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1. Incepraujiiina po60Ta IpUCBAYEHA PO3pOOLi MaTePiaslo3HABUNX OCHOB KEPYBAHHS CTPYKTYPHO-YyTIMBUMU
XapaKTepUCTUKaMu HaHo4acTUHOK (HY) ta nniBok criosyk CuO, ZnO:Al, SnS, ogep>kaHuX METOJAMU IPYKY,
30Kpema MokpanejbHuM 3D APyKOM Ta PO3NUJIEHHSIM HAHOYOPHUJI HA CKJISIHI Ta FHYYKI MiIKJIaOKU 32 Pi3HUX
(di3MKO-TEXHOJIOTYHMUX YMOB. OCOGJIMBY yBary NpuyziJIeHO ONTUMI3allii XapaKTEPUCTHK LMX MaTePialiB MJISIXOM
IiCJIIPOCTOBOrO TEPMIYHOrO Bifilasly OGHOLIAPOBUX Ta ABOLUIAPOBUX CTPYKTYP Ha iX OCHOBI. SIK pe3ysbTat, 6ynu
CTBOPEHI IJIiBKY Ta POTOTUIIN NPUJIALIOBUX CTPYKTYp 3 rereporiepexonom n-ZnO /p-CuO, ski MatoTh MOTEHIIia
L7151 TIO[IaJIbIIOr0 BUKOPUCTAHHS y TejlioeHepreTulli, CEHCOpHULIi Ta FHYUKiil eJIeKTPOoHili. Pesynbratu poboTu
MOXYTb CIIPUSITH BIOCKOHAJIEHHIO TEXHOJIOTIYHUX NPOLIECiB HAHECEHHSI IJIiIBOK OKCUIHUX Ta XaJIbKOT€HITHUX
CIIOJIYK Ta PO3LIMPEHHIO 3aCTOCYBaHb LIMX MaTepiajliB y Cy4aCHUX €HEPIeTUYHNX Ta €JIEKTPOHHUX IPUIAAX i

IIPUCTPOSIX. I71s1 MOCSITHEHHSI MeTU POOOTH, CIIOYaTKy OyJii po3pobIieHi 1abopaTOpHi METO Y CUHTE3Y Ta



IIPOBENIEHO BUOip MPEKYpPCOpiB AJ1s ofep>kaHHS ogHodasHux HY oxkcupis Ta cynbdifiB MeTasnis 3 3aaHUMU
XapakTepucTuKkamu (ckianoMm, ¢paszoro, Gopmoio, CTPYKTYpoIo). ITOTiM 3 BUKOPUCTaHHSIM CUHTE30BaHUX YACTUHOK
OTPUMYBaJIM HAHOUOPHMJIA 3 NOTPIOHOIO I'YCTUHOIO Ta BSI3KICTIO 7151 HAHECEHHS I1J1iBOK MacIITabOBaHUMU,
eHeproe(EeKTUBHUMHY, 6€3BaKyYMHUMU METOJAMU JIPYKY. 3 METOI0 YCYHEHHS 3i CKJIa[ly OPraHiYHUX JOMILIOK, 110
BUKOPUCTOBYBANMCA Mif yac cuHTe3y HY Ta pu CTBOpEHHI YOpHMIL, IIJ1iBKU MiAJaBaiu IiCasapOoCTOBii TEPMIdHIN
00po61i. Binnas TakoxX 1,03B0JIsIE BMEHIIUTH KiIbKICTb NePEeKTiB Y CTPYKTYPi TOHKUX IIapiB, NiABUILIATU
KPUCTAJIIYHY SIKICTh MaTepiajy, IOKPALIUTU MOr0 €JIEKTPOHHI Ta ONITUYHI BJIACTUBOCTI, 0 BAKJIUBO [JIS
3a6e3reyeHHs CTabIbHOCTI Ta €(PEKTUBHOCTI IJIiBOK y NOJAJBIIOMY iX BUKOPUCTAaHHI B Pi3HUX T€XHOJIOTIYHUX i
[IPOMUCJIOBUX 3aCTOCYBaHHSX. bepyuu 1o yBaru BUIlleHaBeeHi aClieKTH, 6y BU3HaYeHi ONITUMaJlbHi YMOBU
cunre3y HY crionyk CuO, ZnO:Al, SnS. 3okpema, aJ1s cuntedy HY CuO i ZnO:Al 6y710 BUKOPHUCTAHO I10J1i0JIbHO-
KOJIOIIHUM METO[I, SKUI JO3BOJISIE TOYHO KOHTPOJIIOBATA MOP(OJIOTIIO Ta PO3Mip YaCTHMHOK. JI1s1 oTpumanHs HY
CIIOJIyKM SnSX IPOBOIUIIM IT'SITh CUHTE3IB — MOJIi0JIbHO-KOJIOigHMH 3 IpeKkypcopamu CS(NH2)2, Na2S, CH3C(S)NH2
npu remneparypi 483 K ta cuHTes y BolHO-aMoOHiauHOMY po34uHi 3 npekypcopamu CH3C(S)NH2, Na2S npu
temnepatypi 293 K. ITokasano, mo HY cunresosadi y Tpuetanosiamidi (TEA) npu 293 K 3 ocamxysauem Na2S manu
CTexXiOMETpilo HalbibII 6JIM3bKY IO CIIOJIYKU SNS, B TOH 4ac sIK CUHTe3 B fietuseHraikoi (JEI) npu 483 K 3
ocamkyBaueM CH3C(S)NH2 no3BosivB OTpUMAaTH YaCTUHKU crionyku SnS2. OxpepskaHi HY nucneprysanu B
€KOJIOT{YHO 6€3[1eYHUX Ta HETOKCMYHUX PO3YMHHUKAX TaKUX SIK CyMilll Boja-cupT-riikosnb-T1BI1, 106 cTBopuTtu
YOpPHMJIA 3 KOHTPOJIbOBAHUMMU XapaKTepPUCTUKaMHU. Lli pO3UMHHMKY 3a0€311€4yI0Th CTabiIbHICTh YACTUHOK Y
cycrieHsii, 110 03BoJISIE TOYHO HAJIAIITOBYBATH BIACTUBOCTI HAHOYOPHWJI, TaKi SIK TEKYYiCTh, B'SI3KICTb Ta afresis 1o
niaxnanxu. [1y1s1 HaHeCceHHs! CyLiIbHUX IJ1iBOK criosiyku CuO nokpaneabHUM APYKOM OYB BUKOPUCTaHUi 3D
IIpUHTEp 3i0paHuii B 1abopartopii paHime. OfgHaK, 1151 APyKy HAaHOUOPHUJIAMU, CTaHIAPTHUN €KCTPYAED He
nigxonus yepes crienudiyHi BUMOTU [0 B'SI3KOCTi Ta piBHOMIPHOCTI N0Ja4i HAHOYOPHWIL ToMy, CTaHIAPTHUN
eKCcTpyzep OyB 3aMiHEHUI Ha po3pobJIeHNUI] Clieliali3oBaHui [1Jis OPYKY PiIKUMU ab0 HamiBpiiKUMU MaTepiajlaMU.
HoBuii ekcTpyzep ocHallleHU CUCTEMOIO I03YBaHHS, sKa 3a0e3Ieuye TOYHNU KOHTPOJIb I10/1a4i HAHOYOPHUIL Y
BUIJI4Al Kpaness. [niBku ZnO, ZnO:Al Ta SnS HaHOCUIM METOIOM PO3MUJIEHHSIM YOPHUIL. [lj1s LbOro 6yB
BUKOPUCTaHUi1 aeporpad 3 niametpom coma 0,2 Mmm. BukoprcraHi MeToay 103BOJININ OTPUMYBATU 3Pa3Ku 3
BiITBOPIOBAaHUMU XapaKTePUCTUKAMHU, 1110 3a6e311e4nsio BUCOKY CTabibHICTb i HalifHICTh Oflep>KaHUX Pe3YJIbTaTiB.
[IpoBeneHO OOCTiIKEHHS €1EMEHTHOTO CKIaAy, MOPOJIOTiUHUX, CTPYKTYPHHUX, CYOCTPYKTYPHUX, OITUYHUX Ta
eJIEKTpUYHUX Xapakrepuctuk HY Ta miaiBok CuO, ZnO:Al, SnS y 3a71€XHOCTI Bif, Pi3NKO-TEXHOJIOTIYHNX YMOB
OTPUMAaHHS, a CaMe METO/IiB CHHTe3Y, TeMIIepaTypu TepMmiuHoro Bignany Ta = (423-773 K), cepenioBuina Biananty ta
BMicTy Jierytouoi gomimku (Al - 1, 2, 3, 5, 7, 10 aT. %). Lle 6ys10 HeOOXiAHO AJ1s1 IINGIIOTO PO3yMiHHS BIJIMBY Pi3HUX
TEXHOJIOTIYHMX [TApaMETPIiB Ha XapaKTEPUCTUKU MaTepiais, 3 METOIO ONITUMI3aLil IPOLIECIB IX BUTOTOBJIEHHS 114
3a6e3reyeHHs CTablIbHUX Ta BiATBOPIOBAHNX XaPaKTEPUCTUK, 110 € KPUTUIHO BKJIMBUM [17151 IOJAJILLUIOTO
BHUKOPHCTaHHS LIUX CIOJyK 1151 cTBopeHHs1 DEIT, ceHcOpiB Ta esleMeHTiB rHy4Koi eseKTpoHiku. I1if yac gocigkeHb
OyB CTBOpPEHUI IPOTOTUII COHsAYHOTO esneMeHTy (CE) 3i ckiapHoto crpykrypoto ITO /ZnO(1aT.%Al) /n-Zn0O /p-CuO,
ITiCJIS1 YOTO NPOBEIEHO BUMIPIOBAHHS CBITJIOBMX i TEMHOBUX BOJIT-aMIIE€PHUX XapaKTEPUCTUK (BAX) npunany npu

Pi3HUX TeMmIeparypax Bigmnay.

2. This dissertation is devoted to the development of a material science basis for controlling the structure-
sensitive characteristics of nanoparticles (NPs) and films of CuO, ZnO:Al, and SnS compounds obtained by printing
methods, in particular, droplet 3D printing and sputtering of nanoinks on glass and flexible substrates under
various physical and technological conditions. Special attention was paid to optimizing the characteristics of these
materials by post-growth thermal annealing of single- and two-layer structures based on them. Consequently, n-
ZnO/p-CuO heterojunction films and prototype device structures were created, which could be further used in
solar energy, sensors, and flexible electronics. The results of this study can contribute to improving the
technological processes of applying films of oxide and chalcogenide compounds and to the expansion of the
applications of these materials in modern energy and electronic devices. To achieve the goal of this work,
laboratory synthesis methods were developed, and precursors were selected to obtain single-phase NPs of metal
oxides and sulfides with specific characteristics (composition, phase, shape, and structure). Then, using the



synthesized particles, nanoinks with the required density and viscosity were obtained for applying films by
scalable, energy-efficient, vacuum-free printing methods. The films were subjected to a post-growth heat
treatment to remove organic impurities from the composition, which were used during the synthesis of NPs and in
the creation of inks. Annealing also makes it possible to reduce the number of defects in the thin layer structure,
increase the crystalline quality of the material, and improve its electronic and optical properties, which are
important for ensuring the stability and efficiency of the films in their further use in various technological and
industrial applications. Considering the above aspects, the optimal conditions for synthesizing the NP compounds,
CuO, ZnO:Al, and SnS, were determined. In particular, the polyol-colloid method was used to synthesize CuO and
ZnO:Al NPs, which allows precise control over the morphology and size of the particles. Five syntheses were
carried out to obtain the NP compounds SnSx-polyol-colloidal with precursors CS(NH2)2, Na2S, and CH3C(S)NH2
at a temperature of 483 K, and synthesis in an aqueous ammonium solution with precursors CH3C(S)NH2 and Na2S
at a temperature of 293 K. It was shown that NPs synthesized in triethanolamine at 293 K with the precipitant
Na2S had the stoichiometry closest to that of the SnS compound, while synthesis in diethylene glycol at 483 K with
the precipitant CH3C(S)NH2 made it possible to obtain particles of the SnS2 compound. The resulting NPs were
dispersed in environmentally safe and non-toxic solvents, such as water-alcohol-glycol-PVP, to create inks with
controlled characteristics. These solvents stabilize the particles in suspension, allowing for the fine-tuning of
nanoink properties such as flowability, viscosity, and adhesion to the substrate. A 3D printer previously assembled
in the laboratory was used to apply continuous films of CuO compounds via drop printing. However, a standard
extruder is unsuitable for printing with nano-inks because of the specific requirements for the viscosity and
uniformity of the nano-ink supply. Therefore, the standard extruder was replaced with a specially developed
extruder for printing liquid or semi-liquid materials. The new extruder was equipped with a dosing system that
precisely controlled nano-ink delivery in droplets. ZnO, ZnO:Al, and SnS films were applied by ink spraying. An
airbrush with a nozzle diameter of 0.2 mm was used for this. The methods used made it possible to obtain samples
with reproducible characteristics, which ensured high stability and reliability of the results. This dissertation is
devoted to the development of a material science basis for controlling the structure-sensitive characteristics of
nanoparticles (NPs) and films of CuO, ZnO:Al, and SnS compounds obtained by printing methods, in particular,
droplet 3D printing and sputtering of nanoinks on glass and flexible substrates under various physical and
technological conditions. Special attention was paid to optimizing the characteristics of these materials by post-
growth thermal annealing of single- and two-layer structures based on them. Consequently, n-ZnO /p-CuO
heterojunction films and prototype device structures were created, which could be further used in solar energy,
sensors, and flexible electronics. The results of this study can contribute to improving the technological processes
of applying films of oxide and chalcogenide compounds and to the expansion of the applications of these materials
in modern energy and electronic devices.
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