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HuceprariiiHa po60oTa NpUCBSIYEHA JOCTII)KEHHIO TpaHC(POpMallii CTaHIB 10K
AKyCTUYHHMX KOJIMBaHb y TJIOCKUX KBa3iIBOBUMIPHUX HAHOPO3MIPHHX KPUCTATIYHHX
CTPYKTypax (HaHOTIUTIBKAaX) T€KCAaroHAIbHOT CUMETPIl Mi Yyac 3MiHM IXHbOI TOBIIUHU
Ta BIUIUBY TaKUX 3MIH Ha TEPMOJMHAMIYHI Ta TEPMOEJIEKTPUYHI BIACTHUBOCTI IHX
ctpykTyp. OCHOBHa yBara 30Cepe/PKeHa Ha JIOCTIIKEHHI BIUTMBY IIPOCTOPOBUX
oOMeXeHb aKyCTHYHMX (POHOHIB Ta 3MIHM TEMIIEpaTypd HAHOIUIIBOK Ha TEIIOBI
(TETUIOEMHICTB, TEIJIONMPOBIIHICTh, TepMOAU(DY3ist), TEepPMOAMHAMIYHI (€HTPOIis,
BUTbHA eHepris ['eapMroiipia) Ta TepMOEIECKTPUYHI (TEPMOCICKTPUYHA JOOPOTHICTH)
XapaKTEPUCTUK HAHOIUTIBOK Pi3HOT TOBITHUHH.

VY pob6oTi moeaHaHO MiAX0U TEOPii MPYKHOCTI, KBAHTOBOI CTATUCTUKH, (PI3UKH
TBEPJOTO TUIa Ta KOMIT FOTEPHOTO MOJICIIOBAHHS JUIsl MOOYIOBU ITUTICHOT CXEMH
TEOPETHYHOT0 aHajli3y (POHOHHUX CTaHIB Yy HaHOIUTIBKaX. Ha 11iif oCHOBI po3po0IeHO
AQHATITHIHUN TAX1T 10 ONUCY AUCTIEPCii YacTOT 1 TPYIMOBUX IMBUAKOCTEH aKyCTHUIHHUX
(OHOHIB y TUIOCKMX KBa3iIBOBHUMIPHUX KPUCTAJIYHUX CTPYKTypax (HAHOILIIBKaX)
reKCaroHalbHOT CHUMETPii Ta MPOCTEKEHO 3MIiHY BIIMOBIMIHUX XapaKTEPUCTUK 31
3MIHOIO T€OMETPUYHUX TTAPAMETPIB CHCTEMH.

Y Beryni OOTpyHTOBaHO BHOIp 1 aKTyaJbHICTH TEMH  JIHCEPTAIlITHOTO
JOCII/HPKCHHSI; BKa3aHO HWOTO 3B’SI30K 3 TEMATHKOIO HAyKOBUX JOCTIIHKEHb Kadenpw,
Ha SKid BOHO 3JIMCHIOBAJIOCS; OKPECICHO HAyKOBHM amapar JIOCHIDKCHHS —
chopMylIbOBaHO HOTO METYy Ta 3aBJaHHS, BKa3aHl 00’€KT, MPEAMET 1 BUKOPUCTAHI
METO/IM, BHICBITICHO HAyKOBE Ta MPAKTUYHE 3HAYCHHS OTPUMAHUX PE3yJbTaTiB;

noAaHo iHQpopmaIllilo npo myOiikaiii 3a TEMOI JTOCHIKEHHS # 0COOMCTHUIM BHECOK



3100yBaya y KOXHIM 3 HHMX, CTYMIHb anpoOaiii pe3yibTaTiB, CTPYKTypy ¥ oOcsr
aucepTarii.

Y nepumomMy po3aijii CHCTEMAaTU30BAHO TA Y3araJiIbHEHO PE3YJIbTATH HAYKOBUX
npaib, IPUCBIYEHUX HU3bKOBUMIPHUM KPUCTAIIYHUM CTPYKTypaM, iX Kiacudikaiii
Ta crnocobaM ojepxkaHHa. OKpeMmy yBary MOpHUIAUIEHO JIBO- Ta KBa31JIBOBUMIPHUM
CTPYKTYpaMm, OCOOJMBOCTSIM iX KPHCTaJII4yHOI Oy/lOBU Ta MPY>KHUX BIACTUBOCTEH, a
TaKOX NEPCHEKTUBAM 3aCTOCYBAHHS y CYy4YacHIA ENeKTPOHIIl W TepMOEIEKTPHILIL.
HaBenmeHuii TakoX OIS HAyKOBUX Mpallb, MNPHUCBIYCHUX TECOPECTUYHOMY
JOCIIPKCHHIO THUTaHb, JOTHYHUX 1O THX, BUBYCHHS SKHUX CTAaHOBHTH MPEIMET
JcepTaIlii.

Y apyromy po3aiji 3anponoHOBAHO METOAMKY aHATITUYHOTO JOCIHIJKECHHSI
CHEPreTUYHOr0 CIEKTpa aKyCTHYHUX (POHOHIB y HAHOIUIIBKAX T'€KCArOHAJIBHOT
cuMetpii. OTpUMaHO aHAIITHYHI CHIBBIAHOIICHHS JUIS OMHCY JUCIEpCii 4acToT 1
IPYHOBHUX IMIBHJIKOCTEH KOXKHOT 3 TJIOK CIIEKTpa aKyCTUYHUX (DOHOHIB — XBHIIb 3CYBY,
IUIIaTaliiHol Ta (JIeKCypaibHOI MOJI; BCTAHOBIIEHO XapakTep iX TpaHcpopMallii npu
3MiH1 TOBIIMHU TUTIBKU. [TokazaHo, 1110 13 3MEHIIEHHSIM TOBUIMHU HAHOILJIIBKU TPYTIOBI
IIBUKOCT1 YCiX TUITIB aKyCTHYHUX (POHOHIB y Hil CMaJar0Th 3a HEJIHIHHUM 3aKOHOM
1 TUM CHJIBbHIIIE, YMM TOHIIIA IIJIIBKA.

Tpetiii po3ain npuCBIYCHWI JOCTIHKEHHIO POJII  CKJIAJOBHX CIIEKTpa
aKyCTUYHHUX (POHOHIB y (OpPMyBaHHI TEIJIOBUX 1 TEPMOJIWHAMIYHUX BJIACTUBOCTCH
HaHortiBoK 2H-Pbl, pisHoi ToBmmHM. JlOCHimKeHO TeMIEpaTypHi 3alIe’KHOCTI
TEIUIOEMHOCTI, €HTPOIIii Ta BUTBHOI €HEprii TaKuX HAHOCTPYKTYP 1 MpOaHATI30BAHO
napIfiaibHi BHECKA OKPEMUX TJIOK CIIEKTPa aKyCTUYHUX (DOHOHIB y 3HAYEHHS KOXKHOT
3 WX BeNWYWH. BcTaHOBIEHO, MmO BIUIMB PI3HUX Modspu3aiid ¢GOHOHIB Ha
TEPMOJUHAMIYHI XapPaKTEPUCTHUKHA € HEOJHAKOBUM 1 CYTTEBO 3alIeKUTh BiI
TEMIIEPaTypu Ta TEOMETPHUYHHX MapameTpiB CUCTEeMH. 3a Oyab-sSKOTO 3HAYCHHS
TOBIIIMHY HAHOIUTIBKHM TMAapIlialbHI BHECKH PI3HUX TUIOK TMOMEPEYHUX CKIAJOBHUX
(OHOHHOTO CIEeKTpa y 3HAYCHHS YKa3aHUX QyHKIIA HAWO LTBIII.

Y d4erBepTOMy PpoO3aiJi TOCHIKEHO POJIb CKIAJAOBUX CIEKTpPa aKyCTUUYHUX
GoHOHIB 'y (¢GOpMyBaHHI BEJIUYUH XAPAKTEPUCTHUK TEPMIYHO CTUMYJIHOBAHUX

TPAHCIIOPTHUX 1 TEPMOEJIEKTPUYHUX MPOILIECIB HAHOIUIIBOK JTUUOAUAY CBHUHIIIO.



Po3paxoBaHo TemmepaTypHi 3aliedKHOCTI CEpEeHIX MBUAKOCTEH (OHOHIB KOXKHOT
noJIApu3allii, KoeIiie€HTIB IPATKOBOI TEIJIONPOBIIHOCTI Ta TEpMOAU(DY3ii, BU3SHAUEHO
iX MmapuiajgbHl BHECKM Yy CYMapHI 3HAY€HHS LUX BEJIMYMH, a TaK0X BCTAHOBIIECHO
3aKOHOMIPHOCTI 1X 3MIHM 31 3MIHOIO TOBIIMHU HAHOIUIIBKHM. Ha OCHOB1 ojepkaHuX
pEe3yNbTATIB  OI[IHEHO  TEPMOEJIEKTPUYHY  JOOpPOTHICTH Ta  OOIPYHTOBAHO
NEPCICKTUBHICTh  YJIBTPATOHKUX HaHOIUIBOK 2H-Pbl, sk TepmoenekrpuyHOro
Marepiaiy.

HaykoBa HOBH3HA o/iepKaHUX Y poOOTI pe3ybTaTiB MOJISATAE B TOMY, 1110 Y H1l
JUIsE  MOJENI  BUIBHOI  IUIOCKOT  KBa3ABOBIMIPHOI KPUCTAIIYHOI  CTPYKTypH
HAHOPO3MIPHOT TOBIIMHHU (HAHOILIIBKHM ) T€KCArOHAJILHOT CUMETPIi BHepIIIe:

1. V HaOGnmKeHHI IPYKHOTO KOHTUHYYMY OTPMMaHi 3aKOHU AMCHEpCii 4acToT 1
IPYNOBUX MIBUAKOCTEH B aQHATITUYHOMY BHII JUIsI KOXKHOI 3 TIIOK CIIEKTPY
aKyCTHYHHX (DOHOHIB y HAHOIUIIBI[l T€KCArOHAJILHOI CUMETPIii. 3’sICOBAHO, IO
o0YHuCIeH] 3 X BUKOPUCTAHHSIM JUCHEPCIMHI 3aJI€KHOCTI YKa3aHUX BEJIMYUH
y3TO/UKYIOTBCSL 3 pPE3yJibTaTaMUd YMCEIbHUX PO3PAaXyHKIB, OTPUMAHUX s
oiI0OHUX MOJIeJieH 1HIIUMH aBTOPaMHU.

2. JlocmimkeHi 3a1eXHOCT1 €Heprii 1 IPYMOBUX IIBUIKOCTEH aKyCTUIHUX (POHOHIB
yCiX MOXJIMBHUX TOJIIpH3alliii BiJl TOBIIMHW HAHOIUTIBKM Ta TEMIIEpaTypH Yy
HAHOIUTIBKaX cTpykTypu BropTuuty Ty GaN, AIN ta 2H-Pbl,. ITokasano, 1o
3QJIEKHOCTI IIUX BEJIMYMH SIK BiI JOBXUHU XBHUJILOBOTO BekTOpa ()OHOHA, TaK i
BiJl TOBITMHHA HAHOIUTIBKM HEJIIHINHHI. 3a7eKHICTh eHeprii (OHOHA BiJ TOBIIMHU
HAHOIUTIBKU BUSABIISIETHCS] HAMOUTBII CYTTEBOIO Y HAATOHKHX TUTIBOK.

3. Merogamu KBaHTOBOI CTATUCTUKH JOCIIKEHO TEMIIepaTypHI 3aJeKHOCTI
CEepelHIX MIBUAKOCTEH (POHOHIB KOXKHOI 3 MOXIMBUX MOJAPU3AIIN Y
Ha”orutiBkax Tty 2H-Pbly, pisHoi TtoBmmuM. [lokazano, mo 3MiHOMO
TeMIepaTypu Ta TOBUIMHH HAHOIUTIBOK MO’KHA CYTTEBO 3MIHIOBATH LIBUAKICTH
nomupeHHs: (QoHoHIB shear-monsipusaintii y pasu, a ¢ononiB SA- Ta AS-
TOJIIPU3AIIINA — Y IECITKH pa3iB. TemmepaTypHi 3MiHU MIBUIKOCTEH MOMIUPEHHS
(GbOHOHIB HENiHIKHI — B 001acTl HU3bKUX TemnepaTyp (Huxde 150, 90150 K pis
¢donoHiB SA-, AS- Tta shear-mosspwu3alii, BiIMOBIAHO) iX 3HAYCHHS CTPIMKO

3pOCTaOTh MPHU 30UIBIICHHS TEMIIEPATYPHU, a IPU OUIBII BUCOKHUX i1 3HAUCHHSIX



— IPAaKTUYHO HE 3ajieXkaTh Bl HEl.

4. MerogamMu KBaHTOBOI TeOpii TBEPAOTro TuIa JOCIIIKEHO TEeMIEepaTypHi
3QJIEKHOCTI  TEIUIOEMHOCTI, €HTpOIii, BUIbHOI eHeprii ['enbmrosbia,
Koe(ilieHTIB TEIUIONPOBITHOCTI Ta TepMoaudy3il y HaHorTiBKax tumy 2H-Pbl,
pizHO1 ToBIIMHMU. [Toka3aHo, 1110 HAHOLIBIINHN BIUIMB HA TEPMO]I3UYHI MPOIECH,
KOHTPOJIbOBaH1 3HAYEHHSAMHU TEIJIOEMHOCTI, EHTPOIIIi Ta BUIbHOT €HEPTii MatOTh
(OHOHHI TUIKK TONMEPEYHUX MoJisspu3anid 3cyBy (Sh) Ta sruny (AS), BHECOK
AKX y 3HA4YeHHS BKa3aHUX BEIWYMH TPHUOIM3HO OJHAKOBUH, a BEITUYHMHA
BHECKY (POHOHIB O30BXHBOT — SA-TIOJIIpU3allii Ha MOPSA0K MEHIIIA B/l BHECKY
(OHOHIB KOHOi 3 HUX. Ha BiAMIHY BiJ IbOTO HAHOUIBIINKA BHECOK Y BEIUUYUHY
KOe(IIIEHTIB TEIJIONPOBITHOCTI Ta TepMOAUPY3ii al0Th MO3J0BKHI (POHOHU
(SA-tonspusartis).

5. 3aifiCHEHO OIIHKY BEJIUYMHU TEPMOCIICKTPUYHOT J0OpOoTHOCTI HaHOMIiBOK Pl
pi3HOT TOBIIMHM, HA OCHOBI 9OTO 3pO0JICHE MPUITYIICHHSI PO MEPCTICKTUBHICTh
iX BUKOPUCTaHHS I CTBOPEHHS TEPMOEJIIEKTPUYHUX IPUCTPOIB, IPU3HAYEHUX
JUIsl pOOOTH B Jiaria30H1 KIMHATHUX 1 BUILE TeMIIEpaTyp.

IIpakTH4He 3HAYEHHS OTPHUMAHHUX Pe3YJbTATIB IOJSTa€ y MOXIIUBOCTI iX
BUKOPUCTaHHS IIPU KOHCTPYIOBaHHI Ta BU3HAYEHHI ONTHUMAJIbHUX YMOB JUJIsi pPOOOTH
€JICKTPOHHUX IMPUCTPOIB HA OCHOBI MaTepialiB, O CKIAAY SIKMX BXOAATH TIOCKI IIapH
2H-Pbl; manomMeTpoBOi TOBIIMHHU; BOHHM TaKOX JalOTh 3MOTY IPOTHO3YBAaTH 3MIHU
BJIACTUBOCTEH 1HIIMX MOMIOHUX CTPYKTYP MPH 3MiHI IXHIX pO3MIPIB Ta TEMIIEPATYpPH.

KimouoBi ciaoBa: (QOHOH, EHEPreTUYHUN CIEKTp, XBWJIbOBA (DyHKIII,
TEPMOCTEKTPUYHI MaTepialiv, HAMiBIPOBIIHUKN, HAHOCTPYKTYPH, TEIUIONPOBIIHICTD,
TEPMOETEKTPUYHA JOOPOTHICTH (MOTYKHICTh), TEPMOEIEKTPUYH] BIACTHBOCTI, TOHKI
ITIBKH, Koe(imieHT 3ee0eka, TeIIOEMHICTD, BUTbHA SHEPTisl, CHTPOIIis, IEPEHECCHHS
Teria.

ABSTRACT

Lutsiuk Yu. Influence of spatial confinement of acoustic phonons on
thermodynamic and thermoelectric  properties of hexagonal nanofilms.
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Dissertation for the degree of Doctor of Philosophy in specialty 104 “Physics
and Astronomy”. — Yuriy Fedkovych Chernivtsi National University of the Ministry
of Education and Science of Ukraine, Chernivtsi, 2026.

The dissertation is devoted to the study of the transformation of acoustic
vibration branches in planar quasi-two-dimensional nanoscale crystalline structures
(nanofilms) with hexagonal symmetry as their thickness changes, as well as the
influence of these changes on the thermodynamic and thermoelectric properties of such
structures. The main focus is placed on investigating the effect of spatial confinement
of acoustic phonons and temperature variation on thermal (heat capacity, thermal
conductivity, thermal diffusivity), thermodynamic (entropy, Helmholtz free energy),
and thermoelectric (figure of merit) characteristics of nanofilms of different
thicknesses.

The work combines approaches of elasticity theory, quantum statistics, solid-
state physics, and computer modeling to construct a comprehensive theoretical
framework for analyzing phonon states in nanofilms. Based on this, an analytical
approach has been developed to describe the dispersion relations of frequencies and
group velocities of acoustic phonons in planar quasi-two-dimensional crystalline
structures (nanofilms) with hexagonal symmetry, and the evolution of these
characteristics with changing geometric parameters of the system has been traced.

In the introduction, the choice and relevance of the research topic are
substantiated; its connection with the scientific research themes of the department
where the work was carried out is indicated; the scientific framework of the study is
outlined, including the aim, objectives, object, subject, and research methods; the
scientific and practical significance of the obtained results is highlighted; and
information about publications, the author's personal contribution, approbation of
results, structure, and scope of the dissertation is provided.

The first chapter systematizes and generalizes the results of scientific works
devoted to low-dimensional crystalline structures, their classification, and methods of
fabrication. Particular attention is paid to two-dimensional and quasi-two-dimensional

structures, the features of their crystal structure and elastic properties, as well as



prospects for application in modern electronics and thermoelectrics. A review of
scientific works related to the subject of the dissertation is also presented.

The second chapter proposes a methodology for the analytical study of the
energy spectrum of acoustic phonons in nanofilms with hexagonal symmetry.
Analytical expressions are obtained to describe the dispersion of frequencies and group
velocities for each branch of the acoustic phonon spectrum—shear, dilatational, and
flexural modes—and the nature of their transformation with changing film thickness is
established. It is shown that with decreasing nanofilm thickness, the group velocities
of all types of acoustic phonons decrease according to a nonlinear law, with a stronger
effect observed for thinner films.

The third chapter is devoted to studying the role of acoustic phonon spectrum
components in the formation of thermal and thermodynamic properties of 2H-Pbl,
nanofilms of various thicknesses. Temperature dependences of heat capacity, entropy,
and free energy are investigated, and the partial contributions of individual phonon
branches to these quantities are analyzed. It is established that the influence of different
phonon polarizations on thermodynamic characteristics is not identical and strongly
depends on temperature and geometric parameters of the system. For any nanofilm
thickness, the partial contributions of transverse phonon branches to these functions
are the largest.

The fourth chapter investigates the role of acoustic phonon spectrum
components in the formation of characteristics of thermally stimulated transport and
thermoelectric processes in lead diiodide nanofilms. Temperature dependences of
average phonon velocities for each polarization, lattice thermal conductivity, and
thermal diffusivity coefficients are calculated, and their partial contributions to total
values are determined. The patterns of changes in these values with change in nanofilm
thickness are established. Based on the obtained results, the thermoelectric figure of
merit is evaluated, and the prospects of ultrathin nanofilms of 2H-Pbl, as
thermoelectric materials is substantiated.

The scientific novelty of the obtained results lies in the fact that, for the first time,
for a model of a free planar quasi-two-dimensional crystalline structure of nanoscale

thickness (nanofilm) with hexagonal symmetry:



1. Within the framework of the elastic continuum approximation, dispersion
laws for frequencies and group velocities were obtained in analytical form for each
branch of the acoustic phonon spectrum. It is shown that the calculated dispersion
relations are consistent with results of numerical calculations reported by other authors
for similar models.

2. The dependences of energies and group velocities of acoustic phonons of
all possible polarizations on nanofilm thickness and temperature in wurtzite-type
structures (GaN, AIN, and 2H-Pbl;) were investigated. It is shown that these
dependences are nonlinear with respect to both the phonon wave vector and the
nanofilm thickness. The dependence of phonon energy on thickness is most
pronounced in ultrathin films.

3. Using methods of quantum statistics, temperature dependences of average
phonon velocities for each polarization in 2H-Pbl, nanofilms of different thicknesses
were studied. It is shown that by varying temperature and thickness, the propagation
velocities of shear phonons can be changed by several times, while those of SA- and
AS-polarized phonons can change by an order of magnitude. Temperature variations
are nonlinear: at low temperatures (below 150 K, 90 K, and 50 K for SA-, AS-, and
shear phonons, respectively), the velocities increase rapidly with temperature, while at
higher temperatures they become nearly temperature-independent.

4, Using quantum solid-state theory methods, temperature dependences of
heat capacity, entropy, Helmholtz free energy, thermal conductivity, and thermal
diffusivity coefficients were studied for 2H-Pbl, nanofilms of different thicknesses. It
Is shown that the largest contribution to thermophysical processes associated with heat
capacity, entropy, and free energy comes from transverse phonon branches—shear (sh)
and flexural (AS)—whose contributions are approximately equal, while the
contribution of longitudinal (SA) phonons is an order of magnitude smaller. In contrast,
the dominant contribution to thermal conductivity and thermal diffusivity is provided
by longitudinal phonons (SA polarization).

5. The thermoelectric figure of merit for Pbl, nanofilms of different
thicknesses was evaluated, and their prospects for use in thermoelectric devices

operating at room and higher temperatures was substantiated.



The practical significance of the obtained results lies in the possibility of their
application in the design and optimization of operating conditions for electronic
devices based on materials containing planar layers of 2H-Pbl, with nanometer
thickness. They also make it possible to predict changes in the properties of similar
structures with variations in size and temperature.

Key words: phonon, wave function, energy spectrum, thermoelectric materials,
semiconductor, nanostructures, thermal conductivity, thermoelectric figure of merit
(power), thermoelectric properties, thin films, Seebeck coefficient, heat capacity, free

energy, entropy, thermal transport.
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