Hayqanom Behy HMBcTHTYTA 32 QU3UKY

IIpeamer: Monba 3a nokperame NOCTYNKa 3a pen306op y 3Bame Buimm nayunn capagHuk

Momum Hayyno Behe MucTuTyTa 32 QU3UKy Ha y cknany ca IIpaBHIIHEKOM O HOCTYIKY M
HauuHy BpEIHOBAaKka M KBaHTHTATHBHOM HCKa3WBamky HAYYHOHCTPAKUBAYKHX pE3yJTaTa

HCTpaX#Baya, HOKPEHE MOCTYIaK 3a MOj peu3bop y 3pamkc Bumin HayYHH capaiHAK.
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Hayuynom Behy UHcTHTYyTa 32 hnsuky beorpan
beorpan, 25.05.2021.

IIpeamer: Munubeme pykoBoauona Jadoparopuje o peusoopy ap Jeiaene Tpajuh y 3Bame
BHIIIM HAYYHH CapaJHHUK

Jlp Jenena Tpajuh je 3amociena y JlaGoparopuju 3a HCTPaXUBAKkE y 00JIaCTH €IEKTPOHCKHIX
Mmatepyjana MucTHTyTA 32 du3uky. Jlo Kpaja mpojeKTHOT nuKiIyca MUHHCTapCTBa IPOCBETE, HAYKE
U TexHoJomKor pa3Boja Pemybmukxe Cpbuje je Omina aHrakoBaHa Ha MpojeKkTy MHTerpamHux
UHTEPAUCIMIUIMHAPHUX HCTPaXHBamka MUHHCTapCTBa MPOCBETE, HAyKe M TEXHOJIONIKOT Pa3Boja
NH1M45003 — OnToeneKTpOHCKH HAaHOJAUMEH3UOHU CHCTEMH — YT Ka MPUMEHHU, Y OKBUPY KOra je
pyKoBoamia motnpojekToM Kapakrepusanuja HAaHOUECTHIIA B HAHOCTPYKTYpa.

C o03upom 512 ucnymasa cBe IpeABuleHe yCIoBe, y CKiany ca [IpaBHIIHHKOM O MOCTYIKY
H HauyuHy BpEJHOBAaKka W KBAaHTUTATHBHOM WCKa3WBamby HAYYHOHCTPXHUBAUYKHX peE3yJTara
MunmncTapcTBa IPOCBETE, HAyKe M TEXHOJIOMKOr Pa3Boja, CarjlacaH CaM Ca IMOKPETameM IIOCTYIKa
3a peusbop ap Jenene Tpajuh y 3Bame BUIIM HAYYHH CapaIHUK.

3a cacraB komucuje 3a peuzbop ap Jemnene Tpajuh y 3Bambe BHIIM HAay4HH CapaJHUK

IIPCIIAXKEM

1. JIp He6ojma PomueBuh, Hayunu caBeTHrK MHCTHTYTA 32 hH3UKY
2. JIp Munau Tanuh, penoBau npodecop Enexrporexumukor gaxynrera

3. Jlp bupana babuh, Hayunu caBetHuk MHCTUTYTA 32 QU3HKY.

yKoBogHIa naboparopuje

.............................................................

np He6ojma Pomuesunh
Hayunu caBeTHHK




2. Ctpyuyna Oouorpaduja

Jenena Tpajuh (pohena MusbkoBuh) je pohena 19.07.1964. y beorpany, rae je 3aBprumia
OCHOBHY M cpeamy mmkony. Ha Enextporexunukom dakynrery y beorpany, Ha oacexy Texnuuka
¢uzuka, numiomupana je 1989. roaune. Ilocneaumiaomcke cryauje Ha EnekTporexHHYKOM
(dakynrery, Ha cMmepy "®u3nNuka eIeKTPOHUKA YBPCTOT CTama M IIazMe’ YCIENTHO je OKOHYasia
1995. roguHe o1OpaHOM MarucTapcke Tese moja HasuBoM ''Tlpoyuasare aznoe npenaza koo PbS —
PbTe nonynpoeoonux necypa cnekmpockonckum memooama'.

Jloktopcky nuceprauujy "Onmuuke, cmpyKmypHe U 2ai8aHOMAazHemcKe 0COOUHe 48pCmux
pacmeopa PbTe; .S u Pb;.Mn,Te" ondpanuna je 2005. roqune Ha EnekrpoTeXxHHUKOM (aKyITETy.
On 1990. roguse je 3anocnena y Muctutyty 3a ¢pusuky y beorpany.

Hayyna 3Bama:
Hayunu capannuk — MactutyT 3a pusuky, 28.02.2006. rogune
Bumm nayunu capagauk — MHCTUTYT 3a pusuky, 22.12.2010. rogune
Bumm nayunu capangauk — MHCTUTYT 32 Drsuky, 28.09.2016. rogune (pensoop)

Cse Bpeme paga y HMactutyty 3a ¢Qusuky ap Jemena Tpajuh je Omna aHrakoBaHa Ha
npojektumMa MuHKCcTapcTBa 3a HayKy PenyOnuke CpOuje kao u Ha Mel)yHapoJHUM MPOjeKTHMA.

Jlo xpaja TpojeKTHOT MHUKIyca MUHHUCTApPCTBA MPOCBETE, HAYKE M TEXHOJIOIIKOT pa3Boja
Peny6muke CpOuje Onna je aHraxoBaHa Ha MpOjeKTy MHTerpaqsHuX HHTEpAMCUUIUIMHAPHUX
HCTpakuBamkba MUHHCTapCTBa MPOCBETE, HAyYKe W TEXHOJIOMIKOT pa3Boja PemyOmmke CpoOwuje:
OnmoenexmpoHCcKU HaAHOOUMEH3UOHU cucmemu — nym xka npumenu, 6poj 111 45003 (2011-2020.)
kojuMm pykoBoau 1ap HebGojmia PomueBuh. ¥ okBupy oBOT mpojekTa PYKOBOIHWJIA j€ MOTIPOjEKTOM
Kapaxmepuzayuja nanovecmuya u nanocmpykmypa.

3. IIpersnen HayYHe aKTHBHOCTH

Hayunu pan np Jenene Tpajuh je Be3an 3a obnact pusuke maTepujana, y OKBHPY Koje ce
6aBu (PU3MKOM MOJYNPOBOJHUX KpPUCTaNla, TAHKUX (UIMOBA, HAHOYECTHUIA M HAHOCTPYKTYpA.
Hayuyne aktuBHOCTHM 0O0yXBaTajy €KCINEPUMEHTATHH paj, o0pamy pe3yJiTaTta, MOJICIOBAKE U
TEOPHjCKY aHaJIN3y UCIIMTUBAHUX MaTepHjajia. Takole, 6aBU ce U NPUMEHEHUM UCTPAKUBABIMA.

[Ipema maTepujanuma Koju Cy IpeIMET W3ydaBama, HaydHe akTUBHOCTH np JeneHe Tpajuh
ce Mory cBpcTatu y cnenehe obmacru:

Tpancnopmue u onmuuke 0COOUHE YCKO3OHCKUX ROJIYNPOBOOHUX MAMEPUjANa HA OCHOGU
071060-meypuoa

OunoBo-Tenmypua je BeomMa OCETJbMB Ha JOMUPAE Pa3IMYUTUM IpuMmecama. [Ipummkom
JOTIpama J0Ja3u J0 T0jaB€ HOBHX M APYradyMjuX, OJHOCHO M3MEHCHHX OCOOMHA MaTepujaja.
N360poM BpcTe W KOJIMYMHE NpPUMECE Ce MOXE Yy MIMPOKOM OICEry YTHIIATH Ha HEroBe
eJICKTPUYHE, ONITHYKE, MarHeTHE U Ipyre ocobune. Ha Taj HaunH ce Koj OJI0BO-TENypH/Ia jaBJbajy |
MOTIIYHO HOBE 3HA4ajHE OcOOMHE Kao mTO Ccy crabwimsanvja DepMHjeBOr HHUBOA, IMOCTOjambe
JyTOBPEMEHHUX peJIaKCaIlMOHMX Tpolieca U 3aapxkaHa ¢otonpoBoaHoct. Jenena Tpajuh ce GaBuia
HCTPAKUBAKBEM OJIOBO-TEIYPHUAA TOMPAHOT CyMIIOPOM, MAaHTAaHOM, HUKJIOM, KOOAITOM, XpOMOM H
cuuiyjymoM. [IpuMeHOM TajmBaHOMAarHeTHHX Mepema, Jajeke H(paipBeHE CHEKTPOCKOIUje U
Paman mepema AeTajbHO Cy HCMHTaHe O0COOMHE OBHX cucTteMa. l[IpoyuaBana je enekTpoH-(GpoHOH
WHTEpaKIxje, ca MoceOHUM HArjackoM Ha WHTEpakIHje IJIa3MOHa W BUIEe (JOHOHA, MPU YEMY je
pa3BMIIa MOJIEN 3a aHAJM3Y CIieKTapa pedIeKcuje 3a cilydaj IIa3MoH — MyJITH ()OHOH MHTEpaKIHje.
Ha oBaj HaumH cy mopea 3HA4ajHOT JOTPUHOCA Y CKCTIEPUMEHTAIIHOM PETHUCTPOBAY ONMTHYKUX



ocoOWHA OBHX CHCTEMa, Ca jeIWHCTBEHE TMO3WIHMje oOjammeHe (OHOHCKE M TaIBaHOMAarHETHE
ocobuHe. [IpeTXx0JHO MOMEHYTH PE3yNTaTH Cy CaJApiKaj paaoBa:

J.M. Miljkovi¢, N. Romcevi¢, Z.V. Popovi¢, W. Konig, and V.N. Nikiforov, Transport and
optical properties of PbTe; S, (x=0.02 and x=0.05) mixed crystals, phys. stat. sol. (b) 193, 43-
51 (1996),

J. Traji¢, M. Romcevi¢, N. Romcevi¢, S. Nikoli¢, A. Golubovi¢, S. Duri¢, V.N. Nikiforov,
Optical properties of PbTe:Mn, Journal of Alloys and Compounds 365, 89 — 93 (2004),

A. Golubovi¢, S. Nikoli¢, J. Trajié, S. Puri¢, N. Rom¢evi¢, M. Rom¢evi¢, A. J. Nadolny, B.
Taliashvili, V. N. Nikiforov, Structural Properties of Pb;.Mn.Te Compounds, Materials
Science Forum 453 — 454, 99 — 102 (2004),

N. Romcevi¢, J. Traji¢, M. Romcevi¢, A. Golubovi¢, S. Nikoli¢, V.N. Nikiforov, Raman
spectroscopy of PbTe; .S, alloys, Journal of Alloys and Compounds 387, 24 — 31 (2005),

N. Romcevié, A. Golubovi¢, M. Romcevi¢, J. Trajié, S. Nikoli¢, S. Puri¢, V.N. Nikiforov,
Raman spectra of Pb;_.Mn,Te alloys, Journal of Alloys and Compounds 402, 36 — 41 (2005),

N. Romcevi¢, A.J. Nadolny, M. Romcevi¢, T. Story, B Taliashvili, A. Milutinovi¢, J. Trajié,
E. Lusakowska, D. Vasiljevic—Radovic, V Domukhovski, V. Osinniy, B. Hadzi¢ and P. Dziawa,

Far—infrared phonon spectroscopy of Pb; .Mn.Te layers grown by molecular beam epitaxy,
Journal of Alloys and Compounds, 442, 324 — 327 (2007),

J. Traji¢, N. Romcevi¢, M. Romcevi¢, V. Nikiforov, Plasmon — phonon and plasmon — two
different phonon interaction in Pb; .Mn,Te mixed crystals, Materials Research Bulletin, 42,
2192 — 2201 (2007),

N. Romcevi¢, J. Traji¢, T.A. Kuznetsova, M. Romcevi¢, B. Hadzi¢, D.R. Khokhlov, Far —
infrared study of impurity local modes in Ni — doped PbTe, Journal of Alloys and Compounds,
442,324 — 327 (2007),

D. Stojanovi¢, N. Romcevi¢, J. Traji¢, B. Hadzi¢, M. Romcevi¢, D.R. Khokhlov,/nvestigation
of Photoconductivity in n — type gallium doped PbTe, Science of Sintering, 39, 169 — 175
(2007),

J. Traji¢, A. Golubovi¢, M. Rom¢evié¢, N. Romcevié, S. Nikoli¢, V.N. Nikiforov, Pb; .Mn,Te
and PbTe, .S, compounds and their optical properties, Journal of the Serbian Chemical Society,
72 (1), 55-62 (2007),

D. Stojanovié, J Traji¢, B. Hadzi¢, M. Rom¢evi¢, 1. Ivanchik, D. R. Khokhlov, N. Romcevi¢,
Far—Infrared Study of DX—Like Centers in PbjgsMnysTe(Ga), Acta Physica Polonica A, 112
(5) 959 — 962 (2007),

J. Trajié, N. Romcevi¢, M. Romcevi¢, V.N. Nikiforov, Plasmon — two phonon interaction in
PbMnTe and PbTeS alloys, Journal of the Serbian Chemical Society, 73 (3), 369 — 376 (2008),

N. Rom¢evié, J Trajié¢, B. Hadzi¢, M. Romcevi¢, D. Stojanovi¢, Z. Lazarevi¢, T. Kuznetsova,
D. Khokhlov, R. Rudolf, I. Anzel, Raman spectroscopy of multhiphonon emission process in Ni
— doped PbTe, Acta Physica Polonica A 116, 91 — 92 (2009),

N. Romcevi¢, J Traji¢, M. Romcevi¢, D. Stojanovi¢, T. A. Kuznetsova, D.R Khokhlov,
W.D Dobrowolski, R. Rudolf, I. Anzel, Optical and magnetic properties of PbTe(Ni), Acta
Physica Polonica A 115 (4), 765 — 767 (2009),

J. Traji¢, N. Romcevi¢, M. Romcevi¢, D. Stojanovic, R. Rudolf, T.A. Kuznetsova and D.R.
Khokhlov, Far — infrared study of impurity local modes in Co — doped PbTe, Journal of Alloys
and Compounds, 493, 41— 46 (2010),



e N. Romcevi¢, J. Traji¢, M. Romcevi¢, D. Stojanovi¢, T.A. Kuznetsova, D.R. Khokhlov, W.D.
Dobrowolski, Optical and magnetic properties of PbTe(Co), Optoelectronics and Advanced
Materials — Rapid Communications 4 (4), 470 — 475 (2010),

e J. Trajié, N. Romcevi¢, M. Gili¢, M. Petrovi¢ Damjanovi¢, M. Rom¢evi¢, V.N. Nikiforov,
Optical properties of PbTe95Sys single crystal at different temperatures: far-infrared study,
Optoelectronics and Advanced Materials - Rapid Communications 6 (5-6), 543-546 (2012)

e J. Traji¢, N. Romcevi¢, M. Romcevi¢, Z. Lazarevi¢, T.A. Kuznetsova, D.R. Khokhlov,
Plasmon — ionized impurity — phonon interaction in PbTe doped with Ni, Optoelectronic and
advanced materials - rapid communications 7 (7-8), 536-540 (2013),

e J. Traji¢, N. Romcevi¢, M. Romcevi¢, D. Stojanovi¢, L.I. Ryabova, D.R. Khokhlov,
Galvanomagnetic and optical properties of chromium doped PbTe, Journal of Alloys and
Compounds 602, 300-305 (2014),

e J. Trajic, N. Paunovic, M. Romcevic, V.E. Slynko, Jasna L. Ristic-Djurovic, W.D.
Dobrowolski, N. Romcevic, Far infrared spectra of Si doped PbTe single crystals, Optical
Materials 91, 195-198 (2019).

Onmuuke ocooune noaymaznemunux nojaynpogoonux II-VI namepujana

[TonynpoBogHuuy THna A"BY! ce unrensusHO HUCTpaXKyjy yCJell BeJMKe MOTyhHOCTH
MIPUMEHE y ONTOENEKTPOHCKO] uHAycTpuju. Monokpuctanu CdTeg97Sep.0; 1 CdTep975e903(In) cy
WCIIUTUBAaHU TpPUMEHOM HH(panpBeHe crekrpockonuje. CIEeKTH Cy aHaTU3UpaHd MPUMEHOM
JIUENeKTpUYHe (YHKIHjEe KOoja MCTOBPEMEHO YpauyHaBa IPOCTOPHY paclofeny cio00IHuX
HOCHWJIAalla U BHHUXOB YTHIIA] HA TUIa3MOH-(POHOH HHTEpAKIHM]y. Y WY olpehuBama IMOHaIIamka
JQyTOTaJlaCHUX ONTHYKHX (hoHOHA KopuiheH je moaudukoBan Genzel-0B MO/IEN M YCTAaHOBJBEHO j€
Jla AyrOTaJlaCHH ONTHYKA ()OHOHM HCII0JhABajy TBO-MOJHO IMOHAMIAFk-e. PETHCTPOBAH je JIOKaIHU
MOJl MHIMjyMa, a Takohe je YyCTaHOBJEHO Ja Koja o0a y30pka [oja3sd 10 (opMupama
OCHPOMAIIIEHOT MOBPIIMHCKOT CJIoja Tj. €J0ja ca MajoM KOHIICHTPAIMjOM CI000IHUX HOCHJIAlla.
Pesynrat je canpkan y cneaehoj myOnukanuju:

e M. Petrovi¢, N. Rom¢evié, J. Traji¢, W.D. dobrowolski, M. Rom¢evi¢, B. Hadzi¢, M. Gili¢, A.
Myecielski, Far-infrared spectroscopy of CdT.xSex(In): Phonon properties, Infrared Physics and
Technology 67, 323-326 (2014)

[TomymarHeTHu TOMYNPOBOMHUIM Znj Mn,GeAs,; (p-THNa) Cy HCIUTHBAHU MPHUMEHOM
mudpaknuje X-3paka 1 PamaH crieKTpockonuje. Y CTaHOBJBEHO j€ MOCTOjalbe MHTepakiuje n3mely
mwia3Me U (OHOHA KoOja MOBOAM [0 IOMEpama HEKHX MOJO0Ba Kao M JIO I0jaBE€ HOBHX.
Excnepumenrtanno cy ojpehene ydecranoct ¢(oHoHa ZnGeAs;. Y y3opuuma ca Behom
KOHIICHTpAllUjOM MaHTaHa j€ YCTaHOBJbeHO ¢dopmupame Kkiactepa MnAs y 1Be dase:
¢depoMarHeTHH 0-MnAs ca XEKCaroHaJHOM CTPYKTYpOM M mapaMarHeTHu [(-MnAs ca
OPTOPOMOWYHOM CTPYKTYPOM, U EKCIEpPHUMEHTAIHO cy ojapeheHe mwuxoBe ydectaHoctu. OBaj
MaTepHujall je moceOHO MHTepecaHTaH 300T CBOjUX MarHeTHHX CBOjcTaBa Koja My omoryhaBajy
NpUMEHY Y CIIMHTpOHHMIM. Hamme, mommpame MaHTaHOM TOBOAM JIO TMOjaBe (epoMarHeTh3Ma Ha
cobHoj Temrnieparypu. Pesynratu cy myOaMKoBaHu y:

e M. Romcevi¢, N. Romcevi¢, W. Dobrowolski, L. Kalinski, J. Traji¢, D.V. Timotijevi¢, E.
Dynowska, [.V. Fedorchenko, S.F. Marenkin, Optical properties and plasmon-Two different
phonons coupling in ZnGeAs;+Mn, Journal of Alloys and Compounds 548, 33-37 (2013),

e N. Romcevic, M. Romcevic, W.D. Dobrowolski, L. Kilanski, M. Petrovic, J. Trajic, B. Hadzic,
Z. Lazarevic, M. Gilic, J.L. Ristic-Djurovic, N. Paunovic, A. Reszka, B.J. Kowalski, [.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, 375-379 (2015).

[TosrymaraeTHu OyNpOBOTHUK Hg) 9;Mny g9Te-MnSe nodujen Bridgman-oBoM MeTomoM je
ucnutuBad npumeHoM AFM, nudpakuuje X-3paka ¥ wHpampeHe CHEKTPOCKONHUje Yy LUIbY
onpehuBama HajOOJBMX YCJIOBA 32 PAaCT KpHCTana. YCTAaHOBJBEHO j€ TOCTOjarhe HAHOKIIACTEpa
MnSe. [Ipumemena je Maxwell-Garnett-oBa anpokcumanuja epekTUBHOT MeaujyMa U yTBpheHo je
na ce MnSe jaBba y o u B ¢dasu. Takohe je onpehen u nporeHar meropor caapxkaja y HgMnTe.
Jleo pesynTarta je myOIuKOBaH y:

e M. Petrovi¢, N. Rom¢evi¢, M. Romcevi¢, G. Stanisi¢, D. Vasiljevi¢-Radovi¢, J. Traji¢, Z.
Lazarevi¢, S. Kosti¢, Spectroscopy characterization of MnSe nanoclasters randomly distributed
in HgMnTe single crystal, Journal of Crystal Growth 338, 75-79 (2012).

[Mommmkpucranan ZnSnSh, + Mn je npoy4aBaH y Wby 00jallllbaBama MOBE3aHOCTH M3Mehy
BUCOKE KOHIICHTpaIlMje CI00O0IHMX HOCHJAla M CTPYKTYpe W HHXOBOT YTHIAja HA ONTHYKE
ocobune marepujana. [Ipunukom ananmse cy kopumhern XRD, onrtnuka mukpockonuja, AFM u
IR cnekrpockonuja. PerucTpoBaHo je mocrojambe HEKOJIMKO pasnuuuTux (asza (ZnSnSb,, ZnSb,
SnSb), manmu yaeo Sn u MnSb. Oe daze popmupajy pa3imauTe MUKPOCTPYKTYpPE IITO j€& IIOBE3aHO
ca BEJIMKUM HETIPABHIIHOCTHMA Y CTPYKTYPH PEIIETKe. Y CTAHOBJHEHO j€ JIa BUCOKA KOHIICHTpAIInja
CIO0OTHUX HOCHIIAIA TIPOY3pOKyje BelIMKH Opoj medekarta. Takohe je yCTAHOBIBEHO Ja Y OBOM
CHCTEMY JOJIa3H JIO IUIa3MOH-MYJITH (OHOH WHTepakuuje. Pesynrar je mpencTaBibeH y
myOnuKanuju:

e M. Romcevic, N. Paunovic, U. Ralevic, J. Pesic, J. Mitric, J. Trajic, L. Kilanski, W.
Dobrowolski, I. V. Fedorchenko, S. Fedorovich Marenkin, N. Romcevic, Plasmon — Phonon
interaction in ZnSnSb; + Mn semiconductors, Infrared Physics and Technology 108, 103345
(2020).

CdGeAs, je 3Hauajan MaTtepujajl 300T MpHUMEHE y omnToelekTpoHui. Cama TpHUMeHa je
MOBE3aHa Ca KBAJIMTETOM KpHcTaiHe pemeTke. CHUMaHu cy U aHanu3upanu Paman u FIR cnexrpu
Cd; \Mn,GeAs;. YCTaHOB/bEHO je JAa JONHpame MajlloM KOHLEHTpanujoM MaHrana (x = 0.004)
noBoau a0 Bpio Onare aedopmanuje pemerke CdGeAs; U 3HauajHO cMamyje MOjaBy aedexara
GeAs. PesynraT nuctpaxuBama je peICTaBbeH y ITyOJTMKAIH]jH:

e M. Romcevic, N. Romcevic, J. Trajic, L. Kilanski, W. Dobrowolski, I. V. Fedorchenko, S. F.
Marenkin, Defects in Cd; \Mn.GeAs lattice, Journal of Alloys and Compounds 688, 56-61
(2016).

Onmuuke ocooune manKux puimoea, HAHOYeCMUUA U HAHOCMPYKMYPa

[IpoyuaBanu cy tanku ¢uimoBu CdS, CdTe m CuSe noOujeHU TEXHUKOM BaKyyMCKOT
HarnapaBama.

Tanku ¢unmoBun CdS cy ucnurtuBanm npumenom AFM, FIR u Paman cmekrockomyje.
EdextuBHa nepmeabuinHoct je mopenoBaHa Maxwell-Garnet-oBoM ampokcuManujoMm, J0K je
NPUINKOM aHaliu3e HH(QpampBeHNX crekrapa pediekcuje KopumheH HyMEpUYKH MOJeN 3a
u3padyyHaBame KoeuiMjeHTa pediekcrje CIOKEeHUX CHUCTeMa KOju YKIJbydyje (QHUIM M CymCcTpar.
PerucrpoBana je mojaBa TOBPIIMHCKOT ONTHYKOr ()OHOHA W ojapeheHa 3aBUCHOCT HHETOBE
ydecTaHOCTU o1 JebsbrHe y3opka. Takohe je oapehena u cumerpuja (poHOHA KOjU y4ECTBYje Y
KpeHpamy MOBPIIMHCKOT ONTHYKOT (oHOHA. OBU (UIMOBH Cy MOCEOHO MHTEPECAHTHU jep UMajy
BEJIMKY MOTYNHOCT IpUMEHE U HUCKY LIeHy MPOU3BOhe. Pe3ynratu cy myOIMKOBaHH y:

e M. Gili¢, J. Traji¢, N. Romcevi¢, M. Romcevi¢, D.V. Timotijevi¢, G. Stanisi¢, 1.S. Yahia,
Optical properties of CdS thin films, Optical Materials 35, 1112-1117 (2013),



e J. Traji¢, M. Gili¢, N. Rom¢evi¢, M. Romcevi¢, G. Stanisi¢, Z. Lazarevi¢, D. Joksimovié, 1.S.
Yahia, Far-infrared investigations of the surface modes in CdS thin film, Physica Scripta T162,
014031 (4pp) (2014),

o J. Trajié, M. Gili¢, N. Romcevi¢, M. Romcevi¢, G. Stanisi¢, B. Hadzi¢, M. Petrovi¢, Y.S.
Yahia, Raman spectroscopy of optical properties in CdS thin films, Science of Sintering, 47
145-152 (2015).

CrpykypHe u onTuuke ocobmne TaHkux puimoBa CdTe cy ucnutuBaHe npuMeHoM AFM,
XRD, FIR u Paman cnekrpockonuje. V1 y oBOM cnyyajy je NPHIMKOM aHaJIM3€ CIIEKTapa
pednekcuje xopumheH mMozaen Koju ykibydyje puim u cyncrpar. EdekTuBHa mepmMeaOMITHOCT je
MojenoBana Maxwell-Garnet-oBom anpokcumanujoM. PerucTpoBaHo je mocTojame MOBPUIMHCKOT
ontuukor ¢poHoHa (SOP) kao u cnpernyTu miazmod — SOP monoBu. Pesynrtatu cy myOnrkoBaHu y:

e J. Mitric, N. Paunovic, M. Mitric, B. Vasic, U. Ralevic, J. Trajic, M. Romcevic, W.D.
Dobrowolski, I.S. Yahia, N. Romcevic, Surface optical phonon — Plasmon interaction in

nanodimensional CdTe thin Films, Physica E: Low-dimensional Systems and Nanostructures
104, 64-70 (2018).

JBodaznu tanku ¢unmoBu CuSe cy ucnutuBanu npumeHom FESEM, UV-VIS-NIR u
¢doToryMHHUCIIEHTHE crekTockonuje. OBe Merone cy KopuitheHe 3a wuAeHTHUUKALU]Yy U
kBaHTU(uKaujy nse (asze. [lomohy moxmena 3a koHpajHMEHT onTHYKKUX (PoHOHA onpehuBaHe cy
BennuuHe yectuna CuSe; ¢aze. UV-VIS cnekrpockonujom cy no0HjeHe BPEIHOCTH 3a0parmeHuX
30Ha 00e (aze. POTOTYMHHECIICHTHUM MEpEHUMa Ha HUCKHM TeMmIlepaTypamMa je JIeTeKTOBaH
neeKTHU HUBO cenieHa — HeratuBHU U-1ieHTap. Pesynratu cy myOnMKoBaHM y:

e M. Petrovi¢, M. Gili¢, J. Cirkovié, M. Rom&evié, N. Roméevié, J. Traji¢, 1. Yahia, Optical
Properties of CuSe Thin Films — Band Gap Determination, Science of Sintering, 49, 167-174
(2017),

e M. Gili¢, M. Petrovi¢, R. Kosti¢, D. Stojanovi¢, T. Barudzija, M. Mitri¢, N. Romcevié, U.
Ralevi¢, J. Traji¢, M. Romcevi¢, 1.S. Yahia, Structural and optical properties of CuSe2
nanocrystals formed in thin solid Cu—Se film, Infrared Physics & Technology 76, 276284
(2016).

HcTtpaxkuBane Ccy M HaHOYeCTHLE Yy OAroBapajyhum wmarpuiamMa ¥ HaHO-CTPYKTYpe.
[lpoy4aBanu cy yTHIaju TeMIlepaType, MarHeTHOT T0Jba, TAlacHe IyKHMHE W CHare Jlacepa Ha
OINITHYKE 0COOMHE HaHOMaTepHjaia. JloOujeHu pe3ynraTu Cy MOJICIOBaHH U 00jalllbeHH.

N3yuaBaHe cy onTHYKa M CTPYKTYpHa CBOjcTBa HaHodecTHIa CdSe y CTakI€HO] MaTPHIH
n00MjeHe OpUTMHATHOM TEXHUKOM KOja KOMOHMHYj€ 3arpeBame U o3paunBame Y B macepom. Y3opuu
cy aHanuszupanu npuMeHoM AFM u UV-VIS ancopnumonux mepema. Pesynratu mpoyuaBama
¢doronymunucrenuyje CdSe KBaHTHUX Tayaka y CTaKJIEHO] MaTpULU U MOP(OJOTHja HUXOBHX
MOBPIIMHA Cy NMPEICTABILCHU Y:

e M.Gilic, R. Kostic, D. Stojanovic, M. Romcevic, B. Hadzic, M. Petrovic, U. Ralevic, Z.
Lazarevic, J. Trajic, J. Ristic-Djurovic, J. Cirkovic, N. Romcevic, Photoluminescence

spectroscopy of CdSe nanoparticles embedded in transparent glass, Optical and Quantum
Electronics 50:288 (2018).

Hanouectunie ZnS koje cy mo0ujeHE BHCOKOCHEPTETCKMM MIJIEBEHEM Cy HWCIIUTUBAHE
npumeHoM audpakuuje X-3paka, SEM u HRTEM mukpockonuje, Paman u FIR cnektpockonuje.
HcnutuBan je yTuila) BpeMeHa MIIeBeHa Ha CBojcTBa HaHouectwma. Oxapehene cy aumeHsuje
HaHYECTHIIAa M HUXOBa JepHUHHUCAHOCT. Mane IuMeH3HMje KBAaHTHHX Tadaka JIOBOJE JIO jaKoT
koH(puHUpajyher pexxuma. Y 1muby UCIUTHBaKkAa KOHQUHUpaAmka ONTHYKUX (POHOHA Yy KBAHTHUM
Taukama KopuiheH je mozaen epekTUBHOr Menujyma. Takohe cy MCIUTHBaHE M CTPYKTypHE U
ontuuke ocodune ZnS/ Poli (metil metakrilat) npumenom XRD, SEM, TEM, HRTEM, FIR u
Paman cnektpockonuje. AHanuza PamaH criektapa je BplIeHa MOZEJIOM 3aCHOBAaHMM Ha TEOPHjU
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epeKTUBHOT Menujyma. YTBpHEHO je MPHUCYCTBO MOBPIIMHCKOT ONTHYKOT (POHOHA, YMjU OOIUK U
MO3MIIM]ja 3aBUCE O] BpCTe KOMIo3uTa. PesynraTu cy myOiaMKoBaHU y:

e J. Traji¢, R. Kosti¢, N. Romc¢evi¢, M. Romcevi¢, M. Mitri¢, V. Lazovi¢, P. Balaz, D.
Stojanovié¢, Raman spectroscopy of ZnS quantum dots, Journal of Alloys and Compounds 637,
401-406 (2015),

e J. Traji¢, M. Romcevi¢, N. Romcevi¢, B. Babi¢, B. Matovi¢, P. Balaz, Far-infrared spectra of
mesoporous ZnS nanoparticles, Optical Materials 57, 225-230 (2016),

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

(methylmethacrylate) nanocomposites, Physica E: Low-dimensional Systems
andNanostructures115, 113708 (2020).

CHexTpOCKOIICKUM METOAaMa Cy WCIUTHBAHE CTPYKTYPHE M ONTHYKE OCOOMHE CJIO0jeBHTHX
HaHo-cTpykTrypa CdTe/ZnTe y xojuma cy QopMupaHe caMO-OpraHM30BaHE KBAaHTHE Tauke.
VYT1BpheHa je mUXOBa €HEpPreTcka CTPYKTypa Kao M IMOCTOjame MYITH(POHOHCKHX mporeca. [Ipu
aHanmu3u MH(ppa-LIPBEHUX CIeKTapa peduiekcuje kopuiheHa je Teopuja epexruBHor meaujyma. Ha
OCHOBY Jn00HMjeHUX pe3ynrarta oapehenu cy ycinoBu 3a dopmupame KBaHTHHUX Tadaka. OBaj
pe3yaTarT je 3HayajaH ca IJeIUINTa MpaKTUYHE NpUMEHe, Tj. NMpH U3ajHHpamy U J00Ujamby
KBAaHTHUX CTPYKTypa TauHO oJpeleHnx KapakTepucTuka. Pesynraru cy my0OnukoBaHu y:

e N. Romcevi¢, M. Romcevi¢, R. Kosti¢, D. Stojanovi¢, A. Milutinovi¢, J. Traji¢, G.
Karczewski, R. Galazka, Photoluminescence Spectroscopy of CdTe/ZnTe Self — Assembled
Quantum Dots, International Journal of Photoenergy ID 358790 4 pages (2009),

e M. Gili¢, N. Roméevi¢, M. Romcevi¢, D. Stojanovi¢, R. Kosti¢, J. Traji¢, W.D. Dobrowolski,
G. Karczewski, R. Galazka, Optical properties of CdTe/ZnTe self-assembled quantum dots:

Raman and photoluminescence spectroscopy, Journal of Alloys and Compounds 579, 330-335
(2013).

UcmutuBan je m ZnO Koju je 3a Pa3jauKy OJ MPETXOJHUX y30paka IIMPOKO30HCKH
MOJyIPOBOJIHUK. AHAIM3UpaHH Cy Y30pIu HaHOkpuctana ZnO pomwpaHor KoOalTom, ca
KoHIIeHTpanujama o 5% mo0 95%. Y3opiu cy no0HjeHH XUAPOTEPMAIHOM METOJOM M METOJ0M
KaJIIMHAIMje U aHAJIM3UpaHu npuMeHoM audpaxiuje X-3paka u Paman criekrpockonuje. Onpehene
Cy ITUMEH3Mje HAHOKpHCTaJla Ka0 M HUXOB CacTaB KOJU C€ MEHa IpH J0aaBamy Behe konmumumne
npuMeca. AHaluM3upaHe Cy JBE IMojaBe Ha PamMaHOBHM CHeKTpuMa. PerucTpoBaHo je yuIupeme u
nomMepame (OHOHA OCHOBHOT KpHICTAJIa YCIIe]] CMambEemha TUMEH3H]a YeCTHIIA. JACHO Cy pa3aBOjeHU
¢dononn xoju oty ox ZnO oj HoHOHA KOjU OJroBapajy OKCHIy KobOanta. Y HUCKO(PPEKBEHTHO]
00JIaCTH PETUCTPOBAHE Cy CTPYKType KOj€ MOTHUYY OJ aKyCTHUKHX (POHOHA, KOjU Cy 3a0pameHH
CEJICKIIOHUM TPaBWJIMMA, allil C€ KOJ HAHO-JAMMEH3MOHATHHX CHUCTEMa BUJE YCIea HapylllaBama
cumetpuje. tbuxoB mosmoxkaj je JUPEKTHO MOBe3aH ca BedWYuHOM uectunia. KopumrheH je mozen
3aCHOBAaH Ha amlpOKCHUMAIMjU eNacTHYHOr KOHTMHyyMa. OBako wu3padyHaTe (pEKBEHIIHje ce
TOKJIATajy ca eKCIIEPUMEHTATTHO IOOM]jECHUM.

ZnQO je moMyNpOBOJHUK XEKCArOHAIHE CTPYKTYpE ca IIMPOKOM "IHPEKTHOM" 3a0pameHOM
30HOM U peJIaTUBHO BEITUKOM €HEprujoM ekcruurtamuje. OBe 0COOMHE Ta CTaBJbajy y IIEHTap MHOTHUX
UCTPaXHMBama 300T BEIMKUX MOTYNHOCTH NpHMEHE Kako y €JEKTPOHCKUM M OINTOEIEKTPOHCKUM
ypehajuma, Tako M y MarHeTHO-€JIEKTPOHCKMM W CHUHTPOHUYKHM ypehajuma, MoK ce moceOHa
naxma nocBehyje MOryhHOCTH MocTH3ama BUCKO-TEMIIEPATypCKOT (epoMarHeTu3Ma KOJ OBHUX
Marepujana. Pesynraru cy myOIuKOBaHH y:

e B. Hadzi¢, N. Rom¢cevi¢, M. Romcevi¢, 1. Kuryliszyn-Kudelska, W. Dobrowolski, J. Trajié, D.
Timotijevi¢, U. Narkiewicz, D. Sibera, Surface optical phonons in ZnO(Co) nanoparticles:
Raman study, Journal of Alloys and compounds 540, 49-56 (2012),



e B. Hadzi¢, N. Romcevi¢, M. Romcevi¢, 1. Kuryliszyn-Kudelska, W. Dobrowolski, M. Gili¢, M.
Petrovi¢-Damjanovi¢, J. Traji¢, U. Narkiewicz, D. Sibera, Raman study of surface optical

phonons in ZnO(Co) nanoparticles prepared by calcinations method, Journal of optoelctronics
and advanced materials 16 (5-6) 508-512 (2014).

IIpoyuaBane cy u ZnO@ZnS core-shell HaHOCTpYyKTYpe ca npumeHoM audpakiuje X-3paka,
Raman u pmanexe mH(panpBeHe CIEKTpOCKONHje. PeructpoBan je ,.fop* MOBPIIMHCKHA ONTHYKA
¢onon mon (TSO) y ZnO koju je KapakTepucTM4YaH 3a LMIMHIPUYHE HAHO-00jeKTe, Kao MU
NOBpIIMHCKK onTH4ku (oHOH Mon (SOP) y ZnS. Takohe cy perucrtpoBanu SOP momoBu y
ZnO@ZnS core-shell HaHOCTPYKTYpH, Ka0 U JOKAJIHU MOJIOBH KOjJU NMOTUYY O/ KMCEOHHMKA y ZnS U
gap Mozae cymmopa y ZnO. Ycnen mocrojama akTUBHOT clioja y mpoctopy m3mehy ZnO jesrpa u
ZnS JpycKke OBa HCTpaXHBama Cy BEOMa BakKHA 300T NpPUMEHE OBHX MaTepHujaia y
TepMOeneKTpoHUIM. VcTpaxkruBame je myOIMKOBaHO y:

e B. Hadzic, B. Matovic, M. Randjelovic, R. Kostic, M. Romcevic, J. Trajic, N. Paunovic,
N. Romcevic, Phonons investigation of ZnO@ZnS core- shell nanostructures with active layer,
Journal of Raman Spectroscopy 52, 616-625 (2021).

Eyponujymom je nonupan Hanonpax Gd,Zr,O;, KOju je MO3HAT Marepujan kao aomahuH
(host) 3a poromymuHeceHTHY ipuMeny. Y3opiu nooujern SCS (Solution Combustion Synthesis)
MetonoM cy aHamusupanu npumeHom AFM, FIR u Paman cnektpockomuje. PerucrpoBana je
eJIEKTPOH (DOHOH MHTEpaKIMja Koja JOBOJIU 10 KPIIECHa CENEKIIMOHUX MPaBUIia U JI0 TI0jaBe HOBUX
¢oHoHa. YoueHa cy JBa (hOHOHA KoOja J0 caja HUCY Ouiia perucTpoBaHa, U BUXOBa MO3UIH]A je Y
CKJIay ca YOUCHOM eNeKTPOH-(DOHOH MHTEpaKIujoM. PeructpoBann MynTH(GOHOHCKH TPOIECH CY
JMpEKTHa Mocieaula AoNHpama, a TO yCJIOB/baBa U IojaBy OouHe Tpake ¢oHoHa. Pesynratu cy
My OJIMKOBAHU Y:

e (. 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;07 nanopowders, Optical Materials 73, 541-544 (2017),

e J. Mitric, J. Krizan, J. Trajic, G. Krizan, M. Romcevic, N. Paunovic, B. Vasic, N. Romcevic,
Structural properties of Eu’ " doped Gd>Zr>0; nanopowders: Far-infrared spectroscopy, Optical
Materials 75, 662-665 (2018).

HcnutuBana cy cBojctBa YAG:Dy (Mtpujym amyMuHHUjyM TpaHara [ONHUpPaH jOHUMA
JTUCIIpO3WjyMa) HaHoIpaxa W mopehena ca ocooumnama YAG HaHompaxa u YAG MOHOKpHCTana.
Mopdonoruja, crienuduyHa NOBPIIMHA, TEKCTypa M ONTHYKA CBOJCTBA UCIIMTUBAHU CYy MPUMEHOM
SEM mmkpockonuje, MeTonoMm azacopmuuje azota u FIR cnektpockonuje. Y CcTaHOBIBEHO j€ Aa je U
YAG ponmpan Dy kao u Hemomupan YAG wmukpomnoposaH. PeructpoBane cy cdephe, jacHO
neuHHCaHe W OJIBOJEHE HaHOYecTHIle. Takohe je ycraHOBJbeHO Jna jommpame YAG
JHMCTIOP3MjyMOM HE yTHYe 3HAuajHO Ha BHOpamuje pemeTKe, aad Ja JOBOAU J0 CMambemha
ydyecTaHocTd ()OHOHA y ofHOCY Ha ydyecTaHocTu ¢poHoHa YAG HaHompaxa 1 YAG MOHOKpHCTaa.
PesynraTtu cy my0iauKoBaHU y:

o J. Trajié, M.S. Rabasovi¢, S. Savi¢-Sevi¢, D. Sevi¢, B. Babi¢, M. Roméevi¢, J.L. Risti¢-
Djurovi¢, N. Paunovi¢, J. Krizan, N. Romcevi¢, Far-infrared spectra of dysprosium doped
yitrium aluminum garnet Nanopowder, Infrared Physics & Technology 77, 226-229 (2016).

bapujym-mumanam oonupan anmumonom je NOOHJEH MEXAaHOXEMHJCKOM aKTHBAIUjOM Y
rtaHeTapHoM MinHy. IlonasHe kommnoHeHTe cy Owine okcuau Oapujyma u Tutanujyma. [lpumrkom
MJIEBEHa J0J1a3H 0 00pa30oBama HOBHUX jeAUEHa Y OO0NHMKY TpaxoBa. [Ipu kapakrepuzamnuju cy
kopumthenn XRD, FIR peduekcuja u PamanoBa cmnekrpockonuja. YTBphena je Beza uzmely
Iy’KMHE MJIeBeHa M BEIMYMHE W cacTaBa JOOMjeHMX KpucTtaauta. Hekm on mpaxoBa cy
CHHTEPOBAaHM M UCIHTAaHE Cy OCOOMHE J0OMjeHHMX KepaMHUKUX TpaxoBa. Pesynratu cy
My OJIMKOBAHU Y
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e 7. Lazarevi¢, N. Romcevi¢, M. Romcevi¢, J. Trajié, M. Vijatovi¢, J. Bobi¢, B. Stojanovic,
Infrared and Raman Spectroscopy Study of Antimony Doped Barium Titanate Prepared from
Organometallic Complex, International Journal of Modern Physics B, 24, 676 — 681 (2010).

[Ipoy4aBanu cy u ycioBH pacta MoHOKpucTana Bi;;GeO, u Bij»Si0;9 n0OUjeHUX METOI0OM
pacta kpucrana no Yoxpanckom (Czochralski). M3pauyHaTu cy KpUTHUHU AMjaMeTap U KpUTHYHA
croma poramyje, a onapeheHH Cy W TIOTOAHM pPAaCcTBOPW 3a TOJHMpame W Harpuzame. [lpu
KapakTepu3alju J0OMjeHHX MOHOKpHCTaja je KOpuInheH HH3 EKCIIEPUMEHTAHUX METOo/a:
midpakuuje X - 3paka, FIR pednekcuja m PamanoBa cnekrpockonuja. OBU MaTepHjaim,
3axBaJbyjyhu BenHKoj pa3HOBPCHOCTH (U3UYKUX OCOOMHA MMajy BEJIUKY MPUMEHY Y €EKTPOHCKUM
M ONTOCNEKTPOHCKUM ypehajuma, rAe je HEONXOJHO Ja KPHCTAIA HMajy Majly TyCTHHY
JMCIIOKAllMja U BEJIMKY ONTHYKY XoMmoreHocT. Crora ce BelMKa Maxmwa nocBehyje HauuHy U
yCIIOBUMa JI0OHjama y3opaka. Pesynraru cy myOJIMKOBaHH y:

e Z. Lazarevi¢, S. Kosti¢, M. Romcevi¢, J. Traji¢, B. Hadzi¢, D. Stojanovi¢ and N. Romcevi¢,
Study of Bi;»SiO;y single crystals obtained by Czocharlski method, Optoelectronics and
Advanced Materials - Rapid Communications 5 (2), 150-152 (2011),

o Z.7. Lazarevi¢, S. Kosti¢, V. Radojevi¢, M.J. Romcevi¢, B. Hadzi¢, J. Traji¢, N.Z. Rom&evié,
Spectroscopy study of Bi;;GeO,y single crystals, Optoelectronics and Advanced Materials -
Rapid Communications 7 (1-2), 58-61 (2013),

e G.S.I. Abudagel, S. Petricevi¢, P. Mihailovi¢, A. Kovacevié, J.L. Risti¢-Djurovi¢, M. Leki¢, M.
Roméevi¢, S. Cirkovié, J. Traji¢, N. Roméevi¢, Improvement of magneto-optical quality of
high purity Bi;;GeOyy single crystal induced by femtosecond pulsed laser irradiation,
Optoelectronics and Advanced Materials-Rapid Communications, 11, 477-481 (2017).

VYTuiaj 10KaIHOT 3arpeBama Mpoy3pOKOBAHOT jacepoM Ha Mn(O HaHOYECTHIIC j€ TIPOydaBaH
npumeHoM AFM wmmukpockonuje u naneke uH@panpsene cnekrpockonuje (FIR). Cnekrtpu
pednekcuje cy ancnmzupanu npuMeHoM Maxwell-Garnet ampokcumarnyje. YCTaHOBJBEHO je Ja
JacepcKo SpaueHe 3arpeBame TOBOJM 0 KOHBep3uje aeroBa MnO nHanouectuna y MnO;, Mn3O4
and MnOOH kao u 10 popmupama Mn Ha MOBpIIMHY y30pKa. Pe3ynrar je myOnmukoBaH y:

e B. Babic, B.Hadzic, 1. Kuryliszyn-Kudelska, N. Paunovic, B. Vasic, W.D. Dobrowolski, M.
Romcevic, J.Trajic, N. Romcevic, Far-infrared spectroscopy of laser power modified MnO
nanoparticles, Optoelectronics and Advanced Materials-Rapid Communications, 13, 376-379
(2019).

Onmuuke ocodune mamepujana AHATUSUPAHUX Y OKGUDPY capadmwe ca Kolezama u3 Opy2ux
HAYYHUX UHCIMUmMyyuja

VY okBHpY capajie ca Kojerama U3 Ipyrux J1abopaTtopHja UCIUTHBAHE Cy ONTUYKE OCOOMHE
Marepujaga kojuma ce oHu OaBe. Ilopen cHuMmama WH(panpBeHHX crekTapa pediekcuje u
ancopruyje W PamMaHOBHMX crHekTapa JaT je ¥ JONPUHOC Y HHUXOBOj aHAIM3U U O0jallmbermy
PETHCTPOBAHMX ONTHYKUX KapaKTEPUCTHKA.

VY oxBUpy capaime ca Kojerama u3 MapuOopa HCIHUTHUBaHE Cy ONTHYKE U CTPYKTypHE
ocobuHe nracmuuno Oepopmucanoe 6akpa. Ilpm anamuszm je xopumhena FIR u PamanoBa
CIEKTPOCKONHMja M Mepema Ha eJIUICOMEeTpy. YTBpheHO je Aa Huje JOoUuI0 A0 MOTIyHE
amopduzanmje y3opka Beh ma cy nmpucyTHH HaHO-KpHCTaM Oakpa. Pesynratu ca enmmmncomerpa cy
aHaM3UpaHu KopHIINEeHmeM JBOCIOJHOI Mojena u bpyremaHoBe ampokcumanyje e(eKTHBHOT
MeIjyMa U yTBPHEHO je MocTojamke Oakap-OKCHAa Kao W MapamMeTpH MOBPIIMHCKE XParaBOCTH.
PesynraTtu cy my0iaMKoBaHU y:

e M. Miri¢, R. Rebeka, 1. Anzel, B. Hadzi¢, M. Romcevié, J. Traji¢, N. Romcevié, Ellipsometric
Measurements of Plastically Deformed Copper, Acta Physica Polonica A, 116, 715 — 717
(2009),
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e J. Traji¢, R. Rudolf, I. Anzel, M. Romcevi¢, N. Lazarevi¢, M. Miri¢, Z. Lazarevi¢, B. Hadzi¢,
and N. Romcevi¢, Optical properties of plastically deformed copper, Acta Physica Polonica A
117 (5) 791 — 793 (2010),

¢ N. Romcevi¢, R. Rudolf. J. Traji¢, M. Romcevi¢, B. Hadzi¢, D. Vasiljevi¢-Radovié, 1. Anzel,
Optical properties of plastically deformed copper: an ellipsometric study, Materials and
technology 45 (5) 463-465 (2011).

Toxom capaame ca kojerama u3 ['eorexHumukor wmHCTHTyTa CrloBauke AKaJeMHje HaykKa
npoyuaBaH je Cu,FeSnS, (stannite) HaHOKpHUCTaN TOOHMjEH TOCTYIIKOM MEXaHOXEMH|CKE CHHTE3E.
[Ipumenom nanexe uH(PpanpBeHe M PaMaH CIIEKTPOCKOMHjE AETA/LHO Cy MpoydeHa BHOpalmoHa
CBOjCTBa OBOTI' cUCTEMa U ojpel)eH je yTHiaj Qy>KuHe BpeMeHa MieBema Ha popmupame CurFeSnS,y
HaHokpucrtana. OBa capagma je HacTaBibeHa y okBupy COST akcije Mech@Suslnd —
Mechanochemistry for Sustainable Industry. Pe3ynratu cy npeJiCTaB/bEHHU Y:

e P.Balaz, M. Balaz, A. Zorkovska, I. Skorvanek, Z. Bujnakova, J. Trajic, Kinetics of Solid-State
Synthesis of Quaternary Cu,FeSnS; (Stannite) Nanocrystals for Solar Energy Applications,
Acta Physica Polonica A 131, 1153-1155 (2017),

e J. Trajic, M. Romcevic, M. Petrovic, M. Gilic, P. Balaz, A. Zorkovska, N. Romcevic, Optical

properties of the mechanochemically synthesized CuyFeSnS, (stannite) nanocrystals:Raman
study, Optical Materials 75, 314-318 (2018),

e J. Trajic, M. Romcevic, N. Paunovic, M. Curcic, P. Balaz, N. Romcevic, Far-infrared study of
the mechanochemically synthesized Cu;FeSnS, (stannite) nanocrystals, Infrared Physics &
Technology 90, 6669 (2018).

4. EneMeHTH 3a KBAJJUTATHBHY OlleHY HAYYHOT JONPHHOCA KAHINIATA
4.1 KBaanTer Hay4YHHUX pe3yJTara
4.1.1 Hayuynu HUBO ¥ 3Ha4aj pe3y/TarTa, yTHIAj HAYYHUX PajoBa

Hp Jenena Tpajuh je y cBoM nocamammeM pamay obOjaBwia 57 pamoBa y mehyHapomHuMm
yaconucuMma ca ISI nucre, on kojux 8 y kareropuju M21a, 11 y kareropuju M21, 16 y kareropuju
M22 u 22 y kareropuju M23. ITopen oBux pamgoBa objaBmia je u 2 paga y kareropuju M33, 26 y
kareropuju M34, 2 y kareropuju M51 u 4 nornasika M14 y Tematckom 300pHUKY Meh)yHapomHOT
3Ha4aja M12.

VY mepuony HakoH ominyke Haywnor Beha o mpemiory 3a cTUIamke IMPETXOJHOT HAYyYHOT
3Bama Jip Jenmena Tpajuh je ob6jaBwia 28 pamoBa y mehyHapomnum dacomucuma ca ISI mucre m
caommTema Ha MehyHaponHUM KoHQeEpeHIMjaMa of KOjuX je jemaH y kareropuju M2la, 3 y
kareropuju M21, 10 y kareropuju M22, 6 y kareropuju M23, jeman y xateropuju M33, 3 y
kateropuju M34 u 4 nornassa M 14 y Tematckom 300pHHUKY MehyHapoaHoT 3Hadaja M12.

Kao neT Haj3Ha4YajHUjUX pasloBa MOTY C€ Y3€TH:

1. J. Traji¢, N. Romcevi¢, M. Romcevié, V. Nikiforov
Plasmon — phonon and plasmon — two different phonon interaction in Pb; .Mn,Te mixed
crystals
Materials Research Bulletin, 42, 2192-2201 (2007).
M21, nmutupan 1o caga 16 myra.

2. J. Trajié, N. Romcevi¢, M. Romcevi¢, D. Stojanovic, R. Rudolf, T.A. Kuznetsova and D.R.
Khokhlov
Far — infrared study of impurity local modes in Co — doped PbTe
Journal of Alloys and Compounds, 493, 41— 46 (2010)
M21a, uutupan a0 caga 8 myTa.



3. J. Traji¢, R. Kosti¢, N. Romcevi¢, M. Romcevi¢, M. Mitri¢, V. Lazovi¢, P. Balaz,
D. Stojanovié¢
Raman spectroscopy of ZnS quantum dots
Journal of Alloys and Compounds 637, 401-406 (2015),
M21a, uutupan 110 caga 36 myTa.

4. J. Traji¢, M. Rom¢evi¢, N. Rom¢evi¢, B. Babi¢, B. Matovi¢, P. Balaz
Far-infrared spectra of mesoporous ZnS nanoparticles
Optical Materials 57, 225-230 (2016),
M21, uutupan o cana 3 myTa.

5. N. Romcevi¢, J. Traji¢, M. Romcevi¢, A. Golubovi¢, S. Nikoli¢, V.N. Nikiforov
Raman spectroscopy of PbTe; .Sy alloys
Journal of Alloys and Compounds 387, 24-31 (2005),
M21, uutupan o cana 9 myra.

VY npBoMm paay cy ucnutuBaHa BHOpauuoHa cBojctBa Pb.Mn,Te (x = 0.0002, 0.002, 0.02
and 0.1) mMemaHux Kpuctaia npuMeHoM naneke nHppanpsere crekrpockonuje (FIR). [Mpummkom
aHaJM3e eKCIIEPUMEHTAIHUX pe3yiraTta cy KopumiheHe auenekTpuuHe (QyHKIHUje KOje y3UMajy y
003up TIa3MOH-(GOHOH W TUIa3MOH-IBa pasnnunta (oHOHa wuHTepakumje. Onpehene cy nBe
y4ECTaHOCTH IUIa3MOH-(DOHOH CIPErHyTUX MOJOBA M TPU YYECTAHOCTH IUIa3MOH-IBA Pa3IMuUTa
(OHOHA CHpPETHYTHX MOJOBa. VM3padyHaTe Cy BPEAHOCTH JIOHTUTYAHHATHHUX ONTHYKHX MOJOBA
(LO) n nmnasma yuecranoctu (wp). [IpuMeHoM Mojena Koju je pa3BujeH Ha ocHOBY (Genzel-oBor
MoOJIeNIa j€ YCTAaHOBJBEHO J1a AYTOTAJIACHH ONTHYKK (POHOHU MCTOJHABajy M MHTEPMEIHN]aTHO U JIBO-
MOJTHO TTOHAIIAE.

Kangunmar je pasBuina Mozen 3a IUIa3MOH-ZIBa pa3inunra (OHOHA HMHTEPAKIH]Y,
aHaJIM3Mpajia eKCIIEPUMEHTAIIHE pe3ynTare ,best fit* METOIOM M OApeIuia y4eCTaHOCTH TIJIa3MOH-
(hOHOH CIIPETHYTHX MOJOBA W TUIA3MOH-/IBa pa3inuuTa (POHOHA CIIPETHYTHX MojaoBa. Takolhe je, Ha
OCHOBY Ppa3BHjEHOT METOJa OJpEeAWIa BPETHOCTH JOHTUTYAWHATHHX onTHYkuX mojosa (LO) u
IJ1a3Ma y4ecTaHOCTH (wp).

VY npyrom paay cy ¢oHoHcka cBojcTBa PbTe nomupanor Co nmpoydyaBaHa IpuMEHOM JaJIeKe
undpaupsene cnekrpockonuje (FIR). Kopumhen je monen koju y3uma y 003up MOCTOjame
MJIa3MOH-JOHU30BaHa TpuMmeca-poHOH HMHTepakiujy. OxapeheHe cy ydecTaHOCTH TpH TpHMECHa
nokanHa mMona Co M yCTaHOBJBEHO Ja KoOanT ynasu y pemierky PbTe y Tpu paznuuura BajgeHTHA
crama. Hanme, Ha mouerky nomupama Co ynasu y peurerky PbTe kao Heyrpansa npumeca (Co’'),
na OM Kako KOHIICHTpaIfja IMpHUMeca pacTe MOCTao JOHOP (Co™) u na kpajy akmenrop (Co' ).
Takohe je ycTaHOBJ/BEHO ga mopen chpe3ama (GoHoHa pemieTke PbTe m miasmona moctoju u
WHTEH3UBHO clie3ame MpuMecHHX MojoBa Co M cI00OMHUX HOCHIIAIA, T€ J1a Y OKOJIWHU CBAKOT
MPUMECHOT [IEHTPA ITOCTOjU TBO-KOMIIOHEHTHA TUTa3Ma.

Kannunar je mpumeHoMm ,.best fit“ meTone oJpenuna y4ecTaHOCTH NMPUMECHUX MOJOBA,
yCTaHOBHJIA FbUXOBA pasziMuMTa BAJCHTHA CTaka M W3padyHaja BPEIHOCTH (pPEKBEHIIMja IBO-
KOMITOHEHTHE TUTa3Me.

Y 1pehem pamy <Cy TpeacTaBbEHHW ~pe3ydATaTH IpoydyaBama ZnS  moOujeHor
MEXaHOXEMH]CKOM CHHTE30M IpuMeHoM mudpakuuje X-3paka, SEM u HRTEM mukpockonuje u
Paman cnekrpockonuje. [IpoyuaBanu cy y3o0piu 100HjeHH TOCIIEC Pa3IMYUTOT BPEMEHA MIICBEH:A.
[Ipumenom PamaH crneKTpockomnuje je YCTaHOBJBEHO Ja Maje AMMEH3Wje ZnS KBAaHTHHUX Tadaka
JIOBOJIE 1IO TojaBe ,,confinement pexuma. Kopumthen je ,,continuum model of the optical phonon
confinement in QD 3a HCTpaXUBama y 00IACTH ONTHUKEX (OHOHA Tj. 06macTH o1 275 cm™ (wro)
10 350 cm™ (wio). Y mopex Tora mTO ce OBaj MOZEN KOPHCTH 3a HucalaH clydaj, ToOujeHe
BPEIHOCTH 3a Moj Ha 345 cm™ cy y carmacHoctn ca mnpeasuljennm BpexHoctuma. OBaj MO je
npeno3Hat kao koHpuHupanu LO Moxa. Kao mTo je n oueknBaHO HEroBa YUeCTaHOCT 3HATHO HUXa
o]l oAroBapajyhux yuectaHocTu MOHOKpUCTaTHUX ZnS. Takolhe cy perucrtpoBaHe cy MyJITH-MOIHE



nojaBe Ha PamaH crektpuma y obmacta ox 130 mo 180 cm™ u 265 cm™, koje cy ymopemuse ca
UHTEeH3UTETOM KOH(puHUpanor LO moda.

Kanmunar je y oBoM pamy ypaawia Jeo KOjH c€ OJHOCH Ha PamaH CIIEKTPOCKONH]jY Tj.
MPUMEHOM HaBEJICHOT MOjelia YCTAaHOBHIIA TIOCTOjabe KoH(uHUpanor LO Moaa U MyJITH-MOJIHUX
cTpykTypa. Onpeania KapaKTepUCTUIHE YIeCTAHOCTH U 00jaCHUIIA lbUXOBY TIPUPOTY.

VY 4eTBpTOM pajay Cy NMpeICTaBJbEHU pe3yJITaTH UCIIUTHBAbA HAHOMpaxoBa ZnS 100ujeHnX
MEXaHOXCMH]CKOM CHHTE30M, MPHU YeMy je Bpeme mieBema Omimo 5, 10 u 20 min. Cnenuduana
MOBPIIMHA U TEKCTypa Cy UCIHUTUBAHK METOJIOM aJICOPIIIMje a30Ta JOK Cy ONTHYKa CBOjCTBA CY
MpOoy4YaBaHa MPUMECHOM Jajieke HHpAIPBEHE CIEKTPOCKOIH]E.

Jp Jenena Tpajuh je y oapeania onTudka cBOjCTBa ZnS HAHONPAaXOBA aHAIM30M CIEKTapa
pednekcuje. Crnektpe pediekcuje je aHaIM3upana MPUMEHOM ,best fit“ Merone. JluenexkTpuuny
¢byHKIMjy ZnS HaHOIIpaxoBa je MojaenoBana ,,Maxwell — Garnet* anpokcuMmalujom, Ipu 4emy je
rmocMarpaia HaHONMpaxX Kao XOMOTeHe cdepe Koje Cy ,,yTUCHYTe  y Ba3IyX. YCTaHOBWIA je€
nocrojame KoMOMHOBaHUX Ia3MoH - LO ¢onon momoBa (CPPMs) u perucrpoBana BeIMKO
npuryuieme GOHOHA KOje TOBOIM JI0 CMamkEHha CIPETHYTUX TUIa3MOH-(OHOH Y4eCTaHOCTH.

VY meroM pagy cy naTv pesyiaratu npoyuaBawma PbTe S, (x = 0.02 and 0.05) memanux
KpHUCTaja IpuMEHOM, Tudpakuuje X-3paka, raJBAHOMArHETHUX M yITPa3BYYHHX Mepema u Paman
CIIEKTPOCKOMHje. YCTaHOBJFEHO j€ IMOCTOjame CTPYKTYpHOr (asHor mpenaza Ha I, = 60K kox
y3opka ca x = 0.05. Onpehena cy nBa TO/LO mapoBa momoBa PbTe; S, wmemanux kpucraia.
IIpumenoM Mopena koju je pasBHjeH Ha OcHOBY Genzel-oBor Mojena je yCTaHOBJBEHO Ja
IYTOTaJIACHH ONTHYKH ()OHOHHM HCIOJhaBajy JABO-MOIHO IOHAIIAMkE. Y CTAaHOBJHEHO j& IMOCTOjamhe
,»0ff-center* joHa cymmnopa mTo JUPEKTHO JOBOJAHU JI0 MojaBe (pa3HOT mpemnasa.

Kangunat je ananmuzom Paman criekrapa onpenmna kapakrepuctuane TO/LO ydecranocTu
PbTe; S, Memanux KpucTaga. AHAJIM30M TaJBaHOMAarHeTHHMX Mepema M Paman cnekrapa
yCTaHOBHJIA MOCTOjambe (ha3HOT Ipela3za Ko y3opka ca 5% cymropa Kao U Jja 0 Ibera He J0Ja3H
KOJ1 y30pka ca 2% cymmopa. Takolje je ycTaHOBHIA 1ojaBy MOJa Ha 75 cm ', KOjH je AMpEKTHA
nociuenuua ,,o0ff-center jona cymmopa.

VY cBUM OBHM pajjoBUMa c€ MOXKe cMaTpatu aa je ap Jemena Tpajuh ocHOBHU/HAjBaXKHUJU
ayTop.

4.1.2. Ilo3uTHBHA UMTHPAHOCT HAYYHHUX PAI0BA KaHAUIATA

Ha pman 25.05.2021. roawHe, Hay4YHH pajoBH Koje je oOjaBwia ap Jenena Tpajuh cy
uutupanu y mehynapomnnuM yaconucuma Bumie o 304 myta, Xupmos daktop: h = 9 (Google
Scholar).

[Mpunor: u3Bog u3 Google Scholar-a

4.1.3. [lapaMeTpH KBAJIUTETA YaCONMUCa

VY kareropujama M21, M22, M23 u M33 kanguaat je 00jaBuo pagoBe y cienehum gacommcuma,
IpU 4eMy Cy MOJBYYEHH CIIy4ajeBU KOjU Ce€ OJHOCE Ha Mepuoj] HakoH oainyke Haywnor Beha o
MPEAJIOTY 3a CTHLAE MPETXOJHOT HAYYHOT 3Bamba:

e 1+12 panoBa y Journal of Alloys and Compounds (UD=3.133 3a jenan pazn, 3,104 3a net
panosa, 2,390 3a iBa pana, 1,455 3a uetupu paga u 1,562 3a jegan pan)

e 5+1 panmoBa y Optical Materials (UD=2,975 3a jenan pax, 2,770 3a nBa pana, 2,415; 2,367
u 2,075 3a no jenaH pan)

e | pany Materials Research Bulletin (U®=1,484)




e 1 pany Journal of Raman Spectroscopy (UD=2,809)

e 4+1 panosa y Infrared Physics and Technology ( U®=2,379 3a jenan pan, 2,313 3a jenan
pan, 1,827 3a nBa pana + jenan pan)

e 2vpanay Physica E: Low-dimensional Systems and Nanostructures (A®=3,795 u 3.161)
e 1+2 panay Science of Sintering (UD=0,941; 0,812 n 0,481)

e 1 pany Physica Scripta (M1dD=1,126)

e | pany Journal of Crystal Growth (MD=1,858)

e | pany International Journal of Photoenergy (Ud=1,500)

e 4+6 panoBa y Optoelectronics and Advanced Materials-Rapid Communications (U9P=0,452
3a jemad pan, 0,470 3a nBa panaa, 0,449 3a Tpu paga u 0,447; 0,402 u 0,304 3a no jenax panm)

e 1 pany Optical and Quantum Electronics (UD=1,547)

e 1+5 papoBay Acta Physica Polonica (U®=0,927 3a jenan pan, 0,467 3a jengan pax, 0,433 3a
TpH pajia)

e 1 pany Materials and technology (M®=0,804)
e 1 pany International Journal of Modern Physics (U®=0,519)
e 2 panay Journal of the Serbian Chemical Society (M®=0,611)

YkynaH ¢akTop yTunaja pagoa kanaugata je 82,08 a y nmepuoay HakoH omiryke Hayunor
Beha o mpeuIory 3a CTHIamke MPETXOAHOT HAyUHOT 3Bama Taj (haktop je 39.348.

4.1.4. CteneH caMOCTAJTHOCTH U cTeneH ydyemha y peaausanuju pagosa y HAyYHUM HEeHTPUMA
y 3eMJbH M HHOCTPAHCTBY

Hayunu pan np Jenene Tpajuh mpencraBiba OpUTHHANAH JONPUHOC (QHU3UIM MaTepHjaia,
nmoceOHO y oOsactu (U3MKE NOJIYNMPOBOMHUX KpHCTaNa, TaHKAX (UIMOBA, HAaHOYECTHUIA W
HAHOCTPYKTypa. ¥ TOKYy KapHjepe je y4eCTBOBaJIa je y CKCICPUMECHTAIIHUM MEpeHhUMa CIIeKTapa
pednekcuje 'y ganekoj wH(pa-IpBeHO] O0NacTH, CHUMamuMa PamaH crnekTtapa, W
raJIBAHOMarHeTHUM MeEpemhHMa. Y CICITHOM MPUMEHOM MOCTOjehnX M pa3BHjakbeM HOBHX MOJENa
MPWIMKOM aHaJIM3e TOOMjCHUX CKCIEPUMEHTATHHUX pe3yiTrara Haydnu pax ap Jemene Tpajuh je
JIOBEO JIO jaCHHje CIIMKE 0 0OCOOMHaMa UCIIUTUBAHUX MaTepHjaa.

Hp Jenena Tpajuh je ycnocraBuina mehynaponny capaamy ca rpymnama ap Marteja bamaxka
I'eotexnnukor wHcTHTyTa CrnoBauke Axanemuje wu ap JlagucnaBa Yenka u3 ILlentpannor
€BPOIICKOT TEeXHOJIOMKOr WHCTHTyTa. OBa capaama je HacrtaBjbeHa y okBupy COST akcije
CA18112 - Mech@SusInd — Mechanochemistry for Sustainable Industry.

PanoBu Ha kojuma je ap Jenena Tpajuh ayTop mnm KoayTop cy nmyOimkoBaHH y Boaehum
HAayYHHM YacOMUCHUMA.

Hp Jenena Tpajuh je TokoMm Kapujepe o0OjaBwiIa yKymHO 57 pamoBa y mehyHapomHum
yaconucuMma ca ISI mmcre, on uvera 8 pamoBa kareropuje M21a, 11 pagoBa kareropuje M21, 16
panoBa kareropuje M22 u 22 pana xareropuje M23. Boxehu je aytop Ha 18 pamona.

VY nepuony HakoH omnyke Haywnor Beha o mpemiory 3a cTumame MpPETXOAHOT 3Bamba, Jp
Jenena Tpajuh je ayTop wimm xoaytop 20 pagoBa kareropuje M20, o 4era je jenaH paa KaTeropwje
M21a, 3 pana xareropuje M21, 10 pagoBa kareropuje M22 u 6 panosa kateropuje M23. Bonehu
je ayTop Ha 6 pajioBa.


https://ezproxy.nb.rs:2078/journal/11082

4.2 AHra:xoBaHocT y ¢GopMHUpamy HAyYHUX KaJpOBa

Y okBupy motmpojekra kojuMm je np Jenena Tpajuh pykoBoamna ypalheHa je JOKTOpCKa
nuceprauyja Ap Maprtune ['minh nox HacioBoMm ,,OnTuuke 0COOMHE HAHOIMMEH3HMOHUX CHUCTEMa
(dbopMHUpaHuX y TIAacTUIHO AeopmucaHoMm O6akpy, TaHkuM ¢punmoBruma CdS u xeTepocTpyKTypama
CdTe/ZnTe* koja je onbpamena Ha PakynTery 3a (U3NUKy XeMujy YHuBep3utera y beorpany.
Tokom pasia Ha U3paau MOMEHYTOT TOKTOpaTa 00jaBJbeHH Cy cienehu pagosu:

e M. Gili¢, J. Traji¢, N. Romcevi¢, M. Romcevi¢, D.V. Timotijevi¢, G. Stanisi¢, 1.S. Yahia,
Optical properties of CdS thin films,Optical Materials 35, 1112-1117 (2013),

o J. Trajié, M. Gili¢, N. Romcevi¢, M. Romcevi¢, G. Stanisi¢, B. Hadzi¢, M. Petrovi¢, Y.S.
Yahia, Raman spectroscopy of optical properties in CdS thin films, Science of Sintering, 47
145-152 (2015),

e J. Traji¢, M. Gili¢, N. Rom¢evi¢, M. Romcevi¢, G. Stanisi¢, Z. Lazarevi¢, D. Joksimovié, 1.S.
Yabhia, Far-infrared investigations of the surface modes in CdS thin film, Physica Scripta T162,
014031 (4pp) (2014).

VY okBupy 3amataka Kojuma je pykoBoawia ap Jenena Tpajuh ypahenu cy aenoBu marucrapcke
Te3e M JOKTOpcke nucepranmje np bpanke Xaywh u nemoBu Marucrapcke Tese Ap Dopha
JoBanoBwuha, mTO je pe3yaTOBAIO PaIOBUMA:

e D. Stojanovi¢, J Traji¢, B. Hadzi¢, M. Romcevi¢, 1. Ivanchik, D. R. Khokhlov, N. Rom¢evi¢,
Far—Infrared Study of DX—Like Centers in PbjgsMnysTe(Ga), Acta Physica Polonica A, 112
(5) 959 — 962 (2007),

e N. Romcevi¢, J. Traji¢, M. Romcevi¢, B. Hadzi¢, V.N. Nikiforov, Plasmon — two phonon
interaction in PbMnTe and PbTeS alloy, BPU6: 6 th International Conference of the Balkan
Physical Union, August 22 — 26, Istanbul, Turkey, Book of Abstracts 861 (2006).

Takohe je y okBupy motmnpojekra xojum jap Jenena Tpajuh pykoBoau, Aunpea Byuanuna
on0paHmIa JOKTOPCKY JUcepTalujy moj Ha3uBoM “KoMmnapaTnBHa aHaiIM3a CaBPEMEHHMX CBETCKUX
TOKOBA y yIpaBJbalby WHBECTULIMjaMa Y HAHOTEXHOJIOIIKE NMPon3Bosie” Ha PakynTeTy 3a MOCIOBHE
ctynuje y beorpany. Tema gucepranuje cy OMIM €KOHOMCKH aCIIEKTH MPUMEHE HAHOTEXHOJIOTH]E.
Konerununa Tpajuh je yBena Auapey byuanuny y npoGieMaTHKy HaHOTEXHOJIOTHja U PYKOBOIMIIA
JIeJIOBUMa JIOKTOPCKE JUCEpTaIlije KOJu Cy C€ OJHOCHIM Ha TpaHc(ep TEXHOJIOTHje M3 HayKe y
WHIYCTPH]jY, KA0 3HAYajJHOT aclleKTa IPU HHBECTUPAY Y HAHOTEXHOJIOTH]E.

[Ipusor: PeneBanTHE CTpaHUIIE U3 TE3a

Hp Jenena Tpajuh je 6una anraxxoBana Ha Pauynapckom ¢hakyimemy YHUBEp3UTETa Y HHOH
y beorpany na npeamery Kapaxmepuszayuja nonynpogoonuxka y OKBUPY IOKTOPCKUX CTyAHja Ha
CTYAHjCKOM Mporpamy PadyHapcko HHXKEHEPCTBO.

IIpunor: YroBop o JOIMyHCKOM pazy

4.3. Hopmupame 0poja KOayTOPCKHX PaioBa, NATEHATA U TEXHUYKHUX pelllermha

Csu panoBu np Jenene Tpajuh cy ekcnepuMEHTAIHE MPUPOJE, IITO YECTO TOoJpazyMeBa
capaamy Bulle uHCTUTYIHMja. Majyhu To y Buay, 6poj KoayTopa Ha MOjeIUHUM pajioBUMa je Behu
oll 7 u HOpMHUpameM 00/10Ba THX pajoBa y ckiaay ca [IpaBumHukoM MuHHCTapCcTBa O MOCTYIIKY,
HAa4YMHY BPEIHOBaKkA M KBAHTUTATUBHOM HCKA3HWBalkhy HAYYHOMCTPAKUBAUKHX DPE3yiTaTa yKyMHaH
HOpMHpaHu O6poj M panoBa koje je ap Jenena Tpajuh octBapuna HakoH ojryke Hayunor Beha o



MPEUIOTY 3a CTHUIAKke MPETXOMIHOT HaydHOT 3Bama m3HocH 101,51 on mHenopmupanux 120,5, Te je
OUUIJIEHO Jla HOpPMHUpame He yTH4e 3HauyajaHo Ha Opoj OomoBa, mpu yemy ap Jemene Tpajuh
CBaKaKo MMa BUIIeCTpyKo Behu Opoj 60/10Ba 071 3aXTEBAHOT.

4.4. PyxoBoheme npojekTumMa, NOTHPOjeKTHMA U MPOjeKTHUM 3alaliiMa

VY oxBupy mpojekTa VMHTerpaiHux HHTEPIUCHHUIUIMHAPHUX HCTpakMBamka MHHHCTapCTBa
IIPOCBETE, HAyKe U TEXHOJOLIKOT pa3Boja Peny6iuke Cpouje: OnToeneKTpoOHCKH HAaHOAUMEH3UOHU
cucTeMH — ImyT Ka npumenu, opoj 111 45003 (2011-2015.) kojum pykoBoau ap Hebojma Pomuesuh,
np Jenmena Tpajuh je pykoBoauiaa mOTHpojekToM Kapakmepuzayuja Hanouecmuya U
HaHOCMPYKMypa.

[Tpunor: /loka3 o pykoBohewy HayYHUM MOTIIPOjEKTOM

4.5 AKTHBHOCT Y HAYYHHM U HAYYHO-CTPYYHHUM APyIITBHMA

Unan nHayyHor opbopa koHbepeHuuje Tpancep mexHonozuja u 3HaAra U3 HAYYHO-
UCIPAdICUBAYUKUX Op2aHU3AYUja Y Maaa u cpedrwa npedyseha 2008. ronune

Unan opranuzanuoHor oa0opa KoHdpepeHuuje Tpancghep mexnonozuja u sHara u3 HAy4Ho-
UCIPAdICUBAYUKUX Op2aHU3ayuja y maia u cpedrwa npedyseha 2010. gonune.

[Tpunor: [loka3 o ydyeurhy y opraHM3allMOHUM U HAy4YHUM oA00OpuMa KOH(peEepeHIja

Hp Jenena Tpajuh je umam Management Commity tekyhe COST akmmje CA18112 -
Mech@SusInd — Mechanochemistry for Sustainable Industry

[Ipunor: okas o yuenrhy
Unan je pymrsa ¢pusngapa, [Apymrsa 3a ETPAH n Ontuukor npymrsa Cpouje.

Hp Jenena Tpajuh je peuenszent y mehynapomnum waconucuma: Optical Materials, Journal
of Electronic Materials, Materials Science & Engineering B, Applied Physics A, Journal of Applied
Physics, Science of sintering, Revista Mexicana de Fisica, RSC Advances, Optoelectronics and
Advanced Materials-Rapid Communications, Acta Physica Polonica...

Taxole je 6una periersenT SONATA BIS grant mpojeka Narodowe Centrum Nauki — NCN,
[Tosbcka.

IIpustor: Heke on1 eTEeKTPOHCKHX MOPYKa M 3aXBaTHUIA

4.6. YTHIIaj HAYYHHX pe3yJITaTa

VYTHIaj HaydyHUX pe3yiTara KaHAuIaTa je JeTaJbHO MPUKa3aH y Taukd 1. OBOT MpUIIora, Kao
Uy Ipwiory o nutupaHoctd. Kommuieran cnucak pajiosa je 1aT y o/1eJbKy 6.

4.7. KoHkpeTaH J0NPHHOC KAHAWAATA y peajii3alMju PaioBa y HAYYHUM LEHTPUMA Yy 3eM/bH
U HHOCTPAHCTBY

Jp Jenena Tpajuh je 3HayajHO JONpHHENA CBAKOM pPajy Y 4HMjo] je M3paaud ydyecTBOBaJa.
Bben nonpuHOC ce ornena y eKCIepuMEeHTAIHOM pafy, 00paayu 100MjeHUX pe3yiTaTa pa3BUjambeM
MPUMEHOM OJIroBapajyhux Mozena Kao v aHaIu3u J00MjeHHX MoJaTaKa.



Hp Jenena Tpajuh aktuBHO yuecTByje y MmehyHapoHoj capaamu oa 1993. roqune.

VY oxBupy capanwe MuctutyTta 3a Qusuky m Low Temperature Physics Department,
Moscow State University, Moscow, Russia, yaecTBoBaa je Ha MpojeKTHMA:

e FElectronic, magnetic and optical properties of high temperature superconductors and
semiconductors; Institute of Physics, Belgrade — Moscow State University, Russian Federation,
1993-1997.

e Optical properties of PbTe based allows doped with 11l group elements, 2000-2003.

o Optical, magnetic and transport properties of magnetic and semimagnetic semiconductors
nanoparticles, films and bulk, 2004-2007.

VY oxBupy Cnopazyma o Hay4Ho] capaamu u3mely Ilosbcke akamemuje Hayka u Cpricke
aKaJeMyje HayKa ¥ YMETHOCTH Y4eCTBOBAJIA je Ha MPOjeKTUMa!

e Optical, magnetic and transport properties of semimagnetic semiconductors, 2003-2004.
o Elementary excitations in semimagnetic crystals and structures, 2005-2007.
e FElementary excitations in semimagnetic nanocrystals and nanostructures, 2008-2015.

Taxohe je yuecTBoBana Ha Mel)yHapOJHUM MPOjeKTHUMA:

o Center of excellence for optical spectroscopy application in physics, material science and
environmental protection; European Commission, 2006-2009.

o Local structures, displacements, and phase transitions in Pb;..ATe; B, (A=Mn, In, Ga, B=S)
semiconductors, Deutsches Elektronen-Sinhrotron, project at HASYLAB, 2005.

o Local structures in PbTe:A (A=Ni, Co, Yb) semimagnetic semiconductors, Deutsches
Elektronen-Sinhrotron, project at HASYLAB, 2008.

o Cost 539 — Electroceramics from Nanopowders Produced by Innovative Methods (ELENA);
2005-2009.

e Optical properties of metallic nanoparticles, Serbia and Slovenia, 2010-2011.

Hp Jenena Tpajuh je uman Management Commity tekyhe COST axmuje CA18112 -
Mech@SusInd — Mechanochemistry for Sustainable Industry.

4.8. YBoaHa npejgaBama HA KOH(epeHIIHjaMa U Apyra npeiaBama

VY mepuony HakoH omnmyke Hayunor Beha o mpemiory 3a cTuIame NMPETXOAHOT HAYYHOT
3Bama, HUje OUJI0 MPOMEHA Y OJTHOCY Ha MEPHOJI IIpe MPETXOAHOT n30opa.



5. E1eMeHTH 32 KBAHTUTATHBHY OLlEeHY HAYYHOT JONPHUHOCA KAHIHIATa

5.1. OcTBapeHn pe3yarTaTu y nepuoay HakoH omiayke Hayunor Beha o mpeasory 3a ctuname
NPETXO0AHOI HAYYHOI 3Bamba:

Kareropuja pana M 6;?;? 1o Bpoj panosa yKYgi‘;g\;[fpoj HOI;\“/I/IHGIZ;P;P}ISSPOJ

Ml14 4 4 16 16

M21la 10 1 10 10

M21 8 3 24 21,71

M22 5 10 50 39,12

M23 3 6 18 13,4

M33 1 1 1 1

M34 0,5 3 1,5 0,28
YkynHo 120,5 101,51

5.2. TaGena ca KBAHTHTATHBHMM IIOKa3aTe/bUMa pajaoBa kKareropuja M20 o0jaB/beHUM

HAKOH MPETXOAHOTI U300pa y 3Bame:

Pennu 6poj pana M Nod CHUIT
1 M21a 10 3,133 1,326
1 M21 8 2,809 1,009
2 M21 8 2,415 1,054
3 M21 8 2,367 1,058
1 M22 5 2,379 1,274
2 M22 5 3,795 0,917
3 M22 5 2,975 1,068
4 M22 5 3,161 0,88
5M22 5 2,313 1,296
6 M22 5 2,770 1,025
7 M22 5 2,770 1,025
8 M22 5 0,941 0,884
9 M22 5 1,827 1,140
10 M22 5 1,827 1,140
1 M23 3 0,452 0,22
2 M23 3 1,547 0,617
3 M23 3 0,470 0,268
4 M23 3 0,927 0,574
5 M23 3 0,470 0,268




6M23

0,470

0,268

YkynHo

99

39,82

17,31

5.3. Ilopeheme ca MUHUMAJIHUM KBAHTUTATUBHHUM YCJIOBHMA 32 U300p Yy 3Bame BUIIH HAYYHH

capaJHuK:

Munumanan 6poj M Goxosa 3a

pemstop (abop) OcTBapeHo OcTBapeHo0 HOPMHUPAHUX
YKYITHO 25 (50) 120,5 101,5
M10+M20+M31+M32+M33
M41+M42+M51 > 2040) 19 101,2
M11+M12+M21+M22
M23+M24+M31+M32 30 (15) 102 84,2

M41M42 >




6. CIIMCAK HAYYHHUX PAJOBA PA3BPCTAHHUX IIPEMA KATEI'OPHJAMA
HAYYHOI' PAJA (M KOE®@UIIUJEHTHN)

Paoosu naxown uzbopa y npemxoomo 36arve o3nauenu cy ca *

6.1. MOHOI'PA®UIE, MOHOT'PA®CKE CTYAUJE, TEMATCKH 350PHUILIN,
JIECKUKOTPA®CKE U KAPTOT'PA®CKE IYBJIUKAIMJE MEBYHAPO/JHOT

3HAYAJA (M10)

M14 Monorpadcka cryauja/noriasbe y Kibu3n M12 uim pajgy TeMaTCKOM 300pHUKY
Mmehynapoanor 3nayaja:

1.* M. Gilic, M. Petrovic, B. Hadzic, M. Romcevic, J. Trajic, N. Romcevic, Z. Lazarevic,
“Structural Properties of Cu-Se-CuSe; Thin Films”,
W. E. Lee et al. (eds.), Proceedings of the IV Advanced Ceramics and Applications Conference,
Springer Atlantis Press (2017) 235-256.

2.* M. Gilic, M. Petrovic, B. Hadzic, Z. Lazarevic, M. Romcevic, J. Trajic, N. Romcevic,
“Optical Properties of Plastically Deformed Copper: Ellipsometry and Raman Study”,
W. E. Lee et al. (eds.), Proceedings of the III Advanced Ceramics and Applications Conference,
Springer Atlantis Press (2016) 173-182.

3.%* M. Petrovic, J. Trajic, M. Gilic, M. Romcevic, B. Hadzic, Z. Lazarevic, D. Stojanovic,
“Optical Properties and Electron—Phonon Interactions of CdTe;.xSe.(In) Single Crystal”,
W. E. Lee et al. (eds.), Proceedings of the III Advanced Ceramics and Applications Conference,
Springer Atlantis Press (2016) 183-191.

4.* B. Hadzi¢, N. Romcevié, J. Traji¢, R. Kosti¢, G. Stanisi¢, D. Timotijevié
“Vibrational Spectroscopy of SOP Modes in ZnO Doped with CoO, MnO and Fe;03”,
W. E. Lee et al. (eds.),Proceedings of the III Advanced Ceramics and Applications Conference,
Springer International Publishing AG, Part of Springer Science+Business, Book 2016, ISBN:
978-94-6239-156-7 (Print) 978-94-6239-157-4 (Online), Pages 159-172

6.2. PAJIOBY OBJABJbEHM Y HAYYHUM YACOINMUCHAMA MEBYHAPOTHOT
3HAYAJA (M 20)

M 21a Pax y mehhynapoanom yaconucy u3y3eTHUX BPeIHOCTH

1.* M. Romcevic, N. Romcevic, J. Trajic, L. Kilanski, W. Dobrowolski, I. V. Fedorchenko, S. F.
Marenkin
Defects in Cd; \Mn,GeAs; lattice
Journal of Alloys and Compounds 688 56-61 (2016).

2. J. Traji¢, R. Kosti¢, N. Romcevi¢, M. Romcevi¢, M. Mitri¢, V. Lazovi¢, P. Balaz,
D. Stojanovi¢

Raman spectroscopy of ZnS quantum dots
Journal of Alloys and Compounds 637, 401-406 (2015).



. N. Romcevic, M. Romcevic, W.D. Dobrowolski, L. Kilanski, M. Petrovic, J. Trajic, B. Hadzic,
Z. Lazarevic, M. Gilic, J.L. Ristic-Djurovic, N. Paunovic, A. Reszka, B.J. Kowalski, [.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, 375-379 (2015),

. J. Traji¢, N. Romcevi¢, M. Romcevi¢, D. Stojanovi¢, L.I. Ryabova, D.R. Khokhlov
Galvanomagnetic and optical properties of chromium doped PbTe
Journal of Alloys and Compounds 602, 300-305 (2014),

. M. Gili¢, N. Romcevi¢, M. Roméevi¢, D. Stojanovi¢, R. Kosti¢, J. Traji¢, W.D. Dobrowolski,
G. Karczewski, R. Galazka

Optical properties of CdTe/ZnTe self-assembled quantum dots: Raman and

photoluminescence spectroscopy

Journal of Alloys and Compounds 579, 330-335 (2013),

. M. Rom¢evi¢, N. Romcevi¢, W. Dobrowolski, L. Kalinski, J. Trajié, D.V. Timotijevi¢, E.
Dynowska, I.V. Fedorchenko, S.F. Marenkin

Optical properties and plasmon-Two different phonons coupling in ZnGeAs,+Mn
Journal of Alloys and Compounds 548, 33-37 (2013),

. B. Hadzi¢, N. Roméevi¢, M. Romcevié, 1. Kuryliszyn-Kudelska, W. Dobrowolski, J. Traji¢, D.
Timotijevi¢, U. Narkiewicz, D. Sibera

Surface optical phonons in ZnO(Co) nanoparticles: Raman study

Journal of Alloys and compounds 540, 49-56 (2012),

. J. Traji¢, N. Romcevi¢, M. Romcevi¢, D. Stojanovic, R. Rudolf, T.A. Kuznetsova and D.R.
Khokhlov

Far — infrared study of impurity local modes in Co — doped PbTe
Journal of Alloys and Compounds, 493, 41— 46 (2010),

M 21 PagoBu y BpxyHckum Mel)yHapoaHuM yaconucuma

1.* B. Hadzic, B. Matovic, M. Randjelovic, R. Kostic, M. Romcevic, J. Trajic, N. Paunovic,

N. Romcevic
Phonons investigation of ZnO@ZnS core- shell nanostructures with active layer
Journal of Raman Spectroscopy 52, 616-625 (2021),

2.* 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, 541-544 (2017),

3.* J. Traji¢, M. Romcevi¢, N. Romcevi¢, B. Babi¢, B. Matovi¢, P. Balaz

Far-infrared spectra of mesoporous ZnS nanoparticles
Optical Materials 57, 225-230 (2016),

. M. Gili¢, J. Traji¢, N. Romcevi¢, M. Rom¢evi¢, D.V. Timotijevi¢, G. Stani$i¢, 1.S. Yahia
Optical properties of CdS thin films
Optical Materials 35, 1112-1117 (2013),


https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Hadzic%2C+Branka
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Matovic%2C+Branko
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Randjelovic%2C+Marjan
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Kostic%2C+Radmila
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Romcevic%2C+Maja
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Trajic%2C+Jelena
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Paunovic%2C+Novica
https://ezproxy.nb.rs:2069/action/doSearch?ContribAuthorStored=Romcevic%2C+Nebojsa

5. N. Romcevi¢, M. Romcevi¢, R. Kosti¢, D. Stojanovi¢, A. Milutinovi¢, J. Trajié,
G. Karczewski, R. Galazka,
Photoluminescence Spectroscopy of CdTe/ZnTe Self — Assembled Quantum Dots,
International Journal of Photoenergy ID 358790 4 pages (2009),

6. N. Romcevi¢, J. Traji¢, T.A. Kuznetsova, M. Rom¢evi¢, B. Hadzi¢, D.R. Khokhlov,
Far — infrared study of impurity local modes in Ni — doped PbTe
Journal of Alloys and Compounds, 442, 324 — 327 (2007),

7. J. Trajié, N. Romcevié¢, M. Romcevié¢, V. Nikiforov
Plasmon — phonon and plasmon — two different phonon interaction in Pb; .Mn,Te
mixed crystals
Materials Research Bulletin, 42, 2192 — 2201 (2007),

8. N. Romcevi¢, A.J. Nadolny, M. Romcevi¢, T. Story, B Taliashvili, A. Milutinovi¢, J. Trajié,
E. Lusakowska, D. Vasiljevic—Radovic, V Domukhovski, V. Osinniy, B. Hadzi¢ and P. Dziawa
Far—infrared phonon spectroscopy of Pb; .Mn,Te layers grown by molecular beam
epitaxy
Journal of Alloys and Compounds, 442, 324 — 327 (2007),

9. N. Romcevié, A. Golubovi¢, M. Romcevié, J. Traji¢, S. Nikoli¢, S. Puri¢, V.N. Nikiforov,
Raman spectra of Pb;_.Mn,Te alloys
Journal of Alloys and Compounds 402, 36 — 41 (2005),

10. N. Romcevi¢, J. Traji¢, M. Romcevi¢, A. Golubovi¢, S. Nikoli¢, V.N. Nikiforov, Raman
spectroscopy of PbTe; .S, alloys
Journal of Alloys and Compounds 387, 24 — 31 (2005),

11. J. Traji¢, M. Romcevi¢, N. Romcevi¢, S. Nikoli¢, A. Golubovi¢, S. Duri¢, V.N. Nikiforov,
Optical properties of PbTe:Mn
Journal of Alloys and Compounds 365, 89 — 93 (2004).

M 22 PagoBu y ucTakHYyTUM Mel)yHApOAHMM Yyaconmucuma

1.* M. Romcevic, N. Paunovic, U. Ralevic, J. Pesic, J. Mitric, J. Trajic, L. Kilanski,
W. Dobrowolski, I. V. Fedorchenko, S. Fedorovich Marenkin, N. Romcevic
Plasmon — Phonon interaction in ZnSnSb2 + Mn semiconductors
Infrared Physics and Technology 108, 103345 (2020),

2.* M. Curcic, B. Hadzic, M. Gilic, V. Radojevic, A. Bjelajac, I. Radovic, D. Timotijevic,
M. Romcevic, J. Trajic, N. Romcevic
Surface optical phonon (SOP) mode in ZnS/Poly (methylmethacrylate) nanocomposites
Physica E: Low-dimensional Systems and Nanostructures115, 113708 (2020),

3.%J. Trajic, N. Paunovic, M. Romcevic, V.E. Slynko, Jasna L. Ristic-Djurovic,
W.D. Dobrowolski, N. Romcevic
Far infrared spectra of Si doped PbTe single crystals
Optical Materials 91, 195-198 (2019),



4.*]J. Mitric, N. Paunovic, M. Mitric, B. Vasic, U. Ralevic, J. Trajic, M. Romcevic,
W.D. Dobrowolski, I.S. Yahia, N. Romcevic
Surface optical phonon — Plasmon interaction in nanodimensional CdTe thin Films
Physica E: Low-dimensional Systems and Nanostructures 104, 64-70 (2018),

5.% J. Trajic, M. Romcevic, N. Paunovic, M. Curcic, P. Balaz, N. Romcevic
Far-infrared study of the mechanochemically synthesized Cu,FeSnSy (stannite) nanocrystals
Infrared Physics & Technology 90, 66—69 (2018),

6.* J. Mitric, J. Krizan, J. Trajic, G. Krizan, M. Romcevic, N. Paunovic, B. Vasic, N. Romcevic

Structural properties of Eu’" doped Gd>Zr>0; nanopowders: Far-infrared spectroscopy
Optical Materials 75, 662-665 (2018),

7.*% J. Trajic, M. Romcevic, M. Petrovic, M. Gilic, P. Balaz, A. Zorkovska, N. Romcevic
Optical properties of the mechanochemically synthesized Cu,FeSnSy (stannite) nanocrystals:

Raman study
Optical Materials 75, 314-318 (2018),

8.* M. Petrovi¢, M. Gili¢, J. Cirkovi¢, M. Romé&evié, N. Roméevié, J. Traji¢, . Yahia
Optical Properties of CuSe Thin Films — Band Gap Determination
Science of Sintering, 49, 167-174 (2017),

9.%J. Traji¢, M.S. Rabasovié, S. Savi¢-Sevi¢, D. Sevi¢, B. Babi¢, M. Romcevi¢,
J.L. Risti¢-Djurovi¢, N. Paunovié, J. Krizan, N. Romcevic¢
Far-infrared spectra of dysprosium doped yttrium aluminum garnet Nanopowder
Infrared Physics & Technology 77, 226-229 (2016),

10.*M. Gili¢, M. Petrovi¢, R. Kosti¢, D. Stojanovi¢, T. Barudzija, M. Mitri¢, N. Romcevi¢,
U. Ralevi¢, J. Trajié, M. Romcevi¢, 1.S. Yahia

Structural and optical properties of CuSe; nanocrystals formed in thin solid Cu—Se film
Infrared Physics & Technology 76, 276284 (2016),

11. J. Traji¢, M. Gili¢, N. Romcevi¢, M. Romcevi¢, G. Stanisi¢, B. Hadzi¢, M. Petrovi¢, Y.S.
Yahia

Raman spectroscopy of optical properties in CdS thin films
Science of Sintering, 47 145-152 (2015),

12. M. Petrovi¢, N. Romcevi¢, J. Trajié¢, W.D. dobrowolski, M. Rom¢evi¢, B. Hadzi¢, M. Gili¢, A.
Mycielski
Far-infrared spectroscopy of CdT.xSe.(In): Phonon properties
Infrared Physics and Technology 67, 323-326 (2014),

13. J. Trajié, M. Gili¢, N. Romcevi¢, M. Romcevi¢, G. Stanisi¢, Z. Lazarevi¢, D. Joksimovi¢, L.S.
Yahia
Far-infrared investigations of the surface modes in CdS thin film
Physica Scripta T162, 014031 (4pp) (2014),

14. M. Petrovi¢, N. Romcevi¢, M. Romcevi¢, G. StaniSi¢, D. Vasiljevi¢c-Radovi¢, J. Traji¢, Z.
Lazarevi¢, S. Kosti¢
Spectroscopy characterization of MnSe nanoclasters randomly distributed in HgMnTe single
crystal
Journal of Crystal Growth 338, 75-79 (2012),



15. D. Stojanovi¢, N. Romcevi¢, J. Traji¢, B. Hadzi¢, M. Romcevi¢, D.R. Khokhlov,
Investigation of Photoconductivity in n — type gallium doped PbTe
Science of Sintering, 39, 169 — 175 (2007),

16. J.M. Miljkovi¢, N. Romcevi¢, Z.V. Popovi¢, W. Konig, and V.N. Nikiforov
Transport and optical properties of PbTe;.Sy (x=0.02 and x=0.05) mixed crystals
phys. stat. sol. (b) 193, 43-51 (1996).

M23 PagoBu y me)yHapoaHuM yaconucuma

1.* B. Babic, B.Hadzic, 1. Kuryliszyn-Kudelska, N. Paunovic, B. Vasic, W.D. Dobrowolski,
M. Romcevic, J.Trajic, N. Romcevic
Far-infrared spectroscopy of laser power modified MnO nanoparticles
Optoelectronics and Advanced Materials-Rapid Communications, 13, 376-379 (2019),

2.* M.Gilic, R. Kostic, D. Stojanovic, M. Romcevic, B. Hadzic, M. Petrovic, U. Ralevic,
Z. Lazarevic, J. Trajic, J. Ristic-Djurovic, J. Cirkovic, N. Romcevic

Photoluminescence spectroscopy of CdSe nanoparticles embedded in transparent glass
Optical and Quantum Electronics 50:288 (2018),

3.%* G.S.I. Abudagel, S. Petricevi¢, P. Mihailovi¢, A. Kovacevi¢, J.L. Risti¢-Djurovi¢, M. Lekié,
M. Roméevié, S. Cirkovié, J. Traji¢, N. Romcevi¢,
Improvement of magneto-optical quality of high purity Bil2GeO20 single crystal induced by
femptosecond pulsed laser irradiation
Optoelectronics and Advanced Materials-Rapid Communications, 11, 477-481 (2017),

4.* P, Balaz, M. Balaz, A. Zorkovska, I. Skorvanek, Z. Bujnakova, J. Trajic
Kinetics of Solid-State Synthesis of Quaternary Cu,FeSnS, (Stannite) Nanocrystals for Solar

Energy Applications
Acta Physica Polonica A 131, 1153-1155 (2017),

5.* M. Petrovi¢, M. Rom¢evi¢, R. Kosti¢, N. Romcevi¢, W. D. Dobrowolski, M. Gili¢. B. Hadzic¢,
J. Traji¢, D. Stojanovié, Z. Lazarevi¢
Optical properties of Cd;..Mn.S nanoparticles: off-resonance Raman spectroscopy
Optoelectronics and advanced materials-rapid communications 10, 177-179 (2016),

6.* H.I. Elswie, S.Kosti¢, V. Radojevi¢, N. Romcevi¢, B. Hadzi¢, J. Traji¢, Z. Lazarevié¢
Growth, characterization and optical quality of calcium fluoride single crystals grown by the

Bridgman method,
Optoelectronics and Advanced Materials-Rapid 10 (7-8) 522-525 (2016)

7. B. Hadzi¢, N. Romcevi¢, M. Romcevi¢, I. Kuryliszyn-Kudelska, W. Dobrowolski, M. Gili¢, M.
Petrovi¢-Damjanovi¢, J. Traji¢, U. Narkiewicz, D. Sibera
Raman study of surface optical phonons in ZnO(Co) nanoparticles prepared by
calcinations method
Optoelectronics and Advanced Materials-Rapid Communications 16 (5-6) 508-512 (2014),

8. J. Trajié, N. Romcevi¢, M. Romcevié, Z. Lazarevi¢, T.A. Kuznetsova, D.R. Khokhlov
Plasmon — ionized impurity — phonon interaction in PbTe doped with Ni
Optoelectronics and Advanced Materials-Rapid Communications 7 (7-8),


https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Babic%20Biljana%20M
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Hadzic%20Branka%20B
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Kuryliszyn-Kudelska%20Izabela
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Paunovic%20Novica%20M
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Dobrowolski%20WD
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Dobrowolski%20WD
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Romcevic%20Maja%20J
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Romcevic%20Nebojsa%20Z
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Gilic%20Martina%20D
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Kostic%20Radmila%20S
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Romcevic%20Maja%20J
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Petrovic%20Milica%20Sv
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Ralevic%20Uros
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Lazarevic%20Zorica%20Z
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Trajic%20Jelena%20M
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Ristic-Djurovic%20Jasna%20L
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Cirkovic%20Jovana
https://ezproxy.nb.rs:2443/nauka_u_srbiji.132.html?autor=Romcevic%20Nebojsa%20Z
https://ezproxy.nb.rs:2078/journal/11082

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

536-540 (2013),

Z. 7. Lazarevié, S. Kostié, V. Radojevi¢, M.J. Romcevié, B. Hadzi¢, J. Traji¢, N.Z. Romé&evié
Spectroscopy study of Bi;;GeQO,y single crystals
Optoelectronics and Advanced Materials - Rapid Communications 7 (1-2), 58-61 (2013),
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ABSTRACT

CdGeAs; is a promising material for optical applications. It has the wide transparency range between 2.3
and 18 pm except harmful absorption region at 5.5 pm. Its presence is related to the crystal lattice quality.
The measurements of Raman and far infrared reflectivity spectra of the series of Cd;_,Mn,GeAs; samples
(0 < x < 0.037) were carried out in spectral range from 60 to 400 cm ™, at room temperature. Beside all
expected optical modes three defect modes are registered at about 125, 170 and 235 cm™ . Their in-
tensities are related to tetragonal distortion of lattice (A) so we connected them with lattice defects Geas,
usually formed in this material, and CdAs; and CdsAs; clusters whose characteristic frequencies match
these values. Antisite defects Geas are connected to energy level at about 200 meV and to absorption at
5.5 um. Based on obtained results we can conclude that doping with small amount of manganese
(x = 0.004) results in slight deformation of CdGeAs; crystal lattice and consequently considerably
reducing the formation of antisite defects Geas.

Lattice dynamics
Antisite defects

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It has been shown that II-IV-V, semiconductors with chalco-
pyrite type lattice are very suitable for optoelectronics, quantum
electronics and spintronics applications. These materials represent
a crystallochemical and electronic analog of the IlI-V zincblende
semiconductors. Their chalcopyrite crystal lattice is formed by
doubling the unit cell of zinc-blende structure along the z-axis.

CdGeAs; is a very good candidate for nonlinear optical appli-
cations. It has the wide transparency range (2.3—18 pm) and sig-
nificant birefringence (ne — no = 0.09) [1—-3] which make this
material suitable for frequency conversion applications in the
infrared range. But undesirable and harmful optical absorption was
registered in 5.5 um region. It was established that its appearance is
related to growth conditions [4,5]. Also, this absorption is attrib-
uted to the intraband transition and connected to the antisite de-
fects (Geas) [6,7]. Correlation between absorption at 5.5 pm and
hole concentration was established too [8].

Such chalcopyrite materials doped with manganese exhibit
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room temperature ferromagnetism [9]. In CdGeAs; heavily doped
with Mn this is due to formation of MnAs clusters [10]. But, by
limiting content of manganese (x) to 0.037 the homogeneous dis-
tribution of Mn is provided [10]. Electrical and magnetic properties
of the Cd;_4Mn,GeAs; samples (0 < x < 0.037) was investigated
[10] and it was established that they have excellent crystallographic
quality, that Mn ions are distributed randomly, substituting the Cd
sites, and an impurity level associated with defect states, with
activation energy E, = 200 meV, was registered in energy gap.

In this paper we measured and analyzed optical spectra of the
Cdq_xMnyGeAs; samples (0 < x < 0.037) in far infrared region and
tried to connect obtained optical properties with crystal structure
and to establish influence of added manganese on crystal lattice
quality. Connection between antisite defect formation and doping
with Mn can be very important for possible applications.

2. Experiments and results

Investigated materials Cd{_xMnyGeAs, were prepared by a
vertical Bridgeman method [11]. Initial mixture consisted of stoi-
chiometric ratios of fine CdAs,, Ge and Mn high purity powders.
The growth process was carried out in graphitized ampoules where
were single-crystal CdGeAs; seed, under vacuum of 102 Pa. The
growth process was carried out at a temperature of 950 + 0.5 K. In
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the final stage temperature of the ampoule was gradually
decreased (about 5—10 K/s) to the room temperature, in order to
obtain more homogeneous crystal [12]. The obtained ingots of
Cd;_xMn,GeAs, were cut perpendicular to the growth direction
into slices of 1 mm thickness, mechanically polished, chemically
cleaned, and etched prior to further characterization.

The chemical composition of the as-grown crystals was
measured using the energy dispersive X-ray fluorescence method
(EDXRF). Measurements were done at room temperature with the
use of the Tracor X-ray Spectrace 5000 EDXRF Spectrometer
equipped with Si(Li) detector. The relative uncertainty of this
method does not exceed 10%. The EDXRF spectra show that unin-
tended impurity concentration in the alloy is less than 10> cm—3.
The EDXRF measurements showed that the amount of Mn, x,
changes in our samples from O up to 0.037.

The structural properties of our Cd;_xMnyGeAs, samples were
studied with the use of the high resolution X-ray diffraction
method (HRXRD). We used multipurpose X'Pert PRO MPD, Pan-
alytical diffractometer configured for Bragg-Brentano diffraction
geometry, equipped with a strip detector and an incident-beam
Johansson monochromator. The Cu K;; X-ray radiation with
wavelength equal to 1.5406 A was used. This instrument allows
obtaining diffraction patterns with an excellent resolution and
counting statistics. This analysis confirmed excellent crystalline
quality of our samples. Obtained spectra were analyzed by the
Rietveld refinement method and it was confirmed that all samples
are a single phase materials of tetragonal chalcopyrite-type struc-
ture. Also, by this method we obtained the lattice parameters for all
samples with different amount of Mn. Obtained results are pre-
sented in Table 1 [10,13].

It can be seen that the lattice parameters depend on x, i.e. with
the addition of Mn a and c linearly decrease, except for the sample
with the lowest quantity of Mn (x = 0.004) in which the lattice
slightly deformed. The ionic radius of Mn is smaller than that of Cd
[14] so the substitution of the Cd ions by the Mn ions in the crystal
lattice results in decreasing of lattice parameters a and c [10,13].

Raman experiment was used for the study of structural, optical
and electrical properties of the Cdi_xyMnyGeAs; samples.
Jobin—Yvon T64000 monochromator was used for the measure-
ments. Focus of the 514 nm radiation from Coherent Innova 99 Ar*
laser on the sample was performed using an optical microscope
with 100 x objective. The same microscope was used to collect the
backscattered radiation. The dispersed scattering light was detec-
ted by a charge-coupled device (CCD) detection system. The
average power density on the sample was 20 mWmm 2. Raman
spectra are measured in spectral range from 65 to 400 cm™! at
room temperature.

The additional study of the Cd;_xMn,GeAs; has been made by
measuring the far-infrared (FIR) reflection spectra in the spectral
range of 70—350 cm™!, at room temperature, using BOMEM DA 8
spectrometer.

Raman spectra of five Cd;_xMnyGeAs; samples with different
amount of Mn (0 < x < 0.037), measured at room temperature, are

Table 1

The results of the EDXRF and HRXRD analyzes for the Cd;_yMn,GeAs, samples
including the chemical composition x, and lattice parameters a and c of a chalco-
pyrite structure [10].

X+ Ax a+ Aa(A) c+Ac(A)

0 5.9452 + 0.0002 11.2153 + 0.0003
0.004 + 0.001 5.9425 + 0.0002 11.2207 + 0.0006
0.013 + 0.001 5.9439 + 0.0002 11.2156 + 0.0006
0.024 + 0.002 5.9436 + 0.0002 11.2116 + 0.0004
0.037 + 0.003 5.9417 + 0.0003 11.2082 + 0.0006

shown in Fig. 1a. The spectra are shown overlapped for easier
detection of changes of the modes intensities, depending on the
concentration of manganese.

It is obvious that the spectra are mainly consistent. It is also
evident that there are ranges with narrow and clear modes of basic
material CdGeAs;, indicated in Fig. 1a [15], as well as areas with
wide structures (marked with Def.1,2,3). Spectrum of the sample
with the lowest content of Mn (x = 0.004) has weakest intensity
and stands out from the others. It can be connected to the weak
lattice deformation in this sample, i.e. small deviation of parame-
ters a and c (Table 1). Actually, the main difference of this spectrum
is that the intensities of the broad structures at about 175 and
235 cm~! are weaker, so the whole spectrum has less intensity.

IR reflection spectra of investigated samples are shown in
Fig. 1b. These spectra are also consist of clear modes correspond to
crystal CdGeAs,, as it marked in Fig. 1b, and wide areas between
them with some weak structures, which probably correspond to
defects in these materials.

3. Discussion

The II-IV-V; class materials are derived from the III-V cubic zinc-
blende structure (GaAs), space group T4, by doubling their unite cell
in the z direction, wherein one sublattice consists of group V atoms
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Fig. 1. Raman spectra (a) and Far-infrared reflectivity spectra (b) of Cd;_,Mn,GeAs,, at
room temperature.
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and the other one of equal amounts of groups Il and IV atoms in a
regular fashion. The CdGeAs, is ternary chalcopyrite semi-
conductors and crystallize in the D33 space group. There are eight
atoms in the primitive unit cell. This means there are 24 dispersion
curves, i.e. 24 normal vibrational modes at I" point. They consist of
15 nonzero optical frequencies and 2 acoustic components.

I'=A; +2A + 3B1 + 3By + 6E + (B2 + E)aco

All the optical modes, except Ay, are Raman active. But only By
and E are polar modes so they are infrared active too [16]. The
literature data for phonon frequencies of CdGeAs, at zone-center
are presented in Table 2.

In previous studies [10] was found that our samples
Cd;_xMn,GeAs; have good crystalline quality and relatively low
free carrier concentration. In such a case Raman spectra should be
very clear with strong narrow peaks. This is the case in some parts
of our Raman spectra and these modes are labeled (Fig. 1a). All
predicted modes of E and B, symmetry as well as A; and B are
registered in the spectra. Addition of Mn does not cause significant
shift of the modes positions. Only for the sample with high amount
of Mn (x = 0.037) the intensities of modes are increased.

On IR reflectivity spectra in Fig. 1b the modes of E and B, sym-
metry are obtained and labeled. Influence of adding of manganese
on these modes is weak.

Besides, in areas between those known modes there are some
wide structures, at about 110—140 cm~! (Def.1), 165—185 cm !
(Def.2) and 220—250 cm~! (Def.3), as can be seen in Fig. 1. We have
analyzed these modes to determine their origin.

For a precise analysis of the Raman spectra (Fig. 1a) the
decomposition procedure was applied to extract individual peaks.
Decomposition was implemented in the range from 60 to 380 cm ™"
by using Lorentz profiles. Only Raman spectrum of CdGeAs; with
individual peaks is shown in Fig. 2a because all others decomposed
spectra are similar. Peaks that correspond to CdGeAs; lattice vi-
brations are labeled. Structures between them are modeled by wide
Lorentz profiles and presented by green textured peaks. It can be
seen that peaks labeled Def.2 and Def. 3 are stronger than Def.1.

Analysis of the reflection spectra was carried out by fitting fre-
quency dependent dielectric function with experimental results.
The dielectric function is taken in the factorized form:

n wfoj — w? + iy i
€= f H W2 — W2 4 iV M
j=1 (,L)TOJ- — w* + I’YTO]‘(/)
where wrtg and wig are transverse and longitudinal optical vibra-
tions, yto and yio their dumping, n is number of oscillators taken
into account and e, is high-frequency dielectric constant. Plasma
frequency wp is not included in the equation because free carrier
concentration is low and interaction between plasma and phonons
is not observed on the spectra. In this way the phonon positions
were obtained and they match literature values.
Fitted reflection spectra are shown in Fig. 2b. The theoretical

Table 2
Phonon frequencies experimentally obtained in Ref. [15].
Mode A B, B, — TO (LO) E — TO (LO)
w(ecm™) 273 (284) 275 (290)
260 259 (264)
196 205 (216) 203 (209)
165 160 (165)
75 73 (73) 96 (97)
46 (48)

curves are presented by full lines. Besides known lattice phonons
the influence of some imperfections had to be taken into account in
order to get good fit. The best fit without this correction is pre-
sented on the reflection spectrum for x = 0 (Fig. 2b) by green line.
The difference is not large but it is evident and most intense in
section labeled Def.1.

Since CdGeAs; phonons are known and well investigated, we
will analyze influence of lattice imperfections on Raman and
reflection spectra.

There are several causes of a peak broadening on Raman spectra
[17] such as electronic transition, electron-phonon interaction,
amorphous state, nano-dimensions and others. X-ray measure-
ments showed that the samples have regular crystal lattices and
some other phases in the material have not been registered [10,13].
However, it is well established that the Raman experiment is more
sensitive method for investigation of nano-clusters and different
defects in semiconductors, so it cannot be excluded the existence of
lattice defects or nano-formations composed of Cd, Ge and As
atoms. But, Raman scattering on lattice defects is quite complex.
Also optical phonons of nano-particles are broadened and shifted
and depend on their size, shape and surroundings [17,18]. So such
compounds are difficult for analysis, especially if there are more
than one type of nanostructures with different sizes and shapes. In
that case their cumulative effect is registered.

We analyzed dependence of intensities of defect modes on Mn
concentration. The results are shown in Fig. 3. On Raman spectra an
area under the Lorentz profile represents the mode intensity (A)
(Fig. 3a,b). For IR reflection spectra the mode intensity is propor-
tional to a wip-wo (S) (Fig. 3¢).

Intensities of optical modes of the Cd;_yMn,GeAs; crystals are
shown on Fig. 3a. The modes designations are on the right side of
diagram, representing the vibrations of specified atoms. In cases of
B} and E; (~210 cm™!) as well as for E3 and B3 (~275 cm™!) it was
not possible to clearly separate modes so we presented their total
intensities. From this diagram we can see that modes intensities
decrease for sample with the lowest amount of manganese, the one
with slightly deformed lattice, and then increase by adding more
Mn.

The dependencies of intensities of defect modes on composition
(x) are very interesting, as we can see on Fig. 3b,c. For Def.1
(=120 cm™!) the huge difference between Raman and IR reflection
results is evident. Obviously, this mod is IR active but has small
Raman scattering cross-section. The other two defect modes Def.2
(=170 cm™!) and Def3 (=235 cm™!) also have discrepancies be-
tween IR and Raman results - Def.2 for sample x = 0.024 and Def.3
for x = 0.004. The cause of this may be that these defect modes
consist of two or more modes from different defects or clusters,
which give different signals on IR and Raman measurements. So the
defect modes, as the sums of few different defect modes, behave
differently for different alloy compositions.

The change of lattice parameters a and ¢ with composition is
shown in Fig. 3d. The dependence of tetragonal distortion A =2 — ¢/
a is presented in the insert.

Diagrams of crystal lattice modes and defect modes (from
Raman experiment, Fig. 3a, b) are similar, except for larger amount
of Mn (x = 0.037). They have minimum for x = 0.004. Also it has
been observed that dependence of defect modes intensity (A) on
composition (x) (Fig. 3b) is very similar to dependence of tetragonal
distortion of the lattice on x, which is shown in insert in Fig. 3d. This
is a very strong indication that the defect modes are connected to,
i.e. caused by intrinsic lattice conditions.

A brief overview of possible formations, which are registered in
the literature and for which the optical phonons are known, is
presented here. Characteristic frequencies of atoms, molecules or
clusters of As - at about 200 and 250 cm™! [19], Ge - at 300 cm™! or
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little lower for nano dimensions [20], and Cd at 88 and 143 cm™!

[21], cannot be identified on our spectra (Fig. 1).

The strongest phonon of a GeAs compound is at 260 cm~! [22]
which coincides with GeAs sublattice vibrations in CdGeAs; (E»
mode) [15]. So, it is not possible to distinguish these clusters even if
they exist.

CdAs sublattice has frequencies in range 200—215 cm™! [15].
Cadmium arsenide most commonly appears in forms CdAs; and
Cd3As,. CdAs; has tetragonal crystalline structure. Each Cd atom is

surrounded with 4 As atoms, and each As atom with two Cd and
two As atoms. CdAs; is a n-type semiconductor with significant
anisotropy of electrical and optical properties [23]. Phonon modes
of CdAs; are determined by analysis of reflectivity spectra [24] and
they are at 83, 120, 202, and 245 cm~ . On Raman spectra [23] the
strongest modes are at 223 and 246 cm~! and somewhat weaker at
80 and 125 cm™ . These values are matching the ranges on our
spectra at about 125 cm~! and 220—250 cm-1 CdsAs, is very
interesting n-type semiconductor with narrow band gap (0.14 eV),
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which attracted attention because it is three-dimensional Dirac
topological semimetal [25]. It has tetragonal lattice where Cd is
tetrahedrally coordinated with As atoms, while As atom is sur-
rounded by six Cd atoms, located at 6 of the 8 corners of a cube, the
2 “vacant” sites are at diagonally opposite corners of one face of that
cube [26]. These Cdg> cubes group so that empty vertices form
channels parallel to the a and b axes at different levels along the c
axis [27]. It is very interesting that recent studies have shown that
Cds3As;y crystals appear in the form of needles [26,27]. Cd3As; ap-
pears in several crystal forms. The a”- CdsAs; crystal has phonon
frequencies at 189 and 244.5 cm™! registered by Raman measure-
ments [26] which approximately coincide with our results. There is
a difference of more than 10 cm ™! but this can be attributed to nano
dimensions, specific shape and boundary conditions of “defect”
formations as to imprecision in the fitting process. Anyway, the
189 cm™! is the closest frequency to the 173 cm~' (179 cm~! on IR
spectra, Fig. 1b) that we could find in literature.

Research of native defects in p-type CdGeAs; was carried out
and energies of the defect formation were calculated [28—30] and it
was found that energy favorable intrinsic defects are vacancies of
Cd (Vcq) and antisite defects - Cd on a Ge place (Cdge) and Ge on a
As place (Geps), which are acceptor-type defects. Formation en-
ergies of two-component compounds CdAs; (—0.182 eV/formula
unit) and Cd3As; (—0.43 eV/formula unit) were calculated. Energies
of formation of GeAs and GeAs; are positive so they are metastable
compounds in this case.

For further analysis some findings related to the Cd;_xMnyGeAs;
materials published in other papers will be used. This can provide a
right direction in determining the types of defects. In Ref. [ 10] paper
it was establish existence of energy level at 200 meV probably
caused by antisite defects in the materials. Another interesting and
useful information about these materials are values of normalized
molar fractions of the alloying elements and the Mn content (x)
given in Ref. [13] and presented here in Table 3. It can be noted that
amount of As atoms (=0.488) is less than expected (0.5), while
excess of Ge atoms is registered (=0.27 instead 0.25). Also, there is
alack of Cd atoms (=0.24). Such values are in good agreement with
calculations and predictions of defect formations in CdGeAs; [28]:
Cd — Ge — As resulting in the formation of Vg, Cdge, Geas
(acceptor intrinsic defects) and lack of As. Therefore, this material
can be identified as Ge-rich and As-poor alloy.

In some papers that studied properties of p-type CdGeAs, the
existence of Geps antisite defects is confirmed and that is connected
with absorption band near 5.5 pm (225 meV) [5,30,31]. Also a direct
correlation between that absorption and concentration of holes (p)
was established [5,31]. The compositions of analyzed CdGeAs,
samples and the atom percentages presented in Ref. [5] indicate
that these materials also have excess of Ge and shortage of As
atoms, as in our case.

We have assumed that a significant part of defect modes
registered on Raman and IR reflectivity spectra (Figs. 1 and 2) are
caused by these Geas intrinsic defects. Supports to this assumption
are papers investigating Ga-rich p-type GaAs and correlations

Table 3

The results of the EDXRF analysis for the Cd;_,Mn,GeAs, samples including the
normalized molar fractions of the alloying elements and the Mn content x, from
Ref. [13].

X Molar fraction of alloying elements

Ccd Mn Ge As
0 0.241 0 0.272 0.485
0.010 0.240 0.0023 0.268 0.488
0.023 0.236 0.0056 0.268 0.489
0.037 0.234 0.0088 0.268 0.489

between absorption at 5.5 um, energy level at about 200 meV and
antisite defects Gaas [32,33], and papers in which Raman and Far-
infrared spectra of such GaAs are presented [34—39]. GaAs is a
material very similar to CdGeAs;, wherein the Ga sublattice is
replaced by sublattice consisting of regularly distributed Cd and Ge
atoms, which results in a slight deformation of the crystal lattice.
However, these two materials have very similar properties.

It is very interesting that optical spectra of Ga-rich p-type GaAs,
doped and undoped, have modes in the same frequency ranges as
the designated defect modes on the spectra of our Ge-rich p-type
Cdq_xMn,GeAs, samples — around 125, 170 and 235 cm™ In the
paper [34] the far-infrared spectra of GaAs and GaAs doped with Zn,
Mg, Si and C were analyzed. The same frequencies appear for
different samples: 122, 156, 170, 220 and 235 cm~ . In Ref. [35]
Raman spectra of p-type GaAs are presented with modes at 120,
150, 175 and 225 cm~! and they are attributed to transitions of
bound holes on shallow acceptors in GaAs. Infrared absorption
spectra shown in Ref. [36] have mode at 119 cm~! and that is
ascribed to the Gaa; antisite defect. Authors of [37] were measured
Raman spectra of undoped GaAs. The modes at about 120, 150 and
170 cm~! are clearly visible and they represent the transitions of
bound holes from the ground state to the excited 2S and 2P states of
the acceptors. The paper [38] — “Defect induced Raman transition
in non-stoichiometric Ga — rich GaAs: A pseudolocalized vibra-
tional mode of the Gaas antisite?” is very useful for understanding
this puzzle. They connected excess of Ga in GaAs, existing of 78/
203 meV double acceptor levels, Raman mode at 225 cm~! and
determined Ga antisite defect as a probable common cause. Be-
sides, on their Raman spectra the modes at 160—170 cm~! stand
out, determined as 2 TA, and at = 130 cm ™, not discussed. The
same authors published new Raman spectra [39] in order to better
examine 78 meV double acceptor. The modes at 95 and 120 cm™!
are clearly visible and explained as electronic excitations at the
neutral 78 meV double acceptor. Modes at 148 and 174 cm™! are
connected to residual carbon and zinc acceptors or 2 TA.

According to these papers concerning Ga-rich p-type GaAs we
can notice that different optical spectra contain modes on the same
positions — about 120, 150, 170, 225 and 235 cm™!, whereby the
mode on 120 cm™! is much stronger on IR spectra [38]. Also, the
mode at 150 cm ™! coincides with E4 mode of CdGeAs; so we cannot
discuss it. These modes are connected to absorption at 5.5 pum,
energy level at about 200 meV and antisite defects Gaas.

Based on the matching of such GaAs optical modes with defect
modes from our spectra and on established existence of antisite
defects Geas in CdGeAs; it can be concluded that origin of the defect
modes are Geas, as well as of impurity level at about 200 meV, i.e.
absorption at 5.5 um. This occurs in Ge-rich p-type CdGeAs; in
which these defects are easily formed.

Also, the evident correlation between the modes intensity and
the lattice tetragonal distortion (A) is very interesting (Fig. 3). It is
important to notice that defect modes have the lowest intensity for
the lowest distortion A, i.e. for the smallest difference between 2a
and c. It is possible that low A is a consequence of adding a small
amount of Mn, resulting in more regular lattice. The further addi-
tion of Mn leads to increase of CdGeAs; modes wherein the defect
modes stay correlated to the distortion. For greater quantity of Mn
they definitely decrease. Adding of Mn is not explicitly evident on
the spectra (Figs. 1 and 2) but affect the lattice and for greater
amount slight shift of modes positions becomes noticeable.

Different intensities of defect modes obtained from Raman and
IR spectra can be explained by their multiple causes — lattice
antisite defects and existing of clusters, whereby they have
different cross sections for Raman scattering and for IR reflectivity.
So we assume that in addition to antisite defects there are CdAs;
and CdsAs; small clusters in the CdGeAs; lattice.
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4. Conclusions

The measurements of Raman spectra and far infrared reflectivity
spectra of the series of Cd;_xMn,GeAs, samples, with 0 < x < 0.037,
were carried out at room temperature, in spectral range from 60 to
400 cm~ . The fitting procedures were done and all expected op-
tical modes are registered. Results indicated that the samples are of
high quality but also that some structural imperfections exist in
them. Based on obtained results the three frequency ranges, at
about 125,170 and 235 cm™}, are attributed to lattice imperfections
and designated as defect modes. Small clusters and lattice defects
are possible causes of these wide peaks at the spectra. These im-
perfections must have nanometer dimensions since they were not
registered by X-ray measurements. It was determined that char-
acteristic frequencies of CdAs; and CdsAs; clusters correspond to
obtained experimental results. By analogy with GaAs we concluded
that registered defect modes for the most part correspond to
antisite defects Geas, and connected this lattice defect to registered
energy level at about 200 meV and to absorption at 5.5 pm. We
determined the characteristic frequencies at about 125, 170 and
235 cm~! that correspond to this Geps antisite defect. Also, we
noticed a direct correlation between strength of defect modes and
tetragonal distortion of lattice (A = 2 — c/a).

Based on obtained results we can conclude that doping with
small amount of manganese results in slight deformation of
CdGeAs; crystal lattice and consequently considerably reducing the
formation of antisite defects Geas. This can be very important for
optical applications of this material in the infrared region.
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1 | INTRODUCTION

ZnO and ZnS are two well-known and widely used wide-
band gap semiconductors that are still in the focus of sci-
entific research. Different combinations and changeable
structures of ZnO and ZnS intrigue researchers all over
the world due to the large possibility of their application
as optoelectronic devices, sensors, lasers, and other novel
devices. Both materials, ZnO and ZnS, are abundant,
highly stable, non-toxic, environmentally friendly and
intensively studied I1-VI materials.""*! They can exist in
the form of three crystallographic phases: cubic sphaler-
ite, hexagonal wurtzite, or, in the rarest form, cubic rock
salt. ZnO at the room temperature preferentially crystal-
lizes in the hexagonal phase, while the ZnS structure
depends on the temperature. At the room temperature
ZnS crystallizes in the cubic phase but at temperatures
above 1020°C ZnS is most stable in the hexagonal phase

| Branko Matovic’> | Marjan Randjelovic® |
| Jelena Trajic' |

Novica Paunovic' |

In the present work experimental study of the ZnO@ZnS core-shell nanostruc-
ture with an active layer obtained by conversion of zinc oxide powders with
H,S is reported. The prepared structures were characterized by scanning elec-
tron microscopy, X-ray diffraction, Raman spectroscopy, and far-infrared spec-
troscopy. Top surface optical phonon (TSO) in ZnO, characteristic for the
cylindrical nano-objects, the surface optical phonon (SOP) mode of ZnS, and
SOP modes in ZnO@ZnS core-shell nanostructure are registered. Local mode
of oxygen in ZnS and gap mode of sulfur in ZnO are also registered. This result
is due to the existence of an active layer in the space between ZnO core and
ZnS shell, which is very important for the application of these materials as

active layer, core-shell nanostructures, local mode, surface phonons, thermoelectric

form. However, there are also other differences between
these two materials besides the difference in existing
phases at room temperature. Although both of these
materials are characterized by the wide direct band gaps,
ZnS shows wider direct band gaps for both of its crystal-
lographic phases. Nevertheless, ZnO is characterized by
higher exciton binding energy. Band gaps for the ZnO
hexagonal phase are reported to be 3.34, 3.37, and 3.4 eV
with the binding energy of 60 mW, for the ZnS cubic
phase band gaps are 3.54 and 3.68 eV, while for the ZnS
hexagonal phase are 3.80 and 3.91 eV with the binding
energy of 40 mw.1+*l

Excellent features of ZnO and ZnS as individual
components contribute to the favorable properties of
the materials obtained combining these two components
and make them good candidates for a wide range
of applications, such are the thermoelectric compo-
nents.'”'®! The most important parameter in the field of

616 | © 2020 John Wiley & Sons, Ltd.
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thermoelectricity is the so-called figure of merit. It pro-
vides a connection between the material parameters and
the maximum efficiency that will be achieved when this
material is used as a thermoelectric generator. The goal
of designing new materials or structures is to keep the
phonon part of thermal conductivity in the material as
small as possible, without changing the electrical param-
eters (electric conductivity, Seebeck coefficient, and elec-
tronic part of thermal conductivity). One possible way to
achieve this is to use a ZnO/ZnS superlattice."1I Another
possibility is to use ZnO,.,S, alloys. In the latter case,
impurities act as local scatters that can alter the phonon
transport.!"?!

The general conclusion of all of the previously men-
tioned studies is summarized in the work of Bachmann
et al.""® where it is underlined that incorporation of sul-
fur in ZnO and incorporation of oxygen in ZnS can sub-
stantially reduce the thermal lattice conductivity and
increase the figure of merit. However, a possible break-
through in this field can be achieved with the usage of
ZnO@ZnS core-shell system.

Core-shell nanostructures are a special class of the
biphasic materials whose properties depend not only
on the combination of the core and shell materials but
also on their geometry, design, and core-shell volume
ratio."* '8! In previous studies of the ZnO@ZnS
core-shell structures, this phenomenon was disregar-
ded.""*?* So far, the research focus was on the methods
of synthesis and the quality of the spatial homogeneity
of the obtained structures, such are the attempts to
eliminate the existence of impurity throughout the
system.

In addition, the focus has been on the application of
these structures in solar cells,'” as new materials for
luminescence, and for magnetic applications./**! Charac-
terization methods were also selected for this purpose.
Spectroscopic methods were used only to confirm X-ray
measurements. Thus, in Sundararajan et al.""*! it was said
that the Fourier-transform infrared spectroscopy (FT-IR)
spectra confirmed starching vibrations of ZnO and ZnS,
respectively. In Flores et al."*®! the same conclusion was
reached using Raman spectroscopy. No attention was
paid to the possibility of the formation of any layer
between the ZnO core and the ZnS shell, which is the
topic of our research.

While scanning electron microscopy, X-ray diffraction
(XRD) and far-infrared spectroscopy give us information
about the global structure, Raman spectroscopy is
focused on the local environment, which is crucial for
this type of research. The present work aims to determine
the existence of the active layer doping phases in the
space between the core and the shell by registering the
surface, local, and gap modes, as well as by analyzing

RAMAN | o
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other structural and optical characteristics of the
ZnO@ZnS core-shell system.

2 | EXPERIMENT

For the synthesis of ZnO/ZnS core-shell nanostructures,
gas-phase sulfidation of ZnO (Merck) at elevated temper-
atures was exploited using flow reactor which is schemat-
ically presented in Figure S1 (Supporting Information).
Hydrogen sulfide was initially obtained from iron
(I1) sulfide and hydrochloric acid and without further
processing was introduced in the round-bottom flask con-
taining 3 g of ZnO powder. Iron sulfide was added into a
three neck round bottom flask (B) with mounted
dropping funnel with Polytetrafluoroethylene (PTFE) key
(A) containing 3 M HCI. Flow of HCI was adjusted to
achieve required H,S flow of 6.5 ml/min during 6 h.
Evolved gas was passed into round-bottom flask with
ZnS (C) which was heated at 340-400°C. Vinyl laboratory
tubings were used to introduce gas into flow reactor.

Unreacted H,S was collected and retained in two
stages. First, the vessel containing FeCl; solution (D) was
used to chemically convert H,S gas into iron sulfides and
small amount of remaining gas was caught in the next
stage using solution of NaOH (E).

Morphology of the obtained powders and their evolu-
tion during calcination were studied by the field emission
scanning electron microscope (FE-SEM) model FE-SEM
JEOL-5200F (Japan).

The composition of investigated samples was investi-
gated utilizing a Rigaku IV XRD diffractometer with Cu
Ka radiation at room temperature. The present phases
were identified by applying the PDXL2 software (version
2.0.3.0),/°! with the reference to the diffraction patterns
present in the International Centre for Diffraction Data
(ICDD).1?¢!

The far-infrared reflection spectra were measured at
room temperature at the spectral range from 70 to
630 cm ™" with a BOMEM DA 8 spectrometer.

The micro-Raman spectra were taken in the backscat-
tering configuration and analyzed by the TriVista 557
system equipped with a nitrogen-cooled charge-coupled-
device detector. As an excitation source the Verdi G
optically pumped semiconductor laser with the 532 nm
line was used. Excitation energy is in the off-resonance
regime for all the considered materials.

3 | RESULTS

SEM images of the two starting materials (ZnO and
ZnS nanoparticles) and the obtained core-shell structure
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(ZnO@ZnS) are given in Figure 1. In Figure 1a large ZnO
particles are shown, in Figure 1b long narrow ZnS parti-
cles can be observed, while in Figure 1c large particles of
the formed core-shell ZnO@ZnS structure are evident.
This is confirmation that the core-shell structure usually
shows the same morphology as a core. ZnO particles are
cylindrical with the diameter ranging from 200 to 500 nm
and length in the 300 to 500 nm range. ZnS particles are
spiral wire-shaped structures with the diameter in the
20 to 30 nm range and length in the 300 to 500 nm range.
The final structure contains mostly ZnO cylinders that
originate from the starting ZnO material. ZnS is probably
located at the surface of ZnO cylinders as a shell.

The formation of ZnS layer around ZnO particle
surface is well known from sulfidation reaction:
ZnO(s) + H,S(g) = ZnS(s) + H,0(g), where ZnS growth
an outward development during ZnO sulfidation. Such a
process leads to a core-shell structure, which has been
clearly demonstrated in many studies.!?’2°!

The X-ray diffractograms of ZnO, ZnS nanoparticles,
and ZnO@ZnS core-shell nanostructure are shown in
Figure 2. The detailed phase composition investigations
revealed the presence of crystalline phases of the hexago-
nal ZnO and cubic ZnS compounds in the starting mate-
rials, while in ZnO@ZnS the cubic ZnS transformed into
hexagonal polymorph. Cubic-to-hexagonal phase transi-
tion of ZnS has been observed at very low temperatures
at 250°C.""! Since the experiment is conducted in range
of 340-400°C, it is normal that a phase transformation
takes place.

The plane identification (indexing) is done. The
diffraction peaks correspond to the (1 1 1), (2 2 0), and
(3 1 1) planes of the cubic phase of ZnS, matching with
JCPDS 05-0566, and wurtzite (hexagonal phase) was
found in JCPDS 36-1450. The XRD peaks are broadened
because of nanocrystalline nature of the synthesized sam-
ples. On the other side, ZnO phase is hexagonal wurtzite
phase, (JCPDS 01-089-0510). Obtained the core-shell
structure consists of 88% ZnO (in core) and 12% ZnS

(shell). Williamson-Hall plots were used to separate the
effect of the size and strain in the nanocrystals.I311 The
results are shown in Table 1.

By means of the PDXL2 software (version 2.0.3.0),*"!
it was calculated that the mean crystalline size a of ZnO
is determined as 57 nm, in the case of ZnS is 2.1 nm,
while obtained the core-shell structure consists of 88%
ZnO (core) with mean crystalline size of about 67 nm
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FIGURE 2 XRD spectra for all investigated samples.
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TABLE 1 Unit cell parameters, Sample Lattice p eter (nm) Crystallite size (nm) Strain (%)
crystallite size, and lattice strain of
samples starting material
ZnS a = 0.53805(3) 21 0.0075
ZnO a = b =0.32521(4) ¢ = 0.52101 (8) 57 0.145
ZnO@ZnsS core-shell
ZnS a=b=0.3848 11 0.001884
c¢=0.6317
a=90
=90
y =120
ZnO a=b=0.32481(4) 69 0.00072
¢ = 0.520044(7)

and 12% ZnS (shell) with mean crystalline size of about
11 nm.

The lattice strain of phases in core-shell structure is
0.001884 for ZnS and 0.00072 for ZnO. The value for
stress in case of ZnS phase is lower than the stress for
ZnO. It can be considered to be the consequence of an
ordering of atomic arrangement during sulfidation, that
is, the formation of zinc sulfide. The less ordering lead to
an increasing strain due to the significant amount of
strain that is localized at the surface of crystallites as a
result of a high concentration of broken bonds.

The hexagonal phase of ZnO, the cubic, and hexago-
nal phase of ZnS were previously registered by the XRD
analysis. Since the understanding of the bulk material
vibrational properties is crucial for the analysis of the
vibration properties of the core-shell structure, the vibra-
tional properties analysis was initiated with a brief report
of the literature data for the registered phases. The bulk
modes are expected to be shifted and broadened as a con-
sequence of the miniaturization.

The hexagonal structure of ZnO belongs to the space
group Ce.', with the unit cell that contains four atoms,
where all atoms occupy Cs, sites. From the factor group
theory analysis existence of nine optical modes, that are
classified by the following symmetries I, = A; + 2B, +
E; + 2E,, is evident."®?! Modes of symmetry A;, E;, and
E, are Raman active, A, and E, are infrared active, while
B, is inactive (silent) mode. Both A; and E, are polar
modes and split into transverse (TO) and longitudinal
(LO) phonons with different wavenumbers due to the
macroscopic crystal field. Anisotropy of the ZnO crystal
causes A, and E; modes to have different wavenumbers.

The cubic ZnS structure belongs to F—43m (T4
space group with a trigonal primitive unit cell containing
one formula unit with two atoms. Thus, it has 6 degrees
of freedom, three acoustic, and three optical phonons.
The Brillouin zone center phonons, both acoustic and
optical, are triply degenerate for this cubic structure and

have symmetry species I';5(F,). A macroscopic electric
field in polar crystals, such as ZnS, is associated with LO
vibrations and makes LO mode energy greater than the
TO mode energy. This effect removes the degeneracy of
the optical mode yielding a doubly degenerate TO mode
and a LO mode. Both, the TO and LO modes are Raman
active, while the TO mode is also infrared active.[3*34

Wurtzite ZnS belongs to the space group P63mc
(C46r) and all atoms occupy C3r sites. The nine possible
optic modes of the four-atom primitive cell have the fol-
lowing symmetries: 1A; + 2B; + 1E; + 2E,. The A, and
E, branches are both Raman and IR active, the E,'s are
only Raman active, and the B,'s are neither IR nor
Raman active.

3.1 | Far-infrared spectroscopy

The experimental data of two starting materials and the
obtained core-shell structure are presented by circles in
Figure 3. To analyze the far-infrared spectra the standard
analysis, which applies the correlation between the
reflection coefficient and dielectric function, was used. A
theoretical model of the bulk dielectric function was dis-
cussed by several authors.*>*!

The low-frequency dielectric properties of the single
crystals are described by classical oscillators corres-
ponding to the TO-modes, to which the Drude part is
superimposed to take into the account the free carrier
contribution:

E00Sk emwf,

es(a))=ew+i 7 (1)
k=

{ Wox —?—iyrorw  @(w+ilp)

where ¢, is the bound charge contribution and it
is assumed to be a constant, wror@wtor iS the trans-
verse optical-phonon wavenumber, wpwp the plasma
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FIGURE 3 Far-infrared reflection spectra for all investigated

samples. The experimentally obtained data points are depicted by
circles. The theoretical spectra given as the solid lines are obtained
with the model defined by Equations (1) and (2) and the fitting
procedure

wavenumber, yror is damping, I'p is the plasmon
mode damping coefficient, and Sy is an oscillator
strength.

In general, the optical properties of an inhomoge-
neous material are described by the complex dielectric
function that depends on the 3-D distribution of constitu-
ents. The investigated mixture consists of two dielectric
components. One is treated as a host, and the other as
the inclusion. The characterization of the inhomoge-
neous material by the two dielectric functions is not
useful since the exact geometrical arrangement of the
constituents of the material is needed. However, if the
wavelength of 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 be found for the effective permittivity of such a mix-
ture.®” The optical properties of such materials depend

upon the properties of constituents, as well as their vol-
ume fraction.

The simplest model that describes an inhomogeneous
material by an effective dielectric function can be written
as gef = (1 — f) &; + f &,. This model is applicable in the
case of bulk materials of dielectric constant ; in which
the second phase or the material of the dielectric constant
&5, which occupies volume fractions f, is randomly dis-
tributed. In the case where nanoparticles are distributed
in the air, or in an optically similar medium, the
Maxwell-Garnett or Bruggeman formula is usually
used.!®”!

In general terms, the Maxwell-Garnett Effective
Medium Approximation is expected to be valid at rela-
tively low volume fractions f, since it is assumed that the
domains are spatially separated and electrostatic interac-
tion between the chosen inclusions and all other neigh-
boring inclusions is neglected.

Since samples used in the present study are well
defined with separated nanosized grains (as demonstrated
on SEM images presented in Figure 1), the Maxwell-
Garnet model was used for the present case. Effective
permittivity of mixture, e, according to the Maxwell-
Garnet mixing rule is as follows!**!:

&Er—&
£+ 26, —f(e1—€2)

)

e = €1+ 3f ey

In this case, nanoparticles of permittivity ¢, are located
randomly in the homogeneous environment &, (air) and
occupy a volume fraction f.

Solid lines presented in Figure 3 are calculated spec-
tra obtained by a fitting procedure based on the previ-
ously presented model. The parameter adjustment was
carried out automatically, using the least squares fitting
of the theoretical (R,) and experimental (R,) reflectivity at
q arbitrarily taken points:

3)

The value of & was minimized until it complied with
the commonly accepted experimental error (less than
3%). For all the samples the determination errors of
wavenumber and damping coefficients were in the range
3%-6% and 10%-15%, respectively. The agreement of the
theoretical model obtained in this manner with the
experimental results is excellent. In Table 2, the best
fitting parameters are presented. In this case, the
wavenumber indicated by wyor in Equation 1 is per-
ceived as the characteristic wavenumber for a given
material.
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TABLE 2 Calculated fit parameters obtained from the Raman and far-infrared spectra
ZnS Zn0 ZnO@ZnS Description
Raman (cm™) IR(cm™') Raman(cm™) IR(cm™') Raman(cm™) IR (cm™)
Wp - 82 - 94 - 91
o 132 119 [TO,-LAly; or 2TA,
0, 145 152 [TO,~LAls:
03 157 [LO-LA]y
(oA 174 2TAX
ws 203 210 203 190 2TA or E,(low)
ws 206 197 219 LA
@7 246 Gap-mode S in ZnO
g 263 281 269 TO
g 310 309 305 301 SOP
W10 330 338 334 E,(high)-E,(low)
oy 346 350 349 357 LO and LO+Plasma (IR)
W12 379 379 380 386 A(TO)
W3 411 395 409 410 E,(TO)
Wy 415 420 (LOr-+ TAy) or (TOy + LAL)
15 436 436 436 438 E,(high)
W16 472 Local-mode O in ZnS
@17 484 469 TSO
W)y 540 537 SOP
19 578 557 584 557 A(LO)

The parameters important for discussion are bold.

In Figure 3, the some phonon influence is evident at
approximately 310 cm™'. The experimental spectra are in
complete agreement with the theoretical ones (please
notice the solid lines in Figure 3) when the existence of
this phonon is included, while inconsistency between the
experimental and theoretical spectra (see the dashed lines
in Figure 4) is clear when this phonon is omitted.

3.2 | Raman spectroscopy
The Raman spectra of the ZnO, ZnS, and zno@zns
core-shell nanostructure, measured in the spectral
range of 100-600 cm™' at room temperature, are pres-
ented in Figure 4. Experimental Raman scattering
spectra are analyzed by the deconvolution of the
Lorentzian curve.**! The thick red line presents a result-
ing spectral curve. Positions of Lorentzians are given in
Table 2.

The Raman spectrum of the ZnO nanoparticle is pres-
ented in Figure 4a. Intense modes at 203, 330, 379, 411,
436, 484, 540, and 578 cm™" were detected. The obtained

results are in good agreement with the values given in
the literature,'*! as it should be for the commercially
supplied materials.

When ZnS is concerned the circumstances are more
complex. In our previous research!*'!  the ZnS
nanoparticles obtained by the mechanochemical synthe-
sis dissolved in polymethyl methacrylate (PMMA) were
studied. The experimental spectrum of the ZnS nanopar-
ticle is characterized by several broader structures, broad
multimodal features in 130-200 cm™" region, along with
the broad structures centered at 263, 346, and 425 cm™.
Like in the far-infrared spectra analysis, the phonon
influence at 310 cm™" was observed. Congruence of the
fitted spectrum with the experimental one is better when
it is performed with this phonon.

Figure 4c shows the Raman spectra of the zno@zns
core-shell nanostructure. Beside the phonons which orig-
inate from the initial constituents, there are two new
structures evident at 246 and 472 cm ™. In addition, the
structure at approximately 310 cm™' is shifted to the
lower wavenumbers, while phonon observed at 346 cm™!
originating from ZnS is shifted at 349 cm™".
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FIGURE 4 (a—c) Raman spectra for all investigated samples.
The measured spectra are represented by dark line; theoretical
spectra are convolution of Lorentzian curves [Colour figure can be
viewed at wileyonlinelibrary.com]

4 | DISCUSSION

In the examined samples the ZnO particles are observed
as big cylinders, few hundreds of nm in size. But even for
the nanoparticles of few nanometers, as a consequence of
the rather flat ZnO dispersion in the Brillouin zone, the
effect of the optical phonons confinement is negligible,
and the experimental spectra are almost the same as in
the case of the bulk samples. This can also be applied to
the wi o phonon of ZnS at about 350 cm™'. Its shift
toward the lower wavenumbers is expected and consis-
tent with the corresponding nano dimension.*!

Surface modes are difficult to be observed experimen-
tally. But we roughly analyzed investigated nanoparticles
(particle material, geometry, and dielectric permittivity if
surrounding material), and we find that some feature in
experimental spectra can be fairly good identified as sur-
face modes. We used typical values of ZnO and ZnS
dielectric parameters that are in our earlier papers: ZnO
(0 = 10.24, epesk = 4.47); ZnS(g = 8.1; £pesk = 5).

In principle, if nano-objects are present, then the sur-
face of the whole particle is in contact with the matrix.
Surface optical phonons (SOP) are characteristic when
these nano-objects embedded in the matrix are con-
cerned, and their activity becomes significant since they
appear in the experimental spectra. Surface phonons are
the most prominent in the spectra of the objects a few
nanometers in size. The ZnO nanoparticles in the present
study are cylindrical with axial symmetry. To find the
wavenumbers of surface phonons the classic electrostatic
equation for the appropriate geometry must be solved
taking into account the interface conditions, that is, the
object geometry must be treated properly.*>**! Results of
the study showed that for the cylinder-like nano-objects
two types of surface phonons are characteristic: side sur-
face optical phonons (SSO) and top surface optical pho-
nons (TSO). SSO modes are related to the cylindrical
interface (like in the cylindrical wire), and TSO modes
are related to the planar interface (base of the
cylinder)."‘z"“' There are two types of TSO mode: anti-
symmetric and symmetric. Besides the geometry of the
objects, surface optical frequencies are sensitive to
the surface environment, that is, dielectric permittivity
of the outer medium. All surface mode wavenumbers are
in region wto < Wsop < WL, that is, wnto < Wsop <
Omixedro & 572 cm™'. In real samples spectra, surface
optical wavenumbers depend on the surface quality, that
is, surface roughness and arrangement and density of the
nano-objects, resulting in the effective surrounding
medium permittivity.

In the experimental ZnO spectra a wide feature of
very low intensity is centered at ~484 cm™'. This mode
can be assigned as the surface optical mode,*>**! or even
more precise as TSO.'**! In the experimental spectra, a
wide feature of middle low intensity centered at about
540 cm™' can also be observed. This mode can be
assigned as the surface optical mode.*!

Surface mode wavenumbers for the ZnS particles are
the solution of the same equation **! but in the spherical
case. If the non-polar matrix surrounds spherical QD
(case of radial, i.e., central symmetry), there is one sur-
face mode for each quantum number . The wavenumber
of these modes does not depend on the sphere radius. In
the case of ZnS QD without matrix, that is, in a vacuum
(€matrix = 1), wavenumbers of [ = 1 and [ = 2 surface pho-
nons are ~330 and ~334 cm™’, respectively. When the
matrix is concerned, it must be noted that when the
dielectric permittivity is increasing to the value higher
than 1, then the surface modes wavenumbers are
decreasing. The calculated surface mode wavenumber
(I =1, €mawix = 2) is 310 cm™'. Mode in the spectral
region from 300 to 330 cm™' can be assigned as the ZnS
nanoparticle surface mode.!*!
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In the case of ZnO@ZnS, the surface optical ZnO
mode at 484 cm ™' (TSO) is completely screened by the
impurity mode. Surface optical ZnO mode at 540 cm ™" is
at the same position and with the almost unchanged
intensity as in the ZnO nanoparticles spectra. The surface
optical ZnS mode of low intensity is at position 305 cm™".
It is not clear if the ZnS shell is complete and uniform
over the entire ZnO cylinder, but this decrease of the sur-
face optical mode wavenumber is a sign that ZnS is effec-
tively in ematrix < 2.

Surface optical modes are treated rudimentary, and
this is not the main contribution in this paper. It is a pos-
sible explanation for these low-intensity features that
appear in the experimental spectra. Position of these
modes gives fairly good identification.

Raman active modes registered at 246 and 472 cm™
for ZnO@ZnS core-shell nanostructure (Figure 3) were
not observed in starting components. It can be assumed
that in this case impurity modes are in question. Consid-
ering previous observation, it seems that in this case,
during the formation of the ZnO@ZnS core-shell nano-
structure the phenomenon indicated in Figure 3
occurred. To be precise, in the thin layer between ZnS
and ZnO migration of oxygen and sulfur took place. This
indicates that oxygen originated from ZnO migrated into
the ZnS lattice where it substituted sulfur, while sulfur,
in the same way, migrated into the ZnO lattice. New
vibrational modes, separated from the host lattice modes,
can appear when the supplementary atoms are integrated
into the host lattice. When the amount of the impurity
atoms is minor in comparison to the amount of the host
lattice atoms, the generated mode is “localized.” Namely,
its eigenvector doesn't have a sinusoidal or wavelike
dependence on space, but is strongly peaked at the impu-
rity atom, and wanes rapidly on one or two lattice sites
away.!*!

More precisely, when the lighter element (sulfur in
this case) in the binary mixture ZnS (mg < mgy,) is rep-
laced by the even lighter impurity (oxygen, mg < mg), a
local mode is formed above the top of the optical band of
ZnS. On the other hand, when the heavier impurity (sul-
fur) replaces the lighter element (oxygen) within the
binary mixture (ZnO) a gap-mode is formed below the
bottom of the optical band of the binary mixture.

Calculation of the local-mode and gap-mode
wavenumbers ¥ involves a comprehension of the
eigenfrequencies and eigenvectors of the host-crystal
vibrational modes, as well as changes in the mass and
force constant caused by the impurity atom. The mass-
defect parameter ¢; = 1 — M/M; plays an important role,
where M is the mass of the impurity atom and M; is the
mass of the host/crystal atom. For the limited number of
the polar diatomic crystals, the three-dimensional

1
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mass-defect calculation was performed. Using the full lat-
tice dynamics, the additional calculations were made for
particular types of impurities in some host crystals.*-5!

Lucovsky et al.’*!! established a simple model for the
calculation of local modes in three-dimensional crystals.
In the present case, when sulfur in ZnS is substituted
with oxygen the obtained position of the local mode is
471 cm™', which is in excellent agreement with the
experimentally obtained result.

In the opposite case, when the gap mode is formed
as a consequence of the replacement of oxygen with
sulfur in ZnO, the situation is more complex and the
mass-defect parameter is & = —1. Consequently, for this
parameter value, used models show singularity and that
makes them inappropriate. Because of that, the simplest
way to calculate gap mode position using only isotope
effect was chosen!*®!; that is, only mass variation is
taken into account, while the gap mode is obtained by
the separation from the TO phonons of the starting
crystal. Applying this method enabled the obtainment
of the position of the sulfur gap-mode in ZnO at
approximately 268 cm™'. That is in a good agreement
(difference is 9%) with the experimentally obtained
position at 246 cm ™.

Few crystallographic planes of crystal material must
be present in the crystallite to register particular crystal-
lographic structure of crystallite by XRD. This is not
the case in the ZnO-ZnS interface region. We did not
observe any peak in the XRD that originates from ZnO-
ZnS mixing region. This region seems to be very nar-
row. But characteristics of this interface region are
clearly seen from very intensive new Raman modes of
ZnO-ZnS, that is, appearance of local and gap modes.
Raman spectroscopy is known as sensitive to the close
surrounding.

The registered phonon properties are directly related
to the existence of the active layer isolated impurities in
the binary system, that is, sulfur in ZnO and oxygen in
ZnS. Matching of the experimentally and theoretically
obtained values indicates the complete incorporation of
the impurities into the binary system with all the proper-
ties that this phenomenon brings. Obtained results will
be a starting point for the continuation of the research in
this field toward the application of these materials as
thermoelectrics.

5 | CONCLUSION

The ZnO@ZnS core-shell nanostructure with an active
layer is obtained by conversion of zinc oxide powders
with H,S. SEM images and XRD patterns shown the exis-
tence of a cylindrical nanostructure confirming at the
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same time that core-shell structure is usually character-
ized by the same morphology as a core, in this case ZnO.
Using Raman and Far-infrared spectroscopy the phonons
characteristics of the starting components were regis-
tered. TSO in ZnO, characteristic for the cylindrical
nano-objects, the surface optical phonon (SOP) mode of
ZnS as well as SOP modes in ZnO@ZnS core-shell nano-
structure are registered. Local-mode of oxygen in ZnS
and gap-mode of sulfur in ZnO are also registered. These
results are due to the existence of an active layer in the
space between the ZnO core and the ZnS shell. These
findings are very important for the potential application
of these materials as thermoelectrics.
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at 177 cm™!, 268 cm™!, and 592 cm~, as well as their overtones at 354 cm~!, 445 cm™', 708 cm™,
1062 cm~1, 1184 cm~, ~1530 cm~, and ~1720 cm~. The phonon at 592 cm~! is known to be charac-
teristic for Gd,Zr,07 fluorite-type structure; however, the other two have not been registered so far. We
found that the position of the newly detected phonons agrees well with the observed electron-phonon

The Raman spectra of Eudt doped Gd;Zr,07 nanopowders were measured. We registered three phonons

1

interaction. On the other hand, the registered multiphonon processes were a consequence of minia-
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Phonons

Light absorption and reflection
Electron — Phonon interaction

turization that further induced changes in electronic structure of Eut doped Gd,Zr,07 nanopowders.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The rare earth zirconates (Re,Zr,07) were identified as attrac-
tive candidates for TBC (thermal barrier coatings) applications, high
temperature heating devices, and host materials for luminescence
applications [1,2]. Europium is one of many trivalent rare-earth ions
that can be used for luminescence doping of both zirconia and
zirconates [3]. Also Eu>* ions within a doped compound of [Xe] 4f°
configuration in different host lattices are found to give rise to
strong luminescence emitting red light. The material in question
shows typical f-f transitions of europium ions only. It is known [4]
that luminescence is relatively independent on the host crystal field
in trivalent rare earth ions because the optically active 4f electrons
of the ions are shielded from the rest of the ions by the outer 5s and
5p shells [5].

Nanophosphors based on quantum dots have significant ad-
vantages over conventional bulk phosphor powders [6]. In quan-
tum dots the optical properties such as light absorbance are
determined by the size of the dots, whereas the optical properties
of conventional bulk phosphor powders are determined solely by
the phosphor's chemical composition. Changing the size produces
dramatic changes in color. A small dot size also means that,

* Corresponding author.
E-mail address: romcevi@ipb.ac.rs (N. Romcevic).

http://dx.doi.org/10.1016/j.0ptmat.2017.09.015
0925-3467/© 2017 Elsevier B.V. All rights reserved.

typically, over 70% of the atoms are at the surface sites so that
chemical changes at these sites allow adjustment of the light-
emitting properties of the dots and enabling emission of multiple
colors from a single-size dot [6].

Raman spectroscopy is found to be a suitable method for in-
vestigations in this field of science. The method is highly effective in
establishing the relation between the electronic structure and
structural changes caused by miniaturization [7]. This method can
be used to register all the aspects of electron — phonon interaction
as well [8].

2. Sample and characterization

The combustion method was used for the synthesis of Eu>*
doped GdyZr;07 nanopowders. The chemicals Gd(NOs)3 * 6H,0,
Zr(NOs3); * Hy0, Eu(NO3); * 6H,0 with purity of 99.99% were pur-
chased from ABCR, Gd,0; (99.9%) from the NOAH Technologies, and
urea (NH),CO from Sigma—Aldrich. Europium doped cubic
Gd»Zr,07 nanopowders were prepared by Solution Combustion
Synthesis (SCS) method. The flame combustion process is used
most frequently due to its simplicity and low cost of the synthesis
procedures as well as because it enables adjustments of particle
size and morphology.

After the synthesis, the nanopowder was annealed in air at
1200 °C for 2 h. The morphology analysis of the synthesized
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materials indicated irregular crystallite size distribution and exis-
tence of agglomerated grains which were in the submicron size [9].
Annealing of the material is needed in order to achieve complete
crystallinity. The Eu* concentration in Gd,Zr,07 was 2 mol%.

In our previous paper [9] we performed X-ray powder diffraction
(XRD) and photoluminescence measurements of the same material.
The diffractogram confirmed that monophased sample was crys-
tallized in fluorite (F) type structure (space group Fm3m). The
photoluminescence spectra gave an insight into a number of elec-
tronic transitions, among them were those at 705 nm and 713 nm
(°Dg — ’F4), 654 nm (°Dg — “F3), 611 nm and 630 nm (°Dg — 'Fy),
593 nm (°Dg — “F;), 584 nm (°Dy/°D; — ’F1), and 578 nm (°Do/°D; —
7Fg), which were also helpful here in Raman spectra analysis.

In this work we use the Raman spectroscopy as a tool to register
the effects linked with the electron — phonon interaction in the
Eu?*-doped-Gd,Zr,07-nanoparticle.

3. Results and analysis

Atomic force microscopy (AFM) was done in tapping mode using
NTEGRA Prima from NT-MDT and NSGO1 probes. AFM results are
summarized in Fig. 1. Two dimensional and three dimensional to-
pographies are given in Fig. 1(a) and (b). They reveal grain structure
of the sample. In order to further emphasize grain structure and
grain boundaries, AFM phase image is given in Fig. 1c. Grain
boundaries are mostly visible as a bright lines between neigh-
bouring grains. Histogram of the grain size is given in Fig. 1d. By
approximating grains as spherical particles, we conclude that the
mean grain size (diameter) is around 50—60 nm.

Raman spectra were obtained with Micro Raman Chromex 2000
using 532 nm line of frequency doubled Nd:YAG laser. The spectral
resolution was 1 cm~ L. Micro-Raman spectra were recorded at
room temperature in the spectral range of 100—1900 cm~ . The
results are presented in Fig. 2.

The Raman spectrum of Eu** doped Gd,Zr,07 nanopowders in
the frequency range 100—1900 cm~! is shown in Fig. 2a. Very
intensive lines were distinguished at 1530 cm™! and 1729 cm™.
Due to high intensity of these peaks the structures at lower wave
numbers are practically invisible. To overcome this problem, the
lower range of the same spectrum up to 1300 cm~! is given in
Fig. 2b on the 15 times smaller intensity scale. As a result a very
interesting spectral structure became visible.

The spectrum in Fig. 2b is rather complex; therefore, we used the
deconvolution method to separate Raman lines. Raman spectra are
usually analyzed using either Lorentzian or Gaussian curves, so here
we assumed that all phonon lines are of the Lorentzian type. The
spectrum is described with 9 Lorentzians with positions at 177 cm™,
268 cm ™!, 354 cm !, 445 cm ™7, 592 cm ™, 708 cm ™, 1062 cm !, and
1184 cm™ . It now became clear that there were 3 phonons, namely at
w1 =177 cm~ !, wy = 268 cm~! and w3 = 592 cm ™, and that the other
modes were their overtones at 2w; = 354 cm™ ), 4w = 708 cm™},
6w = 1062 cm™, 2w3 = 1184 cm™, and wi+w; = 445 cm™ . We
assigned the dominant structures in Fig. 2a to 8w (1530 cm™!) and
3w3 (1720 cm™1). These structures have not been reported about so far
in literature for Eu**doped Gd,Zr,07. However, similar results were
recorded for some other systems with the same dopant, Eu>* [10].

As other authors [11], we started our analysis from the bulk
material, since vibrational properties of a bulk material are crucial

Fig. 1. Results of AFM analysis: (a) two dimensional and (b) three dimensional topography, (c) phase contrast image, and (d) grain distribution size.
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Fig. 2. Raman spectra of Gd,Zr,05(Eu) nanopowders. a) range 100—1900 cm™’, b)
range 100—1300 cm ™.

for understanding vibrational properties of small particles. As a
consequence of miniaturization, we expected the bulk modes to be
shifted and broadened.

According to the Subramanian's theory [12], the disordered
fluorite (F) and ordered pyrochlore (P) are two isometric structures
important for Gd,Zr,07. The F structure has the space group of
Fm3m and all cations are distributed randomly inside. The P
structure with the space group of Fd3m is isometric and closely
related to the ideal F structure, except that there are two cation
sites, three anion sites 48f(01), 8a(0,), and 8b(03), and one-eighth
of the anions in 8b site are absent [13,14]. According to the group
theoretical analysis, they are [15,16]:

I'(Raman)p = Aig + Eg + 4F2¢ (1)
[(Raman)g = Fyg (2)

The group theory indicates disappearance between Ajg and Eg
modes and reduction in the number of F; mode with the phase
transition from A;B;060’ P (Fm3m space group, Z = 8) to perfect
AO; F (Fm3m, Z = 4) structure. For the ideal F structure, there is
only one vibrational mode (Fyg), which involves oxygen vibration in
the tetrahedral cage formed by four A cations.

Despite clear theoretical predictions, experimental results found
in literature are quite diverse. For example, in Ref. [17] Raman
spectra showed that only the Ajg mode exhibits a significant
change between F and P phase. In numerous experimental spectra,
only four phonons in P phase could be distinguished. These are Eg at
about 320 cm ™!, Ayg at 520 cm ™1, Fog band at about 405 cm™', and
600 cm™ . This problem has been discussed for a long time, a good
review of experimental data is published in 1983 in Ref. [12], but
the dilemmas are still present nowadays [17—19]. It has been
widely accepted, especially for nanomaterials, that results point to
both the cation and anion pyrochlore-type ordering in the nano-
domains inside the well-defined crystalline fluorite matrix.
Therefore in most systems with the F structure, the phonons that
are excluded by selection rules can be found. In most works, the
existence of the phonon modes at ~140 cm~! assigned to 0-A-O
vibrations and at ~220 cm~! assigned to O—B—O vibrations is
documented [12,17—19].

The main question in this work is why the frequencies of the
phonon modes we obtained differ from the frequencies obtained by
other authors. Moreover, the nature of the multiphonon processes is
also to be explained. Only the phonon detected at w3 =592 cm™! (Fog
symmetry) needed no special attention, since it was registered
many times before in F — structured Gd,Zr,07 [17—19].

Based on our results [9], we think that the answer lies in the
influence of doping with Eu*. As other authors [20] we as well
came to the conclusion that Eu®*, in relatively small concentra-
tions/amounts, did not induce changes in phonon spectra of
GdyZr,07. Another issue arises from the dimension of our powder.
Although we were not in the strong quantum confinement regime,
shifts in photoluminescence lines position occurred in comparison
with the bulk material [5,9]. The electronic structure of
Gd,Zr,0(Eu) with the experimental values from Ref. [9] is given in
Fig. 3. It can be seen that the transitions at 705 nm and 713 nm (°Dg
— 7Fy) differ by the energy of the phonon w; = 177 cm™ !, whereas
the transitions at 593 nm (°Dg — 'F;) and 588 nm (°Dg/’D; — "F;)
differ by the energy 2w, = 254 cm™ . The appropriate electronic
transitions can be found in the same manner for the other phonons
and their overtones. Specific structure at (°Dg — ’F,) transition, i. e.
the presence of two lines at 611 and 630 nm, appeared due to the
existence of the second harmonic of w, phonon.

532nm =2.3305¢V

8w oy oL T <
& Kf i D,

W 21
SDy=2.1358eV
588nm 593nm 630nm 654nm  713nm
578nm 584nm 611nm 705nm
7F4
7F3
o
F,
F,
U\)&l
7FU

Fig. 3. Schematics of electronic structure of Gd,Zr,0;(Eu). The phonons and their
harmonics that participate in photoluminescence are indicated.
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We believe that above mentioned phonons at ~140 cm™~! (0-A-O
vibrations) and ~220 cm~! (O—B—O vibrations) underwent certain
changes caused by the electron — phonon interaction; and were
shifted to 177 cm~! and 268 cm ™, respectively. There are many
papers that deal with the theoretical calculations concerning
electron — phonon interaction [21,22]. Of our interest are those
associated with the formation of phonon side band as a result of
electron — phonon interaction [23—25]. In principal, we observed
the surrounding of the dopant atom, in our case Eu*, for the
w1 =177 cm™~! phonon as presented in Fig. 4. The potential energy
curves of a selected nuclear motion are plotted as a function of its
conformational coordinate q in the electronic ground and excited
states E; and Eg, respectively. The most probable transitions, ac-
cording to the Franck-Kondon principle are given by red solid ar-
rows for the cases of absorption (A) and fluorescence (C). In our
case, the most probable absorption (A) was the one closest to the
laser energy. Schematic vibronic wavefunctions are given as grey
lines for selected vibrational energies. Red dashed arrows (B, D)
indicate fast vibrational relaxation following the initial electronic
transition. As presented in the right part of Fig. 4, the transition (B)
was in our case the most intense for the 8w; and 3ws3. Other
registered transitions were much weaker; therefore, the intensity
of the corresponding phonons was much smaller than that for 8w
and 3ws3, which is in accordance with the Franck — Kondon prin-
cipal rule and experimentally registered results given in Fig. 2. This
further leads to the occurrence of the phonon side band, as
described for the Eu®*, Eu*t/CdS, Eu®*/CdTe doped TiO,—ZrO,
matrices [10].

We can say that the phonons of the main crystal have changed
their energy, so that they now have the energy needed for intra/
zonal transitions, while the phonon symmetry remained
unchanged.

4. Conclusion

We used Raman spectroscopy to obtain phonon properties of
Eu* doped Gd,Zr,0; nanopowders. The registered electron —
phonon interaction led to the breakdown of the selection rules and
appearance of the new phonons in fluorite structure Gd,Zr,07(Eu)
spectrum. Registered multiphonon processes were a direct conse-
quence of certain peculiarities in electronic structure of Eu>* doped
GdyZr,07 nanopowders, which caused the phonon side band
appearance.
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ZnS nanoparticles were synthesized mechanochemically by high-energy milling, with three different
milling times (5 min, 10 min and 20 min). Nitrogen adsorption method was used for examining specific
surface area and texture of obtained powders. It was found that all samples are completely mesoporous.
The optical properties were studied by far-infrared spectroscopy at room temperature in spectral region
of 50—600 cm™ L. The analysis of the far-infrared reflectivity spectra was made by the fitting procedure.

The dielectric function of ZnS nanoparticles is modeled as a mixture of homogenous spherical inclusions

Keywords:

Nanostructures
Electron-phonon interactions
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in air by the Maxwell-Garnet formula. In the analysis of the far-infrared reflection spectra, appearance of
combined plasmon-LO phonon modes (CPPMs) with high phonon damping are observed, which causes
decrease of coupled plasmon-phonon frequencies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Research on semiconductor nanoparticles has significant sci-
entific and practical interest because of their unique optical and
electrical properties [1—4]. Zinc sulfide (ZnS) is an important [[-VI
semiconductor which semiconductor nanoparticles has been
investigated extensively because of its broad spectrum of potential
applications such as in catalysts, cathode-ray tubes (CRT), field
emission display (FED) phosphors for a long time. It can also be
used for electroluminescent devices and photodiodes [5—12].

The differences between the nanoparticles and bulk particles
are caused by a high surface to volume ratio, which induces the
structural and electronic changes. These differences depend on
particle sizes, shape and surface characteristics. The decrease of
particle sizes causes an extremely high surface area to volume ratio.
The enhanced surface area increases surface states, which change
the activity of electrons and holes, and affects the chemical reaction
dynamics. Consequently, much research on ZnS nanoparticles and
their physicochemical properties has been carried out and various
methods have been used for the preparation of these nanoparticles
[13—16].

The plasmons of free carriers and the longitudinal-optical (LO)
phonons interact via their macroscopic electric fields, and as the

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

http://dx.doi.org/10.1016/j.optmat.2016.05.004
0925-3467/© 2016 Elsevier B.V. All rights reserved.

result the coupled LO phonon-plasmon modes (CPPMs) appears.
The coupling of elementary excitations in solids has been investi-
gated by many authors, and the phenomenological approach to this
problem is formulated by several authors [17,18]. The most of
published studies are devoted to the interaction of a single phonon
with effective plasmons as well as the influence of the plasmon
damping on the CPPM [19,20]. Our intention is to use far-infrared
spectroscopy to study the fundamental properties of the coupled
plasmon-phonons modes in the ZnS nanoparticles as well as to
investigate these coupled modes under different phonon damping
conditions.

In this paper, we present the results obtained by using far-
infrared spectroscopy (FIR) to study optical properties of the ZnS
nanoparticles which are mechanochemical synthesized using high-
energy milling. Specific surface area and texture of obtained
nanoparticles were examined using nitrogen adsorption method.
The dielectric function of ZnS nanoparticles is modeled as a mixture
of homogenous spherical inclusions in air, by the Maxwell-Garnet
formula.

2. Samples preparation and characterization

Mechanochemical synthesis of ZnS nanoparticles was per-
formed in a Pulverisette 6 planetary mill. The milling condition
were: 50 balls of 10 mm diameter; weight charge of total powder
mixture in the mill was 14.2 g, ball charge in the mill was 360 g,
material of milling chamber and balls was tungsten carbide and
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rotation speed of the planet carrier was 500 rpm. Milling time was
5,10 and 20 min using an argon atmosphere as a protective me-
dium in the mill. Initial characterization of ZnS powders is pre-
sented in detail in Ref. [21]. We will briefly review results of these
investigations.

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. From micrographs (Fig. 1) we
conclude that ZnS powder is composed by well-defined and sepa-
rated nanoparticles. These nanoparticles are spherical and have
about 2 nm of diameter.

High resolution TEM (HRTEM-Philips Tecnai 200 operated at
200 kV) images provide the determination of the size of the
nanoparticles, the type of structures produced and also the possibly
induced morphologies (Fig. 2) [22]. Several clusters are clearly
identified, and particularly three of them are having sizes of 2.6, 3.7
and 3.4 nm respectively. The corresponding fast Fourier transform
(FFT) denotes a polycrystalline material, which must be composed
of the nanocrystals.

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions,
using a Philips PW 1050 diffractometer equipped with a PW 1730
generator, 40 kV x 20 mA, using Ni filtered CoKe radiation of
0.1778897 nm at room temperature. Diffraction patterns show
mainly the reflection of cubic phase (Fig. 3). The refracting planes
denoted with (hkl) indices are 111, 220 and 311, respectively.
Crystallite sizes were estimated as 1.9 nm (after 5 min milling time),
2.3 nm (10 min) and 2.4 nm (20 min).

3. Results and discussion
3.1. Adsorption isotherms - BET experiments

The specific surface area and the pore size distribution (PSD) of
ZnS were analyzed using the Surfer (Thermo Fisher Scientific, USA).
PSD was estimated by applying BJH method [23] to the desorption
branch of isotherms and mesopore surface and micropore volume
were estimated using the t-plot method [24]. Nitrogen adsorption
isotherms for ZnS nanoparticles, as the amount of N, adsorbed as
function of relative pressure at —196 °C, are shown in Fig. 4. Ac-
cording to the IUPAC classification [25] isotherms of ZnS samples
are of type IV and with a hysteresis loop which is associated with
mesoporous materials. In all samples, the shape of hysteresis loop is
of type H3. Isotherms revealing type H3 hysteresis do not exhibit
any limiting adsorption at high P/Pg, which is observed with non-
rigid aggregates of particles giving rise to slit-shaped pores [26].

Specific surface areas calculated by BET equation, Sggr, are listed in
Table 1. Sggr values, for all samples, lie within 41—72m? g~ . Overall
specific surface decrease with the increase of milling time. ryeq is
the median pore radius and this value is the largest in the case of
the sample obtained after 10 min of the mechanochemical treat-
ment. PS confirms this conclusion i.e., pore radii are in the wide
region from 2 to 45 nm.

Pore size distribution (PSD) of samples is shown in Fig. 5.
Figure shows that samples are mesoporous with most pore radius
between 2 and 46 nm. Mean pore radius for all samples, as well as
cumulative pore volume (CpV) are presented in Table 1. As ex-
pected, CpV decrease with increasing the milling time.

t-plots, obtained on the basis of the standard nitrogen adsorp-
tion isotherms, are shown in Fig. 6. The straight line in the medium
t-plot region gives a mesoporous surface area including the
contribution of external surface, Syeso, determined by its slope, and
the micropore volume, Vpc, is given by the intercept. The calcu-
lated porosity parameters (Smeso, Smic) are given in Table 1 t-plot
analysis confirmed that all samples are completely mesoporous
(pore radius is between 2 and 50 nm).

3.2. Far-infrared spectroscopy

The far-infrared measurements were 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 ™.

When visible light interacts with semiconducting nanoparticles
(characteristic size d, dielectric function e;) which are distributed in
a medium with the dielectric constant e; in the limit A >> d, the
heterogeneous composite can be treated as a homogeneous me-
dium and effective medium theory is applied. There are many
mixing models for the effective dielectric permittivity of such a
mixture [27]. Since our samples are well defined and separated
nanosized grains we used Maxwell-Garnet model for present case.
For the spherical inclusions case, the prediction of the effective
permittivity of mixture eefr according to the Maxwell-Garnet mix-
ing rule is [28]:

£ — &1
ey +2e1 — fe1 — £2)

Here, spheres of permittivity e; are located randomly in ho-
mogeneous environment ¢; and occupy a volume fraction f.

The ZnS nanoparticles are situated in air, therefore the ;7 is 1.
Dielectrical function of ZnS nanoparticles (e2) we obtain by
applying following procedure. The low-frequency dielectric

Eeﬁ:81+3f£] (1)

Fig. 1. SEM images of ZnS nanoparticles obtained after milling time of 5 min (a), 10 min (b) and 20 min (c) [21].
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Fig. 2. HRTEM analysis of mechanochemically synthesized ZnS nanoparticles: (a) identification of nanoparticle with size around 3 nm and (b) determination of structure using the

interplanar distance measurement [21].
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Fig. 3. XRD spectra of ZnS powders obtained after various milling times [21].

properties of single crystals are described with classical oscillators
corresponding to the TO-modes, to which the Drude part is
superimposed taking into account the free carrier contribution
[29]:

2 2
€oo (wLOk - ‘“TOk)

I
83((1)) = €x0 + " - v
; Wi — W? — iy @(wW +1l'p)

ot

(2)

where ¢, is the bound charge contribution and it is assumed to be a
constant, w ok and wrok are the longitudinal and transverse optical
phonon frequencies, wp the plasma frequency, yrok indicate the
damping of uncoupled modes of the host crystal, and I'p is the
plasmon mode damping coefficient.

In the case of ZnS nanoparticles the pure LO modes of the lattice
are strongly influenced by the plasmon mode (wp) of the free car-
rier, which causes appearance a combined plasmon-LO phonon
mode (CPPM) [18]. Consequently, the determination of LO mode is
connected with the elimination of free carrier influence. Hence, in
analysis of far-infrared reflection spectra of our samples we used
the dielectric function that includes the interaction between LO

phonon and a plasmon, i.e. the plasmon-phonon interaction [30].

2
2, 2
H((u +ly,jw7w,j> G, ,
er(0) — ¢ j=1 W + g0 — Wiio
- [e<] . . .
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(3)

The wj;and v;; (j = 1, 2) parameters of the first numerator are the
eigenfrequencies and damping coefficients of the longitudinal
plasmons-phonon (LP + LO) waves, that arise as a result of the
interaction of the initial (w1 0,zns and wp) modes. The parameters of
the first denominator correspond to the similar characteristics of
the transverse (TO) vibrations. The second term represents
uncoupled mode of the crystal (s), where wip and wyo are the
longitudinal and transverse frequencies, and Yo and yro are the
damping coefficients of the k-th crystal mode.

In that manner the TO mode frequencies obtained directly from
fit, while the LO modes are determined by the maximum of the
dielectric loss function. As a result the combined plasmon-LO
phonon modes (wj2) were observed. In the experimental spectra
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Fig. 4. Nitrogen adsorption isotherms as the amount of N, adsorbed as a function of
relative pressure for ZnS samples. Solid symbols-adsorption, open symbols-desorption.

Table 1
Porous properties of ZnS nanoparticles.
Sample  Sger (M?/8)  Smeso (M*/8)  Smic (M?/g)  CpV (cm®[g)  Tmed (Nm)
5 min 72 72 0 0.194 6.3
10 min 58 58 0 0.112 7.9
20 min 41 41 0 0.085 5.6
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Fig. 5. Pore size distribution (PSD) for ZnS nanoparticles.

only coupled mode positions are observable. Therefore the deter-
mination of LO-modes is connected with the decoupled procedure.

The far-infrared spectra of ZnS powders obtained after various
milling times, in the spectral range of 50—600 cm~!, at room
temperature are presented in Fig. 7. The experimental data are
presented by circles, while the solid line was obtained using the
dielectric function from Eq. (3), where s = 3.

Analyzing the reflection spectra we determine the values of
filling factors. In Fig. 7 the calculated spectra for different filling
factor are presented. Calculated spectrum for ZnS nanoparticles
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Fig. 6. t-plot for nitrogen adsorption isotherm of ZnS samples.

filling factor 0.52 is presented by dashed line, for 0.5 by solid line
and for 0.48 by doted line. The figure shows that for different
thickness there is a significant variance in calculated spectra. Main
volume fractions f obtained as the best fit parameter estimation are
presented in Table 2. These results are consistent with results ob-
tained by BET experiment (chapter 3.1). Namely, the increase of
milling time causes the mean pore radius to decrease, meaning that
the filling factor is increased and cumulative pore volume (CpV) is
decreased.

As we already said, calculated spectrum for ZnS nanoparticles
(solid line) was obtained using the dielectric function from Eq. (3),
where s = 3 This means that in the samples besides ZnS TO/LO pair
exist three phonons which do not interact with the free carriers.
These phonons at ~125 cm ™1, ~220 cm~! and ~295 cm ! originated
from cubic ZnS, and corresponding to sums and differences of two
phonons (overtones and combinations). Mode at about 125 cm™!
we identified as [TO;—LA]s, mode at about 220 cm~! as [TO—TA]x,
and mode at ~295 cm™! as [LA + TAylws [31]. The subindices “u”
and “I” indicate the upper and lower transverse branches,
respectively.

Characteristic parameters for plasmon-LO phonon interaction
are presented in Fig. 8. As a result of the best fit we obtained the
frequencies of coupled modes (w); and wjz) marked by open circles
and transverse mode frequencies which is denoted by stars. The
solid lines are solutions of a real part of the Eq. (2) (Re{es} = 0)
where | = 1. Dashed lines represent theoretical predicted values of
LO and TO frequencies of ZnS cubic crystal. As we already said, in
the experimental spectra only coupled plasmon-LO phonon modes
(w112) were observed. The reflection spectra minima occurred at
area of w1y eigenfrequencies, while their maximum was at o
(Fig. 7.). These modes are classified in a lower branch (L_) and an
upper branch (L, ). With the increase in plasma frequency the na-
ture of the upper mode changes in energy from the LO phonon-like
to a plasmon-like. The change in the lower frequency mode occurs
in the reaching the transverse-optical (TO) phonon energy for large
plasmon energy. In the case of ZnS nanoparticles CPPM frequencies
values (wp) is lower than longitudinal optical frequencies of ZnS
crystal, which means that interaction between free carriers and LO
phonon causes frequency decrease. In Fig. 9 eigenfrequencies of
plasmon phonon modes for single crystal ZnS, for different values
of transverse phonon damping are presented. It is clearly seen that
increase of phonon damping causes decrease of coupled plasmon-
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Fig. 7. Far-infrared reflection spectra of ZnS nanoparticles. The experimentally ob-
tained data points are depicted by circles. The theoretical spectra obtained with the
model defined by Eq. (3) and fitting procedure are given as solid lines. Three different
samples were considered which are obtained after various milling times.

Table 2

Main volume factor for ZnS nanoparticles obtained after different milling time.
ZnS nanoparticles t =5 min t =10 min t = 20 min
f 0.47 0.49 0.50

phonon frequencies. In the case of ZnS nanoparticles we discuss
phonon damping is about 160 cm~1, consequently it is obvious that
the high value of phonon damping cause decrease of plasmon-LO
coupled frequencies. High values of the phonon damping are
caused by small dimensions of nanoparticles, namely the amount of
damping is inversely proportional to the crystallite size [32].

Determination of LO mode is connected with the elimination of
free carrier influence, i.e. with the decoupled procedure [30]. This
procedure is explained in detail in our previous work [33]. The
numerically calculated values for LOzs frequencies, as the solutions
of a real part of Eq. (2) (Re{es} = 0) and g ~160 cm ™ is presented in
Fig. 8 by open squares. However, on the contrary to our previous
articles, in this case we must take into account high values of
phonon damping. Difference between values of LO frequencies
calculated in this manner and values obtained when the value of
damping is neglectable is shown in the inset Fig. 8. Values deter-
mined in this way, taking into account high values of the phonon
damping are in excellent agreement with theoretically predicted
values.

4. Conclusion

As a method to investigate phonon properties of ZnS nano-
crystals we used far-infrared spectroscopy. ZnS nanoparticles were
synthesized mechanochemically by high-energy milling, wherein
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Fig. 8. The eigenfrequencies of the plasmon-phonon modes for ZnS nanoparticles
obtained after various milling times. The solid lines are calculated spectra from Re
{es} = 0, where & is given by Eq. (2); O — w2, * — wro and O — wio. Inset: W — wio
(g~1cm™), 0 - wyo(g~160cm ") and O — wyy.
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Fig. 9. Eigenfrequencies of plasmon-phonon modes for ZnS nanoparticles. The solid
lines are spectra calculated from Re{es} = 0, where es is given by Eq. (2) while
parameter | is set to 1. Seven different values of plasma damping were considered, i.e.,
g =0, 50, 100, 150, 200, 250, and 300 cm™".

the milling time was varied. All samples are completely meso-
porous, the nanoparticles are spherical, well-defined and sepa-
rated. The increase of milling time causes the increase of filling
factor and decrease of cumulative pore volume (CpV). We threat the
ZnS nanoparticles as a mixture of homogenous spherical inclusion
in air modeled by Maxwell-Garnet formula. Far-infrared measure-
ments reveal, besides modes characteristic for the ZnS cubic crystal
lattice and their multiphonon combinations, combined plasmon-
LO phonon modes (CPPMs) with high phonon damping. As a



230 J. Trajic¢ et al. / Optical Materials 57 (2016) 225—230

consequence the specific nature of the behavior of the coupled
phonons frequency is determined.
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Semiconductors of II-IV-V, type with chalcopyrite structure have been studied for several decades. Due to ad-
vances in materials synthesis technologies, and doping with various elements, the possibilities of their appli-
cation have expanded. In this paper, polycrystalline ZnSnSb, + Mn was examined with the aim to explain the
connection of its high free carrier concentration with the material structure and influence on optical properties.
Two samples of Zn;_,Mn,SnSb, with different compositions (x = 0.027 and x = 0.076) and significant differ-
ence in carrier concentrations were analyzed. Their structural properties were examined by x-ray diffraction,
optical microscopy, and AFM. The existence of several different phases - ZnSnSb,, ZnSb, SnSb, and small
amounts of Sn and MnSb, as well as very complex microstructures, were registered. It was found that the high
free carrier concentrations are caused by a large number of defects, especially zinc vacancies. Optical properties
were analyzed using IR spectroscopy at room temperature. Based on the analysis of IR reflection spectra, the
presence of plasmon - phonons interaction was registered. It was determined that three ZnSnSb, phonons of B,
symmetry interact with plasma, which then leads to the change of their positions. A detailed analysis of this
interaction provides insight into the behavior of some other material parameters. Also, vibration modes of ZnSb
and SnSb phases were registered on the spectra. Knowledge of phonon behavior and their interaction with
plasma is important for possible applications, especially as a thermoelectric material.

1. Introduction concentration of free carriers (10*'-10%? cm~3) and inhomogeneous

structure [8,9]. In this paper we analyzed ferromagnetic semiconductor

Semiconductors have been widely used thanks to the ability to
adapt to different requirements. The II-IV-V, chalcopyrite semi-
conductors have been intensively studied in recent decades [1]. The
fields of their application are considerably expanded by doping with
various impurities. A significant breakthrough was achieved by the
addition of magnetic impurities, whereby ferromagnetism at room
temperature was achieved [2,3]. The synthesis technology of this class
of compounds has been developed, but it is still adapting to new re-
quirements [4]. Zn-Sn-Sb based alloys have required thermoelectric
properties and find application as low-toxic thermoelectric materials
[5,6,7]. The engineering of structural, transport, electrical, optical,
magnetic properties as well as other material parameters, goes along
with the increasing application of this class of semiconductors.

ZnSnSb,, is II-IV-V, type material with the tetragonal chalcopyrite
structure, narrow gap of 0.7 eV at room temperature, high
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ZnSnSb, + Mn, which has interesting magnetic properties, such as
paramagnet-ferromagnet transition with the Curie temperature about
522 K and the cluster-glass behavior with the transition temperature
about 465 K, caused by the formation of MnSb clusters in the material
[10]. The Zn;,Mn,SnSb, samples were obtained using direct fusion
method, and characterization of their structural, magnetic, optical and
phonon properties were done [9]. We chose two samples with different
chemical contents, x = 0.027 and x = 0.076, which we labeled as
samples A and B respectively, with the aim to examine their properties
in more detail. Main reason was a ten times difference in their free-
carrier concentrations (o = 13 x 10 cem™® and
pg =12 X% 10%' em~3). We wanted to determine what the cause of this
difference in concentration is, and whether there is a reaction between
the free carriers and the crystal lattice. The question of plasmon-phonon
interaction is particularly interesting in the study of thermoelectric
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Fig. 1. (a) X-ray diffraction pattern for ZnSnSb, + Mn samples which contain different amounts of Mn. The registered crystal phases are marked; (b) The two spectra

are overlapped to compare their relative intensities.

materials, as well as their electrical and thermal conductivity, and their
interdependence.

ZnSnSb, is not a homogeneous material, and the consequence is that
even two samples from the same crystal can have significantly different
properties. This is not surprising given the complicated ZnSnSb, mi-
crostructure. Our goal was to analyze the relationship between micro-
structures, their phonons and free carriers, their conditionality and
interactions. For this purpose we used x-ray diffraction, optical micro-
scopy, AFM and IR spectroscopy measurements. Obtained results were
analyzed by applying the model for plasmon-phonon interaction.

2. Samples and characterization

ZnSnSb, semiconductor has a chalcopyrite structure, spatial group
142d, with lattice parameters a = 6.275 A and ¢ = 12.55 A and ratio ¢/
a close to 2. ZnSnSb, melts by a peritectic reaction at T = 362 °C with a
possible phase transformation of the cubic modification into a tetra-
gonal one at T = 348 °C [11,12]. The ZnSnSb, + Mn ferromagnetic
semiconductors were synthesized using the method that makes it pos-
sible to obtain single crystals at temperatures below the temperature of
the peritectic reaction.

The analyzed samples of Zn; ,Mn,SnSb, were synthesized by the
direct fusion method. High purity components were used for the
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synthesis: zinc single crystals (99.999%), shots of tin (99.999%), anti-
mony single crystals (99.999%), and manganese powder (99.999%).
They were mixed in stoichiometric ratios.

The reaction mixture was put into a quartz glass tube and heated up
to 631 °C. After that, ampoules were quenched to 355 °C and then
annealed at 355 °C. This is described in more detail in the papers
[12,13]. The synthesized crystals were cut into slices of about 1.5 mm
thickness.

The chemical composition of the samples (x) was determined using
the energy dispersive x-ray fluorescence method (EDXRF) [10]. Ob-
tained results showed that average Mn content (x) in the samples is
between 0.027 and 0.138. All the studied crystals had the correct
stoichiometry of Zn;_,Mn,SnSb, alloy equal to 1-x: x : 1 : 2, within our
measurement accuracy of about 10% of the x value.

Based on the magnetotransport measurements [10] it was found
that electrical and magnetotransport parameters, such as resistivity,
carrier concentration, and carrier mobility, do not depend linearly on
composition, i.e. on the Mn content. Therefore, as mentioned above,
two samples with a considerable difference in free-carrier concentra-
tions were selected. The sample with x = 0.027 and
p = 13 x 10*! em™ 3 was labeled as sample A and the one with x
= 0.076 andp = 1.2 x 10*! cm ™2 as sample B. In this way we wanted
to determine the connection between the free carriers and the structural
and optical properties of the alloy.

The structural properties of these samples were investigated by the
XRD powder technique. Measurements were done using a Philips PW
1050 diffractometer equipped with a PW 1730 generator,
40 kV x 20 mA, using Ni filtered Co Ka radiation of 0.1778897 nm at
room temperature. The x-ray diffraction patterns were collected during
2 h in the range of 10—100° with a scanning step of 0.05° and 10 s
scanning time per step. Phase analysis showed that besides the main
phase of chalcopyrite ZnSnSb,, the orthorhombic ZnSb, rhombohedral
SnSb, and hexagonal MnSb phases are present in the samples. This is
consistent with the literature [8,10].

An optical microscope was used to get an insight into the distribu-
tion of different phases of the material along the surface. Images were
captured using Olympus BH series modular microscope with UIS ob-
jective lenses with 50x and 400x enhancement.

The surfaces of ZnSnSb, + Mn samples were examined in detail
using Atomic Force Microscope (AFM), NTEGRA prima from NTMDT.
The topography and phase images were acquired simultaneously by
operating the AFM in semi-contact mode. NSGO1 probes with a typical
resonant frequency of 150 kHz and 10 nm tip apex curvature radius
were used.

The far-infrared (FIR) reflectivity measurements were done with a
BOMEM DA-8 Fourier-transform infrared spectrometer in the spectral
range from 40 to 450 cm ™! at room temperature. A Hyper beamsplitter
and deuterated triglycine sulfate (DTGS) pyroelectric detector were
used.

3. Results and discussion

It is known that during the preparation of ZnSnSb, the poly-
crystalline material is formed, consisting of the main phase and ZnSb,
SnSb and B-Sn inclusions [11].

The structure of the two selected samples was investigated by X-ray
diffraction measurements. Obtained results with marked phases are
presented in Fig. 1. In Fig. 1(b) the overlap of the results is shown, with
the aim to compare their relative intensities. The list of XRD peaks
positions and their corresponding Miller indices and phases is given in
Table 1 in Supplementary Materials.

Besides the chalcopyrite ZnSnSb, phase the orthorhombic ZnSb,
rhombohedral SnSb, Sn have also been registered, as well as weak lines
from hexagonal MnSb inclusions. The idea was to detect differences in
the structures of these two samples. It is obvious that diffraction lines
corresponding to the ZnSnSb, phase (squares) are stronger for sample A

Infrared Physics and Technology 108 (2020) 103345

Table 1
Expected values of ZnSnSb, phonons of B, and E symmetries, from literature
[26].

Phonon B,' B> B> E! E2 E* E* E° ES

Estimated value [cm~'] 189 199 70 189 185 195 111 88 54

as well as lines of SnSb phase (open circles). Also, it is clear that lines
corresponding to ZnSb (black circles) are mostly stronger for sample B.
Existence of the Sn phase is evident, but lines corresponding MnSb
phase are barely visible.

In order to examine the spatial distribution of the existing different
crystal phases, the samples were recorded by an optical microscope
with two different magnifications (50 X and 400 X ). Obtained mi-
crographs are presented in Fig. 2.

Existing phases are clearly visible and they form multiphase struc-
tures. It should be noted that this is a very non-homogeneous material
and that images from different parts of the samples differed, so the
characteristic ones are selected and shown in Fig. 2.

In our previous work [9] is determined that gray fields are ZnSnSb,
crystal, white ones correspond SnSb phase and that dark parts consist of
ZnSb. Micrometric crystals of MnSb in the shape of dark circles were
registered also.

Although microstructures of similar shapes have been formed in
both samples, it is apparent that the surfaces significantly differ. Based
on previous work [8,9,14], it can be concluded that these spherical and
needle like microcrystals are ZnSb, MnSb, Sn, and Sb phases formed
during crystallization of the material. As can be seen from Fig. 2. the
sample B contains a lot of micron-sizes phases relatively evenly dis-
tributed over the surface (volume).

In order to more accurately examine the surface of the samples, we
used atomic force microscopy (AFM) measurements. The characteristic
results are presented in Fig. 3.

The surfaces of both samples have a granular structure. The sample
A has evenly distributed grains over the entire surface with a few larger
clusters and an average grain height of around ~100 nm (see Fig. 3(a)
and the profile in Fig. 3(c)). The phase contrast in Fig. 3(b) originates
exclusively from the abrupt changes in the height, indicating that the
material properties of the sample A surface are homogeneous. The
grains on the surface of the sample B are exclusively arranged into
clusters which are not evenly distributed over the surface. The majority
of the clusters reach several tens of nm in height, with a few exceptions
having a height of ~100 nm (see Fig. 3(d) and the profile in Fig. 3(f)).
The phase contrast of the sample B surface shows that the larger clusters
have a distinct phase shift, seen as dark and white regions in Fig. 3(e),
so that clusters have different material properties than the remainder of
the surface.

This material is known to be difficult to synthesize and beside
ZnSnSb, the ZnSb and SnSb phases are formed [11,15]. The series of
Zn, ,Mn,SnSb, samples were synthesized under the same conditions
with the only difference being the starting amounts of manganese and
zinc [10]. Obviously, the small variation in the starting mixture causes
rather different structures and properties of the materials.

It was found that a large concentration of lattice defects, especially
in the cation sublattice, in ZnSnSb, as well as in other II-IV-V, semi-
conductors [16,17], causes a high hole concentration. In particular, Zn
vacancies are those defects that lead to a very high concentration of
holes [18,19,20]. Typical hole concentration in ZnSnSb, is 10*° ¢cm ™3
[15-20], in two-component p-type ZnSb it is 10'° cm ™3 [18,19], while
SnSb is a n-type material with metallic character and electron con-
centration of about 10%?> cm 2 at 1.8 K [21]. Evidently, the electronic
structure is very complex in this material.

It is difficult to say exactly what is the cause of different hole con-
centrations in the Zn; ,Mn,SnSb, samples, but it could be assumed that
Zn vacancies are the main reason. Sample A has a higher content of
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Sample A

Sample B

Fig. 2. Micrographs of the ZnSnSb, + Mn samples surfaces with magnifications of 50 x and 400 X .

SnSb, which is related to a higher deficiency of Zn atoms, and therefore
higher hole concentration. So, the different concentrations of free car-
riers in the samples are a consequence of various defects and micro-
structures which are formed.

In order to examine the interaction of free carriers and a lattice, the
far-infrared reflectivity spectra in the range 40-450 cm™! at room
temperature have been recorded. Obtained spectra are shown in Fig. 4.

It is obvious that the most distinct difference between the spectra
relates to wave numbers above 220 cm™', where the high carrier
concentration has a main influence. Also, in the range from 120 to
180 cm ™! the spectrum for sample B (black line) contains some phonon
lines which are absent or attenuated in the spectrum for sample A (red
line).

A detailed analysis of the obtained results was necessary. For the
analysis of the spectra the fitting procedure which includes plasmon -
phonon interaction was applied.

4. Plasmon - phonon interaction

In materials with high free carrier concentration a plasmon-phonon
interaction should be taken into account, as it significantly affects the
properties of the material. Its influence on the dielectric properties of
the material is important for the analysis of the reflection spectra.

A theoretical model of the dielectric function in bulk materials [22]
has been applied. The dielectric function e(w) describes dielectric
properties of single crystal and includes classical oscillators corre-
sponding to the TO-modes, and Drude part which takes into account the
free carrier contribution:

! 2 2 2
€00 (Wi — @ E0o®,
(@) = £ + z 200( Lok ) _ oo p

w(w + ilp) 6h)

R
k=1 @Tok — @ — o @

In this equation ¢.. is the high-frequency dielectric constant, wrox
and wpor are the transverse and longitudinal optical-phonon fre-
quencies, [ is the number of phonons,wp is the plasma frequency, yrox

and I'p are the phonon and plasmon damping. The use of such a di-
electric function is valid in multiphase materials, since it is based on a
phenomenological approach where the effective values of the material
parameters are used, e.g. @y = wy + Wy + Wpy + -

As our ZnSnSb, + Mn samples have high concentration of free-
carriers (p), and therefore high values of wp (wp> ~ p), it is expected that
plasma interacts with phonons. As a result the phonon frequencies are
changed, i.e. their positions are shifted from the expected values. The
phonon lines observed at the reflection spectra are these shifted modes
i.e. coupled plasmon-phonon modes. So, the situation is much clearer if
the dielectric function which takes a plasmon-phonon interaction in
advance is used [23,24]. It also allows the possibilities that more than
one phonon interact with plasma as well as existence of uncoupled
phonons. That dielectric function is:

n+1 2 . 2 s ) )
Hj:l (@* + iy — wj) H @ + o ® — Wiok
.

£(w) = ex - -
w(w + ilp) H;;l (@* + ip0 — wf)

@? + iY@ — Wi
2

The first fraction in Eq. (2) describes coupling of a plasmon and n LO
phonons, where parameters w; and y; are eigenfrequencies and
damping coefficients of the longitudinal component of the coupled
phonons. w,; and vy, are frequencies and damping of transverse com-
ponent of these phonons. I', is the plasma damping. The second factor
in Eq. (2) represents s uncoupled phonons of the crystal, wherein wyox
(wror) and yrox (ytox) are LO (TO) frequencies and damping coeffi-
cients of the k-th uncoupled phonon of the crystal.

The analysis of the obtained reflection spectra was performed by a
fitting procedure, by adjusting the parameters of Eq. (2) in order to
obtain a match between the experimental and theoretical curves. The
values of w; and w,; are directly obtained in this way while the wp and
wo values are calculated [25]. It can be seen that the positions of the
;2 and wyy are significantly different for samples A and B. The behavior
of phonons and interactions with plasma were analyzed based on the
data thus obtained.

k=1
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Sample A

Sample B

Fig. 3. (a) AFM topography and (b) corresponding phase-contrast image of
sample A; (c) Height profile taken along the straight solid line in (a) from point
P; to point P,; Figures (d), (e), and (f) refer to sample B in the same way.

The phonons of ZnSnSb, which are IR active are known from lit-
erature [26], and they are of B, and E symmetries. Their estimated
values are given in Table 1.

Plasmon - phonon interaction commonly refers to the coupling of
the plasma and one phonon [27]. In that case two coupled modes ap-
pear w;; and wp,, often labeled as w, and w.. In the case of ZnSnSb,,
based on data obtained by fitting procedure, it was established that the
plasma interacts with three phonons of B, symmetry [28,29,30]. As a
result of that their positions are shifted and instead three B, modes
there are four coupled modes wy;, w2, w3 and wyy. Obtained values are
shown as black points in Fig. 6. Their positions are different for the two
samples because of the different influences of the plasma (wp> ~ p).
Because of the high plasma frequency of sample A, the wy has high
value of 675 cm ™! which is outside of the measured range.

For ease of analysis, it is common to draw a dependency diagram of
obtained parameters (wy, @, @Wro, Wo) on plasma frequency wp, as
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Fig. 5. Analyzed reflection spectra; experimental data are represented by cir-
cles while black lines are theoretical curves; registered optical phonons are
indicated on the spectra.

shown in Fig. 6. The full lines are solutions of Re{e(w)} = 0 from Eq.
(1). It should be noted that line w;3 between B,' and B,> phonons is
barely visible because they are very close. The lines are calculated for
five different values of plasma damping I, (Fig. 6) (I'; = 1/z, where 7 is
a lifetime of plasmon). This was done to determine /7, interdependence
with plasmon - phonon interaction.

The obtained values of plasma damping and plasma frequency of
samples A and B are: I'pa = 500 ecm™', Iyp = 375 cm™ ),
wpa = 837 em ™! and w,p = 405 cm ™. It should be noted that these
parameters represent the effective values that describe the sample as a
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Fig. 6. Analysis of plasmon - three-phonons interaction; Full lines are obtained
from Eq.(1), as the solutions of Re{e(w)} = 0, for various values of I',; Black
points represent experimentally obtained data for w;; for both samples (Eq. (2)).

whole. It could be expected (based on p, and pg values and wp? ~ p)
that wps and wpp differ about three times, which was not established.
Plasma frequency is defined as wp2 = (npez)/(soemmh*), i.e. it includes
other parameters of the material. Thus, by determining the plasma
frequency and plasma damping the other properties of the material can
be analyzed.

Besides phonons of B, symmetry which interact with plasma, other
ZnSnSb, phonons are not registered on the IR reflectivity spectra.
However, characteristic phonons of the other phases can be identified,
as can be seen in Fig. 5. It was necessary that these phonons are not
covered by the plasmon - phonon interaction. ZnSb modes are noticed
at about 125 and 165 cm™?, which is in agreement with results from
the literature [31]. Two modes that correspond to SnSb phase are at
about 94 and 145 cm ™!, which matches the previously obtained data
[9,32]. The appearance of these modes is expected due to the sig-
nificant presence of ZnSb and SnSb phases in the samples. MnSb pho-
nons are not registered, i.e. it was not possible to discern them due to
the small amount of that phase.

Based on the performed analyses, it can be seen that different mi-
crostructures formed in the investigated samples lead to high con-
centrations of free carriers, but which are ten times different from each
other. Those high values cause plasmon - B, phonons interaction. That
can be used to analyze optical and electrical properties of the materials,
as well as other parameters, such as dielectric constants, effective mass
of charge carriers and phonon lifetimes. In this way, the multiphase
material with different microstructures was analyzed as a whole.

Investigation of thermoelectric properties of ZnSnSb, is a current
issue [5,15,33]. The analysis of plasmon - phonon interaction per-
formed in this paper can significantly assist in the study and under-
standing of thermoelectric processes in this as in other semiconducting
polycrystalline materials [34].

5. Conclusion

Two samples of ZnSnSb, + Mn with different amounts of manga-
nese were analyzed in this paper. The small difference in the initial
composition of the material led to a difference of ten times in the free
carrier concentrations. Their structural properties were examined by x-
ray diffraction, optical microscopy, and AFM. Several different phases
were registered - ZnSnSb,, ZnSb, SnSb, and small amounts of Sn and
MnSb. These phases form different microstructures, which is related to
the large irregularities of the lattice. It was found that the high free
carrier concentrations are caused by a large number of defects, espe-
cially zinc vacancies.

The optical characteristics of these multiphase materials were
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examined, whereby the samples were considered as a whole. Based on
the analysis of IR reflection spectra the presence of a plasmon - phonons
interaction was confirmed. It was determined that three ZnSnSb, pho-
nons of B, symmetry interact with plasma, which led to the change of
their positions. It is clear that strong plasmon - phonon interaction
modifies optoelectronic properties of the ZnSnSb, + Mn samples, and
that phonon positions depend on a free carrier concentration. A de-
tailed analysis of this interaction also provides insight into the behavior
of other material parameters, such as dielectric constants, effective
mass of charge carriers and phonon lifetimes. Also, vibration modes of
ZnSb and SnSb phases were registered on the spectra. Knowledge of
phonon behavior in a material, as well as interaction with plasma, is
very important for studying its thermoelectric properties.
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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

* Corresponding author.
E-mail address: martina@ipb.ac.rs (M. Gilic).

https://doi.org/10.1016/j.physe.2019.113708

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 (wt0), @ 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 (Tg) 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

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:

2
n Pro;
"

5 .

— 0" — WY

e (w) = eIl | —5"——5——— — ,
W7o, — W7 — 1Y 19

€8]

describes its optical properties in the IR region. Here, wto and wyo 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)

€1 — &gy
( )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
Eoff

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,,, < — ))
Eeff

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 f is 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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The far-infrared spectroscopy was used to analyze optical properties of PbTe single crystals doped with different
amounts of Si. A dielectric function that takes into account the plasmon-phonon interaction was employed in the
measured data manipulation. Two frequencies of plasmon-phonon coupled modes were obtained with the best-
fit method, whereas the values for LO mode and plasma frequency (wp) were calculated. The best-fit to the

experimentally obtained spectra agrees very well with the theoretical prediction.

1. Introduction

Specific physical and chemical properties of PbTe draws attention of
numerous scientific studies. In particular, small band gap and high
carrier mobilities qualify it for application in infrared optoelectronic
devices [1] and thermoelectric materials [2]. The PbTe is also a good
candidate for topological insulators materials. For instance, there are
theoretical predictions that Te antisite defects in nonstoichiometric Te-
rich PbTe could induce a band inversion, turning it into a topological
crystalline insulator [3].

Thermoelectric materials found use in searches for alternative and
complementary energy sources due to their ability to convert heat to
electricity and vice versa [4-7]. Advantages of thermoelectric systems
for direct heat-to-electricity conversion are environmental friendliness,
absence of pollutants, small size, reliability, and large operating tem-
perature range. Performance efficiency of a thermoelectric material, ZT,
is expressed as ZT = (S20/x)T, where S, T, p, and « are the Seebeck
coefficient, temperature, electrical resistivity, and thermal con-
ductivity, respectively. The rocksalt-structured PbTe and related ma-
terials of n-as well as of p-type are shown to be good thermoelectric
materials that operate in the mid-temperature range. As a matter of
fact, PbTe-based materials have the highest recorded ZT among the
bulk TE materials [8]. However, the materials based on PbTe have low
mechanical strength, which can be improved by using Si as a dopant
[9].

In order to absorb electromagnetic radiation, free carriers have to
interact with a lattice. Transitions of an individual carrier as well as
formation of collective plasma oscillators (plasmons) can contribute to
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E-mail address: jelena@ipb.ac.rs (J. Trajic).
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the absorption. Consequently, the free-carrier absorption contains in-
dividual-carrier excitations (individual-carrier scattering), as well as
collective carrier excitations (plasmon generation). Coupling of ele-
mentary excitations in solids has been investigated in a number of
studies [10-13]. Studies of photon-plasmon processes usually start with
a dielectric function for free carriers in a perfect crystal. Our approach
[14,15] is to create a dielectric function that explains registered pro-
cesses, and to compare it to the parameters obtained with the classical
approach [13,16,17]. Comparison of the two yields to the physical
explanation of the processes that take place in the doped semi-
conductors.

Raman spectroscopy is the commonly used technique to analyze
optical properties of different materials. But, acquiring information
about the coupled plasmon-phonon modes from the Raman spectra of
PbTe samples is closely related to the ability to eliminate the influence
of the oxide layer that is being formed at the sample surface. For film-
samples, an additional problem can be removal of the substrate influ-
ence [18]. Further, analysis of the obtained results must be performed
with elaborate mechanisms related to the microscopic approach in
calculation of the Raman scattering cross-section [11] because the po-
sition of plasmon-phonon modes does not always coincide with the
spectral maximum. Use of the IR spectroscopy in the analysis of the
coupled plasmon-phonon modes takes into account all of these issues.
In addition, in IR spectroscopy the position of global minimum remains
directly related to the frequency of the coupled plasmon-phonon
modes.

In this paper far-infrared spectroscopy (FIR) is used to study optical
properties of PbTe single crystals doped with Si. Three values of Si
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concentration in the samples were considered, namely 1, 3, 5.6 at.%.
Analysis of the reflection spectra in a wide spectral range was used to
detect plasmon-phonon coupling in the studied system.

2. Experiment

Single crystal ingots of PbTe(Si) were grown by the modified
Bridgman method. The samples were synthesized using high purity
components. The impurity content in the starting mixture was from 3 to
8 at.%. The Si concentration in the crystals used here was 1, 3, and
5.6 at.%. Distribution of silicon along ingots was determined by the XRF
(X-ray fluorescence) analysis. Prior to analysis, the ingots were cut into
discs of the same thicknesses. The XRF measurements were carried out
on both sides of each disc and the spectra are given as the average of the
two. Distribution of silicon along these ingots is in accordance with the
model given in Ref. [19] according to which impurities always moves
back to the end of the ingot.

The infrared reflectivity measurements were carried out at room
temperature with a BOMEM DA-8 Fourier-transform IR spectrometer. A
deuterated triglycine sulfate (DTGS) pyroelectric detector was used to

cover the wave number region from 50 to 450 cm ™ *.

3. Results and discussion

The low-frequency dielectric properties of single crystals are de-
scribed by classical oscillators corresponding to the TO-modes and the
Drude part which takes into account the free carrier contribution
[10,17]:

n 2 2
Eoo (Wor — @iok)
e5(@) = £ + ), — % —
k=1 @Tok — @7 — o ®

£}
w(w + iyp)

(€3]

where ¢.., @Wrok, @Wrok, Wp, YTOks and yp are the bound charge con-
tribution taken to be constant, longitudinal and transverse optical-
phonon frequencies, plasma frequency, and phonon and plasma
damping. Therefore, the TO mode frequency is obtained directly from
the fit, whereas the LO modes are determined from the maximum of the
dielectric loss function.

In the PbTe doped with Si the pure LO-mode of the lattice is strongly
influenced by the plasmon mode of the free carriers, which causes ap-
pearance of a combined plasmon-LO phonon mode [12]. Consequently,
only coupled mode positions are observable in the experimental spectra
and the LO-modes are detectable only if the influence of the free carrier
is eliminated [13]. Therefore, in the analysis of far-infrared reflectivity
spectra of PbTe doped with Si we used the dielectric function that in-
cludes the interaction between LO phonon and a plasmon, i.e. the
plasmon-phonon interaction in its initial form [13, 15]. Namely, the
expression for dielectric function is

2 ) )
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The parameters wj; and vy in the first numerator represent the ei-
genfrequencies and damping coefficients of the coupled plasmon-
longitudinal phonon waves. The parameters in the first denominator
correspond to the similar characteristics of the transverse (TO) vibra-
tions. The second term in Eq. (2) represents [ uncoupled modes of the
crystal. Consequently, w;op, and wro, are the longitudinal and trans-
verse frequencies, whereas yio, and yro, are the corresponding
damping parameters. Therefore, the determination of LO-mode and
plasma frequency is connected with the decoupled procedure.

The far-infrared reflection spectrum at room temperature of the
PbTe single crystal doped with 1at.% Si is presented in Fig. 1. The
experimental data are depicted with circles, whereas the solid line re-
presents the calculated reflectivity spectrum, which is obtained by the
fitting procedure that is based on the model for plasmon-phonon cou-
pling given by Eq. (2). In the fitting procedure, the modes characteristic

25 2
w® + iYpo,@ — Wigp
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Fig. 1. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The spectrum obtained experimentally at room temperature is presented
with circles. The solid lines depict the calculated spectrum obtained by the
fitting procedure that is based on the model given by Eq. (2) where p = 1.

for this type of material are included, namely the pair of PbTe TO/LO
modes and the mode at about 73 cm ™, which is the PbTe Brillouin
zone edge mode. These modes are considered because the phonon
density of PbTe has a maximum at their frequencies [20].

Slight discrepancy between the theoretical spectrum and the ex-
perimental results in the frequency range at about 100 cm ™' (marked
by dashed lines) indicates the existence of the mode that corresponds to
the Si impurity. Fig. 2 shows the same spectrum as Fig. 1; however, in
addition to the modes considered previously, the fitting procedure
contains the Si impurity mode at about 90 cm ™. Note that lead tell-
uride grows with rather high concentration of native defects (vacancies,
etc). In the PbTe lattice Si is a substitute for Pb and as such is a sub-
stitution impurity ion. Consequently, every ion in PbTe is no longer in
the center of inversion symmetry and PbTe vibration modes could be
Raman as well as far-infrared active. The impurity mode can arise
simply because of the difference between masses and force constants of
the impurity ion and the ion of the host material [21]. Their appearance
can be caused by more complex mechanism of electron-phonon inter-
action [22]. When the semiconductor is doped with a substitution im-
purity [10] (in our case Si), and if the substitution takes place with the
atoms of the heavier mass (Pb), lighter impurity leads to two modes: a

Fig. 2. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The experimental spectrum obtained at room temperature is presented with
circles. The solid lines are calculated spectrum with additional Si impurity
mode, obtained by the fitting procedure that is based on the model given by Eq.
(2) wherep = 2.
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Fig. 3. Far-infrared reflection spectra of PbTe single crystals doped with 1, 3
and 5.6 at.% Si. The experimental spectra obtained at room temperature are
depicted with circles. The solid lines are calculated spectra obtained by the
fitting procedure that is based on the model given by Egs. (2) and (4).

local mode situated above the optical band and a gap mode situated
above the acoustic band and below the optical band of the host lattice.
The position of Si impurity mode in PbTe was estimated in the manner
described in detail in Ref. [23], namely with the expression

_
Mpy

wr (Sl) = COTo(PbTe) MSi

3)

where Mp;, and Mg; are the masses of the atoms Pb and Si, respectively.

We did not manage to determine the set of parameters that provide
good spectrum overlapping in the whole range of frequencies.
Registered discrepancy between the experimental and the calculated
reflectivity spectra is obvious, and the new structure is observable
above 220 cm ™! In order to remove this discrepancy, Egs. (1) and (2)
were extended to include the term [24]:

wl%)c
wé — @? — iwG (&)
where wg, G, and w),. are the characteristic frequency, damping, and
"strength" of the additional oscillator. According to Ref. [24], (Wi00)? is
proportional to the Ny, carrier concentration at the localized level.

In Fig. 3 we compare the experimental results to the theoretical
spectrum at room temperature of PbTe single crystals doped with 1, 3
and 5.6 at.% Si, which take into account additional term described with
Eq. (4) in Eq. (2).

We obtained the value of wy = 235 + 8cm ™~ as the result of the
best fit procedure. In the SiTe electron transition from the excited state
E to the ground state X exists in the range above 220 em ™! [25]. It
seems that during the process of doping PbTe with Si, localization of
electrons occurs in the vicinity of Si impurity atom as a consequence of
the appearance of Te—SiTe clusters with cubic symmetry. As one can

1
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Fig. 4. The "strength" of the oscillator described by Eq. (4) vs silicon con-
centration.

Fig. 5. The eigenfrequencies of the plasmon-LO phonon modes (full lines - Eq.
(1)); @ - eigenfrequency spectra w; obtained by procedure based on Eq. (2); [] -
calculated values for w;o and * - experimentally determined values for wTO.
Inset: plasma frequencies (wp) vs. Si concentration.

see from Fig. 4, the "strength" of the oscillator connected with electron
transition increases with the increase of Si concentration.

In Fig. 5 characteristic spectra for plasmon-phonon interaction are
presented. Obtained results describe the relationship between the re-
sults obtained with Eq. (2) and those resulting from the traditional
approach described with Eq. (1). The solid lines represent coupled
frequencies, and as it was given in Ref. [13], the positions of the cou-
pled modes were defined as the solutions of Eq. (1) (Re{e} = 0). Dashed
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lines, obtained experimentally as the best fit, correspond to the well-
known values for PbTe LO and TO phonon positions [19]. As a result of
the best fit, using Eq. (2) with additional term given by Eq. (4), we
obtained the frequencies of coupled modes (w;; and w;,), and then we
calculated the values for w;oppre and wp, as is described in Ref. [15].
The value for the w;oppre Obtained in this manner is in good agreement
with the literature. The characteristic parameters obtained as the best
fit are shown in Fig. 5. The plasma frequencies (wP) dependence on Si
concentration is presented in the inset of Fig. 5.

As we already said, localization of electrons occurs in the vicinity of
the impurity, i.e. Si atom. Localization of electrons leads to the decrease
of electrical conductivity. Since the thermal and electrical con-
ductivities are proportional (Wiedemann-Franz Law), the decrease of
electrical conductivity causes the decrease of thermal conductivity.
Also, electrons localized around this impurity cause the localization of
phonons. Since phonons are responsible for heat transmission, their
localization also leads to the decrease of phonon thermal conductivity.
As it is well known, a good thermoelectric material must have low
thermal conductivity in order to retain the heat and to reduce the heat
transfer losses. This lead us to conclude that localization of electrons in
the vicinity of Si atom impurity makes PbTe doped with Si a good
thermoelectric material.

These results are very significant since they represent the basis for
investigation these effects in nanocrystals [26].

4. Conclusion

The far-infrared spectroscopy was employed to investigate phonon
properties of PbTe single crystal doped by 1, 3, and 5.6 at.% Si. The
spectra were analyzed using the dielectric function that takes into ac-
count the existence of plasmon-phonon interaction in advance. As a
result of the best fit procedure the two frequencies corresponding to the
coupled modes (w;; and w;;) were obtained, whereas the frequency
values for LO mode (w;o) and plasma frequency (wp) were calculated.
In addition to the modes that are characteristic for this type of material,
we registered the Si impurity mode as well as the localization of elec-
trons in the vicinity of Si impurity atom.
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Structural and optical properties of CdTe thin films were investigated applying atomic force microscopy (AFM),
XRD powder technique, Raman spectroscopy and far-infrared spectroscopy. CdTe thin films were prepared by
using thermal evaporation technique. In the analysis of the far — infrared reflection spectra, numerical model for
calculating the reflectivity coefficient for system which includes films and substrate has been applied. Effective
permittivity of film mixture (CdTe and air) was modeled by Maxwell — Garnet approximation. We reveal the
existence of surface optical phonon (SOP) mode and coupled plasmon-SOP modes (CPSOPM).

1. Introduction

II — VI semiconductor compounds, especially thin films, have be-
come very popular because of their applications in numerous electronic
and optoelectronic devices. Due to low production cost, thin films
nowadays enjoy great attention in basic research and solid state tech-
nology.

The interest in various properties of photonic CdTe is well justified,
as this material plays an important role in expanding variety of appli-
cations as in: integrated optics, optoelectronics, or solar energy con-
version [1].

Two main properties of CdTe thin film are its high optical absorp-
tion coefficient (a thin film of CdTe with thickness of approximately
2 um will absorb nearly 100% of the incident solar radiation) and its
near ideal band gap for photovoltaic conversion efficiency of 1.45eV
[2]. Also, its ease of film fabrication and low cost make it a re-
presentative material among II — VI semiconductors.

For fabrication of the CdTe films, various techniques have been
applied: RF magnetron sputtering [3], molecular beam epitaxy (MBE)
[4], pulsed laser deposition (PLD) [5], successive ionic layer adsorption
and reaction method (SILAR) [6], metal organic chemical vapor de-
position [7], screen printing [8], thermal evaporation method [9] etc.
Thermal evaporation method shows some advantages such as: mini-
malization of impurities proportional to the growing layer, reduced

* Corresponding author.
E-mail address: jmitric@ipb.ac.rs (J. Mitric).
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chances of oxidation and direction of propagation (occurs from the
source to the substrate) [9,10]. This makes thermal evaporation tech-
nique the most suitable method, thanks to very high deposition rate,
low material consumption and low cost of fabrication [11].

In the case of crystal with relatively small dimension, in the fre-
quency range between bulk longitudinal optical phonon frequency
(wro) and transversal optical phonon frequency (wro), a new mode
known as a surface phonon mode appears [12,13]. It is known for the
case of real crystal, that when its dimension is relatively small, surface
modes and effects of dimension will be manifested in addition to the
normal modes of infinite lattice. But, when crystal is reduced to ex-
tremely small dimensions, only the surface mode will persevere
[12-14].

On the other side, electron — phonon interaction takes an important
place in semiconducting materials [15]. In our earlier work we have
registered plasmon (collective electron excitation) and LO phonons
interaction in different systems [16-19]. Besides that, we have studied
the impact of damping on interaction appearance [20], interaction
between plasmon and different phonons [21,22], as well as interaction
between plasmon and impurity local phonons [23-25].

In this work we report experimental studies of CdTe thin films
prepared by thermal evaporation technique. Existence of nanodimen-
sional structures in these thin films enabled us to observe effects asso-
ciated with interactions between surface optical phonon (SOP) and
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plasmon for the first time.

Samples characterization was performed using atomic force micro-
scopy (AFM). Structural properties were analyzed using XRD powder
technique, and optical properties were characterized using Raman and
far-infrared spectroscopy.

2. Sample preparation and characterization methods

CdTe single crystal was grown by the Bridgman technique. Different
thickness of CdTe thin films were deposited by thermal evaporation
from a resistance heating quartz glass crucible onto glass substrates
using high vacuum coating unit type Edward 306 A. Films were grown
at a pressure of 106 Pa. The mechanical rotation of the substrate holder
during deposition produced homogeneous film. The distance between
the source heater and substrates holder is 21 cm, in order to avoid any
heat flow from the source to the substrates.

The morphology of the four CdTe thin films of different thicknesses
was investigated by Atomic force microscopy (AFM). Atomic force
microscopy measurements were performed using NT-MDT system
NTEGRA Prima. Imaging was done in tapping mode using NSGO1
probes. All AFM measurements were done at ambient conditions. For
the sake of statistical analysis of sample surface, we calculated histo-
grams and bearing ratios for each topographic image. The histogram
represents a height distribution density of all points in a two-dimen-
sional topographic image, or in other words, it is a number of points
with height given on x-axis. On the other hand, the bearing ratio curve
gives a percent of points in a corresponding two-dimensional topo-
graphic image with a height less than the number given on x-axis.

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions, using
a Philips PW 1050 diffractometer equipped with a PW 1730 generator,
40kV x 20 mA, using Ni filtered Co Ka radiation of 0.1778897 nm at
room temperature. Measurements were carried out in the 2h range of
10-100° with a scanning step of 0.05° and 10 s scanning time per step.
Crystallite size was determined by using XFIT computing program
which is based on Fundamental Parameter convolution approach [26].

Raman measurements were performed using commercial NTegra
Spectra system from NT-MDT. A linearly polarized semiconductor laser
operating at a wavelength of 532 nm was used. All the spectra were
obtained by setting the laser power to 2 mW within the ~0.5 X 0.5 um
sized focus with exposure time of 600 s.

The far-infrared (FIR) reflectivity measurements were performed at
room temperature with a BOMEM DA-8 Fourier-transform infrared
spectrometer. A Hyper beamsplitter and deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wave number re-

gion from 80 to 650 cm ™.

3. Results and discussion
3.1. Atomic force microscopy

Three dimensional topographic images of all four samples are
shown in the left side of Fig. 1. As can be seen, sample surfaces are
rather flat, but still they are characterized with bright protrusions and
dark holes (which represent air) resulting in a small surface roughness
of several nanometers.

In order to characterize fraction of both observed topographic fea-
tures, the statistical analysis have been performed by calculating his-
tograms and bearing ratios from two dimensional topographic images.
The results for all four samples are given in the right side of Fig. 1. They
show that the peaks in the histograms are positioned in the middle of
bearing ratio curves. Therefore, from these curves we can conclude that
the fraction of holes and protrusions are rather similar, around 50%.

In order to estimate thicknesses of studied films, their step edges
were measured by AFM. 3D AFM topographic images of the step edges
are depicted in Fig. 2(al-d1). The films are brighter and the substrates
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are dark in the images, while the step edges are clearly resolved. Based
on the AFM images, height distributions were calculated and presented
in Fig. 2 (a2-d2). In all histograms, there are two characteristic peaks: a
lower one corresponds to the substrate, while a higher one corresponds
to the film. Therefore, the film height can be then approximately cal-
culated as a difference between these two peaks. Estimated film
thicknesses are given in Fig. 2 (a2-d2). The best resolved height peaks
were found on CdTe 1 in Fig. 2 (a2) due to a smooth sample surface as
can be seen in Fig. 2 (al).

3.2. XRD

Structures of four synthesized CdTe thin films with different thick-
nesses were identified by XRD pattern as shown in Fig. 3. The dif-
fractograms confirm that all samples are monophased, and that they
crystallized in sphalerite type structure in 216. space group, F43m. All
of the observed diffraction peaks are indexed according to this space
group. Therefore, in our thin film samples there is no other structures
other than CdTe. In this structural type, Cd ions occupy 4a Wyckoff
positions, [[0, 0, 0]] with local symmetry 43m, while Te ions occupy 4c
Wyckoff positions [[1/4, 1/4, 1/4]] with the same local symmetry. Cd
ions are in tetrahedral surrounding of Te ions (and vice versa). The
tetrahedrons are regular and share common vertices. Crystallite size (R)
is determined and presented in Fig. 2 and Table 1.

3.3. Raman spectroscopy

The cubic face-centered structure of balk crystal CdTe is char-
acterized by the 216. space group F43m and contains four formula
units, while the primitive cell is one fourth as many. Optical modes
consist of one three fold —~degenerated mode F, which is active in IR and
Raman spectra. The dipole mode F, is split into the transverse (TO) and
longitudinal (LO) modes in the vibrational spectra. It is very well
known that reduction of the particle dimensions to nanoscale results in
a breakdown of phonon selection rules and allows phonons with [ # 0
to contribute to Raman scattering [27-31]. Consequently, some new
forbidden vibration modes (low frequency region, acoustic modes, and
high frequency region, surface optical modes) occur due to imperfec-
tions, impurity, valence band mixing and/or nonspherical geometry of
the nanostructures [14].

TO (142cm™1) and LO (170.5cm™ 1Y) modes for the CdTe bulk
crystal are both active in the Raman spectra. Also, the modes in band
near 120 cm ! correspond to phonons of Te on the CdTe surface and
can be seen in the Raman spectra [32].

Raman spectra of CdTe thin films of different thickness at room
temperature are presented in Fig. 4.

For analyzing obtained spectra Lorentz profiles were used. Solid
lines are their sums. In the top right corner Raman spectra of bulk CdTe
crystal for ambient conditions is presented [32]. The observed Raman
spectra for all samples among characteristic CdTe TO mode at
142 cm ™! and phonon of Te of the CdTe surface (127 cm ™~ 1), show the
LO phonon like frequency shift from 170.5 cm ™' to 164 cm ™ *. That can
be attributed to the surface optical phonon (SOP) mode effect [33-38].
It is clear that SOP phonon is wider compared to LO phonon of bulk
crystal, as well as when it's compared to phonon of nanodimensional
film. This effect is associated with interaction between SOP and
plasmon, which will be mentioned later on.

In order to analyze the surface optical phonon we have to take into
account that a part of crystallites are surrounded by air. We will analyze
the dependence of the SOP mode position on filling factor (f) of the
mixed material.

Surface phonon modes can be detected in systems where particle
size is much smaller when compared to wavelength of exciting light
source [39]. These modes can be obtained for in the case of polar
crystals [40], so we consider expression for dielectric function which
describes optical properties of polar semi - insulating semiconductor in
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Fig. 1. Three-dimensional topographic image (left) and corresponding histogram and bearing ratio (right) for (a) CdTe 1, (b) CdTe 2, (c) CdTe 3, and (d) CdTe 4. Scan

size is 2 pm.

IR region [24]:

wp
w(w + il)

- Wlox — @fok
Ez(w)=£m1+z 5 TR -
k=1 @PTok — @7 — lyro@

(€8]
®TO and ®wLO represent transverse and longitudinal optical bulk pho-
nons, respectively; e is the dielectric constant at high frequencies, wP
is plasma frequency and y and I' are the damping constants. Surface
phonons can be considered similarly to phonons in infinite crystals, but
with adapted wave functions to the geometry of the small particle.
Here, we will apply effective medium theory: Because the size of
semiconducting nanoparticles, L, (with dielectric function &5, and are
distributed in a medium with dielectric constant ¢;) is considerably
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smaller than the interacting wavelength of visible light, A (A > L), we
treat the heterogeneous composite as a homogeneous medium.

Even though there are numerous models for the effective dielectric
permittivity for these kinds of mixtures [41], we decided to use Max-
well — Garnet model, because all our samples are thin films with well
defined and separated nanosized grains. According to the Maxwell —
Garnet mixing rule [42,43], effective permittivity of mixture, including
spherical geometry of particles is given with:

& —§

Eoff = & + 3ff———————
7 f152+ 28 — f(a — &)

(2

In this case, nanoparticles are spheres with permittivity e, and are
randomly distributed in homogeneous environment, with permittivity
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Fig. 2. (al-d1) 3D AFM topographic images of step edges of studied films, and (a2-d2) corresponding height histograms. Average films thicknesses are denoted in the

histograms.

e; and occupy a volume fraction f.
Position surface optical phonon (SOP) mode frequencies are ob-
tained from Ref. [44]:

1
Wsop = Max Im _
[ ( Eeff )]

The result is shown in Fig. 5. The practical liner dependence of the
position of the SOP mode on the filing factor f has been obtained. For
the frequency of the SOP mode determined in Fig. 4 we have f = 0.53.
This result is in accordance with the one obtained from the AFM
measurements.

3)
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3.4. Far-infrared spectroscopy

Thicknesses of our films, as we will see, are in a range from
~0.39um to ~0.72um, so reflectivity spectra contain information
about CdTe films together with information about substrate.
Representative scheme of our layered structure can be presented in
Fig. 6 [45]. Medium 1 is air, medium 2 is thin bulk CdTe crystal layer
and medium 3 is substrate glass, with dielectric functions ¢; (¢; = 1), €2
and &3, respectively. We can now write [46]:

_ hae™ + m3el®
e + rpme®

C)
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Fig. 3. XRD analysis of CdTe thin films of different thickness. Obtained crys-
tallite sizes (R) are presented too.

Table 1
Parameters obtained from XRD measurements and FIR reflection spectroscopy.
Thin films thickness - d, Crystallite size — R.

Name d[pm] R[nm] o (@) op@-) oplem™'] o [em™'1 f
[em™]  [em™1]

CdTe 4 0.39 31.0 187 103 137.5 140.0 0.53

CdTe 2 0.43 33.0 174 78 96.6 140.5 0.53

CdTe 3 0.71 42.0 170 65 79.5 139 0.53

CdTe1l 0.72 20.3 165 30 35.2 140.5 0.53

Fig. 4. Raman spectra of CdTe thin films of different thickness. Experimental
spectra are shown by open dots. Solid lines are sums of three Lorentz profiles as
it shown for spectrum of CdTe 1. In the top right corner LO region of bulk CdTe
is presented, taken from the literature [32].

r = — n)/(n + ny) = (& — \/?j)(\/s—,- + \/E_j) describe Fresnel coef-

ficients, A; and A, represent amplitudes of incident and reflection

beams, n is complex index of refraction, ¢ is the dielectric constant and

a = 2nwd(e;)"/? is the complex phase change related to the absorption

in the crystal layer with the thickness d.
Reflectance, R, is given with:

R = [R4 %)

In this case we decided to use dielectric function which takes into
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consideration the existence of plasmon — phonon interaction in ad-
vance.
The dielectric function of the CdTe crystal layer is:

2

& (@) = Excare H

j=1

2 ; 2
w? + iyw — )

w(w + i) (@ + iy — )

(6)

The wy and v;; (j = 1, 2), parameters of the first numerator are the
eigenfrequencies and damping coefficients of the longitudinal plasmon-
phonon (LP + LO) waves, that arise as a result of the interaction of the
initial phonon (w;0,care = 170.5 em™ Y and plasmons (wp) modes. The
parameters of the denominator correspond to the similar characteristics
of the transverse vibrations (@, v, and plasmon damping I'p. As a result
of the best fit, we obtain coupled mode frequencies (w;; and w;z).

The dielectric function of the glass substrate is:

n

(W) = e sup H

k=1

2 2.
Wrok — @7 + Yo ®

2 2 7
Wiok — W7+ Wpor@

)

where wrp and w;o are the transversal and longitudinal optical vibra-
tions, and yro and y;o are damping parameters, respectively.

In our case, layer 2 consists of a CdTe crystals and air (see Fig. 6).
The size of the crystallites (R) is given in Fig. 2 and Table 1. These
crystallites are described by a dielectric function given in Eq. (1) or Eq.
(6) and located randomly in homogeneous environment &; (air) and
occupy a volume fraction f, so we can use effective medium theory and
Maxwell - Garnet mixing rule, given with Eq. (2).

The far - infrared reflectivity spectrum of the glass substrate is
shown in Fig. 7(e). The calculated spectrum, presented by solid line,
was obtained using the dielectric function given by equation (7). As a
result of the best fit we obtained three modes, whose characteristic
frequency are wro; = 60cm™!, w07 = 140em ™}, wrop = 441cm ™Y,
Wro; = 443 cm ™! and wroz = 471 ecm ™!, wos = 522cm . Frequency
values of these modes have remained the same during the fitting pro-
cedure for all CdTe thin film samples.

The parameters obtained by the best fit between the experimental
results and the models for CdTe film described earlier are also given in
Table 1. The far-infrared spectra of CdTe thin films, in the spectral
range of 80-600 cm ™!, at room temperature, are presented in Fig. 7.
Experimental data are presented by circles, while the solid lines are
calculated spectra obtained by a fitting procedure based on the pre-
viously presented model. Experimental and theoretical spectra show an
excellent match.

The thicknesses of our films obtained by Far - infrared spectroscopy
are 20% greater, which is within the limits of error for both techniques.
When using Far - infrared spectroscopy for calculating thickness of
layered structured, we bring errors in absolute measurements, because
we calculate effective thickness. The important thing is, the trend is the
same, the films does not differ in the relative thickness, i.e. thickness
ratios between films are the same.

We note that the thickness (d) of the film changes in the range of
~0.39-~ 0.7 um. While the thickness of the film is in the 0.40 um re-
gion, the crystallite size is about 32nm, and for a film thickness of
about 0.72 um, we have two sizes of crystallites different for a factor of
2. In addition, from Table 1, we have for thicker films CdTe 1 and CdTe
3, that the position of the coupled plasmon-phonon mode w; is below
the values of w;o,care = 170.5 cm ™ L. On the other hand, these values
are above wio care for thin films CdTe 2 and CdTe 4. In both cases
plasmon damping (I';) is relatively low. The obtained eigenfrequencies
of the plasmon - phonon coupled modes for CdTe thin films are pre-
sented in Fig. 8. As a result of the best fit from Fig. 7, we obtained the
frequencies of coupled modes (w;; and w;;) marked by open circles and
transverse mode frequencies which are denoted by - x. Value of wp are
calculated by Refs. [16-18]:

_ wnwp

(8

Wy
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Fig. 5. Surface optical phonon (SOP) mode position vs. filing factor.

Fig. 6. Schematic presentation of a three layer structure [46].

The calculated lines at Fig. 7 are solution of a real part of uncoupled
dielectric function (Eq. (1)). However, for plasma-phonon modes posi-
tions are obtained:

. = wp + wip + \/(501g + wio)’ — wpwro
* 2 4 9
The full lines in Fig. 7 were obtained for the case

Wro,cate = 170.5cm™ 1 It is clear that all values of w;; and w2 are out of
this theoretical model. Best fit, dashed lines in Fig. 7, was obtained for
wsop = 164 cm ™! which in Eq. (9) plays a role w;o. Shift of about
7cm ™! is registered in relation to Wro,cdte, just like in the case of
Raman spectra. As we said earlier, the LO phonon shift of CdTe crystal
is attributed to the surface optical phonon (SOP) mode effect.

Based on these results, it is clear that in the case of CdTe thin films,
prepared by using thermal evaporation technique, the filing factor is
constant and does not depend on film thickness, crystallite size and
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Fig. 7. Far - infrared reflection spectra of: CdTe thin films with thickness of (a)
0.39um, (b) 0.71um, (c) 0.43pm, (d) 0.72um, and glass substrate (e).
Experimental spectra are presented by circles while solid lines are calculated
spectra obtained by a fitting procedure based on the model given by Egs. (2)
and (4)-(7).
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.dTe thin films

0 200

[em”]

Fig. 8. The eigenfrequencies of the plasmon-phonon modes for CdTe thin films.
The lines are calculated spectra [Re{e,} = 0; ¢, is given by Eq. (1)]: solid line
with w0 care = 170.5 cm ™% dashed line with wsop = 164 cm™; O - @y, Wiz X
- ;.

concentration of free carriers. On the other hand, the reflection spectra
depend on the thickness of the film and the concentration of free car-
riers in the film, which is expected. In general, thin films have a higher
concentration of free carriers (~,) (see Table 1). The linear depen-
dence of the position of the SOP mode on the filing factor causes the
existence of a modified plasmon — phonon interaction, where the SOP
has the role of the LO phonon.

Of course, there are many models that can describe the registered
frequency shift of the LO phonon in CdTe e.g. a continuum model of the
optical phonon confinement [47,48] would also give a shift of 7 cm ™%,
but for spherical nanoparticles of about 5nm, which is far from our
case.

4. Conclusion

In this paper, we present results of investigation of CdTe thin films
prepared with thermal evaporation technique, with different thick-
nesses. Sample's surfaces are rather flat, but still they are characterized
with bright protrusions and dark holes (air) resulting in a small surface
roughness of several nanometers. We showed that, when using thermal
evaporation technique we get high quality thin films, especially for
thicker films with greater crystallite size. We conclude that the filling
factor of our thin films is constant and does not depend on film thick-
ness, crystallite size or concentration of free carriers, but yet has linear
dependence on SOP position. This kind of morphology, with filling
factor of ~50% causes existence of surface optical phonon and its in-
teraction with plasmon, because of the free surface around nano-
particles. A numerical model for calculating the reflectivity coefficient
for complex system, which includes films and substrate, has been ap-
plied, and CdTe thin film were treated as a mixture of homogenous
spherical inclusion in air modeled by Maxwell — Garnet formula.
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The analysis of the optical properties of mechanochemically synthesized stannite Cu,FeSnS, nanocrystals
has been performed using far-infrared spectroscopy. The Cu,FeSnS, stannite nanocrystals were synthe-
sized mechanochemically from elemental precursors Cu, Fe, Sn, and S. Milling time was 45, 60, 90 and
120 min. Reflectivity spectra were analyzed using the classical form of the dielectric function, which
includes the phonon and the free carrier contribution. The influence of milling time on synthesis of stan-
nite CuyFeSnS, is observed. Among the modes that are characteristic for the stannite Cu,FeSnS,, we reg-
istered the modes of binary phases of FeS and SnS. The total disappearance of the binary phases of FeS and
SnS and forming pure Cu,FeSnS, is observed when the milling time is 120 min. Effective permittivity of
CuyFeSnS, and binary phases of FeS and SnS were modeled by Maxwell - Garnet approximation.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Stannite (CuyFeSnS,) is one of the best-known sulphide miner-
als, not only because of its economic importance as a tin ore, but
also because of its structural and physical characteristics [1] such
as adequate direct band gap (1.0-1.5 eV), low toxicity and a rela-
tively high abundance of the elements in the Earth’s crust [2]. Its
constituents are abundantly available [3].

To deal with the increasingly severe energy crisis, research on
high-efficient and low-cost solar cells is of pressing need and of

* Corresponding author.
E-mail address: jelena@ipb.ac.rs (J. Trajic).

https://doi.org/10.1016/j.infrared.2018.02.010
1350-4495/© 2018 Elsevier B.V. All rights reserved.

great significance. Various types of semiconductors such as CdTe,
Cu(In,Ga)Se, and TiO,, have been extensively studied for thin film
solar cells. Nevertheless, due to the toxicity of Cd and the limited
availability of In and Ga, naturally abundant and non-toxic
photo-voltaic materials are of considerable interest [4]. Quaternary
semiconductor CuFeSnS, is one of promising photovoltaic materi-
als as an alternative absorber layer for the development of low-cost
and environment-friendly thin film solar cells due to its analogous
crystal structures to Cu(In,Ga)Se,, suitable band gap and high
absorption coefficient [5].

Several low-cost, highly efficient, environmental friendly and
easy-to operate methods have been developed for preparation of
CuyFeSnS,, such as pulse laser and electro deposition [6], hot
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injection [7], electrospinning [8], dip coating [9], microwave
assisted approach [4,10,11] and oxide-nanoparticles-based process
[12]. However, these techniques are complex as well as time-
consuming, and require high temperature, while in some cases it
is necessary to use the toxic organic solvents. Mechanochemical
treatment is a powerful technique for synthesis of a wide range
of materials where the high energy milling is being applied to
induce and speed up chemical reactions [13,14]. This approach is
simple, solvent-free, and reproducible, and also the synthesis
might be easily scaled up. However, the control of stoichiometry
and crystal structure during synthesis of the quaternary nanocrys-
tals remains a challenge.

In this paper, the optical and structural properties of Cu,FeSnS,
nanoparticles which are mechanochemically synthesized have
been investigated using far-infrared spectroscopy. The reflectivity
spectra of the tetragonal Cu,FeSnS, obtained after different milling
time have been analyzed using the Maxwell-Garnett approxima-
tion. We have determined the influence of the milling time on
the purity of the Cu,FeSnS, nanocrystals.

2. Samples preparation and characterisation

The elemental precursors (Cu, Fe, Sn and S) were used to obtain
stannite (CFTS) by a solid state one-pot mechanochemical synthe-
sis. The starting materials were elemental Cu (99%), Fe (99%), Sn
(99.9%), and S (99%). These materials were weighed and mixed in
atomic ratios of 2:1:1:4, according to the stoichiometry Cu,FeSnS,.
The particularities of synthesis and initial characterization of Cu,-
FeSnS, nanoparticles were presented previously in Refs. [15,16],
and will be briefly discussed here.

The mechanochemical synthesis of CuFeSnS, nanoparticles
was performed in a Pulverisette 6 planetary mill (Fritsch,
Germany). The milling conditions were as follows: milling pot
volume-250 ml, material of milling pot - tungsten carbide (WC)
with 50 WC balls of 10 mm diameter in it, total weight of reactants
- 5 g, ball-to-powder mass ratio — 70, milling speed — 500 min~'.
Milling time was 45, 60, 90 and 120 min using an argon protective
atmosphere in the mill. Using the described synthesis process, the
unique nanostructures and properties are developed. Cu,FeSnS,
polymorphs with tetragonally body-centred structure with crystal-
lite sizes of 18-19 nm were obtained.

X-ray diffraction (XRD) is the most commonly used technique
to characterize the crystal structure and compositional purity of
stannite Cu,FeSnS,; nanoparticles. All samples were examined
under the same conditions, using a D8 Advance Bruker X-ray
diffractometer in the Bragg-Brentano geometry, using the Cu Ko
radiation of 0.15418 nm and a scintillation detector at room tem-
perature. The commercial Bruker tools have been used for data
processing.

The XRD patterns of the elemental mixture (Cu, Fe, Sn and S
powders) obtained after various milling times are shown in the
Fig. 1. Diffraction patterns show the reflection of the tetragonal
body-centred stannite Cu,FeSnS, according to card JCPDS 44-
1476 in the tetragonal space group I-42m. The XRD spectra shows
three most intensive peaks at 260 = 28.5°, 47.5° and 56.0° that can
be assigned to the (11 2),(204), and (3 1 2) planes of the tetrag-
onal crystals. Besides mentioned peaks, the peak of the Fe is
observed at the CuyFeSnS, nanocrystal samples obtained after 45
and 60 min milling time. This peak disappears with increasing
milling time.

In the attempt to characterize compositional purity of stannite,
and observe the influence of the milling time on the
mechanochemical synthesis of Cu,FeSnS; nanocrystals we used
far-infrared (FIR) spectroscopy. The infrared reflectivity measure-
ments were carried out at room temperature with a BOMEM DA-

(112)
Fe (204

(209 (312) 45 min
=
)
2 60 min
S,
>
= T 90 min
o
= 120 min
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Fig. 1. XRD spectra of Cu,FeSnS, nanocrystals obtained after various milling times.

8 Fourier-transform IR spectrometer. A deuterated triglycine sul-
fate (DTGS) pyroelectric detector was used to cover the wave num-
ber region from 80 to 450 cm™ .

3. Results and discussion

The CuyFeSnS, is a tetrahedrally coordinated semiconductor in
which each sulphur anion is bonded to four cations and each cation
is bonded to four sulphur anions [17]. The factor group analysis of
the allowed zone-centre vibrations for the I-42m tetragonal crys-
tallographic structures of CuFeSnS,, indicates that ten infrared
(IR) and fourteen Raman active phonon modes of irreducible repre-
sentations are expected for this compound [18]:

I' =2A; + A, +2B; +4B, + 6E (1)

The B, and E modes are IR active and they represent LO-TO
splitting due to their polar character. The modes A;, B, B, and E
are Raman active.

Reflectivity spectra were analyzed using the classical form of
the dielectric function, which includes several oscillators and the
free carrier contribution to the dielectric function [19]. Whereas
the analysis of the far IR reflectivity spectrum of Cu,FeSnS,
nanopowders revealed a presence of a plasmon mode, it was nec-
essary to include both contributions of the phonon and the plas-
mon (free carrier contribution) to the dielectric function:

|

2 2
&(0) = <Z Wigr — O + oW Wpy > 2)

H O — O + 170 (0 +1Tp)

where ¢, is the high-frequency dielectric constant, w;o, and
wrok are longitudinal and transverse frequencies of the k-th oscil-
lator, yiok and yrok are their corresponding dampings, wp and I'p,
are the plasma frequency and damping. The first term in Eq. (2)
is the lattice contribution whereas the second term is the Drude
expression for the free carrier contribution to the dielectric con-
stant. The far-infrared reflection spectrum of Cu,FeSnS, nanocrys-
tal obtained after 45 min milling time is presented in Fig. 2. The
experimental data are presented by circles, while the solid line rep-
resents the calculated reflectivity spectra obtained by the fitting
procedure based on Eq. (2). In the fitting procedure we included
modes at about 93, 120, 144, 250, 315 and 350 cm™! that are in
accordance with the reported values for tetragonal Cu,FeSnS,
[18,20] as well as, plasma term. We did not succeed to determinate
the set of parameters that provide good spectrum overlapping in
the whole range of frequencies. Discrepancy between experimental
and calculated reflectivity spectra in some regions is obvious,
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Fig. 2. Far-infrared reflection spectra of stannite Cu,FeSnS, obtained after 45 min
milling time. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (2).

which indicates that in this system among the nanocrystals of Cu,-
FeSnS, exists another mixtures of starting elements and their
phases.

Because our sample consists of Cu,FeSnS, nanoparticles and
binary and/or ternary phases of starting elements we have applied
the effective medium approximation method to calculate infrared
reflectivity spectra. The widely used effective medium theory is
the Maxwell-Garnett approximation which treats the effective
medium as consisting of a matrix in which are embedded inclu-
sions and where the fraction of the inclusions is very small, so that
the inclusions are spatially separated and can be treated as a per-
turbation [21,22]. For the spherical inclusions case, the prediction
of the effective permittivity of mixture e according to the
Maxwell-Garnet mixing rule reads [23,24]:

& — &1
&+ 28 —f(&1 - &)

Here, spheres of permittivity &, are located randomly in homo-
geneous environment &; and occupy a volume fraction f. In the case
of mechanochemicaly sintesized Cu,FeSnS,;, multicomponent
phases of starting elements with dielectrical function &, are ran-
domly located in pure Cu,FeSnS, with dielectrical function ¢,
where ¢&; and &, are defined by Eq. (2).

In Fig. 3 is presented the far-infrared reflection spectrum of Cu,-
FeSnS, nanocrystal obtained after 45 min milling time where the
solid line is obtained by applying Maxwell-Garnett approximation.
In the fitting procedure, besides modes which originated from
tetragonal Cu,FeSnS, we included mode at about 215 cm™~! which
is corresponding to infrared frequency of SnS binary component
[25]. Occurrence of SnS binary phase is in accordance with the
observation of Bernardini et al, where, by thermal synthesis, also,
the minor traces of herzenbergite SnS have been detected, besides
stannite [1,26].

Taking into account this mode, corresponding to infrared fre-
quency of SnS binary component, we obtained better overlapping,
but it is obvious that besides binary phase of SnS the other multi-
component phases are formed. Satisfactory overlapping of experi-
mental and theoretical spectra is achieved when in the fitting
procedure the modes at about 225 and 297 cm™! (Fig. 4a) are
added. These two modes are originated from impurity FeS binary
phases [17,27]. Slight difference in frequencies between available
literature data as well as data we gathered probably arises from
the differences in the cation-anion bond distances. Also, disordered

& = &1+ 3f& 3)

Reflectivity, R

100 200 300 400 500
Wave number (cm™)

Fig. 3. Far-infrared reflection spectra of stannite Cu,FeSnS, obtained after 45 min
milling time. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (3).

Reflectivity, R
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Fig. 4. Far-infrared reflection spectra of stannite Cu,FeSnS, obtained after different
milling times. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (3).

distribution of Cu and Fe atoms leads to the presence of a high con-
tent of Cug. and Fec, anti-site defects that would degrade the crys-
talline quality of these regions. The existence of a highly disordered
distribution of cations in these domains would lead to a shift of the
peak towards lower frequencies [28].

The far-infrared reflection spectra of Cu,FeSnS; nanocrystals
obtained after various milling times, in the spectral range from
80 to 450 cm !, are presented in Fig. 4. The experimental data
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Table 1
Volume fraction of tetragonal Cu,FeSnS, as a
function of milling time.

Milling time [min] Filling factor, f

45 0.96
60 0.97
90 0.98
120 1

are presented by circles, while the solid line represent the calcu-
lated reflectivity spectra obtained by the fitting procedure based
on Eq. (3).

The spectrum of Cu,FeSnS, nanocrystals obtained after 60 min
milling time is presented in Fig. 4b. In the case of this nanocrystal
the same modes are registered as in the sample obtained after 45
min milling time. Namely, modes originated from tetragonal Cu,-
FeSnS,, together with modes originated from binary phases FeS
and SnS are registered at infrared spectra samples obtained after
45 and 60 min milling time. In infrared spectrum of sample
obtained after 90 min milling time (Fig. 4c), the mode that corre-
sponds to SnS was not observed, whereas in the case of the
nanocrystal obtained after 120 min milling time (Fig. 4d), only
the modes originated from pure tetragonal Cu,FeSnS, are regis-
tered. This spectrum, obtained after 120 milling time, is calculated
with the set of parameters corresponding to the pure Cu,FeSnS,
sample.

The total disappearance of the mode originated from SnS binary
phase is observed after 60 min milling time, and FeS modes disap-
pear when the milling time is 120 min (longer than 90 min).
Absence of those modes excluded the presence of FeS and SnS bin-
ary phases, which indicates that after 90 min milling time pure
stannite Cu,FeSnS, is synthesized.

Volume fraction of tetragonal Cu,FeSnS, obtained as estimation
of the best fit parameter are presented in Table 1. As milling time
increases, the filling factor increase also, which indicates that
during miling the contribution of impurity binary phases FeS and
SnS decrease, while contribution of pure, tetragonal Cu,FeSnS,
increases. Namely, Cu,FeSnS, is synthesized from elemental pre-
cursors Cu, Fe, Sn and S by applying the high-energy milling. Dur-
ing synthesis besides tetragonal Cu,FeSnS, nanocrystal the binary
phases of starting elements FeS and SnS occur. In our case where
the multicomponent phases of starting elements are randomly
located in CuyFeSnS,, the filling factor f gives us information about
the contribution (volume fraction) of pure Cu,FeSnS,.

4. Conclusion

We have measured the far-infrared reflectivity spectra of the
mechanochemically synthesized Cu,FeSnS, nanocrystals obtained
after different milling time. Reflectivity spectra were analyzed
using the classical form of the dielectric function, which includes
the phonon and plasmon contribution to the dielectric function.
The best fit spectra are obtained using the Maxwell-Garnett
approximation. Besides modes which are characteristic for tetrag-
onal Cu,FeSnS, nanocrystals we registered the existence of modes
that originates from binary phases of FeS and SnS. The total disap-
pearance of the mode originated from SnS binary phase is observed
after 60 min milling time, and FeS modes disappear when the
milling time is longer than 90 min. Absence of those modes
excluded the presence of FeS and SnS binary phases, which indi-

cates that after 90 min milling time pure stannite Cu,FeSnS, is syn-
thesized. As a best fit parameter we determined volume fraction of
tetragonal Cu,FeSnS, as a function of milling time. Analyzing the
reflectivity spectra we determine not only which impurity compo-
nents occur during the synthesis of Cu,FeSnS,, and we find out the
change in contribution of these impurity components as the miling
time is varied.
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1. Introduction

A>B>07 type of pyrochlores are important class of materials
because of their diverse scientific and technological applications
like in nuclear waste storage [1], electro/photo catalysis [2,3],
luminescence [3], CO, hemisorption [4], photoluminescence hosts
[5], topological Mott insulator [6] etc.

Pyrochlore oxides which occur in various crystalline phases,
manifest numerous interesting and important physicochemical
properties which make them eligible for potential hosts for the
chemical substitution [7].

Rare earth based zirconates (Re,Zr,07) pyrochlores have wide
scientific and technological applications as: potential thermal bar-
rier coatings (TBC), high temperature heating devices or lumines-
cence hosts [8].

Among all rare earth based pyrochlores, Gd,Zr,07 stands out as
a material with a distinctively low thermal conductivity and high
phase stability [9]. Besides that, GdyZr,07 could be an excellent
candidate for potential photoactive materials [10].

As shown through our previous work [4,11], there are two
different crystal structures for Gd,Zr,07, pyrochlore and the fluorite

* Corresponding author.
E-mail address: jmitric@ipb.ac.rs (J. Mitri¢).
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0925-3467/© 2017 Elsevier B.V. All rights reserved.

type.

Rare earth ions are widely used as activators for various phos-
phors and other organic and inorganic luminescent materials,
because they offer high color purity, high luminescence lifetime
and also a narrow emission profile, thanks to its optically active 4f
electrons which are strongly shielded from the rest of ions by the
other 5s and 5p shells [12].

Among all lanthanides, Eu>* ion is in advantage as a dopant ion
for structural probing, as well as for synthesis of red light emitting
phosphor [8]. The reason this ion is a useful spectroscopic probe is
because of its main source of luminescence - single level, 5D0 state,
which prevents the convolution of overlapping emission peaks
from different levels [13]. Also, doping any aliovalent ion in these
oxides is not only used for structural probing, but it could also
generate significant changes in photophysical behavior of those
materials in such way that doping creates various kinds of defects
like ion/oxygen vacancies, which can alter the band gap of mate-
rials, i.e. photophysical characteristics of one material. Particularly
for Gd,Zr,0, it is proven that efficient doping results in tuning of
thermal [14], electrical [15], optical [4] and other properties.

In this paper, we present the results obtained by using far —
infrared spectroscopy (FIR) to study optical properties of the Eu>*
doped Gd»Zr,07 nanopowders which were prepared by the Solu-
tion Combustion Synthesis (SCS) method. The dielectric function of
Eu’* doped GdyZr,0; nanopowder is modeled as a mixture of
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homogenous spherical inclusions in air, by the Maxwell-Garnet
formula.

2. Sample and characterization

Europium doped cubic Gd;Zr,07 nanopowders were prepared
by Solution Combustion Synthesis (SCS) method. Starting chem-
icals GA(NO3)-6H>0, Zr(NOs3)2-H»0, Eu(NO3)-6H,0 with the purity
of 99,99% were purchased from ABCR, Gd;0; (99,9%) from the
NOAH Technologies and urea (NH),CO from Sigma-Aldrich.

Due to its simplicity and low cost of the synthesis procedures
and possibility of tailoring the size and morphology of particles, the
flame combustion process is the most frequently used. After the
synthesis, the nanopowder was annealed, in order to achieve the
full crystallinity, in air atmosphere at 1200 °C for 2 h. The Eu**
concentration in GdyZr,07 was 2 mol%. The morphology analysis of
the synthesized materials indicates the irregular crystallite size
distribution and existence of agglomerated grains which are in the
submicron size.

In our previous work [4,11] we performed X — ray powder
diffraction (XRD) and photoluminescence measurements of the
same material. XRD analysis confirmed that sample was crystal-
lized in fluorite (F) type structure (space group Fm3m). The pho-
toluminescence spectra showed a number of electronic transitions,
among them were those at 705 nm and 713 nm (°Dg — F4), 654 nm
(°Do — "F3), 630 and 611 nm (°Dg — ’F>), 593 nm (°Dg — ’F;), 584 nm
(°Do/°D1 — “F1) and 578 nm (°Do/°D; — "Fo).

The Raman spectra of Eu>* doped Gd,Zr,07 nanopowders were
measured. We registered three phonons at 177 cm ™', 268 cm ™' and

592 cm~ !, as well as their overtones at 354 cm !, 445 cm™},

708 cm~!,1062 cm 1, 1184 cm ™!, ~1530 cm ™! and ~1720 cm ™. The
phonon at 592 cm~! was already known to be characteristic for
Gd,Zr,07 fluorite — type structure, and we found that other two
phonon positions to be characteristic with the observed electron —
phonon observed interaction and that the registered multiphonon
processes were a consequence of miniaturization that further in-
duces changes in electronic structure of Eu* doped Gd,Zr,0;
nanopowders. All the above mentioned results will be useful in the
far — infrared spectroscopy analysis of Eu®* doped Gd,Zr,0;
nanopowders.

3. Results and analysis
3.1. ARM

Atomic force microscopy (AFM) measurements were done using
NTEGRA Prima system from NT-MDT at room temperature and
ambient conditions. Imaging was done in tapping mode using
NSGO1 probes. Phase lag of AFM cantilever was recorded simulta-
neously during tapping mode imaging.

Two dimensional and three dimensional topography of the
sample surface are shown in Fig. 1(a) and (b), respectively (scan size
is 5 x 5 pm?). As can be seen, the surface is rather flat with char-
acteristic holes represented with dark color. Cross section of one
characteristic hole (along dashed line in Fig. 1(a)) is given in the
inset of Fig. 1(a). Hole width and depth are around 1 pm and
200 nm, respectively. Apart from this holes, the sample surface
consists of small grains. They are better visualized in Fig. 1(c) and
(d) showing the topography and phase contrast image of a zoomed
part (scan size is 1 x 1 pm?). Grains are clearly visible, especially

Fig. 1. (a) Two-dimensional and (b) three-dimensional topography of the sample surface. The inset in part (a) shows the cross-section along the corresponding dashed line. (c)
Three-dimensional topography and (b) corresponding phase contrast image of a zoomed region from part (a).
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grain boundaries in the phase contrast image since the phase is
very sensitive to abrupt changes in the topography. Dispersion of
grain size is rather wide, but still we can conclude that the char-
acteristic grain size is in the order of 100 nm.

3.2. Far-infrared spectroscopy

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

When visible light, ), interacts with semiconducting nano-
particles (characteristic size d, dielectric function e3) which are
distributed in a medium with the dielectric constant €1 in the limit A
> d, the heterogeneous composite can be treated as a homoge-
neous medium and effective medium theory is applied. There are
many mixing models for the effective dielectric permittivity of such
mixture [16]. Since our samples are well defined and separated
nanosized grains, we used Maxwell-Garnet model for present case.
For the spherical inclusions case, the prediction of the effective
permittivity of mixture, eeff according to the Maxwell-Garnet
mixing rule is [17]:

£ — &1
£ + 2e1 — fe1 — &2)

Here, spheres of permittivity e; are located randomly in ho-
mogeneous environment g1 and occupy a volume fraction f. The
observed nanoparticles are situated in air, therefore the ¢ is 1. For
dielectrical function of observing nanoparticles (e;) we used the
standard model [18]:

n CL)Z —w2+i7 o) w2
fz(w)_é’oo(H 3 e proe (2)

2 2 T
i1 Wor — W + Yok w(w—ir-1)

eoff = €1 + 3feq (1)

where ¢, is the bound charge contribution and it is assumed to be a
constant, wrox and wipx are transverse and longitudinal fre-
quencies, yrok, and yiok are their dampings, wp is the plasma
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Fig. 2. Far — infrared reflection spectra of Eu** doped Gd,Zr,0; nanopowder. The
experimental data are represented by circles. The solid lines are the calculated spectra
obtained with the parameter values given in Table 1 and the fitting procedure based on
the model given by Eqgs. (1) and (2).

frequency and 7 is the free carrier relaxation time. The first term in
(2)is the lattice contribution, whereas the second term is the Drude
expression for the free carrier contribution to the dielectric con-
stant. In this case, we will consider wrok as a characteristic fre-
quency of material (vg), and we will link wiox with oscillator
strength (Sx~wfok - whok) which does not have big influence on
discussion.

The far-infrared spectra of Eult doped Gd,Zr,07 nanopowders,
in the spectral range of 80—650 cm™!, at room temperature, are
presented in Fig. 2. The experimental data are presented by circles,
while the solid lines are calculated spectra obtained by a fitting
procedure based on the previously presented model. In Table 1 the
best fit parameters are presented. Values for Eult doped GdZr,07
single crystal are taken from literature [11,19—22].

McCauley [23], and Vandenborre [24] came to the result that of
the total number of 26 normal modes

(I = A1g + Eg + 2F1g + 4F2g + 3Aoy + 3Ey + 8F1u + 4F2y) only those
of Fy vibrations are active in the IR absorption. One of the eight Fy,
modes is associated with three degrees of translation of the unit
cell and refers to the acoustic branch of the crystal vibrations and
thus analysis predict 7 IR — active optic modes [22]. Our results
confirm all of the seven active vibrations and their assignations are
shown in Table 1 and also indicate that anharmonicity factors are
not significant. The analysis [23,24] also predicts that six vibrations
of the types Aqg, Eg and 4F,¢ are Raman — active modes. As per the
selection rules, the remaining modes (Fqg, Aoy, Ey and Fyy) are in-
active both in the IR and Raman spectra. According to the group-
theoretical analysis, all the atoms of the crystal lattice are
involved in the seven IR active Fy, vibrations (and six Raman —
active modes) of the pyrochlore [22—24].

Following other authors' and our previous work [11,25] we
started our analysis from the bulk material, considering that un-
derstanding bulk properties will lead to better understanding of
properties of small particles, and therefore, as a result we expect
the bulk modes to be shifted and broadened.

All modes are shifted compared to literature data. We believe
that this is not because of the doping with Eu** and that in rela-
tively small concentrations/amounts, doping did not induce
changes in phonon spectra of Gd,;Zr;07 [26]. We confirm our pre-
vious work [11] where we used Raman spectroscopy to obtain
modes at 177 cm ™! and 268 cm~! which noticeably differed from
results obtained by many other authors who claimed that these
modes occur at ~140 cm~! (O-A-O vibrations) and ~220 cm™~! (O-B-
O vibrations), respectively. Using FIR spectroscopy we obtained
significant modes at 175 cm~' and 255 cm~! which describe 0-A-O
and O-B-O0 vibrations, respectively. The reason for this shift, as we
believe, is electron — phonon interaction which led to the break-
down of the selection rules and appearance of the new phonons in
fluorite structure GdyZr,07:Eu spectrum [11].

Interesting thing is, FIR spectrum shows two modes character-
istic for pyrochlore type of structure, at 365 cm~! and 490 cm™,
although they are weak [19]. These two modes correspond to the
vibrations of GdOg and ZrOg polyhedra, respectively. This confirm
some earlier thoughts of P phase and F phase co-existing in the
sample [19]. As it was said earlier [4,11], GdyZr,07 has two iso-
metric structures, disordered fluorite (F) and ordered pyrochlore
(P). In general, disordered fluorite structure type for this compound
is confirmed [4]. But, it is also known that LnyZr,07 (Ln = elements
of lanthanide series) have a pyrochlore-type structure stable at low
temperature [19]. The Raman activity allowed for the pyrochlore
structure results from oxygen vibrations, and only four bands are
observed in the Raman spectra of LnyZr,0; pyrochlore-type com-
pounds (Table 1 [21]). In the ordered structure there is no evidence
of the significant band at 125 cm™, like our FIR spectrum shows.
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Table 1
Best fit parameters of far — infrared spectra of Eu>* doped Gd,Zr,0-.
Exp. results: Literature: Assignment
Gd,Zr,07: Eu*t Gd,Zr,0y: Eu*
nanopowder single crystal
50 — vz: 0’-Gd-O’ bending vibrations
126 — ve: Gd-ZrOg streching vibrations
175 177 [11] vs: 0-Gd-O bending vibrations
255 268 [11] v4: O-Zr-0 bending vibrations
330 310 [20], 315 [21] v3: Zr-0 + O-Zr-0 vibrational
mode (0-Zr-O bending)
365 370 [19], 400 [21] vy: vibrations of GdOg polyhedra
490 500 [19], 538 [21] vi: Zr-0 stretching vibration,
vibrations of ZrOg polyhedra
610 599 [20], 592 [21] Eg: Zr-O' stretching vibration

The thing is, for LnyZr,07 compounds, an order — disorder transi-
tion pyrochlore < defective fluorite may occur when the temper-
ature is raised [21]. This confirms that in Gd,Zr,07:Eu nanopowder
P- and F- phase coexist. At first, this is not in agreement with XRD
results for Gd,Zr,07:Eu nanopowder [4], but using FIR spectroscopy
in reflectivity mode, we concern mainly the surface of material and
coexistence of two phases is characteristic for the surface, but not
for the general structure which is generally investigated using XRD.

Modes at 330 cm~! and 610 cm™! are clearly visible in both F
phase and P phase spectra [20] and they correspond to Zr-O + O-Zr-
O vibrational mode.

The rest of well known IR active vibrations, O-Gd-O and 0’-Gd-
O’ (O’ represents the 8(a) site oxide ion [27,28]) bending vibrations,
are not yet assigned for Gd - zirconates. We assume that these vi-
brations correspond to 50 cm~!, 126 cm~! modes, respectively. The
mode at 50 cm~! clearly could not be obtained with our spec-
trometer which works in 80—650 cm~! region, but that mode is
well-suited to the fitting procedure based on the model given by
Egs. (1) and (2). Value of 50 cm™! for Gd-zirconate is expected,
regarding [[22], pg. 78, Table VII] which shows O’-Gd-O’ assign-
ments for lanthanide series from La to Sm, but not for the Gd. We
find answer in the isotope effect. The change in spectrum is
conditioned with the mass of nuclei, and if the mass of some
element is greater, spectral lines will move to lower values of wave
number. Therefore, considering the increase in mass from La to Gd,
we assume that previously unknown wave number value of 0’-Gd-
O’ vibration for Gd-zirconates corresponds to our result of 50 cm™!
(value of wave numbers from La to Gd are decreasing). We also use
isotopic shift to explain the 126 cm~! for which we assume cor-
responds to O-Gd-O vibration band and it also may suggest the
possibility of a lowered local symmetry for some crystallographic
sites [24] (that is in agreement with our assumptions with order <
disorder transition).

4. Conclusion

In this paper far-infrared reflectivity measurements were used
to obtain phonon properties of Eu>* doped Gd,Zr,07 nanopowders.
We registered phonons of both isomeric structures characteristic
for Gd,Zr,07 nanopowder and concluded coexistence of these two
phases on the surface of the material, whereas fluorite structure is
typical for the general structure. Low frequency modes were
registered and regarding isotope effect they have been assigned.
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The analysis of the vibrational properties of mechanochemically synthesized stannite CuyFeSnS4 nano-
crystals has been performed. X-ray diffraction (XRD) and Raman spectroscopy are techniques used to
characterize the crystal structure and compositional purity of stannite CuyFeSnS4 nanoparticles. The
detailed analysis of the experimental spectra has allowed us to determine the frequency and symmetry
assignment of the main and weaker peaks. The milling time influence on synthesis stannite CuyFeSnSa

from elemental precursors Cu, Fe, Sn and S is observed. Among the peaks that are characteristic for the
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stannite CuyFeSnS,4, we registered the modes of binary phases of FeS and SnS. The total disappearance of
the binary phases of FeS and SnS is observed when the milling time is longer than 90 min.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Intensive research has been conducted on the development of
earth-abundant solar cells to replace high-efficiency solar cells,
which use the rare and expensive elements like In, Ga and Te and
toxic elements like Cd and Se. Recently, a new approach has
emerged for a large-scale fabrication of solar cells based on the
synthesis of nanocrystals that can be either annealed into large-
grain thin films for the second generation solar cells, or used it to
fabricate into nanocrystal arrays for the third generation solar cells.

The quaternary chalcogenide CuyFeSnS,4 (CFTS) is important and
interesting material because it has many suitable characteristics for
photovoltaic and optoelectronic applications, such as adequate
direct band gap (1.0—1.5 eV), low toxicity and a relatively high
abundance of the elements in the Earth's crust [1], and its con-
stituents are abundantly available [2].

Theoretical calculations have demonstrated that the presence of
tetrahedrally coordinated copper atoms is a critical feature for the
exhibition of good photovoltaic properties of chalcogenide ab-
sorbers [3]. CuyFeSnS4 (CFTS) is a tetrahedrally coordinated semi-
conductor in which each sulphur anion is bonded to four cations
and each cation is bonded to four sulphur anions, which enabled

* Corresponding author.
E-mail address: jelena@ipb.ac.rs (J. Trajic).

https://doi.org/10.1016/j.optmat.2017.10.043
0925-3467/© 2017 Elsevier B.V. All rights reserved.

CuyFeSnS4 to be another possible earth-abundant alternative ma-
terial for solar cell applications [4—6]. Compared with inefficient
traditional sputtering [7] or evaporation [8] methods of preparing
Cuy-II-IV—VI4 group semiconductor materials, low-cost, highly
efficient, environmental friendly and easy-to operate solution ap-
proaches have been studied widely, such as pulse laser and electro
deposition [9], hot injection [10], electrospinning [11], dip coating
[12], and microwave assisted approach [13—15]. However, these
techniques are complex as well as time-consuming, and require
high temperature, while in some cases it is necessary to use the
toxic organic solvents. Mechanochemical treatment is a powerful
technique for synthesis of a wide range of materials where the high
energy milling is being applied to induce and speed up chemical
reactions [16,17]. This approach is simple, solvent-free, and repro-
ducible, and also the synthesis might be easily scaled up.

X-ray diffraction (XRD) and Raman spectroscopy are the most
commonly used techniques to characterize the crystal structure
and compositional purity of stannite CuyFeSnS4 nanoparticles. In
contrast with XRD based techniques, Raman scattering can provide
more reliable information about the crystalline structure of the
samples and the potential presence of structural and chemical
inhomogenities as secondary phases or polytypes, and also localize
them spatially [18]. Various methods, including Raman spectros-
copy of quaternary crystals have been the subject of intensive re-
searches over the last few years. For example, Raman spectroscopy
was used to analyze polycrystalline thin films of CuyZnSnS4 [2,19],
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nanoparticles of CupFeSnS4 synthesized by thermal decomposition
of metal precursors [20], nanospheres of CuyFeSnS4 synthesized by
a facile solvothermal method [5], or simple hot-injection method
[21]. However, contrary to cited authors, in this work we report the
systematic analysis performed by Raman scattering measurements
of the vibrational properties of CuyFeSnS4 nanoparticles which are
mechanochemically synthesized during different milling time. By
Raman spectroscopy we have analyzed and determined the influ-
ence of the milling time on the purity of the nanocrystals of
CuyFeSnS4.

2. Samples preparation and characterization

The elemental precursors (Cu, Fe, Sn and S) were used to obtain
stannite (CFTS) by a solid state one-pot mechanochemical synthe-
sis. The starting materials were elemental Cu (99%), Fe (99%), Sn
(99.9%), and S (99%). These materials were weighed and mixed in
atomic ratios of 2:1:1:4, according to the stoichiometry CuyFeSnS,.

The mechanochemical synthesis of CuyFeSnS,; nanoparticles
was performed in a Pulverisette 6 planetary mill. The milling con-
ditions were: milling pot volume 250 ml, milling pot material
tungsten carbide with 50 tungsten carbide balls of 10 mm diameter,
total weight of reactants 5 g, ball-to-powder mass ratio 70, milling
speed was 500 min~!. Milling time was 45, 60, 90 and 120 min
using an argon atmosphere as a protective medium in the mill [22].
Using the described synthesis process, the unique nanostructures
and properties are developed. CupFeSnS4 polymorphs with tetrag-
onally body-centred structure with crystallite sizes of 18—19 nm
were obtained.

The widespread used techniques to characterize the crystal
structure and compositional purity of CuyFeSnS4 nanoparticles are
X-ray diffraction (XRD) and Raman spectroscopy.

The crystal structure was characterized by a D8 Advance Bruker
X-ray diffractometer in the Bragg-Brentano geometry, using the Cu
Ko radiation of 0.15418 nm and a scintillation detector. The com-
mercial Bruker tools have been used for data processing.

The XRD patterns of the elemental mixture (Cu, Fe, Sn and S
powders) milled for 45, 60, 90 and 120 min are shown in Fig. 1. The
XRD pattern matches well with the tetragonal body-centred stan-
nite CupFeSnS,4 according to JCPDS card 44-1476 in the tetragonal

space group I-42m. The XRD spectra shows three most intensive
peaks at 20 = 28.5°, 47.5° and 56.0° that can be assigned to the
(112), (204), and (312) planes of the tetragonal crystals.

Together with peaks corresponding to stannite CuyFeSnSy4
structure, peaks corresponding to tetragonal body-centred rho-
dostannite CuyFeSn3Sg (JCPDS 85-0378) are visible. In nature, rho-
dostannite can be often seen as replacement of stannite [23]. This
transformation may also happen in preparation of synthetic crys-
tals by applying the high-energy milling. This synthesis technique
often leads to the products with extraordinary properties [17]. With
increasing the milling time, the phase content of stannite increases
while phase content of rhodostannite decreases [24].

Besides intrinsic peaks of CuyFeSnS4 nanocrystals, the peak of
the non-consumed Fe is observed at all samples milled for 45 and
60 min. This peak disappears with increasing milling time.

3. Results and discussion

To eliminate the possibility that the sample was a coincidental
stoichiometric mixture of starting elements and their phases,
Raman characterization of the nanocrystals was performed.

The Raman spectra of CupFeSnS4 powders were measured in the
spectral range 50—600 cm~! at room temperature. The micro-
Raman spectra were taken in the backscattering configuration
and analyzed by Jobin Yvon T64000 spectrometer, equipped with
nitrogen cooled charge — coupled — device detector. As an excita-
tion source we used the 514.5 nm line of an Ar — ion laser. Method
precision is +1 cm ! in the range 450—850 nm, and reproducibility
is better than 1 pixel.

Optical properties of CuyFeSnS4 stannite are defined by valence
band which is formed by p chalcogenide sulphur and the conduc-
tion band which is formed by cationic states. Namely, conduction
band minimum state is mainly hybridization between the Sn s-like
and S p-like states, while Cu d-like states hybridize with S p-like
states in a wide energy range in the valence band below the valence
band maximum [25,26].

CuyFeSnS, is a tetrahedrally coordinated semiconductor in
which each sulphur anion is bonded to four cations and each cation
is bonded to four sulphur anions [27]. The factor group analysis of
the allowed zone-centre vibrations for the [-42m tetragonal

Fig. 1. XRD spectra of Cu,FeSnS4 nanocrystals obtained after various milling times.
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crystallographic structures of CuyFeSnSy, indicates that ten infrared
(IR) and fourteen Raman active phonon modes of irreducible rep-
resentations are expected for this compound [28]:

T = 2A;+Ay+2B1+4B,+6E (1)

The modes A4, By, By and E are Raman active. The B, and E
modes are also IR active, and they represent LO-TO splitting due to
their polar character. From all these modes the A; symmetry are
expected to be the strongest lines in the Raman spectra [4]. In
these type crystals strong phonon anharmonic effect is registered.
For instance, in Cu,CoSiS4 the very strong broadening of the mode
at 505 cm~! point to a relative large TO/LO splitting for this vi-
bration. Similar observations are made for chalcopyrite type
compounds where one finds TO/LO splittings of 50 cm™! for
CuAlS; and about 20 cm™! for the corresponding gallium and in-
dium compounds CuGaS, and CulnS; [29]. In case of CuyFeSnSy
[29] and binary compounds FeS [30] and SnS [31] TO/LO splitting
is much smaller, consequently, phonon anharmonic effect is not
observed [32].

The Raman spectra of CuyFeSnS4 nanocrystals obtained after
various milling times, in the spectral range from 50 to 600 cm™!, are
presented in Fig. 2. Experimental Raman scattering spectra are
analyzed by the deconvolution to Lorentzian curves [33]. This
Figure shows the Raman spectra measured from the CuyFeSnS,
samples, together with the fitting of the peaks with Lorentzian
curves. Positions of Lorentzians are given above the spectral and
fitted curves.

Intensity [arb. un.]

120 min

0 100 200 300 400 500 600
Raman shift [cm™]

Fig. 2. Raman spectra of Cu,FeSnS, obtained after various milling times.
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Fig. 3. Raman spectra fluctuation versus milling time.

Before beginning of the Raman spectra analysis we shall
consider the quality of the spectra. In Fig. 3 one can see that fluc-
tuations of measured value decrease as milling time increases.
Keeping in mind that all spectra are recorded under the same
conditions the observed change of fluctuations of the measured
values gives us information about the quality of the nanocrystals
after prolonged milling, and it is obvious that after 120 min of
milling the nanocrystal has the best quality.

The spectrum of CuyFeSnS,4 nanocrystals obtained after 45 min
milling time is presented in Fig. 2a. The spectrum show two
dominant peaks at 322 cm~! and 292 cm~!, which are in accor-
dance with the reported values for tetragonal CuyFeSnS4. The peaks
originate from the motion of the S anions around fixed cations and
they are identified as A; symmetry modes. Dominant structure at
about 322 cm~! in experimental spectra is vibration of pure anion
mode of S anions around fixed Sn cations [28], while the mode at
approximately 292 cm ™! can be considered as a pure S anion mode
around the Cu cation. The other observed Raman modes could be
derived from the combined motion of anions and cations [34].

Fitting the spectra with the Lorentzian curves allowed identifi-
cation of additional weaker contributions at 73, 122, 145, 255 and
355 cm~ . The peaks located at approximatively 73, 122, 145 and
355 cm~! are in good agreement with the frequencies of the IR
peaks reported for this compound [28]. These peaks are tentatively
attributed to E symmetry modes. There are, also, a few week peaks
around the mode at 255 cm™ !, but we fitted them with a broad peak
at the same frequency.

In addition, other possible binary and ternary phases can be
distinguished by Raman spectroscopy. We represent them by
dashed lines in Fig. 2. Shoulder peaks at approximately 339 and
377 cm™! originates from FeS binary phase [35]. Existence of these
modes is confirmed by XRD measurements. Weak, broad peak at
about 192 cm~! originates from the binary intermediate phase SnS
[36]. Occurrence of SnS binary phase is in accordance with the
observation of Bernardini et al., where, by thermal synthesis, also,
the minor traces of herzenbergite SnS besides stannite have been
detected [37,38]. The fact that the component is not visible (Sn) or
the component is very weak (Fe) on XRD spectra indicates that the
content of binary components SnS and FeS is very small.

Slight difference in frequencies between available literature data
as well as data we gathered probably arises from the differences in
the cation-anion bond distances. Also, the significant role have
cationic defects which are always presented. Namely, disordered
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distribution of Cu and Fe atoms leads to the presence of a high
content of Cug. and Fec, anti-site defects that would degrade the
crystalline quality of these regions. The existence of a highly
disordered distribution of cations in these domains would lead to a
relaxation of the q-conservation rule, with a shift of the Raman
peak towards lower frequencies [4].

By XRD measurements the rhodostannite CuyFeSns3Sg is also
registered. Comparing the Raman spectrum of stannite and rho-
dostannite from the RRUFF database, one can see that Raman
spectrum of rhodostannite approximately overlaps with stannite
spectrum.

The spectrum of CuyFeSnS4 nanocrystals obtained after 60 min
milling time is presented in Fig. 2b. In case of this nanocrystal the
same modes are also registered as in the sample obtained after
45 min milling time, but nevertheless it is noticed that intensity of
the modes originated from the stannite increases (solid lines), and
that the modes originated from FeS and SnS binary phases (dashed
lines) decreases. The trend is also seen in the sample obtained after
90 min milling time (Fig. 2c). However besides further increase of
the intensity of the modes originated from stannite, and decrease of
the intensity of the modes originated from binary phase FeS, in this
nanocrystal the mode at 192 cm™! was not observed. This fact
means that after 60 min milling time SnS binary phase disappears.
CuyFeSnS; nanocrystals obtained after 120 min milling time is
presented in Fig. 2d. The spectrum is characterized by the strongest
line at 322 cm~, two prominent lines at 292 and 355 cm~!, and
several weak spectral features corresponding to IR peaks. Absence
of Raman peaks positioned at 192, 339 and 377 cm~! excluded the
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Fig. 4. Intensity of the modes originated from the binary phases FeS and SnS (a) and
CuyFeSnS,4 (b) versus milling time.

presence of other binary or ternary impurity phases, such as FeS
and SnS, which implicates that after 90 min of milling the total
synthesis of tetragonal CuyFeSnS4 nanocrystals occur, without any
additional components.

Intensity dependencies of the mode originated from the binary
phases of FeS and SnS, from the milling time are presented in
Fig. 4a. One can perceive that their intensities decrease while the
milling time increase, as well as that after 60 min binary phase of
SnS disappears, whereas intensities of the FeS modes continues to
decrease until total disappearance when the milling time is longer
than 90 min. Absence of those Raman peaks excluded the presence
of FeS and SnS binary phases, which indicates that after 90 min
milling time pure stannite CuyFeSnS, is synthesized. Contrary the
modes originated from the binary phases FeS and SnS, intensities of
the modes originated from CuyFeSnSs predominantly increases
while milling time increases (Fig. 4b.).

4. Conclusion

Raman scattering measurements have been applied in an
attempt to characterize compositional purity of stannite, and
observe the influence of the milling time on the mechanochemical
synthesis of CupFeSnS; nanocrystals. The stannite CupFeSnSy4 is
mechanochemically synthesized from elemental precursors Cu, Fe,
Sn, and S. We registered the peaks located at approximately 73,122,
145, 255, 292, 322 and 355 cm~ !, which are in good agreement
with the frequencies of the peaks reported for tetragonal
CuyFeSnS4. Among the peaks that are characteristic for the stannite
CuyFeSnS4, we also registered the modes at about 192, 339 and
377 cm~! that originates from binary phases of FeS and SnS,
respectively. Intensities of these modes decreases while the milling
time increase. The total disappearance of the mode originated from
SnS binary phase is observed after 60 min milling time, and FeS
modes disappear when the milling time is longer than 90 min.
Absence of those Raman peaks excluded the presence of FeS and
SnS binary phases, which indicates that after 90 min milling time
pure stannite CupFeSnS4 is synthesized. We present relatively
simple, cheap solvent-free, and reproducible method to synthesize
the pure stannite CuyFeSnS,4, comparing to the methods suggested
by other researchers.
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Abstract:

Copper selenide thin films of three different thicknesses have been prepared by
vacuum evaporation method on a glass substrate at room temperature. The optical properties
of the films were investigated by UV-VIS-NIR spectroscopy and photoluminescence
spectroscopy. Surface morphology was investigated by field-emission scanning electron
microscopy. Copper selenide exhibits both direct and indirect transitions. The band gap for
direct transition is found to be ~2.7 eV and that for indirect transition it is ~1.70 eV.
Photoluminescence spectra of copper selenide thin films have also been analyzed, which show
emission peaks at 530, 550, and 760 nm. The latter corresponds to indirect transition in
investigated material.

Keywords: Copper selenide; Thin films; Semiconductors; UV-VIS-NIR spectroscopy;
Photoluminescence spectroscopy.

1. Introduction

Copper selenides are interesting metal chalcogenide semiconductor materials. They
exist in many phases and structural forms: different stoichiometry such as CuSe
(klockmannite), Cu,Sey, CuSe, (marcasite), a - Cu,Se (bellidoite), CusSe, (umagnite), CusSe,
(athabaskite), Cu,Se, etc., as well with non-stoichiometric form such as Cu,.,Se (berzelianite),
and can be constructed into several crystallographic forms (monoclinic, cubic, tetragonal,
hexagonal, etc.). Their color ranges from blue black to bluish green depending on the type of
stoichiometric composition. Special constitutions of these compositions make copper selenide
an ideal candidate for scientific research.

Copper selenide is a semiconductor with p-type conductivity. It has both direct and
indirect transitions so the presence of both band gaps, direct and indirect, is observed. The
band gap of copper selenide is not well defined. Literature data are quite controversial: direct
allowed transitions are reported to have corresponding band gap in the range of 2 to 3 eV, and
indirect band gap between 1.1 and 1.5 eV [1-4]. The indirect band gap being near the
optimum value for solar cell applications makes this material capable to potentially offer a
high efficiency of conversion. However, copper selenide nanoparticles have been reported to

“) Corresponding author: milicap@ipb.ac.rs
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possess a direct band gap of 4 eV [5] and indirect one of 1.87 eV. The reasons of such
variation in band gaps could lie in the sharp cut off of the wavelength with the spectral
transmittance instead of the slow increase, the presence of large humber of dislocations, wide
range of stoichiometric deviation and quantum confinement effect.

Copper chalcogenide thin films have numerous applications in various devices such
as solar cells [6-8], photodetectors [9], optical filters [10], microwave shielding [11],
thermoelectric converters [12]. Photovoltaic cells and Shottky diodes are associated with
these metal chalcogenide compound [13, 14]. Copper selenide is a precursor material of
CulnSe,, used for highly efficient photovoltaic elements [15]. Also, CuSe, is served as a
typical anion conductor and significant Cu-Se alloys targets for the preparation of CIGS/CIS
thin film solar cells in RF magnetic sputtering [16].

A number of methods have been reported for the deposition of thin films of different
crystalline modifications and varying stoichiometries such as anelectrodeposition [17],
selenisation [18], vacuum evaporation [19], solid state reaction [20], and chemical bath
deposition [21].

In this paper, we report the preparation of CuSe thin films deposited onto glass
substrate using vacuum evaporation techniqueat room temperature and their characterization
trough FESEM, UV-VIS-NIR and photoluminescence spectroscopy.

2. Experimental

The vacuum evaporation technique was used to deposit thin films of copper selenide
onto glass substrate. Copper selenide alloy of high purity (99.99 %) was purchased from
Aldrich Company. With use of a Mo boat, the powder was deposited onto highly pre-cleaned
glass substrates at vacuum ~3 mPa at room temperature, with use of conventional coating
unit-Edwards, E-306 A. During the evaporation of CuSe thin films, the rate of deposition was
kept constant ~10 nm/s. The film thickness was controlled with use of a quartz crystal
thickness monitor - FTM4, Edwards. Films of three different thicknesses: 56 nm (CuSel), 79
nm (CuSe2), and 172 nm (CuSe3) were obtained by deposition onto glass substrates.

Field—emission scanning electron microscopy (FESEM) images were obtained for
CusSe thin films deposited on glass substrate in order to study the surface morphology of the
thin films. A Jeol JSM-7600F with a Schottky-type emitter was used at an accelerating
voltage of 1.5 kV.

The UV-VIS-NIR diffusion reflectance and transmittance spectra were recorded in
the wavelength range of 300 — 2000 nm on a Shimadzu UV-2600 spectrophotometer equipped
with an integrated sphere. The diffuse reflectance and transmittance spectra were measured
relative to a reference sample of BaSO,.

Photoluminescence emission measurements were obtained using Jobin—Yvon U1000
spectrometer, equipped with RCA-C31034A photomultiplier with housing cooled by Peltier
element, amplifiers and counters. As an excitation source we used the 488 nm laser line of
Argon laser.

3. Results and discussion
3.1. FESEM

Fig. 1 shows representative FESEM image of sample CuSe2 at room temperature and
images of two other films are similar. As we may observe, film is packed and continuous
without the presence of porosity or voids. The surface is rather smooth with no cracking
observed.
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Fig. 1. Top view micrograph of CuSe2 thin film at room temperature using SEM.

3.2. UV=VIS-NIR spectroscopy

In Fig. 2. diffuse reflectance (R) and transmittance (T) spectra of our thin films
samples in the wavelength range 200-1000 nm are presented. As we can see, the
transmittance increases with decrease in the film thickness, which is not the case for
reflectance. This is typical for films with high electrical conductivity and implies a reflection
coefficient nearing 1 for films of metallic conductivity.
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Fig. 2. Diffuse reflectance and transmittance spectra.
In this study we used Tauc plot for the determination of optical band gap from diffuse

reflectance measurements. The determination of band gap in semiconductors is significant for
obtaining the basic solid state physics. The relation expression proposed by Tauc, Davis and
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Mott [22-24] is following:
1
n

ahv=A(hv—Eg) (1)

where h is a Planck’s constant, A is the transition probability constant depending on the
effective mass of the charge carriers in the material, Eg is the band gap, hv is the photon
energy and « is absorption coefficient which is defined as the relative rate of decrease in light
intensity along its propagation path, i.e. a property of a material that defines the amount of
light absorbed by it. The value of n denotes the nature of the transition. In case of direct
transitions n equals 1/2 and 3/2 for allowed and forbidden transitions, respectively. As for
indirect transitions, n equals 2 and 3 for allowed and forbidden transitions, respectively. Since
CuSe exhibits both direct and indirect allowed transitions, n = 1/2 and n = 2.

Then, the acquired diffuse reflectance spectra are converted to Kubelka—Munk
function [25]:

@-R)
a R 2

So using this function, a plot of (ahv)™ against hv is obtained. The energy band gap is
determined by extrapolating the linear portion of («hv)" vs. hv to the energy axis at (ahv)*"=
0. The intercept of these plots on the energy axis gives the energy band gap. Such plots are
given in Fig. 3a) — direct transitions and Fig. 3b) — indirect transitions.
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Tab. | The estimated band gap energies of CuSe thin films.

CuSel CuSe2 CuSe3
Direct transition (eV) 2.77 2.71 2.69
Indirect transition (eV) 1.75 1.70 1.70

The experimentally determined values of energy gaps for CuSe thin films slightly
differ from each other on second decimal place, their values range from 2.69 to 2.77 eV for
direct transitions, and from 1.70 to 1.75 eV in the case of indirect transitions. The estimated
band gap positions of each sample are given in Table I. It seems that despite the difference in
film thicknesses, their optical properties such as band gap energies are quite similar.

References report a large range of energy band gap values for CuSe. For direct
transitions that values usually go between 2 and 3 eV. R. Bari et al. [26] obtained the value of
2.51 eV for the sample thickness of 150 nm, and with the increase of film thickness they
reported the decrease of band gap width. 1. Grozdanov [27], V. Garcia et al. [2] and G. B.
Sakr et al. [28] obtained the value of 2.33, 2.13-2.38 and 2.74 eV, respectively. The latter is
very similar to the results obtained in this paper. D. Rajesh et al. [29] got a diversity of band
gaps ranging from 1.95 (the thickest film) to 3.70 eV (the thinnest film). As for indirect
transitions, they received less attention. In [2] the obtained values are 1.22-1.34 eV, whereas
in [12] the value is about 1.4 eV. The values we obtained, ~1.7 eV, are bigger than reported in
literature. In our opinion, the larger indirect band gap values are due to quantum confinement
effect [30, 31] whereby the electrons are localized in individual crystallites.

3.3. Photoluminescence spectroscopy

Photoluminescence emission spectra can be used for investigation of the possible
outcomes of photoinduced electrons and holes in a semiconductor, since photoluminescence
emission results from the recombination of free charge carriers. A semiconductor is
characterized with the electronic band structure and its main features — the valence band or
the highest occupied molecular orbital (HOMO) and the conduction band or the lowest
unoccupied molecular orbital (LUMO). The difference between the valence band and the
conduction band in the means of energy is called band gap (Eg). We talk about two types of
photoluminescence phenomenon according to its attributes and formation mechanism: the
band-to—band photoluminescence and the excitonic photoluminescence [32-34]. The band-—
to—band PL spectrum regards the separation situation of photogenerated charge carriers. The
excitonic PL spectrum, however, cannot directly reflect the separation situation of
photoinduced carriers. If discrete energy levels are present in the band gap, these may
dominate the optical spectrum. PL measurements then yield information about the energetic
positions of the electronic states in the gap. Such localized states can originate from various
types of imperfections like vacancies, interstitial atoms, atoms at surfaces and grain
boundaries. However, it is often difficult to determine the exact position and origin of these
states.

Photoluminescence spectra of CuSe thin films of three different thicknesses at room
temperature are presented in Fig. 4. In all spectra, the band in the red spectral region,
positioned at about 760 nm (1.63 eV), is clearly seen. According to the UV-VIS results (see
previous chapter), we can attribute this PL peak to indirect band—to—band transition for
indirect transition in CuSe. Since the excitation energy (488 nm = 2.54 eV) is lower than the
energy for direct transitions (460 nm = 2.7 eV), peak that corresponds to direct transitions
cannot be observed. In green area, a broad band is observed which consists of two peaks, at
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about 530 nm and about 550 nm. These localized states must originate from native defects of
Se or Cu.

3 . ﬁ’k N

2 W M

£ ] "M . o M
1501 ”,h‘(.a‘w\',m I “I i

T T T T T T T T T T T T T
500 550 600 650 700 750 800
A [nm]
Fig. 4. Photoluminescence emission spectra of CuSe thin films at room temperature.

4. Conclusions

CuSe thin films of three different thicknesses, obtained by vacuum evaporation
technique on glass substrate, underwent through photoluminescence investigation along with
UV-VIS-NIR measurements and FESEM analysis. Reflectance measurements revealed
values for both direct and indirect band gap: ~2.7 and 1.7 eV, respectively. The existence of
indirect band gap on this value, somehow wider then in literature, is confirmed by
photoluminescence measurements. Presence of localized states between the direct and indirect
band gap is discovered from luminescence measurements. In this paper we proved that simple
and low cost technique as vacuum evaporation is capable of producing high quality thin films.
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Caodpcaj. Tanku ¢uimosu 6axap cenenuoa mpu pazuume Oebmune 0odujenu cy
MEXHUKOM BAKYYMCKO2 HANApasara Ha CYNCmpam o0 CMakia Ha COOHOj memnepamypu.
Onmuyke  ocobune  Quimosa  ucnumusane ¢y  memodoama  UV-VIS-NIR u
Gomonymunecyenmue cnexkmpockonuje. Mopgonozuja nogpuiune ucnumugana je memooom
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ckenupajyhe erexmponcke Mukpockonuje ca egpekmom nosna. Y baxap cenenudy ce doeahajy
U Oupekmuu u uHOUpekmuu npenasu. Mzmepena 3abparena 30Ha Koja 00208apa OUpexmHum
npenazuma je ~2.71 eV, 0ok je 3abparena 30HA KOja 00208apa UHOUPEKMHUM Npeid3umd
~1.70 eV. Aunanusupanu cy u cnexmpu HomoayMuHecyeHyuje MmManKux @Quimosa oaxap
cenenuda, u youenu cy nuxosu Ha 530, 550 u 760 nm. Ilocareowenomenymu nux oozoeapa
UHOUPEKMHUM NPENA3UMA Y U3YHABAHOM Mamepujay.

Kuwyune peuu: Bakxap cenenuo, Tanxu ¢uimosu; Iorynposoonuyu; UV-VIS-NIR
cnekmpockonuja; Pomonymunecyenmua CReKmpoCcKonuja.
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1. Introduction

Importance of yttrium aluminum garnet, Y3Als01,, commonly
abbreviated as YAG, arises from its high chemical stability as well
as excellent optical and high-temperature mechanical properties
[1]. It is a ceramic material with a cubic garnet crystallographic
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E-mail address: jelena@ipb.ac.rs (J. Trajic).
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1350-4495/© 2016 Elsevier B.V. All rights reserved.

structure whose thermal expansion is isotropic, whereas its optical
properties are homogeneous, without birefringence effects [2,3].
Over the last five decades the structural properties of YAG were
the subject of numerous studies, which proved its technological
relevance and led to its use in a broad range of applications. For
example, YAG has found its role as a host material in solid-state
lasers of different kinds, luminescence materials, and scintillators
[4-6].

Two prospective applications particularly draw attention
toward trivalent dysprosium-activated optical materials. Namely,
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if the phonon energy of host matrix is low, these materials could be
an alternative to praseodymium-doped optical amplifiers used in
the second telecommunication window [7]. The second promising
area of application, the solid-state lasers operating in the visible
part of the spectrum [8], is based on the blue and yellow emissions
originating from “Fg, level of Dy**. These emissions are much more
probable than the non-radiative relaxation to the next lower
energy level, °Fs ), that corresponds to large energy gap of approx-
imately 7500 cm~!. Consequently, relatively high phonon energy
of yttrium aluminum garnet presents YAG crystal as a prospective
host material for dysprosium ions [9].

We used solution combustion synthesis (SCS) method to pre-
pare nanopowder samples of YAG and YAG doped with 2 mol%
Dy. Optical properties of the samples were analyzed by far-
infrared spectroscopy (FIR), whereas nitrogen adsorption method
was employed to examine specific surface area and texture. The
dielectric function of the nanopowders was modeled using the
Maxwell-Garnet formula.

2. Samples preparation and characterization

The SCS method used to prepare the YAG and YAG:Dy
nanopowder samples was performed in several steps. Yttrium
oxide (Y,03) and aluminum oxide (Al,03) of 99.99 % purity was
purchased from the NOAH Technologies. The oxides were dissolved
in HNOs followed by the addition of carbohydrazide to the solution
of aluminum nitrate and yttrium nitrate:

3Y(NO3); + 5AI(NOs); + 15CHsN,0
— YAG + 42N, + 15C0, + 45H,0.

Good reactivity of the raw materials provided absence of the
intermediate phases, e.g., YAM (Y4Al,09) or YAP (YAIOs), in the
obtained YAG powder. The YAG:Dy samples were produced by
doping YAG host with Dy>* ions using the concentration of 2 mol
%. Further, YAG:Dy nanopowder was annealed in the air atmo-
sphere at 1300 °C with the aim to obtain full crystallinity [10].

The morphology of the prepared YAG and YAG:Dy nanopowders
was examined using a high resolution scanning electron micro-
scope (SEM) equipped with the high brightness Schottky Field
Emission gun (FEGSEM, TESCAN) operating at 4 kV. In order to
provide conductivity of the samples needed for SEM analysis, the
samples were coated with gold/palladium. The SEM images of
our YAG and YAG:Dy samples are given in Fig. 1. The powders
are composed of well-defined and separated nanoparticles,

clusters, and agglomerated particles. The size of individual spheri-
cal particles is in the range of about 30-50 nm. The spherical shape
of particles is of great importance because it provides lower light
scattering and brighter luminescence performance [11].

3. Results and discussion
3.1. Adsorption isotherms — BET experiments

The analyzer Surfer (Thermo Fisher Scientific, USA) was used to
examine YAG and YAG:Dy nanopowders.

The dependences of the adsorbed amount of N, on the relative
pressure, P[Py, at the temperature of —196 °C, i.e., the nitrogen
adsorption isotherms, for the YAG and YAG:Dy samples are given
in Fig. 2. The adsorptions at low relative pressures, given in the
graph inserts, indicate that there are micropores on the particle
surfaces. According to the IUPAC classification pores are classified
as macropores (pore width above 50 nm), mesopores (pore width
2-50 nm) and micropores (pore width below 2 nm) [12]. At the
same time, non-limiting adsorption at high P/Py, was found to cor-
respond to non-rigid aggregates of particles giving rise to slit-
shaped pores [13]. Note that these conclusions are in agreement
with the SEM images given in Fig. 1, which show that our samples
contain agglomerated as well as separated particles. The separated
particles are found to be spherical with the diameter of approxi-
mately 40 nm. The specific surface areas calculated by the BET
equation, Sger, are found to be 5m?g~' and 12m?g! for the
YAG and YAG:Dy samples, respectively. Since the radius of Dy>*
jon of 0.1167 nm is larger than the radius of Y>* ion, which is
0.1159 nm, it comes as no surprise that the presence of Dy led to
increase of the overall specific surface of particles. Also, dopants
introduce defects into the structure of the material which results
in different charge on the particle surface when doped and
undoped are compared. This charge on the particle surface leads
to differences in packaging particles and their greater or lesser
agglomeration, which on the other hand have significant role on
the porosity and specific surface area. Incorporated dopants have
a tendency to concentrate at the surface of nanomaterials. All these
have significant role on the increasing of the specific surface area.

3.2. Far-infrared spectroscopy

The far-infrared measurements were carried out with the
BOMEM DA - 8 FIR spectrometer. The wave number range between
80 and 600 cm~! was covered with the DTGS pyroelectric detector.

Fig. 1. SEM micrographs. The micrographs of YAG and YAG:Dy nanopowders are given in part (a) and (b), respectively.
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Fig. 2. Nitrogen adsorption isotherms. The amount of adsorbed N, given as a function of the relative pressure is shown in graphs (a) and (b) for YAG and YAG:Dy
nanopowders, respectively. Solid symbols correspond to adsorption, whereas open symbols represent desorption. The shapes of the curves around zero are enlarged in the

inserts.

If the visible light wavelength, /, is much larger than the char-
acteristic size of semiconducting nanoparticles, d, i.e., if 1> d,
the heterogeneous composite of nanoparticles with the dielectric
function &, distributed in a medium with the dielectric constant
&1 can be treated as a homogeneous medium and effective medium
theory is applicable. The effective dielectric permittivity of such a
mixture can be modeled by a number of mixing models [14]. We
chose the Maxwell-Garnet model since our samples are well
defined and separated nanosized spherical grains. Consequently,
the predicted effective permittivity of the mixture becomes [15]:

& — &
& +2& —f(&1 — &)

Eeff = &1+ 3f81

: (1)

where spheres of permittivity ¢, were taken to occupy a volume
fraction f as well as to be randomly located in a homogeneous envi-
ronment characterized with &;. In the considered nanopowders,
nanoparticles are situated in air, therefore ¢; =1. To determine
the dielectric function of the nanoparticles, i.e., &;, we used the plas-
mon-phonon interaction model [16]:

n o2 2
Wige — W + 170,
() = &n (H Lok Yiok®

2
Wp
2 2 -
i Ot — W + 1Y (@ —1771)

(2)

where ¢ is the bound charge contribution and it is assumed to be a
constant, wror and wyoy are the transverse and longitudinal fre-
quencies, Yo, and Yok are their dampings, wp is the plasma fre-
quency and 7 is the free carrier relaxation time. The first term in
Eq. (2) is the lattice contribution, whereas the second term corre-
sponds to the Drude expression for the free carrier contribution to
the dielectric constant.

The measured and calculated far-infrared spectra of YAG and
YAG:Dy nanopowders, in the spectral range between 80 and
600 cm™!, at room temperature are shown in Fig. 3. The experi-
mental data are depicted by circles, whereas the solid lines are
used to draw the calculated spectra obtained by the fitting proce-
dure based and the model defined by Eqs. (1) and (2). The best fit
parameters corresponding to YAG and YAG:Dy nanopowders are
given in Table 1. The values corresponding to the YAG single crystal
are taken from [17].

Intensity

100 200 300 400 500 600

Wave number (cm'®)

Fig. 3. Far-infrared reflection spectra of YAG nanopowder (a) and YAG:Dy
nanopowder (b) at room temperature. The experimental data are represented by
circles. The solid lines are the calculated spectra obtained with the parameter
values given in Table 1 and the fitting procedure based on the model given by Eqgs.
(1) and (2).

YAG crystallizes in the cubic structure, it has the symmetry of
0n'°-Ia3d space group, and eight molecules of Y3Als0q5 per
primitive unit cell. Out of the ninety-eight theoretically predicted
Brillouin zone center modes that correspond to the O structure
in the YAG group, 3Aqg + 5A,g + 8Eg + 14T g + 14Tog + 5A1y + 5A0, +
10E, + 18Ty, + 16Ty, only the eighteen T;, modes are IR-active
[19]. Further, out of these eighteen theoretically predicted IR-
active modes, fourteen are visible in the experimental and modeled
far-infrared reflectivity spectra of the YAG and YAG:Dy nanopow-
ders, and in the data corresponding to the YAG single crystal
retrieved from literature, see Fig. 3 and Table 1. The bands at
around 430, 453, 477, 510 and 566 cm™~! represent the characteris-
tic metal-oxygen vibrations, which are in our example Y-O and
Al-0. Our data are in agreement with the previous reports regard-
ing single crystals [18,19] as well as with the results on nanocrys-
tals of YAG [20,21]. The peaks located in the vicinity of 477, 510
and 566 cm™! are the asymmetric stretching vibrations, whereas
the peak at approximately 453 cm™! is the symmetric vibration



J. Traji¢ et al./ Infrared Physics & Technology 77 (2016) 226-229 229

Table 1

Best fit parameters of far-infrared spectra of YAG single crystal, YAG nanopowder and YAG:Dy nanopowder.

YAG single crystal YAG nanopowder YAG:Dy nanopowder

Vibrations

o (em™) 122 122 122
165 165 163
180 178 178
221 220 219
291 290 289.5
327 330 328
375 375 373
390 388.5 389
396 399.5 396
432 431 431
453 447 444
477 465 465
510 508 507
566 563 564
wp (em™) 220 190 220
7(cm™) 0.001 0.002 0.035
f 1 0.96 0.80

T (+T4) translations of tetrahedral and dodecahedral cation

Ty translations of dodecahedral cation

Tq (+T) translations of tetrahedral and dodecahedral cation

Tq translations of dodecahedral cation (translations of cations in YOz and AlQ,4)
To

T translations of tetrahedral cation

R libration of tetrahedral cation

To translations of octahedral cation

R libration of tetrahedral cation

Ty translations of octahedral (translations + libration) cations in AlOg and AlO4
vV, symmetric

V4 symmetric

\Z

v4 (symmetric and asymmetric stretching of Al-O in octahedrons)

of Al-O bond in the octahedral arrangement of garnet structure.
The four lowest energy peaks correspond to the translation and
vibration of cations in different coordination - tetrahedral, octahe-
dral and dodecahedral [22]. The peaks around 165, 220, 375 and
396 cm~! have been attributed to the translator motion of Y>* ions
within the distorted cube that has eight oxygen ions at its vertices,
as well as to the heavy mixing of the translational, rotational, and
v3 mode of the (AlO4) unit.

Differences in the structure of YAG single crystal and YAG
nanopowder cause changes in the phonon frequencies. Namely,
decrease in the crystallite size causes optical phonon confinement.
The influence of doping of YAG by Dy>* on the spectral properties
and lattice vibrations is not significant. Compared to the spectra of
YAG single crystal and YAG nanopowder, there are no new phonon
modes corresponding to the YAG:Dy nanopowder; however, fur-
ther decrease of phonon frequencies is registered. Since Dy>* ions
are by 0.69%, larger than Y>* ions, substitution of Y3* with Dy>*
leads to further distortion of the cubic cell, and consequently to
the shift of characteristics frequencies toward lower frequencies,
as can be seen in Fig. 3 and Table 1.

The values of filling factors were determined from the analysis
of reflection spectra. The main volume fraction, f, obtained as the
best fit parameter estimation, is listed in Table 1. These results
are consistent with the results obtained by the BET experiment
described in Section 3.1. Namely, high values of the filling factor
are associated with the existence of micropores.

4. Conclusions

Due to their prospective application in optical amplifiers for the
second telecommunication window and solid-state lasers that
operate in the visible part of the spectrum, properties of the
YAG:Dy nanopowder were investigated and compared to those
corresponding to the YAG nanopowder and YAG single crystal.
The nanopowders were synthetized by the solution combustion
synthesis technique and the samples were analyzed by the scan-
ning electron microscopy, nitrogen adsorption method as well as
by the far-infrared spectroscopy. The measured far-infrared spec-
tra were in complete agreement with the modeled spectra
obtained with the Maxwell-Garnet formula, plasmon-phonon
interaction model, and fitting procedure. It was determined that
the Dy doped as well as non-doped YAG nanopowders are microp-
orous. Spherical, well-defined and separated nanoparticles as well
as agglomerated particles were detected. The far-infrared mea-
surements revealed that the YAG nanopowder has lower phonon

frequencies than the YAG single crystal as well as that doping of
YAG by Dy?* does not have significant influence on the spectral
properties and lattice vibrations. However, the doping caused fur-
ther decrease of phonon frequencies, with respect to the frequen-
cies that correspond to the YAG single crystal and YAG
nanopowder.
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GRAPHICAL ABSTRACT

ABSTRACT

This paper describes the structural and optical properties of Cu-Se thin films. The surface morphology of
thin films was investigated by atomic force microscopy (AFM) and scanning electron microscopy (SEM).
Formation of Cu-Se thin films is concluded to proceed unevenly, in the form of islands which later grew
into agglomerates. The structural characterization of Cu-Se thin film was investigated using X-ray
diffraction pattern (XRD). The presence of two-phase system is observed. One is the solid solution of
Cu in Se and the other is low-pressure modification of CuSe,. The Raman spectroscopy was used to iden-
tify and quantify the individual phases present in the Cu-Se films. Red shift and asymmetry of Raman
mode characteristic for CuSe, enable us to estimate nanocrystal dimension. In the analysis of the far-
infrared reflection spectra, numerical model for calculating the reflectivity coefficient of layered system,
which includes film with nanocrystalite inclusions (modeled by Maxwell-Garnett approximation) and
substrate, has been applied.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

different stoichiometric such as CuSe (mineral klockmannite),
Cu,Se, CuSe, (mineral marcasite), CusSe, (mineral umangite),

Copper selenide is a metal chalcogenide semiconductor CusSe; (mineral athabaskite), Cu,Se; as well as in non-

which exists in many phases and crystallographic forms:

* Corresponding author.

stoichiometric form as Cu,_,Se (mineral berzelianite) and can
be constructed into several crystallographic forms (monoclinic,
cubic, tetragonal, orthorhombic, hexagonal, etc.). The phase
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diagram of copper-selenium system [1] shows us that the
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thermal stability of these compounds is highly dependent on
the stoichiometric form.

Cu-Se thin films are p-type semitransparent highly conducting
semiconductors [2,3] that found numerous applications in devices
such as thin film solar cells, photodetectors, superionic materials,
optical filters [4,5]. Moreover, CuSe; is superconductor at low tem-
peratures with a transition temperature Tc~ 2.4 K [G]. CuSe, is
reported to be weak ferromagnetic below 31 K [7,8] implying the
possible coexistence of ferromagnetism and superconductivity in
this compound.

The attraction of this material also lies in feasibility of produc-
ing the ternary material CulnSe; (CIS) and quaternary material Cu
(In,Ga)Se, (CIGS) as they are the leading candidates for absorber
material in large-scale photovoltaic application system [9-11].
CIGS technology laboratory demonstrations reached a sub-
module power conversion of 20.4% [12].

The optical and electrical properties of copper selenide films
depend on the used fabrication method due to compositional com-
plexity of this compound, and possible phase transitions. Numer-
ous methods have been reported for the deposition of these films
of different crystalline modifications and varying stoichiometry.
These methods can be primarily categorized in two processes.
One is solution-based process: chemical bath deposition
[3,13,14], solution growth [2], hydrothermal method [15], etc.
Another one is vacuum based process: vacuum evaporation tech-
niques [16-19].

Despite of numerous works concerning CuSe in last few dec-
ades, there is no much information about its optical properties.
This paper reports optical and structural characterization of Cu-
Se thin films of three different thicknesses. These films are
obtained by rather simple and low-cost vacuum evaporation tech-
nique, using Mo boat onto glass substrate at room temperature.
Characterization was performed using XRD, AFM, SEM, Raman
and far-infrared reflection measurements. The structure of the
obtained films is discussed on the basis of XRD data along with
AFM measurements. The above properties have been reviewed
with respect to the results of the Raman and far-infrared
spectroscopy.

2. Samples and characterization
2.1. Preparation of Cu-Se thin films

Copper selenide alloy of high purity (99.99%) was purchased
from Aldrich Company. With use of a Mo boat, the powder was
deposited onto a highly pre-cleaned glass substrates at vacuum
better than 2.67 mPa and at room temperature, with use of a con-
ventional coating unit — Edwards, E-306 A. During the evaporation
of Cu-Se thin films, the rate of deposition was kept constant
—10 nm/s. The film thickness was controlled with use of a quartz
crystal thickness monitor — FTM4, Edwards. Films of three different
thicknesses: 56 nm (CuSe A), 79 nm (CuSe B) and 172 nm (CuSe C)
were obtained by deposition onto glass substrates.

2.2. AFM and SEM surface characterization

The surface morphology of thin films was investigated by
atomic force microscopy (AFM) and scanning electron microscopy
(SEM). AFM imaging was done using the NTEGRA Prima system
from NT-MDT. Typical tip curvature radius was 8-10nm. All
AFM measurements were performed at room temperature and
under ambient conditions. SEM imaging was done using scanning
electron microscope equipped with a high brightness Schottky
Field Emission gun (FEGSEM, TESCAN) operating at 4 kV. The sam-
ples were coated with gold/palladium to make them conductive.

The atomic force microscopy was used to determine the general
cell wall structure, together with the assembly of particular com-
ponents into the wall structure as a whole. Areas of 10 x 10 pm
were investigated. AFM images for Cu-Se thin films are presented
in Fig. 1. For the quantitative estimation of the surface, the stan-
dard programs of the view treatment were used. Values of the
average height, average roughness (R;), root mean squared (RMS)
roughness and surface skewness (Ssk) were analyzed, and the
results are presented in Table 1.

From the RMS values, it is clear that the surface of our samples
is relatively uneven and rather rough (RMS ranging from 14 to
22 nm), which implies the existence of more than one phase in
the system. Unlike the RMS values and average roughness, the
average height of our samples grows linearly with film thickness.
That trend is expected from the crystal growth. Formation of Cu-
Se thin films is concluded to proceed unevenly, in the form of
islands which later grew into agglomerates.

SEM analysis confirms the uneven growth of our samples,
resulting in rather rough surface with cracks and voids. SEM
images of CuSe A sample are presented in Fig. 2, being the repre-
sentative ones. Agglomerated clusters of few hundreds nanometers
in diameter are distributed non-uniformly along the surface. In
order to obtain the film thicknesses, the samples are tilted at 30°.
The estimated thicknesses are: (56 +4) nm for CuSe A (Fig. 2c),
(78 £ 4) nm for CuSe B and (171 + 4) nm for CuSe C (not presented).
These values are in good agreement with the ones obtained during
samples preparation.

2.3. XRD

The structural characterization of Cu-Se thin film was investi-
gated by using X-ray diffraction pattern. X-ray diffraction measure-
ments were performed on a Philips 1050 X-ray powder
diffractometer using a Ni-filtered Cu Ko radiation and Bragg-
Brentano focusing geometry. The patterns were taken in the 10-
80° 20 range with step of 0.05° and exposure time of 6 s per step.

X-ray diffraction patterns of our samples are presented in Fig. 3.
There is wide diffraction structure in region 20-40° characteristic
for noncrystal materials. Good defined peaks are signs of crystal
structure formation.

Reflections are clearly seen at Bragg angles (26) of about 24°,
29°, 30°, 32.6°, 33.4°, 42°*, 44°*, 46°* and 48.5°. Reflections at
angles with asterisk are noticed only for the sample CuSe C. The
inset in Fig. 3c presents the full intensity spectrum of CuSe C. The
intensities of peaks that rise up with film thickness are signs of
the crystal growth. The structural phase analysis was performed
on the obtained diffractograms by using EVA 9.0 computing pro-
gram. It has been observed that the two-phase samples are
obtained. Two crystal structures were identified. More prominent
one is selenium and less prominent is orthorhombic marcasite
structure of CuSe,.

The dominant phase is solid solution of Cu in Se. Namely,
according to phase diagrams in works of Chakrabarti and Laughlin
[20] and Heyding [1], selenium and copper make solid solution
even at 67% of Se. Selenium, the solvent, has hexagonal structure
[21] which is by no means the only stable phase of Se under normal
conditions of temperature and pressure, with Z =3 atoms per unit
cell (S.G. No. 152; P3,21 - Schoenflies symbol: D, a=4.3662 A,
c=4.9536 A). Selenium atoms (Wyckloff site 3a, with local point
symmetry 2 (Schoenflies symbol D)) are arranged in helical chains
which are oriented along the c-axis of the hexagonal elementary
cell (Fig. 4a). One chain is always surrounded by six chains in cor-
ners of a hexagon to yield the 3D structure (Fig. 4b). The bonding of
atoms within a given chain is covalent whereas the bonding
between neighboring chains is by weaker Van der Waals forces.
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Fig. 1. 3D, 2D AFM images and profile along direction assigned on the 2D image: (a) CuSe A, (b) CuSe B and (c) CuSe C.

Reflections at 24° (100), 30° (101), 42°* (110), 44°* (012), 46°*
(111) and 48.5° (200) are attributed to this phase.
The second one is low-pressure modification of CuSe,, with

Table 1
Quantitative results of AFM.

Average height (nm) Rq (nm) RMS (nm) Ssk Bragg reflections at 29° (101), 32.6° (111) and 33.4° (120)
CuSe A 24 10 14 2 [PDF-2 74-0280]. This modification of CuSe; has the orthorhombic
CuSe B 45 17 22 1 marcasite structure with Z=2 formula units per unit cell (S.G.
CuSe C 61 14 19 1

No. 58; Pnnm - Schoenflies symbol D2, a=5.103 A, b=6.292 A,

Fig. 2. SEM images of CuSe A sample.



M. Gili¢ et al./Infrared Physics & Technology 76 (2016) 276-284 279

Fig. 3. XRD spectra of (a) CuSe A (b) CuSe B and (c) CuSe C; inset: full intensity spectrum of CuSe C.

Fig. 4. Crystal structure of hexagonal Se; (a) atoms oriented along c-axis; (b) one chain surrounded by six nearest — neighbor helices.

c=3.812 A) [22,23] Fig. 5. In this structure each Cu atom (Wyckoff
site 2a, with local point symmetry 2/m (Schoenflies symbol Cyp,)) is
surrounded by six Se atoms in a distorted octahedral arrangement,
in plane by 4 Se with Cu-Se distance 2.62 A and out of plane by two
more Se neighbors with Cu-Se distance 2.60 A. These octahedra are
corner-sharing in the (ab) plane and edge-sharing along c axis.
Each Se atom (Wyckoff site 4g, local point symmetry m (Schoen-
flies symbol Cs)) is in a distorted tetrahedral configuration, sur-
rounded by three Cu neighbors and one Se neighbor (Se-Se
distance 2.29 A).

Small intensity of Bragg reflections characteristic for CuSe; indi-
cates small amount of CuSe,, probably in a form of crystallites of
very small dimension. The absence of great number of peaks char-
acteristic for the diffractograms of these phases indicates there is
no random distribution of crystallites, but the preferentially ori-
ented structures - which indeed was expected for thin films.

3. Results and discussion

XRD identifies two crystal phases: hexagonal Se and small
amount of orthorhombic CuSe,. These two crystal phases should
contribute to Raman and FIR spectra. We will briefly elaborate

already known vibrational properties of these two crystal
structures.

As we pointed out in the previous chapter, selenium crystallizes
in hexagonal structure of the Dg‘ space group, with three (Z = 3) for-
mula units per unit cell, that results in nine dimensional represen-
tation. Factor-group analysis yields a normal modes distribution at
the center of Brillouin zone (BZ):

I'=A: +2A;,+3E

The translational motion in x, y direction transforms as E and in
¢ direction as A,. Optical modes are: A; (Raman)+A, (IR)+2E
(Raman, IR). So three modes of symmetry A, +2E are infrared
active, and three modes of symmetry A, + 2E are Raman active.
In experimental spectra first order i.e. fundamental modes are
expected to dominate. Two two-dimensional modes of the same
symmetry E are additionally assigned as E' (lower energy) and E?
(higher energy). Forms of vibrations and frequencies of these
modes are well known [24,25].

In the second order modes, momentum conservation involves
two phonons. The second order selection rules must be satisfied.
The selection rules of the two phonon states at critical points are
derived from the reducible direct product representation of the
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Fig. 5. Crystal structure of orthorhombic CuSe,; blue spheres — copper ions, green spheres - selenium ions; (a) 2 x 2 x 2 unit cells - coordination polyhedra around Cu?* ions;
(b) one separated coordination polyhedron around Cu?* ion. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

corresponding one phonon states. Scattering process originates
from the BZ center (I" point) or from the BZ boundary points. As
wave vectors at the BZ boundary are much larger than the wave
vector of the excitation used in experiments, two phonons created
or destroyed in the second order scattering that satisfy momentum
conservation, originate from the same point of the BZ. We will fol-
low experimental results of Lucovsky et al. [24] to identify the first
and second order modes in the center of BZ.

As we established in previous section CuSe, crystallizes in the
orthorhombic (marcasite type) structure, space group Pnnm i.e.
D}Z, with two formula units (Z = 2) per unit cell. Two formula units
give 18 degrees of freedom. Factor group analysis gives symmetry
of normal modes, in the center of the Brillouin zone:

r= 2Ag + 2Blg + BZg + B3g + 2Au + 2Blu + 4BZu + 4B3u

The translational motion in x, y and z direction transforms as
Bqy + By, + B3y. Two modes of A, symmetry are silent modes. Only
gerade modes (index g, even parity) are Raman active. Copper ions
are located in the center of inversion of Pnnm space group so they
do not contribute to even parity modes i.e. to the Raman scattering
process. So the Raman active modes originate only from
the selenium atom vibrations [26]. In the Raman scattering
experiment one can expect 6 Raman active modes: I'raman=
2Ag + 2By + Byg + B3,. There are 7 infrared active (ungerade)
modes: I'1r=Bq,+ 3By, +3B3,.

To distinguish modes of the same symmetry, we additionally
assign them by superscript in the order of appearance. The A,'
mode represents in-phase stretching vibration of Se, units. Fre-
quency of this mode depends on Se-Se distance. This is the stron-
gest mode in Raman spectra of marcasite type structures [26-28].
Stretching vibration of chalcogenide ions is characteristic for mate-
rials of alike crystallographic structures: pyrite [26,29,30], hexago-
nal [31] and the others [32]. The Ag2 mode represents the twisting
of Se ions, which tends to rotate Se ions around c axes [26-28]. Byg
and Bs; are the same type of vibrations, the chain rotations around
a and b axis, their frequencies are low, should be close to each
other and of small intensity.

There is variety of Cu-Se based crystals. Despite the fact they
are of different symmetries, there is characteristic vibration i.e.
Raman active mode that represents the stretching vibration of Se
ions. In case Cu-Se crystals, Se-Se distance is practically the same
for structures pyrite CuSe, [23], marcasite CuSe, [23], hexagonal

CuSe [31] or Cu,Se [32]. In Raman spectra of these structures there
is a dominant mode at ~260 cm™’.

Symmetry considerations predict 7 IR active modes, but there
are no results about position and activity of these modes in marc-

asite CuSe,.

3.1. Raman spectroscopy

The micro-Raman spectra were taken in the backscattering con-
figuration and analyzed by Jobin-Yvon T64000 spectrometer,
equipped with nitrogen cooled charged-coupled-device detector.
As an excitation source we used the 532 nm line of Ti:Sapphire
laser, with laser power 20 mW. The measurements were per-
formed in the spectrum range 100-400 cm™ .

The Raman spectra of Cu-Se thin films of different thickness are
shown in Fig. 6. Experimental Raman scattering spectra (presented
as open dots) are analyzed by the deconvolution to Lorentzian
curves. The dominant structure is in region 230-240 cm~'. Ten
modes can be reconstructed.

Eight modes (thick green' lines on Fig. 6a) are recognized as fun-
damental and second order modes of hexagonal selenium and listed
in Table 2. Factor-group analysis predicts three fundamental Raman
active modes. The dominant structure is mainly formed of two fun-
damental selenium modes of close energy that are assigned as E2
(~232cm™ ') and A; (~236 cm™!) modes of hexagonal Se structure.
Mode at ~143 cm™! is identified as E' mode. Low intense mode at
~105 cm™! is identified as A, mode. This fundamental mode is IR
active and Raman forbidden. This mode was already registered in
hexagonal Se Raman spectra [24]. Wide structures of small intensity
at ~185cm™!, ~208 cm™!, ~287 cm ! and ~354 cm ™! are assigned
as second order modes and listed in Table 2, as in [24].

Two modes of low intensity, denoted with blue lines in Fig. 6,
are in spectral region close to dominant selenium fundamental
modes. These two lines i.e. Raman active modes are associated to
CuSe,. The more intense one is at ~255cm~', ~252cm~! and
~251 cm™! for samples CuSe A, CuSe B and CuSe C respectively.
In Raman spectra of marcasite type CuSe, one expects dominant
scattering structure centered at ~260cm~' mostly from A,'
stretching mode activity. A,' phonon branch goes down in all

! For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
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Fig. 6. Raman spectra of Cu-Se thin films of different thicknesses: (a) CuSe A; (b)
CuSe B; (c¢) CuSe C.

Table 2

Position of registered Raman (infrared) active modes (cm™!) of hexagonal Se.
CuSe A CuSe B CuSe C [24] Assignment
Fundamental modes
105 (105) 105 (105) 108 (105) 102 A, (IR)
144 (152) 143.5 (-) 142.6 (-) 143 E' (Raman, IR)
232 (230) 232 (230) 232 (230) 233 E? (Raman, IR)
236 236 236 237 A; (Raman)
Second order modes
185 185 183 183 -
208 (200) 208 (200) 206 (205) 206 2A; (IR)
287 (272) 280 (280) 273 (270) 273 2E' (Raman, IR)
345 (350) 345 (358) 345 (358) 345 -

directions in BZ. In the case of very small particles i.e. nanoparti-
cles, effects of confinement is to push Agl mode to lower frequen-
cies. In nanocrystals optical modes are confined, bulk selection
rules are ruined, high surface to volume ratio increases the role
of surface properties, but there is fundamental track of bulk prop-
erties. As A' dispersion relation decreases in all directions in BZ,
we expect the frequencies of confined mode to be below
260 cm~'. Analysis of the Raman spectra presented in Fig. 6 con-
cerns to the spectral region below 260 cm ™! (wag!).

A continuum model of the optical phonon confinement in
nanocrystal is used. Parameters were transferred from the bulk
phonon dispersion curves. It is limited to nanoparticles of regular
shape. Although this is not the case in real nano-crystalites, we
present results of calculation for ideal spherical CuSe, nanocrys-
tals. One small spherical CuSe; crystal, isotropic and homogeneous
inside, is considered. This consideration of confined optical vibra-
tions in nanocrystals is based on macroscopic equation for the rel-
ative displacement of the positive and negative ions [33,34]. This
equation is solved in spherical coordinates. The spherically

symmetric solutions of equation must belong to the irreducible
representations of the three-dimensional rotation-inversion group
0(3) labeled as Df (even) and D} (odd upon inversion). Raman tran-
sition operator for allowed scattering belongs to Do® and D,* [35].
Frequencies of the spherical (I=0) and spheroidal quadrupolar
modes (I = 2) can be calculated and generally observed by resonant
Raman scattering.

If we assume, as in [36,37], that at the surface of the sphere all
components of displacement are almost zero, the electrostatic
potential and the normal component of the electric displacement
are continuous. Then one can obtain frequencies of the Raman
active modes (I=0andl=2,n=1,2,3,...),land n being the spher-
ical quantum numbers. The most important contribution to one-
phonon Raman scattering corresponds to [ = 0. This mode is excited
for parallel polarizations of the incident and scattered light. The
corresponding frequencies are:

2
? =} - (t) (1)
@y is the optical bulk frequency i.e. wg =260 cm~! in CuSe,, r is the
radius of the sphere, y, is the nth node of the Bessel spherical func-
tion j; (uq < to < us< ...). Frequency shift (difference between w,
and wy) for fixed r depends on B. 1 = 1.5 10°> m/s for bulk CuSe,.
w, increases as the radius of the dot (r) increases, and in the limit:
r — oo frequencies w, converge to wy. Fig. 7 presents the optical
vibration modes frequencies dependence (I=0, n=1,2,3) on the
radius of CuSe, nanocrystals. The smaller the radius, the lower is
the frequency of confined mode. As for intensity, this model pre-
dicts the most intensive peak in Raman spectra to be the mode
wy (n=1).

Exact positions of modes at ~251cm™!, ~252cm™! and
~255cm™! (Table 3 and Fig. 6), for three samples: CuSe A, CuSe
B and CuSe C respectively, are marked with stars in Fig. 7. These
modes are tentatively assigned as =0, n=1. It is evident that
experimental values determine nanocrystals dimension. Modes at
frequencies ~233 cm™!, ~235cm~! and ~246 cm™! (Table 3 and
Fig. 6), for samples CuSe A, CuSe B and CuSe C respectively, fall
on the calculated curves. These modes are tentatively assigned as
I=0, n=2. Nanocrystals dimension established by [=0, n=1
modes is definitely confirmed. Despite the situation that in reality
there is nanocrystal size distribution, nanocrystal shape irregular-
ity, inhomogeneity inside, Raman spectroscopy enable detection of
average particle size as: r ~ 3.3 nm (CuSe A), r ~ 3.4 nm (CuSe B)
and r ~ 4.3 nm (CuSe C).

The mode from CuSe, is broadened and shifted toward lower
frequencies in comparison to the bulk system [26,27]. Shift toward
lower frequencies is characteristic for modes of decreasing phonon
dispersion relation in bulk. The results of Raman spectroscopy are
in good agreement with XRD results. The presence of two crystal
phases in synthesized film, the hexagonal Se and orthorhombic
CuSe,, is confirmed once again. Small amount of CuSe, evidenced
by XRD is confirmed by low intensity of CuSe, modes.

3.2. Far-infrared spectroscopy

The far-infrared measurements were carried out with a BOMEM
DA-8 FIR spectrometer. A DTGS pyroelectric detector was used to
cover the wave number range from 90 to 600 cm ™.

The penetration depth of the infrared electromagnetic waves
into a nontransparent crystal is approximately 3 pm. Thickness
of our films is from 56 nm to 172 nm, so reflectivity spectra contain
information about films together with information about sub-
strate. Three-layer structure is schematically presented in Fig. 8,
where medium 1 is air with dielectric function &; (&; = 1), medium
2 is thin Se-CuSe, mixture layer with corresponding dielectric
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Fig. 7. The radial dependence of [=0 optical modes for CuSe, spherical
nanocrystals.

Table 3

Position of registered Raman (IR) active modes (cm™') of marcasite CuSe,.
=0 CuSe A CuSe B CuSe C [26,27] Assignment
n=1 251 (251) 252 (252) 255 (255) 260 A’
n=2 233 235 243

function ¢, and medium 3 is substrate (glass) with dielectric func-
tion é&s. In this case:

Ry = Ar _ Tz re” 2)

Ai e+ rprpze

where A; and A, are amplitudes of incident and reflection beams,
rj = (i —ny)/(ni +ny) = (V& — &)/ (Ve + /&) are Fresnel coeffi-
cients, n; is complex refractive index of corresponding medium, &;
complex dielectric constant and o =27wd(s,)!? is the complex
phase change related to the absorption in the medium 2 with the
thickness d. The corresponding reflectance (R) is:

R = |R4| 3)

The dielectric function of homogeneous medium is:

k=N 2 2 i
W2y — W% + 1),
(o) = 8@1‘[ Lok ; .?LOk (4)
T O — W 4 Y0

where wro and w;p are the transversal and longitudinal optical
vibrations, and )70 and y;o are damping parameters.

The Se-CuSe; thin films we threat as a mixture of uniformly dis-
tributed spherical inclusions of CuSe, in homogeneous Se. Namely,
when visible light interacts with semiconducting nanoparticles
(characteristic size L, dielectric function &”) which are distributed
in a medium with the dielectric constant ¢, the heterogeneous
composite can be treated as a homogeneous medium, and so-
called effective medium theory applies.

There are many mixing models for the effective dielectric per-
mittivity of such a mixture [38]. XRD and Raman measurements
imply that the structure of our films can be treated as Se film with
separated nanocrystals of CuSe, inside. We decided to use
Maxwell-Garnett model for present case. For the spherical inclu-
sions case, the prediction of the effective permittivity of mixture
&efr according to the Maxwell-Garnett mixing rule reads [39,40]:

()

g g

&=ty =86 +3fe
2 eff + f 8”+28/*f(8’*8”)

Here, spheres of permittivity ¢” are located randomly in homoge-
neous environment of permittivity ¢&'. Spheres of permittivity &’
occupy a volume fraction f. ¢ and ¢” are also in form of Eq. (4).

€, 3
€, th thrzs d 2
€ I t1ztz1rzz 1
A
/
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Fig. 8. Schematic presentation of a three layer structure.

The far-infrared reflection spectra of Se-CuSe, thin films mix-
ture on glass are presented in Fig. 9. Film thickness increases from
the bottom to the top of Fig. 9. Experimental data are presented by
circles, while the solid lines are calculated spectra obtained by a
fitting procedure based on the previously presented model.

The far-infrared reflectivity spectrum of the glass substrate is
shown in Fig. 9 (bottom). The calculated spectrum, presented by
solid line, was obtained using the dielectric function given by Eq.
(4). As a result of the best fit we obtained two modes (N = 2). Fre-
quencies of these two modes are wro; = 438 cm™!, w01 =439 cm™!
and w702 =471 cm™!, w02 =523 cm™ . Frequency values of these
modes have remained the same during the fitting procedure for
all thin film samples. As the thickness of the film increases (from
the bottom to the top of Fig. 9), these substrate reflectivity struc-
tures become weaker. As concerns fitting procedure, this weaken-
ing is the consequence of increasing the film thickness d.

As we already know from the symmetry analysis of Se structure,
there are three infra-red active modes: A,, E! and E2. We assumed
¢ (permittivity of Se), in form given by Eq. (4) (N = 3) at positions
Wpz ~ 105 cm™!, wg; ~ 152 cm~! and wgz ~ 230 cm~'. To achieve
coinciding with the experimental spectra, we modeled &”, (permit-
tivity of CuSe;) in form given by Eq. (4) (N =1) at positions 250-
255 cm™'. Volume fraction f is of the order of few percentages.
Effective permittivity of film is &, = &, given by Eq. (5). Additional
parameter is the thickness d of the film. Reflectance of the whole
structure was calculated by using Eqgs. (2) and (3). The best fitting
parameters are listed in Tables 2 and 3.

FIR reflectivity measurements are in accordance with the XRD
and Raman spectroscopy results. Synthesized films are thin (few
tenths of nanometers) and CuSe, particles are small (few nanome-
ters). There is certain roughness of the sample surface, established
by AFM. That is why the most phonon structures in FIR reflectivity
spectra are wide and of low intensity. In the central region, 200-
300 cm™!, the modes overlap each the other. As a result there is
wide and complex structure in this spectral region. Low reflectivity
level and high noise compared to it, results in the shape of exper-
imental spectra presented in Fig. 9. Phonon characteristics are
practically transferred from Raman measurements. After careful
and demanding fitting procedure we achieved that calculated FIR
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Fig. 9. Far-infrared reflectivity spectra of Se-CuSe; thin films mixture on glass
substrate. Reflectivity spectra from the bottom to the top: glass substrate; CuSe A
(d =56 nm); CuSe B (d =79 nm); CuSe C (d =172 nm).

reflectivity spectra reproduce experimental results completely.
FIR results, in this case, are used as kind of control and confirma-
tion of samples structure established by XRD and Raman
spectroscopy.

4. Conclusions

The optical and structural parameters have been studied for Cu-
Se thin films. The surface morphology of thin films was investi-
gated by AFM and SEM. X-ray diffraction results indicate that
Cu-Se thin films have two phases, the first one solid solution of
Cu in Se and second phase is low-pressure modification of CuSe,.
The Raman and far-infrared spectroscopy were used to identify
and quantify the individual phases presented in the Cu-Se films.

Raman active modes of hexagonal Se are clearly seen and
assigned. We tentatively assign modes at 251-255cm™' and
233-243cm™' as [=0, n=1 and n=2 confined CuSe, A,' mode.
Assumed model concerns to an ideal spherical nanocrystal, but it
works good in real samples where there is nanocrystal size distri-
bution, shape irregularity, inhomogeneity inside. Raman spec-
troscopy enables detection of average particle size as: r ~ 3.3 nm
(CuSe A), r ~ 3.4 nm (CuSe B) and r ~ 4.3 nm (CuSe C). As the thick-
ness of the film increase, the size of the CuSe, nanocrystals
increases too. Calculated frequencies are in a very good agreement
to experimental results.

Infrared active modes of hexagonal Se that dominate in the
reflectivity spectra are identified. Presence of CuSe, nanocrystals
in predominantly Se film was modeled by effective medium the-
ory. We tentatively assign mode at 251-255cm~' as CuSe,
nanocrystal mode. Calculated FIR reflectivities reproduce com-
pletely experimental spectra. FIR reflectivity results confirm the
sample structure established by XRD and Raman spectroscopy.
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The influence of the locally induced laser heating on MnO nanoparticles were investigated by atomic force microscopy
(AFM) and far-infrared spectroscopy (FIR) at room temperature, in the spectral region between 80 and 600 cm™. The FIR
spectra were analyzed by using Maxwell-Garnet formula, where MnO nanoparticles are modeled as a mixture of
homogeneous spherical inclusionsin air. Laserinduced heating leads to the conversion of the part MnO nanoparticles into
the MnO2, Mn304 and MNOOH, along with possible formation of elemental Mn on the sample surface.
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1. Introduction

MnO is transitional metal oxide which crystallizes
in the simple rock salt structure. It is well known that
this structure has a certain number of defects, usually in
the cationic sublattice, what leads to the formation of
structure which can be described as an ordered Mn
vacancy cubic structure with the formula Mn;_;O, where
0<6<015 [1-3].

Due to this non-stoichiometry, MnO has unique
electrical, magnetic, optical and mechanical properties,
characteristic for the rock salt structure [1, 2]. Recently,
Hiramoto and co-workers proposed a new synthetic
route which enables the control of the non-
stoichiometric defects in the structure [4]. Bulk MnO
acts as a p-type semiconductor and has anti-
ferromagnetic properties [5]. But, the presence of
impurities can significantly change the magnetic
properties of the MnO [6 - 9].

The size of the particles has considerable influence
on the properties of MnO. For instance, literature data
shows that nanometric MnO has ferromagnetic
characteristics [5]. New characteristics on nanometric
scale can be explained with significant changes into the
surface to volume ratio. The decreasing of the particle
size increases the amount of edge atoms and,
consequently, the number of unsaturated chemical bonds
which, further, changes the physical and chemical
properties of the material. Manganese can exists in the
several oxidation states among which Mn(ll) is the
lowest. By different oxidation treatment, manganese can
be transverse in to the different, higher, oxidation states.

Recently, we have investigated the influence of the
lacer induced heating of ZnO(Co) [10], Bi;,GeOyq [11]
and MnO [12] nanoparticles, with different laser powers.
It has been shown that laser induced heating leads to
creation of new phases, depending on laser power.

In order to further investigate the influence of the
locally induced laser heating on MnO nanoparticles, non-
irradiated, as well as irradiated MnO sample, were
investigated by using far-infrared spectroscopy (FIR) and
atomic force microscopy (AFM).

2. Sample characterization

Commercially available polycrystalline MnO powder of
the analytical grade (Sigma-Aldrich Co) was pressed into a
pellet. Verdi G optically pumped semiconductor laser with
wavelenght of 532 nm was used as excitation source. In this
paper we analyzed one sample, at first before laser treatment
and afterwards after treatment with a laser with a power of
24 mW.

AFM measurements of non-irradiated and irradiated
sample with the highest energy were done using NT-MDT
system NTEGRA Prima at ambient conditions. AFM images
were recorded in tapping mode, using NSGO1 probes from
NT-MDT.

The far-infrared measurements on non-irradiated and
irradiated sample with laser power (24mV) were carried out
with a BOMEM DA-8 FIR spectrometer. A DTGS
pyroelectric detector was used to cover the wave number
range from 80 to 600 cm’™.

3. Results and analysis
3.1. AFM measurements

AFM topographies of non-irradiated (a) and irradiated
(b) MnO samples are presented on Fig. 1. Fig. 1 shows a
clear difference between the surfaces of the sample before
and after irradiation. Prior to irradiation, a granulated
structure, with well recognized grain boundaries, is visible.
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Grains size is about few tens of nanometers. In our
previous investigations X-ray analysis showed that mean
crystallite size is about 44 nm [12] which is in good
agreement with results obtained with AFM.

After irradiation, the topography of the surface was
significantly changed. The grain boundaries are not
visible and surface is smooth. Due to the laser induced
heating and increasing of the energy, MnO particles on
the surface of the samples interact with the elements and
compounds from the vicinity (mostly oxygen and water)
and create compounds in which manganese is in the
higher oxidation state. Process is spontaneous and these
different species are inhomogeneously arranged on the
surface of the sample and, consequently, clear
boundaries between grains are lost.

@)

(b)

Fig. 1. AFM 3D topography of (a) non-irradiated and
(b) irradiated sample of MnO nanoparticles

After irradiation, the topography of the surface was
significantly changed. The grain boundaries are not
visible and surface is smooth. Due to the laser induced
heating and increasing of the energy, MnO particles on
the surface of the samples interact with the elements and
compounds from the vicinity (mostly oxygen and water)
and create compounds in which manganese is in the
higher oxidation state. Process is spontaneous and these
different species are inhomogeneously arranged on the

surface of the sample and, consequently, clear boundaries
between grains are lost.

3.2. Far-infrared spectroscopy

When visible light, of wavelength A interacts with
semiconducting nanoparticles  (characteristic size d,
dielectric function &) which are distributed in a medium
with the dielectric constant g; in the limit A >> d, the
heterogeneous composite can be treated as a homogeneous
medium and effective medium theory is applied. There are
many mixing models for the effective dielectric permittivity
of such a mixture [13]. Since our samples are well defined
and separated nanosized grains, we used Maxwell-Garnet
model for present case. For the spherical inclusions case, the
prediction of the effective permittivity of mixture eef
according to the Maxwell-Garnet mixing rule is [14]:

Ey — &
Eoff = &1 +3f€1 2 1

@

gy 426 — e —&,)

Here, spheres of permittivity €, are located randomly in
homogeneous environment g; and occupy a volume fraction
f. The observed nanoparticles are situated in air, therefore
the g is 1. For dielectric function of observing nanoparticles
(g2) we are using the standard model [15]:

2 2 2
¢ (a) — ) £,
_ o \@PLok ~ Prok »@p

&2 (0))— & t 2_4 2 2 . .
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where &, is dielectric constant at high frequencies, wrok and
@ ok are transverse and longitudinal frequencies, ok is the
phonon damping, ap is the plasma frequency and t is the
free carrier relaxation time. The first termin (2) is the lattice
contribution whereas the second term is the Drude
expression for the free carrier contribution to the dielectric
constant. In this case, wrok is considered as characteristic
frequency of the material and @ ok is connected with the
oscillator strength (S~ ok’ - @rok’)-

The far-infrared spectra of non-irradiated and irradiated
MnO nanopowders, in the spectral range of 80 to 600 cm™,
at room temperature are presented in Fig. 2. The
experimental data are presented by circles, while the solid
lines are calculated spectra obtained by a fitting procedure
based on the previously presented model. Obviously, a very
good correlation between experimental data and calculated
spectra is achieved. Parameters, such as: filling factors, f,
plasma frequencies, ap, effective permittivity of mixtures,
& and transversal and longitudinal frequencies wro/@ o,
for the non-irradiated and irradiated sample, estimated from
the reflection spectra, are presented in Table 1. Induced laser
heating leads to the increasing of the filling factor. Result is
expected and in agreement with result obtained by AFM.
Namely, phase transformation and loss of the grain
boundaries leads to the decreasing of the space between
particles. In accordance with that, the dielectric constant at
high frequencies and plasma frequency decrease. Also, we
should keep in mind that surface affected by the laser beam
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is significantly smaller (radius 1 mm) in comparison
with the overall surface of the pallet (radius 6 mm)
which means that, in the case of the irradiation of the
whole sample the differences would be more significant.

MnO Nanoparticle
04
2
=
S
()
=
(5]
04
T T T T T T
0 200 400 600

Wave number [cm™]

Fig. 2. Far — infrared reflection spectra of (a) non-
irradiated and (b) irradiated MnO nanoparticles. The
experimental data are represented by circles. The solid
lines are the calculated spectra obtained by fitting
procedure based on the model given by Egs. (1,2)

Five vibration modes were determined for both non-
irradiated and irradiated sample and their values are
presented in Table 1. To our knowledge, there are no
literature data for the FIR characterization of the MnO
and we compared these results with data collected by
Raman spectroscopy. By summarizing different
literature data [12, 16-24], three characteristics peaks for
MnO are obtained in the range 520-545, 559-595 and
645-660 cm*. First two peaks we registered by using
FIR spectroscopy,also. In both cases, non-irradiated and
irradiated sample, additional two peaks, in the range of
310-410 cm* are recorded. According to literature data,
these peaks can be attributed to the p-MnO, (TO/LO
pair at 324/330cm') [18, 22, 23] and a-MnO,
(395/405cm™) [20, 21]. Additionally, according to Kim
at al. [24] peak at 324 cm™ can be attributed to Mn30,.

Additional vibration peaks that appear in FIR
spectra of irradiated samples can be identified in the
following way: peaks at 131, 140, 171 and 199.5 cm?
could be attributed to a ao—MnOOH [20, 21] and peak at
1715 cm™ could be attributed to o—MnO, [20, 21].

Some authors peak at 171 cm?t attributed to MnsOg phase
(binary Mn,**Mn3;**Og oxide with layer structure) [25].
These peaks are also registered at Raman spectra of the
irradiated samples.

Table 1. Calculated fit parameters obtained from the
far - infrared spectra of non - irradiated and irradiated

MnO nanoparticles

Before After
irradiation irradiation
[cm™] [cm™]
f 0.81 0.89
wp 301 291
& 2.8 25
®1o/®L0 120/123 116.8/117
®1ro/OLo 140/148 140/140
®1o/®L0 324/330 320/330
Oro/OLo 395/405 398/407
®1o/®L0 520/526 515/558
®OTo/®LO 575/590 579/584
010/ ®OLO - 96.8/97.4
®10/®L0 - 131/131.3
O10/0L0 - 140/141
®1o/®L0 - 171.5/172
O10/0LO - 199.5/200

Mode at about 100 cm™ (TO/LO pair is 116.8/117 cm*
in our case) was registered before for this group of materials
[26] as a “defect mode“. Mod at 96.8/97.4 cm™, in the some
region, can be describe us ,defect mode“, also. However,
since it occurs only in an irradiated sample, we can assume
that we have a case of disorder-enabled phonon (DAP) mode
[27]. This is the case registered in a large number of A?B®
semiconductors [28].

Finally, it was shown that FIR spectroscopy is a useful
technique for the characterization of laser power induced
phase changes in MnQO nanoparticles.

4, Conclusion

MnO nanoparticles modified by laser heating are
investigated by using far-infrared spectroscopy. Effective
permitivity of MnO nanoparticles (mixture of homogeneous
spherical inclusions in air) are modeling by Maxwell-Garnet
formula. In consequence of laser irradiation, volume fraction
of nanoparticles increase while dielectric constant and
plasma frequencies decrease, due to the formation of the
different species on the surface of the MnO sample.

Additional vibration modes characteristic for the
irradiated samples, were confirmed by using FIR method.
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Abstract

In this paper we present photoluminescence measurements of CdSe nanoparticles embed-
ded in transparent glass. Sample is prepared using an original technique, which combines
both heat treatment and ultraviolet laser irradiation. Photoluminescence spectra displayed
one main emission band at 2.14 eV. We identify this bands energy as basic interband tran-
sition in CdSe nanoparticle. We calculated energy of basic (1s,—1s,) transition in spherical
CdSe quantum dot (QD), within infinite potential barrier, in effective-mass approximation.
On the basis of this model, average radius of synthesized CdSe QDs is about 3 nm, which
is in consistence with AFM measurements and UV-VIS absorption measurements.

Keywords Cadmium selenide - Nanoparticles - Photoluminescence - AFM - Effective mass
approximation

1 Introduction

Glasses doped with nanosized inclusions of metals or semiconductors are known since a
very long time. The first glasses containing metal nanoparticles were fabricated by Roman
glassmakers in the fourth century A.D. Mediaval cathedral windows through several Euro-
pean countries witness the attention drawn by stained glasses containing metal aggregates
as artistic work (Poole et al. 2003). They exhibit great varieties of beautiful colors owing to
the nanosized metal particles which were embedded in the glass matrix.
Semiconductor-doped glasses were, however, not so widespread used. One very important
application of semiconductor-doped glasses are sharp cut-off glass filters. In most cases, Cd
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(S,.Se,) nanocrystals are used for this purpose. By varying X the position of the cut-off wave-
length can be precisely tuned between ~400 and 1000 nm.

These glass filters are easily available from different glassmakers, such as Schott, Corning,
Hoya, or Toshiba. This is an import point, as it allowed a great number of optics groups to
study this kind of composite material without the need for skills in material preparation.

From technological perspective, CdSe nanoparticles are of significant interest because of
their unique quantum confinement properties, bright photoluminescence, narrow emission
band, and photostability (Srivastava and Singh 2012). CdSe-polymer nanocomposites find
potential applications in the fabrication of devices like photovoltaic cells, laser, thin film tran-
sistors, light emitting diodes (Yu et al. 2006; Oertel et al. 2005), catalysis (Ahmadi et al. 1996)
and biological fluorescence labels (Bruchez et al. 1998; Chan and Nie 1998). In particular,
CdSe nanocrystals have been proposed as working elements for nanotransistors (Klein et al.
1997), electrohromic materials (Wang et al. 2001), and charge-coupling devices (Woo et al.
2002).

In the present paper we studied photoluminescence characteristics of CdSe quantum
dots in glass matrix along with investigating surface morphology of the system using AFM
measurements.

2 Experimental details

CdSe nanoparticles embedded in transparent silicate-based glasses was successfully fabricated
by a novel technique consisting in joined utilization of the thermal annealing below glass crys-
talization temperature, and the UV continuous wave laser irradiation (Argon laser at 244 nm).
This innovative fabrication method exploits adapted combination of thermal annealing and
UV laser power density that allows controlling the spatial localization of the nanocrystals for-
mation inside the glass sample. The originality of the technique is that the required thermal
energy needed for the precipitation of CdSe into crystals is brought by thermal annealing in
association to UV absorption, which leads to the control of the spatial crystallization. Further
information about samples fabricating can be found elsewhere (Mekhlouf et al. 2007).

The surface morphology of our sample was investigated by atomic force microscopy
(AFM). AFM imaging was done using the NTEGRA Prima system from NT MDT. AFM
measurements were performed at room temperature and under ambient conditions.

The UV-VIS absorbance spectrum was recorded on the room temperature in the wave-
length range 200-800 nm on a Shimadzu UV-2600 spectrophotometer equipped with an
integrated sphere. The absorbance spectrum was measured relative to a reference sample of
BaSO,.

Photoluminescence measurements on room temperature were obtained by Jobin-Yvon
U1000 spectrometer equipped with RCA-C31034A photomultiplier with housing cooled by
Peltier element, amplifiers and counters. As an excitation sources, the 488 and 514.5 nm lines
of Argon laser were used.

@ Springer
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3 Results and discussion
3.1 Results of AFM surface characterization

The surface morphology of our sample was investigated by atomic force microscopy,
in order to determine the general cell wall structure, together with the assembly of par-
ticular components into the wall structure as a whole. Areas of 2X2 and 55 um were
investigated, and AFM images of our sample are presented in Fig. la, b. From Fig. 1
it is clear that the sample is packed and continuous without the presence of porosity
and voids. The surface is rather smooth with no cracks observed. The small islands of
several nm to several tenths of nm in diameter are distinguished, which corresponds to
the nanoparticles of CdSe. According to the height bars at the right side of Fig. la, b,
the surface height of our sample is up to 14 nm. Figure 1c, d show the histograms of the
nanostructure height in 22 and 5 X5 pum areas of AFM images, respectfully. The sam-
ple exhibits an ensemble of nanostructures with an average height of (4.9 +0.2) nm for
chosen area of 2 X2 pm, and (6.4 +0.2) nm for 5X 5 pum area.

Fig.1 2D AFM images and histograms of CdSe nanoparticles embeded in transparent silicate-based
glasses, a 22 um image, b 5X 5 um image, ¢ 2X2 um histogram, d 5 X5 um histogram

@ Springer
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3.2 Optical characterization: photoluminescence and UV-VIS absorbance
measurements

UV-VIS absorbance spectrum of our sample is presented in Fig. 2. The position of the first
optical transition is at 520 nm. The position of a peak is related to the size of the absorb-
ing nanocrystal and to the band gap. The average size of the nanocrystal of interest can be
obtained using the relation (Yu et al. 2003):

D = 1.6122 x 107 x A* = 2.6575 x 1070 x A’ + 1.6242 x 107> x A* — 04277 x A + 41.57
ey
where A (nm) is the first exciton peak of CdSe absorbance spectrum. From the A =520 nm
the calculated size of our nanoparticles is 2.6 nm.

There are several approaches in literature to determine the band gap from the absorb-
ance spectra. In the present study we employ the approach of Yu et al. (2003) and Hegazy
and Abd (2014) where the E, is calculated directly from the absorption maximum of the
first exciton absorption peak. Using formula

E, = hv = hc/4, )

the obtained band gap is 2.39 eV.

Normally, the absorption of light by CdSe QDs increases with decreasing wave-
length (Kongkanand et al. 2008; Debgupta et al. 2014). In present case, we must con-
clude that the glass matrix modify the spectrum of CdSe QDs—the absorption spec-
trum of glass matrix: CdSe QDs hybrid composite differ from those of individual
components, as in Dayneko et al. (2016) where the CdSe QDs were incorporated in
poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3"-benzothiadiazole)].

PL spectra of CdSe QDs in glass matrix are presented in Fig. 3. The dominant band in both
spectra is very broad and has a maximum at~2.14 eV. Such a broad band implies the exist-
ence of vast size distribution of CdSe QDs. We assigned this transition as direct band-to-band
transition in CdSe. Due to the Stokes shift, this value is smaller than the band gap observed

1.0

CdSe QDs
T =300K

0.8

o
o
1

Absorbance [a. u.]
I
S
1

0.2 4

r I r I r I r I r I r
200 300 400 500 600 700 800
Wavelength [nm]

Fig.2 UV-VIS absorbance spectrum of CdSe QDs
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Fig. 3 Photoluminescence spectra of CdSe QDs excited with 488 nm (blue) and 514.5 nm (green) lines of
Ar-laser and recorded on the room temperature. (Color figure online)

from absorption spectrum. However, the band gap of bulk CdSe is reported to be 1.75 eV. The
observed blue shift of this band is~0.39 eV, and its position can be explained in the following
manner.

3.3 Model

The single quantum dot we consider is spherical CdSe core surrounded by transparent glass.
R is the core radius and the dot center is center of coordinates (Schoss et al. 1994; Kosti¢ and
Stojanovi¢ 2011). Electron and hole i.e. carriers, in such a system are characterized by their
effective masses. In this case m, and my, are electron and hole effective masses of CdSe. Rec-
tangular potential through the structure, having in mind that CdSe is surrounded by glass, is
assumed as:

o-{L, 758

Considering that the carrier spectra are mainly formed by size quantization, the stationary
Schrodinger equation for a single particle (electron or hole).

2
<_2fln,* V2 + V(r))‘i’(?) =EY,{@),i = e h @)
is solved in spherically symmetric potential V(r), described by (3). Separation of radial and
angular coordinates leads to ¥,,,(r) = R/(r)Y,,,(6, ). R,(r) is the radial wave function, and
Y, (0, ¢) is a spherical harmonic. / and m are orbital and magnetic quantum numbers. For a
spherical potential with stepwise constant value 0, in the core, and oo, outside the core, the
radial function R,(r) is given by:

Rﬁ»={§”“”:§§, )
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J;» are Bessel spherical functions. These solutions already satisfy conditions that the wave
function is regular when r=0. Each solution must satisfy boundary conditions. In case
of infinitely high potential barrier, wave function does not penetrate into the surrounding
medium and must satisfy trivial boundary condition: to be zero at »=R. This trivial bound-
ary condition leads to equation characteristic for each / (/=0, 1, 2,...). There is series of
solutions (eigensolutions i.e. eigenenergies) characteristic for each /. Number n numerates
eigenenergies E,;. For an electron E,; shows the energy above core conductive band, and
for hole energy below valence band of core material.

As it is common, the lowest energy among solution for each / is numerated as n=1.
Among all states, state /=0, n=1 is the lowest energy solution i.e. it is the ground state.

Once the eigenvalues E,; are determined, the coefficients A,; in Eq. (5) are deter-
mined by using the normalization condition for R,(7), /Ow Ril(r) -r2dr = 1. Result of
these calculations is the complete information about eigenenergies E,; and correspond-
ing wave functions R, (7).

One state can be identified by characteristic energy, denoted as E,; and wave function,
denoted as y,; or just (n, [). As it is usual all /=0 states are assigned as s, /=1 states as
p and [=2 states as d. In all papers [=0 (s) states are assigned: (/=0,n=1) as s, ({=0,
n=2) as 2s, (I=0, n=3) as 3s etc. For the /=1 (p) states, some authors assigned states
in the same manner as for [=0,i.e. (=1n=1)as 1p,(I=1,n=2)as2p, (I=1,n=3) as
3p etc. For the [ =2 (d) states, assignation is: ({=2n=1)is 1d, (I=2,n=2)is 2d, (I=2,
n=3) is 3d etc. In this assignation number in front s, p or d numerates if it is the first,
second or higher order solution. It is possible, having in mind wave functions proper-
ties, to use hydrogen like assignation: (I=1n=1)1is 2p, (I=1n=2)is 3p, (I=1 n=3)
isdp...;(I=2n=1)is3d, (I=2n=2)is4d, I=2n=3) is 5d... Hydrogen like assigna-
tion is even more desirable if we deal with charged impurities inside QD.

These calculations were performed for electrons and holes in similar procedure,
giving the confinement energies E¢, and E” , and wave functions R¢, and R" . Once the
electron and hole wave functions are known, radial probability in the system give an
illustrative picture, especially in more complex structures, of electron and hole spatial
localization.

We focused our analysis to transition between /=0, n=1 hole (1s,) and electron (1s,)
states, because this is the basic interband transition.

From the electron and hole wave functions, the Coulomb interaction of electron and
hole can be calculated. In the frame of perturbation theory energy of Coulomb interaction
is given by:

Re(r, |Rh

rridr,d (6)
// 47r£|r -1y Te e

€ is the high energy dielectric permittivity.
The transition electronic energy (E,) is sum of the core gap energy, corresponding elec-
tron and hole eigenvalues and the Coulomb energy:

Ey=E,+E/ +E} +E, (7

The parameters characteristic for CdSe bulk are presented in Table 1. Calculation
parameters, effective masses of carriers and dielectric permittivity, are transferred from lit-
erature (Kosti¢ and Stojanovi¢ 2011; Sahin et al. 2009). Calculated transition energy is
presented in Fig. 4.
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Table 1 The material parameters - * * i
used in the calculations Material me/img /g & E, (V)
CdSe 0.13 0.45 9.3 1.75

m, is electron effective mass in material, m, is hole effective mass in
material, m is electron mass, &, is relative dielectric permittivity, Eg is
the energy gap of the material

4.5 - CdSe

3.5 - Eg(bulk)=1475ev

Energy [eV]
[95]
(=]
1

25
20 4 : &
1.5 4 ; !
1.0 ———
1.0 15 2.0 25 3.0 3.5 40 45

Radius [nm]

Fig.4 1s,—1s, interband transition energy in CdSe QD as function on the dot radius

Energy of basic interband transition (ls,—1s.) in the quantum dots increases as the
dimension of the dot decreases. Simple model based on effective mass approximation can
estimate transition energy of QD. This energy depends on the dimension of the dot, and
parameters of the bulk material like energy gap, dielectric permittivity, and electron and
hole effective masses. Due to the very broad band, we consider that trere is an ensemble
of quantum dots with a wide range of sizes. As a provisional borders, we used the energy
values of FWHM of the band obtained by 514.5 nm laser line, which is less broad than
the one obtained with 488 nm. These borders are 1.94-2.32 eV, and corresponding QD
dimensions are 2.5-4.2 nm. The band maximum at 2.14 eV corresponds to the QD size of
3.1 nm. These results are in agreement with the calculations for UV-VIS absorbance.

4 Conclusions

The photoluminescence measurements along with AFM measurements of CdSe nanoparti-
cles embedded in transparent glass are presented. The AFM measurements reveal the pres-
ence of small islands of several nm in diameter, which correspond to the nanoparticles
of CdSe. The UV-VIS absorbance spectrum displayed the first exciton peak at 520 nm.
Calculated size of nanoparticles is about 2.6 nm. The PL. measurements display one main
broad emission band at~2.14 eV which is identified as basic interband transition in CdSe
nanoparticle. The energy of basic transition in spherical CdSe quantum dot in effective
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mass approximation is calculated. Based on this model, the average radius of CdSe QD is
found to be~3 nm.
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Improvement of magneto-optical quality of high purity
Bi;,GeO,,single crystal induced by femtosecond pulsed

laser irradiation
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M. ROMCEVIC®, S. CIRKOVIC®, J. TRAJIC®", N. ROMCEVIC”

4School of Electrical Engineering, University of Belgrade, Bulevar kralja Aleksandra 73,11000 Belgrade, Serbia
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Femtosecond pulsed laser irradiation can improve optical properties of Bi1oGeOz single crystals. We investigate if the effect
occurs if the crystals are grown from high purity components. The samples are irradiated by a femtosecond pulsed laser
beam of increasing power. The maximal transmittance of 44% occurs at the irradiating laser power of 451 mW. After
irradiation, intensity of Raman spectra peaks increase, except for the peak at 203 cm™, whose intensity decreases. The
irradiation also changes the sample colour. Although the Verdet constant does not change, the absorption coefficient
decreases significantly, which leads to magneto-optical qualityimprovement of approximately 70%.
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1. Introduction

Bismuth germanium oxide (Bi2GeOy) from the
sillenite group of cubic crystals is commonly abbreviated
as BGO or s-BGO. Due to its fitting optical characteristics,
such as photoconductivity, photochromism,
photorefractivity, piezoelectricity, as well as to electro-
optic and magneto-optic effects it supports [1, 2], it has
been used in a wide range of optical applications and
devices [2-6]. Its cubic cell unit is composed of two
formula units, namely of 24Bi, 400 and 2Ge. The Ge
atoms positioned in the centre and the vertices of a cube
are tetrahedrally coordinated by the oxygen atoms,
whereas the Bi atoms are heptacoordinated [7-9]. There
are numerous studies that considered properties of doped
and un-doped BGO, see for example [10-18], as well as
those investigating property changes induced by a wide
variety of exposure types such as thermal treatments,
particle beams or light treatments [3, 12-16, 19-25].

BGO is a good example of a Faraday rotator crystal
possibly applicable in sensor systems. In order to evaluate
usability of a crystal for sensing purposes not only its
Faraday rotation capability, but its ability to be integrated
into a sensing optical system must be considered. In
general, in fiber-optic sensing systems optical beams used
to sense the measured quantity are guided through the
fibers, giving rise to the absorption coefficient as the most
important optical property. Crystals with high absorption
coefficient are in general less useful for sensor systems
because they absorb much of the light and cause low
signal-to-noise ratio at the receiving photo diode. If the
magnetic field is to be detected, the intensity of light
caused by magnetic field modulation is proportional to the
Verdet constant, whereas the intensity of light reaching the

photodiode as well as the photocurrent is inversely
proportional to the crystal absorption. The noise in a fiber
optic sensing system is predominantly determined by the
noise in the processing electronics and can be expressed as
the noise present in the photocurrent. Therefore, the
signal-to-noise ratio of the magnetic field sensor is
proportional to the Werdet constant and inversely
proportional to the absorption coefficient of a crystal.
Consequently, due to its proportionality to the signal-to-
noise ratio, the magneto-optical quality of a crystal defined
as a ratio of the Faraday rotation, which is proportional to
the Verdet constant, and the absorption coefficient can be
used as a measure of a crystal’s applicability in a magnetic
field sensing system.

When Biy»,GeO, crystals were exposed to pulsed laser
beam irradiation, there are examples of laser beam
operating in the nanosecond [3], picosecond [23-25], or
femtosecond range [26]. In [26] it was determined that
femtosecond pulsed laser irradiation of increasing power
causes significant changes in the transmittance,
transmission spectra, sample colour, Raman spectra, X-ray
diffraction pattern, Verdet constant, magneto-optical
property, and absorption coefficient of lower quality black
Bi;,Ge0, single crystals. Here we analyze if the same
increasing power pattern of femtosecond pulsed laser
irradiation has similar effect on the high quality yellow
Bi;,Ge0O,g single crystals, i.e., on the crystals that were
grown from the components whose purity is higher than
that of the black crystals, and whose magneto-optical
quality is the maximal obtainable by the applied crystal
growth technique.
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2. Experimental procedure
2.1. Preparation of crystal samples

Single crystals of Bi;,GeO,q were grown in the air by
the Czochralski technique using the MSR 2 crystal puller,
Eurotherm temperature controller and the calculated
critical crystal diameter, critical rotation rate and pulling
rate, as explained in detail in [17, 26]. The system
provided small fluctuations in crystal diameter size as well
as in melting temperature. The Bi;;GeO, seed was
oriented in the (111) direction and the charge was a
mixture of Bi,O; and GeO; in the stoichiometric ratio 6:1.
The light yellow crystal samples were obtained using the
Bi,O3 and GeO, purity of 99.999 wt.% and 99.9999 wt.%,
respectively. Crystal samples of size 4mm x 4mm x
10 mm were cut from the boule and mechanically as well
as chemically polished. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [17].

2.2.Crystal irradiation and characterization

The equipment used to produce the femtosecond
pulsed laser beam and establish its wavelength was the
Coherent Mira 900F femtosecond laser, Coherent Verdi V-
10 pump laser that provided a 532 nm continuous wave
pump beam, and Ocean Optics HR2000CG UV-NIR
spectrometer. Crystal samples were irradiated along the
crystal growth direction (2), i.e. along the samples’ longest
axis. The irradiating laser beam radius provided partial
irradiation of the exposed crystal facet. The beam
wavelength was 800 nm, whereas its power was increased
from 50mW to 950 mW and was adjusted by a graded
filter. The pulses were 90 fs long and had repetition rate of
76 MHz. The samples were irradiated by each beam power
for 3s. The beam power was measured with the Ophir
power meter with the thermal and photometric heads. In
order to enable comparison of the irradiation effects on the
single crystal samples of different purity, i.e., on yellow
and black Bi;,GeO,o samples, the irradiation conditions
were intentionally chosen to be identical to those applied
to the lower purity black crystals in [26].

The sample colour was calculated from the
transmission spectra measured by the Beckman Coulter
DU 720 General Purpose UV/IVIS spectrometer.

The micro-Raman spectra were recorded at room
temperature in the spectral range between 100 and
1100 cm* with 1cm? resolution using the backscattering
configuration and the 532 nm line of Verdi G optically
pumped semiconductor laser as an excitation source, and
the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector.

The Faraday rotation and optical activity were
measured by A/Y method at the wavelength of A = 632.8
nm. After the BGO crystal the orthogonal polarizations of
the light beam were separated by the CaCO; crystal into
two parallel beams 3 mm apart. The quadrant photodiode
connected into transimpedance stages was used for

optoelectronic conversion. This method is described in
more details in [26].

3. Results and discussion

The irradiation pattern applied here to the higher
purity yellow crystals is identical to the one utilized in [26]
to irradiate black crystals grown from the components of
lesser purity. Consequently, the obtained results can be
compared and the differences can be attributed solely to
different sample purity. With the increase of irradiating
laser power, the transmittance of irradiated sample
undergoes initial growth followed by a decrease, as can be
seen in Fig.1l. Comparison with the dependence
corresponding to the black crystal given in [26] reveals
that the transmittance curves for the black as well as for
the yellow crystal has the same shape and that the slopes
of the two curves appear to be approximately equal. The
curve corresponding to the yellow crystal is shifted to the
larger values by approximately 18.8% compared to the
curve corresponding to the black crystal. For the yellow
crystal, the maximal transmittance of 44.0% occurs at the
irradiating laser power of 451 mW, whereas the lower
purity black crystal was reported in [26] to have the
smaller ~maximal transmittance value of 25.1%
corresponding to 455mW. It seems that both curves
exhibit local irregularities which occur at 197.4-
249.7mW, 552-605mW and 800-857 mW for the black
crystal and at 593-641 mW for the yellow crystal. It is
possible that the irregularity in the yellow sample curve
for large values of incident power Py is not visible because
it is outside the considered range of irradiating laser
power, or due to insufficient measurement accuracy
achieved for yellow crystal data points above 700 mw.

Fig. 1. Change of crystal transmittance with increase of

irradiating laser power. For each value of the incident

power Py, a sample is irradiated by the femtosecond

laser beam for 3s. The transmittance is given as P/Py,

where P, is the transmitted power. The error bars were

calculated from the uncertainties of measured values of
the incident and transmitted power, APy and AP;.
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The sample colours before and after irradiation were
calculated using the CIE chromaticity coordinates and are
given in Fig. 2. Comparison with the results corresponding
to the black crystal given in [26] revealed that the change
of black crystal colour was more pronounced than that of
the yellow crystal presented here.

The Raman spectra of unirradiated and irradiated
samples are recorded at room temperature in the spectral
range from 150 to 800 cm* and are shown in Fig. 3. The
results obtained for unirradiated crystals are in agreement
with those given in [8, 17]. After irradiation the intensity
of the F(TO) peak at 203 cm* decreased, whereas all other
peaks became more pronounced. Despite the difference in
purity between the yellow samples studied here and the
black crystals considered in [26] the Raman spectra of
unirradiated crystals do not differ significantly. As
reported in [26], irradiation of the black crystal caused all
the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6cm %, to disappear and intensity increase of all
other peaks. The change in the same Raman spectrum
peaks of Bi;,GeO,, was reported in [16]; however, the
most, medium, and least intense peaks correspond to the
annealed, doped, and untreated samples, respectively.

Fig. 2. Colours of irradiated and unirradiated samples
in CIE chromaticity diagram.

Fig. 3. Raman spectra. Irradiation caused a small
upward shift of the crystal spectrum except for the F(TO)
type peak at 203 cm™.

The Verdet constant is calculated from

V:QOAC = 1 sin ‘l(ﬁj Q)
B, 2Bl U, +U, Jac

where @,,c is the amplitude of the AC signal, B, is the

amplitude of the magnetic induction, whereas U; and U,,
are the output signal voltages obtained after
transimpedance stages from the vertically and horizontally
polarized components, respectively. The FFT was used to
separate spectral components of U; and U,. The Faraday
rotation was determined from the magnitude of the 50 Hz
component.

The absorption coefficients were obtained by
measuring the difference in beam intensities at the
quadrant photodiode [26] with and without BGO crystal in
the beam path. The reflection on the BGO crystal was
calculated using the normal incidence and BGO refraction
index of nggo = 2.55.

The absorption coefficient, «, was calculated fromthe
beam intensities with and without the crystal present in the
beam path, I(x) and 1(0), and the known crystal length | =
9.8 mm as

) =1,e =a=—tin'D @
IO

The magneto-optical quality is calculated by dividing the

Verdet constant by the absorption coefficient. The

obtained results are given in Table 1.
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Table 1. Magneto-optical properties of irradiated and
unirradiated high purity crystal samples.

Property Unirradiated Irradiated
sample sample
Ve(::gtTC?::tle;m 72 72
conki)csigmu(znml) 0.58 0.34
ety (20 T 120 ”

The data given in Table 1 show the effects of
femtosecond laser irradiation on the magneto-optical
properties of the high purity BGO crystal. The irradiation
caused 41.4% decrease in the absorption coefficient and
did not influence the Faraday constant. Consequently, the
increase in crystal transparency resulted in a significant
70% increase in the magneto-optical quality. As explained
earlier, increase in crystal transparency is an important
gain from the point of view of a sensor system since the
system-level signal-to-noise ratio is directly proportional
to the magneto-optical quality of a crystal. Therefore, it is
expected that the signal-to-noise ratio of a sensor system
would be improved by the same amount as the
improvement in the magneto-optical quality induced by
the irradiation. Consequently, it can be concluded that the
femtosecond pulsed laser irradiation affects the crystalin a
positive manner.

4. Conclusions

Femtosecond pulsed laser irradiation of increasing
power caused significant changes in optical properties of
Bi;,Ge0,g single crystals grown from the components of
high purity, as was the case in [26] when the component
purity was not so high. The transmittance dependence on
the applied irradiation power had the same shape
regardless of the purity of the components the crystals
were grown from. The curve corresponding to the higher
purity crystal, ie., the yellow crystal, is shifted to the
larger values by approximately 18.8%. For the black and
yellow crystal, the maximal transmittance of 25.1% and
44.0% occurred at 455mwW and 451 mW, respectively.
The Raman spectra peaks became somewhat stronger,
except for the E type peaks at 234, 454, and 619.6 cm * in
the lower purity black crystal, which disappeared and the
yellow crystal peak at 203 cm * whose intensity decreased.
Irradiation also caused slight colour change of the yellow
crystal and significant change of the black crystal colour.
The Verdet constant did not change; however, the
absorption coefficient significantly decreased leading to
equally significant increase of the magneto-optical quality
of the sample. Consequently, it can be concluded that
optical properties of high quality Bi;,GeO, single crystals
can be improved by irradiation with the femtosecond
pulsed laser beam.
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In this study we demonstrate the use of elemental precursors (Cu, Fe, Sn, S) to obtain stannite forms by a
solid-state one-pot mechanochemical synthesis. In the processing route, we report the kinetics of the synthesis.
For the characterization of the unique nanostructures, X-ray diffraction, specific surface area measurements and
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1. Introduction

There is a general paradox in present research and ap-
plication of chalcogenide solar materials. On one side,
Culn;_,Ga,Sey (CIGS) thin film solar cells attracted a
big attention owing to their high power conversion effi-
ciency and good stability. On the other side, these mate-
rials represent the potential environmental problem be-
cause of Se toxicity, In and Ga limited availability and
high price [1-4]. Quaternary semiconductor nanocrys-
tals provide promising alternatives to conventional pho-
tovoltaic materials because of their environmental ac-
ceptance (application of S instead of toxic Se), cheap-
ness and availability (application of earth-abundant Fe,
Zn and Sn instead of scarce In and Ga). For example
kesterite (CZTS) and stannite (CFTS) possess many ad-
vantageous characteristics for photovoltaic applications,
such as composition from the abundant and non-toxic
elements, suitable band gap, high absorption coefficient
and high radiation stability [3, 5, 6].

Stannite CusFeSnS,4 has been recently prepared by sev-
eral techniques such as solution-based synthesis, hot in-
jection and microwave irradiation [7-15]. However, these
techniques are complex, time-consuming, need high tem-
perature and toxic organic solvents.

In this study, we attempt to synthesize CFTS phase by
a novel solid-state reaction using a high-energy planetary
milling. The structural, optical and magnetic properties
including kinetics of the phase evolution are investigated.

2. Experimental

The solid-state synthesis of CFTS was realized in a
planetary mill Pulverisette 6 (Fritsch, Germany) under
the following conditions: loading — 50 balls (d = 10 mm)

*corresponding author; e-mail: balaz@saske.sk

of tungsten carbide, volume of milling pot from tungsten
carbide — 250 mL, input mass of sample mixed from
Cu, Fe, Sn and S elements in a stoichiometric ratio of
CugFeSnS; — 5 g, ball-to-powder ratio — 70, milling
speed — 500 min~!, milling time — 1-120 min, milling
atmosphere — argon.

The crystal structure was characterized by using a D8
Advance Bruker X-ray diffractometer (Bruker, Germany)
in the Bragg—Brentano geometry working with a Cu K,
radiation (A = 0.15406 nm) and a scintillation detec-
tor. The data were collected over the angular range
10° < 20 < 100° with scanning steps of 0.02° and a
measurement step time interval of 6 s. For the data
processing, the commercial Bruker tools have been used.
Specifically, for the phase identification, the DiffracP!"s
Eva and the ICDD PDF2 database were utilized.

For the determination of the elemental sulphur con-
tent, the Soxhlet extractor, with CSy as the extraction
solvent, in which elemental sulphur is dissolved, was used.
The non-reacted sulphur present in the extracted CFTS
sample remains in the thimble. The amount of the non-
reacted sulphur dissolved in CSs is calculated from the
weight difference of the distillation flask before the ex-
periment and after the evaporation of solvent.

A nitrogen adsorption apparatus NOVA 1200e Surface
Area & Pore Size Analyzer (Quantachrome Instruments,
United Kingdom) was employed to record the specific
surface area (Spgr) values, which were calculated us-
ing the Brunauer—-Emmett—Teller (BET) equation. The
measurements were performed at the liquid nitrogen tem-
perature.

The magnetic measurements were performed by a Mag-
netic Property Measuring System model MPMS-XL-5
(Quantum Design, USA) equipped with 5 T supercon-
ducting magnet. The magnetization curves as a function
of the applied field have been collected at room temper-
ature.
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3. Results and discussion

3.1. Structural analysis

The XRD patterns of the starting mixture (Cu, Fe,
Sn and S powders) milled for 20-120 min are shown in
Fig. 1.

Fig. 1. XRD patterns of the CFTS samples, milling
time, tar: 1 — 20 min, 2 — 30 min, 3 — 45 min, 4 —
60 min, 5 — 90 min, 6 — 120 min; R — rhodostannite
CuzFeSnsSg, S — stannite CuzFeSnS,, Fe — elemental
iron, Sn — elemental tin.

In principle, the mechanochemical synthesis can be de-
scribed by a hypothetical Eq. (1):

2Cu + Fe 4+ zSn + yS —

(1 — z)CugFeSnSy + 2CusFeSn3Ss, (1)
where z = 1 and 3; y = 4 and 8 for stannite and rho-
dostannite formation, respectively, and z = 0+ 1. At the
beginning of the mechanochemical synthesis, the peaks
of the non-reacted Sn and Fe precursors can be traced
(plot 1). However, with the progress of reaction, only
the peaks of the non-consumed Fe are visible (plots 2—
4). Later on, only the peaks corresponding to stan-
nite CuyFeSnS, (S, JCPDS 44-1476) and rhodostannite
CugFeSnsSs (R, JCPDS 85-0378) are visible (plots 5,6).
In this case, the observed peaks can be assigned to the
(112), (204) and (312) planes of the tetragonal crystals.
Both tetragonal phases show the presence of crystal-
lites with the sizes calculated by the Rietveld analysis
18.3 nm and 18.9 nm for stannite and rhodostannite,
repectively. The new phenomenon of stannite — rho-
dostannite transformation can be traced as a consequence
of milling (Fig. 2).

The amounts 76% stannite and 24% rhodostannite
have been calculated for the sample milled for 120 min
(Fig. 1, plot 6). In nature, rhodostannite is a replace-
ment product of stannite [16]. This transformation may
happen also with synthetic crystals by the application
of high-energy milling, which often leads to the products
with extraordinary properties [17]. As stated in [18], high
local pressures and contact surface of the milled solids,

P. Baldz et al.

Fig. 2. Stannite, CuzFeSnSy —
rhodostannite, CuzSeSnzSs transformation in de-
pendence on milling time, ¢5;.

as well as volume defects (e.g. strain) are responsible for
such transformations. We speculate that during milling,
SnS and So are liberated from rhodostannite, according
to a hypothetical Eq. (2):

CugFeSnsSs (s) — 2(SnS+1/2S,3) (g9) —

CuzFeSnSy (s). (2)
This is supported by findings in [19], where SnS as
volatile compound, in which tin is present as Sn(II) ion,
is formed from kesterite structure, and, together with
sulphur, is liberated into gas phase.
The kinetics of the solid-state reaction of Cu, Fe, Sn
and S elements yielding quaternary nanocrystals is de-
picted in Fig. 3.

Fig. 3. Conversion degree of reaction, o and specific
surface area, Sper vs. milling time, ¢p;.

The Soxhlet method (see Sect. 2), by which the amount
of non-consumed sulphur, as a measure of the progress
of the mechanochemical synthesis, can be determined,
has been applied for the determination of the conver-
sion degree, . The synthesis is very fast and the values
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a = 50% can be obtained right few moments after
its initiation. A sigmoidal shape of «(tp;) dependence
proves the acceleration of the synthesis at t); &~ 15 min.
Later on, the reaction does proceed less quickly and at
tar > 45 min, practically no non-reacted sulphur has
been detected, which means its total consumption with
full conversion of the precursors to stannnite polymorphs.
The synthesis reaction (2) is topochemical, which is sup-
ported by the very similar course of Sggrr(tar) plot, which
hints to the decisive role of the surface defects created
during the synthesis.

3.2. Magnetic properties

Figure 4 shows that the magnetization values for
M (H) curves taken at 300 K are well-saturated after the
application of magnetic fields with the magnitude higher
than 1 T. In principle, the magnetic data can also be used
for progress evaluation of reaction (2). The final prod-
ucts of this reaction, namely stannite and rhodostannite,
are weak magnetic (paramagnetic) substances at a room
temperature [11, 20]. Therefore, the differences in the
saturation magnetization of the samples milled for dif-
ferent times are caused mainly by the different amount
of the non-consumed iron, which is the only ferromag-
netic component in these materials at 300 K. For longer
milling times, the saturation magnetization rapidly de-
creases, indicating that significant amount of elemental
Fe has been already consumed by the mechanochemical
reaction.

Fig. 4. Magnetization vs. magnetic field for the CFTS
samples milled for different times.

4. Conclusions

The simple one-pot solid-state synthesis of CFTS
quaternary nanocrystals with the properties suitable
for the application in solar cell materials has been
demonstrated. Stannite, CusFeSnS, and rhodostannite,
CugFeSnsSg with crystallite sizes 18-19 nm were ob-
tained. The influence of mechanical treatment is man-
ifested by stannite-rhodostannite transformation. The
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newly revealed phenomena broaden the scope of quater-
nary nanocrystals application.
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Optical properties of Cd,,Mn,S nanoparticles:
off-resonance Raman spectroscopy
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Cd1xMnsS nanoparticles (x=0.05-0.4) with average particle size of about 2.2nm were synthesized using the colloidal
chemistry method and characterized by Raman scattering measurements. The dominant Raman line of Cdi.xMn,S
nanoparticles was at about 300cm’” showing asymmetric broadening for w<300cm™. Significant change in the line intensity
for different Mn content x and excitation wavelength A was noticed.
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1. Introduction

Cdy4Mn,S nanoparticles (NPs) with size quantum
confinement belong to the diluted magnetic semiconductor
quantum dot class of materials that has been widely
studied in the last few years. The study of diluted magnetic
semiconductors, such as Cd;,Mn,S quantum dots, is
strongly motivated due to the localization of magnetic ions
in the same places as the free-like electron and hole
carriers occurring in these nanomaterials [1,2]. This
interesting phenomenon causes unique properties in
diluted magnetic semiconductors dots that can be explored
in different technological applications, such as wavelength
tunable laser [3], solar cells [4,5], spintronic devices [6],
etc. Cd,Mn,S is a typical example of diluted magnetic
semiconductor. Mn?* ions can be incorporated in A"BY!
semiconductor host in large proportions without
substantially altering the crystallographic quality of the
material. Finally, Mn?* ion is electrically neutral in an
A""BY! host, thus avoiding the formation of any acceptor or
donor impurities in the crystal.

Vibrational spectroscopy (Raman spectroscopy) is a
powerful, non-destructive technique sensitive to local
environment, ideal for in site probing during growth and
device fabrication and operation [7]. Similar as for the
bulk materials, Raman spectroscopy provides information
about optical vibrational modes of semiconductor
nanoparticles [8-10].

In this paper, we present a continuation of our effort
to understand the properties of powders consisting of
nanosized diluted magnetic semiconductors preparated
using colloidal chemistry method. The influence of the
composition and the excitation wavelength on the Raman
active vibrations were studied in detail.

2. Synthesis and characterization

Colloidal dispersions consisting of Cd;,Mn,S NPs
were prepared by mixing a solution containing Cd(NOs)»
and MnSO, with a solution containing Na,S in the
presence of surface active agent hexametaphosphate
(NaPO3)s. The concentration of cations ([Cd**] + [Mn?*])
was constant (2x10°M), while S* ions were used in
excess (2.4x10°M). The concentration of (NaPOs)s was
2x10?M. Light and air were excluded during the
preparation of this colloid. After precipitation of colloidal
particles, the solvent was removed by vacuum evaporation
at room temperature. The obtained yellow powders could
be redisolved in water to give a colloid with the same
structured absorption spectrum as the solution before
evaporation. The content of Mn?* ions was up to x=0.3 and
was checked out by X-ray dispersive fluorescence analysis
technique. This technique gives results with uncertainty of
10%.

The X-ray diffraction analysis of Cd;,Mn,S NPs
showed hexagonal wurtzite crystal structure. UV-Vis
absorption spectra were recorded on Perkin-Elmer Lambda
5 instrument. A blue shift of the absorption onset of the
Cd;«Mn,S nanoparticles compared to the bulk Cd;,Mn,S
was about 0.3eV. The radius of the particles was
calculated using an effective mass approximation model
[11]. The calculated value for the particle size of
Cd;«Mn,S nanoparticles was found to be 2.2nm. The
results of experimental and theoretical studies of the
Raman active vibrations in nanosized CdS crystals we
reported in Ref. [12].

3. Results and discussion

The unpolarized Raman spectra were excited by 488,
496.5, 501.7 and 514.5nm lines of an argon laser in the
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back-scattering geometry. The Jobin Yvon U-1000
monochromator, with a conventional photo counting
system was used. Measurements were performed in
spectral region from 150 to 450cm™ at room temperature.
The main feature in measured Raman spectra was mode at
~300cm™. Raman mode at =~300cm” is slightly
asymmetric and broadened toward lower frequencies and
can be well identified as LO type phonon mode confined
in a spherical nanocrystal.

All CdMn,S NPs samples showed significant
changes in experimental Raman line shape, mainly in
intensity, as a function of excitation energy. For each Mn
content (x), the intensity of the line decreases with the
increase of the excitation wavelength A, where the rate of
the decrease depends on the Mn content (x). As an
example, the Raman spectra of CdyyMny;S sample for
various excitation wavelengths (A= 488, 496.5, 501.7 and
514.5nm) are presented in Fig.1. The ratio of Raman
intensities (I4ss/I514) of mode at about 300cm™ for various
contents of Mn”>" is given in Fig. 2. This picture
summarizes the change in the intensity for all contents
(x=0; 0.05; 0.1; 0.15; 0.3) and applied excitations. From
Fig. 2 it is clear that the ratio of Raman intensities
changes nonlineary as a function of Mn®" content and has
a maximum at x=0.1. The observed effect can be
explained by the fact that the band gap energy of Cd,.
XMI;XS NPs is a function of particle size and content of
Mn”",
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Fig. 1. Raman spectra of the CdyoMn, ;S nanoparticles at
different laser excitations (488, 496.5, 501.7 and 514.5nm).
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Fig. 2. Ratio of Raman intensities (1,5¢/I514) as a
function of Mn®* content.

Decrease of semiconductor nanocrystals size leads to
an increase in band gap energy. For a fixed size of
Cd,; xMn,S nanoparticles the band gap energy is a function
of Mn*" content and has a minimum around x=0.1 [13].
Because of that, among the Cd;(Mn,S NPs with different
Mn*" content, the nanocrystals with x=0.1 are the closest
to the resonant regime, and potentially have the strongest
intensity of Raman line. The experimental data confirmed
that the strongest intensity of Raman line is for the x=0.1
sample for all applied excitation energies.

The Cd; Mn,S NPs were not theoretically treated at
this moment, because it is complicate to distinguish the
influence of size and Mn®" content on the phonon
properties. In the Mn®>" doped bulk CdS samples new
impurity modes appear between TO-LO frequencies of
CdS [14,15]. The TO-LO modes originating from the
impurities are not well resolved for the samples with low
Mn*" content.

4. Conclusion

We investigated Raman spectra of Cd; Mn,S
nanoparticles synthesized using colloidal chemistry
method and small enough to show effects due to the
phonon confinement. In the Raman spectra an asymmetric
line was observed at about 300cm™. Registered nonlinear
change in intensity for different Mn®  content x and
excitation energies is connected to nonlinear changes of

energy gap.
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Calcium fluoride - CaF; single crystals were grown using the Bridgman technique. By optimizing growth conditions, <111>-
oriented CaF, crystals up to 20 mm in diameter were grown. Number of dislocations in CaF; crystals which were made by
the method of Bridgman was 5x10* - 2x10° per cm?®. In this paper we used XRD, Raman spectroscopy and the
measurement of transmission in the mid IR-range to investigated structural and optical properties of obtained CaF single

crystals.
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1. Introduction

A calcium fluoride (here after abbreviated as CaF,)
single crystal has excellent transmission characteristics
down to the vacuum ultraviolet region, and it is utilized as
a lens material in the wafer-stepper of semiconductor
lithography technology together with synthetic quartz.
CaF, single crystals of more than 10 in diameter are
required for the lens materials. Such large CaF, single
crystals are grown by the Czochralski method [1, 2] or the
vertical Bridgman method [3, 4]. Extremely high material
performances are required for the lens material in the
wafer-stepper to achieve high resolution of lithography.
Among them, the reduction of birefringence caused by the
residual stress is one of the technical problems. In the
Czochralski method, residual stress is induced in the
crystal by thermal stress, where as, in the vertical
Bridgman method, residual stress is induced not only by
thermal stress but also due to mechanical stress caused by
the contact of the crystal and crucible. Generally as-grown
single crystals with larger diameter have larger residual
stress, which results in larger birefringence in as-grown
crystals. Therefore, annealing after single-crystal growth is
in dispensable process, when CaF, single crystals are used
for the lens material in the wafer-stepper. Such annealing
reduces the residual stress and suppresses the
birefringence at a low level, but a very long annealing
period is required to reduce the birefringence to the target
value. Numerical simulations of residual stress and
birefringence play an important role for searching
effective annealing conditions.

CaF, is an ionic crystal with the fluorite structure.
The lattice is a face centered cubic (fcc) structure with
three sublattices. The unit cell of the material is most
easily described as a simple cubic lattice formed by the F
ions where a Ca* ion is contained in every second cube.

The remaining empty cubes (called interstitial or hollow
sites) are important for defect formation and diffusion, but
also for the accommodation of unwanted impurities like
rare earth ions and dopants. The lattice constant is a =
5.4626 A [5] (Fig. 1).

Fig. 1. Unit cell representation of CaF, structure

Single crystal CaF, used in the optical device can be
of natural origin - fluorite, under which name is often
referred to in literature [6] and synthetic single crystal
CaF, which is usually obtained growth from the melt. By
its chemical and physical properties of the single crystal
CaF, is very different from other materials that have been
developed techniques to obtain single crystals. The
relatively high melting point (over 1300 °C), high
chemical aggressiveness of fluorine at these temperatures,
relatively small chemical compounds CaF, stability at high
temperatures and very strong ability to react CaF, with
traces of water vapor, require the use of special growth
conditions to obtain quality crystals. Therefore, the growth
of a single crystal CaF, may take place either in vacuum or
in an inert gas atmosphere (argon or helium) at purity of at
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least 99.99% in order to prevent the presence of traces of
moisture or oxygen.

The aim of the present work was to obtain single
crystal CaF, optical quality. The structural and optical
properties obtained crystal was characterized using XRD,
Raman and FTIR spectroscopic characterization.

2. Experimental procedures

The Bridgman method of crystal growth is relatively
simple and allows operation in a vacuum, and also in an
inert atmosphere. In this method, the crucible uses a
cylindrical shape with a conical bottom. The procedure
consisted of the following: the crucible cylindrical shape
with melted batch CaF, down from the upper hot chamber
of the furnace in the cooler lower chamber of the same
furnace. The bottom of the crucible was in the shape of a
cone and that in the formation of germs and begins the
process of crystallization. The crucible was from
spectroscopically pure graphite [2-8]. One of the main
drawback of this method is that in the course of growth
can be seen the process of crystal growth, so that if it
comes to the appearance of polycrystalline, this can be
concluded only after the completion of the process of
growth and cooling crystals.

To obtain single crystals of CaF, by the Bridgman
method in a vacuum has been used device BCG 356.
Initial samples of single crystals were mostly clear and
transparent, but some were cracked. Because of the small
temperature gradient there were a sudden crystallization
process and the appearance of dendrites in the lower part
of the crucible, and therefore made changes to the
structure of the crucible. With this change we have
achieved that cone of the lower part of the crucible is in
the form of a tube. Therefore we have achieved that by the
sudden crystallization takes an extended part of the
crucible, thus avoiding the occurrence of dendrites. The
crystals that were obtained on the crucible constructed in
this way were of better quality. However, when grinding
the upper surface of the crystal, because the dirt that clung
to that, there have been cracks crystal along a plane of
cleavage.

Experiments have been performed with CaF, in the
form of a powder. Since this device works in a vacuum,
there was a danger that the air contained in the powder
CaF,, when you turn on the vacuum pump, disperses the
powder throughout the apparatus. Therefore, the CaF,
powder was compaction and sintered in the form of pills.
With such obtained pills could easily and quickly be filled
crucible. Power generator was initially Pg, = 3.8 kW, and
was later increased t0 Py, = 3.94 kW. The crystal growth
rates were 6 mm h™, 12 mm h™, 24 mm h™* and 48 mm h™.

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. To test the
dislocations were used CaF, samples that are obtained by
cleaving the crystals CaF, per plane splitting <111>. The
samples were etched with concentrated sulfuric acid from

10 to 30 min. It has been shown that the best results are
obtained on the sample crystal is etched for 15 min.

The crystal structure of CaF, single crystal was
approved using the X-ray diffractometer (XRD, Model
Philips PW 1050 diffractometer equipped with a PW 1730
generator, 40 kV x 20 mA, and using CuKa radiation of
1.540598 A at the room temperature. 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
was performed in the backscattering 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 have 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 - 800 cm™.

The transmission a spectrum of CaF, sample
(powdered and pressed in the disc with KBr) was obtained
by transmission Fourier transforms infrared (FTIR)
Hartmann&Braun spectrometer, MB-series. The FTIR
spectrum was recorded between 4000 and 400 cm™ with a
resolution of 4 cm™.

3. Results and discussion

CaF, single crystals are obtained by the vertical
Bridgman method in vacuum. Experiments were carried
out with the crystal growth rate of 6-48 mm h™. The best
result was obtained with a crystal growth rate of 6 mm h™.
If the growth rate of the single crystal CaF, larger,
experiments showed that these crystals contain more stress
and that in this case it is more likely to obtain polycrystals.
Stresses in single crystals we have tried to eliminate
annealing of crystals. The process of annealing was carried
out on the plate and bulk crystal CaF,. The temperature of
annealing of the plate was at 1000 °C for 3 h, and the
temperature of annealing of the bulk crystal was at 1000
°C and 1080 °C for 1 - 3 h. Annealing is carried 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 stress than
non-annealing. The obtained single crysta of CaF, was 20
mm in diameter and 90 mm in length. A polished plate of
CaF, with a diameter of 20 mm is displayed in Fig. 2.

Fig. 2. Photographs of Bridgman-grown CaF,
single crystals
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The general conclusion is that in all samples was
observed relatively high dislocation density (ranging from
60000 to 140000) as a consequence of greater internal
stresses, which have emerged in the process of cooling.
From the Fig. 3 it can be observed dislocations on CaF,
single crystal. Etch pits have the shape of a three-sided
pyramid. Number of dislocations in CaF, crystals which
were made by the method of Bridgman was 5-10° - 2-10°
per cm? (Fig. 3).

Fig. 3. The microscopic image of the surface CaF,
crystal plate in the direction <111>. Magnification of 270x

The sample of CaF, single crystal was of cubic
structure with the Fm3m space group [9]. XRD pattern
(Fig. 4) was indexed by using JCPDS database (card no.
87-0971). The XRD pattern was found to match exactly
with those reported in the literature [10, 11]. The displayed
peaks correspond to (h k I) values of (111),(220), (31
1),(400),(331)and (4 2 2). Using the (h k I) values of
different peaks, the lattice constant (a) of the sample was
calculated. Their lattice parameter was calculated from the
equation of plane spacing for cubic crystal system and
Bragg’s law for diffraction [12]. The lattice parameter was
5.452+0.011 A, calculated from the obtained XRD
diagram, which was in good agreement with the literature
[5, 13].
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Fig. 4. X-ray diffraction pattern of the CaF,
powdered sample

Three atoms in cubic O%, (Fm3m) primitive cell of the
CaF, crystal are given nine fundamental vibrations,
described by the following Oy-irreducible representations
(a k = 0): I' = 2Ty, + T, According to several
comprehensive work (see, e.g. [14-19]), their distribution

among optical and acoustical are: the triply degenerate T
optical phonon is Raman active and IR inactive; one of the
Ty, representations (triply degenerate as well) corresponds
to the zero frequency acoustic mode, while the other Ty,
species is actually split into a double degenerate transverse
optical mode and a nondegenerate longitudinal optical
mode, all the above are IR active. The room-temperature
first order T,y one-band spontaneous Raman scattering
spectra of CaF, crystal is shown in Fig. 5. In this single
allowed SRS-promoting optical mode with frequency wsgs
= 319.7 cm® Ca®* cation remains stationary and the
neighboring substitutional fluoride F™* ions vibrate against
each other [19-21].
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Fig. 5. Raman spectra of the CaF, single crystal at
room temperature

FTIR transmission was measured in order to check the
purity of the obtained CaF,. As shown in Fig. 6, the sharp
peaks of the absorption at 2854 cm™ and 2936 cm™ are
assigned to the symmetric and antisymmetric stretching
vibration of -CH, groups [22]. Also, the spectra shows two
broad IR absorption peaks at ~3432 cm™ and 1628 cm™
are assigned to the symmetrically stretching vibration and
antisymmetric stretching vibration of hydroxyl groups -
OH, implying the presence of H,O molecules [23, 24]. The
peak at 671 cm™ in the FTIR spectra was assigned to the
Ca-F stretching vibration of CaF, [25]. The band at ~2357
cm® is due to KBr pellets used for recording FTIR
spectrum [26].
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Fig. 6. FTIR spectra of CaF,
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The properties of the crystal, such as density of
dislocations, cystallinity, and impurities concentrations,
determine the optical quality.

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™. Number of
dislocations is of the order of 5x10* - 2x10° per cm® The
crystal structure was confirmed by XRD. The Raman T
optical mode at 319.7 cm™ was observed. The FTIR
transmission spectra indicate that there are some amounts
of -CH2, -OH or water molecules and organic groups
adhering to the surfaces. Based on our work and
observations during the experiment, it could be concluded
that the obtained transparent single crystal CaF, of good
optical quality, which was the goal of our work.
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Structural Properties of Cu-Se-CuSe, Thin
Films

M. Gili¢, M. Petrovi¢, B. Hadzi¢, M. Rom¢evié, J. Trajié,
N. Romcevi¢ and Z. Lazarevi¢

Abstract This paper describes the structural and optical properties of Cu-Se-CuSe,
thin films. The surface morphology of thin films was investigated by atomic force
microscopy (AFM) and scanning electron microscopy (SEM). Formation of thin
films is concluded to proceed unevenly, in the form of islands which later grew into
agglomerates. The structural characterization of Cu-Se-CuSe, thin film was
investigated using X-ray diffraction pattern (XRD). The presence of two-phase
system is observed. One is the solid solution of Cu in Se and the other is
low-pressure modification of CuSe,. The Raman spectroscopy was used to identify
and quantify the individual phases present in the films. Red shift and asymmetry of
Raman mode characteristic for CuSe, enable us to estimate nanocrystal dimension.
In the analysis of the far-infrared reflection spectra, numerical model for calculating
the reflectivity coefficient of layered system, which includes film with nanocrys-
tallite inclusions (modeled by Maxwell-Garnet approximation) and substrate, has
been applied. UV-VIS spectroscopy and photoluminescence spectroscopy are
employed to estimate direct and indirect band gap of CuSe,.
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1 Introduction

Nanostructures—either thin films, nanorods, nanotubes or quantum dots—have
received growing interest as a result of their fascinating properties and applications
that are superior to their bulk counter parts. Materials of nanoscopic dimensions have
received rapid advance and widespread interest in the last decade [1-6]. As for copper
selenides, they are metal chalcogenide semiconductors that exist in many phases and
crystallographic forms: different stoichiometric such as CuSe (mineral klockmannite),
Cu,Se, CuSe, (mineral marcasite), CuzSe, (mineral umangite), CusSe, (mineral
athabaskite), Cu,Se, as well as in non-stoichiometric form as Cu,_,Se (mineral
berzelianite) and can be constructed into several crystallographic forms (monoclinic,
cubic, tetragonal, orthorhombic, hexagonal, etc.). The phase diagram of copper—
selenium system [7] shows us that the thermal stability of these compounds is highly
dependent on the stoichiometric form.

Cu-Se thin films are p-type semitransparent highly conducting semiconductors
[8, 9] that found numerous applications in devices such as thin film solar cells,
photodetectors, superionic materials, optical filters [10, 11]. Moreover, CuSe, is
superconductor at low temperatures with a transition temperature Tc ~ 2.4 K [12].
CuSe; is reported to be weak ferromagnetic below 31 K [13, 14] implying the
possible coexistence of ferromagnetism and superconductivity in this compound.

The optical and electrical properties of copper selenide films depend on the used
fabrication method due to compositional complexity of this compound, and pos-
sible phase transitions. Numerous methods have been reported for the deposition of
these films of different crystalline modifications and varying stoichiometry. These
methods can be primarily categorized in two processes. One is solution-based
process: chemical bath deposition [9, 15], solution growth [8], hydrothermal
method [16], etc. Another one is vacuum based process: vacuum evaporation
techniques [17-20].

This paper reports optical and structural characterization of Cu-Se-CuSe, thin
films of three different thicknesses. These films are obtained by rather simple and
low-cost vacuum evaporation technique, using Mo boat onto glass substrate at room
temperature. Characterization was performed using XRD, SEM, Raman,
far-infrared reflection, UV-VIS and photoluminescence measurements. The struc-
ture of the obtained films is discussed on the basis of XRD data along with SEM
measurements. The above properties have been reviewed with respect to the results
of the Raman and far-infrared spectroscopy. Optical properties i.e. band gap
determination was done with help of UV-VIS and photoluminescence
measurements.
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2 Samples Preparation

Thin films were obtained by evaporating commercially high purity CuSe powder
(99.99 %) bought at Aldrich. The powder was deposited onto a highly pre-cleaned
glass substrates with use of Mo boat. The procedure was done in a high—vacuum
environment with typical background pressures of 3 mPa. The deposition rate,
10 nm/s, was monitored by quartz crystal thickness monitor—FTM4, Edwards. The
final thicknesses of the films were found to be 56 nm (filml), 79 nm (film2) and
172 nm (film3).

3 Results and Discussion

3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were obtained for Cu-Se-CuSe, thin
films deposited on glass substrate in order to study the surface morphology and
agglomeration of the samples. SEM imaging was done using scanning electron
microscope equipped with a high brightness Schottky Field Emission gun
(FEGSEM, TESCAN) operating at 4 kV. The samples were coated with
gold/palladium to make them conductive.

Top view and tilted micrographs of thin films are presented in Fig. 1. From top
view micrographs we may observe that the surface of our samples is relatively
uneven and rather rough, with presence of cracks and voids. Formation of thin films
is concluded to proceed unevenly, in the form of islands which later grew into
agglomerates. Agglomerated clusters of few hundreds nanometers in diameter are
distributed non-uniformly along the surface. In order to obtain the film thicknesses,
the samples are tilted at 30°. The estimated thicknesses are: ~56 nm for filml,
~78 nm for film2 and ~ 171 nm for film3. The thickness values estimated by
SEM analysis match the ones obtained during the preparation of thin films.

3.2 XRD

The structural characterization of thin film was investigated by using X-ray
diffraction pattern. X-ray diffraction measurements were performed on a Philips
1050 X-ray powder diffractometer using a Ni-filtered CuK, radiation and
Bragg-Brentano focusing geometry. The patterns were taken in the 10-80° 26 range
with step of 0.05° and exposure time of 6 s per step.

X-ray diffraction patterns of our samples are presented in Fig. 2. There is wide
diffraction structure in region 20—40° characteristic for nanocrystal materials. Good
defined peaks are signs of crystal structure formation.
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Fig. 1 Top view and tilted micrographs of a filml, b film2, ¢ film3 at room temperature using
SEM
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Fig. 2 XRD spectra of a filml b film2 and c film3; inset: full intensity spectrum of film3

Reflections are clearly seen at Bragg angles (26) of about 24°, 29°, 30°, 32.6°,
33.4°, 42°%, 44°* 46°* and 48.5°. Reflections at angles with asterisk are noticed
only for the sample film3. The inset in Fig. 2¢ presents the full intensity spectrum of
film3. The intensities of peaks that rise up with film thickness are signs of the
crystal growth. The structural phase analysis was performed on the obtained
diffractograms by using EVA 9.0 computing program. It has been observed that the
two-phase samples are obtained. Two crystal structures were identified. More
prominent one is hexagonal selenium and less prominent is orthorhombic marcasite
structure of CuSe,.

The dominant phase is solid solution of Cu in Se. Namely, according to phase
diagrams in works of Chakrabarti and Laughlin [21] and Heyding [7], selenium
and copper make solid solution even at 67 % of Se. Selenium, the solvent, has
hexagonal structure [22] which is by no means the only stable phase of Se under
normal conditions of temperature and pressure, with Z = 3 atoms per unit cell.
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Selenium atoms are arranged in helical chains which are oriented along the c-axis
of the hexagonal elementary cell (Fig. 3a). One chain is always surrounded by six
chains in corners of a hexagon to yield the 3D structure (Fig. 3b). The bonding of
atoms within a given chain is covalent where as the bonding between neighboring
chains is by weaker Van der Waals forces. Reflections at 24° (100), 30° (101),
42°% (110), 44°%(012), 46°*(111) and 48.5° (200) are attributed to this phase.

The second one is low-pressure modification of CuSe,, with Bragg reflections at
29° (101), 32.6° (111) and 33.4° (120) [PDF-2 74-0280]. This modification of
CuSe, has the orthorhombic marcasite structure with Z = 2 formula units per unit
cell [23], Fig. 4. In this structure each Cu atom is surrounded by six Se atoms in a
distorted octahedral arrangement, in plane by 4Se with Cu-Se distance 2.62 A and
out of plane by two more Se neighbors with Cu-Se distance 2.60 A. These octa-
hedra are corner-sharing in the (ab) plane and edge-sharing along ¢ axis. Each Se
atom is in a distorted tetrahedral configuration, surrounded by three Cu neighbors
and one Se neighbor (Se-Se distance 2.29 A).

Small intensity of Bragg reflections characteristic for CuSe, indicates small
amount of CuSe,, probably in a form of crystallites of very small dimension. The
absence of great number of peaks characteristic for the diffractograms of these
phases indicates there is no random distribution of crystallites, but the preferentially
oriented structures—which indeed was expected for thin films.

3.3 Raman Spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and
analyzed by Jobin—Yvon T64000 spectrometer, equipped with nitrogen cooled
charged-coupled-device detector. As an excitation source we used the 532 nm line

Fig. 3 Crystal structure of hexagonal Se; a atoms oriented along c-axis; b one chain surrounded
by six nearest-neighbor helices
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Fig. 4 Crystal structure of orthorhombic CuSe,; blue spheres—copper ions, green spheres—
selenium ions; a 2 X 2 X 2 unit cells—coordination polihedra around Cu?* ions; b one separated
coordination polyhedron around Cu* ion

of Ti: Sapphire laser, with laser power 20 mW. The measurements were performed
in the spectrum range 100-400 cm™".

The Raman spectra of Cu-Se-CuSe, thin films of different thickness are shown in
Fig. 5. Experimental Raman scattering spectra (presented as open dots) are ana-
lyzed by the deconvolution to Lorentzian curves. The dominant structure is in
region 230-240 cm ™. Ten modes can be reconstructed.

Eight modes (thick green lines on Fig. 5a) are recognized as fundamental and
second order modes of hexagonal selenium and listed in Table 1. Factor-group
analysis predicts three fundamental Raman active modes. The dominant structure is
mainly formed of two fundamental selenium modes of close energy that are
assigned as E? (~232 cmfl) and A, (~236 cmfl) modes of hexagonal Se struc-
ture. Mode at ~143 cm™' is identified as E' mode. Low intense mode at
~105 cm™! is identified as A, mode. This fundamental mode is IR active and
Raman forbidden. This mode was already registered in hexagonal Se Raman
spectra [24]. Wide structures of small intensity at ~ 185, ~208, ~287 and
~354 cm™ ! are assigned as second order modes and listed in Table 1, as in [24].

Two modes of low intensity, denoted with blue lines in Fig. 5, are in spectral
region close to dominant selenium fundamental modes. These two lines i.e. Raman
active modes are associated to CuSe, The more intense one is at ~255, ~252 and
~251 cm ™' for samples film1, film2 and film3 respectively. In Raman spectra of
marcasite type CuSe, one expects dominant scattering structure centered at
~260 cm™ " mostly from Aé stretching mode activity. Aé phonon branch goes
down in all directions in Brillouin zone (BZ). In the case of very small particles i.e.
nanoparticles, effects of confinement is to push Aé mode to lower frequencies. In
nanocrystals optical modes are confined, bulk selection rules are ruined, high
surface to volume ratio increases the role of surface properties, but there is
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Fig. 5 Raman spectra of
Cu-Se-CuSe, thin films of
different thicknesses: a filml;
b film2; ¢ film3

Table 1 Position of
registered Raman (infrared)
active modes (cm™ ') of
hexagonal Se
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Raman shift [cm™]
Fiml  |Film2  |Film3  |[24] | Assignment
Fundamental modes
105 (105) | 105 (105) | 108 (105) | 102 | A, (R)
144 (152) | 1435 (2) |142.6 () |143 |E' (Raman, IR)
232 (230) | 232 (230) |232 (230) |233 |E? (Raman, IR)
236 236 236 237 | A; (Raman)
Second order modes
185 185 183 183 |-
208 (200) | 208 (200) |206 (205) |206 |2A, (IR)
287 (272) | 280 (280) |273 (270) |273 |2E' (Raman, IR)
345 (350) | 345 (358) |345 (358) |345 |-

fundamental track of bulk properties. As Ai, dispersion relation decreases in all
directions in BZ, we expect the frequencies of confined mode to be below
260 cm™'. Analysis of the Raman spectra presented in Fig. 5 concerns to the
spectral region below 260 cm ™' (w,kg).
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A continuum model of the optical phonon confinement in nanocrystal is used.
Parameters were transferred from the bulk phonon dispersion curves. It is limited to
nanoparticles of regular shape. Although this is not the case in real nano-crystallites,
we present results of calculation for ideal spherical CuSe, nanocrystals. One small
spherical CuSe, crystal, isotropic and homogeneous inside, is considered. This
consideration of confined optical vibrations in nanocrystals is based on macroscopic
equation for the relative displacement of the positive and negative ions [25, 26].
This equation is solved in spherical coordinates. The spherically symmetric solu-
tions of equation must belong to the irreducible representations of the
three-dimensional rotation-inversion group O(3) labeled as Df (even) and D (odd
upon inversion). Raman transition operator for allowed scattering belongs to D§ and
D§ [27]. Frequencies of the spherical (I = 0) and spheroidal quadrupolar modes
(I = 2) can be calculated and generally observed by resonant Raman scattering.

If we assume, as in [28, 29], that at the surface of the sphere all components of
displacement are almost zero, the electrostatic potential and the normal component
of the electric displacement are continuous. Then one can obtain frequencies of the
Raman active modes (! =0 and [l =2,n =1, 2, 3, ...), [ and n being the spherical
quantum numbers. The most important contribution to one-phonon Raman scat-
tering corresponds to [ = 0. This mode is excited for parallel polarizations of the
incident and scattered light. The corresponding frequencies are:

of = o~ p(")’ 1)

wy is the optical bulk frequency i.e. wy = 260 cm ™' in CuSe,, r is the radius of
the sphere, u,, is the nth node of the Bessel spherical function j; (u; <u, <uz <...).
Frequency shift (difference between ®, and ®y) for fixed r depends on
pp1 =15 10° m/s for bulk CuSe,. w, increases as the radius of the dot (r) in-
creases, and in the limit: » — ©0 frequencies w,, converge to w,. Figure 6 presents
the optical vibration modes frequencies dependence (I =0, n =1, 2, 3) on the
radius of CuSe, nanocrystals. The smaller the radius the lower is the frequency of
confined mode. As for intensity, this model predicts the most intensive peak in
Raman spectra to be the mode w,, (n = 1).

Exact positions of modes at ~251, ~252 and ~255 cm ! (Table 2 and Fig. 5),
for three samples: filml, film2 and film3 respectively, are marked with stars in
Fig. 6. These modes are tentatively assigned as [ =0, n = 1. It is evident that
experimental values determine nanocrystals dimension. Modes at frequencies
~233, ~235 and ~246 cm* (Table 2 and Fig. 5), for samples film1, film2 and
film3 respectively, fall on the calculated curves. These modes are tentatively
assigned as [ = 0, n = 2. Nanocrystals dimension established by [ = 0, n = 1 modes
is definitely confirmed. Despite the situation that in reality there is nanocrystal size
distribution, nanocrystal shape irregularity, inhomogeneity inside, Raman spec-
troscopy enable detection of average particle size as: r ~ 3.3 nm (filml),
r ~ 3.4 nm (film2) and r ~ 4.3 nm (film3).



244

M. Gili¢ et al.

Fig. 6 The radial dependence of [ = 0 optical modes for CuSe, spherical nanocrystals

Table 2 Position of registered Raman (IR) active modes (cm™Y) of marcasite CuSe,

I1=0 Film1 Film2 Film3 [30, 31] Assignment
n=1 251 (251) 252 (252) 255 (255) 260 Aé
n=2 233 235 243

The mode originating from CuSe, is broadened and shifted toward lower fre-
quencies in comparison to the bulk system [30, 31]. Shift toward lower frequencies
is characteristic for modes of decreasing phonon dispersion relation in bulk. The
results of Raman spectroscopy are in good agreement with XRD results. The
presence of two crystal phases in synthesized film, the hexagonal Se and
orthorhombic CuSe,, is confirmed once again. Small amount of CuSe, evidenced
by XRD is confirmed by low intensity of CuSe, modes.

3.4 Far-Infrared Spectroscopy

The far-infrared measurements were carried out with a BOMEM DA-8 FIR spec-
trometer. A DTGS pyroelectric detector was used to cover the wave number range

from 90 to 600 cm ™.
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The penetration depth of the infrared electromagnetic waves into a nontrans-
parent crystal is approximately 3 um. Thickness of our films is from 56 to 172 nm,
so reflectivity spectra contain information about films together with information
about substrate. Three-layer structure is schematically presented in Fig. 7, where
medium 1 is air with dielectric function &; (¢; = 1), medium 2 is thin Se-CuSe,
mixture layer with corresponding dielectric function & and medium 3 is glass
substrate with dielectric function &3. In this case:

A, rpe ™ 4 rpe”

RA = A; . io
i e 4Trprsae

(2)

where A; and A, are amplitudes of incident and reflection beams, r; = (n; —
n)/(ni+n;) = (/& — \/&)/ (/& + /&) are Fresnel coefficients, n; is complex
refractive index of corresponding medium, & complex dielectric constant and
a = 2nwd(s,)"? is the complex phase change related to the absorption in the
medium 2 with the thickness d. The corresponding reflectance (R) is:

R = [R4| (3)
The dielectric function of homogeneous medium is:
k=N 2

2 .
_ Wiop — O+ 1Y@
e(w) = e e
el Prox — O° T o

4)

where w7 and w; o are the transversal and longitudinal optical vibrations, and y7o
and y; o are damping parameters.

Fig. 7 Schematic
presentation of a three-layer
structure
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The Se-CuSe, thin films we threat as a mixture of uniformly distributed spherical
inclusions of CuSe, in homogeneous Se. Namely, when visible light interacts with
semiconducting nanoparticles (characteristic size L, dielectric function &") which
are distributed in a medium with the dielectric constant &', the heterogeneous
composite can be treated as a homogeneous medium, and so-called effective
medium theory applies.

There are many mixing models for the effective dielectric permittivity of such a
mixture [32]. XRD and Raman measurements imply that the structure of our films
can be treated as Se film with separated nanocrystals of CuSe, inside. We decided
to use Maxwell-Garnet model for present case, as we did in our previous works [3,
33-36]. For the spherical inclusions case, the prediction of the effective permittivity
of mixture g according to the Maxwell-Garnet mixing rule reads [37, 38]:

P
g 4 2¢ _f(el _ 8”)

& = & = € +3f¢

(5)

Here, spheres of permittivity &” are located randomly in homogeneous envi-
ronment of permittivity ¢'. Spheres of permittivity ¢” occupy a volume fraction f. &'
and &" are also in form of Eq. (4).

The far-infrared reflection spectra of Se-CuSe, thin films mixture on glass are
presented in Fig. 8. Film thickness increases from the bottom to the top of the
Figure. Experimental data are presented by circles, while the solid lines are cal-
culated spectra obtained by a fitting procedure based on the previously presented
model.

The far-infrared reflectivity spectrum of the glass substrate is shown in Fig. 8
(bottom). The calculated spectrum, presented by solid line, was obtained using the
dielectric function given by Eq. (4). As a result of the best fit we obtained two
modes (N =2). Frequencies of these two modes are wzo; = 438 cm !,
wro1 =439 em™! and wrpp = 471 em™ Y, w0 = 523 cm” . Frequency values of
these modes have remained the same during the fitting procedure for all thin film
samples. As the thickness of the film increases, these substrate reflectivity structures
become weaker. As concerns fitting procedure, this weakening is the consequence
of increasing the film thickness d.

As we know, there are three infra-red active modes: A,, E' and E%. We assumed
permittivity of Se & in form given by Eq. (4) at positions ws, ~ 105 cm™',
wg ~ 152 cm ! and wpy ~ 230 cm™! (N = 3). To achieve coinciding with the
experimental spectra, we modeled, permittivity of CuSe, &” in form given by
Eq. (4) (N = 1) at positions 250-255 cm”'. Volume fraction f1is of the order of few
percentages. Effective permittivity of film is &, = e.¢ given by Eq. (5). Additional
parameter is the thickness d of the film. Reflectance of the whole structure was
calculated by using Egs. (2) and (3). The best fitting parameters are listed in
Tables 1 and 2.

FIR reflectivity measurements are in accordance with the XRD and Raman
spectroscopy results. Synthesized films are thin and CuSe, particles are small.
There is certain roughness of the sample surface, and that is why the most phonon
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Fig. 8 Far-infrared
reflectivity spectra of
Se-CuSe, thin films mixture
on glass substrate.
Reflectivity spectra from the
bottom to the top: glass
substrate; film1; film2; film3

structures in FIR reflectivity spectra are wide and of low intensity. In the central
region, 200-300 cm ', the modes overlap each the other. As a result there is wide
and complex structure in this spectral region. Low reflectivity level and high noise
compared to it, results in the shape of experimental spectra presented in Fig. 8.
Phonon characteristics are practically transferred from Raman measurements. After
careful and demanding fitting procedure we achieved that calculated FIR reflectivity
spectra reproduce experimental results completely. FIR results, in this case, are used
as kind of control and confirmation of samples structure established by XRD and
Raman spectroscopy.

3.5 UV-VIS Spectroscopy

The UV-VIS diffusion reflectance and transmittance spectra were recorded in the
wavelength range of 300-1000 nm on a Shimadzu UV-2600 spectrophotometer
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equipped with an integrated sphere. The diffuse reflectance and transmittance
spectra were measured relative to a reference sample of BaSOy,.

In this study we used Tauc plot for the determination of optical band gap from
diffuse reflectance measurements. The determination of band gap in semiconductors
is significant for obtaining the basic solid state physics. The relation expression
proposed by Tauc, Davis and Mott [39—41] is following:

ahv = A(hv — E,)'/" (6)

where h is a Planck’s constant, A is the transition probability constant depending on
the effective mass of the charge carriers in the material, E, is the band gap, hv is the
photon energy and a is absorption coefficient which is defined as the relative rate of
decrease in light intensity along its propagation path, i.e. a property of a material
that defines the amount of light absorbed by it. The value of n denotes the nature of
the transition. In case of direct transitions n equals 1/2 and 3/2 for allowed and
forbidden transitions, respectively. As for indirect transitions, n equals 2 and 3 for
allowed and forbidden transitions, respectively. Since CuSe, exhibits both direct
and indirect allowed transitions, n = 1/2 and n = 2.

Then, the acquired diffuse reflectance spectra are converted to Kubelka—Munk
function [42]:

o= (A —R) ;RR)Z (7)

So using this function, a plot of (ahv)"" against hv is obtained. The energy band

gap is determined by extrapolating the linear portion of (ahv)'" versus hv to the
energy axis at (ahv)""* = 0. The intercept of these plots on the energy axis gives the
energy band gap. Such plots are given in Fig. 9. Direct transitions (left part of
Fig. 9) reveal band gap for both selenium and CuSe,, while indirect transitions
(right part of Fig. 9) reveal band gap for CuSe, only.

The experimentally determined values of energy gaps for CuSe, show slight
decrease with film thickness and their values range from 2.75 to 2.72 eV for direct
transitions, and from 1.75 to 1.71 eV in the case of indirect transitions. As for
selenium, estimated band gaps follow the same trend with film thickness and range
between 2.33 and 2.36 eV. The estimated band gap positions of each sample are
given in Table 3. The difference in film thicknesses causes the small difference in
band gaps in second decimal place and they follow the well-established trend—the
smaller the thickness, the wider is the band gap. Also, their values are quite wider
than the ones that can be found in literature.

References report a large range of energy band gap values for Cu-Se. For direct
transitions that values usually go between 2 and 3 eV. Bari et al. [43] obtained the
value of 2.51 eV for the sample thickness of 150 nm, and with the increase of film
thickness they reported the decrease of band gap width. Grozdanov [44], Garcia
et al. [15] and Sakr et al. [45] obtained the value of 2.33, 2.13-2.38 and 2.74 eV
respectively. The latter is very similar to the results obtained in this paper. Rajesh
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Table 3 The estimated band

. ! Film1 Film2 Film3
S cnesies of complex thin = & ™ et transition (&) 275 274|272
CuSe, indirect transition (eV) 1.75 1.72 1.71
Se direct transition (eV) 2.36 2.34 2.33
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et al. [46] got a diversity of band gaps ranging from 1.95 (the thickest film) to
3.70 eV (the thinnest film). As for indirect transitions, they received less attention.
In [15] the obtained values are 1.22—1.34 eV, whereas in [47] the value is about
1.4 eV. The values we obtained, ~ 1.7 eV, are wider than reported in literature. In
our opinion, the larger indirect band gap values are due to quantum confinement
effect [48, 49] where by the electrons are localized in individual crystallites.

As for selenium, the direct band gap is reported to be about 2 eV for the bulk
[50, 51] and 2.20-2.06 for the thin films of thickness 130-290 nm [52]. Our films
are thinner than the ones mentioned in the literature and it is not surprising that we
obtained wider band gap values, about 2.3 eV.

3.6 Photoluminescence Spectroscopy

Photoluminescence measurements were obtained by Jobin—Yvon U1000 spec-
trometer, equipped with RCA-C31034A photomultiplier with housing cooled by
Peltier element, amplifiers and counters. As an excitation source, the 488 nm laser
line of Argon laser was used.

Photoluminescence spectra can be used for investigation the possible outcomes
of photo-induced electrons and holes in a semiconductor, since photoluminescence
emission results from the recombination of free charge carriers. A semiconductor is
characterized with the electronic band structure and its main features—the valence
band or the highest occupied molecular orbital (HOMO) and the conduction band
or the lowest unoccupied molecular orbital (LUMO). The difference between the
valence band and the conduction band in the means of energy is called band gap
(Eg). We talk about two types of photoluminescence phenomenon according to its
attributes and formation mechanism: the band-to-band photoluminescence and the
excitonic photoluminescence [53]. The band-to-band PL spectrum regards the
separation situation of photo-generated charge carriers. The excitonic PL spectrum,
however, cannot directly reflect the separation situation of photo-induced carriers. If
discrete energy levels are present in the band gap, these may dominate the optical
spectrum. PL. measurements then yield information about the energetic positions of
the electronic states in the gap. Such localized states can originate from various
types of imperfections like vacancies, interstitial atoms, atoms at surfaces and grain
boundaries. However, it is often difficult to determine the exact position and origin
of these states.

Photoluminescence spectra of Cu-Se-CuSe, thin films on various temperatures
are presented in Fig. 11. At room temperature (Fig. 10) in all spectra, the band in
red area at about 1.63 eV is clearly seen. According to the UV-VIS results (see
previous chapter), we can attribute this mode to band-to-band transition for indirect
transition in CuSe,. In green area, a broad band is observed at 2.32 eV which
originates from direct transitions in selenium (also see prev. chapter).
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Fig. 10 Photoluminescence
spectra of Cu-Se-CuSe, thin
films at room temperature 300 A
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At lower temperatures (Fig. 11a—c) there are several peaks in green, yellow and
cyan areas of the spectra, which in our opinion belong to dislocation luminescence
or defect luminescence. The mode at ~ 1.8 eV is clearly seen. According to lit-
erature data [51] this band is attributed to selenium defect mode-negative U-center.
This mode is expected to appear at 0.5 eV from the band edges. In all spectra, the
uprise of peak intensity with lowering temperature is observed.

Temperature dependence of a PL emission bands is shown in Fig. 12. We
observe blue shift with increasing temperature for all bands. Shrinking of the band
gap with lowering temperature is observed.

A model is proposed by Shen et al. [54] to explain those discrepancies. It
involves surface electron accumulation as a result of severe band bending in
nanorods. However, the same trend is observed in thin film samples (including
ours), whose curvature-less surface does not support a spatial charge separation
such as in 1D nanostructures. Wei et al. [55] gave more exact explanation of this
phenomenon in their work. They began the analysis by making difference between
Ep; and Eg:

EPL(}’I., T) = Eg(n, T) —|—Epn(n, T) - Epp(n, T) (8)

where Ep, and Ef, are the electron and hole quasi-Fermi levels measured from
bottom of conduction band and top of valence band, respectively. So the
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Fig. 11 Photoluminescence
spectra of Cu-Se-CuSe, thin

films at various temperatures:
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temperature dependence of the band gap shift is the competition between the lattice
dilation dE,/dT on one hand, and the sum (dEp,/dT — dEg,/dT) on the other. The
former results in conventional red shift of the band gap with increasing temperature,
and the latter gets a blue shift. The resulting shift depends on the magnitude of these
two contributions. Usually when the electron density # is high, the thermal response
in the material is governed by electronic rather than photonic interactions, the sum
(dEp,/dT — dEF,/dT) becomes dominant thus the blue shift of Ep, is observed, as in

our case.
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Fig. 12 Temperature dependence of photoluminescence emission bands

4 Conclusions

The optical and structural parameters have been studied for Cu-Se-CuSe, thin films.
The surface morphology of thin films was investigated by AFM and SEM. X-ray
diffraction results indicate that thin films have two phases, the solid solution of Cu
in Se and the low-pressure modification of CuSe,.

Raman active modes of hexagonal Se are clearly seen and assigned. We tenta-
tively assign modes at 251-255 and 233243 cm ' as [=0, n=1 and n =2
confined CuSe, Aé mode. Although assumed model concerns to an ideal spherical
nanocrystal, it works well in real samples where there is nanocrystal size distri-
bution, shape irregularity, inside inhomogeneity. Raman spectroscopy enables
detection of average particle size as: » ~ 3.3 nm (filml), r ~ 3.4 nm (film2) and
r ~ 4.3 nm (film3). Infrared active modes of hexagonal Se that dominate in the
reflectivity spectra are identified. Presence of CuSe, nanocrystals in predominantly
Se film was modeled by effective medium theory. Calculated FIR reflectivity
spectra reproduce completely experimental ones. FIR reflectivity results confirm the
sample structure established by XRD and Raman spectroscopy.

UV-VIS reflectance measurements revealed values for both direct and indirect
band gap in CuSe;: ~2.7 and 1.7 eV respectively, and direct band gap in Se at
~2.3 eV for. The existence of indirect band gap in CuSe, on this value, somehow
wider then in literature, is confirmed by photoluminescence measurements. A band



254 M. Gili¢ et al.

at ~ 1.8 eV, registered by PL. measurements at low temperatures, is attributed to
defect level of selenium-negative U-center. In this paper we proved that simple and
low-cost technique as vacuum evaporation is capable of producing a high-quality
thin films.
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Optical Properties of Plastically Deformed
Copper: Ellipsometry and Raman Study

M. Gili¢, M. Petrovi¢, B. HadZi¢, Z.Z. Lazarevi¢, M. Rom&evié,
J. Traji¢ and N.Z. Rom¢evi¢

Abstract In this paper, we used Raman spectroscopy and spectroscopic ellip-
sometry to investigate optical properties of plastically deformed copper. Chemically
pure copper prepared in a sample of square cross section (10 x 10 mm?) and about
50 mm long was extremely plastically deformed with the repeated application of
Equal Channel Angular Pressing. Information about microstructure with ultrafine
grains is obtained by atomic force microscopy. The structure of the sample surface
—the copper oxide and surface roughness over-layer—was registered by spectro-
scopic ellipsometry. By Raman spectroscopy, two types of lines are registered:
narrow, with the width ~7 cm™'; and wide, ~40 cm™', which implies that
nano-sized crystal structures related to three-dimensional amorphous boundary
spaces exist in the specimen.

Keywords Copper - Amorphization - Plastic deformation - Spectroscopic ellip-
sometry - Raman spectroscopy

1 Introduction

In last two decades, a great interest has been expressed in research regarding a severe
plastic deformation technique called Equal Channel Angular Pressing (ECAP). Vast
number of papers has been published in wake of pioneering work of Valiev et al. [1]
and Segal [2]. The reason for this interest lies in the fact that metals and alloys that
endured ECAP exhibit a very small grain size and, as a consequence, their tensile
strength is remarkably improved. All relevant work about this severe plastic
deformation technique is summarized in the [3]. In the studies of [4] and [5], a model
is developed that describes how, in severely deformed materials, grain subdivision
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occurs by the formation of cell blocks separated by sets of dislocations. Within these
cells, there are regions relatively free of dislocations, which are bounded with
low-angle boundaries. Cell blocks become narrower and narrower with increasing
the degree of deformation, which leads to transformation of cell boundaries into
high-angle boundaries. This fact, often observed in plastically deformed metals and
alloys, seems to explain the formation of very small grains [6, 7].

On the other hand, copper is used in a vast variety of products in both domestic
and industrial domains as a thermal and electrical conductor, as well as a constituent
of various metal alloys [8]. Among metals, only silver has higher electrical con-
ductivity, but copper is much cheaper and more abundant. Due to this property,
copper has been used widely as an electrode in electrochemical studies [9]. Since it
is both ductile and malleable copper is easy to treat. The ease with which it can be
drawn into wire makes it useful for electrical work, in addition to its excellent
electrical properties. Copper can be machined, although it is usually necessary to
use an alloy for complicated parts, to get really good mixed characteristics. Good
thermal conduction makes it useful for heat sinks and in heat exchangers. Copper
has good corrosion resistance, nevertheless not as good as gold. It has excellent
brazing and soldering properties and can also be welded, and the best results are
obtained with gas metal arc welding [10].

The colour of copper samples is usually reddish to brownish due to the existence
of thin layers on their surface (mostly oxide), which are formed gradually when
gases (especially oxygen) react with them in the air. Still, the colour of the clean
surface is much brighter (pink or bright brown). Copper has its characteristic colour
because of its unique band structure. Copper, caesium, and gold are the only three
elemental metals with a natural colour other than grey or silver [11]. The usual grey
colour of metals depends on their “electron sea”, which is capable of absorbing and
re-emitting photons over a wide range of frequencies.

In this paper, we present the results of AFM, spectroscopic ellipsometry, and
Raman spectroscopy measurements of plastically deformed copper.

2 Experimental

2.1 Samples Preparation

A chemically pure copper sample (99.99), prepared as a specimen of square cross
section (10 x 10 mm?) and about 50 mm long, was extremely plastically deformed
with the repeated application of Equal Channel Angular Pressing (ECAP). ECAP,
which is known as one of the discontinuous processes of severe plastic deformation,
was applied as an effective technique for producing bulk nano-scaled structures.
The experiments were performed in our experimental hydraulic press (VEB
WEMA 250 MP), equipped with a tool for Equal Channel Angular Pressing
(ECAP). The tool consists of two intersecting channels of the same cross
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Fig. 1 Obtaining samples:
aCu l.1P; b Cu 1.2V

section (10 x 10 mm?) that meet at the angle 2d = 90°. The geometry of the tool
provides that the material is deformed by simple shear at ideal, frictionless con-
ditions. The cross section of the specimen remains almost equal before and after
each step of the process; thus, it is possible to subject one specimen to ECAP
several times in order to reach high degrees of plastic deformation. In our case, the
sample of chemically pure copper was subjected eight times to the ECAP process at
room temperature (20 °C). This processing, performed at low homologous tem-
peratures, led to a subdivision of the initially coarse-grained microstructure into a
hierarchical system of cell blocks and dislocation cells. With increasing strain of the
material, the size of both of these constituents decreased.

Two samples were prepared for microstructure investigation: Cu 1.1P—
cross-sectional surface and Cu 1.2V—Ilongitudinal section surface, Fig. 1.

2.2 Devices and Measurements

The surface morphology of thin films was investigated by atomic force microscopy
(AFM). AFM imaging was done using the NTEGRA Prima system from NT-MDT.
Typical tip curvature radius was 8—10 nm. All AFM measurements were performed
at room temperature and under ambient conditions.

The ellipsometric measurements were performed using a variable angle spec-
troscopic ellipsometer (VASE) SOPRA GES5-IR in the rotating polarizer config-
uration. The data were collected over the range 1.5-4.2 eV with the step of 0.05 eV
for three different angles of incidence 65°, 70°, and 75°. The 70° angle was chosen
for its maximum sensitivity of the ellipsometric data.

The fitting of the model to the experimental data was done using the Levenberg—
Marquardt algorithm, to minimize the value of the following merit function
[12, 13]:
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5 1 i (<tan(lp) > oxp — <tan(y) > Cal)z

= 2
2N7P71i:1 o7

X .
(<cos(4) > exp — <cos(4) > ca,)z

> (1)

0%,

where N is the total number of data points; P is the number of fitted parame-
ters; < tan(y) > exp, < tan(y) > cal and < cos(A) > exp, < cos(A) > cal represent the
experimental and calculated values of ellipsometric quantities, tan(y) and cos(A);
and o; is the error of each measured quantity. All calculations were made using
Winelli_II, Version 2.0.0.0.

The micro-Raman spectra were taken in the backscattering configuration and
analyzed by Jobin Yvon T64000 spectrometer, equipped with nitrogen-cooled
charge-coupled device detector. As an excitation source, we used the 514.5-nm line
of an Ar-ion laser. The measurements were performed at different laser power.

3 Results and Discussion

3.1 Atomic Force Microscopy

The surfaces of the samples have been investigated using atomic force microscopy
(AFM). Figure 2a shows a typical picture of a started Cu sample. Figure 2b, c
shows typical topological morphology in two directions (longitudinal and trans-
verse). On the transverse surface, more contour particles can be seen, which
probably correspond to the nano-sized crystalline phases. Contrary to this, on the
longitudinal surface, there are essentially less phases, which could be compared to
the phases formed on the transverse surface.

3.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a surface-sensitive, non-destructive optical
technique used to characterize surface changes, optical constants of bulk or layered
materials, over-layer thicknesses, multi-layer structures, and surface or interface
roughness [13]. Ellipsometry measures tan(y) and cos(A) spectra which are,
respectively, the amplitude and projected phases of the complex ratio:

p = rp/rs = tan()e" @)

where r,, and r, are the complex reflectance coefficients of light, polarized parallel
(p), and perpendicular (s) to the plane of incidence, respectively. Ellipsometric
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Fig. 2 AFM image of surface
of the a pure Cu; b Cu 1.2V;
¢ Cu 1.1P sample

quantities y and A are sensitive to changes of different parameters such as surface
conditions, over-layer structure, and dielectric function of the material and others.

When it is exposed to oxygen, copper oxidizes naturally to copper (I) oxide
(Cu,0). The influence of the surface roughness also has to be taken into account.
Figure 3 presents both real and imaginary parts of pseudodielectric function for the
bulk copper and samples Cu 1.1P and Cu 1.2V. Therefore, the ellipsometric spectra
(tan(y), cos(A)) of the two samples Cu 1.1P and Cu 1.2V were fitted using a
two-film model: Cu as a substrate, an over-layer of Cu,0, and a surface roughness
layer, Fig. 4c. The surface roughness over-layer is composed of the bulk copper
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Fig. 3 a Real and

b imaginary part of
pseudodielectric function for
Cul.1P (squares), Cul.2V
(triangles), and bulk copper
(solid line)

oxide and an ambient. Using Bruggeman effective medium approximation [6], we
calculated the volume fraction of the constituents.

Figure 4a presents the experimental and the best fitting data of the sample Cu
1.1P. The thickness of the Cu,O is ~ 1.5 nm, and the roughness over-layer, with
80 % of Cu,0 and 20 % of void, is ~25.6 nm. For the energies above 2 eV, this fit
is better than for the energies around and below this value. This may indicate that
the dielectric function of the sample substrate is different from the one of the bulk
copper taken from Palik [14] and that these changes are due to plastic deformation.

The best fit to the model of the sample Cu 1.2V is presented in Fig. 4b. The
thickness of the copper oxide is ~ 1.7 nm, and the roughness over-layer, with 81 %
of the oxide and 19 % of the void, is ~35 nm. Comparing these two fits, one can
see that, in the case of the Cu 1.1P sample, the model with Cu,O and surface
roughness is better suited than in the case of the Cu 1.2V sample.

3.3 Raman Spectroscopy

Pure copper in principle crystallized in the face-centred cubic type structure (Oy,
space group symmetry), so the first-order Raman modes are not active. However,
plastic deformation of the sample and the penetration of oxygen into the sample
(and creating CuO) cause the appearance of Raman active modes. Factor group
analysis for CuO yields [15]:
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Fig. 4 a Experimental data
(dots) and fitted data (solid
line) of the sample Cu 1.1P;
b experimental data (dots) and
fitted data (solid line) of the
sample Cu 1.2V; ¢ sketched
model
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Cu(C;): I' =34, +3B, (3)
O(C2): I' =A,+2B, +A,+2B, 4)
I'CuO = A, + 2B, +4A,+ 5B, (5)

Of these modes, 1A,(T}) and 2B(T, T.) are acoustical modes, so that the total of
vibrational modes (q = 0) and their activity is:

Iy = Ag(R) + 2B,(R) + 34, (IC) + 3B,(IC) ©)

Thus, three Raman (A,, B,) and six infrared (A,, B,) active modes are to be
expected in the spectra of CuO.

The Raman spectra of Cu 1.2V and Cu 1.1P are presented in Figs. 5 and 6. In
addition to a very narrow line (with a width of ~2 cm™"), two types of lines are
clearly visible in the spectra: narrow (~7 cm™ ') and wide (~40 cm™") lines. To
demonstrate the nature of these very narrow lines in the range up to 120 cm ™', the
spectrum of nitrogen is given on the insert of Fig. 5. It is obvious that the positions
of these narrow lines from the insert match corresponding lines registered in the
spectrum on Figs. 5 and 6. So it can be concluded that they are the parasite lines.
The narrow lines are well defined, so we used the deconvolution method in analysis
of the wide lines. Raman scattering spectra are often analyzed with the help of a
Lorentzian function or by the convolution of a Lorentzian and Gaussian curves
[16]. As the quality of the spectra in Figs. 5 and 6 is such that it allows only a
qualitative analysis with a partial discussion of the trend, we assumed that all lines
are of the Lorentzian type. A typical line shape obtained in this way is also shown
in Figs. 5 and 6. Dashed lines correspond to the Rayleigh scattering and

Fig. 5 Raman spectra of Cu

1.2V sample. Inset Raman

spectra of N,

Intensity

50 100 150 200 250 300
Raman shift (cm™?)
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Fig. 6 Raman spectra of Cu
1.1P sample

Intensity

50 100 150 200 250 300
Raman shift (cm’)

luminescence [17]. Well-resolved peaks appear at about 98, 150, 162, and
220 cm™ ' for the sample Cu 1.2V (Fig. 5) and at 98 and 150 cm™ " are observed for
the sample Cu 1.1P (Fig. 6). Differences in the spectra originated from the different
deformation.

Narrow lines, which are marked by stars in Fig. 5, originated from the crystal
structures Cu and CuO. The appearance of CuO modes, as we have already said, is
a consequence of the oxygen penetration in the sample. The registered lines orig-
inate from Cu—Cu and Cu-O [15]. The wide line is a consequence of the amorphous
state. Namely, the wide line at 98 cm™' originated from CuO that became amor-
phous. In this range, the CuO phonon state density is large [15], and therefore, the
line is no longer narrow.

The mode at 220 cm™ ' is probably a consequence of the multi-phonon process.
The absence of those structures in the Cu 1.1P Raman spectra points to the influ-
ence of material treatments on the structure of Cu and CuO. The existence of two
types of lines indicates that nano-sized crystal structures of both Cu and CuO
related to three-dimensional amorphous boundary spaces exist in the specimen,
which indicates that the plastic deformation of the sample did not lead to total
amorphization of the specimen.

4 Conclusion

In our research, we investigated optical properties of two samples of plastically
deformed copper: Cu 1.1P—cross-sectional surface and Cu 1.2V—Iongitudinal
surface. The two-film model was used to calculate the thickness of spontaneously
formed copper oxide and surface roughness (ellipsometric measurements). In
Raman spectra, two types of lines are registered: narrow (with width of ~7 cm™")
and wide (~40 cm™"). Narrow lines originate from crystal phases of Cu and CuO.
Wide line at 98 cm™' originates from CuO that became amorphous. The existence
of two types of lines indicates that nano-sized crystal structures of both Cu and CuO
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are surrounded in all three dimensions with amorphous phases, which implies that
the plastic deformation of the sample did not lead to total amorphization of the
specimen.
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Optical Properties and Electron—Phonon
Interactions of CdTe;.xSe,(In) Single
Crystal

M. Petrovié, J. Traji¢, M. Gili¢, M. Romdcevié, B. HadZi¢, Z. Lazarevié
and D. Stojanovié¢

Abstract The far-infrared reflectivity spectra of CdTeyo7Seq s and CdTeq oy
Sep o3(In) single crystals were measured at different temperatures. The analysis of
the far-infrared spectra was carried out by a fitting procedure based on the dielectric
function which includes spacious distribution of free carrier as well as their influ-
ence on the plasmon—phonon interaction. We found that the long wavelength
optical phonon modes of CdTe; ,Se, mixed crystals exhibit a two-mode behavior.
The local In mode at about 160 cm™ " is observed. In both samples, a surface layer
with a low concentration of free carriers is formed.

Keywords Semiconductors - Electron—phonon interactions - Light absorption and
reflection

1 Introduction

The optical, structural, and electrical properties of [I-VI compound semiconductors
with band gap energies ranging from O to 4 eV are appealing for ultrasensitive
multiplexing/multicolor applications in a variety of emerging areas of biotechnol-
ogy, nanoscale optoelectronics, and nanophotonics. By varying the composition
and controlling the lattice constants in ternary or quaternary alloys, we can achieve
greater flexibility of tuning emission and absorption wavelengths for high-efficiency
solid-state light emission sources.

These compounds crystallize in zinc-bland and wurtzite structure. These struc-
tures are the two combinations of the tetrahedral sp® bonded lattice sites with the
outermost cations d-states influencing the bonding. These states lie in or close to the
energy regime of the usual valence states which affect the band structure and optical
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properties. Intermediate values of energy gaps, lattice parameters, and other prop-
erties can be obtained by forming ternary and quaternary compounds. Ternary
compounds have been extensively studied by vibration spectroscopy with a
emphasize on nanometer-size-related effects [1-5].

The subject of this paper is CdTe; (Se; mixed crystal doped with In. In this
work, the reflectivity spectra of the CdTeg¢7S€eq 03 and CdTeg97Seq o3(In) at dif-
ferent temperatures have been present. These spectra were analyzed using the
dielectric function which includes plasmon—phonon interaction [6]. As the result of
the best fit, the TO and LO local mode frequencies were determined. The model of
phonon mode behavior for these mixed crystals based on Genzel's model [7] was
used.

2 Experimental

Single crystals of CdTe,_,Se, were grown by the Bridgman method at the Institute
of Physics, Polish Academy of Sciences, Warsaw.

Far-infrared reflection spectra were measured at 80 and 300 K in the spectral
range from 80 to 650 cm™, carried out with a BOMEM spectrometer.

3 Results and Discussion

The far-infrared reflection spectra of CdTe( g7S¢eq o3 single crystal sample are shown
in Fig. 1. The experimental data are represented by circles. In the spectra, two
dominant structures at about 140 and 170 cm™" are clearly visible. As we will show
later, the feature at about 140 cm™" corresponds to the longitudinal—transverse (LO—
TO) splitting of the CdTe-like mode. The feature at about 170 cm™ " is related to the
CdSe-like mode.

The theoretical model for the bulk dielectric function has been discussed by
several authors [8, 9]. We note briefly that the low-frequency dielectric properties of
CdTe and CdSe have been described with not less than two classical oscillators
(I 2 2) corresponding to the TO modes, superimposed by a Drude part that takes
into account the free carrier contribution [10]:

! 2 2 2

Eoo (W7 ) — @ Eao

SS(CO) = €xo + § 200( L0k2 .TOk) - = P’\ (1)
= Wrop — O = Yrop® o(w+iyp)

where ¢ is the bound charge contribution and is considered as a constant, @y ok
and wtok are the longitudinal and transverse optical phonon frequencies, and wp is
the plasma frequency, while y;ox and yrox indicate the damping of uncoupled
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Fig. 1 Far-infrared reflection
spectra of CdTeq 975€g 3 at
different temperatures. The
experimental spectra are
presented by circle. The solid
and dashed lines are
calculated spectra obtained by
fitting procedure based on the
model given by Eqgs. (1)

and (2)

modes of the host crystal and the yp value describes the plasmon mode damping
coefficient. As a result, a combined plasmon-LO phonon modes (w;) were
observed. In the experimental spectra, only coupled mode positions are observable.
Therefore, the LO mode could be determined only if the influence of the free carrier
contraction will be eliminated [11]. In the analysis of reflectivity spectra of
CdTe; Se,, we have decided to use dielectric function which takes into account the
existence of plasmon—-LO phonon interaction in advance [11]:

m+n
11 (w2 +iy0 — wi)
J=1 )
8((1)) = &0 m n
o™ [T (o +iyp) [T (@2 +iy40 — o7) (2)
i=1 =1

ﬂ @ + Ik ® — O3 oy 9 ? +iy o — o}

) 5 2 2 . 2
ko] O7 T Drok® — W10 O+ g0 — 0

The first term in Eq. 2 represents coupling m plasmons and n phonons, while the
second term represents uncoupled modes of the crystal (s), while [ = n + s. The w;; and
7y parameters of the first numerator are eigenfrequencies and damping coefficients of
the longitudinal plasmon—n phonon waves. The parameters of the first denominator
correspond to the similar characteristics of the transverse (TO) vibrations.
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The second term represents uncoupled crystal mode, where the w; ox and wrox
are the longitudinal and transverse frequencies, while y ox and ytox are damping of
uncoupled modes. In the case of plasmon-LO phonon coupling, m = 1 and n = 1.
The third term in Eq. 2 represented indium local phonon, where @, is local phonon
characteristic frequencies and w;, is connected to the intensity of local mode
oscillator (s(wq) ~ (wf—wg)).

We have decided to use dielectric function which takes into account the exis-
tence of plasmon—two different LO phonon interaction in the analysis of the
reflectivity spectra CdTe;_,Sex which corresponds to / = 2 in dielectric function
given by Eq. 1. As we already observed, the coupled mode positions are defined as
the solutions of the real part of Eq. 1 (Re{g; = 0}). In this case, there are three
coupled modes, which can be calculated by solving the equations:

0 —Aw*~Bw?—C =0 (3)
where:
A= w%m + CU202 + w?, 4)
B = 0o - 0]y + 0p(070; + @) (5)
C = Wig, - Oy - Op (6)

On the other hand, if we use the dielectric function defined by Eq. 2, the values
of initial w o and wy o, (Which are two different phonons) and wp modes can be
determined by:

W wWpw3
wp = 21228 (7)
W1 Wp2

(wlzl + wzzz + w123 - w%)

N —

Dro12 =

H-

1 2
2 2 2 2 2.2 22 2.2 2(,2 2
\/(4 (wll +optop - wP) — W Wy — WO — O W3 + Wp (C"zl + w12)
(8)

Dashed lines in Fig. 1 (T = 300 K) obtained by a fitting procedure based on the
model given by Eq. 2 for the case m = 1, n = 2 and s = 1. The first term in Eq. 2
(where n = 2) represents the structures at about 140 and 170 cm ! and can be
identified as some of the lattice vibrations modes of CdTe;_,Se,. A difference
between theoretical spectra and experimental data for wave numbers from
140-160 cm ™! to 170-175 cm™' was noted. This imperfection was improved by
using the modified dielectric function (2). In CdTe, ,Se, mixed crystal [12], a
surface layer with a low concentration of free carriers could be formed. This means
that first term in Eq. 2 must be used twice, for each layer (each plasma frequencies)
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Fig. 2 The eigenfrequencies
of the plasmon—phonon
modes for single crystal
CdTeO_97SeO,03. The solid
lines calculated spectra [Re
{es} = 0; e is given by

Eq. (1)]; @—y;, o and w3,
O—wro1 and oL o2; «—0T101
and OT0O2

separately. The excellent agreement between the experimental data and theoretical
spectra (solid line) is obtained.

As a result of the best fit, we obtained the frequencies of plasmon—phonon
coupled modes (w);, wy», and w;3) and TO optical phonons (Eq. 2). Values for wy o1,
w102, and wp are calculated from Eqs. 3-8. The characteristic parameters obtained
by described procedure are shown in Fig. 2, where the solid lines are obtained using
Eq. 3, the solid circles (@) refer to eigenfrequencies spectra cw;; (j = 1, 2 and 3),
values corresponding wro; and wto, are given by stars (x), and the open squares
(O) represent the calculated values for w; o1 and wy o, (Eq. 8). The agreement of the
plasmon-LO phonon mode frequencies obtained theoretically with the experi-
mentally ones is very good. The plasma frequency (Eq. 7)) of surface layer (wp;,
where wp; ~ N1 is lower than the plasma frequencies inside the sample (wp,,
wpy ~ Né/ 2), what is expected for this type of material.

To study the phonon mode behavior for the ternary compounds CdTe,_,Se,, we
used the model based on Genzel’s model [7]. This model gave good results in
previous studies [13—15] for describing the phonon behavior in the ternary mixed
crystals. In our calculations, the basic assumptions of REI model (random element
isodisplacement model) [16] were applied. Namely, in the AB;_,C, type of mixed
crystals, the crystal lattice of a mixed system comprises two sublattices: one of them
filled by A atoms only and second filed by B and C atoms, randomly distributed.
The local electric field (E;,.) was taken into account, and a connection between the
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Fig. 3 Concentration
dependence of the frequency
of the optical mode
CdTe;_Se, single crystals

microscopic and macroscopic parameters was made using the Born—Huang pro-
cedure, where the dependence of the force constant between first neighbors on
concentration (x) was neglected, but the second-neighbor force constant was
involved. The curves shown in Fig. 3 were obtained using this model. The
experimental values for the TO and LO modes are marked by full circles. The
results shown in Fig. 3 suggest that the phonons in CdTe,,Se, exhibit the
two-mode behavior, according to Genzel’s notation [7], i.e., each TO-LO mode
pair for the end members degenerates to an impurity mode. The agreement between
the experimental and theoretical results is very good, with regard to the approxi-
mations on which these models are based.

The far-infrared reflection spectra of the CdTeg ¢7Seq o3(In) single crystal sample
are shown in Fig. 4. The experimental data are represented by circles. The solid line
is obtained using the same procedure we described for Fig. 1. We used dielectrical
function given by Eq. 2, where m = 1, n =2, and s = 1 with one local mode. Surface
layer with the lowest free carrier concentration than the rest part of the sample is
considered. The excellent agreement between the experimental data and theoretical
spectra (full line) is obtained.
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Fig. 4 Far-infared reflection
spectra of CdTeg 97Sep o3(In)
single crystals at temperature
80, 150, and 300 K. The
experimental spectra are
presented by circles. The
solid lines are calculated
spectra obtained by fitting
procedure based on the model
given by Eq. (2)
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Doping CdTe 97Seg o3 with In causes two consequences:

. Local phonon mode appearance: Indium in CdTe,_Se, system is substitution
impurity mode. The impurity mode can arise due to the difference between
masses and force constants of the impurity ion and the ion of the host material
[17], or their appearance can be caused by more complex mechanism of elec-
tron—phonon interaction [18]. In our case, CdTe;_xse, substitutes Cd. Difference
between masses of Cd and In ions is very small; consequently, local mode is
situated very close to CdTe LO phonon mode. In Fig. 4, it is visible as inde-
pendent mode (w, at about 160 cm L.

. Free carrier concentration at all mixed crystal, including surface layer increase,
what is seen in Fig. 4 as a global minimum shift to higher wave numbers.
Figure 5 is obtained using the same procedure we used for Fig. 2. The plasma
frequency (Eq. 7) of surface layer (wp") is lower than the plasma frequencies
inside the sample (wp,"); hence, the plasma frequency (free carrier concentra-
tion) increased at doped sample.
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Fig. 5 The eigenfrequencies
of the plasmon—phonon
modes for single crystal
CdTeO_97SeO,03(In). The solid
lines are calculated spectra
[Re{e} = 05 ¢ is given by
Eq. (1)]; @—0y1, o, and w3,
O—wro1 and oL o2; «—0T101
and OT0O2

4 Conclusions

In this paper, we used far-infrared reflectivity measurements to obtain phonon prop-
erties of the ternary CdTe,975¢( 03 and CdTe 97Seq 3(In) single crystals. We found
that the long wavelength optical phonon modes of mixed crystals exhibit a two-mode
behavior. In doped sample, the local In mode at about 160 cm ™" is observed. In both
samples, a surface layer with a low concentration of free carriers is formed.
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Vibrational Spectroscopy of SOP Modes
in ZnO Doped with CoO, MnO and Fe,0;

B. Hadzié¢, N. Romcevié, J. Traji¢, R. Kostié¢, G. Stanisié¢
and D. Timotijevié

Abstract Nanocrystalline samples of ZnO doped with CoO, MnO and Fe,O3; were
synthesized by traditional wet chemical method followed by calcinations. Samples
where characterized by X-ray diffraction to determine composition of the samples
(ZnO, Co304, Mn;04, ZnMn,0,4, ZnMnOj3, ZnFe,O4 and Fe,0;) and the mean
crystalline size (from 8 to 156 nm, depending on the sample). In this paper we
report the experimental Raman scattering spectra (from 100 to 1600 cm™' and from
200 to 1600 cm™ ") with surface optical phonons (SOP) in range of 496—575 cm™ .
This shows the change of position of SOP modes with crystalline size and change
of intensity of SOP modes with change of concentration of doping elements. The
phonon of registered phase’s exhibits effects connected to phase concentration,
while the SOP phonon mode exhibit significant confinement effect.

Keywords Nanostructured materials - Optical properties - Light absorption and
reflection

1 Introduction

Nanostructures made of zinc oxide (ZnO), a wide direct band gap semiconductor of
3.37 eV with large exciton binding energy of 60 meV, have recently attracted a lot
of attention due to their proposed applications in low-voltage and short-wavelength
electro-optical devices, transparent ultraviolet protection films, gas sensors and
others. In recent years, the study of transition metal (Fe, Co, Ni, V, Cr, etc.) doped
ZnO based diluted magnetic semiconductors (DMSs) has increased due to its
application in magnetoelectronic and spintronic devices, with many reports about
high temperature ferromagnetism in these materials [1-6].

As an ideal, sensitive, non-destructive, rapid and powerful technique Raman
spectroscopy often has been method of choice to identify the microscopic vibration
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caused by the slight structural distortion in bulk as well as in thin films and
nanostructured samples both pure and doped. Raman scattering in case of ZnO and
ZnO-related compounds has been used to study local atomic arraignment, dopant
incorporation, electron-phonon coupling, multi phonon process and others [7-12].

Existence of surface optical phonons (SOP) in ZnO nanostructures has been
expected due to their large surface-to-volume ratio. That’s why in determination of
sample properties the state of surface atoms is important. When dimensions
becomes extremely small surface modes are only modes that persist, so having this
in mind we can say that presence of Raman forbidden SOP modes is related to loss
of long-range order and symmetry breakdown in ZnO shell [13]. In many papers all
of this can be found, predicted theoretically and/or detected experimentally for ZnO
nanostructures [14].

The aim of this work is to give complete picture how preparation method and
doping elements influence on sample as well as SOP modes characteristics, by
applying micro-Raman spectroscopy, along with Co, Mn and Fe ions position in
ZnO lattice, the formation of existing phases, and the samples quality in depen-
dence of doping elements concentrations.

2 Samples and Characterization

The nanocrystalline samples of ZnO doped with CoO/MnO/Fe,O3 were synthe-
sized by use of wet chemical method followed by calcination. In this method a
mixture of cobalt and zinc hydroxides was obtained by addition of an ammonia
solution or 2 M solution of KOH to the 20 % solution of a proper amount of Zn
(NO3) x 6H,0 and Co(NO3) x 4H,O/Mn(NO3) x 4H,O/Fe(NO3) x 4H,0 in water:

e In the case of samples doped with CoO

Zn(NO3), 4+ 2NH,OH = Zn(OH), + 2NH,NO;
CO(NO3)2 —+ 2NH4OH = CO(OH)2 + 2NH4NO@

e In the case of samples doped with MnO

Zn(NO3), -+ 2NH4OH = Zn(OH), + 2NH4NO;
Mn(NO3), + 2NH,OH = Mn(OH), + 2NH,NO;

e In the case of samples doped with Fe,O3

ZH(NO3)2 + 2NH4OH = ZH(OH)2 + 2NH4NO3
FG(NO3)2 + 2NH4OH = FC(OH)2 + 2NH4NO;
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Next, the obtained hydroxides were filtered, dried at 70 °C and calcined at 300 °C
during one hour. Nanopowders obtained on this way were pressed into indium panel.

This method allowed obtaining the series of samples with nominal concentration
of doping element from 5 % to 95 %. Here we will present the results of
micro-Raman spectroscopy for most emblematic samples of 5-95 % range as well
as changes of relative intensity of modes with concentration of doping element.

Morphology of the samples was investigated using scanning electron micro-
scope (SEM). On SEM images for lower concentration of doping element can be
easily distinguish two types of particles, one bigger than 100 nm, which belongs to
ZnO phase and other much smaller, that belongs to formed phases of doping
element. With doping element concentration increase the size of particles becomes
similar, while further increase to the highest level of dopant concentration leads to
dominance of smaller particles that belongs to formed phases.

Secondly, we used X-ray diffraction (XRD) (Cok, radiation, X Pert Philips) to
determine the phase composition of all our samples. In the case of ZnO doped with
CoO XRD analysis revealed the presence of crystalline phases of spinel structure
Co30,4 (ICSD: 80-1540) and hexagonal ZnO. On this way obtained XRD param-
eters allowed us, using Scherrer’s formula [15], to determine a mean crystalline size
in these samples. The mean crystalline size &, in this case, are between 14 and
55 nm for Co30,4 phases and from 43 till 156 nm for ZnO phases. These results, the
phase composition and the mean crystalline size are gathered in Table 1. The
presence of ZnO phase has been registered in samples doped with 60 % of CoO and
more, but the results obtained for their crystallite size are unreliable, that’s why it
hasn’t been shown in Table 1. On the same way we obtained these information for
samples doped with MnO as well as with Fe,Os. In the case where MnO was
dopant phase composition investigation revealed the presence of hexagonal ZnO,
along with spinel structures of Mn3O,4, ZnMn,O,4 and ZnMnOj;. The mean crys-
talline size a of these phases are between 9 and 13 nm for ZnMnO; phases, from 24
to 47 nm for Mn;0,4 phases and above 100 nm for ZnO and ZnMn,O, phases. The
results of XRD measurements are gather in Table 2. Sign “+” in this table means
that it’s been register presence of these particles but it wasn’t possible to deter-
minate their size.

In the case of ZnO doped with Fe,O5; the phase composition investigation
revealed the presence of hexagonal ZnO, spinel structures of ZnFe,O, and rhom-
bohedral Fe,O;. The mean crystalline size a of these phases are between 26 and
51 nm for ZnO phases, from 8§ to 12 nm for ZnFe,O, phases and at approximately
23, 24 nm for Fe,O5 phases. The results of XRD measurements are gather in
Table 3. Sign “+” in this table means that it’s been register presence of these
particles but it wasn’t possible to determinate their size, while “x” means that these
particles should be registered but they haven’t and “—’means that the presence of
these particles haven’t been register. Most of this is clearly visible in Fig. 1 where
are shown XRD spectra’s for presented samples.
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Table 1 XRD analysis results for ZnO doped with CoO

B. Hadzi¢ et al.

a [nm] ZnO phase

a [nm] Co30,4 phase

5 wt% 156 55
10 wt% 118 50
20 wt% 57 21
30 wt% 101 30
40 wt% 80 17
50 wt% 43 21
60 wt% - 14
70 wt% - 15
80 wt% - 21
90 wt% - 25
95 wt% - 20

Table 2 XRD analysis results for ZnO doped with MnO

Wt% ZnO | Wt% MnO | Mn3;0, phase | ZnMn,O,4 phase | ZnMnO; phase | ZnO phase

95 5 + +

90 10 + +

80 20 9 nm

70 30 10 nm above 100 nm
60 40 9 nm above 100 nm
50 50 13 nm above 100 nm
40 60 24 nm +

30 70 37 nm +

20 80 45 nm

10 90 47 nm

5 95 43 nm

Table 3 XRD analysis results for ZnO doped with Fe,O3

Wt% of Wt% of 4 [nm] ZnO 4 [nm] ZnFe,0O,4 a [nm] Fe,O3
ZnO Fe,05 phase phase phase
95 5 + 10 -

90 10 + 8 -

80 20 + 8 -

70 30 51 11 -

60 40 26 12 -

50 50 x 8 -

40 60 x 12 -

30 70 x 12 -

20 80 x 12 X

10 90 - x 24

5 95 - - 23
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3 Surface Optical Phonons

Briefly we will present main ideas about concept of surface optical phonons (SOP).
Reduction of the particles dimensions to nanoscale, and presence of imperfections,
impurity and others, results in breakdown of phonon momentum selection rules,
that’s why some new forbidden vibration modes whose phonons have [ # 0 con-
tribute to Raman scattering, as in our case [7, 16—-18]. SOP modes appear in
samples whose particles size is smaller than the wavelength of incident laser beam
and that these modes arise in polar crystals [13]. Here we will be focused on
Bruggerman formula and it mixing rule [19-21] which is much more appropriate
for our samples because in it doesn’t exist restrictions for volume fraction, what
makes it more suitable for high concentration of inclusions. The effective dielectric
function according to the Bruggeman mixing rule is given by:

& — & & — &
(l—f 1 eff 2 eff

+ =0 1
Py ey Sy o M
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where, g is a geometric factor who depends on the shape of the inclusions. In the
case of two-dimensional circles g = 1/2, while for the three dimensional spherical
particles g = 1/3.

In our samples nanoparticles are clusterized, occupy a significant volume and
aren’t well-separated in air, that’s why they satisfy the Bruggeman formula con-
ditions with g = 1/3 appliance.

When are ZnO nanoparticles in case, in a region of appearance of SOPs, we
have two phonons w,,, =577 cm™!, @,,,, = 379 cm™!, wg,,, = 410 cm™}, wg,,, =
592 cm™!, with dielectric permittivity e,, = 3,7 [26-28]. In our case we can neglect
influence of the plasmon-phonon interaction because of low free carriers concentra-
tion and low mobility. Nanoparticles of our samples are randomly distributed in space
and accordingly to the incident light. Not all of symmetry phonons typical for ZnO are
register in Raman spectra, which indicates that those Raman unregister symmetry
phonons participate in SOP creation, what will be shown later. The excitation of
extraordinary phonons results in Raman intensity given with:

[~Im (;e—D )

This type of calculation predicts appearance of one asymmetric peak in the area
of Bruggerman formula applicability with wavenumbers below wg, (LO). Obtained
experimental spectra of ZnO doped with CoO nanopowders shows good agreement
with this calculations. That’s why the great difference in the intensity and line shape
of simulated SOP modes, as we shall see later, is mainly the results of variation in
main volume fraction and damping rate.

4 Results and Discussion

The micro-Raman spectra were taken in the backscattering configuration and
analyzed using Jobin Yvon T64000 spectrometer, equipped with nitrogen cooled
charge-coupled-device detector. As excitation source we used the 514.5 nm line of
an Ar-ion laser. The measurements were performed at 20 mW laser power.

For analysis of Raman spectra we have assumed that all phonon lines are of
Lorentzian type which is one of common type of lines for this kind of analysis,
other common type of line is Gaussian [22]. We used Egs. 1 and 2 to calculate SOP
lines, with ¢ = 1.

In Figs. 2, 4 and 6 are presented Raman spectra for three most emblematic
samples of each dopant type, while in Figs. 3, 5 and 7 are presented changes of SOP
modes with concentration for each dopant type. As we already mention, XRD
reveals presence of ZnO, Co304, Mn304, ZnMn,0,4, ZnMnO;, ZnFe,0,4 and Fe,03
respectively. For analysis of vibration properties of nanoparticles is crucial
understanding of vibration properties of bulk material. That’s why we start analysis
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of obtained Raman spectra with brief report about structural and vibration prop-
erties of all potentially present phases in the samples. We expect that bulk modes
will be shifted and broadening as a consequence of miniaturization.

Zn0O, basic material in our samples, is a semiconductor with a wurtzite crystal
structure. With four atoms per primitive cell, this hexagonal structure belongs to
C¢. space group and all atoms occupy Cs, sites. As it has been seen many times
[23, 24] ZnO have four Raman active modes (A, E; and 2E,) where A, and E, are
polar modes and they split into transverse (TO) and longitudinal (LO) phonons.
This TO and LO phonons have different frequencies due to macroscopic electric
fields (associated with the LO phonons) and anisotropy caused by the short-range
interatomic forces. The TO-LO splitting is larger than the A;-E; splitting due to
anisotropy caused by dominances of electrostatic forces in the short-range force
region. In bulk ZnO A, atoms move parallel to the c-axis and E; perpendicular to
c-axis for the lattice vibration. Often, two nonpolar Raman active modes, are
assigned with ES"(low) and E(zz)(high). Frequencies of ZnO Raman active modes
and their assignation are 102 em ' (B (low)), 379 cm™! (A(TO)), 410 cm ™!
(E\(TO)), 437 cm™' (EY (high)), 541 cm™" (A(LA)), 577 cm™' (A;(LO)) and
592 cm! (E{(LO)), while modes on 330, 660 and 1153 cm ! are multi phonon
modes [23, 24].

Co50, belongs to Of, space group and crystallizes in the normal spinal structure
Co>*(C0>*),04>~ where Co®" and Co®* are placed at tetrahedral and octahedral
sites, respectively. His primitive unit cell contains 14 atoms and it has 5 Raman
active modes A, at 691 cm™', E, at 482.4 cm™' and three Fy, at 194.4 cm ™,
521.6 cm™" and 618.4 cm™' [25].

The hausmannite Mn3;O4 (MnMn,O, in spinel notation) is a normal tetragonal
spinel structure with space group Dj;. The elementary unit cell contents four for-
mula units i.e. MnyMngO;4. Factor-group analysis predicts 14 Raman-active modes
(2A g + 2B + 4By, + 6E,) [26]. To the same space group belongs ZnMn,Oy, too.
We have to mention that it hasn’t been measured Raman spectra with all 14
Raman-active modes yet. The biggest numbers of measured Raman-active modes
are 5 and those 5 haven’t been identified (assigned) still, except characteristic mode
at 653 cm™! for all the spinel structures. It is assigned to the A, mode, which
corresponds to the Mn-O breathing vibration of divalent manganese ions in tetra-
hedral coordination. In the vibrational modes of species A, and E,, only motions
of the oxygen atoms are involved [26]. In Mn30O, related publications it can be
observed large variation of A, peak position from 650 cm” ! till 668 cm™'. Those
Raman active modes for Mn;O, are at 310 cm L, 357 em™ !, 485 cm Y, 579 cm !
and 653 cm™! [26-28] while for ZnMn,O, are at 300 cm !, 320 em ™Y, 382 em !,
476 cm™' and 678 cm™' [26-28].

ZnFe,0, spinel has cubic structure that belongs to the space group OL(Fd3 m).
The full unit cell contains 56 atoms (Z = 8), the smallest Bravais cell only consists
of 14 atoms (Z = 2). The factor group analysis predicts 5 Raman active modes in
ZnFe,0, spinel [9] at 221 cm ' (Fpu(1)), 246 cm ' (Ey), 355 cm ' (Fau(2)),
451 cm ! (F24(3)) and 647 cm ! (A1g). In the cubic spinel’s, including ferrites, the
modes at above 600 cm™ ' mostly correspond to the motion of oxygen atoms in
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Fig. 2 Raman spectra of ZnO doped with 5, 50 and 95 % of CoO

tetrahedral AO,4 group. The other lower frequency modes represent the character-
istic of the octahedral BOg sites.

Fe,05 crystallize in the rhombohedric (trigonal) system with space group DSg.
Primitive unit cell contains two formula units (Z = 2). The factor group analysis
predicts 7 Raman active modes, 2A;, at 225 cm ! and 498 cmfl, and SE, at
246 cmfl, 294 cmfl, 300 cmfl, 412 cm 'and 613 cm™! [9]. There is, as addition to
these first order Raman spectra, multi phonon peak at 1320 cm™'. When symmetry
rules are broken can be visible Raman forbidden mode at 660 cm™".

In Fig. 2 are given Raman spectra of ZnO doped with 5 %, 50 % and 95 % of
Co0. On these spectra are evident existence of single and multi phonons modes
characteristic for ZnO, such as 379 cm™ ! (A(TO)), 437 cm! (E(zz)), 577 cm !
(A{(LO)), and multi phonons at 330, 660 and ~ 1110 cm” ', From all these modes
characteristic for ZnO one is the most obvious. That is the mode at 437 cm™". His
sharp peak is clearly visible on Raman spectra for smaller concentration of doping
element (CoO) and with increase of CoO concentration his intensity decrease. All
others phonons modes of ZnO behave on the same way as the mode at 437 cm™".
Beside these modes characteristic for ZnO in these samples we also notice existence
of typical modes for Co3;0O4 phase, such as 194 cm ! (Fag), 482 cm™! (Ep),
521 em™" (Fay), 618 cm™" (Fpg) and 691 cm™' (A, ,). Opposite from ZnO modes,
Co504 modes increase their intensity with increase of concentration of CoO. The
most evident Coz0,4 modes on these spectra are 482 cmfl, 521 ¢cm ' and 691 cm ™.
Here we need to emphasis that position of peaks centers are on smaller frequencies,

which is a consequence of nanosized structure of this samples but in good
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Fig. 3 SOP modes of ZnO doped with 5, 50 and 95 % of CoO

agreement with earlier reported Raman frequencies for bulk crystals, gather in work
of M. Bouchard at all [29]. These results of Raman spectroscopy are in good
agreement with previously done XRD analysis. Apart all modes that we have
mention, is also evident existence of additional structure. This structure is SOP
mode and they, as we already mention, originate from ZnO nanoparticles due to
nanosize structure of samples. Change of characteristic SOP modes with concen-
tration of doping element (CoO) for three chosen spectra is shown on Fig. 3. From
this figure it’s clearly visible that the change in position of SOP modes directly
follows the decrease of crystalline size of ZnO. Along this, on Fig. 3 we can notice
that intensity of SOP modes decrease with increases of doping element CoO. This
change of intensity of SOP modes is similar to the change of intensity of ZnO
modes and opposite to the change of intensity of Co3;04 modes, which is one more
proof that SOP modes originate from ZnO.

In Fig. 4 are given Raman spectra of ZnO doped with 5 %, 50 % and 95 % of
MnO. Sharp and narrow peak, clearly visible on spectra doped with 5 % of MnO,
whose position is in that spectra on 436 cm ™! is obviously E mode of ZnO. With
increase of doping element, intensity of this peak decrease, due to ZnO origin.
Beside this ES” mode, also are visible ZnO modes at 379 cm™' A,(TO), 541 cm™"
A((LO) and 577 cm ' A(LO). Multi phonon 2LO ZnO modes at ~330
and ~ 1150 cm™ ' are clearly visible too, while multi phonon mode 660 cm™ " is in
the shadow of sharp peak at approximately 679 cm ™", typical for spinel structure,
whose origin in this case is from ZnMn,0,4. On these spectra, with smaller dopant
concentration, are also visible ZnMnO3; modes on 448 and 610 cm ! and Mn;04
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Fig. 4 Raman spectra of ZnO doped with 5, 50 and 95 % of MnO

mode on 485 cm ™. For higher dopant concentration on spectra dominate sharp and
narrow peak at approximately 650 cm™ ", typical for spinel structure and his origin is
from Mn3QO,. Beside this peak, also in sample doped with 95 % of MnO is visible
Mn;0,4 peak at 480 cm” ', Presence of basic material ZnO is visible by modes at
approximately 427 cm™' EY, 535 cm™' A;(LO) and multi phonon 2LO mode at
1150 cm ™. ZnMn,O, mode is represented with peaks at approximately 318, 380
and 476 cm ™. Beside all these peaks of phases registered by XRD we also notice
peaks that belongs to MnO phase such as peak on approximately 250 cm™ ' and
590 cm™'. Existence of MnO phase hasn’t been register by XRD analysis. Here are
also most of center peak position on something smaller frequencies as a conse-
quence of nanosized structure of samples but generally in good agreement with
previously reported Raman frequencies in works [24-26]. Low Raman activity of
Mn30, on the one hand and the sensitivity of Raman analysis to the surface of the
samples on the other hand could be reason for the difference between the Raman
and XRD analysis for all concentration of dopant. Change of characteristic SOP
modes with concentration of doping element (MnO) is shown on Fig. 5. On this
figure we can notice that intensity of SOP modes decrease with increases of MnO
concentration. This change of intensity of SOP modes is similar to the change of
intensity of ZnO modes and opposite to the change of intensity of Mn3zOy,
ZnMn,0,4 and ZnMnOj3 modes, like in case where dopant was CoO.

In Fig. 6 are given Raman spectra of ZnO doped with 5, 50 and 90 % of Fe,Os,
Sharp and narrow peak, clearly visible on spectra doped with 5 % of Fe,O3, whose
position is in that spectra on 437 cm™' is obviously E mode of ZnO. With
increase of doping element, intensity of this peak decrease, due to ZnO origin.
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Fig. 5 SOP modes of ZnO doped with 5, 50 and 95 % of MnO

Fig. 6 Raman spectra of ZnO doped with 5, 50 and 90 % of Fe,O3
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Fig. 7 SOP modes of ZnO doped with 5, 50 and 90 % of Fe,O3

Beside this ES” mode, also are visible ZnO modes at 379 cm™ ' A;(TO), 577 cm™*
A(LO) and 592 cm! E{(LO). Multi phonon 2LO ZnO modes at ~330
and ~ 1150 cm™" are clearly visible too, while multi phonon mode 660 cm™" with
ZnFe,0, peak at 647 cm™ ' form one wide structure. Also on these spectra we can
notice ZnFe,O, modes at 246 cm ! E,, 355 cm ! F,, and 451 cm ! Fy,. Also we
can notice peaks that belong to Fe,O5 phase as well, at 294 cm ™" E, and 498 cm ™!
A,. In spectra with 90 % of Fe,O3 we can easily notice Fe,O3 peaks at 225 cm !
A, 294 cm ! E,, 412 cm ! E, and 498 cm! A, along with two multi phonon
peaks at 660 cm ' and 1324 cm ™. Also here are evident two ZnFe,O, peaks at
355 cm™' Fy, and 451 em™' F,, while existence of ZnO modes are represented
with four weak peaks at 437 cm ! E(zz), 577 cm ! A,(LO), 592 cm ! E,(LO) and
multi phonon peak 660 em L. Generally, with Raman spectroscopy in these spectra
have been register existence of phases which haven’t been register by XRD such as
existence of Fe,O3 phase on lower dopant concentration and existence of ZnO and
ZnFe,0, phases for highest dopant concentration. Here are, as well as in case where
CoO and MnO was dopants, most of center peak position on something smaller
frequencies as a consequence of nanosized structure of samples but generally in
good agreement with reported Raman frequencies in works [9, 23, 24]. Change of
characteristic SOP modes with concentration of Fe,O5 is shown in Fig. 7. In this
figure. we can notice that intensity of SOP modes decrease with increases of Fe,0O;
concentration. This change of intensity of SOP modes is similar to the change of
intensity of ZnO modes and opposite to the change of intensity of ZnFe,O, and
Fe,O5; modes, as well as in cases where doping elements was CoO and MnO.
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5 Conclusions

The phase composition nanocrystalline samples of ZnO doped with CoO, MnO and
Fe,O; prepared by traditional wet chemistry method followed by calcinations was
determined by X-ray diffraction. The crystalline phases of ZnO, Co3;04 Mn30,,
ZnMn,0,4, ZnMnOs;, ZnFe,0, and Fe,O; were identified in samples. Crystallite
size of all registered phases doesn’t have monotonous dependence.

By Raman spectroscopy are registered peaks from all phases found by XRD in
all samples, along with peaks that belong to MnO phase, in samples doped with
MnO, whose presence hasn’t been registered with XRD, as well as in case of
samples doped with Fe,O3 where this Fe,O; phase was register even for samples
with smaller dopant concentration. Raman peaks of these phases are shifted and
broadening compared to bulk modes. Due to nanosize structure of samples in
presented Raman spectra’s are also evident surface optical phonon (SOP) modes
from ZnO nanoparticles. Relative intensity of ZnO and SOP modes decreases with
increases of dopant concentration, while relative intensity of Co304, Mn3Oy,
ZnMn,0O,4, ZnMnOj, ZnFe,0, and Fe,O; increases with increases of dopant
concentration.
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Subject NCN: SONATA BIS Invitation to review grant proposal for I m we b ma | |

Jelena Traji¢
Dear Prospective Reviewer,

We would like to invite you to review a research proposal submitted to the executive government agency of
National Science Centre (Narodowe Centrum Nauki - NCN; http://www.ncn.gov.pl).

Proposal's data:

Funding scheme SONATA BIS, Raman spectroscopy of acoustic and optical phonons confined in colloidal
II-VI nanocrystal heterostructures, dr inz. Grzegorz Zatryb, Wroctaw University of Science and
Technology, No. 384143, Panel ST3

We would greatly appreciate your reply within the next 3 days about your intention to review the proposal.
Should you choose to accept our invitation, please complete the evaluation form no later than 18th December,
2017 using the OSF electronic submission system (https://osf.opi.org.pl).

If you cannot evaluate this proposal we would be grateful for suggesting an alternate qualified reviewer.

We offer remuneration of PLN 400,00 gross (equivalent of c.a. EUR 100 gross) for a completed review of the
proposal.

For detailed instructions regarding the use of the system please see Guidelines for the Written Review.

Please do not hesitate to contact us if you require any further information regarding the mission statement of the
Centre or the reviewing process.
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dr inz. Ewelina Szymanska-Skolimowska
Discipline Coordinator

National Science Centre
ewelina.szymanska-skolimowska@ncn.gov.pl
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Dear Reviewer,

We appreciate your participation in the evaluation process. You have finished all the necessary steps and your
review is now correctly submitted in the system.

Coordinator of the peer review process.

Utworzono / Created: 2017-12-16, 13:17:52
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Ms. Ref. No.: OM-D-18-02178R1
Title: Stabilized Blue Emitting ZnS@SiO2 Quantum Dots
Optical Materials

Dear Dr. Jelena Trajic,

Thank you for taking the time to review the above-referenced manuscript. You can access your
comments and the decision letter when it becomes available.

To access your comments and the decision letter, please do the following:

1. Go to this URL: https://ees.elsevier.com/om/

2. Enter your login details
3. Click [Reviewer Login]

If you have not yet activated or completed your 30 days of access to Scopus and ScienceDirect,
you can still access them via this link:

http://scopees.elsevier.com/ees login.asp?journalacronym=OM&username=jelenal@ipb.ac.rs

You can use your EES password to access Scopus and ScienceDirect via the URL above. You can
save your 30 days access period, but access will expire 6 months after you accepted to review.

Thank you again for sharing your time and expertise.
Yours sincerely,

Veeraiah Nalluri, Ph.D
Associate Editor
Optical Materials
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For further assistance, please visit our customer support site at http://help.elsevier.com
/app/answers/list/p/7923. Here you can search for solutions on a range of topics, find answers
to frequently asked questions and learn more about EES via interactive tutorials. You will also
find our 24/7 support contact details should you need any further assistance from one of our
customer support representatives.
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Facile deposition and study of substrate temperature effect on the structure and physical
properties of Cu2FeSnS4 (CFTS) thin films

Applied Physics A

Dear Dr. Trajic,
Thank you for your review of this manuscript.

You can access your review comments and the decision letter (when available) by logging onto
the Editorial Manager site.

Your username is: JTrajic

If you forgot your password, you can click the 'Send Login Details' link on the EM Login page
at https://www.editorialmanager.com/apya/

Thank you very much.

Kind regards,

Dr. Stela Canulescu

Member of the Board of Editors
Applied Physics A
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Recipients of this email are registered users within the Editorial Manager database for this
journal. We will keep your information on file to use in the process of submitting, evaluating
and publishing a manuscript. For more information on how we use your personal details please
see our privacy policy at https://www.springernature.com/production-privacy-policy. If you no
longer wish to receive messages from this journal or you have questions regarding database
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PublicationOfficeSPSEspringernature.com

In compliance with data protection regulations, you may request that we remove your personal
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Dear Dr. Trajic:

Thank you for your review of the revised manuscript "Study on physical model of infrared dielectric constant of Zinc
sulfide" by Huasong Liu, Shida Li, Xiao Yang, Dandan Liu, Yigin Ji, Feng Zhang, and Deying Chen [Paper
#JR17-2798R], which we have safely received.

A copy of this review is attached for your reference.

Sincerely,

Journal of Applied Physics Editorial Office

AIP Publishing

1305 Walt Whitman Road

Suite 300

Melville, NY 11747-4300 USA

phone: +1-516-576-2910

e-mail: jap-edoffice@aip.org

Manuscript #JR17-2798R:

Does the manuscript present original and timely results that significantly advance the knowledge in applied physics:
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Does the manuscript report on convincing and rigorous data methods and analysis: Yes

(Confidential)If accepted for publication should this manuscript be given wider publicity because of its outstanding
quality: Yes

Is the manuscript clearly written in correct English well organized and free from ambiguities: Yes

Is the title descriptive of the contents concise interesting and free of acronyms: Yes

Does the abstract adequately and clearly describe the contents (problem approach findings) of the paper: Yes
Are the figures in the manuscript necessary adequate well presented and clearly labeled: Yes

Is the reference list appropriate: Yes

REMARKS to AUTHOR(s):

Comments to the Editor (Confidential):

Dear Editor,

The authors fulfill my remarks. By my opinion, manuscript should be published.
Sincerely,

dr Jelena Traji¢

Recommendation (Confidential) for The Editor: Publish as is

Want to Review Revision (confidential): Yes
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Dear Dr. Trajic,
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Materials.
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consider future requests to review manuscripts submitted to Journal of Electronic Materials.

With kind regards,
Springer Journals Editorial Office
Journal of Electronic Materials
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Recipients of this email are registered users within the Editorial Manager database for this
journal. We will keep your information on file to use in the process of submitting, evaluating
and publishing a manuscript. For more information on how we use your personal details please
see our privacy policy at https://www.springernature.com/production-privacy-policy. If you no
longer wish to receive messages from this journal or you have questions regarding database
management, please contact the Publication Office at the link below.

In compliance with data protection regulations, you may request that we remove your personal
registration details at any time. (Use the following URL: https://www.editorialmanager.com
/jems/login.asp?a=r) Please contact the publication office if you have any questions.
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To Jelena Trajic <jelena@ipb.ac.rs>
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hvala najlepse!

On 07.06.2016. 13:19, Jelena Trajic wrote:

Draga Nina,
U prilogu vam saljem recenziju.
Pozdrav,

Jelena Trajic

Draga Jelena,

dana.
Unapred hvala,

srdacan pozdrav,

Nina

Dr. Nina Obradovi¢

Senior Research Associate

Institute of Technical Sciences of SASA
Knez Mihailova 35/IV

11000 Belgrade, SERBIA

Phone: +381 11 2027203

Mob.:+381 69 1250603

e-mail: nina.obradovic@itn.sanu.ac.rs

http://www.itn.sanu.ac.rs/ninaobradovic eng.html

On 02 Jun 2016 12:12, Nina Obradovic wrote:

u prilogu ti saljem rad tvoje koleginice Maje,
posaljes svoje misljenje o radu i popunjen rec list u roku od mesec

molim te da mi
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Reply-To Materials Science & Engineering B <msb@elsevier.com>
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Dear Dr. Trajic,

Thank you for taking the time to review the above-referenced manuscript. We will be adding your
comments to those of the editor and sending them on to the author.

Thank you again for sharing your time and expertise.
Yours sincerely,

Prashant Kumta, PhD
Editor-in-Chief
Materials Science and Engineering B
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For further assistance, please visit our customer support site at http://help.elsevier.com
/app/answers/list/p/7923

Here you can search for solutions on a range of topics, find answers to frequently asked
questions and learn more about EES via interactive tutorials. You will also find our 24/7
support contact details should you need any further assistance from one of our customer support
representatives.
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Title: Optical and morphological characteristics of zinc selenide-zinc sulfide solid solution
crystals

Optical Materials
Dear Dr. Jelena Trajic,

Thank you for taking the time to review the above-referenced manuscript. You can access your
comments and the decision letter when it becomes available.

To access your comments and the decision letter, please do the following:

1. Go to this URL: http://ees.elsevier.com/om/

2. Enter your login details
3. Click [Reviewer Login]

If you have not yet activated or completed your 30 days of access to Scopus and ScienceDirect,
you can still access them via this link:

http://scopees.elsevier.com/ees login.asp?journalacronym=OM&username=jelenalipb.ac.rs

You can use your EES password to access Scopus and ScienceDirect via the URL above. You can
save your 30 days access period, but access will expire 6 months after you accepted to review.

Thank you again for sharing your time and expertise.
Yours sincerely,

Maurizio Ferrari
Handling Editor
Optical Materials
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For further assistance, please visit our customer support site at http://help.elsevier.com
/app/answers/list/p/7923. Here you can search for solutions on a range of topics, find answers
to frequently asked questions and learn more about EES via interactive tutorials. You will also
find our 24/7 support contact details should you need any further assistance from one of our
customer support representatives.
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Sender <onbehalfof+advances+rsc.org@manuscriptcentral.com>
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Reply-To <advances@rsc.org>
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19-Nov-2016
Dear Dr Trajic:

TITLE: Achieving Rough Sphere-shape ZnS with Superior Attenuation Electromagnetic Absorption
Performance

Thank you for your recent review and your support as a reviewer for RSC Advances.

Do you have an ORCID iD? ORCID (Open Researcher and Contributor iD) is a unique researcher
identifier that allows you to link your research output and other professional activities in a
single record. If you associate your ORCID iD with your account on our system, and you
publish an article in any of the Royal Society of Chemistry’s journals, your ORCID will be
linked to the article and displayed alongside the final published version. You may also choose
to have your ORCID record updated automatically with details of the publication.

To create a new ORCID iD record or to link your user account to an existing ORCID iD, simply
click this link: https://mc.manuscriptcentral.com

/rscadv?URL MASK=7380b0047fe54d37b196c5a5e6d33cd9

As a reviewer you are entitled to a 25% discount on books published by the Royal Society of
Chemistry. To receive this discount, enter the promotional code JLREF25 when purchasing from
our online bookshop (pubs.rsc.org/bookshop). Please contact booksales@rsc.org if you have any
problems.

Thank you for your support as a reviewer for the Royal Society of Chemistry. By providing a
review for RSC Advances you are part of the world’s leading chemistry community.

Best wishes,

Juan Giner-Casares
Associate Editor, RSC Advances
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