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Yyopeii M. B. BrinuB 30BHIIIHIX MOJIB Ha nepepi3 PoToioHizalii AOMIIIKKA Ta
KOe(]IllI€EHT MOIJIMHAHHA CBITIa B CHEpUUYHUX HAHOCTPYKTypax. — Kpamidikaiiiina
HayKOBa Ipallsl Ha MpaBax PyKOIHUCY.

Hucepraniss Ha 37400yTTS HAyKOBOrO CTymeHs JokTtopa (inocodii 3a
cnenianbHicTIO 104 «®Di3uka Ta actpoHomis» (10 — IIpupoauuyi Hayku). — YepHiBEUbKUN
HalioHabHUN yHiBepcuteT iMeH1 FOpis @eapkoBuya, YepHisii, 2025.

Juceprariisi npucCBIY€HA TEOPETUYHOMY BHUBUEHHIO BILJIMBY 30BHIIIHIX MOJIB Ta
JOMIIIKK Ha ONTHUYHI Ta (POTOENEKTPUYHI BIACTUBOCTI OaraTomapoBUX CHEpUUHUX
KBAaHTOBUX TOYOK, 30KpeMa KBaHTOBUX Touok [ Ta Il Tumy, siki XapakTepu3yrOThCA
cretupiyHUM npodiieM eHepreTUYHUX 30H B 30H1 KOHTAKTY, 1[0 BU3HAYAE TPOCTOPOBE
PO3AUIEHHS HOCIIB 3apsily Ta iX KyJIOHIBCbKY B3aeMOJ1t0. JlOCHIIKeHHS] BUKOHYBAJIUCh
JUISL OJHOSIMHMX Ta JIBOSIMHUX HAHOCTPYKTYp PI3HUX pO3MIpiB Yy HaOJIUXKEHHI
MPSIMOKYTHUX MOTEHIIATbHUX 0ap’epiB Ta Mozeni edhekTuBHOI Macu. JlJisi po3paxyHKy
XBUJbOBUX (PYHKIIM €JIeKTpOHAa Ta MOro EHEePreTUYHOrOo CIEeKTpa BUKOPUCTAHO
MaTpUYHUNA METOJ, 3TIJHO SKOTO XBWJIbOBY (DYHKIIT IIYKAIOTh Y BUTJISAL PO3KIIATy 3a
MOBHUM 0a3lCOM XBWJIBOBUX (YHKIIM, 110 € TOYHUMH PO3B'SI3KAMU PIBHSHHS
[peninrepa ajist HAHOCUCTEMH O€3 BILIMBY 30BHIIIHIX MOJIB Ta JOMIIIOK.

Y BeTymi pO3KpPHUTO aKTyallbHICTh TE€MHU JAHMCEpTalli, 3a3HA4€HO ii 3B'S30K 13
HAayKOBUMHU IMpOTrpaMaMu Ta IUJIaHAMM, BU3HAUEHO 3aBJaHHS 1 METy AOCIIIKEHHS,
PO3KPUTO HAYKOBE 1 MPaKTUYHE 3HAYEHHSI OTPUMAHUX pe3yibTaTiB. HaBeneHo mani mpo
nyOuikailii, ampoOarilo pe3ysbTaTiB, OCOOUCTHII BHECOK 3100yBaya Ta OIKHCAHO
CTPYKTYpY 1 00cCsT qucepTarii.

VY mepmomy po3aisii AUCEpTaIlii MPOBEICHO OIS Ta aHalli3 HAYKOBUX POOIT, sIKi
MIPUCBSIYEH] TEOPETUYHUM 1 EKCIEPUMEHTAIILHUM JOCIIIKEHHSIM, 110 CTOCYIOThCSI TEMHU
nucepTailii. JletanrbHO pO3MISHYTO BJIACTUBOCTI KBAHTOBUX TOUYOK THIY «SJIPO-
obononka» I ta Il Tumy, iXHi BIAMIHHOCTI Ta 3aCTOCYBaHHS B OITOEIEKTPOHIIIL.

[IpoananizoBaHO OCHOBHI METOAM CTBOPEHHSI KBAHTOBUX TOYOK: MIJIX1J «3BEPXY-BHU3Y,



10 OXOIUTIOE (P13MUHI Ta XIMIYHI METOJIH, 1 MAX1]] «3HU3Y-BrOPY», IKHI BKIFOUAE XIMIYHE
OCa/I>KEHHS Ta CAMOCKJIaJJaHHs, BKa3aHO MepeBaru KO>KHOIO 3 MiIXO1B Ta IXHE 3HAUEHHS
IUIsL OTPUMaHHS BHMCOKOSIKICHUX HAHOCTPYKTYyp. Takox y po3aun po3risiHyTO
3aCTOCYBaHHSI KBAaHTOBUX TOYOK Yy COHSYHMX €JIEMEHTaX, CBITJIOMA10/Iax, Jia3zepax,
OlOMEeIMYHUX TEXHOJIOTIAX 1 KBAHTOBUX oOuHcleHHsAX. OKpemMo HaroJjiomieHo Ha
BAKJIMBOCTI JOCIIPKEHHS BIUIMBY 30BHIIIHIX IOJIB Ta JOMIIIOK Ha €HEPreTUYHUM
CIEKTpP €JIEKTPOHIB, CHJIM OCIWJISTOPA, E€HEPTil0 3B'SI3Ky €JNEKTPOHa 3 JOMIIIKOIO,
KOe(]illleHTH MOTJIMHAHHS Ta MONEpeYHui nepepiz GpoToioHi3alil JoMIilIKku. Takox, Ha
OCHOBI TOMEPEAHIX TEOPETUYHUX MAOCIHIJI)KE€Hb, OyJO OMUWCAHO OCHOBHI METOJIU Ta
MIIXOAW, SIKI BUKOPUCTOBYIOTHCSL [JJiE TEOPETUYHOrO JOCIHIKEHHS  CIIEKTPIB
KBa314YaCTUHOK Y KBAHTOBUX TOYKaX.

Y apyromy po3aiiai poOOTH AOCHIKYETHCS BIUIMB 30BHINIHIX €IEKTPUYHUX Ta
MarHiTHUX TMOJIIB Ha ()OTOENEeKTPUYHI BJIACTHMBOCTI BOJHEBOMOMIOHOI TOMIIIKA B
OararomapoBux c(epUUYHMX KBAHTOBUX TOYKaX. 30KpEMa pO3TISIAETHCS SIBUILE
(dboToloHI3aIlT TOMIIIKH, K€ XapaKTepU3yEThCA MEPepi3oM (POTOI0HI3alLIlT JOMIIIKH, 110
BU3HAYa€ MMOBIPHICTH 10HI3allli aTOMIB a00 JOMIIIOK B KBAaHTOBUX TOYKAX IMiJ JIEIO
CBITJIA.

OcHOBHa MeTa PO3/LTy MOIATaE y NOCHIIKEHHI EHEPTeTUYHOr0 CIEKTPY, EHeprii
3B’SI3KY €JIEKTPOHA 3 JIOMIIIKOIO Ta MOMEPEYHOTo nepepizy (HpoToioH13aIli B OJHOSIMHUX
Ta JBOSMHHUX OaraTomapoBux C(HEpUYHUX KBAHTOBUX TOYKaxX IiJl BIUIUBOM
€JIEKTPUYHOTO 1 MATHITHOTO MOdiB. [l 1bOoro HEOOXITHO pO3B’s3aTH PIBHIHHSA
peninrepa, sike O0ys0 oOYUCIEHE MATPUYHUM METOAOM 13 BHUKOPUCTAHHSIM MOJENI
e(eKTUBHOI Macu Ta MNPSIMOKYTHOIO MOTEHLialy. Pe3ynpTaTu mMmokasanu, IO 3MiHA
pPO3MipiB KBAaHTOBOI TOYKHM Ta 30UIbIIEHHS 1HTEHCHUBHOCTI TOJIIB CYTTEBO 3MIHIOIOTH
JIOKaJI3aIil0 €JIEKTPOHA, 3MIHIOIOUM EHEPril0 3B’S3KYy €JEKTpOHa 3 JOMINIKOI Ta
nonepevyHuit nepepiz poToioHi3allii.

OkpeMO pO3TJISHYTO BIUIMB €JIEKTPUYHOTO TOJISI Ha MOMEpPeYHU mnepepis
doToioHi3ari AOMIMKN y OararomnrapoBiii chepudHiit kBaHTOBiM Toumi Al,Ga,_,As/

GaAs/Al,Ga,_,As, sxa BOynoBaHa B INIMPOKO30HHY MaTpumio. Js CHOpoIeHHS



PO3paxyHKIB PO3TJSHYTO BUIIAJOK, KOJH Mojie mapaiensbHe oci Oz. Y 1ux ymoBax
raMibTOHIaH 30epirae IMWITHAPUYHY CHUMETPII0, a EJIIEKTPOHHI CTAHU OMNUCYHOTHCA
MarHiTHUM KBaHTOBUM 4KciIOM. OTpuUMaHO, 1110 HAaWBUINMM MiK nepepi3dy PoToioHizalii
JOMIIIKH CTIIOCTEPIraeThCsl, KOJIM JOMIIIKA PO3TAIIOBAHA B IIEHTP1 MOTEHIIATBHOI SIMH,
TOAl AK 3POCTaHHA IHTEHCHUBHOCTI EJEKTPUYHOIO TOJIS 3HMXKYE EHEPrilo 3B’SI3KY
JOMIIIKKM, 3MIHIOIOUM TMOoNepeyHuid mepepi3  QoroioHizamii. TakoX PpO3TISHYTO
KOMO1HOBaHUI BILJIUB MarHiTHOTO MOJIS 1 TOJIOKEHHS JOHOPHOT IOMIIIKY Ha MONEePEeYHUM
nepepi3 GoToioHI3aIllT y aHATOT14HIi KBaHTOBI1M Touli. [lokazano, o ajs eHTpaIbHOL
JOMIIIKM MAarHiTHE TMOJe 3MIIly€e MK TONepeyHoro mnepepizy (oroioHizamii y
HU3BKOCHEPreTUYHy o00JacTh, a /IS HEUEHTPAIbHOI — TONEPEeYHUl mepepis
(dboToioHI3aIlli Ma€ IeKiIbKa MiKiB, 10 BIAMOBIIAI0Th PI3HUM MIXKIIA30HHUM KBAaHTOBUM
nepexonaMm. OKpiM 1OTO, OyJI0O BUBYEHO BILJIMB MAar”HiTHOTO MOJSl Ha €HEPreTUYHUM
CIIEKTp, XBWIbOBI (PYHKIIII €JIEKTPOHIB Ta KYJOHIBCHKY B3a€MOJIII0 €IEKTPOH-AOMIIIKA
JUTSL PI3HUX PO3MIPIB KBAHTOBOI TOUKU. BUKOHAHO MOPIBHAHHS PE3yJIbTATIB OTPUMAHUX
MaTpUYHUM METOJIOM Ta METOJOM CKIHUCHHUX E€JEMEHTIB, 110 MiATBEPIAUIO BHUCOKY
TOYHICTh Ta €EKTUBHICTH MEPILIOTO.

JocnikeHo BIUIMB MAarHiTHOTO TOJIsI Ha mepepi3 (oToioHizalii AOMIMIKA Ta
Koe(IIIEHT TOINIMHAHHSA B KBAHTOBIM TOYIl sKa CKIQJaeThes 3 sapa GaAs 1 IBoX
obomonok Al,Ga,_,As i GaAs, ne sapo 1 30BHINIHSA OOOJIOHKA YTBOPIOIOTH JBI
MOTEHIIAJIbHI IMU JIJIS1 €JIEKTPOHA, @ BHYTPIILIHIN 1Iap € MOTEHI[IaJTbHUM 0ap’€poM.

VY 3amexXHOCTI BiA IHIYKIlT MarHiTHOrO MOJS Ta T€OMETPUYHUX MapameTpiB
HAaHOCUCTEMHU €JIEKTPOH MOXKE OYyTH JIOKaJII30BAHUM Yy PI3HUX MOTEHIIATbHUX SIMaX, 110
CYHpPOBOJIKYETHCS aHTUKPOCUHIOM €HepreTuyHux piBHIB. lle m03Bonsie KopuryBatu
pPO3MOJIJIOM  €JIEKTPOHHOI TyCTMHH, a OTXe, 1 ONTUYHHUMH BIJIACTUBOCTSMHU
HAaHOCTPYKTYpU OCOOJMBO B OOJACTI aHTUKPOCHUHTY, /€ BOHM HAMOUIbII YYyTIUBI 10
JTIOMIIIOK Ta 30BHIMIHIX ITOJIB.

[Toka3zaHo, 110 3MEHILIEHHS PO3MIPY 30BHIIIHBOT NOTEHIIAIBHOI IMH 3MIILY€E MIKHA
MonepeyHoro nepepizy poroioHizallii i KoedilieHTa NOTIMHAHHSA Y BUCOKOCHEPTE€TUUHY

00JacTh, MIJICUIIOIYM BIUIMB KBAaHTOBUX MEPEXOiB y 30y/KEHI CTaHW Ha ONTUYHI



XapakTepucTuku. BeTaHoBieHo, 110 MarHiTHe nosie 3 iHaykuiero 10-15 Tn BonuBae Ha
ONTHYHI XapaKTePUCTUKH HAHOCUCTEMH IMOI10HO /10 3MEHIIICHHS TOBIIMHHU 30BHIMIHBO1
00O0JIOHKH.

VY TpeTboMy po3/i11 BUBUEHO BIUIUB €JIEKTPUYHOTO 1 MATHITHOTO MOJIIB HA JIIHIHHI
Ta HEJIHIIHI KOe(illIEHTH MOTJIMHAHHS CBITIA B 0araTomapoBuX cPepuyHUX KBAHTOBUX
aaTuToukax AlyzGay,As/GaAs/Aly3Gay,As 3 mominmkamu Ta 0e3 HUX. Po3rmstHyTO
3JIEKHOCTI €HEPreTUYHOr0 CIEKTPY, XBUIBOBUX (YHKIIN, €HEprid 3B’S3Ky, CHUIIU
OCITUJIATOPA, TMOJSPHU30BHOCTI JOMIIIKA Ta KOE(QIIIEHTIB MOTJIWHAHHS Bl 30BHIITHIX
MOJIiB, PO3MIPY HAHOCTPYKTYPH i HASIBHOCT1 JIOMIIIIOK.

VY upomy po3aini OKpeMoO AOCHIIKEHO BIUIMB MAar”iTHOTO MOJiS Ha OINTHUYHE
MOTJIMHAHHSA B CEpUUHid KBAHTOBIA AHTUTOYIN SIAPO-O00JOHKA 3 JOMIIIKOIO, SKa
pO3TallloBaHa B IIEHTPl NOTEHIIaIbHOI sIMU. BCTaHOBIIEHO, 1110 HA €HEPTreTUYHI PiBHI Ta
XBUJIbOB1 (DYHKIIi €JIEKTpOHA CYTTEBO BIUIMBAIOTH PO3MIpHU SApa, 1HTEHCUBHICTD
MarHiTHOTO TIOJIsI Ta pO3TalllyBaHHs JoMilku. [lokazaHo, 1110 y MEHIITUX HAHOCTPYKTYpax
JOMIHY€ JIHIMHUN KOe(II€HT MNOTJIMHAHHS, TOJAl1 SK Yy OUIBIIMX CTPYKTypax 13
MOCUJICHHSM MAarHiTHOTO TOJIS, HEMHIMHUM KOe(DIIIEHT MOTJIMHAHHSA CYTTEBO 3pPOCTAE,
10 CBIJYUTH NPO MIABUIIEHY YYTJIMBICTH TAKOI CUCTEMHU /10 MAarHITHUX BIUIMBIB. Y
BUMAJKy HAasBHOCTI HEUEHTPAIbHOI JOMIIMIKK KOEQIMIEHT TMOTJIMHAHHS 3HAYHO
3MEHILYETHCS, 1 el e(PeKT MOCUITIOEThCA 31 30UIBIIEHHAM 1HAYKIi MArHITHOTO MOJS Ta
PO3Mipy KBAaHTOBOI TOUYKH.

Jocniaxkeno KoMOIHOBaHUHM BIUIUB 30BHINIHIX €JIEKTPUYHOIO Ta MATHITHOTO MOJIiB
Ha ONTUYHE MOTJIMHAHHS B cEepUUHIA KBAHTOBIM aHTHUTOULl 0€3 TOMIIIKU. 30Kpema,
PO3MIISAAETHCA, K I MOJIA 3MIHIOIOTh €HEPreTUYHUM CIEKTP EJEKTPOHIB, PO3MOALT
TYCTUHHU €JIEKTPOHIB y HAHOCHCTEMI Ta CHJIy OCLWJISATOpAa KBAaHTOBUX IEPEXOIIB.
[loka3zaHo, 10 €JNIEKTPUYHE TOJIE CHPUYMHSE 3HMKEHHS €Heprii OCHOBHOIO CTaHy
€JEKTPOHIB, TOAl SIK 30yJKEHI CTaHM CYTTEBO 3MIHIOIOTHCS JIMILE TPU BUCOKHUX
HaIMpyKEHOCTAX EJIEKTPUYHOro mojia. MarHiTHe moJjie, Y CBOIO 4Yepry, 3CyBa€ BCi
E€HEepPreTU4H1 piBHI B 00JAaCTh BUIIMX €HEPTii, MpUUOMYy L€ BILJIUB MOCHIIIOETHCS 31

30UIBIICHHSM PO3MIpY sijipa. BUsiBiaeHO, 10 BHACTIOK Pi3HOTO BILUIUBY 30BHIIIHIX MOJIIB



Ha Pi3H1 €JICKTPOHHI CTAHU CIIOCTEPITAETHCS SIBUIIE AaHTUKPOCUHTY €HEPTE€TUUHUX PiBHIB.
[Toka3zano, 1O 30UIBIIEHHS HAMNPYXKEHOCTI EJIEKTPUYHOTO TMOJs 3MIILy€E EHEPrito
KBaHTOBHUX TEPEXO/iB y OIK BUIHUX €HEPTii, okpim mepexony 1p — 1d mpu B = 30 T
MaruitHe 1nosie, TOCUJIIO€ TOTJIMHAHHS JIJI1 HI3bKOECHEPTeTUYHUX MEePEXO0/IiB JIUIIE TPH
C1abKOMY E€JIEKTPUYHOMY TOJIi, MPU I[bOMY 3arajbHUN KOE(III€HT MOTJIWHAHHS IS
HU3BKUX €HEPrid CTa€ BiJ’€MHUM, L0 MOSCHIOETHCS 3MIIIEHHSIM TMIKYy HEIIHIHHOTO
TIOTJIMHAHHS B 00J1aCTh HU3BKUX €HEPTI.

Po3rnsiHyTO OJlHOYaCHUN BIUIUB €JIEKTPUYHOTO 1 MArHiTHOTO MOJIIB Ha ONTHUYHI
BJIACTUBOCTI €JIGKTPOHAa B KBAHTOBIM AHTUTOYI]l 3 JOHOPHOIO JOMIIIKOIO, SKa
po3TalioBaHa B IIEHTPl MOTEHINAIbHOI MU, B3AOBXK oci Oz. JIoCHiKeHO 3alIeKHICTh
E€HEPreTUYHOr0 CIEKTPY €JIEKTPOHA BiJ HAPYKEHOCTI CIIBHAMIPSAMIICHUX €JIEKTPUYHOTO
1 MarHiTHOTO MOJIB, a TaKOXX MPOaHANII30BaHO €(PEKTH AHTUKPOCHUHTY E€HEPreTHUYHHX
piBHIB. Y pe3ylnbTaTi MOCHIIKEHHS BIUIMBY 30BHINIHIX TOJIB HA EHEPTil0 3B’SI3KY
€JIEKTPOHA 3 JIOMIIIKOI OTPUMAHO, L0 MAarHiTHE MOJ€ MiJBHILYE E€HEPrilo 3B’A3KY,
YTPUMYIOUU E€JEKTPOH OJIMKYE 10 JIOMIIIKK, TOJM1 K EJEKTPUYHE TMOJIE MOXKE SK
M1JICUJTIOBATH, TaK 1 MOCIA0JIIOBATH 1I€¥ 3B’A30K 3aJIE’KHO BiJl CBOI'O HANMpSIMKY. AHami3
KOe(]ill1€HTIB MOTJIMHAHHS MTOKa3aB, M0 1XH1 KU 3MIIIYIOTHCS B 00JIaCTh BUILIUX €HEPT1i
31 30UIBIIIEHHSAM HAMPY>KEHOCTI MOJIB, a IX BUCOTA 3MIHIOETHCS 3aJIEKHO BiJl BEIIMUUHU
noiB. Takox JOCHIIKEHO BIUIUB TMOJIIB 1 pO3Mipy KBAaHTOBOI TOUYKU Ha MOJISPU30BHICTD:
31 30UIBIIEHHSIM PO3MiPY KBAHTOBOT TOUKH MOJISIPU3OBHICTD 3pPOCTAE, a M1 T1€F0 BUCOKHUX
€JIEKTPUYHHUX IOJIB BOHA CHEPILY PI3KO 30UIBLIYETHCS, AOCATAE MAKCUMYMY, a MOTIM
MOCTYNOBO 3MEHIyeThcsi BonHOYAC BIUIMB MArHiTHOrO MOJS Ha TMOJSPU3OBHICTH €
HE3HAYHUM.

Y d4eTrBepTOMY pO3IUIl PO3TISAJAETHCS BIUIMB 30BHINIHIX EJIEKTPUYHOIO 1
MarHiTHOTO TOJIIB Ha ONTHUYHI BJIACTUBOCTI KBAaHTOBUX TOUYOK sipo-oOoisioHKa Il Tumy,
takux sk CdSe/ZnTe ta ZnTe/CdSe. Iloka3zaHo, 110 MPUKITAICHI 30BHINIHI €IEKTPUYHI
# Mar”iTHi M0OJiA MOPYIIYIOTh C(HEpUYHY CHUMETPII0 CUCTEMH, 3MIHIOIOUU MpaBUiIa
B1100PY AJIst ONTUYHUX TIepexo/1iB. [IpoaHanizoBaHO BILIMB €1EKTPUYHOTO Ta MArHITHOTO

MOJIB Ha EHEPreTUYHUU CIEeKTP KBA31YaCTUHOK, CHUJY OCHWISITOpa Ta EHEprito



MDK30HHUX MEPEX0/IiB, €HEprii 3B sI3Ky Ta 4yac >KUTTs eKCUTOHA. Po3paxyHKu mokasaind,
[0 30BHIIIHE E€JIEKTPUYHE IOJI€ COpPHSE MPOCTOPOBOMY PO3JAUICHHIO HOCIIB 3apsuy,
3MEHIIEHHIO KYJOHIBCHKOI B3a€MO/IIi MIk €JIEKTPOHOM 1 JIPKOIO Ta 30UIBIICHHIO Yacy
KUTTSA €KCUTOHIB. MarHiTHe moJjie, y CBOIO YEpry, yCyBa€ BUPOKEHHS €HEPreTHUHHUX
PIBHIB 32 MarHiTHUM KBaHTOBHUM YHCJIOM 1 BHKJIHMKA€E OCHUIAIII AapoHoBa—boma s
MEBHUX KBAHTOBHX MEPEXO/IIB, & TAKOK CIPUSIE MOCUIICHHIO KYJIOHIBCHKOT B3a€EMO/IIT MIXK
€JIEKTPOHOM 1 JIPKOIO.

I[IpakTHyHe 3HAYEHHS OTPUMAHUX Pe3yJIbTATIB

Po3ymiHHA 0COOMMBOCTEM 3aJIEKHOCTEM EHEPreTUYHOTO CHEKTPY €JIEKTPOHA,
MonepeyHoro mnepepizy (oroioHizamli AOMIMIKA Ta Koedili€eHTa MOTJIMHAHHA Y
kBaHTOBUX Toukax [ Ta Il Tumy BiI XapaKTEPUCTUK 3O0BHIMIHIX TMOJIB JIO3BOJISE
CTBOPIOBAaTH HAHOCUCTEMH 3 TOTPIOHUMU ONITUYHUMU XapaKTEPUCTUKAMU. Takl CUCTEMU
MOXYTh OyTH BHUKOPUCTAHI B ONTOEJIEKTPOHHUX MPUCTPOSX, 30KpPEMa COHSYHUX
enemMeHTax, (OTOAETEKTOpaxX, peryJbOoBaHUX JKepelax CBITIAa H Yy KBaHTOBHX
O0OYHCIICHHSIX.

BB  30BHIIHIX TOMIB Ta JOMIMIOK Ha KOE(IIEHT TMOTJIMHAHHA Y
OararomapoBux Cc(GEepUYHUX KBAHTOBUX TOUYKaX MOXKE OYTH BUKOPUCTAHUM s
KepyBaHHSl 3JaTHICTIO MaTepially MOTJIMHATA CBITIO B TIE€BHUX CHEKTPAIbHUX
Jiara3oHax, M0 € KPUTUYHO BAXKIMBUM JIJIsi CTBOPEHHS €(DeKTUBHUX ONTOCICKTPOHHUX
npuctpoiB. OTprUMaHi 3aJIeKHOCTI MOMEPEUHOro nepepizy (HoToioH13aIlli JOMIIIKY BiJT ii
MOJIOKEHHS Y OaraToiiapoBii cepuuHiil KBaHTOBINM TOYIN Ta BijJ IHTEHCUBHOCTI MOJIIB
JI03BOJISIFOTh BUBHAYUTH YMOBH JJIsI MAKCUMaJIbHO eeKTUBHOI (hoToloH13arlii. Lle poOuts
KBAHTOB1 TOUKHU MPUJATHUMU JJIs BUKOPUCTAHHS Y BUCOKOUYTIMBUX 1 MIBUIKOIIMHUX
MPUCTPOSIX, 30KpeMa KBAHTOBHX CEHCOPaX, COHSYHUX €JIeMEHTaX 1 (HOTOAETEKTOpax.
TakoX MOXIJIMBO BHM3HAUYUTU YMOBH, 32 SKHX 3HAUYEHHS TMOIMEPEUHOro IMepepizy
(dboToioHI3aIlli MIHIMI3YETHCS, 1[0 BAXJIUBO ISl TPUCTPOIB, 1€ KPUTUYHUM € TOUYHICTD,
CTaOUIBHICTh 1 MIHIMAJIbHE TOTJIMHAHHSI €HEPrii, TAaKUX K CHeliaji30oBaHl JaTYUKHU Ta
HU3BKOCHEPTreTUYHI (POTOHHI CUCTEMHU.

KawuoBi ciaoBa: KBaHTOBa TOYKa, CEHEPreTMYHUM CIHEKTp (CTaH), cuia



OCIIWJISITOpA, JOMINIKA, €EKTPUYHE IOJie, MarHiTHE IO0J€, HAHOCTPYKTypa (cucrema),
€JIeKTPOH, €KCUTOH, Jipka, piBHAHHA lllpeninrepa, edexkTuBHa Maca, MOTEHIAIbHUN

0ap’ep, POTOCIEKTPUIHI BIIACTUBOCTI.

ABSTRACT

M. V. Chubrei. The effect of external fields on the impurity photoionization cross-
section and light absorption coefficient in spherical nanostructures. Qualified scientific
work as a manuscript.

Thesis on search for the Doctor of Philosophy degree in specialty 104 «Physics and
Astronomy» (10 — Natural Sciences). — Yuriy Fedkovych Chernivtsi National University,
Ministry of Education and Science of Ukraine, Chernivtsi, 2025.

The dissertation 1s dedicated to the theoretical study of the influence of external
fields and impurities on the optical and photoelectric properties of multilayered spherical
quantum dots. Particular attention is paid to type I and type Il quantum dots, which are
characterized by a specific energy band profile at the contact region, defining the spatial
separation of charge carriers and their Coulomb interaction.

The study was conducted for single well and double well nanostructures of various
sizes, using the approximation of rectangular potential barriers and the effective mass
model. To calculate the electron wave functions and its energy spectrum, a matrix method
was employed, in which the wave function is expressed as a expansion in a complete basis
set of wave functions that are exact solutions of the Schrodinger equation for the
nanostructure without the influence of external fields and impurities.

The introduction outlines the relevance of the dissertation topic, highlights its
connection with scientific programs and plans, defines the objectives and purpose of the
research, and reveals the scientific and practical significance of the obtained results. It
provides information about publications, the approbation of results, the structure and
scope of the dissertation.

The first chapter of the dissertation presents a review and analysis of scientific



works dedicated to theoretical and experimental studies related to the dissertation topic.
The properties of core-shell quantum dots of types I and II, their differences, and
applications in optoelectronics are discussed in detail. The main methods of fabricating
quantum dots are analyzed, including the "top-down" approach, which encompasses
physical and chemical techniques and the "bottom-up" approach, which encompasses
chemical deposition and self-assembly methods. The advantages of each approach and
their significance in producing high-quality nanostructures are highlighted. The chapter
also explores the applications of quantum dots in solar cells, LEDs, lasers, biomedical
technologies, and quantum computing. Special emphasis is placed on studying the
influence of external fields and impurities on the energy spectrum of electrons and
oscillator strengths. The binding energy of an electron with an impurity, absorption
coefficients, and the impurity photoionization cross-section are also
considered. Additionally, based on previous theoretical studies, the chapter discusses the
main methods and approaches used for the theoretical investigation of quasiparticle
spectra in quantum dots.

The second chapter of the dissertation examines the influence of external electric
and magnetic fields on the photoelectric properties of a hydrogen-like impurity in
multilayered spherical quantum dots. The chapter specifically considers impurity
photoionization, characterized by the photoionization cross-section. This parameter
determines the probability of ionization of atoms or impurities in quantum dots under the
influence of light.

The purpose of this chapter is to investigate the energy spectrum, the interaction
energy between an electron and an impurity, and the photoionization cross-section in
multilayered spherical quantum dots influenced by external electric and magnetic fields.
Single well and double well spherical quantum dots are under research. The Schrodinger
equation was solved using the matrix method within the framework of the effective mass
approximation and the rectangular potential model. The results indicate that adjustments
in the quantum dot’s size and stronger external fields significantly influence the electron’s

spatial distribution, resulting in measurable changes to the electron-impurity interaction



energy and photoionization cross-section.

The influence of an electric field on the photoionization cross-section of an
impurity in a Al,Ga,_yAs/GaAs/Al,Ga,_,As multilayered spherical quantum dot
embedded in a matrix-barrier, is analyzed. To simplify calculations, scenarios where the
field 1s directed parallel to the Oz axis are considered. Under these conditions, the
Hamiltonian retains cylindrical symmetry, and the electronic states are described by the
magnetic quantum number. The results indicate that the highest observed peak of the
photoionization cross-section is found when the impurity is located at the center of the
potential well. Increasing the electric field intensity reduces the impurity's binding
energy, modifying the photoionization cross-section. The combined influence of a
magnetic field and the donor impurity's position on the photoionization cross-section in a
similar quantum dot is also examined. It is shown that, for a central impurity, the magnetic
field shifts the photoionization cross-section peak to the low-energy region, while with
an off-centre impurity, the photoionization cross-section has several peaks corresponding
to different intraband quantum transitions. Additionally, the impact of the magnetic field
on the electron energy spectrum, wave functions and Coulomb interaction between
electron and impurity for various quantum dot sizes is analyzed. A comparison of results
obtained using the matrix method and the finite element method confirms the former's
high accuracy and efficiency.

The influence of a magnetic field on the impurity photoionization cross-section and
the absorption coefficient in a quantum dot with a GaAs core and two shells, Al, Ga,_,As
and Gads, i1s investigated. In this configuration, the core and outer shell form two
potential wells for the electron, while the inner layer acts as a potential barrier.

Depending on the magnetic field induction and the geometric parameters of the
nanosystem, the electron can be localized in different potential wells, which is
accompanied by energy level anticrossing. This allows to adjust the electron density
distribution and, consequently, the optical properties of the nanostructure, particularly in
the anticrossing region, where these properties are most sensitive to impurities and

external fields.



It is shown that reducing the size of the external potential well shifts the position
of the peaks of the photoionization cross section and the absorption coefficient to the
high-energy region, enhancing the influence of quantum transitions to excited states on
the optical characteristics. It is established that a magnetic field strength of 10 — 15 T has
an effect on the optical properties of the nanosystem similar to that of reducing the
thickness of the outer shell.

The third chapter focuses on the effects of electric and magnetic fields on the
linear and nonlinear light absorption coefficients in multilayered spherical quantum
antidots Aly3Gay,As/GaAs [Aly3Gay ,As with and without impurities. Dependencies of
the wave functions, energy spectrum, oscillator strengths, binding energies, impurity
polarization, and absorption coefficients on external fields, nanostructure size, and
impurity presence were analyzed.

This chapter separately examines the effect of the magnetic field on the optical
absorption in a spherical core-shell quantum antidot with impurity located at the center
of the potential well. The analysis shows that the electron's energy levels and wave
functions are significantly influenced by the core size, magnetic field intensity, and
impurity position. Results indicate that in smaller nanostructures, the linear absorption
coefficient dominates, in contrast, in larger structures, an increase in magnetic field
strength causes a significant rise in the nonlinear absorption coefficient, reflecting
enhanced sensitivity to magnetic effects. In the presence of an off-center impurity, the
absorption coefficient decreases significantly, and this effect becomes more pronounced
with increasing magnetic field induction and the quantum dot size.

The combined effect of external electric and magnetic fields on optical absorption
in a spherical quantum antidot without impurities was investigated. Specifically, how
these fields alter the electronic energy spectrum, the electron density distribution in the
nanosystem, and the oscillator strengths of quantum transitions is analyzed. Results show
that an electric field reduces the ground-state energy of electrons, while higher energy
states are significantly affected only under strong electric field intensities. The magnetic

field, on the other hand, shifts all energy levels toward higher energies; this effect is more



pronounced in quantum antidots with larger core sizes. It was found that due to the
different effect of external fields on different electronic states, the phenomenon of energy
levels anticrossing is observed. When examining the combined impact of these fields on
the absorption coefficient, it is observed that an increase in the electric field intensity
generally shifts the quantum transition energies to higher energy ranges, except for the
1p — 1d transition at B = 30 T. For low-energy transitions, the magnetic field enhances
absorption only under weak electric fields. Moreover, the total absorption coefficient at
low energies becomes negative, which i1s explained by the shift of the nonlinear
absorption peak toward the lower energy region.

The combined influence of electric and magnetic fields on the optical properties of
an electron confined in a quantum antidot with a donor impurity is investigated. The donor
impurity is located at the center of the potential well along the Oz axis. The analysis
explores how the energy spectra of the electron's states vary with the strength of the co-
directed electric and magnetic fields, including the occurrence of energy level
anticrossings. Furthermore, the impact of these external fields on the electron-impurity
binding energy is examined, demonstrating that the binding energy is influenced by the
interaction between the electric and magnetic fields. The magnetic field enhances the
binding energy by confining the electron closer to the center, while the electric field's
effect on the binding energy depends on its orientation, potentially increasing or
decreasing it. Analysis of the absorption coefficients showed that their peaks shift to
higher energies with increasing field strength, and their height varies depending on the
field strength. The influence of external fields and the size of the quantum dot on impurity
polarizability was also investigated. It was found that polarizability increases with the
size of the quantum dot. As the electric field strength increases, polarizability initially
rises rapidly, reaches its maximum, and then decreases. At the same time, the influence
of the magnetic field on polarizability is insignificant.

The fourth chapter explores the influence of external electric and magnetic fields
on the optical characteristics of type-II core-shell quantum dots, such as CdSe/ZnTe and

ZnTe/CdSe. It is shown that the applied external electric and magnetic fields break the



spherical symmetry of the system and change the selection rules. Using the matrix method
within the effective mass approximation, the study analyzes the effects of electric and
magnetic fields on various properties, such as the quasiparticle energy spectrum,
oscillator strength, interband transition energies, binding energies, and exciton lifetime.
The calculations showed that the external electric field contributes to the spatial
separation of charge carriers, reduces the Coulomb interaction between the electron and
the hole, and increases the exciton lifetime. The magnetic field, in turn, removes the
degeneracy of the energy levels with respect to the magnetic quantum number and causes
Aharonov-Bohm oscillations for certain quantum transitions. Additionally, it enhances
the Coulomb interaction between the electron and the hole.

Practical significance of the obtained results

Understanding the features of the dependences of the electron energy spectrum, the
photoionization cross-section of impurities, and the absorption coefficient in type I and
type II quantum dots on the characteristics of external fields makes it possible to create
nanosystems with desired optical characteristics for various optoelectronic devices, such
as solar cells, tunable light sources, photodetectors, and quantum computing devices. The
influence of external fields and impurities on the absorption coefficient in multilayered
spherical quantum dots can control the material's ability to absorb light in specific spectral
ranges, which is essential for creating efficient optoelectronic devices. The obtained
dependencies of the impurity photoionization cross-section on the impurity's position
within the multilayered spherical quantum dot and on the intensity of external fields helps
identify conditions for the most efficient photoionization. Such conditions are ideal for
designing high-sensitivity, fast-response devices like quantum sensors, solar cells, and
photodetectors. Conversely, identifying conditions that minimize the photoionization
cross-section is valuable for devices requiring precision, stability, and minimal energy
absorption. These include specialized sensors and low-energy photonic systems, where
minimized energy absorption is critical for optimal functionality.

Keywords: quantum dot, energy spectrum (state), oscillator strength, impurity,

electric field, magnetic field, nanostructure (system), electron, exciton, hole, Schrodinger



equation, effective mass, potential barrier, photoelectric properties.
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