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KBHDY JOKTOPCKE JuCepTANHje

P. 6p. Kareropuja

M. Joci¢ and N. Vukmirovié, Ab Initio Construction of Symmetry-adapted k-p Hamiltonians for the Electronic Structure of
Semiconductors, Physical Review B, 2020, 102, 085121. :
doi: 10.1103/PhysRevB.102.085121 1
k-p XaMHITOHHjaHH Ce YeCTO KOPHCTE 3a OIHCHBAIE EIEKTPOHCKHX HHROA Y KBAHTHHM HaHOCTpyKrypaMa. M nopen Tora, He
TIOCTOjM METOJ KOjUM CE HHXOB MaTeMATHYKH OOINK M [aDAMETPH MOTY JMPEKTHO NoGHTH Ha OCHOBY ab initio mpopadyHa
MaTepujana ojl Kora je HaHOCTpYKTypa caummeHa. Paseujed je MeTo 3a 10Gujame mapaMeTapa 4 CHMETPH)CKH IallTHPAHOT:
o6nuka k-p XaMunTonujana 13 ab inito mpopadyHa 30HCKe CTPYKType MaTepHjana. OBaj MeToA cacroju ce oa: (1) npopauyHa
MAaTpHYHHX e/IMEHaTa ollepaTopa uMiTyica HaMeljy TanacHux ¢yHKIMja 00HjeHHX U3 MPOpaYyHa eNEKTPOHCKE CTPYKTYPE;
/(2) npoHanaxKerha yHMTapHUX TpaHchopMarmja koje TparchopMHITy JaTe TaTacHe (yHKLKje y CHMETPHjCKH afianTHpaH 6a3uc;
{(3) Tpachopmammje k.p XaMurTonujana y cuMeTpHjcky ajarTupan Gasic. OBa MeTOZONOTHja je MpukasaHa JoGujameM k.p
XaMWITOHAjaHA KOjH ONMCYjy €EKTPOHCKE HHBOE 3a CIIy4aj KBaHTHHMX jaMa kanMujym cenemmaa (CdSe). Taxo nobujeru
Pe3YIITATH 33 eIeKTPOHCKE HMBOE KBAHTHMX jaMa M3 K.p METO/a Cy y OJUIM4HOj CarilaCHOCTH Ca Pe3y;ITaTHMa MoGHjeHnM n3
Teopuje JyHKIMOHATA IYCTHHE, YaK U 3a jaMe jako MATHX JUMEH3Hja. Mz21]

k-p Hamiltonians are frequently employed to describe electronic states in quantum nanostructures. However, there is currently
no method available for directly determining their mathematical form and parameters based on ab initio calculations of the
constituent material. In this work, a methodology is developed for extracting the parameters and symmetry-adapted form of the
k'p Hamiltonian from ab initio band structure calculations. The method comprises the following steps: (1) calculation of the
matrix elements of the momentum operator between wave functions obtained from electronic structure calculations; (2)
determination of unitary transformations that convert the given wave functions into a symmetry-adapted basis; and (3)
transformation of the k'p Hamiltonian into this symmetry-adapted basis. The methodology is demonstrated through the
derivation of k-p Hamiltonians describing electronic levels in cadmium selenide (CdSe) quantum wells. The electronic levels
obtained via the k-p method show excellent agreement with those derived from density functional theory, even for quantum
wells with very small dimensions. '
M. Joci¢ and N. Vukmirovi¢, Ab-initio Calculations of Temperature Dependent Electronic Structures of Inorganic Halide
Perovskite Materials, Physical Chemistry Chemical Physics, 2023, 25, 29017.

doi: 10.1039/d3cp02054a

M3pauyHalu cMO eleKTpOHCKY cTpykTypy CsPbXs (X=CI, Br, I) 6ank xpucrama nomohy DFT npopadyHa Ha Ga3u xHOPHIHHX .
dyHKIpOHANA ca JONATKOM KODEKUHMja 3a cend-eHepruje koje NMOTHYY O eleKTpoH-(oHOH murepaxumje. JloGums cMo
TEMIIepaTyPCKy 3aBHCHOCT 3a IIMPEHhe M PEHOPMAIM3ALM]Y eJIEKTPOHCKHX HUBOa kopHmilienem Anen-Xajne-Kapnosa TeopHje

y3 momoh MeroJia KojH CMO Da3BHIH, a KOjH je 6asupaH Ha MUIIanoBoj CAMOKOH3HCTEHTHO] anpokcumaupju. POHOHCKH

5 cmexrap zobujen je momohy caMokoHsucTeHTHOr (OHOHCKOr Merofa. Pesynrarm nokasyjy Ja ce mpouell H Herosa M21
TEMIIEPaTYPCKa 3aBUCHOCT JOGPO ClaXy ca eKCHEPUMEHTOM.

We calculated the electronic structure of CsPbXs (X = Cl, Br, I) bulk crystals using density functional theory (DFT) based on
hybrid functionals, with the inclusion of self-energy corrections arising from electron—phonon interactions. The temperature
dependence of the broadening and renormalization of electronic levels was obtained using the Allen-Heine-Cardona theory,
implemented through a method we developed based on Migdal’s self-consistent approximation. The phonon spectrum was
computed using the self-consistent phonon method. The results demonstrate that the band gap and its temperature dependence
are in good agreement with experimental data.
M. Jocic and N. Vukmirovic, Temperature dependence of the electronic band gap of CsPbBr; quantum wells obtained using

k-p method, Facta universitatis - series: Physics, Chemistry and Technology, 2024, 22, 1-11.
https://doi.org/10.2298/FUPCT2401001]

MspadyHams cMO eleKTpoHCKy cTpykTypy CsPbBrs ksamTHe jame nomohy k'p mMosmena xopumhemeM napamerapa n3 DFT
npopauyHa Ha Gasu XHOGpHIHKX (YHKIMOHANA Ca JOJATKOM KOPEKLWja 3a cend-eHepruje Koje NOTHYY Of eEeKTPOH-(OHOH
uHTepaximje. JOGHIM CMO TEMIIEPATyPCKy 3aBHCHOCT TIPOLIETIA 38 PA3IAYMTE BEIHMUHE KBAHTHE jame. Pesyirratu mokasyjy na

3 je TeMmepaTypcKa 3aBHCHOCT y KBAHTHHMM jaMaMa, 3a CBE BEIIMYMHE jaMa Koje Cy y3eTe y 063Hp, CIMHa OHOj Koja ce fo0Hja 3a M52
6ank dazy.

We calculated the electronic structure of CsPbBr3 quantum wells using the k'p model with parameters extracted from hybrid
functional based DFT calculations supplemented with self-energy corrections arising from the electron-phonon interaction. We
obtained the temperature dependence of the band gap for different sizes of the quantum well. The results show that the
temperature dependence in quantum wells is similar to the one found in bulk phase for all sizes of the well that were considered,

MOMEHA : ykoiHKo je kaHauaar o6jaBuo suine of 3 paza,

. HCOYBEHOCTYCJIOBA 3A ONBPAHY /IO KE Ju( HMJE.
Kangunar ucnymaBa ycnobe LERY ¥ oa6paHy JOKTOPCKe AuCepTaLHje KOjH cy npeaBhheHH 3aKOHOM O BUCOKOM A HE
ofpazoBamy, CrarytoM YHuBep3uTera B CratyTom Dakynrera. e .

Kauauzatr Munan Jouuh, kao npaH ayTop, HMa pa paia kateropuje M21 u jenan paa kareropuje M52, koju cy y NOTIYHOCTH M3 Hajyxe
06nacTH JOKTOPCKE AMCEPTALMjE, IPH YEMY je jeljaH pall y 4acolmMcy KOjH u3naje YHupep3uteT y Humy. ¥V ToM cMHCHy, KaHIMAAT
MhunaH Jouuh HcnysaBa cBe yClioBe 3a 0X0paHy JOKTOPCKE JHCEPTalHje.

The candidate, Milan Jocié, as the first author, has published two papers in category M21 and one paper in category M52, all of which
are directly related to the core subject of the doctoral dissertation. One of these papers was published in a journal issued by the University:
of Nig. In this regard, the candidate Milan Jocié¢ meets all the requirements for the defense of the doctoral dissertation.




Y NpBOM [OraR/bY AMCEPTALMje AT je Iperie] 3Hauaja XauIHIX IEPOBCKUTHUX MaTepHjaia i BHXOBHX HAHOCTPYKTYPa,
Kao H Tperye] hbUXOBUX MpUMeHa 3a coapHe henwmje u JIEJ] nuoze.

V IpyroM Morjiapjby AaTe Cy OCHOBE TEOPHjCKHMX METOA KOje Ce KOPHCTE y KacHHMjMM MOIJIaB/bUMa Tese. JlaT je Hajrpe
MOJCETHHK OCHOBHHMX TOjMOBA BE3aHHMX 33 KPHCTATHE MaTepHjaie. 3aTuM Cy OGjallbeHH MOJeN edextuBHe Mace H k'p
MOZEN 3 ENIEKTPOHCKY CTPYKTYpy Martepujana. HaxoH Tora, omcaHa je TeopHja (QyHKIHMOHaNa IyCTHHE 3a NPOpaiyH
ENIeKTPOHCKE CTPYKType Marepujana. IIoToM Cy yBelieHe MeTolle 3a ONMUC QOHOHCKE CTPYKTYpE H MHTepakuuje uMehy
‘enekTpoHa M (oHoHa. Ha kpajy mornasiba HaT je M KpaTak Nperiief IojMoBa M3 TeopHje rpymna Koja ce KOPHCTH Y
JUCEepTalfjH.

V TpeheM nornarsby, NpHKa3aH je pa3Boj METOJe KOjOM ce nonasehin of( eNeKTPOHCKE CTPYKTYpe KpucTalia nobujene y ab-
initio mpopauyHy koHcTpyuite k-p Xamunronsjad. Ha ocHOBY npopadyHa eJEKTPOHCKE CTPYKTYpe Marepujaia y OKBHPY
TeopHje (yHKIMOHaNa rycTuHe nobujajy ce TanacHe ¢yHKuuje H eHeprije CeKTPOHCKMX CTama y Marepujany. CeH
napaMeTpH KOjH Ce jaBibajy y k- p XaMHITOHHjaHy ce MOTY AMPEKTHO H3padyHaTy U3 noGHjeHnx eHeprHja eNEKTPOHCKHUX
CTara ¥ M3 MATPMYHHX eeMEHaTa OflepaTopa UMITysIca H3Mely oGujenux TanacHux (yHkumja. nak, Tako nobujenHn k-p
XaMIITOHMjaH 6M HMAao H3Y3e€THO KOMIUIMKOBaH OOJHMK KOjH ce pa3iuKyje O KOHBEHLUMOHAIHMX CHMETPHjCKH
ajanTHpaHnx obnuka w3 muTeparype. Jla 61 ce k'p XaMuITOHHjaH IOBEO Y CHMETPH3OBAHY dopMy, NpHMEHmEHA je
yHMTapHa TpaHcopMaLuja Ha CKyIly TanacHMX QyHKL@ja M3 CBakor IIPOCTOpa AET€HEPHCAHMX ENEKTPOHCKHMX CTamba.
OpakBa NpoLeaypa je ycnemHo npumenena Ha CdSe MaTepujan ca LWMHKGICHAHOM KPHCTAIHOM CTPYKTYPOM.

V 4eTBpTOM MOIJABbY, MPEACTAaB/BEHH Cy METOJONOTHja M Pe3yiTaTH 3a €JIEKTPOHCKY CTPYKTYpY NCPOBCKMTHHX
Martepujana CsPbX; ykbydyjyhu M meHy TeMmIepaTypcKy 3aBHCHOCT ycnief edekara eNeKTPOH-GOHOH MHTEPaKILMjE.
JloGujame OBHX pe3ynTara je 6110 H3a30BHO M3 BHIe pasnora. JIo6po je MO3HATO Jia JIOKAIHE anpokcHUMalije y OKBHDY
TeopHje (pyHKIHOHANA TYCTHHE He najy AoGap eHeprujcku mpouer. CTora je 3a mpopayyH NMPUMEHEH CIIOXEHHjH IIPHCTYI
3aCHOBaH Ha XHOGPUIHOM (GYHKIMOHATY. 360r IPUCYCTBA TEIKOT €IEMEHTA Ko IITO je 0JIOBO HEOIXOHO je 6umo U ga ce
ypauyHaBajy edekTH cnuH-opOuTanHe uHTepakumje. JlonaTHa oTexasajyha OKOJIHOCT y ONHOCY Ha KOHBEHLMOHATHE
IOy TIPOBOIHMKE j€ UHILEHHIIA 1a Cy OBM MATEPHjATH PENIATHBHO MEKH y CMHUCIY Jia Cy OCLATAlije aToMa y OJHOCY Ha
PaBHOTEKHH ITIOJIOXaj BEOMa 3HauajHe, I1a Ce U Taj edeKaT Mopa y3eTH y 063Hp IIpH NpOpavyHy ENEKTPOHCKE CTPYKTYpE.
Kaz cy y matamy GOHOHH, OBa YHIEHHLIA je y3eTa y 063Hp Tako WITO je kopuiulieHa CaMOKOH3HCTEHTHA ($OHOHCKa MeTozIa
npu onpehuBamy (OHOHCKOr CrexTpa. IIpHKa3aHM Cy pe3yiTaTM 3a TEMIEpaTypCKy 3aBHCHOCT 33 MIHPCHC H
peHOpMAIH3aLHjy eNeKTPOHCKHX HUBoa kopuinhemeM AneH-XajHe-Kaprona teopuje y3 noMoh MeTofia KOjU CMO Pa3BHIIH,
a kojH je 6a3upan Ha MUrJaioBoj CAMOKOH3HUCTEHTHO] anpoKcHManyju. [Ipe/ICTaB/beHH pe3yITaTh I0Ka3yjy Aa ce IpoLen
M BHEroBa TeMIepaTypcKa 3aBUCHOCT J06PO CIIaXy ¢a eKCIMEPUMEHTOM.

Y neToM nornaeby, onpelieHe Cy eHepryje cTama y IepOBCKMTHUM HaHOCTPYKTypaMa KOpHCTeliu pesynraTe H3 [PEeTXOHA
JiBa noriaBsba. OmucaH je Bapr-PopMaHOB METOI aHBENOMHUX (YHKIMja H NOKa3aHO je fid METO/ aHBENOMHAX ¢$yHKIHja
Jiaje CIIM4HE pe3yiTaTe Kao TeopHja GyHKIMOHAIA [yCTHHE Y ClyYajy KBaHTHHX jama, YMMe j€ [0TBpleHa HCIIPaBHOCT OBOT
MeTtoza. KoHauHoO je npuKasaHa H3payyHaTa TEMIIEpaTypcka 3aBUCHOCT €HePIeICKOT Mpoliena NEPOBCKUTHUX jaMa, KUIa H
Ta4aKa 3a pa3IMYHTe TUMEH3Hje OBHX CTPYKTYpa. "

V IIECTOM, 3aKJbYYHOM IOMNIaBIbY, YKPATKO Cy CYMHPAHH Pe3yJITaTH NPe/ICTABbEeHH Yy Te3H, JOK Cy 4 fofaTka IaTH I0AaTHH
MaTEeMaTHYKH JeTabi U rpadHim.

Chapter 1 of the dissertation provides an overview of the significance of halide perovskite materials and their nanostructures,
along with a review of their applications in solar cells and light-emitting diodes (LEDs).

Chapter 2 outlines the theoretical foundations of the methods used in the subsequent chapters of the thesis. It begins with a
review of basic concepts related to crystalline materials. This is followed by an explanation of the effective mass model and
the k-p model for describing the electronic structure of materials. Next, density functional theory (DFT) is introduced as a
method for calculating electronic structure. Methods for describing the phonon structure and electron-phonon interactions
are also presented. The chapter concludes with a brief overview of concepts from group theory used throughout the
dissertation.

Chapter 3 presents the development of a method for constructing a k-p Hamiltonian starting from the electronic structure
obtained via ab initio calculations. Based on DFT calculations, wave functions and energy levels of the electronic states are
obtained. All parameters appearing in the k-p Hamiltonian can be directly calculated from these energy levels and from the
matrix elements of the momentum operator between the corresponding wave functions. However, the resulting Hamiltonian
typically takes a very complex form, differing from the conventional symmetry-adapted forms found in the literature. To




obtain a symmetrized form, a unitary transformation is applied to the set of wave functions within each degenerate subspaéé.
This procedure is successfully demonstrated for the CdSe material with a zinc blende crystal structure.

Chapter 4 presents the methodology and results for the electronic structure of CsPbXs perovskite materials, including its
temperature dependence arising from electron—phonon interaction effects. Obtaining these results was challenging for
several reasons. It is well known that local approximations within DFT do not yield accurate band gaps. Therefore, a more
sophisticated approach based on hybrid functionals was used. Due to the presence of a heavy element such as lead, it was
also necessary to include spin-orbit coupling effects. An additional challenge, compared to conventional semiconductors,
is that these materials are relatively "soft,” meaning that atomic vibrations around equilibrium positions are significant and
must be taken into account in electronic structure calculations. Regarding phonons, this was addressed using the self-
consistent phonon method to determine the phonon spectrum. Results are presented for the temperature-dependent
broadening and renormalization of electronic levels, obtained using Allen-Heine-Cardona theory via a method we developed.
based on Migdal’s self-consistent approximation. The results show that the calculated band gap and its temperature
dependence are in good agreement with experimental data.

Chapter 5 determines the electronic state energies in perovskite nanostructures using the results from the previous two
chapters. The Burt-Foreman envelope function method is described, and it is shown that this method yields results
comparable to those obtained from DFT in the case of quantum wells, thereby validating its accuracy. Finally, the calculated
temperature dependence of the band gap in perovskite wells, wires, and dots is presented for various structure sizes.

Chapter 6, the concluding chapter, summarizes the main results presented in the dissertation. Four appendices provide
additional mathematical details and graphical data.

['maBHM LWJb MCTpaXHBaH:a Y OKBHpY OBe Iucepraimje je 6uo ma ce n06ujy nmapaMeTpu XaMHUATOHMjaHA KOjH OMHUCYjY
TNIEPOBCKHTHE HAHOKPHCTale, Ja Ce pasyMejy €NEKTPOHCKA CTama y NEPOBCKMTHHM HAaHOKDUCTATMMA H Jia C€ ONpe.u
3aBHCHOCT €HEprHje eMHCHje Ol AMMeH31ja HaHOKpHCTana. [TpHIMKOM MpHjaBe AOKTOPCKe AMcepTaLMje, pearusalmja OBor
IVIABHOT LIW/ba HCTP&XHBaka je TUIAHMpaHa Kpo3 OCTBApHBAE Criefehix KpaTKOpPOYHHX L/beBa: 1) pasBHjare MeToa
xojuM he ce momaszehu O €NEKTPOHCKe CTPYKType KpHcTana jAoGujeHe y ab-initio mpopadyHy KOHCTPYHCATH kp
XaMWITOHKjaH; 2) MPEUM3HO H3padyHaBame ENEKTPOHCKE CTPYKTYpE NIEPOBCKMTHUX MaTepujaia CsPbX; yxmydyjyhu
HheHy TEMIEpaTypCeKy 3aBHCHOCT ycliel edekara eleKTpPOH-(pOHOH HHTEpakuyje; 3) onpehuBambe €NEKTPOHCKUX CTamba Yy
NEpOBCKMTHMM HAHOKDHCTANMMA M Ha OCHOBY TOra onpelBame 3aBMCHOCTH EHEpruje eMHUCHje Ol HAWMEH3Hje
HaHOKpHCTaJa. :

KoMHCHja KOHCTATyje 11a Cy CBM HaBeJIleHH LMJBEBH Y TIOTITYHOCTH UCTyHeHH. PasBijeH je MeTox KojuM ce nonasehu ox ab-
initio mpopauyHa Moxe koHCTpyHcaTd k-p XaMWITOHHjaH, IITO je MPUKA3aHo y NMOIIaBjby 3 Te3¢ Wy pany [1]. 3aTuM je
yCnemHo oapehieHa TeMrepaTypcka 3aBHCHOCT €JIEKTPOHCKE CTPYKTYpE MEPOBCKHTHHX Mmatepujaa CsPbX; , mTo je
TIPEACTABIBEHO Y TMOMIaBIbY 4 Tese U y paay [2]. Konaano cy onpeheHa 1 elekTpoHCKa CTamba Y NEepOBCKUTHUM KBAHTHUM!
jaMaMa, KBAHTHWM JMIIAMA M KBAHTHMM TaukaMa, Kao M 3aBHCHOCT €HEprje eMHCHje CBETIIOCTH Of JV¥MEeH3Hje OBHX
HaHOCTPYKTYPpa, Kao IITO je OMUCAaHo y MOTNIaBiby 5 Te3e M y paly [3].

The main objective of the research conducted in this dissertation was to determine the parameters of the Hamiltonian
describing perovskite nanocrystals, to gain an understanding of the electronic states in perovskite nanocrystals, and to.
establish the dependence of emission energy on nanocrystal size. At the time of the dissertation proposal, the realization of
this main research objective was planned through the achievement of the following short-term goals: 1) development of a
method for constructing a k-p Hamiltonian based on the electronic structure obtained from ab initio calculations; 2) accurate
calculation of the electronic structure of CsPbXs perovskite materials, including its temperature dependence due to electron—
phonon interaction effects; and 3) determination of the electronic states in perovskite nanocrystals and, based on that,
evaluation of the size dependence of their emission energy.

The committee concludes that all of the stated objectives have been fully achieved. A method for constructing a k-p
Hamiltonian from ab initio calculations has been developed, as demonstrated in Chapter 3 of the dissertation and in
publication [1]. Furthermore, the temperature dependence of the electronic structure of CsPbXs perovskite materials has
been successfully determined, as presented in Chapter 4 of the dissertation and in publication [2]. Finally, the electronic
states in perovskite quantum wells, quantum wires, and quantum dots have been determined, as well as the dependence of
their emission energy on nanostructure size, as described in Chapter 5 of the dissertation and in publication [3].

Bpeasopame 3Ha9aja M HayJHOT IOTIPMHOCA pe3ynTara aucepranmje (do 200 pevw) / ,
V OKBHpY JIOKTOPCKE AHMcepTaLMje noGujeHn cy XaMIITOHHjaHH KOjH OIKCYjy NMEPOBCKATHE HAHOKPHCTANe U BHXOBHX
ENIeKTPOHCKHX CTalmha Y 3aBHCHOCTH OJl IMMEH3Hja HAHOCTPYKTYpa. 3a Ty CBPXY Pa3BHj€H je METOJ KOjH KOHCTpYHIIE k-p
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THX XaMWITOHMjaHA Y CAMETPHjCKH afanTupan o6muk. Taj meTon je IeMOHCTPHpaH Ha KPHCTAlIMMA K20 ¥ HAHOKPUCTATHMA
y 06/IMKy KBaHTHMX jama 3a cirydaj CdSe matepujana.

Takole, u3pauyHaTa je TEMIEpaTypcKa 3aBHCHOCT EIEKTPOHCKE CTPYKTYPE CsPbX3 nepoBCKMTHUX KpHCTala KopuinhiemeM
Anen-Xajue-Kapnona Teopuje a 3a Ty CBpXY, pa3BHjeH je MeTon koju je Gasupan Ha Muraanoeoj CaMOKOH3HCTEHTHO]
anpokcuManuji. Konauro, kopuihereM METOZONIOTHjE 32 no6ujame CAMETPH]CKH afanTupaHux k-p XaMuITOHMAjaHa, Kao
¥ TeMIepaTypcKe 3aBHCHOCTH eNEKTPOHCKMX HuBoa CsPbX3 kpucrana, nobujeHa Cy eNEeKTPOHCKa CTama HBHXOBHX
HaHOKpHMCTana y o6/IMKY KBaHTHHX jaMa, JKHLa ¥ Ta4akKa. 7
OBaxo Jo6HjeHH pe3ynTaTH AonpHHOCE 60IbeM pasyMeBatby ENEKTPOHCKHMX CBOjCTBa IEPOBCKUTHUX HAHOKPHCTaJIa M MOTY
TMOCIYXXMTH 32 Jajb€ HCTPAXKUBAILE HUXOBHX ONTHIKHX ocobuHa. MeToH KOjH Cy pasBHjeHH 3a NoTpeGe mucepraumje ce
JIaxo MOTy TIPWIATOJMTH M Ha ApyTe MONYNPOBONHHYKE KPUCTATE U HAHOKpHCTAIe. CBM OBH PE3YJNTaTH ¥ METOOH MOTY
Hah¥ [IpUMEHY Y aKTyeJTHEM MCTPaXHBabHMa GOTOBONTAHKA H FMXOBUM IIPAKTHHHM PAMEHAMA.

Within the doctoral dissertation, Hamiltonians describing perovskite nanocrystals and their electronic states as a function of
nanostructure size have been obtained. For this purpose, a method was developed to construct k-p Hamiltonians based on
electronic structures derived from ab initio calculations, as well as a procedure for transforming these Hamiltonians into a
symmetry-adapted form. This method was demonstrated on both bulk crystals and nanocrystals in the form of quantum
wells for the case of CdSe material.

In addition, the temperature dependence of the electronic structure of CsPbXs perovskite crystals was calculated using the
Allen-Heine-Cardona theory. To this end, a method based on Migdal’s self-consistent approximation was developed.
Finally, by using the methodology for obtaining symmetry-adapted k-p Hamiltonians and the temperature dependence of
electronic levels in CsPbXs crystals, the electronic states of their nanocrystals—configured as quantum wells, wires, and
dots—were determined.

The results obtained contribute to a deeper understanding of the electronic properties of perovskite nanocrystals and may
serve as a basis for further research into their optical characteristics. The methods developed for the purposes of this
dissertation can be readily adapted to other semiconductor crystals and nanocrystals. All these results and methods are
applicable to current research in photovoltaics and their practical implementations. :

OlieHa caMOCTAIHOCTH HayJHOT pajia kanauzara (0o / 00 pevu)

TokoM u3paje aucepraumje, kaHauaar Munman Jouuh nokasao je BACOK HHMBO CaMOCTAIHOCTH y CBMM CErMEHTHMA
HCTPOXHMBAYKOl pajia, yKibydyjyhu ¥ pam Ha padyHapCKUM CHMyJIallMjaMa, IHCame CONMCTBEHHX PadyHAPCKHX KOJIOBa,
JHCKYCH]y M aHAJHM3y Pe3yJITaTa, IMTepapHH mperie]l, MUCAme HayqHUX pajioBa, kao 1 caMe pucepranuje. CaMOCTaTHOCT
je u gopmanHo norBpheHa my6nuKoBatbeM MPETXONHO HABEACHHX pajloBa, Ha KOjMMa je KaHOMAAT YjeIHO U IIPBONOTIIMCAHH

-ayTop.

During the preparation of the dissertation, the candidate, Milan Joci¢, demonstrated a high level of independence in all
aspects of the research work, including conducting computer simulations, writing custom computational codes, discussing
and analyzing results, performing literature reviews, and writing scientific papers as well as the dissertation itself. This
independence is also formally evidenced by the publication of the aforementioned papers, in which the candidate is listed
as the first author. '

JTokTOopcka AMCEpTalHja ToJ HacloBOM ,EnekTpoHCka CBOjCTBa MEPOBCKMTHMX HAHOKpHCTaNna“, KaHIOMAaTa Mpunana
Jouuha, mpencTaB/ba OpWTHHATHH HaydiHM pan. Pesynraru foGujeHr y OKBMpY AucepTaimje BepH(QHUKOBAaHH CY
Ny6NMKOBaEeM PajioBa KOjH Cy Y MOTITYHCTH U3 Hajyxe oGNIacTH AucepTauMje: ABa paja kareropuje M21 u jeman paz
KaTeropuje M52. '

'KowmucHja npennaxe HacTaBHo-Hay4HoM Behy IIpuponno-maTeMaTHiKKor daxynrera Vausepsutera y Humry u HayuHo-
cTpyuHOM Behy 3a NPUPOJHO-MATEMaTHUKe Hayke YHHBEPIUTETA Y Humy na ce kanmunary Munany Jouwhy onoGpu
onbpaHa IOKTOPCKE TUCEPTALHjE O] HACTOBOM ,,ENEKTPOHCKA CBOjCTBA NIEPOBCKUTHMX HaHOKpHCTana“.

The doctoral dissertation entitled "Electronic properties of perovskite nanocrystals”, by candidate Milan Jocié, represents
an original scientific contribution. The results obtained within the dissertation have been validated by the publication of
papers fully within the core area of the dissertation: two papers classified as M21 and one paper classified as M52.

‘The committee proposes to the Teaching Scientific Council of the Faculty of Sciences and Mathematics, University of Nig,
and the Scientific Expert Council for Natural and Mathematical Sciences, University of Ni, to approve candidate Milan
Jocié’s defense of the doctoral dissertation entitled "Electronic properties of perovskite nanocrystals”.
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