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1. Imie i nazwisko

Rafat Zybala

2. Posiadane dyplomy, stopnie naukowe lub artystyczne

22.03.2013

08.07.2008

Doktor nauk technicznyvch

Akademia  Gorniczo-Hutnicza  1im.  Stanislawa  Staszica
w Krakowie. Wydzial Inzyniern Materiatowej 1 Ceramiki
Dziedzina: Nauki Techniczne

Dyscyplina: Inzynieria Matenaltowa

Tytul rozprawy: Hysokotemperaturowy segmentowy  modul
termoelektrvezny

Promotor: prof. dr hab. inz. Krzysztot Wojciechowski,
Recenzent: prof. dr hab. Bogdan Wendler,

Recenzent: prof. dr hab. inz. Stanistaw Blazewicz

Magister inzynier

Akademia  Gorniczo-Hutnicza  1m.  Stanislawa  Staszica
w Krakowie. Wydzial Inzynierii Materiatowey 1 Ceramiki
Kierunek: Inzynieria Matenatowa

Specjalnose: Materiaty dla Elcktroniki

Tytul pracy dyplomowej: Konstrukcja stanowiska pomiarowego
oraz badania przewodnictwa cieplnego materialow metodqg
3-omega

Promotor: prof. dr hab. in7. Krzysztof Wojciechowski

Recenzent: prof. dr hab. Micczystaw Rekas



3. Informacja o dotychczasowym zatrudnieniu w jednostkach naukowych lub

artystycznych

04.10.2021 — obecnie

01.04.2013 — obecnie

01.01.2018 - 29.10.2020

01.10.2014 - 31.12.2017

01.10.2004 - 13.03.2013

Politechnika Warszawska
Wydzial Inzynierit Materialowej
Zaklad Projcktowania Materiatow

Stanowisko: Starszy Specjalista - Naukowo Badawczy

Sie¢ Badawcza Lukasiewicz — Instytut Mikroelektroniki
i Fotoniki (dawniej Instyvtut  Technologii  Materialow
Elektronicznych),

Centrum Matenalow Funkcjonalnych

Grupa Badawcza . Materialy dla Energenvki™

od 01.2023 Lider Grupy Badawcze) Muaterialy dla Energenki™
od 01.2022 na stanowisku: Lider Obszaru ds. Materialow
Funkcjonalnych

w latach 2013 2020 kicrownik projektu B4R oraz wykonawca
w projcktach.  w  Zakladzic  Kompozytow  Ceramiczno-

Mectalowych 1 Ztaczy

Politechnika Warszawska
Uczelniane Centrum Badawcze Materialy Funkcjonalne™

Stanowisko: Adiunkt (kicrownik projektu)

Politechnika Warszawska
Wydzial Inzynierii Matenatowej
Zaklad Projektowania Materiatow

Stanowisko: Technolog (kicrownik projektu — Postdoc)

Akademia Gorniczo-Hutnicza im. Stanislawa Staszica
w Krakowie

Wydzial Inzyniern Matenialowej 1 Ceramiki

Laboratorium Badan Termoelektrycznych

Czlonck personcelu badawczego, realizacja dziatalnos¢ naukowo-

badawczey 1 dydaktyczne)



4. Oméwienie merytoryczne osiggnieé, o ktérych mowa w art. 219 ust. 1 pkt. 2 Ustawy

z dnia 20 lipca 2018 r.

Glownvm osiggnigeiem naukowym  (habilitacyjnym) stanowiacym znaczny  wkiad
wroswa)  dyseypliny naukowe) mmzyvnieria materialowa, zarowno  waspekeie badan
podstawowyvceh jak 1 badan technologicznyeh zakonezonyeh zastosowaniami praktyeznymi. jest
autorski cvkl powiazanveh tematyveznie orvginalnyeh artvkutow naukowvceh pt. Wynwvarzanie

i charaktervstyvka nanostrukturalnyeh form materialow termoelekuveznveh,

EEoSpis peac stanowiaoveh ov M hutosw nauhowyoh
Cvkl powrgzanyeh tematyeznie 8 artvkulow naukowyveh opublikowanyveh w czasopismach

naukowych.

Artyvkuly opublikowane w czasopismach naukowych, posiadajgcych IF i zarejestrowanych

w bazie JCR (wykaz czasopism naukowych wg listy MEN lub wczesniej MNISW).

AL R. Z.vbala, Preparation and — characterization of  nanostructured
(Gele)-seAgShilez)AgShSe:), thermoelectric marerials. Synthetic Mctals 270 (2020) 116606.
dorTOTOTO fsvnthmet.2020.116606.

IF = 3.266: PM — 70, autor korespondencyjny

Praca jednoautorska.

Publikac)e przveotowatem w ramach kierowancego przeze mme projektu SONATA pt. Hphow
nanostrukiovzacyi 1 domieszkovwania na wlascivvosci termoelektivezne nowvel maierialow
serupy LAST 1 TGS (UMO 201623 DASTR 02686) finansowancgo przez Narodowe Centrum

Nauki.

A2. R. Zybala. M. Schimdt. K. Kaszyvea, Mo Chimielewskn, MU Kruszewskio M. Jasinski.
M. Rajska. L. Crupimski. Characterization of nanostructured bulk cobalt triantimonide doped
with tellurivm and indivm prepared by pulsed plasma in liquid method. Bulletin of the Polish
Academy of Sciences: Technical Sciences 08 (2020) 125 134
do1:10.24425 bpasts. 2020.1 31835,

I = 1.662: PM — 100, autor korespondencyjny

Mop wklad w powstanie te) pubhkacp polegal na opracowaniu koncepepr manuskryptu,
przegladzic  hiteraturowym.  zaplanowaniu ckspervimentow.  nadzorowanmin - prac
cksperymentalnveh, udziale w wytworzeniu nanomaterialow termocelektryeznyeh
7 wykorzystaniem mnowacyine] metody plazmy  impulsowe) wo creezy przeprowadzeniu

obserwacypt 2 wykorzyvstamem  mikroskopii elektronowep (SEM). analizie 1 mterpretacy

O



uzyskanych wynikow, przygotowaniu picrwszc) wersji artykulu, opracowaniu odpowiedzi dla
recenzentow, recenzji 1 pracach edytorskich, przygotowaniu ostatecznej wersji artykutu.

Opisane powyzej badania wykonalem w ramach kiecrowanych przeze mnie projektow FUGA
pt. Poznanie mechanizmu powstawania nanomaterialow termoelektiveznveh w metodzie
plazmy impulsowej w cieczy (UMO 2014/12/S/STE/00582) tinansowancgo przez Narodowe
Centrum Nauki, PBS pt. Innowacyvine moduly termoelektivezne do  komwersji  energii
(PBS3/A5/49/2015) finansowanego przez Narodowe Centrum Badan 1 Rozwoju oraz SONATA
pt. Wphw nanostrukturyzacji i domieszckowania na wiasciwosci termoelektivezne nowveh
materialow = grupy LAST @ TAGS (UMO 2016/23/D/STE/02686) finansowanego przez

Narodowe Centrum Nauka.

A3. B. Buchole, K. Kaszyca., P. Spicwak. K. Mars, M.J. Kruszewski. L. Ciupinski,
K. Kowiorski. R. Zybala, Thermoelectric properties of bismuth-doped magnesium silicide
obtained by the self-propagating high-temperature synthesis. Bulletin of the Polish Academy
of Sciences: Technical Sciences 70 (2022). doi:10.24425/bpasts.2022.141007.

[F —1.515: PM — 100, autor korespondencyjny

Moy wklad w powstanmie artykulu polegal na opracowaniu koncepeji  manuskryptu,
nadzorowaniu  prac cksperymentalnych, przygotowaniu  materialow  termocelektryeznych
7z wykorzystaniem mectody SHS, wykonaniu analiz 1 opracowaniu uzyskanych wynikow,
udziale w  przygotowaniu manuskryptu, opracowaniu odpowiedzi dla recenzentow,
przygotowaniu ostateczne) wers)i artykutu.

Publikacj¢ przygotowalem w ramach realizowanego przeze mnie projektu migdzynarodowego
pt. Thermoelectric Transport Properties in Si-based and Ge-based Nanostructured Bulk
Materials (PL- TW/IV/19/2016) finansowancgo po stronic polskiej przez Narodowe Centrum
Badan 1 Rozwoju oraz kicrowancgo przeze mnic  projcktu  SONATA pt. Hphw
nanostrukturvzacji i domieszckowania na wiascivosci termoelekirvezne nowveh materialow
zgrupy LAST i TAGS (UMO 2016/23/D/STE/02686) finansowanego przez Narodowe Centrum
Nauki.

A4, G. Gabka, R. Zybala. P. Bujak. A. Ostrowski. M. Chmiclewski, W. Lisowski,
J.W. Sobezak. A. Pron, Facile Gram-Scale Svnthesis of the First n-Tvpe CuFeS: Nanocrystals
Jfor Thermoelectric Applications. European Journal of Inorganic Chemustry (2017) 3150-3153.
do1:10.1002/e)1¢.20170061 1.

IF = 2.507: PM = 35,



Mo) wklad w powstanic publikacji polegal na udziale w opracowamiu koneepeji artykutu,
przygotowaniu przegladu literaturowego  dotyczacego mateniatlow  termoelektrycznych,
opracowaniu parametrow otrzymywania gestych polikrystalicznych spickow z nanokrysztatow
CuFeS: 7 wykorzystaniem metody spickania SPS. przeprowadzeniu pomiarow parametrow
termocelektrycznych w tunkceji temperatury, wykonaniu analizy mikroskopowej SEM. udziale
W przygotowaniu piecrwsze) wersji tekstu manuskryptu oraz interpretacy uzyskanych wynikow
badan.

Opisance powyze) badania wykonalem w ramach kicrowancgo przeze mnic projecktu FUGA pt.
Poznanie mechanizmu powstawania nanomaterialow termoelektiveznyveh w metodzie plazmy
impulsowej w cieczy (UMO 2014/12/S/ST8/00582) tinansowancgo przez Narodowe Centrum

Nauki.

AS. R. Zybala, K. Mars. A. Mikula, J. Bogustawski. G. Sobon, J. Sotor, M. Schmudt.
K. Kaszyca. M. Chmiclewski, L. Cuupinski, K. Pictrzak, Svathesis and Characterization of
Antimony - Telluride for Thermoelectric and  Optoelectronic  Applications.  Archives  of
Metallurgy and Materials 62 (2017) 1067-1070. doi:10.1515/amm-2017-0155.

IF = 0.625: PM = 30, autor korespondencyjny

Moj wklad w powstanie tej pracy polegal na opracowaniu koncepeji artykulu, przygotowaniu
przegladu literaturowego, zaplanowaniu cksperymentu, syntezic materiatlow, przeprowadzeniu
obserwac)i z wykorzystaniem skaningowe) mikroskopii elektronowej (SEM). wykonaniu badan
wlasciwoscei termoelektryeznych, analizic 1 opracowaniu uzyskanych wynikow, przygotowaniu
pierwsze] wers)i tekstu manuskryptu, interpretac)i uzyskanych wynikow badan 1 opracowaniu
graficznemu, przygotowantu odpowiedzi dla recenzentow, a takze ostatecznej wersji artykulu.
Opisane powyzej badania wykonatem w ramach kicrowanych przeze mnie projektow FUGA
pt. Poznanie mechanizmu powstawania nanomaterialow termoelektiveznveh w metodzie
plazmy impulsowej w cieczy (UMO 2014/12/S/ST8/00582) finansowanego przez Narodowe
Centrum Nauki oraz PBS pt. Innowacvine moduly termoelekirvezne do konwersji energii
(PBS3/A5/49/2015) finansowancgo przez Narodowe Centrum Badan 1 Rozwoju. Publikacja ta
powstala w oparciu o wyniki wicloletnich badan przeprowadzonych we  wspotpracy

naukowcow z wiodgeych osrodkow naukowo-badawcezych.

A6. R. Zybala, M. Schimidt. K. Kaszyca, L. Ciupinski. M.J. Kruszewski, K. Pietrzak, Method
and Apparatus for Determining Operational Parameters of Thermoelectric Modules, Journal
of Electronic Matenials 45 (2016) 5223-5231. doi:10.1007/s11664-016-4712-1.

IF = 1.579: PM = 30, autor korespondencyjny



Moj wkiad w powstanic publikacji polegal na opracowaniu koncepe) artykutu, przygotowaniu
przegladu hiteraturowego, zaplanowaniu eksperymentu. analizie danych od producentow
modutoéw, udziale w opracowaniu modelu bilansu energetyeznego 1 przygotowaniu aparatury
pomiarowej, wykonaniu pomiarow modutow termoelektrycznych, przygotowaniu pierwsze)
wersji tekstu - manuskryptu, interpretac)i  uzyskanych  wynikow  badan. opracowaniu
graficznemu, przygotowantiu odpowiedzi dla recenzentow, recenz)i 1 edytowaniu manuskryptu,
przygotowaniu ostateczne) wers)i artykutu.

Publikacj¢ przygotowatem w ramach kicrowancgo przeze mnie projcktu PBS pt. Innowacyjne
moduly termoelektivezne do komwersji energii (PBS3/AS5/49/2015) finansowanego przez

Narodowe Centrum Badan 1 Rozwoju.

A7. R. Zybala, K. Kaszyca, M. Schmidt. M. Chmiclewski. The Properties of Bi-Te:-Cu Joints
Obtained by SPS/FAST Method, Journal of Electronic Matenals 48 (2019) 3859-3865.
do1:10.1007/511664-019-07120-x

IF = 1.774: PM = 40, autor korespondencyjny

Moj wklad w powstanic artykulu polegal na opracowaniu koncepeji manuskryptu, udziale
w przygotowaniu przegladu literaturowego. zaplanowaniu cksperymentu, syntezie materialow
termocelektrycznych, optymalizacy procesu napylania magnetronowego (PVD) dla warstw
dyfuzyjnych, wykonaniu ztaezy 7z wykorzystaniem metody FAST/SPS, przeprowadzeniu
obserwac)i z wykorzystaniem skaningowe) muikroskopii elektronowej (SEM). udziale
w opracowaniu metodyki badawczej, nadzorowaniu pozostatych prac cksperymentalnych,
anahizie i opracowaniu uzyskanych wynikow. przygotowaniu pierwsze] wersji manuskryptu,
opracowaniu odpowiedzi dla recenzentow, recenz)i 1 pracach edytorskich, przygotowaniu
ostateezne) wers)i artykutu.

Publikacj¢ przygotowalem w ramach kicrowanych przeze mnic projcktow PBS pt. Innowacyjne
moduty termoelektivezne do konwersji energii (PBS3/A5/49/2015) finansowanego przez
Narodowe Centrum Badan 1 Rozwoju oraz SONATA pt. Wphw  nanostrukunyzacji
i domieszkowania na wlasciwosci termoelektivezne nowvceh materialow = grupy LAST i TAGS

(UMO 2016/23/D/STR/02686) tinansowancgo przez Narodowe Centrum Nauki.

A.8. J. Boguslawski. G. Sobon. R. Zvbala. J. Sotor, Dissipative soliton generation in Lr-doped
Siber laser mode-locked by Sh>Te; topological insulator, Optics Letter 45 (2015) 2786-2789.
do1:10.1364/0L.40.002786.

[F = 3.040: PM = 35,



Mo wkiad w powstanic artykutu polegal na wspotudziale w tworzeniu koncepeji artykutu,
przygotowaniu przegladu literaturowego dotyczacego zagadnien zwigzanych z inzynierig
materialowa. zaplanowaniu cksperymentu, syntezie materialu  polprzewodnikowego,
wykonaniu targetu. optymalizacji procesu napylania magnetronowego (PVD) dla warstw
7 mateniatu Sh:Tex, przeprowadzeniu obserwacji 7 wykorzystaniem skaningowe] mikroskopii
clektronowe) (SEM). przeprowadzeniu analizy 2z wykorzystaniem spektroskopn Ramana.,
przeprowadzeniu analizy z wykorzystaniem techniki rentgenowskiej (XRD) dla warstw metody
GID. udzalc w przygotowaniu picrwszcj wers)i tekstu manuskryptu, udzial w interpretacy
uzyskanych wynikow badan, przygotowaniu odpowiedzi dla recenzentow 7z zakresu
wytwarzanych warstw 1 przeprowadzonych badan, udziale w recenzji 1 edytowaniu
manuskryptu.  udziale  w  przygotowaniu ostatecznej  wersp artykulu. Moy wklad
w przygotowanic publikacji dotyczyl wytwarzania 1 charakteryzac)i maternalow, 1 zostal
zrealizowany w ramach kierowanego przeze mnie projektu FUGA pt. Poznanie mechanizmu
powstawania nanomaterialow termoelektiveznveh w metodzie plaznny: impulsowej w cieczy

(UMO 2014/12/S/ST8/00582) finansowancgo przez Narodowe Centrum Nauki.

Objasnicnia skrotow uzywanych dla powyzszych prac:

A — artykul opublikowany w czasopismic posiadajacym Impact Factor (IF), znajdujacym si¢

w bazic JCR oraz znajdujgcym si¢ na liscic czasopism punktowanych (PM).

Sumaryczny Impact Factor (IF) czasopism, w ktorych zamiescilem artykuly ujete w cyklu
powiazanych publikacji wynosi 15,968. Sumaryczna hezba punktow (PM) wg list MEIN (lub
wezesnie) MNISW) dla artykutow ujetych w eyvklu powigzanych publikacyi wynosi 435 (w tym

165 wg punktacji do 2019 r. oraz 270 wg nowe) punktac)i od 2019 1.).

Warto$ci wspotezynnikow Impact Factor (1F) oraz punktacje czasopism wg list Ministerstwa
Edukacji 1 Nauki (PM) podalem zgodnie 7 rokiem ukazania si¢ artykulow. Kopie
wymicnionych prac stanowiacych jednotematyczny zbior publikac)i zamicscitem w Zataczniku
nr 5. Oswiadezenia wszystkich wspotautorow publikacji potwierdzajace ich indywidualny

wkiad w powstanic dorobku stanowigcego osiagnigeic 1 wymenionych w punkcic 4.1,

znajdujg si¢ w Zalaczmku nr 6.



4.2, Omowicnic osiagniee naukowych oraz uzyskanyceh celow prac badawcesyveh
Osiggnigeia naukowe  stanowigce podstawg  dla ninigjszego  wniosku  stanowia
polaczenie badan podstawowych dotycezyeych okreslema wihasciwoser fizykochemicznych
nowych funkcjonalnych nanomaterialow termoclektrycznych 7z badaniami o charakterze
technologicznym, majgcymi na celu ich praktyczne zastosowanie. Elementem znamiennym
tych badan. w aspekcie nauk technicznych, jest zaproponowanie innowacyjnych technologii
wytwarzania  materialow  termoclektrycznych, ich  sposobu  laczenia  oraz  zbadanic

charakterystyki modulow termoelektrycznych.

Zapotrzcbowanic na cnergig ostatnich latach nicustannic sig zwigksza, podezas gdy
zasoby podstawowych surowcow energetycznych (np. ropy, wegla ezy gazu ziemnego) szybko
maleja. W wyniku nieprzerwanego wzrostu zuzycia surowcow energetycznych, rosnie rowniez
cmisja gazow cicplarnianych, a takze Koszty produkcej encrgii. Dla zrownowazonego rozwoju
niezbgdne jest ograniczenie wykorzystywania zasobow pahw kopalnych przy jednoczesne)
inwestycji w energig odnawialng. Nalezy podkreslic, 7¢ znaczna cz¢s¢ wytwarzane) encrgii nic
Jest wykorzystywana w umiejetny sposob. Catkowite zuzycie energin pierwotnej (w Polsce)
w latach 2008-2018 wzrosto z 98.1 Mtoc do 1057 Mtoce [1], co daje przyrost na poziomie
0.8%/rok. Wg najnowszych danych, w 2020 roku. w Polsce ogolem zuzycie energii pierwotne)
nieznacznic zmalato 1 wynosito 96,9 Mtoc [2]. W tym samym roku. w Europic, Polska
saymowala 1 miegsce pod wzgledem wydobycia wegla kamiennego, 3 pod wzgledem
wydobycia wegla brunatnego 1 7 pod wzglgdem produke)t energii elektryczne). Jednoczesnie
uzaleznienie od importu energii w 2020 roku wynosito 42.8% [2]. Na podstawie wicloletnich
opracowan, raportow [3] 1 danych analitycznych mozna wywnioskowac. ze tylko ok. 33%
cnergii zawarte) w jej picrwotnych zrodlach (np. ropic naftowej. gazie ziemnym 1 wgglu) bylo
w praktyczny sposob  wykorzystane  w zastosowaniach  mieszkalnych, komercyjnych,
przemystowych lub do celow transportowych. Jednak az 67% tej energn zostalo utracone,
glownic w  postaci ciepla rozpraszancgo w atmosferze. Nalezy podkreshe.  ze straty
w poszczegolnych scktorach konsumpcji energii sg zroznicowanc. Dla przykladu w scktorze
transportowym. tylko 20% - 30% zuzywanej energii bylo bezposrednio zamienione na pracg
mechaniczna. podezas gdy pozostale 70% - 80% zostalo utracone glownic przez gorgee gazy
wylotowe lub przez cieplo oddane przez chiodnice w pojazdach samochodowych. Poniewaz
zapotrzcbowanie na cnergi¢ weigz wzrasta, odzyskanie przynaymnic) czg¢sci ciepla odpadowego

poprzez przeksztateenie go w uzyteczna energig elektryczng byloby niczwykle korzystne.



Jednag 7z mozliwoscer wykorzystania takicj utracone) energii cicplng) jest je) zamiana na
energig¢ elektryczng przy zastosowaniu modutow termoclektrycznych (rys. 1). Do wyboru
tematyki badawcze), ktorej wyniki prezentowane sg w niniejszym wniosku. doprowadzito mnie
zainteresowanie  zagadnieniamn naukowymi  dotyczacymi  wytwarzania  oraz  badania
wlasciwosct materiatow termoclektrycznych, a takze projecktowania, konstrukeji 1 wyznaczenia
charakterystyk modulow termoclektrycznych, w taki sposob. aby jeszeze bardziey efektywnie
znich  korzysta¢.  Schemat ideowy obrazujacy budowg standardowego  modulu
termoclektrycznego., przeznaczonego do gencrowana energn clektryczne) przedstawilem na
rysunku 1. Modutl zbudowany jest z dwoch kluczowych polprzewodnikowych elementow typu
p 1 n polaczonych szercgowo za pomocy metalicznych clektrod. Caly szereg polaczonych
clementow  zamknigty jest pomigdzy  ceramicznymi  plytkami.  stanowiacymi  1zolac)g

clektryczna oraz podstawy konstrukeyjne.

Heat Absorbed
Ceramic substrate
Metal interconectors

Thermoéleclr:w

Elements SN

Heat R
Flow ’

n-type
‘\material '
ptype

. matenal

Rys. 1. Przykladowy schemat budowy modulu termoelektrycznego 4]

Udang probg polaczenia nowej technologii (generatora TEG) 7z istnicjacynu
nowoczesnymi instalacjami energetycznymi przeprowadzilem w trakcie reahzacji projektu
badawczego Innowacyvjne moduly termoeleknvezne do konwersji energii (2015 — 2018,
kicrownik projektu: dr inz. Rafal Zybata). Zaprojcktowany 1 wykonany w projekeie
TERMOMOD (finansowanym przez Narodowe Centrum Badan 1 Rozwoju w ramach programu
PBS3 1 firm¢ NOVAGO Sp. z 0.0.) generator termoclektryezny TEG. wykorzystujacy cieplo

7c¢ spalancgo biogazu. bezposrednio, w modutach termoclektrycznych przetwarzal energig

&
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cicplna na encergig clektryczna. Byl to gencrator prototypowy (stanowisko testowe), w ktorym
zainstalowalem  komercyjne oraz wytworzone w  projekeie  innowacyjne  moduly
termoclektryczne. Generator TEG stal si¢ niezb¢dnym ogniwem projektu, gdyz umozliwil
przetestowante modutow termoelektrycznych nie tylko w warunkach laboratoryjnych, ale takze

w rzeczywistych warunkach przemystowych [5].

bh) - !;'1;.;."\:!-"

Rys. 2. Generator termoelektryczny (a) skonstruowany w Lukasiewicz-IMIF (dawnej
ITME) — w czasie testow wydajnosciowych prowadzonych w instalacji biogazowej CHP (b)

(ang. Combined Heat and Power) firmy NOVAGO w Mlawie [5].

Dziatanic gencratorow termoclektrycznych TEG (rys. 2) polega na odebraniu energi
cieplney ze zrodla poprzez odpowiednio skonstruowany wymiennik 1 przeprowadzeniu
strumicnia ciepla przez optymalnie skonfigurowane materialy termoclektryczne.  ktore

zamicmaja ¢z¢s¢ energil cieplnej  bezposrednio na  energi¢  elektryezng.  Generatory

termocelektryezne wykazujg si¢ wicloma pozadanymi — 7 punktu widzenia wspolezesnych

technologii  cechami: maly masg. prostota konstrukeji, bezglosng praca. wyjatkowa trwalosciy
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1 niczawodnoscia. a takze stosunkowo niskimi kosztami wytwarzania. Tego typu urzadzema
stosowane sg dzis do zasilania np. sond kosmicznych, stacji meteorologicznych czy tez

w specjalistycznym sprzgeie wojskowym [6].

Cel naukowy

Glownym celem naukowym prowadzonych przeze mnie na przestrzen ostatnich lat
badan bylo projektowanie nowych mateniatow termoelektrycznych, rozwijanie metod ich
wytwarzania oraz okreslenic wplywu proceséw nanostrukturyzacji na ich wlasciwoscel
termoelektrycznych. W moje) pracy wykorzystywalem nanotechnologic 1 procesy
nanostrukturyzacji materii. zawsze majge na celu wytworzenie materialow mogacych znalez¢
zastosowanie w modulach termoelektrycznych. Nicoczekiwanym. ale niezwykle interesujacym
cfcktem mej pracy naukowcej byto rownicz zastosowanic opracowanych przeze mnic nowych
materialow w optoelektronice.

Zdefintowany cel naukowy w petni zrealizowatem, w szezegolnoser opracowujge nowe
techniki cksperymentalne. Do pelnej realizaci celu naukowego. wykorzystatem takze szereg
nowoczesnych technologii wytwarzania 1 nanostrukturyzac)i materialow termocelektrycznych
oraz przeprowadzilem szereg szezegolowych badan ich whasciwoser fizyko-chemicznych,
niczb¢dnych do ich calosciowego scharakteryzowania 1 w efekeie, pozwalajacych na uzyskanie
kompletnego materialu badawcezego. Tak okreslony plan badawczy wymagal polaczenia wielu
metod badawcezych wspolezesne) inzynierti materialowej z elementami chemii, fizyki ciata
stalego oraz inzyniern clektrycezne). Prezentowane osiagnigeie habilitacyjne przynalezy wice
do domeny inzynierit materialowej. ale ma tez po czg¢sci charakter multidyscyplinarny.
Osiagniecie zalozonego celu wymagalo autorskiego opracowania pionierskie) metody
wytwarzania matertatow termoclektrycznych z uzyciem plazmy impulsowe) w cieczy PPL
(ang. Pulsed Plasma in Liguid) [7]. Opracowatem rownicez nowatorskic metody otrzymywania
nanoproszkow metali 1 nanomatenalow termocelektrycznych w postaci nanokrystaliczne) oraz
przebadalem wytworzone 7 nich materialy, co oprocz osiagniecia  zalozonego celu
praktycznego pozwolito mi szezegolowo okreshic wplyw metody  wytwarzania na ich
wiasciwoscer termocelektryczne.

W czasie realizacp prac badawczych, o charakterze technologicznym, wytworzylem
7tacza metaliczna clektroda — material termoclektryczny, wykorzystujac wspomniang juz
innowacyjna metod¢ spickania wspomaganego przepltywem pradu SPS zaadaptowana do tego

celu. Parametry uzytkowe opracowanych zlacz; okreslitem przy pomocy skonstruowane)
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przeze mnic aparatury badawcze), tzw. mukrosondy termoclektryczne). stuzace; muin. do
okreslenia rezystancyi ztgez 1 powierzchniowe) wartosci wspotezynnika Seebecka. Badania te
jednoznacznie potwierdzily wysoka jakosé wytworzonych zlacz. Kolejny kluczowy problem
technologiczny podjety przeze mnie w trakeie prac dotyezyt opracowania metody badawceze)
1 wykonania aparatury. sluzace) do oceny kluczowych parametrow operacyjnych modulow

termoelektrycznych.

Material badawczy

W trakcie moich badan, przedstawionych jako osiagnigeic habilitacyjne, wytworzylem
nowe materialy termoelektryczne z uzyciem roznych metod (w tym metod stosowanych przy
preparatyce 1 przetwarzaniu nanokrystalicznych form materir). Dla wszystkich wytworzonych
materiatow, zarowno niedomicszkowanych jak 1 domieszkowanych, dokonatem szezegotowe)
charakterystyki, przede wszystkim ich wiasciwosci termoelektrycznych, ale takze struktury
krystalicznej, morfologh etc.

Moje badama obeymowaly materiaty termoelektryczne otrzymane z nastgpujacych grup
7wigzkow:

- tellurku antymonu (I11) Sb2Tex 1 tellurku bizmutu (111) Bi:Tex

- trojantymonku kobaltu CoSb;

- zwiazkow 7z grupy TAGS (AgSbSea. AgSbTea. GeTe oraz ich roztwory stale)

- trojsktadnikowych siarczkow miedzi i 7elaza o stechiometrii zblizonej do stechiometrii

chalkopirytu (CuFeS:)

- krzemku magnezu Mg-Si.

Wigkszos¢ wytworzonych 1 badanych przeze mnie matenalow termoclektrycznych nie
wystepuje naturalnic w przyrodzie. Sg to nicorganiczne zwigzki syntetyczne, powstale
w wyniku rozwoju chemn nicorganiczne) 1 chemn crata statego. Rozwd) ich badan nastapit
m.in. w wyniku odkrycia ich cennych wlasciwosci fizycznych, w tym termoelektrycznych. ale
takze w nmicktorych przypadkach — optycznych. Prace zwiazane 7 kontrolowana modyfikac)g
ich wlasciwosci oraz ich przetwarzaniem w technologicznie uzyteczne formy staly si¢ domena
inzynicrii materiatowe). W ten nurt wpisuja si¢ rownicz moje prace. w ktorych badam wplyw
nic tylko skladu chemicznego. w tym niczwykle istotnego stopnia domieszkowania wiw
zwiazkow, ale takze parametrow ich przetwarzania na strukturg. morfologig 1 wlasciwoscel

fizykochemiczne otrzymanych materiatow termoclektrycznych.



Omowienie prac

Omowione przeze mnie w autoreferacic wyniki prac badawcezych dotyezg trzech
roznych aspektow technologin 1 mzyniern matenalow  termoelektrycznych. oznaczonych
skrotowo BI, B2 i B3.

Bl ma charakter zarowno badan podstawowych jak 1 technologicznych 1 obeymuje
okreslenic wplywu  stosowanc) mectody preparatywne].  wynikajgcego 7 nicj)  skladu
chemicznego oraz warunkow przetwarzania badanych zwigzkow na wlasciwoscr koncowe
otrzymanych z nich materialow termoelektrycznych [A1, A2, A3, A4, AS, A8]:

B2 ma charakter technologiczny 1 dotyczy opracowania odpowiednich procedur oceny
modulow termoclcktrycznych oraz opracowania mctod wytwarzania 1 szczegolowe) oceny
zlacz: matenal termoclektryczny — clektroda metaliczna [A6. A7]:

B3 dotyczy wykorzystania innych mz termoclektryczne zastosowan opracowanych

materialow. w tym w optoclektronice [AS, A8].

Dzialalnos¢ naukowa w ramach obszaru Bl. rozwijalem w oparciu o oryginalne,
autorskie techniki badawceze. ktore przyczynily si¢ do rozwoju takich dyscyphin jak inzynieria
matcrialowa a takze fizyka ciala stalego czy chemia nicorganiczna i chemia ciala stalego. We
najlepsze) mojej wiedzy. w moich pracach badawczych jako pierwszy na swiecie zastosowalem
nowatorska metod¢ plazmy impulsowe) w cieczy PPL do otrzymania nanoproszkow
materiatow termoclektrycznych. Hipoteza badawceza zakladata 1stotng poprawg parametrow
termoelcktrycznych materialow nanostrukturalnych otrzymywanych metoda PPL. w stosunku
do materiatow otrzymywanych klasycznymi technikami metalurgin proszkow — szezegolnie ze
wzgledu na obnizenie skladowej sieciowe) przewodnictwa cieplnego. Realizacja cyklu badan
naukowych nad nowymi metodami wytwarzama 1 wpltywem nanostrukturyzacji na wlasciwosci
tizvkochemiczne roznych matenalow termocelektrycznych zawarty w artykutach [A1, A2 A3,
A4, A5, A8]. byla mozliwa m.in. dzigki przyznanym mi przez Narodowe Centrum Nauki
subwencjom  badawcezym:  Poznanie  mechanizmu  powstawania  nanomateriatow
termoelektrveznveh w metodzie plazmy impulsowej w cieczy, projekt ten zrcahzowatem jako
kicrownik na Wydziale Inzyniernn Materialowe). Pohtechniki Warszawskie) w ramach stazu
naukowego po uzyskaniu stopnia naukowego doktora (FUGA w latach 2014 — 2017) oraz
Wphnw  nanostrukturyvzacii i domieszkowania  na  wlasciwvosci  termoelektnvezne  nowvch

materiatow = grupy LAST i TAGS. projekt ten zrealizowalem jako kierownik w Uczelnianym
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Centrum Badawezym  Materiah: Funkcjonalne”,. Politechniki Warszawskic). w ramach
konkursu SONATA w latach 2017 - 2021.

W koleyjnym zagadnieniu badawczym o bardzie) technologicznym charakterze B2,
skupitem si¢ m.n. na mozliwosci oceny jakosct materiatow termoclektrycznych 1 zlacz wich
docelowym migjscu zastosowania — tj. module termoelcktrycznym, opracowalem metodyke
badawczy oraz wykonalem specjalng aparature, ktora pozwalata na zarejestrowanie wszystkich
niezbgdnych charakterystyk wydajnosciowych modulow termoelektryecznych [A6].

Jednoczesnic. opracowalem sposob  wytwarzania 1 okreslema  charakterystykr  ztgez
pomigdzy materialami termoelektrycznymi a elektrodami metalicznymi. Poza opracowaniem
sposobu laczenia materialow TE 7z clektrodami, istotnym zadaniem byto takze dobranic
odpowiednich barter dyfuzyjnych oraz metod badawcezych, wcelu okreslenia  jakosc
otrzymanych zlacz [A7]. Badania tc wykonywalem w ramach kicrowancgo przeze mnic
projektu PBS3 pt. Innowacyine moduly termoelektivezne do komwersji energii, finansowanego
przez Narodowe Centrum Badan 1 Rozwoju w latach 2015 — 2018. Projckt ten realizowany byl
w konsorcjum trzech podmiotow bLukasiewicz-IMIF (dawnic) ITME - hider), Uczelnianym
Centrum Badawczym . Materialy Funkcjonalne™, Politechniki Warszawskie) oraz firmy

NOVAGO sp. z o.0.

Trzect nurt badawezy B3 zwiazany byl 7 wykorzystaniem innych miz termoclektryczne
wlasciwoser otrzymanych przeze mnie materiatow. Glownym celem tych badan. bylo
opracowanic 1 wytworzenic odpowicdnich warstw 1zolatora topologicznego (glownic tellurku
antymonu (I11) - Sb2Tes) na podlozach optycznych, metoda napylania prozniowego PVD (ang.
Physical Vapour Deposition). Bylo to pionierskic w owym czasie zadanic naukowe, ktore
szrealizowalem we wspolpracy 7 zespolem prof. Krzysztofa Abramskiego z Politechniki
Wroclawskicj w ramach projektu pt. [zolatory topologiczne jako nowa klasa nasvcalnyveh
absorberow dla laserow swiatlowodowych (projekt OPUS realizowany w latach 2015 - 2018,
tinansowany przez NCN). W badamiach tych bylem odpowiedzialny za pelen zakres prac
dotyczacych inzynierii materiatowej — od preparatyki matenalow termoclektrycznych do
wytworzenia warstw materialow TE metoda PVD na podlozach optycznych 1 ich niezbgdne)
charakteryzacji. Badania nad wykorzystaniem cienkich warstw tellurku antymonu (Sb:xTes)

Jako izolatorow topologicznych na podiozach optycznych opisalismy w artykulach [AS, A8].



Szczegélowe omowienie przeprowadzonych badan i osiggni¢tych rezultatow.

Dzialania naukowe wykonane w ramach B1 dotyczyly oceny wplywu warunkow
otrzymywania 1w konsckweneji  sktadu  chemicznego na  wlasciwoser  materialow
termoelektrycznych w ich koncowe) formic po przetworzeniu, przy czym prace [AS, AS8]
dotyczyly tellurku bizmutu (I11). o postaci polikrystalicznej do zastosowan termoclektrycznych.,
1 w formie cienkich warstw do zastosowan w optoelektronice [B3]. Jednoczesnie kolejne prace
badawcze [Al, A2, A3, A4] wykonane w ramach dzialama badawczego Bl dotyczyly

wylacznie badan kolejnych grup materialow termoelektrycznych.

W artykule [Al] opisany zostal proces  wytwarzania 1 charakteryzach
nowoopracowanych nanostrukturalnych materiatow termoclektrycznych 7z grupy TAGS.
W pierwsze) kolejnoser zsyntezowane zostaty matenialy termoelekiryczne o ogolnym wzorze
(GeTe)rs(AgSbTer)(AgSbSer),. Matcerialy te wykonalem technika przetapiania 1 syntezy
w stanic stalym. w ampulach kwarcowych. Przebicg syntezy wykonywalem w oryginalny
sposob wieloetapowe) reakejr wcelu otrzymania jednorodnych materialow oraz w celu
zbadamia  wplywu warunkow  syntezy na  wlasciwoscr  transportowe.  Wspomniana
wwieloetapowos¢™ polegala m.in. na wykonaniu niezaleznych syntez tellurku germanu GeTe
oraz AgSbTe: czy AgSbSca, ktore nastgpnic w odpowicdnich proporcjach micszalem
1 poddawalem Kolejnym ctapom syntezy. Taka forma syntezy matenatow docelowych wynikata
7 nowatorskicgo podcjscia do zdefinlowancgo zagadnicnia naukowego. Otrzymanc matcriaty
termoelektryczne  poddawalem  rentgenowskiej anahizie fazowe; XRD. jednoczesnie
wyznaczajac wiclkos¢ parametru sicei dla wybranych materialow. W wyniku uzycia
nowatorskie)  wicloctapowe) metody  syntezy  nastgpita zakladana  nanostrukturyzacha
nicktorych faz materiatow. ktora potwierdzilem wykonujac anahzg XRD 1 jednoczesnic
nastgpito  pozadane  obmizenie  przewodnosci  cieplne]  wytworzonych  materiatow
termoclektrycznych. Badamia  przewodnictwa cieplnego matenialow  termoclektrycznych
przeprowadzitem impulsowa metoda lascrowy LFA (ang. Laser FFlash Method) w tunken
temperatury. Jednoczesnie doszto do stopniowego wzrostu przewodnosct elektryeznej, takze
w przypadku domicszkowanych probek TAGS co  skutkowato  zasadniczo  wzrostem
wlasciwosctr termocelektrycznych, czyli kluczowym parametrem Z7. Opisane w artykule
badania byly wynikiem kolejnego waznego dzialania w samodziclne) realizacji moich celow

naukowych, gdyz byly efektem realizacji projektu naukowego SONATA pt. Hphw

o

nanostrukturvzacji i domieszkowania na wilascivosci termoelektrycezne nowveh materiafow
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cgrupy LAST | TAGS. Projckt ten zrcahzowany zostal pod moim kicrownictwem
w Uczelnianym Centrum Badawczym Materialy Funkcjonalne™. Politechniki Warszawskiej

w latach 2017 - 2021.

W publikacji  [A2] zaprezentowalem  charakteryzacje  nanostrukturalnego
objetosciowego trojantymonku kobaltu domieszkowanego tellurem 1 indem, przygotowanego
7 uzyciem nowatorskie) metody plazmy impulsowe) w cieczy PPL. Badania rozpoczatem od
wytworzenia CoSbi 7z domieszkami indu lub telluru technika bezposrednicy syntezy, 7z udziatem
tazy ciekle; w ampulach kwarcowych. Otrzymane prze mnie polikrystaliczne wlewki zostaly
sproszkowane 1 zaggszezone metodg SPS w celu uformowama clektrod uzytych w procesie
PPL. Wielkos¢ krystalitow w przygotowanych nanoproszkach znajydowata si¢ w przedziale od
10 do 30 nm (ktore lgczyly sig w wigksze aglomeraty). Tak wytworzone nanomaterialy zostaly
ponowne skonsolidowane przy uzyciu szybkiego spiekania metoda SPS. Do analizy
otrzymanych matcriatlow  wykorzystalem m.n. takic mctody badawcze jak dyfrakcja
rentgenowska (XRD), skaningowa mikroskopia clektronowa (SEM) oraz skaningowa
transmisy)na mikroskopia elektronowa (STEM). Przewodnos¢ elektryczna 1 wspolezynnik
Seebecka mierzytem jednoczesnie. standardowa metody czterosondowy w funkeji temperatury.
Zastosowana nowatorska metoda preparatyki pozwolita mi na uzyskanie nanomateriatu CoSbs
o0 znacznic nizszym przewodnictwic cieplnym (10 Wm'K! dla czystego CoSbsz i 3 Wm'K"!
dla nanostrukturalnej probki w temperaturze pokojowej). Pomimo osiggnigeia zamierzonego
cclu naukowego t). znaczaccgo obnizena przewodnictwa cicplnego, nic udato mi si¢ poprawic
wspolczynnika efektywnoscr termoelektryczne) Z7. ze wzgledu na spadek przewodnictwa
clektrycznego. Jednak jednym 7 najbardzic) obiccujacych 1 najintensywnic) badanych zjawisk,
w ciggu ostatnich dwoch dekad, jest zastosowanie technik nanostrukturyzacy materiatow

termoclektrycznych w cclu poprawy ich kluczowego parametru jakim jest wspolczynmk Z7.

W pracy [A3] zastosowalem kolejng nowatorskg metodg samorozwnajacej sig syntezy
wysokotemperaturowe)  SHS  (ang.  Self-propagating  High-temperature  Svnthesis) do
wytworzenia krzemku magnezu domieszkowanego bizmutem. Domieszkowanie jest jednym
znajezgseie)  stosowanych  sposobow,  w  celu znaczney  poprawy  wlasciwoscl
termoclektrycznych wiclu roznych materialow. Potwicerdzono. 7ze wprowadzajge atomy
bizmutu w micjsca atomow magnezy w zwiazku MgoSi, mozna znaczaco zwigkszyc
koncentracjg nosnikow 1 tym samym zintensyfikowaé efekt rozpraszania fononow, co skutkuje

znaczacym zwickszeniem wartosct wspolezynnika Z7. Krzemek magnezu pozyskal uwage
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naukowcow zc wzgledu na swojg nictoksycznosc, niska gestose 1 niewiclki koszt wytworzenia.
W artykule przedstawiono najnowszg prob¢ zastosowania ultraszybkiej samorozwijajace) sig
syntezy wysokotemperaturowe) SHS materiatu, a nastgpnie spickania metodg SPS jako procesu
syntezy domieszkowancgo Mg:Si. Materialy 7 roznym stopniem domieszkowania bizmutem
zostaly  wytworzone, a nastgpnic  dokladnic  przcanalizowane metodami  dyfrakeji
rentgenowskiep XRD, skaningowe) mikroskopin elektronowey SEM ze  zintegrowanym
spektrometrem dyspersji energii EDS (ang. Energy Dispersive Spectrometer). Do pomiaru
gestoser  zastosowalem  metode  Archimedesa. Przewodnos¢  cieplng  zmierzylem
7 wykorzystaniem metody LFA a przewodnictwo elektryczne zmierzylem standardowy metody
czterosondowa. Wspolezynnik Scebecka obliczylem na podstawic zmicrzonego napigeia
Seebecka w probee poddane) gradientowi temperatury. Analiza strukturalna wykazata, 7e faza
Mg-Si jest dominujaca, a faza BixMgs znajduje si¢ na granicach ziaren. Domieszkowanie
bizmutem skutecznie zwigkszylto wartos¢ wspolezynnika Z7T dla kazdej koncentracji domieszki.
Domicszkowanic bizmutem silnic wplyncto na wszystkic wlasciwosci termoclektryczne.
Odnotowatem  znaczny wzrost  przewodnictwa  clektrycznego 1 cieplnego.  Atomy Bi
spowodowaly jednak znaczne obmizenie wartosct bezwzgledne) wspolczynnika Seebecka
w odniesieniu do nte domieszkowanego MgaSi, zwlaszeza w nizsze) temperaturze. Najwigkszy
wartos¢ parametru /7 temperaturze 770 K uzyskano dla 3% domieszki Bi. Jest to jest godne
uwagi osiagnigeie, szezegolnic w porownaniu do innych prac, zwazajac na fakt. 7ze dzigki
zastosowaniu metody SHS caly proces wytwarzania byl bardzo szybki, bez koniecznosci
stosowania dlugotrwalcgo procesu  wygrzewania w cclu  ujednorodnicnia 1+ poprawy
wlasciwoscer koncowych materiatu. Publikacja zostata przygotowana w ramach realizowane]
przeze mnic czg¢scl, dotyczacej krzemku magnezu, w projckcic migdzynarodowym pt.
Thermoelectric  Transport Properties in Si-based and Ge-based Nanostructured Bulk

Materials, finansowancgo po stronic polskicj przez Narodowe Centrum Badan 1 Rozwoju.

Publikacja [A4] dotyczy preparatyki  niestechiometrycznych  nanokrysztatow
potprzewodnikow trojskladnikowych Cu-Fe-S o skladzic zblizonym do chalkopirytu (CuFeS:),
ale wykazwacych pewien niedonnar siarki. W zaleznoscr od skladu, stechiometrii powierzchm
1 rodzaju ligandow stabilizujgcych ich formg koloidalng. nanomateraly siarczkowe mogag by¢
polprzewodnikami typu typu p lub 1 w konsckwenc)i wykazywac dodatnia lub ujemna wartos¢
wspolczynnika Scebecka. Praca [A4] zawicra szereg clementow nowosci naukowej. Picrwszg
7 nich jest opracowanie nowej metody otrzymywania nanokrysztatow o stechiometrii zbhizonej

do stechiometrii chalkopirytu. W metodzic tej stosujac proste. handlowo dostgpne prekursory
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zarowno obu metali jak 1 siarki mozna w sposob odtwarzalny otrzymac nanokrysztaly o postaci
wieloscianow 1 wielkoser w zakresie od 5 nm do |5 nm. Po drugie, opracowalismy metodg
usuwania pierwotnych ligandow organicznych, niezb¢dnych do stabilizacji formy koloidalne;
nanokrysztatow. poprzez ich wymiang na hgandy nicorganiczne. W wymianie tej
zastosowalismy po raz picrwszy tetrafluoroboran trictylu. Odczynnika tego stosowanego
w chemii organiczne) do reakej alkilowania, uzyto tu do zupelnie mnnego celu. Wymiana
ligandow miata kluczowe znaczenia dla pozniejszych operacy wytwarzania litych materialow
termoclektrycznych, gdyz pozwolita na spickanic  nanokrysztalow  pod ciSmeniem,
7z wykorzystaniem metody SPS, bez ubocznych efektow pirolizy substancyi organicznych
obnizajgeych jakosc spickow. Cechy charakterystycezng procesu spickania byl brak rozrostu
krystalitow. gdyz wyznaczone z roOwnania Scherrera wielkosct krystalitow w proszku przed
spickaniem 1 spicczonym materiale byly praktycznie takic same. Otrzymalem wige lity material
0 gestoscer zbhzone) do gestoser teoretyezne) 1 wielkoser krystalitow w zakresie 5 15 nm.
Innym, waznym wyroznikicm tcgo nowcgo materiatlu byla ujemna wartos¢ wspolczynnika
Scebecka (wartose 240 nV/K, T=340K). Wedtug moje) najlepsze) wicdzy. byla to w owym
czasie pierwsza opublikowana praca badawcza dotyczaca materiatow termoelektrycznych typu
n wytwarzanych z trojskladnikowych nanokrysztatow Cu-Fe-S. Nieliczne, wezesniej badane
chalkopirtytowe materialy termocelektryczne, wytworzone 7z nanokrysztalow CuFeS: (bez
usuwania ligandow organicznych). charakteryzowaly si¢ dodatnia wartoscig wspotczynnika
Seebecka (materialy typu p) oraz znacznie mizszymi wartosciami wspolezynnika etektywnosci
termoelekiryczne) Z7 [8]. Podsumowujae, przedstawione w |A4] badania sg nowatorskie
wujeciu technologicznym  (nowa mectoda preparatyki nanokrysztalow, nowa procedura
wymiany ligandow przy uzyciu niestosowanych dotad odczynnikow, co w polaczeniu ze
spickanicm pozwolito na otrzymanice litych materialow termoclekirycznych), wnosza rowniez
wklad do nauk podstawowych (fizyka ciala stalego), pokazujyc 12 mozliwe jest otrzymanie
nanokrystalicznych matenialow trojskladnikowych Cu-Fe-S typu n.

Tellurek antymonu jako samoistny polprzewodnik. charakteryzujaey sig doskonatymi
wlasciwosciami clektrycznymi, jest szeroko stosowany jako niskotemperaturowy material
termoclektryczny. Jednoczesnie. ze wzgledu na nictypowe wihasciwoscer (scisle zwiazane ze
struktura), tellurek antymonu wykazuje nieliniowe wlasciwosct optyczne, w tym absorpcje
nasycong. Dlatego w kolejney pracy dotyczace) tego matenialow na bazie ShaTex [AS]
przedstawilem kompleksowy opis badan dotyczacy nanostrukturyzacji, domicszkowania oraz
mozliwosci syntezy SbaTe: w roznych formach (polikrystalicznej. monokrystaliczne) lub
cienkie) warstwy). Takie oryginalne podejscie pozwolilo mi rowniez na interesujace
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zastosowanic  SboTe:r  w urzadzeniach  optycznych  (np.  modulatorach  nichiniowych,
w szezegolnoscel absorberach nasycajgeyceh dla ultraszybkich laserow). W publikacji opisalem
przebadany polikrystaliczny tellurck antymonu domieszkowany bizmutem odpowiednio do
zastosowan termoclektrycznych  oraz  czysty  do  zastosowan  optoclektronicznych.
Przeprowadzilem nowatorskic badania anizotropii SbaTe: 1 je) wplywu na wlasciwosei
termoclektryczne, w szezegolnoser na kluczowy  parametr  jakim  jest  wspolezynnik
efektywnoscr termoelektryezney Z7 (ang. figure of merit). Do zastosowan optycznych
formowalem 1 badatem cienkic warstwy materiatu naniesionego metoda PVD na nicpowlckane
okna z fluorku wapnia (Cak:) o transmisji od swiatla widzialnego do 8 pm. Przeprowadzone
cksperymenty wykazaly. ze tellurck antymonu ma rowniez potencjal do zastosowania
w nowatorskich nicliniowych urzgdzemach optycznych, W szezegolnosel
w szerokopasmowych 1 uniwersalnych absorberach nasycajacych dla laserow wloknowych.
Jednym z najwazniejszych dziatan w samodzielne) reahizacy moich celow naukowych,
skupiajacych si¢ na rozwoju dziedziny inzynicrii materiatowe). byla rcalizacja projektu
naukowcego pt. Poznanie mechanizmu  powstawania nanomaterialow termoelektveznveh
wmetodzie plazmy impulsowej w cieczy. Projekt ten zrcahzowany zostal pod moim
kicrownictwem na Wydziale Inzyniern Mateniatowe), Politechmki Warszawskie) w ramach
stazu naukowego po uzyskaniu stopnia naukowego doktora FUGA (NCN) w latach 2014 —
2017, ktory zakladatl (zgodnic 7 rcgulaminem) zmiang jednostki na nowa - inna niz
dotychezasowe miejsce zatrudnienia badz studiow. Celem naukowym zrealizowanych 1 po
czgser opisanych badan [A2] byto poznanic mechanizmu powstawama nanomaterialow
wytworzonych innowacyjna metoda plazmy impulsowe) w cieczy PPL (ang. Pulsed Plasma in
Liguid). Wedlug aktualne) wiedzy autora byly to pionierskic badania, w skali swiatowej, gdzie
caimplementowalem nowatorskg metodg wytwarzama nanomaterialow PPL do otrzymania
nanoproszkow materialow termoelektrycznych. Hipoteza badawcza zakladala istotng poprawe
parametrow termoelektrycznych matenalow nanostrukturalnych otrzymywanych metodyg PPL
w stosunku do matenaléw otrzymywanych klasycznymi technikami metalurgn proszkow

szezegolne ze wzgledu na obnizenie skladowej sicciowe) przewodnictwa cieplnego.

Drugi z kolel watek badawczy [B2] dotyczy juz nic tylko kwestii wytwarzania
1 charakterystyki pod wzglgdem kluczowych wlasciwosci fizyko-chemicznych materialow
termoclektrycznych, lecz posiada charakter bardzic) technologiczny 1 rozwija  watck

mozliwosci aplikacyjny dla materiatow TE.



Docclowym micjscem aplikacji mateniatow termoclektrycznych jest wspomniany we
wstepie modut  termoelektryczny. W celu mozhwoser oceny jakoser wszystkich zlacz
1 materialow  termoclektrycznych  uzytych  do  budowy modulu termoclektrycznego.
opracowalem nowatorsky metodyke badawczg oraz zbudowalem prototypowa aparaturg
badawcza [A6]. Aparatura ta pozwolita wykona¢ wszystkic niezbg¢dna charakterystyki
wydajnosciowe modulow termoclektrycznych, przeznaczonych do zastosowan w genceratorach
termoclektrycznych (TEG).

Idca metody 1 wykonanc) aparatury opicra si¢ na bardzo precyzyjnych pomiarach
strumienia ciepla przechodzgcego przez modult termoelektryczny, zarowno po jego gorace). jak
1 zimne) stronic. Wlasciwoscr clektryezne modulu, w roznych warunkach temperatury
1 obciazenia, zostaty wykorzystane do oszacowania sprawnosci konwers)i energii na podstawie
analizy zachowania cnergn clektryczney 1 cieplne). Wykonalem pelng  charakterystyke
obcigzenia  cieplnego 1 elektrycznego modulow  TE., wykorzystujac  jako  obcigzenie
clektronicznic sterowanc zrodlo pradu. Wykonance pomiary potwicrdzity. ze skonstruowana
aparatura jest bardzo dokladna, stabilna 1 daje powtarzalne wyniki, dlatego jest wiarygodnym
narz¢dziem do werytikacy roznego rodzaju modutow TE w przyszlosci uzytych do budowy
1 rozwoju generatorow termoelektrycznych.

Wytwarzanie i badanie zlacz material Tl - elektroda oraz opracowanie metodyki 1 aparatury
badawcze) stuzace) do badan wydajnosciowych modulow termoclektrycznych wykonywalem
w ramach kierowanego przeze mnie projektu PBS3 pt. Innovwacyvine moduly termoelektiyezne
do konmwersji energii, finansowancgo przcz Narodowe Centrum Badan 1 Rozwoju w latach 2015

2018. Projekt ten realizowany byl w konsorcjum trzech podmiotow Lukasiewicz IMIF
(dawnicj ITME - lider). Uczelmanym Centrum Badawczym Materialy Funkcjonalne™,

Politechniki Warszawskicej oraz firmy NOVAGO sp. z o.0.

W publikacyi [A7] skupilem si¢ m.in. na sposobie wytwarzana 1 charakteryzacj zlacz
pomigdzy matenatami  termocelektrycznymn (BixTes) a  elektrodamn metalicznymi  (Cu).
Opracowalem mnowacyng technologig taczenia materiatlow TE z clektrodami za pomocy
stanowiska badawczego do spickania materialow metody SPS. Innym istotnym zrealizowanym
przeze mnic zadaniem badawczym byto takze dobranie odpowiednich barier dytuzyjnych oraz
metod badawczych, w celu okreslenia jakoscer otrzymanych zlacz. Opracowanic odpowiednicj
technologii taczenia jest jednym 7 nagwaznicjszych wyzwan zwigzanych z produkcja modulow
termoelektrycznych i ich czesci. Wytwarzane zigeza musza charakteryzowacé sig¢ nie tylko duza
wytrzymaltoscia mechaniczng 1 dobra adhezja. ale takze wysoka przewodnosceia clektryezng,
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wysokim przewodnictwem cieplnym oraz ze wzglgdu na warunki pracy, dlugotrwala
stabilnoScia chemiczng 1 temperaturowy. W artykule przedstawiono wyniki badan zlacza
niskotemperaturowego  wykonanego technika  lutowania  oporowego. z  materialow
Bi:Texlut/miedz otrzymanego przy uzyciu roznych lutow bezotlowiowych (na bazie Au. Sn
1 Sb). Uzyskane wyniki cksperymentaine pozwolily mi na oceng jakosci wytworzonych zlacez
pod wzgledem chemicznym  (analiza SEM/EDS) oraz pod wzgledem  wlasciwoscel
elektrycznych (lintowa analiza rezystancji 1 wspolezynnika Seebecka). Otrzymane zlgeza.
pomimo  zastosowania mctalicznych  barier  dyfuzyjnych  pomigdzy  materialem
termoelektrycznym a lutowiem, posiadaly rekordowo niskg wartosé rezystancyi. Otrzymane
bardzo pozytywne wyniki przy uzyciu nowoopracowanych technologn przyczymily si¢ do
przygotowania. na ich podstawic. zgloszenia patentowego pt. Sposob wynwarzania modulow
termoelektveznvell w jednoetapowvm  procesie lgczenia elementow  pr=yv wykorzvstaniu
techniki spiekania tvpu FASTSPS i wrzqdzenie realizujgce ten sposob. Ktorego jestem
pierwszym autorem 1 glownym tworcom. Zgloszenic to uzyskalo status patentu dnia 08.11.2021

udzicloncgo przez Urzad Patentowy RP.

Trzec etap badawezy [ B3] dotyczy tellurku bizmutu (111). o postaci polikrystalicznej do
zastosowan termoelektrycznych (opisane powyze) [AS]). 1 w formie cienkich warstw do
zastosowan w optoclcktronicc [A8].

W artykule [A8] opisalem  generacjg  dyssypatywnych  solitonow  w  laserze
sSwiattowodowym 7z domicszka Er. modulowanym przez izolator topologiczny t). tcllurck
antymonu (Sh2Tes) w rezimie bhiskim zeru dyspersji. Nowatorskim osiggnigciem  bylo
zastosowanic przeze mnic warstw materiatu SbaTes, ktore osadzilem na bocznice polerowanym
wloknie (w ksztaleie hitery D) przy uzyciu techniki napylania magnetronowego PVD. W tym
cclu zsyntezowalem material, przygotowalem z nicgo target oraz opracowalem unikatowy
system napylanma 1 montazu wiokien Swiattowodowych, bocznie polerowanych, w aparaturze
prozniowe). W ramach tej pracy przeprowadzilem charakteryzac)¢ otrzymanych warstw pod
wzgledem jednorodnosci chemicznej (spektroskopia Ramana 1 analiza XRD) 1 jakosciowe)
(analiza SEM). Oryginalny sposob nanoszenia warstw  materialu  termoelektrycznego
o wysokicj jakosci (czystosci) o roznych grubosciach (od kilku nm do kilku pm) oraz
o roznych szerokosciach (od 1 do 5§ mm) na clementy optycznie czynne (np. wiokna
swiattowodowe) pozwolil na rozpoczgeie szercgu kolejnych prac badawczych dotyczgeych
zastosowania tellurku antymonu jako materiatu wykazujacego silny wplyw na wlasciwosci

optyczne.



Kolepnych 8 artykulow opisujacych zagadnicnie 7z zakresu podjetych prze mnic dziatan
badawczych dotyczycych zastosowania ShaTex w optoelektronice B3, ktére powstaly w wyniku
wspolpracy z zespolem protf. Grzegorza Sobonia i prof. Jaroslawa Sotora z Politechniki

Wroctawskiej, wymienitem w pkt. 4.3.1 Autoreferatu.

Podsumowanie

Przedstawione przeze mnie oryginalne wyniki prac naukowo badawczych,
w odniesieniu do aktualnego stanu wiedzy oraz techniki, w Kkontekscie Wynvarzania
i charaktervsovki nanostrukturalnveh form  materiatow  termoelektrveznveh sy wynikiem
innowacyjncgo podejscia do rozwoju technologii termoclcktrycznych. ktory nic moglby
nastgpic  bez  rozwigzania problemow  zwiazanych zarowno 7z projcktowaniem  jak
1 otrzymywanicm materialow funkcjonalnych o zbadanych wlasciwosciach

fizykochemicznych 1 transportowych.

Istotny wktad w rozwo) dyscypliny nauki . Inzynicria Materialowa™ polegal na:

(1) opracowaniu autorskie) metody wytwarzama nanomateriatow termoelektrycznych przy
zastosowaniu plazmy impulsowe) w cieczy PPL (ang. Pulsed Plasma in Liguid):;

(2) opracowaniu 1 wykorzystaniu innowacyjnych technik 1 nanoprocesow. pozwalajacych na
wytworzenie  nanokrystalicznych  form  matenatow  potprzewodnikowych — (np.
SAMOroZwijajaca sig synteza wysokotemperaturowa SHS):

(3) zastosowaniu nowatorskich metod badawczych (np. mikrosondy termoclektrycznej do
powicrzchniowego pomiaru wspotczynnika Scebecka), jak 1 wiclu standardowych technik
pomiarowych przy charakteryzacji wiasciwoser  strukturalnych. mikrostrukturalnych
t fizykochemicznych wytwarzanych materiatow termoclektrycznych:

(4) opracowaniu nowatorskicgo metody wytwarzania 1 badan charakterystyki zkgez pomigdzy
materialami  termoclektrycznymi a  clektrodami mectalicznymi w celu zbudowania
kompletnego modutu termoelektrycznego:

(5) opracowaniu autorskic) metodyki badawcze), wykonaniu specjalistyczne) aparatury oraz
przeprowadzeniu - szeregu  badan  dotyczacych  charakterystyk  wydajnosciowych,
zakupionych 1 wytworzonych modutow termoclektrycznych, co niczwykle istotne,
rownicz w rzeczywistych warunkach cksploatacyjnych:

(6) zaprojcktowaniu oraz zbudowaniu piecrwszego w Polsce 1 jednego 7 pierwszych na swiccie
generatorow termoclektrycznych TEG zasilanych biogazem do celow konwersi ciepla

odpadowego na energig elektryezng:

B

to
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(7) opracowaniu  technologit  otrzymywania  warstw 1 nanowarstw  matcrialow
termoelektrycznych przeznaczonych do zastosowan w optoelektronice (np. jako i1zolatory

topologiczne).

W czasic przeprowadzama prac naukowych 1 badawcezych oraz realizacn projektow
1 przygotowywania artykulow mialem przyjemnosé wspolpracowac z interdyscyplinarnym
zespolem naukowceow 7 roznych jednostek badawcezych (omowionych 1 wymicnionych w pkt.
5 Autoreferatu). Posrod wspolautorow publikacy tworzacych cykl powiazanych tematycznie
publikacji znajduja si¢ studenct 1 doktoranct z Politechniki Warszawskicj. AGH w Krakowic.
RWTH w Akwizgranie oraz Politechniki Wroctawskie), ktorzy wzigh aktywny udziat
w pracach naukowo-badawczych realizowanych w prowadzonych przeze mnic projcktach.
Realizacja  zagadnien naukowych 1 badawczych pozwolita i spetmic¢ takze funkgje
dydaktyczna, umozliwiajac studentom, a szczegolnic moim dyplomantom 1 magistrantom,
zdobycic nowej wiedzy na temat roznych technik wytwarzania i charakterystyki materiatlow
termoelektrycznych, co wpisuje si¢ w zakres tematyezny zagadnien dotyczacych dyscypliny

Inzynieria Materiatlowa.
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4.3.0mowicnie mervtorvesne pozostalych osiagnied naukowa-badawezych 72 okresu ealej

kariery maukowej

Swojy dziatalnos¢ naukowa rozpoczalem w pazdziermku 2004 r. wlyczajye sig
w realizac)g projektu pt. Owrzymvwwanie i charaktervsivha 2wigzkow = grupy skutterudvtow jako
materialow do generatorow termoelektveznveh (projekt KBN Nr 4 TOSD 030 24). ktorego
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omowionych w pkt. 4.1 1 4.2 Autoreferatu. Praktycznie wszystkic dotyczg otrzymywania

1 badania wlasciwosci nowych matenalow funkcjonalnych.
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2023, Praga. Czechy

R. Zybala. M. Schmidt, K. Kaszyca, M. Kruszewski, K. Pietrzak. L. Ciupinski., Svatheses

of Te-doped and In-doped CoSb; Thermoelectric Nanoparticles fabricated by Pulse

[ ]
(8}
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6.

Plasma in Liguid, 9™ International Conference on Materials for Advanced Technologics
ICMAT 2017. Singapur

R. Zybata, M. Schmidt, K. Kaszyca, M. Kruszewski, K. Pictrzak. L. Crupinski. Skurterudite
(CoShs) thermoelectric nanomaterials fabricated by pulse plasma in liquid. 14" European
Conference on Thermoelectries, 2016, Lizbona, Portugalia

R. Zybala, K. Mars, A. Mikula, J. Bogustawski, G. Sobon, J. Sotor, M. Schmdt.
M. Chmielewski, L. Ciwupinski. K. Pietrzak. Svathesis and characterization of antimony
telluride for thermoelectric and optoelectronic applications. International Symposium on
Novel and Nano Materials, 2016, Budapeszt, Wegry

R. Zybala, M. Rajska, K. Kaszyca. M. J. Kruszewski, L. Ciupinski. Fabrication of CoSh;
Skutterudite Thermoelectric Nanomaterials by Pulse Plasma in Liquid. 34™ Annual

International Conference on Thermoclectrics, 2015, Drezno, Niemey

Przed uzyskaniem stopnia doktora

R. Zybata, K. T. Wojciechowski, Analiza anizotropii wlasciwosci termoelektrveznveh
polikivstalicznego Bi:TexoSen otrzymanego metodg SPS, VIII Konferencja Polskiego
Towarzystwa Ceramicznego, 2011, Zakopane. Polska

R. Zybala, R. Mania, K. T. Wojciechowski, Fabrication and characterization of high
temperature junctions between CoSb; and the copper electrode, X Conterence “Electronic
Technology™ ELTE 2010 connected with 34" International Microelectronics  and
Packaging IMAPS-CPMT, 2010, Wroctaw. Polska

R. Zybala. K. Wojciechowski, M. Schmidt. R. Mania, Junctions and anti-diffusion barriers
Jor high temperature thermoelectric module, 11" International conference and exhibition
of the European Ceramic Society ECERS 2009, Krakow, Polska

R. Zybala, W. Kucza, R. Gajerski. E. Godlewska, R. Mama, K. Wojciechowski,
Charaktervstvka wlasciwosci  cieplnveh warsnw ochronnyeh  metodg  3-omega, X1
Ogolnopolskie Seminarium Techniki Jonowe polyczone 7z Zimowy Szkola Nanomzyniern
Powierzchni, 2009, Szklarska Porgba, Polska

R. Zybata, K. Wojciechowski, R. Mania, Warsmy dvfuzyvjne w zlqczach CoSb;/Cu
otrzymane  technikq rozpvlania magnetronowego. Konferencja 1 zjazd  Polskicgo
Towarzystwa Ceramicznego. 2010, Zakopane. Polska

R. Zybala, K. Wojciechowski. R. Mania, J. Morgiel, Characterisation of DLC lavers

prepared by the reactive magnetron sputtering method, 4™ International conference on



Vacuum and Plasma Surface Engincering, jointly with The international workshop on
Science and applications of nanoscale diamond materials VaPSE, 2009, Liberec-Hejnice,
Czechy

7. R. Zybata. K. Zawadzka. K. Wojciechowski. Otrzyvmnwanie i badanie wlasciwosci
fizvkochemicznveh tellurku olowiu Pble oraz selenku olowiu PbSe domieszkowanyvch
kobaltem, X1 Wiosenny Zjazd Sckep Studenckie) PTChem 2008, Sulejow, Polska

8. K. Wojciechowski, R. Zybala, R. Mania, K. Mars, The 3-omega method for thermal
conductivity measurements of thermoelectric materials. 5" Europecan Conference on
Thermoelectrics, 2007, Odessa. Ukraina

9. K. Wojciechowski, E. Godlewska, R. Mania, K. Mars. R. Zybala, 3-omega method for

thermal conductivity measurements, 1X Conference Electronic Technology, 2007, Krakow.
Polska

10. K. Wojciechowski, R. Zybata. R. Mania, K. Mars, Zastosowanie metodv €2 do pomiarow
przewodnicrwa cieplnego. X Wiosenny Zjazd Sckeji Studenckicj Polskicgo Towarzystwa

Chemicznego PTChem 2007, Tylmanowa, Polska

5. Informacja o wykazywaniu si¢ istotng aktywno$cia naukowg albo artystyczng

realizowang w wigcej niz jednej uczelni, instytucji naukowej lub instytucji kultury,
w szczegblnoSci zagranicznej

Profil wykonywanych przez mnic prac naukowych 1 badawcezych praktycznie w calym
przebicgu mojej karicry naukowej posiada charaktery interdyscyplinarny. Potwicrdzenicm tej
istotne) aktywnosci naukowej realizowane) w wigee) mz jednej stytucyi naukowe) jest zbior
wspolnych publikacji oraz wspolnic realizowanych projcktow naukowo-badawcezych, w tym

migdzynarodowych.

S Sicd Badawesza bukasiewies  Instytut Mikroclektronikin Fotoniki.

Okres zatrudnienia Nazwa uczelni lub instytue)
od 2013 Sie¢ Badawcza Lukasiewicz — Instytut Mikroelektroniki
i Fotoniki, Warszawa, Polska

Pracg z Lukasiewicz — Instytutem Mikroclektroniki 1 Fotoniki (Lukasiewicz-IMIF. dawnig)
Instytut Technologn Mateniatow Elektromicznych ITME) rozpoczatem w kwietniu 2013 r.
niedlugo po ukonczeniu studiow doktoranckich na AGH w Krakowie. W pierwszym roku
wspolpracy. rcalizowane] wowczas w Zakladzic Kompozytow Ceramiczno-Mctalowych
1 Ztaczy (pod kierownictwem prof. Katarzyny Pietrzak), wykonalem projekt 1 zbudowalem

prototypowce urzadzenic badawcze w ramach prac badawczo-rozwojowych pt. Zaprojektowanie

tad
h



i zhudowanie stanowiska do iskrowego spiekania proszkow technikg SPS. Od kwictmia 2015 r.
do sierpnia 2018 r. bylem kierownikiem projektu pt. /nnowacyvine moduly termoelektryvezne do
konwersji energii, finansowanego w ramach Programu Badan Stosowanych 3 przez Narodowe
Centrum Badan 1 Rozwoju. Projekt ten realizowany byl w konsorcjum trzech podmiotow
t.ukasiewicz-IMIF (lider), Politechnika Warszawska Uczelniane Centrum Badawceze Marerialy
Funkcjonalne oraz firmy NOVAGO Sp. z 0.0. Giownym celem projekiu bylo skonstruowanie
innowacyjnego modutu termoelektrycznego do konwersji energit oraz zaprojektowanie,
skonstruowanie 1 uruchomicnic  prototypowego  gencratora  termoclektrycznego  TEG
przeznaczonego do rzeczywistych testow  wytworzonych modutow TE w  warunkach
przemystowych (w firmic NOVAGO). Efcktem tej ponad dziesigcioletnic] wspotpracy sa m.in.
liczne publikacje naukowe w wysoko punktowanych czasopismach naukowych (punkty 4.1
14.3.1 Autoreferatu). realizowane projekty naukowe 1 badawczo-rozwojowe (punkt 7.5
Autoreferatu) oraz prezentowane na migdzynarodowych konferencjach referaty (punkt 4.3.2
Autorcferatu). Obeenie w Instytucic petmg funkeje lidera Grupy Badawcezey Marerialy dla

Energenvki, ktora liczy 17 osob.

320 RWITH Nachen University, Niemey
Okres wspolpracy Nazwa uczelni lub instytuc)t
RWTH Aachen University, Institute of Mineral Engineering
od 2016 . .
(Akwizgran, Niemcy)

Swojg wspolprace z Institute of Mineral Engincering, Uniwersytetem RWTH
w Akwizgranic rozpoczalem w maju 2016 r., 7z zespolem dr hab. inz. Karoliny Schickle.
W sierpniu 2016 r. na RWTH w Akwizgrane, odbylem szkolenie z zakresu Technologi
Produkeji Generatywne)™. Nasza wspolpraca dotyczy w szezegolnoser zagadnien 7 zakresu
inzyniern materialow ceramicznych do zastosowan medycznych, roznych form wegla (w tym

grafenu) do zastosowan medycznych oraz materialow termoelektrycznych do konwersp

-

energii. W otym czasic mialem okazje wspolpracowa¢ w ramach kilku projektow pod
kicrownictwem dr hab. inz. Schickle, m.an. ty. Antimikrobiell, osteoinduktiv, hamokompatibel -
Anwendungsorientierte  Gestaltung  von  hochleistungskeramischen  Oberflichen  durch
Immobilisierung von Graphenoxid-Nanoflocken. Contract No. OPSF456. 08.2018-07.2019,
finasowancgo przez agencje DFG. oraz Excelent Initiative finasowancgo przez Excellence
[nitiative of the German federal and state governments. W okresic od 12.2018 do 02. 2019
odbytem w RWTH staz naukowy. ktorego celem bylo rozszerzenie zakresu wspotpracy

w dziedzinic materialow termoclektrycznych do konwersji energii. W czasie wspolpracy
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wiclokrotnic odwicdzatem Instytut Ceramuiki 1 Szkla w Akwizgranic. gdzie rowniez mialem
przyjemnos¢ wyglasza¢ referaty zaproszone dla pracownikow czy studentow RWTH.
Jednoczesnie mawialem wielokrotnie przyjemnosé przyjmowac z wizyta dr hab. inz. Schickle
wraz 7 j¢) wspotpracownikami 1 studentami w Warszawice. Efcktami tej wieloletniej wspotpracy
sg m.in. liczne publikacje naukowe w wysoko punktowanych czasopismach naukowych (punkt
4.3.1 Autoreferatu), realizowane wspaélnie projekty naukowo-badaweze oraz prezentowane na
migdzynarodowych konferencjach referaty. Uzyskane wspolnie wyniki badan istotnie wplynely
na moj rozwo] naukowy, a takze byly podstawa do przygotowania wniosku projcktowego
w ramach Polsko-Niemieckie) inicjatywy finansowej 1 konkursu BEETHOVEN Narodowego
Centrum Nauki oraz German Rescarch Foundation. Kontynuowanie wspolpracy z zespolem.
7 Institute  of Minceral Engineering, RWTH  Uniwersytecie w Akwizgranie  dotyczy
podeymowania nowych tematow naukowo-badawczych 7z zakresu projektowania, wytwarzama

1 charakteryzacji innowacyjnych materialow inzynierskich 1 funkcjonalnych.

S30 Wapolpraca naukowo-badawceza w ramach partnerstw. Konsorcjow lub sicci

Poza wspomnianymi wczesniej trzema jednostkami (PW, Lukasiewicz-IMIF oraz
RWTH) podejmowana przeze mnie wspolpraca naukowo-badawceza dotyczaca wielu dyscyplin
naukowych (inzynicria materialowa, inzynieria chemiczna, inzynicria mechaniczna, nauki
chemiczne 1 fizyezne) wynika z wysokie) interdyscyplinarnoscr podejmowanych projektow.
Realizowane projekty oraz prace naukowo-badawcze zaowocowaly wieloma publikacjami
naukowymi, a takze projektami naukowymi 1 badawczo-rozwojowymi. z przedstawiciclami
nastgpujacych uczelnii jednostek naukowo-badawczych w ramach partnerstw, konsorcjow lub
siccel (innych niz wyze) wymienione):

1y Akademia Gorniczo-Hutnicza im. Stanislawa Staszica w Krakowie (stata

wspolpraca od 2004 r.):

2) Politechnika Wroctawska (stala wspolpraca od 2014 r.):

3) Instytut Podstawowych Problemow Techniki PAN (stala wspolpraca od 2016 r.);

4) National Central University — Taiwan;

5) Politechnika Bialostocka:

6) Slovak Academy of Sciences:

7) Technical University of Liberec;

8) Politechnika Lubcelska;

9) Politechnika Swigtokrzyska:



10) Instytut Metalurgn 1 Inzynicrii Matenalowe) PAN:

11) Sie¢ Badawceza Lukasiewicz - Poznanski Instytut Technologiczny:

12) Sie¢ Badawcza Lukasiewicz — Krakowski Instytut Technologiczny:

13) Sie¢ Badawcza Lukasiewicz — Warszawski Instytut Technologiczny;

14) Sic¢ Badawcza tukasiewicz — Instytut Technologii Lksploatacji w Radomiu:

15) Sie¢ Badawceza Lukasiewicz — Gornoslaski Instytut Technologiczny:

16) Narodowe Centrum Badan Jadrowych.

Krajowe i zagraniczne staze po uzyskaniu stopnia doktora

10.2014-06.2017

" Politechnika Warszawska, Wydzial Inzynierii Materialowej‘

odbylem krajowy staz po uzyskaniu stopnia naukowego doktora
(POSTDOC). w ramach ktorego kicrowalem projektem naukowym pt.
Poznanie mechanizmu powstawania nanomaterialow
termoelektrveznyeh — w metodzie  plazmy  impulsowej w  cieczy
finansowanym w  ramach konkursu FUGA (NCN) (UMO-
2014/12/S/ST/00582).

06-27.03.2015

- Warszawski Uniwersytet Medvczny. ukonczylem szkolenic 7 zakresu

wspolpracy  naukowceow 7 przedsigbiorcami Idea 2 Business
realizowancgo  w ramach  projektu  BASTION  From  Basic 1o
Translational Research in Oncology.

12.2018-02.2019

RWTH Aachen University, Institute of Mineral Engineering
(Akwizgran, Niemcy) gdzic odbylem zagraniczny staz naukowy.
w ramach realizowancgo projcktu SONATA (NCN), ktorego celem
bylo rozszerzenie zakresu wspolpracy w  dziedzinie materialow
termoclektrycznych  do  konwers)i  cnergii  oraz  przygotowanic
wstepnych badan do projektu naukowego dotyczacego wykorzystania
monokrysztatlow  SiC 1 grafenu  platkowego  do  zastosowan

biomedycznych.

10.2021-09.2023

Politechnika Warszawska, Wydzial Inzynierit Materialowej
krajowy staz tinansowany w ramach Projektu , Inicjatywa Doskonatosci
— Uczelma Badawcza™ w ktorym bylem glownym wykonawca projektu
pt. Zbadanie wphwu warunkow otrsymyvwania na  mikrostrukture
i wlasciwosci mechaniczne materiatow konstrukcvinveh na bazie ttanu,
wynwvarzanvch nowoczesnymi technikami przyrostowymi: natvskivania
cieplnego zimnmym gazem (Cold Sprav) i seleknwnego przetapiania
laserowego (Selective Laser Melting).




Krajowe i zagraniczne staze przed uzvskaniem stopnia doktora

,

Wyisza Szkola Oficerska Sil Powietrznych w Deblinie. gdzic

07-08.2006 .
~ukonczylem Kurs Szkolenia Rezerw.
Huta Szkla ,,PILKINGTON POLSKA Sp. Z.0.0” w Sandomierzu.
09.2006 ) . .
~gdzie odbylem staz technologiczny.
04.2008 Akademia Goérniczo-Hutniczej im St. Staszica w Krakowie, wraz
04'2010 z instytucjami partnerskimi, uczestniczytem w Vi VI Szkole Analizy

- Termiczng).

Krajowe i zagraniczne pobyty naukowe (wizy ty studyjne) po uzyskaniu stopnia doktora

"RWTH Aachen University, [Institute of Mineral Engineering
(Akwizgran, Niemcy) szkolenie z zakresu Technologii Produkcji
Generanwnej prowadzone przez dr hab. inz. Karohing Schickle.

08-12.08.2016 , . . o
W czasie szkolema poruszone zostaly zagadniema dotyczgce
mozliwoser  zastosowania  uzywanych w  Instytucic  techmk do
wytwarzania probek z proszkow materiatow termoelektrycznych.

" National Central University, Institute of Materials Science and
Engineering (Taoyuan, Tajwan) wizyta studyjna w ramach
dwustronnego projektu polsko-tajwanskicgo Thermoelectric Transport

12-17.11.2018 Properties in Si-based and Ge-based Nanostructured Bulk Materials

(NCBIR. PL-TW/V/19/2016). Celem wizyty bylo podsumowanie

wspolnie realizowanych prac B+R wymiana wiedzy 1 doswiadczenia.

AGH w Krakowie, Wydzial Inzynierii Materialowej i Ceramiki
wicloletnia wspolpraca naukowa polaczona z kilkunastoma wizytami
studyjnymi (od | do 4 dni). w trakeie ktorych wykonywalem badania
nad matenialami termoclektryeznymi mun. 2z dr. inz. Krzysztofem
Marsem. W czasic tych wizyt studyjnych wykonywalem takic prace
2015-2023 naukowo-badawcze  jak  optymalizacja  procesu  napylania
magnetronowego PVD dla warstw materiatow TE czy wytwarzanie
materiatow TE 7z wykorzystaniem  samorozwijajgee) si¢  syntezy
wysokotemperaturowe) SHS w aparaturze RHP (ang. Rapid [lot

Pressing).

6. Informacja o osiagnigciach  dydaktycznych, organizacyjnych oraz

popularyzujacych nauke lub sztuke
O.1. Osiseniceia dydakivesne
W mojc) dzialalnoscr naukowo-badawcze) wazna rolg odgrywaja takze obowiazki
dydaktyczne dzialalnos¢ organizacyjna oraz popularyzacja nauki. Ponize) przedstawiam

wybrane aktywnosct zwiazane z ta dziatalnoscia.



Po uzyskaniu stopnia doktora

Od 2014 roku prowadz¢ w Instytucie bLukasiewicz-IMIF coroczne wyklady dla
studentow kierunku inzynicria materiatowa 7 Wydziatlu Inzyniern Matenalowe) PW oraz
kicrunku tizyka z Wydzialu Fizykt Uniwersytetu Warszawskicgo. W ramach tych wykladow
prezentuj¢ podstawy teoretyczne dotyczaee zjawisk fizycznych wystepujacych w materiatach
termoclektrycznych oraz przedstawiam najnowsze wyniki badan realizowanych w moim

zespole dotyczacych materialow 1 modulow termoclektrycznych.

Dwukrotniec mialem przyjemnos¢ poprowadzic wyklady goscinne dla studentow
kierunku inzynieria materiatowa z Uniwersytetu RWTH w Akwizgranie (01.2019 1 01.2023),
na ktorych prezentowalem historig dotyczaca odkrywania efektow  termoclektrycznych,
podstawy teorctyczne  dotyczgee  zjawisk  fizyeznyeh  wystepujacych  w mateniatach
termoelektrycznych oraz  przedstawitem najnowsze  wyniki reahizowanych badan  nad

maternalanm TE.

0Od 09.2019 r. jestem promotorem pomocniczym mgr. inz. Kamila Kaszycy., ktory
realizuje doktorat wdrozentowy pt. Innowacyjne materialy polprzewodnikowe dla przemysiu
elektroenergencznego, w Szkole Doktorskic) AGH w Krakowie. Obecnie jako student I'V roku
przedlozyt do recenzji pracg doktorska. Jednoczenic jako pracownik Lukasiewicz-IMIF, mgr.
Kaszyca w okresie od 09.2018 do 09.2022 realizowal pod moja opicky naukowa projekt
naukowy pt. Wphw domieszkowania atomami pierwiastkow o wysokiej masie atomowej na
wlasciwosci fizvko-chemiczne materialow  polprzewodnikowvch, finansowany w ramach

konkursu PRELUDIUM (NCN, UMO-2017/27/N/ST8/01797).

0Od 09.2022 r. jestem opickunem 7 ramicnia pracodawcey tukasiewicz-IMIF nad
doktoratem wdrozeniowym mgr. inz. Bartosza Bucholca, ktory realizuje doktorat wdrozeniowy
pt. Nanostruknuvzowane kompozyty hvbivdowe o osnowie ferrvitveznej dla preemysiu
energetveznego, w Szkole Doktorskiej Instytutu Podstawowych Problemow Techniki PAN.
Wezesniej (od 06.2021 do 07.2022) jako student studiow magisterskich na Wydziale Inzyniern
Materiatlowe) PW, mgr Buchole realizowal pod moja opicka merytoryczna (funkeja formalna —
konsultant) prace magisterska pt. Nierownowagowa synteza materialow termoelektrveznyeh
zgrupy LAST = dodatkiem nanoczgstek ZrQO: w ktore) badania byly finansowane w ramach
7z mojego projektu naukowego pt. Wphnw nanostrukturvzacyi i domieszkowania na wlasciwosci

termoelektivezne nowveh materiatow = grupy LAST i TAGS (SONATANCN).
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W okresic od (02.2015 do 08.2016 bytem opickunem merytorycznym (funkcja formalna
konsultant) studentki studiow magisterskich na Wydziale Inzynieri Materialowej PW mgr
inz.  Pauliny Kaminskiej, ktora zrealizowala pracg magisterska  pt. Hynvarzanie
i charakteivzacja  nanokrvstalicznyeh — materialow — termoelektiveznveh  metodg — plazmy
impulsowej w cieczy, w ktorej badania byly finansowane w ramach 7z mojego projektu
naukowego pt. Poznanie mechanizmu powstawania  nanomaterialow termoelektrveznveh

w metodzie plazmyv impulsowej w cieczy (FUGA, NCN).

Od 2015 roku opickowalem si¢ corocznie dwoma - trzema, studentami m.in.
2 Wydziatow Chemit 1 Fizyki UW oraz 2z Wydzialow Inzyniern Matenatowe), a takze
Chemicznego 1 Fizyki PW. ktorzy odbywali w Lukasicwicz — Instytucic Mikroclcktroniki
1 Fotoniki praktyki studenckie lub staze w przemysle.

W ramach kiecrowanego przeze mnie projektu pt. Innowacyjne moduly termoelektrycezne
do konwersji energii (PBS3. NCBIR) powstalo szereg prac dyplomowych, w ktorych badania
byly czg¢sciowo finansowane z projektu, poniewaz promotorzy 1 studenct podejmowali
bezposrednio tematyke zwigzang z realizowanym we wspolpracy ze mng projektem.

e Drinz. Franciszek Dabrowski Hphw domieszek i dodatku nanoczgstek B.C na wilasciwosci
termoelektrvezne dwukrzemku Zelaza, Politechnika Warszawska, 2018, doktor nauk
technicznych.

e  Mgr inz. Agnicszka Gutowska Poprawa wilasciwosci termoelektryveznveh skutterudviow
CeFes-CoSbi> poprzez =wigkszenie zawartosci kobaltu, AGH w Krakowie, Wydzial
Inzynierit Materialowe) 1 Ceramiki, 2017, Magister.

e Inz. Justyna Mazur Wphw utleniania na mikrostrukture materialosw termoelektiveznveh
dla generacyi energii elektryveznej, AGH w Krakowie, Wydzial Inzyniern Matenaltowe;
i Ceramiki, 2017, Inzynier.

e Inz. Justyna Burchel, Degradacja materiafow dla wysokotemperaturowyvch segmentowveh
generatorow termoelektveznveh. AGH w Krakowie, Wydzial Inzyniern Materiatowe;
i Ceramiki, 2017, Inzynier.

e Inz. Matcusz Sarzgga, Hplyw obrobki cieplnej na wiascivwosci warsow tellurku antymonu,

AGH w Krakowic, Wydziat Inzynmiern Materiatowe) 1 Ceramiki, 2017, Inzynier.

4]



Przed uzyskaniem stopnia doktora

W trakcie studiow doktoranckich na AGH w Krakowie, bralem czynny udzial
w prowadzeniu zaje¢ dydaktycznych m.in. przedmiotu Thermoclectric materials and devices —
wykladanego w j. angiclskim dla studentow  studiow migdzynarodowych, laboratoriach
7 Chemii ogolnej, 7ajeciach  Mikrotechnologii - materiatowveh, Chemii budowlanej oraz
Seminarium  Magisterskim  w pelnym  wymaganym  wymiarze  godzin.  Podcezas
przygotowywania zaj¢¢ 7 moim udzialem. powstaly trzy nicpublikowane skrypty dla studentow
studiow stacjonarnych Wydziatu Inzyniern Matenalowe) 1 Ceramiki AGH w Krakowic.
W ramach dzalalnoscer dydaktyczne) sprawowalem takze opiekg nad dwoma studentami
(Andrzejem Mikula 1 Mikotajem Mitka) w ramach dziatalnosci kota naukowego Nucleus.
W latach 2007 - 2012 wiclokrotnie reprezentowatem Wydzial Inzyniern Materialowe;
1 Ceramikt AGH w Krakowie na roznych Festiwalach Nauki organizowanych w Krakowic oraz
na spotkaniach z mtodziezy z Umwersytetu w Fachhochschule Miinster (Niemcey) w ramach

wymiany migdzywydzialowe).

6.2, Dziakalnosé organizacy jna

Ponize} przedstawiam wybrane aktywnosci zwigzanc 7 prowadzona prze mnic

dzialalnoscig organizacy)ng.
Po uzyskaniu stopnia doktora

e W 2023 r. uczestnictwo w komitecie organizacyjnym mig¢dzynarodowe] konferencji
11" Conference on IFAST/SPS From Research to Industuy. Warsaw, Poland

e Od 2023 r. redaktor specjalnego wydania Functional Materials Sintered by FAST-SPS
From Research to Industry dla czasopisma z hsty JCR Materials

o 0Od2022r. cztonek Polskiego Towarzyvsnva Mechaniki Teoretveznej i Stosowanej (PTAMTS)

e W 2022 r. promocja Grupy Badawcze) Materialy  Funkcjonalne oraz  Instytutu
t.ukasiewicz-IMIF na Innowatorium fukasiewicza, 2022, Poznan, Polska

e Od 2021 r. czlonck komispi rekrutacyjne) pracownikow pionu badawcezego w Instytucic
Lukasiewicz-IMIF

e W 2021 r. uczestnictwo w komitecie organizacyjnym migdzynarodowej konferenc)i

I Conference on FAST/SPS From Research to Industry, Poznan, Poland



e czlonkiem stowarzyszenia 7 zakresu zarzadzana projektami IPAMA International Project
Management Association

e W 2019 r. uczestnictwo w komutecie orgamizacyjnym [/l Ogolnopolskiego Seminarium
Spark Plasma Sintering. Warszawa, Polska

e W latach 2017 — 2019 cztonck zespolu ckspertow z zakresu inzynierni materialowej dla
Warszawskiego Akceleratora dla Startupow Technologicznyvch WAW.ac

o  Od 2008 r. cztonek Polskiego Towarzyvsnva Prozniowego PTP

® Od 2007 r. cztonek stowarzyszen migdzynarodowych zrzeszajacych osoby zaymujace si¢
termoclektrycznoscia ICT International Thermoelectric Societv oraz. ECT FEuropean

Thermoelectric Society.

Przed uzyskaniem stopnia doktora
e W latach 2004 - 2012 cztonck kola naukowego Nucleus Wydziatu Inzynierii Materialowe)
1 Ceramiki AGH w Krakowie

o Wiatach 2007 - 2012 cztonck Sekeji Studenckiej Polskiego Towarzvsnwva Chemicznego.

b

0.3. Dziatania populary zujace v upowszechniajace wyniki badan naukowych

W ramach podjetych  prze mnie  dzialan majacych na  celu  popularyzacyg
1 upowszechnianie wynikow badan naukowych, zrealizowalem szereg wystapien 1 wywiadow
dla r6Zznych magazynow popularnonaukowych portali internctowych zajmujacych sig tematyka
innowacy)nych technologi czy dzialow marketingu 1 promoc)i jednostek. z ktorymi mam
przyjemnos¢ wspolpracowac. Za catoksztalt prac zwigzanych z podejmowanymi dziatamanm
naukowymi oraz popularyzujacymi zostalem wyrdzniony odznaczeniem Zasluzonv dla
Inteligenmego Rozwoju 2021 przyznawanym przez kapitulg Centrum Intehigentnego Rozwoju.

Ponizej przedstawiam wybrane aktywnosci zwigzane 7 podjetymi dziatamami w tym zakresie.

o Wywiad dla dzialu marketingu Instytutu Lukasiewicz-IMIF pt. O ciekawym sposobie
zamiany energii cieplnej na elektrvezng i hodowli pysznyveh krewetek bialveh (publikacja
17.03.2023)

e Wyklad promujacy wymki projcktu COTEG oraz dziatalnosci realizowanc) na
Pohitechnice Warszawskie) 1 w Instytucie Lukasiewicz-IMIF pt. Nowoczesne materialy
i technologie termoelektrvezne zaprezentowany na Forum Inteligentnego Rozwoju 2021,

Torun. (prezentacja i1 publikacja 28.09.2021)



o  Wyklad zaproszony promujacy wyniki badan oraz dzialalnosci naukowey realizowanej na
Politechnice Warszawskiej 1 w Instytucic Lukasicwicz-IMIF pt. Nowoczesne materialy
i technologie termoelektrvezne zaprezentowany na Seminarium Akademickiego Centrum
Materialow i Nanotechnologii. Krakow, (prezentacja 21.03.2019)

e  Wywiad 1 nagranic wideo dla portalu Innowacje Newseria pt. Polscy naukowey pracujg
nad generatorem wytwarzajgcvm energi¢ elektrvezng = marnowanego ciepla, (publikacja
26.01.2018)

o  Wyklad promujacy wyniki projektu TERMOMOD pt. Generator termoelektivezmy TEG
do konwersji energii cieplnej, zreahzowany dla magazynu BIOMASA (publikacja

21.12.2018).

7. Omowienie pozostalych osiggnie¢ naukowo-badawczych

7.1, Przebies kariery maukowej

Jestem absolwentem Wydziatu Inzyniern Matenalowe) 1 Ceramiki Akademii Gorniczo-
Hutnicze) w Krakowie. Studia magisterskie na tym Wydziale rozpoczatem w 2003 roku. Juz od
drugicgo roku studiow aktywnie wlaczylem si¢ w pracg naukowo-badawczy zespolu
Wydzialowego  Laboratorium  Badan  Termoclektrycznych  (poprzednio  Laboratorium
Fizykochemn Polprzewodnikow) przy Katedrze Chemit Nieorganiczne] WIMIC w ramach
dziatalnosci studenckicgo kota naukowego Nucleus. Zamspirowany przez swojego opickuna
naukowego prof. Krzysztota Wojciechowskiego zainteresowalem sig m.in. wlasciwosciami,
syntezg oraz metodami badan matenatow  termoclektrycznych, a takze projektowaniem
1 konstrukcja nowoczesnych aparatur pomiarowych.

W ramach pierwszych prac badawczych prowadzonych w zespole, zajmowalem si¢
otrzymywaniem, z wykorzystaniem metody Bridgmana. materiatow  termoclektrycznych
7 grupy sclenkow, tellurkow 1 antymonkow metali przejsciowych oraz charakteryzacja ich
wlasciwoscr strukturalnych 1 fizykochemicznych. W trakcie prowadzonych badan miatem
okazj¢ zapoznac sig 7 szeregiem metod badan 7 zakresu anahizy termiczne) (DTA, TGA. DSC,
LFA. DIL) anahzy strukturalnej 1 mikrostrukturalney (XRD, SEM, EDS) oraz z zakresu
wiasnosci clektrycznych (pomiary przewodnictwa elektrycznego metoda 4-sondowq 1 Van der
Pauwa oraz wyznaczanic wspolczynnika  Secbecka). Za  referat  pt. Otroyanvwanie
monokrvsztatow polpr-ewodnikow BixTes i Sb:Te; metodg Bridgmana, prezentujacy wyniki

moich prac, zdobylem w 2006 r. I nagrod¢ na XLIV Sesji Studenckich Kot Naukowych Pionu

44



Hutniczego WIMIC AGH. Wyniki tych prac badawczych zostaly opublikowanc jako pierwsze
w moje) karierze w Zeszytach Studenckiego Towarzystwa Naukowego AGH.

Moja praca magisterska dotyczyla skonstruowania 1 uruchomienia unikatowe) aparatury
do pomiarow przewodnictwa cieplnego metoda 3-omega. Mcetoda ta przeznaczona jest
w szezegolnoscel do charakteryzowana wlasciwosci cieplnych warstw a takze litych materialow
metahicznych o wysokim  przewodnictwie  cieplnym  oraz  ceramicznych  materiatow
1zolacy)nych. Wyniki tych prac prezentowatem na czterech konferencjach oraz opublikowalem
taczmic w szeSciu artykulach o zasiggu migdzynarodowym 1 krajowym. W 2005 r. zostalem
laureatem 11 miejsca XLIN Sesji Studenckich Kot Naukowych Pionu Hutniczego WIMIC AGH
za referat pt. Przyvstosowanie metody 3-omega do pomiarow przewodnictwa cieplnego grubyveh
warstw i materiatow litveh. W lipeu 2008 roku obronitem z wyroznieniem pracg magisterska
pt. Konstrukcja stanowiska pomiarowego oraz badania pr-ewodnictwa cieplnego materialow
metodg 3-omega. pod opicka prof. dr hab. inz. Krzysztota Wojciechowskiego.

W pazdziermiku 2008 rozpoczalem stacjonarne studia doktoranckie na Wydzale
Inzynicri Materiatowe) 1 Ceramiky AGH z zakresu teorii, technologi procesow wytwarzania
1 charakteryzacji  modulow  termoelektrycznych  pod  opicka naukowa prof. Andrzeja
Maleckicgo. Prace badawcze wykonywatem natomiast pod opicka prof. dr. hab. inz. Krzysztofa
Wojciechowskiego. W okresie  studiow  doktoranckich moje  glowne  zainteresowania
koncentrowaly si¢ wokol zagadnien zwiazanych z zaprojektowaniem 1 wykonaniem wydajnego
modulu termoclektryeznego przeznaczonego do konwersji energii odnawialne). Podjete
badania prowadzone byly w ramach dwoch projektow, pierwszego finansowanego
7z Norweskicgo  Mechanizmu  Finansowego oraz  projektu  promotorskicgo, w ktorych
uczestniczylem jako glowny wykonawca.

W swojej pracy doktorskiej pierwsze zadanie, ktorego realizac)i si¢ podjatem, dotycezyto
konstrukeji 1 uruchomienia unikatowe) na skale swiatowy aparatury do charakteryzacy
modulow  przeznaczonych do gencratorow termoclektrycznych. Wyniki swoich badan
prezentowalem na mig¢dzynarodowej konferencji The 28" International Conference on
Thermoelectrics w 2009 r. we Freiburgu z referatem pt. Apparatus for characterization of
thermoelectric modules for power generation. W tym samym roku opracowalem, wraz
ze wspolautorami, swoje pierwsze zgloszenie patentowe pt. Urzgdzenie do wyznaczania
charaktervstvk modulu termoelektrveznego, ktore obecenie posiada status patentu.

W celu przeprowadzenia badan jednorodnosci rozktadu wspolezynnika Seebecka « oraz
rezystancji wlasciwe) p zarowno segmentow, poszcezegolnych ztacz jak 1 catych elementow
termoelektrycznych opracowalem 1 wykonalem prototypowa Skaningowa Mikrosondg
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Termoclektryezna STM do punktowe) charakterystyki  wlasciwoser  termoclektrycznych
materialow 1 zlgez. Przy wytwarzaniu ochronnych barier dyfuzyjnych na materialach
termoelektrycznych metoda PVD, wspolpracowalem nad nowg konstrukeja  wyrzutni
magnetronowey, objete) koleynym patentem. Wytworzony w trakceie realizacyi pracy doktorskiej
wysokotemperaturowy segmentowy modut termoelektryczny, ktory posiadal dwukrotnie
wyzZszg sprawnos¢ w porownaniu do modutow produkowanych komercyjnie uwazam za jedno
z moich najwigkszych dotychezasowych osiagnig¢ badawcezych. Co wigee). przeprowadzone
pomiary wykazaly, 7zc gestos¢ mocy wykonancgo modulu scgmentowego byla nawet
pigciokrotnie  wyzsza, w stosunku do najlepszych  komercyjnie dostgpnych  modulow
jednoscgmentowych. Dla porownania tak wysoka sprawnos$¢ 1 gestos¢é mocy modulow
termoclektrycznych, zostata osiggnigta tylko w nielicznych swiatowych laboratorniach (NASA,
Caltech, JPL), a moduly te znalazty zastosowanic w specjalistycznych misjach kosmicznych
(np. zasilanie lazika Curiosity).

Za swoja aktywnosc naukowa w latach 2010-2012 zostalem wyroznionym stypendysta
w ramach projcktu DOCTUS - Malopolskicego funduszu stypendialnego dla doktorantow
w Malopolsce. Przez cale studia doktoranckie bytem takze beneticjentem stypendium Rektora
dla najlepszych doktorantow AGH — w tym dwa ostatnie lata zaymowalem pierwsze miejsce na
liscie rankingoweyj.

Swoje badania naukowe 7zwigzane 7z praca doktorska zakonczylem zgodnic
7 harmonogramem czteroletnich studiow 1 przygotowatem rozprawe pt. Hysokotemperaturowy
segmentowy modul termoelektrvezny, ktore) promotorem byt prof. dr hab. inz. Krzysztof
Wojciechowski a recenzentami prof. dr hab. Bogdan Wendler 1 prof. dr hab. inz. Stamistaw
Btazewicz. Pracg¢ doktorska obronilem 11.03.2013 7 wyroznieniem nadanym prze Radg
Wydzialu Inzynierii Materiatowe) 1 Ceramiki AGH w Krakowie w dniu 22.03.2013. W 2014
roku moja praca doktorska zostala takze wyrdzniona w prestizowym Konkursic o Nagrode
ABB za najlepsza pracg dyplomows.

Po uzyskaniu stopma doktora przemostem si¢ z rodzing do Warszawy, gdzie
rozpoczatlem wspotpracg 7 kicrowanym wowcezas przez prof. Katarzyng Pictrzak Zakladem
Kompozytow  Ceramiczno-Metalowyeh i Zlgezy  Instytutu - Technologn  Materiatow
Elcktronicznych w Warszawie (obecnie Lukasiewicz-IMIF). gdzie rozpoczgtem nowy rozdziat
pracy naukowe) zwiazany 7 opracowywaniem nowych technologii  wytwarzania,
charakteryzacji 1 laczenia nowoczesnych materiatow zaawansowanych.

W pazdzierniku 2014 r. zostalem pracownikiem Wydzialu Inzynierii Materialowe)

Politechniki Warszawskicj, gdzic kicrowalem projcktem naukowym pt. Poznanie mechanizmu
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powstawania nanomaterialow termoelektryeznych w metodzie plazmy impulsowej w cieczy
realizujgc staz podoktorski finansowany w ramach konkursu FUGA przez Narodowe Centrum
Nauki (w 2014 przyznano tylko szesnascie takich projektow w Polsee z dziedziny nauk
technicznych). Projekt ten zostal zakonczony 1 pozytywnie rozliczony w 2017 r. a uzyskane
w nim wyniki badan zostaly opublikowane tacznic w 15 publikacjach w renomowanych
czasopismach o zasiggu migdzynarodowym w tym 11 z listy JCR oraz 6 abstraktach.

W marcu 2015 1. rozpoczalem kierowanie projektem badawczo-rozwojowym pt.
Innowacyjne moduly termoelektryezne do konmwersji energii realizowanym przez konsorcjum
trzech podmiotow Lukasiewicz-IMIF (lider). Uczelmanym Centrum Badawczym Materialy
Funkcjonalne™, Politechniki Warszawskicj oraz firmy NOVAGO sp. z o0.0. Projekt ten byl
realizowany w ramach Programu Badan Stosowanych Il 1 finansowany przez Narodowe
Centrum Badan 1 Rozwoju. Projckt zostal zakonczony 1 pozytywnic rozliczony w 2018 r.
a wykonany w ramach jego zalozen, pierwszy w Polsce prototypowy, zasilany biogazem,
generator  termoclektryezny  TEG  oraz  przeprowadzone na nim  badania  modulow
termoclektrycznych w warunkach przemystowych, uwazam za ogromny sukcees 1 spelnienie
naukowych wyzwan projektu.

Podcezas swojep pracy naukowey kicrowatem 4 projektami (man. FUGA, PBS oraz
SONATA) oraz bralem udzial jako glowny wykonawca tacznie w 30 projektach naukowych
1 badawczo-rozwojowych finansowanych m.in. ze srodkow NCN, NCBiR. MEIN. MJWPU,
Dotacji Celowej Siect Badawceze) Lukasiewicz oraz tunduszy Norweskich 1 europejskich. Lista
rcalizowanych przeze mnic projcktow jest przedstawiona w pkt. 7.5 Autorcferatu.

Majac na uwadze potrzebg podnoszenia swoich kwalifikacj. szczegdlnie w zakresie
zarzadzania w latach 2016 — 2023 odbytem cykl certyfikowanych szkolen 7 zakresu wspotpracy
¢ przemysltem 1 zarzadzania projektami. We wrzesniu br. bralem udzial w [ Kongresie
Encrgetyki Jadrowe) organizowanym przez 1GEOS Nuclear oraz AGH w Krakowic. W maju
2023 r. uczestniczytem w 11 Migdzynarodowe) Szkole Energetyki Jgdrowe) organizowany
przez Ministerstwo Klimatu i Srodowiska. Narodowe Centrum Badan Jadrowych oraz
Politechnik¢ Warszawska. W grudniu 2022 r. ukonczylem Program Zarzadzama Talentamm
NEED FOR TEAM TO CREATE WITH PASSION organizowany na rzecz podmiotow
tworzgeych Sie¢ Badawcezg Lukasiewicz przez Queen Hedvig Academy. W czerweu 2019 1.
ukonczylem szkoleme IPAMA — Cernvfikowany Project Manager 1 zdatem cgzamin uzysku)a
certytikat IPMA-D wydawany przez International Project Management Association. Od tego
czasu jestem tez czynnym cztonkiem stowarzyszenia IPMA. W marcu 2015 roku ukonczylem

szkolenic na Warszawskim Uniwersytecic Medyeznym 7z zakresu wspolpracy naukowcow
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7 przedsigbiorcami Idea 2 Business recalizowancgo w ramach projektu BASTION From Basic to
Translational Research in Oncology.

Wyniki moich prac badawczych. byly przeze mnic osobiscie prezentowane na 27
konferencjach krajowych 1 migdzynarodowych odbywajacych si¢ w Polsce. Niemcezech,
Francji, Singapurze, Korei Potudniowej. Wegrzech, Greepi, Wloszech, Hiszpanii, Portugali,
Czechach 1 Ukrainie. W 2017 roku otrzymalem nagrode za najlepszy poster przyznang na
migdzynarodowym kongresie ICMAT2017 MRS w Singapurze. W 2022 roku otrzymalem
wraz zc wspolautorami nagrod¢ za najlepsza prezentacje przyznang na miedzynarodowce)
konferenc)i  matenialowe;  ISNNM2022 w  Korei. Wyniki  swoich prac  badawczych
zaprezentowalem w ramach licznych konfereneyi (12 referatow 1 15 prezentaci posterowych).
Kompletne zestawienie wygloszonych prze mnie referatow oraz prezentacyt posterowych
przedstawilem w pkt. 4.3.2 Autorcferatu.

Wieloletnie doswiadezenie 2 zakresu technologn wytwarzania 1 réznych metod analizy
wlasciwosci tizyko-chemicznych 1 clektrycznych materiatow funkcjonalnych bylo rowniez
podstawa do rozpoczgeia wlasnych dziatalnoser gospodarczych jak 1 nawiazania wspotpracy
z wieloma przedsigbiorstwami. Firmy tworzace innowacyjne rozwiazama technologiczne,
w ktorych utworzeniu bralem udzial oraz zestawienie firm. z ktorymi wspolpracowatem lub
wspotpracujg zaprezentowalem w pkt. 7.8 Autoreferatu.

W czasic mojej dzialalnosci naukowej bratem czynny udziat w procesie dydaktycznym
realizowanym na AGH w Krakowie. Politechnice Warszawskie) oraz w Lukasiewicz-IMIF,
prowadzac zajgeia w formic laboratoriow, zaje¢ projecktowych oraz wyktadow zaproszonych
dla studentow studiow stacjonarnych drugiego i1 trzeciego stopnia w tym takze dla studentow
zagranicznych. Dotychczas bytem konsultantem (opickunem) 2 prac magisterskich. Obecnie
jestem promotorem pomocniczym 1 opickunem z ramienia przemystu w2 doktoratach
wdrozeniowych.

Od 2016 roku w ramach swoje) dzialalnoscr naukowe) przygotowatam 15 recenzji
publikacji w czasopismach wyszezegolnmonych w pkt. 7.7 Autoreferatu.

Ponadto od 2008 roku jestem cztonkicm Polskiego Towarzyvstwa Prozniowego. od 2022
r. jestem czlonkiem Polskiego Towarzyvsnwa Mechaniki Teoretveznej i Stosowanej. Od 2007
roku jestem cztonkiem stowarzyszen migdzynarodowych zrzeszajacych osoby zajmujace si¢
termoclektrycznoscia  ICT International -~ Thermoelectric  Socierv oraz ECT  Furopean
Thermoelectric Society.

W czasie realizacyi moich prac naukowych zostalem autorem 1 wspolautorem 353

publikacji naukowych o zasiggu migdzynarodowym (16 przed 1 37 po uzyskaniu stopnia
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naukowego doktora). w tym 37, w czasopismach indcksowanych na liscic JCR. Publikacje

zostaly przedstawione w pkt. 4.1, 4.3.1 1 7.7 Autoreferatu oraz zestawionych raz jeszcze

w zalgczniku nr 4 pt. Hykaz osiggniec naukowveh albo artystveznyveh, stanowigevch znaczny

whlad w rozwoj dvscvpliny inZvnieria materialowa.

7. Wikazniki bibhometryezne

Ponizej przedstawiam tabelaryczne/ilosciowe zestawienie (Tabela 1) odnoszace si¢ do mojego

dorobku naukowego na dzien 31.10.2023.

Tabelal. llosciowe zestawienie dorobku naukowego i technicznego na dzien 31.10.2023

Rodzaj wskainika

Liczha

(WoS / Scopus / Google Scholar)

Przed doktoratem | Po doktoracie| Razem
Publikacje w czasopismach
wyszezegolnionych w bazie JCR 4 33 37
(c7gse A listy MEIN)
Liczba pubhikacji punktowanych ,
~ o ME: 16 37 53
(hsty A. B1C MEIN)
Inne artykuly, pokonferencyjne
1 w czasopismach nic wyszezegolnionych 6 7 13
w bazic JCR ani na histach MEIN
Publikacje w pracach zbiorowych [ 0 '
1 monogratiach
Patenty 0 4 4
Zgloszenia patentowe | 4
Wygloszone referaty 3 9 12
Prezentacje posterowe 10 4 14
Sumaryczny IF 5.328 122,246 127,574
Punkty wg list MEIN 211 2594 28058
Cytowania wg bazy Web of Science
) 752 (647)
(bez autocytowan)
Cytowania wg bazy Scopus
. 814 (705)
(bez autocytowan)
Cytowama wg bazy Google Scholar
, 1098 (954)
(bez autocytowan)
Indcks Hirscha
17/17/20
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7.3. Nagerody i wyroznienia za realizowane prace naukowo badawcese
Po uzyskaniu stopnia doktora
. Nagroda za najlepszy prezentacje przyznana na migdzynarodowej konferencyi The 17

International Symposium on Novel and Nano Materials ISNNM2022 w Korei (11.2022)

(8]

Laurcat odznaczenia Zastuzony dla Inteligentnego Rozwoju przyznanego przez kapitule

Centrum Inteligentnego Rozwoju (09.2021)

3. Laurcat Polskiej Nagrody Inteligenmego Rozwoju 2020 w  kategorn Naukowiec
Przyszlosci. przyznane] przez kapitulg Centrum Inteligentnego Rozwoju (11.2020)

4. Nagroda za najlepszy poster przyznana na migdzynarodowym kongresic 9% International

Conference on Materials for Advanced Technologies ICMAT2017 — MRS w Singapurze

(06.2017)

h

Nagroda za najlepsza prace doktorska. przyznana w prestizowym Konkursie o Nagrodg

ABB (05.2014)

Przed uzyskaniem stopnia doktora
. Stypendium w ramach projcktu DOCTUS  Malopolskiego funduszu stvpendialnego dla

doktorantow w Malopolsce, w latach 2010 - 2012

2

Projakosciowe stypendium Rektora dla najlepszych doktorantow AGH w Krakowie w roku

akademickim 2011/2012

3. Stypendium naukowe dla najlepszych doktorantow Wydziatlu Inzynierni Materialowe;
i Ceramiki AGH w Krakowic w roku akademickim 2011/2012

4. Stypendium doktoranckie Wydziatu Inzynierii Materiatlowej 1 Ceramikt AGH w Krakowie
w roku akademickim 20112012

5. Projakosciowe stypendium Rektora dla najlepszych doktorantow AGH w Krakowic w roku
akademickim 2010/2011

6. Stypendium naukowe dla najlepszych doktorantow Wydzialu Inzynierii Materialowe)
1 Ceramiki AGH w Krakowie w roku akademickim 2010/2011

7. Stypendium doktoranckie Wydzialu Inzynierii Matenalowej 1 Ceramiki AGH w Krakowie
w roku akademickim 20102011

8. Stypendium naukowe dla najlepszych doktorantow Wydzialu Inzynierii Materiatowe;
1 Ceramiki AGH w Krakowie w roku akademickim 20092010

9. Stypendium doktoranckiec Wydzialu Inzynierii Materialowej 1 Ceramiki AGH w Krakowie

w roku akademickim 2009:2010

A
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10.

1.

2

Stypendium naukowe dla najlepszych doktorantow Wydzialu Inzynierii Materialowe)
1 Ceramiki AGH w Krakowie w roku akademickim 20082009

Stypendium naukowe dla najlepszych studentow Wydzialu Inzynierii Materialowe;
t Ceramiki AGH w Krakowie w roku akademickim 2007:2008

Laurcat I micjsca 7za referat Otrzyvmywanie monokrysztalow polprzewodnikow Bi:Te;
i Sb>Tez metodg Bridgmana — nagroda otrzymana na sesji studenckich kot naukowych
pionu hutniczego AGH w Krakowie (05.2007)

Laurcat Il micjsca za referat Provstosowanie metody "3 omega” do  pomiarow
przewodnictwa cieplnego grubveh warstw i materialow litveh — nagroda otrzymana na sesji

studenckich kot naukowych pronu hutniczego AGH w Krakowie (05.2006)

74 Patenty

R. Zybala, K. Kaszyca. R. Zichnski, M. Schmidt, M. Chmiclewski. M. Kruszewski, L.
Cuupinski, K. Pietrzak, Sposob wynwarzania modulow termoelektrveznveh w jednoetapowym
procesie lgczenia elementow przy wykorzystaniu techniki spiekania typu FASTSPS
i urzqd=enie realizujgce ten sposob, Urzad Patentowy Rzeczpospolitey Polskiej, data

zgloszenma 27.11.2018, nr patentu PL239106 (B 1), data udziclenia patentu 08.11.2021

. K. Wojciechowski. R. Zybala. M. Schimdt, Urzgd=enie do wyznaczania charaktervsivk

modulu termoelektrvceznego, Urzad Patentowy Rzeczpospolitej Polskiej, data zgloszenia

14.06.2010, nr patentu PL217331 (B1). data udziclenia patentu 31.07.2014

. K. Wojciechowski, R. Zybala, R. Mania, Wyrzumia magnetronowa, Urzad Patentowy

Rzeczpospolite) Polskie). data zgloszema 28.10.2010. nr patentu PL218274 (Bl1). data

udzielenia patentu 31.10.2014

. K. Wojcicchowski. M. Schmidt, R. Zybala, Sposob pomiaru wspolczynnika Seebecka,

Urzad Patentowy Rzeczpospolite) Polskiej, data zgloszema 29.11.2010, nr patentu

PL218266 (B1). data udziclema patentu 31.10.2014.
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7.5, Realizac)a krajowyveh i micdzymarodowyceh projektow badawceszyveh

Projekty realizowane po uzyskaniu stopnia doktora

Pelniona funkcja: kierownik i autor projektu

9

Stanowisko do spiekania materialow zaawansowanych technikg SPS, projekt
wspolfinansowany przez Ministerstwo Edukacji i Nauki (39/566149/SPUB/SN/2023).
Projekt realizowany jest w Sicci Badawcezey Lukasiewicz — Instytucic Mikroelektroniki
1 Fotoniki.

Okres realizacyi: 07.2023  08.2025

Budzct projektu: 1 305 600 zt, w tym kwota dofinasowania MNil: 1 008 000 71

. Wplyw nanostrukturyzacji i domieszkowania na wlasciwosci termoelektryczne nowych

materialow 7 grupy LAST i TAGS, projekt SONATA finansowany przez Narodowe
Centrum Nauki (UMO-2016/23/D/ST8/02686). Projekt realizowany byt w Uczelnianym
Centrum Badawczym ,Matenaly Funkcjonalne™, Pohitechniki Warszawskiej.

Okres realizacyi: 10.2017 - 10.2021

Budzet projektu: 698 800 71

. Innowacyjne moduly termoelektryczne do konwersji  energii, Program Badan

Stosowanvch Il wspolfinansowany przez Narodowe Centrum Badan i Rozwoju
(PBS3/A5/49/2015). Projekt rcalizowany byt przez powolane konsorcjum naukowo-
badawcze trzech podmiotow: Sie¢ Badawcza tukasiewicz - Instytut Mikroelektroniki
i Fotoniki (lider), Uczelniane Centrum Badawcze Materiaty Funkcjonalne Politechniki
Warszawskiej oraz firmg NOVAGO sp. 2 o.0.

Okres reahizacyi: 03.2015 - 08.2018

Budzet projektu: 4 255 381 zl, w tym kwota dofinasowania NCBiR 3 310 000 zt

. Poznanie mechanizmu powstawania nanomaterialow termoclektrycznych w metodzie

plazmy impulsowej w cieczy, projekt FUGA finansowany przez Narodowe Centrum
Nauki (UMO-2014/12/S/S18/00582). Projckt realizowany na Wydziale Inzyniern
Mateniatowe) Politechmki Warszawskiej.

Okres realizacy: 10.2014 - 06.2017

Budzct projektu: 538 000 zi

4l
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Pelniona funkcja: wykonawca projektu, w trakcie realizacji

I

2]

N

Typoszereg termogeneratorow do odzysku niskotemperaturowego ciepla odpadowego
z przemysliowych instalacji technologicznych COTEG., projekt finansowany w ramach
Dotacji Celowe] Sicer Badawceze) Lukasiewicz (umowa nr2/L-1TEE/CL/2021). Projekt
realizowany jest w ramach krajowego konsorcjum badawcezego Lukasiewicz - Instytut
Technologii Eksploatacyi, Lukasiewicz - Instytut Nowych Syntez Chemicznych oraz
P ukasiewicz — Instytut Mikroclektroniki 1 Fotoniki.

Okres realizacyi od 03.2021

Warstwy termoprzewodzgce nowej generacji dla elektroniki ora: technologia ich
wytwarzania HeDiMat2, projckt finansowany w ramach Dotacji Celowe) Sieer Badawceze
Fukasiewicz (umowa nr 2/L-IMP/CL/2021). Projekt realizowany jest w ramach krajowego
konsorcjum badawczego PLukasiewicz Warszawski Instytut Technologiczny oraz
Fukasicwicz — Instytut Mikroclektroniki 1 Fotoniki. Okres realizacyi od 08.2021
Wieloskalowa analiza deformacji oraz zniszczenia nowych hybrydowych kompozytow na
osnowie metalowej. Badania doswiadczalne oraz modelowanie numeryczne, projekt OPUS
finansowany przez Narodowe Centrum Nauki (UMO-2020/37/B/ST8/03907). Projekt
rcalizowany w ramach krajowego konsorcjum naukowcgo Instytut Podstawowych
Problemow Techniki PAN oraz Lukasicwicz — Instytut Mikroelektroniki 1 Fotoniki.

Okres realizacji od 02.2021

. Nowy wielopolowy wieloskalowy model spiekania wspomaganego polem elektrycznym,

projekt OPUS finansowany przez Narodowe Centrum Nauki (UMO-2019/35/B/STE/03158).
Projckt realizowany w ramach krajowego konsorcjum naukowego Instytut Podstawowych
Problemow Techniki PAN oraz Lukasiewicz  Instytut Mikrocelektroniki 1 Fotoniki.

Okres realizacy od 08.2020

. Advanced Glass Interposer with Carbon Copper Composite Metallization GINCO, projekt

realizowany w ramach mi¢dzynarodowe) iicjatywy CORNET gdzie Polska ¢z¢s¢ projektu
finansowana Jest przez Narodowe Centrum Badan 1 Rozwoju
(CORNET/32/94/GINCO/2022). Projekt realizowany we wspolpracy 7 dr hab. in7. 1zabela
Zglobicka. z Politechniki Biatostockiey. Okres realizacyi od 05.2022.

Implementation of activities described in the Roadmap to Fusion during Horizon 2020
through a Joint programme of the members of the EUROfusion consortium, EURATOM-
Horisont 2020, COFUND-EJP - COFUND (European Joint Programme 633053).

Okres realizacyi od 01.2014

N
()



Pelniona funkcja: wykonawca, zrealizowane

1.

Q)

n

Zbadanie wplywu warunkow otrzymywania  na  mikrostrukture i wlasciwosci
mechaniczne materialow konstrukcyjnych na bazie tytanu, wytwarzanych nowoczesnymi
technikami przyrostowymi: natryskiwania cieplnego zimnym gazem (Cold Spray)
i selektywnego przetapiania laserowego (Selective Laser Melting). Projckt POSTDOC
PW finansowany w ramach programu /nicjatvwa Doskonalosci — Uczelnia Badaweza
realizowanego w Politechnice Warszawskiej. Okres realizacyi: od 10.2021 — (09.2023
Wplyw domieszckowania atomami pierwiastkow o wysokiej masie atomowej na
wlasciwosci fizykochemiczne materialow polprzewodnikowych. PRELUDIUM, NCN,
(UMO-2017:27/N/ST8/01797). Opickun naukowy. Okres realizacji: 09.2018 — 09.2022
New metal matrix composites reinforced with natural diatoms MECODIA. projekt
rcalizowany w ramach migdzynarodowe) micjatywy CORNET. gdzic Polska czese
projektu  finansowana  jest  przez  Narodowe Centrum  Badan 1 Rozwoju
(CORNET26/3:2020). Projekt realizowany we wspolpracy z prof. Malgorzaty Grydzka-
Dahlke, z Politechniki Bialostockiej. Okres realizacji: od 01.2020 - 02.2023
Opracowanie kompleksowych metod modyfikacji struktury i wytworzenia nowoczesnych
warstw ochronnych zapewniajgcych stabilnosé chemiczng i odpornosé¢ na koroZje
nowych, wysokowydajnych materiafow termoelektrycznych do konwersji energii cieplnej
na energi¢ elektryczng, OPUS, NCN, (UMO-2016:21/B/ST8/00409). Okres reahizacji:
01.2017 -01.2021

Development of Si-based and Ge-based Nanostructured Thermoelectric Bulk Materials
NanoTherSiGe. Polsko-Tajwanskia wspolpraca badawcza, (NCBIR PL-TW/IV/19/2016).
Okres reahizacyi: 04.2017 - 03.2020

Korelacja pomiedzy morfologiq warstwy priejsciowej a transportem ciepla
w kompozytach Cu-SiC, w zaleinosci od formy stosowanego materialu wmocnienia.
OPUS, NCN (2014/13/B/ST&/04320). Okres realizacp: 01.2015 - 07.2018

Izolatory topologicine jako nowa klasa nasycalnych absorberow dla laseriow
swiatlowodowych, OPUS, NCN. (UMO-2014/13/B/ST7:01699). Okres realizacyi: 02.2015
- 05.2018

Innovative Ni-Cr-Re coatings with enhanced corrosion and erosion resistance for high
temperature applications in power generation industry, M-ERANET, NCBIR (M-
ERANET.2.4249), Okres realizacn: 10.2017  10.2020

N
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9.

Nowoczesne, zawierajgce grafen, kompolyty na bazie mied:i i srebra przeznaczone dla

przemyslu energetycznego i elektronicznego GRAMCOM. GRAF-TECH. NCBIR

(GRAF-TECH/NCBR/10:/29:2013). Okres realizacji: 2013 — 2016

0. Antimikrobiell, osteoinduktiv, himokompatibel - Anwendungsorientierte Gestaltung von
hochleistungskeramischen Oberflichen durch Immobilisierung von Graphenoxid-
Nanoflocken. ECR. RWTH Aachen (Contract No. OPSF456), Okres realizacyi: 08.2018 -
07.2019

1. Nanostrukturalne pokrycia barier cieplnych na wirujgce i nieruchome elementy turbin
gazowych, POIR, NCBiR (POIR.01.01.01-00-0921/16). Okres realizacyi: 02.2017 -
01.2020

2. Wykorzystanie materialow i konstrukcji inteligentnych do opracowania koncepcji

i wykonania  innowacyjnego  systemu  lolyskowania  wirnikow  mikroturbin

energetycznych, POIG, NCBIR (POIG.01.03.01-00-027/08). Okres realizacji: 01.2010

12.2013.

Projekty badawcze realizowane przed uzyskaniem stopnia doktora

Pelniona funkcja: wykonawca, zrealizowane

| B

. Wysokotemperaturowy segmentowy modul termoelektryczny. projekt promotorski, KBN
(2627/B:/T02/2011/40). Okres realizacji: 03.2011 - 03.2013

. Badania termodynamiczne odzysku odpadowej energii gazow spalinowych z uiyciem
generatora TEG, OPUS. NCN (UMO-2011/01/B/ST8/07241) Okres rcalizacji: 12.2011 —
12.2013

. Badania ewolucji wlasnosci cieplnych i strukturalnych paliw stalych w procesie spalania.
OPUS. NCN (UMO-4579/B/T02:201 1/40), Okres rcalizacn: 2011 — 2013

. High-efficiency segmented thermoelectric element for automotive applications, Honda
Initiation Grant Europe (project no: 6100105). Okres realizacyi: 2010 - 2011

. Opracowanie wysokotemperaturowych materialow termoelektrycznych do zastosowan

w motoryzacji, KBN (N N507 449737). Okres rcalizacji: 2009 — 2011

Investigation of novel composite materials to be used as components of thermoelectric

generators for the conversion of renewable energy. Mcchanizm Finansowy Europejskicgo

Obszaru Gospodarczego oraz Norweski Mechanizm Finansowy (projekt PL 0089-SGE-

00104- E-V2- EEG). Okres realizacyi: 2007 — 2010



7.

8.

Poprawa ekologicznych wlasciwosci spalinowych zespolow napedowych 2 zastosowaniem
generatorow termoelektrycznych. KBN (Nr 4 T12D 025 30). 2006 - 2007
Otrzymywanie i charakterystyka wiqgzkow z grupy skutterudytow jako materialow do

generatorow termoelektrycznych, KBN (Nr 4 TO8D 030 24). Okres realizacyi: 2003 — 2005.

7.0. Inne artykulh

Ponize} przedstawiam  pozostate cfckty swoje)  dzialalnosci  naukowe)  oprocz

wymienionych w pkt. 4.1 oraz 4.3.1 Autoreferatu. dotyczgee wynikow badan opublikowanych

m.in. w czasoptsmach pokonferencynych 1 polskich.

l.
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N

Po uzyskaniu stopnia doktora
K. Kaszyca, W. Danilczuk. R. Zybala. Porous volumetric structures obtained by additive
manufacturing technologies. Materiaty Elcktroniczne (Electronic Materials) 47 (2019) 15-

21

L1

. R. Zybata, Generator termoelektivezny TEG do konwersji energii cieplnej, Magazyn

Biomasa (2018). https://magazynbiomasa.pl/gencrator-termoclektryczny-teg-do-konwersji-

cnergii-cieplnej’.

. P. Kaminska, L. Ciupinski, R. Zybala, Wynvarzanie i Charaktervzacja Nanokrvstalicznvch

Materialow  Termoelektveznyveh  Metodg  Plazmy  Impulsowej w  Cieczy, Innowacje

w Inzynicerii Produkeyi, Technologn Materiatow 1 Bezpieezenstwie. 10 (2017) 1-5.

. R. Siedlee. C. Strak. R._Zybala, Morfologia zlgczy kompozyviow Al:41-0; zgrzewanych

tarciowo  ze  stopem Al 44200, Przeglad  Spawalmictwa 88 (2016).
do1:10.26628/ps.v88i11.706.

M. Boniccki, P. Golgbiewski, W. Wesolowski. M. Woluntarski, R. Zybata, K. Kaszyca,
A. Pigtkowska, M. Romaniec, P. Ciepiclewski. K. Krzyzak, Kompozvt Al1:0:-ZrO:
wzmocniony platkami grafenowymi, Matenaty Elektroniczne 44 (2016) 20-28.

M. Boniecki, 7. Librant, W. Wesolowski, P. Golgbiewski, R. Zybata, Wlasciwosci
mechaniczne ceramiki Y>Q; wzmocnionej platkami grafenowvmi. Matcriaty Elcktroniczne

43 (2015) 15-24.

. R. Zybala. K. Pictrzak, Zlgcza elektryczne w modulach termoelektrycznyeh, Materialy

Elektroniczne 41 (2013) 9-17.
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9.

Przed uzyskaniem stopnia doktora

. K.T. Wojciechowskt, J. Merkisz, P. Fu¢, J. Tomankiewicz, R. Zybala, J. Leszezynski.

P. Lyewski. P. Nieroda. Protonvpical thermoelectric generator for waste heat conversion

Sfrom combustion engines. Combustion Engines 154 (2013) 60-71.

. K. T Wojciechowski, R. Zybala, J. Tomankiewicz, P. Fuc, P. Lijewski, J. Wojciechowski,

J. Merkisz, Influence of Back Pressure on Net Efficiency of TEG Generator mounted in the
Exhaust System of a Diesel Engine, published in book: Thermoelectrics Goes Automotive

11, edited by Danicel Jiansch and Co-Authors, Expert Verlag (2013) 177-188.

. P. Nieroda, R. Zybala, K.T. Wojciechowski. Hlasciwosci termoelektryezne MgoSi

otroymywanego technikg SPS. Matenaty Ceramiczne, 64, No. 4 (2012) 490-493

. Mikula, R. Zybala. Opivmalizacja warunkow otrzynnwania materialow termoelektrveznveh

opartveh na Bixles oraz Sh:Tes, Zeszyty Studenckiego Towarzystwa Naukowego, AGH

Krakow. nr23 (2011)221-226.

. R. Zybata. K. Wojcicchowski, M. Schmidt, R. Mania. Junctions and anti-diffusion barriers
Jor high temperature thermoelectric module, Ceramic Matenals 62 no. 4 (2010) 481-485.

. M. Schnudt, R. Zybala, K. Wojciechowski. Structural and thermoelectric properties of

AgSbSex-AgShTe: system, Ceramic Materials 62 no. 4 (2010) 465-470.

. M. Schmidt, R. Zybala, K.T. Wojciechowski. Owrzymywanie wybranveh materialow

termoelektryeznveh metodg krvstalizacji kierunkowej i ich charaktervsnka, Materialy

Ceramiczne (2010) 56 59.

. R._Zybata, R. Mama, K. Wojcicchowski. Zlgcza CoSh;/'Cu = barierami dvfuzyjnymi

otrzymanvymi technikq rozpvlania magnetronowego, Materialy Ceramiczne 62 (2010) 65-69.

. P. Nicroda, R. Zybata, M. Schimidt, K. Wojciechowski, Koncepcja szkiel fononowvch —

krvsztafow jako droga w poszukivaniu nowvceh materialow termoelektrveznyeh, Zeszyty
Studenckicgo Towarzystwa Naukowego, AGH Krakow. nr 20 (2010) 191-197.

K. T. Wojciechowski, R. Zybata, R. Mania. J. Morgiel, DLC lavers prepared by the PI'D
magnetron sputtering technique, Journal ot Achievemnents in Maternials and Manufacturing

Engincering, 37 (2009) 726-729.

10. K. Wojciechowski. R. Zybala, R. Mania, Application of DI.C layvers in 3-omega thermal

conductiviey - method. Journal of Achievements in Materials and  Manufacturing
ngincering, 37 (2009) 512-517.

K. Wojciechowski, R. Gajerski, J. Grzonka. R. Mania, K. Mars, J. Morgicl, R. Zybala,
Nanoproszki i warsnwy = materialow rermoeleknveznyeh - owrzvimvwanie i charakiervsnka.,

Elcktromka (2009) 65-67.
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12. R. Zybata, K.T. Wojcicchowski. W. Kucza, R. Gajerski. . Godlewska, R. Mania,
Charaktervstyka wilascivwosci cieplnych warstw ochronnyveh metodg 3-omega. Elektronika
(2009) 22-24.

13. K.T. Wojciechowski, R. Mania, K. Mars, R. Zybala, Zastosowanie metodyv 3¢ do pomiaru
preewodnicnwva cieplnego materialow litcveh oraz warsny, Elcktronika (2007) 61-63.

14. R. Zybata. K. Wojciechowski, Otrsymvwanie monokrysztalow polprzewodnikow Bi>Te;
i Sb>Te; metody Bridgmana. Zeszyty Studenckiego Towarzystwa, AGH-UST Krakow, nr

13 (2007) 179-185.

- -

7.7, Dziabiinose recenzencka
W ramach dotychczasowe) pracy naukowej, od 2016 r. regularnic wykonujg recenzje
artykutow naukowych. gtownic tych ukazujacych si¢ w czasopismach indcksowanych na liscic

JCR. W tabeli ponmize) przedstawiam hist¢ wykonanych recenzji.

l; .»‘h.
Lp. Czasopismo ISSN IF rerha Rok
recenzji
1. Materials Letters 0167-577X | 3.574 | 2023
2. Svathetic Metals 0379-6779 5.5 4 2019-2020
3. Journal of Electronic Materials 0361-5235 | 2.047 2 2018-2020
4 Archives of A Iefallurm’ and 17333490 | 0.663 | 2020
Materials
5. Materials Todav: Proceedings 2214-7853 - 1 2020
6. | Journal of Allovs and Compounds | 0925-8388 | 6.371 ] 2019
- Journal Q/“Sal}zdi Chemical 13196103 | 4.712 | 5018
Society
g High Temperature Marterials and 2191-0324 | 1.12] | 2018
Processes
9. Journal of Phy‘.w'cs.and Chemistry 0022-3697 | 4.383 5 2016-017
of Solids
0. A Ieta//lfrg}j and .Foundlj\‘ 300-8377 ) | 2016
Enginecring

W 2019 roku uczestniczytem jako ckspert w projekeie badawezym SAMART PANEL
badania jakosciowe i analizy na potrzeby Procesu Przedsi¢hiorczego Odknwania, ktory byt
clementem projektu Monitoring Krajowej Inteligentnej Specjalizacji. Programu Operacyjnego
Inteligentny Rozwop 2014 — 2020, realizowanego przez Mnisterstwo Przedsigbiorczosci

1 Technologn w partnerstwie z Polska Agencja Rozwoju Przedsigbiorezosct (PARP). Celem



projcktu bylo stworzenie 1 wdrozenic systemu monitorowania 1 cwaluacji Krajowych
Inteligentnych Specjalizacyi (KIS).
Wykonywalem takze recenzje merytoryczne projektow, na zlecenie Narodowego

Centrum Nauki oraz Fundacji na Rzecz Nauki Polskie;.

7.8. Wpalpraca 7z przemyslem
W okresic ostatnich 20 lat zbicralem doswiadczenie 7 zakresu technologii wytwarzania
materialow. budowy prototypow aparatury pomiarowej 1 urzadzen badawczych oraz wiedzy
dotyczace) roznych metod analizy  wlasciwoser  fizyko-chemicznych 1+ elektrycznych
materialow  funkcjonalnych. Ta wiedza 1 doswiadezenie byly podstawa do rozpoczgcia
prowadzenia wlasnych dzialalnosci gospodarczych o charakterze startupow jak 1 nawigzama

wspolpracy 7z wieloma przedsighiorstwami w roli eksperta ¢zy wykonawcey ustug badawcezych.

Po uzyskaniu stopnia doktora

Wiasna dzialalnos¢ gospodarcza 1 innowacyjna.

I. W latach 2013 — 2018 prowadzitem jednoosobowy dziatalnos¢ gospodarczy, w ktorey na
poczatkowym ctapie skupialem si¢ na instalacji systemow solarnych 1 modernizac
domowych systemow CO. W kwietmu 2014 r. ukonczylem szkolenie z  zakresu
Proekologicznvch Rozwigzan w Budownictwie (60 godz.) uczestniczac w projekeie Zielona
Akademia rcalizowanym w ramach Programu Operacyinego Kapital Ludzki. W kolcjnych
latach wykonywalem ustugi 7z zakresu inzynierii oraz specjalistycznego doradztwa

technicznego.

£

. W sierpniu 2018 roku powotana zostala spotka S4Mat sp. z o.0.. w ktore) jestem
zalozycielem, glownym udzialowcem oraz pelnig funkejg prezesa. W ramach poczatkowe;
dzialalnosci firma miala prowadzi¢ dziatalnosé zwiazang z masowy produkejy materialow
termoclektrycznych aw 2020 r. otrzymala dofinasowanic na recalizacje projcktu pt.
Opracowanie technologii wyhvarzania innowacyvjnych materialow  termoelektiveznveh
stuzgeveh do konwersji energii 7 Mazowieckiej Jednostki Wdrazania Programow Unijnych.
Jednak ze wzgledu na rozpoczecie sig rownolegle pandemit oraz brak mozliwosc
pozyskania inwestora projekt musial zosta¢ zakonczony w 2021 r. Od tego czasu,
prowadzona prze mnic spolka zajmuje si¢ wykonywaniem ustugi z zakresu inzyniern,
budowg prototypowe) aparatury pomiarowej oraz  specjalistycznym - doradztwem
techmeznym. Ostatnic wazne zlecenie dotyezylo zaprojcktowama 1 zbudowania Sondy do

powierzchniowego pomiaru rezyvstvwnosci elektrvezney.

N
L



. W marcu 2023 roku powolana zostala spotka Polska Krewetka sp. 7 o.0.. ktorej jestem

zalozycielem, glownym udzialowcem oraz cztonkiem zarzadu. Prace nictformalne nad
utworzeniem tego startupu rozpoczglismy ze wspolnikiem w marcu 2022. Zbudowalem
specjalistyezne  laboratorium,  stworzylem  mun.  systemy  napowietrzania,  filtracji
1 monitorowania parametrow wody procesowej 7 rozwinigta flora baktery)ng. W sierpniu
uruchomih$my pierwsza w Polsce hodowlg krewetki bialonogie), wtechnologii Lbiotloc™
do celow spozywezych. Obecnie po osiagnigeiu proof of concept oraz po zgromadzaniu
niczb¢dnego  know-how. rozpocz¢lismy proces pozyskiwania inwestorow, w  cclu

przeskalowama produkeji na skalg przemystowa.

W ramach wspolpracy 7z przemysiem po uzyskaniu stopnia doktora bylem glownym

wykonawcy uslug 1 projektow we wspolpracy z takimi przedsigbiorstwami jak:

AIC S.A. (wspolpracujg jako ckspert na rzecz projektu Opracowanie oraz wdrozenie
wymiennika ciepla = warstwq termoelektrvezng zdolnego do produkcji energii elektiveznej =
ciepla odpadowego przez Spotke A1C S.4., 2023)

SEFACO S.A. (realizowalem wspolny projekt pt. [nnovative Ni-Cr-Re coating with
enhanced corrosion and erosion resistance for high temperature applications in power
generation industry, 2016 - 2020)

Warszawski Akcelerator dla Startupow Technologicznych WAW.ac (bylem ekspertem
z zakresu inzyniern materialowe) w latach 2016 2019)

Galactic sp. 7 0.0. (w ramach projcktu pt. Nanostrukturalne pokivcia barier cieplnyeh na
wirujgce i nieruchome elementy turbin gazowveh, 01.2018-06.2018 rcalizowalem staz
przemystowy. w ramach ktorego bylem odpowiedzialny za dobor wyposazenia dziatu
badawczo rozwojowego w prototypowe urzadzenie do prob 1 badan zmian morfologicznych
nanostruktur w prasic HIP)

Novago sp. 7z o.0. (kierowalem  wspolnym  projektem  pt. Innowacyvine  moduly

termoelektryezne do konwersji energii. 2015 — 2018).

Przed uzyskaniem stopnia doktora

W ramach wspolpracy z przemyslem przed uzyskaniem stopnia doktora mialem

mozliwos¢ wykonywania jako glowny wykonawca ustug 1 projektow mun. dla takich

przedsigbiorstw jak:
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Holduct sp. 7 o.0. (realizowalem projekt pt. Protonyp generatora termoelektiveznego do
odzysku ciepla ze spalin, 2012 — 2013)

Honda curopejski oddzial B+R (rcalizowalem projekt pt. High-efficiency segmented
thermoelectric element for automotive applications, 2010 - 2011)

Sasol Technology Ltd. (realizowatem ekspertyze badawcza pt. Investigations of thermal
properties of carbon. 2009).

PODPIS ZAUFANY

RAFAL
ZYBALA

(podpis wnioskodawcy)
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ZALACZNIK 4

WYKAZ OSIAGNIEC NAUKOWYCH ALBO ARTYSTYCZNYCH,
STANOWIACYCH ZNACZNY WKLAD W ROZWOJ OKRESLONEJ DYSCYPLINY



I WYKAZ OSIAGNIEC NAUKOWYCH ALBO ARTYSTYCZNYCH,
O KTORYCH MOWA W ART. 219 UST. 1. PKT 2 USTAWY
1. Monografia naukowa, zgodnie z art. 219 ust. 1. pkt 2a Ustawy; lub
2. Cykl powigzanych tematycznie artykuléw naukowych, zgodnie z art. 219 ust. 1.

pkt 2b Ustawy

Wartosci wspotezynnikow Impact Factor (IF) oraz punktacje czasopism wg list
Ministerstwa Edukac)i 1 Nauki (PM) podatem zgodnie 7z rokiem ukazania sig artykutow. Kopie
wymicnionych prac stanowigcych jednotematyczny zbior publikac)i zamicscitem w Zataezniku
nr 5. Oswiadezenia wszystkich wspotautorow publikacji potwierdzajace ich indywidualny
wklad w powstanic dorobku stanowiacego osiagnigeic 1 wymicnionych ponizej. znajdu)g sig

w Zalaczniku nr 6.

Al R. Zybala, Preparation and  characterization of  nanostructured
(Gele)-stAgShTe:x)(AgSbSe:). thermoelectric materials, Synthetic Metals 270 (2020) 116606.
do1:10.1016/).synthmet.2020.116606.

[F = 3.266: PM = 70, autor korespondencyjny

Praca jednoautorska.

Publikacj¢ przygotowalem w ramach kierowanego przeze mnie projektu SONATA pt. Hphw
nanostrukturvzacji i domieszkowania na wilasciwosci termoelektinvezne nowyveh materiatow
sgrupy LAST i TAGS (UMO 2016/23/D/STE/02686) tinansowanego przez Narodowe Centrum
Nauki.

A2. R. Zybala, M. Schmidt, K. Kaszyca, M. Chmiclewski. M.J. Kruszewski. M. Jasinski.
M. Rajska, L. Ciupinski, Characterization of nanostructured bulk cobalt triantimonide doped
with tellurium and indium prepared by pulsed plasma in liquid method., Bullctin of the Polish
Academy of Sciences: Technical Sciences 68 (2020) 125-134.
do1:10.24425/bpasts.2020.131835.

[F — 1.662: PM - 100. autor korespondencyjny

Moy wkiad w powstanmie tc) publikacyt polegal na opracowaniu koncepe)r manuskryptu,
przegladzic  hteraturowym.,  zaplanowaniu  cksperymentow,  nadzorowaniu  prac
cksperymentalnych,  udziale w wytworzeniu - nanomateriatow  termoclektrycznych
7z wykorzystaniem innowacyjnej metody plazmy impulsowej w cieczy przeprowadzeniu

obserwac)i 7z wykorzystaniem mikroskopn elektronowe) (SEM), analizie 1 interpretacy



uzyskanych wynikow, przygotowaniu picrwszc) wersji artykulu, opracowaniu odpowiedzi dla
recenzentow, recenzji 1 pracach edytorskich, przygotowaniu ostatecznej wersji artykutu.
Opisane powyzej badania wykonalem w ramach kierowanych przeze mnie projektow FUGA
pt. Poznanie mechanizmu powstawania nanomaterialow termoelektiveznveh w metodzie
plazmy impulsowej w cieczy (UMO 2014/12/S/STE/00582) finansowancgo przez Narodowe
Centrum Nauki, PBS pt. Innowacvine moduly termoelektivezne do  komwersji  energii
(PBS3/A5/49/2015) finansowanego przez Narodowe Centrum Badan 1 Rozwoju oraz SONATA
pt. Wphw nanostrukturyzacji i domieszckowania na wiasciwosci termoelektivezne nowveh
materialow = grupy LAST i TAGS (UMO 2016/23/D/ST8/02686) finansowanego przez
Narodowe Centrum Nauki.

A3. B. Buchole. K. Kaszyca, P. Spicwak. K. Mars, M.J. Kruszewski. L. Ciupinski,
K. Kowiorski, R. Zybala, Thermoelectric properties of bismuih-doped magnesium silicide
obtained by the self-propagating high-temperature syvnthesis, Bullctin of the Polish Academy
of Sciences: Technical Sciences 70 (2022). doi:10.24425/bpasts.2022.141007.

IF = 1.515: PM = 100. autor korespondencyjny

Mo wkiad w powstanie artykulu polegat na opracowaniu koncepepn  manuskryptu,
nadzorowaniu prac cksperymentalnych, przygotowaniu materialow  termoclektrycznych
7z wykorzystaniem metody SHS, wykonaniu analiz 1 opracowaniu uzyskanych wynikow.
udziale w przygotowaniu  manuskryptu, opracowaniu odpowicdzi  dla  recenzentow,
przygotowaniu ostateczne) wersji artykutu.

Publikacj¢ przygotowalem w ramach rcalizowancgo przeze mnic projektu migdzynarodowcego
pt. Thermoelectric Transport Properties in Si-based and Ge-based Nanostructured Bulk
Muaterials (PL- TW/IV/19/2016) finansowanego po stronie polskiej przez Narodowe Centrum
Badan 1 Rozwoju oraz kicrowancgo przeze mnic  projcktu - SONATA pt. Hphw
nanostrukturyzacji i domieszkowania na wlasciwosci termoelektrvezne nowveh materialow
zgrupy LAST i THGS (UMO 2016/223/D/STR/02686) finansowancgo przez Narodowe Centrum
Nauki.

A4. G. Gabka. R. Zybala. P. Bujak. A. Ostrowski. M. Chmielewski, W. Lisowski,
J.W. Sobczak. A. Pron, Facile Gram-Scale Svnthesis of the First n-Tvpe Cul-eS> Nanocivstals
Jor Thermoelectric Applications. European Journal of Inorganic Chemistry (2017) 3150-3153.
do1:10.1002/¢)1¢.20170061 1.

IF =2.507: PM = 35,



Mo) wklad w powstanic publikacji polegal na udziale w opracowamu koneepeji artykutu,
przygotowaniu przegladu literaturowego  dotyczacego matenatow  termoelektrycznych,
opracowaniu parametrow otrzymywania gestych polikrystalicznych spickow z nanokrysztatow
CuFeS: 7 wykorzystaniem metody spickania SPS. przeprowadzeniu pomiarow parametrow
termoelektrycznych w funkceji temperatury, wykonaniu analizy mikroskopowej SEM. udziale
W przygotowaniu pierwsze) wersji tekstu manuskryptu oraz interpretacy uzyskanych wynikow
badan. Opisane powyzej badania wykonalem w ramach kierowanego przeze mnie projektu
FUGA pt. Poznanie mechanizmu  powstawania  nanomaterialov  termoelektrveznveh
w metodzie plazmyv impulsowej w cieczy (UMO 2014/12/S/ST8/00582) finansowanego przez

Narodowe Centrum Nauki.

AS. R. Zybala, K. Mars. A. Mikula, J. Bogustawski. G. Sobon, J. Sotor. M. Schmudt,
K. Kaszyca., M. Chmiclewski, L. Ciupinski, K. Pictrzak, Svathesis and Characterization of
Antimony Telluride  for Thermoeleciric and  Optoelectronic  Applications.  Archives  of
Metallurgy and Matenals 62 (2017) 1067-1070. doi:10.1515/amm-2017-0155.

[F = 0.625: PM = 30, autor korespondencyjny

Moj wklad w powstanie te) pracy polegal na opracowaniu koncepej artykulu, przygotowaniu
przegladu literaturowego, zaplanowaniu cksperymentu, syntezie materiatlow, przeprowadzeniu
obserwac) z wykorzystaniem  skaningowe} mikroskopu elektronowej (SEM), wykonaniu
badan wiasciwosct termoclektrycznych. analizic 1 opracowaniu uzyskanych wynikow,
przygotowaniu pierwsze] wersji tekstu manuskryptu. interpretaci uzyskanych wynikow badan
1 opracowaniu graficznemu. przygotowaniu odpowiedzi dla recenzentow, a takze ostateczne)
wers)1 artykulu,

Opisane powyzej badania wykonalem w ramach kierowanych przeze mnic projektow FUGA
pt. Poznanie mechanizmu  powstawania nanomaterialow  termoelektivezmveh w metodzie
plazmy impulsowej w cieczy (UMO 2014/12/S/STR/00582) finansowancgo przez Narodowe
Centrum Nauki oraz PBS pt. Innowacvjne moduly termoelekiryezne do konmwersji energii
(PBS3/A5/49/2015) finansowanego przez Narodowe Centrum Badan 1 Rozwoju. Publikacja ta
powstala w oparciu o wyniki wicloletnich badan przeprowadzonych we  wspolpracy
naukowcow z wiodacych osrodkdow naukowo-badawcezych.

A6. R. Zybala, M. Schimudt, K. Kaszyca. L. Ciupinski. M.J. Kruszewski, K. Pictrzak, Method
and Apparatus for Determining Operational Parameters of Thermoelectric Modules. Journal
of Elcctronmic Matenals 45 (2016) 5223-5231. doi:10.1007/s11664-016-4712-1.

IF = 1.579: PM — 30, autor korespondencyjny



Mo) wklad w powstanic publikacji polegal na opracowaniu koncepe) artykulu, przygotowaniu
przegladu literaturowego, zaplanowaniu cksperymentu. analizie danych od producentow
modutéw, udziale w opracowaniu modelu bilansu energetycznego 1 przygotowaniu aparatury
pomiarowej, wykonaniu pomiarow modutow termoelektrycznych, przygotowaniu pierwsze)
wersji tekstu - manuskryptu, interpretac)i  uzyskanych  wynikow  badan. opracowaniu
graficznemu, przygotowantiu odpowiedzi dla recenzentow, recenz)i 1 edytowaniu manuskryptu,
przygotowaniu ostateczne) wersji artykutu.

Publikacj¢ przygotowatem w ramach kicrowancgo przeze mnie projcktu PBS pt. Innowacyjne
moduly termoelektivezne do komwersji energii (PBS3/AS5/49/2015) finansowanego przez
Narodowe Centrum Badan 1 Rozwoju.

A7. R. Zybala, K. Kaszyca, M. Schmidt. M. Chmiclewski. The Properties of Bi:Te;-Cu Joints
Obtained by SPS/FAST Method, Journal of Electronic Materials 48 (2019) 3859-3865.
doi:10.1007/s11664-019-07120-x

[F = 1.774: PM = 40, autor korespondencyjny

Moj wklad w powstanic artykutu polegal na opracowaniu koncepeji manuskryptu, udziale
w przygotowaniu przegladu literaturowego. zaplanowaniu eksperymentu, syntezie materialow
termoelektrycznych, optymalizacji procesu napylania magnetronowego (PVD) dla warstw
dyfuzyjnych. wykonaniu zkyczy 7z wykorzystaniem metody FAST/SPS. przeprowadzeniu
obscrwacji 7 wykorzystaniem  skaningowe]  mikroskopi - clektronowe)  (SEM),  udziale
w opracowaniu metodyki badawcze), nadzorowaniu pozostatych prac cksperymentalnych,
analizic i opracowaniu uzyskanych wynikow. przygotowaniu picrwszcj wersji manuskryptu,
opracowaniu odpowicdzi dla recenzentow, recenzji 1 pracach edytorskich, przygotowaniu
ostateczne] wers)i artykutu.

Publikacj¢ przygotowalem w ramach kicrowanych przeze mnic projektow PBS pt. fnnowacyjne
moduly termoelektryczne do konwersji energii (PBS3/A5/49/2015) finansowanego przez
Narodowe Centrum Badan 1 Rozwoju oraz SONATA pt. Hphw nanostruknovzacji
i domieszkowania na wlasciwosci termoelektryvezne nowveh materialow = grupy LAST i TAGS
(UMO 2016/23/D/ST8/02686) tinansowancgo przcz Narodowe Centrum Nauki.

A.8. J. Boguslawski. GG. Sobon. R. Zybala. J. Sotor, Dissipative soliton generation in Er-doped
Siber laser mode-locked by Sb>Te: topological insulator, Optics Letter 45 (2015) 2786-2789.
do1:10.1364/0L.40.002786.

I[F = 3.040: PM = 35,



Mo wkiad w powstanic artykulu polegal na wspotudziale w tworzeniu koncepeji artykutu,
przygotowaniu przegladu literaturowego dotyczacego zagadnien zwigzanych z inzynierig
materialowa.  zaplanowaniu  cksperymentu,  syntezie  materialu - polprzewodnikowego,
wykonaniu targetu, optymalizacji procesu napylania magnetronowego (PVD) dla warstw
7 mateniatu Sh:Tex, przeprowadzeniu obserwacji 7 wykorzystaniem skaningowe] mikroskopii
clektronowe) (SEM), przeprowadzeniu analizy 2z wykorzystaniem spektroskopnn Ramana,
przeprowadzeniu analizy z wykorzystaniem techniki rentgenowskiej (XRD) dla warstw metody
GID. udzale w przygotowaniu picrwszcj wers)i tekstu manuskryptu, udzial w interpretacy
uzyskanych wynikow badan, przygotowaniu odpowiedzi dla recenzentow 7z zakresu
wytwarzanych warstw 1 przeprowadzonych badan. udziale wrecenzyi 1 edytowaniu
manuskryptu.  udziale  w  przygotowaniu  ostatecznej  wersp  artykulu. Moy wklad
w przygotowanic publikacji dotyczyl wytwarzania 1 charakteryzacyji materialow, 1 zostal
zrealizowany w ramach kierowanego przeze mnie projektu FUGA pt. Poznanie mechanizmu
powstawania nanomaterialow termoelektiveznveh w metodzie plaznny: impulsowej w cieczy

(UMO 2014/12/S/ST8/00582) finansowancgo przez Narodowe Centrum Naukl.

3. Wykaz zrealizowanych oryginalnych osiggni¢é projektowych, konstrukeyjnych,

technologicznych lub artystycznych, zgodnie z art. 219 ust. 1. pkt 2c ustawy.
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2.

1L WYKAZ AKTYWNOSCI NAUKOWEJ ALBO ARTYSTYCZNEJ
Wvykaz opublikowanych monografii naukowych (z zaznaczeniem pozycji
niewvmicenionych w pkt L.1).

Wykaz opublikowanych rozdzialow w monografiach naukowych.

Po uzyskaniu stopnia doktora

Przed uzyskaniem stopnia doktora

K. T Wojciechowski, R. Zybala, J. Tomankiewicz, P. Fue, P. Lijewski, J.
Wojciechowski. J. Merkisz. Influence of Back Pressure on Net Efficiency of TEG
Generator mounted in the Exhaust System of a Diesel Engine, published in book:
Thermoclectrics Goes Automotive 1. edited by Daniel Jansch and Co-Authors, Expert
Verlag (2013) 177-188.

Wykaz czlonkostwa w redakcjach naukowych monografii.

Wykaz opublikowanych artykulow w czasopismach naukowych (z zaznaczeniem

pozycji niewvmienionych w pkt 1.2).

1. Publikacje naukowe w czasopismach znajdujgcych si¢ w bazie SCOPUS

Po uzyskaniu stopnia doktora

1.

[§9]

[zabela Zglobicka. Anna Dobkowska, Alcksandra Zielinska, Ewa Borucinska.
Mirostaw J. Kruszewski, Rafal Zybala, Joanna ldaszek, Jakub Jaroszewicz, Krystian
Paradowski,  Boguslawa  Adamczyk-Cieslak, Marcin Pisarck.  Wojciech
Swieszkowski. Krzysztof J. Kurzydlowski. In-depth analvsis of the influence of bio-
silica filler (Didyvmosphenia geminata frustules) on the properties of Mg matrix
composites. Journal of Magnesium and Alloys, (2023)
https://dor.org/10.1016/).yma.2023.08.001.

K. Kowtorski, A. Chlanda, M. Heljak, M. Djas, B. Buchole, K. Kaszyca, A. Strojny-
Ne¢dza, R. Zybata. M. Malck, W. Swigszkowski, M. Chmiclewski. Compositing
Graphene with Carbon Fibres Enables Improved Dynamical Thermo-Mechanical
Behavior of Papers Produced at a Large Scale, Carbon N. Y. 206 (2023) 26-36.
do1:10.2139/55rn.4257421.

7Z.V. Parlak, N. Labude-Weber, K. Neuhaus, C. Schmidt, A.D. Morgan, R. Zybala,

J. Gonzalez-Juhan, S. Neuss, K. Schickle. Unveiling the main factors triggering the



tN

0.

10.

11.

coagulation at the SiC-blood interface. J. Biomed. Mater. Res. Part A, (2023).
do1:10.1002/JBM.A.37533.

M. Chmielewski, R. Zybala, A. Strojny-Ne¢dza. A. Pigtkowska. A. Dobrowolski. J.
Jagichto. R. Diduszko, P. Bazarnik, S. Nosewicz, Microstructural Evolution of Ni-
SiC Composites Manufactured by Spark Plasma Sintering, Metall. Mater. Trans. A
Phys. Metall. Mater. Sci. (2023) 1-17. doi:10.1007/s11661-023-06999-w.

K. Nowik. R. Zybala, Z. Oksiuta. Formation and Microstructural Evolution of
Ferritic ODS Steel Powders during Mechanical Alloving. Mater. 2023, Vol. 16. Page
765. 16 (2023) 765. do1:10.3390/MA16020765.

R. Zybata. B. Bucholc. K. Kaszyca. K. Kowiorski, D. Sobon, W. Zorawski,
D. Moszezynska. R. Molak, Z. Pakicka, Properties of Cold Spraved Titanium and
litanium Alloy Coatings after Laser Surface Treatment, Mater. 2022, Vol. 15, Page
9014. 15(2022)9014. do1:10.3390/MA15249014.

. Zglobicka. R. Zybala. K. Kaszyca. R. Molak. M. Wicczorck, K. Recko. B.

Ficdoruk, K.J. Kurzydlowski, Titanivm matrix composites reinforced with biogenic

Siller. Sci. Reports 2022 121,12 (2022) 1-10. do1:10.1038/541598-022-12855-5.

M.J. Kruszewski. K. Cymerman, R. Zybata, M. Chmielewski, M. Kowalczyk, J.
Zdunek. L. Ciupinski, /igh homogeneity and ultralow lattice thermal conductivity
in Se/Te-doped skutterudites obtained by self-propagating high-temperature
svathesis and pulse plasma sintering. J. Alloys Compd. 909 (2022) 164796.
do1:10.1016/).jallcom.2022.164796.

(5. Desante, N. Labude, S. Riitten. S. Romer, R. Kaufmann, R. Zybala. J. Jagietlo,
L. Lipinska, A. Chlanda. R. Telle. S. Neuss, K. Schickle, Graphene oxide nanofilm
to functionalize bioinert high strength ceramics, Appl. Surf. Sci. 566 (2021) 150670.
doi:10.1016/).apsusc.2021.150670.

F. Dabrowski. L. Ciupinski, J. Zdunck, W. Chrominski, M. Kruszewski. R. Zybala,
A. Michalski. K.J. Kurzydtowski, Microstructure and Thermoelectric Properties of
Doped FeSi:> with Addition of B4C Nanoparticles, Arch. Mctall. Mater. 66 (2021)
1157-1162. doi:10.24425/AMM.2021.136436.

G.M. Goldschmidt. M. Krok-Borkowicz, R. Zybala. E. Pamuta, R. Telle, G. Conrads.
K. Schickle, Biomimetic in situ precipitation of calcium phosphate containing silver
nanoparticles on zirconia ceramic materials for surface functionalization in terms of
antimicrobial and osteoconductive properties, Dent. Mater. 37 (2021) 10 18.

do1:10.1016/).dental.2020.09.018.



19.

M.J. Kruszewski, L. Ciupinski. R. Zybata, Review of rapid fabrication methods of
skutterudite  materials, Mater.  Today Proc. 44  (2021) 3475 3482.
do1:10.1016/;.matpr.2020.05.808.

. Z. V. Parlak. N. Labude, S. Riitten, C. Preisinger, J. Niessen., A. Aretz, R. Zybala,

R. Telle, S. Neuss, K. Schickle, Toward Innovative Hemocompatible Surfuces:
Crystallographic Plane Impact on Platelet Activation, ACS Biomater. Sci. Eng.

(2020) doi:10.102 1/acsbiomaterials.0c00609.

. Z.V. Parlak, S. Wein, R, Zybala, E. Tymicki. K. Kaszyca, S. Riitten, N. Labude,

R. Telle, K. Schickle. S. Neuss, High-strength ceramics as innovative candidates for
cardiovascular — implants. J.  Biomater.  Appl. 34 (2019)  585-596.
dori:10.1177/0885328219861602.

. J. Leszezynski, P. Nicroda. J. Nicroda. R. Zybala, M. Krol. A. Lacz, K. Kaszyca,
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Polskiego Towarzystwa Chemicznego PTChem 2007, Tylmanowa, Polska

8. Wykaz udzialu w komitetach organizacyjnych i naukowych Kkonferencji
krajowych lub miedzynarodowych, z podaniem pelnionej funkcji.

e W 2023 r. udzial w komitecic organizacyjnym mi¢dzynarodowej konferencji /7"
Conference on FAST/SPS From Research to Industry (¢ztonck komitetu), Warszawa,
Polska

« W 2021 r. udzial w komitecie organizacyjnym migdzynarodowe) konferenc)i
I'" Conference on FAST/SPS From Research to Industry (cztonck komitetu), Poznan.
Polska

* W 2019 r. udziat w komitecie orgamzacyynym /f Ogolnopolskiego Seminarium Spark

Plasma Sintering (cztonck komitetu). Warszawa. Polska

9. Wykaz uczestnictwa w pracach zespoléw badawczych realizujycych projekty
finansowane w drodze konkursow krajowych lub zagranicznych, z podzialem
na projekty zrealizowane i bedgce w toku realizacji, oraz z uwzgl¢dnieniem

informacji o pelnionej funkcji w ramach prac zespolow.

Projekty realizowane po uzyskaniu stopnia doktora
Pelniona funkcja: kierownik i autor projektu
1. Stanowisko do spickania materialow zaawansowanych technikg SPS, projekt
finansowany przez Ministerstwo Edukacji i Nauki (39/566149/SPUB/SN/2023)
Projckt rcalizowany jest w  Siceir Badawceze)  Lukasiewicz  —  Instytucie
Mikroelektroniki 1 Fotoniki.
Okres realizacyi: 07.2023 — (w toku realizacji)

Budzet projektu: 1305 600 zE w tym kwota dofinasowania MEN 1 008 000 zt

2

Wplyvw nanostrukturyzacji i domieszkowania na wlasciwosci termoelektrvezne

nowych materialow z grupy LAST i TAGS



Projckt  SONATA finansowany przez Narodowe Centrum Nauki  (UMO-
2016/:23/D/ST8/02686). Projekt reahizowany byl w  Uczelnianym Centrum
Badawczym . Materialy Funkcjonalne™. Politechniki Warszawskice.

Okres realizacyi: 10.2017 — 10.2021 (zrealizowany)

Budzet projektu: 698 800 71

Innowacyjne moduly termoelektryczne do konwersji energii, Program Badan
Stosowanych 1l finansowany przez Narodowe Centrum Badan i Rozwoju
(PBS3/A5/49/2015)

Projekt realizowany byl przez powolane konsorcjum naukowo-badawcze trzech
podmiotow: Sie¢ Badawceza Lukasiewicz — Instytut Mikroclektroniki 1 Fotoniki (hider),
Uczelniane Centrum Badawceze Matenaly Funkcejonalne Politechniki Warszawskie)
oraz firm¢ NOVAGO sp. 7 o.0.

Okres reahizacyi: 03.2015  08.2018 (zrealizowany)

Bud7ct projcktu: 4 255 381 zE w tym kwota dotinansowania NCBiR 3 310 000 7t
Poznanie mechanizmu powstawania nanomaterialéw termoelektryeznych
w metodzie plazmy impulsowej w cieczy

Projckt  FUGA finansowany przez Narodowe Centrum  Nauki  (UMO-
2014/12/8/STR/O0582). Projekt realizowany na Wydziale Inzynierii Materialowe)
Politcchniki Warszawskicj.

Okres realizacji: 10.2014 - 06.2017 (zrealizowany)

Budzct projcktu: 538 000 7

Pelniona funkcja: wykonawca projektu, w trakcie realizacji

l.

2

Typoszereg termogeneratoréw do odzysku niskotemperaturowego ciepla
odpadowego z przemyslowych instalacji technologicznych COTEG

Projekt finansowany w ramach Dotacji Celowey Siect Badawcezey Lukasiewicz
(umowa nr2/L-ITEE/CL/2021). Projekt realizowany jest w ramach krajowego
konsorcjum  badawczego  Lukasiewicz  —  Instytut  Technologn  Eksploataci,
Fukasiewicz — Instytut Nowych Syntez Chemicznych oraz Lukasiewicz — Instytut

Mikroelektroniki 1 Fotoniki. Okres realizacji od 03.2021

. Warstwy termoprzewodzgce nowej generacji dla elektroniki oraz technologia ich

wytwarzania HeDiMat2
Projekt finansowany w ramach Dotacyi Celowe) Sieci Badawceze) Lukasiewicz

(umowa nr 2/L-IMP/CL2021). Projckt rcalizowany jest w ramach krajowego
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konsorcjum badawczego Lukasiewicz — Warszawski Instytut Technologiczny oraz
Lukasiewicz - Instytut Mikroelektroniki 1 Fotoniki. Okres reahizacji: od 08.2021

3. Wicloskalowa analiza deformacji oraz zniszczenia nowych hybryvdowych
kompozytow na osnowie metalowej. Badania doSwiadczalne oraz modelowanie
numeryczne, projekt OPUS finansowany przez Narodowe Centrum Nauki
(UMO-2020/37/B/ST8/03907)
Projekt realizowany w  ramach krajowego konsorcjum naukowego Instytut
Podstawowych  Problemow  Techmki  PAN  oraz  Lukasiewicz  —  Instytut
Mikroelektroniki 1 Fotoniki. Okres realizacj od 02.2021

4. Nowy wicelopolowy wieloskalowy model spiekania wspomaganego polem
elektrycznym, projekt OPUS finansowany przez Narodowe Centrum Nauki
(UMO-2019/35/B/ST8/03158)
Projekt reahizowany w  ramach krajowego konsorcjum naukowego Instytut
Podstawowych  Problemow  Techniki PAN  oraz  Lukasiewicz - Instytut
Mikroclektroniki 1 Fotoniki. Okres recalizacy od 08.2020

S. Advanced Glass Interposer with Carbon Copper Composite Metallization
GINCO, projekt realizowany w ramach mig¢dzynarodowej inicjatywy CORNET
gdzic Polska cz¢$é projektu finansowana jest przez Narodowe Centrum Badan
i Rozwoju (CORNET/32/94/GINC()/2022)
Projekt realizowany we wspdlpracy z dr hab. inz. 1zabely Zglobicka. z Politechniki
Biatostockic). Okres realizacji od 05.2022

6. Implementation of activities described in the Roadmap to Fusion during Horizon
2020 through a Joint programme of the members of the EUROfusion consortium,
EURATOM-Horisont 2020, COFUND-EJP - COFUND (European Joint
Programme 633053). Okres realizacji od 01.2014.

Pelniona funkcja: wykonawca, zrealizowane
1. Zbadanie wplywu warunkéw otrzymywania na mikrostrukture i wlasciwosci
mechaniczne materialéow  konstrukcvjnych na bazie tytanu, wytwarzanych
nowoczesnymi technikami przyrostowymi: natryskiwania cieplnego zimnym
gazem (Cold Spray) i selektywnego przetapiania laserowego (Selective Laser

Melting)
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2

Projckt POSTDOC PW finansowany w ramach programu Inicjatywa Doskonalosci —
Uczelnia Badawcza realizowanego w Politechnice Warszawskiej. Okres realizacji: od

10.2021 — 09.2023

. Wplvw domieszkowania atomami pierwiastkdw o wysokiej masie atomowej na

wlasciwosci fizvkochemiczne materialow pélprzewodnikowych, PRELUDIUM,
NCON, (UMO-2017/27/N/ST8/01797). Opickun naukowy.
Okres realizacy: 09.2018  09.2022

. New metal matrix composites reinforced with natural diatoms MECODIA,

projekt realizowany w ramach mi¢dzynarodowej inicjatywy CORNET, gdzie
Polska cz¢$¢ projektu finansowana byla przez Narodowe Centrum Badan
i Rozwoju (CORNET26/3/2020).

Projekt  rcalizowany we  wspolpracy 7z prof. Malgorzata  Gradzka-Dahlke.

z Politechniki Biatostockiej. Okres realizacji: od 01.2020  02.2023

. Opracowanie kompleksowych metod modyfikacji struktury i wytworzenia

nowoczesnych warstw  ochronnyeh zapewniajacveh stabilnosé chemiczng
i odpornos¢ na korozje¢ nowych, wysokowydajnych materialow
termoelektryvcznych do konwersji energii cieplnej na energi¢ elektryczng, OPUS,

NCN, (UMO-2016/21/B/ST8/00409). Okres realizacji: 01.2017 — 01.2021

. Development of Si-based and Ge-based Nanostructured Thermoelectric Bulk

Materials NanoTherSiGe, Polsko-Tajwanskia Wspolpraca Badawcza, (NCBIR
PL-TW/IV/19/2016). Okrcs rcalizacji: 04.2017 — 03.2020

Korclacja pomi¢dzy morfologia warstwy przejsciowej a transportem ciepla
w kompozytach Cu-SiC, w zaleznosci od formy stosowanego materialu
wzmocnienia, OPUS, NCN (2014/13/B/ST8/04320). Okres realizacp: 01.2015 -
07.2018

. Izolatory topologiczne jako nowa klasa nasycalnych absorberow dla laserow

swiatltowodowych, OPUS, NCN, (UMO-2014/13/B/ST7/01699). Okres reahizacji:
02.2015 - 05.2018

. Innovative Ni-Cr-Re coatings with enhanced corrosion and crosion resistance for

high temperature applications in power generation industry, M-ERA.NET,
NCBiR (M-ERA.NET.2.4249). Okres realizacji: 10.2017 - 10.2020
Nowoczesne, zawierajgce grafen, kompozyty na bazie miedzi i srebra

przeznaczone dla przemyslu energetyvceznego i elektronicznego GRAMCOM,



GRAF-TECH, NCBiR (GRAF-TECH/NCBR/10/29/2013). Okres rcalizacp: 2013
2016

. Antimikrobicll, osteoinduktiv, himokompatibel - Anwendungsorientierte

Gestaltung von hochleistungskeramischen Oberflichen durch Immobilisierung
von Graphenoxid-Nanoflocken, ECR; RWTH Aachen (Contract No. OPSF456).
Okres realizacyi: 08.2018 - 07.2019

. Nanostrukturalne pokrycia barier cieplnych na wirujace i nieruchome elementy

turbin gazowych, POIR, NCBiR (POIR.01.01.01-00-0921/16). Okrcs rcalizac)i:
02.2017 -01.2020

. Wykorzystanie materialow i konstrukcji inteligentnych do opracowania

koncepcji i wykonania innowacyjnego systemu lozyskowania wirnikow
mikroturbin energetycznych, POIG, NCBiR (POI1G.01.03.01-00-027/08). Okres
realizacyi: 01.2010  12.2013.

Projekty badawcze realizowane przed uzyskaniem stopnia doktora

Pelniona funkcja: wykonawca, zrealizowane

l.

to

Wysokotemperaturowy segmentowy modul termoelektryvczny, projekt

promotorski, KBN (2627/B/1T02/2011/40). Okres realizacji: 03.2011 —03.2013

. Badania termodynamiczne odzysku odpadowej energii gazéow spalinowych

z uzyciem generatora TEG, OPUS, NCN (UMO-2011/01/B/ST8/07241). Okres

rcalizacji: 12.2011 - 12.2013

. Badania ewolucji wlasnosci cieplnych i strukturalnych paliw stalych w procesie

spalania, OPUS, NCN (UMO-4579/B/T02/2011/40). Okres rcalizacji: 2011 - 2013
High-efficiency segmented thermoelectric element for automotive applications,
Honda Initiation Grant Europe (project no: 6100105). Okres recahizacji: 2010 —
2011

. Opracowanie wysokotemperaturowych materialéw termoeclektrycznych do

zastosowan w motoryzacji, KBN (N N507 449737). Okres realizacji: 2009 — 2011
Investigation of novel compositc materials to be used as components of
thermoelectric generators for the conversion of renewable energy, Mechanizm
Finansowy Europejskiego Obszaru Gospodarczego oraz Norweski Mechanizm
Finansowy (projekt PL 0089-SGE-00104— E-V2- EEG). Okres realizacyi: 2007 —
2010

I
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7. Poprawa

ckologicznvch  wlasciwosci  spalinowych zespolow  napedowych

z zastosowaniem generatorow termoelektrycznych, KBN (Nr 4 T12D 025 30).

Okres realizacji: 2006 — 2007

8. Otrzymywanie i charakterystyka zwigzkow z grupy skutterudytow jako

materialow do generatorow termoclektrycznych, KBN (Nr 4 T08D 030 24). Okres
realizacyi: 2003 — 2005.

10. Wykaz czlonkostwa w mi¢dzynarodowych lub krajowych organizacjach

i towarzystwach naukowyvch wraz z informacjq o pelnionych funkcjach.

Po uzyskaniu stopnia doktora

+ Od 2022 r. czlonck Polskiego Towarzvstwa Mechaniki Teoretveznej i Stosowanej

(PTMTS)

e Od 2008 r. czlonck Polskiego Towarzyvsnva Prozniowego (PTP)

« Od 2007

r. czlonck stowarzyszen mig¢dzynarodowych zrzeszajacych  osoby

zajmujace sig termoclektrycznoscia /CT International Thermoelectric Sociery oraz,

ECT European Thermoelectric Society.

Przed uzyskaniem stopnia doktora

* W latach 2004 - 2012 czionek kola naukowego Nucleus Wydzialu Inzynmiern

Matceriatlowe) 1 Ceramiki AGH w Krakowic

« W Jatach

2007 2012 czlonek Sekcji Studenckiej Polskiego Towarzvsmwa

Chemicznego.

11. Wykaz stazy w instytucjach naukowych lub artystycznych, w tym zagranicznych,

z podaniem miejsca, terminu, czasu trwania stazu i jego charakteru.

Krajowe i zagraniczne staie po uzyskaniu stopnia doktora

10.2014-06.2017

Politechnika Warszawska, Wydzial Inzynicrii Matcrialowejh
odbylem krajowy staz po uzyskaniu stopma naukowego doktora
(POSTDOC), w ramach ktorcgo kicrowalem projektem naukowym pt.
Poznanie mechanizmu powstawania nanomaterialow
termoelektrveznyeh — w metodzie  plazmy  impulsowej w  cieczy
finansowanym w  ramach konkursu  FUGA (NCN) (UMO-

- 2014/12/S/ST8/00582).




06-27.03.2015

Warszawski Uniwersytet Medyczny. ukonczylem szkolenic 7 zakresu
wspolpracy naukowcow 7z przedsigbiorcami  Idea 2 Business
realizowancgo  w ramach  projektu  BASTION  From  Basic  to
Translational Research in Oncology.

12.2018-02.2019

RWTH Aachen University, Institute of Mineral Engineering
(Akwizgran, Niemcy) gdzic odbylem zagraniczny staz naukowy,
w ramach realizowanego projecktu SONATA (NCN), ktorego celem
bylo rozszerzenie zakresu wspolpracy w  dziedzinie materialow
termoelektrycznych  do konwersji  energii oraz - przygotowanie
wstepnych badan do projektu naukowego dotyczacego wykorzystania
monokrysztatow  SiC 1 grafenu  platkowego  do  zastosowan
biomedycznych.

10.2021-09.2023

Politechnika Warszawska, Wydzial Inzynierii Materialowej
krajowy staz naukowy finansowany w ramach Projcktu . Inicjatywa
Doskonatosci — Uczelnia Badawceza™ w ktorym bylem giownym
wykonawca projektu pt. Zbadanie wphwu warunkow otrzymywania na
mikrostrukture i wlasciwosci mechaniczne materialow konstrukevinveh
na  bazie  ttanu,  wvowarzanvch  nowoczesnymi - technikami

provrostowvmi: natryvskiwania cieplnego zimmym gazem (Cold Spray)

i seleknnwnego przetapiania laserowego (Selective Laser Melting).

Krajowe i zagraniczne staie przed uzyskaniem stopnia doktora

Wyzsza Szkola Oficerska Sil Powietrznych w Dcblinie. gdzic

07-08.2006 ukonczytem Kurs Szkolenia Rezerw.

09.2006  Huta Szkla PILKINGTON POLSKA Sp. Z.0.0” w Sandomierzu.
edzic odbylem staz technologiczny.

04.2008 A.kadcmija G'(')rniczo-H'utfliczcj im. St. Staszica.w Krakowie, wraz

04.2010 7 instytucjami partnerskimi, uczestniczytem w V i VI Szkole Analizy

Termiczney.

12. Wykaz czlonkostwa w komitetach redakcyjnych i radach naukowych czasopism

wraz z

informacja o pelnionych funkcjach (np. redaktora naczelnego,

przewodniczacego rady naukowej, itp.).

e Redaktor specjalnego wydanmia Functional Muaterials Sintered by FAST/SPS - From

Research to Industin dla czasopisma z histy JCR Materials (05.2023 — 05.2024)

13. Wykaz recenzowanych prac naukowych lub artystycznych, w szezegolnosci

publikowanych w czasopismach mig¢dzynarodowych.



Lista zrecenzowanych, w ramach moje) dotychczasowej pracy naukowe), artykulow

w czasopismach (w tym indeksowanych na hscie JCR) zostala przedstawiona ponize;j.

Liczb
Lp. Czasopismo ISSN IF rezva Rok
recenzji
l. Materials Letters 0167-577X | 3.574 1 2023
2. Svathetic Metals 0379-6779 5.5 4 2019-2020
3. Journal of Electronic Materials 0361-5235 | 2.047 2 2018-2020
Archives of Metallurgy ¢
n {rchives of Ic{a//u:b_\ and 17333490 | 0.663 | 2020
Muterials
5. Marerials Today: Proceedings 2214-7853 - 1 2020
6. | Journal of Alloys and Compounds | 0925-8388 | 6.371 1 2019
: Saudi Chemic ,
7 Journal Q/, (ll.la'l Chemical 1319-6103 | 4.712 | 2018
Society
Q High Temperature Materials and 21910324 | 1.121 I 2018
Processes
9. Journal Q/‘Ph_\Es-:ic.s.and Chemistry 00273697 | 4383 , 2016-2017
of Solids
10, s\lelu//u‘rkg{\.‘ undAf'mmd/j‘ 3300-8377 ) | 2016
Engineering
14. Wykaz uczestnictwa w programach europejskich lub innych programach
mi¢dzynarodowych.
15. Wykaz udzialu w zespolach badawczych, realizujacych projekty inne niz okreslone

16.

w pkt. 11.9.
Wykaz uczestnictwa w zespolach oceniajacych wnioski o finansowanie badan,
whnioski o przyznanie nagrod naukowych, wnioski w innych konkursach majacych
charakter naukowy lub dydaktyvczny.
Od 2021 uczestniczg w zespolach konkursowych przy zatrudnianiu pracownikow
ctatowych 1 stypendystow pronu badawezego w Instytucie Lukasiewicz - IMIF.
0Od 2021 uczestniczg w zespolach ocemajacych wnioski o finansowanic badan na
zlecenie Fundacji na Rzecz Nauki Polskie)
Od 2018 uczestneze w zespolach oceniajacych wnioski o finansowanie badan na
zlecenie Narodowego Centrum Nauki
W latach 2014 — 2019 uczestniczylem w zespole oceniajacym projekty statutowe

w Instytucic Technologit Materiatow Elcktronicznych ITME.

t9
N



1HI.  WSPOLPRACA A OTOCZENIEM SPOLECZNYM
1 GOSPODARCZYM

Wykaz dorobku technologicznego.

2. Wspolpraca z sektorem gospodarczym.

1

2

. Wsierpniu 2018 roku powolana zostala spotka technologiczna S4Mat sp. 7 0.0., ktore)

jestem zalozycielem, glownym udzialowcem oraz petnig funkcejg prezesa. W ramach
poczatkowe] dziatalnoser firma miala prowadzic dzialalnos¢ zwigzang 7z masowy
produkcja materiatlow termoclektryeznych a w 2020 r. otrzymala dofinasowanic na
realizacje  projektu  pt. Opracowanie technologii wyhwarzania — innowacyinveh
materialow termoelektrveznveh sluzgeveh do konwersji energii 7z Mazowiceckie)
Jednostkt Wdrazania Programow Unijnych. Jednak ze wzgledu na rozpoczgcie sig
rownolegle pandemn oraz brak mozliwosci pozyskania inwcestora projckt musial
zosta¢ zakonczony w 2021 r. Od tego czasu, prowadzona prze mnic spotka zajmuje
si¢ wykonywaniem ustugi 7z zakresu inzyniern, budowa prototypowe) aparatury
pomiarowej oraz specjalistycznym doradztwem technicznym. Ostatnie wazne zlecenie
dotyczyto zaprojektowania 1 zbudowania Sondy do powierzchniowego pomiaru

rezvsnwnosci elektinveznej.

. W marcu 2023 roku powolana zostala spotka technologiczna Polska Krewetka sp.

7 0.0., ktorcj jestem zatozyciclem. gtownym udziatowcem oraz czlonkicm zarzadu.
Prace nieformalne nad utworzeniem tego startupu rozpocz¢hsmy ze wspolnikiem w
marcu 2022. Zbudowatem specjalistyczne laboratorium. stworzylem m.in. systemy
napowietrzania. filtracji 1 monitorowania parametrow wody procesowej 7 rozwinigty
flora bakteryjng. W sierpniu uruchomilismy pierwsza w Polsce hodowlg krewetki
biatonogiej. w technologn ,biofloc™ do celow spozywezych. Obecnie po osiggnigeiu
proof of concept oraz po zgromadzaniu niezb¢dnego know-how, rozpocezglismy proces

pozyskiwania inwestorow, w celu przeskalowania produkceji na skalg przemystowy.
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3.

Wykaz
1

2

3

4.

4.

S.

Wykaz uzyskanych praw wlasnosci przemyslowej, w tym uzyskanych patentow

krajowych lub mi¢dzynarodowych.

uzyskanych patentow

. R. Zybala, K. Kaszyca. R. Zichnski, M. Schmidt, M. Chmielewski, M. Kruszewski,
L. Cupinski. K. Pietrzak, Sposob wynwarzania  modulow  termoelektrveznyveh
w jednoetapowym procesie lgczenia elementow przoy wykorsystaniu techniki spiekania
nvpu FASTSPS i urzgdzenie realizujgce ten sposob. Urzad Patentowy Rzeczpospolite)
Polskiej. data zgloszenmia 27.11.2018, nr patentu PL239106 (B1), data udziclenia
patentu 08.11.2021

. K. Wojciechowski, R. Zybala, M. Schmidt, Urzgdzenie do wyznaczania charaktervsnk

modulu termoelektrveznego, Urzad  Patentowy  Rrzeczpospolite)  Polskie),  data

zgloszenia 14.06.2010, nr patentu PL217331 (B1), data udziclenia patentu 31.07.2014

K. Wojctechowski. R. Zybata. R. Mama., Hyvrzumia magnetronowa, Urzad Patentowy

Rzeczpospolite) Polskiej, data zgltoszenia 28.10.2010, nr patentu PL218274 (B1). data

udziclenia patentu 31.10.2014

K. Wojciechowski, M. Schmidt, R. Zybala. Sposob pomiaru wspolczyanika Seebecka,

Urzad Patentowy Rzeczpospolitey Polskiej, data zgloszenia 29.11.2010. nr patentu

PL218266 (B1). data udzielenia patentu 31.10.2014.

Wykaz wdrozonych technologii
Wykaz wykonanych ckspertyz lub innych opracowan wykonanych na zaméwicnie

instytucji publicznych lub przedsi¢biorcow.

W ramach wspolpracy z przemystem bylem glownym wykonawca ustug (ckspertyz)

1 projcktow B+R we wspolpracy 7 takimi przedsigbiorstwami jak:

Po uzyskaniu stopnia doktora

AlIC S.A. (wspolpracujg Jako ckspert na rzecz projektu Opracowanie oraz wdrozenie
wymiennika ciepla = warsnvg termoelektivezng  zdolnego do  produkcji energii
elektiveznej = ciepla odpadowego przez Spotke A1C S..1., 2023)

SEFACO S.A. (realizowalem projekt pt. /nnovative Ni-Cr-Re coating with enhanced
corrosion and erosion resistance for high temperature applications in power
generation indusuy, 2016 — 2020)

Galactic sp. z 0.0. (w ramach projektu pt. Nanostrukturalne pokrycia barier cieplnvch

na wirujgce i nieruchome elementy turbin gazowyvch, 01.2018-06.2018 realizowalem
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umowg, w ramach ktorcj bylem odpowicdzialny za dobor wyposazenia dziatu
badawczo rozwojowego, w  prototypowe urzadzenie do prob 1 badan zmian
mortologicznych nanostruktur w prasic HIP)

e Novago sp. 7 0.0. (kicrowalem projektem pt. Innowacyjne moduly termoelektivezne
do konwersji energii. 2015 2018).

Przed uzyskaniem stopnia doktora

e Holduct sp. z 0.0. (recalizowalem projekt pt. Prototvp generatora termoelektiveznego
do odz=vsku ciepla ze spalin, 2012 - 2013)

e Honda europejski oddzial B+R (realizowalem projekt pt. High-efficiency segmented
thermoelectric element for automotive applications, 2010 - 2011)

e Sasol Technology Ltd. (realizowalem ckspertyz¢ badawczg pt. Investigations of

thermal properties of carbon. 2009).

6. Wykaz udzialu w zespolach eksperckich lub konkursowych.

e W 2019 roku uczestniczylem w zespole cksperckim zajmujacym si¢ projektem
SMART  PANEL - badania  jakosciowe i analizv  na  potrzeby  Procesu
Przedsi¢biorczego Odknwania, ktory byt elementem projektu Monitoring Krajowej
Inteligentnej Specjalizacji, Programu Operacyinego Inteligeniny Rozwoj 2014 2020,
rcalizowancgo przez Ministerstwo Przedsigbiorczosci 1 Technologii w partnerstwic
7z Polska Agencja Rozwoju  Przedsigbiorczosct (PARP). Celem projektu  bylo
stworzenie 1 wdrozenie systemu monitorowanta i ewaluacji Krajowych Inteligentnych
Specjalizacy (KIS).

e W latach 2017 - 2019 bytem czlonkiem zespolu ekspertow 7 zakresu inzyniern
matcrialowe) dla Warszawskiego Akceleratora dla Startupow  Technologicznyveh

WA ac.

7. Wykaz projektow artystveznych realizowanych ze Srodowiskami poza
artystycznymi.



IV. DANE NAUKOMETRYCZNE

1. Impact Factor (w dziedzinach i dyscyplinach, w ktérvch parametr ten jest
powszechnie uzywany jako wskaznik naukometryczny).
Sumaryczny Impact Factor 127,574
2. Liczba cvtowan publikacji wnioskodawcy, z oddzielnym uwzglednieniem
autocytowan.
Cytowania wg bazy ogolem bez autocytowan
Web of Science 752 647
Scopus 814 705
Google Scholar 1098 954
3. Indeks Hirscha.
Baza indeks Hirscha
“Web of Science 17 |
Scopus 17
Google Scholar 20 |
4. Informacja o liczbie punktow MEN
Sumaryczna liczba punktow MEN 2805
o

(podpis wnioskodawcy)
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1. Introduction

Thermoclectric materials (GeTe) g ((AgSOTe )y or TAGS, are known materials tor middle-temperature range
applications, because of their very good electrical and thermal properties. A Gele-based I'AGS material exhibits
high thermal and electrical conductivity but its Seebeck coetficient is too low and can be optimized by optimal
doping. One of the methods to decrease thermal conductivity is nano-structurization by introducing nano
AgsSbTe: inclusions into the matrix, however. that will also interfere with other thermoelectric properties. The
influence of AgShSes addition on thermoclectric propertics was analvsed. For the purpose of this work AgShSe,,
AgSbTe:. Gele and compositions (GeTe)z(AgSbTe ), (AgShse: ), was synthesised, where x v 25and v (0,
0.26; 0.51, 1.25, 6.25). This paper describes the preparation and thermoelectric properties of materials,
consolidated by rapid Spark Plasma Sintering (SPS). For optimally doped TAGS-75 with the addition of AgSbSe.
(v 1.25), the stabilization of the cubic structure was obtained. an increase of Seebeck coetficient by about 50,
(from 50 to 100 pVK ' at 325 K), thermal conductivity decrease by 20%: (from 1.2 10 0.95 Wm 'K Tat 325 K),
electrical conductivity decrease by about 50% (1.8 - 10" to 9 - 10* Sm '). Finally, the thermoelectric figure
dimensionless of merit ZT increased by about 400 (323 625 K) and its maximum value reached ZT 1.2 (a0 625
K) for optimally doped matenal, while 0.7 at 625 K for undoped T'AGS-75.

thermoelectric dimensionless figure of merit can be written as

Thermoelectric materials can be used for direct energy conversion
from heat into electricity. The maximization of energy conversion can be
obtained by tuning the ZT parameter that is derived from the material's
physical properties like the Seebeck coefficient, electrical and thermal
conductivities. Optimized thermoelectric materials (TE) can be used for
direct energy conversion from heat into electricity in thermoelectric
generators (TEG). The generators can be used for clean energy supply
and waste heat energy harvesting. High-efficiency TEGs and TEMs
(Thermoelectric Module - Peltier Module) may differ, especially in terms
of construction and material compositions. depending on the opera-
tional temperature Generally, TEG should work with high-
temperature gradients . The efficiency of the conversion process
in such a module depends on the Carnot cycle efficiency and material
propertics, described by the thermoelectric figure-of-merit (Z1) that
indirectly informs about module efficiency. The ZT parameter is derived
from the electrical conductivity. (n), Seebeck coefficient, (i), thermal
conductivity, (4), and thermodynamic temperature (7). The

E-mail address:

70 aams (1)

To enhance this parameter, it is necessary to increase the Seebeck
coefficient and electrie conductivity and reduce the thermal conduc-
tivity of the TE material. Unfortunately, these material properties are
interdependent . Thus, a viable strategy for maximizing ZT may
consist of the initial minimization of the lattice thermal conductivity |
e.g. by material nano structurization that increases phonon scat-
tering, followed by minimization of the power factor (Pf Fom) by
controlling chemistry and optimal doping. For a wide range of appli-
cations, a bulk thermoelectric material with low lattice thermal con-
ductivity and a high power factor is needed. To meet this need,
modification of the material in the atomic. nano- and mesoscale
is necessary. To satisfy this approach a significant portion of phonons
should be scattered on lattice imperfections and grain boundaries to
decrease thermal conductivity. Additionally, in the nanoscale. the
thermoclectric properties may be improved by the creation of super-
lattices, quantum dots, nanowires and nanocomposites

Received 9 July 2020; Received in revised furm 12 October 2020; Accepted 15 October 2020

0379-6779. ¢ 2020 Elsevier B.V. All rights reserved.
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Thermoelectric parameters of GeTe are presented in where
influence on thermoelectric properties is described by a phase change
occurring in the material. The theoretical calculations describing rock
salt-rhombohedra structural phase transition of GeTe are given in
Measurcments revealed that the transition takes place at 625 K. Below
this temperature the rhombohedral and above this temperature the rock-
salt structures are stable. Measurements reported in show that the
structure of germanium telluride can be assigned to the rhombohedral
lattice. The transition can be also induced by increasing pressure. Under
pressure 6.1 GPa, the XRD reflections (220) and (202) merges into a
single peak indicating transformation to NaCl structure. GeTe has a
typical crystal structure of R3m in atmospheric ambient conditions. The
latest theoretical calculations predict that there are four possible crystal
structures identified as R3m. P1, Cm, and Fm3m . These structures
may coexist at room temperature and are correlated with changes in
resistivity at high temperatures. Grain boundary morphologies.
including twin and small-angle grain boundaries, are ubiquitous in
TAGS materials and are self-induced from the polymorphic phase
transtormation from Fm3m at high temperatures to R3m at low tem-
peratures . The calculations of GeTe thermoelectric properties
dependence on the structure show that the cubic phase has a higher
Seebeck coefficient.

The AgShSe, and AgSbhTe; thermoelectric materials are isostructural
and at room temperature have face-centred cubic NaCl-type structure

. These are good thermoelectric materials, because of low thermal
conductivity. AgSbTe. has tendency to decompose into Ag,Te and
Sb.Tey below 360 C . Additionally, Ag.Te undergoes - phase
transition. Created alloy between PbTe and GeTe
materials for middle-temperature range applications.

are promising

2. Experimental
2.1. Preparation of the materials

For the synthesis, powdered high purity clements (99.99%) were
used in amounts corresponding to the stoichiometric composition of the
compound. The synthesis took place in a two-step process. Firstly, the
substrates were mixed in a mechanical mortar grinder and synthesised in
evacuated (P, =1 - 10 “mbar) tight quartz ampoules. At the end of the
first synthesis step, the ingots were ground in an agate mortar. From a
part of such obtained powder. 5 samples: 1x AgSbSex (R1), 2x AgShTe:
(R2 and R3) and 2x GeTe (R4 and R5) were prepared and denoted as
“reference materials™ - (R). The rest of the powder and GeTe, AgSbTe,
and AgShSe, prepared earlier were used for the second stage process
where another 5 samples were fabricated denoted as “main materials~ -
(TAGSS) of the composition TAGSS (GeTe)rs(AgShTe:),(AgSbSe:),
where (x - y) 25 and y (0: 0.26: 0.51: 1.25; 6.25). The mixtures
with proper composition to obtain TAGSS were placed in a closed quartz,
ampoule again for the main synthesis. The parameters of the synthesis
processes are given in

Atter synthesis, the materials were milled again and the prepared
powder was placed in a graphite die for the sintering process under
vacuum. The powders were consolidated by the spark plasma sintering
(SPS) technique to obtain bulk samples. Parameters of all sin-
tering processes are given in

Table 1
Synthesis parameters for (R) and (TAGSS) materials.

R synthesis TAGSS synthesis

1) RT - 150 ¢ heating - 30 ¢ ‘mun RT - 75030 € mn

2) 150 750 Cheating 5 € mn 750 800 5 C.omin

3750 € maintained 4 h (rocking 800D € maintained 1 h (rocking
furnace) furnisce)

4) 750 ¢RI ifree cooling) 800 € RI{free cooling)

Table 2
The sintering parameters for SPS process for (R} and (TAGSS) materials,

Symrhetic Mewds 270 (2020) 116606

SPS AgShSe . and AgSbTe.
(R1. R2. R3)

SPS Gele (R4, RS}

SPS TAGSS {Gele)-,
tAgShTes), (AgShSe i,

1VRT - 150-100 ¢ -nun

21150 € maintained
10 mn then pressed
50 MPa

31150 410 50 C min

RI'- 150-100 ¢ .y

150 C  maintained
10 min then pressed
50 Mba

150 550 50 ¢ min

R1 - 150 C

100 Coin

150 C  maintamed
10 min then pressed
50 MPa

1500 450
I

2

50 Cmin
550-600-10 € min 450-500 €
10 Cmin !
500 C maintained

41 410-430-10 Conun
51430 € maintained 600 € maintained

5 mun then pressure 5 min then proessure 5 min then pressure
released
500 € RT (tree

coohng)

released
600 € RT itree caaling)

refeised
61430 340 100 C -min

71340-200-5 C ‘nun
B) 200 C - RI' - (free
coaling)

2.2, Characterization of the materials

The structural and microstructural analyses of the powders and
sinters at every step of the experiment were performed using an X-ray
diffractometer (Bruker D8 Advance) and scanning electron microscope
(SEM) equipped with energy dispersive spectrometer (FDX) (CrossBean
Auriga, Carl Zeiss setup). For the SEM observations, the metallographic
section was prepared by first embedding the samples in epoxy resin and
later polishing them with a diamond paste.

The electrical conductivity and the Seebeck coefficient of all of the
samples were measured using the standard 4-wire method. The Seebeck
coefficient was calculated from the Seebeck voltage measurement in the
temperature gradient (SeebTest-PESS). The thermal conductivity of all
materials was determined using the laser flash method (LFA 457-
NETZSCH).

For the LFA method. total thermal conductivity was calculated using
the equation:

s Copa (2)
where: €, - is specific heat |Jkg 'K g
thermal diffusivity (m?s '}.

The specific heat values were taken from Dulong-Petit law and their
values were in line with literature data.

‘The clectronic part of thermal conductivity was calculated from the
wicdemann-Franz law that denotes the electronic thermal conductivity
(44} with temperature (1) and electrical conductivity (s) and Lorenz
number (L) by the equation:

is density [kgm ?), a is

s, LT (3)

where:i, - electronic part of thermal conductivity [Wm KL -
lLorenz number [WQK |, T - temperature |K}, 4 - electrical conduc-
tvity [Sm ']

As lLorenz number L assumes different values, depending on
reduced Fermi energy " scattering factor “r” and Fermi-Dirac integral
“.#, ()" that cannot be resolved analytically
the electrical part ot thermal conductivity, the Lorenz number was taken
from literature. For AgSbSe, and AgSbTe, was used L= 0.7Ly value
equal 1.7 - 10 ® WOK * . for TAGS-75 was used L. 2.0 - 10 °
WOK ° for GeTe the L values from 2.3 - 10 *(300K) 1o
1.9 - 10 ¥ (600 K) from the work

, for the calculation of

3. Results

The reference materials R are: AgSbSe, denoted as R1, AgSbTe,
denoted as R2 and R3 as well as Ge'Te denoted as R4 and R5. The main



R Zybala
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th) sinters

R4 (GeTe)
=
‘g‘ R3 (AgSbTe.)
g :
£ -
R1 (AgSbSe,)
. ‘ i . Y §
20 w4 s e "% "8

2Theta [deg]

Fig. 1. XRD patterns for R1-RS maternials: (a) as synthesized poswders, and (b) SPS sinters.

materials “TAGSS™ are: TAGSS[000] for y 0, TAGSS[026] for
y 0.26; TAGSS[051] for y 0.51; TAGSS[125] for y 1.25 and
TAGSS[625] for y  6.25 where the (y) is the amount of AgSbSes in
(GeTe)rs(AgSbTes ) (AgSbSe, ), where (x - y)  25.

3.1. XRD analysis

The XRD diffraction patterns for R1-R5S materials are presented in
. The patterns are for synthesised powders are plotted in a
and those for sinters after SPS process are shown in b. R1 sample
(pure AgSbSc:) XRD peaks correspond to the NaCl-type cubic structure
with Fm3m space group. Because of the higher lattice parameter, R2
displays the same structure but shifted peaks concerning the sample R1.
There are also small peaks corresponding to Ag.Te phase ( b). The
peak at 20 = 31.5 for Rl in b is identified as Se and the Se peak is
much smaller than Ag.Te or Sb;Te peak. Sample R4 shows a rhombo-
hedral structure with R3m space group with dominating GeTe phase
over a small amount of pure Ge. In sample R5 the signal from Ge phase is
even weaker.
SPS sinter of R1 shows the same crystallographic structure as for

() /)unz/c’l'.\‘

- TAGSS(625]
T ] = = ~
> | ‘ TAGSS[125]
é
£ i TAGSS[051}
' ' TAGSS(026]
l J —— TAGSS[000]
20 JT C -=TC 5‘0 t.vY 3 7’0 BO

2Theta [deq])

powder. but the peaks are more asymmetric and some Sc phase peaks
are visible. SPS sinter of R3 exhibits diffraction pattern much different to
powder sample. The main constituents can be assigned to Ag.Te and
SbhrTe phases. XRD for sintered R4 sample looks similar to the powder
one, with a dominating Ge'Te rhombohedral phase and a small amount of
pure Ge.
a and b shows the XRD results for TAGSS materials. Again, the
XRD diffraction patterns for powders after svnthesis (a) and samples
after SPS sintering process (b) are presented. The patterns for all TAGSS
samples look similar. In powders and sinters the dominating phase is
cubic (Ge. Sh)Te. but it may also be a solid solution (Ge, Sb. Ag)Te. The
second phase is cubic AgsGeTeg. In samples after the SPS process, the
same phases prevail, but the peaks are smaller and broader. especially
for TAGSS[000] and TAGSS[026] samples, that may indicate the pres-
ence of some nanocrystalline phases. There is no visible split of the (220)
peak, as in . however, the peaks have asymmetric shape and are
broader.
Sintered samples real density measured by the Archimedes method
in wiiter and theoretical one calculated from XRD are presented in

th) sinters

W TAGSS[625)
] y ; :
- l ——TAGSS[125)
> , ' ' . ! .
z el ,
c
I} TAGSS[051]
= !
- TAGSS([026)
_ A . —— TAGSS[000)
25 3TC JYC 'jo (%] i ?TO 80

2Theta [deg)

Fig. 2. XRD patterns for TAGSS materials: (a) as synthesized powders, and (b) SPS sinters.
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Table 3
Estimated lattice parameters from XRD patterns and measured density for R and
TAGSS materials.

Material Lattice parameter [A] Density (g XRD density (¢

cm’] e
R (Fmi3im) a 5792 - 0.001 6.61 - 0.02 6.62 (997 %)
R2 (Fmim) a o 6.079 - 0.001 7.03 - 0.02 77 (981
R5 ¢R3m) a  4dleb, 6.16 . 0.01 6.22 (98.9)
¢ 10671 0001

FAGSS[000] 646 - 0.02

Fm3m)
TAGSS[026] - 6,47 - 0.03 -

iFm3m)
TAGSS[051] - 648 - 0.0 -

1Fm3mn)
TAGSS|125] 6,54 - 0.01

iFm3m)
FAGSS[625] 6.47 - 0.02

1Fm3m)

Densities of all SPS sintered samples were in the range 98.1° 99.7% of
theoretical density calculated from XRD diffraction patterns. The
measured density of all TAGSS samples is the same within the mea-
surements error. These densities are also high but they are not compared
to theoretical values, due to the asymmetric shape of the diffraction
pattern and the multiphase or amorphous nature of these samples.

3.2. SEM microstructure observation

SEM images for R materials are presented in the picture . Rl
sintered material is homogeneous with a small number of inclusions and
without porosity. R3 sinter is inhomogeneous with AgSbTes as main
phase and impurities corresponding to Ag>Te and SbyTe; but all these
phases are far from stoichiometry. Amount of impurities allowed to
identify then using EDS analysis but was not sufficient for XRD identi-
fication. Similar observations are reported by Du et al. in the publication
describing Sc-doped p-type AgSbTe, thermoelectric compound
Impurities are located at grain boundaries, and the material is without
porosity. For RS GeTe can be seen as the main phase with impurities of
pure Ge and GeO located at grains boundaries.

SEM images for TAGSS materials are presented in : . For all
TAGSS samples, the same microstructure can be seen containing big
grains of GeTe solution with AgSbhTe, and impurities at grain boundaries

Symrhetic Mewds 270 (2020) 116606

consisting of nonstoichiometric Ag,Te, SbyTe and inclusions of pure Ge
and GeO (¢ ). The selenium dopant is located in the main phase and
cannot be found in impurities { .

Conducted SEM/EDS study determined the multiphase structure of
obtained samples. There are impurities identitied within GeTe phase (Ge
and GeO). Selenium is equally distributed. There are areas of AgTe
occurrence. Despite the multiphase composition and impurities occur-
rence the material was studied for it’s thermoelectric properties.

3.3. Electrical properties

The Seebeck coefficient, «, for R and TAGSS is presented in a
and b, respectively. The Seebeck coefficient for R samples in the
measured temperature range (325-575 K) and TAGSS (325-625K) is
positive. The measurement errors were low, in the range 1-6 nVK ', and
are not presented in the graphs for clarity, The R1 possess the highest
Seebeck coefficient in comparison to other samples and measured tem-
perature range exhibits 320-350uVK '. Samples R2 and R3 exhibit
similar values of Seebeck coefficient, that in both cases monotonically
increase with temperature from 80 to 160 pVK ! at 325 and 575K,
respectively. Samples R4 and RS have Seebeck coefficient monotonically
increasing with temperature but for R4 the values range from 30 to 80
BVK ' whereas R5 values are higher by about the 20 pVK ! Jor all
measured points. TAGSS materials the Seebeck coefficient mono-
tonically increases with temperature. TAGSS[000] values range from 50
to 100 pVK ' at 325 and 625 K, respectively. A small addition of Se in
the TAGSS[026] rises these values by about 15 pVK ' The highest in-
crease was noticed for TAGSS[051] for which the values change with
temperature from 100 to 160 pVK ! TAGSS[125] shows the same
values and dependency as TAGSS[051] within the measurements crror.
Even higher Se content in TAGSS(625] brings the drop of the Seebeck
coefficient of about 15 pVK 1 compared to TAGSS[51].

The electrical conductivity. , for R and TAGSS series are presented
in . a and b, respectively. The clectrical conductivity of R1 in-
creases with temperature. For the rest of R samples, electrical conduc-
tivity decreases with temperature indicating metallic character of
conductance. Samples R2 and R3 show similar dependencies and values
that are in the range of measurements error. The electrical conductivity
of R4 and R5 show significant differences, with R4 values about one
order of magnitude higher than that of R5. Thesc differences should be
attributed to differences in phase compositions and higher content of

Fig. 3. SEM images of metallographic section for sinters: (a) R1, (b) R3, (¢) R5.
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Fig. 6. SEM and EDS mapping of TAGSS[051) material after sintering.
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metallic Ge in R4.

For all TAGSS samples, electrical conductivity decreases with tem-
perature, but for TAGSS[051] the change is insignificant. TAGSS[{000]
electrical conductivity decreases from 1.8 - 10° (325K) to 1.2 - 10°
(625) Sm . The electrical conductivity of TAGSS[026] is almost two
times lower, and the value for TAGSS [051] is the lowest. Further in-
crease of Se content leads to the increase of electrical conductivity, but
the values for TAGSS[125] and TAGSS[625] are still lower than that of
TAGSS[026] or TAGSS[000]. Additionally, all samples display hystere-
sis that occurs during measurements, that may be explained with
possible phase composition instability. Similar temperature instability
was confirmed and described in the publication
3.4. Thermal properties

presents values of thermal conductivity, 4, for R (a) and
TAGSS materials (b). At room temperature for R materials, thermal

th)
175 T v T T T T T p
+ TAGSS[125) <« TAGSS[625)
- M : .' v . )
x . 5 .
> [
f 126 4 ] s ’ . p
€ M : : : Y .
8 W . - 4 * * ) . . h
= - LN . . . )
S . .
() . L)
x 54 . . ] <
3 .
.

% S 4

i + TAGSSI[000] TAGSS([026] TAGSS([051)

' 309 3;o 400 450 55): s;o ] £50

Temperatue T (K]

7. Temperature dependences of Seebeck coetficient for R and TAGSS materials: (a) R1-R5: and (b} TAGSS[000] - TAGSS[625].

conductivity (TC) equals 4.5 for R4, 0.4 for R2 and 0.2 Wm 'K ! for R1.
The TC strongly decreases with temperature for R4, very slightly for R1,
and slightly increases for R2.

The electronic part of TC, /4, was calculated from the using
measured values of electrical conductivity. depicts values of the
electronic part of TC for R (a) and TAGSS materials (b), respectively. The
electronic part of TC increases with temperature for R materials, except
R4 for which a visible decrease and shift to a higher value for the data
recorded during cooling can be seen. At room temperature, the lowest
value of, 2., slightly higher than 0, was noticed for R1, followed by RS
with the value of around 0.1, than R2 and R3 with 0.2 Wm 'K .

3.5. ZT parameter
‘The values of ZT° parameter at the temperature range from 325 to

575 K tofor "R" and 325 - 625 K for "'TAGSS™ materials are presented in
.aand b, respectively. R1 ZT increases monotonically from 0.2 at
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Fig. 11. Temperature dependence of ZT parameter for (al R and (b) TAGSS materials.

300 Kto 1.0 at 575 K. R2 and R3 values increase monotonically from 0.2
at 300 K to 0.7 at 500 K. At 575 K, both samples reach a maximum Z£7T

0.7-0.8 with the 12% difference between them. The R4 and RS exhibit
low ZT" - 0.1 at the measured temperature range.

For all TAGSS samples, there is a visible increase in Z1" value with
temperature. TAGSS[000] ZT value rises from 0.1 at 325K to 0.7 at
625 K. No hysteresis is recorded. TAGSS[026] values are lower. With
further increasing Se content the ZT value increases. TAGSS[125] has
the highest equal to 0.25 at 325 K and almost 1.2 at 625 K. TAGSS[625],
with the highest Se content, displays similar ZT. Additionally, TAGSS
1051] through TAGSS[625] exhibit visible hysteresis.

4. Discussion

The XRD measurements of reference materials revealed that AgSbSe,
and AgSbTe, after synthesis possess NaCl-type cubic with Fm3m space
group without precipitations. After the sintering process, AgSbTe,
decompose into nonstoichiometric phases containing silver with tellu-
rium as well as antimonium with tellurium. These phases can be
assigned to AgoTe and SboTe, respectively. This decomposition process
below 360 C is known from the literature . The GeTe material
possesses a rhombohedral structure with R3m space group. The domi-
nating GeTe rhombohedral phase and a small amount of pure Ge.
Although both samples of GeTe material were synthesised in the same
conditions, R5 has stronger signals from the main phase and the weaker
signal from Ge. Measured densities reach about 98-99%, of theoretical
density calculated from XRD cell parameters. Some properties of refer-
ence materials found in the literature are presented in

The TAGSS materials after synthesis possess NaCl-type cubic structure
in all cases with Fm3m space group. Small amounts of pure Ge that does
not react during the second step of the synthesis can be visible. All dif-
fractograms look similar. The splitting of the (220) peak reported by
others was not observed. Also. the phase transition from high tem-
perature cubic structure to the thombohedral structure was not observed.
The only difference observed is peaks shifting to higher angles with
increasing the Se content. Especially for TAGSS[625]. that indicates that
Se was built into the structure. After the sintering process, materials with
a small amount of Se display smaller and asvmmetric peaks from the main
phase. With increasing the Se content the peaks are larger and shift to
higher angles that indicate that Se remains in the structure.

The SEM abservations of sinters indicate that R1 material is homog-
enous and without visible porosity. The observations for R3 agree with
XRD data and SEM images reveal main AgSbTe; (big grains) phase with
precipitates of Ag)Te (brighter areas) and the areas richer in Sb. In the RS
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Table 4
Parameters of references "R™ materials.
Quantity - Vilue ApsShSen AgShle, Gele
Structure Fm-3m Fm-3m R3m tmim
Mo, densaty 6.64 gom 712 wem ¢ 6.17 gem
Crvst. density 6.60 gem 712 gem ! 5.91 (sg 1600)
6.13 gem Cisg
225)
Volume 129 - 6 GPa 45 . 2GPa 49 : 2GPa
Modulus
Melting pont 636 C 556 C 724 C
Band yap 0.03 eV 0.09 eV 0.1 0.2ev
Band yam {opt EL12eV E, 0.71e\V: 0.73 0.95 oV
mei.) Bl 165V
Resistivity 6.510 " Qm 7010 " am 2410 "Qm
Type of ol poomnsohd, non pooinsohd, p-ivpe
conduct. liquid nin liquid

sample, there are big grains of Ge'Te phase visible with nanosize Ge pre-
cipitations (black arcas). For all TAGSS samples their microstructure looks
similar. Big grains corresponding to Ge'le with dissolved Sb and a small
amount of Ag. There are also visible precipitations of AgyTe (bright areas)
and pure Ge and GeO (black areas). There was no Se in precipitates and
the whole content of selenium was used up in the matrix.

The Seebeck coefficient is positive in the measured temperature
range for all samples. For references samples, the Rl sample has the
highest values of Seebeck coefficient. Two samples (R2 and R3) of
AgShTe; have similar values and behaviour with temperature. There is a
difterence between R4 and RS (both GeTe), and the first displays lower
values, that may be related to higher Ge content visible in the XRD
patterns. All TAGSS materials have the same temperature behaviour, but
the values of Seebeck coefficient are increasing with Se content from
TAGSS[000] to TAGSS[125]. Then a small decrease is visible for higher
Se amount.

The R1 has lowest electrical conductivity which increases with
temperature. R2 and R3 values are comparable and do not change with
temperature. Similar behaviour is observed for the RS sample, which has
much lower values of electrical conductivity than R4. Again, it may be
related to a higher content of pure Ge. For all the TAGSS materials
samples metallic properties show up and the electrical conductivity
decreases with temperature. The sample without selenium possesses the
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highest conductivity. The values increase with Se content from TAGSS
[000] to sample TAGSS[125) and then decreases.

The thermal conductivities of AgSbSe» and AgSbTe, are very low and
at room temperature reach 0.2 and 0.4 Wm 'K ! respectively. These
values are smaller than reported in . It may by the result ot
this way of calculation. in which the thermal conductivity was caleu-
lated from thermal diffusivity assuming thermal capacity taken from
Dulong-Petit law. For TAGSS materials. except TAGSS[026]., the thermal
conductivity decrecases with selenium content. The calculated total
thermal conductivity is also lower than reported in and it may also
be related to the same assumed thermal capacity. The electronic part of
thermal conductivity calculated from Wiedemann-Franz law is quite
large compared to total thermal conductivity, but it may be related to
inadequate Lorenz numbers taken from literature. Nevertheless. the
values for AgSbTe; and AgShSe; are comparable to previeus work
The very high value for R4 may be related to the content of the metallic
phase and very high electrical conductivity. For TAGSS materials the
electronic part of thermal conductivity firstly drastically decreases with
Se content and then increases. For TAGSS]125) and TAGSS[625], the
values are comparable.

The thermoelectric dimensionless figure of merit, ZT, for R1, R2 and
R3 has similar behaviour and comparible values that strongly increase
with temperature. The values of this parameter are comparable to results
presented in . but for pure AgShSe; the ZT parameter is much higher
than in previous work and others’ work . The ZT parameter for
GeTe is very small and the maximum value at 650 K is below 0.2. For
TAGSS materials there is a significant improvement of Z7. For sample,
without selenium, the value reaches 0.75 that is 3 times higher than for
pure GeTe. Adding selenium to the system first decreases the ZT value
(TAGSS[026]), but then improves the properties. Samples TAGSS(125]
and TAGSS[625], exhibited similar values that are about 50% higher
than those of TAGSS{000] (without selenium). The ZT parameter rea-
ches its maximum value of about 1.2 at 625 K (maximum measurement
temperature) and monotonically increases suggesting that the material
can possess cven better properties at higher temperatures. Presented
results are comparable to Z7 values presented in

5. Conclusions

In this work, 5 samples were prepared: R1 - AgSbSe,, R2 and R3 -
AgSbTe; and R4 and R5 made of GeTe. The properties and microstruc-
tures of these samples were evaluated. Then R materials were mixed in
the proper proportions to obtain 5 samples (denoted as TAGSS[XXX]
materials) with compositions TAGSS - (GeTe)rs(AgSbTe ) ((AgSbSex),
where {x - y) 25andy (0:0.26;0.51; 1.25; 6.25). Prepared TAGSS
materials possess cubic NaCl-type structure and their transition to
rhombohedral phase at room temperature was not observed. In XRD
ditfractograms there are small amounts of pure Ge and GeO visible.
Those are also visible in SEM images. There is also a precipitation of
AgoTe phasc visible. The Seebeck of the sintered materials increases
with the Se content. TAGSS[051] Scebeck is e 100 pVK VatRT and is
about two times higher than for the pure material. Further increase of Se
content results in a small decrease of Secheck coefficient. Electrical
conductivity decreases with Se content and for optimal compositions
(¥ — 1.25and 6.25) is two times lower than in the pure sample. Thermal
conductivity decreases except for the first sample and the lowest values
were noticed for TAGSS 625 equal - 0.9 Wm 'K . The electronic part
of thermal conductivity for optimal composition ranges from 0.5 to 0.75
wm ‘'K ', at room temperature and 625 K, respectively. The intro-
duction of Se to the structure leads to a significant improvement in the
7T parameter. The maximum value of ZT equal 1.2 was reached for
TAGSS[125] and that value was 50% higher than for the pure material.
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Abstract. One of the wavs o decrcase thermal conductivity s nano structunzation. Cobalt trintimomide (CoShyy samples with added indiwm or
wellurium were prepared by the direct fusion techmgue trom high purity elements, Ingots were pulvenized and re-compacted to form electrodes.
Then. the pulsed plasma in iqud (PPL)Y method was apphied. Al materials were consohdated using rapid spark plasma simtening (SPS). For
the analysisc methods such as N-rav diftraction tXRID)L scanming electron microscopy (SEMD) and scannimg transmussion electron microscopy
(STEM) wath a Taser flash apparatus (LEA)Y were used. For density measurement. the Archimedes” method was used. Electncal conductivity was
measured using a standard four-wire method. The Seebeek coctticient was caleulated to form measured Seebeck voltage in the sample placed
in g temperature gradient. The preparation method allowed tor obtainmyg CoShe nanomatenial with signiticantly lower thermal conductiviny
(10 m 'K for pure Coshand 3 Wm K

observationst m the powders prepared was about 20 nm. jomed into Targer agglomerates. The Seebeck coetticient. a. was abowt

for the nanostructured sample i room temperature (REY). The wize of ervstallites (trom SEM
200 VK
in the case of both dopants, In and Teon mmcrosized materal and about 400 gVK ! tor the nanomaterial at RT. Tor pure CoSho g was about
150 uVK P and it stood at
v ersion ol the Seebeck cocthivient. there was nomcercase in 2T values and the Z7T tor the nanosized materral wis below 0.02 1 the measured

SO VK T for nanomaternial at RT. In bulk nanomatenal samples: due 1o a decrease i electrical conductiviny and

temperature range. While tor microsized In-doped sample it reached masimum ZT

0.7 1 (6UOK Y.

Kev words: thermoctectric matenals, nanostructured materials, shutteradite, energy harvesting, spark plasma sintering.

1. Introduction

Optimized thermoelectric { TE Y matenals can be used for direct
cnergy conversion from heat into electricity i thermoclectric
generdtors (TEG)Y. The generators can he used tor clean energy
supply and waste heat energy harvesting. High-cfticieney TEGS
and TEMs (Thermoelectric Module = Peltier Moduley may
ditter, especially in terms of material compositions. depend-
ing on the operational temperature. Generally., TEG modules
should work with high-temperature gradients [1-3]. The cthi-
cieney of the conversion process in such a module depends on
the Carnot evcle efticiency and material properties. described

by the thermoelectric tigure-of-merit (21, This ZT parameter

merges clectrnical conductivity. o0 Secbecek coctticient. a. und

thermal conductivity, A. The thermoelectric figure of merit can
- -y A . - . - - -

be written as 7T — -0 -4 1T and ic informs indirectly
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about module efficiencey {4]. To enhance this parameter, it s
necessany to increase the Seebeck coetticient and clectric con-
ductivity and to redace the thermad conductivity of the TE ma-
terial.

Unfortumtely. these material properties are interdepen-
dent |5 Thus. a viable strategy for maximizing Z7T muy consist
in first. minimizing lattice thermal conductivity, ¢.g. by mate-
rial nano structurization that increases phonon scattering, and
then by maximizing the power factor (P, — «° - i through con-
trolhing chenmical composition and optimunt doping. For a wide
range of upphlications, a bulk thermoclectric material with low
lattice thermal conductivity and o high power factor is needed
[6. 7). To meet this need. modification of the material i the
atomic. nano- and mesoscale [8=T0] i~ necessary, A signibi-
cunt portion of phonons should be scattered on lattice imper-
fections and graun boundaries 1o decrease thermal conductin -
iy Inthe nanoscale. it is possible to tune thermoclectric prop-
erties by creating superlattices, quantum dots, nanowires and
nanocomposites [ THL The work pertormed by Yu-Ming Lin
et al. for Bi nanowires indicates that it is possible to obtain a
very high Z7T with wire dimensions between 10 and S nm 2]

12
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The anisotropy of the material can abso be used to tune thermo-
clectrie properties along the desired direction [13, 14

CoSb: v a TE matenial from the skutterudite Tamily that s
Kknown as a narrow band-gap semiconductor with a parabolic
bottom of the conduction bund. Optimally doped matertals from
these groups are state-of-the-art TE materials {15, 16]. For the
purpose of this work, indium and tellurium dopants were cho-
sen; these were reported carhier as mgredients that strongly -
crease the Z7T values of CoSbs [17. 18] The impact of the
pulsed plasma in hiquid (PPL) nano structurization process on
the thermal properties of pure CoShr was analyzed i our pre-
limnary work [19] and show s that 1t is a possible route to strong
reduction in thermal conductivity ot the bulk nimomaterial be-
ing prepared.

In order w prepare nanosized powders: various methods, in-
cluding laser ablation [200 21 flume processing. sapor deposi-
ton. radio frequency and microwave plasma syathesis, plasma
spray syathesis [22,
milling can be used [ 24, 25]0 All of the above-mentioned meth-
ods have therr weaknesses such as productive efficiencs. costs

23] sol-gel processing and mechunical

or energy intensiveness, In this paper. we present state-of-the-
art CoShy [26, 27] thermoelectric material doped by Inand Te
obtained usmg PPL [ 28], The prepared nanopowders were com-
pacted by means of the solid state rapid consohdatnon spark
plasma sintering +SPS) technique [29-31] 1o obtain bulk sam-
ples. The PPL method of powder preparation followed by rapid
SPS densitication could be o highly efticient manner to obtain
bulk nanosized CoSh; thermoclectnie material.

Elcctrical discharges observed in hiquids are corona or
coronu-like discharges. pulsed ares or sparks [32]0 PPL with
low energy discharge can be used 1o obtain metastable phases,
nanoparticles, ete. because of short duration of the pulse dis-
charge and the surrounding dielectric iquid providing tust cool-
mg. A plasma pulse cmerges between electrodes during short
clectrical breakdowns torced by a high electrical tield. The en-
ergy generated can evaporate, melt and activate many ypes
of materials of which the clectrodes are made. concurrently
enabling reaction with o liquid [33,0 34]0 which can also cre-
ate a protective laver on the particles [35-38] Various types
of nanomaterials can also be obtained by changing the hiquid
or clectrodes {37, 390 40). The scheme of the svstem used in
the present study s shown an Frgo Toand s similar to the
apparatus employed by others [34-36. 41, 42]. In our carlier

T - L v‘),,

N U S
Fig. 1. Pulsed plasma m liquid sastom seheme: 103 CoShyoelec-
trodes. 2 pulsed plasmuac 4 discharge contioller, 3 power supply,

6 — sopropyl adcohol, 7 — vibrator with clectrode distance regulaton
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work [43]. we have presented preparation of nanoparticles of
the CoSb; thermocetectric compound by means of the pulsed
plasma in ligud (PPLy method. Tt was found that it is possible
1o obtain nanopurticles agglomerated in structures that have di-
mensions of about I um. but trom SEM observations it is clear
that grains have diameters i the range of 10=30 nm. The XRD
diftractograms for thus prepared PPL powders give smaller and
more broadened signals, indicating the existence of nanograins
or an amorphous phasce.

Thermal conductivity was strongly decreased tmore than
two-told) but the ZT parameter wis very low and equal to about
= (.1 at the maximum point. The idea ot this work was to check
the inftuence on the Z7T parameter by both reducing thermal
conductivity with the use of nano structurization and by chung-
g electrical properties by doping with telturium and indium.

2. Materials and methods

2.1. Preparation of materials.
high purity elements (99.994% ) were used in amounts corre-

For the synthesis, powdered

sponding o the stoichiometric compaosition of the CoSb com-
pound. The substrates were mined in a mechanical mortar
grinder. The synthests was performed in evacuated (£, =
I+ 10
step process. First, the reagents were heated to 930 CLannealed
for 60 minutes, tollowed by cooling the sample to ambient tem-

" mbary teght quartz ampoules. 1t ok place as o two-

perature. Then, the ingot was ground in an agate mortar and
placed i closed quartz ampoule. During the second stage. the
ampoule with the powder was heated to 630 C anneated for
7 days and cooled stowly [44]. Atter the svnthesis. the mate-
rial was milled agaim and the prepared powder was placed in a
aruphite dic tor the compaction process in the SPS apparatus
under vacuum. at S0 MPu and 650 C to form dense electrodes
of polyerystalline CoSh; [26]. The total time of the sintering
process was approximately 30 minutes, Three series of samples
were prepared tor the experiments. The tirst one of pure CoSbs,
the second of CoShx with indium (CoSba:In0. 1) und the last
one with telturium (CoSb;:TeO. 1. 3 samples were prepared for
cach material tCoSby CoSbatng und CoSby-Ter 2 samples
that were later used tor the PPLL process and one sample perev-
ey composition for measurements. A sample of PPL powders
wins also prepared for cach material. fowas Tater cot and used
for clectrical measurements (0 10O mm e 10 mm,

2.2. PPL preparation of nanoparticles.  In order to produce
ninosized powder from the CoSby electrodes, the PPL method
wis used. Twao polverystalline CoSbi electrodes were placed
i an isopropy | alcohol bath at a pre-defined separation dis-
tance. Next. 320V DC was applied to the system. Addition-
allyv. an clectrode distance regulator wis activated to provide vi-
bration and control the distance within the runge of 0-0.3 mm.
The maximum energy ot a single dischurge during the process
wis helow 45 ml The powder yvield was - 0.25 ¢/h, For the
clectrical und thermal measurements. the nanostzed powders
after the PPL process were sintered into bulk samples again

(O - 10 mm, o 1O mm). The sintering parameters tor the
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nanosized powders were similar to that used tor the microsized
nuaterial. The sintering time for the PPL materiads was shorter,
to avoird gratn crowth. and equaled S min.

2.3. Metallographic section preparations. The metallo-
vraphic section for the SEM observation was prepared by pol-
ishing the diamond paste. To enhance visibility of grain bound-
aries. the etching agent, with composition of 10 ¢ tartarce acid
(C HAO0. 15 em? nitric acid (HNOS 1 and 90 em ol detonized
water. was used. The time of the etching agent treatment was
appronimately 10 min.

2.4. Characterization of materials microstructure. The
structural and microstructural analyses of the powders and
sinters at every step ol the experiment were performed us-
ing an X-ray diffractometer (Bruker DS Advance) and scan-
ning clectron microscope (Hitacht SUSOOM). The macrostruc-
ture of the sintered fine-grained CoShy materials was charac-
tertzed by means of X-ray diffraction (NXRD), scanning elec-
tron microscopy (SEM 1 and scanning transmission electron mi-
croscopy (STENM (Hitachi HID 27000 200 kN, Cs-corrected ).
The grain size distribution of the powder was measured using
an LLA-950 HORIBA Liser-scattering particle size distribution
unulyzer,

2.5, Electrical measurements. The clectrical conductivity
and the Seebeck coefticient ol all of the samples were mea-
sured using spectally design apparatus (SeebTest apparatus
from PESS). The idew behind the method is presented in Fig. 2.
The Scebeek coetticient was culculated trom the Seebecek volt-
age measurement ater temperature stabitizanon. First without
temperature gradient (T1 — T21 und then in the wemperature
gradient equal to about 5 K. The thermocouple shields disolated
from the thermoclement) act as clectrodes. The measurements
errors were estimated based on the standard deviation of the
measured electrical and temperature data.

Fig. 2. Scheme of the apparatus for electrical measurements tSeebest

Electrical conductivity measurements took place i the same
apparatus when T1 - T2 with heater thermocouples acting as
clectrodes. 2.000 points were collected during a single temper-
ature pormt maasurement, and polarization ot the current was
chunged after every 200 measurements. The clectric current
wis stabilized and equal to about 300 mA. Measurements er-
rors were caleulated from the measarements.,

Bull, Pol. Ac: Tech, o8¢l 2ol

All measurements took place under low pressure (10 mBar)
with argon as the atmosphere. The apparatus can be used in the
range of temperatures. from room temperature to SO0 C af cor-
rosion of the sample does not oceury. Al parameters are con-
trolled and anahvzed by specialized software. Cold ends ot ther-
mocouples and additionally Secheck voltages measured on the
reterence sumples are included in the compensation. Repeita-
hility 18 very goad and it 1s within the measurement error range.
Al measurements were made under stationary conditions. One
sertes of measurements took about 2 davs for one sample.

The errors of electrical measurement (Secheck coelticiont
and clectrical conductivity) were very notable und they stood
below 105 with repeatability below 3% The errors Tor TLFA
measurements of thermal conductivity were below 5% with re-
peatability at 1%, ZT errors were calculated trom partial deriva-
tives and i our experiments amounted 1o about 5% These cal-
culations were based on measurement errors. Although, when
we tthe manimum errors of the methods into account, the errors
of the ZT parameter can reach even 304,

2.6. Thermal conductivity. Thermal conductivity was deter-
mined for hoth the microstructural and nanostructural mate-
rials. using the aser ffash method (LEA 457-Netzseh) [H5].
For the LEA measurements, a sample with the dimensions of
¢ 10mmuand i 2 mm was prepared. The densities tor cal-
culations were measured by the Archimedes™ method with wa-
ter as the liquid. The thermal capacities of the samples were
established by the comparative method involving the reference

sample.

3. Results

3.1, XRD. The XRD dittraction patterns for the CoSby pri-
mary powders and sinters, used Tater us electrodes cmicrosizedy,
show visible ditferences in comparison to the powders prepared
by the PPE method tnanosizedy and their sinters i Fig. 3.

The microsized powder exhibits strong peaks trom the CoSby
phase, with a weak signal from pure Sh. Similar dittraction
patterns, but without a reflection from Sh, were obtnned trom
the sample after the sintering process, The powder prepared by
the PPL method shows o sigmiticantdy difterent XRD pattern,
with taint reflections from the CoShy phase and strong back-
ground indicating a high percentage of nanosized and amor-
phous material. Additionally, peaks trom other phases. such as
CoSha. CoSb, and Sh, have comparible intensity. The bulk ma-
terial prepared tfrom the PPL powder is characterized by reap-
pearance of strong reflections from ervstallites, which were
attributed to gran size growth during the sintering process
and reactions occurring between impurities. There is also a
small amount of another phase. namely Sh>Oac und phases
like CoShx and Sh, already identified for the electrode ma-
terial. are presentan lower quantities. Diffraction patterns for
CoSb: with In or Te exhihit similar tendencies. In the case of
In, the starting material has InSh impurities, which later van-
ishe leaving only a pure CoSbs phase with a small amount
of Sh:()‘
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In the material with Te, there is only a pure CoSby phase and
some Sh>Ox impurities. The Luttice parameter for cach sample,
as estinited by the Rietveld refinement method from the XRD
pattern. is presented in Table [0 The lattice parameters are a
e higher for the material following the PPL process. The
latiice parameters for pure CoShx and CoSbzTeO, 1 are higher
than those observed by Liuetal. [17].

Table 1: Estimated lattice parameters trom XRD patterns

AMaterral Lattice paramieter [\

L Synthesized Q048 - OUKH
CoSbh; . R

Alter PPLL YOS - 000
R Synthesized YOOH - 0.00]
CoShi:Inlh | : . .

Atter PPL DX ER B RT 1T
o Syvnthesized YOSY - O
CoSh el S — E

Atwer PPL V.06 - (.01

3.2, SEM/STEM/particle size distribution. The SEM im-
age in Figo da shows the CoShz microsized powder with sharp
cdees and irregular shapes. Representative STEM (SE - see-
ondary electron) images of the PPL powder show the forma-
tion of agglomerates composed of nanosized spheroidal parti-
cles tFig. by, creating a spatial structure. The particle size dis-
tribution can he seenin Figo 4e. For the primary CoSh; powder,

128

the mediun size of the particles is 4 pm and the mean size s
S pm. For the PPL powder. the median size is .79 qom and the
mean size s 1O pm. For the second series ot samiples. the mor-
phology is similar. The primary CoShs:In0.§ powder thig. 4d-
1) shows the median particles size of 2.6 pm and the mean size
i~ 4+ um. For the PPL powder, the median size is 1.2 pom and the

4. SEM
CoSh; powder. ¢ particle size distribution. SEM image ot

of’

Fre.
PPL
dy CoShont ] powder. ¢ STEM nanosized PPL CoSbaInO.] pow-
der. 0 particle size distribution. SEM image ot: g1y CoSh o TeO T pow -

nage @y CoSbhy powder. by STEM panosized

der, b STEM nanosized PPLCoShaTe ] powder. o particle size dise
tribution
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mean size is 2 um. Similar morphology was wlso observed tor
the third series of samples. The primary CoSb:TeO. ] powder

e 4o has o median particle size of 401 um. and 4 mean
size of 6 ume For the PPL powder. the median size s 0536 pom
and the mean size is 0.7 um. The data were collected and pre-
sented in Table 2.

Table 20 Measured parameters for particle size distribution

Material ‘/rmum ‘/10 ‘/"” '/v‘u\l
[em] [um]  jum|  [um]
Svathesized 503 2.66 N6 42
CoShy . . i

Atter PPLL 14y - 0.7 | O5S 1.37 (L79
Svnthestzed 4 -3 14N T30 257

CoShy:Int) . . .
Atter PPLL 2 .69 27 1N
Synthesized 63 200 1004 407

CoSh e ) . ! .

Afer PPL 0.7 - 03 03] 1Y 056

1t should be noted here that. based on the microstructural ob-
servation (STEM), the estumated individual grain size of PPL
powders s much lower cabout 20 nny and this populaton dom-
inates in the agglomerates structure. The particle size resubis
and the STEM observation-estimated size discrepancey is due to
the conditions of the PPL process because of the process where
smiall ervstalhites are forming agglomerates during rapid cool-
ing of the evaporated material.

In Fig. 5. we can see the SEM inges tor the metallographic
section of the sinters. For materials prepared from microsized
powders, shown in Frgo S0 the diameters of the erystatlites are
within the range of 10 to 20 um.

Fig 5. SENM images of metatlographic section of sinters: a) CoShy -

crosized, by CoSbyInt b microsized. ¢ CoShyTetl T microsized and
Dy CoSh; PPL. ey CoShyIn0 ] PPL. T CoSheTet | PPL

For materials sintered from powders prepared by the PPL
technigue (Fig. Sd-t. the grain diameter is more than one order
of magnitude smaller than in the previous cases and the average
crystallite size is i the order of nanometers. The visible poros-
iy may be an etfect of mechamcal pohishing und the chemical
treatment but also may be due 1o the sintering conditions. The
densities of all samples measared by the Archimedes™ method

Bull, Pol. Ac: Tech, o8¢l 2ol

in water for microsized and nanosized material and compared
with crystallographic value are presented in Table 3.

Table 3: Samples densities

From XRD),

density {piem’

NMeasurement,
Maternal . :
density [g/em |
Synthestzed T06 0 005 701001
CoSh, .
0.49 04

Afer PPLL T.O0 - 001

TAN 101

TOU 004
I cagess

Syathesized
CoSbi:Int.] Doz
735 - 001

Atter PPL 634 = 005

(hn i cagesy
TN 0]
1'Fean Sh placesy
CoTas o0

Te i Shplacesy

Syathesized Tkt 003
CoShlet) |

After PPL 6AX 2 004

3.3. Electrical properties. The Scebeck coetticient and etec-
trical conductivity are presented in Fig, 6a. The Seebeck coet-
ficient is positive and in the range of 120=175 unVK ' for pure
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Fig 60 Temperature dependencies ol ay Seebeck coethicient: by elec:
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CoSbio which is a value similar to that obtained by other re-
searchers employving o similar preparation method [43].

The Secheck coetticient for CoShy PPI
75 10 100 uVK
ature. negative below 330 K oand positive tor higher tempera-

materials v the
range of and alters its sign with temper-
wres,

A simifar tendenes in the Seebeck coethcient for pure CoSh;
wits observed by other rescurchers [ 26, 46].

For the microsized materials doped with In and Te. the Sce-
beck coetticient possesses negative values in the range of 225-

70 uVK 1 For the PPL-doped materials. the Scebeck coet-
ficient changes from high negative values, e, 400 uVK '
vomg through  at 550 K and reaching 80 (VK 7 at higher
temperatures, For all of the PPL materials, the Seebeck coet-
ficient has an S7 shuped emperature dependency curve. The
measurement errors were neghgible and are not presented in
the graphs. The error values were in the range of 1-6 nVK
for all measured samples,

The electrical conductvity (Fig. 6by for microsized mate-
rial decreases with temperature. exhibiting metallic properties.
However, the sample sintered trom the PPL powders shows a
difterent behavior. Electrical conductivity s lower by two or-
ders of magnitude and increases with temperature. thus indicat-
ing semiconducting properties. The estimated activation eneryy
of electrical conductivity, Ea. for PPL In and Te in all tempera-
ture ranges is equitl to 154 and 160 me Vo respectivels. The PPLL
CoSbh: possesses an activating character of electrical conductiv-
ity at higher temperatures.

3.4, Thermad properties.  In Fig. 7 values ot thermal conduc-
uvity and the clectronic parts of thermual conductivity caleulated
from measured values of electrical conducuvity are presented.
For the LEA method. total thermal conductivity was caleulated
using the equation 4,
is density, and aoas thermal diftusisaty [47]. The electromie part

C.-p-a.where: O s specitic heat, p

of thermal conductivity was culeulated from the Wiedemann-
Frans law equation, e, A — oo - T, The values of electri-
cal conductivity. densities and thermal dittusivity tor this were

measured by a comparative method using LEA appuratus: tor

caleulations, the £ parameter. 244 - 10 "WOK = was taken
from the hiterature [45).

The dataindicate that the fine-gramed nuterial prepared trom
the PPL powder exhibits thermal conductivity almost two-times
lower than the coarse griun electrode material in the exam-
ined temperature range. AU room temperature. thermal con-
ductivity equals 2 Wm 'K ! for the PPL sinter and almost
I0Wm 'K ' for the electode one. In both cases. thermal
conductivity decreases with temperature and at 675 K is about
2Wm 'K tor the PPL sinter and 3 Wi 'K ! for the start-
ing CoShi material, The sharp decrease in thermal conductivits
for the PPL sinter was attributed to the microstructure of the sin-
ter with small grain size and increased volume fraction of grain
boundaries. Another factor contributing to thermal conductiv-
ity is the observed decrease inelectrical conductivity, The elec-
tronie part of thermal conductivity is much smaller tor the PPLL

material and equals upto 015 Wm 'K ' while the microsized

material is upto 1.23 Wm 'K
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3.5 77T parameter. The 77T parameter (Fig. %) tor CoShy and
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reached for the In-doped material at 625 K. Untortunately. tor
the nanosized samples, the ZT parameter is much fower than
for the microsized material. due to the sign inversion of the See-
beck coettictent at 330 K. and it s below 0.02 for all ninosized
material.

4. Discussion

XRD measurements were tuken at every step of the preparation,
All of the sinters have strong peaks from the CoShy phase. al-
though for the powders atter the PPL. due to the small grain
size. the peaks are smaller and more broadened. Also. other
phase signals, like CoSb> and CoSh. vanished after sintering.
Some impurities in the Jast step could be chimmated by ad-
Justing conditions and using better process control with the ap-
propriate liquid which should be selected i future work, 11
noteworthy that in all samples oxidation was negligible except
for a small amount o) Sh>O+ i the samples after sintering the
nanopowders, The cell parameter increases atter the PPL pro-
cess and after addition of the dopant. The cell purameters of
PPL powders are higher than in the In-doped CoSbs [49) orin
the Te-doped matenial [ 18],

The SEM observations indicate that in all cases ot PPL treat-
ment a nanomaterial was obtained. The nanoparticles. after the
PPL. process. form Larger agglomerates. The agelomerate diam-
cters are presented in particle size distribution. and they are dis-
tinctly farger than the single PPE erystallite. however, they are
still smaller than the ery stallites in the starting poswder. After the
sintering process, there is visible growth of erystalhites and for
the microsized material used s electrode materials, the aver-
age diameter s 1010 20 pm. For the sinters trom the nano PPL
powders, the average diameters for all the samples are compa-
rable and about one order of magnitude smaller than the crvs-
tallites i the reference material. The densities of all the sinters
from the nucrosized powders reach 100% ot theoretical value.
Unfortunately. the sinters from the nunostzed powders prepared
by the PPL method reach. in all cases. about 85%¢ of theoretical
vidue, This miay be related to the sintering process because to
avoid grain size growth, the sintering time was intentionaliy de-
creased from 15 to S min. Based on this experiment. the sinter-
ing condition should be adjusted to ensure higher PPL sample
densihication.

The Secheck coetticient is positive and in the runge ot 120-
175 VK ' for pure CoShs. which i a value similar to that
obtained by other rescarchers emploving a similar preparation
process [453]. The positive sign of the Seebeck coetticientis also
connected with the use of high purity elements for the synthe-
sis. The Seebeek cocthicient tor the CoSby PPL muaterials is i
the range of =75 0 100 pVK " and alters its sign with tem-
perature. negative below 330 K and positive for higher temper-
atures. Some researchers have noticed a similar tendencey in the
Seebeck coctticient tor pure CoSby [260 46]0 At low temper-
atures, Seebeck coetticients have high n-type absolute valtues,
corresponding to the extrinsic regron. When the conduction by
minoriy carriers increases, the Seebeck coetticient decreases
and becomes p-type tor the hightly doped samples {26]0 Alsooat
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i~ known that the Co-rich CoSby phase acts as an n-ty pe mate-
rial while Shucts as p-type [TO]L and the changes in concentra-
tion and mobiity of the majonty of carriers can lead 1o a change
i the Seeheck coetticient sign from n-type to p-type. For all of
the PPL muaterials, the Seebeck coetficient has an 7S™ shape for
the temperature dependency curve, This may be explained. as
i the case of CoSbhal by the increase of the role of the intrin-
sic region. The phenomenon may also be related to changes in
compositions and the Sb losses during the PPL process.

Electrical conductivity of all microsized materials exhibits
metaltlic properties and decreases with temperature: whereas for
the nunosized material, electnical conductivity inereases with
temperature and is almost one or two orders of magnitude lower
than for the starting matenal. The electmcal conductivity of the
microsized In and Te-doped material is comparable with fiter-
ature values |50 51 The nanosized PPE material has an acn-
vation character of electricat conductivity, It may be related to
changes of the stoichiometry of the compound during the PPLL
process and dopant or Sb losses. Additionally, the Tower density
of the PPL sinters may be responsible for decreasing electrical
conductivity.

At room  temperature. thermal o conductivity reaches
IWm 'K ' for the PPL CoShy o sinter and almost
I0Wm 'K ' for the microsized bulk material. In both

cases, thermal conductivity decreases with temperature. The
highest improvement was achieved for pure CoShi. Improve-
ment of muterials doped with In and Te was smaller because
the starting material s characterized by conductivity lower
thun pure CoSbs and. at room temperature. it was eqgual to
about 4 and S W 'K respectively. Al of the nanosized
material has thermal conductivity of about 3-3.5 Wm 'K !
at room temperature and s value s about 3 tmes lower than
for pure CoSbi. The duta from the purticle size distributions
are correlited with thermal conductivity. For the matertal with
Te. there s higher improvement i thermal conductivity than
for the matenal with In. This improvement may be attributed
to the microstructure ot the sinter with small gruin size and
mereased volume fractuon of the grian boundaries. Another
fuctor contributing 1o thermal condactunvity s the observed
decrease i electrical conductivity. The clectronic part of
thermal conductivity is much smaller for the PPL material
and equals up o 015 Wm K ' owhile for the microsized
material this valae reaches up to 123 Wm TK D and it s
related to chunges from metallic to semiconducting properties
of the samples alter the PPL process. Because of the nuno
structurization process, presented i our work. significant
improvement in decreasing thermal conductivity was achieved.
This improvement is in ugreement with Xie et al’s work [52]
that clutms that nano structurization can improve the thermal
properties of TE matenals. Another factor responsible for
lower thermal conductivity relates to the lower density of
the PPL «inters. which reach about 85 of theoretical value.
whereas tor the microsize material denstties they reach 1007

For the material doped with In. the maximum ZT of 0.7
at 0600 K s comparable with the ZT of 0.67 reported for
Ing 5sCoyShy> at 600 K J53]. The highest value of ZT. 0.7, was
achieved tor the nicrosized Te-doped material wt 725 K. which
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is comparable with Deng etal’ swork: 2T 0.69at 710 K [ 18]
Unfortunately, for the nunomaterials there was no improvement
in the 77T parameter because the PP bulk matenial has signifi-
cantly lower electrical conductivity and the Seebecek coetticient
changed its sign in the middie of the wemperature range. thus
resulting i a low 77T value.

It is possible that the introduction of defects like grain
boundaries may influence dopant segregation, so the amount
of dopant must be considered to improve thermoclectric prop-
crties. In this study, the Seebeck coetiicient has the most nega-
tve impact on the Z7T value. Some additional information from
Hall measurements could prove helptul tor understanding the
changes in electrical properties atter the preparation of the ma-
tertal by the PPE method.

5. Conclusions

A new approach to tubricating nanosized CoSbh:y TE material
wias used. The preparation of this state-of-the-art TE mate-
rial from the shutterudite family, with the use of PPL with
low-cnergy spark discharge, was presented. The PPL tech-
nique required the presence of dense electrodes made of sin-
gle phase CoShymaterial synthesized by o raditional synthesis
method. The PPLL preparation method enabled the obtinming of
nanocrystalline CoSbhy powders with grain size of 10-30 nm.
After SPS. these powders were processed into bulk thermo-
clectric materials. Therr thermal conductivity 1s over two times
lower than for the nucrocrystalline matenals. Reducing ther-
mal conductivity i pure CoSby and in the material doped with
In and Te s very promising. Unfortunately, there was no im-
provement in the ZT parameter. because the PPL bulk mate-
riad had significantly lower electrical conductivity and the Sce-
beckh coetficient changed its sign in the middle of the temper-
ature range, thus resulung ina low 7T value. For improve-
ment of these nanomaterials in the future. optimization ot the
sintering process o inerease density is needed along with ad-
Justment of dopant concentration to ncrease the Seebeck co-
efficient and electnical conductivity, and thereby the Z7T para-
meter.
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Abstract. Doping is one of the possible ways to significantly increase the thermoclectric properties of many different matenals, fthas been
contirmed that by introducing bismuth atoms into Mg sites an the Mg>Si compound, itis possible o increase career concentration and intensify
the etfect of phonon scattering, which results in remarkable enhancement in the hgure of ment (ZT) value. Magnesium silicide has gained
scientists” attention due to its nontoxicity, low density. and inexpensiveness. This paper reports on our latest attempt to employ ultrafast selt-
propagating high-temperature synthesis (SHS) followed by the spark plasma sintering (SPS) as a synthesis process of doped MgoSic Materials
with varied bismuth doping were fabricated and then thoroughly anatyvzed with the laser Bash method (LEA) XN-ray diffraction tXRD), scanning
clectron microscopy 1SEM) with an integrated energy -dispersive spectrometer (EDS). For density measurement, the Archimedes method was
used. The electrical conductvity was measared using i standard four-probe method. The Seebeck coetticient was caleulated from measured
Scebeck voltage in the sample subjected o a temperature gradient. The structural analyvses showed the Mge>Si phase as dominant and Bi>Mgs
tocated at grain boundaries. Bismuth doping enhanced ZT for every dopant concentration. Z7T = 044 and ZT=0.38 were obtained for 3wt% and

2wt at 770 K. respectively,

Key words: thermoclectric materials: magnesium silicide: bismuth doping: SHS: spark plasma sintering.

1. INTRODUCTION

Ax one of many consequences of global chmate change. great
attention has been paid to enhancing the energy efficiency of in-
dustrial power plants and all other types of devices and instal-
lations using or generating energy. Thermoelectric generators
(TEG). composed of thermoclectric materials with n-type and
p-type conduction types, might be a solution when commonly
used for efficient waste heat recovery. They facilitate the con-
version of temperature gradient into electricity by the Seebeck
cifect. So far, several obstacles have prevented their widespread
use. such as high production costs. the toxicity of processing
byproducts. fabrication scalability challenges, and relatively
low energy conversion efficiency, The last one is in positive
correlation with the so-called dimensionless tigure of menit 77T,
which can be written as ZT -~ a”-o-7-2"'. where a is the

Seebeck coefticient, T is the temperature ¢ and A stands for

the electrical and thermal conductivity. respectively | 1]. Among
many different approaches to improving the alforementioned pa-
rameter, one can indicate altoying {2, 3], doping |4, 3]. nanos-
tructuring [6=8]. nanocomposites tabrication [V, 10]. or obtmin-
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ing them in the form of thin tilms and superfattices [ T1-13]. The
purpose of those treatments 1s usually to increase the power tac-
tor. which is the product of @ - &, or reduce thermal conductiv-
ity A. Attempts were made to combine the eftects of both these
factors.

Compuared o other popular thermoelectric materials, Mg>Si-
based exhibit a unique combination of properties. Apart from
the promising thermoelectric performance [14], low den-
sity [13]. nontoxicity of its processing byproducts, and rela-
tively low price of its primary constituents should be pointed
out. To cnable the use of Mg-Si-based materials in practical
applications, 1t would be advisuble to produce equally eflicient
materials, with both types of conduction pand . by an cas-
ily scalable method. Since the first investigations of its thermo-
clectric properties in the 1960s [16], many dopants and manu-
facturing techmgues have been tested. Aside from the conven-
tional ceramic method, some novel advanced procedures have
been employed. Berthebaud and Gascoin used the microwaved
assisted fast synthesis to tabricate 7 and p-doped Mg>Si [17].
For the n-type material, the highest value of ZT was achieved
for antimony and tin doping (0.7 at 770 K). and in the case
of p-type addition of silver resulted in ZT of 0.35 at 770 K.
Nukagawa er af. synthesized Mg>Si by the liquid encapsulated
vertical gradient treezing method [18]. The vertical Bridgman
method wus used for bulk crystal growth by Yoshinaga er al. to

© 2022 The Author(s). This is an open access article under the CC BY license (hitp://creativecommons.org/licenses/by/4.0/)
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achieve a power tactor of 7.8- 10 " Wem 'K Tat 373K [19).
Fu et al. suggested the vacuum plasma thermal spray (VPS)
as u potential deposition technique for thermoclectric mate-
rials [20]. They obtained samples of Mg>Si with maximum
ZT 016 at 700 K.

In addition to Ag, Sh and Sn doping also reports of Cu [21].
Li{22] A1) Co[1T]and Bi[14.15,21=-24] should be noted.
Especially the last one has gained a lot of attention since its
first investigation in 2005 by Tani and Kido [14]. who fab-
ricated Mg>SigoxBig oy exhibiing ZT = (.86 at 862 K. Since
then. attempts have been made to increase that value. and syn-
thesize such matertal with various methods. Choi er al. uulized
the vacuum melting method tollowed by Spark Plasma Sinter-
ing (SPS)Y [23]. The same method for consohduation was used
by Nicroda er al. to densify material obtained by direct synthe-
sis [13]0 In their work, they annealed bulk samples for seven
days to improve homogeneity resulting in ZT — 0.55 at 720 K.
Li et al. in their paper presented Bi-doped Mg»Si with one of
the highest values of ZT equal to 0.98 at 883 K [25]. The prepa-
ration route included high-pressure synthesis and SPS. Each
processing route mentioned is energy and time-consuming or
very difticult to scale. To ensure the economic viability of the
thermoclectric materials manufacturing process., it is necessary
to use adaptable techniques tor large-scale production. such
as fast self-propagating high-temperature synthesis (SHS)y [20].
This technique was successtully emploved by Zhang et al. for
the synthesis of Sh doped Mg>Siin [27] and CuaSe in [23]. To
our knowledge. there was no published paper on the utilization
of this method for Bi-doped Mg»Si.

Bearing that in mind. in this work, we report on our lat-
ost attempt to employ fast synthesis for bismuth-doped magne-
sium stlicide followed by spark plasma sintering. Materials ob-
tained with different dopunt content were scrutinized. The See-
beek coefticient, and electrical and thermal conductivity, were
measured in the temperature range of 300-800 K. The mea-
surements conducted allowed us to determine dopant content
that resulted in the highest ZT value. Moreover. the microstruc-
tural investigations using X-ray diftraction (XRD) and scanning
clectron microscope (SEM) were carried out to evaluate its cor-
relation with the thermoelectrical properties.

2. MATERIALS AND METHODS

2.1. Materials synthesis

Samples for further investigation were prepared from high pu-
rity powders of Mg (99.84% . —20 + 100 mesh). Si (99.99%.
=100 + 100 mesh) and Bi (99.999% 0 — 100 + 100 meshy. Af-
ter being weighed in the stoichiometric ratio of Mg>Si) | Bi,
(v — 0.0.01.0.02.0.03) for MGO. MG1, MG2, MG3 samples,
respectively, powders were then homogenized in u mechani-
cal mortar grinder. Homogenization was followed by the tirst
stage of the synthesis, which was the self-propagating reaction
held in a graphite die at 550 C. The reaction was triggered by
heating of the die. which was stopped when the temperature
increase caused by the exothermic synthesis reaction occurred.
Subsequently, the reaction product was ground into powder and
poured into the graphite die for the second stage of the svn-
thesis process, the purpose of which was to homogenize the
material. That was achieved by anncaling the powder at 500 C
for 2 min. The heating and cooling rates for both stages were
100 C min ', Later, the material was ground into a fine pow-
der and subjected 10 4 consolidation process conducted by the
spark plasma sintering technique (SPS). The tabrication pro-
cess s depicted in Fig, 1. Sintering parameters for all the bulk
samples obtained are given in Table |,

Table 1

Parameters of the spark plasma sintering processes

Sintering parameter Mge>Siy By

Maximum pressure applied [MPa] ‘ 50
Temperature || 750
Time [nun| ‘ [N

2.2. Materials characterization

X-ray diffraction (XRD) analyses were
tigate the influence of the consecutive stages of the synthe-
sis processes on the materials” microstructaral properties. The
phase compositions were identitied with an X-ray diftractome-
ter t Bruker D8 Advance. Cu Ka radiation). A scanning electron

performed o inves-
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Fig. 1. Synthesis and ~intering parameters of the fabricated materials
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microscope (SEM) equipped with an energy dispersive spee-
trometer (EDS) was used for microstructure observations, ele-
mental mapping. and point analysis of the samples embedded
in epoxy resin and later polished with a diamond paste (Cross-
Bean Auriga. Carl Zeissy. The electrical conductivity 6. and the
Seebeck coefticient a of all the samples were measured using
a specially designed apparatus (SeebTest. PESS). A thorough
description of this method can be found in the authors™ previ-
ous work [7]. The thermal diffusivity 13 of the materials was
measured using the taser flash method (LFA 457, Netssch).

3. RESULTS
3.1. X-ray diffraction (XRD)
Figure 2 shows selected ditfraction patterns tor MG atter each
subsequent fabricating step. The diffraction peaks of St and Mg
gradually become increasingly less intense, and finally, the re-
tlection of Si disappears completely - this phenomenon occurs
inall MG 1-MG3 samples. Mg»>Si phase was signitficantly domi-
nant on every fabrication step. Atter the sintering process for all
Bi-doped samples, X-ray diffraction analysis indicate the pres-
ence of impurities in the form of Bi>Mgs and Mg phases. In the
case of undoped MgsSi after the SPS process. the ditfraction
peiths of St and Mg were detected.

With the whole powder pattern titting (WPPF) method. the

content of cach phase component was estimated for MG3 after

synthesis steps and sintering. The results are given in Table 2.

Table 2
MG3 phase composition obtained with the WPPE method

. ‘ Phase composition
Stage of synthesis .

C M@Si | BinMg: Mg Si
I (SHS) 84,10 163 785 442
and " 910 4% 214
3 SpS) T 9499 $15 L 0w

3.2. SEM microstructural observation
The SEM observations were made on the metallographic sec-
tion and a fractured sample. For selected arcas and points EDS
was utilized o investigate the chemical composition of materi-
als in analyzed images. Figure 3 shows selected SEM images
with corresponding elemental mapping tor Mg, Si. and Bi for
MG3. Both Mg and Si seem to be unitformly distributed in the
analyzed arca, whereas the central region has a visibly lower
content of Bi. Sintered samples show almost no porosity.
Figure 4 depicts an SEM image of the fractured MG 3 sample.
Between the grains of the Mg>Sica white phase exhibiting sig-
nificant Bi content can be seen — BiaMg i which was confirmed
with EDS and XRD analyses.

3.3. Electrical properties

The Seebeck coefticient @ measured in the lemperature range
of 300-800 K for all samples. is presented in Fig. 5. All investi-
aated materials exhibit negative signs of the Seebeck coeflicient
within the entire range. The sample of Mg>Si with no bismuth
addition shows higher values in comparison to other samples.
and it rises from =300 VK ! at 350 K 1o over =00 pVK !
at 425 K and then monotonically falls below =200 uVK ! at
muximum temperature. For samples of MG1 and MG3 4 simi-
lar tendency is observed. Both slightly drop at 350 K and 625-
675 K. but apart from that, both monotonically increase from
100 pVK o 154 uVK T and 93 VK o 146 uVK ' re-
spectively. Among doped Mg>Si samples, the highest values of
the Seebeck coetticient tor all measured points exhibits MG2,
and it is between 10-30 uVK ! higher than for MG1 sam-
ple. achieving its maximum of 174 uVK " at 770 K. Figure 6
depicts the temperature-dependent electrical conductivity, @.
in the range of 300-800 K. Between 300-550 K MGO sam-
ple shows very low and almost constant electrical conductivity.
which starts increasing above 350 K and reaches 4.3- 10" Sm !
at 770 K. It has the lowest values in the entire range compared
to other samples.

Magnesium silicide —— MG1-e3s1
® Magnesium — MG1-s2p
Silicon ) —MG1-sip
N
- o
= = .
&, N
> : sintenng
I
c
€ e <R L e T o, |
It synthesis
. D ol L vo o @"l o I
A 2 A | N b
I synthesis
A A A 1 A L A A A A A L A A A A A
20 25 3 35 40 45 0 55 B0 85
26 [deg]

Fig. 2. Diltfraction patterns for MG obtained at subsequent fabrication steps
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Fig. 3. Sclected SEM image with corresponding clement
maps of Bi. Mg and Si for MG3 sample

On the other hand. the highest elecirical conductivity has

the MG3 sample (with the highest bismuth doping content of

3wt It exhibits almost 1.5-10% Sm ' at 350 K and subse-
quently lincarly decreases to 6.8 - 104 Sm ', The electrical
conductivity of MG decreases in the entire temiperature range
from 7.0- 10* Sm ' 10 4.0-10* Sm ' On the contrary, values
for the MG2 sample exhibit insigniticant fluctuations between
38 44007 Sm L
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Fig. 5. Temperature dependency of Seebecek cocfticient
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3.4. Thermal properties

Hash used for estimation of the
thermal diffusivity. D, in turn, which is necessary for the

The laser method  was
thermal conductivity calculation according to the equation
A = D-C,-p.where pis the density of the material (measured
by the Archimedes method in water), and the Cp is the specific
heat capacity tassumed as well-known material property and
obtained from literature).
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The results of temperature-dependent thermal conductivity
A. obtained for all samples are presented in Fig. 7. In all the
cases. the thermal conductivity decreases over the measured
temperature range. MGO sample was characterized by heat con-
ductivity in a range of 25 Wm 'K "o I Wm 'K ' The
highest thermal conductivity of 6.6 Wm 'K ! which drops to
35Wm 'K ' has the MG3 doped sample. The MG1 sam-
ple exhibits a similar thermal conductivity enhancement at a
lower temperature: however. it decreases below 3 Wm 'K ' at
770 K. Material with medium dopant content MG2 exhibits the
thermal conductivity of 5.5 Wm 'K ! which later drops to the
level of MG sumple.

I 3
. NGT
MG

3 S . wMG2

}: § WG3

'gs. .

2

>

- 4}

=]

2

®

83. A A

=

= a Q

<A o

3 °F a g

Pl Cc

Lo DDD

0 og a
L 0o o
A A A A A A A A A

L
300 350 400 459 SO0 950 600 6% e 0 BIC

Temperature {K]

Fig. 7. Temperature dependency of thermal conductivity

3.5. ZT parameter

Calculated values of the figure of merit are presented in Fig. N.
Iy value for MGO in the range of 320-550 K is very close to
0 and then slightly increases to 0.0015 at the temperature of
700 K. ZT parameter for doped samples increased significantly
across the temperature range. The most signiticant change is re-
ported for MG2. Tt rises from 0.09 at low temperature to 0.38
at 770 K. but the most highly doped material reaches the high-
est values at all measuning points, At 770 K. the MG3 sample

exhibits ZT 044,
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4. DISCUSSION

XRD analysis presented in Table 2 shows that every synthesis
step led to an increase in the content of Mg>Si and a4 sigmifi-
cant decrease in St and Mg, The amount of BixMg; rises after
annealing from 3.63% to 4.28% and then shightly diminishes
to 4.15% after sintering. The changes in chemical composition
occur not only during the first and the second steps of synthesis
but also during the sintering process — the residuals of substrates
are reacting with Si to create the MgaSi phase.

Figure 3 shows the non-porous, homogenous structure of
Mg>Si with the Bi;Mga phase at grain boundaries. which en-
hances the thermoelectric properties of synthesized material
according to the phenomena described later in the discussion.
There are arcas with lower Bix Mgy phase concertation, but they
can be observed only in the regions ot large MgaSi grains.
Figure 4 presents the magnified structure of obtained material.
where Mg phases (Bi>Mg s and pure Mg) are visible.

All the Bi-doped sumples exhibit significantly higher electri-
cal conductivity than the non-doped ones. In general. it is con-
sistent with other works [ 14, 13 23] Firstly, this effectis due to
the Bi atoms acting as donors when substituting Mg sites. caus-
ing the increase in the carrier concentration. Secondly, as pro-
posed by Choi er al. | 23]. the presence of the BixMga phase at
grain boundaries might provide new transport paths tor charge
carriers. The microstructure observation showed that indeed the
magnesium bismuth compound exists in the form of a percolat-
ing structure (see Fig. 4) throughout the entire material volume.
which seems to be an important factor enhancing the electn-
cal conductivity. MG and MG3 samples exhibit near-metallic
electrical conductivity, decreasing with the increase of the tem-
perature over the entire measuring range. That is associated
with increased electron scattering leading to a reduction in the
charge carrier mobitity. As opposed to other works [ 14, 15].
there was no direct composition-electrical conductivity depen-
dence at fow temperatures. The MG2 sample shows lower con-
ductivity than the MGI. Furthermore. it exhibits an increase
in the runge of 325-525 K, which i~ more characteristic of
the degenerate semiconductor than metallic materials. Above
that temperature, the clectrnical conductivity falls slightly and
reaches the values close to that measured for MGI1 material.
Clearly, also MGO (non-doped Mg»>Si) shows semiconductor
propertics as its electrical conductivity rises above 550 K. This
iy consistent with other works [ 144, 29].

The Secheck coetticient values tor all the samples have neg-
ative signs across the whole temperature range. That indicates
n-type behavior. Bismuth doping caused a significant reduction
in the absolute value of the Scebeck coefticient with respect
to the undoped MgaSi. especially at lower temperatures. The
absolute value of the Secbeck coctticient of all the doped sam-
ples increases with the temperature rise. In general. that is in
agreement with the works of other researchers [ 14,15, 23,29
and 1t s due 1o the increase in carrier concentration, but in
this case, same as for the electrical conductivity, there is no
visible composition dependence. The highest absolute value is
achieved tor the MG2 sumple and the lowest for the MG3 sam-
ple. The MG1 sample has middling values across the tempera-
ture range.
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The thermal conductivity measurements depicted in Fig. 7
show that bismuth doping enhances the heat transport prop-
erties. Values of the thermal conductivity for non-doped ma-
terial (2.3 Wm 'K " at 350K and 1.0 at 720 K) are much
lower than reported by Tani and Kido (9 Wm 'K ' at 350 K
and over 4.0 at 720 Ky [14] and Choi et af. (7 Wm 'K ! at
300 K and around 3.5 at 750 K) for Mg>Si also sintered with
SPS method [23]. However. the values obtained for MG2 are
close to those reported by Farahi er al. in 2014, especially at the
higher temperature, who used the hot pressing technigue 1o den-

sify the materiul synthesized for 3.5 days and then annealed for
another five days {30, The fict that the thermal conductivity of

Mg>Si with no Bi addition does not increase with the increase
of clectrical conductivity above 350 K suggests a negligible in-
fiucnce of the clectronic component of thermad conductivity.
The figure of merit for all samples rises as the temperature
increases. mainly due to the rise of the Seebeck coetticient and

decrease in the thermal conductivity. The highest ZT value for

MG3 and MG2 samples were O0.44 and 0.38 at 770 K. respece-
tively. Nieroda et «l. for the same amount of bismuth dopant
achieved ZT below 0.25 at 730 K after seven days of homoge-
nization annealing at 1023 K followed by SPS | 13]. Our result
obtained for MG2 at 770 K doping is about 11% higher than
that obtained by Fiameni et «l.. who fabricated this material us-
ing a method called mechanical alloving., i.e. long-lasting ball
milling [31]. However, itis a signiticantly lower value than that
reported by Kido and Tani for Mg>Sig oxBigor. Their investiga-
tons resulted in Z7 = 0.77 a 770 K.

5. CONCLUSIONS

In  this fabricated  Mg>Si; B,
(x=0, 0.01. 0.02. 0.03) via ultra-fast self-propagating high-
temperature syithesis (SHS) tollowed by spark plasma sin-
tering (SPS). All bulk samples were thoroughly investigated
to evaluate their microstructural and thermoelectric properties.
The results of X-ray diftraction (XRD). observations done with
the scanning clectron microscope (SEM). measurements of the
clectrical conductivity and the Seebeck coefficient. as well as
the thermal conductivity caleulated from density, specitic heat

work,  we  successtully

capacity. and the thermal diffusivity obtained with the laser

flash method (LEA) were presented. Bismuth doping strongly
affected all properties. A significant increase in the cleetri-
cal and thermal conductivity was noted. However, Bi atoms
caused a substantial reduction in the absolute value of the See-
beck coefticient with respect to nondoped MgaSi. especially
at a lower temperature. All sintered Bi-doped samples X-ray
ditfraction analyses indicate a presence of impurities in the
form of Bi>Mg; and Mg phases. In the case of undoped Mg 51
after the SPS process, the diffraction peaks of St and Mg were
detected. The highest value of ZT — 0.44 a1 770 K was achieved
for 3wt Bi doping. What is remarkabie about that result. com-
pared to other works. is that the whole fubrication process was
very rapid with no long-lasting annecaling process. Although we
confirm that the SHS might be considered a potential econom-
ically viable method for bismuth-doped Mg»Si production. in-

vestigations towards enhancing its thermoelectric performance
should be conducted in the future.
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Facile Gram-Scale Synthesis of the First n-Type CuFeS,
Nanocrystals for Thermoelectric Applications

Grzegorz Gabka,'®! Rafat Zybata,'® Piotr Bujak,*'®! Andrzej Ostrowski,®
Marcin Chmielewski,'! Wojciech Lisowski,'@! Janusz W. Sobczak,'"! and Adam Pron!®!

' Abstract: The described method enables facile gram-scale
preparation of CuFeS; nanocrystals exhibiting interesting ther-
moelectric properties from simple and readily available precur-
sors. Exchange of primary organic ligands for inorganic ones
using either (NH,).S or triethyloxonium tetrafuoroborate (Meer
wein's salt) resulted in nanocrystals from which n-type bulk

thermoelectric materials were obtained through sintering un-
, der pressure. The measured physical properties of the fabri-
N

Introduction

Despite the flourishing growth of the research devoted to vari-
ous aspects of the chemistry and physics of semiconductor
nanocrystals in the past two decades, ternary CuFeS, nanocrys-
tals have aroused surprisingly little interest. Meanwhite, CuFeS,
is a low-band-gap semiconductor (£, - 0.6-0.7 eV} that con-
tains neither toxic metals nor indium, which has recently be-
come one of the most expensive elements used in electronics.’
However, a real change in this respect could be observed in the
past year since new methods of preparing CuFeS. resulted in
the elaboration of magnetic semiconductor-based nanomateri-
"and new electrocatalysts suit
able for I, reduction in dye-sensitized solar cells showing pho-
tocatalytic conversion efficiency (PCE) values over 8 %. *' Since
colloidal CuFeS; shows high absorption and high photothermal
transduction efficiency (PTE) in the biological spectral range
(650-900 nm), the nanoparticles were tested in photothermal
therapy of human epithelial carcinoma cells and human ovarian
cancer cells.” Moreover, luminescent nanoparticles, showing
photoluminescence quantum yields over 80 "5, were prepared
by deposition of a CdS shell on CuFeS; core nanocrystais. ®
Thermoelectricity is another property extensively studied in
CuFeS, nanocrystals. In general, copper- and sulfur-containing

als used in electronic devices”
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cated bulk thermoelectric materials depend on the type of
inorganic ligands used for the exchange. In particular, materials
that were surface-modified with Meerwein’s salt have a higher
Seebeck coefficient {|S] = 238 VK ') as compared to those
modified with (NH,,).S, whereas the latter exhibit higher electri
cal conductivity (8500 Sm ) and lower thermal conductivity
(0.5W m 'K "), bath of which are favorable for thermoelectric
applications.

semiconductors denved from common minerals exhibit promis-
ing thermoelectric properties with either positive or negative
Seebeck coefficients.” In particular, thermoelectric materials
from kesterite  (Cu,ZnSnS,), " digenite  (Cu, 4S).™ bornite
{Cu-FeS.), ™ and chalcopyrite {CuFeS,}'"™ were reported.

In one of the first papers devoted to the thermoelectric be
havior of nanocrystalline forms of stoichiometric CuFeS;, the
authors measured a Seebeck coefficient of 218 pV/K at 300 K,
which increased to 816 puV/K at 500 K. Thermoelectric nano-
materials fabricated from CuFeS, nanocrystals of 6.4 + 0.5 nm
size showed a zT value of 0.26 (zT = S*uT/», where T s the
absolute temperature, S is the Seebeck coefficient, o is the elec-
trical conductivity, and « is the total thermal conductivity),
which is nearly 80 times higher than the value measured for
the corresponding macrocrystalline material. 7' Other ternary
Cu-Fe-S  nanocrystals,  for p-type orthorhombic
Cu-FeS,, also show interesting thermoelectric parameters (2T =
0.56)."7!

Another, technologically advantageous, aspect of the use of
Cu-Fe-S ternary nanocrystals should be pointed out: they can
be considered as a very good alternative for [-H-IV-VI; quater-
nary nanocrystals, widely studied as thermoelectric materials
and frequently containing toxic and and/or more expensive ele-
ments (| - Ag, Cu, I - Zn, Cd, Fe, IV - Ge, Sn, VI - §, Se). "?

example

Results and Discussion

Very recently we have elaborated two methods of preparing
Cu-Fe-S nanocrystals, namely heating up''* and hot-injection, !
which enable strict control of their composition, ¢rystal struc-
ture, size, and shape.

Taking into account that the hot injection methods assures a

very high yield (90 % as calculated for the inorganic core) we

- 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Wemnbeim
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have scaled it up (20-fold) with the goal of obtaining gram-size
samples, suitable for the fabrication of cylindrical-shape speci-
mens through sintering under pressure.

in a typical preparation, 1.28 g (0.04 mol} of sulfur dissolved
in 25 mL of oleylamine (OLA) were injected at 160 °C into a
mixture of metal precursors consisting of copper(il) oleate
(12.5 g, 0.02 mol) and iron(lll) stearate (18.1 g, 0.02 mol) dis-
solved in 150 mL of 1-octadecene (ODE). The mixture was then
heated up to 240 “C and kept at this temperature. After cooling
to room temperature, about 4.0 g of nanocrystals per batch
could be recovered from each preparation by precipitation with
cthanol. The thermoelectric material fabrication scheme (from
substrates to the cylindrical solid specimen) is depicted in Fig-
ure 1.

The effect of scaling up the synthesis on the size, composi-
tion, and structure of the resulting nanocrystals was investi

S/0LA
SN
Wy, ,fe .S
NH,),S ) >
y“w (NH.), N Fets L
. cun 00F®1.0051 53 s 34 g9
copper(ll) oleate e Jo
. .-;\ Fe-1 =
iran(lll) stearate . .
ODE. / Meerwein's salt
H (CH,CH,),08F, Cuy poFeys:Sia
fe-1-M
“410 g
3,2g

Figure 1, Scheme of the Cu-Fe-S thermoelectric material fabrication procedure.

4} fe-0

Cu, ooFe, 55, wolS, 50} | B)
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gated by electron microscopy, EDS, and X-ray diffraction. From
the EDS spectra (see Figure S1 in the Supporting Information),
the inorganic core compositions were determined for the small-
scale batch nanocrystals prepared as described in ref!' " Fe-0
and the large-scale ones, synthesized as described above
(Fe-1), show only minor differences: the determined structure
S. ) for Fe-0 and Cu, . Fe. .S (S, ) for
(the amount of S¢ required to fully compensate the

is Cu, yuFeq (S ol
Fe-1
charge of the metal cations is indicated in parentheses). Both
batches of nanocrystals show the same crystal structure as evi-
denced by their powder diffractograms presented in Figure 2a.
Clearly, the peaks observed at 2f/ values of 29.0°, 48.7", and
58.0° correspond to the (112}, (204}, and (312} reflections of the
chalcopyrite structure (JCPDS 37-0471). Nanocrystals of both
batches are polygonal in shape, and their sizes range from 5 to
15 nm (Figure 2b). The average crystallite sizes, determined
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"
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bigure 2. X-ray powder diffractograms of Cu, o Fey 05 5005, 00 (Fe-01 Cu
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Cu. e S, 005, .. IFe-1-S), Cu, ..Fe. .S,
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from the Scherrer formula, are 6.7 and 8.7 nm for Fe-0 and Fe-
1, respectively, suggesting that the individual nanocrystals are
of single-crystalline nature (Tabte 51, Supporting Information).

In our previous paper'* we have demonstrated by comple-
mentary NMR spectroscopic and XPS studies that the primary
ligands consist of alkyl groups covalently bound to surface
sulfur atoms. These rather unusual nanocrystal-stabilizing
groups originate from the transformations of the sulfur precur-
sor in oleylamine. The set of experiments carried out for the
products of the “scaled up” synthesis described here gave iden-
tical results.

From the point of view of the fabrication of thermoelectric
nanomaterials, the presence of primary organic ligands is highly
undesirable, since the organic shell consisting of long alkyl
groups "isolates” individual nanocrystals and makes the charge-
carrier transport more difficult. Moreover, at higher tempera-
tures, to which thermoelectric materials are frequently exposed,
the organic ligands may uncontrollably decompose. This un-
controllable decomposition is also undesirable if solid speci-
mens of defined geometry are being prepared through sinter
ing, as presented in this communication. For these reasons, in
the next step of the preparation of thermoelectric materials
described here, the primary organic ligands were exchanged
for inorganic ones. Two exchange procedures were applied:
(1) through the use of (NH,),S, which is an effective source of
S ions, in an exchange of organic anions for inorganic ones;
the resulting nanocrystals are easy transferable to highly polar
solvents; ! (2) by application of triethyloxonium tetrafluoro-
borate (Meerwein's salt), which effectively removes organic
ligands by alkylation. '’

tn each case the ligand exchange was carried out for 4.0 g
of initial nanocrystals {Cu, , Fe, .S, ufS. ). Fe-1] capped with
organic ligands. Upon treatment with {NH,),S, the mass of the
sample decreased to 3.4 g. EDS investigations showed almost
no change in the Cu/Fe ratio with simultaneous increase of the
sulfur content above the stoichiometric level: Cu, gFe;.:5, (S, o)
(Fe-1-S). The use of Meerwein's salt [{((,H.),0BF,] resuited in a
mass decrease to 3.2 g. As evidenced by EDS analysis, the
Cu/Fe slightly increased, and the content of sulfur turned out
to be essentially stoichiometric with respect to the cations:
Cu, oFer 435 4n(S) ws) (Fe-1-M).

Fe-1-S and Fe-1-M batches of nanocrystals were ground and
then sintered for 10 min at 600 “C by hot pressing (50 MPa) in
an argon atmosphere to yield solid cylindrical samples
(4 mm x 12 mm) (see Figure 1}. "% The sample density d - 3.57
(Fe-1-S) and 3.80 g cm * (Fe-1-M) were determined by using
the Archimedes method, which accounts for 85 % and 90 % of
crystallographic density, respectively.

X-ray diffractograms of these solid samples are shown in Fig-
ure 2a, and their SEM images are displayed in Figure 2c. Some
information concerning the sintering process can be obtained
from the analysis of the changes in FWHM before and after
sintering. The crystallite sizes calculated assuming the Scherrer
formula (K - 1.00) are collected in Table S1 in the Supporting
Information. The obtained data seem to indicate that sintering
of Fe-1-S does not induce the growth of crystallites, since their
sizes before and after this process are very similar {13.4 and

tur. Joinorg. Chem. 2017, 3150 3153 www.eurjic.org
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14.9 nm, respectively). Crystallites in sintered Fe-1-M are larger,
reaching about 32 nm. Apart from the narrowing of Bragg re-
flections in Fe-1-M, no other changes were observed. In partic-
ular, no new phases appeared upon heat treatment.

Data comprising the temperature dependence of the See-
beck coefficient, electrical and thermal conductivity, as well as
the zT coefficient are collected in Figure 3.
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Figure 3. Temperature dependence of the thermoelectne properties of
Cuy ke S0 145,.,) IFe-1-S| redl and Cu, Fe, 05 415 .0 IFe-1-M1 Iblue)
nanocrystals: 1] Seebeck coeffrioent, (b electnical conductivity, 10 thermal
conductivity. 1d; z1.

In view of the importance of the surface composition of
semiconductor nanocrystals with regard to their thermoelectric
properties, we have carried out detailed XPS investigations of
Fe-1-S and Fe-1-M batches. Their survey spectra are shown in
Figure S2, whereas the HR spectra of Cu2p, Fe2p, S2p, Cls, and
O1s are collected in Figures S3-S7 of the Supporting Informa-
tion. The registered HR Cu2p and Fe2p spectra are characteristic
of Cu' and Fe" in chalcopyrite: Cu'Fe"'S,. " No differences be-
tween Fe-1-S and Fe-1-M are observed in HR S2p XPS spectra,
since in both cases doublets characteristic of S* and surface-
bound -SH can be distinguished”"" It should, however, be
noted that one significant difference between the two batches
is manifested in EDS, showing an increased content of oxygen
in Fe-1-S relative to that in Fe-1-M (7.8 % vs. 4.6 %). In both
cases, the Cls spectra reveal a clear signal at 289.1 eV character
istic of carboxyl-type carbon atoms. It can therefore be stated
that Meerwein's reagent is more effective in removing carboxyl-
type figands than (NH,),S. These results are in accordance with
findings reported in ref. "' These authors fabricated a thermo-
electric material without removal of the oleic acid ligands,
which showed a positive Seebeck coefficient. Evidently, the
presence of carboxyl groups on the nanocrystal's surface favors
p-type conductivity. Their increased content in Fe-1-S dimin-
ishes the S| value in this semiconductor of n-type conductivity
as compared to the case of Fe-1-M.

Although the |§} value determined for Fe-1-S is lower than
that for Fe-1-M in the whole temperature range studied (see

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Wemnheim
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Figure 3), the electrical conductivity of Fe-1-S is higher and its
thermal conductivity is lower than the corresponding parame-
ters of Fe-1-M. Since the zT coefficient is proportional to electri-
cal conductivity and inversely proportional to thermal conduc-
tivity, its value for Fe-1-S is higher than that for Fe-1-M up to
about 500 K. For higher temperatures, these coefficients are
essentially the same for both materials reaching 0.13 for T
616 K.

To the best of our knowledge, this is the first report on n-
type thermoelectric materials fabricated from ternary Cu-Fe-S
nanocrystals. Previously studied thermoelectric materials fabri-
cated from macrocrystalline or nanocrystalline CuFeS; {without
the removal of organic ligands) showed p-type behavior with
significantly lower 2T values."'!

Conclusions

To summarize, we have elaborated a gram-scale preparation of
ternary Cu-Fe-S nanocrystals that can be used as components
of thermoelectric materials. Removal of primary organic ligands
by action of either (NH,),S or (C,H.),0OBF, (Meerwein's salt)
leads to nanocrystals that can be sintered at 600 "C to yield
macroscopic solid samples of controllable size and shape. In
view of their controllable processing, these new materials can
be considered as technologically promising thermoelectric ma-
terials.
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SYNTHESIS AND CHARACTERIZATION OF ANTIMONY TELLURIDE FOR THERMOELECTRIC
AND OPTOELECTRONIC APPLICATIONS

Antimony teHluride (Sbs Te s an imtermetalhe compound ervstallizing in a hexagonal latiee with R-3m space group. It ereates
a close packed structure of an ABCABC tvpe As minnsic semiconductor characterized by exceellent electnical properties, Shyles is

widely used as a low-temperature thermoelecetric matenal. At the same time. due to unusual properties strictly connected with the
structure), antimony telluride exhibits nonliear optical properties, including saturable absorption. Nanostructurization, elemental
doping and possibilities of synthesis Shy fe; m vanous forms (polvervstalline, single erystal or thin tilm) are the most promising
methods for improving thermoelectrie properties of Sby Tes Apphications of Sbh-Te; inoptical devices (¢.g. nonlincar modulator, in
particular saturable absorbers for ultratast lasersy are also mteresting. The antimony telluride in form of bulk polverystals and lavers
tor thermoelectrie and optoclectronie applications respectively were used. For optical apphications thin lavers of the matenal were
formed and studied. Synthesis and structural charactenization of §b ey were also presented here. Fhe anisotropy (packed structure)
and 1t influence on thermoclectre properties have been pertformed. Furthermore. preparation and characterization of Shy leq thin

films for optical uses have been also made,

Kevivords: antimony tellunde. thermoclectric matenials, thin films, PVD magnetron sputtering. topological insulator.

1. Introduction

Thermovlectric matenals are usually described by the
thermoelectric figure of merit Z7 that is closely related to en-

ergy conversion efficiency from heat to electnicity. The /7

value increases when the Seebeck coetlicient and the electnical
conductivity increases and the thermal conductivity decreases
[1]. Thermoelectne module build trom p- and »- tvpe materials
allowed to direct energy conversion. but due to low efliciency
ot commercially available modules | 2] researchers try to modity
properties of know materials and in the same time search for
a4 new one. Antumony telluride ShaTey has been commonly
apphied for manv years as a low-temperature thermoelectric
matcenal, because of its relatvely high value of /7 parameter
{close to ~1). These good thermoelectric properties of ShaTes
stem from its crystallographic structure.

Due to ths ervstallography it s also possible to manage the
compound macroscopic properties by structurization of the poly-
crystalline matenial [3]. The spark plasma sintering (SPS) when
used tor compacting thermoelectric materials can prevent grain
size growth and increase Z7 by decreasing thermal conductivity
[4.5]. The process can be used to obtain high density samples that
can be used to construct hugh efticiency thermovlectrie modules.

Recently, topological msulator properties have been dis-
covered in SbaTe, compound [6]. Further this led rescarches to
deteet broadband nonlinear optical properties. including nonlin-
car absorption and refraction [7.8]. This creates a possibihity to
use 1t as a saturable absorber tor mode-tocked and Q-switched
tibre lasers [9.10], for nonlinear beam shaping | 11]. and to ob-
tain super-resofution effect in nano-optics [ 12}, Another crucial
advantage 1s ats broadband operation characterisue. allowing
the use in devices working 1n vanous spectral ranges in visible
light and infrared.

2. Experimental

Solid SbyTe; was obtained by alloying the elementary
powders 1n quartz ampules sealed under vacuum (at 930 K tor
1 hour and next slowly cooled down) i the rocking furnace.
Subsequently, the ingots have been mechanically milled (WC
mill) to obtain a powder. The Sb.Te; bulk samples (diameters 10
and 30 mm) were formed by SPS_ at the temperature of 700 K
and under pressure 40 MPain a graphite die.

Matenal for PVD (Phvsical Tapor Deposition) target was
synthesized for 1 h at 970 K. Then the matenal was crushed
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and milled in anhydrous alcohol. Atter alcohol evaporation the
powder was sifted and particles i the range from 60 to 90 um
were chosen for further preparation. The Shaley target with
dimensions: diameter S0 mm, thickness 3 mm was compacted
by SPS at the maximum temperature below 725 K. pressure
40 MPa and time 30 min.

Thin films of antimony telluride were produced in a typical
batch-type vacuum deposition svstem using a ditfusion pump
backed by mechamical pump. Sb-Te layers were obtained with
one magnetron with planar target of 30 mm diameter. The sputter-
ng process was supported by the pulsed power supply generating
pulses with the 80 kHz frequency and the group modulation of
2.5 kHz Sputtering of ShyTe; target was conducted under con-
stant conditions of power (0.03 kW) and current (.05 A) at the
argon pressure of 0.25 Pa. Lavers of varying thicknesses were
depostted on substrate plates. 24 by 24 mm, made of glass, and
stde-polished optical fibres.

The phase composition of the matertals was measured by
the X-ray diffractometer Philips (PANalvtical) X Pert Pro with
Bragg-Brentano geometry. For lavers GID (Grazing Incidence
Diffraction) techmque was used with PANalyvtical Empyrean
diffractometer with parallel beam (under 1%)and Luler’s holder.

Raman spectroscopy was used to characterize the chemucal
bonding of the coating. Raman spectra huv e been recorded using
Hortba LabRAM HRSO0 spectrometer coupled with a 332 nm
Nd-YAG diode laser. Measurements were carried out at several
difterent places of the samples. with tollowing parameters:
diffraction grating: 1800 lines'mm. acquisition time 30 sec,
accumulation 4.

The structure and chemical composition of the layers were
investigated by SEM (Scanning Electron Microscopyy. For bulk
matenal there were prepared two kinds of samples with different
onentation (perpendicular and parallel) to pressing foree diree-
ton during SPS sintering. SEM FFEI NOVA NANO SEM 200
cquipped with EDS analyser from EDAX was used.

Transmussion spectrum was measured using Fourter Trans-
form Infrared Spectroscopy (FT-1IR). Nonhnear optical properties
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of SbyTe; thin films were ventied by power-dependent transmis-
sion change measurement under the influence of a 300-fs laser
at 1560 nm (Menlo T-Light) with 100 Mz repetition rate. The
measurement was pertormed i all-fibre setup | 13

Temperature dependences of thermoelectnie properties
(thermal and clectrical conductivities. Seebeck coetlicienty were
measured in the temperature range from 300 K to 330 K. Elec-
trical conductivity was measured by the van der Pauw method,
Seebeck coeflicient by the standard method and thermal con-
ductivity by the Laser Flash Apparatus (LFA 457 Macroblash,
NETZSCH).

3. Results and discussion

I'he SbyTes lavers prepared by PVD techmgue mainly
consisted of pure Sh-Tey phase. Possible existence of some 1m-
purities corresponding to Si0- phase as well as high background
can be connected with the mmtluence of the amorphous glass
substrate. The widened pecks in XRD patterns can indicate the
fine crvstatline gran size n the samples after deposition. The
results of the XRD measurements can be scen in the diffraction
patterns (Fig. 1)

Representative Raman spectroscopy measurements for
Sh-Tes faver are presented in Fig. 2. Raman spectrum exhibit
the representative bands at the 63, 108 (overlapped with 116)
and 162 em™ which are closely related to A}, and F, modes
(Sb-Te vibrations) of Sha Tey structure [ 14-16
doublet observed at 116 and 137 em ' as well as the band at 89
e with very low integral intensity can be attnbuted to the

The charactenstic

interaction of Te-Te between packages of the antmony tellunide.
" should be related to vibration Sb-O oxide
mode due to surface modification of the short-wavelength laser
illumination [16.17].

lhis signal increase with inereasing laser power during
measurements. The data trom different sample places did not
show anv difterences,

I'he line at 251 ¢cm™
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Fig. 2. Raman spectrum for Shyles laver

The fracture surface of bulk matenials (Fig. 3) proves that
after sintering process the matenial possess the lavered structure
with lavers perpendicular (Fig. 3a) to the pressing foree. In the
same tme the toree s parallel to the normal vector to the surface
and the ¢ parameter of the clementary cell.
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SEM images of the ShyTe; thin laver prepared by PVD
techmque on laboratory glass are presented in Fig: 3¢ The
chemical analvsis by EDS technigue revealed that in analyzed
arca there are the amounts ot Sh and Te corresponding to the
Sh-Te; composition. Droplets that can be seen on the surface
are the effect of inhomogeneity ot the target.

IFor the transmission spectrum measurement, the thin filim
was deposited on uncoated caleium Huoride (Cak») window with
transmission from visible light up to 8 um. The measurement
result1s presented m Figo 4. The transmussion increases together
with wavelength. with values of 56™a. 71% and 76%a at 1,56 pm,
1.96 um. and 2.1 pm. respectively. Wavelengths correspond 0
three enmussion bands of the most common near-infrared rare 1on
dopants in acuve media tor laser emission erbium (operating at
1.56 pum), thuhum (1 96 pm) and holmium (2.1 pm) [ 18] The
transmission level indicates a possibihity of application of Shy lie,
thin film in fasers operating in those spectral regions. The whole
spectrum s characterized by a smooth shape.

For the measurement of nonhnear properties, a thin film
was deposited on standard single mode fibre connector, which
enables the use i all-fibre setups. The measurement revealed

Fig 3 SEMamages of the Shy ey bulk samples fracture tor different onentation to the pressing foree dunimg SPS process: (a) parallel, (b) per-

pendicular and (¢) image of the laver prepared by PVD technique
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that ShTey 1s characterized by a saturable absorption with low
saturation fluence of 50 pl'em®, which stems trom high third-
order nonlincanity. The measured modulation depth of 1% 15
limited by the inverse slope in saturable absorption due to the
two-photon absorption.

The experiments show that antimony telluride has potential
to be used m novel nonlinear optical devices, in particular broad-
buand and versatile saturable absorbers for fibre lasers [9.10]

Graphs presented i Fig. 5 show the measured thermo-
cleetric properties of the prepared bulk thermoelectnie doped
Sh.Tex matenal as a temperature function along two ortentation
to pressing foree during sintering (parallel and perpendiculary.
The most significant effect depending on the direction can be
seen for the value of the thermal conducuvity (Fig. 5hy. The
ditterences between two different directions in thermal con-
ductivity s sigmificant and tor parallel one is almost two times
lower than tor perpendicular. The lower thermal conductivity
as we know from structural measurements is obtained along ¢
axis (i most grams). From the other graphs we can also note
the dependencies trom direction for Seebeck coethicient (Fig.

S¢). electrical conductivity (Fig. Sa) and thermovlectric tigure of

merit 27 The Z7 value is evadently hugherin parallel direction to
pressing foree and reach its maximum equal 0.7 at 100°C (Fig.
5d). This analysis indicates significant impact of anisotropy on
the thermoelectric properties m antimony telluride.

4. Conclusions

The measurement revealed that Sb-Tes 15 characterized
by a saturable absorption with a low saturation fluence, which
stems from high third-order nonlinearity. Addittonally, we have
observed the inverse slope in saturable absorpuion due to the
two-photon absorption. The experiments suggest that antimony
telluride can be used to develop novel nonlinear optical devices.

The bulk material after sintering process exhibit the lav-
ered structure with layers normal vector and the ¢ parameter
of the clementary cell parallel to the pressing force during

SPS process. This anisotropy strongly influences the value of

ZT parameter. The highest ZT value equal 0.7 was reached for
Bi,Shy [ Teg (v = 0.5) at 100°C v the direction paralle] to the
pressing foree.
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of Thermoelectric Modules
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The main aim of this work was to construct and test an apparatus for char-
acterization of high temperature thermoelectric modules to be used in ther-
moelectric generator (TEGs) applications. The idea of this apparatus is based
on very precise measurements of heat fluxes passing through the thermo-
electric (TE) module, at both its hot and cold sides. The electrical properties of
the module, under different temperature and load conditions. were used to
estimate efficiency of energy conversion based on electrical and thermal en-
ergy conservation analysis. The temperature of the cold side, 7., was stabi-
lized by a precise circulating thermostat (<0.1°C)in a temperature range from
5°C to 90°C. The amount of heat absorbed by a coolant flowing through the
heat sink was measured by the calibrated and certified heat flow meter with
an accuracy better than 1% . The temperature of the hot side, T}, was forced to
assumed temperature (T,,,, = 450°C) by an electric heater with known power
(P, = 0600 W) with ample thermal insulation. The electrical power was used
in calculations. The TE module, heaters and cooling plate were placed in an
adiabatic vacuum chamber. The load characteristics of the module were
evaluated using an electronically controlled current source as a load. The
apparatus may be used to determine the essential parameters of TE modules
(open circuit voltage, U,,.. short circuit current, I, internal electrical resis-
tance, R,,, thermal resistance, R, power density, and efficiency, 1, as a
function of T, and T},J. Several commercially available TE modules based on
Bi,Te, and Sh,Te, alloys were tested. The measurements confirmed that the
constructed apparatus was highly accurate, stable and vielded reproducible
results; therefore, it is a reliable tool for the development of thermoelectric
generators.

Key words: Energy conversion efficiency, power generation, thermoelectric
modules, performance characterization, heat recovery,
renewable energy

INTRODUCTION

Direct energy conversion from heat into electric-
ity takes place in thermoelectric generators (TEGs)
made from coupled n- and p-type carrier thermo-
electric material tunicouple) by way of the Seebeck

tReceived February 15, 2016; accepted May 27, 2016.
published online June 23, 2016

effect. The energy conversion efficiency is closely
related to the Carnot cycle efficiency and material
properties expressed by thermoelectric figure-of-
merit (ZT).! Because the voltage of one unicouple
is very small, TEGs have to be constructed of a
number of such pairs connected electrically in series
and thermally in parallel.” As a result, TEG effi-
ciency depends on many factors such as design
issues, including dimensions of the modules and
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number of the unicouples, material parameters (ZT,
electrical and thermal contact resistance, properties
of insulation plates), and operating conditions (tem-
perature range, load parameters). Therefore a num-
ber of parameters can limit the TEG performance,
and the best way to compare thermoelectric mod-
ules is based on measurement of their efficiency of
energy conversion.

The aspects of measuring parameters of thermo-
electric modules have not been described thor-
oughly. The efficiency is often estimated from
functional thermoelectric material properties as
well as those of auxiliary materials tmetallic inter-
connectors, ceramic plates, protective covers, etc.).
However, recently an interest in the real TEG
operating parameters is stimulated, because of
possibility of a wide range of home and industrial
applications.' ' The performance evaluation of the
modules, and a precise characterisation of their
operational parameters became a necessary
requirement.”"’

The most popular thermoelectric modules (also
evaluated in this work) are based on bismuth
telluride alloys.” ™ Because this widely used mate-
rial possesses a moderate value of ZT (ZT = 1),
current research concentrates on modifications of its
composition and structure in nano- and micro-
scale’™™' aimed at improving ZT. Concurrently,
there is constant progress in the optimization of
other TE materials.!*!" '* Meanwhile, other criti-
cal developments in the module construction, such
as in the area of materials junctions {ceramic-
metal-TE material, barriers and bonders), are ongo-
ing."" ' including quality measurements of ther-
moelectric—thermoelectric (TE-TE) junction in
cascaded modules.'”"'" The lifetime and the relia-
bility of thermoelectric modules are also impor-
tant.'” Another aspect is materials that could
provide heat transport from the heat source and to
the heat sink.”” All these efforts should enable the
development of TEGs with improved efficiency of
energy conversion and possibilities of application in
everyday life.”! This inevitably leads to the next
step. which is precise measurements of their per-
formance before widespread applications.

The general idea of efficiency measurements,
applied in this study, is based on comparison of
electrical power, P, generated by the module and
the thermal power, @,, supplied to the hot side of
the module in stationary heat flow conditions, and
@- heat received from the cooler. Measurements of
electrical parameters (output voltage, [/,,, and
current, /,,) and electrical power, P., are quite
simple and very accurate. In contrast, it is a
challenge to achieve a precise measurement of the
heat flow supplied to the TE module and measurin%
all temperatures in the system. Takazawa et al.”"
constructed an apparatus designed to examine
modules operating in temperature differences of
up to 550°C. The technique was based on the
concept of thermal conductivity measurements
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using a stationary comparative method in adiabatic
conditions. In this technique, temperatures are
measured in aluminium nitride (AIN) plates in
contact with module and heater (contact provided
by carbon sheet). The amount of heat flow at the
cold side of the module was estimated by measuring
the difference in temperature in a Cu block (tem-
perature calibrated by the standard reference mate-
rial Fe), mounted on the cold side of the
thermoelectric module. As in the case of the sta-
tionary comparative method for measuring the
thermal conductivity. the main difficulty in precise
measurements is due to heat radiation losses in the
reference materials and uncertainty in temperature
measurements, which cause systematic errors in
values of the heat flow and consequently in esti-
mated parameters. Therefore, during Takazawa's
efficiency measurements, the temperature of the Cu
block was maintained around 7. = 25°C in the cold
stage. The phenomenon of heat losses in the Cu
block theat flow sensor) limits the practical temper-
ature range of the apparatus usage to cold side
temperatures, T, of about 20-60"C. The measured
deviation of the heat flux paramcters was lower
than +5%. A similar solution was presented in a
study®! where two reference blocks were applied on
both sides of the measured modules. The tempera-
ture range of the hot side was up to 580°C and the
cold side, T, = 30°C. The authors estimated again
the error as =5%.

In order to overcome the high degree of uncer-
tainty involved in measuring heat flow using the
absolute method, Rauscher et al.*' proposed a
different solution. In their concept, amounts of heat
were measured based on the power dissipation of
the thermally guarded electrical heater that sup-
plied the thermal energy to the hot side of the
module. The heat flow measurements for a reference
sample were reliable within £5%. The estimated
systematic error of the heat flux and the efficiency
were within 3% . Similar studies and methods can be
found in papers concerning measurements of ther-
moelectric generator parameters.”” In Ref. 26 the
heat flux was measured at the cold side of the
module by a heat meter (reference material and
thermocouples) and concurrently by the heat meter
mounted on a cooling system twith liquid coolant).
At the hot side, the same heat meter was used for
proportional-integral-derivative (PID)  controller
application, in which case determination of electric
power of the heater was hindered. Nevertheless the
heat flux errors, as claimed by the authors, did not
exceed 3% for this setup. The electric current
measurements were carried out on an analogue
resistor that should not introduce measurement
errors according to the authors. The overall esti-
mated error of efficiencies did not exceed 3%. A
similar apparatus has been presented.”’ but that
work additionally introduced an analytical model to
analyse the impact of the modules’ most important
properties and thermal interface leakage on the
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measured efficiency. The authors of” analyse dif-
ferent internal heat loss mechanisms for thermo-
electric generators with Bi,Te; p- and n-type legs.
They did not consider heat losses through the sides
of the module. The heat losses due to natural
convection were negligible for millimetre size mod-
ule. The combined case of radiative and conductive
heat transfer resulted in the lowest efficiency. For
an insulator with properties similar to argon, only
the radiative path was responsible for significant
heat losses. The overall efficiency was decreased by
the inner heat losses (for distance between legs
equal to 1 mm and temperatures, T, = 20°C and
Ty, = 250°C by less than 3% of the absolute value.

This introduction indicates that there i1s need to
make an cffort to evolve and construct a new
apparatus for measuring TE modules, one able to
describe the operating properties of the module with
better precision.

The concept, design and construction of an appa-
ratus for measuring the thermoelectric modules for
high temperature applications are presented here,
along with results of measurements carried out for
commercially available modules. The apparatus has
been used also during a study devoted to develop-
ment of segmented Bi,Te;/CoSh,, for which the
results were presented at the 9th European Con-
ference on Thermoelectrics (ECT).? The technical
details of the apparatus construction can be found
in Ref. 30.

OPERATING PARAMETERS AND THE
CONCEPT OF THE APPARATUS

The apparatus operating temperature ranges are
T, = 30-4507C at the hot side, and T. = 5-90°C at
the cold side. These temperatures can be adjusted,
s0 that module parameters can be measured in their
respective maximum temperature ranges and at the
same time to avoid the module thermal destruction.

In particular, the equipment can be used to
determine the following essential parameters of
thermoelectric modules:

— Open circuit voltage U, as a function of tem-
perature, both of T, and T\

— Short circuit current I as a function of temper-
ature, both T}, and T,

— Internal electrical resistance R,,,, as a function of
temperature

— Current—voltage characteristics, UU-fil)

— Thermal resistivity as a temperature function,
Rth

— Energy conversion efficiency, 5

—  Thermoelectric figure of merit, ZT

— Power density

The general underlying concept of the measuring
method is presented in Fig. 1. The apparatus com-
ponents are placed in a vacuum chamber and
covered by insulation. The chamber can be filled
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\ Adiabatic cover j

Fig. 1. The idea behind the method of measuring thermoelectric
modules.

by inert gasses (Ar, N,) or evacuated to a vacuum of
10 * bar. The module is placed between heater with
hot temperature, T}, thot side of the module) and
cooler with cold temperature, T. (cold side of the
module). A controlled electrical supply provides
energy to the heater, P;,. When we increased the
current output during measurement, the system
adjusts the heater power to maintain the same hot
side temperature. The heat energy that does not
reach the TE module is described by Q.. The
thermal power provided to the thermoelectric ele-
ment @, is calculated from @, and P, where the
thermal power absorbed by cooler is @, and P, is
electrical power generated by the thermoelectric
module. For . calculation, one needs to know
additional cooling medium parameters, that is, T,
and T,,, {the coolant temperature at the input and
output of the cooler), the coolant flow rate, v.. and
thermal capacity of the coolant, ¢,

Figure 2 shows a schematic diagram of the con-
structed apparatus. The thermoelectric module is
placed between the source of heat (electric heater)
and the heat sink (with liquid coolant). In order to
ensure a precise determination of the energy bal-
ance, both the heat flux entering the thermoelectric
module @, and the heat flux absorbed by the heat
sink @» are measured. The apparatus includes a
power supply and a heater with power regulator,
P, =0-600 W, and an active load source with
adjustable current, I = = 0...30 A. The central con-
trol unit provides control and acquisition of all
parameters. The cooling system is composed of heat
exchanger, pump, and ultrasonic flow meter with
two temperature sensors (7%, T,,). The vacuum
chamber is connected to a vacuum pump. The



vacuum
meter

Zybala, Schmidt, Kaszyca, Ciupinski, Kruszewski, and Pietrzak

vacuum

[ power supply

TE module

OO 6

) 00 0 A 0 1
[

active load source

| heat sink i

T.,®

HFI

o7,

ORONG)

[ central control unit I

(=

O )
olololek

ultrasonic
flow meter

vacuum
pump

| pump ” heat exchanger I

OOBL]

Fig. 2. Schematic diagram of constructed apparatus.

heater, TE and heat sink were all

insulated.

module,

ENERGY BALANCE AND EFFICIENCY OF
THE TE MODULE

The apparatus is constructed in a way that
provides precise heat and electrical measurements.
Collected data from the electrical measurements are

used for the calculations of the electrical power of

the TE module. The electrical and heat quantities
from the measurements are used for energy conver-
ston efficiency calculations., The amount of heat
passing through the heat sink for varied current
flow is used to estimate the Peltier coefficient. The
Joule and Peltier heat are calculated from the
electrical current. The idea of the calculations is
described below.

The heat flux supplied by the heater to the TE
module @, 1s:

=P, Q. (1)
where Py, is the electric power of the heater (Py,
I, - U, and @, is the amount of heat losses
dissipated to the environment by radiation and
convection on the hot side of the module.

Energy losses inside the module through radia-
tion, conduction and convection are described in
Ref. 28 and are similar to those in our case, because
the material and temperature ranges are compara-
ble, thus, those losses reduce maximum efficiency by
about 3% (for T, = T,,...«)

However, the energy losses from the heater are
different for our case. In our experiment, @, was
equal to about 30% of Py, but we did not use this
value to calculate @,. Our methods for calculations
will be described below.

Heat flux passing by the cold side of the module
is absorbed by the heat sink (with liquid coolant),

and it can be calculated from the following
equation:

@, — (Tour Twi-ve cpiT] (2)
where T, is the coolant temperature at the output
of the cooler, T, is the coolant temperature at the
input of the cooler, ¢, (T is the specific heat of the
liquid coolant, and v, is the flow rate of the coolant.

The amount of heat @; converted by the module

into electrical power P, is:

Pi=Qy=0Q, &

(3

Due to the energy balance, the thermal power,
@4, ought to be equal to electrical power P,
generated by the thermoelectric module. Under
zero current conditions @3 =0, and from the
energy balance we have information about energy
losses before the module. When the electric current
is flowing through the system, electric and ther-
moelectric properties of the module have to be
taken into account. Peltier and Joule’a or Thom-
son's effects (the latter has smaller impact) cannot
be omitted.

The above values of thermal powers @, @, and
electrical parameters (U4, Lot Blag) can be used
to determine the essential parameters characteris-
ing thermoelectric modules. Precise characterisa-
tion of these parameters is necessary for the
successful development of thermoelectric
generators.

The module efficiency. 4. can be calculated as a
ratio of the output electric power, P, and the input
heat by the following formula:
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P _ R, @ _ R @ B Q, - (2’;() - Q)
Q; Q; Q,-Pa Q,-Q -05Q; +P,
{4)

where @, and @, are the Peltier heats exchanged
in temperatures T}, and T,.. @, is part of the heat
transfer through the module under I = 0 A condition
and @,; is the Joule’a heat

Q, = Hag-1 ~T Iy (5]

Combining Egs. 4 and 5:

I. l"roc 12 : Rmt
N {6)
I apo + Q/ —-05- IR + Py

where U/, is the open circuit voltage, I is the current
flowing through the module and the external load,
R, 1s the internal resistance, IMyu 2ap are the
Peltier and the Seebeck coefficients, respectively
(for the TE module).

Those quantities can be obtained from the mea-
surement data as follows., U, is the open circuit
voltage on the module, when 7 =0 A, [V] (Fig. 3.,
R, is the internal resistance, estimated form the
current—voltage characteristics [Q], R, = AU/AI
(Kig. 3), @, is the amount of heat transported by
the module per time, when I = 0 A, (W], T1\p, is the
Peltier  coefficient  (for the module) for
T,=T =25C, estimated from the differences
between @, ¢, and @;. for various current and
temperature values WA .

The average heat transfer coefficient, K., of the
module is:

Ku — M (7T
2Ty, T A

where A is the surface area of the module (top or
bottom side), @, and . which should be almost
equal to @, for I = 0 |A], K. is the heat transfer
coefficient for I = 0 |A[; for different load conditions,
K. will be also a function of the electric current.

THE MEASUREMENT PROCEDURE

The TE module and measuring components of
apparatus were placed in an adiabatic vacuum
chamber in order to reduce the heat losses. The
chamber was attached to a vacuum system, and an
inert gas cyvlinder tAr or N,) provided the required
atmosphere during an experiment. The TE module
was placed between the heat sink and the heater.
The cooler was connected to the closed-loop cooling
system, which was equipped with a circulation
pump controlled by the microprocessor and the
precise thermostat (Julabo FP 40-MC). The ther-
mostat could control the temperature of coolant
{and heat sink, T,) in the range of 40°C to 200°C
with a step of 0.1°C and precision better than
+0.02"C. The amount of heat absorbed by the heat

sink (transfer to coolant) was measured by the
calibrated and certified accurate heat meter, which
measures the flow rate of liquid coolant, v, (ultra-
sonic Doppler method) as well as the temperatures
at the inlet, 7, and the outlet, T\,,,, of the heat sink
by Pt500 sensors. The nominal precision of the used
heat meter was better than 1.

The temperature of the hot side, Ty, of the
evaluated thermoelectric module was controlled by
a thermally insulated heater., powered by an
adjustable and stabilized temperature controller.
The hot side temperature, T} and the cold side
temperature, T, of the module were measured by a
K- type thermocouple.

Electric power, P,;, generated by the TE module
was determined from the voltage and current
measurements in an clectrical circuit designed for
that specific purpose. The electrical parameters of
TE module as well as other electrical signals (e.g.
thermocouples) were measured with an accuracy
better than 0.01% by a 24-bits ADC sigma-delta
converter. The electric circuit, powered by the
thermoelectric module, was connected to an
adjustable load resistance, Ry,,4. The data collected
by the system allowed us to determine the funda-
mental electrical parameters such as the open-
circuit voltage, U,,.. the short circuit current, I,
and the internal resistance. R,,,, of the module. The
latter (R,,,) was calculated from the formula:

A L’rm( wld
Al mnd

R — {8

The maximum power, P, generated by the TE
module and the I, U, parameters were calcu-
lated for the load resistance R.,,,, = R,,,..

Under applied measurements conditions, the
maximum measurement error was lower than 3%.

The device was also equipped with a dedicated
user-friendly software that enables control of all the
system elements, ensures data acquisition, presen-
tation of results in graphs, statistical analyses, and
more.

CHARACTERISATION OF THERMOELEC-
TRIC MODULES

The developed apparatus was applied in testing
commercially available thermoelectric modules
based on Bi,Te; and Sb,Te; alloys. These materials
have thermoelectric figure of merit ZT of about
1 at 150"C and an average Secbeck coefficient
1 ~-360 pV/K for a semiconductor p-n unicouple.

The maximum operating temperature of these
modules 1s about 200°C, but the manufacturer
allows temporarily raising the temperature of the
hot end, T}, up to 260-C.

The parameters of the modules provided by most
producers usually relate to selected working condi-
tions (T, = 50°C, Ty, = 175°C). However, they are
insufficient to calculate such factors as power,
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Fig. 3. Current-voltage characteristics U = f(f).
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Fig. 4. Internal resistivity (R,,,) as a function of Ty, for 7. = 25 C.

efficiency, voltage and other important application
parameters in a wide temperature range, as
required for design and development of a generator.

The measurements were performed for several
types of Bi,Tey; TE modules of nominal power
ranging from 5W to 7W (at temperatures
T.=50C and T}, = 175°C) purchased from several
manufacturers.

Results of measurements for one selected module
with 241 thermoelectric p-n unicouples are pre-
sented in Figs. 3. 4. 5,6, 7, 8 and 9.

Data points in current—voltage characteristics
presented in Fig. 3 were averaged from ten mea-
surements per point and for five different load
currents ranging from 0 A to a maximum current
ralue for short circuit ([0, Relations between
current and voltage can be very well described by
a linear function U-frl). Calculated from the line
slope, internal resistances were estimated with

errors lower than 1%. The internal resistances of

R-J.m‘ [" I]

Fig. 5. Electrical power (P.). ioad current (/mog) and voltage (Umeg)
versus electrical load resistance (R,..q) for T.=25'C. Functions:
lmod = Ur)c""( le + R‘oap)- Umod = Rload Uoc"){ Rm' + R‘oad) and Pcl =R
ad 41(A><:"'/(Rvu + Hu.ﬂ!)]‘-

o 10 20 30 40 50 60 70 80
R._..[Y
O

Fig. 6. Electrical power (P) versus electrical load resistance (A, .q)
for Tr. =25C. Ps‘l = R(‘il()(uhrf")( Hlnl + Rm;m))'~

the modules increase with the temperature,
T, = 60-200"C (T, = 25°C), as seen Fig. 4. There
are presented as data points with error bars, and
the temperature range is truncated, because for
Ty, = 40°C the internal resistance was equal to
Ry = 299 1 0.03 Q). Except this first measure-
ment, all of the calculated internal resistances fit
the linear regression. This may be connected with
the interaction between load source and module for
small voltages and currents, regardless if the R,
calculated from linear regressions had a lower value
and did not fit to the trend of the R, — fiT\/. The
data for the main cause measured operating param-
eters of the module (U,,.q. Pe. Imaa) are plotted
against the load resistance in Fig. 5. Measured
values of each parameter are presented, along with
function fits (dashed lines). The voltage on the
module first increases very fast with load resistance
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Fig. 8. Maximum efficiency (#) and maximum power (P.,) as a
functionof T,,. T. = 25'C.

and then asymptotically approaches the open circuit
voltage, U,.. when R|,.q approaches infinity. The
electric current is decreasing from I, for short
circuit to 0 when Ry, approaches infinity. The P,
dependence on load resistance is more complex.
First a very fast increase in power up to a maximum
is observed (for optimum values of U,,.q and I,,.q
almost equal to half of their maximum values) and
then slowly decreases with increasing Ry,.4. The
equations for each curve are given below each
figure or follow equations from the text.

Electric power (P, dependence on the load
resistance for chosen T, temperatures is presented
in Fig. 6. The maximum currents are higher in
higher temperatures and power dependence on
current follows a parabolic function (Fig. 7). Maxi-
mum clectric power for cach temperature is plotted
in Fig. 8, together with maximum efficiency of the
module calculated from Eq. 6. To calculate this

quantity, the values of U, R;,, are needed (one can
find them analysing previously presented graphs).
Furthermore, the amount of heat transferred when
Iod = 0 A must be known. That is the amount of
heat transfer when /[,,,4 = 0, and it is calculated
from Eq. 2. Lastly, the Peltier coefficient was cal-
culated from the Peltier heat equation (@Qyp). It was
done by comparing @, to the denominator of Eq. 6.
The heat entering the module, @, was calculated
from Q. plus electrical power, P. Heat losses from
the heater, Q... were evaluated by comparing Pj, to
@, (it was assumed that in constant temperature,
T\, the losses should be constant, thus @, = P,-Q,
and @, = Q, when [,,,4 = 0 A). In Fig. 9 calculated
power and efficiency as a function of module current
are plotted. One can see that the efficiency reaches
the maximum value for the lower current then
maximum power.

The following parameters (Table I) of the exam-
ined TE module were determined from the
measurements,

The measurement module parameters for the
operating module differ in our experiment from
the data provided by the manufacturer. It can be
explained by the possibility that the real tempera-
ture of the module is different from the measured
temperatures of the hot and cold end. The real
temperatures will be influenced by the thermal
contact properties. In our experiment silicone pastes
were used with the specific thermal conductance,
/.= 0.78 W/imK). Assuming the maximum thick-
ness of the past fill of about 80 pm, for the maximum
heat of almost 200 W, and taking into account two
such thermal contacts (both sides of the module),
the temperature differences is about 15°C, as out-
lined below. The exact value of this difference will
depend on many parameters including the pressing
force, roughness of the surface, the quality of the
layer that is the content of entrapped gases and
others. Those parameters will be considered it in
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Table 1. The results of the measurements and the manufacturer’s data

Quantity

Measurement

Producer data

Maximum electrical power of
the TE module

P = 5.0 W (T, =200 C and
T. = 25"C)(estimate AT at the

Poax = 7.0 Witfor T, = 175 C
and T, = 50°C)

module, AT,,,.,q = 1607C)

Maximum efficiency
Heat transfer coefficient of the TE maodule
Internal module resistance

n=30%ifor T, = 200-C and T, = 25°C) -
K =277+ 5WK 'm'
Ry = 71403010 * T+ 4.0005 0.04) €
tfor Ty, = 40...200C and T, = 25°C)

R, =45 QT =175C,
T.=50C

our future study. For T, =200C, Q. =200 W,
AT oq = 1757°C, AT =~ 6.8°C (real module tempera-
ture difference AT .4 =~ 175-15 =160"C). For
Ty, = 100°C, Q=70 W, AT,.qa=75C, AT = 2.4°C
(real module temperature difference AT,,.q =~ 75—
5=T70°C).

It is possible to measure the module material
parameters more reliably using the Harman
method. It was not applied in this study. Therefore,
in our future work we intend to measure module
material parameters for modules manufactured in
our lab and analyzing all thermal properties of the
whole setup that includes ceramic substrates, metal
connectors, diffusion barriers and others.

SUMMARY

The constructed apparatus enables determination
of the essential parameters of the TE modules in a
wide range of temperatures, T.=5...90°C and
Ty, = 25...450°C. In our study the hot side temper-
ature of the module, T, . = 2007C, was lower than
the applicable temperature range of the device due
to limits of the module parameters. The heat losses
in the system were evaluated by comparing the heat
fluxes and the electrical power. With this approach
the heat fluxes for I, = 0 A must be measured. It
was noticed that measurement errors were a little
higher for lowest and highest T),. In order to avoid
this, in future experiments, the coolant flux will be
better controlled. The maximum module efficiency
was lower in our experiment than the efficiency
provided by the manufacturer, but we do not know
details of the measurements in which the producer
value was obtained. The measurements confirmed
that the developed apparatus had accuracy (better
than 3% ) and reproducibility of results. The equip-
ment allows full characterisation of modules, which
makes it a reliable tool for the development of
thermoelectric generators.
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One of the most important challenges connected with the production of ther-
moelectric modules and their parts is the development of an appropriate
joining technology. The produced junctions must be characterised not only by
high mechanical strength and good adhesion but also by high electrical con-
ductivity, high heat conductivity and, due to working conditions, by a long-
term chemical and temperature stability. This paper presents the results of
the investigation of a Bi,Te /copper junction obtained using lead-free solders.
We analyse and discuss junction properties and quality. To produce this
connection via resistance soldering under pressure, a spark slasma sintering
(SPS/FAST) apparatus was used. The properties of the samples (electrical
conductivity and Seebeck coefficient) have been characterized and presented.
The microstructure investigations and analysis of the element distribution are

also presented.

Key words: Electrical properties, energy harvesting, thermoelectric
materials, junctions, spark plasma sintering

INTRODUCTION

Nowadays, constantly increasing energy con-
sumption is forcing society to develop new power
sources. One of these are thermoelectric modules
(TEM) that allow us to direct energy conversion
from heat energy into electrical energy.'” This
feature may be used to recover waste heat energy
from the exhaust gases of automotive engines and
increase their efficiency, while also decreasing fuel
consumption and environmental pollution.”* There
is also a possibility to use a thermoelectric generator
with a radioisotope source of heat to supply special
space probes like the Vovagers and others.” One of
the most important challenges while building TEM
is the production of junctions of proper quality,
characterized by low electrical resistance, low ther-
mal resistance® and long-term chemical and

tReceived August 21, 2018; accepted March 7, 2019;
published online March 25, 2019

thermal stability. These properties are directly
related to the quality of contacts between the
thermoelectric material and the clectrode. Very
often, in order to avoid junction degradation, diffu-
sion barriers are nceded. Joints that do not fulfil the
above requirements significantly reduce the TEM
parameters such as power density and energy
conversion efficiency.” The produced joints must
also fulfil mechanical requirements, such as good
tensile strength and a thermal expansion coefficient
close to those of the joined materials.” Overall
module efficiencies also have a significant impact
on metal—ceramic junction properties’ and on the
type of insulating ceramics used.'” Bismuth tel-
luride-based alloys are the best thermoelectric
materials for near-room-temperature ap;l)lications
because of their high figure of merit (ZT).!" This is
one of the most important reasons why Bi,Te;
thermoelectric materials (TE? are becoming increas-
ingly vital in alternative applications for energy
saving and conversion. At present, most thermo-
electric generators (TEG) are constructed from
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commercially available modules made of doped
bismuth telluride (Bi,Te;)'? and antimony telluride
{Sb,Teq)."* For the purpose of the work, an n-tvpe
Bi,Te. ¢Se, ; thermoelectric material was chosen,'
while Cu strips served as a connector. Another
important aspect of the investigation is the type of
conductivity of the produced junction, as the con-
nection between the metal and the semiconductor
(m-s) may have rectifving properties. If the m-s
junction has linear, symmetrical current—voltage
characteristics, it fulfils Ohm's Law. Constructing
an Ohm’s Law m-s junction is very difficult and
may only be possible in the case of heavy doped
materials, though it is possible in the case of some
thermoelectric materials.'” Copper was chosen as a
metallic connector because of the high electrical and
thermal conductivity of Cu with a purity of 99.9%
lo =5582 (MS m '), /. =4001 (Wm ' K "'
Based on research publications, Ti and Au were
chosen for the first diffusion barrier.'” The second
tvpe of barrier, a Ni-P layer, was analysed.'™ The
RoHS directive issued by the European Union
prohibits the use of lead. That is why this paper
shows lead-free solders based on gold, tin, antimony
and indium. The development of environmentally
friendly, innovative technology is the main purpose
of modern science. The presented results are the
continuation of scientific work started in 2016,'""
extended by the authors and presented in this work.

MATERIALS AND METHODS
Sample Preparation

The n-type Bi,Te, ¢Se(, | material was synthesized
via the direct fusion technique. Weighed amounts of
pure elements were prepared in the quantities
corresponding to the stoichiometric composition of
the Bi,Te, ,Sey, ; compound. As the initial materials,
elemental Bi, Te and Se, with purities better than
99.99% (Alfa Aesar), were used. The material
synthesis was performed in quartz ampoules closed
in a vacuum (P =1 x 10 © mbar). The reagents
were heated up to 650°C in a rocking furnace,
maintained for 1 h and subsequently slowly cooled.
The prepared ingot was crushed in an agate mortar.
The fine powders were prepared via mechanical
milling in a planetary a;%ate ball mill (2 h, rota-
tional speed of 300 min °). The densification pro-
cess was carried out under vacuum at the uniaxial
compressive pressure of 50 MPa in an SPS appara-
tus.”! The powder was placed in a cylindrical
graphite die with an inner diameter of 10 mm and
pressed between two graphite punches. The com-
pacted powder was heated up to 420°C with a
heating rate of 50°C min ' and held for 15 min,
then cooled at a rate of 25°C min ' The relative
density of the samples was determined by the
Archimedes method and estimated to be ¢. 98-99%
of the theoretical value.
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Solder Preparation

In this study, five different solders were investi-
gated. In order to obtain the solders talluys:
AugSnug,  AuSng,. SngsSby).  stoichiometric
amounts of the elements with high purities of
99.99¢% (Alfa Acsar) were weighed. The synthesis
was carried out in a quartz tube closed under
vacuum (P, .= 1 x 10 " mbar). The homogenisation
of the solder was carried out in a resistance furnace
at the temperature of 350°C for 2 h. The Sn and In
ingots were melted from high purity elements
(= 99.9%) at 350°C. The obtained solders were
cold-rolled into films with a thickness of 0.15-
0.2 mm, except Au;,Sny, and Aug,Sny,, which were
prepared in the form of powders.

Physical Vapor Deposition of the Diffusion
Barrier

In order to reduce the degradation process of the
thermoelectric segments, the formation of an appro-
priate diffusion barrier is required. The barrier
must have good chemical stability and also good
adhesion (ensuring good mechanical properties and
very good electrical contact between the joined
materials). For the purpose of the work, metallic
layers were chosen, produced using the physical
vapor deposition (PVD) method by magnetron sput-
tering. The diffusion barriers were deposited on a
flat, matt surface of the Bi,Te; samples in a vacuum
apparatus cquipped with a magnetron gun WMK-50
with replaceable cathodes made of the selected
materials (Ti and Au). The deposition of the Ti
and Au coatings on the Bi,Te, ¢Se,, | samples were
performed according to the following procedure. The
specimens were placed on a heating table and
heated up to 200°C, under 7.0 = 10 ® mbar for
1 h. The magnetron with the Ti targets (2-inch (c. 5-
cm) diameter) was power-supplied by a DORA
POWER DC pulsed current source with the fre-
quency of 160 kHz. The process of laver deposition
was performed with a cathode current of 0.70 A at
the power of about 500 W, with the pressure of Ar
stabilised at the level of 4.5 x 10 * mbar. Under
these conditions, the average rate of layer deposi-
tion was approximately 40 nm x min '. The
obtained titanium coatings were about 3 ym thick.
The thickness of the gold layers did not exceed
0.5 ym. The first, Ti, layer was used in order to
prevent the diffusion of the materials, and the
second, Au. layer was applied in order to facilitate
the soldering.

Chemical Deposition of Diffusion Barrier

The second part of the work was connected with
junctions containing a chemically deposited Ni
barrier.” The nickel-deposited layer contained
about 5% (by weight) of phosphorus. The basic
advantages of these barriers are chemical stability
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and high electrical conductivity. To prepare a
substrate surface for the Ni-P layver deposition, it
has to be activated by palladium deposition from
palladium precursors coming from palladium(Il)
chloride. The deposition of a Ni-P layer took place
in a bath at the temperature of 80°C and a pH equal
to 4.6. The main substrates used in the bath were
nickel salts and the reducing agent was sodium
hypophosphite with a buffer solution stabilising the
pH. The analysis of the obtained junctions showed
that the layvers deposited for 40 min were about
20 pm thick, and the ap[.l)roximated growth rate was
equal to 0.5 yum x min

Samples Characterization
S les CF ¢ {

For the x-ray diffraction (XRD) pattern, the
X'Pert Philips apparatus with a CuKz; radiation
source was used with the wavelength /. = 1.5418 A,
The measurements were performed on the powders
or polished samples. For the microstructure exam-
ination, scanning electron microscopy (SEM) (JEOL
JSM-840 and FEI NOVA NanoSEM) with an
energy-dispersive (EDS) detector were used.
Detailed analysis was also carried out to determine
the chemical composition and characterisation of
the developed junctions and the diffusion barriers.
Thermoelectric materials prepared by various syn-
thesis methods might have inhomogeneous electri-
cal properties that strongly influence electrical
conductivity. This fact may significantly reduce
the ZT, so it is important to examine the electrical
properties of the produced materials.

Figure la shows the idea of measurement of the
clectrical conductivity along the examined sample.
The use of an alternating current makes it possible
to separate the voltage drop caused by the Seebeck
effect. The XY-movable probe makes it possible to
determine the conductivity changes along the sur-
face of the sample. The resistance and the character
of the conductivity of the produced junction were
measured using the technique shown in Fig. 1h. The
use of the adjustable current source makes it
possible to determine the resistance and rectifying
properties. Finally, the Seebeck coefficient was

determined. Figure lc represents the idea of the
measurement of the Seebeck coefficient distribution
at the sample surface. The heated probe scans the
sample point by point in order to create the Seebeck
coefficient maps, determining the practical useful-
ness of the produced TE legs.

Thermoelectric Material

Figure 2 shows the XRD pattern of the
Bi,Te, 4Sey ; sample used for the junction prepara-
tion. We can see that there is no impurity in the
sample and that all the peaks match the crystallo-
graphic positions that were marked in the graph.

Prepared Solders

Table I presents the obtained solders with the
compositions of all the solders used for low-temper-
ature soldering. There are also photographs of the
ingot with the temperatures of their preparation
and the form in which they were later used for the
junction preparation.

Intensity [a.u]

10 20 30 40 S0 60 70 80 90
2009

Fig. 2. XRD pattern for Bi,Te, ySeg 4.

Fig. 1. The idea of measurement of (a) electrical conductivity of a sample, (b) junction resistivity, (¢) Seebeck coefficient with an XY-movable
probe. 1 Cu electrode. 2 voitmeter, 3 junction, 4 thermoelectric matenal, 5a alternating current scurce, 5b adjustable current source. 5¢ heated

voltage XY probe.
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Diffusion Barrier

To avoid TE material degradation, two diffusion
barriers were used. For the AuSn sulders, a diffu-
sion barrier was used containing the elements
deposited by the PVD method. From the TE mate-
rial side, there was a 3-pym Ti layer on which a 0.5-
um Au layer was deposited for better adhesion to the
AuSn solder. For the rest of the solders, a chemi-
cally deposited NiP layer (Ni-7%P) was used as a
diffusion barrier, with a few micrometres of
thickness.

Junction Preparation

In Fig. 3a, a scheme of the spark slasma sintering
{SPS/FAST) apparatus can be seen. The copper disc
(1 mm thickness), the solder foil (0.15 mm thick-
ness), and the sample with the diffusion barrier
were placed in a graphite die. The heating program
is presented in Fig. 3b, where the parameters of the
soldering process are shown. For the AuSn solder, a
powder was used instead of a film. The heating rate
in the first step was about 50°C min ', and, below
the melting temperature, the heating rate was

Table 1. List of prepared solders

Chenueal Form ot Soldenng
Nooo Obtain myots temp -
Composition = solder  temperature
1 AuuSna, 'i Mitled N0 ¢
2 AupSna, @ Mitled MNENE
3 Sn.Sh. Cold 240 ¢
rolled
4 Sn

- Cold
< 2 C
e il ‘

AL e
. . "i%r Cold o
N In - “-,{' 156

e rolled
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reduced to 5°C min '. When the shrinkage signif-
icantly increased, the heating was stopped, and the
sample was cooled.

RESULTS
Microstructure

A detailed analysis was carried out in order to
determine the chemical composition and character-
isation of the developed junctions and diffusion
barriers. For the In and Sn junctions, Ni-P diffusion
barriers were used. We do not present the SEM
image but there was very good adhesion between
the joined materials, the solder and the diffusion
barrier. There was no porosity or cracks, but the use
of these materials is limited; for pure indium, due to
the low melting temperature, 156°C, the material
may only be used for Peltier modules working in low
temperatures. The second soldering material (tin) is
better due to higher electrical and heat conductiv-
ity, but it is not described in depth in this publica-
tion. This junction may not be wused in
thermoelectric generators due to the phase transi-
tion in pure tin at 13.2°C, connected with volume
changes and junction destruction.

In Fig. 4, the cross section of CuwAu, Sngy
Bi,Te, 4Se, , junction is shown. There is no visible
porosity in the thermoelectric and electrode mate-
rials. The adhesion of the solder to an electrode is
good. A small number of cracks and some porosity
are seen in the solder. Detailed studies have shown
that layers deposited by PVD contain many cracks
on the solder/thermoelectric material boundary, and
it seems that the weakest part of the junction is the
diffusion barrier. The production of a good quality
junction with a PVD coating was a difficult task.
The technique used was not sufficient to apply a
layer that can meet the requirements for thermo-
electric module preparation.

Figure 5 shows the SEM of the Sny;Sb, junction
with the Ni-P diffusion barrier. The SEM image

(b)

Terperatire 7! C)

..

Temperature

Shnnkage

Shrinkage s [mm)

“creep of Sn_Sb, solder” -
3 6 9 12 15 18 21
Time ¢[min)

Fig. 3. (a) SPS/FAST apparatus: 7 graphite die, 2 graphite punches, 3 sample (Cu/solder/TE material), 4 electrical supply. 5 vacuum chamber,

(b) shnnkage during soldenng in the SPS of Sn,.Sb,, solder.
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Fig. 5. SEM image of the Sny-Sbs solder with the Ni-P barrier. (a) Sample structure, (b) detailed magnification.

NIP layer__ mumm ;e
‘ - 7
- p1

. Y+

TE Material

Fig. 6. Position of EDS investigation points.
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2500 4

Sb
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Counts (-)

SNy Bi

ay

(o4

Energy (keV)

Fig. 7. EDS spectra of point p1.

confirmed very good adhesion between the joined
materials, the solder and the diffusion barrier.
There is no visible porosity in the thermoelectric

and electrode materials. The adhesion on all of the
boundaries forming the metal electrode to the
thermoelectric material is good. The visible traces
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Fig. 8. Example characteristics of prepared junction with the
SngsSb;, solder and Ni-P diffusion barrier.
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Fig. 9. Example characteristics of prepared junction with the Sn
solder and Ni-P diftusion barrier.

are grain boundaries disclosed by etching with a 5%
hvdrochloric acid solution. The continuous connee-
tion between the layers was also proved by electrical
measurements. There are no cracks on any of the
boundaries, including the solder/diffusion barrier/
TE boundary. SEM maps proved that there were no
solder elements inside the TE material.

Figure 6 presents the position of the EDS point
measurement; the analysed points were about 5 ym
away from the Ni-P layer.

Figure 7 shows the EDS spectra of point pl;
bismuth, antimony and tellurium are the naturally
expected elements. Small amounts of silicon and
carbon are observed. but these elements come from
the polishing process (Si-C) or are connected with
some technological aspects of sample preparation
for the SEM/EDS analysis. No presence of solder or
diffusion barrier components was shown ftheoreti-
cal positions of their spectrum are marked with x
and labelled). The results of the EDS analysis are
presented in Fig. 6.
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Electrical Properties

Figure 8 shows the example characteristic of the
junction with the Sny;Sb; sulder and NiP diffusion
barrier, scanned by an electrode across the length of
the sample with an applied electrical field or
scanned with a hot electrode (red or green line). At
the beginning of the sample, the increase of resis-
tance (measured from the beginning of the sample!
is very small because copper has very high conduc-
tivity and the signal is covered by the noise. Then,
from the area of the junction, the resistance starts
increasing. The increase in the resistance in the TE
material is constant, so the material is homogenous
and resistivity is constant. For the Seebeck coeffi-
cient, we can see small and constant values for the
electrode material equal to 4 ¢V K '. Then, through
the junction, there is a significant drop of the
Seebeck coefficient value. In the TE material, the
Seebeck coefficient is constant and equal to about
204 V K '. The approximated thickness of the
junction was estimated from the Seebeck coefficient
changes from the electrode to the TE material, from
which in turn the resistance of the junction was
calculated. Electrical measurements confirmed the
lack of solder-side components inside the thermo-
electric material, and very good electrical properties
of the produced junction, p; =8 ;Q cm? which
compared to the values reported in®’ (486 ;Q cm?
and 198 1Q cm?®) is a very good result in the case of
similar Cu-Bi,Te; junctions.

Figure 9 presents the electrical characteristics of
junction fabricated using pure tin. This junction
showed very good electrical parameters, but as it
was mentioned before, the usage of this junction is
limited. The junction fabricated using pure indium
showed similar, very good electrical parameters, but
the Sn reference junction is shown at its higher
working temperature.

Electrical properties of other tested junctions
{AUSNg, AuyeSn.) are not presented due to their
very low clectrical parameters and low mechanical
properties caused by micro-cracks observed between
the solder and the semiconductor material.

DISCUSSION

Issues related to the manufacture and character-
ization of junctions are a current and relevant topic,
especially in the field of thermoelectric materials.
Although junctions made of pure elements have
good properties, the possibility of their usage for
practical purposes is limited due to their low
melting point, restricting the temperature range
for the In and the phase transition for the Sn. For
the AwTi lavers deployed by PVD and the AuSn
solder, the material contained many cracks on the
solder/thermoelectric material boundary, and it
seems that the weakest part of the junction was a
diffusion barrier. The PVD techniques used were
not sufficient to apply a layer that can meet the
requirements of the TEM. Because of this, the next
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part of the work focuses only on the SnSb solder and
nickel-phosphorus layvers deployed using the chem-
ical method. The junction had good adhesion on the
boundaries, confirmed by excellent electrical prop-
erties of the examined junction. The best properties
were obtained for the Sngy;Sb; solder and the Ni-P
diffusion barrier for which the contact resistance
was equal to p, = 8 uQ em?,

CONCLUSIONS

o The presented work focuses on the n-type
Bi,Te, 4Sey, ; and lead-free solders,

e five new types of solders and two types of
diffusion barriers were tested, and the chemi-
cally deposited Ni-P layer shows much better
properties than the AwTi PVD deposited barri-
ers,

o The Augy,Sn.,, and Au,,Sny, have poor mechan-
ical quality. The Sn, In and SnSb solders have
good mechanical and electrical qualities, but the
usage of the In and Sn solders is limited for TEG
applications,

e Microstructure analysis confirmed good param-
eters of Sny;Sb; solder with Ni-P barriers,
allowing the application of the described solder
in the metal-semiconductor junction in the
TEM,

o Further work should focus on long-term tests of
thermal and chemical stability.
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One of the most important challenges connected with the production of ther-
moelectric modules and their parts is the development of an appropriate
joining technology. The produced junctions must be characterised not only by
high mechanical strength and good adhesion but also by high electrical con-
ductivity, high heat conductivity and, due to working conditions, by a long-
term chemical and temperature stability. This paper presents the results of
the investigation of a Bi,Te /copper junction obtained using lead-free solders.
We analyse and discuss junction properties and quality. To produce this
connection via resistance soldering under pressure, a spark slasma sintering
(SPS/FAST) apparatus was used. The properties of the samples (electrical
conductivity and Seebeck coefficient) have been characterized and presented.
The microstructure investigations and analysis of the element distribution are

also presented.

Key words: Electrical properties, energy harvesting, thermoelectric
materials, junctions, spark plasma sintering

INTRODUCTION

Nowadays, constantly increasing energy con-
sumption is forcing society to develop new power
sources. One of these are thermoelectric modules
(TEM) that allow us to direct energy conversion
from heat energy into electrical energy.'” This
feature may be used to recover waste heat energy
from the exhaust gases of automotive engines and
increase their efficiency, while also decreasing fuel
consumption and environmental pollution.”* There
is also a possibility to use a thermoelectric generator
with a radioisotope source of heat to supply special
space probes like the Vovagers and others.” One of
the most important challenges while building TEM
is the production of junctions of proper quality,
characterized by low electrical resistance, low ther-
mal resistance® and long-term chemical and

tReceived August 21, 2018; accepted March 7, 2019;
published online March 25, 2019

thermal stability. These properties are directly
related to the quality of contacts between the
thermoelectric material and the clectrode. Very
often, in order to avoid junction degradation, diffu-
sion barriers are nceded. Joints that do not fulfil the
above requirements significantly reduce the TEM
parameters such as power density and energy
conversion efficiency.” The produced joints must
also fulfil mechanical requirements, such as good
tensile strength and a thermal expansion coefficient
close to those of the joined materials.” Overall
module efficiencies also have a significant impact
on metal—ceramic junction properties’ and on the
type of insulating ceramics used.'” Bismuth tel-
luride-based alloys are the best thermoelectric
materials for near-room-temperature ap;l)lications
because of their high figure of merit (ZT).!" This is
one of the most important reasons why Bi,Te;
thermoelectric materials (TE? are becoming increas-
ingly vital in alternative applications for energy
saving and conversion. At present, most thermo-
electric generators (TEG) are constructed from
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commercially available modules made of doped
bismuth telluride (Bi,Te;)'? and antimony telluride
{Sb,Teq)."* For the purpose of the work, an n-tvpe
Bi,Te. ¢Se, ; thermoelectric material was chosen,'
while Cu strips served as a connector. Another
important aspect of the investigation is the type of
conductivity of the produced junction, as the con-
nection between the metal and the semiconductor
(m-s) may have rectifving properties. If the m-s
junction has linear, symmetrical current—voltage
characteristics, it fulfils Ohm's Law. Constructing
an Ohm’s Law m-s junction is very difficult and
may only be possible in the case of heavy doped
materials, though it is possible in the case of some
thermoelectric materials.'” Copper was chosen as a
metallic connector because of the high electrical and
thermal conductivity of Cu with a purity of 99.9%
lo =5582 (MS m '), /. =4001 (Wm ' K "'
Based on research publications, Ti and Au were
chosen for the first diffusion barrier.'” The second
tvpe of barrier, a Ni-P layer, was analysed.'™ The
RoHS directive issued by the European Union
prohibits the use of lead. That is why this paper
shows lead-free solders based on gold, tin, antimony
and indium. The development of environmentally
friendly, innovative technology is the main purpose
of modern science. The presented results are the
continuation of scientific work started in 2016,'""
extended by the authors and presented in this work.

MATERIALS AND METHODS
Sample Preparation

The n-type Bi,Te, ¢Se(, | material was synthesized
via the direct fusion technique. Weighed amounts of
pure elements were prepared in the quantities
corresponding to the stoichiometric composition of
the Bi,Te, ,Sey, ; compound. As the initial materials,
elemental Bi, Te and Se, with purities better than
99.99% (Alfa Aesar), were used. The material
synthesis was performed in quartz ampoules closed
in a vacuum (P =1 x 10 © mbar). The reagents
were heated up to 650°C in a rocking furnace,
maintained for 1 h and subsequently slowly cooled.
The prepared ingot was crushed in an agate mortar.
The fine powders were prepared via mechanical
milling in a planetary a;%ate ball mill (2 h, rota-
tional speed of 300 min °). The densification pro-
cess was carried out under vacuum at the uniaxial
compressive pressure of 50 MPa in an SPS appara-
tus.”! The powder was placed in a cylindrical
graphite die with an inner diameter of 10 mm and
pressed between two graphite punches. The com-
pacted powder was heated up to 420°C with a
heating rate of 50°C min ' and held for 15 min,
then cooled at a rate of 25°C min ' The relative
density of the samples was determined by the
Archimedes method and estimated to be ¢. 98-99%
of the theoretical value.
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Solder Preparation

In this study, five different solders were investi-
gated. In order to obtain the solders talluys:
AugSnug,  AuSng,. SngsSby).  stoichiometric
amounts of the elements with high purities of
99.99¢% (Alfa Acsar) were weighed. The synthesis
was carried out in a quartz tube closed under
vacuum (P, .= 1 x 10 " mbar). The homogenisation
of the solder was carried out in a resistance furnace
at the temperature of 350°C for 2 h. The Sn and In
ingots were melted from high purity elements
(= 99.9%) at 350°C. The obtained solders were
cold-rolled into films with a thickness of 0.15-
0.2 mm, except Au;,Sny, and Aug,Sny,, which were
prepared in the form of powders.

Physical Vapor Deposition of the Diffusion
Barrier

In order to reduce the degradation process of the
thermoelectric segments, the formation of an appro-
priate diffusion barrier is required. The barrier
must have good chemical stability and also good
adhesion (ensuring good mechanical properties and
very good electrical contact between the joined
materials). For the purpose of the work, metallic
layers were chosen, produced using the physical
vapor deposition (PVD) method by magnetron sput-
tering. The diffusion barriers were deposited on a
flat, matt surface of the Bi,Te; samples in a vacuum
apparatus cquipped with a magnetron gun WMK-50
with replaceable cathodes made of the selected
materials (Ti and Au). The deposition of the Ti
and Au coatings on the Bi,Te, ¢Se,, | samples were
performed according to the following procedure. The
specimens were placed on a heating table and
heated up to 200°C, under 7.0 = 10 ® mbar for
1 h. The magnetron with the Ti targets (2-inch (c. 5-
cm) diameter) was power-supplied by a DORA
POWER DC pulsed current source with the fre-
quency of 160 kHz. The process of laver deposition
was performed with a cathode current of 0.70 A at
the power of about 500 W, with the pressure of Ar
stabilised at the level of 4.5 x 10 * mbar. Under
these conditions, the average rate of layer deposi-
tion was approximately 40 nm x min '. The
obtained titanium coatings were about 3 ym thick.
The thickness of the gold layers did not exceed
0.5 ym. The first, Ti, layer was used in order to
prevent the diffusion of the materials, and the
second, Au. layer was applied in order to facilitate
the soldering.

Chemical Deposition of Diffusion Barrier

The second part of the work was connected with
junctions containing a chemically deposited Ni
barrier.” The nickel-deposited layer contained
about 5% (by weight) of phosphorus. The basic
advantages of these barriers are chemical stability
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and high electrical conductivity. To prepare a
substrate surface for the Ni-P layver deposition, it
has to be activated by palladium deposition from
palladium precursors coming from palladium(Il)
chloride. The deposition of a Ni-P layer took place
in a bath at the temperature of 80°C and a pH equal
to 4.6. The main substrates used in the bath were
nickel salts and the reducing agent was sodium
hypophosphite with a buffer solution stabilising the
pH. The analysis of the obtained junctions showed
that the layvers deposited for 40 min were about
20 pm thick, and the ap[.l)roximated growth rate was
equal to 0.5 yum x min

Samples Characterization
S les CF ¢ {

For the x-ray diffraction (XRD) pattern, the
X'Pert Philips apparatus with a CuKz; radiation
source was used with the wavelength /. = 1.5418 A,
The measurements were performed on the powders
or polished samples. For the microstructure exam-
ination, scanning electron microscopy (SEM) (JEOL
JSM-840 and FEI NOVA NanoSEM) with an
energy-dispersive (EDS) detector were used.
Detailed analysis was also carried out to determine
the chemical composition and characterisation of
the developed junctions and the diffusion barriers.
Thermoelectric materials prepared by various syn-
thesis methods might have inhomogeneous electri-
cal properties that strongly influence electrical
conductivity. This fact may significantly reduce
the ZT, so it is important to examine the electrical
properties of the produced materials.

Figure la shows the idea of measurement of the
clectrical conductivity along the examined sample.
The use of an alternating current makes it possible
to separate the voltage drop caused by the Seebeck
effect. The XY-movable probe makes it possible to
determine the conductivity changes along the sur-
face of the sample. The resistance and the character
of the conductivity of the produced junction were
measured using the technique shown in Fig. 1h. The
use of the adjustable current source makes it
possible to determine the resistance and rectifying
properties. Finally, the Seebeck coefficient was

determined. Figure lc represents the idea of the
measurement of the Seebeck coefficient distribution
at the sample surface. The heated probe scans the
sample point by point in order to create the Seebeck
coefficient maps, determining the practical useful-
ness of the produced TE legs.

Thermoelectric Material

Figure 2 shows the XRD pattern of the
Bi,Te, 4Sey ; sample used for the junction prepara-
tion. We can see that there is no impurity in the
sample and that all the peaks match the crystallo-
graphic positions that were marked in the graph.

Prepared Solders

Table I presents the obtained solders with the
compositions of all the solders used for low-temper-
ature soldering. There are also photographs of the
ingot with the temperatures of their preparation
and the form in which they were later used for the
junction preparation.

Intensity [a.u]

10 20 30 40 S0 60 70 80 90
2009

Fig. 2. XRD pattern for Bi,Te, ySeg 4.

Fig. 1. The idea of measurement of (a) electrical conductivity of a sample, (b) junction resistivity, (¢) Seebeck coefficient with an XY-movable
probe. 1 Cu electrode. 2 voitmeter, 3 junction, 4 thermoelectric matenal, 5a alternating current scurce, 5b adjustable current source. 5¢ heated

voltage XY probe.
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Diffusion Barrier

To avoid TE material degradation, two diffusion
barriers were used. For the AuSn sulders, a diffu-
sion barrier was used containing the elements
deposited by the PVD method. From the TE mate-
rial side, there was a 3-pym Ti layer on which a 0.5-
um Au layer was deposited for better adhesion to the
AuSn solder. For the rest of the solders, a chemi-
cally deposited NiP layer (Ni-7%P) was used as a
diffusion barrier, with a few micrometres of
thickness.

Junction Preparation

In Fig. 3a, a scheme of the spark slasma sintering
{SPS/FAST) apparatus can be seen. The copper disc
(1 mm thickness), the solder foil (0.15 mm thick-
ness), and the sample with the diffusion barrier
were placed in a graphite die. The heating program
is presented in Fig. 3b, where the parameters of the
soldering process are shown. For the AuSn solder, a
powder was used instead of a film. The heating rate
in the first step was about 50°C min ', and, below
the melting temperature, the heating rate was

Table 1. List of prepared solders

Chenueal Form ot Soldenng
Nooo Obtain myots temp -
Composition = solder  temperature
1 AuuSna, 'i Mitled N0 ¢
2 AupSna, @ Mitled MNENE
3 Sn.Sh. Cold 240 ¢
rolled
4 Sn

- Cold
< 2 C
e il ‘

AL e
. . "i%r Cold o
N In - “-,{' 156

e rolled
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reduced to 5°C min '. When the shrinkage signif-
icantly increased, the heating was stopped, and the
sample was cooled.

RESULTS
Microstructure

A detailed analysis was carried out in order to
determine the chemical composition and character-
isation of the developed junctions and diffusion
barriers. For the In and Sn junctions, Ni-P diffusion
barriers were used. We do not present the SEM
image but there was very good adhesion between
the joined materials, the solder and the diffusion
barrier. There was no porosity or cracks, but the use
of these materials is limited; for pure indium, due to
the low melting temperature, 156°C, the material
may only be used for Peltier modules working in low
temperatures. The second soldering material (tin) is
better due to higher electrical and heat conductiv-
ity, but it is not described in depth in this publica-
tion. This junction may not be wused in
thermoelectric generators due to the phase transi-
tion in pure tin at 13.2°C, connected with volume
changes and junction destruction.

In Fig. 4, the cross section of CuwAu, Sngy
Bi,Te, 4Se, , junction is shown. There is no visible
porosity in the thermoelectric and electrode mate-
rials. The adhesion of the solder to an electrode is
good. A small number of cracks and some porosity
are seen in the solder. Detailed studies have shown
that layers deposited by PVD contain many cracks
on the solder/thermoelectric material boundary, and
it seems that the weakest part of the junction is the
diffusion barrier. The production of a good quality
junction with a PVD coating was a difficult task.
The technique used was not sufficient to apply a
layer that can meet the requirements for thermo-
electric module preparation.

Figure 5 shows the SEM of the Sny;Sb, junction
with the Ni-P diffusion barrier. The SEM image

(b)

Terperatire 7! C)

..

Temperature

Shnnkage

Shrinkage s [mm)

“creep of Sn_Sb, solder” -
3 6 9 12 15 18 21
Time ¢[min)

Fig. 3. (a) SPS/FAST apparatus: 7 graphite die, 2 graphite punches, 3 sample (Cu/solder/TE material), 4 electrical supply. 5 vacuum chamber,

(b) shnnkage during soldenng in the SPS of Sn,.Sb,, solder.
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Fig. 5. SEM image of the Sny-Sbs solder with the Ni-P barrier. (a) Sample structure, (b) detailed magnification.

NIP layer__ mumm ;e
‘ - 7
- p1

. Y+

TE Material

Fig. 6. Position of EDS investigation points.

300 4

2500 4

Sb

1500 -

Counts (-)

SNy Bi

ay

(o4

Energy (keV)

Fig. 7. EDS spectra of point p1.

confirmed very good adhesion between the joined
materials, the solder and the diffusion barrier.
There is no visible porosity in the thermoelectric

and electrode materials. The adhesion on all of the
boundaries forming the metal electrode to the
thermoelectric material is good. The visible traces



3864
r T + T T
=4 ,,VK , ,
recohocesosany {
Yy
1
' R=0025m¢:r
i 2
- / »
s // 3
B /

u
SbSn

Fig. 8. Example characteristics of prepared junction with the
SngsSb;, solder and Ni-P diffusion barrier.
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Fig. 9. Example characteristics of prepared junction with the Sn
solder and Ni-P diftusion barrier.

are grain boundaries disclosed by etching with a 5%
hvdrochloric acid solution. The continuous connee-
tion between the layers was also proved by electrical
measurements. There are no cracks on any of the
boundaries, including the solder/diffusion barrier/
TE boundary. SEM maps proved that there were no
solder elements inside the TE material.

Figure 6 presents the position of the EDS point
measurement; the analysed points were about 5 ym
away from the Ni-P layer.

Figure 7 shows the EDS spectra of point pl;
bismuth, antimony and tellurium are the naturally
expected elements. Small amounts of silicon and
carbon are observed. but these elements come from
the polishing process (Si-C) or are connected with
some technological aspects of sample preparation
for the SEM/EDS analysis. No presence of solder or
diffusion barrier components was shown ftheoreti-
cal positions of their spectrum are marked with x
and labelled). The results of the EDS analysis are
presented in Fig. 6.

Zybala, Kaszyca, Schmidt, and Chmielewski

Electrical Properties

Figure 8 shows the example characteristic of the
junction with the Sny;Sb; sulder and NiP diffusion
barrier, scanned by an electrode across the length of
the sample with an applied electrical field or
scanned with a hot electrode (red or green line). At
the beginning of the sample, the increase of resis-
tance (measured from the beginning of the sample!
is very small because copper has very high conduc-
tivity and the signal is covered by the noise. Then,
from the area of the junction, the resistance starts
increasing. The increase in the resistance in the TE
material is constant, so the material is homogenous
and resistivity is constant. For the Seebeck coeffi-
cient, we can see small and constant values for the
electrode material equal to 4 ¢V K '. Then, through
the junction, there is a significant drop of the
Seebeck coefficient value. In the TE material, the
Seebeck coefficient is constant and equal to about
204 V K '. The approximated thickness of the
junction was estimated from the Seebeck coefficient
changes from the electrode to the TE material, from
which in turn the resistance of the junction was
calculated. Electrical measurements confirmed the
lack of solder-side components inside the thermo-
electric material, and very good electrical properties
of the produced junction, p; =8 ;Q cm? which
compared to the values reported in®’ (486 ;Q cm?
and 198 1Q cm?®) is a very good result in the case of
similar Cu-Bi,Te; junctions.

Figure 9 presents the electrical characteristics of
junction fabricated using pure tin. This junction
showed very good electrical parameters, but as it
was mentioned before, the usage of this junction is
limited. The junction fabricated using pure indium
showed similar, very good electrical parameters, but
the Sn reference junction is shown at its higher
working temperature.

Electrical properties of other tested junctions
{AUSNg, AuyeSn.) are not presented due to their
very low clectrical parameters and low mechanical
properties caused by micro-cracks observed between
the solder and the semiconductor material.

DISCUSSION

Issues related to the manufacture and character-
ization of junctions are a current and relevant topic,
especially in the field of thermoelectric materials.
Although junctions made of pure elements have
good properties, the possibility of their usage for
practical purposes is limited due to their low
melting point, restricting the temperature range
for the In and the phase transition for the Sn. For
the AwTi lavers deployed by PVD and the AuSn
solder, the material contained many cracks on the
solder/thermoelectric material boundary, and it
seems that the weakest part of the junction was a
diffusion barrier. The PVD techniques used were
not sufficient to apply a layer that can meet the
requirements of the TEM. Because of this, the next
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part of the work focuses only on the SnSb solder and
nickel-phosphorus layvers deployed using the chem-
ical method. The junction had good adhesion on the
boundaries, confirmed by excellent electrical prop-
erties of the examined junction. The best properties
were obtained for the Sngy;Sb; solder and the Ni-P
diffusion barrier for which the contact resistance
was equal to p, = 8 uQ em?,

CONCLUSIONS

o The presented work focuses on the n-type
Bi,Te, 4Sey, ; and lead-free solders,

e five new types of solders and two types of
diffusion barriers were tested, and the chemi-
cally deposited Ni-P layer shows much better
properties than the AwTi PVD deposited barri-
ers,

o The Augy,Sn.,, and Au,,Sny, have poor mechan-
ical quality. The Sn, In and SnSb solders have
good mechanical and electrical qualities, but the
usage of the In and Sn solders is limited for TEG
applications,

e Microstructure analysis confirmed good param-
eters of Sny;Sb; solder with Ni-P barriers,
allowing the application of the described solder
in the metal-semiconductor junction in the
TEM,

o Further work should focus on long-term tests of
thermal and chemical stability.
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We report on the gencration of dissipative solitons in an
Er-doped fiber laser mode-locked by antimony telluride
(Sh,Te,) topological insulator in the near-zero dispersion
regime. Layers of Sb,Te; were deposited on a side-polished
(D-shaped) fiber using a pulsed magnetron sputtering
technique. Sub-170-fs pulses with 34-nm full width at
half-maximum (FWHM) and 0.21 n] of pulse energy were
obtained from an all-fiber, ring-shaped laser cavity after the
compression in a single-mode fiber.  © 2015 Optical Society
of America

OCIS codes: {140.4050) Mode-locked lasers; (140.3510} Lasers,
fiber, (140.3500} Lasers. erbium: (160.4330} Nonlinear optical
materials: {060.5530) Pulse propagation and temporal solitons.

Ptp dx.donorg10.1364-0L 40 002786

Dissipative soliton operation ot a fiber Liser has become an
ostablished rechnique tor overcoming pulse energy limitations
of conventional soliton operation. For a dissipative soliton, a
single balance of dispersion and nonlinearity is supplemented
by gain and loss equilibrium, which plavs an imporant role in
pulse dynamics [1H]. Such pulses propagating in a laser cavity
are characterized by lincar chirp, and similarly o dispersion-
managed solitons "], are less suseeptible tor fiber nonlincarivies
[3i.

Up to date, dissipative soliton operation of a hber laser was
I

experimentally observed i 1.55-pm rnge with the use of

nonlinear polarization evolution (NPE1 [4]. semiconductor
saturable absorber mirror ISESANY [3 [ nonlincar optical loop
mirror INOLAND 6], and with the use of saturable absorbers
(SAT based on low-dimensional muaterials, like gr.lp]u*nc [,
graphene oxide [R7and carbon nanotubes 9] The SAs based
on low-dimensional materials respond o the need tor a broad-
SESAML

Recently. a new class of materials tor SA application have been

band and low-cost device, in conmast o, cg.

extemsively developed. namely wpological insulators (Flst, a
newly discovered state of quantum matter. Thev are character-
ired by ordinary insulating bulk states and gapless metallic

0146-9592/15/122786-045$15/0515.00 © 2015 Optical Society of Amernica

surtace states. This property originates from a join of time-
reversal svmmenry and spin-orbic interacdons [1070 Among
them, three m liH TTs have been used as a SA: bismuth selenide
(BiSeyt (11,

antimony ullundg iShoTed 17=201 For instance. Sb.Te,

. bismuth celloride (BizTep [13-1670 and

is characterized by a high nonlincar retractive index of 2.606
10" m' /W 221 Incomparison to graphence, the propertes of
T create a possibility o use a bulk material instead of mono-
or few-laver, which tamdates into o more straighttorward
technological process. Previous contributions were mainly
tocused on the operation in anomalous dispersion rwimc
where no dispersion compensation is required [11-1517

The first demonstracion of a disstpative soliton generation \\I[]l
the use of TT was presented by Chier wd ar 106 pm [107,
Further reports on the stretched-pulse mndc—lucking 1920
and dissipative soliton generatton in normal dispersion regime
at 155 pm [19.22] have already been presented,

In this Tetter, we prosent tor the first ime the generation of
dissipative soliton of Fr-doped fiber laser operating in near 7ero
dispersion regime with a SA based on Sby T TH Incontrast to
previous work [F9]L the SA was tabricated inarepeatable and
controllable pulsed magnetron-spurtering technological proc-
osse Lavers of Sho Loy were deposited onaside-polished fiber,
which cnables the interaction berween the evanescent field
of propagating beam. The developed technology allows for
controlling the length ot a deposited material and thereby tor

changing the luwrh of tight-I'T interaction. The wmrlud
pul\u \\uh 34-nm FWHNM, 0.21-n] energy were centered
at 1558 nm and compressed o sab-170- fy. The tully fiber-
integrated, compact, and ready tor packaging SA i character-
ized by up 1o 137 of effective transmission modulation.

Dissipative soliton operation, usually observed in Laser
cavitios swith strong positive di\prl\inn. is also }m\xil)lv in near-
7er0 di\pcr\i(m regime s contitmed prc\‘innsly by numerical
simulations and experiments {23290 In this tvpe of caviey, two
pulse-shaping mechanisms can coenist ina lasers one based on
the balance between cavity dispersion and fiber nonlinear Kerr
cttect, and the other originating from Laser gain saturation
and dispersion. Depending on the pertormance parameters
of the laser, cither of them mighe dominate, In generall for
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low-peak-power pulses, gain-chaping eftect will dominare. re-
sulting in dissipadive saliton formation. On the other hand. tor
high-peak-power pulses, soliton shaping will prevail. However,
in our setup. we did not obawree any disperdon-managed sol-
itons, duc to the limited pumping power of 0.5 W,
Tellurium powder with purity higher than 99.99% and and
mony granules with purity of 99.999% were used as starting
materids w pertorm the svathesis, Stoichiometric powder miy
tures were prepared tor ShL T o obtain samples with aoweight
of about 70 g 'The weighted powders were ground and homog
enized. The ready materials were placed in a vacuum of ~1-
107 mbar in quartz ampoules covered with a thin coat of pyro-
Ivtic carbon. The synthesis lasted around 1 h and was per-
formed at the twemperature of 680°C. The turnace containing
the ampoules was swung throughout the synthesis process in
order to mix the allov components thoroughlyv, The ampoules
WUTC umlcd dn\\'n rngcrhcr \\i(h [hc furn.uu '”K‘ OLCome re-
action products were ground ina planctary ball mill (W), and
the resulting powders were sintered fusing SPS technique [237)
in a graphite dic of inner diameter of S0 mm. 1o produce cath-
odes tor the MAagneron sputtering, of Sh ey l.l} crs. T he ld'\'LT\
were deposited by means of a single planar magnetron, WMK-
S0, driven by a Dora Power Svstem [ 267, The deposition proc-
esses was obrained ar current densities of 0,05 A and cttective
power of 0.03 kKW Phe argon gas pressure inall syntheses was
maintained at the level of 2251077 mbar, Temperature of the
substrate during the 2-minute deposition process was ~25°C A
side-polished fiber was covered with a mask in order o adjust
the lengeh of deposited macerial, which in this case was T mm.
Raman specira were collected in the region ot 300-50 ¢m
with a Horiba TLabRAN RSO0 spectrometer. coupled with a
;3:*n|11 lﬂ."L'l'. l h(' meaastiremeents were |‘k’l’fl)rl]](’(i al roonm rem-
perature with power ona ample of about 10 mW. The mea-
surement was carried oncon agrating with 1800 slors /mm, the
accumulation time 30 5 €120 5 on the measurement). An ex-
ample of Raman specrrum recorded from a microcnstal studied
Laver is shown in Figo 1l The lines observed ar 66, 110, and
162 e "are well related to Ay and £, modes of Sy Tey 27
Fhe spectral featares ac 83, 118, and 138 ¢m  can be atrib-
cated at the surface tpacket strucoured.
The lines ar 189 and 251 ¢m
Thus. 4 strong modification of the ShxTey sarface is possible

uted o tellurium segre
seem 1o be related to ShaO;.
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Fig. 1. Characrerization ob a prepared Sho Fey laver: () Raman

spectrume, the XRD dittracaon anabvsis, icrn SEA image of the surtace,

and tdia crossesecdon of ShaTe davers,
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271 T can be tound

under short-wavelengeh laser illuminarion |27
that obrained ShiTey lavers are characterized by analogous
structure o bulk material, The bands observed ar 60, 80,
115,138, and 160 cm ! are related to Sh=TT¢ and Te=Te inter
actions [137 Sgrong intensive bands at 185 and 250 «m ‘ sug
gest that the surtace of the Taver is oxidized.

The phase composition of the cathode and deposited lavers
wis confirmed by an xerav anvanal soructare analvsis, Xeray
Lavers intensity data were collecred using GEUD method (Grrazing,
Incidence Dittractometry) at an angle of 1 deg, PANlvtical
Eopyrean ditfractometer using parallel heam and Fuler's speci-
men holder. For cathode x-rav, intensity data were collecred
using a Philips ditfractometer (present PANalvtical) X'Pert Pro
at Bragg—Brenwano fmuxing geometry. bn both cases. the reaulr
of dittraction patterns analyses confirmed the presence of phase
SheTes however also other phases, c.ge Shy ey are identitied.
Detailed explanation why muldple phases can be idendtied in

SEM

images (Hitchi SU 70 present surtace areas of deposited laver

’

ShaTe, compound was presented by Kitune e ol {2

Fige Lol and a crossesection [Fige 1id: 7 The tracture of the

\-l”]i’]t‘ \h(l\\\ o k()”l}’-lk‘ |||\\{ \(’“[i”“\)ll\ Ll‘\’Cr structurce. 'I-Il\'
thickness of the deposited laver s ~30 nm,

The Shy Tec compounds crvstallize i a hexagonal system
{R-3 m space groupi, thus forming a packet structure having
an ABCABC packing sequence. These packets consist o single-
atom lavers of Teand Sb arranged ina direction perpendicular
I covalent-ionic
Sh=Te bonds, Te bonds berween packets are weak and show

toa triple axis ¢ of the ervstall Unlike siron

Van der Waals inceractions, which results inhigh ceavage of
covstaly of these compounds along the 10001 planc.

['he nonlincar optical response of the SA was measured in
an all-fiber serup similar w presented in {297

with the use of
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100-MEz repention rate laser with 1-ps pulse duration. The
measurement results are presented in Figo 2 and were hreed
with theoretical saturable absotber model “30]0 The saturable
absorption response iy polarization dupun:{‘;m. Both lincar
transmission and nonlincar response change with the polariza-
don of incident lighe beam. For the highest transmission feved
[Fig. 2], the roll-oft effect was observed, which is mainly
attributed 1o the two-photon absotption [30]. The measured
modulation depth i 5300 Intermediare polarization state lin-

car transmission at the Tevel of 4904700 Fig. Qb0 exhibited the
largest modulation depeh of 13%0 ac maximunm available pump
power. The SA was not tullv saturated due to the limited power
of the pump source. For the lowest transmission level {hottom
curved, the measured effective modulation depth s 730, The
measured saturation Huence wends (o increase with Increasing,
S 21203, and 28000 plom
middle, and ln\\u( transmission level, respectivedy, \]thuuvh

Bincar losses: 1103 tor the hi«']u‘\t
onlv a parc of a beam i interacting \\1(11 deposited Sbh. lk\
Lvers, a simgle-mode fiber-mode field diameter 110.5 pm at
1530 nmd was assumed tor \.ﬂuul.mng the tluence in order
to compare with other SAs. No damage of the SA was observed
during the measurements up o 2.6 GWem © o peak power
intensiry.

Duc to the unsymmetrical geomerry of the SACicis charac-
werized by polarization-dependent Tosses (PDLY of 5 dB.
Note that PDIL ac this level excludes the possibiliny thar mode-
locking is originating from NPE (311

The lincar transmission spectra in a wide range are presented
in the insets of g, 2 for various polarization states exhibiting
ditterent optical absorption. The spectrum tor cach polarization
is characterized by a tairlv flat profile, indicaring nearly wave-
length- mdqxnduu .ihmrpnnn of ShTe.. The undnlmnﬂ
\h.lp( of the spectrum originates from @ transmission Character-
istic of the side polished fiber,

The as-prepared SA was spliced into a0 ring-shaped laser
cavity presented in Fige 30 The laser consists of 45-cm-long,
br- dnpui active fiber (nl iche Lickki br80O /123, g4 =
(1.059 ps” /m), a pnhrl/.mnn controller, an isolator, 1 wave-
ength-division muldpleser (WDN) through which a 9860-nm
pump diode i conneced, and a0 20%0 oupur coupler. The
dispersion compensation is realized by 159 ¢m ()Mli\}wr\inn com
pensating Hber 1Corning Vascade STOOO. 5. = 0.0607 ps” /mi.
I'he toral lengrh of the caviry is 8.16 m.and nert cavirv dispersion
is 0.0015 ps-.

I'be pertormance of the laser was observed using an oprical
spectum analyzer (Ando AQ-6315A1, oprical mlmmnlum
(APE S PulseChedkt, and radio-trequency (RF) spectrum
analvzer (Agilent Technologios NO0T0AT connected o a fast

Output (20%) .
Polarizatron

Er'" doped —_—
Hibar Cougder %(OHUOHCV
DCE
\ . Pump
won\\ dode
L = J ShTe SA
Isolator

Fig. 3. Schematic of modelocked tiber Laser.
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Fig. 4.  Output spectin tor vanous puimping pow cis,
1 h

photodiode (Opitab PD-301 The laser sarny o operate in
continuons-wave (CW) mode when the pumping power exceeds
20 mW. Mode-locking operation starts at 90 mW when the
polarization controller is properly set. Onee the mode-locking
is sete it is mainwained inche range beoween 80 and 130 mW
of pumping power. For higher pumping powers, CW compo-
nent was visible, and eventually mode-locking was lost. Oprical
spectra of output pulses for minimum and maximum pumping
power are presented in Fig, 4 Rectangular shape is tepical tor
dissipative soliton. The hlll w ldrh at half-maximum (XA
changes together with pump power trom 24 nm itor 80 mW'i
up to 34 nm ttor 130 mW. Spectra are centered at 1558 nmy,
The output - power \h.lllgc‘\ simultancowsly from 2,60 1o
334 mW correspanding o palse energy change from 0,10 10
0.21 nl. No pulse breakup was observed at anv pumyp power.

The pulse duration measured direcdy at the Laser output was
3 ps. obrained after deconvoluton from the intensio: autocor-
relation (ACH trace. Since output pulses were positively chirped.
they were compressed in 6-m-long single-mode fiber The
AC tunction after the compression is puxnnud in Fig. 5. The
FWHM valuc is 238 8, which wives the plll\k dur.uum ol 167 1
fassuming the Gaassian pulu protilei. The tme=bandwiddh
product (1B calculated tor compressed pulse is 0.7, which
means the pulse is chirped and could be further compressed
using more complex methods, c.g. grating-hased compressors.
Third-order dispersion reveals ina torm ot pedestal av the bot-
tom of AC, However, it was the shortest pulse duration possible
to achieve with this simple compression method. The
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Fig. 5. Auwocorrelation trace, Inser: the AC trace in S-pespan,



Letter

4r
U4
- L
E
[e3]
2 o
—
2
(¢} SN=68dB
a 4Q
w Q
04
120

21 M 75 ' a7

Frequency (MHz)

Fig. 6.

RE spectnm mensaied in 3-GHZ span.

Fundamental repetition rare of the RE specirum. Tnser: the

measured in longer S-ps span is prcwnlcd in the inset, proving
single-pulse operation with no pre- or post-pulses,

The RE spectrum s depicred i Figo 60 The fundamenial
repetition rate is 2538 MHz with the signal 1o noise ratio
(SN of 68 dB. The broad spectrum of harmonics is presented
in the inser. Stable mode-locking operation was indicated by
steady RE spectrum.

In conclusion. we have reported a dissipative soliton oper-
ation in near-zero dispersion regime in Lr-doped fiber laser
mode-locked by ShTe, SAU The Tl-based mode-focker was

prcp.u'cd in the controllable process atter the dcpnsi(ion of

Il Lavers on a side-polished fiber, This kind ot technology
lnig]ll .l”()\\' {0 L()lllrn| llu‘ parameters (1“.\:\. 1)}‘ kll.lllging L'il|1cr
the interaction fength or thickness ot the material, The devel-
oped SA s acompact devices ready tor packaging. Palses as
short as 167 b with 34-nm FWHIN of oprical bandwidih were
obuined.

National Sdence Centre (Poland) 1TDEC- 201401 3/B/ISTTY
01699, DFEC-201-4 1 2/8/STRIDDAIR2).
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doped with tellurium and indium prepared by pulsed plasma
in liquid method
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Abstract. One of the ways to decrease thermal conductivity is nano structurization. Cobalt triantimonide (CoSb;) samples with added indium or
tellurium were prepared by the direct fusion technique from high purity elements. Ingots were pulverized and re-compacted to form electrodes.
Then, the pulsed plasma in liquid (PPL) method was applied. All materials were consolidated using rapid spark plasma sintering (SPS). For
the analysis, methods such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) with a laser flash apparatus (LFA) were used. For density measurement, the Archimedes’ method was used. Electrical conductivity was
measured using a standard four-wire method. The Seebeck coefficient was calculated to form measured Seebeck voltage in the sample placed
in a temperature gradient. The preparation method allowed for obtaining CoSb; nanomaterial with significantly lower thermal conductivity
(10 Wm 'K ! for pure CoSb; and 3 Wm 'K ! for the nanostructured sample in room temperature (RT)). The size of crystallites (from SEM
observations) in the powders prepared was about 20 nm, joined into larger agglomerates. The Seebeck coefficient, o, was about —200 uVK !
in the case of both dopants, In and Te, in microsized material and about —400 pVK ! for the nanomaterial at RT. For pure CoSbs, o was about
150 VK ! and it stood at —50 pVK ! for nanomaterial at RT. In bulk nanomaterial samples, due to a decrease in electrical conductivity and
inversion of the Seebeck coefficient, there was no increase in ZT values and the ZT for the nanosized material was below 0.02 in the measured

temperature range, while for microsized In-doped sample it reached maximum ZT = 0.7 in (600K).

Key words: thermoelectric materials, nanostructured materials, skutterudite, energy harvesting, spark plasma sintering.

1. Introduction

Optimized thermoelectric (TE) materials can be used for direct
energy conversion from heat into electricity in thermoelectric
generators (TEG). The generators can be used for clean energy
supply and waste heat energy harvesting. High-efficiency TEGs
and TEMs (Thermoelectric Module — Peltier Module) may
differ, especially in terms of material compositions, depend-
ing on the operational temperature. Generally, TEG modules
should work with high-temperature gradients [1-3]. The effi-
ciency of the conversion process in such a module depends on
the Carnot cycle efficiency and material properties, described
by the thermoelectric figure-of-merit (ZT). This ZT parameter
merges electrical conductivity, ¢, Seebeck coefficient, &, and
thermal conductivity, A. The thermoelectric figure of merit can
be written as ZT = o - o - A~! - T, and it informs indirectly

*e-mail: Rafal. Zybala@pw.edu.pl
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for publication 2019-12-01, published in February 2020

Bull. Pol. Ac.: Tech. 68(1) 2020

about module efficiency [4]. To enhance this parameter, it is
necessary to increase the Seebeck coefficient and electric con-
ductivity and to reduce the thermal conductivity of the TE ma-
terial.

Unfortunately, these material properties are interdepen-
dent [5]. Thus, a viable strategy for maximizing ZT may consist
in first, minimizing lattice thermal conductivity, e.g. by mate-
rial nano structurization that increases phonon scattering, and
then by maximizing the power factor (Pr = o - o) through con-
trolling chemical composition and optimum doping. For a wide
range of applications, a bulk thermoelectric material with low
lattice thermal conductivity and a high power factor is needed
[6, 7]. To meet this need, modification of the material in the
atomic, nano- and mesoscale [8§—10] is necessary. A signifi-
cant portion of phonons should be scattered on lattice imper-
fections and grain boundaries to decrease thermal conductiv-
ity. In the nanoscale, it is possible to tune thermoelectric prop-
erties by creating superlattices, quantum dots, nanowires and
nanocomposites [11]. The work performed by Yu-Ming Lin
et al. for Bi nanowires indicates that it is possible to obtain a
very high ZT with wire dimensions between 10 and 5 nm [12].
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Abstract. Doping is one of the possible ways to significantly increase the thermoelectric properties of many different materials. It has been
confirmed that by introducing bismuth atoms into Mg sites in the Mg;Si compound, it is possible to increase career concentration and intensify
the effect of phonon scattering, which results in remarkable enhancement in the figure of merit (ZT) value. Magnesium silicide has gained
scientists’ attention due to its nontoxicity, low density, and inexpensiveness. This paper reports on our latest attempt to employ ultrafast self-
propagating high-temperature synthesis (SHS) followed by the spark plasma sintering (SPS) as a synthesis process of doped Mg,Si. Materials
with varied bismuth doping were fabricated and then thoroughly analyzed with the laser flash method (LFA), X-ray diffraction (XRD), scanning
electron microscopy (SEM) with an integrated energy-dispersive spectrometer (EDS). For density measurement, the Archimedes method was
used. The electrical conductivity was measured using a standard four-probe method. The Seebeck coefficient was calculated from measured
Seebeck voltage in the sample subjected to a temperature gradient. The structural analyses showed the Mg, Si phase as dominant and BiMg3
located at grain boundaries. Bismuth doping enhanced ZT for every dopant concentration. ZT = 0.44 and ZT=0.38 were obtained for 3wt% and

2wt% at 770 K, respectively.

Key words: thermoelectric materials; magnesium silicide; bismuth doping; SHS; spark plasma sintering.

1. INTRODUCTION

As one of many consequences of global climate change, great
attention has been paid to enhancing the energy efficiency of in-
dustrial power plants and all other types of devices and instal-
lations using or generating energy. Thermoelectric generators
(TEG), composed of thermoelectric materials with n-type and
p-type conduction types, might be a solution when commonly
used for efficient waste heat recovery. They facilitate the con-
version of temperature gradient into electricity by the Seebeck
effect. So far, several obstacles have prevented their widespread
use, such as high production costs, the toxicity of processing
byproducts, fabrication scalability challenges, and relatively
low energy conversion efficiency. The last one is in positive
correlation with the so-called dimensionless figure of merit ZT,
which can be written as ZT = a2 - o - T - AL, where o is the
Seebeck coefficient, T is the temperature ¢ and A stands for
the electrical and thermal conductivity, respectively [JJ. Among
many different approaches to improving the aforementioned pa-
rameter, one can indicate alloying [}, doping ([}, nanos-
tructuring [JJHIl, nanocomposites fabrication [JjJijl, or obtain-

Manuscript submitted 2022-02-17, revised 2022-02-179, initially
accepted for publication 2023-03-03, published in June 2022.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 141007, 2022

ing them in the form of thin films and superlattices [JJJHIl- The
purpose of those treatments is usually to increase the power fac-
tor, which is the product of o2 - o, or reduce thermal conductiv-
ity A. Attempts were made to combine the effects of both these
factors.

Compared to other popular thermoelectric materials, Mg, Si-
based exhibit a unique combination of properties. Apart from
the promising thermoelectric performance [Jjjjj, low den-
sity [Jiil. nontoxicity of its processing byproducts, and rela-
tively low price of its primary constituents should be pointed
out. To enable the use of Mg,Si-based materials in practical
applications, it would be advisable to produce equally efficient
materials, with both types of conduction p and #, by an eas-
ily scalable method. Since the first investigations of its thermo-
electric properties in the 1960s [Jlll, many dopants and manu-
facturing techniques have been tested. Aside from the conven-
tional ceramic method, some novel advanced procedures have
been employed. Berthebaud and Gascoin used the microwaved
assisted fast synthesis to fabricate n and p-doped Mg;Si [
For the n-type material, the highest value of ZT was achieved
for antimony and tin doping (0.7 at 770 K), and in the case
of p-type addition of silver resulted in ZT of 0.35 at 770 K.
Nakagawa et al. synthesized Mg, Si by the liquid encapsulated
vertical gradient freezing method [JJjj. The vertical Bridgman
method was used for bulk crystal growth by Yoshinaga et al. to

© 2022 The Author(s). This is an open access article under the CC BY license (http:/creativecommons.org/licenses/by/4.0/)
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Facile Gram-Scale Synthesis of the First n-Type CuFeS,
Nanocrystals for Thermoelectric Applications

Grzegorz Gabka,®! Rafat Zybata,™ Piotr Bujak,*®! Andrzej Ostrowski,!
Marcin Chmielewski,' Wojciech Lisowski,[@ Janusz W. Sobczak,'®! and Adam Pron®

/

Abstract: The described method enables facile gram-scale
preparation of CuFeS, nanocrystals exhibiting interesting ther-
moelectric properties from simple and readily available precur-
sors. Exchange of primary organic ligands for inorganic ones
using either (NH,),S or triethyloxonium tetrafuoroborate (Meer-
wein's salt) resulted in nanocrystals from which n-type bulk
thermoelectric materials were obtained through sintering un-
\der pressure. The measured physical properties of the fabri-

cated bulk thermoelectric materials depend on the type of
inorganic ligands used for the exchange. In particular, materials
that were surface-modified with Meerwein's salt have a higher
Seebeck coefficient (|S| = 238 pVK™') as compared to those
modified with (NH,),S, whereas the latter exhibit higher electri-
cal conductivity (8500 Sm™") and lower thermal conductivity
(0.5 Wm™ K"), both of which are favorable for thermoelectric

applications. /

Introduction

Despite the flourishing growth of the research devoted to vari-
ous aspects of the chemistry and physics of semiconductor
nanocrystals in the past two decades, ternary CuFeS; nanocrys-
tals have aroused surprisingly little interest. Meanwhile, CuFeS,
is a low-band-gap semiconductor (E; = 0.6-0.7 eV) that con-
tains neither toxic metals nor indium, which has recently be-
come one of the most expensive elements used in electronics.!"!
However, a real change in this respect could be observed in the
past year since new methods of preparing CuFeS,; resulted in
the elaboration of magnetic semiconductor-based nanomateri-
als used in electronic devices® and new electrocatalysts suit-
able for I3~ reduction in dye-sensitized solar cells showing pho-
tocatalytic conversion efficiency (PCE) values over 8 %.%! Since
colloidal CuFeS, shows high absorption and high photothermal
transduction efficiency (PTE) in the biological spectral range
(650-900 nm), the nanoparticles were tested in photothermal
therapy of human epithelial carcinoma cells and human ovarian
cancer cells.”) Moreover, luminescent nanoparticles, showing
photoluminescence quantum yields over 80 %, were prepared
by deposition of a CdS shell on CuFeS, core nanocrystals.”!
Thermoelectricity is another property extensively studied in
CuFeS, nanocrystals. In general, copper- and sulfur-containing
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semiconductors derived from common minerals exhibit promis-
ing thermoelectric properties with either positive or negative
Seebeck coefficients.®! In particular, thermoelectric materials
from kesterite (Cu,ZnSnS,),”! digenite (Cu;5S)[®! bornite
{CusFeS,),™ and chalcopyrite (CuFeS,)!"'?! were reported.

In one of the first papers devoted to the thermoelectric be-
havior of nanocrystalline forms of stoichiometric CuFeS,, the
authors measured a Seebeck coefficient of 218 uV/K at 300 K,
which increased to 816 pV/K at 500 K. Thermoelectric nano-
materials fabricated from CuFeS, nanocrystals of 6.4 + 0.5 nm
size showed a zT value of 0.26 (zT = S%0T/x, where T is the
absolute temperature, S is the Seebeck coefficient, o is the elec-
trical conductivity, and «x is the total thermal conductivity),
which is nearly 80 times higher than the value measured for
the corresponding macrocrystalline material.l''! Other ternary
Cu-Fe-S nanocrystals, for example p-type orthorhombic
CusFeS,, also show interesting thermoelectric parameters (zT =
0.56).02

Another, technologically advantageous, aspect of the use of
Cu-Fe-S ternary nanocrystals should be pointed out: they can
be considered as a very good alternative for I,-1I-IV-Vl, quater-
nary nanocrystals, widely studied as thermoelectric materials
and frequently containing toxic and and/or more expensive ele-
ments (I = Ag, Cu, Il = Zn, Cd, Fe, IV = Ge, Sn, VI = S, Se).l"3!

Results and Discussion

Very recently we have elaborated two methods of preparing
Cu-Fe-S nanocrystals, namely heating up!' and hot-injection,'?!
which enable strict control of their composition, crystal struc-
ture, size, and shape.

Taking into account that the hot injection methods assures a
very high yield (90 % as calculated for the inorganic core) we

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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SYNTHESIS AND CHARACTERIZATION OF ANTIMONY TELLURIDE FOR THERMOELECTRIC
AND OPTOELECTRONIC APPLICATIONS

Antimony telluride (Sb,Te;) is an intermetallic compound crystallizing in a hexagonal lattice with R-3m space group. It creates
a close packed structure of an ABCABC type. As intrinsic semiconductor characterized by excellent electrical properties, Sb,Tes is
widely used as a low-temperature thermoelectric material. At the same time, due to unusual properties (strictly connected with the
structure), antimony telluride exhibits nonlinear optical properties, including saturable absorption. Nanostructurization, elemental
doping and possibilities of synthesis Sb,Te; in various forms (polycrystalline, single crystal or thin film) are the most promising
methods for improving thermoelectric properties of Sb,Tes. Applications of Sb,Te; in optical devices (e.g. nonlinear modulator, in
particular saturable absorbers for ultrafast lasers) are also interesting. The antimony telluride in form of bulk polycrystals and layers
for thermoelectric and optoelectronic applications respectively were used. For optical applications thin layers of the material were
formed and studied. Synthesis and structural characterization of Sb,Te; were also presented here. The anisotropy (packed structure)
and its influence on thermoelectric properties have been performed. Furthermore, preparation and characterization of Sb,Te; thin

films for optical uses have been also made.

Keywords: antimony telluride, thermoelectric materials, thin films, PVD magnetron sputtering, topological insulator.

1. Introduction

Thermoelectric materials are usually described by the
thermoelectric figure of merit Z7 that is closely related to en-
ergy conversion efficiency from heat into electricity. The Z7T
value increases when the Seebeck coefficient and the electrical
conductivity increases and the thermal conductivity decreases
[1]. Thermoelectric module build from p- and n- type materials
allowed to direct energy conversion, but due to low efficiency
of commercially available modules [2] researchers try to modify
properties of know materials and in the same time search for
a new one. Antimony telluride Sb,Te; has been commonly
applied for many years as a low-temperature thermoelectric
material, because of its relatively high value of ZT parameter
(close to ~1). These good thermoelectric properties of Sb,Te;
stem from its crystallographic structure.

Due to this crystallography it is also possible to manage the
compound macroscopic properties by structurization of the poly-
crystalline material [3]. The spark plasma sintering (SPS) when
used for compacting thermoelectric materials can prevent grain
size growth and increase Z7 by decreasing thermal conductivity
[4,5]. The process can be used to obtain high density samples that
can be used to construct high efficiency thermoelectric modules.

Recently, topological insulator properties have been dis-
covered in SbyTe; compound [6]. Further this led researches to
detect broadband nonlinear optical properties, including nonlin-
ear absorption and refraction [7,8]. This creates a possibility to
use it as a saturable absorber for mode-locked and Q-switched
fibre lasers [9,10], for nonlinear beam shaping [11], and to ob-
tain super-resolution effect in nano-optics [12]. Another crucial
advantage is its broadband operation characteristic, allowing
the use in devices working in various spectral ranges in visible
light and infrared.

2. Experimental

Solid Sb,Te; was obtained by alloying the elementary
powders in quartz ampules sealed under vacuum (at 950 K for
1 hour and next slowly cooled down) in the rocking furnace.
Subsequently, the ingots have been mechanically milled (WC
mill) to obtain a powder. The Sb,Te; bulk samples (diameters 10
and 50 mm) were formed by SPS, at the temperature of 700 K
and under pressure 40 MPa in a graphite die.

Material for PVD (Physical Vapor Deposition) target was
synthesized for 1 h at 970 K. Then the material was crushed
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***  WROCLAW UNIVERSITY OF SCIENCE AND TECHNOLOGY, FACULTY OF ELECTRONICS, WROCLAW, POLAND
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Method and Apparatus for Determining Operational Parameters

of Thermoelectric Modules

RAFAL ZYBALA,"® MAKSYMILIAN SCHMIDT,? KAMIL KASZYCA,?
LUKASZ CIUPINSKI,' MIROSEAW J. KRUSZEWSKI,'
and KATARZYNA PIETRZAK?

1.—WUT Warsaw University of Technology, Woloska 141, 02-507 Warsaw, Poland. 2.—ITME
Institute of Electronic Materials Technology, Wélczyriska 133, 01-919 Warsaw, Poland. 3.—e-mail:
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The main aim of this work was to construct and test an apparatus for char-
acterization of high temperature thermoelectric modules to be used in ther-
moelectric generator (TEGs) applications. The idea of this apparatus is based
on very precise measurements of heat fluxes passing through the thermo-
electric (TE) module, at both its hot and cold sides. The electrical properties of
the module, under different temperature and load conditions, were used to
estimate efficiency of energy conversion based on electrical and thermal en-
ergy conservation analysis. The temperature of the cold side, T, was stabi-
lized by a precise circulating thermostat (<0.1°C) in a temperature range from
5°C to 90°C. The amount of heat absorbed by a coolant flowing through the
heat sink was measured by the calibrated and certified heat flow meter with
an accuracy better than 1%. The temperature of the hot side, T}, was forced to
assumed temperature (T,,,. = 450°C) by an electric heater with known power
(Pr = 0-600 W) with ample thermal insulation. The electrical power was used
in calculations. The TE module, heaters and cooling plate were placed in an
adiabatic vacuum chamber. The load characteristics of the module were
evaluated using an electronically controlled current source as a load. The
apparatus may be used to determine the essential parameters of TE modules
{open circuit voltage, U, short circuit current, I ., internal electrical resis-
tance, Ri,:, thermal resistance, R, power density, and efficiency, #, as a
function of T, and T},). Several commercially available TE modules based on
Bi,Te; and SbyTes alloys were tested. The measurements confirmed that the
constructed apparatus was highly accurate, stable and yielded reproducible
results; therefore, it is a reliable tool for the development of thermoelectric
generators.

Key words: Energy conversion efficiency, power generation, thermoelectric
modules, performance characterization, heat recovery,
renewable energy

INTRODUCTION

Direct energy conversion from heat into electric-
ity takes place in thermoelectric generators (TEGs)
made from coupled n- and p-type carrier thermo-
electric material (unicouple) by way of the Seebeck

(Received February 15, 2016; accepted May 27, 2016;
published online June 23, 2016)

effect. The energy conversion efficiency is closely
related to the Carnot cycle efficiency and material
properties fxpressed by thermoelectric figure-of-
merit (ZT).¥ Because the voltage of one unicouple
is very small, TEGs have to be constructed of a
number of such pairs connegted electrically in series
and thermally in parallel® As a result, TEG effi-
ciency depends on many factors such as design
issues, including dimensions of the modules and

5223
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The Properties of Bi,Tes-Cu Joints Obtained by SPS/FAST

Method
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One of the most important challenges connected with the production of ther-
moelectric modules and their parts is the development of an appropriate
joining technology. The produced junctions must be characterised not only by
high mechanical strength and good adhesion but also by high electrical con-
ductivity, high heat conductivity and, due to working conditions, by a long-
term chemical and temperature stability. This paper presents the results of
the investigation of a BiyTes/copper junction obtained using lead-free solders.
We analyse and discuss junction properties and quality. To produce this
connection via resistance soldering under pressure, a spark slasma sintering
(SPS/FAST) apparatus was used. The properties of the samples (electrical
conductivity and Seebeck coefficient) have been characterized and presented.
The microstructure investigations and analysis of the element distribution are

also presented.

Key words: Electrical properties, energy harvesting, thermoelectric
materials, junctions, spark plasma sintering

INTRODUCTION

Nowadays, constantly increasing energy con-
sumption is forcing society to develop new power
sources. One of these are thermoelectric modules
(TEM) that allow us to direct energy cmi‘ersion
from heat energy into electrical energy.®¥ This
feature may be used to recover waste heat energy
from the exhaust gases of automotive engines and
increase their efficiency, while also decreailiqg fuel
consumption and environmental pollution ®#® There
is also a possibility to use a thermoelectric generator
with a radioisotope source of heat to suppl;i special
space probes like the Voyagers and others.® One of
the most important challenges while building TEM
is the production of junctions of proper quality,
characterized b3i low electrical resistance, low ther-
mal resistance® and long-term chemical and

(Received August 21, 2018; accepted March 7, 2019;
published online March 25, 2019)

thermal stability. These properties are directly
related to the quality of contacts between the
thermoelectric material and the electrode. Very
often, in order to avoid junction degradation, diffu-
sion barriers are needed. Joints that do not fulfil the
above requirements significantly reduce the TEM
parameters such as_power density and energy
conversion efﬁciency.l The produced joints must
also fulfil mechanical requirements, such as good
tensile strength and a thermal expansion goefficient
close to those of the joined materials.® Overall
module efficiencies also have a signiﬁcant impact
on metal-ceramic junction propert'is and on the
type of insulating ceramics used.™ Bismuth tel-
luride-based alloys are the best thermoelectric
materials for near-room-temperature applications
because of their high figure of merit (Z7).™ This is
one of the most important reasons why BigTes
thermoelectric materials (TE) are becoming increas-
ingly vital in alternative applications for energy
saving and conversion. At present, most thermo-
electric generators (TEG) are constructed from

3859
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We report on the generation of dissipative solitons in an
Er-doped fiber laser mode-locked by antimony telluride
(Sh,Tes) topological insulator in the near-zero dispersion
regime. Layers of Sb,Te; were deposited on a side-polished
(D-shaped) fiber using a pulsed magnetron sputtering
technique. Sub-170-fs pulses with 34-nm full width at
half-maximum (FWHM) and 0.21 nJ of pulse energy were
obtained from an all-fiber, ring-shaped laser cavity after the
compression in a single-mode fiber.  ©2015 Optical Society
of America

OCIS codes: (140.4050) Mode-locked lasers; (140.3510) Lasers,
fiber; (140.3500) Lasers, erbium; (160.4330) Nonlinear optical
materials; (060.5530) Pulse propagation and temporal solitons.

Dissipative soliton operation of a fiber laser has become an
established technique for overcoming pulse energy limitations
of conventional soliton operation. For a dissipative soliton, a
single balance of dispersion and nonlinearity is supplemented
by gain and loss equilibrium, which plays an important role in
pulse dynamics [B]. Such pulses propagating in a laser cavity
are characterized by linear chirp, and similarly to dispersion-
managed solitons [JJ], are less susceptible for fiber nonlinearities
.

Up to date, dissipative soliton operation of a fiber laser was
experimentally observed in 1.55-pm range with the use of
nonlinear polarization evolution (NPE) [B], semiconductor
saturable absorber mirror (SESAM) [Jf], nonlinear optical loop
mirror (NOLM) [JJ], and with the use of saturable absorbers
(SA) based on low-dimensional materials, like graphene [l
graphene oxide [ll], and carbon nanotubes [[]. The SAs based
on low-dimensional materials respond to the need for a broad-
band and low-cost device, in contrast to, e.g., SESAMs.
Recently, a new class of materials for SA application have been
extensively developed, namely topological insulators (TIs), a
newly discovered state of quantum matter. They are character-
ized by ordinary insulating bulk states and gapless metallic

0146-9592/15/122786-04$15/0$15.00 © 2015 Optical Society of America

surface states. This property originates from a join of time-
reversal symmetry and spin-orbit interactions [JJjl. Among
them, three main TIs have been used as a SA: bismuth selenide
(Bi,Se;) [, bismuth telluride (Bi,Te;) [JHINl. and
antimony telluride (Sb,Te;) [IHEM. For instance, Sb,Te;
is characterized by a high nonlinear refractive index of 2.606 x
107 m?/W . In comparison to graphene, the properties of
TIs create a possibility to use a bulk material instead of mono-
or few-layer, which translates into a more straightforward
technological process. Previous contributions were mainly
focused on the operation in anomalous dispersion regime,
where no dispersion compensation is required [IIHEIII.
The first demonstration of a dissipative soliton generation with
the use of TT was presented by Chi er 4/ at 1.06 pm [l
Further reports on the stretched-pulse mode-locking [l Il
and dissipative soliton generation in normal dispersion regime
at 1.55 pm [l have already been presented.

In this Letter, we present for the first time the generation of
dissipative soliton of Er-doped fiber laser operating in near-zero
dispersion regime with a SA based on Sb,Te; TI. In contrast to
previous work [Jlll; the SA was fabricated in a repeatable and
controllable pulsed magnetron-sputtering technological proc-
ess. Layers of SbyTes were deposited on a side-polished fiber,
which enables the interaction between the evanescent field
of propagating beam. The developed technology allows for
controlling the length of a deposited material and thereby for
changing the length of light-TI interaction. The generated
pulses with 34-nm FWHM, 0.21-n] energy were centered
at 1558 nm and compressed to sub-170-fs. The fully fiber-
integrated, compact, and ready for packaging SA is character-
ized by up to 13% of effective transmission modulation.

Dissipative soliton operation, usually observed in laser
cavities with strong positive dispersion, is also possible in near-
zero dispersion regime as confirmed previously by numerical
simulations and experiments [ Jl]). In this type of cavity, two
pulse-shaping mechanisms can coexist in a laser: one based on
the balance between cavity dispersion and fiber nonlinear Kerr
effect, and the other originating from laser gain saturation
and dispersion. Depending on the performance parameters
of the laser, either of them might dominate. In general, for



drinz Ratal Zvbata Warszawa, 28 08 2023
Politechmka Warszawska

Widziat Inzyniern Materatow ey

ul Woloska 14]

H2-507 Warszawa

Oswiadezenie o udzrale habihtanta drinz. Rafala Zybaly

w publikaci naukowey

Oswradezam. 7 mop wklad w powstanie publikaci

I Boguslawshis GoNobons RoZvbala, | Soter Disvpanive soltron veneranion m L r-doped
tiber laser mode-locked by Nb Lo opalogical insidator, Optics Letter 45 (2015) 2780 2780
polegal na wspoludziale w tworzeniu koneepeyi amvkube, pray sotonaniu - przegladu
hteraturowego dotvezaceygo zagadnion swiazanveh 7 inzviniena materiatowa. zaplanowaniu
chspenvmentu. syitezie mateniatu polprzenadnikowego, wykonaniu targetu, optymalizacy
procesu napylania magnetronowego (PVD1 dia warstw 7 matenalu Sb2Te3. prreprowadzeniu
ebserwac 2wy khorzvstamen shanimgow e mikroskopii elektronowe] (SENT). przeprowadzeniu
analizv z wykorzy staniem spektroskopit Ramana. przeprovwadzeniu analizy 7wy korz staniem
techmki rentgenowskier (NRD) dla warstw metoda GID udziale w PUZVEOTOWANIU PICTw s/g
werspt teRstu manuskryptus udzial womterprenacii uzy shany ch wanikow badan, PEZVEOLOWANILY
adpowreds dla recenzenton 2 zakresu wytnarzanveh warsi i przeprowadzonyveh badan.
udziale w recenzi 1 edvtowamu manuskiypin udsziale o Proveolowaniu ostatec/ne] wersi

artvkutu

040 bl

drins Ratal Zvbala



drinz. Jakub Bogushainske Wrockow, 28 08 2023
Politcchmka Wroctawska

Widziat Flektromike T otonisn 1 MIKrosy stemon

ul. Faniszewskieeo 1117

SO-372 Wrackiw

Oswiadezenie o udziale w publikacyi naukowej 1 pracach realizowanych

7 dr.inz. Ratatem Zvbata

Oswiadezam. 7z¢ mop wadad w powstanie pubhikacy

J Boguslawski G Nobor. R Zyvbala, ] Sotor: Dissipative sofiton gencration in Er-doped tiber
laser mode-locked by Sh-T e ropological insidaror. Optics Letter 4302000130 2786 27Ny
polegal nu przy gotonwamu manushn ptu. preepronadzeniu badan whasciwoser optyesnyeh
warstw SheTesna podiozu swiattowodowym coransmisga optyezna, nasyvealna absorpera) oraz
prreprovadzeniu badan nad generacia ultrakrothich impulsos w faserze Sswoatlowodowsym
Jdomieszkowanym jonami erbu

\’(' - . / ‘
1 b.'"f‘,"u/r’»“ St
v ‘

dronze Jakub Bogustawski



dr hab. inz. Grzegorz Sobon Warszawa. 28.08.2023
Politechnika Wroctawska

Wydziat Elektroniki. Fotoniki 1 Mikrosystemow

ul. Janiszewskiego 11/17

50-372 Wroclaw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych
z dr. inz. Rafalem Zybala

Oswiadczam, 7¢ moj wklad w powstanic publikacji:

J. Boguslawski. G;. Sobon, R. Zybala, .J. Sotor. Dissipative soliton generation in Er-doped fiber
laser mode-locked by Sh>Te: topological insulator. Optics Letier 43 (2015) 2786 2789
polegal na przygotowaniu stanowiska do pomiarow lascra swiatlowodowego 7 synchronizacja
modow oraz na prowadzeniu dyskusji naukowych.

. )
7
P - yd P r———
//ua/«e—/ 0 Lol
dr |

1ab. iz, Grzegorz Sobon



dr hab. inz. Jaroslaw Sotor Warszawa. 28.08.2023
Politechnika Wroclawska

Wydzial Elektroniki. Fotoniki i Mikrosystemow

ul. Janiszewskicgo 11/17

50-372 Wroclaw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych
z dr. inz. Ratalem Zybala

Oswiadeczam, 7¢ moj wklad w powstanic publikacji:

J. Boguslawski, ;. Sobon. R. Zybala. J. Sotor. Dissipative soliton generation in Er-doped fiber
laser mode-locked by Sh2Tes topological insulator. Optics Letter 43 (20157 2786 2789
polegat na prowadzeniu dyskusji naukowych i ostatecznej Korekcie manuskryptu.

AN e

dr hab. inz. Jarosiaw Sotor



