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SUMMARY

Ye v doky me gQptmization ofYyaharacteristics of nanoparticles and
films of CuO, ZnO: Al, SnS compounds f

Ph.D. thesis submitted for the degree of a candidate of physical and
mathematicasciences (Doctor of Philosophy), specialty 2@p p |l i ed phy s
nanomaterials. Sumy State University, Sumy, 2024.

This dissertation is devoted to the development of a material science basis fo
controlling the structursensitive characteristics 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 unde
various physical and technological conditions. Special adtenivas paid to
optimizing the characteristics of these materials by-gostth thermal annealing
of single and twelayer structures based on them. ConsequentEnO/fp-CuO
heterojunction films and prototype device structures were created, which eould b
further used in solar energy, sensors, and flexible electronics. The results of thi:
study can contribute to improving the technological processes of applying films of
oxide and chalcogenide compounds and to the expansion of the applications of thes
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 ghgke NPs of metal oxides
and sulfides with specific characteristics (compositplrase, shape, and structure).
Then, using the synthesized particles, nanoinks with the required density anc
viscosity were obtained for applying films by scalable, eneffjgient, vacuum
free printing methods. The films were subjected to a-gusiith hat 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 tc
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
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important for ensuring the stability and efficiency of the films in their further use in
various technological and industrial applications.

Considering the above aspedtkse 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 partickege syntheses were carried
out to obtain the NP compounds Sidlyol-colloidal with precursors CS(Nb4,

NaS, and CHC(S)NH, at a temperature of 483 K, and synthesis in an aqueous
ammonium solution with precursors GE{S)NH, and NaS at a temperature

of 293 K. It was shown that NPs synthesized in triethanolamine at 293 K with the
precipitant NaS had the stoichiometry closest to that of the SnS compound, while
synthesis in diethylene glycol at 483 K with the precipitant@3)NH, made it
possible to obtain particles of the St®&mpound.

The resulting NPs were dispersed in environmentally safe andormn
solvents, such as watalcoholglycol-PVP, to create inks with controlled
characteristics. These solvents stabilize thegastiin 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 viagiprinting.However, a standard extruder
IS unsuitable for printing with nariaks because of the specific requirements for the
viscosity and uniformity of the nanak supply. Therefore, the standard extruder
was replaced with a specially developed extruder fotipgriiquid or semiliquid
materials. The new extruder was equipped with a dosing system that precisel
controlled nanank 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 fosdtis.

The methods used made it possible to obtain samples with reproducible
characteristics, which ensured high stability and reliability of the results.

The elemental composition and morphological, structural, substructural,

optical, and electricall@aracteristics of NPs and CuO, ZnO:Al, and SnS films were
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studied depending on the physical and technological conditions of production,
namely synthesis methods, thermal annealing temperdture (423773 K),
annealing medium, and content of the alloymgmixture (AlT 1, 2, 3, 5, 7,
10 at %). This is necessary for a deeper understanding of the influence of various
technological parameters on the properties of materials to optimize their
manufacturing processes and ensure stable and reproducible efistiast which
Is critically important for the further use of these compounds for the creation of
photoelectric converters, sensors, and elements of flexible electronics.

It was shown that copper oxide films obtained on glass substrates, annealed :
523 b 673 K temperatures, had a singlgase monoclinic CuO structure. When the
annealing temperature was increased to{723 K, there was a transition from the
monoclinic CuO phase to the cubic LQuphase. This transition was accompanied
by a change in theexture axis of the samples from [002] to [111]. Depending on the
temperature, films of the CuO phase have indirect allowed and direct forbidden
interband transitiongg = (1.59 1.66) eV and (1.771.91) eV, respectively. For the
CwO phase, the energies of direct allowed and difediidden transitions of
2.17 eV and 2.41 eV, respectively.addition, the optimal technological conditions
for applying CuO films on flexible (poiynide) substrates by the 3D printing method
have beerestablished, which opens up prospects for-temperature applications
of thin oxide layers for use in flexible electronics, particularly in solar energy and
Sensors.

SnS films were obtained for the first time using inks based on a suspension o
NPs by sptitering them onto a substrate. Environmentally safe and inexpensive
components have been used for both the synthesis of NPs and the creation ¢
nanoinks. A comprehensive study on the effect of thermal annealing over a wide
temperature range (423) K onthe chemical composition, texture, structure,
substructure, and optical characteristics of the obtained films was also conductec
Increasing the annealing temperature to (723) K leads to the transition of the
sulfide compound to the tetragonal SipBase. The absorption spectra of the studied

samples of tin sulfide cover a wide spectral range from 1.5 to 4.5 eV due to the
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presence of two phases, SnS and SimChe samples. The energies of the interband
transitions of the SnS and SpPhases and themlependence on the annealing
temperature were determined. The closest to the pure orthorhombic SnS phase w
the sample annealed at 523 K, the material of which had a band gap of 1.83 eV.

It was found that the addition of aluminum has a positive effecthen t
structure of ZnO films. The size of the NPs when doping the material increased fromr
(17N3) nm (for the sample with an Al
sample with Al content 5 at. %). Simultaneously, the phase composition of the
samples upgo a concentration of 3 at. % does not change, which indicates the
inclusion of an alloying impurity in the crystal lattice of nanostructured ZnO. When
the aluminum content was abovat3%, secondary phase &); was released. The
low-temperature phototninescence (PL) spectra of samples with Al concentrations
of 5, 7, and 10 at. % show a high concentration level in the oxide of such point
defects as zinc vacancies. The best result was observed for the sample with &
aluminum concentration of 3 at. %. fisectrum contains an intense PL band with a
wavelength of 492.5 nm, indicating a small number of zinc vactmpeydefects in
the samples.

During the research, a prototype of a solar cell with a complex structure of
ITO/ZNnO(10 B6AIl)/n-ZnOfp-CuO was created, after which the light and dark
currentvoltage characteristics of the device were measured at different annealing
temperatures. The resultimgZnO/p-CuO heterojunction exhibited a wide spectral
range of light absorption, from 350 to 100@n. Optimal optical quality was
observed for the samples annealed at 723 K. It was also found that in such
heterostructure, there is a noticeable shift in the absorption edge of the ZnO layer
to the longwavelength region, which is possibly associatéth an increase in the
size of the oxide nanocrystallites. In addition, it was established that the width of the
band gap for zinc oxide layers corresponds to (2.28) eV.

The dark 1V characteristics of multilayer systems obtained by simple and
low-erergy chemical methods have pronounced diode characteristics. This indicate

the possibility of creating devices basednafinO/p-CuO heterojunctions for use in
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sensors, solar energy, and flexible electronics. Such characteristics are caused by t
formation of transitional layers at the interface between the materials, which lead to
an improvement in the alignment of the crystal lattices of the contacting materials.
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| BLIcOREZdsS ftetseo jHJded 2] 168§ "d3j Usdsls 'ts,d3
Hsfdz' HYy jdedr fdz' 9COR, MitsMmMisjtc' O Is! Mw
CtedMisOdz' Isd tELds OIC'FigeP dzgj dzs OB dzts™ Ctsd3" 6 ¢
WOoLd ®BOljte" Oz *  OtcOdzj dz! dzts® ff° H S d&zOH L
ZOHtezCtso Oded AH B GBI 3 s WwWC' fls! IsjCMisktsd
Mo  HyYydls! MmMdzOBCO L Odzj y dzfiflsn iRl gzts Oly 2 &
" dals j oo Odz' . [HAOSC fHtod THfH'Ofdds h sdglg € Myls Lz t
fsCtOh 2o OzOMW, §tod, Wi tfdeaf ylsej el jiejs Otz
Yyomkz o  HfOdz' 9 bsdldiyj"@e" 8 ydisO® @k ¢
toj StodMlsOdz’ LOY"° &z oesS MOB] Htod Isj BY j
Cotejdzs 8ls! L HOdd B Htsfpdz' HY j dada? kB fist

CS odHdglzdzC tg HdWtOC y' 2 dg f°"¢d (1
2028 " & k2 ' dzlsj demdo dz' MisMHOAIiBOBE H ' § s
odL ZOYyOddmw MmkemistekCllicde SOEOSIs] tedfls

) jto' BeO®Af " oftetse ' Hdzd S 5H CANE O WOJs G d
dZOH L © dyoO? dzts yYHzjsdiigo O H Bdg' " asek Ld3" dz Mmls,
99 jHjdadz" HBAR htsC, BCdMmdzj dzgdg? 2tsets Issh s
' Hf s9 " Hdzd n W' Lduydedna ftesyjm' o. I L
Ctod Mis OtAc Qlfldaf o ¢ CMdHEZ Y@ Bls jifte Gpgiiv2 |, 1
o' Hf Odzj d2@ dzO fts9 " Iste’ IO i dOOY G dZ3 . tf’ic df

c S o qHdzs L sOB dzd y' , 7 tc B laEfdE sa/t@UR]
Le' d& hEClskmMwdfOHSE o' Hf Ozt dz0 f 5o ' Isto'
s (673 s), OS ' k& odfOHSE o' HY Odk |
dzs (673 s), d&OBddyOrvydfm: L' LB d¢h

Hiso ' Hdzd C s@d R0 HBDAMB FT5 Ovs QfdsP sdz' M j dadey d3 1y
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s OB &8 jLId SOd L t6OR & dS s Ok ad dzd -

caV)f dz' atsRYf Odzj dzgdrr d2O 89 Iste’™ SO E 9 0OCEL

] s Istew

s 1-0 'IsjteOy 50 " IsjtOy v

a d c d cla a d¢ m d cla

473 |0,32485| 0,52133| 1,60483| 0,32484| 0,52269| 1,60907| 0,04776

523 |0,32493|0,51892| 1,59702| 0,32587| 0,51495| 1,58023| 0,04736

573 |0,32466| 0,51965 1,60060| 0,32503| 0,50805| 1,56309| 0,04648

623 |0,32511|0,52034/ 1,60050| 0,32551| 0,51863| 1,59328| 0,04759

673 |0,32511|0,52085| 1,60207| 0,32526| 0,52023| 1,59943| 0,04766
1l OCkEE &

473 |0,32493 0,51965| 1,59927 0,32552 0,51713 1,58863 0,04745
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T, K T, K
{ d Mk &zBC) Bdzjly dz' Mls! ~ € OB, Isitd ddzj dzd & dzO
5O b 90Ckbkd (B) o 'oHls® ' dyjisOls'ze)

[ BLEOSkdC 50" CjLbd OIS s (fly@®j HidZ asc

B CtesH | ¥ Steds0Zh @, O] dGR ftcd BF &Y j &0
fso ' ko' kO bk 920Skbd , bk dOftw &O0S ]
fdzsh ddz (100), (002) kO (101) kL OEOd c

sOBZAYMEt jJL zdz sOIsd {ftOcLOE) Asiredzlolz fhzas Mis

f oz oGO dzj dzdn dzO o' st O E 90CkE®
1 s Istow
s L, dzdl3 UALObkd3. fsH
@ (100) (002) (101) (100) (002) (101)
473 20,2 20,5 19,6 1,9 1,9 2,0
523 20,1 20,4 19,7 1,9 1,9 2,0
573 20,2 20,5 19,6 1,9 1,9 2,0
623 20,1 21,2 20,6 1,9 1,8 1,9
673 21,0 21,6 21,1 1,8 1,8 1,8
] OCkEE K
473 19,2 19,4 18,8 2,0 1,9 2,0
523 18,4 18,8 18,7 2,1 2,0 2,1
573 18,9 19,3 18,7 2,0 2,0 2,1
623 19,2 20,1 18,9 2,0 1,9 2,0
673 18,9 19,6 18,7 2,0 2,0 2,1
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v Is OB d&2d pdzO o j H J dzfs tcj Lzdz sOIs(d e L te
~nOtOS S NtwhdPs T  Hi S ' Hdzs HBB Slsted B3O dzed = e
LB dzt hj dzdew”™ tf ©Bcffis]]ldcic' @idz0 , 3 20086 7TAHdgd30(, B 3 O
dzds Gl Afffod fsHOM sz LB dz h jdade o5 fr
B detsIs sdzdzy L ozj dzh jtaiEop i © 20y Hzdzr O3 RO N 6
v Mets YJjteelkz L dOUichiGs O O @dg] sBAIdz! b j c
0,5202 DIYAHBO 0, 5220W e E& o9 jH j dzdzw
Hsd®3" h¢d tftede sHdIs! HS Odz' L slstest dats’ L
BB o' Odzkz.

OB &y WlselzClskzteds kO Mis fMlstg AR te dz'

I &3 Ml L, dzcfs A kzds. ©H
O 186 8 deds . dads V., dad (100) [ (002) | (101) | (200) | (002) [ (101)
1 YZn O: Al

0 0,32967] 0,52029/ 0,04897] 82 | 75 | 84 | 44 | 48 | 43
1 0,33026 0,52029 0,04914| 87 | 79 | 88 | 42 | 46 | 41
2 0,33053) 0,52115/ 0,04931| 87 | 7,7 | 89 | 42 | 47 | 41
3 0,32961 0,52154 0,04907| 84 | 73 | 87 | 43 | 49 | 42
5 0,32961] 0,52154| 0,04907| 83 | 69 | 87 | 44 | 52 | 42
7 0,32947| 0,52188/ 0,04906] 83 | 7,0 | 91 | 44 | 52 | 40
10 |0,32946 0,52241/ 0,04911 82 | 58 | 88 | 44 | 62 | 41

] oS Bted MisOdzdzw d3 L dzO2 H J dzd n L dzOyd dz
tctsL cOn b Gdzgs dzfs&g dzls Otcdzts ™ ¢ =409 @Gy j dsdasls Gs |
jdzj dB3j dzls Otedzts’ S35 toZ 4 O Hphs @B &S te & ffy lsD dz'
0, 048G 0, 0AOBI AR § sls' & § 5YOdzg
Nf OHOKd HES(ADMWIBLY . dgyy O § sw Mdedlsd o dH
fs ctcOdedyv ds L jtoj dz kOl &' Odzkz.

1 Odz  destigsdzdf” RbfhleaddgdBEq o Mnr  Isj
deste 3O dzdzse Hts © " H B 9@ dz@zs,] @ addd filff 8zd tod iz
odHdts, hts LtOLSd HBBEK] IsjiMskztctse Odz .
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(110)

1
0
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{ d Mk desy @Bdzjb8de diylsh dzetyf”  PeolZ finils dhdieds ©
J&B o o' M jCMskzted ° dSttdBOddEC His o
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[ BLEOREdSd LO &jlsHsd BB jtdj ddt

j ¢ 5o OZEs@E S Misktek tw©wsmisk [100], &M &
BOSC d BOdz! dzj L dzOUj dedz? Hzv Cted Mils Odzis @ te O
"OZPUOSO jSMsked sk ' dajlsdftso s

BO' IkjiShMkztlzl &Misz [ 00 2]

L IsOB &daPo j 8§ dz’ tcj L Bdzids Qieificiz@sadpA) v Iz
ftotso jHJ detsce tE DM 58 tzgydats, h s o dz§lz®ezs© iz
BOIsj o' Odzz MYds@Psyjjtc* d2'Odzls2 dgy L B ' dz' "ifjtadddz’
L B dz' M j dzdz' Csdzyd dzlstcOy* dzj.c Y ®€ ) d d3@sc
CsdzyJ dzlBtHOmyffijwe O L dzO g dafide fn BY BSc s | dzj d34
ftoj Ceem®®ih. (jLEzdz BB E&OLIZzY Is! dzO
Odzt di3' dz' 2B kzHitsm ty] IEEOBW O .
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s OB dzd ' 85 6ldzd 2 ZNQ IO Al dzd

1 3" Al I &3 Mmis j dzj ¥R glsjrn' Bsd3j Istc’ow
ftej Clzte
o196 Czn Ho Cai baltzn | bzifdo | ( #h+ th)/do

0 59,35 | 40,65 0,00 0 1,46 1,46

1 64,11 | 34,88 1,0 0,02 1,84 1,87

2 49,77 | 48,03 2,20 0,04 1,04 1,08

3 51,18 | 46,10 2,82 0,06 1,11 1,17

5 47,30 | 48,07 4,63 0,09 0,98 1,08

7 37,68 | 56,90 5,42 0,14 0,66 0,76

10 35,48 | 56,15 8,37 0,24 0,63 0,78

10 Bmdtse n B O ydesets OOz’ L 2 B Rz t
(=tz/bo, 2=( ht th)lbo). [ JLEzdz sOIsd ttsL cOalzdzE " o
36. ) s OB dzd Y o d H dzts, hotsi H gzj cHiz® Owdzligw h Qg
BOjtc' Oz © " H dZOH d&zdh S yddzS k2, HB dzOHd

1 4 dzj e sBO@BOP? L dOmJ Wz = ddisfzas6 o " Hydls
fticdmMizlsdz Mmlse j aksddOddnj€cO OOzM * @ Y)lsPmdlg % o ZL
Olstsdd’ o ( HOIdeSHzt{dits7y 91" 5 9 OC Odzl' ° S dMmdzs B
Zlse tstcj dZdgis saBlzy o sdzed ° H S8d3" dzlz 9 G dz! HAgfvdz & ISLC
9 bOCBRBEZ W&OIsjtt' Od' .

lted dzj GZzro@dzdidd L Od3™ dz® ¢ Is! " sded ydds iz
tej " Isy’, hts MftsyolkSlz ftodL o sH ShHBkts
L dzOy pdzdzl , OOAID sHOdz h j L B' dAIY {p dzezisw g 3!
fsCtcOh j dzdzw @GOG & fc Widxg=y 'c’'O° L dzOyJ dz2 B dzd
ftcd oddy cfifdst' yts’' o H @8R "HCBJ8®A I}.tcd B " dzr b o dMmts!
dzj gz yts’ tej ysoddzd Mismisjte’ O Is+ MW L B
CdMmdzes , M sLind W 8 @ Ols ©digiHsticligfdy deyyigddy ¢ ° e s H 1
Zlseo tstc g dgdets dzlz y olstsilgDdzdzed B PMFSCJdm € tsdz
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dzj ez ytste Htsd3' ¢ d RO ok Gtizo &% OL B @® BY O
Cdfdzj d3, ®Mmdatse dzd dsdh fHfjHD OESERAS 1Y) [y I 80 |z

slstczCIskztodzig Yy 9§ dgisgd Odzd o d Sfifsttc’ dofrpls’ miprdats M
Z Jicteptis®CUpEzs totsL tcOrn 59 O dastc Qa =uzE-] v d3PAO {
[002] O §10djdedds kh dtejdzdzv a5 o HB 0 Odz
fzch JdHnftse Hdz tojLEzdz sOIsd dzOe jHj d&@ [

l Mls Odzts o dzfs dztiyL(te ffstE MidzH EHzOF oW gzO R EB H O8
o' H Qiz®IH OAHB8&EB E®BOD AL ) Mo s yjteclz Hdzw
tesL A3 ted [st MytsyOlsC iz Olsks A\ BOE BOIS0AT @, 8,
fsls’ &3 f§ syddzOr d3jdgs dztolsesddazzO 2 datgizvO1#, Al ) .
¢ dzO dztrd "Owgizlp 3 dz' Mls!  d3O¥ lx! da@tf[tedPagtc]ld: [Eggds U O
LicsMisO° o0I8 AHD 7d®BMLAO)Y sIs’ d3 L &3 dzh &2
dzds OBO Al ) H Mk B o ks y ds IstisjdLedfadzy’ s etz & dzO
Bsy ddOs dzM s Olszd Blsdf € tc O j dzdaw fMls tolz Cs ¥z to dac
M smisj tcH @' HP VA" dz' Ol "HHO .1 tcd yY! sz
BOE s+ BO2NJ ' 9odessmdzk W stcd3z.

L OB ddY" 3 .dBO 9o jlsHQIC dBts| tc Jsu tEr@ZTIS ) il t
B CtetsH | Vs toBO Q' IAMIs Odztso dzj dzts, N s o' dz BO?2
odzj pj d8 BROIsjtc" Odz dzj gz yts' [0 G B Ugtlzh A 6 SH O
4, S MDA AH B , 2K L@ Al ) .

[ SHOIsCts9 5 Hidzs ydzis ' dz' 8y ' dz€ d tetsL d3° t6
B CtHj W stekoq shklds LOMNssts Odzets d3j sSSH

B' &z h ktydedds. (JjLbd sOId o' Hito' Hdz
i sLtOR EdzS d ftotse sSH d dzd W L o dStstedMmis ©
¢ to d M lc@dets d) dzd f s ] [ GODQRLO1]) " HY B
SH jtey Odedr tojLlzdz sOIs" & tesL d3 ted [sf -1 Y
[ 200] LB " dzt hlzsls: mw L LB' dz' h j dzddA I 5o O3
11, 9 @i (AOHzO dztsG * ydzz [ O dgOvedd' fif lsizfs 2 @z] [
MOd3zd LB ' dz' M j dzdzgV tetsL dPIsfHpts [1s0f, 6o 'dedd §(.150
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