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Pedepar:

1. Incepranifina po60Ta IPUCBIYE€HA CTBOPEHHIO MaTepialO3HaBYMX OCHOB KEPYBaHHS CTPYKTYPHO-UyTJIMBUMU
XapaKTepPUCTUKAaMU HAHOYACTUHOK Ta MiBoK NiO, ZnO, Cu2ZnSn(SxSel-x)4, ogepskaHux 3a 10NOMOrow 3D npyky
IIpu pi3HUX Pi3UKO-TEXHOJIOTTYHMX YMOBAX, Ta iX onTuMisalii. ¥ peaynbTati ogepskaHi MoJesbHi 3pa3ku, IpUAATHi y
[OIQJIBIIOMY [I71s1 BATOTOBJIEHHS TPUJIAZIiB €JIEKTPOHIKY, B Ileplly Yepry coHssyHux enemeHTax (CE) TpeTboro
nokostiHHs. CE Ha ocHOBIi nornHansHux mapis Cu2ZnSn(SxSel-x)4 Ha Lei 4ac 3aIMIIAI0ThCS MaJIOe(PEKTUBHUMU,
1[0 TTOB’SI3aHO 3 YTBOPEHHSIM BeJIMKOI KiIbKOCTi BTOPUHHUX (a3 i BTaCHUX CTPYKTYPHUX JedeKTiB B maTepiasi Ta
HEOIITHMMIi30BaHOIO KOHCTpYKUieto mpunagis. Ilinumenss KK ¢poronepersoprosauis (PEIT), Mo>kinBe HIJISIXOM
onTuMi3zallii ix KOHCTPYKLii Ta BUKOPHUCTAHHS OJHO(PA3HNUX CTPYKTYPHOJOCKOHAJMNX IJTiIBOK 3 KOHTPOJIbOBAaHUM
aHcamMbJieM BJIaCHUX TOUKOBUX Je(eKTiB. MeToau ogepskaHHsl pobounx mapis CE NoBUHHI JIeTKo MacTabyBaTucs,

OyTU HU3bKO €HEPreTUYHUMHY, 6€3BAaKyyMHUMU Ta €KOJIOTIYHO 6e3reyHnMHU. [1J1s1 TOCATHEHHSI MeTU po60TH 6YJI0



IIPOBELIEHO MOJeoBaHHs (pisnuHux npoueciB y QEIT Ha ocHOBI reteponepexofis n-CdS / p-Cu2ZnSn(SxSel-x)4 i3
(pOHTANIPHUMU CTPYMO3HIMAIbHUMU IIapaMU Ha OCHOBI ITPO30pUX NPoBigHuX okcugiB n-1TO (ZnO). Byso
BU3HA4YE€HO ONTHMAJIbHUI CKJIAJ] TBEPJOTO PO3YMHY KECTEPUTHOI CTIIOJYKM Ta KOHCTPYKTUBHI OCOOJIMBOCTI
TOHKOILIiBKOBUX CE, siKi 3a06€3I1e4yI0Th X MaKCUMaJIbHY €(eKTUBHICTb. TaKoX 0yJI0 pO3pPaxOBaHO MaKCHUMAJIbHY
TEOPETUYHY €(PEKTUBHICTb TAaKUX NPUIALIB. 17151 ofepskaHHs 0JHO(PA3HUX I1IBOK TBEPAUX PO3UMHIB
Cu2ZnSn(SxSel-x)4 Ta oKCUJiB METAIB 3 334aHMX CKJIAJIOM i XapaKTepUCTUKaMU B poOOTi 3alIpOIIOHOBaHA
IIpoLeaypa, o BKI0Yasa CUHTE3 HAHOYACTUHOK LIMX CII0JIyK KOHTPOJIbOBAHOTO XiMIiYHOTO CKJIafy Ta POPMyBaHHS
YOPHWMJI, SIKi B IOAA/IBIIOMY BUKOPUCTAHI [JIs1 HAHECEHHS IJIiIBOK HU3bKOTEMIIEPATyPHUM METOIOM APYKY Ha
npuHTEPi. [1715 BUJaneHHs Opra’ivHUX NOMIILIOK, SKi BAKOPHUCTOBYBAJIACS IIPY CUHTE3] HAHOYACTUHOK i CTBOPEHHI
YOPHUJI Ta MOJIMNIIEHHS CTPYKTYPHOI SKOCTI IJIIBOK, HA OCTAHHbOMY €Talli BOHHU BiJI[IaIIOI0ThCS. 3 BUKOPUCTAHHAM
3D npuHTepa, YOPHUJIAMU Ha OCHOBi CUHTE30BaHMX HAHOYACTHUHOK, IJISIXOM 3aMiHM TPAAULiMHOI TOJIiBKY Ha TaKy,
sIKa [,03BOJIsIE Lje pOOUTH, HAIPYKOBAHO IJIIBKM OKCUJHUX Ta KECTEPUTHUX CIIOJYK 3 BiITBOPIOBAHUMU
Xapakrepuctukamu. Jlociimpkeni ix MopgosioriuHi, CTpyKTYpHi, CyOCTPYKTYPHi, OITUYHI, esleKTpodiznyHi
BJIACTUBOCTI Ta €JIEMEHTHUN CKJIAJ, B 3aJIEXKHOCTI Bill YMOB IPYKY Ta IiCJISIPOCTOBUX Bifmalis. Lle 103801110
BCTAHOBUTH 3B'SI30K MK HMMY, BUSHAUUTH ONTUMAJIbHi yMOBY HAHECEHHS i Biillaly MJIiBOK 3 XapaKTEPUCTUKAMU,
10 HeoOXifHi 17151 X BUKOpUCTaHHS SIK 6a30Bux mapis OEIT Ta akTUBHUX €JIeMEeHTIB IPUJIajliB THYYKOi €J1eKTPOHIKU.
Taknm 4MHOM, B pO6GOTi HAa OCHOBi alIPOGOBAHOTO ITPOrPAMHOTO 3a6€3M1€YEHHS BIIEPIIE IPOBELEHO BUSHAYEHHS
onTtuyHux BTpart eHeprii y CE 3 koHcTpyKuieto ckino/n-1TO(ZnO)/n-CdS /p- Cu2ZnSn(SxSel-x)4 /TuabHUN
KOHTaKT. BUBY€HNI BIIMB IUX BTPAT Ha (POTOEJIEKTPUYHI XapaKT€PUCTUKYU NPUJIAZiB B pe3yJbTaTi 40ro BUOpaHi
ONTUMAJIbHUM CKJaT, TBepaoro po3unHy (Cu2ZnSn(S0,30Se0,70)4 3a nanumu pob6otu [1] i Cu2ZnSn(S0,48Se0,52)4 3a
IaHuMmU po6oTu [2]) i KoHcTpyKList DEIT Ta Bu3HaueHi (isuyHO AOLiIbHI TOBIMHY (PYHKLIOHAJIBHUX LIAPiB NpUIagy
(dZnO =100 M, dCdS = 25 HM). Briepiie 3anrporioHOBaHO HOBUH CIIOCI6 [10JII0JIBHOTO CUHTE3y HAHOYACTUHOK
crionyku Cu2ZnSnSe4 (Cu2ZnSnS4), ne sk mxepesio Se (S) BUKOPUCTaHO aMopdHUii cesieH (CipKy) 3aMicTb
TpaguLiiiHoi cesleHOMO4YeBUHM (TiomoueBuHM). [lini6paHo onTuMasnbHi ymoBU cuHTe3y: Temieparypy (T = 553 K),
yac (= 120 xB) Ta MOJIIpHE CHiBBiHOLIEHHS! KOMIIOHEHTIB y nipekypcopi (2:1,5:1:4), npu sIKuX HAHOKPUCTAIU MaJn
onHoda3Hy CTPYKTypy KecteputHoro tuiy ta ckiag (CCu = 29,0 at.%, CZn = 12,1 at.%, CSn = 12,7 aT.%, CSe(S) =
46,2 aT.%), 6;1M3bKUI 10 CTEXIOMETPUYHOr0. BUKOPUCTAHHS [J151 CUHTE3Y €JIEMEHTapHOT0 CeJIeHY J03BOJIUIIO
3HAYHO 3[I€UIEBUTH NIPOLIeIyPY OLEP>KaHH LIUX CIOJIyK. Briepie 3 BUKOPUCTaHHSIM O6€3MeYHNX J1s1 300POB’sl
JIIOJJMHU Ta €KOJIOTii IPEKYypCOPiB pO3pO06JIEHO METO], CUHTE3Y HAHOYACTUHOK TBEPLOTO PO3YMHY
Cu2ZnSn(SxSel-x)4 3 ofHO(DA3HOIO CTPYKTYPOIO Ta KEPOBAHMM CKJIATIOM. 3 BUKOPUCTAHHSM CYCII€H3il Iux
YaCTMHOK HU3bKOTEMIIEPATYPHMM METOZOM 3D APYKY OfiepsKaHi IUIIBKYA 3 KOHTPOJIbOBAHUMU XapaKTeprCTUKamu. B
pe3yJIbTaTi BOANIOCs CIIPOCTUTH IIPOLEC HAHECEHHS IIUIIBOK TBEPIAUX PO3YMHIB 3a PaXyHOK BiIMOBU Bif, Binnany
3paskiB Cu2ZnSnS4, npu remneparypax (773-823) K B cepeioBulli cesieHy, 3MEHIINTU COOiBapTiCTb CUHTESY,
BUKOPMCTABIIHU SIK J)KepeJla XaJIbKOT€HIiB €JIEMEHTAPHI CipKy i CeJIeH 3aMiCTh BUCOKOBAPTICHUX OPraHOCEJIEHITiB Ta
OpraHiYHMUX PO3YMHHUKIB. YCTAaHOBJIEHO (Pi3MKO-TEXHOJIOTIUHI yMOBU OTPMMaHHs MeToaoM 3D IpyKy ogHOopasHUX
BMCOKOTEKCTYPOBAaHMX Ta CyLiIbHUX MIIiBOK ZnO, NiO, Cu2ZnSn(SxSel-x)4) 3 Benukumu po3mipamu OKP (L),
HU3BKUM piBHEM MikpoaedopMaliiil Ta MiKpOHaIIpyKeHb, 'YCTUHOIO IMCJIOKALii i KEPOBAHOIO CTEXIOMETPIEIO,
NPUJATHUX J1JIs1 IPUJIaZl0OBOrO BUKOPUCTaHHS. BusiByieHi ymoBu ix micispocrosoro Bignainy (Ta), mo 3a6e3neuyoTs

IMMOKpall€HHA SIKOCTi CTPYKTYpHU TIJ1iBOK Ta B OAJIEHHSA CTOpOHHiX OpFaHi‘{HI/IX ,HOMiIJ_[OK.

2. The Ph.D. thesis is devoted to creating of materials science bases for controlling the structure-sensitive
characteristics of nanoparticles and films NiO, ZnO, Cu2ZnSn(SxSel-x)4, obtained with the help of 3D printing
under different physical and technological conditions, and their optimization. As a result, model samples of
multilayer structures were obtained, suitable in the future for the creation of electronic devices, primarily solar
cells (SC) of the third generation. SC based on absorption layers Cu2ZnSn(SxSel-x)4 at this time, they remain
inefficient, due to the formation of a large number of secondary phases and inherent structural defects in the
material and the non-optimized design of the devices. Increasing the efficiency of photoconverters is possible by
optimizing their design and using single-phase structurally perfect films with a controlled ensemble of intrinsic
point defects. The methods of obtaining SC working layers should be easily scalable, low-energy, vacuum-free and



envir, onmentally safe. To achieve the set goal, in the woin workeling of physical processes in SE based on
heterojunctions (HJs) was carried out n-CdS/Cu2ZnSn(SxSel-x)4 with current absorbing layers n-ITO(ZnO) and
the optimal composition of the solid solution of the kesterite compound and the design characteristics of thin-film
FEPs, which ensure their maximum efficiency, were determined. The maximum theoretical efficiency of such CEs
was calculated. For obtaining single-phase films of solid solutions Cu2ZnSn(SxSel-x)4 and metal oxides with the
specified composition and characteristics, a procedure was proposed in work, which included the synthesis of
nanoparticles of these compounds of controlled chemical composition and the creation of inks, which were
subsequently used for applying films by a low-temperature method of printing on a printer. In organic impurities
that were used in the synthesis of nanoparticles and the creation of inks and to improve the structural quality of
the films, they are annealed at the last stage. Using a 3D printer with inks based on synthesized nanoparticles, films
of oxide and kesterite compounds with reproducible characteristics were printed by replacing the traditional head
with one that allows this. Their morphological, structural, substructural, optical, electrophysical properties and
elemental composition were studied depending on the printing and post-growth annealing conditions. Thus, in
work based on the tested software, the determination of optical energy losses in SC with a glass construction was
carried out for the first time n-ITO(ZnO)/n-CdS /p-Cu2ZnSn(SxSel-x)4 /back contact. The influence of these
losses on the photoelectric characteristics of the devices was studied, as a result of which the optimal composition
of the solid solution was selected (Cu2ZnSn(S0,30Se0,70)4 according to [1] i Cu2ZnSn(S0,48Se0,52)4 according to
[2]) and FEP design and defined physically appropriate thicknesses of functional layers of the device (dZnO =100
nm, dCdS = 25 nm). For the first time, a new method of polyol synthesis of nanoparticles of the compound was
proposed Cu2ZnSnSe4 (Cu2ZnSnS4), whereas the source Se (S) amorphous selenium (sulfur) was used instead of
traditional selenourea (thiourea). Optimum synthesis conditions were selected: temperature (T = 553 K), time ( =
120 min), and the molar ratio of the components in the precursor (2:1,5:1:4), in which the nanocrystals had a single-
phase kesterite-type structure and composition (CCu = 29,0 at.%, CZn = 12,1 at.%, CSn = 12,7 at.%, CSe(S) = 46,2
at.%), close to stoichiometric. The use of elemental selenium for the synthesis made it possible to significantly
reduce the cost of the procedure for obtaining these compounds. For the first time, a synthesis method of solid
solution nanoparticles was developed using precursors that are safe for human health and ecology
Cu2ZnSn(SxSel-x)4 with a single-phase structure and controlled composition. With the use pensions of these
particles, films with controlled characteristics were obtained by the low-temperature method of 3D printing. As a
result, it was possible to simplify the process of applying films of solid solutions due to the refusal of annealing the
samples Cu2ZnSnS4, at temperatures (773 - 923) K in the environment of selenium, to reducethe cost of synthesis
by using elemental sulfur and selenium as sources of chalcogen instead of high-cost organoselenides and organic
solvents. The physical and technological conditions for obtaining single-phase highly textured and continuous
films by 3D printing have been established ZnO, NiO, Cu2ZnSn(SxSel-x)4 with large CSR sizes (L), low level of
microdeformations and microstressmicro stresseson density and contro,lled stoichiometry, suitable for
instrument use. The conditions of their post-growth annealing have been revealed (Ta), which ensure the
ensuresvement of the quality of the film structure and the removal of extraneous organic impurities.
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rOJIOBH pagu

ByiacHe IlpizBumie Im's I1o-6aThKOBI Omuopopenp Jlapuca BaseHTrHiBHA
rOJIOBYIOYOTO Ha 3aCifilaHHi

BigmoBimasibHUI 32 MiATOTOBKY Boriko AuTon Onexcanziposuy

00JIIKOBHX JJOKYMEHTIB

PeecTtpartop YkpIHTEI

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaJIbHUM 32 PEECTpalLilo HayKOBO1 IOpuenko TeTsHa AHaToJiiBHA

OisSIIBHOCTI




