Review of the Dissertation Thesis of Mgr. Vasyl Karabyn

»Phase transformations of the GegSb, (Bi,Te;; chalcogenide system and their potential
application as a phase-change material”

Submitted thesis of Mgr. Vasyl Karabyn contains results obtained during his doctoral studies at
the Faculty of Chemical Technology, University of Pardubice. The dissertation consists of 91
pages including the references and the list of authors publications related to the subject of the
thesis. 1t is divided into three chapters supplemented by the Abstract, Conclusions, list of figures
and tables, and the list of abbreviations and symbols. The dissertation is written in English. The
abstract gives description of the work and the main outcome due to Bi-—>Sb substitution is briefly
mentioned. The goals of the dissertation are not stated explicitly. The core of the dissertation is
chapter III (Results and discussion) where are presented and briefly discussed results obtained
for prepared samples — bulk materials and thin films prepared by two deposition techniques.

The first chapter (Theoretical background, pp. 15-39) provides basic information on the
crystalline and amorphous phase-change materials, their structure and electrical properties. The
last section of the introductory chapter is devoted to possible applications of phase-change
materials. The used experimental techniques for the preparation of investigated chalcogenide
systems as well as their characterization are presented in Chapter Il (Experimental conditions
and methods, pp. 40-50). The preparation of bulk samples is briefly described, followed by the
deposition of thin films by using the Flash Thermal Evaporation (FE) and the Pulsed Laser
Deposition (PLD) techniques. The author exploited a number of sophisticated characterization
techniques including XRD, EDX, DSC, spectroscopic ellipsometry and UV/Vis/NIR
spectroscopy. In addition, Van der Pauw Method was used for the measurement of electrical
resistance and AFM together with WLI (White Light Interferometry) were used for additional
topographic characterization. The last chapter (Results and discussion, pp. 51-82) is divided into
three parts. The first part 3.1 is devoted to the study of thermal behaviour of the GegSb,.BicTe
thin films, prepared by FE technique, by means of DSC and XRD. Kinetic analysis of the main
crystallization peak showed that both the crystallization enthalpy and activation energy of the
phase transformation moderately decrease with increasing Bi content. The spced of the
crystallization phase-change process was quantified by means of a novel criterion - “index of
crystallization rapidity”. The results provided by this criterion showed that the highest
crystallization speed is provided by the GesSbysBi;2Tci1 composition, which appears (from this
point of view) to be a suitable candidate for phase-change memory recording devices. The
structural, thermal, electrical and optical properties of GegSb».(Bi Te;; (x = 0; 1; 2) thin films
prepared by FE and by PLD techniques, together with X-ray crystallographic study of
corresponding bulk materials, are presented in part 3.2. From DSC results it was found that the
temperature of the crystallization and also the activation energies of crystallization decreased
with increasing concentration of Bi. The difference in the electrical sheet resistance between the
amorphous and crystalline state, was found to be 3-4 orders of magnitude. In addition, studied
materials exhibit a large difference in thermal and optical properties between the amorphous and
crystalline state. In particular, the high optical contrast makes the studied samples good
candidates for preparation of PRAM memories. The part 3.3 reports on the structural, optical
and topographical properties of thin films prepared by FE method, when the phase-change was
induced by the irradiation by femtosecond laser pulses. It was demonstrated that a single fs laser



pulse irradiation could effectively induce crystallization of investigated GegSb,(Bi,Te;; (x = 0;
1; 2) thin films.

[ appreciate that some results have already been published — two papers in impacted journals and
a number of conference contributions.

Comments to the Thesis in general

Smaller fonts as compared to ordinary text should have been used for Figure and Table
captions and also its line spacing should have been smaller, to facilitate the reading.

The thesis contains quite a number of misprints, grammatical mistakes or wrong
formulations. For example that on p. 43 ,, After the deposition process, part of the samples
was placed in quartz glass tube and annealed in furnace. In quartz was inert atmosphere.
The heating furnace features a high-accuracy temperature control and is capable of rapid
heating.”

The text is not unambiguous concerning the thickness of prepared thin films. For example on
p. 41: ,, The 200 nm thickness films of Ge8Sb2-xBixTell were fabricated by FE technique on
commercial glass slides Si (100) used as substrate.” and on p. 69 we read: “The resistivity
measurements were carried out on approximately 100 nm thick as-deposited films on
commercial glass slides...”

The common rule that results presented in any figure should be properly described in both
the text and the figure caption is not fulfilled throughout the Thesis.

The figure captions as a rule do not specify the samples for which the data are presented.
Even though the work contains the ,,List of abbreviations and symbols® the author is
randomly using different symbols for the same physical quantity. A typical example being
. the heating rate*, marked as f in the List and expression (2.2), while the same quantity in
all presented figures is marked as ,,q+ “ (Fig. 16, 21, 22), or as ,,b " (see Fig. 25). The same
applies to crystallization temperature 7, — in figures is sometimes marked as 7. The figures
were simply transferred from already published papers without taking into account
abbreviations introduced in the Thesis.

Caption in Fig. 18 should read: ,, Values of kinetic parameters of the AC semi-empirical
model..." (p. 60).

It is not clear why results for bulk materials were not presented first in Chapter 111, followed
by those obtained for thin films deposited from bulk materials.

Both author’s papers from the list of student’s published works (p. 91) should have been
cited in part 3.1 and 3.2, respectively, and included into the list of references.

For the discussion during the defence there are several points to be clarified

In relation to data presented in Table 4 — what is the relationship between composition
GegSby.xBiyTe1; (x = 0; 1; 2) and Bi concentration expressed in %.

p. 57; The evaluation of the apparent activation energy (plotted in Fig. 15) by using three
methods should have been properly referenced, since only the approach by Kissinger [106] is
given explicitly, while the methods of KAS and Friedman are even not referenced.



p. 59; It should have been properly explained how the data in Fig. 17 were obtained.
Particularly, how the curves z(«) and y(a) were constructed from measured DSC curves.

Fig. 22; Only heating rates up to 40°C are used, while the rate 80°C is excluded because of
“high degree of scatter and uncertainty” (p. 63). However, the data given in Fig. 21 do not
seem to support this statement.

The influence of Bi addition to GeSbTe system does not follow straightforwardly from data
presented in Fig. 22 (p. 63). The error analysis is missing in Fig. 22 and also in some other
figures.

It is not clear how the second sentence of the text from p. 64, “As can be seen, data for the
present materials provide more than an order of magnitude higher ratio between the
crystallization peak height and width. if compared to all the previously studied materials.
This confirms the suitability of the ICR criterion for the evaluation of the crystallization
rapidity.”, follows from the first one. The introduced index ICR seems to describe rather the
rate of crystallization speed and not the crystallization rapidity itself.

It follows from Fig. 24 (p. 67) that thin films prepared by two deposition techniques behave
differently. What is the author’s explanation for this different behaviour? What are the
differences and similarities of two types of films?

No explanation was given for the quantitative difference in the drop of the sheet resistance
(amorphous to crystalline state) for thin films prepared by FE and/or PLD (p. 70; Fig. 26).

The submitted Dissertation Thesis documents that the author is capable of research work leading
to new results that could be published in international journals. He showed orientation in the use
and interpretation of various complementary experimental techniques to characterize prepared
chalcogenide samples.

[ recommend the Disseratation Thesis of Mgr. Vasyl Karabyn for the defence.

Vs
Prague, April 17., 2020 RNDr. Jiti Zavadil, CSc.



Oponentsky posudek diserta¢ni prace Mgr. Vasyla Karabyna.

Nazev prace: Phase transformations of the GesSb..xBixTe11 chalcogenide
system and their potential application as a phase-change material.

Skolitel:  Prof. Ing. Tomas Wagner, DrSc.

V predlozené praci jsou zkoumany materidly s uvazovanym vyuzitim jako tzv. ,,phase-
change materials® s vyuZzitim pro zaznamova media. V této souvislosti je studovana struktura,
tyzikalni a spektroskopické vlastnosti a fazové zmény v chalkogenidovém systému o slozeni
GesSbaxBixTe11 a to praveé v souvislostech spojenych se systémy pro zadznam informaci. Téma
patii do tradi¢ni oblasti vyzkumu na pracovisti disertanta, coZ samo znamena dobrou
védeckou i formalni Groven posuzované disertace. Vcelku téma disertace povazuji za védecky
zajimavé a to zejména s ohledem na prakticky vyznam téchto materidld v soucasnych i
v budoucich aplikacich. Podle mého nazoru téma prace dobfe zapada do aktualnich svétovych
trendu v oblasti materialového vyzkumu.

Samotna disertacni prace je zpracovana piehledné, texty jsou vystiZzné a srozumitelné.
Je rozdélena do t¥i hlavnich kapitol. V prvni kapitole jsou uvedeny zdkladni informace o
pfedmétu prace a také motivace pro vyzkum material zahrnutych v disertaci Rovnéz je
vysvétlen princip funkce materiald typu ,phase-change materials“. Podrobné jsou
diskutovény 1 vlastnosti krystalické a amorfni faze v ,,phase-change materials®“ a také jsou
diskutovany moZnosti aplikace ,,phase-change materials”. Tato ¢ast je zpracovana dostate¢né
vystizné a je podloZena vcelku rozsahlou literarni reSerSi (104 citaci je jisté odpovidajici
pocet).

Popis experimentalniho uspofadani a metody charakterizace jsou uvedeny ve druhé
kapitole. Tato ¢ast poskytuje ptehled obecného postupu pii pripravé objemovych vzorki a
tenkych filmi dvéma depozi¢nimi technikami: Filmy se sloZenim, které odpovida vzorci
GesSbaxBixTe11 byly krystalizovany tepelnym Zihanim a ozafovanim laserem. Diskutovény
jsou také rtzné charakterizatni techniky (EDX, XRD, DSC, VPM, VASE, UV/Vis/NIR
spektrofotometrie, optickd mikroskopie, AFM, WLI) spolu s jejich specifikacemi a
experimentalni metody s jejich teorii pouZitou pro analyzu vzorkil. V této €asti autor
prokazuje dobré znalosti jak materidlové stranky feSené problematiky, tak i souvisejici
problematiky chemické. Rovnéz popis metod vyuzitych ke studiu struktury téchto skel je
vystizny. Tuto ¢&ast disertace tedy povazuji za zcela adekvatni a dobfe zpracovanou. Autor
prokazuje, Ze problematice rozumi dostatecné hluboce, ma pfehled znalosti presentovanych v
souvisejici literatufe a dovede je aplikovat. Pocet charakteriza¢nich metod je rozsahly.

Vysledky a diskuse o fyzikalné-chemickych vlastnostech, struktuie a optickych
vlastnostech objemovych vzorkt a tenkych filmG GegSbp.x)BixTe1r jsou shrnuty v posledni
kapitole. Strukturalni a termokinetické analyzy byly pouZity ke studiu krystaliza¢niho chovani
tenkych filmi GesSbe.xBixTe11, materidli pouZzitelnych pro aplikace v oblasti zdznamu
paméti pomoci fazové zmény. Zkoumanim celého rozsahu sloZeni bylo zjisténo, Ze substituce
Sb-Bi vede ke snizeni entalpie krystalizace a aktiva¢ni energie hlavniho procesu zmény
krystaliza¢ni faze. Diskutovany jsou také vysledky fotokrystalizace a amorfizace pomoci
femtosekundového pulsniho laserového zatfeni vybranych tenkych filmi.

Prace ma zfejmy cil, i kdyZ neni explicitné v praci definovan. Zasadni vysledky a
jejich interpretace jsou ale velmi vystizné a piehledné sumarizovany v kapitole ,,Conclusion®.
Mohu konstatovat, ze jak mnozstvi vysledki a kvalita jejich interpretace svéd¢i o tom, zZe
disertant si pln& osvéd¢il jak metody védecké prace, tak i zpusoby jejich interpretace a



presentace. Proto rad konstatuji. ze disertacni prace dobfe dokumentuje autorovu schopnost
samostatné védecky pracovat a vysledky presentovat védeckému spoleCenstvi. Téma
souvisejici s disertaci bylo publikovano zatim ve dvou ¢lancich v impaktovanych ¢asopisech.
Pfi souc¢asnych pomé&rech v oblasti doktorandského studia to sice neni pfilis$ mnoho, nicmén¢
to povazuji z hlediska pfijatelnosti disertace za akceptovatelné, mj. in proto, Ze samotna
disertace se mi zda velmi dobfe, a to jak jak vécné, tak i formaln¢ dobfe zpracovana.
Vysledky publikované v praci povazuji za vyznamneé.

Dotazy a ptipominky:

K syntéze objemovych vzorku. Jak probihalo chlazeni vyzihanych vzork(? (str. 41).

2. Jako vychozi materidl pro pfipravu vrstev GegSbz.xBixTe11 byl pouzit isty rozdrceny
krystal. Jak byl pfipraven a jakym postupem byl rozdrcen? (str. 41) Jak se shodovaly
vysledky EDS analyzy ziskané na pfistroji GRESHAM a JEOL SEM? Byly metody
né&jak kalibrovany?

3. Uvazujete o publikaci vysledki této disertace v dalsich publikacich?

f—

Jako celek hodnotim praci jako kvalitni a dobfe ptijatelnou z hlediska pfiznani titulu
PhD. Negativni pfipominky k ni nemam. Jako pfijatelnou hodnotim i dosavadni publika¢ni
aktivitu disertanta, dvé publikace v kvalitnich mezinarodnich ¢asopisech na WOS povazuji za
publika¢ni aktivitu odpovidajici poZzadavkiim na ud€leni titulu PhD.

Zavérem proto konstatuji, ze Mgr. Vasyl Karabyn splnil pozadavky vyzadované pro
udéleni titulu PhD pfislu§nymi zakony. Doporucuji proto, aby prace byla k obhajobé& ptijata a
disertantovi titul PhD udéglen.

V Rezi 16. 4. 2020

Ing. Jan Subrt, CSc.



