Review of the Dissertation Thesis of Mgr. Dianna Himics

,,Physico-chemical and optical properties of Er¥*-doped and Er**/Yb**-, Er**/Ho’**-co-doped
chalcogenide glasses™

Submitted thesis of Mgr. Dianna Himics contains results of her work during the doctoral studies
at the Faculty of Chemical Technology, University of Pardubice. The dissertation consists of 89
pages including the references and the list of authors publications related to the thesis subject. It
is subdivided into three chapters supplemented by the Abstract, Conclusions, list of figures and
tables, and the list of abbreviations and symbols used. The dissertation is written in English and
has a quite good graphical arrangement. The goals of the dissertation are not stated explicitly.
The abstract gives the summary of the work and of obtained results. The core of the dissertation
is given in chapter III. (Results and discussion) where are presented and discussed results
obtained for the two investigated glass systems - GeGaSbS: Er/Yb and GeGaS: Er/Ho.

The first chapter (Theoretical background, pp. 14-43) provides basic information on the
structure, thermal and optical properties of chalcogenide glasses. Special attention is devoted to
absorption and luminescence. Doping with rare-earth ions (particularly Er**, Ho*" and Yb*") and
possible up-conversion processes mediated by RE3* ions are explained. Various up-conversion
processes are discussed both for single RE-doped and RE co-doped glasses. The Judd-Ofelt
theory for spectroscopic analysis from measured transmission spectra of RE-doped chalcogenide
glasses has been presented in a reasonable detail. The experimental techniques used for the
preparation of investigated glasses as well as their characterization are presented in Chapter 11
(Experimental method used for room temperature measurements, pp. 44-50). The author was
able to exploit a number of sophisticated techniques including XRD, EDS, DSC, Raman
scattering and spectroscopic ellipsometry that enabled a quite complex physico-chemical
characterization of investigated glasses. The last chapter (Results and discussion, pp. 51-74) is
divided into two parts according to the investigated glass systems. Obtained results for the
GeGaSbS: Er/Yb glasses are presented and discussed in part 3.1, while similar analysis for the
system GeGaS: Et/Ho is given in part 3.2. The physico-chemical characterization of prepared
samples has been performed with emphasis on transmission and 4f-4f luminescence properties.
Prepared glasses were investigated in detail by the room-temperature transmission spectroscopy
in a broad spectral range (UV-Vis-NIR) and room-temperature photoluminescence spectroscopy
in the spectral range 500-1700 nm. In addition, the time-resolved luminescence of doped-in Er’*
ions was measured. Er-doped and Er/Yb co-doped GeGaSbS systems were investigated with
emphasis on the influence of Yb sensitization on up-conversion and also on the main Er3*
luminescence band at 1530 nm. Judd-Ofelt analysis for Er doped quaternary system has been
performed. Similar analysis of GeGaS system doped with Er and co-doped with Er/Ho has been
given in part 3.2. The time resolved photoluminescence has been used in case of the GeGaS glass
that enabled the determination of the lifetime for “I;32 manifold both for single doped Er and
Er/Ho co-doping. The Judd-Ofelt analysis has been performed in case of GeGaS glass for both
Er** and Ho3* and obtained parameters were used for the estimation of Er**—>Ho®" energy
transfer parameter. Photoluminescence was investigated under the excitation by 980 nm and the
role of Er3* ions as sensitizers for Ho?" related emission and up-conversion has been investigated
and discussed. The study of Er/Ho co-doping under the 980 nm excitation is interesting in view
of the fact that Er and Ho do not have resonant low laying energy manifolds and only Er** ions
interact directly with the used excitation wavelength. I appreciate that some results have already
been published — three papers in impacted journals and a number of confcrence contributions.



Minor comments to Chapter 1. and the Thesis in general.

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

The thesis contains a number of misprints and grammatical mistakes. Some misprints change
the meaning of the sentence(see for example p. 21: ....... while at longer wavelengths it is
limited by multiphoton absorption; The glass transition at shorter wavelengths is limited
....... ; p. 27: The optical tranmsitions typical of rare earth spectra are attributed to infra-4f
....... ; p. 39: Infra-4fN electronic transitions are called.......).

Expresion (5) on p. 22 simply gives the formula for the conversion of energy (units in eV) to
corresponding wavelength A (units in pm), and it can be used, for example, also for
conversion of the band gap energy.

The statement on p. 22: ,, The optical band gap Ej is usually estimated as the photon energy
corresponding to an absorption coefficient a equal to 10 eml. “ is not generally true and
should have been correlated with the shape of the absorption coefficient a()A) presented in
Fig. 4 — particularly with the right diagram in Fig. 4.

The statement on p. 22: ,,The absorption coefficient o is related to the material’s thickness d
according to....... expression (6)” is confusing. The absorption coefficient as a material
parameter does not depend on the dimension of the sample. The phrase should read for
example: “The absorption coefficient could be expressed as a function of measured intensity
of transmitted and incident radiation (I and Io, respectively) and the width d of measured
glass sample.”

p. 23 Transition from expression (7) to expression (8) is not explained and it is not
straightforward. Comment of the type: Equation (8) takes into account the multiple
reflections and expresses the absorption coefficient as a function of measured transmittance
T(A) and estimated reflectance R(2). Reflectance R(A) could be estimated for example by
using formula (7).”; should have been added.

p. 29 The Stark levels splitting due the influence of the surrounding crystal field is
demonstrated in Fig. 6 (the schematic energy level diagram). In reality the splitting is much
smaller than the energy distance between adjacent manifolds so that the Stark levels of
respective manifolds do not overlap. In ref. [49] is given the energy spread of respective
energy levels, so that the schematic picture in [49] is not confusing. However, the energy
scale for respective levels is missing in Fig. 6 in the thesis.

For the discussion during the defence I have several points to be clarified.

It would be useful to compare the properties of (undoped) base glass systems with doped
ones. It specially concerns transmission spectra. Were the respective base glasses prepared?

It follows from data presented in Fig. 13 that the fundamental absorption edge of the
GeGaSbS glass host exhibits a considerable red shift with increasing concentration of Yb. Do
you have an explanation of this phenomenon?



e Data presented in Table 1, for Ge2sGao sSbo sSes:Et/Yb samples, show that germanium (Ge)
and gallium (Ga) concentrations exhibit a bigger span of values with increasing Yb
concentration, compared to concentration of sulphur (S), and especially in contrast to the
GeGaS system doped with Er/Ho (Table 6). Could this behaviour of quaternary system be
interconnected with the shift of the fundamental absorption edge with increasing Yb co-
doping? How the system would behave if the Yb addition would be compensated by addition
of stoichiometric amount of sulphur? What was the reproducibility of samples preparation?

e It follows from data presented in Fig. 17 that “the PL emission intensity decreases with
increasing Yb3* content”. Could this behaviour be, at least partially, assigned to the
decreasing number of Er** ions related to different valence state of the system with
increasing addition of Yb in the form of metal?

e The statement on p. 68 (in relation to ref. [100]): “This mechanism has been proven by the
Ho’*: Sl — SIs (L ~ 1.2 um) emission spectra in GeGaS:Er*, GeGaS:Ho’* and
GeGaS:Er3*/Ho’* glasses at pumping wavelength of 980 nm presented in Fig. 22.”, does not
apply to GeGaS:Er and GaGaS:Ho samples — but only to GeGaS:Er/Ho samples. The °Ig level
of Ho** lies about 1290 cm™! below the *I1112 level of Er®*. The question arises how efficiently
could this energy difference (1290 cm™!) be dissipated by GeGaS network.

e The expression at the top of page 70: “I = Ae™ + Iy, where I and 1y are the luminescence
intensities at time t, and A is fitting constants, t is the lifetime”. - is not appropriate and a
more common expression: I(t) = lo x exp(-t/1), where Io is the PL intensity at t=0 and I(1) is
the PL intensity at time t, is recommended where only the lifetime 7 is fitted.

e p. 71; In reference to Fig. 25 — did you try to measure the PL also in the spectral range 750 —
850 nm? If yes — did you find some signal at about 760 and 810 nm? (compare with similar
experiment in ref [100]).

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

I recommend the Disseratation Thesis of Mgr. Dianna Himics for the defence.

Prague, August 12., 2019 RNDr. Jifi Zavadil, CSc.



Oponentsky posudek disertacni prace Mgr. Dianny Himics.

Nazev prace: Physico-chemical and optical properties of Er**-doped and
Er3*/Yb3*-, Er**/Ho®**-co-doped chalcogenide glasses.

Skolitel:  Prof. Ing. Tomas Wagner, DrSc.

V pfedlozené praci je zkoumadna struktura, fyzikalni a spektroskopické vlastnosti
objemovych vzorkd chalkogenidovych skel o sloZeni Ga-Ge-Sb-S dopovanych prvky
vzacnych zemin, jako Er**, Yb** a Ho®*. Téma pat#i do tradi¢ni oblasti vyzkumu na pracovisti
disertantky, coZ samo zaru¢uje dobrou védeckou i formalni Uroven posuzované disertace.
Vcelku téma disertace povazuji za védecky zajimavé a to zejména s ohledem na prakticky
vyznam téchto materialii v sou€asnosti i v budoucnosti v fad¢ aplikaci (solarni ¢lanky,
infradervena optika aj.). Podle mého ndzoru téma prace zapada do aktualnich svétovych
trendd v oblasti materidlového vyzkumu.

Samotna diserta¢ni prace je zpracovana piehledné. Je rozdélena do tii hlavnich kapitol.
Prvni kapitola obsahuje zdkladni informace o struktufe a vlastnostech chalkogenidovych skel
a je v ni také rozebrana vyuzita technika vyvinuta Juddem a Ofeltem. V dalsi kapitole jsou
charakterizovany techniky vyuzité pro studium vlastnosti pfipravenych vzork(, posledni
kapitola je vénovana popisu vysledkd meéfeni a jejich interpretaci. Autorka prokazuje dobré
znalosti jak materialové 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. Uvadéna literatura pouZzitd v disertaci
zahrmuje vyznamné zdroje v této mezioborové problematice. V tvodnich dvou kapitolach
autorka prokazuje dobré znalosti vlastni feSené problematiky disertacni prace a je schopna je
zasadit do $irSich souvislosti v ramci oboru studia skelného stavu. Autorka pfehledné popisuje
podstatu defekti souviscjicich s dopovanim ve sklech a objasfiuje podrobnosti formovani
jejich optickych vlastnosti a souvisejici vliv dopanti. Ma dobry pifehled znalosti
presentovanych v souvisejici literatufe a dovede je aplikovat.

Prace ma ziejmy cil, i kdyZ neni explicitné v praci definovan, ale je ziejmy. Je jim
UPCL luminiscence ve studovanych systémech chalkogenidovych skel a studium vlivu
jednotlivych dopantii vzacnych zemin (Er’* Yb*' a Ho’' a jejich kombinaci. Disertantce se
podatilo pomoci ,,melt quenching® techniky pfipravit tepelné stabilni chalkogenidova skla
Ge2sGao sSbo sSes dotovana Er’*, jakoZ i Er*/Yb* a Er*'/Ho** kodotovana skla. Autorka u
n&kterych vzork prokédzala intenzivni UCPL luminiscenci s takovymi parametry, Ze by
materidl mohl byt vhodny pro praktické UCPL aplikace, coz je jist¢ dobry vysledek. Proto
podle mého nazoru i vysledkova &ast disertace svou urovni i rozsahem odpovida pozadavkim
na doktorskou disertaéni praci. I poet publikovanych védeckych praci a jejich védeckou
uroven povazuji za pfijatelnou.

Dotazy:

1. K syntéze vzorki. Neni mi Gplng& jasné, jak byla skute¢né realizovana procedura ,,The
homogeneous melt was quenched into cold water and the glass was annealed at near
glass transition temperature (Tg - 20) for 2 h and then slowly cooled down to room

temperature* (str. 46).



2. Jsou vzorky z obr. 11, str. 52 skuteéné amorfni? Stejné tak obr. 18, str. 64. Nezkousela
jste elektronovou difrakci pomoci TEM? Rovné€Zz pouziti terminu ,light* pro
Roentgenovo zéafeni neni Gplné b&zné.

3. Str. 54, EDS analyza. Pouzila jste n&jakou kalibraci. Obecné¢ je EDS analyza
povaZovana za semikvantitativni a vysledky mohou byt zatiZzeny zna¢nou chybou.

Jako celek hodnotim praci jako kvalitni a dobfe pfijatelnou z hlediska ptiznani titulu
PhD. Negativni pfipominky k ni nemam. Pozitivné hodnotim i dosavadni publika¢ni aktivitu
disertanta, tfi publikace v kvalitnich mezindrodnich ¢asopisech na WOS povazuji za
publika¢ni aktivitu odpovidajici poZzadavkiim na udéleni titulu PhD.

Zavérem proto konstatuji, ze podle mého nazoru Mgr. Dianna Himicz splnila
pozadavky vyZzadované pro udéleni titulu PhD pfislusnymi zakony. Doporucuji proto, aby
prace byla k obhajobé¢ pfijata a disertantce titul PhD udélen.

V Rezi 27. 8. 2019

o
L t

Ing. Jan Subrt, CSc.



Reviewer’s opinion of dissertation thesis

Physico-chemical and optical properties of Er3* -doped and Er®*/Yb3* -, Er®*/Ho?" -co-doped
chalcogenide glasses

Author: Mgr. Dianna Himics

The handed thesis is mainly focused on the preparation and characterization of
Gez5GagsSbosSes glass doped with Er3* atoms or co-doped with Er3*/Yb3* atoms as well as
GeGa$ glass doped with Er3* atoms or co-doped with Er3*/Ho**atoms. These glasses are
expected to exhibit intensive photoluminescence (PL) or up-conversion photoluminescence
(UCPL) when excited mainly by the photons of wavelength 980 nm. Currently, these {aser
active materials are attractive for advanced optical signal processing technologies. Therefore,
they have been very intensively studied, developed and applied as crucial components for
photonic devices, such as optical amplifiers and sensors.

The theoretical part presents an appropriate introduction to the studied topic and gives
enough background for the analysis and discussion of the achieved experimental data. The
experimental methods and techniques, described in the following part, were selected
correctly and were suitable for the preparation of the glass samples and for their structural,
thermal and optical characterizations.

Using the selected experimental techniques, the author was able to obtain a significant
database of very interesting experimental results especially the optical spectra of the
prepared materials. The author analysed and discussed very well the measured data, utilizing
the Judd-Ofelt theory, and proposed useful composition-property relations. Including mainly
the effects of glass matrix composition, Er3*/Yb3* co-doping and the role of Yb3* as a sensitizer,
concentration quenching influence on PL lifetimes, Ho**/Er®* co-doping and the very positive
role of Er®* sensitizer on PL and UCPL of Ho3*.

As a very significant contribution, | consider the discussion and quantification of the energy
transfer from Er3* to Ho3* that are very useful for the glass optimization to reach desired PL
properties.

The publication activity of the author was good, as the original research results were published
in impacted international journals and presented at international conferences. Because the
scientific level of the thesis is high, its research output brings new results and knowledge that
are interesting for the international scientific community that specializes in this topic. The text
is written in correct English and there are no significant mistakes.

Therefore, | recommend this thesis to be defended by Mgr. Dianna Himics.




For more detailed explanation | have the following questions:

1. How could a glass matrix prevent the concentration quenching?

2. Could you explain the main difference between chalcogenide, chalcohalide and
oxychalcogenide glass matrices?

3. Could you show some examples of the devices, an amplifier and a sensor, based on
your glass material?
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