on a flexible polymer substrate using the chemical bath
deposition method. Scanning electron microscopy was used to evaluate the changes in surface
morphology of PA and PP after 2 or 3 cycles of film deposition Cu,S. The thin copper sulfide films on
surface of PP and PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. The XRD method was used to analyze the crystallinity and preferred crystal orientation of
Cu,S nanocomposite. There is one high intensity diffraction peak around at 26=28,46° which is related
to lattice planes of (101) the hexagonal phase of the Cu,S covellite structure. The other peak appeared
with lower intensities around at 26=47° is related to the lattice planes of (107) the Cu,S covellite
structure. The peak of lower intensity in our case is visible only in the instance of Cu,S on the flexible
polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable
only in the case of PP/Cu,S after 3 cycles, corresponding to 26=32.49 degrees. This pertains to the
CuoS (0.6<x<1) phase, present in the sample at a significantly lower concentration, as confirmed by
the Raman spectrum. Direct and indirect allowed transitions are exhibited for Cu,S thin films with
energy band gaps of 2.75-2.78 eV and 1.29-1.41 eV, respectively. Direct band gap values exceeding
the conventional literature range indicate that these composites possess desirable semiconductor
characteristics, rendering them potentially excellent candidates for utilization in photovoltaics
applications. Raman spectroscopy has been utilized to analyze composition of Cu,S and Cu,.S phases
in thin film nanocompostion. In Raman spectra small peak at 265cm™ corresponds to the Cu-S
vibration in covellite (Cu,S). Highly sharp peak at 471 cm™ is attributed to the S-S stretching vibration
of S, ions at the 4e” sites. The dominance of the S-S stretch band in the spectrum, particularly when the
potential enters the region where Cu,.,S is formed, suggests that lattice atoms are well-ordered in a

periodic array.



Acknowledgement

This research was supported by the Science Fund of the Republic of Serbia, Grant No.

7504386, Nano Object in Own Matrix-Self Composite (NOOM-SeC).

References:

10.

Rezig, B.; Duchemin, S.; Guastavino, F. Evaporated Layers of Cuprous Sulfides: Technology and
Methods of Characterization. Solar Energy Materials 1979, 2, 53. https://doi.org/10.1016/0165-
1633(79)90030-3

Yepsen, O.; Yéfez, J.; Mansilla, H.D. Photocorrosion of Copper Sulfides: Toward a Solar Mining
Industry. Solar Energy 2018, 171, 106. https://doi.org/10.1016/j.solener.2018.06.049

Lenggoro, IL.W.; Kang, Y.C.; Komiya, T.; Okuyama, K.; Tohge, N. Formation of Submicron
Copper Sulfide Particles Using Spray Pyrolysis Method. Japanese Journal of Applied Physics,
Part 2: Letters 1998, 37, L288. https://iopscience.iop.org/article/10.1143/JJAP.37.L288/pdf

Sabah, F.A.; Ahmed, N.M.; Hassan, Z.; Rasheed, H.S. High Performance CuS p-Type Thin Film
as a Hydrogen Gas Sensor. Sens Actuators A Phys 2016, 249, 68.
http://dx.doi.org/10.1016/j.snb.2017.03.020

Wu, C.; Zhang, Z.; Wu, Y.; Lv, P.; Nie, B.; Luo, L.; Wang, L.; Hu, J.; Jie, J. Flexible CuS
Nanotubes—ITO Film Schottky Junction Solar Cells with Enhanced Light Harvesting by Using an
Ag Mirror. Nanotechnology 2013, 24, 045402. https://iopscience.iop.org/article/10.1088/0957-
4484/24/4/045402

Zhang, Y.; Tian, J.; Li, H.; Wang, L.; Qin, X.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X.
Biomolecule-Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene
Oxide Nanocomposites with Enhanced Photocatalytic Performance. Langmuir 2012, 28, 12893.
https://doi.org/10.1021/1a303049w

Peng, H.; Ma, G.; Sun, K.; Mu, J.; Wang, H.; Lei, Z. High-Performance Supercapacitor Based on
Multi-Structural CuS@polypyrrole Composites Prepared by in Situ Oxidative Polymerization. : J.
Mater. Chem. A 2014, 2, 3303. https://doi.org/10.1039/C3TA13859C

Xu, J.; Zhang, J.; Yao, C.; Dong, H. Synthesis of Novel Highly Porous CuS Golf Balls by
Hydrothermal Method and their Application in Ammonia Gas Sensing. Journal of the Chilean
Chemical Society 2013, 58, 1722. http://dx.doi.org/10.4067/S0717-97072013000200017

Froment, M.; Cachet, H.; Essaaidi, H.; Maurin, G.; Cortes, R. Metal Chalcogenide
Semiconductors Growth from Aqueous Solutions. Pure and Applied Chemistry 1997, 69, 77.
https://doi.org/10.1351/pac199769010077

Pattrick, R.A.D.; Mosselmans, J.F.W.; Charnock, J.M.; England, K.E.R.; Helz, G.R.; Garner,
C.D.; Vaughan, D.J. The Structure of Amorphous Copper Sulfide Precipitates: An X-Ray
Absorption Study. Geochim Cosmochim Acta 1997, 61, 2023. https://doi.org/10.1016/S0016-
7037(97)00061-6


https://doi.org/10.1016/0165-1633(79)90030-3
https://doi.org/10.1016/0165-1633(79)90030-3
https://doi.org/10.1016/j.solener.2018.06.049
https://iopscience.iop.org/article/10.1143/JJAP.37.L288/pdf
http://dx.doi.org/10.1016/j.snb.2017.03.020
https://iopscience.iop.org/article/10.1088/0957-4484/24/4/045402
https://iopscience.iop.org/article/10.1088/0957-4484/24/4/045402
https://doi.org/10.1021/la303049w
https://doi.org/10.1039/C3TA13859C
http://dx.doi.org/10.4067/S0717-97072013000200017
https://doi.org/10.1351/pac199769010077
https://doi.org/10.1016/S0016-7037(97)00061-6
https://doi.org/10.1016/S0016-7037(97)00061-6

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Flores-Garcia, E.; Gonzalez-Garcia, P.; Gonzalez-Hernandez, J.; Ramirez-Bon, R. Non-Toxic
Growth of Cu,S Thin Films in Alkaline Medium by Ammonia Free Chemical Bath Deposition.
Optik (Stuttg) 2017, 145, 589. https://doi.org/10.1016/j.ijle0.2017.08.043

Kozhevnikova, N.S.; Maskaeva, L.N.; Markov, V.P.; Lipina, O.A.; Chufarov, A.U.; Kuznetsov,
M. V. One-Pot Green Synthesis of Copper Sulfide (I) Thin Films with p-Type Conductivity.
Mater Chem Phys 2020, 242, 122447, https://doi.org/10.1016/j.matchemphys.2019.122447

Grozdanov, I.; Najdoski, M. Optical and Electrical Properties of Copper Sulfide Films of Variable
Composition. J Solid State Chem 1995, 114, 469. https://doi.org/10.1006/jssc.1995.1070

Galdikas, A.; Mironas, A.; Strazdiene, V.; Setkus, A.; Ancutiene, I.; Janickis, V. Room-
Temperature-Functioning Ammonia Sensor Based on Solid-State CuxS Films. Sens Actuators B
Chem 2000, 67, 76. https://doi.org/10.1016/S0925-4005(00)00408-1

Pathan, H.M.; Desai, J.D.; Lokhande, C.D. Modified Chemical Deposition and Physico-Chemical
Properties of Copper Sulphide (Cu,S) Thin Films. Appl Surf Sci 2002, 202, 47.
https://doi.org/10.1016/S0169-4332(02)00843-7

Arora, S.; Kabra, K.; Joshi, K.B.; Sharma, B.K.; Sharma, G. Structural, Elastic, Thermodynamic
and Electronic Properties of Covellite, CuS. Physica B Condens Matter 2020, 582, 311142.
https://doi.org/10.1016/j.physb.2018.11.007

Fjellvag, H.; Gronvold, F.; Stolen, S.; Andresen, A.F.; Muller-Kafer, R.; Simon, A. Low-
Temperature Structural Distortion in CuS. Zeitschrift fur Kristallographie - New Crystal
Structures 1988, 184, 111. https://doi.org/10.1524/zkri.1988.184.1-2.111

Raveau, B.; Sarkar, T. Superconducting-like Behaviour of the Layered Chalcogenides CuS and
CuSe below 40 K. Solid State Sci 2011, 13, 1874.
https://doi.org/10.1016/j.solidstatesciences.2011.07.022

Buckel, W.; Hilsch, R. Zur Supraleitung von Kupfersulfid. Zeitschrift fir Physik 1950, 128, 324.
https://doi.org/10.1007/BF01333079

Saito, S.-H.; Kishi, H.; Nié, K.; Nakamaru, H.; Wagatsuma, F.; Shinohara, T. Cu NMR Studies of
Copper Sulfide. Phys. Rev. B 1997, 55, 14527.
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.55.14527

Hamed, M.S.G.; Mola, G.T. Copper Sulphide as a Mechanism to Improve Energy Harvesting in
Thin Film Solar Cells. J Alloys Compd 2019, 802, 252.
https://doi.org/10.1016/j.jallcom.2019.06.108

Marimuthu, T.; Anandhan, N.; Panneerselvam, R.; Ganesan, K.P.; Roselin, A.A. Synthesis and
Characterization of Copper Sulfide Thin Films for Quantum Dot Sensitized Solar Cell and
Supercapacitor ~ Applications.  Nano-Structures &  Nano-Objects 2019, 17, 138.
https://doi.org/10.1016/j.nan0s0.2018.12.004

Sangamesha, M.A.; Pushpalatha, K.; Shekar, G.L.; Shamsundar, S. Preparation and
Characterization of Nanocrystalline CuS Thin Films for Dye-Sensitized Solar Cells. ISRN
Nanomater 2013, 1. https://doi.org/10.1155/2013/829430


https://doi.org/10.1016/j.ijleo.2017.08.043
https://doi.org/10.1016/j.matchemphys.2019.122447
https://doi.org/10.1006/jssc.1995.1070
https://doi.org/10.1016/S0925-4005(00)00408-1
https://doi.org/10.1016/S0169-4332(02)00843-7
https://doi.org/10.1016/j.physb.2018.11.007
https://doi.org/10.1524/zkri.1988.184.1-2.111
https://doi.org/10.1016/j.solidstatesciences.2011.07.022
https://doi.org/10.1007/BF01333079
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.55.14527
https://doi.org/10.1016/j.jallcom.2019.06.108
https://doi.org/10.1016/j.nanoso.2018.12.004
https://doi.org/10.1155/2013/829430

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gainov, R.R.; Dooglav, A. V; Pen’kov, I.N.; Mukhamedshin, I.R.; Mozgova, N.N.; Evlampiev,
ILA.; Bryzgalov, ILA. Phase Transition and Anomalous Electronic Behavior in the Layered
Superconductor CuS Probed by NQR. Phys. Rev. B 2009, 79, 075115.
https://doi.org/10.1103/PhysRevB.79.075115

Mazin, I.I. Structural and Electronic Properties of the Two-Dimensional Superconductor CuS
with 113-Valent Copper. Phys Rev B Condens Matter Mater Phys 2012, 85, 115133.
https://doi.org/10.1103/PhysRevB.85.115133

Wei Goh, S.; Buckley, A.N.; Lamb, R.N.; Rosenberg, R.A.; Moran, D. The Oxidation States of
Copper and Iron in Mineral Sulfides, and the Oxides Formed on Initial Exposure of Chalcopyrite
and Bornite to Air. Geochimica et Cosmochimica Acta 2006, 70, 2210.
https://doi.org/10.1016/j.gca.2006.02.007

Van der Laan, G.; Pattrick, R.A.D.; Henderson, C.M.B.; Vaughan, D.. Oxidation State
Variations in Copper Minerals Studied with Cu 2p X-Ray Absorption Spectroscopy. Journal of
Physics and Chemistry of Solids 1992, 53, 1185. https://doi.org/10.1016/0022-3697(92)90037-E

Kumar, P.; Nagarajan, R.; Sarangi, R. Quantitative X-Ray Absorption and Emission
Spectroscopies: Electronic Structure Elucidation of Cu2S and CuS. J Mater Chem C Mater 2013,
1, 2448. https://doi.org/10.1039/C3TC00639E

Nakai, I.; Sugitani, Y.; Nagashima, K.; Niwa, Y. X-Ray Photoelectron Spectroscopic Study of
Copper Minerals. Journal of Inorganic and Nuclear Chemistry 1978, 40, 789.
https://doi.org/10.1016/0022-1902(78)80152-3

Kurmaev, E.Z.; Van Ek, J.; Ederer, D.L.; Zhou, L.; Callcott, T.A.; Perera, R.C.C.; Cherkashenko,
V.M.; Shamin, S.N.; Trofimova, V.A.; Bartkowski, S.; et al. Experimental and Theoretical
Investigation of the Electronic Structure of Transition Metal Sulphides: CuS, And. Journal of
Physics: Condensed Matter 1998, 10, 1687. https://doi.org/10.1088/0953-8984/10/7/016

Li, D.; Bancroft, G.M.; Kasrai, M.; Fleet, M.E.; Feng, X.H.; Yang, B.X.; Tan, K.H. S K- and L-
Edge XANES and Electronic Structure of Some Copper Sulfide Minerals. Phys Chem Miner
1994, 21, 317. https://doi.org/10.1007/BF00202096

Fu, S.; Sun, Z.; Huang, P.; Li, Y.; Hu, N. Some Basic Aspects of Polymer Nanocomposites: A
Critical Review. NMS 2019, 1, 2. https://doi.org/10.1016/j.nanoms.2019.02.006

Khan, I.; Khan, I.; Saeed, K.; Ali, N.; Zada, N.; Khan, A.; Ali, F.; Bilal, M.; Akhter, M.S.
Polymer Nanocomposites: An Overview. Smart Polymer Nanocomposites 2023, 167.
https://doi.org/10.1016/B978-0-323-91611-0.00017-7

Chen, Y.-H.; Huang, C.-Y.; Lai, F.-D.; Roan, M.-L.; Chen, K.-N.; Yeh, J.-T. Electroless
Deposition of the Copper Sulfide Coating on Polyacrylonitrile with a Chelating Agent of
Triethanolamine and Its EMI Shielding Effectiveness. Thin Solid Films 2009, 517, 4984.
https://doi.org/10.1016/j.tsf.2009.03.137

Pathan, H.M.; Desai, J.D.; Lokhande, C.D. Modified Chemical Deposition and Physico-Chemical
Properties of Copper Sulphide (Cu 2 S) Thin Films. Appl Surf Sci 2002, 202, 47.
https://doi.org/10.1016/S0169-4332(02)00843-7


https://doi.org/10.1103/PhysRevB.79.075115
https://doi.org/10.1103/PhysRevB.85.115133
https://doi.org/10.1016/j.gca.2006.02.007
https://doi.org/10.1016/0022-3697(92)90037-E
https://doi.org/10.1039/C3TC00639E
https://doi.org/10.1016/0022-1902(78)80152-3
https://doi.org/10.1088/0953-8984/10/7/016
https://doi.org/10.1007/BF00202096
https://doi.org/10.1016/j.nanoms.2019.02.006
https://doi.org/10.1016/B978-0-323-91611-0.00017-7
https://doi.org/10.1016/j.tsf.2009.03.137
https://doi.org/10.1016/S0169-4332(02)00843-7

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Balciunaite, E.; Petrasauskiene, N.; Alaburdaite, R.; Jakubauskas, G.; Paluckiene, E. Formation
and Properties of Mixed Copper Sulfide (Cu,S ) Layers on Polypropylene. Surfaces and
Interfaces 2020, 21, 100801. https://doi.org/10.1016/j.surfin.2020.10080

Petrasauskiene, N.; Paluckiene, E.; Alaburdaite, R.; Gili¢, M. Deposition of Copper Sulfide Films
on Polyamide Surface. Science of Sintering 2022, 54, 139. https://doi.org/10.2298/S0S2202139P

Janickis, V.; Petragauskiene, N.; Zalenkiene, S.; Morkvenaite-Vilkoficiene, I.; Ramanavicius, A.
Morphology of CdSe-Based Coatings Formed on Polyamide Substrate. J Nanosci Nanotechnol
2018, 18, 604. https://doi.org/10.1166/jnn.2018.13927

Alaburdaite, R.; Paluckiene, E. Investigation of Cu,S Layers on Polypropylene Film Formed by
Using  Different  Sulfuring  Agents.  Chalcogenide  Letters 2018, 15, 139.
https://www.chalcogen.ro/139_AlaburdaiteR.pdf

Noeske, M.; Degenhardt, J.; Strudthoff, S.; Lommatzsch, U. Plasma Jet Treatment of Five
Polymers at Atmospheric Pressure: Surface Modifications and the Relevance for Adhesion. Int J
Adhes Adhes 2004, 24, 171. https://doi.org/10.1016/j.ijadhadh.2003.09.006

Moloney, M.G. Functionalized Polymers by Chemical Surface Modification. J. Phys. D: Appl.
Phys 2008, 41, 9. http://dx.doi.org/10.1088/0022-3727/41/17/174006

Choi, Y.H.; Kim, J.H.; Paek, K.H.; Ju, W.T.; Hwang, Y.S. Characteristics of Atmospheric
Pressure N2 Cold Plasma Torch Using 60-Hz AC Power and Its Application to Polymer Surface
Modification. Surf Coat Technol 2005, 193, 319. https://doi.org/10.1016/j.surfcoat.2004.08.145

Alaburdaité, R.; Krylova, V. Study of Thermo-Oxidative Chemical Pre-Treatment of Isotactic
Polypropylene. J Therm Anal Calorim 2014, 118, 1331. https://doi.org/10.1007/s10973-014-
4226-0

Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of Amorphous
Germanium. Physica status solidi (b) 1966, 15, 627. https://doi.org/10.1002/pssb.19660150224

Nasgcu, C.; Pop, L.; Popescu, V.; Indrea, E.; Bratu, 1. Spray Pyrolysis Deposition of CuS Thin
Films. Mater Lett 1997, 32, 73. https://doi.org/10.1016/S0167-577X(97)00015-3

Ishii, M.; Shibata, K.; Nozaki, H. Anion Distributions and Phase Transitions in CuS;.xSex(x = 0-
1) Studied by Raman Spectroscopy. J Solid State Chem 1993, 105, 504.
https://doi.org/10.1006/jssc.1993.1242.

Trajic, J.; Curcic, M.; Casas Luna, M.; Romcevic, M.; Remesova, M.; Matej Balaz,|; Ladislav
Celko, |; Dvorak, K.; Romcevic, N. Vibrational Properties of the Mechanochemically Synthesized
Cu,SnS; : Raman Study. J. Raman Spectrosc 2022, 53, 977. https://doi.org/10.1002/jrs.6318



https://doi.org/10.1016/j.surfin.2020.100801
https://doi.org/10.2298/SOS2202139P
https://doi.org/10.1166/jnn.2018.13927
https://www.chalcogen.ro/139_AlaburdaiteR.pdf
https://doi.org/10.1016/j.ijadhadh.2003.09.006
http://dx.doi.org/10.1088/0022-3727/41/17/174006
https://doi.org/10.1016/j.surfcoat.2004.08.145
https://doi.org/10.1007/s10973-014-4226-0
https://doi.org/10.1007/s10973-014-4226-0
https://doi.org/10.1002/pssb.19660150224
https://doi.org/10.1016/S0167-577X(97)00015-3
https://doi.org/10.1006/jssc.1993.1242
https://doi.org/10.1002/jrs.6318

Ancmpakm

QnexcubunHu noaumepu Moouguxkosanu baxap-cyiguouma nojasuiu cy ce Kao HO8d KIACA
Mamepujana, npedcmasasajyhiu KOMRO3UMHe CMPYKmype ca U3aHpeoHuM 0COOUHAMA NO200HUM 3d
npumery y prexcubunnoj erekmponuyu. Osa cmyouja ce okycupa Ha denoHosarse ciojesa baxap-
cynguoa (Cu,S) na nospuiune noruamuda u NOAUNPONULEHA RyMeM Memode XeMUujcKo2 maiodicerbd u3
Kynke, npumenom 2 umu 3 yuxiyca manodcerva. Lluw je ucmpascumu ymuyaj 6poja yuxiyca
ManodAcerba U ymepoumu onmumaite ycioge 3a npoyec manodicerva. Ceeodyxeamna anaiuza maHKux
¢uamosa CU,S obyxeama mexnuke xao wimo cy ckenupajyha erexmponcka mukpockonuja (SEM),
Paman cnexmpocxonuja, UV-VIS cnekmpockonuja u pendeencra ougppakyuja xaxo du ce paceemaune

mUxoee CmpyKmypHe U onmuike Kapakmepucmuke.

Kwyune peuu: bakap-cynguo, Hanoxomnosum, Onmuuxa ceojcmea, SEM, Paman cnekmpockonuja,

UV-VIS cnexmpockonuja, Penoeencka ougparyuja
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Abstract: The discovered light modulation capabilities of diatom silicious valves make them an
excellent toolkit for photonic devices and applications. In this work, a reproducible surface-enhanced
Raman scattering (SERS) enhancement was achieved with hybrid substrates employing diatom silica
valves coated with an ultrathin uniform gold film. Three structurally different hybrid substrates,
based on the valves of three dissimilar diatom species, have been compared to elucidate the structural
contribution to SERS enhancement. The comparative analysis of obtained results showed that
substrates containing cylindrical Aulacoseira sp. valves achieved the highest enhancement, up to
14-fold. Numerical analysis based on the frequency domain finite element method was carried out to
supplement the experimental results. Our results demonstrate that diatom valves of different shapes
can enhance the SERS signal, offering a toolbox for SERS-based sensors, where the magnitude of the
enhancement depends on valve geometry and ultrastructure.

Keywords: diatom valve; SERS; surface-enhanced Raman scattering; guided-mode resonance; finite
element method; hybrid SERS sensors

1. Introduction

Since its discovery in 1974 as an outstanding technique for enhancing the Raman
signal [1], surface-enhanced Raman scattering (SERS) is gaining increasing interest due to
its sensitivity, which could enable single-molecule detection [2]. Despite the exponential
growth of publications on SERS, the true mechanism of enhancement is not fully under-
stood, although electromagnetic theory tends to cover all major SERS observations [3]. This
technique is based on plasmonically active substrates, which couple laser photons and
free electrons within these substrates to induce localized surface plasmon resonances (LSP)
and surface plasmon polaritons (SPP) in metallic nanoparticles and the planar metallic
surface with adjacent dielectric interfaces, respectively [2]. This leads to an enhancement of
electromagnetic fields in close proximity to the surface, where the analyte molecules are
adsorbed, consequently enhancing their Raman signal.

In recent years, the sensitivity of the SERS technique has been further improved by
employing hybrid substrates, which additionally incorporate dielectric photonic crystals
(PCs) or resonant gratings [4]. Such structures have a characteristic interaction with light
that can, in a certain wavelength range, obtain a high evanescent field at the surface where
the plasmonic structures are often located and thus additionally enhance the SERS signal.
For instance, in Hu et al. [5], the presence of a resonant 2D dielectric grating led to the
coupling of a guided-mode resonance (GMR) with the LSP, resulting in an improved SERS
signal. Nevertheless, the fabrication of such structures often requires clean-room techniques
that come with high environmental and financial costs.

As an alternative green solution, some biomaterials have been suggested to replace
such artificial dielectric structures in the fabrication of hybrid SERS substrates [6-10].
Among these, diatoms have been proposed as an outstanding source of biosilica with
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periodic porosity, mainly in the range of visible light wavelengths [11]. Diatoms are
unicellular aquatic microalgae enclosed in an intricate porous exoskeleton [12], representing
one of the exquisite examples of natural 2D photonic crystals [13,14]. Unlike artificial PCs
fabricated with expensive techniques such as lithography, thus being a limiting factor
for disposable sensors, diatoms are abundant and versatile [11,14,15]. Diatoms can be
cultivated under a wide range of conditions if nutrients and light are provided, and their
biosilica can be retrieved [16], modified [15,17], and utilized as building blocks in photonic
applications [14,18]. Each of the thousands of species discovered so far has a unique
morphology, valve geometry, and pore pattern [12]. Other examples of biomaterials used
in fabrication of hybrid SERS substrates include peacock feathers and opal [19], as well as
butterfly wings [20].

Diatom biosilica, i.e., mainly their valves, have been successfully employed in the
fabrication of various hybrid SERS sensors. These efforts have recently been reviewed
in [11]. It has been suggested that diatom valves contribute to SERS enhancement primarily
through GMR [11,21] but also by concentrating analyte molecules as well as nanoparticles
on their surface and pore rims. In previous work, valves of several diatom species, mainly
Pinnularia spp., have been utilized to fabricate hybrid substrates for SERS coated with
either silver or gold nanoparticles or, less often, thin films [11]. The creation of “hot spots”
between nanoparticles (NPs) leads to SERS enhancement factors of up to 10'°. Nevertheless,
homogeneous distribution of NPs remains a big challenge, leaving the hot spots to be placed
randomly and thus hampering the reproducibility of the SERS signal. One of the possible
strategies to overcome the consequence of the inhomogeneous distribution of NPs could be
to create “hot volumes” by placing arrays of weakly coupled metal nanohelices, as in [22].
On the other hand, a continuous metallic thin film may enable homogeneity of the SERS
signal across a hybrid substrate. It could also reveal the contribution of structural features
of the valve of a given species to SERS and the photonic properties, such as GMR. In the
literature, attempts to coat diatoms with homogeneous metallic thin films are scarce [11].
For instance, in Manago et al. [23], Pseudo-nitzschia multistriata valves were coated with
20-50 nm thick gold films, where films of 20 nm thickness showed cracks and discon-
tinuities. With increasing film thickness, the uniformity improved, with SERS signal
reproducibility reaching 80%. However, the 50 nm film exhibited a roughness of up to
10 nm. Kwon et al. [24] coated Coscinodiscus sp. with thin films of 15 nm but without dis-
closing any data on roughness. Moreover, by using thin plasmonic films, one eliminates the
influence of incoming light polarization, because in the case of metallic NPs, the strongest
signal is obtained when laser light is polarized parallel to the central axis of the NPs [25],
and in the case of rippled surfaces, there is a complex correspondence between patterns of
nanogaps, localized hot spots, and polarization [26].

In this work, we experimentally evaluate SERS enhancement, homogeneity, and
reproducibility obtained with hybrid substrates consisting of biosilica valves of three
diatom species—small pennate Gomphonema parvulum, medium-sized centric Aulacoseira sp.,
and large centric Coscinodiscus radiatus—of very different structural features, coated with
an ultrathin uniform gold film of 10 nm thickness. We deliberately chose three extremely
distinct species to investigate the contribution of their structural features and the associated
optical properties. A numerical analysis using the frequency domain method supplements
the experimental results.

2. Materials and Methods
2.1. Hybrid Substrate Preparation

Three morphologically distinct diatom valves belonging to three different species were
scrutinized in this study. Fresh cultures of centric diatom Coscinodiscus radiatus (Cosc) and
of pennate diatom Gomphonema parvulum (Gomp) were kindly provided by Dr. Cathleen
Oschatz (Max Planck Institute of Colloids and Interfaces, Potsdam, Germany), while a
diatomite (DE) sample was purchased from EP minerals (Reno, NV, USA) with abundant
Aulacoseira sp. (Aula). The siliceous valves were extracted from the fresh cultures via
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oxidation using the hot hydrogen peroxide method to remove organic matter, followed
by washing several times with deionized water. Fossil valves of Aulacoseira sp. (Aula)
were purified from the DE sample using the cold HCl method. After purification, the clean
valves were kept in deionized water for further use.

To obtain a monolayer of clean valves, about 60 uL of the valve suspension was
spread over clean glass substrates via the drop-casting method and left to dry under
ambient conditions. The concentration of the valves was optimized for each sample to
avoid agglomeration while forming the monolayer. To obtain a homogenous and well-
adhered ultrathin gold film across the valves, a self-assembled monolayer (SAM) was
applied to the substrates before the thermal evaporation process. For this, the silica
surface of the obtained monolayer was firstly activated using a plasma cleaner (Harrick
PDC-32G, Ithaca, NY, USA) in a low-pressure air atmosphere at mid-power, employing
RF =~ 10 MHz for generating the plasma for 10 min. Then, the samples were transferred
directly into a vacuum desiccator with an open Eppendorf containing about 80 uL of
(3-Mercaptopropyl)trimethoxysilane (MPTMS). Thereafter, the desiccator was evacuated
immediately, using a rough vacuum pump for 40 min. After three days in the evacuated
desiccator, the substrates were transferred directly to a physical vapor deposition chamber
(KJLC Nano 36,Dresden Germany), where a high vacuum (10~° Torr) was applied. The
deposition was carried out with an initial rate of 0.1 A/s and a final thickness of 100 A
(10 nm). The thickness was estimated using an integrated quartz crystal microbalance.
After deposition, the hybrid substrates were stored in a clean box for further use.

In order to compare the hybrid devices with the performance of a bare ultrathin gold
film, a reference substrate was fabricated without diatom valves. This created a transparent
electrode with a resistance of (45 &+ 3) () over the whole film. Our previous work showed
that this film has a maximum UV-VIS transmittance at 532 nm and a maximum absorbance
at 890 nm, where plasmonic resonance reaches the maximum (Figure S1).

2.2. Characterization

Structural characterization of diatom valves as well as of the ultrathin gold layer
was performed with a Hitachi SU8030 scanning electron microscope, supported with a
secondary electron detector.

For SERS measurements, about 7 uL. of 1 mM Rhodamine 6G (R6G) in ethanol was
dropped on top of the gold and left to dry at ambient conditions. SERS measurements
and mapping were carried out with a backscattering configuration on a Horiba XploRA
confocal Raman instrument equipped with a charge-coupled device (CCD) detector. The
spectra acquisition was carried out using an excitation laser wavelength of 638 nm of ca.
40 mW power, in a spectral range of 500-2100 cm !, with an integration time of 15 s per
spectrum and averaged over 5 accumulations. Raman mapping was performed with a
1 um step in the case of Aula and a 0.5 pm step in the cases of Cosc and Gomp, with an
integration time of 1 s per step. For focusing the light, the 100x objective (NA = 0.9) was
used, giving a beam size of approximately 0.5 um. Grating was set to 1200 grooves/mm.

2.3. Numerical Analysis

The numerical calculations were based on the finite element frequency domain method
(FEFD) implemented in COMSOL Multiphysics 5.5. Two-dimensional models representing
2D cross-sections (CSs) across the valves were built based on the structural parameters
extracted from SEM analysis. A layer of 10 nm thickness, representing the thin gold
film, was added to the CSs. The CSs were analyzed in a large rectangular simulation
box, illuminating from the left-hand-side boundary with a transverse electric field of
1 V/m strength. Perfectly matched layers were applied to the other three boundaries. The
refractive indices of air and silica were set to 1.00 and 1.46, respectively.
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3. Results
3.1. Morphology and Ultrastructure of the Hybrid Substrates

Scanning electron microscopy (SEM) was performed to reveal the fine structural
parameters of diatom valves as well as the homogeneity of the ultrathin gold layer.
Our previous AFM measurements confirmed the homogeneity and smoothness of the
evaporated gold film on glass activated with the SAM layer, with an average roughness
value (Ra) of 0.42 nm (Figure S2). The fine structure of the thin gold film on a valve of
Gomphonema parvulum is presented in Figure 1c, where the smooth continuous nature of
the film without the presence of cracks and voids can be observed. The structure of the
gold film on a reference glass substrate without diatom valves as well as over the other two
diatom valves (Coscinodiscus radiatus and Aulacoseira sp.) is presented in Figure S2, with
similar observations regarding the quality of the gold film.

Figure 1. SEM images of (a) Coscinodiscus radiatus, (b) Aulacoseira sp., and (c) Gomphonema parvulum
diatom valves with corresponding details.

SEM micrographs of the three diatom valves chosen are presented in Figure 1. Gomp
valves have an elliptic shape with an approximate length of 7 pm, an average width of
4.6 um, punctate areolae of 100 nm diameter and 214 nm spacing, and striae spacing
of 490-570 nm (Figure 1c). The complete description of Gomp valves is provided in
Ghobara et al. [27]. Cosc valves have a circular shape about 100 um in diameter, with inner
pores of 1.2 um and outer pores of 100 nm diameter, both regularly arranged in hexagonal
symmetry (Figure 1a). Unlike Gomp and Cosc, whose valves are of about equal size within
the studied samples, cylindrical Aula valves come in a variety of sizes, ranging from 6 to
20 um valve diameter, and generally follow the rule that the smaller the valve face size, the
longer the height. For SERS analysis, we chose the valves with bigger diameters (15-20 um)
that come with a hexagonal arrangement of pores of 250-300 nm in diameter and 0.6-1 pm
spacing. In Figure 1b, the top and bottom sides of Aula valves are depicted. While the top
side is shaped like a disk with spines at the ridges, the bottom side has a ring-like shape.

3.2. SERS Enhancement over Different Substrates

The cationic dye Rhodamine 6G (R6G) was used as a typical probe for SERS measure-
ments. R6G dissolved in ethanol has a strong absorption in the VIS region, with absorption
maximum at 554 nm and a vibronic shoulder at 518 nm (Figure S3), which is due to a
solvent effect that is slightly red-shifted compared to data from the literature (530 nm) [28].
According to the Franck—Condon rule, the luminescence spectrum was inverted as well
as red-shifted [29]. Due to strong luminescence in the VIS region, it is not possible to
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obtain normal Raman spectra with the typically used green or red laser excitation lines.
However, coating the surface with metal should quench the photoluminescence due to
non-radiative interaction with the metal surface, allowing the strong SERS signal of R6G
to be observed [30]. In our case, the luminescence was still not quenched when using the
green laser excitation line at 532 nm on the reference sample R6G on glass coated with
gold, limiting the observation of a strong, unhampered SERS signal. In contrast, using
the red excitation line at 638 nm on the same sample yields a strong SERS signal with
the characteristic modes of R6G [31] at around 610, 770, 1187, 1312, 1360, 1508, 1600, and
1648 cm 1. Detailed analysis of the origin of each mode of R6G can be found in [32].

Figure 2a demonstrates the comparison among the SERS spectra of R6G on different
hybrid substrates comprising different biosilica valves as well as the reference Au film on
glass. Different spectra for each hybrid substrate are shown in the same color, and they
stand for the signal reproducibility between different valves. Compared to the reference
sample, each of the three substrates dramatically enhances the SERS signal. The averaged
signal intensity of each characteristic mode of R6G on the four samples is depicted in
Figure 2b, while the relative enhancement of the SERS signal is presented in Figure 2c.
Depending on the mode observed, the signal of the spectrum obtained on Cosc was
enhanced 6-8 times compared to the SERS signal obtained on the reference sample, while
the hybrid substrates based on Gomp showed a 5-7-time enhancement. Finally, the signal
of the spectrum obtained on Aula underwent an 8-14-time enhancement, with noticeable
variation in the enhancement of different modes. The strongest relative enhancement was
observed for the mode at 1312 cm~! (Figure 2c). It must be emphasized that those values
do not stand for the absolute enhancement factor of the SERS signal, but instead the relative
enhancements compared to the thin gold layer on glass, containing no diatom valves.

Raman mapping was carried out to test the homogeneity on each hybrid substrate, as
well as the SERS improvement with respect to the flat unpatterned gold film surrounding
the valves. In Figure 3, Raman maps of the intense mode at 1360 cm ! on different hybrid
substrates are presented. In the case of the substrate based on Aula valves coated with a
thin gold layer (Figure 3a), the mapping is performed with steps of 1 um. The mapping
image corresponds to the optical image, and without a doubt, the signal is homogeneously
stronger on the valve than outside of it. As the Cosc valve is much bigger, only a small
part of it is mapped with fine steps of 0.5 um (Figure 3b). Here, in the mapping image, the
pore structure is preserved, i.e., the enhancement is stronger inside the pores, suggesting
that more light is trapped within. In the case of the small Gomp valve, a mapping with a
fine step of 0.5 um was carried out to image the whole valve as well as the surrounding
gold-coated glass substrate (Figure 3c). In this case, the mapping image corresponds to the
optical image as well. Nevertheless, the quality of the result is hampered due to a strong
luminescence arising from the valve edges.

3.3. Numerical Analysis

Numerical calculations were carried out on representative 2D cross-sections of differ-
ent hybrid substrates to investigate the possible contribution of the valves’ light modulation
capabilities, specifically GMR, to the obtained SERS enhancement. The structural parame-
ters necessary to build the 2D CSs, such as pore size and spacing, were extracted from the
SEM measurements (see Figure 1).

The Gomp valve has a distinct 1D grid-like structure, consisting of alternating striae
and costae, as demonstrated previously when its GMR was investigated [27]. In Ghobara
et al., the longitudinal CSs with grid-like structure were able to couple the light at a specific
range of wavelengths inside the grid, leading to the formation of an intense standing wave,
with simultaneous enhancement in reflectance and a drop in transmission [27]. By coating
the CSs with a 10 nm gold layer, the resonance wavelength maximum Agyr is slightly
shifted, with a reduction in the normalized electric field strength Enorm cmvr Within the
grid structure. For example, the CS close to the valve edges with maximum striae spacing
showed a zero-mode GMR at 610 nm (Figure 4c) instead of 613 nm for the same CS without
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a gold layer. For all Gomp CSs, no GMR maximum is obtained at the excitation wavelength

638 nm. Nevertheless, the field strength of the CS close to the edge is still high in

the near field, where the probe R6G molecules are adsorbed in the real measurements

(Figure 4c, bottom).
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Figure 3. Raman mapping of the intense mode of Rhodamine 6G at 1360 cm~! over Aula (a), Cosc
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(b), and Gomp (c) single valves covered with thin gold film (right) with corresponding light micro-
scope images (left).
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Figure 4. Electromagnetic field enhancement in 2D cross-sections of valve models coated with 10 nm
thick gold film at Agmr (top) and Aexc (bottom)—detail of the model of Cosc valve (a), Aula valve
(b), and Gomp valve (c). The electromagnetic field impinges from the left with an input strength of
1V/m.

The created 2D CS of the Cosc valve represents a cross-section through a whole valve,
including its mantle (curved edges). After coating the CS with a 10 nm gold layer, a GMR
maximum was observed at 700 nm. In Figure 4a, a small part of this CS, showing only
two areolae, is presented. At Aeyxc, away from the maximum, the ENorm drops from 3.49 to
2.5 V/m; however, the electric field is still confined inside the areolae (Figure 4a, bottom).
This likely matches SERS mapping results, suggesting that light is trapped within the
valves regardless of the GMR.

In the case of the Aula valve, as already described, the structural parameters showed a
relatively large variation: pore spacing ranges between 0.6 and 1 pm and pore size between
250 and 300 nm. For the Aula 2D CS with a 10 nm gold layer (Figure 4b), a GMR maximum
is obtained at 640 nm (AgpR) for the pore spacing of 0.61 pum, slightly off Aexc (638 nm).
At Aexe, ENorm drops from 6.27 to 5.88 V/m (Figure 4b, bottom). With increased pore
spacing, Agmr exhibits a strong red shift (Figure 5a), and for the pore spacing of 900 nm,
the resonance wavelength appears at 910 nm. It is worth mentioning that at higher Agumr,
in the red and infrared part of the spectrum, ENorm drops and consequently spreads more
evenly towards the valve edge. In Figure 5a, the pore spacing dependence of Agur is
demonstrated. Pore size and valve thickness dependence were also simulated (Figure 5b,c)
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Figure 5. GMR wavelength and Enorm GMR dependence on pore spacing (valve thickness 250 nm,
pore size 250 nm) (a); on pore size (valve thickness 250 nm, pore spacing 750 nm) (b); and on valve
thickness (pore size 250 nm, pore spacing 610 nm) (c).

4. Discussion

The exceptional smoothness, adhesion, and conductivity of the ultrathin gold film—in
addition to optical transparency—is attributed to the as-used fabrication method involving
a molecular adhesive monolayer of MPTMS [33]. Such properties cannot be obtained by
evaporating gold directly on a glass substrate [34]. Reducing film roughness on diatom
valves helps elucidate the enhancement contribution of the valves with respect to the
obtained SERS enhancement. Introducing diatom valves to the substrate adds micro- to
nano-scale structuring to the film. On structured metal films, unlike the flat film of the
reference substrate, the plasmonic excitations could be localized within nano-scale features,
resulting in a combination of propagating and confined plasmon excitations [24].

The pore size and pore spacing in diatoms are usually addressed as the key parameters
in considering the valves’ photonic crystal features. In many diatom valves, the pore
diameter spans four orders of magnitude, from 3 to 2000 nm [12,14,17,35], and the pore
spacing is in the same range, in many cases overlapping with the wavelength of visible
light. The pore size and spacing of our three structurally distinct valves are comparable
with Aexc. Pore size and pore spacings of Gomp are smaller than Aexc. For Aula, pore sizes
are approx. Aexc/2, while the spacing matches or exceeds Aexc. Finally, for Cosc, the pore
size is 2Aexc and the spacing approx. 3Aex.. Therefore, the periodic porosity of the valves
is similar to PC slabs and could have features such as GMR for off-axis light propagation.
Nevertheless, unlike artificial PC slabs, diatom valves are of finite size, with curved edges,
and often with more complex symmetries [35].

In resonant gratings and PC slabs, with a spacing comparable to the incident wave-
length, the GMR can be supported depending on different parameters, including pore
spacing, fill factor, thickness, light incident angle, and light polarization [36-38]. The
supported GMR can couple to plasmonic resonances that can strongly enhance the elec-
tromagnetic field at the interface (by evanescence), where the probe molecules are located.
This increases the absorption cross-section of the probe molecules, which eventually leads
to the enhancement of scattering, including Raman, obtaining a greatly surface-enhanced
Raman signal. For this, Aexc should match or be close to Agmr [21,39,40].

The simulation results show that Gomp valves can partially support GMR close to Aexc,
while the GMR supported by Cosc valves are probably off Aexc. In the case of Aula valves,
GMR are only supported close to Aex if the lower value of the pore spacing is considered.
However, the single Aula valve has a variation in pore spacing, defects, and imperfections.
In the case of defects and imperfections, the porous valve face still supports GMR, but with
shifted values, as demonstrated in Figure S4 where the central pore is blocked (left) and the
cross-section reduced just on the analytical grid (right). The Cosc valves might support a
different mechanism by trapping light inside the areolae, acting like a microcavity. Unlike
planar PC slabs, the presence of the mantle can couple the light into the valve, as has been
suggested through near-field scanning optical microscopy [41]. This can also add up to
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the observed enhancement in SERS. Finally, it should be noted that the two-dimensional
simulations have limitations, especially when considering resonance phenomena, as the
valves have three-dimensional structure. The simulations also did not include the influence
of the substrate.

5. Conclusions

In this work, we fabricated hybrid SERS substrates based on different naturally de-
signed diatom valves coated with a thin smooth gold film. The SERS signal obtained on
such hybrid substrates was reproducible and, compared to a reference substrate consisting
of a gold layer on glass without diatoms, increased on average by a factor of 6, 7, and
11 in the case of Gomp, Cosc, and Aula, respectively. Our findings suggest that probably all
diatom valves can be employed successfully as substrates in SERS-based sensors. Never-
theless, under equal conditions, the magnitude of enhancement varies depending on their
geometry and ultrastructure. GMR seems to not be the exclusive mechanism for enhancing
the SERS signal in diatom-based SERS hybrid sensors. More efforts are required in the
future to understand the real mechanisms for the obtained enhancement.
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https:/ /www.mdpi.com/article/10.3390 /nano13101594/s1, Figure S1: UV—VIS Absorbance spec-
trum of a 10 nm gold film on a glass slide activated with MPTMS; Figure S2: AFM image of the
10 nm gold film on a glass slide (left); and SEM micrographs of the gold film on a glass slide
(top right), Aula valve (middle right) and Cosc valve (bottom right). A glass slide was activated
with MPTMS before the gold layer was evaporated; Figure S3: UV—VIS Absorbance spectrum of
103 M Rhodamine 6G dissolved in ethanol; Figure S4: The influence of defects (left) and the absence
of curved edges (right) on GMR in Aula valve.
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Abstract:

Sphene based glass-ceramics (CaTiSiOs), an excellent candidate for a host lattice of
ceramic materials and for nuclear waste immobilization, has been prepared from a powder
mixture of CaCQg, TiO, and SiO, using vibro-milling for homogenization. Starting powders
were melted at 1400 °C for 2 h, cooled to room temperature, grounded again, then
crystallized by thermal treatment yielding a sphene glass-ceramic. The evolution of the phase
composition during thermal treatment was investigated by X-ray powder diffraction (XRPD),
FT-IR, Raman and thermal analyses (TG-DTA). Pure synthetic single phase sphene was
formed at 800 °C for 4 h, even it is very hard to obtain monophase powder at such low
temperature. Powder morphology was analyzed by scanning electron microscopy (SEM).
Keywords: Sphene; Glass-ceramics; Mechanochemistry; XRPD, TG-DTA.

1. Introduction

Glass-ceramics can be used for various applications, such as thermal, chemical,
biological and dielectric ones. These kinds of materials offer great possibilities as we can
control their properties, including strength, resistance to abrasion and coefficient of thermal
expansion [1]. Another advantage is the simple fabrication process in combination with a
lower production cost [2-5]. The synthesis of the parent glass is an important step in preparing
the final glass-ceramic material because the precursors and their percentage in the glass
composition manage the precipitation of the crystalline phases. The results of this process can
provide glass-ceramic with the desired properties.

Beside the biomaterials field, the glass-ceramics can be used as nuclear waste storage.
They are significantly more durable than borosilicate glasses in a wide variety of leachates at

) Corresponding author: jelena.pantic@vinca.rs
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neutral or alkaline pH values [6]. In previous research, the Canadian Nuclear Fuel Waste
Management program has considered the possibility of waste storage with glass-ceramics
containing crystalline titanite embedded in an aluminosilicate glass [7, 8]. It can also be used
for the stabilization of waste sludge [9, 10] and other waste material [11, 12].

Sphene or titanite (CaTiSiOs or CaTiO(SiO,4)) belongs to the nesosilicate family of
minerals. It crystallizes in monoclinic symmetry in two space groups: A2/a and P2;/a [13].
Sphene is a phase well known for its excellent containment capacity and long-term behavior
(high chemical durability and self-radiation resistance). It has good thermal stability and it is
an excellent candidate as a host material [14], as well as biomedical engineering (coatings on
Ti-6Al-4V) [15]. Furthermore, it can be used for nuclear waste disposal [16], luminescent
materials [17] and pigments [18-21] because of the ability to incorporate many elements into
its crystal lattice.

In our work, we report the synthesis of sphene without additional phases. It is very
difficult to obtain pure synthetic monophase titanite, especially bellow 1200 °C. Several
different methods like sol-gel, coprecipitation, combustion, spray pyrolysis, freeze-drying and
hydrothermal methods have been used. In most cases, pure sphene was not obtained [22-27].
There are always some traces of crystobalite (SiO,), perovskite (CaTiOs), wollastonite
(CaSiO3) and other phases, besides sphene.

When preparing the glass-ceramics at the laboratory, the crystallization of the parent
glass is carried in two-phase via thermal treatment: nucleation and growth. In this paper we
present the evolution of the crystallization, followed by scanning electron microscopy (SEM),
Fourier transforms infrared spectroscopy (FTIR), Raman spectroscopy and X-ray powder
diffraction (XRPD), with the temperature of the crystal growth thermal treatment, in the range
650-1250 °C. The formation process from glass to the final glass-ceramic product is discussed
for different temperature treatments.

2. Materials and Experimental Procedures
2.1. Powder preparation and synthesis

Reactants used in the synthesis were commercial powders: TiO, (Lab. Art. 808 E.
Merck), SiO, (ASP-K-amorphous, Prahovo) and CaCO; (pro analysi, 11490, Kemika,
Zagreb). Sample was prepared from stoichiometric amounts of powders and weighed 5 grams.
The powder mixtures were homogenized in the vibratory mill (Fritsch Puloerisette Analysette
Laborette, type 09 003, no. 155, 380 volt). Detailed description of the synthesis procedures
for sample can be found in the original paper [28]. Samples were ground for 30 min in air
atmosphere prior to melting at 1400 °C in a platinum crucible for 2 h. After melting, sample
was poured in water and grinded for glass homogenization before further thermal treatment.
The glass was transformed into glass-ceramics by annealing in an open-air atmosphere in
furnace. Calcination of powders was carried out at different temperatures from 600 to 1250
°C in at a heating rate of 10 °C/min and a soaking period of 4 h in alumina crucibles.

2.2. Characterization

The thermal stability of samples was investigated by non-isothermal thermo-
gravimetric analysis (TG) and DTA analysis using a SETARAM SETSYS Evolution-1750
instrument. The measurements were conducted at a heating rate of 10°C /min in a dynamic air
atmosphere (flow rate 16 cm3/min) in the temperature range from 30 to 1250 °C

Fourier transform infrared spectroscopy (FTIR) was performed in the absorbance
mode using a BOMEM Michelson Series MB FTIR spectrometer set to give undeformed
spectra. The resolution was 4 cm™' in the 400-2000 cm ' analyzed range. The spectra were
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obtained at room temperature from KBr pressed pellets prepared by mixing 1.5 mg of a
sample with 150 mg of KBr.

All of the samples were characterized at room temperature by X-ray powder
diffraction (XRPD) using Ultima IV Rigaku diffractometer equipped with Cu K, , radiation
using a generator voltage (40.0 kV) and a generator current (40.0 mA). The range of 10 - 90
°20 was used for all powders in a continuous scan mode with a scanning step size of 0.02 °
and at a scan rate of 2 °/min. Phase analysis was done by using the PDXL2 software (version
2.0.3.0) [23], with reference to the patterns of the International Centre for Diffraction Data
database (ICDD) [29], version 2012.

The average crystallite size (D) was calculated on the basis of the full-width at half-
maximum intensity (FWHM) of the main reflections by applying Scherrer’s formula:

Dpa = KA / (ﬂ'COS@ (2)

where K is a Scherrer’s constant (~0.9), 4 is the wavelengths of the X-ray used, 8 is
diffraction angle and g is corrected half-width for instrumental broadening given as g = (6, -
f3s) where ., and fs are observed half-width and half-width of the standard monoclinic sphene
sample, respectively.

Internal lattice strain (4d/d) of calcined samples was estimated from the Williamson-
Hall plots, using following equation [30]:

Potal C0SO = (KA)/D + (4Ad/d)-  (3)

where i represents full-width half-maximum of the characteristic XRPD peak and
Ad is the difference of the d spacing corresponding to a typical peak. The strain of
nanocrystals, Ad/d, can be estimated from the slope of function f-cos6 vs. sinf whereas
crystallite size, D, can be estimated from the y-intercept.

Micro-Raman scattering measurements were performed at room temperature using a
Jobin-Yvon T64000 triple spectrometer system equipped with a liquid-nitrogen cooled CCD
detector. The 4=514.5 nm line of an Ar*/Kr* mixed laser was used as an excitation source.

Microstructure and grain size were investigated using Field Emission Scanning
Electron Microscopy (FESEM), performed on a JEOL-5200F Scanning electron
microanalyzer.

3. Results and Discussion

The results of thermal analysis of sample (as- prepared glass) after melting at 1400 °C
are presented in Figure 1. As TG curve indicates, there is no obvious mass loss. At low
temperature (below 300 °C), small exotermic peaks corresponding to volatiles appear larger,
presumable due to the use of coarse powder [31]. As shown in DTA curves, there is a small
endothermic peak attributed to the glass transition temperature range. Its minimum that starts
at 760 °C refers to the glass transition temperature (Tg). The temperature at 886 °C belongs to
sharp exothermic peak, due to the amorphous-crystalline transformation. The maximum
temperature belongs to the crystallization peak temperature (Tp).
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Fig. 1. DTA/TG diagram for as-synthesized amorphous glass up to a heat treatment
temperature of 1250 °C. Black line — DTA,; red line — TG.

=
=
N

§
2000
8 o
o g 8 S° g
| = o |l ay o 8% ﬂ BV 8 54 o 1250°C
| g 4 gw g S o oh i 89 &
= 1501 JAJWJMWWW -
I O
g 10004 v } ‘ . 950 °C
S ) VJ WNWM-A’WWJ M.J\WMMMWWE:“
T I
M‘LJW«MWWMMWWWWMW
500+ 650 °C
glass
0 T T T T T T T 1
10 20 30 40 50 60 70 80 )

Fig. 2. X-ray powder diffraction patterns of sphene glass-ceramics (30 min grinding) after
melting at 1400 °C and calcination at different temperatures (650-1250 °C). All the peaks
belong to sphene.

The changes in the X-ray pattern due to annealing are presented in Figure 2. The
pattern of glass sample and sample obtained at 650 °C corresponds to amorphous materials;
no crystalline phases were detected. According to the results of TG/DTA, the glass starts to
crystallize around 760 °C. At 800 °C X-ray powder diffraction results indicated that there was
a significant change in the sample, and glass recrystallized to form sphene (CaTiSiOs). All of
the diffraction peaks belonging to sphene were observed. On further increasing the
temperature up to 1250 °C, the intensity of sphene reflections increased, due to better
crystallization. In addition, the peaks moved to slightly higher scattering angles on annealing,
while the lattice volume decreases [32, 33]. The height of the strongest peak, the (200)
reflection, is plotted against the annealing temperature in Figure 3, and the changes in lattice
volume are similarly plotted in Figure 4. Sphene is a principle crystalline phase above 800 °C.
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The main reflections in these patterns are observed at 20 of 17, 27, 29, and 34 °, which are
typical for the sphene structure. All the structure information was taken from American
Mineralogist Crystal Data Structure Base (AMCDSB) [34]. Pure synthetic single phase
sphene was formed at 800 °C for 4 h, even it is very hard to obtain monophase powder at such
low temperature.
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Fig. 3. Position of (200) X-ray powder diffraction peak, measured from samples calcinated at
different temperatures (800-1250 °C).

377.0

376.5+

376.0 1

s~ 375.54

3

Vol (A

375.0 1
374.5 1

374.0 1

. ; . .
800 900 1000 1100 1200 1300
Temperature °C

Fig. 4. Decrease in lattice volume as a function of annealing temperature. Measurements were
made with samples calcinated at different temperatures (800-1250 °C).

The values of crystallite size and internal strain of samples after melting at 1400 °C
and calcined at different temperatures for 4 h are presented in Table I. The average crystallite
size increases with an increase in calcination temperature (up to 1100 °C) because of
accelerated diffusion at higher temperatures, with decreasing the lattice parameters. At 1250
°C, due to close temperature range of melting point, crystallite size starts to decrease.
Furthermore, the internal strain of samples calcined at different temperature which was
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estimated from the slope of Williamson — Hall plots is presented in Figure 5. Just after the
crystalization, there is no evident strain.

Tab. I Lattice parameter and crystallite size of sphene glass-ceramics (30 min grinding) after
melting at 1400 °C and calcination at different temperatures (650-1250 °C).

Temperatures (°C) | Lattice parameter (A) B (°) D (nm)
650 amorhous / /
800 a=7.0859

b = 8.8062 112.8200 23
€ =6.5478
950 a=7.0808
b= 8.7882 112.9181 25
€ =6.5413
1100 a=7.0911
b =8.7893 112.9995 28
¢ =6.5316
1250 a=7.0946
b=8.7716 113.0340 16
€ =6.5328
0.60
0.55—-
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Fig. 5. Williamson-Hall plot of sphene glass-ceramics (30 min grinding) after melting at 1400
°C and calcination at different temperatures (650-1250 °C). The dotted lines are visual guides.

To confirm X-ray powder diffraction results, FT-IR measurements were done. FT-IR
spectra of samples sintered at different temperatures are shown in Figure 6. From 800 °C up
to 1250 °C, vibrations centered at about: 895 cm™, 870 cm™, 694 cm™, 561 cm™, 468 cm™ and
424 cm™ correspond to vibration of sphene and they are in good agreement with published
data [35-38]. The spectra are dominated by the IR band near 870 cm™ which is attributed
mainly to SiO, stretching modes. The broad band near 694 cm? is associated with TiOg
octahedral stretching modes, polarized along the crystallographic a-axis and it is related to the
crystal quality [39]. Vibration band around 1636 cm™ due to the asymmetric stretching mode
of CO, were also detected [40].
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The effect of temperature increase is seen as a decrease in band width, an increase in
band intensity associated with Si-O bending at 561 cm™ and the Si-O stretching band at about
870 cm™ [41, 42]. All peaks shift to higher wavenumbers with increasing temperature.

0.6-1250°C 870
1100°C )\
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03]
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Fig. 6. FTIR absorption spectra of sphene glass-ceramics after (30 min grinding) after melting
at 1400 °C and calcination at different temperatures (650-1250 °C).

The Raman spectra collected from samples are shown in Figure 7. The characteristic
bands of sphene that occur in Raman spectra are centered around 167, 258, 473, 548 and 608
cm™ [38, 43]. All peaks shift to higher wavenumbers with increasing temperature.

The position of the peak near 608 cm™ belongs to a symmetrical mode from Ti-O
bond stretching and Ti-O-Ti bond bending [44-46]. As peak intensity increases with
increasing temperature, band width of this peak decreases [47].

12000
1250 °C
608 1100 °C
10000+ q
] ““ 800 °C
\
8000 i glass

Raman intesity (a.u.)
5 8

2000

T T T T T T T
200 400 600 800 1000 1200 1400

Wavenumber (cm'l)

Fig. 7. The Raman spectra of sphene glass-ceramics (30 min grinding) after melting at
1400 °C and calcination at different temperatures (650-1250 °C).
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On increasing temperature, the peaks near 432 and 473 cm™ related to SiO, bending
modes as well as the external SiO, mode near 258 cm™ have the same dependence, an
increasing wavenumber and a decreasing band width. Peak near 473 cm™ belongs to the SiO,
bending mode [43]. The Raman peaks near 866 cm™ correspond to Si-O stretching modes in
orthosilicates [47].

1,00k SE(ULLA10)

d) 950 °C

50.0um

") 1100 °C f) 1250 °C

Fig. 8. SEM micrographs (a-f) of sphene glass-ceramics (30 min grinding) after melting at
1400 °C and calcination at different temperatures (650-1250 °C).

Due to the increasing degree of cristalization all peaks shift to higher wavenumbers.
Ti-O bond stretching band shifts from 601 + 0.5 cm™ to 608 + 0.5 cm™. O-Si-O bending
modes at 466 + 0.5 cm™ shifts to 473 + 0.5 cm™, 422 + 0.5 cm™ shifts to 432 + 0.5 cm™ and
253+ 0.5 cm™ shifts to 258 + 0.5 cm™. Si-O stretching modes at 862 + 0.8 cm™ shifts to a
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position at 866 + 0.8 cm™ (Figure 7). The lowest-energy mode occurring near 167 cm™ also
shows a slight shift to higher wavenumbers, from 161 + 0.5 cm™ shift to 167 + 0.5 cm™.

Regarding amorphous systems, in Ti-Si-O frameworks the Ti*" cations can occur as
6-, 5- and 4- coordinated [48, 49], and penta— and tetra—coordinated Ti** can be found in
heavily metamict sphene [50-52]. When decreasing Ti coordination, the Ti—O bond strength
increases. As a result, in a disordered framework, the Ti—O bond stretching mode would move
to higher wavenumbers as compared to the Ti—O bond stretching mode having only TiOs
octahedra.

The SEM micrographs of glass-ceramics obtained at various temperatures are shown
in Figure 8. Samples were crushed in mortal prior the measurents. For glass obtained at 650
°C, particles with irregular shapes were observed, as shown in Figure 6(b). After being
calcined at higher temperatures (800-1250 °C), similar anhedral shape is seen (Figure 8 (c-—f)).
Particles have a smooth fracture surface with no obvious cracks or faults on the surface.

4. Conclusion

Glass and glass-ceramics in the CaO-TiO,-SiO, system have been successfully
synthesized. From DTA curves, glass transition temperature (T ) starts at 760 °C and
temperature at 886 °C belongs to the crystallization peak temperature (T,). X-ray powder
diffraction results indicated that at 800 € glass recrystallize to form sphene (CaTiSiO ), and
the peaks moved to slightly higher scattering angles on annealing, while the lattice volume
decreases. Pure synthetic single phase sphene was formed at 800 °C for 4 h, despite being
difficult to obtain monophase powder at such low temperature. The effect of temperature
increase in FT-IR and Raman measurements is seen as a decrease in band width and an
increase in band intensity. All peaks shift to higher wavenumbers with increasing
temperature, according to the Raman. SEM images showed anhedral shaped particles.

For crystal growth temperature (T.) ranging from 800 to 1250 °C, sphene is the only
crystalline phase. Thus there is a wide range of temperature for the preparation of monophase
sphene-based glass-ceramics that can be designed as durable waste forms for immobilization.
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Casxcemax: Cmaxno-kepamuxa ua oaszu cgena (CaTiSiOs), xao ooauuan Kanouoam 3a
UMOOUIU3AYUJY HYKIEapHO2 omnaod, npunpemmena je uz cmeute peakmanama TiO,, SiO; u
CaCO; kopucmehu eubpo-maun 3a xomozenuzayujy. Iovemnu npaxosu cy cmonmenu Ha
1400 °C moxom 2h, oxnahenu 0o cobHe memnepamype, NOHOB0 CAMIEBEHU, 3AMUM
KanyuHucanu Ha oopehenum memnepamypama oajyhu cmakio-kepamuxy. Eeonyyuja ¢asnoe
cacmasa moKomM KanyuHayuje uChumueand je peHozeHckom ougpaxmomempujom npaxa, ML
cnexmpockonujom, Pamanckom u mepmannom ananuzom (TI-HTA). Cghen, 6e3 dooammux
paza, hopmupan je na 800 °C moxom 4h, uaxo ea je 6eoma mewxo 00oumu y MOHOPAHOM
0bnuKy Ha mako Huckoj memnepamypu. Mopgonocuja npaxosa je ananusupana
ckenupajyhom enexmponckom muxpockonujom (CEM).

Kuyune peuu. cen cmaxno-xepamuxa, mexanHoxemuja, pemo2eHcka Ougpaxmomempuja
npaxa, TI-J[TA.

© 2020 Authors. Published by association for ETRAN Society. This article is an open access
article distributed under the terms and conditions of the Creative Commons — Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0/).
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The polymer nanocomposite ZnS/Poly (methylmethacrylate) was prepared by the solution casting method and
its structural and optical properties were investigated using XRD, SEM, TEM, HRTEM, and Raman spectroscopy.
The basic material, ZnS, has the cubic structure and its crystallite size was estimated to be 2.3 nm, which implies
that a strong confinement regime is in effect. Analysis of Raman spectra was performed using the fitting pro-
cedure based on effective medium theory. As a result, the surface optical phonon (SOP) mode was detected. It

was found that the shape and position of the SOP mode depend on the type of the composite.

1. Introduction

As a semiconductor, the zinc sulfide (ZnS) has gained considerable
attention and is found to be applicable in optoelectronic, electrolumi-
nescent, and blue light emitting diode devices [1-8]. ZnS has two
available allotropic forms — the wurtzite and zinc blende. The crystal-
lographic form of wurtzite is hexagonal, whereas the zinc blende has the
cubic crystallographic structure, is more stable and as such, is more
common of the two. The ZnS in the form of the bulk material has a direct
band gap positioned primarily in the UV region [9,10]. The wurtzite and
the zinc blende forms have the band gaps of 3.77 and 3.72 eV, respec-
tively. The band gap increases with a decrease in size from the bulk to
the nanoscale [11,12]. Since ZnS easily absorbs moisture and oxidizes in
air [13], it is not very stable as a pure compound in the atmosphere.
Therefore, surfactants or capping agents are added to the ZnS nano-
particles to prevent structural transformation and surface reactions.

A nanocomposite consists of two or more different materials in which
at least one of the components has a dimension smaller than 100 nm
[14]. In polymer nanocomposites, the composing elements are an
organic polymermatrix and inorganic components (semiconductors).
Nanocomposites can include three dimensional metal matrix compos-
ites, lamellar composites, colloids, porous materials, gels, as well as
copolymers in which nanosized material is dispersed within the bulk
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matrix. The properties of the nanocomposites depend on their compo-
nents, morphology, and interface characteristic. In order to extend the
area of their potential applications, mechanical, thermal, and electronic
properties of conventional polymer materials had to be improved [15,
16]. As a thermoplastic polymer, Poly (methylmethacrylate) i.e. PMMA
has many excellent properties. Its favorable properties include excellent
transparency and ultraviolet resistance, as well as good abrasion resis-
tance, hardness, and stiffness. Consequently, it is widely used in many
applications, for example in lenses, light pipes, bathroom fittings, sky-
lights, toys, etc. In addition, PMMA is non-degradable and biocompat-
ible, which qualifies it for use in tissue engineering where typical
applications are fracture fixations, intraocular lenses, and dentures [17].

For nanocrystals of relatively small dimensions, surface modes and
the effects of dimension are expected to appear, along with the normal
modes of an infinite lattice. Namely, in the frequency range between
longitudinal optical phonon frequency (wio) and transversal optical
phonon frequency (wto), a new mode known as a surface optical phonon
(SOP) mode appears.

In our previous papers [18-22] we worked on investigating surface
optical phonons (SOP) in semiconducting nanoparticles or thin films. In
all those cases, SOP appeared because the nano-objects of investigated
materials were well separated in the air.

In this paper we report the synthesis and structural and optical
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studies of polymer nanocomposites prepared by the incorporation of ZnS
nanoparticles (pure and functionalized with silane) into the matrices of
polymer PMMA. The studies of the metal sulfides/polymer nano-
composites were carried out by XRD, SEM, TEM, HRTEM and Raman
spectroscopy. By extending our research to nanoparticles embedded in
polymer matrix we would like to complete the knowledge about the SOP
properties in A;Bg semiconducting materials.

2. Materials and methods
2.1. Initial components

Commercially available PMMA pellets (Acryrex® CM205, Chi Mei
Corp. Korea, Mw =~ 90400 g/mol, n =1.49, A = 633 nm) were used as a
matrix in sample preparation. Dimethylformamide (DMF, anhydrous,
99.8%, Sigma-Aldrich) was used as a solvent. For surface modification
with QD3-Mercaptopropyltrimethoxysilane (MPTMS) - Dynasylane,
Evonik Industries and toluene, hexane (Sigma Aldrich) were used.

Mechanochemical synthesis of ZnS nanoparticles was performed in a
Pulverisette 6 planetary mill. The milling parameters were: the weight
charge of total powder mixture in the mill of 14.2 g, 50 balls with the
diameter of 10 mm and ball charge in the mill of 360 g, milling chamber
and balls made of tungsten carbide, and rotation speed of the planet
carrier of 500 rpm. The milling time was 10 min and the argon atmo-
sphere was used as a protective medium in the mill.

The X-ray diffraction measurements of the ZnS powders obtained
after 10 min milling times were performed using Philips 1050 X-ray
powder diffractometer with Ni-filtered Cu Ko radiation and Brag-
Bretano focusing geometry. XRD pattern is presented in Fig. 1a and
shows mainly the reflection of cubic phases (JCPDS 03-0524). The space
group of the cubic unit cell is F43m (Tﬁ) and the cell contains four for-
mula weights of ZnS [23]. The refracting planes denoted with (hkI)
indices are (111), (220), and (311). Using the X-ray Line Profile Fitting

1000
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Fig. 1. (a) The XRD spectra of the ZnS powder after 10 min milling time, (b) the
TEM analysis of mechanochemically synthesized ZnS nanoparticles — bright
field, and (c) the HRTEM analysis of ZnS nanoparticles. The size of nano-
particles is determined to be approximately 3 nm.
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Program (XFIT) with a Fundamental Parameters convolution approach
to generating line profiles the coherent domain size of the synthesized
powder was determined to be 2.3 nm.

In Fig. 1b, the TEM analysis was employed to identify regions with
pure zinc, pure sulfur, or homogeneous ZnS distribution. In the bright
field image the morphology looks like an aggregate produced by smaller
clusters compacted during milling.

The high resolution TEM (HRTEM-Phillips Tecnai 200 operated at
200kV), is an excellent method to study metal sulfide semiconductor
nanostructures, where core-shell or stoichiometric system can be
distinguished [24,25]. In Fig. 1c an area of 16 nm x 16 nm is observed.
Several clusters are clearly identifiable, in particular, three of them of
sizes of 2.6, 3.7, and 3.4 nm.

2.2. Modification of ZnS QDs

ZnS nanoparticles were dispersed in 150 ml of toluene round-bottom
flask equipped with a reflux condenser under the flow of nitrogen. When
the boiling point of toluene was achieved, 1 g of 3-Mercaptopropyltrime-
thoxysilane (MPTMS), which is further on referred to as silane, was
added and the resulting white suspension was stirred and refluxed for
22 h. After the completion of the reaction, the particles were filtrated
and washed with hexane to remove the excess of silane. The particles
were dried at 40 °C in the oven for 12 h and then used in the preparation
of nanocomposites.

2.3. Preparation of PMMA and ZnS/PMMA nanocomposites

In the preparation of precursor solutions, DMF was used as the sol-
vent for the PMMA. In a typical process, homogenous solution of poly-
mer with respect to the amount of composite films was prepared by
dissolving the polymeric granules (PMMA, m = 10.65 g) in 40 ml of DMF
under magnet stirring for 48 h at room temperature on the mixture. The
concentration of PMMA in DMF solution was 22 % wt. Therefore, PMMA
was produced in the form of a film by solvent casting method. Namely,
the resulting PMMA solution was casted in a horizontally positioned
Petri dish. The solution was air dried for 24 h at room temperature and
the obtained film was kept in a dryer for additional 24 h at 60 °C in order
to eliminate the residual solvent.

In the synthesis of quantum dots/polymer (ZnS/PMMA) composite
films the solutions were obtained in a similar manner. The concentration
of PMMA in the DMF solution was 22 % wt. The concentration of ZnS
particles in the films was 0.06 % wt. The mixture was stirred for 24 h.
The ZnS/PMMA films were produced using the identical procedure as
was the case with the PMMA. Namely, the solution was casted by placing
it on a Petri dish and drying it for 24 h at room temperature, which was
followed by drying in a dryer oven for additional 24 h at 60 °C.

The morphology of samples was investigated by SEM using the high
resolution electron microscope MIRA3 TESCAN with accelerating
voltage of 5, 12, and 20 kW. The SEM micrographs of ZnS nanoparticles
and ZnS/PMMA nanocomposite are presented in Fig. 2. The micrographs
of ZnS nanoparticles and nanoparticles in silane are given in Fig. 2a and
b. The micrographs show that the powder is composed of well-defined
and separated nanoparticles as well as of nanoparticle clusters that
have spherical shape and approximate size of 17-30 nm. There are no
macroscopic defects like a pinhole, peeling, or cracks. The clusters of
about 60 nm, are visible in Fig. 2c and d.

3. Results and discussion

The Raman spectra of the PMMA, ZnS nanoparticles, ZnS nano-
particles in silane, ZnS/PMMA nanocomposite, and ZnS in silane/PMMA
nanocomposite, measured in the spectral range of 200-650 cm ™' at
room temperature, are presented in Fig. 3. The micro- Raman spectra
were taken in the backscattering configuration and analyzed by the
TriVista 557 system equipped with a nitrogen cooled charge-coupled-
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Fig. 2. SEM images. (a) ZnS nanoparticles, (b) ZnS nanoparticles in silane, (c)
ZnS/PMMA nanocomposite, and (d) ZnS in silane/PMMA nanocomposite.

device detector. As an excitation source, the 532 nm line of Ti:Sapphire
laser was used. This excitation energy is in the off-resonance regime for
all the considered materials; consequently, for the ZnS nanoparticles as
well. Since Raman spectra are usually analyzed by decomposing them
into Lorentzian or Gaussian shape elements, we chose to assume that all
phonon lines are of the Lorentzian type.

The Raman spectrum of PMMA is presented in Fig. 3a. Intense modes
at 236, 299, 362, 402, 481, 555, and 599 cm_l, as well as 4 modes of
lesser intensity at about 278, 318, 382, and 505 cm ™! were detected. The
theoretically fitted curve, which is obtained by convolving 11 Lorentz
profiles and the line that describes Rayleigh scattering is also given in
Fig. 3a. The obtained result is in a good agreement with the values given
in the literature [26,27].

Fig. 3b shows the Raman spectrum of cubic ZnS nanoparticles. In the
experimentally obtained spectrum the dominant wide structures are
detected at 218, 264, 347, and 483 cm™.

As determined in Refs. [23,28-30], the Raman frequency of
347 em ™! is associated to the A; and E; symmetry LO modes. At a lower
frequency, a resolvable doublet with the peak at 264 cm™! is observed.
These peaks are assigned to the A; and E; TO modes. The mode at
218 cm ™! can be assigned to the LA symmetry. The appearance of this
mode in the spectrum is a consequence of the violation of the selection
rules due to the nanodimension. The Raman active mode at 347 cm ™! is
asymmetrical, and the asymmetric peak broadening occurs toward the
low-frequency side of the Raman spectrum. The dashed curve in Fig. 3b
is obtained as the convolution of the Lorentz shapes of the known
phonons of ZnS. Due to the discussed asymmetry of LO phonon at
347 cm™?, this theoretically obtained curve differs from the experi-
mental results.

Similar effect is registered in the Raman spectra of other samples. In
the spectrum corresponding to the ZnS in silane, the modes at 259, 345,
489, 520, and 576 cm ™! are registered and are depicted in Fig. 3c.
Fig. 3d shows that the modes of ZnS nanoparticles in PMMA are located
at 262, 353, 364, 408, 488, 559, and 601 cm~ L. The intense modes at
260, 301, 354, 362, 406, 488, 559, and 601 emlin Fig. 3e correspond
to the ZnS nanoparticles in silane/PMMA. In all these cases the regis-
tered phonons can be attributed to either the pure ZnS or the pure
PMMA. The difference between the experimentally measured spectrum
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Fig. 3. Fitted and experimental Raman spectra. (a) The PMMA, (b) ZnS
nanoparticles, (¢) ZnS in silane, (d) ZnS/PMMA, and (e) ZnS in silane/PMMA.

and the curve obtained by convolving the Lorentz shapes located at the
determined frequencies is the most noticeable for the pure ZnS.

The asymmetry and broadening around the Raman peak at
347 cm ™!, which is in the symmetric stretching vibration region, un-
doubtedly correspond to the variation of a secondary-structure. In a
nanocrystal, this is usually considered to be a surface effect, and a
“surface optical” phonon (SOP) mode is assigned to it. In order to
analyze the surface optical phonon we have to take into account that
nanoparticles are surrounded by silane and PMMA.

The part of spectra in Fig. 3 where the discrepancy between the
experimental and theoretical spectra is located, is adjusted using the
effective medium theory. Namely, the surface phonon modes are
observed for particle sizes smaller than the wavelength of the exciting
laser light. Usually these modes of small particles appear in polar crys-
tals [31]. The dielectric function for the polar semi-insulating
semiconductor:

-0 — iy,

@

2 . bl
W7o, — O° — 1019

describes its optical properties in the IR region. Here, wto and wro are
the frequencies of the transverse and longitudinal optical bulk phonons,
respectively; €, is the dielectric constant at high frequencies, and y is the
damping constant. The bulk phonons in small particles have properties
similar to those of the corresponding phonons in an infinite nano-
composite; however, their wave functions are adapted to the geometry
of a small particle.
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There are many mixing models for the effective dielectric permit-
tivity of such a mixture. The Bruggeman model is preferred for high
concentration of the inclusions since there are no restrictions for volume
fraction (f) [32,33]. The effective dielectric function of the Bruggeman
nanocomposite is given by:

€1 — Eyy
Ear + 8(€2 = £op)

g €1 — Egf
( )sgﬁc +g(e1 — &) 0 2
where g is a geometric factor depending on the shape of the inclusions.
For three dimensional spherical particles g=1/3 and for two-
dimensional circles g=1/2. Our nanoparticles of ZnS are clustered
and not well separated in silane/PMMA, namely, they occupy a signif-
icant volume. Consequently, the condition for Bruggeman formula with
g=1/3 is satisfied. Due to a narrow range of the spectra, the effective
medium theory is applicable and ¢, is taken to be constant. In our case,
spherical nanoparticles of ZnS with dielectric function given by Eq. (1),
are characterized with e5 =1, 1.5, and 2.1 if they are homogeneously
distributed in air (for ZnS nanoparticles obtained by mechanochemical
synthesis); in air and silane; and in air, silane, and PMMA,; respectively.
The intensity of Raman spectrum related to SOP is described with

Isop(@) ~ 1, ( - L) 3
Eeff

In Fig. 3 SOP mode is shown with the blue line. The solid line in
Fig. 3b-e is obtained by joining the contributions of SOPs and the
phonons described with Lorentz curves. The agreement of the theoret-
ical model obtained in this manner with the experimental results is
excellent.

The parameters adjusment was carred out automatically, by means
of the least-square fitting of theoretical (I) and experimental (I¢) in-
tensity at q arbitrarly taken points:

1
5=/

q =1 (Ief - Itj)z (4

The value of § was minimized until it became with the usual exper-
imental error (less than 2%). For all samples the determination errors of
the frequencies and damping coeficients were about 3-6 and 10-15%
respectively.

The significant change in the intensity and line shape of simulated
SOP mode, described with Eq. (3), is caused predominantly by the
variation of the main volume fraction (f) and damping rate y;,, as
illustrated in Fig. 4 (e2 =1). In our case, the position of the SOP mode’s
maximum directly follows the change in the filling factor (Fig. 4a),
whereas its dependence on the dumping (Fig. 4b) is noticeably weaker.

From Fig. 4 it can be seen that SOP mode moves toward higher
wavenumbers when filling factor increases. The position of surface op-
tical phonon (SOP) mode frequencies is obtained from Ref. [18] to be

1
Wsop = Max (I,,, < — ))
Eoff

The SOP mode dependences on the type of environment and filing
factor are shown in Fig. 5a and b, respectively. The four lines in Fig. 5a
are the best fit lines for SOP mode in Fig. 3. Fig. 5a illustrates the change
in the SOP mode for different environments. The peak positions for ZnS,
ZnS in silane, ZnS/PMMA, and ZnS in silane/PMMA move consecutively
toward higher wavenumbers. The dependence of the SOP mode position
on the filing factor fis obtained to be practically linear, as can be seen in
Fig. 5b. Having in mind the linearity of this dependence, one can further
conclude that the filling factor and dumping g increase when ZnS is
embedded in silane, and are even bigger when ZnS in silane is embedded
in PMMA.

The obtained results lead to the conclusion that the studied nano-
composites obtained from nanodimensional ZnS and PMMA exhibit
significant surface effects.
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Fig. 4. Surface optical phonon (SOP) mode position. (a) The dependence on the
filing factor and (b) the dependence on the phonon damping.

In comparison with SOP registered at similar nano-objects embedded
in air there is a significant difference, i.e. in case of nanoparticles
embedded in polymer matrix, the clusters of nanoparticles are created,
and consequently, the cluster dimensions are larger than the dimensions
of nanoparticles in air. However, those clusters are well separated one
from others, so there is no interaction between them. Effectively, the
value of filling factor is increased, and the surface phonon is weakened.

Moreover, by choosing the right polymer matrix and synthesis pa-
rameters, one can adjust the position and intensity of SOP, which is an
advantage in application of these materials in electronic and sensor in-
dustry [34].

4. Conclusion

The results of studying optical and structural properties of ZnS
nanoparticles and polymer nanocomposites ZnS in silane/PMMA and
ZnS/PMMA are presented. The X-ray diffraction (XRD) analysis of the
synthesized nanocrystal identified its structure to be cubic. The size of
initial ZnS crystallite of the cubic structure was estimated to be 2.3 nm,
and it was determined that it is randomly distributed in the PMMA
matrix. The optical properties were studied by the Raman spectroscopy
at room temperature. The analysis of the Raman spectra was conducted
using the fitting procedure. Since, nanoparticles were surrounded by the
silane and PMMA, the Bruggeman model of effective medium was
applied. The Raman measurements revealed the asymmetry and
broadening around the peak at 347 cm ™! that is located in the symmetric
stretching vibration region, and led to the conclusion that this peak
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Fig. 5. (a) The Raman spectra of SOP modes for different environments and (b)
the surface optical phonon (SOP) mode position dependence on the fil-
ing factor.

undoubtedly corresponds to the surface optical phonon (SOP) mode. The
dependence of the SOP mode position on the filling factor (f) was
analyzed for different composite materials, and it was determined that
the SOP mode is moving towards higher wavenumbers when the filling
factor increases.
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ARTICLE INFO ABSTRACT

Keywords: In this paper two methods of preparation of yttrium orthovanadate nanopowders were presented: Solid State
s“’f‘fce optical phonon Reaction (top — down approach) and Solution Combustion Synthesis (bottom — up approach). For starting
ﬁ“m structural characterization, X — Ray Powder Diffraction (XPRD) and Field Emission Scanning Electron Microscopy
onon (FESEM) were used. We report the change in reflection spectra in europium doped YVO4 nanopowders with
Yttrium orthovanadate X . . . . . .
Europium comparison to its bulk analog. In UV-Vis reflection spectra we consider the change in values of band gap in these

Infrared spectroscopy structures, after resizing it from bulk to nanomaterial. In Far — Infrared (FIR) reflection spectra, we registered the
w existence of Surface Optical Phonon (SOP) and different multi — phonon processes which alter the reflection
spectra of bulk YVOy. The influence of Eu ions is reflected through multi — phonon processes that occur and are
connected with energy transfer from YVO4 lattice to Eu ions. All IR spectra were modeled using classical
oscillator model with Drude part added which takes into account the free carrier contribution. Since our samples
are distinctively inhomogeneous materials, we use Effective Medium theory in Maxwell Garnett approximation

Vis spectroscopy

to model its effective dieletric function.

1. Introduction

Semiconducting nanomaterials, especially nanophosphors have
attracted great attention of researchers, due to their wide spectrum of
applications in industry, technology as well as in fundamental science.
When made in nanorange, phosphor materials exibit enhanced optical
properties as against their bulk counterparts, due to quantum size effects
and increased surface — to — volume ratio. Yttrium orthovanadate is a
widely used red phosphor with many applications in just recent years —
in solar cells [1], cancer treatment [2], biotechnology [3], optical im-
aging [4] etc.

For nanopowders, a valuable tool in the investigation of the struc-
tural and optical changes in a material made due to resizing the bulk
crystal on nanoscale is the optical spectroscopy - in this case specifically
far — infrared and UV - VIS spectroscopy. When excited by UV light,
photoluminescence quantum yield of the europium emission in yttrium
orthovanadate crystal, goes up to 70% [5]. In YVO4Eu®" structure UV
radiation excites the vanadate group, which has the ability of efficient
excitation transfer to the europium ions (Fig. 1).

When irradiated with UV radiation, three major steps occur in the

* Corresponding author.
E-mail address: jmitric@ipb.ac.rs (J. Mitri¢).

https://doi.org/10.1016/j.physe.2021.114923

excitation and emission process in YVO4:Eut structure. First step is the
absorption of UV light by (VO4)> groups. Then, thermal activated en-
ergy, which comes from the UV excitation source, migrates through the
vanadate sub — lattice, inducing the transfer of excited energy to euro-
pium ions. In the end, strong red (°Dg - 7F5) and orange (°Dg - "F1)
emission due to de — excitation process of excited europium ions occur
[6].

One of the important properties of semiconductors is their band gap.
Studying the band gap of semiconductors is important for interpreting
their structural and optical properties and it is of a great importance
examining its expansion in order to understand their properties. Appli-
cation of semiconductors is in large level determined by their band gap
width. Bulk semiconductors are usually very limited in their application
due to their small and indirect band gap. Bulk crystal is set up of a large
number of atoms and molecules, with a number of adjacent energy
levels, which form bulk electronic bands. With the reduction of particle
size to a nano level, where every particle is made up out of a small
number of atoms or molecules, the number of overlapping orbitals de-
creases, and the eventually width of the band gap of a nanomaterial gets
narrower when compared to bulk crystal (this means that there will be
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Fig. 1. Energy levels and energy transfer model of Eu®* ion and (VO,)* tet-
rahedron in YVO4.

an increase of energy between valence and conduction band). This is the
reason why nanomaterials have wider band gap compared to their bulk
counterparts. The larger the band gap (i.e. forbidden region), the greater
the restriction of the electron movement will be. This is well known as
the quantum size effect. As a consequence of size reduction, there is a shift
of absorption spectrum of nanomaterials towards the lower wave-
lengths, known as a blue shift.

In bulk crystals, bulk longitudinal (w.) and transversal (w10) optical
phonon frequency occur. In crystals with relatively small dimensions, a
new frequency appears — Surface Optical Phonon (SOP) frequency
(wsop) which is located between the w;o and w1o frequency. That means
that due to effects of dimension, in addition to the modes of infinity
lattice, surface modes will be manifested. And in the case of crystals with
extremely low dimensions, only the surface mode perseveres.

Different types of interactions with electromagnetic radiation takes
an important place in semiconductors. On one side, we have investi-
gated electron — phonon interaction in ceramic nanopowders [7]; sur-
face optical phonon — plasmon in thin films [8]. Besides that, we have
studied damping influence on interaction appearance [9], plasmon —
impurity local phonons [10], as well as plasmon — different phonons
interactions [11].

A special attention should be given to the choice of method for
nanopowder preparation, because nanostructured samples with good
crystallization and homogenous particle size exhibit extraordinary
properties different from their bulk analogs. At the same time, a very
important thing for their application in industry and technology is
finding a fast, cheap and reproducible technique for obtaining fine
nanophosphors.

In this paper two types of methods were presented. One, the top —
down approach, Solid State Reaction Method (SSR), (which implies
extensive milling), which is a classical ceramic method and the other,
bottom - up approach, Solution Combustion Synthesis (SCS). Top down
approaches have advantages like large scale production and deposition
over a large substrate; also, with these techniques, chemical purifica-
tions are not required. Disadvantages of top — down methods are varied
particles shapes or geometry, different impurities (stresses, defects and
imperfections); also, one must be very careful not to have broad size
distribution of particles. Bottom — up approaches, on the other hand,

Physica E: Low-dimensional Systems and Nanostructures 134 (2021) 114923

offer ultra — fine nanoparticles, with controlled deposition and narrow
size distribution. Unlike the previous techniques, bottom - up ap-
proaches do not offer large scale production so easily, and require
chemical purification. Therefore, we have chosen one technique from
both approaches so they can be compared. In this paper we offer two
simple, fast, cheap and yet reproducible techniques for yttrium ortho-
vanadate nanopowder preparation.

1.1. Bulk crystal of YVO4

Yttrium orthovanadate crystal has a zircon - type of structure, and
crystalizes in 141. Space group, I4;/amd shown in Fig. 2. In this struc-
tural type, Y ions occupy 4a crystallographic (Wyckoff) site with co-
ordinates [[0,3/4,1/8]].

V ions occupy 4b crystallographic site, and coordinates
[[0,1/4,3/81]; while O ions occupy 16h crystallographic site, with co-
ordinates [[0,y,z]].

This structure belongs to 4/mmm Laue class, where fourfold axis is a
unique symmetry operation and has an expressed anisotropy of physical
properties. V ions are in tetrahedral surrounding of O ions, while the
surrounding of Y ions is made of oxygen coordination sphere with eight
O ions which form a highly distorted cube.

From a group — theory analysis [12] it is known for this type of
symmetry with two chemical formulas in the primitive cell (I4;/amd —
D}”gl) to have following modes in the center of the Brillouin zone at the I'
point: I'(k = 0) = 2Ayg+ 5E;+ 4By + 1Bog+ 4Az + 5E,+ 1Az +
1A1, + 1By, + 2Byy,. E, and Ay, modes show dipole moments oriented
perpendicular and along the c directions, respectively; and four out of
five E, modes are infrared active.

Infrared reflection spectrum of bulk YVO4 can be found in the liter-
ature [13]. In the measured reflectivity spectra, two sharp features at the
lowest frequency can be found, and they correspond to the unscreened
infrared — active optical phonon modes. This spectrum is characterized
with four peaks of which three are easily seen, while the fourth is a
shoulder of the second reflectivity band, and it is more evident at lower
temperatures. Since bulk YVO4 has no metallic contribution (i.e. free
carrier contribution), the Lyddane — Sachs Teller (LST) relation (Lorenz
oscillator model) can be an optimal model to analyze reflection spectra
and to model an appropriate dieletric function of a material.

In this paper we report the change in reflection spectra of europium

Fig. 2. Crystal structure of YVO4.
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doped YVO4 nanpowders with comparison to its bulk analog. In UV - VIS
reflection spectra we consider the change in values of a band gap of
europium doped YVO4 when it is resized from bulk to nanomaterial. In
IR reflection spectra we carry out phonon investigation in order to
explain the change in optical properties of investigated nanopowders.
We show the existence of surface optical phonon (SOP) and different
phonon processes which alter the reflection spectra of bulk YVOy4. Full
characterization of materials is made with X — Ray Powder Diffraction
(XRPD) and Field Emission Scanning Electron Microscopy (FESEM).

2. Sample preparation and characterization methods

Nanopowders prepared by SCS were obtained using stoichiometric
quantities of starting chemicals Y(NO3);-6H,0, NH4VO3, NH;NO3 and
Y(NOs)5-6H20 , purchased from ABCR with the purity of 99.99%. Urea
was purchased from Sigma — Aldrich. Eu®* concentration was 1%. 4.8 g
of NH4;NOs; and 3.003 g of urea, (NH>),CO which were used as an
organic fuels were added to a dry mixture of 0.357 g Eu(NO3)5- 6H-0,
4,676 g of NH4VO3 and 15.32 g of Y(NOs3)5-6H20. Then, mixture was
combusted with the flame burner at ~500°C. Then, the solid solution
starts to act like cloud - shape mixture which then was annealed in air
atmosphere at 1200°C for 2 h. The annealing of material offers full
crystallinity. This sample was labeled as YVS.

Solid state reaction procedure was performed using stoichiometric
quantities of starting chemicals, then powdered and baked on 900°C for
5 h. Starting chemicals, Y505, Y203 and EuyO3 with purity of 99.99%
were purchased from ABCR. Concentration of Eu ions was 1%. This
sample was labeled as YVC. Both samples, YVS and YVC, were made in a
series of 5 samples, and every measurement is an average of these 5
samples.

These two simple, but yet reproducible and efficient methods pro-
vide two morphologically different samples. In this way methods can be
compared and analyzed.

Structural characteristics of yttrium orthovanadate nanopowders
were obtained using Philips PW 1050 diffractometer equipped with a
PW 1703 generator, 40 kV x 20 mA, using Ni filtered Co Ka radiation of
0.1778897 nm, at room temperature. 15-85° range was used during 2 h,
with a scanning step of 0.05° and 10s scanning time per step.

Morphologies of prepared samples were examined by Field Emission
Scanning Electron Microscopy using FEI Scios 2 with an acceleration
voltage between cathode and anode 15 kV.

All UV-Vis reflectance spectra were recorded in the wavelength
range of 200-1200 nm on the Shimadzu UV - 2600 spectrophotometer
equipped with an integrated sphere. The reflectance spectra were
measured relative to a reference sample of BaSOj4.

The infrared reflectivity measurements were performed at room
temperature. BOMEM DA - 8 Fourier — transform infrared spectrometer
was used. A Hyper beamsplitter and DTGS (deuterated triglycine sulfate)
pyroelectric detector were used to cover the wave number region
80-650 cm ™. Spectra were collected with 2 cm™! resolution with 500
interferometer scans added for each spectrum.

2.1. X - ray powder diffraction

Results for YVC and YVS are shown in Fig. 3. The diffractograms
confirm that both samples are monophased and that they crystallized in
zircon - type of structure. All reflections are in good agreement with
JCPDS card 17-0341. Also, all samples show no other reflections other
than ones who originate from YVOy structure. Since Eu>" concentration
in these samples is 2%, one cannot be identified by XRD. Crystallite sizes
are 53 nm and 58 nm for YVC and YVS, respectively. Crystallite sizes
were determined using Debye Scherrer formula. This formula gives
value of average crystallite size, and from our calculations the deviation
is around 5 nm. To reduce this error, series of every sample were made
(5 from each) to reduce the influence of chemical modification and other

Physica E: Low-dimensional Systems and Nanostructures 134 (2021) 114923

YVC

Relative intensity

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
20

Fig. 3. XRD patterns of europium doped yttrium — orthovanadate nanopowder
prepared by Solid State Reaction Method (YVC) and Solution Combustion
Synthesis (YVS).

processing conditions). Even though Debye Scherrer is a rough method
for determining crystallite size and one could use other methods for
determining this value, like Williamson — Hall analysis which could in
some way reduce this problem, this would suggest to rely on some other
assumptions which could add up to an error. Crystallite size for sample
YVC is smaller than one obtained in YVC. This was expected because of
method of preparation. YVC was prepared using Solid State Reaction
Method, which includes rather aggressive milling, and therefore results
in smaller crystallite size than sample YVC, which was obtained with
Solution Combustion Synthesis.

2.2. Field emission scanning electron microscopy

FESEM photographs are shown in Figs. 4 and 5, for YVS and YVC
respectively; with 10 000 x and 35 000x magnification. Particle sizes
are 2 m and 3 ym, for YVC and YVS, respectively. These values are much
larger than the ones obtained with XRD. Reason for this is crystallite
agglomeration. Regardless of agglomeration, trend in crystallite size
between two methods of preparation remains the same as in crystallite
sizes determined by XRD. One more thing must be noticed, and that is
difference in crystallinity between samples. As can be seen from Figs. 4
and 5, sample YVC is more crystalline than YVS, which has more of a
cloud - shape structure. This was marked with yellow rectangles in
Figs. 4 and 5. On a larger scale, both samples consist of clearly defined
and separated grains which can be seen on right hand side of Figs. 4 and
5.

3. Results and discussion
3.1. UV - VIS spectroscopy

In this section we investigated optical UV-Vis reflection spectra of
europium — doped yttrium orthovanadate nanopowders. Special atten-
tion was given to obtaining band gap values. Band gap values were
obtained using Tauc plot [14]. It is important to have information about
band gap values, because band structure is responsible for the wide
range of electrical characteristics. Tauc, Davis and Mott [15] have
proposed an expression:

ahy:A(hz/ng)]/" (@D
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Fig. 5. (a) FESEM photographs of europium doped yttrium — orthovanadate nanopowder prepared by Solid State Reaction Method (YVC).

where « is the absorption coefficient (which is a property of a material; it
defines the amount of light absorbed by it); h is the Planck’s constant
and hv is the photon energy. A represents transition probability constant
(which depends on the effective mass of the charge carriers in the ma-
terial) and Ej is the band gap. Number n defines the nature of transition.
If transition is direct, n equals 1/2 and 3/2, for the allowed and
forbidden transitions, respectively. In the case of indirect transitions, n is
2 for allowed and 3 for forbidden transitions. In our case n is 3/2.

Then, the obtained diffuse reflectance spectra are converted to
Kubelka — Munk function [16]:

(1-R)?

a="p— @

where R is a reflectance value. Using Egs. (1) and (2), we obtain (ahv)l/ n

vs. hu plot. By extrapolating the linear portion of mentioned dependence

to the energy axes at the (ahv)'/™ = 0 value, the band gap value is
obtrained - the intercept of the plot with x — axe gives the value of band
gap. The results obtained with UV - VIS spectroscopy, UV — VIS reflec-
tance and diffuse reflectance Kubelka — Munk spectra for YVS and YVC
are presented in Figs. 6 and 7 respectively.

From Table 1 values of calculated band gap for europium doped
yttrium orthovanadate nanopowders prepared by two methods, as well
as literature data for bulk YVO4 were presented. With regard to section 2
where it was explained how band gap values increases with decreasing
grain size, we got matching results. Namely, we got two values of band
gap for samples made with two methods, YVC and YVS: 3, 55 eV and
3,17 eV, respectively. Since crystallite size of YVC (53 nm) is smaller
than in YVS (58 nm), it is expected that the band gap value will be
greater for YVC, due to quantum size effect described earlier. Both Eg
values for nanophosphors are greater that the Eg4 value for bulk crystal
YVOy4, which is expected. With this we conclude that Solid State Reac-
tion Method provides samples with higher band gap values that samples
prepared by Solution Combustion Synthesis.

When under the UV-Vis radiation, three major steps occur in YVOg4:

Eu®*: 1. absorbance of radiation by (VO4)> groups; 2. transfer of the
excited energy to Eu®" ions which migrated through vanadate sub-
lattice; and 3. red emission induced by de - excitation process of excited
Eu®" ions. This was represented in Fig. 1.

Peak at around 272 nm originates from absorption of (VO4)* groups
[17]. According to the literature, this peak is an attribution to charge
transfer from oxygen ligands to the central vanadium atom in (VO4)*
group. In that way, UV-Vis spectra from Figs. 6a and 7a prove there is an
energy transfer between (VO4)3' and Eu®" ions. Peak at 343 nm origi-
nates from (VO4)3' in the lattice [18]. Peak at 272 in YVS is clearly seen.
On the other hand, in YVC sample, splitting of 272 mode is obvious. The
mode split because reflectance values cannot go below zero values; and
increase in intensity of reflectance compared to YVS is caused by multi —
phonon processes which seem to be more dominant in YVC rather than
in YVS.

In one of our previous papers [19] it is shown how Eu ions exchange
with of Y ions, and without any significant disturbance of symmetry take
place in YVOy structure. Clearly, Eu ions have more influence in YVC
sample, which has more crystallinity and smaller crystallite size, and are
more efficiently distributed throughout the YVC sample. More evidence
on multi — phonon processes which are present in YVC will be shown
more clearly using Infrared Spectroscopy.

Results like this also confirm that these materials are suitable for
many optical devices. Following our previous research [20] these
phosphors represent an excellent hosts for optical excitation and emis-
sion of europium. Also, since the samples were made using two different
techniques on different temperatures (500 and 900 °C), a certain evi-
dence of thermal stability on emission quantum yield and lifetime was
shown which is in good agreement with the literature [21].

3.2. Infrared spectroscopy

Subject of this paper are distinctively inhomogeneous materials.
They are built out of embedded components in a matrix, and every one
of them has its own macroscopic properties. A macroscopic property can
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Fig. 6. (a) UV - VIS reflectance spectra of europium doped yttrium — ortho-
vanadate nanopowder prepared by Solid State Reaction (YVC). (b) Kubelka —
Munk plot for europium — doped yttrium - orthovanadate nanopowder pre-
pared by Solid State Reaction (YVS).

be attributed to every component of this material, as well as to a matrix.
For example, this can be a dielectric permittivity. A medium where
dielectric permittivity of every component and its surrounding (matrix)
can be substituted with one value of dielectric permittivity, an effective
dielectric permittivity, is called an effective medium, and theory which
describes this is known as Effective Medium Theory. In other words,
within this model, a heterogeneous system can be seen, from a bigger
scale, as a homogeneous system, with its own properties which are often
called effective properties, with one important fact: on a scale compa-
rable with the dimensions of the system constituents, the system cannot
be regarded as a homogeneous medium. Theory of effective medium has
several approximations [22], of which two are most common: Maxwell
Garnet and Brugemann approximation. The first one implies that
constitutive parts of one medium are very well separated out of matrix
they’ve been embedded in, and that there is no electrostatic interactions
between them. On the other hand, Brugemann approximation describes
systems where constitutive parts cannot be separated out of their
surroundings.

When visible light, 4, interacts with a material described above,
where its nanoparticles have characteristic size d, and dielectric function
€2, which are randomly distributed in a matrix with a dielectric constant
€1, in the limit 2>>d, the heterogeneous composite can be treated as a
homogenous, and this system can be described with Effective Medium
Theory. Since the samples we investigate are well defined, spherical and
separated nano grains (as seen in Figs. 4 and 5), we use Maxwell Garnet
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Fig. 7. (a) UV - VIS reflectance spectra of europium doped yttrium — ortho-
vanadate nanopowder prepared by Solution Combustion Synthesis (YVC). (b)
Kubelka — Munk plot for europium — doped yttrium — orthovanadate nano-
powder prepared by Solution Combustion Synthesis.

Table 1
Band gap values for YVC, YVS and literature data for bulk YVO4 bulk crystal.

YVC YVS

YVO, bulk (literature) [22]

3.56 eV 3.16 eV 2.85eV

model for the present case. Following postulates of this approximation,
for the effective permittivity of so called homogeneous medium we get
[23]:

51(82—51)

=6 +3
4 ¥ & +2¢

€]

where ¢, is a dielectric permittivity of nanoparticles located randomly in
a homogeneous environment with dielectric permittivity &1, which is, in
our case, air; and occupy a volume fraction f (so called filling factor).

For modeling dielectric permittivity of above described nano-
particles, we have used a classical oscillator model with Drude part
added (second addition in Eq. (3)) which takes into account the free
carrier contribution [24].:

n 2 2 : 2
& (a)) =¢s < Wi — O + 1Y o0 7 @p > 4

2 2 P
o OFp — 0 iy o —it!)

where ¢, is a bound charge contribution (assumed to be constant),
transverse and longitudinal frequencies are noted with wro and wro, 1o
and y;, are their damping coefficients, wp is plasma frequency and free
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carrier relaxation time is marked by 7.

Calculated spectra were obtained by a fitting procedure using a
previously described model which is represented with solid lines in
Figs. 8 and 9. Using the least — square fitting procedure of the experi-
mental (Regp) and theoretical (Ry) reflectivity, at q arbitrarily taken
points, the parameter adjustment was carried out, automatically.

)

Minimalization of § was carried out until it met the conditions of
commonly accepted experimental error of less than 3%.

Theoretical model in Figs. 8c and 9, show excellent match with the
experimental results, for YVS and YVC samples, respectively. In Table 2,
best fitting parameters are presented. In Eq. (4), transversal optical

0.5
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0.3
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0.0

200 400 600 800 1000 1200
Wavelength [nm]

Fig. 8. Infrared reflection spectra of YVO, nanopowders prepared by Solution
Combustion Synthesis (sample YVS). Experimental spectra are presented by
open circles, while solid red lines are calculated spectra obtained by a fitting
procedure based on the model given by Egs. (3) and (4). Spectrum (a) shows
fitting procedure without taking into account SOP phonons, (b) spectrum
without taking into account multiphonon processes and (c) IR reflection spec-
trum of YVS when SOP phonons and multiphonon process were considered.
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Fig. 9. Infrared reflection spectra of YVO4 nanopowders prepared by Solid
State Reaction (sample YVC). Experimental spectra are presented by open cir-
cles, while solid red lines are calculated spectra obtained by a fitting procedure
based on the model given by Egs. (3) and (4).

Table 2
Best fitted parameters of IR reflection spectra for YV, YVC and YVC; bulk liter-
ature data and their assignments.

YVC YVS Bulk YVO4 Assignment
[em™1] [em™'] (Literature data)
[em™'] [13]
€00 1.8 2.25 4.0
F 0.79 0.93 1
I'p 85 200
op 100 89 Plasmon frequency
which plays role of .
®T03 212 198 195 E, mode, IR active
®Lo3 214 219 220
®T104 234 259 263 E, mod, IR active
Oros 292 300 309
®105 321 311 309 E, mod, IR active
@ros 323 337 311
®T06 397 - Multiphonon processes
@106 393 -
@107 400 470
o7 645 650
®T08 450.5 452
®L08 452 454
®10o 730.2 -
®Lo9 731 -
®T1010 759 794 780 SOP formation. E,
mod, IR active
®LosoP 863 890 SOP phonon
®ro010 887 935 930
®T011 1020 - Multiphonon processes
oon1 1021 -

®1012 1093.5 -
®Lo12 1096 -
®71013 1116 -
®Lo13 1117.5 -

frequency, wto, was precieved as the characteristic frequency for a given
material. As regards to spectra from Fig. 8a and 8b, they show the
procedure, step by step, in order to get the best fit presented in Fig. 8c.
Model used in Fig. 8a did not take into account the existence of SOP.
Actually, this model suits the bulk structure of YVO4 the best, when
there’s no SOP [25]. After we took this into account, we notice that,
when bulk YVO4 was resized to nanoscale, wide mode on the highest
frequencies in bulk spectrum of YVO4 [13] split into two modes. Since
this was modeled with dielectric function which takes into account the
existence of SOP, we conclude that the reason for splitting this wide
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mode is occurrence of SOP mode in these structures. After including SOP
modes into reflection spectra of nanostructures, we still have slight
differences between experimental and theoretical results (Fig. 8b) at
frequency between two sharp modes at lowest, and one wide mode at
highest frequencies.

Reasons for this slight difference presented in Fig. 8b are different
multi — phonon processes, with frequencies obtained in Table 2. After we
took this into account, we got excellent match of theoretical and
experimental results, shown in Fig. 8c.

From this we conclude that influence in reflection IR spectra in
majority comes from SOP mode and not from multi — phonons. Still,
when we compare two spectra from 8c and 9, we do see differences,
which originate from different contributors to reflection IR spectra. In
sample made with Solution Combustion Synthesis (YVS), the contribu-
tion of SOP is greater than in samples made with Solid State Reaction
(YVQ). Yet, in sample YVC, influence of multi — phonon contributors is
greater than in YVS which is also shown in UV-Vis measurements. We
see that from Table 2, for the wavenumbers greater than 1020 em ™,
where we modeled multi - phonon modes for YVC and not for YVS,
because of the greater influence of SOP in this sample which completely
covered possible multi — phonon processes in YVS. From all of this, we
can say that, when we compare to nanopowders prepared with two
different methods, one can say that for YVS, influence of SOP mode
dominates, and for sample YVC, multi — phonon modes dominate over
SOP modes.

Now, let us discuss the results obtained in Table 2. In Eq. (3) we have
defined the parameter called filling factor. It is a parameter which de-
scribes the volume fraction occupied by the nanoparticle (or nano-
particle aggregates) in the surrounding medium. In Table 2, filling
factors of prepared nanopowders, YVC and YVS, together with value for
bulk crystal YVO4 are presented. Intensity and shape change of SOP
modes presented in Figs. 8 and 9 (described with Eq. (4)) are notably
affected by variation of filling factor, f.

In our case, position of SOP modes maxima directly follows the
change in filling factor. Position of SOP modes frequencies are obtained
from Eq. (6) [26], and the results are presented in Fig. 10.

Wsop = max (Im < - L) ) (6)
Eeff

In bulk crystal YVO4 [13], at room temperature, four modes in
infrared reflection spectra have been detected at 195, 263, 311 and 780
cm . These modes are separated into internal (motions of the tetra-
hedral VO4) and external (translations and rotations of the VO, tetra-
hedron). All of these modes, as expected, are shifted after resizing bulk
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Fig. 10. Surface Optical Phonon mode position vs. filling factor.
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to nanomaterial to 212, 234, 323 and 759 cm ! for YVC, and to 198,
259, 337 and 794 cm ™! for YVS, respectively. Appearance of new pho-
nons is due to break — down of the selection rules, as a consequence of
resizing of the bulk crystal to nanostructure. Some modes occur due to
appearance of surface optical phonon mode and some due to multi —
phonon processes (one is, as we said, more dominant in YVS and other in
YVC) in addition to modes which occur owing to Eu ion and its inter-
action with YVOy lattice. All of the modes are represented and assigned
in Table 2.

Based on these results, it is clear that filling factor of prepared
nanopowders depends on method of preparation, but yet it has a linear
dependence of occurred surface optical phonon frequency. Also, SOP
mode has the role of the LO phonon which we have also showed in our
earlier works in different nanostructures [8].

Vibrational spectroscopy of nanostructures for discovering surface
optical phonons represents an extremely active and exciting field with
many possibilities for scientific and technological development. This
arising new phenomena offer not only new perspective for material
characterization, but also a fundamental understanding of processes at
nanoscale. Better understanding of phonon properties of phosphors
shown in this paper leads to wide application of these nanostructured
materials for nanophosphor coatings [27], biomedical application [28],
luminescence efficiency [29] etc. Also, discovery of surface phonons in
these materials offer great use in heteronanostructures [30] to enhance
the photoluminescence properties.

On the other side, multiphonon processes have been investigated for
the first time in this nanostructured orthovanadate. Understanding
multiphonon processes and charge transfers within a phosphor structure
leads to its better application in self — assembled quantum dots [31] and
different luminescent materials [32].

4. Conclusion

In this paper we showed two methods of preparation of yttrium
orthovanadate nanopowders, Solution Combustion Synthesis and Solid
State Reaction Method. Samples prepared by Solution Combustion
Synthesis offer slightly bigger crystallite size, and therefore smaller
width of band gap compared to samples prepared by Solid State Reac-
tion Method, which provides samples with band gap up to 3.56 eV which
was obtained using UV-Vis spectroscopy. Splitting of 272 nm mode from
UV-Vis spectra for sample made by Solid State Reaction Method gives an
indication of more dominant multi — phonon modes in this sample rather
than in one made by Solid Combustion Synthesis. This was caused by
doping and transfer of excited energy which migrates through vanadate
sublattice to Eu ions; and after causes red emission induced by de —
excitation process of excited Eu ions. For modeling Infrared Reflection
spectra of both samples, Effective Medium Theory in Maxwell Garnett
approximation was used and classical oscillator model, with Drude part
added which takes into account concentration of free carriers. We
showed that in both samples characteristic frequency of Surface Optical
Phonon occurs as a consequence of resizing bulk crystal to nano scale.
Also, that SOP has greater influence in sample prepared by Solution
Combustion Synthesis, while in sample prepared by Solid State Reaction
Method multi — phonon modes are more dominant and cover SOP
modes. This was a confirmation of previous UV-Vis results. Since change
in intensity and shape of SOP modes depends on variation of filling
factor, we have considered the values of filling factor and its dependence
on SOP mode position and came to a conclusion that SOP frequency has
a linear dependence on filling factor, where SOP mode plays a role of LO
phonon. All results obtained, show not only occurrence of nanoscale
phenomena - surface optical phonon and multiphonon processes in
YVO4:Eu®* nanostructures, but its potential use in wide fields of science
and technology.
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Abstract

The rich chemistries and unique morphologies of titanium carbide MXenes, made them
strong candidates for many applications like sensors and electronic device materials. Dur-
ing the synthesis procedure, chemical etching, oxidation occurs and residual materials, like
titanium-dioxide nanocrystals and nanosheets are often present in resulting material. As
titanium-carbide MXenes are suggested to be used as additive in organic polymer matri-
ces for production of nanocomposites, it is essential to consider the presence of the oxides
and other residuals together with MXene flakes in synthesis results, and consequently in
produced nanocomposite. In this study we present structural and optical characterization
of such polymer nanocomposite titanium carbide/PMMA (Polymethyl methacrylate) con-
sisting of Ti;C,, TiC, MXenes and TiC, and TiO, residues of synthesis in PMMA matrix,
as a multicomponent nanocomposite. Using XRD, infra-red and Raman spectroscopy, fol-
lowed by comparative study on the vibrational properties using density functional theory
calculations, we characterize this nanocomposite. Further, the SEM measurements are per-
formed, demonstrating the produced titanium-carbide-based flakes in nanocomposite are
well defined and separated to nanosized grains, allowing us to use Maxwell-Garnet model
to analyse infrared spectrum. This enables us to determine the presence of the optical mod-
ification of polymer matrices corresponding to a volume fraction of 0.25.

Keywords Titanium-carbide nanoparticles - PMMA composite - Multicomponent
nanocompostite
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1 Introduction

Nanocomposites are the combination of two or more different materials where a minimum
of one of the components has dimension less than 100 nm Twardowski (2007). The pol-
ymer nanocomposites are made of organic polymer matrix (in this research, polymethyl
methacrylate—PMMA) and inorganic components (titanium carbide nanoparticles). The
properties of the obtained nanocomposites depend on the individual properties of each
component, morphology and the interface characteristics. In an attempt to improve the
properties of conventional polymer materials and extend the fields of their applications,
functionalization has emerged as important method in improvement of their not satisfac-
tory electronic, thermal and mechanical properties Tamborra et al. (2004); Hussain et al.
(2006). In addition to typical advantages of polymers (such are light-weight, low cost, and
good processability), the improvement of electrical properties (e.g., electrical conductiv-
ity) with the addition of a small amount of conductive fillers into polymer matrices have
promoted polymer nanocomposites into versatile multifunctional materials. Many applica-
tions like household electronics, memory and microwave devices are potentially available
with addition of metal oxide nanoparticles to polymer. This enables the modification of the
polymer’s physical properties as well as the implementation of new features in the poly-
mer matrix creating new type of materials known as the polymer nanocomposites. PMMA
as a thermoplastic polymer, has many extraordinary properties, like great transparency
and ultraviolet resistance, high abrasion resistance, hardness and stiffness and making it
widely used in many applications ranging from everyday items to high tech devices. Fur-
ther, PMMA is nondegradable and biocompatible which makes it an excellent candidate in
medical applications like tissue engineering with typical applications such as fracture fixa-
tion, intraocular lenses and dentures Peppas and Langer (1994).

Multicomponent nanocomposites based of layered and 2D materials have drawn signifi-
cant attention in past decade with promises of various applications. Reduction of dimen-
sionality of the system to the truly atomic-scale 2D is related to the occurrence of all new
amazing properties in low-dimensional material, since the reduction of available phase
space and decreased screening lead to enhancement of quantum effects and increased cor-
relations. Low-dimensional materials have been studied intensively both for their funda-
mental properties and insight in basic principles of matter but as well for their colossal
potential for applications. A discovery of true two-dimensional material graphene Novo-
selov et al. (2004) and its remarkable properties like and experimental observation of Klein
tunnelling, quantum Hall effect and superconductivity Novoselov et al. (2004); Katsnelson
et al. (2006); Zhang et al. (2005); Durajski et al. (2019); Pesic et al. (2014); Margine et al.
(2016); Durajski et al. (2020) paved the way for investigation of a new family of materials
in low-dimensional physics. The new field of two-dimensional materials research has arose
and investigated not only graphene but many more crystal structures where, just like in gra-
phene, cells are connected in at least one direction by the van der Waals’ forces Novoselov
et al. (2016).

Transition metal carbides are important group of materials for applications since they
possess some desired characteristics such as thermal stability, wear and corrosion resist-
ance, electronic, magnetic as well as catalytic properties. Titanium-carbide powders are
generally used for manufacturing cutting tools, used in treatment of metals and as abrasive-
resistant materials. In 2011 Naguib et al. (2011), the group of early transition metal car-
bides and/or carbo-nitrides labeled as MXenes. MXenes are produced by the etching out
of the A layers from MAX phases Naguib et al. (2011, 2012, 2013). Name MAX phase
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comes from its chemical composition: M, ,;AX,, where M is an early transition metal, A
is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is carbon and/or nitrogen,
andn=1, 2, or 3.

During the synthesis of titanium-carbide MXenes by chemical etching, oxidation can
occur which results in presence of TiO, consisted of nanosheets and numerous TiO,
nanocrystals Naguib et al. (2014). There are several studies Zhu et al. (2016); Gao et al.
(2015) whose researched is focused in possible applications of TiO,-MXene structures.
It is demonstrated the joint effects of Ti;C, and TiO, endowed TiO,-Ti;C, nanocompos-
ites with excellent properties and improved functionalities Zhu et al. (2016). In this work
we investigate the structural and optical properties of polymer nanocomposites prepared
by the incorporation of titanium-carbide nanoparticles consisting of Ti;C,, TiC, TiC and
TiO, into the matrices of polymer PMMA. The sample of nanocomposite material was
prepared, the PMMA matrix with titanium-carbide particles, PMMA/TiC. As for similar
materials Shan et al. (2021, 2020, 2021); Tan et al. (2021); Jafari et al. (2020); Tan et al.
(2021) proper understanding of composition of materials used in composite is crucial and
XRD analysis for the titanium-carbide flakes. The structural and morphology studies of
the nanocomposites were carried out by SEM and Raman spectroscopy. Infrared spectros-
copy is a very powerful technique in analysis of various nanoparticle and nanocomposite
materials prepared in various techiques Dastan (2015); Dastan and Chaure (2014); Dastan
et al. (2014); Dastan and Chaure (2017). To further understand properties of our inhomog-
enious nanocomposite we used infrared spectroscopy with Maxwell-Garnet model. To fur-
ther support optical characterization, calculations based on density functional theory were
performed.

2 Samples preparation and structural characterization
2.1 Titan-carbide/PMMA composite synthesis

In this work, titanium-carbide/PMMA nanocomposite sample was made from mixture of
MXene based titanium-carbide nanoflakes in PMMA matrix. Production of layered titan-
carbide flakes is based on MXene synthesis by selective etching of Al atomic layers from
Ti;AIC, MAX phase, we used the so-called *mild’ method with lithium fluoride (LiF)
and hydrochloric acid (HCI) Tu et al. (2018). This method was described in Naguib et al.
(2011). Procedure of composite preparation is described in Fig. 1.

Commercially available PMMA Acryrex CM205 (Chi Mei Corp. Korea, (Mw = 90400
g/mol, n = 1.49, A = 633 nm) pellets were used as a matrix for sample preparation. Ti;AlC,
MAX phase was processed and kindly donated from Layered Solids Group, Drexel Uni-
versity. Titanium-carbide flakes were obtained by sonification in the water and drying the
supernatant in a Petri dish in the oven for 30 minutes on 90-C.

Composite was prepared with 10 wt% PMMA solution in acetone (Carlo Erbe Reagents,
Spain) and added dried titanium-carbide flakes. After stirring the solution was poured in
Petri dish Cao et al. (2017) and dried in oven 24h on 40 °C. Content of titanium-carbide
flakes in the sample was 1.7 wt%.

The morphology of the produced composite has been investigated by FESEM using
high resolution electron microscope MIRA3 TESCAN. Samples display separated nano-
sized grains. Fig. 2a presents FESEM image of MXene flakes delaminated in water show-
ing morphology of obtained flakes, b FESEM image of the PMMA/titanium-carbide

@ Springer



354 Page4of13 J. Pedi¢etal.

Fig. 1 Schematic describing the .
synthesis process of MXenes ‘ mild f“e_th°d
from MAX phases and prepara- “ exfoliation
tion of composite Ti,AIC, MAX phase

{. Sonication

Wnium-carbide nanoparticles
Composite
preparation
TiC/PMMA

~ nanocomposite

Fig.2 FESEM photos of a Flakes delaminated in water; b PMMA composite prepared with titanium-car-
bide flakes

nanocomposite. Characteristic layered structure of MXenes is visible on FESEM image
and confirming success of delamination and exfoliation procedures. Obtained flakes dem-
onstrate multilayered structure with few pm in diameter. In Fig. 2b typical accordion like
structure can be indicated in nanosize grain-like structures, clustered in PMMA matrix.

2.2 XRD

X-ray diffraction powder (XRD) technique was used to determine structural characteristics
of titanium-carbide based flakes to be used in composites. Philips PW 1050 diffractom-
eter equipped with a PW 1730 generator was used. The same conditions were used for all
samples, 40 kVX20 mA, using Ni filtered Co Kea radiation of 0.1778897 nm at room tem-
perature. Measurements were carried out in the 26 range of 20-80° with a scanning step
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Fig.3 XRD pattern for titanium- X
carbide flakes, starting material o X - anatase
for PMMA/TiC composite o - rutile
p - TiC
T- TﬁCz
= + - TiC,
'z
=
8
=
=

Fig.4 Schematic representation
of Titanum-carbide structures
present at composite a Ti;C,, b
TiC and ¢ TiC,

of 0.05° and 10 s scanning time per step. In Fig. 3 is presented XRD pattern for titanium-
carbide flakes, starting material for composite. The different phases of titanium carbide can
be noticed from diffractogram—Ti;C,, TiC and TiC, together with TiO,. TiO, is widely
present as anatase and rutile. All peaks obtained correspond to the structures of Ti;C,,
TiC, TiC,, anatase and rutile and it is confirmed that they belong to space groups P6,/mmc
(194), Fm3m (225) Fm2m (42), 14,/amd (141), P4,/mnm (136), respectively. The unit cells
of MXene structures Ti;C,, TiC and TiC, are presented in Fig. 4. These structures were
further used in DFT analysis of optical spectroscopy results in Sect. 3.3.

3 Results and discussion
3.1 Raman spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and analyzed
by the TriVista 557 system equipped with a nitrogen cooled charge-coupled-device
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detector. As an excitation source, we used the 532 nm line of Ti:Sapphire laser. Excita-
tion energy is in the off-resonance regime for all the considered materials. The Raman
spectra of the PMMA, PMMA/TiC, and titanium-carbide flakes, measured in the spec-
tral range of 100-1100 cm™' at room temperature, are presented in Fig. 5.

The Raman spectrum of PMMA is presented in Fig. 5a. Intense modes at 235, 300,
362, 400, 484, 560, 603, 660, 733, 815, 839, 864, 911, 967, 985, 1063 and 1091 cm™!
were detected. The obtained results are in a good agreement with the values given in the
literature Willis et al. (1969); Thomas et al. (2008); Cur&ié et al. (2020).

(a) 815 PMMA

Titanium-carbide flakes

Raman Intensity [arbitr. units]

(©) PMMA / TiC

786
204

0 100 200 300 400 500 600 700 800 900 1000 1100
Raman shift [cm-1]

Fig.5 Raman spectra with photo of the sample of a PMMA, b Titanium-carbide flakes, ¢ PMMA/TiC com-

posite. Only titanium-carbide related peaks are marked in this spectrum. Unassigned peaks correspond to
PMMA from a spectrum
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In Fig. 5b spectrum of titanium-carbide flakes after etching procedure is presented.
Several characteristic peaks can be distinguished on 153 cm™, 204 cm™!, 396 cm™!, 514
cm™' and 627 cm™'. Peaks at 153 cm™' and 627 cm™' correspond to doubly degenerated
E,, modes of Ti;C,. The frequency associated with E,, modes is calculated to be at 161
cm™! for the bare Ti;C,. Since their main contribution is from in-plane vibrations of Ti and
C atoms, it can be influenced by the vibrations of the terminal atoms (as a residue of syn-
thesis procedure) weaken the in-plane motion of the Ti and C atoms, hence there is shift to
lower frequency. The terminal groups play significant roles for the vibrational modes: the
terminal atoms weakening the motions in which the surface Ti atoms are involved while
strengthening the out-of-plane vibration of the C atoms; the corresponding vibrational fre-
quencies dramatically change with the various terminal atoms Zhao et al. (2016). This is
consistent with XRD results suggesting significant amount of TiO, as a residue of synthe-
sis procedure as described in introduction. This can be also visible in Raman spectrum of
titanium-carbide flakes on 204 cm~! and 514 cm™!. The doubly degenerated modes at 621
cm™' correspond to the in-plane vibration of the C atoms Hu et al. (2015). In Fig. 5c spec-
trum of PMMA/TIC is presented, only titanium-carbide related peaks at 204 and 786 cm™!
are marked in this spectrum. Unassigned peaks correspond to PMMA peaks marked on a)
panel.

As XRD analysis demonstrated, obtained flakes contain both MXene flakes and tita-
nium-dioxide as the residue of synthesis procedure. To further understand and assign this
spectra we performed theoretical analysis of all materials identified in XRD pattern using
density functional theory calculations. Calculations provided us a guide for identification
of peaks and all results are summarized in Table 1.

3.2 Far-infrared spectroscopy

Far-infrared reflection spectra were measured at room temperature in the spectral range
from 40 to 600 cm™!, carried out with a BOMEM DA 8 spectrometer. The experimental
data are represented at Fig. 6a and by circles at Fig. 6b—d. As expected, the reflection spec-
tra of nanocomposites are by intensity placed between the starting composites. In order
to analyse far-infrared spectra we have used the classical oscillator model with free car-
rier contribution, as a base for Maxwell-Garnet effective medium approximation Abstreiter
(1984); Carter and Bate (1971). The low-frequency dielectric properties of single crystals
are described by classical oscillators corresponding to the TO modes, to which the Drude
part is superimposed to take into account the free carrier contribution:
i ecoSk 6006012,
2

e(w) =€, + - —>
’ © A @? =iy @@+ ilp)

(D
=1 PTor ~

where e, is the bound charge contribution and it is assumed to be a constant, a)%k is the
transverse optical-phonon frequency, (uf, the plasma frequency, y;y, is damping, I'p is the
plasmon mode damping coefficient, and S, is the oscillator strength.

In general, the optical properties of an inhomogeneous material are described by the
complex dielectric function that depends on 3D distribution of constituents. The investi-
gated mixture consists of two materials with two different dielectric components. One is
treated as a host, and the other as the inclusions. The characterization of the inhomogene-
ous material by the two dielectric functions is not useful, since one need to know the exact

geometrical arrangement of the constituents of the material. However, if the wavelength of
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Fig.6 Infrared analysis: a Infrared spectra of Titanium-carbide flakes (green) and composites PMMA/
TiC (blue) and pure PMMA (black), b, ¢, and d circles represent experimental data and solid lines are fit
obtained by Maxwell-Garnet model as described in Sect. 3.2

Table 1 Raman and infrared
spectrum analysis and modes
assignation for synthesized
titanium-carbide flakes and
PMMA/TiC composite

Titanium-car- PMMA/TiC Description
bide flakes
Raman IR Raman IR
®, 62.4 66 E,, Ti;C,
, 85.8 81 B, TiO, rutile
o 119 127  A,,, Ti;C, and B, TiC,
[oN 153 E,. Ti;C,
@5 204 200 204 195  E, TiO, anatase
[0 396 A,, TiC,; E, TiO, anatase
W 514 A, TiO, anatase
wg 620 615 E,, Ti;C,
on 627 E,, Ti;C,
@0 786 A, TiO, rutile
@p 80 150
f 1 0.25

Infrared modes fit is obtained by Maxwell-Garnet model. Modes
assignation is performed using values obtained in DFT calculations

the electromagnetic radiation is much larger than the size of inclusions, classical theories
of inhomogeneous material presume that the material can be treated as a homogeneous
substance with an effective dielectric function. In the literature, many mixing models can
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be found for the effective permittivity of such mixture. Some are present in ref Sihvola
(1999). Optical properties of such materials depend upon the properties of constituents, as
well as their volume fraction. Since our samples are well defined and separated nanosized
grains (as demonstrated on FESEM images, Fig. 2), we used Maxwell-Garnet model for
present case. For the spherical inclusions case, the prediction of the effective permittivity
of mixture, Eoffs according to the Maxwell-Garnet mixing rule is Garnett (1904):

€ — €
€ +2¢ — f(e; — €) @

€ =€ + 3fe

Here, spheres of permittivity €, (Titanium-carbide) are located randomly in homogeneous
environment ¢; (PMMA) and occupy a volume fraction f.

Solid lines in Fig. 6 are calculated spectra obtained by a fitting procedure based on the
previously presented model. The agreement of the theoretical model obtained in this man-
ner with the experimental results is excellent.

To demonstrate the model, together with the infrared spectrum of PMMA, Fig. 6b is
given the theoretical spectrum of PMMA/TiC nanocomposites for f = 0.1. The properties
of TiC structures are clearly visible. A larger share of TiC structures leads to the spectrum
in Fig 6¢, which was obtained for f = 0.25. In Fig. 6d, for f=1 of course there is no effect
from PMMA.

3.3 Discussion

In Table 1 are summarized results from spectroscopic measurements of obtained nanocom-
posites. As stated above, for infrared measurements the agreement of the theoretical model
with obtained spectra is excellent and best fit parameters are presented in this table.

To further support our results we performed DFT based calculations and calculated
vibrational frequencies in I' point for all materials present after titanium-carbide flakes
exfoliation, which we determined are present using XRD, Fig. 3. Obtained values are
compared to experimental Raman and infrared spectrum and modes have been assigned.
Results are summarized in Table 1. We presented only modes that can be assigned to peaks
from the spectra. In infrared spectra we can notice good agrement with theoretical calcula-
tions, specially for low-energy E, and A,, mode of Ti;C, which is present the composite
spectrum (Fig. 6b, c) as in starting titanium-carbide material (Fig. 6d). As shown in XRD
we notice peaks originating from TiO, and TiC, in mid-energy region. High-energy mode
E, on 620 cm™! is present in spectrum of PMMA/TiC. In Table 2 are summarized calcu-
lated optical modes for Ti;C, with symmetry 194 group used in analysis.

DFT calculations were performed using the Quantum Espresso software package Gian-
nozzi (2009), based on the plane waves and pseudopotentials. The PBE (Perdew, Burke and
Ernzehof) Perdew et al. (1996) exchange-correlation functional was employed and PAW
(Projector augmented waves) pseudopotentials were used. Energy cutoff for wavefunctions
and charge density were set to 52 Ry and 575 Ry to ensure the convergence. The Brillouin
zone was sampled using the Monkhorst-Pack scheme, with 8x8x8 k-points mesh for TiC,,
8x8x4 for Ti;C,, 12x12x12 for TiC, and 8x8x8 for TiO, (Rutile and Anatase structures).
Phonon frequencies are calculated within the DPFT (Density Functional Perturbation The-
ory) implemented in Quantum Espresso Baroni et al. (2001). In order to obtain the lattice
parameters more accurately, van der Waals forces were treated using the Grimme-D2 cor-
rection Grimme (2006)
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Table 2 Vibrational modes for

Ti;C, with symmetry group 194, TisC, (P6/mme)

calculated from the measured cm~! Symmetry Raman or

data IR active
65.0 E, I
135.2 Aoy I
160.6 Eg R
161.4 Eg R
229.9 Aq e R
269.3 Aq e R
271.1 Ey I
271.7 Ey 1
3714 Aoy 1
382.4 Aoy I
549.1 Aoy I
554.4 Ayy I
611.2 Eg R
620.4 Eq R
624.1 Ey I
626.4 Ey I
653.2 Aq g R
658.3 Aq g R

Optical spectroscopy results supported with the DFT numerical calculation confirm that
produced composites PMMA/TiC show optical modification comparing to pure PMMA.
Our X-ray diffraction investigation of synthesized nanomaterials identified presence of Ti,
C, and TiC, MXenes and residual TiO, and TiC from the synthesis procedure, which can
be also supported from the optical spectroscopy results.

4 Conclusion

In this paper, we present results of optical and structural investigation of composite based
on titanium-carbide nanoflakes (Ti;C,, TiC, TiC and TiO,)in PMMA matrix. X-ray dif-
fraction (XRD) investigation of synthesized nanomaterials identified presence of Ti;C, and
TiC, MXenes and residual TiO, and TiC from the synthesis procedure. The optical proper-
ties were studied by Raman and infrared spectroscopy at room temperature. The analysis of
the Raman spectra was made by the fitting procedure. For analysis of infrared spectra we
used Maxwell-Garnet model. In order to identify and assign vibrational modes, vibrational
frequencies of all identified materials were calculated using density functional theory,
and compared with experimental results. We confirmed optical modification in composite
structure compared to pure PMMA. Further analysis that goes beyond the scope of this
publication studies mechanical properties of composite materials, confirming improve-
ments compared to pure PMMA. The obtained composite showed enhanced hardness, elas-
tic modulus and tensile strength compared with pure PMMA Pesic et al. (2019).
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Zorica Z. Lazarevié¢, Martina Gili¢, Aleksandra Milutinovi¢,
Nebojsa Romcevié, Hana Ibrahim Elswie, Vesna Radojevic,
Dalibor L. Sekulié¢

15 Growth and characterization of calcium
fluoride single crystals

Abstract: The calcium fluoride (CaF,) single crystals were grown using the Bridg-
man technique. By optimizing growth conditions, <111>-oriented CaF,, crystals
~ up to 20 mm in diameter were grown. Number of dislocations in CaF, crystals
was 5 x 10%-2 x 10° per cm?. Selected CaF, single crystals is cut into several tile diamond
saw. The plates were polished, first with the silicon carbide, then with the paraffin oil
and finally with a diamond paste. The obtained crystals were studied by X-ray diffrac-
tion, Raman spectroscopy, far-IR reflectivity and by the measurement of transmission
in the mid-IR range. The crystal structure is confirmed by XRD. One Raman and two
IR optical modes predicted by group theory are observed. In the transmission spec-
tra, except modes originated from vibration of -CH, groups, hydroxyl groups -OH
and KB, is visible a peak at 671 cm™ assigned to the Ca-F stretching vibrations. A
low photoluminescence testifies that the concentration of oxygen defects within
the host of CaF, is small. The electrical and dielectric properties of CaF, single crystal
were studied.

Keywords: goptical materials, CaF,, Raman spectroscopy, IR spectroscopy, photolu-
minescence

15.1 Introduction

Crystals are the unacknowledged pillars of modem technology. Without crystals, there
would be no electronic industry, no photonic industry, no fiber optic communications,
which depend on materials/crystals such as semiconductors, superconductors,
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polarizers, transducers, radiation detectors, ultrasonic amplifiers, ferrites, mag-
netic garnets, solid state lasers, non-linear optics, piezo-electric, electro-optic,
acousto-optic, photosensitive, refractory of different grades, crystalline films for
microelectronics and computer industries [1]. Crystal growth is an interdisciplin-
ary subject covering physics, chemistry, material science, chemical engineering,
metallurgy, crystallography, mineralogy and others. In the past few decades,
there has been a growing interest on crystal growth processes, particularly in
view of the increasing demand of materials for technological applications. The
materials can be grown in single crystal form from the melt provided they melt
congruently without decomposition at the melting point and do not undergo any
phase transformation between the melting point and room temperature. Depending
on the thermal characteristics, the following techniques are employed: Bridgman,
Czochralski, Kyropoulos, zone melting and Verneuil techniques. Schematics of the
two Bridgman configurations and other crystal growth techniques are shown in
Figures 15.1-15.6 [1, 2]. Czochralski method for obtain different optical materials and
solid state lasers has been reviewed by several authors [3-7]. For most compound
semiconductor materials, melt growth methods are the main methods of industrial
manufacture as they provide a rapid growth of large single crystals.

Figure 15.1: Schematic diagram of a vertical Bridgman (VB) crystal growth process in a single-zone
furnace: (a) at the beginning of the experiment and (b) with partially grown crystal.

Fluorides have attracted considerable research interest because they exhibit many
unique properties that may increase their applications in optics and electronics.
Among them, alkaline-earth fluorides are dielectric and have a wide transmission
range, and therefore they are widely used in optical components, microelectronic
and optoelectronic devices [8-10]. CaF, is a kind of typical alkaline-earth fluorides.
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crystal Melt-solid interface

figure 15.2: Schematic diagram of a horizontal Bridgman (HB) crystal growth process in a single-
zone furnace: (a) at the beginning of the experiment and (b) with partially grown crystal.

It has a well-known fluorite structure, in which Ca?* ions lie at the nodes in a face-
centered lattice, while F~ ions lie at the centers of the octants [11]. Furthermore,
with an optically isotropic fluorite structure, the CaF, crystal is suitable as a phos-
phor host because it exhibits outstanding transmission characteristics for a wide
range of wavelength (0.3-8 mm) [12]. When CaF, is doped with rare-earth (RE),

~ some interesting luminescence properties can be expected. As a result, general at-

tention has been drawn on this field recently. CaF, doped with RE could be used as
laser [13, 14] and fluorescent labeling material in biological applications [15-17].
Also, CaF, crystals exhibit some excellent properties such as high transmit-
tance in the far UV to mid IR range, low refractive index, high chemical resistance
and high laser damage threshold. Such properties make this crystal very important
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Figure 15.4: Schematic of Kyropoulos growth equipment. (a) The seed crystal contacts the melt, a
small amount melts and then cooling is commenced to produce (b) and (c).
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Figure 15.5: Schematic of float-zone growth equipment.

‘for use in the manufacture of special lenses, and especially for use in the photolithog-
raphy [18, 19].

_ Generally CaF, single crystals are grown by the Bridgman method and the appli-
cations require large diameter CaF, single crystals [20, 21]. But growing large-size
single crystals has been very tough because of the grain boundaries during the
owth and the cracks during the cooling process [22]. Recently ceramic laser tech-
nology is found to exhibit more advantages over the single crystal growth processes
and in particular, the ceramics can be produced in large volumes and with the ho-
‘mogeneous doping of laser active ions in the host materials [23]. Polycrystalline
(aF, has been synthesized for the first time with dysprosium as an active ion [24].
Recently, thermal conductivity of the natural calcium fluoride ceramics has been in-
vestigated and compared with single crystals of CaF, and are found to exhibit better
mechanical properties over single crystals [25]. Also, it was confirmed that the grain
boundaries are transparent to phonons as well as to photons in synthetic optical
ceramics of CaF,.

" Calcium fluoride, fluorite, is a well-known face-centered cubic mineral [26].
The fluorite structure is shared with a wide variety of other compounds, for which
(aF, is considered the type compound. The structure of fluorite has eight fluorine
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Figure 15.6: Schematic of Verneuil growth equipment.

atoms arranged in a cube around the calcium atom, with the cubes of fluorine
edge-connected in a face-centered cubic array. Conversely, the fluorine atom is
surrounded by four calcium atoms arranged in an ideal tetrahedron, with the tet-
rahedra also edge-connected. Fluorite has a very simple structure (Figure 15.7).
Calcium (green) atoms in a face-centered pattern contain a cube of fluorine atoms
(purple). Darker shades are used to portray calcium atoms toward the rear of the
unit cell. We can also view the structure as a simple cubic array of fluorine atoms
with a calcium atom in the center of alternate cubes. Considered that way, there
are obviously diagonal planes of cubes containing no cations. These planes will
evidently be planes of weakness, accounting for fluorite’s excellent octahedral
cleavage.

Since each fluoride ion has four nearest-neighbor calcium ions, the coordination
in this structure is described as (8:4). Although the radii of the two ions (F~ =117 pm,
Ca® =126 pm) do not allow true close packing, they are similar enough that one could
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Fluorite CaF,

- Figure 15.7: Unit cell representation of CaF, structure.

just as well describe the structure as a FCC lattice of fluoride ions with calcium ions in
the octahedral holes [27].

The lattice dynamics of calcium fluoride crystal have been the subject of nu-
merous investigations in the past. The phonon dispersion curves of calcium fluo-

ride were observed by inelastic neutron scattering [28] and optical investigations.
Raman scattering measurements [29, 30] and IR reflectivity measurements [31-33]
have indicated pronounced phonon anharmonicity and defect induced scattering
what must be included in oscillator model in order to estimate the lattice dynam-
ical quantities properly.

It may be noted that the Bridgman method is one of the most popular methods
of crystal growth because it is very easy to perform in a vacuum and in an inert at-
mosphere [34, 35]. The entire melted batch of CaF, in the crucible (which is of cylin-
drical shape with a conical bottom) is slowly lowered into the colder part of the
furnace, so that the crystallization process begins at the bottom of the crucible at
the top of the cone. Reviewing the literature it can be noted that the crucible can be
made from spectroscopically pure graphite [22, 36-39] or platinum [40].

The aim of our work was to produce CaF, single crystal. The structural and opti-
cal properties obtained crystals were characterized using XRD, Raman and IR spec-
"‘troscopy and measurement of transmission. The photoluminescence (PL) emission
spectrum of CaF, has a broad band in the range of 320 nm to 475 nm. We have car-

1ied out a detailed study about electrical and dielectric properties of CaF, single
crystal over a relatively wide range of frequencies as a function of temperature.
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15.2 Experimental

The BCG365 device was used to obtain single crystals of CaF, by the Bridgman
method [41, 42]. Initial samples of single crystals were mostly transparent, but some
were cracked. Therefore, we had to make some changes in conditions of growth and
construction of crucible. Experiments have been performed with CaF, in the formof -
a powder. The CaF, powder was compacted and sintered in the form of tablets. Cru-
cible could easily be filled with such obtained tablets. Powder CaF, (Rare Earth
Products Limited) purity of 99.99% was used in the experiment. It was compacted
under a pressure of 3,500 kg cm ™, and the sintering of the obtained tablets was car-
ried out at 900 °C under an inert atmosphere of argon. We tried out combinations
of various growth rates and generator powers with the aim to define the optimal
growth conditions. Power generator was initially Py, = 3.8 kW, and was later increased
to Pgen = 3.94 kW. We tested different crystal growth rates.

Crucible with the charge placed on the holder in the upper chamber furnace,
Then the apparatus is sealed, and then put into operation a vacuum apparatus and
cooling water. After establishing a vacuum, the generator gradually increases the
heating power all the mass has melted. The maximum used power was 3.94 kW,
Since the charge melted, the crucible slowly descends to the lower (cold) chamber of
the furnace. At the top of the cone, which arrives first in a colder area, a germ of fu-
ture crystallization is formed. Continued further lowering the crucible, and the power
supply generators have been gradually decreasing. ,

When lowered muffle up to 30 mm in length, the descent rate was R = 6.8 mmh™,
In a further descent we increased the speed at R=12.7 mm h™, In subsequent expeti
ments, we used only the rate of descent crucible of R=6.8 mm h™ over the entire
length of the chamber. During the growth of single crystals, a modified holder was
used. His cooling fins at the upper end are slightly higher, while conventional brackefs
have all cooling fins of the same size. In Figure 15.8 shows a schematic representation
of the apparatus, and Figure 15.9 gives the look and dimensions of the crucible that
was used during the experiment. i

The observations relating to the dislocation were recorded by observing an etched
surface of CaF, crystal, using a Metaval of Carl Zeiss Java metallographic microscope
with magnification of 270x. A selected CaF, single crystal was cut into several tiles with
the diamond saw. The plates were polished, first with the silicon carbide, then with the
paraffin oil, and finally with a diamond paste. The obtained finely polished samples
were used for the characterization by Raman, IR and luminescence spectroscopy.

The crystal plane of cleavage of calcium fluoride crystal is <111>. Thin panels for
testing dislocations were obtained by splitting of individual pieces of crystal. Conc.
H,S0, was used as an etching solution. The samples were etched for 15 min.

The crystal structure of CaF, single crystal was approved using the X-ray diffrac-
tometer (XRD, Model Philips PW 1050 diffractometer) equipped with a PW 1730 gener-
ator, 40 kV x 20 mA, and using CukK, radiation of 1.540598 A at the room temperature,
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Figure 15.8: A schematic view of an apparatus for Bridgman-grown
CaF, single crystals: 1) quartz tube; 2) ceramics; 3) line for cooling;
4) graphite crucible; 5) spiral for heating; 6) graphite crucible
carrier and 7) spindle.

Figure 15.9: Schematic view - layout and dimensions of
the crucibles used in the experiment for Bridgman-grown
CaF, single crystals.

Measurements were done in 26 range of 10-90° with scanning step width of 0.05°
and 10 s scanning time per step.

The Raman scattering measurements of CaF, crystal were performed in the back-
scattering geometry at room temperature in the air using a Jobin-Yvon T64000 triple
spectrometer, equipped with a confocal microscope (100x) and a nitrogen-cooled
charge coupled device detector (CCD). The spectra had been excited by a 514.5 nm
line of Coherent Innova 99 Ar* — ion laser with an output power of less than 20 mW

to avoid local heating due to laser irradiation. Spectra were recorded in the range
from 100 to 800 cm™.,
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The room temperature far-infrared reflectivity measurement was carried out with
a BOMEM DA-8 FIR spectrometer. A DTGS pyroelectric detector was used to cover the
wave number range from 50 to 600 cm™.

The transmission spectra of CaF, samples (powdered and pressed in the discs
with KBr) were obtained by transmission Fourier-transform infrared (FTIR) Hart-
mann&Braun spectrometer, MB-series. The FTIR spectra were recorded between
4,000 and 400 cm™ with a resolution of 4 cm™.

Photoluminescence (PL) studies reported in this work were performed at room
temperature using Optical Parametric Oscillator (Vibrant OPO) tuned at 350 nmas
excitation source. The experimental setup used in this study consists of excitation
and detection part (Figure 15.10). Pulsed excitation was provided by a tunable Nd:
YAG laser system with pulse duration of about 5 ns and repetition rate of 10 Hz
Time resolved streak images of the emission spectrum excited by OPO system wete
collected by using a spectrograph (SpectraPro 2300i) and recorded with a Hama-
matsu streak camera (model C4334). All streak camera operations were controlled
by the HPD-TA (High Performance Digital Temporal Analyzer) software. The funda-
mental advantage of the streak camera is its two-dimensional nature, enabling the
acquiring of the temporal evolution of laser-induced phenomena. The camera is
equipped with image intensifier so single photons can be detected and counted, en-
abling the detection of even very small photoluminescence response of excited sam-
ple. The excitation and detection optical axes were aligned using the beam splitter,
so it was possible to tune the angle of excitation beam regarding the surface of sam-
ple and to maintain the high sensitivity of detection.

In order to study the electrical and dielectric propetties of synthesized CaF, sin-
gle crystal, the plan-parallel plate with dimensions of 11 x 11 x 2 mm> was coated
with high-purity silver paste on adjacent faces as electrodes. AC (alternating cur
rent) parameters were measured using an impedance analyzer (Hewlett—Packard
4194A) at various temperatures between 25 °C and 175 °C in the frequency range
100 Hz to 1 MHz. For more details see Ref [43].

15.3 Results and discussion

CaF, single crystals are obtained by the vertical Bridgman method in vacuum. The
best results were obtained with a crystal growth rate of 6.8 mm h™’. The obtained
single crystal of CaF, was 90 mm in length and 20 mm in diameter (Figure 15.11),
Because of the low temperature gradient came to a sudden crystallization process
with appearance of dendrites in the bottom of the crucible. This was the reason why
change was made in the construction of crucible. The cone on the bottom of the cruci-
ble was extended into a narrow tube. This form avoid the appearance of dendrites. The
crystals which were obtained from the thus-constructed crucible were of better quality.
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figure 15.10: Experimental setup for photoluminescence measurements.

However, when grinding the upper surface of the crystal, due to impurities that have
dlung there, there have been cracks in crystals per plane cleavage <111>.

The general conclusion is that in all samples relatively high dislocation density
(tanging from 60,000 to 140,000) was observed as a consequence of greater internal
stresses, which have emerged in the process of cooling. From Figure 15.12 disloca-
tions on CaF, single crystal can be observed. Etch pits have the shape of a three-
sided pyramid. Number of dislocations in CaF, crystals which were made by the
Bridgman method was 5 x 102 x 10° per cm? (Figure 15.6).

After heating to 400 °C and gradual cooling, crystal etching was done with
onc. H,SO, and observation under a microscope. In places where there were the
output of dislocations were not observed any major changes. The same was the case
even after heating at a temperature of 600 °C. By observation under a microscope
sthedule dislocations remained unchanged. However, heating the crystals at 860 °C,
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Figure 15.11: Photographs of Bridgman-grown CaF; single crystal.

Figure 15.12: The microscopic image of the surface CaF, crystal plate in the direction <1115 .
Magnification of 270x.

after a gradual cooling, etching with conc. H,S0,4 and observation under a microscope
showed a different schedule point of exit of dislocations in the crystal surface. There
was a movement of dislocations. It was seen that internal stress partially disappeared
as a result of dislocation, with their stress fields partially reversed. In so doing, the
concentration of the dislocations is not changed practically. After heating, it was
noticed that the crystal on the surface was milky white. This layer was very thin,
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s0it is assumed that there was a diffusion of oxygen and partial oxidation of CaF,,
e, formation of CaO.

In order to eliminate stresses in the crystal, we made a crystal annealing. The
process of annealing was carried out on the plate and bulk crystal CaF,. The temper-
ature of annealing of the plate was at 1,000 °C for 3 h, and the temperature of an-
nealing of the bulk crystal was at 1,000 °C and 1,080 °C for 1-3 h. Annealing was
(arried out under an inert atmosphere of argon. It was noticed that after annealing,
plate CaF, did not have enough stress. Annealing bulk single crystal CaF, had less
sfress than non-annealing.

During the annealing process there is a movement of dislocations. The leads to
the formation of sub-boundaries, and, as a result, the internal stress in the crystal
partially disappears. During the movement of dislocations their stress fields are par-
flally reversed, but the dislocation density is practically not changed.

XRD pattern (Figure 15.13) was indexed by using JCPDS database (card no. 87-
0971). The sample of CaF, single crystal was of cubic structure with the Fm3m space
goup [44]. The XRD pattern was found to match exactly with those reported in the
literature [45-47]. The displayed peaks correspond to (h k I) values of (11 1), (22 0),
11), (4 00), (33 1) and (4 2 2). Using the (h k I) values of different peaks, the lattice
wnstant (a) of the sample was calculated. Their lattice parameter was calculated
Iom the equation of plane spacing for cubic crystal system and Bragg’s law for dif-
fraction [48]. The lattice parameter was 5.460 + 0.011 A, calculated from the ob-

B Gined XRD diagram, which was in good agreement with the literature [49].

The primitive cell of a fluorite structure contains three atoms that give nine fun-
damental vibrations in the center of Brilouin zone 6T;,(IR) + 3T5(R). The first three
of Ty, are acoustic modes. At the I' point, there are three distinct optic phonon
modes: a doubly degenerate infrared-active TO T, an infrared-active nondegener-
aeL0 Ty, and a triply degenerate Raman-active mode T,, between them [50, 51].

The room-temperature first order T, one-band spontaneous Raman scattering

ectra of CaF, crystal is shown in Figure 15.14.
T, mode originates from the stretching vibrations of F atoms around Ca. In this

mains stationary and the neighboring fluoride F™* ions vibrate against each other
[2-60].

The far-infrared reflectivity spectrum of the CaF, substrate is shown in Figure 15.15a.
The experimental data are presented with circles. The solid line in Figure 15.15a
ias obtained using the dielectric function in the factorized form given by eq. (15.1)
61, 62]:

n 2 2 s
(u)m = + lcuyllo

(W) = €w 5 P (15.1)
i=1 Wio — W +iwyyg
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Figure 15.13: X-ray diffraction pattern of the CaF, powdered sample.
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Figure 15.14: Raman spectrum of CaF, single crystals, recorded at room temperature.
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figure 15.15: IR spectrum of CaF2 single crystals, recorded at room temperature.

The number of modes is n, wj o and wjro are the longitudinal and transverse opti-
al frequencies, yj0 and yjro denote longitudinal and transverse damping constants,
espectively, and €., is the dielectric constant (permittivity) at high frequency.

As a result of the best fit we obtained the wro=272 cm™ and wyo =475 cm™,

omewhat higher than in Ref [63]. (TO/LO = 257/463). In pure CaF,, only two infrared
ttive modes are allowed by the crystal symmetry (splitted TO-LO mode), but we see
hat the main reflectivity band of CaF, exhibits a feature centered about 360 cmlasa
ssult of a two-phonon combination. This feature has been observed in all stoichio-
efric fluorite-structured crystals [64]. There are two additional weak modes with rel-
fively high dampings in the range of low energies. We suppose that mode about
B0 cm™ could be caused by impurities and about 200 cm™ is a TO-mode from the X
int <100>. Kramers-Kroning analysis of far-IR reflectance data gives wro =272 cm™
nd wyo = 475 cm ™, in accordance with fitting procedure (Figure 15.15b).
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FTIR transmission was measured in order to check the purity of the obtained
CaF,. As shown in Figure 15.16, the sharp peaks of the absorption at 2,854 cm™
and 2,936 cm ™ are assigned to the symmetric and antisymmetric stretching vibra-
tion of -CH, groups [65]. Also, the spectrum shows two broad IR absorption peaks at
~3,432 cm™ and 1,628 cm™ are assigned to the symmetrically stretching vibration
and antisymmetric stretching vibration of hydroxyl groups -OH, implying the pres-
ence of H,0 molecules [66]. The peak at 671 cm™ in the FTIR spectrum was assigned
to the Ca-F stretching vibration of CaF, [67]. The band at ~2,357 cm™ is due to KBr

pellets used for recording FTIR spectrum [68].
CaF2 '
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Figure 15.16: FTIR spectrum of CaF,,

We have measured the photoluminescence response of the CaF, crystal sample for
various excitation wavelengths and different angles of excitation beam. The streak
image of the fluorescence emission spectrum of CaF, is presented in Figure 15.17a.
The photoluminescence response was very small; see Figure 15.17a where a typical
optical response of sample is presented. Although the streak images were acquired in
photon counting mode using a very large number of expositions (20.000), very small
number of photons were counted. The vertical axis in Figure 15.17a corresponds to
the fluorescence development in time domain of 200 ns. The beginning of the vertical
axis is cut off in order to avoid undesirable part of the spectra (excitation at 320 nm
and second harmonic of Nd:YAG laser at 532 nm).
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figure 15.17: (a) Streak image of the fluorescence spectra of CaF, crystal. (b) Fluorescence spectra
of CaF, crystal as a function of wavelength (integrated profile). (c) Fluorescence spectra of CaF,
tystal as a function of time (integrated profile) and fitted curve.

Enlarged integrated profile of the fluorescence of CaF, is presented in Figure 15.17b.
Our pure sample of CaF, crystal shows a broad band in 300-500 nm range. As pointed
out in [69] this band might be induced due to the formation of color centers. These cen-
ters perhaps could be created by oxygen defects within the host of CaF,. However, the
occurrence of defects in crystal is very rare compared to the nanostructures described in
[691, so the luminescence of our sample is very weak compared to the luminescence of
stucture described in [69]. To obtain good luminescence response, the samples of CaF,
ate doped with Ag, Eu, Th, Cu or Dy [69, 70]. However, CaF, crystal is usually used in
applications where high optical transmission is needed and photoluminescence is
not welcomed characteristics [71].
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Fluorescence line profile (fluorescence decay) from image Figure 15.17a is se-
lected using the integration process in region from 340 nm to 460 nm. That profile
is fitted using High Performance Digital Temporal Analyzer (HPD-TA) software, pro-

Changes in the real
different temperatures fi
ticed that the magnitude

vided by Hamamatsu. Fluorescence decay and fitted curve are shown together in in both applied frequenc
Figure 15.17c. The obtained lifetime is 33 ns (y* = 1.07). ductivity of the CaF, sa
The properties of the crystal, such as density of dislocations, crystallinity and the temperature-depend

impurities concentrations, determine the optical quality.

The frequency dependence of the AC electrical conductivity, that is, conduc-
tivity spectra for studied CaF, single crystal at various temperatures is shown in
Figure 15.18. These plots indicate the existence of two contributions inside our
sample. Namely, DC conductivity contribution is predominant at low frequencies
and high temperatures, whereas the frequency-dependent term dominates at high
frequencies. Moreover, the observed dispersion in the conductivity spectrum is
shifted toward the higher frequency side with the increase of temperature. This
variation of AC conductivity with frequency at different temperatures obeys the
power law given by the empirical formula (eq. (15.2)) proposed by Jonscher [72]:

a nearly negative slop
low-frequency relaxat]

Oac(w) = Aw® (15)

where w is the angular frequency of AC field. A and s (0 < s < 1) are the characteristic
parameters which are temperature dependent. The Jonscher’s coefficient s repre- :
sents the degree of interaction between mobile ions with the lattices around

10 3
s s T3 Y] RS RT R IT] M——
them, and the prefactor parameter A determines the strength of polarizability [73]. o e
In general, the nature of the temperature dependence of frequency exponent s deter- {
mines the AC conduction mechanism in the material [43].
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Figure 15.18: Frequency dependence of AC conductivity for CaF, single crystal at different
temperatures.
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Changes in the real and imaginary part of complex impedance with frequency at
different temperatures for CaF, single crystal are shown in Figure 15.19. It can be no-
ticed that the magnitude of part of complex impedance (Z') decreases with an increase
in both applied frequency and temperature, indicating an increase in AC electrical con-
ductivity of the CaF, sample with increasing frequency and temperature. In addition,
the temperature-dependent Z' shows a plateau on the low frequency side followed by
anearly negative slope on the high-frequency side, indicating a crossover from
low-frequency relaxation behavior to high-frequency dispersion phenomenon.

10" 10°
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Figure 15.19: The variation of real part (above) and imaginary part (below) of the complex
~ impedance with frequency at measured temperatures for CaF, single crystal.
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This segment of nearly constant real impedance becomes dominant with increas-
ing temperature, suggesting strengthened relaxation behavior [74].

The imaginary part of complex impedance (Z") initially increases, reaches a peak
and then decreases continuously with increasing frequency at all temperatures. It is ev-
ident that the Z" spectrum of CaF, is characterized by the appearance of only one peak
at a certain frequency that is called relaxation frequency. This suggests that a single
relaxation process dominates over the conduction mechanism in synthesized CaF,. As
the temperature rises the magnitude of observed peak in Z'' spectrum decreases
considerably with the peak shift towards higher-frequency side. Such behavior
indicates the presence of temperature-dependent electrical relaxation phenome-
non and that the relaxation time decreases with increasing temperature.

The representation of complex impedance data for CaF, single crystal in Ny-
quist/Cole-Cole plot at different temperatures is illustrated in Figure 15.20. All these
plots are characterized by the presence of a single semicircle, which corresponds to
the bulk effects and indicates that the material is homogeneous. No residual semi-
circle at low frequencies attributed to the electrode effects has been noticed. Fur-
ther, impedance spectra show depressed semicircles with their center below the
real axis, which points to the non-Debye type of relaxation [75].
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Figure 15.20: Impedance spectra of CaF, single crystal at selected temperatures. /nset shows the
proposed equivalent circuit model for analysis of the impedance data.

In addition, the radius of the semicircles, which corresponds to the resistance of the
material, decreases as temperature increases, indicating a thermally activated con-
duction mechanism in studied CaF,. It is well known that in single crystal materials
this kind of impedance response can be interpreted by means of an equivalent elec-
trical circuit model consisting of one parallel RC element [76]. But taking into ac-
count the observed non-ideal Debye type behavior of sample, it is usual that the
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constant phase element (CPE) is used instead of ordinary capacitor as shown in the
insertof Figure 15.20.

The effect of applied electric field frequency on the dielectric constant of CaF,
single crystal at different temperatures is represented in Figure 15.21. It is clear from
the analysis of the graph that dielectric constant decreases continuously with in-
creasing frequency, exhibiting a normal dielectric behavior [77].
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Figure 15.21: Frequency dependence of dielectric constant for CaF, single crystal at different
temperatures.

A more significant dispersion in a low-frequency region can be explained based on
the fact that the dielectric constant, in general, is directly related to the dielectric
polarization. It can be observed that the variation of dielectric constant with tem-
perature at low frequencies is much more pronounced than at higher frequencies.
This relatively insignificant variation of dielectric constant with temperature at
higher frequencies can be ascribed to the atomic and electronic polarizations which
are temperature independent.

15.4 Conclusions

CaF, single crystals in diameter of 20 mm are obtained by the vertical Bridgman
method in vacuum. The crystal growth rate was 6.0 mm h™.. In order to eliminate
stresses, crystals were annealed. The process of annealing was carried out on the plate
and bulk crystal CaF,. The temperature of annealing of the plate was at 1,000 °C for
3 h, and the temperature of annealing of the bulk crystal was at 1,000 °C and 1,080 °C
for 1-3 h. Number of dislocations is of the order of 5x 10~2x 10° per cm? The Raman
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T, optical mode at 319.7 cm™ was observed. Kramers-Kréning analysis of the far-IR re-
flectance data for fluorite structure, as well as the fitting procedure, gave the same val-
ues for IR modes: wro =272 cm™ and wyo =475 cm™. The FTIR transmission spectra
indicate that there are some amounts of -CH,, -OH or water molecules and organic
groups adhering to the surfaces. Photoluminescence intensity of the obtained crystal is
very low, which is an advantage for applications where high optical transmission is
needed. Based on our work and observations during the experiment, it could be con-
cluded that the obtained transparent single crystal CaF, is of good optical quality,
which was the goal of our work. The variation of dielectric constant with temperature
at higher frequencies can be ascribed to the atomic and electronic polarizations which
are temperature independent.
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Effect of Deposition Cycles on the Properties of Copper Sulfide Thin Films
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The deposition of copper sulfide as a thin layer onto the surface of the polymer is a promising approach to
obtain electrically conductive films. Flexible, transparent polymer substrate coated with copper sulfide is expected
to be useful in many fields, for example, as reflectors for concentrating collectors, heat mirrors, and solar control
coatings [1], as conductive substrates for deposition of metal and semiconductors [1, 2], as gas sensors functioning
at temperatures close to room temperature [3].

The chemical bath deposition (CBD) technique has been used for the deposition of copper sulfide thin films
on polypropylene (PP) substrates. The Cu,S thin film deposition was carried out at room temperature using a
mixture of 0.05 M CuCl, and 0.05 M Na,S,0s3 solutions for 16 h. The CBD process was carried out by varying
cycles (1, 2 and 3 cycles) of deposition. The formed samples were annealed at 80 °C for 30 min.

The structure, surface morphology, and optical characterization of the deposited thin film indicated a strong
relationship between the number of deposition cycles. The scanning electron microscope (SEM) showed a
uniform morphology with randomly oriented nano-grains of the copper sulfide film at varying deposition cycles
(Fig.1). The thin film morphology uniformly covers the PP substrate and shows a smooth surface. Additionally,
the films prepared by CBD with 3 cycles were found quite dense with good crystallinity and no holes,
homogenous surface, adhesion to the substrate, compact, and improved in grain size compared to copper sulfide
films prepared with 2 cycles (Fig. 1.).

2 les 3 cycles
Fig. 1. Surface morphology of Cu,S thin films prepared at different cycles

Analysis of CuxS thin films also was performed using X-ray diffraction analysis, ultraviolet-visible (UV-VIS)
spectroscopy, and Raman after each deposition cycle. The electrical result of the thin films shows that resistivity
decreases, while conductivity increases as the CBD cycle increases.
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RAMAN ANALYSIS OF CuS THIN FILMS DEPOSITED ON the
SURFACE OF POLYPROPYLENE

Edita Paluckiene!, Martina Gili¢>?*, Neringa Petrasauskiene!
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Polypropylene (PP) is one of the most widely used thermoplastic polymers with great chemical,
physical and mechanical properties. In this work, the preparation of electrically conductive
CuxS/PP films by deposition of copper sulfide from an aqueous solution onto a polypropylene
film surface r via chemical bath deposition method (CBD). Copper sulfide layers were deposited
using a mixture of 0.05 M CuClz and 0.05 M Na»S>03 solutions. The CBD process was carried
out from 1 to 3 cycles at room temperature. The duration of each cycle was 16 hours.

In order to find the optimal technological conditions for the CuxS deposition process, the
influence of deposition cycles was studied. Analysis of this material included studies of
structure, morphology and electrical surface conductivity.
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Fig. 1. Raman spectra of the CuxS/PP thin films

Raman Spectroscopy is a non-destructive chemical analysis technique which provides detailed
information about chemical structure, phase and polymorphy, crystallinity and molecular
interactions of materials. Raman spectrum of PP 6 (Fig. 1) shows C—C stretching at 808 cm™!
and 972 cm™!, band at 841 cm™! is related to rocking CH>, rocking at 972 cm™'and 998 cm™
corresponds to CHj3 vibrations [1]. As shown in Fig. 1, the typical Raman spectra copper sulfide
film samples (deposited at 2 and 3 cycles) exhibit similar peak positions. The spectrum reveals
a pronounced peak at 474 cm™!, which is assigned to vibrational (stretching) modes from the
covalent S—S bonds [2] and a much weaker peak at about 270 cm ™! attributed to the Cu—S bond
vibration [2]. Therefore, the main attention was paid to the analysis of the intensity of the most
intense Raman mode at 474 cm™'. Raman analysis confirms the composition of the copper
sulfide on the surface of PP films.
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ANALYSIS OF CuxS THIN FILM DEPOSITED ON SURFACE OF
POLYAMIDE - RAMAN SPECTROSCOPY

Neringa Petrasauskiene!, Martina Gili¢?, Edita Paluckiene'

"Department of Physical and Inorganic Chemistry, Kaunas University of Technology, Kaunas, Lithuania
nstitute of Experimental Physics, Freie Universitét Berlin, Berlin, Germany
3Institute of Physics Belgrade, Belgrade, Serbia

The preparation of electrically conductive CuxS/PA films by deposition of copper sulfide from
an aqueous solution onto a polyamide film surface is reported in this paper.

Copper sulfide (CuxS) layers were deposited on the surface of polyamide via the chemical bath
deposition method (CBD) at room temperature using a mixture of 0.05 M CuCl, and 0.05 M
Na»S»0; solutions for 16 h. The CBD process was carried out by varying the number of cycles
(1, 2 or 3 cycles) of deposition. The influence of deposition cycles was studied to determine the
optimum condition for the deposition process. The analysis of this material included studies on
the structure, morphology and electrical surface conductivity.
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Fig. 1. Raman spectra of the CuxS/PA thin films

Raman spectroscopy is a useful spectroscopic technique to study the crystal phase, crystallinity
and vibrational properties of the films. Raman spectrum of pure PA 6 (Fig. 1) shows C—C
deformation mode at 630 cm™!, band at 833 cm™ is related to rocking CH2, while stretching
mode of CH. is at 935 cm™!, and 962 cm™! corresponds to CO—NH vibrations [1]. As shown in
Fig. 1, the Raman spectra of copper sulfide film samples (deposited at 2 and 3 cycles) exhibit
similar peak positions. The spectrum reveals a pronounced peak at 474 cm™!, which is assigned
to vibrational (stretching) modes from the covalent S—S bonds [2] and a much weaker peak at
about 270 cm ™! attributed to the Cu—S bond vibration [2]. Therefore, the main attention was paid
to the analysis of the Raman intensity of the most intense mode at 474 cm™'. Raman analysis
confirms the composition of the copper sulfide on the surface of PA films.
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Boosting Surface-Enhanced Raman Scattering by Ultrathin
Golden Film on Bio-Photonic Crystals
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Abstract: Hybrid substrates based on three structurally distinct diatom biosilica coated with
ultrathin uniform gold were utilized in SERS. The comparative analysis showed that substrates
containing cylindrical Aulacoseira sp. valves achieved the enhancement up to 8-folds. © 2022
Gilic et al.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is an outstanding tool for qualitative and quantitative analysis, with
a sensitivity that enables the analyte detection down to a single-molecule level. In the core of this technique are the
plasmonic active substrates that could couple the incoming laser light and free electrons within, which launches
surface plasmon polaritons in case of a planar surface or localized surface plasmon resonance in case of
nanoparticles [1,2]. Additional enhancement could be obtained through utilizing hybrid substrates that include
photonic crystals (PCs) or resonant gratings, which leads to the coupling, for instance, of guided-mode resonance
(GMR) with the surface plasmonic resonance and thus additionally increases SERS [2]. Diatoms are unicellular
aquatic algae whose exoskeleton represents one of the exquisite examples of natural 2D photonic crystals. To the
best of our knowledge, a few diatom species, mainly Pinnularia, have been used to fabricate hybrid substrates for
SERS coated with either silver or gold NPs or rarely non-uniform thin films [3]. It has been suggested that diatom
valves mainly contribute to the SERS through GMR [3, 4], but also with concentrating analyte molecules as well as
nanoparticles on their surface and pore rims. However, coating the valves with nanoparticles or non-uniform golden
films creates the hotspots without homogeneity for the SERS signal over the entire valve surface.

In this work, we aim to experimentally evaluate SERS enhancement and homogeneity obtained by hybrid
substrates consisting of ultrathin uniform golden film (10 nm) coating the biosilica valves of three different diatom
species of distinct structural features. The obtained results were supplemented by theoretical calculations.

2. Experimental work

The diatom monolayers of Coscinodiscus radiatus (CR), Gomphonema parvulum (GP), and Aulacoseira sp. (Aula)
on glass substrates were coated with 10 nm golden film via physical vapor deposition, after applying a self-
assembled monolayer of 3-mercaptopropyl trimethoxy silane to assure the thickness homogeneity. Scanning electron
microscopy was obtained with Hitachi SU8030. Raman measurements were obtained on Horiba XploRA with
638nm laser line. Theoretical calculations were done with COMSOL 5.5 using the frequency domain method.

3. Main results and discussion

The uniformity of Au layer and fine structure of hybrid substrates were characterized with SEM. As can be seen
from Fig.1a, the gold is evaporated uniformly over the sample creating a smooth film with no signs of dewetting or
voids. The 3 chosen valves differ significantly in terms of size, shape, and parameters. The GP (Fig.1b) has small 7
um long oval valves, with rows of 0.1 pum pores with spacing 0.2 um within a row. Aula has cylindrical valves of 15
pm diameter with a flat top surface, pore size of 0.3 um, and pore spacing within a range of 0.6 — 1 um (Fig.1c).
Finally, CR has large circular valves of 100 um and 3 pore layers, where the largest pore size is 1.2 um (Fig.1d).

Fig. 1. SEM of the valves with the golden thin film. a) gold, b) Gomphonema parvulum, ¢) Aulacoseira sp., d) Coscinodiscus Radiatus. Insets in
(c) and (d) show the whole valve.
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The SERS spectra of a dried drop of 10 M Rhodamine 6G (R6G) in ethanol obtained on different substrates are
presented in Fig 2a. All three diatom valves give a significant enhancement compared to golden film without
biosilica - the signal enhancement of the spectrum obtained on GP was 5.5%, on CR 6.8x, and finally on Aula 8.4x.
Raman mapping of intense mode of R6G at 1360 cm™ (marked with *) obtained on the golden coated Aula valves is
shown in Fig.2b. The mapping image corresponds the optical image and no doubt the signal is homogeneously
stronger on the valve than the surrounding substrate. The pore size and spacing are the key parameters in
considering the valve as a photonic crystal-like structure, and within the three valves they are comparable to the
laser Aexc. In such dielectric structures, the occurring of GMR is expected at specific wavelengths and can be coupled
to the plasmonic resonance to enhance electromagnetic (EM) fields close to the surface. In case of Aula valve, pore

spacing partially matches the Aexc, While pore size approximates Aexc/2.
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Fig. 2. a) Raman spectra of R6G obtained on four different substrates; b) Raman mapping of 1360 cm™* mode on Aulacoseira sp. valve; ¢) The EF
enhancement in 2D CS in Aula valve model coated with 10 nm gold on the top at dex and Aemr . The EF was initiated from the left with an input
strength of 1 VV/m.

The theoretical calculations were carried out on statistically representative selected 2D cross-sections (CS) to
investigate the possible contribution of GMR in the three hybrid substrates to the observed enhancement in SERS
with the presence of the gold thin film. The observed GMR of 2D CS in GP valve model was studied extensively in
our previous work [5], however no modes were observed at Aexc Under normal incidence in the air. The same
conclusion was obtained for the 2D CS of CR valves. For Aula 2D CS, GMR maximum on 640 nm is found for the
pore spacing set to be 0.61 um, and on 638nm (Aexc) electromagnetic field (EF) intensity insignificantly drops from
6.27 t0 5.88 V/m (Fig. 2¢). During the GMR, a higher EF intensity was observed within the pores. However, the
Aemr shows a red shift with increasing pore spacing, and for instance, for spacing of 0.75 um Agmr appears at
778nm. Thus, it requires more effort in future work to find out the possible explanations besides the GMR for the
enhancement, including the concentration of analyte on the hybrid substrates.

4. Conclusion

The ability of the obtained hybrid structures to significantly and uniformly enhance SERS was proved
experimentally and showed different enhancements depending on the fine structure of the substrates. The theoretical
analysis suggests that, in case of some diatom species, GMR might be partially responsible for the SERS
enhancement.
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Boosting surface plasmon resonances of thin golden film by bio photonic
crystals
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Diatoms are unicellular biomineralized algae which possess a biosilica shell with a 2D periodic pore
structure. Due to their unique physical, chemical and photonic properties, diatoms found numerous
application in biochemical sensors contributing to their ultra-high sensitivity [1, 2].As substrates for
Surface Enhanced Raman Spectroscopy (SERS) they proved to be capable of concentrating analyte
molecules on their surface as well as assembling metal nanoparticles at pore rims which lead to more
controllable hot spot creation.Ithas beensuggested that diatoms enhance the SERS signal additionally
with guided mode resonance due to their photonic crystal — like properties. However, current studies
are limited to coating diatoms with noble nanoparticles or non-uniform golden films, which hampers
interpretation regarding their photonic structure contribution and leads to unsatisfactory reproducibility.
Here we present biosilica substrates based on diatom frustules coated with a uniform 10nm thick layer
of gold as a candidate for highly reproducible SERS substrates with high enhancement factors. The
uniform films spread over theperiodic frustule structure enable the study of photonic properties of
periodical pore arrays and their role in enhancing optical sensitivity. Rhodamine 6Gis used as a typical
Raman probe molecule. Our results show that substrates with a gold film over diatom monolayers
improveSERS detection of R6G by several times compared to substrates with a gold film on glass.The
reproducibility of the measurement was verified with Raman mapping. Surface morphology and the
fine structure of the diatoms were investigated with Scanning Electron Microscopy, confirming
structural integrity for an expanded analytical study.
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Abstract.In this paper we present most probable reactions of Ar” ion with Ar/BF;mixtures.
Appropriate gas phase enthalpies of formation for the products were used to calculate
scattering cross section as a function of kinetic energy. These data are needed for modeling
in numerous applications of technologically important BF;discharges. Results for transport
coefficients as a function of E/N (E -electric field; N-gas density), specially rate coefficients
were obtained by using the Monte Carlo technique.

1. INTRODUCTION

Cold plasmas are frequently used in new technologies where they open up the
possibilities of non-intrusive production or modification of various substances
(Makabe et al. 2006.). These plasmas have a high electron temperature and low gas
temperature so non-equilibrium behavior of a large number of species becomes
important (Robson et al. 2005.). Current computer resources allow studies of
complex global models (Murakami et al. 2013.) which describe the behavior of
such plasmas by taking into account a very large number of particles. The
knowledge of ion-neutral reactions is  generally available (see
https://nl.Ixcat.net/data/set_type.php) although the effects of reactions on transport
parameters of particular ions are much less studied due to non-detectability of
rapidly vanishing ionic fluxes. This especially holds for ions whose transport is
affected by fast reactions (Stojanovi¢ et al. 2014. andNikitovi¢ et al. 2016.).
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In this paper we firstly selected the most probable reactions of Ar" with BF;
gases for thermodynamic threshold energies below about 15 eV.

2. CROSS SECTION SETS

Complete cross section sets for ion transport are scarce in spite of a broad range of
specific methods relevant for quantification of particular cross sections. The main
problem in heavy particle scattering, easily and precisely selecting the state of the
projectile and target before the collision, is still very complicated for a range of
conditions, so databases for ion scattering (Murakami et al. 2013. and
https://nl.Ixcat.net/data/set type.php) are still devoid of such data. Phelps
established the first worldwide accessible database with cross section sets (see
https://nl.Ixcat.net/cache/Sb33772b61cfY/) tested for each particular case either for
swarm conditions of spatially resolved measurements of emission or ion mobility
values. In order to focus on effects of reactive processes introduced by BF; we
neglected all but these two components of the Ar” + Ar cross section set. Complete
cross section sets used in this work are shown in Figure 1.

Appropriate gas phase enthalpies of formation for the products (Table 1) were
used to calculate thermodynamic thresholds.

EL(BF;)
EXO(BF,)

100 -\‘//

—_ aniso(Ar)

-
o
1

iso(Ar)

Cross section [10%° n7]

0,1y =——R12

0,01 0.1 1 10 100 1000

Collision energy [eV]

Figure 1: Cross section sets for Ar'in BF;.
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lon/neutral AH #(ion) kJ/mol (room AH #(neutral) kJ/mol

temperature) (room temperature)
Art/Ar 1520.57 0
Ary'/ Ar, 1398.1 -1.01
B*/B 1363.3 562.7
BF*/BF 957 -115.8
BF,"/BF, 314 -589.9
BF;%/BF3 364.3 -1137.0
F*/F 1760.2 79.4
F,"/F, 1514.5 0

Table 1: Heats of formation AdH" at 298 K (kJ/mol).

3. DISCUSSION AND RESULTS

Monte Carlo Simulations (MCS) have many applications for analysis of the
transport of charged particles in plasmas. MCS provide swarm data with the only
the uncertainty due to statistical fluctuations and uncertainties in the cross sections.
In addition, MCS is the basis of hybrid models of plasmas allowing easy and
accurate representation of the end effects and of the non-local high energy groups
of particles which are essential in production of plasmas and treatment of
surfaces.The MC code used in our analysis is based on the null collisions method.

In Figure 2 we show rate coefficients for reactions of Ar' ions with Ar/BF;
mixtures at 7=300K, calculated by Monte Carlo simulations. Rate coefficients are
important for applications of the global model to Ar/BF; mixtures. We are
presenting reaction products and thermodynamic thresholds for Ar" +
BF;(Nikitovi¢ et al. 2019.)formation a) total attachment and b) attachment for
endothermic and exothermic reaction products.

4. CONCLUSION

In addition to presenting the data we show here the effects of non-conservative
collisions to ion transport. Data for swarm parameters for ions are needed for
hybrid and fluid codes and the current focus on liquids or liquids in the mixtures
with rare gases dictates the need to produce data compatible with those models.
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Figure 2: Rate coefficients of Ar’ in Ar/BF; mixtures.
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Abstract. Hybrid substrates for Surface Enhanced Raman Spectroscopy (SERS) based
on diatom biosilica frustules covered with thin uniform gold films have been investigated. The
observed increased sensitivity has been linked to the resemblance of diatom frustules to 2D
photonic crystals and associated unique optical properties, such as guided mode resonance
(GMR) [1, 2]. In this work the enhancement of three structurally distinct diatom biosilica
species were compared — Aulacosira sp., Coscinodiscus sp. and Gomphonema Parvulum.
Uniform and well controlled thin layers of gold could be deposited onto the biosilica utilizing
physical vapour deposition and a self-assembled (SAM) monolayer adhesion layer leading to
accurate and reproducible SERS enhancement factors without creating artificial hot-spots.
Those could hamper interpretation regarding the contribution of the frustules intrinsic photonic
structure and lead to unsatisfactory reproducibility. The in the samples occurring distinct
structural parameters, obtained from scanning electron microscope (SEM) analysis, such as
pore size, spacing and other lattice parameters, allow us to study the influence of chosen laser
excitation lines on coupling of GMR and Surface Plasmon Resonance (SPR), theoretically
(using COMSOL multiphysics) as well as experimentally. We demonstrate that SERS
enhancement strongly depends on the frustules morphology, and thus its photonic properties.
The greatest SERS enhancement factor (of more then 3, compared to gold on flat glass) of
Rhodamine 6G was obtained on frustules from Coscinodiscus sp., with dominant structural
parameters in the range of the excitation line. The reproducibility of the measurements was
verified with Raman mapping. The results suggest that high emphasis should be given to the
detailed analysis of lattice parameters of the several 100k diatom species and increasing our
understanding of the structural relationship of the enhancement, for selecting best target
materials for future bio-sensor application.
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Arbeitszeugnis

Frau Dr. Martina Gilic war vom 25.09.2020 bis zum 31.07.2023 in der AG Reissig am Institut far
Experimentalphysik der Freien Universitat Berlin als erfahrene wissenschaftliche Mitarbeiterin
(senior Postdoc) tatig. AG Reissig ist eine Nachwuchsgruppe, die sich mit der Implementierung
biologischer Materialien in opto-elektronischen und photonischen Bauteilen beschaftig und diese
mit herkémmlichen Materialen vergleicht. Um die Materialen optimal einzusetzen beruht die
Forschung zum einen auf einer genauen Untersuchen der optischen und strukturellen
Eigenschaften, aber auch einem fundiertem Verstandnis des Aufbaus der anvisierten Bauteile,
sowie ihrer Anpassung und Optimierung, mit dem Ziel von dem Einsatz der biologischen
Materialen bestméglich zu profitieren. Dr. Gilic war eine wichtige Mitarbeiterin fur die erfolgreiche
Durchfuhrung des DFG Projektes "Die Frustule der Diatomeen als Natur-gestaltete Bauscheine
in photonischen Anwendungen", war aber auch an anderen Forschungsprojekten beteiligt.

Das Aufgabengebiet von Frau Dr. Gilic umfasste u.a. folgende Tatigkeiten:

Planung der Forschungsstrategien zur Umsetzung der Projekiziele
Herstellung der Proben als dunne Schichten (Rotationsbeschichtung, Arbeiten mit
Vakuum und inerter Atmosphare).

e Charakterisierung der optischen und strukturellen Eigenschaften (u.a. SERS Raman-
Spektroskopie, UV-Vis-Spektroskopie, Rasterelektronenmikroskopie REM, optische
Nahfeldmikroskopie SNOM))

e Analyse und Interpretation der erhaltenen Forschungsergebnlsse (u.a. mit Hilfe von

Software IGOR Pro und Origin)

Erganzung der experimentellen Ergebnisse durch Simulationen (COMSOL Multiphysics)

Umfangreiche Literaturrecherche

Veréffentlichung wissenschaftlicher Ergebnisse in renommierten Zeitschriften

Prasentation der Ergebnisse auf internationalen Konferenzen und internen Seminaren

Unterstitzung bei der Organisation der Arbeitssicherheit in den Bereichen Erste Hilfe,

Chemikalieninventur und Erstellung der Chemikaliensicherheitsblatter.

e Vertretung der Teamleitung bei Bedarf (auch langerfristig) mit Ubernahme der Leitung
der Gruppenseminare und Anleitung der ubrigen Mitarbeiterinnen.

e Etablierung interner und externer Kollaborationen

e Lehre als Tutorin in der Nebenfachvorlesung Physik (Bachelorstudium, Deutsch)



Dr. Martina Gilic ist eine erfahrene Wissenschaftlerin mit hervorragenden Kenntnissen
experimenteller Techniken der physikalischen Chemie und einer fundierten Erfahrung
wissenschaftliche Studien systematisch durchzufiihren und Teilstudien anzuleiten. Sie besitzt ein
hervorragendes Grundwissen in den Bereichen der physikalischen Chemie, und exzellente
Voraussetzungen dieses auch in modernen interdisziplindren Bereichen der Wissenschaft
einzusetzen. Sie war stets bereit inr Wissen mit anderen zu teilen, und auch in Themen, an denen
sie selbst nicht gearbeitet hat, mit Rat und Erfahrung beiseite zu stehen. Frau Dr. Gilic zeigte
gleichzeitig eine sehr groRe Bereitschaft sich in neue Themengebiete einzuarbeiten, und den
Austausch mit anderen Wissenschaftlerinnen in unserem Team, innerhalb der Universitat aber
auch extern zu suchen, eine Voraussetzung fur die erfolgreiche Bearbeitung interdisziplinarer
Themengebiete.

Dr. Matrina Gilic ist eine sehr zuverlassige und gewissenhafte Wissenschaftlerin, die gestellte
Aufgaben stets erfolgreich zu Ende bringt, sowie sich mit Neugier und Begeisterungsfahigkeit
muhelos in neue Gebiete auch unter Zeitdruck einarbeitet. Dies gelingt ihr vor allem durch ihr
sehr gutes und effektives Projektplanungstalent und ihre beeindruckende Fahigkeit effektiv zu
priorisieren und klar zu kommunizieren. Durch ihr groRes Durchhaltevermégen, auch bei
unerwarteten Schwierigkeiten, halt sie Abgabetermine stets ein, oder bietet fruhzeitig einen gut
durchdachten und unterlegten Alternativplan. Auch in Zeiten &uRerer erschwerter Bedingungen
(wie wahrend der Corona-Pandemie oder Ubernahme langerer Vertretungsaufgaben) fand Frau
Dr. Gilic stets einen Losungsweg. lhre Positivitat, Flexibilitat und Bodenstandigkeit erlaubten es
ihr sich auf neue Situationen ideal einzulassen, um die erwarteten Aufgaben zu erledigen. Sie
scheute sich nie Verantwortung zu Gbernehmen und erfullte alle Aufgaben stets zur vollsten
Zufriedenheit.

Ihr Verhalten gegentiber Vorgesetzen, Gruppenmitgliedern, Kolleginnen und Externen war stets
ausgezeichnet. Martina wurde fur inre umsichtige und respektvolle Art von allen Mitarbeiterinnen
der FU sowie externen Besucherinnen unserer AG geschétzt. Sie war, von Anfang an, ein
wichtiger Faktor fir den Zusammenhalt unserer kleinen AG, war den jungeren
Gruppenmitgliedern ein Vorbild und stand immer mit Rat zur Seite. Als Tutorin war sie bei den
Studierenden aufgrund ihrer offenen und ermutigenden Art und ihrer stets ausgezeichneten
Vorbereitung, sowie ihrer Bereitschaft zur Anwendung modernen Lehrmetoden sehr geschatzt.

Obwohl Englisch an der FU im Wissenschaftsbereich die Lingua Franca ist, war Martina bereit
auch in ihrer privaten Zeit ihre Deutschkenntnisse stets zu verbessern (auch uber den Besuch
an Kursen), um die Kommunikation mit den sonstigen Mitarbeitern am Fachbereich und in der
Verwaltung zu erleichtern, und ihren Einsatz in der Lehre zu ermoglichen.

Mit dem Projektende zum 31.07.2023 lief der befristete Vertrag von Dr. Gilic aus. Wir danken
Frau Dr. Gilic fur den hervorragenden Einsatz, sowohl im wissenschaftlichen als auch lehrenden
Bereich. Wie bedauern es sehr sie als wissenschaftliche Mitarbeiterin und Kollegin in unserer AG
zu verlieren. Mit Interesse werden wir ihren weiteren wissenschaftlichen und beruflichen
Werdegang verfolgen, und wirden uns freuen, wenn sich wieder eine Art der Zusammenarbeit
bietet. Auf jeden Fall, winschen wir ihr fur inren weiteren Berufs- und Lebensweg alles Gute und
viel Erfolg.

L h@g&é%’]\

Prof. Louisa Reissig (verheiratet Dalgleish)
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CTPYKTYPHA U OIITUYKA CBOJCTBA
MOJYIPOBOJHUUKNUX HAHOMATEPUJAJIA:
TAJIOJIMHUIYM — IUPKOHATA U UTPUIJYM
— BAHAJIATA JOMUPAHUX EYPOIIUJYMOM,
KAJIMUJYM — TEJYPUJA U IUHK — OKCUJIA
MOJAU®UKOBAHOT PYTEHUJYMOBUM
KOMILIEKCUMA
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Jenena Mutpuh JlokTopcka aucepranmja

3AXBAJTHULIA

Benuky 3axBaHOCT JIyryjeM CBOJUM MEHTOpUMA,

ap Meanu Crojkouh CumatoBuh, BaHpeTHOM Mpodecopy, Ha HeceOMIHO] IMOMONM B CBUM KOPHUCHUM
caBeTHMa M CyrecTHjamMa TOKOM U3pajie OBe JUCepTaIlyje;

a moceOHo ap HeGojmm Pomyeruhy, HaydHOM CaBETHHKY, M3 YHMjHX HJIEja je W HAacTajla OBa JIOKTOPCKa
nucepranyja. XBana Bam Ha BenWKoj MOJPINIU, CBUM CaBeTHMa U JUCKyCHjaMa TOKOM IMPOTEKIUX
TOJIUHA.

Takohe, uckopuctuhy npuimky 1a ce moceOHO 3aXBaIUM CBOJUM KoJierama u3 MHcTUTyTa 3a QU3HKY:

Ip Maju Pomueruh, 3a cBako NMpBO YHTamke paJioBa KoOje caM Hamucaza M 3a CBe CyrecTHje Koje cy ux
VYUHWJIE KBATMTETHHUjUM; Ap Maprtuaun ['miawmh, 3a OpojHa TyMauema JOOMjEHHX pe3yirarta Hu
3ajeIHUYKE Mecelle MpoBe/ieHe Y JabopaTopuju 3a paMaHCKy creKTpockonujy; ap bpankum Xanuh
eKCITepTy 3a IIMHK — OKCHJI, 3a TIOMOh OKO Tymauema JoOWjeHuX pe3yirara u OpojHe TUCKYCHje; Ip
bopucnasy Bacuhy u np Yporny Panesuhy 3a momoh mpu MepernMa Ha MEKPOCKOIY aTOMCKHX CHIIa;
ap Hosunum IlayHoBuhy, 3a uciipiHa Mmeperma nHQpaIpPBEHUX CIIEKTapa.

XBana u ap Jlanmjeny JlobpoBonckom, ca Muctutyta 3a ¢usuky llosbcke akamemuje Hayka U Jp
N6paxumy C. Jaxuu, ca Kunr Kanun Yausepsutera y Cayaujckoj ApaOuju, Ha 3ajeTHUYKOM pajy Ha
TaHKUM (PUIMOBUMA KaJMMJyM — TeJIypuaa; Kao u kojerama Depnanne3 — Mckjepno u Xumenes —

Xepranje3 u3 JlabopaTopuje 3a HEOPraHCKY W OININTYy XeMHUjy YHHBep3urera y Xapanw, KyOa, Ha
3ajeJHIYKOM pajly Ha HaHOIUIOYHIIaMa IIMHK — OKCHIA.

XBajia ¥ CBHM OCTaJIUM KoJieraMa, eKUIIN W3 CTYJeHTCKe KaHienapuje MHCTUTYTa 3a (PU3HKY, KOJU Cy
MU yJICHIIATH JTIOKTOPCKE CTY/Hje, Ka0 U CBOJUM NpujaTesbuiiama, Tamwu, JeaeHum u MarjaieHuuIm,
Ha TIOJIPIIIY TOKOM pajia Ha OBOj AUCEPTAIIH]H.

Ha xpajy, osicenum oa ce 3axeanum mojoj nopoouyu, mom bpamy, majyu u oyy, 3a Hajysputhu ocionay u
Hajeehy noOpuIKy KOjy cam umaia mokom c602 wkoniogard. 08y 00Kmopcky oucepmayujy noceehyjem
eama.
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Dear Dr. Gilic,
Thank you for submitting your review of the following manuscript:

Manuscript ID: biosensors-2806696

Title: A 3D hydrophobic SERS sensor by silver-coated PTFE membrane for direct
trace-detection of molecules in water

Authors: Guanwei Tao, Jiajun Li, Yunyun Mu, Xinping Zhang *

We are continuously working to improve the services we offer and would
greatly appreciate receiving feedback about your experiences through the
short survey below.

Click here to start the survey:

https://www.research.net/r/Reviewer Survey 2023

We encourage you to register an account on our submission system and bind
your ORCID account (https://susy.mdpi.com/user/edit). You are able to deposit
the review activity to your ORCID account manually via the below link:
https://susy.mdpi.com/user/reviewer/status/finished

We also invite you to contribute to Encyclopedia (https://encyclopedia.pub),
a scholarly platform providing accurate information about the latest research
results. You can adapt parts of your paper to provide valuable reference
information for others in the field.

Kind regards,

Ms. Lottie Wang

Assistant Editor

Email: lottie.wang@mdpi.com

Biosensors (http://www.mdpi.com/journal/biosensors/)

MDPI Branch Office, Beijing
Building 2, Courtyard 4, Guanyinan North Street,
Tongzhou District, 101101 Beijing, China

Biosensors Editorial Office
E-Mail: biosensors@mdpi.com
http://www.mdpi.com/journal/biosensors

Disclaimer: The information and files contained in this message are
confidential and intended solely for the use of the individual or entity to
whom they are addressed. If you have received this message in error, please
notify me and delete this message from your system. You may not copy this
message in its entirety or in part, or disclose its contents to anyone.
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Dear Dr. Gilic,
Thank you for submitting your review of the following manuscript:

Manuscript ID: coatings-2703809

Title: Optimalization of the Electrophoretic Deposition Parameters and
Mechanism of Formation of Ag-TiO2 Nanocoating on a NiTi Shape Memory Alloy:
Part I

Authors: Karolina Dudek *, Mateusz Dulski *, Jacek Podwérny, Magdalena
Kujawa, Patrycja Rawicka

We are continuously working to improve the services we offer and would
greatly appreciate receiving feedback about your experiences through the
short survey below.

Click here to start the survey:

https://www.research.net/r/Reviewer Survey 2023

We encourage you to register an account on our submission system and bind
your ORCID account (https://susy.mdpi.com/user/edit). You are able to deposit
the review activity to your ORCID account manually via the below link:
https://susy.mdpi.com/user/reviewer/status/finished

We also invite you to contribute to Encyclopedia (https://encyclopedia.pub),
a scholarly platform providing accurate information about the latest research
results. You can adapt parts of your paper to provide valuable reference
information for others in the field.

Kind regards,

Dr Anna Krzykawska

Assistant Editor, MDPI Poland

E-Mail: krzykawska@mdpi.com

al.Jana Pawta II43a, 31-864, Krakow, Poland
www.mdpi.com
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