AHOTAIIA

Kioce M. I. BcTaHOBIEHHS 3aKOHOMIPHOCTEH JIFOMIHECIICHITT HAHOKPUCTAITIB
CdS, ZnS, neropanux gomimkamu ( Zn, Cu, Li ) Ta HaHOCTPYKTYD sS,ApO — 000JI0OHKA,
CHUHTE30BaHMX 30J1b — I'eJib MeTOA0M. — KBami(ikariiiHa HaykoBa Impariisi Ha mpaBax

PYKOTIHCY.

Hucepramiss Ha 3700yTTS HAyKOBOTO CTymeHs gokTopa ¢inocodii 3a
cnemianbpHicTIoO 104 — @i3uka Ta actpoHomis (PDi3Mka HaMiBOPOBIIHUKIB 1
nienexkTpukiB). — Onechkuil HallioHaNbHUH yHIBepcuTeT iM. [.I. MeunukoBa, Oneca,

2021.

B nucepraiii npencraBieHi pe3yiabTaTH AOCTIKEHHS HaIll1BIPOBITHUKOBUX
kBaHTOBUX TOYOK (KT) cymbdiny kaamito MoAM(pIKOBaHMX 3a JIONOMOTOKO
JIETYBaHHs JOMIIIKOBUMHU MeETajlaMd, Ta HapoIlllyBaHHsS oOoyioHKH. [lpu cuHTe3!
3pa3KiB BUKOPHCTOBYBAaBCS 30JIb — Teidb MeToA. JlocHmimKeHHs ONTHYHUX
BJIACTUBOCTEH BHUKOHYBAJIHUCS 3a JIONMOMOTOI) BHMIPIOBAHb CIIEKTPIB ONTHYHOI
nbHOCTI Ta (Qoromominecteniii. CTPYKTYpHI BIACTUBOCTI BHBYAIMCA 3a
JIOTIOMOT'0I0 METO/IB JU(DpaKIii pEeHTI€HIBCbKOIO BUITPOMIHIOBAHHS Ta CKaHYIOYOi

esniekTpoHHo1 Mikpockotii (CEM).

KBanToBi TOoukM npencraBisAioTh coboro HaHokpuctanu (HK) chepuunoi
dbopmu 3 pagiycamu a = 1 — 10 HM., BUPOIIICH] B T1€IEKTPUYHUX MATPUIX. [HTEpec
1o HaniBnpoBiAHUKOBUX KT BUKIMKaHUN TUM, 110 MO110HI reTepod)a3Hi CUCTEMHU €
NEPCHEKTUBHUMHU JUIsI CTBOPEHHSI HOBUX E€JIE€MEHTIB HEJIIHIMHOI ONTOENEKTPOHIKU
(30KpeMa, eJEeMEHTIB [UIsl KEpyBaHHS ONTHUYHUMHU CHTHaJlaMH B ONTHYHUX
KOMIT'IOTEpax 1 B SKOCTI aKTUBHOI OO0JACTl 1HXEKIIMHUX HamiBIPOBIIHUKOBUX
na3epiB). BaxxmuBUM acmieKToM po3poOKH TEXHOJOTIYHUX MPOIECIB BUPOOHUIITBA
HAIBOPOBITHUKOBUX TPHJIAIB, € JIOCHIDKEHHS CHoco0iB  MOAM(IKyBaHHS

HaHomaTtepianiB. [Tpu monudikanii sik moBepxHi, Tak 1 006csary KT 3HaunuM unHom



3MIHIOIOTBCSL 1X BJIACTHUBOCTI, BIJIKPHUBAIOTHCS HOBI cpepu 3acTOCyBaHHS 1 HOBI
HaMpsAMKH J0ociipkeHb. OgauM 31 coco0iB momudikanii € jeryBanns. OmHak,
MEXaHi3MH BIUIMBY JIETYIOUMX JOMIIIOK Ha BJIACTUBOCTI HAHOCTPYKTYpH
3JTMIIAIOTHCS MAJIO BUBYEHUMHU. [HITTHIT MeTo MO TU(DiKyBaHHS TOJIATAE B TIOKPUTTI
HamBIpoBITHUKOBUX KT 00070HKOIO 3 1HIIIOTO HAIIBOPOBIAHUKA JJISI CTBOPEHHS
HAHOCTPYKTYp TUITY AIpO - 006osoHKa. [IpoTe cmocoOu oTpuMaHHs TaKHX CTPYKTYP

JIOCUThH TEXHOJIOT1YHO CKJIJHI, Ta MOTPEOYIOTh BJOCKOHATICHHS.

[Ipu ekciepuMEeHTAILHUX TOCIIHDKEHHAX B paMKaX JHUCEpTaliifHOl poOoTH

OyJIM OTpUMaHI HaCTyIHI Pe3yJIbTATH:

BcranoBieHo 3aekHICTh pO3Mipy HAHOYACTHHOK Ta CIIEKTPAIBHOTO CKIaay
JIOBIFOXBUJILOBOI CaMO AaKTHMBOBAHOI JIIOMIHECIEHIT HAHOKPUCTATIB CYIb(iay

KaJIMiI0, BiJ KOHIICHTpaIlii MPEKypCcopiB, HITPATy KaJAMIIO Ta CyJb(]imay HATPIIO.

Brnepiie 6yno oTpuMaHO HaHOCTPYKTYPY SAPO — OOOJIOHKA 32 JOTIOMOT'OIO
30]b — TeJb METOAY B paMKax OJHOTO TEXHOJOTIYHOTO Ipoiecy 0e3 Horo

nepepuBaHb.

[IpoBeaeHO MAOCHIIKEHHS PEHTIeHIBCBKUX AU(PPAKTOrpaM HEJIEroOBaHUX
HAHOKPHUCTANIB CyJab(dily KaaMil0 Ta JEroBaHUX IMHKOM 1 MIJJI0, BUSBIIECHO
BIJICYTHICTB 3MiH KpucTtanaiyHoi ctpyktypu KT CdS npu nerysanni. Lle noB’si3ano 3
THUM 110 IOMIIIKY 3aiMarOTh BaKaHTHI MICIIsl B KPUCTaJIIuHIM IpaTili, BOYI0BYIOTHCS

y MIKBY3J1S1 HE 3MIHIOIOUH CTPYKTYpH eneMenTapHoi komipku HK CdS.

[Ipu nomaBaHHI IMHKY B SKOCTI JIETYIOUOi JOMIIIKH CIIOCTEPIragocs
3MILIEHHS Kpalo MOTJIMHAHHS B 00JaCTh BUCOKHUX €HEPTid, BEJMYUHA 3CYBY INpHU
IOMY, 3pOCTAE€ 31 30UIBIIEHHSIM KOHIIEHTPALIi IUHKY 11€ TIOSICHIOETHCS YTBOPEHHSIM
notpiitHoro 3'eqHanHs CdyZni«S. ¥V crekTpax ¢(hOTOJIOMIHECIEHIIT PO3KIIaIeHUX
Ha €JIEMEHTAPHI rayCoB1 CKJIa/I0B1, 30€pIiraeThcs CTPYKTYpa Ta CHIEKTPATBHUMN CKITal
I'ITH MakCHUMyMiB BHUIPOMIHIOBaHHS Ha JOHOPHO — AaKIENTOPHUX Mapax.

[lepeBakHUM cTae MakKCUMyM BHIIpOMiHIOBaHHS Ha 2.36 eB, a excuToHHuU#



MaKCHMyM BUITPOMIHIOBAHHSI Pa30M 3 KpPA€M MOTJIMHAHHA 3MIIIYEThCS B 00JACTh

BHUCOKHUX €HEPTii.

BusBneHo HU3bKOCHEPTETUYHE 3MIIICHHS KParo TMOTJIMHAHHS MPH JIETYBaHH1
MIJITIO, SIK€ 3pOCTANO 31 30UIBIICHHSM KOHIIEHTpAIll JIETryrouoi IOMIMKH. Y
crieKTpax (OTOIFOMIHECIICHIIIT CITOCTEPITaEThCS TaCiHHS JI1H1M BUIPOMIHIOBaHHS Ha
JOHOPHO — aKIENTOPHUX Tapax, a JiHIA EeKCUTOHHOTO BHIIPOMIHIOBAHHS
3MIIY€EThCS B 00JIaCTh MEHIIUX CHEPrid B IOPIBHSHHI 3 €KCUTOHHOIO JIHIEIO
HeneroBanux HaHokpuctamiB CdS. Ilpm 30uTbIIeHHI KOHLEHTpamii  Mifl
CIIOCTEPIra€ThCs 3MEHILCHHS IHTEHCUBHOCTI III€i JIiHII, IO MOXHA MOSACHUTH

3aMIIEHHSIM BaKaHCIA KaJaMII0 aTOMaMH MiJil B TIPOLIECI CHHTE3Y.

B cmektpax mrominecuenmii KT CdS neroBanux aromamMu JITiiO
CIIOCTEPITa€ThCSA TMOCUJICHHS 1HTCHCHMBHOCTI BHUIIPOMIHIOBAHHS B IIOPIBHSHHI 3
HEJIETOBaHUMH KBaHTOBUMH ToukamMu CdS. BcTaHOBIIGHO 1110 JIeTyBaHHS JIITIEM HE

MPU3BOUTH JI0 3MiH PO3MIPy HAHOKPUCTAITY.

[Ipu anami31 ONTUYHKUX BIACTUBOCTEM HAHOCTPYKTYP SAPO — 000JOHKA OyII0
BUSIBJICHO 30UIBIIEHHS PO3MIpy HAHOKPHUCTANIB TPH HApPOITyBaHHI OOOJOHKH.
Crnocrepiranocsi 3pOCTaHHsI 1HTEHCUBHOCT1 ()OTOJIOMIHECIEHI[T HAHOCTPYKTYpH
CdS/ZnS signocuo KT CdS. IlamiHHS iHTEHCHMBHOCTI BHMIIPOMIHIOBAHHS IIpU
30UTBIIIEHH] TOBIIMHHU 00OJIOHKHU 3 CYIb(Di1y IIUHKY BiIOYBAETHCS Yepe3 3POCTAHHS
KUIBKOCT1 J1€()EeKTIB BUKIIMKAHUX HEY3TOJKEHICTIO MK MTOCTIMHUMU KPUCTAIIYHOT

I'PaTKu sijjpa Ta 000JOHKH.

Hocmimxennss ontuuHux BiaactuBocted HK  ZnS npomemoHncTpyBano
BIJICYTHICTh iX BIUIMBY, NMPU X YTBOPEHHI Y KOJIOITHOMY pO34YMHI B MpOILEC]

HapoIyBaHHs 000JIOHKH, Ha ONTHYHI BJIAaCTUBOCTI HAaHOCTPYKTYpu CdS/ZnS.

Knwouosi cnosa: cynp®in xaamito, cynb(ia UUHKY, JeTryBaHHS, KBAaHTOBA
TOYKA, HAHOKPUCTAJI, HAHOCTPYKTypa SIAPO — OOO0JIOHKA, (OTOJFOMIHECIICHIIIS,

OIITHYHC IMOI'JIMHAaHHA, 30JIb — I'CJIb MCTO/, KOJ'IOII[HHﬁ PO3YHH, KpI/ICTaJIi‘—IHa I'paTka.



ABSTRACT

Kiose M.I. Establishment of the regularities of luminescence of CdS, ZnS
nanocrystals doped with impurities (Zn, Cu, Li) and core - shell nanostructures

synthesized by the sol - gel method. — Qualifying scientific work on the manuscript.

Thesis for philosophy doctor’s degree by specialty 104 — Physics and
astronomy (Physics of semiconductors and dielectrics) — Odessa |.I.Mechnikov

National University, Odessa, 2020.

The dissertation presents the results of a study of semiconductor quantum dots
(QDs) of cadmium sulfide modified by alloying with impurity metals, and shell
growth. The samples were synthesized using the sol - gel method. Studies of the
optical properties were carried out by measuring the optical density and
photoluminescence spectra. Structural properties were studied using X-ray

diffraction and scanning electron microscopy (SEM).

Quantum dots are spherical nanocrystals (NC) with radiia~= 1 — 10 nm., grown
in dielectric matrices. Interest in semiconductor QDs is due to the fact that such
heterophase systems are promising for creating new elements of nonlinear
optoelectronics (in particular, elements for controlling optical signals in optical
computers and as an active region of injection semiconductor lasers). An important
aspect of the development of technological processes for the production of
semiconductor devices is the study of methods for modifying nanomaterials. When
modifying both the surface and the volume of QDs, their properties change
significantly, new areas of application and new research directions open up. One of
the most common modification methods is alloying. However, many aspects and
mechanisms of the influence of dopants on the nanostructure are still not studied,
which opens up many research opportunities. Another modification method consists
in covering semiconductor QDs with a shell made of another semiconductor to create
nanostructures of the core - shell type. However, the methods of obtaining such

structures are quite technologically complex and need to be improved.



It was found that by changing the concentrations of precursors, cadmium
nitrate and sodium sulfide, one can influence the size of nanoparticles and the
spectral composition of the long — wavelength self — activated luminescence of

cadmium sulfide nanocrystals.

For the first time, a nanostructure of the core - shell was obtained using the

sol - gel method within one technological process without its interruptions.

X-ray diffraction patterns of undoped nanocrystals of cadmium sulfide and
doped with zinc and copper were studied, the absence of changes in the crystal
structure of CdS QD during doping was revealed. This is due to the fact that
impurities occupy vacancies in the crystal lattice, are embedded in the internodes

without changing the structure of the unit cell NC CdS.

When zinc was added as an alloying impurity, the absorption edge was shifted
to the high energy region, the amount of shear increases with increasing zinc
concentration due to the formation of the triple compound Cd«Zn;«S. In the
photoluminescence spectra decomposed into elementary Gaussian components, the
structure and spectral composition of the five radiation maxima at the donor-
acceptor pairs are preserved. The radiation maximum of 2.36 eV becomes
predominant, and the exciton maximum of the radiation together with the absorption

edge is shifted to the high-energy region.

A low — energy shift of the absorption edge was revealed upon doping with
copper, which increased with an increase in the concentration of the dopant. In the
photoluminescence spectra, quenching of emission lines on donor — acceptor pairs
are observed, and the exciton emission line is shifted to a region of lower energies
compared to the exciton line of undoped CdS nanocrystals. With an increase in the
copper concentration, a decrease in the intensity of this line is observed, which can
be explained by the replacement of cadmium vacancies with copper atoms during

the synthesis.



In the luminescence spectra of CdS QDs doped with lithium atoms, an
increase in the radiation intensity is observed in comparison with undoped CdS
quantum dots. It was found that lithium doping does not change the size of the

nanocrystal.

The analysis of the optical properties of the core — shell nanostructures
revealed an increase in the size of nanocrystals during shell expansion. An increase
in the photoluminescence intensity of the CdS / ZnS nanostructure relative to the
CdS QD was observed. The decrease in the intensity of radiation with increasing
thickness of the shell of zinc sulfide is due to an increase in the number of defects
caused by inconsistencies between the constants of the crystal lattice of the core and
the shell.

The study of the optical properties of NC ZnS demonstrated the absence of
their effect on the optical properties of CdS / ZnS nanostructure during their

formation in colloidal solution during shell building.

Keywords: cadmium sulfide, zinc sulfide, doping, quantum dot, nanocrystal,
core — shell nanostructure, photoluminescence, optical absorption, sol — gel method,

colloidal solution, crystal lattice.



Cnmcok ony01ikoBaHUX POOIT 32 TeMOK AucepTaNil

B akux onyonikoeani ocHOBHI HAYKOSI pe3yibmamu:

1) Yu. A. Nitsuka, M. I. Kiosea, Yu. F. Vaksmana, V. A. Smyntynaa, and I.
R. Yatsunskyi. Optical Properties of CdS Nanocrystals Doped with Zinc and Copper
/[ Semiconductors, 2019, Vol. 53, No. 3, pp. 361-367. DOI:
10.1134/51063782619030138

2) B. M. Cko6GeeBa, B. A. Cmuntuna, M. 1. Kioce, H. B. Manymun.
[Tinpumenus edextuBHocTi doTomomineceniii HK CdS, Bupomenux B
xenatuHoBoMy cepeaouil // Sensor Electronics and Microsystem Technologies
2021 — T. 18, Ne 1, c¢. 10 — 19, DOI: https://doi.org/10.18524/1815-
7459.2021.1.227406.

3) V.M. Skobeeva, V.A. Smyntyna, M. |.Kiose, N.V. Malushin. Effect of Zinc
on CdS QD surface modification // Collection of scientific papers XII International

scientific conference «Functional Basis of Nanoelectronics». ¢. 59 — 61.

AKi 3aceiouyoms anpooayilo ompumaHux pe3yibmamis:

1) B.M. Cxob6eeBa, M.I. Kioce, M. B. Manymun, FO.A. Hinyk, B.A.
CvunTHHA. J[FOMIHECIIEHTHI BJIACTHBOCTI HAIIBIPOBIIHUKOBUX HAHOKPHCTAJIIB
CdS / ZnS siapo / 06010HKa, BUPOIIEHUX B XKeJIATHHI. // 301pHUK Te3 MIXKHAPOIHOT
KOH(pepeHIii CTyAeHTIB 1 MOJOAMX  HAYKOBIIIB 3  TCOPETHYHOI  Ta

excrepuMeHTanbHoi Ppi3uku «EBpuka — 2020, JIsBiB, 2020 p., Ykpaina. —c. C10.

2) Hinyk FO.A., Jleonenko A.C., Kioce M.1., Cmuntuna B.A. Otpumanss ta
xapakrepusaig, HaHokpuctanis CdS nns GporoBosnbTaiuyHUX KOMIPOK. // 301pHHUK
te3 VIII MixHapoaHoi HaykoBO — TeXHIYHOT KoH(pepeHii «CeHcopHa eeKTpOoHIKa

Ta MIKPOCHUCTEMHI TEXHOJIOT1i.» . 168.



3) B.M. Cko6GeeBa, B.A. Cmuntuna, M.I. Kioce, H.B. Manymun. Brums
monupikyBanns noBepxHi KT CdS Ha ix ontuyni BrnactuBocti. // 30ipauKk Te3 [X
MixHapoJHOT HAyKOBO — TexHIYHOi KoH(pepeHiii «CeHcopHa eNeKTpOHIKa Ta

MIKpOCHCTEMHI TEXHOJOT11.» . 94 — 95,

4) V.M. Skobeeva, V.A. Smyntyna, M. |.Kiose, N.VV. Malushin. Effect of Zinc
on CdS QD surface modification // Abstract book XII International Scientific

Conference «Functional Basis of Nanoelectronicsy». ¢. 59 — 61.



