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BuBYeHO mpoliec XiMiKO-IHHAMIYHOTO MOJipyBaHHs IOBEPXHI MeTal-rajloreHigHoro nepoBckity PhCsBrs
TpaBHUKAMH Ha OCHOBI PO3YHMHIB cHUCTeMH AuMeTwicyib(okcun — ermnanerar (AMCO-EA). [docnimkero
3aJIeKHOCTI IIBUAKOCTEH PO3YMHEHHS MEPOBCKITY BiJl BMICTY €THJIALIECTATy Y CKJIali PO3YMHY TPaBHHKA. AHAII3
SIKICHAX XapaKTEPUCTHK OJeP KaHOi B pe3yJIbTaTi TPaBJICHHS MOBEPXHi 3A1HICHEHO 3a JOMOMOT0I0 METO1a OTITUYHOT
Mikpockorii. Beranosnero, mo nporec pozunnennst POCsBrs y tpasaukax cucremu JIMCO-EA BinGyBaeTses 3a
mu¢y3iiHIM MexaHi3MoM. Ha OCHOBI oJiep)kaHUX pe3ysbTaTiB ONTHMI30BaHO CKJIAAM TPABMJIBHUX PO3YUHIB Ta
TEXHOJIOTIYHI PEKUMH TPOBEICHHS XiMiKO-IHHAMIYHOTO TOJipyBaHHs MOHOKpHcTaniB PhCsBrs. Monudikosani
STHIIAIIETaTOM TPABHUKH € IEPCIIEKTHBHUMH JUII BUKOPHCTAHHS Y TEXHOJIOTIi IEPOBCKITHUX MaTepialiB y TOMY
BUIIaJIKy, KOJM OCHOBHOIO METOIO € IIOBUIbHE BHJIAJICHHS IOBEPXHEBOIO INApy HAIIBIPOBIJHUKA, & TaKOXK
OJIepXKaHHS BUCOKOSIKICHOT, CTPYKTYpHO-/0CKOHAJIO1 H1OT0 MOBEPXHI.

KiouoBi cjioBa: TeEpOBCKIT, TMOBEPXHS,
JMMETHIICYTb()OKCH, ETUIIALIETAT, PO3YHH.

MIBUAKICTD TPaBICHHS,

XIMIKO-IMHaMiYHE MOJipyBaHHS,

Tlooano 0o peoaxyii 26.08.2024; npuiinamo oo opyxy 19.11.2024.

Beryn

Pe3ynbraTi HAYKOBOTO MOIIYKY JOCIITHUKIB Y Tay3i
OINTOENIEKTPOHIKK,  TOKa3ylTh, IO  IEPOBCKITHI
MaTepialii XapaKTepH3yIThCs OarathbMa HEOOXiTHHUMHU
JUIi  IOTO  HANpsIMKy  BJIACTUBOCTSMHU:  BHCOKOIO
TEPMIYHOIO CTaOLIBHICTIO, TAPHUMH (POTOCIEKTPUIHIMHU
BJIACTHBOCTSIMH, HU3bKOIO BapTicTio [1-3]. IlepoBckitn
pi3HOTO XiMi4HOTO CKiIany (HeopraHidHi, TiOpuaHi
(opraniuHO-HEOpTaHiyHi)), 3HaNIIIN LIMPOKE
3aCTOCYBaHHS B OITOEJIEKTPOHHUX NPHUCTPOSX, TAKUX SK
COHAYHI Oartapei, CBITIOBHNPOMIHIOBANbHI TPHIAIHN,
pamiamiitai Ta oTomeTeKTOpH 1 T.iH. [4, 5]. BigmidaeTbes,
0 HEOpraHiyHi MeTay-TajoreHigni nmeposckitn (MITI)
JIEMOHCTPYIOTh BHIIY XIMI4HY CTiHKICTh IOPIBHSAHO 13
ribpugauME opraHidHO-HeopraHiyHUMU. lle, oueBmaHO,
MOXXHa TIOSICHUTH TIOCHUJICHHSIM XIMIYHHMX 3B’SI3KiB MiXk
YacTHMHKaMHM KpHcTaniunoi ctpykrypu MI'TI y nopiBHSHHI
31 chHabmor  XIMIYHOIO  B3a€EMOJIEI0  OpraHIYHHX
KOMITOHEHTIB y riOpHaHMX NepoBckiTax. TUM He MeHIH,
0araTto HelaBHIX JOCII/UKEHb MOKA3aJIM, IO TNUTAHHSI
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ximiuHoi crabinpHocTi MITI BCe k Taku 3aiaMINAETHCS
JIOCUTh aKTyaJIbHUM 1 Ha jgaHuid 4ac. He3Baxaroum Ha
CBOIO TepCIeKTUBHICTh, Heopranidai MI'TI mimgnarotecs
JIeTpajialiii il BILTHBOM 30BHIIIHIX YMOB (TeMIlepaTypa,
BOJIOTA, OCBITJIEHHs), 110 CYTTEBO BIUIMBAE Ha
MPOJYKTUBHICTh BUTOTOBJIEHHX i3 HUX OpPHUCTpOiB [6-8].
[TpuunHOIO 1LOrO MOXYTh OyTH SIK BHYTPDIIIHI Tak i
MOBEPXHEBI  Ne(EeKTH  KPUCTATIYHOI  CTPYKTYypH
MEPOBCKITY.

[Ipouecn nmerpanarii B mepury 4epry BimOyBarOThCs
Ha TIOBEpXHI Marepiady, TOMY BHBYEHHS METOJIB
00poOKM MOBEPXHI MEPOBCKITIB, 3MEHIIEHHS i1 XiMiyHOT
AKTHBHOCTI, aHaJi3 moBepxHeBux cTaHiB MI'TI nomomosxe
y OJep)KaHHI sKiCHOro marepiany i3 cTaGiIbHUMHU
xapakrepuctukamu. Came skictb i crabumpHicTs MITI
BiflirpaBaTMME  BUpIMIAIbHY pOJb Yy  CTBOPEHHI
BUCOKOG(EKTHBHHUX IEPOBCKITHUX (ONTOEIEKTPOHHHX)
HNPUCTPOiB, 5Ki OyXyTh JOCTaTHRO IOBTOBIYHUMH B
peaybHUX YMOBaX eKCILTyaTallii.

Ax 1 immi MITI, monoxpucramiuauii CsPbBrs;
XapaKTepU3y€eThCs JIOCTaTHHO BUPAKEHUMHU
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OIITOCJIEKTPOHHUMH BJIACTUBOCTAMH. Brcoka pyximBicTh
HOCIIB 3apsiiy, BeJIMKa MJOBXMHA JuQy3ii, BHCOKHH
koedilieHT  QOTONOTIMHAHHS, BHCOKE  3HAYCHHS
cepennboro aromuoro Homepa (Pb-82, Cs-55, Br-35) i
BeJIMKa LIMpPHHA 3a0OpOHEHOI 30HM Ie3id IIFoMOYM
OpoMiny HarOTh 3MOTYy BHKOPHCTOBYBaTH HOTO B
PI3HOMAaHITHHX TPUCTPOAX BKIIOYAIOYN  JIETEKTOPH
BHIIPOMIHIOBAHHS PI3HOTO TIOXOKEHHS (y TOMY YHCII
raMMa 1 PEHTTCHIBCBKOTO), COHSYHI  €IEMEHTH,
CBITJIOBHUIIPOMIHIOBAJBHI MpHCTpOi Ta iHmi [9-12]. Ax iy
BHIA/IKy IHIIMX NEPOBCKITHHX MaTepiamiB, HamidHa i
0e3BiIMOBHa pOOOTa NMPHUCTPOIB, CTBOPEHHX Ha OCHOBI
CsPbBrs, 6arato B YoMy 3ajJeXHTh Bii CTaHy HOro
noBepxHi. TOMy METOI0 HaIIoOro JOCITiKeHHs OyJo
PO3pPOOUTH TEXHOJIOTIUHI YMOBH IiATOTOBKH IOBEPXHI
nepoBckiTy CsPbBrs, migiopati pe4oBHHH NpUIATHI 11
BCiX eramiB 0OOpOOKM Takoro Marepiany, BU3HAYHTH
CKJIam{ PO3YHHIB, $SKi MOXHA 3aCTOCOBYBATH IUIS
onepkanHs skicHoi moBepxHi MI'TI CsPbBrs.

I. Marepianu Ta MmeToaH

3pazku U1 JIOCITIZPKEHb BUpi3anu i3
HEOPIEHTOBaHOTO MOHOKPHCTATIYHOTO 31MHTKY CsPbBr3 y
BUIIIAI IIIACTHH Kpyriol ¢popmu. Ha erami nomepenHpol

0OpOOKM  IUIACTHHH  MEXaHIYHO  IOoJipyBamd i3
BUKOPHUCTAHHSAM  ONIHHUX  CyCleH3ili  aOpa3sWBHUX
MaTepiaiB. Jnst MDXOTepariifaoi OYUCTKH

BUKOPHCTOBYBAIM OpraHiuHI PO3YMHHUKH (METaHOI
(CH30H), aneton (C3HgsO), H-rexcan (CgHis), TOMyeH
(CeHsCHa)). IMomipoBaHi IIaCTUHU PO3pi3aiy HA 3pa3Ku
MeHImoro poamipy. Ilicns uporo 3pasku  Kieinu
HEpOOOYOI0 CTOPOHOKO Ha KBapLOBI MiIKIAAKK 3a
JTOTIOMOTOFO TTIIEiHY.

XiMiuyHy 00poOKY MPOBOMMIA Ha MPHUCTPOI XiMiKO-
MUHAMIYHOTO TIOJIpYBaHHS, sSKAU 3a0e3medye cTalOiiabHi
BiITBOPIOBaHI TiAPOJMHAMIYHI YMOBH IPOLECY 00pOOKH
moBepxHi 3pa3kiB. KBapmoBi minkmanku ¢ikcyBanu y
CKOHCTpyHOBaHOMY y QopMi IHCKY Te(hIOHOBOMY
TpuMadi Takoro mpucTtporo. IlIBuakicte oOepTaHHA
Te(JIOHOBOrO TpuMada (AMCKY) Y TPaBHUKY CTaHOBHIIA
90 06/xB. IIpu Bu3HauYeHHI cTajii npolecy, Mo 00MeKye
HWIBUAKICTh ~ PO3YMHEHHs  IEPOBCKITY B  LIIOMY
(orimiTyro4oi  cTTazii), IIBUAKICTH OOEpTaHHS JHUCKY
3miHtoBau Big 30 1o 130 00/xB.

[Buaxicte  TpaBneHHS (Vyp) BH3HAYANM 34
3MEHIICHHSIM TOBIIMHHU 3pa3ka (TOBIIMHHM BHAAJIEHOTO
mapy). g 1poro MpoBOAMIM BUMIPIOBAHHS TOBIIMHU
3paska 0 1 TicHsA  TpaBJIeHHS 3a  JJONOMOI'OIO
roAMHHNKOBOTO iHAMKaropa MY 10.

[lepen TpaBneHHSAM 3pa3ku HMPOMHUBAIHM OE3BOAHUM
METaHOJIOM MTPOTATOM 2 XBWIMH. [IJIsl TpaBJIeHHS 3pa3KiB
BUKOpHCTOBYBaiM  gumerricynbpokeun  (C2HsOS),
nuMmeTmIhopMamin (C3H70ON), eTuIaneTaT
(CH3COOC;Hs). TIpoMuBKY 3pa3kiB TiCIsl TpaBICHHS
MPOBO/IMIIM 3 BUKOPUCTAHHSAM H-Te€KCaHy. Bci peakTuBw,
BHKOPHUCTaHi y poboti, Oynm mapku yna. [Iporpasneni ta
MPOMUTI 3pa3Ky CYIIMJIM MOTOKOM CTHCHEHOTO CyXOro

TIOBITPSI.
[ToBepxHIO  MOHOKpUCTaNiB  micast  0OpOOKH
¢dororpadysanu 3a JIOTIOMOT'O}0 MiKpocKona

Leitz/Wetzlar Germany i3 BOyIOBaHOIO BiJleOKaMepOIO
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MD-CP 250 3i 36inb1eHHsIM Big 8% 1o 16X,

Il. Pe3yabTaTHl Ta iX 00rOBOpEHHSA

SIxicHy monipoBaHy OBEPXHIO TBEPIOi KPUCTAIIIHOT
PEUOBMHM MOXXHA OJAEPXKATH Yy TOMY BHIAJAKYy, KOIH
NpoLeC BUAAIEHHS IIOBEPXHEBUX MIapiB Marepiany
BiIOYBA€ThCS 13 HEBENMKOM IBUAKICTIO. Ll ymoBa €
OJTHIEIO 3 TOJOBHHMX IPU BHOOPI CKJIAAIB PO3YMHIB IS
NoNipyo4oi 0OpOOKH HamiBIIPOBITHUKOBUX MaTtepialis.
HeoOxinHO 3ayBaKMTH, IO BHIAJCHHS HOBEPXHEBOTO
rapy TBEpAOTO Tijla MOXXE BiOyBaTHUCh SK IMpH HOTO
po3unHeHHI (0e3 yTBOpEHHs HOBHX pPEYOBHH) Tak i y
mporieci  XiMiYHOI  B3a€EMOZil  HAMIBOpPOBiAHWKA i3
KOMITIOHCHTAMH TpPaBHHUKA (3 YTBOPEHHSAM IPOIYKTIB
peakii). Lle Moxxe MaTy 3HaYHWH BIUIMB Ha IIBHUAKICTH
TpaBIICHHS MaTepialy i Ha SKICTb OJep:KaHOI TOBEPXHi.
BignoBigHO MO0 1OrO, MUTAaHHSA BHOOPY CKJIALY
TPaBHHKIB 1 BU3HAYCHHS LIBHKOCTI TPABJICHHS € OJTHUM
i3 KIYOBHX B TEXHOJOrIl HAMIBIPOBIIHUKOBHX
Marepiaib.

VHiBepCaIBPHUM  PO3YMHHHKOM Uil 0araThbox
TBEPIUX HEOPTaHIYHMX PCUOBHH, IO SKUX HAJICKATH 1
MeTaJ-TAJIOTEHIIHI TepOBCKiTH, € Boma. IIpoTe, Mix
CsPbBrz i Bomoro BigOyBaeThcsi He JMIIE TPOILEC
PO3UMHEHHS, ane i XiMigHa B3aemoxmist. [Ipoaykramu Takoi
peakii € Hepo3YMHHI (MaJIOpO3YHHHI) PEYOBHHH, IO Y
BUTJISII TUTIBOK OCiarOTh Ha TOBEPXHI KPHCTANIB i HE
MOXYTh OYTH BHUAAJCHI HaBiTh MNpPHU ii PETEIHLHOMY
ouniieHHi. lle He 1ae MOXIJIMBOCTI BUKOPHUCTOBYBATH y
npoleci MiAroTOBKM SIKICHOI TOJIpOBaHOI IMOBEPXHI
CsPbBr; Bogu un BOmHHX pO3uHHiB. TOMYy TOJIOBHHMHE
KOMIIOHEHTAaMHM ~ CyMileil Juii  oOpoOKM  TOBEepXHi
MEepPOBCKITHUX MarepiayiiB €, B OCHOBHOMY, OpraHiuHi
PEUYOBHHHU.

Bimomo, mo mumermncynmspokcun (AMCO) i
mumermwipopmamin (AMDA) € rapHIMU pO3YHHHUKAMH
nmo BimHomeHHIO 10 CsPbBrs [13]. Tomy Ha mepmomy
€Tarll Halloro 0CIIUKEHHS BUBYAJIH ITPOLIEC PO3YHHEHHS
CsPbBrs came y JAMETHIIICYIb()OKCH I Ta
JquMeTriIdgopmamini. 3alexHiCTh TOBIIMHHM BHIAJIEHOTO
mapy mnepoBckity (l) Big uYacy BUTPUMKH 3pasKiB y
OpraHiyHOMY PO3YMHHHKY IT0Ka3aHO HAa PUCYHKY 1.
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Puc. 1. 3asiexxHICTh TOBIIMHN BHJAJICHOTO OBEPXHEBOTO
wapy CsPbBr3 (1) Big yacy tpasnenns y JMCO i IM®DA
(T =298K).

Sx  BumHO 3 rpadika, 3aNEKHICTH TOBIIMHU
BUJIQJICHOTO 3 IIOBEPXHI NEPOBCKITYy MIapy Bia dacy
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00pOoOKH B 000X OPraHIYHUX PO3YMHHUKAX € JIHIHHO0. [3
TaKoi 3aJIe)KHOCTI PO3paxOBaHE CEPEJHE 3HAYCHHS
LIBUAKOCTI TpaBieHHA 3pa3kiB. Y po3umni JIMCO
mBHIKiCTh TpaBieHHs CsPbBrs ckmamana 29 MkM/XB, y
po3uuni JIM®DA — 6 MkM/xB. Majie 3HaYCHHS IBUIKOCTI
TpaBieHHs 3pa3kiB  y [AM®PA € MO3UTHBHOIO
XapaKTEPUCTUKOIO 3 TOYKH 30py MOXKIMBOCTI HOro
3aCTOCYBaHHSA s Tomipyrodoro TpasieHHs CsPbBra.
Ane, SK TOKazadM pe3yIbTaTH OCITIKCHHS, SKICTH
MTOBEPXHI 3pa3KiB Micist 00poOKH iX AUMETHIIOpPMaMiIOM
3HAYHO TMIOTipITyBaNach, TOMI SIK 00pobOKa
JUMETHIICYIB(OKCUIOM, XOY 13 OUIBIIOI IIBUIKICTIO,
ajie AaBaja Kparuil pe3yabTat (PUCYHOK 2).

OCKiTbKH 06poOka MOBEPXHI MIEPOBCKITY
quMeTniIgopMaMioM  NPU3BOAMTE IO  3HAYHOTO
noripimieHHss i cra”y, TO /Uil HAIIMX MNOAAIBLIMX
JIOCIIIKEHBb 0yJI0 BAKOPUCTAHO AUMETHIICYIb(OKCHI.

3 METo 3MCHIIEHHSA IIBHAKOCTI  TPABIECHHS
MMOBEPXHI HAIBIPOBIAHUKOBUX MaTepialliB 110 CKIaIy
TPaBHHKIB 9acTO BBOAATH JOJATKOBUH KOMIIOHEHT, KU
XIMIYHO HE B3aeMOJi€ i3 MarepiayioM. Y Halomy
MOCTIDKCHHI B SKOCTI Takoro KOMIIOHEHTa OyIo
Bukopuctano erwiauerar (EA). Bmict erwnaneraty B
ckiani po3unHiB cucremu JJMCO — EA 30inbinyBany Bij
0 mo 80 06.% (tabmurrs 1).

3aJIeXHICTh TOBIIMHU BUAAJICHOTO HIAPY MEPOBCKITY
BiJl Uacy TpaBJICHHS y pO3YMHAX PI3HOTO CKJIaJly MOKa3aHO
Ha PUCYHKY 3.

MK i y BUNAAKy AAMETHICYTb(OKCUIY, 3aICKHICTh
TOBIIMHY BHOANCHOTO MoBepxHeBoro mapy CsPbBrs Big
yacy TpaBieHHA y po3umHax cucremu JIMCO — EA €
JiHI{HOIO. 30IJIBIICHHS BMICTY eTHJALETaTy y CKIasi
PO3YMHIB 3HAYHO 3MEHINYE INBUAKICTb PO3UNHCHHS
MIepOBCKITY BiZ 23 MKM/XB y po3unHi ckiaaxy 80 00.%
JIMCO - 20 06.% EA no 4 mxm/xB B po3uuHi 40 00.%
JAMCO — 60 06.% EA. Y po3uuHi, BMICT eTHJIaLIETaTy Y
sikomy 80 00.% TpaBJieHHsI IEPOBCKITY HE BiIOyBa€eThCs,
HIBUJKICTh PO3YMHEHHS 3MEHINYETHCS MPAKTHYHO MO

HyJb0BOTO 3HaueHHs. [loBepxHs 3pa3ka micist 0OpoOKu
TaKUM PO3YMHOM BTpayae OJHMCK 1 BKPHBAETHCS 011010
IUTIBKOIO, SIKY HE BIAETHCSI BUJAIUTH IIPY NPOMUBAHHI. Y
pozuuHi i3 BMicToM EA 60 00.% TpaBneHHs BiOyBa€eThCs
MOBLIBHO, aje Ha IOBEPXHI 3pasKiB TaKOX 3 SBISETHCS
Oirma TUTiBKa MEHINOI iIHTEHCHBHOCTI. 3 IIi€i MPUYUHA HE
MO)KHa BBaXKaTH PO3YHMH TaKOTO CKIany NPUIATHUM UL
TOJIIPYIOYOTO TPABJICHHS IOBEPXHI IIEPOBCKITY.

HonaBanHs po mumerwicynbdokcumy 40 00.%
eTHJAIleTaTy Maibke BTPWUYI 3MEHIIyE IIBUAKICTH
TpaBiIeHHA 3pa3kiB y mopiBHAHHI 13 unctiM [IMCO. [pu
bOMY SIKICTh OZAEp’KaHOi MOBEPXHI HE MOCTYMAETHCS
SAKOCTI TOBEepXHI 3pas3kiB 00pobnenum e JMCO.
Omxe posunnu cuctemu JJMCO — EA, y sikux BmicT EA
He nepeBuinye 40 00.% MOXXHa BHKOPUCTOBYBAaTH IJIs
noipyrodoro tpasieHHs: CsPbBrz y Tomy Bumaaky, konu
MpOLIEC PO3YMHEHHS TOTPIOHO MPOBOAUTH 3 HEBEIHKOIO
MIBUIKICTIO.

Jns  BCTaHOBICHHS JIMITYROUoi CTamil mporecy
pozunnenHst CsPbBrz y poszunnax cuctemu JJMCO — EA
JIOCTIKCHA 3aJICKHICTh IIBHUAKOCTI TPaBJICHHS 3pa3KiB
(Vmp.) Bix mBumakocTi obepranus aucky (7). Pesympratu
OIlepKaHOl1 3aJEeKHOCTI, MOOYZOBAaHOI B KOOPIHMHATAX
v!— y12 nokasano Ha pucyHky 4.

AHamizytoun  oTpuMaHi  rpadidHi  3aJEKHOCTI
IIBUJIKOCTI TPAaBJCHHS BiJ MIBHIKOCTI MEpPEMIIlyBaHHS
PO34YMHY Ta BpaXxOBYIOUH 3araibHi IPUHIUIN BU3HAYCHHS
CTaii, M0 OOMEXYIOTh MIBUAKICTh XIMIUHOI B3a€MOIIi,
MOXHA 3pOOMTH BHCHOBOK, WIO TMpPOLEC TPaBICHHS
CsPbBr; pozunnamu cucremu JIMCO — EA Bin0OyBaeThest
3a nuQy3iiHEUM MeXaHi3MOM, OCKUIBKM MPHCKOPEHHS
MIBUJIKOCTI IIEPEMIIlIyBaHHS TPAaBHUKA BEE 10 3pOCTAHHS
MIBUJIKOCTI PO3YMHEHHS B IIUJIOMY 1 BIiAMOBimHI TpsMi
EKCTPAITOJIOIOTHCS JI0 TI0YaTKy KOOPANHAT.

Puc. 2. TTosepxust CsPbBrs, 06po6iena JJM®DA (a) i IMCO (6). Yac tpasienns 1 xB, T = 298K.

Taoauns 1.

CkJiay po3unHiB Juist 00poOku nosepxHi CsPbBr

O0’eMHE CHIBBIIHOIICHHS KOMIIOHCHTIB CkJiajy po3umHiB, 00. %
JAMCO : EA 4:1 20 % po3umH EA y IMCO
JAMCO : EA 3:2 40 % po3unn EA y IMCO
JAMCO : EA 2:3 60 % po3umH EA y IMCO
JAMCO : EA 1:4 80 % po3uun EA y IMCO
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Puc. 3. 3aJIeKHICTh TOBILUHA BHUIAJIEHOTO

noBepxHesoro mapy CSPbBr; () Big uacy TpaBieHHs y
posuunHax cuctemu IMCO — EA (T = 298K).

JudysiiiHuii MexaHi3M € OIHUM 13 OCHOBHHX
KpUTepiiB pyu BUOOPI CKIIAJiB TPAaBHUKIB, SIKI BUSBISIOTH
MOJIpyIOUi BIIACTHUBOCTI o010 MTOBEPXHI
HamiBIpoBinHUKA. ToMy, BpaxOBYIOUH IeH (PaKT, MOKEMO
CTBEPKYBATH, IO JNEsAKi CKIAT¥ PO3YHHIB CHCTEMH
JUMETHICYTb(GOKCU — eTUIALeTaT € MEePCIICKTUBHUMHU
IUIA  ONepXKaHHSA SKICHOI, BINBHOI Bif 3a0pyaHEHB,
noJipoBanoi moBepxHi CsPbBrs.

BucHoBku
HapmiitHa 1 OGe3BigMOBHa po0OTa EIEKTPOHHHUX
mpucTpoiB, ctBopeHux Ha ocHOBI MITI CsPbBrs,

3aJICKUTh HE JIUIIE BiJ BIACTHBOCTEH 00’ €My MaTepiaiy,
anme 1 Bim craHy HOro moBepxHi. 3 ONNIAAYy Ha IIe,
miaroropka moepxHi CsPbBr; € omHuUM i3 KPUTHYHO
BAYKJIMBUX eTariB TEXHOJIOT11 MEPOBCKITHUX
HAamMiBIPOBITHUKOBUX MarepianiB. OOpoOka TmoBepXHi
CsPbBr; e Moxe 3IiCHIOBATHCH i3 BHKOPHCTAHHAM
BOJIY YU BOJHUX PO3YHMHIB, OCKUIBKH y IIbOMY BHIIQJIKy
BiOyBa€ThCS XIMIYHA B3a€EMOJIs, B pPE3yibTaTi SKOi
YTBOPIOIOTHCS HEPO3UHHHI 200 MaJIOPO3UMHHI IPOTYKTH.
B Hamiif pobGoTi mis ximiuHoro TpaBieHHS CsPbBr3
BUKOPHCTaHO Oe3BOoMHMH nuMeTwicyibpokcun. Ha
OCHOBI I[bOTO OpPraHidYHOIO PO3YMHHHKA PO3pOOIECHO
Cepil0 HOBUX TMOJIPYIOUMX CKJIaJIiB TPaBHUKIB IS
ximMigyHoro mnoxipyBanHsi CsPbBrs. Bcranosneno, mio
PO3YMHEHHSI  MEPOBCKITY Yy  JITUMETHJICYJIb(MOKCHII
BiIOYBA€ETHCS 31 MBHAKICTIO 29 MKM/XB. JlomgaBaHHS 10
mumetmicyibpokeunry 20 i 60 00.% erwnameraty
NPU3BOJUTh JI0 3MEHINCHHS MIBUAKOCTI PO3YMHEHHS
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Puc. 4. 3anexuicts mwBuaKocTi TpasieHHs CSPhBr3
BiJl IMIBUAKOCTI OOEpPTaHHS JUCKAa B PO3UMHAX
cuctemu JIMCO — EA (T = 298 K).

MEepOBCKITY a0 23 MKM/XB i 4 MKM/XB, BiJIOBIIHO.
[TokazaHo, MI0O MONIPYIOUUMH BJIACTUBOCTSAMHU IIOAO
noBepxHi CsPbBr; BONOAiIOTE PO3YMHHU, Y SIKHX BMICT
eTHIALeTaTy Yy AWMETWICYIb()OKCHAI HE TEepeBHUIIyE
40 06.%. JliMiTyI04OI0 CTami€l0 TpoLEecy PO3UMHEHHS
CsPbBr; y posumHax cucreM AUMETHICYIbGOKCHA —
eTwnanerar € andysid, MO BKa3ye Ha MNEPCIEKTHBY
BUKOPHCTAHHS IX AJISI MOJIPYIOYOTO TPABJICHHS ITOBEPXHI
CsPbBrs.
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Introduction

The results of scientific research in the field of
optoelectronics show that perovskite materials are
characterized by many properties necessary for this field:
high thermal stability, good photovoltaic properties, and
low cost [1-3]. Perovskites of various chemical designs
(inorganic, hybrid (organic-inorganic)) are widely used in
optoelectronic devices such as solar cells, light-emitting
devices, radiation and photodetectors, etc. [4, 5].

It is noted that inorganic metal-halide perovskites
(MHPs) exhibit higher chemical resistance compared to
hybrid organic-inorganic perovskites. This can obviously
be explained by the strengthening of chemical bonds
between the particles of the MHPs crystal structure
compared to the weaker chemical interaction of organic
components in hybrid perovskites. Nevertheless, many
recent studies have shown that the issue of chemical
stability of MHPs is still quite relevant at present. Despite
their promise, inorganic MHPs are subject to degradation
under the influence of external conditions (temperature,
moisture, light), which significantly affects the
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performance of devices made from them [6-8]. This can
be caused by both internal and surface defects in the
crystal structure of perovskite.

Degradation processes primarily occur on the surface
of the material, so studying the methods of perovskite
surface treatment, reducing its chemical activity, and
analyzing the surface states of MHPs will help to obtain a
high-quality material with stable characteristics. It is the
quality and stability of MHPs that will play a crucial role
in the creation of high-performance perovskite
(optoelectronic) devices that will be sufficiently durable in
real operating conditions.

Like other MHPs, single-crystal CsPbBrs is
characterized by quite pronounced optoelectronic
properties. High mobility of charge carriers, long diffusion
length, high photoabsorption coefficient, high average
atomic number (Pb-82, Cs-55, Br-35) and large band gap
of cesium plumbum bromide make it possible to use it in
various devices, including radiation detectors of various
origins (including gamma and X-rays), solar cells, light
emitting devices, and others [9-12].

As in the case of other perovskite materials, the
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reliable and trouble-free operation of devices based on
CsPbBr3 largely depends on the condition of its surface.
Therefore, the purpose of our study was to develop
technological conditions for the preparation of the surface
of CsPbBr3; perovskite, to select substances suitable for all
stages of processing such material, and to determine the
composition of solutions that can be used to obtain a high-
quality surface of MHPs CsPbBrs.

I. Materials and methods

The samples for the study were cut from a CsPbBr;
ingot in the form of round plates. The plates were
mechanically polished using oil suspensions of abrasive
materials. Organic solvents (methanol (CH3;OH), acetone
(C3Hs0), n-hexane (CsHia), toluene (CeHsCHs)) were
used for interoperative cleaning. The polished plates were
cut into smaller samples. After that, the samples were
glued to quartz substrates with the wrong side using wax.

The chemical treatment was carried out on a
chemical-dynamic polishing device, which provides
stable, reproducible hydrodynamic conditions for the
surface treatment of samples. The quartz substrates were
fixed in the disc-shaped Teflon holder of the device. The
rotation speed of the Teflon holder (disc) in the etchant
was 90 rpm. When determining the limiting stage of the
dissolution process, this speed was varied from 30 to
130 rpm.

The etching rate (Vewn) was determined by the
decrease in sample thickness (thickness of the removed
layer). For this purpose, the thickness of the sample was
measured before and after etching using a clock indicator
ICh 10.

Before etching, the samples were rinsed with
anhydrous methanol for 2 minutes. Dimethyl sulphoxide
(C2H6QOS), dimethylformamide (CsH;ON), and ethyl
acetate (CH3COOC;Hs) were used to etch the samples.
After etching, the samples were rinsed with n-hexane. All
reagents were of p.a. grade. The etched and washed
samples were dried with a stream of compressed dry air.

The surface of the single crystals after treatment was
photographed using a Leitz/Wetzlar Germany microscope
with a built-in MD-CP 250 video camera with a
magnification of 8x to 16x.

I1. Results and discussion

A high-quality polished surface of a solid crystalline
substance can be obtained when the process of removing
the surface layers of the material is carried out at a low
rate. This condition is one of the main ones when selecting
solution compositions for polishing semiconductor
materials. It should be noted that the removal of the
surface layer of a solid can occur both during its
dissolution and in the process of chemical interaction of
the semiconductor with the components of the etchant.
Accordingly, the issue of selecting the composition of
etching agents and determining the etching rate is one of
the key issues in the technology of semiconductor
materials.

It is known that water is a universal solvent for many
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solid inorganic substances. However, CsPbBr; and water
undergo not only a dissolution process but also a chemical
interaction. The products of this reaction are insoluble
(poorly soluble) substances. These substances are
deposited on the surface of crystals in the form of
insoluble films and cannot be removed even after
thorough cleaning. This makes it impossible to use water
or aqueous solutions in the process of preparing a high-
quality polished CsPbBrs surface. Therefore, the main
components of mixtures for surface treatment of
perovskite materials are mainly organic substances. It is
known that dimethyl sulfoxide and dimethylformamide
are good solvents for CsPbBr3 [13]. Therefore, at the first
stage of our study, we determined the dissolution rate of
CsPbBr; in dimethyl sulfoxide (DMSO) and
dimethylformamide (DMFA). The dependence of the
thickness of the removed perovskite layer (I) on the time
of exposure of the samples to the organic solvent is shown
in Figure 1.

100 -
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Fig. 1. Dependence of the thickness of the removed
surface layer of CsPbBr; on the etching time in DMSO
and DMFA (T = 298K).

The diagram shows that the thickness of the layer
removed from the perovskite surface depends on the
processing time in both organic solvents in a linear
fashion. From this dependence the average value of the
etching rate of the samples was calculated. In the DMSO
solution, the etching rate of CsPbBrs was 29 pum/min, and
in the DMFA solution — 6 um/min. The low value of the
etching rate of samples in DMFA is a positive
characteristic in terms of the possibility of its use for
polishing etching of CsPbBrs. However, the results of the
study showed that the surface quality of the samples after

treatment  with  dimethylformamide  deteriorated
significantly, while the treatment with dimethyl
sulphoxide, although at a higher rate, gave a better result
(Figure 2).

Since the treatment of the perovskite surface with
dimethylformamide leads to a significant deterioration in
its quality, dimethyl sulfoxide was used for our further
studies.

In order to reduce the etching rate of the surface of
semiconductor materials, an additional component that
does not chemically interact with the material is often
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Fig. 2. CsPbBr; surface treated with DMFA (a) and DMSO (b). The etching time was 60 sec (T = 298 K).

introduced into the etchant composition. In our study,
ethyl acetate (EA) was used as such component. The
content of ethyl acetate in the solutions of the DMSO-EA
system was increased from 0 to 80 vol. % (Table 1).

Table 1.
Composition of solutions of DMSO — EA system

Volume ratio | Composition vol. %

. . 20 9% solution EA in
DMSO: EA 4:1 DMSO

. . 40 % solution EA in
DMSO: EA 3:2 DMSO

. . 60 % solution EA in
DMSO: EA 2:3 DMSO

. . 80 % solution EA in
DMSO : EA 1:4 DMSO

The dependence of the thickness of the removed
perovskite layer on the time of chemical treatment for the
various compositions (Table 1) is shown in Figure 3.
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Fig. 3. Dependence of the thickness of the removed
surface layer of CsPbBr; on the etching time in solutions
of the DMSO-EA system (T = 298 K).

As with dimethyl sulfoxide (Fig.1), the corresponding
dependence is linear. Increasing the ethyl acetate content
in the solutions significantly reduces the perovskite
dissolution rate from 23 um/min in a solution of 80 vol. %
DMSO - 20 vol. % EA to 4 pm/min in a solution of 40 vol.
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% DMSO - 60 vol. % EA. In a solution containing 80 %
ethyl acetate, etching of perovskite does not occur and the
dissolution rate decreases to almost zero. The surface of
the samples after treatment with this solution loses its
lustre and is covered with a white film that cannot be
removed by rinsing.

In the solution, containing 60 vol. % EA, slow etching
occurs, but a white film of lower intensity also appears on
the surface of the samples. For this reason, a solution of
this composition cannot be considered suitable for
polishing etching of the perovskite surface.

The addition of 40 vol. % ethyl acetate to dimethyl
sulphoxide reduces the etching rate of the samples by
almost three times compared to pure DMSO. At the same
time, the quality of the surface obtained is not inferior to
the surface quality of samples treated with DMSO alone.
Therefore, it can be assumed that solutions of the DMSO-
EA system, in which the content of EA does not exceed
40 vol. %, can be used for polishing etching of CsPbBrs.

To determine the limiting stage of the CsPbBr;
dissolution process in solutions of the DMSO-EA system,
the dependence of the samples etching rate on the disc
rotation speed (y) was investigated. The results of the
obtained dependence plotted in the coordinates
vt - 412 are shown in Fig. 4.

e
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Fig. 4. Dependence of the CsPbBr;etching rate on the disc
rotation speed in solutions of the DMSO-EA system
(T =298 K).
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By analyzing the obtained dependences of the etching
rate on the disc rotation speed and taking into account the
general principles of determining the stages, limiting the
rate of chemical interaction, it can be stated that the
etching process of CsPbBr3 by solutions of the DMSO-EA
system occurs by the diffusion mechanism. Such
conclusion can be made taking into account that the
acceleration of the disc rotation speed in the etchant
solution leads to an increase in the rate of samples
dissolution in general, and the corresponding lines are
extrapolated to the coordinate’s origin.

The diffusion mechanism is one of the main criteria in
the selection of etchant compositions that exhibit
polishing properties on the semiconductor surface.
Therefore, taking this fact into account, we can assert that
some compositions of solutions of the dimethyl sulfoxide-
ethyl acetate system are promising for obtaining a high-
quality, contamination-free, polished surface of CsPbBrs.

Conclusions

Reliable and trouble-free operation of electronic
devices based on CsPbBrs MHPs depends not only on the
bulk properties of the material but also on the state of its
surface. In view of this, the preparation of the CsPbBrs;
surface is one of the critical stages of the technology of
perovskite semiconductor materials. The surface of
CsPbBr; cannot be treated with water or aqueous
solutions, as this would result in chemical interaction,
which would produce insoluble or poorly soluble
products. In our study, anhydrous dimethyl sulfoxide was
used for CsPbBrs chemical etching. Based on this organic
solvent, a series of new polishing compositions of etching

solutions for chemical polishing of CsPbBr; was
developed. It was found that the dissolution of perovskite
in dimethyl sulfoxide occurs at a rate of 29 um/min. The
addition of 20 and 60 vol. % ethyl acetate to dimethyl
sulfoxide leads to a decrease in the perovskite dissolution
rate to 23 um/min and 4 pm/min, respectively. It has been
shown that solutions with ethyl acetate content in dimethyl
sulfoxide not exceeding 40vol. % have polishing
properties on the surface of CsPbBr3. The limiting stage of
the process of CsPbBrs dissolving in solutions of the
DMSO-EA system is diffusion. This indicates the
prospect of using them for polishing etching of the
CsPbBrs surface.
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B3aemonisi POCsBr3 3 po3unHamu cucteMu THMeTHICYIb(OKCHT —
eTHIAleTaT

Yepniseywbkuil HayionanoHuil yrisepcumem imeni FOpis @edvrosuua, Yepnisyi, Ykpaina v.ivanitska@chnu.edu.ua

BuBueHO mpolec XiMiKO-IMHAMIYHOTO TIOJipyBaHHs TOBEPXHI MeTal-raloreHigHoro neposckity PhCsBrs
TpaBHHKAaMHM Ha OCHOBI PO3YMHIB cucteMu auMmermicyiabdokenn — erwnanerat (JJMCO-EA). [ocnimkeHo
3aJIe)KHOCTI IIBUAKOCTEH PO3YMHEHHS IEPOBCKITY BiJl BMICTY eTHJIALlETaTy y CKJIaJi PO3YMHY TpaBHHKA. AHai3
SIKICHUX XapaKTepUCTHK OJIepyKaHol B pe3yJIbTaTi TpaBICHHs TOBEPXHI 34iHCHEHO 3a IOMOMOTO0 METO/Ia OIITHYHOT
Mikpockomii. BeranoBieHo, 1o npouec pozuntertst POCsBrs y tpasuukax cucremu JIMCO-EA BinGyBaeTses 3a
mudysiitanM MexanisMoM. Ha OCHOBI oJepikaHHX pe3yibTaTiB ONTHMI30BAHO CKIAJH TPABWIBHUX PO3YHHIB Ta
TEXHOJIOTIUHI PEXKUMH TPOBECHHS XiMiKO-IMHAMIYHOTO TOJipyBaHHs MOHOKpHcTanie PhCsBra. Momudikosani
CTUJIALIETATOM TPABHUKHM € MEPCIICKTUBHUMHU JUISl BUKOPUCTAHHS y TEXHOJOTII IIEPOBCKITHUX MaTepialliB y TOMY
BHUIMAJKY, KOJIM OCHOBHOIO METOI0 € IIOBUIPHE BHJAJCHHS I[OBEPXHEBOTO ILIAapy HAIIBIPOBIIHUKA, a TAaKOX
OJIep>KaHHS BUCOKOSIKICHOT, CTPYKTYPHO-/I0CKOHAJIOT HOTO MTOBEPXHi.

KnrodoBi cioBa: TmepoBCKiT, NOBEpXHs, IIBHIAKICT TpPaBICHHS, XiMIKO-AWHaMiYHE IIOJIpyBaHHS,
JMMETHICYJIL(MOKCH, eTHIIALeTaT, PO3YHH.
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