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HpcaMeT: TloKpeTaH,e nocTynKa 3a M36op y 3Balbe HCTpaFTHBail capaqHHK

MOJ"M  HayTIHo  Behe  HHc"TyTa 3a dyH3HKy  y Beorpany qa  IIOKpeHe  IIocTyllaK 3a Moj  1436op  y

3BaH,e HCTpaxHBaH capaj|HHK.

y rlpHjiory ;|OcTaBjbaM:

1.    MHIIIjbeH,e pyKOBoj|Holia jla6opaTopllje ca lipeH7IoroM  KOMIICHje 3a H36op y 3Balbe;

2.    cxpyuHy 6HorpadyHjy;

3.    IiperJ]eA HaytlHe al("BHoc";
4.    cnHcaK H I(o"je o6jaBJI>eHHx HayqH14x paHOBa H  rly6"KauHja;

5.    yBepelbe o rlocJlefllbeM oBepeHOM H yl"caHOM ceMecTpy Ha floKTopcKHM cTyj|HjaMa;

6.    dyoTOKol"jy z|HnJloMa ca ocHOBHHx H MacTep cTyAHja;

7.    HOTBPHy o npHXBaTalby npeAJlora TeMe j|oKTopcKe ;iHcepTauHje.

7%H?H?JeTleHa MHxpHh

HCTpaxHBatl rlpHrlpaBHHK

c TIomTOBalbeM,



HayilHOM Behy HHc"TyTa 3a ¢H3HKy y BeoxpaHy

Beorpafl, 05.08.2020.

TlpenMeT: MHuji>ell.e pyKOBoqHol|a jla6opaTopHje o i[36opy JeTieHe MHTPHh y 3Balbe

i[cTpaxHBat] capa/]HI[K

-\

JejleHa   MHTPHh  je  3allocJleHa  y  Jla6opaTopHjH  3a   HCTpaxHBarbe   y   o6Jlac"   eTlelc'IpoHCKHx

MaTepHjatla HHc"TyTa 3a dyH3HKy y Eeorpa;|y.  y  I]oMeHyToj  Tla6opaTopHjH paAH  Ha TeMaMa H3

o6Jlac"    dyH3HKe    H    dyH3Ht]Ke    xeMHje    vBpcTor    cTalba,    Hapotll4To    Ha    r[oJlynpoBOHHHqK14M

HaHOMaTep14janHMa,  IbHXoBoj  cHHTe3H H cxpyKTypHoj  H orl"t]Koj  Kapal(Tepll3al|HjH.  C  o63HPoM

/]a   HcllyH.aBa   CBe   HpeHBHbeHe   ycTloBe   y   cKjTaAy   ca   IlpaBHTIHHKOM    o    liocTylil(y,    Ha"Hy

BpeAHOBaH>a    H    KBaHTHTaTHBHOM    HCKacHBalby    HaytlHollcTpaxHBat]KHx   pe3yJITaTa   MIIHTP,

cal`jTacaH   caM   ca   r[oKpeTaEbeM   IiocTyliKa   3a   H36op   JeT[eHe   MHTPHh   y   3BaFbe   HCTpaxHBav

capaj|HHK.

3a cacTaB KOMHCHje 3a 1136op JejleHe MHTPHh y 3Barbe 14cTpaxHBaH capaflHHK npeHJlaxeM:

( I )  ;ip He6ojllla PoMHeBHh,  HayHHH caBeTH14K, HHCTFTyT 3a dyH3HKy y Eeorpany,

(2) xp Je]TeHa TpajHh, BHIIIH Haytl" capaAHHI(, HHc"TyT 3a dyH3HKy y Beorpany,

(3)  BaHp.   Tlpody.   HBaHa   CTojKOBHh   -   CHMaTOBHh,   BaHpeAHH   Iipoq)ecop   ®aKyjlTeTa   3a

¢M3HqKy xeMHjy y"Bep3HTeTa y Beorpany.

:-.`---:-`

xp He6ojma PoMHeBHh
HayvHH caBeTHHK

pyKoeobu]iaap Jla6opamopuje 3a ucmpaacuearbe y o6jiacmu
e]ieKmpoHci<us jviamepuja]ia Hiicmumyma 3a a)ueuny



EIIorpa®Ilja

JejleHa  (MHOI|par)  MHTPHh  pobeHa je  03.  jyJla  1993.  roAHHe  y  BeorpaAy,  PerTy6j"I(a

Cp6Hja.      OcHOBHe   cTyflllje   Ha  ®aKyJITeTy   3a   dyl4314IIKy   xeMHjy   yHHBep314TeTa   y   Beorpany

ynHcajla je  2012.  roqHHe,  a 3aBpillHTla 2016.  ro;|HHe oA6palloM  HHrlJioMCKor paAa lioA  Ha3HBOM

„oli"MH3auHja ycjloBa joHCKe H3MeHe Fe3+ joHI"a y uHjby ltoHTpoj"calba H,HxOBe flHCHep3Hje

y 3eoj"Ty ZSM - 5". 3a 14c" pan j|o6Hjla je HarpaAy ®oHj|auHje Cecwpe fyLoey.#¢ 3a Haj6ojbe
o;|6palbeH   ;|HnjloMCKH   pad   y   o6jlac"   dyH3HHKe   xeMHje.   HCTe   roHHHe  je   yHHcajla   MacTep

aKaj]eMCKe  cTyj|Hje  ®aKyjlTeTa 3a ®143Ht]Ky  xeMHjy  H  3aBpmHTla  Hx  2017.  roAHHe,  oA6paHHBIHH

pan  „Kapal(Tepli3auHja  cpe6poM   H3MeH>eHHx   H  AexHflpaTHcaH14x  3eoJIHTa  THI]a  A   H   X".   OA
2017.  roHHHe je cTyj|eHT ;|oRTopcKHx cTy;|Hja ®aKyJiTeTa 3a dyH3HHKy xeMHjy.  On 2019.  roflHHe

je   CTyAeHT   MacTep   aKaAeMCI(Hx   cTyHHja   Ha   PyAapcl(o   -   reojiolHKOM   ¢aKyjlTeTy,   Ha   cMepy
Munepaiio2,ujauw:pucma]io2pa¢uja.

Ha   PIHc"TyTy   3a   dyH3HKy   je   3aliocjleHa   ofl   2018.    roAHHe    y   H¢6apcJwapG{/.#   3¢

ucmpaacu8aiba y  o6]iacmu  onmoe]ieKmpoltcKux Mameplyafla. OH 20\7 .  TOFTune ilHTa;moBan .]?.
Ha  HaLilioHajlHOM  npojeKTy  „orlToeJleKxpoHCKH  HaHAOHMeH3HOHH  cl4cTeMH  -  ITyT  Ka  IipHMeHH"

(L4HH  45003,  pyKOBo;|HJTau  xp  He6ojma  PoMHeBHh,   HayqHH  caBeTHHK).  JeJieHa  ce  y  cl{JloHy
cBoje  ;ioKToPcKe  flHcepTauHje  6aBH  cHHTe3oM  H  olITHt]I(oM  H  cTpyl(TypHOM  KapaKTepH3auHjoM

nojlynpoBOAHHqKHx  HHcl(oHHMeH3MOHHx  MaTepHjana.  y  HOBeM6py  H  AeueM6Py  2016.   roAHHe

6opa814jla je  y  JI>y6jEaHH  (CjloBe"ja)  y  Joare¢  CTe¢aH  HHCTFTTyTy  y  Jla6opaToplijH  3a  HOBe

MaTepHjajie   Ha   cTyAeHCKoj    rlpaKCH.   y   aHPHjly   2017.   roj|HHe   6opaBHj]a  je   y   3arpe6y,   y

MHc"TyTy 3a dyH3HKy y Jla6opaTopHjH 3a KoxepeHTHy onTHI{y, rHe je Bpil]HJla HCTpaNIHBaH,a Ha

MeM6paHaMa oA rpa¢eHa. TOKOM 2019.  rleT MeceuH je lipoBeJla y rpaHaAH, IIIrlaHHja (y cKjlony

ERASMUS  opraHH3auHje)  y reojlomKOM  HHc"TyTy y Jla6opaTopl4jH 3a KPHCTa]Iorpa¢Hjy  rHe

ce   6aBH]Ia   cHHTe3oM    H    KapaKTepH3auHjoM   6HOMopdya   6apHjyM    -   cyJlqaTa   H    KajiuHjyM    -

Kap6oHaTa.  J|o  caj|a je  6H]Ia  cTHIIeHAHCTa  MHHHCTapcTBa  o6pacoBaELa,  HayKe  H  TexHojlolill{or

pa3Boja   Peliy6j"Ke   Cp6Hje   y   H]KojicK"   2013/2014,   2014/2015    M   2015/2016.    roj|HHaMa.
KoayTop je  15  HayuHHx paAOBa H caoHiilTeH,a.



Hperlleq HayHHe aRTIIBHoc"

JeJieHa  MHxpHh  ce  y  CBOM  AocaAalilH]eM  HayqHOM  paHy  6aBH  HcxpaxHBalbeM  cTpyKTypHHx  H

OnTHqKHx     cBojcTaBa     pa3J"HHTIIx     IIOJlyonpoBoj|HHHKHx     HaHOMaTepHjaJla,     HapoqFTO     113

xanl{oreHHj|He  rpyHe  eJleMeHaTa,  oKCHHa  H  TeJiypHHa.  Hoce6aH  aKueHaT HaT je  Ha paeMaTpaELy

y"uaja   cMaH,eELa  ;|HMeH3Irie   ca   6ajiK   Ha   HaHOKPHCTan   Ha   lbHxOBe   cTpyRTypHe   H   OrlTliqlte
oco6HHe.

HocajialllHia    HCTpaxHBaH]a   TIIuaTla    cy    ce    ueTHPH    BaxHa    Hpe;|cTaBHHKa    xarKoreHli;iHHx
TIojlylipoBOAHHtlKHx  HaHOMaTepHjajla H3  rpyTTe OKCHfla H TeJlypHfla H To:

1.    rano"HHjyM -I|HPKOHaT,

2.    HipHjyM -BaHaAaT,

3.    KaqMlriyM -Te]IypHfl H

4.     UHHK OKCHA (MOAHdyHKOBaH pyTeHHjyMOBHM  KOMnneKCHMa)

®oHOHCKe  oco6HHe  6aJIK  Kpl{cTaJla  cy  oA  H3y3eTHe  BaxHoc"  3a  PaeyMeBalbe  BH6PauHOHHx

oco6HHa  MaJIHx  qecTHua.  I(ao  rlocJleHHua  MHHHjaTypH3auHje  (rlpejlacKa  ca  6aJIK  KPHCTaJia  Ha

HaHOKPHCTajl),   OqeKyjy  ce npoMeHe  y  8146pauHOHHM  clieltTPHMa,  rloMepaH,e  H  II"peH,e  MofloBa

HaHOKPHCTana y o;iHocy Ha 6ajlK KPHCTaTI, IIITo he 6H" H  IipaheHo y OBOM  HCTpaxHBalby.

HHJb      HcxpaxHBalba     je      pe"cTpoBaHe      pa3]"HHTHx      HaHoo6jeKaTa      y      pa3j"uHT"
r[OjiyrlpoBO;|HHHKHM   HaHOMaTepHjaT"Ma  cHHTeTHcaH14M  pacj"HHTHM   MeTOHaMa   H   orlHCHBalbe

lbHxoBHx cTpyKTypHHx H ollTHilKHx npoMeHa y oAHocy Ha 6aJIK MaTepMjaJle.

KOMITJieKCHH   OKCHAHH   H   xanKoreHHAHH   IIojTyllpoBOAHHqKH   HaHOMaTepHjaJ"   cy   MaTepHjarH

KojH,  Kao IIITo je peqeHo,  HMajy mHpoKe npHMeHe y CBHM rloJbHMa HHHpycTPHje  H TexHo]Io"je.

HaKo je HHTepecoBaH.e 3a H>Hx 3anoHeJlo  Bch  rlpe BHme ofl TPH HeueHHje,  OHH  He HpecTajy j]a ce

HHTeH3HBHo  KopHCTe  I{al(o  y  6HOMeHHliHHcl(HM  HCTpaxHBalbHMa,  TaKo  H  y  KOHBep3HjH  collapHe

eHep"je,  HaHoeJleRTPoHCKHM  ypebaj HMa,  jlacepcl(oj  TexHojio"jH, TaJlacoBOAHMa, xeMHjcKHM .H

6Hoceli3opHMa,  cynepaHcop6epHMa,  KOMTloHeHTaMa  3a  BojHy  olipeMy  H  flp.  KaKo  TexHOTlorHja

Hanpeflyje, OBH MaTepHja" HaKo Ben  BeoMa lioHyjlapHII, TlocTahe join aKTyeTI"jH, IIITo cBefloqe

cTOTIIHe PafloBa Ha TeMy HOJiylipoBofll"qKHx HaHOMaTeplljana, o6jaBjbe"x caMo y IiocJlefl"x

HeKojlHKo ro;|HHa.

Meby  OBHM  MaTepHjarHMa  H3flBajajy  ce  H3a6paHe  cTpyKType  Koje  ce  14cnHTyjy  y  oB?i

A14cepTauHjH,  rloTlyT  raAOJ""jyM-uHPKOHaTa  KojH  npHIIa;|a  Banlloj  rpyHH  r"pOx]IOpa  KojH
HMajy   6pojHe   rlpHMeHe   lioITyT:   cKTlaHIIIIITeHa   HyKTleapHor   oTIIa;|a,   eJleKTpo/¢oTo   KaTaj"3H,

JlyMH"CueHUHjH,  xeMHCoprluHjH  Co2,  ¢oTOJlyMH"cueHUHjH  H  HP.  HHPoxJiopH  3acHOBa"  Ha

peTKHM  3eMTI,aMa  IioHyT  rano"HnjyM-uHPKOHaTa  IioHyjlapHH  cy  36Or  cBoje  HHCKe  TepMaIIHe
rlpoBo;iHOC"   H   BHcoKe   ¢acHe   CTa6HjlHoCTH.   JOHH   peTKHx   3eMajl,a   qecTo   Ce   KoPIICTe   Kao

aRTHBaTopH     oBaKBHx     nllpoxTlopa  ..36or     cBoje     BHcoKe     "cTohe     6oje,     Ayror     BpeMeHa



JlyMHHHcueHUHje  H  HHCKor  eMHclloHor  rlpodyHJla.  TaKobe,  Iio3HaTo  je  fla  IlpH  cHHTe3H  oBaio

flol"PaHHx   HaHonllpoxJlopa   Moxe   AohH   Ilo   HojaBe   eJleKTpoH-¢oHOH   HHTepaKullje   H   To  je
HOKa3aHo  paMaHcl(oM  cneKTpocKol"joM,  a  oBa  HCTpaxHBaH.a  TO  rloTBpbyjy  H  HHdypaupBeHOM

clieKxpocKo"joM.   y   OBOM   IICTpa"Barby   ra;|oJ"HIIjyM   -   ullpKOHaT   ce   Hol"pa   joHI"a
eypol"jyMa. 36or cBHx lipeHHoc" Itoje I|ol"paHH I"pox]Iop raj|o]""jyMa Iipyxa, Kao H 36or
IioliyjiapHoc"  H  H.eroBe  mHpoKe  IIPHMeHe,  H3a6paH  je  6alH  oBaj   MaTepHjar  3a  HclillTHBaH,e

cMalbelba   ELeroBHx   jil"eH3Hja   Ha   HaHOcKajiy   H   y"uaj   Ha   II,eroBe   cTpyKTypHe   H   OI]THUKe

oco6HHe,   "je  he  pa3yMeBaH.e  j|oBec"  flo  join  TlaKIIIe  H  e¢HKac"je   npl"eHe  y  MHorHM
TlojbHMa MHnycxpHje, TexHojio"je H rlpHBpefle.

Join jej|aH  aKTyeTlaH  MarepHjar  KojHM  ce  oBa  AHcepTaul4ja  6aBH je  HTPHjyM-BaHaflaT.

OH      IIplllla;|a      BamHoj      rpynH      BaHflaTa      36or      cBojHx      npllMeHa      y      ¢oTOKaTa"3H,

¢oTOJlyMH"CueHUHjH  H  I`eHepaTIHo,  ¢oToxeMHjH.  BeoMa je  IIoroflHa  ;ioMahHHclta  pelileTKa  3a

joHe  peTKHx  3eMaJI,a,  a  y  OBOM  cjlyqajy  eypol"jyMa.  JOHH  IITplljyMa  ce  JlaKo  Mory  H3MeHH"

joHOM eypo"jyMa y CTpyKTypH HTPHjyM-BaHflaTa 36or HCTe BaJleHue H CIiHqHoc" y I]peqHHKy.
oBo  AOBOHH  flo  HHTepecaHTHor  ¢el+oMeHa  Ha3BaHor  K6cl3%  -aeomo#c"  e¢eKa"  KojH  o"cyje

H3MeHy joHa floK  ce  anpoKCHMHpa I{OHCTaHTHa  KOHCTaHTa cllTle,  a je;iHHO  mTO  ce  Men,a je  Maca

H3Met)eHHx joHa.  oBal(o  lipHKa3aH  MexaHH3aM  113MeHe  yl{a3yje  Ha ¢H3HUKoxeMHjcKe  Iipouece  y

oBaKB"   MaTepHjaT"Ma   H   oMoryhaBa   ]IaKiile   pa3yMeBaH.e   cxpyKTypHo-oliTlml(Hx   oco6HHa

oBaK814x  MaTepHjaJla, a CaM14M THM  H ibHxoBy lipHMeHy y dyoToxeMHjH.

JenaH  oA  nonyJlapHHjHx  xarl(oreHHflHHx  noJlyrlpoBoflHHKa  je   KaflMHjyM-TeJlypHA.   y

OBOM  HcxpaH{HBaHy  lioKacyje  ce  cilHTe3a  TaHKor  ¢HjlMa  Ka;|MHjyM-TeJiypHAa  KojH  HMa  BeTIHKe

IipHMeHeyKoliBep3HjHcoJlapHeeHep"je,36orcBorKoe¢IIUHjeHTaoHTIIqKealicopnullje(¢H"

fle6J"He  2  Hm  he  ancop6oBa"  cKopo  100%  yliaflHor  3pauelba)  H  36or  cBoje  cKopo  HjieajlHe
BpeAHoc"  eHepreTcl(or  Hpoiielia 3a  ¢oTOBOJITaHqHy  KOHBep3Hjy  on  I,45  ev.  C  Hpyre  CTaHe,

eJlel(TPoH-¢oHOH    HHTepaKUHja    Koja   je    TloKa3aHa    y    OBOM    HcxpaxHBalby,     B?xHa   je    3a

nojlylipoBOAHHHKe   MaTepHjaJle.   OTKPHhe   oBIIx   ¢oHOHa   H   H,HxoBe   HHTepaKuHje   yTHqe   Ha

HcnHTHBalbe  OrlTHt]KHx  H  cTpyKTypHHx  oBaKBHx  MaTepHjajla  H  IbMxOBy  TlpHMeHy  npe  cBera  y

eJleKTpoHCKHM  H orlToeJieKTpoI+CKHM ypet)ajl"a.

I|IIHK-oKCHq     je     ca     "TaHHjyM-flHOKCHj|oM      HajllollyJlapHHjH      IIOJlyllpoBoflHH"

HaHOMaTepHjaji.    BpojHe    npe;|Hoc"    oBor    MaTeplljaTla    qHHe    ra    BeoMa    nonyTlapH"     H

rlpHMeHTI,HBI",  a  36or   BeJIHKor  6poja  HatlHHa  cHHTe3e,   Iioce;iyje   Haj6ora"jy  paeHOT"KocT

HaHocTpyKTypa.   KOMHJleKCH  pyTeHHjyMa,   KojHMa  cy   MoflH¢IIKOBaHe   HaHoliJloqHi|e   qecTo   cy

KopMlilheHH    KOMITTleKCH    y    o6jiacTI"a    IioBe3aHHM    ca    6HOMe;|HI|HHcl(HM    HCTpaxHBafbHMa.

H3y3eTHa  aKTyeJIHocT  oBor  MaTepHjaTla  pacJlor  je  zia  ce,   Kao  H   npeTXofl"   xaJIKore""
Iio]iynpoBOAHHUH,  Hcl"Tyje  Kaj|a ce  cHHTeTHIIIe  Kao  HaHOMaTepHjan  I{afla he  l|chH  flo  HpoMeHe

H,eroBHx cTpyKTypHHx  H oliTIIqKHx oco6HHa.  o6jamlbeHle ¢eHOMeHa Koje ce lipHTOM  flelllaBajy

Ha HaHocKarH he 3HaTHo yTHI]a"  Ha npolllxpeH,e lberoBHx Ben  BejiHKHx rlpHMeHa.



I.   ranojlH"jyM -I|IIPKOHaT

rano"HHjyM  -   uHPKOHaT   (Gd2zr2o7)   cl]HTeTHil]e  ce   MeTofloM   caropeBalba  pacTBOpa.   oBa

MeTofla  je  113a6paHa,  Ca  jeflHe  cxpaHe,   Kao  6p3a  H  jeflHocTaBHa,  a  Ca  xpyre,   IToro;|Ha  36or

KOHTpo]"Calba   BejlHTHHe   KPHCTaT"Ta   y3opKa,   cneuHd)HqHe    noBplllHHe   y3oPKa   H   ;|Py"x

KapaKTepHCTHKa.   I|Hjb    lipH   HCTpaH(HBaH,y   oBor   MaTepHjajla  je   oTKpl4BaH>e   IIOTeHul4jaTIHHx

dyeHOMeHa    yHyTap    HaHOCKane    KaAa   ce    H]eroBe   AHMeH314je    ca    6anK    I(pHCTajla   cMaH,e    Ha
HaHo;|"eH3Hjy.  3a;|aTaK  oBor AejTa  HCTpaxHBaH,a je  ollHCHBaH,e  cTpyKTypHo -  ejleRTpoHCKHx

lipoMeHa  KOA  raAo"HHjyM-uHPKOHaTa,  oflHocHo  OliHCHBaELe  eIlel(TpoH  -  ¢oHOH  IIHTepaKUHje

Ao Koje ;|ojla3H 36or y"uaja cMaH]elba AHMeH3Hja KPHCTaj]a.

2.   HTp«jyM-BaHaqaT

y  flpyroM   Aejly   HCTpaxHBalLa   Koje  ce   6aBH   IITPHjyM-BaHanaTOM,   Hcl"Tyjy   ce   ¢eHOMeHH

yHyTap   HaHoci(ajle   I(OjH   ce   TIIqy   H3MeHe   AorlaHTHor  joHa   ca  joHOM   ;ioMahHHCKe   pell]eTKe.
IloKa3yje   ce   I(aKo   H   3amTo   floJla3H   ;|o   KBa3H   -   H3oTOHCKor   e¢eRTa   H   KaKo   To   yTHqe   Ha

cxpyKTypHe  H  onT14tlKe  oCo6HHe  oBor  HaHOMaTepHjara.  TaKobe,  pa3MaTpaH  je  H  y"uaj  j|Be

pa3J"HHTe  MeTofle CHHTe3e  HaHOTIpaxoBa:  MeTOAe caropeBalba PacTBopa H  KJlacHtlHe KepaMHHI(e
MeTo;ie, Kao H y"uaj ;iol"palba Ha oBaj MeTajlHH BaHaAaT.

3.   Ka/|MHjyM -Tejiyp"

TpehH  ;leo  HCTpaHHBaHa  ce  6aBH  TaHKHM  dyHJIMOBHMa  KaflMHjyM-TeJlypHHa,  npHIIpeMJI,eHHM

MeTofloM  TepMajlHor  HaITapaBalba -  Hcl"Tyjy  ce  IIHTepaKUHje  IioBpll"Hcl(Or OliTHqKor ¢OHOHa

H  Hjla3MOHa ycJlefl cMaH.elba HHMeH3Hja 6aTIK Kpl4cTaTla Kaj|MHjyM-TeJlypHj|a  Ha HaHOKPHCTaH"

MaTepHjan    (TaHKH    dyHJIM).    TaKobe,    pa3MaTpa   ce    I(aKo    HaBeAeHa    HHTepaKul4ja    yTHqe    Ha

cxpyl{TypHe H oITrHHKe oco6HHe oBor MaTepHjaJia. H3Meby ocTanor,  uHJb je H pacMOTPH"  KaKo

fle6jl>HHa  dyHjlMa  yTHqe   Ha   noMeHyTy  HHTepaKulljy   M   reHepajlHo   Ha  cxpyKTypHo  -  onTHqKe

KapaKTepHc"I(e.

4.    I|HHK -OKCHH MoflHdyllKOBaH  pyTeHHjyMOBIIM -KOMIIjieKCHMa

y     qeTBPTOM     HeJly,     Kofl     HaHollJloHHI|a    UHHK-oKCI"a     MOAHd)HKOBaHHM     pyTeHHjyMo"M

I{oMnJleKCHMa,   cHHTeTHcaHHx   Iipel|HI"TaulloHOM   MeTofloM,   KapaRTepHlile   ce   HOBOAo614jeHH

KOMT103HT,    pa3MaTpa   ce    KaKO    MoflH¢HltaTOpH   yTHqy    Ha   cTpyKTypHe    H   OliTHqKe   Oc06HHe

rloqeTHor MaTepHjajla I|HHK-oKCHAa H   dyeHOMeHH yHyTap HaHocKajle  KojH  rlpoy3poKyjy oHTHTIKe

H  cTpyKTypHe  lipoMeHe  cMalbeH,eM  ;|14MeH3Hje  MaTepl4jaTla,  a  THqy  ce  ripeHOca  HajleKTPHcalba

yHyTap cTpyKType.
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a b s t r a c t

The Solution Combustion Synthesis (SCS) method was used to prepare nanopowders of europium doped
cubic Gd2Zr2O7 nanopowders. The surface of the samples have been investigated using atomic force
spectroscopy (AFM) and far-infrared spectroscopy (FIR). Far-infrared reflectivity spectra of Eu3þ doped
Gd2Zr2O7 nanopowders were measured at room temperature in spectral region between 80 and
650 cm�1. The MaxwelleGarnet formula was used to model dielectric function of Eu3þ doped Gd2Zr2O7

nanopowders as mixtures of homogenous spherical inclusions in air.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A2B2O7 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], CO2 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 (Re2Zr2O7) 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, Gd2Zr2O7 stands out as
a material with a distinctively low thermal conductivity and high
phase stability [9]. Besides that, Gd2Zr2O7 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 Gd2Zr2O7, pyrochlore and the fluorite

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, Eu3þ 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 Gd2Zr2O7, 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 e

infrared spectroscopy (FIR) to study optical properties of the Eu3þ

doped Gd2Zr2O7 nanopowders which were prepared by the Solu-
tion Combustion Synthesis (SCS) method. The dielectric function of
Eu3þ doped Gd2Zr2O7 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 Gd2Zr2O7 nanopowders were prepared
by Solution Combustion Synthesis (SCS) method. Starting chem-
icals Gd(NO3)$6H2O, Zr(NO3)2$H2O, Eu(NO3)$6H2O with the purity
of 99,99% were purchased from ABCR, Gd2O2 (99,9%) from the
NOAH Technologies and urea (NH2)2CO from Sigma-Aldrich.

Due to its simplicity and low cost of the synthesis procedures
and possibility of tailoring the size andmorphology 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 Eu3þ

concentration in Gd2Zr2O7 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 e 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 themwere those at 705 nm and 713 nm (5D0 e

7F4), 654 nm
(5D0 e

7F3), 630 and 611 nm (5D0e
7F2), 593 nm (5D0e

7F1), 584 nm
(5D0/5D1 e 7F1) and 578 nm (5D0/5D1 e 7F0).

The Raman spectra of Eu3þ doped Gd2Zr2O7 nanopowders were
measured. We registered three phonons at 177 cm�1, 268 cm�1 and
592 cm�1, as well as their overtones at 354 cm�1, 445 cm�1,

708 cm�1, 1062 cm�1, 1184 cm�1, ~1530 cm�1 and ~1720 cm�1. The
phonon at 592 cm�1 was already known to be characteristic for
Gd2Zr2O7 fluorite e type structure, and we found that other two
phonon positions to be characteristic with the observed electron e

phonon observed interaction and that the registered multiphonon
processes were a consequence of miniaturization that further in-
duces changes in electronic structure of Eu3þ doped Gd2Zr2O7
nanopowders. All the above mentioned results will be useful in the
far e infrared spectroscopy analysis of Eu3þ doped Gd2Zr2O7
nanopowders.

3. Results and analysis

3.1. AFM

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
NSG01 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 � 5 mm2). 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 mm 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 � 1 mm2). 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 reflectivitymeasurements 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�1. Spectra were collected with
2 cm�1 resolution and with 500 interferometer scans added for
each spectrum.

When visible light, l, interacts with semiconducting nano-
particles (characteristic size d, dielectric function ε2) which are
distributed in amediumwith the dielectric constant ε1 in the limit l
[ d, the heterogeneous composite can be treated as a homoge-
neous medium and effective medium theory is applied. There are
manymixingmodels 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, εeff, according to the Maxwell-Garnet
mixing rule is [17]:

εeff ¼ ε1 þ 3f ε1
ε2 � ε1

ε2 þ 2ε1 � f ðε1 � ε2Þ
(1)

Here, spheres of permittivity ε2 are located randomly in ho-
mogeneous environment ε1 and occupy a volume fraction f. The
observed nanoparticles are situated in air, therefore the ε1 is 1. For
dielectrical function of observing nanoparticles (ε2) we used the
standard model [18]:

ε2ðuÞ ¼ ε∞

 Yn
k¼1

u2
LOk � u2 þ igLOku

u2
TOk � u2 þ igTOku

� u2
P

u
�
u� it�1

�
!

(2)

where ε∞ is the bound charge contribution and it is assumed to be a
constant, uTOk and uLOk are transverse and longitudinal fre-
quencies, gTOk, and gLOk are their dampings, uP is the plasma

frequency and t 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 uTOk as a characteristic fre-
quency of material (nk), and we will link uLOk with oscillator
strength (Sk~uLOk

2 - uTOk
2 ) which does not have big influence on

discussion.
The far-infrared spectra of Eu3þ doped Gd2Zr2O7 nanopowders,

in the spectral range of 80e650 cm�1, 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 Eu3þ doped Gd2Zr2O7
single crystal are taken from literature [11,19e22].

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

(G ¼ A1g þ Eg þ 2F1g þ 4F2g þ 3A2u þ 3Eu þ 8F1u þ 4F2u) only those
of F1u vibrations are active in the IR absorption. One of the eight F1u
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 e 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 A1g, Eg and 4F2g are Raman e active modes. As per the
selection rules, the remaining modes (F1g, A2u, Eu and F2u) 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 F1u vibrations (and six Raman e

active modes) of the pyrochlore [22e24].
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 Eu3þ and that in rela-
tively small concentrations/amounts, doping did not induce
changes in phonon spectra of Gd2Zr2O7 [26]. We confirm our pre-
vious work [11] where we used Raman spectroscopy to obtain
modes at 177 cm�1 and 268 cm�1 which noticeably differed from
results obtained by many other authors who claimed that these
modes occur at ~140 cm�1 (O-A-O vibrations) and ~220 cm�1 (O-B-
O vibrations), respectively. Using FIR spectroscopy we obtained
significant modes at 175 cm�1 and 255 cm�1 which describe O-A-O
and O-B-O vibrations, respectively. The reason for this shift, as we
believe, is electron e phonon interaction which led to the break-
down of the selection rules and appearance of the new phonons in
fluorite structure Gd2Zr2O7:Eu spectrum [11].

Interesting thing is, FIR spectrum shows two modes character-
istic for pyrochlore type of structure, at 365 cm�1 and 490 cm�1,
although they are weak [19]. These two modes correspond to the
vibrations of GdO8 and ZrO6 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], Gd2Zr2O7 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 Ln2Zr2O7 (Ln ¼ 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 Ln2Zr2O7 pyrochlore-type com-
pounds (Table 1 [21]). In the ordered structure there is no evidence
of the significant band at 125 cm�1, like our FIR spectrum shows.

Fig. 2. Far e infrared reflection spectra of Eu3þ doped Gd2Zr2O7 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 Eqs. (1) and (2).
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The thing is, for Ln2Zr2O7 compounds, an order e disorder transi-
tion pyrochlore 4 defective fluorite may occur when the temper-
ature is raised [21]. This confirms that in Gd2Zr2O7:Eu nanopowder
P- and F- phase coexist. At first, this is not in agreement with XRD
results for Gd2Zr2O7: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�1 and 610 cm�1 are clearly visible in both F
phase and P phase spectra [20] and they correspond to Zr-Oþ O-Zr-
O vibrational mode.

The rest of well known IR active vibrations, O-Gd-O and O0-Gd-
O0 (O0 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�1, 126 cm�1 modes, respectively. The
mode at 50 cm�1 clearly could not be obtained with our spec-
trometer which works in 80e650 cm�1 region, but that mode is
well-suited to the fitting procedure based on the model given by
Eqs. (1) and (2). Value of 50 cm�1 for Gd-zirconate is expected,
regarding [[22], pg. 78, Table VII] which shows O0-Gd-O0 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 unknownwave number value of O0-Gd-
O0 vibration for Gd-zirconates corresponds to our result of 50 cm�1

(value of wave numbers from La to Gd are decreasing). We also use
isotopic shift to explain the 126 cm�1 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 order4
disorder transition).

4. Conclusion

In this paper far-infrared reflectivity measurements were used
to obtain phonon properties of Eu3þ doped Gd2Zr2O7 nanopowders.
We registered phonons of both isomeric structures characteristic
for Gd2Zr2O7 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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Table 1
Best fit parameters of far e infrared spectra of Eu3þ doped Gd2Zr2O7.

Exp. results:
Gd2Zr2O7: Eu3þ

nanopowder

Literature:
Gd2Zr2O7: Eu3þ

single crystal

Assignment

50 e n7: O0-Gd-O0 bending vibrations
126 e n6: Gd-ZrO6 streching vibrations
175 177 [11] n5: O-Gd-O bending vibrations
255 268 [11] n4: O-Zr-O bending vibrations
330 310 [20], 315 [21] n3: Zr-O þ O-Zr-O vibrational

mode (O-Zr-O bending)
365 370 [19], 400 [21] n2: vibrations of GdO8 polyhedra
490 500 [19], 538 [21] n1: Zr-O stretching vibration,

vibrations of ZrO6 polyhedra
610 599 [20], 592 [21] Eg: Zr-O0 stretching vibration
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Abstract

In this paper, we describe synthesis and characterization of YVO4 and Eu3+‐

doped YVO4 nanopowders. Two methods of preparation were used—solution

combustion synthesis (SCS) and classical ceramic method (CCM)—and

compared. Morphology and structure of all samples were characterized with

atomic‐force microscopy (AFM), X‐ray diffraction (XRD), and field‐emission

scanning electron microscopy (SEM). Raman spectroscopy was used to

discuss the isotope‐like effect. It is confirmed that doping with Eu ions results

in a change of Raman spectra of doped samples—new modes arise, and

intensity of existing ones change. Influence of different preparation

methods on isotope‐like effect is presented with detailed calculations of

shifted modes.

KEYWORDS

isotope‐like effect, nanopowders, phosphor

1 | INTRODUCTION

The revelation of new materials, processes, and phenom-
ena in general within the nanoscale proposes wide
opportunities for evolution and expansion of innovative
nanosystems and nanostructures. Nanostructured mate-
rials attract great attention of researches because of their
wide industrial and technological applications. When
doped, these kind of materials could exhibit enhanced
properties, and when doped with rare‐earth (RE) ions
specifically oxide nanostructures show improved optical
properties when compared with their bulk structures.[1–3]

The yttrium orthovandate (YVO4) belongs to the
group of important metal vanadates, MVO4(M = Bi, Y,
Fe, Cr, In, etc), because of its wide range of applications,

especially in photonics.[4] Doped YVO4 is very popular
because of its photocatalytic properties[5,6] and is a very
common semiconducting material in photochemistry
because of this feature, as well for its enhanced lumines-
cence when doped with RE ions.[7,8] Excellent thermal
stability, robustness, and other physicochemical proper-
ties of YVO4 ensured this nanostructure to be a very
used material in optical devices.[9] Very convenient thing
about YVO4 is that it is an attractive host material (eg,
for RE ions) that could be well excited under UV light
irradiation; ie, the vanadate group, V5+

– O2‐, in YVO4:
Eu3+ is excited, and in that way, phonon energy is trans-
ferred to the doped RE ions. Eu ions exhibit red and
orange emission, which corresponds to 5D0–

7F2 and
5D0–

7F1 transitions, respectively.[10] There are lot of
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examples where nanostructures were doped with Eu
ions because of its great luminescent characteristics.[11]

RE ions are well known for their luminescence charac-
teristics, which occur because of inner shell electronic
transitions between the 4fn energy levels. Yttrium ion
in vanadate structure can be easily replaced with RE
ions. Because of the similar properties of RE and yttrium
ions, the concentration of RE ions can be larger in
yttrium oxide than in other hosts. In our earlier work,
we showed how doping with Eu ions could result in
their replacement with R3+ ions in oxide nanopowders
(R stands for a trivalent ion in oxide nanopowders, eg,
Y3+ in YVO4).

[12] That results in more efficient optical
properties of MVO4 materials.[13] However, it has been
shown that even a small amount of impurity could
drastically enhance optical characteristics of these kinds
of phosphors.[1] The inclusion of RE ions may be of a
twofold nature: It could cause the shift of the gravity
center of the energy levels, which is related to
the nephelauxetic effect,[14] which is a measure of the
metal‐ligand covalency, and it could cause the
splitting of the degenerate energy levels. The difference
in size between bulk and nanocrystal cause different
impact of the neighborhood on the metal ion, and
in that way results in splitting of the energy levels,
kinetics of the metastable levels, and metal‐ligand
covalency.[15]

There are many methods for nanopowder prepara-
tion,[16–20] and in this paper, we choose solution
combustion synthesis (SCS), which is an important tech-
nique used for powder preparation, generally used to
produce fine complex oxide ceramics. Even though SCS
represents one of the simplest techniques, it offers
numerous important advantages like homogeneity and
high surface area of the samples, as well as high purity
in combination with considerably lower temperatures
and reduced processing time. Also, with this technique,
fine particle size and crystalline samples can be
obtained. Another method we used is classical ceramics
method (CCM), which also offers significantly reduced
time of powder preparation and controlled size of parti-
cles with respect only to temperature parameter. The
goal was to represent two simple but yet effective
methods of nanopowder preparation, which are cheap,
fast, and reproducible and can be used for advanced
applications. At the same time, they provide an insight
in an interesting phenomenon, which we call isotope‐
like effect where with the use of Raman spectroscopy
we observe substitution of Eu with Y ions. This occur-
rence in oxide nanopowders prepared by SCS and CCM
is not explained in details by Raman spectroscopy in
the literature yet, and to the best of our knowledge, this
is the first report so far.

2 | SAMPLE PREPARATION AND
CHARACTERIZATION METHODS

For sample preparation, two methods have been used.
First, the solution combustion process is the most
frequently used due to the low cost of the synthesis
procedures and also due to the possibility of tailoring
the size and morphology of particles. Eu3+‐doped YVO4

nanopowders were prepared as described in previous
research.[21,22] Eu3+ concentration was 1%, and it was
obtained using stoichiometric quantities of starting
chemicals Y (NO3)3·6H2O, NH4VO3, NH4NO3, and Eu
(NO3)3·6H2O with the purity of 99.99%. Starting
chemicals were purchased from ABCR and urea,
(NH2)2CO, from Sigma‐Aldrich. The dry mixture of
0.357 g Eu (NO3)3 ·6H2O, 4.676 g of NH3VO3, and
15.32 g of Y (NO3)3 6H2O was combined with the mixture
of 4.8 g of NH4NO3 and 3.003 g of (NH2)2CO, which were
used as organic fuels. When all mixtures were prepared,
they were combusted with the flame burner at ~500°C.
After the synthesis, the nanopowders were annealed in
air atmosphere at 1200oC for 2 hr. The annealing of mate-
rial is needed in order to achieve the full crystallinity.
That sample is labeled with YVO4:Eu

3+ (I).
Second sample, YVO4:Eu

3+ (II), and the undoped
YVO4 were prepared using simple classic ceramic proce-
dure. Stoichiometric quantities of starting chemicals of
Y2O5, Y2O3, and Eu2O3 were used with the purity of
99.99% purchased from ABCR, then powdered and baked
on 900oC for 5 hr. Concentration of Eu3+ was 1%. In the
case of undoped sample, no Eu3+ was added, but the
rest of the procedure was the same as in preparation of
doped sample.

In this way, we got morphologically different
samples, and we can also make a comparison regarding
two different (but at the same time, simple) preparation
methods.

First characterization technique used for examining
the topography of obtained samples was atomic force
microscopy (AFM). Sample surfaces were investigated
using NTMDT's NTEGRA PRIMA atomic force micro-
scope, which operates in semicontact mode. The AFM
topography and phase images were acquired simulta-
neously using NSG01 probes with a typical resonant
frequency of 150 kHz and 10 nm curvature radius of the
tip apex.

Further structural characteristics were obtained using
the X‐ray diffraction (XRD) powder technique. All sam-
ples were examined under the same conditions, using a
Philips PW 1050 diffractometer equipped with a PW
1730 generator, 40 kV × 20 mA, using Ni filtered Co Kα
radiation of 0.1778897 nm at room temperature. Measure-
ments were carried out in the 2 h range of 10–100° with a
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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 con-
volution approach.[23]

Field‐emission scanning electron microscopy with
energy dispersive X‐ray spectrometer, FESEM‐EDS, (FEI
Scios 2) was used for morphology studies of our samples.
The acceleration voltage between cathode and anode was
equal to 15 kV. High‐resolution SEM images and EDS
spectra from the chosen microareas and high‐resolution
maps were shown elemental composition and surface
distribution.

Raman measurements were performed using commer-
cial NTegra Spectra system from NT‐MDT with a laser
operating at a wavelength of 532 nm. Laser power was
set to 2 mW within the ~0.5 × 0.5 μm sized focus with
exposure time of 600 s. All the Raman spectra are
unpolarized.

3 | RESULTS AND DISCUSSION

3.1 | Atomic force spectroscopy

The results of AFM measurements are shown in Figure 1.
The samples of YVO4 and YVO4:Eu

3+ (II) have granular
surfaces whereas the surface of YVO4:Eu3+ (I) has flat
domains separated by deep holes with depths up to
several hundred nanometers. The lateral size of the flat
domains has an average value of 3–4 μm. The grain and
domain boundaries are also visible in the corresponding
phase images, whose large phase contrast originates
mainly from the abrupt changes in the topography at
these boundaries. The average grain size cannot be esti-
mated accurately as the AFM tip is not able to penetrate
deep enough between the tightly packed grains. Finally,
the root‐mean‐square roughness (RMS) parameter
assessed for the YVO4 and YVO4:Eu

3+(II) surfaces has

FIGURE 1 AFM topography and

corresponding phase images for (a) YVO4,

(b) YVO4:Eu3 + (I) and (c) YVO4:

Eu3 + (II). [Colour figure can be viewed at

wileyonlinelibrary.com]
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values of about 67.2 and 67.8 nm, respectively, whereas
the morphologically distinctive YVO4:Eu3+(I) surface
has smaller RMS of around 64.5 nm.

3.2 | XRD analysis

Structure of synthesized samples of YVO4 and YVO4:Eu
3+

nanopowders were identified by XRD patterns as shown
in Figure S1. All the observed peaks are in good agree-
ment with the JCPDS card 17‐0341. The samples are
monophased and they crystallize in body‐centered tetrag-
onal lattice in the zircon‐type structure (Figure 2). No
additional peaks other than ones of YVO4, confirm that
doping of Eu3+ does not change the crystalline structure.
Calculated crystallite size for YVO4, YVO4:Eu

3+(I), and
YVO4:Eu

3+ (II) are 52, 58, and 53 nm, respectively. It
was expected that YVO4 and YVO4:Eu

3+ (II) have similar
crystallite size because of the same method of prepara-
tion. It was also showed that using classical ceramic
method we get smaller crystallite size of nanopowders
when compared with solution combustion method.

3.3 | FESEM analysis

The surface morphology and size of the prepared samples
were inspected using field emission scanning electron
microscopy (FESEM) equipped with an energy‐dispersive
X‐ray spectrometer (EDX). Results are shown in Figure

S2. All samples have spherical nanoparticles; size of par-
ticles are around 2 μm for the samples prepared with clas-
sical ceramic method (YVO4 and YVO4:Eu

3+ (II)) and
3 μm for the sample prepared with solution combustion
synthesis (YVO4:Eu

3+ (I)). The particles sizes obtained
directly from FESEM images are much bigger than those
calculated by XRD patterns, revealing the particle aggre-
gation. However, even after aggregation, particle size is
rather similar. It could be said that YVO4:Eu

3+ (II) crys-
tallized in more fluffier structure, whereas YVO4:Eu

3+

(I) is more crystalline, but that does not have any impact
on aggregation.

EDX spectra confirm that our samples consist only of
Y, V, and O for the undopped and Y, V, O and Eu ions
for the dopped samples.

3.4 | Raman spectroscopy

Primitive cell of YVO4 consists of 12 atoms (Figure 2),
which support 36 modes of vibration of which 12 of them
are Raman active can be divided into external and inter-
nal modes. External modes originate from translations
of the (VO4)

3‐ and R3+ ions and librational mode of the
whole (VO4)

3‐ tetrahedra, whereas internal modes occur
due to vibrational oxygen modes within the tetrahedral
groups (VO4)

3‐.[24] Seven of twelve Raman active modes
are labeled as internal – 2A1g, 2B1g, 1B2g, 2Eg, and four
are known as external – 2B1g, 2Eg.

FIGURE 2 Structure of YVO4. (a) Pictorial representation of 3D structure of YVO4. (b) The same structure along one direction. (c)

Polyhedral surroundings of Y and V ions are shown.Y3+ has distorted square surrounding eight O2− ions around one Y3+, and V5+ has

tetrahedral surrounding four O2− ions around one V5+ ion. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 presents unpolarized Raman spectra obtained
for three samples. Assignations of all the modes regis-
tered are given in Table 1.

The most of the Raman active modes registered come
from YVO4 structure, external, and internal vibrations,
and just couple of them arise or are amplified by doping
with Eu3+ (see Table 1). In Eu3+ doped YVO4 structure,
Eu3+ can be regarded as a substitution impurity ion,
where Y gets substituted for Eu. The impurity mode could
arise due to complex mechanism of electron–phonon
interaction[25] or simply because of the difference
between masses of the doping ions and ions of the host
material (known as isotope effect).[26] In our case, there

is no electron–phonon interaction, we have impurity
modes that arise due to the difference between mass of
ions exchanged. Even though we do not have actual iso-
topes, we observe a substitution of one ion with a heavier
one, with approximation that force constant remains
unchanged. Therefore, we call it isotope‐like effect.

First, let us define well known equation, which
connects force constant and oscillator frequency:

k ¼ 4π2mω2
osc; (1)

where k is force constant, m is mass of molecule, and ωosc

is an oscillator frequency.
From Equation 1, it is clear that oscillator frequency is

proportional to force constant and inversely proportional
to the mass. That means that (if we assume that force
constant is not changing when impurity is added) change
of vibrational (oscillator) frequency depends only on mass
of observed molecule.

If we observe molecules with masses mi (i = 1, 2, . . n),
their corresponding vibrational frequencies, ωosc are
given with Equation 2.

ωi
osc ¼

1
2π

ffiffiffiffiffiffi
k
mi

s
: (2)

If we observe two molecules, their ratio is given with ρ:

ω2
osc

ω1
osc

¼
ffiffiffiffiffi
μ1
μ2

r
¼ ρ: (3)

If m2 > m1, then ω2
osc < ω1

osc.
FIGURE 3 Raman spectroscopy of three samples of YVO4 and

YVO4:Eu3+ (I) and (II)

TABLE 1 Assignation of YVO4:Eu
3+ vibrational modes registered by Raman spectroscopy

Vibrational Mode (cm‐1) Assignation

156 B1g; external vibration; vibrational modes of oxygen atoms within (VO4)
3‐ tetrahedral group[21]

176 vibration caused by doping with Eu3+

221 amplified vibration by doping with Eu3+

259 B2g; external mode; symmetrical stretching vibration mode[4] in (VO4)
3‐

376 A1g; internal mode; symmetrical deformation vibration[4] in (VO4)
3‐

438 internal mode; amplified in YVO4:Eu
3+ (I) and weakened in YVO4:Eu

3+ (II).

478 B1g; internal mode; antisymmetric stretching vibration mode[4] in (VO4)
3‐

500 B1g; internal mode;

580 internal modes; Amplified or weakened vibrations by doping, depending on the method of
fabrication. In the YVO4:Eu

3+ (I) these vibrations are amplified, whereas in the YVO4:Eu
3+

(II) they are weakened.
710
740

814 B1g; internal mode;

837 Eg; internal mode; antisymmetric stretching deformation vibration mode in (VO4)
3‐

890 A1g; internal mode;
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In that way, we get the frequency of shifted mode,
which appeared when substitution of heavier ion is made.

Mode at 176 cm‐1 arises when YVO4 is doped with
Eu3+. We explain this with isotope‐like effect. Eu ion sub-
stitutes Y ion, and as a result mode at 176 cm‐1 is
obtained. Calculation was made using Eq. (1‐3). They
confirm that mode at 221 cm‐1 shifted to 176 cm‐1 within
the error limits, but also is significantly amplified. This is
due to interaction of modes at 221 and 176 cm−1, also
provoked by doping with Eu3+. Also, we have a wide
mode in the range 298–323 cm‐1 in the sample that is
not doped with Eu3+, but it vanishes when doped.

The intensities of modes obtained should also be
discussed. Same type symmetry modes, A1g, at 890 cm‐1

and 376 cm‐1 are both reduced when YVO4 nanopowder
is doped with Eu ions. Same thing happens with modes
at 156, 259, and 814 cm−1, which are in B1g and B2g sym-
metry. Eg mode at 814 cm‐1 also shows significant reduc-
ing in intensity after doping (see Table 1). A1g modes are
internal and they represent symmetrical deformation
vibrations in (VO4)

3−, whereas B1g and B2g are antisym-
metric and symmetric stretching vibrations in (VO4)

3‐;
Eg represent antisymmetric stretching deformation vibra-
tion mode in (VO4)

3‐. Irreducible representations noted
with A and B are one dimensional, whereas Eg is two
dimensional. The modes at 438, 580, 710, and 740 cm‐1

could not be found in the earlier literature. We think
those are internal modes which also arise due to (VO4)

3‐

vibrations but are amplified or weakened according to
method of fabrication. These modes are amplified when
nanopowders are prepared by solution combustion
method. As we said earlier, this method results in smaller
particles and less grained structure. As a result modes are
somewhat wider and more intense when compared with
samples prepared by CCM, which have more grained
structure. This by no means influence on isotope‐like
effect in these structures.

4 | CONCLUSION

In this paper, we showed how doping of Eu ions affect on
YVO4 nanopowders. We conclude that Eu ions substitute
Y ions in YVO4 structure and new modes in Raman
spectra occur. Detailed calculation of isotope‐like effect
was presented. Same symmetry modes show the same
tendency of reducing intensity which we attribute to the
doping with Eu ions, because of the symmetry distur-
bance of (VO4)

3‐ tetrahedra. No effect of method prepara-
tion of doped samples on isotope‐like effect are observed,
which means that the size of crystallites nor morphology
of samples affect on substitution of doped ions into YVO4

nanostructures. It was noticed that particles agglomerate,

but that does not have an impact on isotope‐like effect. To
our knowledge, there is no similar and more detailed
study in the literature concerning this effect, therefore
this work is one of the firsts to discuss it.
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A B S T R A C T

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 μm 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

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
(ωLO) and transversal optical phonon frequency (ωTO), 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 NSG01
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,
40 kV×20mA, using Ni filtered Co Kα radiation of 0.1778897 nm at
room temperature. Measurements were carried out in the 2 h 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 2mW within the ∼0.5×0.5 μm
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−1.

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(a1-d1). The films are brighter and the substrates

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 (a1).

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, F m43 . 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 m43 , 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 F m43 and contains four formula
units, while the primitive cell is one fourth as many. Optical modes
consist of one three fold –degenerated mode F2 which is active in IR and
Raman spectra. The dipole mode F2 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 ≠l 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 (142 cm−1) and LO (170.5 cm−1) modes for the CdTe bulk
crystal are both active in the Raman spectra. Also, the modes in band
near 120 cm−1 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−1 and phonon of Te of the CdTe surface (127 cm−1), show the
LO phonon like frequency shift from 170.5 cm−1 to 164 cm−1. 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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IR region [24]:
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ωTO and ωLO represent transverse and longitudinal optical bulk pho-
nons, respectively; ε∞ is the dielectric constant at high frequencies, ωP
is plasma frequency and γ and Γ 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 ε2, and are
distributed in a medium with dielectric constant ε1) is considerably

smaller than the interacting wavelength of visible light, λ (λ≫ 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:

= + −
+ − −

ε ε fε ε ε
ε ε f ε ε

3
2 ( )eff 1 1

2 1

2 1 1 2 (2)

In this case, nanoparticles are spheres with permittivity ε2 and are
randomly distributed in homogeneous environment, with permittivity

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 μm.
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ε1 and occupy a volume fraction f.
Position surface optical phonon (SOP) mode frequencies are ob-

tained from Ref. [44]:
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⎝
⎜

⎛
⎝

− ⎞
⎠

⎞

⎠
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ε
1

SOP m
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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.

3.4. Far-infrared spectroscopy

Thicknesses of our films, as we will see, are in a range from
∼0.39 μm to ∼0.72 μm, 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 ε1 (ε1=1), ε2
and ε3, respectively. We can now write [46]:

= = +
+

−

−
r

r r
R A

A
e r e

e e

iα iα

iα iαA
r

i

12 23

12 23 (4)

Fig. 2. (a1-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.
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= − + = − +r n n n n ε ε ε ε( )/( ) ( )( )ij i j i j i j i j describe Fresnel coef-
ficients, Ai and Ar represent amplitudes of incident and reflection
beams, n is complex index of refraction, ε is the dielectric constant and
α=2πωd(ε2)1/2 is the complex phase change related to the absorption
in the crystal layer with the thickness d.

Reflectance, R, is given with:

=R RA
2 (5)

In this case we decided to use dielectric function which takes into

consideration the existence of plasmon – phonon interaction in ad-
vance.

The dielectric function of the CdTe crystal layer is:
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The ωlj and γlj (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 (ωLO,CdTe= 170.5 cm−1) and plasmons (ωP) modes. The
parameters of the denominator correspond to the similar characteristics
of the transverse vibrations (ωt, γt) and plasmon damping ΓP. As a result
of the best fit, we obtain coupled mode frequencies (ωl1 and ωl2).

The dielectric function of the glass substrate is:
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where ωTO and ωLO are the transversal and longitudinal optical vibra-
tions, and γTO and γLO 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 ε1 (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 ωTO1=60 cm−1, ωLO1= 140 cm−1, ωTO2=441 cm−1,
ωLO1= 443 cm−1 and ωTO3=471 cm−1, ωLO3=522 cm−1. 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−1, 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 μm. While the thickness of the film is in the 0.40 μm re-
gion, the crystallite size is about 32 nm, and for a film thickness of
about 0.72 μm, 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 ωl1 is below
the values of ωLO,CdTe= 170.5 cm−1. On the other hand, these values
are above ωLO,CdTe for thin films CdTe 2 and CdTe 4. In both cases
plasmon damping (Гp) 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 (ωl1 and ωl2) marked by open circles and
transverse mode frequencies which are denoted by - x. Value of ωP are
calculated by Refs. [16–18]:

=ω ω
ω

ω
P

l l

t

1 2

(8)

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 [μm] R [nm] ωl1 (ω+)
[cm−1]

ωl2 (ω−)
[cm−1]

ωP [cm−1] ωt [cm−1] f

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
CdTe 1 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].
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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:

=
+

±
+ −

±ω
ω ω ω ω ω ω

2
( )

4
P LO P LO P TO
2 2 2 2 2

(9)

The full lines in Fig. 7 were obtained for the case
ωLO,CdTe= 170.5 cm−1. It is clear that all values of ωl1 and ωl2 are out of
this theoretical model. Best fit, dashed lines in Fig. 7, was obtained for
ωSOP=164 cm−1 which in Eq. (9) plays a role ωLO. Shift of about
7 cm−1 is registered in relation to ωLO,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

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

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

Fig. 7. Far – infrared reflection spectra of: CdTe thin films with thickness of (a)
0.39 μm, (b) 0.71 μm, (c) 0.43 μm, (d) 0.72 μm, 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 Eqs. (2)
and (4)–(7).
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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 (∼ωp) (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−1,
but for spherical nanoparticles of about 5 nm, 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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Abstract

We analyzed and compared the unmodified and three modified zinc oxide

nanoplatelet materials. The three components used in zinc oxide modification

were the 4,4'‐bipyridine and two ruthenium (II) complexes, namely, the trans‐

[Ru (bpy)(bpyCOO)Cl2]
2– and cis‐[Ru (bpy)(bpyCOO)Cl2]

2–. The obtained

results revealed that after modification, ZnO nanoplatelets became smaller

and embedded in the materials used for the modification. When ZnO was mod-

ified with either of the two ruthenium (II) complexes, the interaction between

them led to a higher activity of ZnO. The metal‐to‐ligand charge transfer that

was also detected in the two cases of ZnO nanoplatelets modified with the

ruthenium (II) complexes caused significant alteration of the Raman spectrum

and consequent changes of the optical properties. Various forms of ruthenium

(II) complexes were used in several published studies related to dye‐sensitized

solar cells and biomedicine. The biomedical applications include, for example,

the ATP (adenosine‐5'‐triphosphate) detection, interaction with human serum

albumin, DNA analysis, and cancer detection and treatment. The properties of

the ZnO nanoplatelets modified with the two ruthenium (II) complexes pre-

sented here indicate that it may be worth exploring if the studied materials

are applicable in the dye sensitized solar cells and biomedicine. Possible advan-

tage of our results is that they were obtained at room temperature.

KEYWORDS

nanocomposite, semiconductor, spectroscopy

1 | INTRODUCTION

The ruthenium complexes have been often used in
research areas related to biomedical applications[1–7] and
have emerged as potential candidates for use in dye‐
sensitized solar cells (DSSCs).[8–13] Compared with con-
ventional inorganic crystals, donor–acceptor substituted
organic molecules with nonlinear optical properties have
advantages such as the optical damage threshold, lower

dielectric constant, fast response time, tunability of optical
properties by chemical modification, and low production
cost.[14,15] Zinc oxide and TiO2 are the most commonly
used semiconductors in dye‐sensitized solar cells. They
both have the same electron affinities and almost the same
band gap energies; however, ZnO has much higher elec-
tron diffusivity, high electron mobility, and large excita-
tion binding energy; it is stable against photo‐corrosion
and is available at low‐cost.[16] Also, ZnO has probably
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the richest variety of nanostructures due to a very broad
range of synthesis methods.[17] An excellent review of
ZnO‐based dye‐sensitized solar cells is given by Anta
et al. as well as by Vittal and Ho.[16,17] Various nanostruc-
tures such as nanoparticles, hierarchical aggregates,
porous films, nanosheets, nanowires, and tetrapods are
most often combined with the ruthenium‐based dyes and
the iodide/triiodide redox couple. The highest power con-
version rate of DSSC with ZnO of 7.5%[18] is lower than
the long‐standing record of 11.1%[19] and the highest
reported so far of 12.3%.[20] In addition to the most com-
monly investigated use in the solar cells, emerge applica-
tions of ruthenium based dyes in other scientific fields,
for example, in biomedicine.[1–7] Ruthenium (II) com-
plexes were shown to bind to DNA defects[7] as well as to
be a quantitative DNA detectors.[3] Recently, a number of
studies have suggested them as a potential photodynamic
agents in the cancer therapy,[4–6] live‐cell imaging,[21,22]

ATP (adenosine‐5'‐triphosphate) detection,[1] interaction
with HSA (human serum albumin),[2] and theranostic
applications.[23]

In addition to the DSSC and biomedicine, other fields of
application emerge as well. Ruthenium dyes have been
successfully used to generate electrostatically stabilized
gold colloides,[24] whereas Ru/TiO2 has been employed
as a catalyst in the selectivemethanation of CO.[25] A num-
ber of recent studies are devoted to the materials that
incorporate ruthenium, for example, the ruthenium doped
ZnO nanorods,[26] amorphous silicon ruthenium thin
films embedded with nanocrystals,[27] Ru‐doped ZnS
quantum dots,[28] ruthenium complexes bound to CdSe
nanoparticles,[29] hybrid materials including the Zn (II)‐
Ru (II) complexes,[30] trinuclear ruthenium complex, Ru‐
red,[31] and isolated and agglomerated gold nanoparticles
functionalized with a ruthenium dye.[24]

The Raman scattering, a sensitive, nondestructive
characterization tool, has been used to obtain informa-
tion about sample quality as well as to analyze specific
aspects of lattice dynamics, namely, the isotopic effects,
phonon lifetimes, position of doping ions in a host lattice,
and presence of impurities that are undetectable by the X‐
ray analysis.[32,33] In particular, the vibrational properties
of ZnO in the form of nanostructured samples and thin
films, as well as of the bulk ZnO, were investigated in a
number of studies using Raman spectroscopy. The variety
of studied ZnO properties include the multiphonon pro-
cesses, electron–phonon coupling, dopant incorporation,
local atomic arrangement, changes in samples with
annealing process, and temperature dependence of
Raman modes.[34–39]

The aim of the work presented here is to characterize
the ZnO nanoplatelets (NPs) modified with the trans‐[Ru
(bpy)(bpyCOO)Cl2]

2– and cis‐[Ru (bpy)(bpyCOO)Cl2]
2– in

order to establish if further investigation of their possible
use in the fields of dye‐sensitized solar cells and biomedi-
cine is worthwhile. The NPs of ZnO, its combination with
4,4'‐bipyridine (4,4'‐bpy) as well as with two ruthenium
(II) complexes, are characterized using X‐ray diffraction
(XRD), photoluminescence, and Raman spectroscopy.

2 | MATERIALS AND METHODS

The synthesis of modified ZnO NPs was undertaken by the
precipitation method and the 4,4'‐bpy as a surfactant. The
4,4'‐bpy was used as a bridge in the synthesis of ruthenium
(II) complexes, as well. The ruthenium (II) complexes
trans‐[Ru (bpy)(bpyCOO)Cl2]

2–and cis‐[Ru (bpy)
(bpyCOO)Cl2]

2– with 2,2'‐bipyridine and 2,2'‐bipyridine
4,4'‐dicarboxilic acid as ligands were obtained as depicted
in Fig. 1 and were further adhered to ZnO NPs. The
trans‐ and cis‐ ruthenium (II) complexes are abbreviated
as SAh and SA, respectively. Consequently, the four stud-
ied nanomaterials are ZnO NPs, ZnO NPs–4,4'‐bpy, ZnO
NPs–SA, and ZnO NPs–SAh. The additions to ZnO NPs,
namely, the 4,4'‐bpy, SA, and SAh, are shown in Fig. 2.

Scanning electron microscopy (SEM) images of the
samples were obtained with the high‐resolution electron
microscope MIRA3 FEG‐SEM, Tescan, using accelerating
voltages lower than 20 kV. The samples were prepared for
SEM imaging by coating them with an ultrathin gold
layer in the SC7620 Mini Sputter Coater, Quorum
Technologies.

Structural characteristics of all samples were obtained
using the XRD powder technique. Philips PW 1050 dif-
fractometer equipped with a PW 1730 generator was
used. All samples were examined under the same condi-
tions, namely, 40 kV × 20 mA, using Ni filtered Co Kα
radiation of 0.1778897 nm at room temperature. Measure-
ments were carried out in the 2‐hr range of 10–80o with
the scanning step of 0.05o and 10 s scanning time per

FIGURE 1 Synthesis of ruthenium complexes
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step. Crystallite size was determined with the XFIT com-
puting program, which is based on the fundamental
parameter convolution approach.[40]

The photoluminescence spectrum excited by argon
laser line at 514.5 nm was measured at room temperature
using the Jobin Yvon model U‐1000 monochromator with
a conventional photocounting system.

The micro‐Raman spectra were taken in the backscat-
tering configuration with the Jobin Yvon T64000
spectrometer, equipped with nitrogen cooled charge‐
coupled‐device detector. As was the case with the
photoluminescence spectrum, the 514.5‐nm line of an
Ar‐ion laser was used as the excitation source. The mea-
surements were performed at room temperature using

the laser power of 20 mW. All samples were investigated
in the spectral range between 100 and 1,700 cm–1.

3 | RESULTS AND DISCUSSION

3.1 | SEM measurements

The representative SEM images of the four studied mate-
rials are given in Fig. 3, whereas the sets of images with
three values of magnification are provided in Fig. S1 in
the Supporting Information. The unmodified ZnO parti-
cles can be classified as NPs because their thickness is
of the order of 50 nm. This is confirmed by the four exam-
ples of NPs whose thickness is equal or smaller than 40
nm, given in the image corresponding to ZnO NPs in
Fig. 3. Note that the thickness of 40 nm is somewhat
smaller than 50 nm, which is the step size of the scale.
The modified ZnO NPs, namely, the ZnO NPs–4,4'‐bpy,
ZnO NPs–SA, and ZnO NPs–SAh appear to be coated
with the material used in the modification, that is, with
4,4'‐bpy, SA, and SAh. Further, SA and SAh seem to have
caused clustering and agglomeration, which is more pro-
nounced for ZnO NPs–SAh.

3.2 | XRD measurements

The structure of prepared samples was identified using
the XRD patterns shown in Fig 4. The diffractograms
show intense peaks of ZnO originating from (110),
(002), (101), (102), (110), (103), and (112) and confirm
that the structures crystallized in the hexagonal wurtzite,
P63mc, structure shown in the insert in the top right cor-
ner of Fig 4. All the marked peaks are in good agreement
with the JCPDS card 36‐145. All the other peaks originate
from the modifiers. Because 4,4'‐bpy was used as a surfac-
tant, ZnO NP sample shows not only the peaks of pure
ZnO but the peaks of 4,4'‐bpy as well. That is why this
diffractogram is very similar to the one that corresponds
to ZnO NPs–4,4'‐bpy. However, the peaks that correspond
to 4,4'‐bpy are more intense in the diffractogram of ZnO
NPs–4,4'‐bpy because in this case 4,4'‐bpy was used not
only as a surfactant in the synthesis of ZnO but as a cap-
ping agent, as well. The ZnO crystallite size is calculated
for all the samples and is found to be 35.8, 19.2, 10.6, and
7.5 nm for ZnO NPs, ZnO NPs–4,4'‐bpy, ZnO NPs–SA,
and ZnO NPs–SAh, respectively. Consequently, the ZnO
crystallite size is significantly smaller in the modified
material, that is, in the presence of the capping agent.
Note that for unmodified ZnO NPs, the particle sizes cal-
culated from the XRD patterns of 35.8 nm agree well with
the NP thicknesses found from the SEM images to be of
the order of 40 nm. In the case of the modified ZnO

FIGURE 2 Compounds used to modify zinc oxide nanoplatelets.

The ZnO nanoplatelets were modified using the 4,4'‐bipyridine, as

well as ruthenium (II) complexes cis‐[Ru (bpy)(bpyCOO)Cl2]
2– and

trans‐[Ru (bpy)(bpyCOO)Cl2]
2–, further referred to as the 4,4'‐bpy,

SA, and SAh, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]
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NPs, the particle sizes obtained from SEM images are big-
ger than those calculated by the XRD patterns, which
suggests particle aggregation.

3.3 | Photoluminescence measurements

The luminescence spectrum of the four studied samples is
given in Fig. 5. Given that our excitation wavelength was
514.5 nm, our study is limited to the broad long‐
wavelength part of the spectrum. Photoluminescence
spectra are often analyzed using the convolution of the
Lorentzian functions that are given with

I ωð Þ ¼ 2A
π

W

4 ω−ωcð Þ2 þW 2
; (1)

where I, ωc, W, and A are the line intensity, position of
the maximum, half‐width of the peak, and parameter
that depends on W, respectively. The measured data
depicted with circles in Fig. 5 is approximated with the
calculated red curve, which represents the sum of the
components each defined with Equation (1) and shown
with green lines.

The spectra of ZnO NPs and those modified with 4,4'‐
bpy can be decomposed into four components positioned
at ωc values of approximately 553, 605, 634, and 678 nm.

Various forms of ZnO exhibit two luminescence bands,
namely, a short‐wavelength band, which is located near
the absorption edge, and a broad long‐wavelength band,
the maximum of which is in the green spectral range.[41]

Impurities, zinc vacancies, oxygen vacancies, interstitial
zinc ions, oxygen antisites, and transitions from intersti-
tial zinc ions to zinc vacancies as well as a combination
of various centers were assumed to be responsible
for the green luminescence.[41] In our case, these are
described with the Lorentzians positioned at the ωc values
of 605, 634, and 678 nm.

Modification with 4,4'‐bpy caused significant enhance-
ment of the relative contribution of the peak at 553 nm,
which can be attributed to 4,4'‐bpy. This peak is visible
in the spectrum of unmodified ZnO NPs because 4,4'‐
bpy was used as a surfactant in ZnO NPs synthesis.

However, in the spectra of ZnO NPs modified with the
ruthenium (II) complexes, ZnO NPs–SA, and ZnO NPs–
SAh, the component at 553 nm is not present. Instead,
the peak at 678 nm became much stronger and metal‐
to‐ligand charge transfer introduced the component at
737 nm.[42] Consequently, it seems that ZnO in ZnO
NPs–SA and ZnO NPs–SAh became more active due to
the interaction between ZnO and ruthenium (II) com-
plex. In the spectrum corresponding to ZnO NPs–SAh rel-
ative intensity of the peak at 637 nm became larger than

FIGURE 3 Scanning electron

microscopy images. The micrographs of

the four studied materials are given here

with the magnification of 133,000,

whereas Fig. S1 contains the micrographs

with the magnification values of 55,700

and 267,000, as well. Nanoplatelets of ZnO

are about 40 nm thick. In the modified

material ZnO NPs are coated with the

modifier and are clustered [Colour figure

can be viewed at wileyonlinelibrary.com]
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was the case in the ZnO NPs–SA spectrum. The fluores-
cence emission spectra of Ru (bpy)3

2+ incorporated in sil-
ica gel film studied by Innocenzi et al. seem to have
similar structure as our result corresponding to ZnO
NPs modified with 4,4'‐bpy; however, their structure
is centered at 603 nm, whereas ours is located at approx-
imately 554 nm.[42] Table S1 in the Supporting Informa-
tion gives the parameters of spectral components
obtained by decomposing our spectra.

For the five Ru (II) complexes studied by Ji et al. the
wavelengths of 594, 626, 626/667/726, 631, and 620 nm
were obtained.[43] Note that their third complex has cen-
ters located at similar positions as our samples with SA
and SAh. With the increase of external hydrostatic pres-
sure, the spectra of two complexes considered by
Pannwitz et al. seem to develop similarities with our spec-
tra; however, their peaks are at somewhat larger wave-
lengths.[44] To the contrary, the spectra of Ru (II)
complexes given by Oner et al. in the region above 500
nm exhibit structures centered at somewhat smaller
wavelength than is the case with our spectra.[45] The

spectra corresponding to all the modified samples are
similar to those considered by McConnell et al. with
respect to detecting DNA defects.[7] However, in
order to obtain peaks, their spectra had to be recorded
at 77 K, whereas our spectra were measured at room
temperature.

3.4 | Raman spectroscopy

The Raman spectra and peak assignments of the four
studied nanomaterials are given in Fig. 6 and Table 1,
respectively. In the Raman spectrum of unmodified ZnO
NPs the peaks were recorded at 290, 319, 404, 440, 679,
937, 1,048, 1,353, 1,435, and 1,589 cm–1. The peaks at
404 and 440 cm–1 are the well‐known peaks that are char-
acteristic to ZnO, and they correspond to E1 (TO) and
E2

high, respectively. The peak E2
high is less intense than

usually due to a high luminescence of the sample. All

FIGURE 4 X‐ray diffraction patterns. The insert shows the

structure of the ZnO crystallite, that is, the hexagonal wurtzite,

P63mc [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Photoluminescence. The photoluminescence spectra

of the four analyzed samples were measured at room temperature

with the excitation source of 514.5 nm. The measured data depicted

with circles are approximated with the calculated thick red line that

represents the sum of the Lorentzian components given as the thin

green lines. The parameters of each Lorentzian component are

given in Table S1 [Colour figure can be viewed at

wileyonlinelibrary.com]
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the other peaks are the multiphonon peaks or the second
harmonics (second order Raman peaks). The obtained
results are in good agreement with previously reported
results for pure ZnO.[32] The Raman spectra of ZnO are
usually taken in the spectral range between 99 and
1,160 cm–1 because it is only the multiphonon peaks
and second harmonics that exist above 618 cm–1. In our
study, the Raman spectra were taken in the wider range
due to the peaks expected to correspond to the 4,4'‐bpy,
SA, and SAh used in the three remaining samples.

When ZnO NPs were modified with 4,4'‐bpy, the Raman
spectrum changed significantly. Most of the ZnO peaks dis-
appeared and the peaks that correspond to 4,4'‐bpy became
dominant. The part of our Raman spectrum that can be
related to the 4,4'‐bpy contains the peaks located at 1,022,
1,232, 1,297, 1,521, and 1,613 cm–1 as well as the wide struc-
ture centered at approximately 1,460 cm–1. The peak at
1,297 cm–1 is the inter‐ring stretch (Ω), whereas the peak
at 1,613 cm–1 is the ring stretch (8a). The peak that represent
the ring in‐plane deformation (12) is located at 1,022 cm–1 in
our spectrum; however, in the works of Castellà‐Ventura
and E. Kassab[46] and Ould‐Moussa et al.[47] this peak is
positioned at 1,000 and 1,038 cm–1. For our peak at 1,232
cm–1 that represent the CH in‐plane bend (9a) Castellà‐

Ventura and E. Kassab[46] reported the experimental peak
position at 1,218 cm–1 and scaled calculated position
of 1,227 and 1,235 cm–1. The peak at 1,521 cm–1 representing
the CH in‐plane bend and ring stretch (19a) is in Castellà‐
Ventura and E. Kassab[46] given by the experimental value
of 1,511 cm–1 and scaled calculated value of 1,523 cm–1.
The wide structure centered at approximately 1,460 cm–1

is a consequence of the three peaks that represent the CH
in‐plane bend and ring stretch at 1,406 (19b), 1,424 (19b),
and 1,487 cm–1 (19a).[46] In Castellà‐Ventura and E.
Kassab[46] and Ould‐Moussa et al.[47] there is no informa-
tion regarding the laser used as an excitation source.
Consequently, the discrepancy between their reported
peak positions and our measurements may be caused
by different excitation sources. In Moissette et al.[48] the
infrared laser light of 1,064 nm was used to detect the
4,4'‐bpy peaks at 999, 1,075, 1,227, 1,294, 1,508, 1,597,
and 1,616 cm–1, which is in good agreement with our
peaks. On the other hand, using the laser light of 532
nm, Pérez León et al.[49] reported the 4,4'‐bpy peaks at
1,024, 1,273, 1,490, 1,537, and 1,630 cm–1 and character-
ization of the peak at 1,024 cm–1 as the ring breathing
band. The blue laser light of 488 nm was employed by
Rzeźnicka et al.[50] to obtain the 4,4'‐bpy peaks at 1,016,
1,337, 1,533, and 1,630 cm–1. With all this in mind it
can be concluded that our results corresponding to ZnO
NPs–4,4'‐bpy show a fairly good agreement with the data
found in the literature.

In the Raman spectra of ZnO NPs–SA the existence of
peaks that belong to the both phases is evident. In addi-
tion to the wide structure at approximately 360 cm–1,
there are peaks at 660, 703, 774, 884, 927, 1,023, 1,045,
1,112, 1,169, 1,225, 1,353, 1,428, 1,478, 1,542, 1,574, and
1,606 cm–1. Both phases have several peaks at the very
similar positions, causing the peaks at those positions to
be wider and asymmetric as well as making the spectral
analysis more complex. Note the wide structure whose
center is approximately at 360 cm–1. In Hureau et al.[51]

the peak at 360 cm–1 is reported to correspond to SA.
However, ZnO has a multiphonon peak at 333 cm–1 and
A1 (TO) peak at 378 cm–1.[32] The asymmetry of our peak
at 660 cm–1 is a consequence of coexistence of the ZnO
multiphonon peak at 660 cm–1 as well as the SA peak at
657 cm–1. The peak at 703 cm–1 is the multiphonon
ZnO peak. The peak at 774 cm–1 combines the ZnO
multiphonon peak at 773 cm–1 and the SA peak at 781
cm–1. The peaks at 884, 927, and 1,023 cm–1 are the SA
peaks. The peak at 1,045 cm–1 consists of the SA peak at
1,031 cm–1 and the ZnO multiphonon peak at 1,044 cm–

1. The peak at 1,112 cm–1 is composed of the ZnO
multiphonon peak at 1,105 cm–1 and SA peak at 1,114
cm–1, whereas the peak at 1,169 cm–1 is a mixture of
ZnO multiphonon peak at 1,158 cm–1 and SA peak at

FIGURE 6 Raman spectra. The Raman spectra of the four

samples were obtained at room temperature with 514.5‐nm

excitation source [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 1 Raman peak assignments

Raman wavenumber/cm‐1

Phase Assignment

Experimental results

Reference
ZnO
NPs

ZnO NPs–4,4'‐
bpy

ZnO NPs–
SA

ZnO NPs–
SAh

290 284[32] ZnO B1
high

‐B1
low

319 333[32] ZnO E1
high

‐E1
low

360 358 333[32] ZnO E1
high

‐E1
low

306[24], 376[31] SA/SAh Ru–N stretch
378[32] ZnO A1 (TO)

401 410[32] ZnO E1 (TO)

440 438[32] ZnO E2
high

660 660 657[51] SA/SAh
657[32], 666[32] ZnO TA+LO

679 666[32] ZnO TA+LO

703 703 692[51] SA/SAh
700[32] ZnO LA+TO

774 773[32] ZnO LA+TO
778[31] SA Ru–O

884 880 896[51] SA/SAh

927 927 934 SA/SAh
812[32], 980[32] ZnO LA+LO, 2TO

937 812[32], 980[32] ZnO LA+LO, 2TO

1,001 999[48], 1,000[51] SAh

1,022 1,023 1,023 1,016[50], 1,024[49,51], 1,029[24] 4,4'‐bpy/SA/SAh in‐plane def. (12), ring
breath

1,048 1,045 1,029[24], 1,031, 1,038[47] SA ring breath
1,044[32] ZnO TO+LO

1,112 1,112 1,105[32] ZnO 2LO
1,114[51], 1,119[25] SA/SAh C–O–C

1,169 1,169 1,158[32] ZnO 2A1(LO), 2E1(LO), 2LO
1,169[51] SA/SAh

1,232 1,225 1,227[48], 1,235[46] 4,4'‐bpy/SA CH in‐plane bend (9a)

1,265 1,264[24], 1,273[51] SAh CN stretch

1,297 1,293 1,290[51], 1,294[48], 1,300[24] 4,4'‐bpy/SAh Inter‐ring stretch (Ω),
COO stretch

1,353 1,353 ZnO multi‐phonon, second
order

SA

1,403 1,401[51] SAh

1,428 1,428 1,424[47] SA/SAh CH in‐plane bend, ring
stretch (19b)

1,435 ZnO multiphonon, second
order

1,460 1,406[47] 4,4'‐bpy CH in‐plane bend, ring
stretch (19b)

1,424[47] 4,4'‐bpy CH in‐plane bend, ring
stretch (19b)

(Continues)
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1,169 cm–1. The peaks at 1,225, 1,353, 1,478, 1,574, and
1,606 cm–1 belong to the SA phase. The differences in
SA peak positions in our measurements and those
reported in Hureau et al.[51] are due to different laser
lights used in the two experiments. An excitation sources
in Hureau et al.[51] were red and infrared lasers at 632
and 1,064 nm, respectively, compared with 514‐nm laser
light used in our experiment. The excitation source wave-
length may be the reason for the two peaks in our spectra
that can be attributed to SA, the very intense peak at
1,542 cm–1 and less intense peak at 1,428 cm–1. The peak
at 1,542 cm–1 is too strong to be the second harmonic of
the peak at 774 cm–1.

When compared with the Raman spectrum of ZnO
NPs–SA, the spectrum of ZnO NPs–SAh has better
signal‐to‐noise ratio as well as more symmetric peaks.
From our experience with other coated nanoparticles,
this can be a consequence of the difference in the coating
layer thickness. The spectrum has two wide asymmetric
structures centered at approximately 358 and 927 cm–1

and the peaks at 660, 703, 880, 1,001, 1,023, 1,112,
1,165, 1,265, 1,293, 1,403, 1,428, 1,478, 1,538, and 1,617
cm–1. The wide structures are composed of peaks that
belong to both phases, ZnO and SAh. The ZnO peaks at
333 and 378 cm–1 and the SAh peak at 360 cm–1 form
the wide structure centered at approximately 358 cm–1,
whereas the wide structure centered at approximately
927 cm–1 is composed of the SAh peak at 934 cm–1 and

the ZnO peak at 980 cm–1. The ZnO peaks at 333 and
980 cm–1 are the multiphonon peaks, whereas the peak
at 378 cm–1 is of the type A1 (TO). All other peaks in
our spectrum belong to the SAh phase and show good
agreement with peaks reported in Hureau et al.,[51]

namely, the peaks at 657, 692, 896, 1,000, 1,024, 1,114,
1,169, 1,273, 1,290, 1,401, 1,456, 1,484, and 1,615 cm–1.
Small differences in peak position are due to different
laser lights used as an excitation source. This may also
cause the existence of the peaks at 1,428 and 1,538 cm–1

in our spectra, whereas in Hureau et al.[51] the existence
of peak at 1,456 cm–1 is reported.

The fluorescence spectra showed that the excitation
wavelength is in the visible light range; therefore, the
ZnO NPs modified with the two considered ruthenium
(II) complexes can be regarded as prospective candidates
for use in energy conversion. Future studies can develop
towards applying these materials in DNA analysis.
For example, it can be investigated if use of our modi-
fied ZnO NPs in altering an electrode of a cell for
electrochemiluminescence spectra measurement will
prove efficient as was the case with the pristine carbon
nanotube that was used by Tang et al.[3] Application
of the analyzed materials in detecting DNA defects
seems promising because our photoluminescence spec-
tra were recorded at room temperature, whereas those
employed for this purpose by McConnell et al.[7] were
measured at 77 K.

TABLE 1 (Continued)

Raman wavenumber/cm‐1

Phase Assignment

Experimental results

Reference
ZnO
NPs

ZnO NPs–4,4'‐
bpy

ZnO NPs–
SA

ZnO NPs–
SAh

1,487[47] 4,4'‐bpy CH in‐plane bend, ring
stretch (19a)

1,478 1,478 1,456[51], 1,477[24], 1,484[51] SA/SAh asymmetric CC+CN
stretch

1,521 1,511[47], 1,523[46], 1,531[47] 4,4'‐bpy CH in‐plane bend, ring
stretch (19a)

1,542 1,538 1,545[24] SA/SAh asymmetric CC+CN
stretch

1,589 ZnO multiphonon, second
order

1,574 SA

1,606 SA

1,613 1,617 1,614[24], 1,615[51] SAh symmetric CC+CN stretch

Abbreviations: 4,4'‐bpy: 4,4'‐bipyridine; NPs: nanoplatelets.
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4 | CONCLUSION

The unmodified zinc oxide nanoplatelets (ZnO NPs) and
three modifications of these ZnO NPs were analyzed.
The three materials used for the modification were the
4,4'‐bpy and the two ruthenium (II) complexes of equal
composition but with two different geometries, namely,
the cis and trans geometry. The three modified materials
were denoted as ZnO NPs–4,4'‐bpy, ZnO NPs–SA (for
cis geometry), and ZnO NPs–SAh (for trans geometry).
It was found that in the modified ZnO, the ZnO NPs
are smaller and coated with the material used for the
modification. The metal‐to‐ligand charge transfer was
detected in the ZnO modified with the SA and SAh
ruthenium (II) complexes, which caused significant
changes of the Raman spectrum and consequent alter-
ation of the optical properties. Because 4,4'‐bpy was
used as a surfactant in the synthesis of ZnO NPs as well
as in further modification of one of the three studied
modified ZnO NPs, the spectral component at 553 nm
that corresponds to 4,4'‐bpy was detected in the lumi-
nescence spectrum of ZnO NPs as well as of ZnO
NPs–4,4'‐bpy. As expected, this peak is stronger in the
spectrum of ZnO NPs–4,4'‐bpy, namely, in the case
when 4,4'‐bpy was used as a modifier as well as a sur-
factant. In the spectra of ZnO NPs modified with the
ruthenium (II) complexes SA and SAh three important
changes were detected. Namely, the 4,4'‐bpy‐related
peak at 553 nm disappeared, the peak that corresponds
to the metal‐to‐ligand charge transfer appeared at 737
nm, and the peak at 678 nm that is a characteristics
of ZnO became much stronger. Consequently, it seems
that the interaction between ZnO and ruthenium (II)
caused ZnO to be more active. The obtained results
indicate that it can be beneficial to pursue investigation
towards the application of the studied materials in the
DSSC and DNA analysis.
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A B S T R A C T

Semiconductors of II-IV-V2 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 ZnSnSb2 + 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 Zn1-xMnxSnSb2 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 - ZnSnSb2, 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 ZnSnSb2 phonons of B2

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

Semiconductors have been widely used thanks to the ability to
adapt to different requirements. The II-IV-V2 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.

ZnSnSb2 is II-IV-V2 type material with the tetragonal chalcopyrite
structure, narrow gap of 0.7 eV at room temperature, high

concentration of free carriers (1021–1022 cm−3) and inhomogeneous
structure [8,9]. In this paper we analyzed ferromagnetic semiconductor
ZnSnSb2 + 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 Zn1-xMnxSnSb2 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 (pA = 13 × 1021 cm−3 and
pB = 1.2 × 1021 cm−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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materials, as well as their electrical and thermal conductivity, and their
interdependence.

ZnSnSb2 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 ZnSnSb2 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

ZnSnSb2 semiconductor has a chalcopyrite structure, spatial group
I42d, with lattice parameters a ≈ 6.275 Å and c ≈ 12.55 Å and ratio c/
a close to 2. ZnSnSb2 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 ZnSnSb2 + 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 Zn1-xMnxSnSb2 were synthesized by the
direct fusion method. High purity components were used for the

 
Fig. 1. (a) X-ray diffraction pattern for ZnSnSb2 + 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.
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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 Zn1-xMnxSnSb2 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 × 1021 cm−3 was labeled as sample A and the one with x
= 0.076 and p = 1.2 × 1021 cm−3 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 × 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 ZnSnSb2, 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 ZnSnSb2 + 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. NSG01 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−1 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 ZnSnSb2 the poly-
crystalline material is formed, consisting of the main phase and ZnSb,
SnSb and β-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 ZnSnSb2 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 ZnSnSb2 phase (squares) are stronger for sample A

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 × and 400 × ). 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 ZnSnSb2
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
ZnSnSb2 the ZnSb and SnSb phases are formed [11,15]. The series of
Zn1-xMnxSnSb2 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 ZnSnSb2, as well as in other II-IV-V2 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 ZnSnSb2 is 1020 cm−3

[15–20], in two-component p-type ZnSb it is 1019 cm−3 [18,19], while
SnSb is a n-type material with metallic character and electron con-
centration of about 1022 cm−3 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 Zn1-xMnxSnSb2 samples, but it could be assumed that
Zn vacancies are the main reason. Sample A has a higher content of

Table 1
Expected values of ZnSnSb2 phonons of B2 and E symmetries, from literature
[26].

Phonon B2
1 B2

2 B2
3 E1 E2 E3 E4 E5 E6

Estimated value [cm−1] 189 199 70 189 185 195 111 88 54
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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−1 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−1, where the high carrier
concentration has a main influence. Also, in the range from 120 to
180 cm−1 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 ε(ω) 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:
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In this equation ε∞ is the high-frequency dielectric constant, ωTOk

and ωLOk are the transverse and longitudinal optical-phonon fre-
quencies, l is the number of phonons,ωP is the plasma frequency, γTOk

and ΓP 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. = + + + ⋯ω ω ω ωp p p p

2
1

2
2

2
3

2 .
As our ZnSnSb2 + Mn samples have high concentration of free-

carriers (p), and therefore high values of ωP (ωP
2 ~ 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:
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The first fraction in Eq. (2) describes coupling of a plasmon and n LO
phonons, where parameters ωlj and γlj are eigenfrequencies and
damping coefficients of the longitudinal component of the coupled
phonons. ωti and γti are frequencies and damping of transverse com-
ponent of these phonons. Γp is the plasma damping. The second factor
in Eq. (2) represents s uncoupled phonons of the crystal, wherein ωLOk

(ωTOk) and γLOk (γTOk) 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 ωlj and ωti are directly obtained in this way while the ωP and
ωLO values are calculated [25]. It can be seen that the positions of the
ωl2 and ωl4 are significantly different for samples A and B. The behavior
of phonons and interactions with plasma were analyzed based on the
data thus obtained.

    

Sample A 

 

ample B 

 

 

 

S

Fig. 2. Micrographs of the ZnSnSb2 + Mn samples surfaces with magnifications of 50 × and 400×.
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The phonons of ZnSnSb2 which are IR active are known from lit-
erature [26], and they are of B2 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 ωl1 and ωl2, often labeled as ω+ and ω-. In the case of ZnSnSb2,
based on data obtained by fitting procedure, it was established that the
plasma interacts with three phonons of B2 symmetry [28,29,30]. As a
result of that their positions are shifted and instead three B2 modes
there are four coupled modes ωl1, ωl2, ωl3 and ωl4. 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 (ωP

2 ~ p).
Because of the high plasma frequency of sample A, the ωl4 has high
value of 675 cm−1 which is outside of the measured range.

For ease of analysis, it is common to draw a dependency diagram of
obtained parameters (ωlj, ωt, ωTO, ωLO) on plasma frequency ωp, as

shown in Fig. 6. The full lines are solutions of Re{ε(ω)} = 0 from Eq.
(1). It should be noted that line ωl3 between B2

1 and B2
2 phonons is

barely visible because they are very close. The lines are calculated for
five different values of plasma damping Γp (Fig. 6) (Γp = 1/τ, where τ is
a lifetime of plasmon). This was done to determine Γp interdependence
with plasmon - phonon interaction.

The obtained values of plasma damping and plasma frequency of
samples A and B are: ΓpA = 500 cm−1, ΓpB = 375 cm−1,
ωpA = 837 cm−1 and ωpB = 405 cm−1. It should be noted that these
parameters represent the effective values that describe the sample as a

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
P1 to point P2; Figures (d), (e), and (f) refer to sample B in the same way.

Fig. 4. Far-infrared reflectivity spectra of ZnSnSb2 + Mn.

  
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.
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whole. It could be expected (based on pA and pB values and ωP
2 ~ p)

that ωpA and ωpB differ about three times, which was not established.
Plasma frequency is defined as ωp

2 = (npe2)/(ε0ε∞mh*), 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 B2 symmetry which interact with plasma, other
ZnSnSb2 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−1, which is in agreement with results from
the literature [31]. Two modes that correspond to SnSb phase are at
about 94 and 145 cm−1, 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 - B2 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 ZnSnSb2 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 ZnSnSb2 + 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 - ZnSnSb2, 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

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 ZnSnSb2 pho-
nons of B2 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 ZnSnSb2 + 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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Aapcoa: CTypetlmttH xpr I, 11000 Eeo]paz],
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o6J]acrm  I[pHpoz||Irm HayKa,  I]a ceI]quH oxpHaHoj  2. jyua 2020.
JloHeJloje

0 I JI V K y

qAJE   CE   CArJIACHOCT   Ha  oxp/Icy  HacTanllo-Hayt]Hor   Befia
®aKysTeTa3a¢H3IIqKyxeMHjy0npHXBaranyTeMenoRTopcRez|Hcepraunje
JEJIERE  MHTplm,  Ho;I  Ha3HBOM:   „CxpyRTypHa  H  on"qKa  cBojcma
nojlynpoBoj][]EIHq]un[HaHOMarapl4jajla:rapo]n[HHjyM-I|xproHaraHxpHjyM-
BaHaqaTa  ;ionHpaHrm[  eypomljyMOM,  IcapxpjyM-TeJlypxpa  H  I|HHK-oKcxp=a
MoqudyHKOBaHor PyTeHI[jyMOBHM  KOMnjleKOHMa"  H  OxpdyHBaEby npo¢.  ZIP
HBaHe    CTojltoBHh   CHMaroBrfu   H   xp   He6ojnle   PoMtleBHha,    HayqHOF
caBeTHHlta yHHBep3ureTa y Beolpany-HHc"TyTa ra ¢H3Hny 3a MeHTope.
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