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Zusammenfassung

Thermoelektrische Materialien wandeln basierend auf dem Seebeckind Peltiereffekt wechselseitig
thermische Energie in elektrische Energie um. Fir hohe Wirkungsgrade werden extrinsische Halbleiter
mit bestimmten Eigenschaften bendétigt, d.h. typischerweise einer Ladungstragerkonzentration n im
Bereich von 16° cm?, einer elektrischen Léfahigkeit s von ca. 1000 S/cm, einer Thermokraft S vonac
200 pV/K, einem PowerfaktorSs von ca.40 pW/cmk?, einer Warmeleitfahigkeit! von ca. 1 W/mK und
folglich einer thermoelektrischen Gitezahl ZT = T §2 /vod etwa 1. Fir Raumtemperatur
anwendungen werden BjTe; und insbesondere die Mischkristalle bzw. Festlosungen dieser Verbindung
mit Sb,Te; und Bi,.Se, verwendet. Seit einigen Jahren finden umfangreiche Forschungsaktivitaten statt
mit dem Ziel, die thermoelektrische Gutezahl ZT auf Werte deutlich Uber 1 zu steigern und so den
Wirkungsgrad der thermoelektrischen Energiekonversion zu erhdhen. Hierzu soll&ffekte genutzt
werden, die sich durch eine Nanostrukturierung des thermoelektrischen Materiatygeben. Hier sind
vor allem Ubergitter2 Strukturen [superlattice (SL)] von Interesse

Die chemische Zusammensetzung hat bei Bie;-basierten Materialen einen sehr starken Einfluss auf die
Dichte der AntisiteDefekte und hierdurch auf die Ladungstragerdichte. Die Herstellung von
elektronenleitenden (rleitenden) BjTe;-basierten Dunnfilmen durch Molekularstrahlepitaxie (engMBE)
und durch Sputtern au hei3en Substraten ist mit Problemen behaftet: Die temperaturabhéngige Re
Evaporation des relativ fliichtigen Te ist problematisch und erfordert die Anpassung des-Hlessesan
die jeweilige Substrattemperatur. Eine gezielte Stéchiometriekontrolle ist hiesehr wichtig, um eine
Kontrolle Uber die Ladungstragerkonzentration und die damit verkniipften elektrischen Eigenschaften zu
erzielen. Aufgrund ihrer pseudehexagonalen Kristallstruktur weisen BTe;-basierte Materialien eine
Anisotropie der elektrischen md phononischen Transporteigenschaften und Diffusionskoeffizienten auf.
Die elektrischen und thermischen Eigenschaften sind hierbei stark anisotyopdhrend die Seebeck
Koeffizienten kaum betroffen sind. Bei der Mehrzahl der dinnfilmbasierten thermoeleksthenBauteile
findet der Ladungstragertransport senkrecht zur Substratebene statt. Fi8l-basierte Bauteile ist es
vorteilhaft, wenn die c-Achse senkrecht zur Substratebene, d.h. parallel zur Wachstumsrichtung liegt.

Ein Ziel dieser Arbeit war die Untesuchung neuer Methoden fir die Herstellung Bie;-basierter
Dunnfilme und SL, wobei gleichzeitig der Herstellungsprozess vereinfacht werden sollte. Hierflr wurde
neben epitaktischem Wachstum auch die sogenannte Nanoalloyifldethode angewendet Nominell
stéchiometrische Filmewvurden durch eine alternierende Abscheidung von diinnen Elementschichten mit
entsprechenden Dicken und einem anschlieenden Temperschritt erhaltelufgrund der Abscheidung
auf kalten Substraten kann die RdEvaporation von Te umgangenwerden. Ausserdem kann af die
Verwendung von Substraten, die epitaktischeWachstum gewahrleisten wirden,verzichtet werden.Die
Filme wurden in einer kalibrierten MBEAnlage und einer Sputteranlage abgeschieden. Die
Gesamtschichtdicke betrugetwa 1 um, wahrend die Elementschichtdicken im Bereich von nm oder
darunter lagen. Es wurden erschiedene Substratmaterialien verwendet, d.h. (11:brientiertes Bak fur
ein epitaktisches Wachstum und Si/SiQ 2 Wafer, mit denen eine kostengtinstige Massenproduktion
realisierbar ist. Zur Durchfiihrung des Nanoalloyinyerfahrens wurden die hergestellten Filme undL
einem NiedertemperaturTemperprozess in Teeicher Atmosphéare unterzogen. Dieser Prozessschritt ist
besonders kritisch: Wahrend des Tempervorganges soll einatsedie Verbindungsbildung aus den
Elementen durch eine Festkorperreaktion stattfinden, andererseits soll die nanoskali§eStruktur bei
der Temperung erhalten bleiben. Eine neue Zweizonefiemperprozedur in einer Taeichen Atmosphare
ermoglichte fir Filme aus BjTe, eine Einstellung der Zusammensetzung und bemerkenswerterweise
auch des Ladungstragertyps.

In dieser Arbeit wurden umfangreiche Probenserien hergestellt und untersucht, d.h. insgesamt ~100
bindre Dinnfilme und SLmit der NanoalloyingMe t hode auf ,urd&iISiQeSnbstrat@naufd
~30 epitaktische bindre Filme undSL durch gleichzeitige Abscheidung der Elemente auf heil3en
Substraten. (i) Bindre BTe; und Sb,Te; Filme wurden durch Nanoalloying hergestellt und die
Elementschichtdicke, chemische Zusammensetzung und die Temperbedingungen wurden variiert.
(i) BLTe;/ Sh,Te; SLwurden durch Nanoalloying in einer MBEAnlage hergestellt und p-leitende Sh,Te; /



(Bi,Sh)Te; und n-leitende BjTe; / (Bi,Sb)Te;, Filme wurden durch Sputtern hergestellt. (iii)Schliedich
wurden binare Bi,Te; und Sb,Te, Filme und BjTe; / SbTe; SL mit der MBEAnlage epitaktisch
abgeschieden Bei den SL wurden die Dicken der BiTe, und Sb,Te, Einzelschichten bzw. die
Periodenlangen bigninimal 6 nm variiert.

Die Ladungstragerkonzentration und 2mobilitdt, die Thermokraft und die elektrische Leitfahigkeit
wurden entlang der Filmebene (imlane Richtung) gemessen wahrend die Warmeleitfahigkeit in der
senkrecht dazu liegenden Wachstumsricling (crossplane Richtung) gemessen wurde. Diese
Vorgehensweise wurde gewahlt da (i) die crosglane Warmeleitfahigkeit empfindlicher auf die
Beschaffenheit derSL-Struktur reagiert und weil (ii) die elektrische iaplane Charakterisierung einfacher
durchzufhren ist, da hierfir keine Mikrostrukturierung der Probe erforderlich ist und so eine
umfangreichere Anzahl an Proben charakterisiert werden konnte. Alle Messungen wurden bei
Raumtemperatur durchgefthrt. Aufgrund der Anisotropie der Transporeigenschaften durfte ZT nicht
direkt aus den elektrischen und thermischen Transporteigenschaften berechnet werdeBtattdessen
wurden unter verschiedenen Annahmen Ober und Untergrenzen fir diesen Wert abgeschatzt.
Rasterelektronenmikroskopie und energiedispersive Rgenspektroskopie wurden genutzt, um die
Mikrostruktur und chemische Zusammensetzung der Proben zu untersuchen. Weitere strukturelle
Untersuchungen  (Rontgenstrukturanalyse,  Transmissionselektronenmikroskopie)  wurden  von
Partnerinstituten ausgefihrt. Besoderes Augenmerk wurde in dieser Arbeit auf den Zusammenhang
der Textur mit der thermischen Stabilitdt derSl-Struktur, den elektrischen Eigenschaften und der
Warmeleitfahigkeit gelegt. Fur die BiTe; / ShTe; SLwurden zudem Kompensationseffekte, die sich
durch das Stapeln von Aeitendem B} Te; auf p-leitendes ShTe, ergeben untersucht.

Bei den durch Nanoalloying hergestellten bindren Filmenkonnte gezeigt werden, dass die
Ladungstragerkonzentration und die elektrischen TransportgroBen durch die chemische
Zusammensetzung eingestellt werden kénnenDie Proben wurden hierzu isotherm fiir typischerweise
2 h bei 250 °C getempert. Auf diese Weisegelang die Synthese von Sfi'e; Dinnfilmen mit niedrigen
Ladungstragerkonzentrationen (~ 1&° cm®) und hohen -mobilitaten (> 400 cm2/Vs).Im Gegensatz zu
Sh,Te; Volumenmaterialen erweisen sich damitSh, Te; Filmeals fir thermoelektrische Bauteile geeignet.
Bei Tempetemperaturen von 500 °C konnten n-leitende BjTe; Filme bemerkenswerterweisein p-
leitende Materialien umgewandelt werden. Die Textur der Filmekonnte Uber die Elementschichtdicken
eingestellt werden.

Insgesamt erwies sich die Nanoalloyinlylethode als sehr gut geeignet fur die Herstellung von
elektronen und l6cherleitenden BjTe;-basierten Filmen undSL Mit der Methode konnten diese Filme
mit Kkontrollierter chemischer Zusammensetzung, Ladungstrgerkonzentration und elektrischen
Eigenschaften hergestellt werden, wodurch eine hohe thermoelektrische Giite erzielt werden konnte.
Sowohl n- als auch pleitende Filme konnten hergestellt werden. Unter praktischen Gesichtspunkten ist
die Erkenntnis, dass fleitendes gesputtertes(Bi,Sb)Te, anstelle des bekannten B(Te,Se) verwendet
werden kann, von hoher Relevanz. Hierdurch kanmlie technologisch schwierige Vensndung von Se
Sputtertargets umgangen werden. Die Ausrichtung der-Achse parallel zur Wachstumsrichtung und die
sich hierdurch ergebenden optimalen Transporteigenschaften parallel zur Substratebene kénnen sowohl
durch epitaktisches MBBNachstum auf Bak Substraten als auch durch Sputtern auf Si/SiOWafern
durch entsprechende Wahl der Elementschichtdicken erzielt werden. Die Kontrolle Uber die Filmtextur
spielte auch bei der thermischen Stabilitdt der Multilagenstruktur eine Schliisselrolle. Diese ist wight
um eine mdaglichst niedrige Warmeleitfahigkeit zu erzielen.

Von den mit der NanoalloyingMethode hergestellten Filmen wiesen insbesondere die-lpitenden
gesputterten SL herausragend hohe, mit einkristallinen Volumenmaterialien vergleichbare
Powerfaktoren > 40 pW/cmK? auf. Die Filme waren stark texturiert und wiesen eine niedrige
Warmeleitfahigkeit auf. Die starke eOrientierung der Filme fiihrte zu einer erhdhten thermischen
Stabilitat der Sl-Struktur aufgrund verminderter Diffusion entlang der Wachsturarichtung. Die
epitaktisch gewachsenen Ubergitter zeigten eine sehr starke Textur unselbst fir sehr niedrige
Periodenlangen von 6 nm scharf getrennte Einzelschichten. Diestl wiesen gegenliber den per
Nanoalloying hergestellten SL eine deutlich erhohte thermische Stabilitat auf und die



Gitterwarmeleitfahigkeit konnte gegeniiber den bindren Filmen um ~60% (d.h. auf 0.28 W/mK)
reduziert werden.

Venkatasubramanian erzielte fir Bi,Te, / Sh,Te, Ubergitter spektakulare ZFWerte von 2.4. Diese
Ergebnisse konten allerdings bislang nicht reproduziert werden und werdenfortlaufend kontrovers
diskutiert. Im Rahmendieser Arbeit konnten pleitende gesputterte SL-Systeme mit hohen ZIWerten im
Bereich von schatzungsweise 1.0 (konservative Schéatzung) bis 1.9 (opsitische Schatzung) hergestellt
werden.

Die in dieser Arbeit gezeigten Ergebnisse zeichnen sich dadurch aus, dass zwei wichtige
Abscheideverfahren (thermische Verdampfung und Sputtern), zwei verschiedenesitu Verfahren zur
Verbindungsbildung (MBE und Nanoalloying) und zwei verschiedene -situ Temperverfahren
angewendet wurden. Im Ergebnis erhielt man eine Vielzahlverschiedene Dunnfilme mit
maf3geschneidertemSchicht und Filmaufbau. Auf Si/SiQ Substraten abgeschiedene Filme wiesen trotz
der amorphen Struktur der Substratoberflache eine stke Textur auf. Durch MBEBNachstum auf heiRen
Bak-Substraten konnte epitaktisches Wachstum erzielt werdenDie gewahlten Abscheide und
Temperbedingungenermdglichten eine praziseEinstellung der Dotierung, Textur und Ubergitterstruktur
und ergaben Filme nit hervorragenden thermoelektrischen Eigenschaften, die so bislangioch nicht
publiziert wurden. Die gezeigten Ergebnisse sind auch fir andere Forschungsgebiete von Nutzen. Die
Verwendung der NanoalloyingMethode zur Filmherstellung ist insbesondere dannovteilhaft, wenn die
verwendeten Elemente grof3e Unterschiedebeim jeweiligen Dampfdruck aufweisen, was die
Abscheidung auf heiBen Substraten und daher die Kontrolle der Stéchiometrie und der
Ladungstragerkonzentration erschwert, z.B: (Dei photovoltaischen Anwendungen basierend aufCdTe
Dunnfilmen mit Sh,Te; Rickseitenkontakte und (ii) fir B, Te;-basierte topologische Isolatoren, die eine
niedrige Ladungstragerkonzentration erfordern.






ummary

Thermoelectric materials yield mutual conversion of thermal to electrical energy by the Seebeck and
Peltier effect. For high efficiencies, extrinsic semiconductors with specific transport properties are
required, typically a carrier concentration n of ~1& cm™, an electrical conductivitys of ~1000 S/cm, a
thermo power S of ~200 pV/K, a power factor S& of ~40 pW/cmK?, a thermal conductivity | of ~1
W/mK, and in summary a thermoelectric figure of merit ZT = T §2 /~ 1l For room temperature
applications, BjTe, and in particular its hole and electron conducting solid solutions with SpTre, and
BiL,Se are used. Recently, there have been great efforts to increase ZT significantly beyond 1 by
exploiting the beneficial effects of nanostructuring thermoelectric materials, particularly by introducing
superlattice (SL) structures.

In Bi,Te;-related materials the chemical composition strongly determines the density of antisite defects
and thereby the charge carrier density n-type Bi,Te;y-related thin films and SLs deposited bivolecular
Beam Epitaxy(MBE and sputtering on hot substrates revealed severatomplications: temperature-
dependent re-evaporation of the volatile Te is a severe problem and requires the-agljustmen of the Te
flux for each substrate temperature. Thus, stoichiometry control is critical for controlling the carrier
concentration and the related electrical properties. Due to their pseudbexagonal crystal structure,
Bi,Te, 2 related materials exhibit ananisotropy of the transport coefficients of electrons and phonons
and diffusion coefficients, note that electrical and thermal conductivity are strongly anisotropic while the
Seebeck coefficient is hardly affected. For the majority of thifilm based themoelectric devices carrier
transport takes place perpendicular to the substrate plane. For Blased devices it is favorable if the ¢
axis lies perpendicular to the substrate plane, i.e. parallel to the growth direction.

One aim of this work was to invesigate new routes of synthesis of highZT BjTe;-based thin films and
SLs and to facilitate their fabrication. For this, besides epitaxial growth the nanoalloying method was
applied: Nominally stoichiometric films can be obtained by alternative depositionf elemental layers
with appropriate thicknessesand a subsequent annealing step Te reevaporation is avoided by
deposition on cold substrates, and epitaxially compatible substrates are not require&ilms were
deposited in a calibratedMBE system and a puttering system, film thicknesses weraround 1 nm and
the thickness of elemental layers was in the nm to subm range. Different substrate materials were
used, i.e. (111)oriented Bak for epitaxial growth and Si/SiQ wafers that are suitable for a mass
production. During the nanoalloying processithe films and SLs were exposed to a losemperature
annealing process in a Te rich atmosphere, this processing step being especially critahaling annealing
compound formation should take place via a solid state reaction, however, the nanoscaled SL structure
should be retained during annealing. A new twezone annealing in a Te rich atmosphere yielded a post
deposition control of the composition of asgrown Bi,Te; thin films and, most strikingly, their charge
carrier type.

Sample series were deposited, i.e. ~100 binary thin films and SLs with the nanoalloying method on cold
Bak or Si/SiQ substrates and ~30 epitaxial binary films and superlattices by ®position of the
elements on hot Bak substrates. (i) Nanoalloyed binarBi,Te; and ShyTe; flms were grown and the
elemental layer thicknesses, the chemical composition, isothermal annealing conditions, and taone
annealing conditions were varied for the binary films(ii) Nanoalloyed BiTe; / Sb,Te, SLs were grown in

a MBE system and fiype Sh,Te; / (Bi,Sb)Te; and n-type BiTe; / (Bi,Sb)Te; SLs were grown by
sputtering. (i) Finally, binary BTe, and Sk Te; films and BjTe; / Sb,Te; SLs were grown epitaxially in the
MBE system. For the SLs, the ratios of,Be; and Sk Te, layer thicknesses and period lengths were varied
down to 6 nm.

Carrier concentration and?2 mobility, thermo power and electrical conductivity were measured alonghe
film plane (in-plane direction) while thermal conductivity was measured in the growth direction (cross
plane direction). These measurement directions were chosen (Because the crossplane thermal
conductivity is more sensitive to the quality of the B structure and (ii)because in-plane electrical
characterizationis simpler and does not requiranicrostructuring of the samples Thus a larger series of
samples could be characterizedAll measurements were carried out at room temperature. Due to
transport anisotropy, electrical and thermal transport properties cannot be directly combined to



calculate ZT, therefore different cases were considered to estimate ZBcanning electron microscopy
and energy dispersive Xay spectroscopy were used to investigatthe microstructure and chemical
composition. Further structural characterization (XRay diffraction, transmission electron microscopy
was carried out elsewhere. fecial attention was paid to the relation of texture to the electrical
properties of the filims and SLs. Texture also affected the thermal stability of the SL structure and its
thermal conductivity. Also for SLs, carrier compensation effects induced by stackingtype BiTe; on p-
type ShTe; layers were investigated.

For nanoalloyed binary filmsit was proven that carrier concentration and electrical properties can be
adjusted by the chemical composition via isothermal annealing conditions, typically 23C for 2 h. In
this way, ShTe; thin films with low carrier concentrations (~ 13° cm®) and high mobilities (> 400
cm?/Vs) could be synthesized successfully. It could be shown that,$b, thin films are suitable for
thermoelectric devices, in contrasto Sh,Te; bulk materials. B, Te; thin films could even be converted
from n- into p-type at annealing temperatures of 500°C and the elemental layer thickness allowed to
control film texture.

The nanoalloying synthesis method was successfully applied for the fabrication of electron andlé
conducting BiTe; related thin films and SLs. Such films were deposited with controlled chemical
composition, carrier concentration and electrical properties and yield improved thermoelectric figures of
merit. Both n and p-type films could be obtained,it is also of significant practical importance that rtype
sputtered (Bi,Sb)Te; could be used to replace B{Te,Se) thin films and avoid Se targets, which are
difficult to handle. A c axis parallel to the growth direction and thus optimum inplane trangort
properties can either be achieved by epitaxial MBE growth on Basubstrates or by sputtering on Si/SiQ
wafers with appropriate choice of elemental layer thicknesses. The control of texture in the films was
also of key importance for the thermal staldity of multilayered structures during annealing and hence
for retaining a low thermal conductivity.

Record power factors > 40 pW/cmK?2 were obtained for the nanoalloyed SLs, particularly for sputtered
p-type films and were similarto bulk single crystals-These films revealed a high degree of texture and a
low thermal conductivity. Also, ahigher degree of corientation in the films resulted in a higher thermal
stability of the SL structure due to a reduced diffusion along the gneth direction. The epitaxially grown
SLs yielded avery strong texture with sharply separated layers even for period lengths as small as 6 nm.
These SLsproved to be more thermally stable than nanoalloyed SLs and the lattice thermal conductivity
was reduced by up to ~60% (i.e. down to 0.28 W/mK) as compared to binary films.

Venkatasubramanian reported a spectacular ZT value of 2.4 in,B& / ShTe;, superlattices, however,
these results could not be reproduced and are still under debatén this work, for the sputtered p-type
films a high ZT value was estimated being 1.0 for a conservative estimation and 1.9 under optimistic
assumptions.

The results obtained in this study are unique in the sense that two powerful deposition technologies
(evaporation and sputtering), two different in-situ compound formation techniques (MBE and
nanoalloying) and two exsitu annealing techniques have been applied yielding a large number of thin
films with tailored film architecture. Films deposited on Si/SiCsubstratesreported in this study were
strongly textured, despite the amorphous structure of the substrate top layer. In case of MBE on hot
Bak substrates epitaxial growth was achieved. It could be shown that doping, texture and SL structure
can be precisely contrded for all deposition and annealing conditions and yielded outstanding
thermoelectric film properties not reported before. Other research fields may also benefit from these
results. The nanoalloying methodis clearly advantageous when elemental speciesah large differences

in vapor pressure, complicating the deposition on hot substrates and thus control of stoichiometry and
charge carriers: (i) in photovoltaic applications for CdTe thin films and Slte; back contacts and (ii) for
Bi, Te; based topologicalinsulators that require low charge carrier concentrations.
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Chapter preview and overview over depositedilms

The first 4 chapters serve as introductioand description of experimental details
Chapter 1 is a phenomenological introduction to thermoelectricity

Chapter 2 shows the interplay of the transport properties and the performance of thermoelectric
materials and gives an introduction into (thermoelectric) transport theory for bulk materialand in
particular for 2D nanostructured superlattice (SL) systems

Chapter 3 gives an overview over the examined material system, i.e.,B&, Sh,Te; and (BiSh),Te;
solid solutions. Properties of bulk as well as thifilm materials are shown. The second péarof the
chapter is an indepth review of the recordbreaking MOCVDgrown Bi,Te; / Sb,Te; SLs and an analysis
of the accompanying phenomena and publications.Their outstanding properties reported in 2001
initiated a boost for synthesis of thermoelectric thin films and many other types of nanomaterials.

In Chapter 4 the fabrication methods and setups that were used to synthesize the films are described,
i.e. the nanoalloying and epitaxial method and the ged molecular beam epitaxy and sputtering system.

It is pointed out that the nanoalloying method has several advantages over more conventional methods
such as cedeposition on a hot substrate. A broad selection of characterization methods was used to
charecterize the structure and transport properties of the films. The applied methods are elaborated
together with the used measurement parameters.

Experimental results are given ichapters 5 to 9 . An overview over the used deposition patterns and
deposited gructures is given below. The thicknesssd of the elementand compound layersare given as

well as the number of deposited periodsand the annealing temperature.pgr and psr indicate the
number of BiTe andSb-Te quintuples in chapter6.

Chapter 5: Binary MBE nanoalloyed thin films

Chapter 5 shows results for binary Bire, and S,Te, thin films grown by MBE. Different deposition and
annealing conditions are used and Te content, element thicknesses and annealing methods are varied.

Nr. |dg[nm] |dg,[nm] |d[nm] |Periods|Anneal. Temp. [°C] Te
1 ]0.2 0.2 999 250, 400, 450, 500 Te
2 |0.2-1.7 0.2-2.4 |250- |250
999
3 0.2 0.2 999 250 _ H
1 2

4 0.2-1.5 |0.2-2.6 |250- |250
999

Te
Used substrate materials: BaFand Si/SiQ. Only properties Te
determined with Bak as substrate are shown, properties o
Si/SIQ were similar and are not shown. TEM images were
acquired with Si/SiQ as substrate. Te
3 4
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Chapter 6: Bi,Te, / Sb,Te, superlattice thin films grown by MBE

In chapter 6, Bi,Te; / SbTe; SL structures fabricated with a MBE setup with different ratios of
Sh,Te;:Bi,Te; compound layer thicknesses and annealing temperatures are characterized. The effects of
the quality of the SL structure on transport properties (e.g. thermal conductivity and carrier
compensation effects) are investigated.

dgi dgp | Par Pst Periods Anneal. Temp. [°C]

di.[nm] |=nm Bi,Te; |=nm Sb,Te,

0.2 9 9 56 150, 250 — X Pgr
0.2 9 3 83 150, 250

0.2 15 3 56 150, 250

0.2 18 3 48 150, 250

0.2 21 3 42 150, 250 — X Pst
Used substrate materials: Bak and Si/SiQ. Most properties were

determined with BaF assubstrate.

Chapter 7: Sputtered p -type Sb,Te, / (Bi,Sb),Te, multilayer systems

In Chapter 7 results obtained onp-type nanoalloyed sputtered Spre; / (Bp,Shys),Te; SLs wih a period
length of 50, 25 and 12.5 nm are shown. Amealing temperatures, period length and total film
thickness are varied.

(Bi,Sh),Te, Sh,Te,
Total |dg |dg, |de |dsy |dre |Periods |Anneal.Temp. [°C]
period [[nm] [[nm] |[nm] |[nm] |[nm]
[nm]
50 22 |75 |158 |9.5 |16.1 |30,360 |150, 250, 300, 350
25 11 |38 |79 |48 |8.0 |60 150
12.5 06 |19 |40 |24 |40 |120 150

Used substrate materials: Si/SjO
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Chapter 8: Sputtered n -type Bi,Te, / (Bi,Sb),Te, multilayer systems

In Chapter 8, sputtered n-type nanoalloyed homogereous compound films of B, Te; and (Bi,Sb)Te; and
Bib,Te; / (BhoShy1),Te; SL films are investigated. Ae upper half of the shown deposition pattern is used
for the deposition of (Bi,Sb)Te, and the lower halfis used for BjTe;. For the homogeneous films, the Sb
content is varied. For the SL films, the annealing temperatur is varied.

(Bi,Sh),Te, Bi,Te,
Total dg |dg, |dye [dg |dye [Periods |Anneal.Temp. [°C]
period |[nm] |[nm] |[nm] |[nm] |[nm]
[nm] Te
50 9.5 |09 |15.1 |10.5 |15.0 |30 150, 200, 225, 250

Used substrate materials: Si/SjO

Te

Chapter 9: Epitaxial Bi ,Te; and Sb,Te, binary films and superlattices

Chapter 9 shows results for epitaxial films grown by MBE, i.e. binary Bie; and ShTe, films and SLs.
The results are analyzed with regard tthe previously published works.

Total period [nm] | d-Sh,Te; [nm] | d-Bi,Te; [nm] |Periods
18 9 9 56
18 15 3 56
12 6 6 83
6 5 1 166

Used substrate materials: BaF

Binary SbhTe, films were deposited with a substrate
temperature of 330, 350 and 370 °C. The deposition
temperature used for the superlattices was 350 °C, if not
indicated otherwise.
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CHAPTER: THERMOELECTRICITY

engineering have enabled the fabrication of thiAfilm based microscale modules, which enable high
cooling power densities of several 100 W/cmz2. Due to their low thermal mass, the desired teramatures
can be attained extremely fast, usually within ~100 ms. Their low size allows to integrate them into very
small energy harvesting systems that can be attached to a wide range of heat sources, for example to
power energy-autarkic sensor systems.

1.1 The Seebeck, Peltier and Thomson effect and its applications

The Seebeck, Peltier and Thomson effed@re the basic effects of thermoelectrics (see e.g©[10,11]) and
can be illustrated with the thermocouple shownin Figurel.2.

@ Heat flux @
A

Technical
current flow

Technical
current flow

1
1
1
1
v
Charge Charge
carrier flow carrier flow

Substrate 2 Cold Side (T

Figure 1.2 Left: Simple thermocouple consisting of materialsA and B with junctions 1 and 2 and free ends 3 and 4.
Right: Unicouple, representing the working principle of a thermoelectric generator

—————

Seebeck effect : The Seebeck effectan be seen as a consequence of thermally induced charge carrier
diffusion [12]. If a smalltemperature difference OT is established béveen the material junctions 1and

2 with junction 1 having a higher temperature than junction 2and the free ends 3 and 4 of the material

B are kept at the same temperature, a potential differenceé/ is establishedoetween the free ends. The
differential Seebeck coefficient (also referred to asthermopower) S, is defined as the ratio of this
potential and temperature differenceby

. W . (1.1)

Y >V Y Y
and is given by the difference of the Seebeck coefficientS, and S; of the materials. S,z is defined as
positive if the potential differenceinduces aconventional current flow from the hot to the cold junction
and negative if the opposite is the caseln practical Seebeckcoefficient measurements (see e.g. sect.
4.2.2), always the differential Seebeck coefficient is measured since the material always has to be
connected to some kind of conductor (e.g. Cu) in order to determine the Seebeck voltag®.
Conveniently, usually the absolute Seebeck coefficientS is given for a single material which is then
defined aspositive (negative) for p (nmtype conductors.

Peltier effect : The Reltier effect is the phenomenologically reverse effect of theSeebeckeffect. If a DC
current | flows through materials A and B and junctions 1 and 2, one of the junctions heats up while the
other cools down depending on the directionof the current. The differential Peltier coefficient 5 gives
a relation between the currentl and the amount of heat Q transported per time

0  to 1.2)
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1.1 THE SEEBECK, PELTAR® THOMSON EFFEG@ND ITS APPLICATIONS

P g is defined as positivef current flows from material Bto A and junction 1 heats up while junction 2
cools down and defined as negative if the opposite is the casén absolute Peltier coefficient for each
material can be defined in the same fashioms for the Seebeck coefficien

Thomson effect : Contrary to the Seebeck and Peltier effect,he Thomson effect generally applies to
single materials A and B. Suppose the ends of the material are subjected to a temperature differerge
while simultaneously an electrical currenkflowing in the same direction as the gradientis applied to the
material. The material then exchanges hedD with its surroundings accordingto

0 f tadsy (1.3)

with the Thomson coefficient . The Thomson effect plays a rather minor role in thermoelectrics and
can mostly be neglected.

Kelvin relations : Peltier, Seebeck and Thomsoare related to eachother via the Kelvin relations:

Y 1o B N oy f hY 0"y (1.4)a

I
Ty oV

L Y tyYn

With these equations,the Peltier and Thomson coefficient can be calculated from theelatively easily
obtainable Seebeck coefficient.

1.1.1  Thermoelectric devices and the figure of merit ZT

The working principles behind thermoelectric energy conversion can be well illustrated with a single
thermocouple consisting of a leg of n and p-type semiconductor (SC)material (Figure 1.2). A basic
derivation of device gerformances is outlined in[10].

The thermoelectric cooler : In this and the next section, an index p (n) will mark the transport property
of the p (n) 2 type leg. The hot and cold side temperatures will be given by, and T, respectively.

The most important property of a thermoelectric cooler is the coefficient of performance (COFP)which
is defined as the ratio of the heat extracted from the source to the &penditure of electrical energy.

The maximum COFf,,, that can be reached under optimum current conditions is:

Y. p &Y YTY 1.5)
%o — —

with the mean temperature T,, = (T;+To)/2. Expressed with themaximum COP 7. = T./ (T-T¢) that can
be reached in aCarnot cycleit can be seen that eq.1.5 is the Carnot COPmultiplied with a lossfactor
depending on the material parameters and hot and cold side temperature. The influence of all material
parameters is summarized ithe figure of merit Z Under optimal leg geometry,Z is given by

Ny (1.6)

In the search for improved materials, a vaaht of Z that characterizes the performance of a single
thermoelectric material would be convenientWith the material’s (total)thermal conductivity /, electrical
conductivity s and Seebeck coefficienSone can define a figure of meritz for a single materialby

YooY, % 1.7)
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CHAPTER: THERMOELECTRICITY

where the numerator that characterizes the electrical transport properties of the material is commonly
called the power factor PES2s). In literature on thermoelectrics, it is common to denote the quantityz
by Z, so Z will be used instead ofz for the following sections of this work. Multiplying z or Z with T
yields ZT, a dimensionless form ofthe figure of merit which is commonly used tocharacterize the
thermoelectric performance of a material Rewriting ZT with the lattice thermal conductivity /, (obtained
by substracting the electronic part of the thermal conductivity] . from I), the charge carrier mobility
and 2concentration 4 and n and Lorentz numberL shows that ZTis determined by the ratio of/, to y,
which is a key point for mateial improvement considerations.

The thermoelectric generator : As shown in Figure 1.2, a thermoelectric generator converts thermal
energy into electrical energy that it delivers to an application with load resistandg®. The system can be
characterized by the efficiency/, i.e. the ratio of electric output power to the thermal power that is

drawing heat from the hot side. For optimized leg properties (load matching etc.)the maximum

efficiency h... IS given by:

(1.8)

Y "Y.t. p &Y p

Y o ®Y vry

The definition of Z is analogous to the case of thermoelectric coolings well as the structure of/,,4
compared to f,.. The maximum efficiency is given by the Carnot efficiencyi. that applies to a
reversible process multiplied with a losgactor induced by the irreversible procsses due to irreversible
losses (Joule heating, thermal conduction)f,,,, in dependence on ZT, is plotted in Figure 1.3 for
different hot side temperatures and isfar below the maximum values that can be achieved in an ideal
Carnot process. IncreasingZT to a value of 2 (a perhaps realistic goal) would yield ignificant
improvements, significantly expanding the application field for thermoelectric energy conversion.

The ZT values of the most important stateof-the-art-thermoelectric ptype materials for bulk and thin
films are given in Figure 1.3 in dependence on temperature Clearly, a significant improvement in
performance was achieved by the introduction of nanostructured materials (indicated by an agtk in
the figure).

0.30

T T T T T T T 2’5_ T I*Bi .ll.e = Tel N T T ]
(o} o -
400 K 800 K 2.0 . 21€3/5h51€3 ]
0.25 4+— 700 K 2 . NaEEI?OShTo” 2
1,61 *nano-Bi,Te, e i 7]
0.20- 600 K 1,4 Fa AT et
1 Vi i Bi,S1,C0,0 ]
12 2 /& CeFe,CoSb
¥ 0.15{% 500 K K 10, S TS oy Mnsyg
£ (360) ol ’ P / e
= 400 K 5 0381 g / e
0.104---- 23 o 700 K 06 f AN P Sl?;S‘QG”eQ_%?_
’ i . /E;QT) 4MnSiy 7
0% [ A S IO By e g’; s BagGa,sGey,
0.00 1 e +10 ;/0' | G (360)400 K 0*0 ] e~ , 21y gHfp COSbo Sy, |
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rall TIK]

Figure 1.3 Left: Thermoelectric generator,plot of A, vs. ZT, (eq. 1.8) for different hot side temperatures Solid lines:
Cold side kept at 300 K, Brown dashed line: Cold side kept at 360 K (typical application caseffficiency gains by
increasingZTfrom the classic value of 1to a higher value of 2are indicatedfor some temperatures The Carnot efficiency
hc for selected temperaturesis indicated on the left. Right: Current data for ZT of the currently most important p-type
state-of-the-art thermoelectric materials. Asterisks indicate nanostructured materialsReferences:[8,13,14,15,16,17,18,
19,20,21,22,23,24,25].
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2  Thermoelectric tansportin bulk and nanoscale materials

The thermoelectric energy conversion is determined by the ratios of the transport coefficients and thus
fundamental parameters of the electron and phonon systems. Ithe first part of this chapter the
interrelations of the transport properties is explained for bulk materials based on the band theory for
crystalline solids and solution of the linearized Boltzmann transport equations.i$ further sketched how
thermal conductivity can be described by the Deby€allaway model. Electron and phonon scattering
mechanisms are discussed and electron and phonewlated criteria for good thermoelectric materials
are given As a summary, in bulk materials best efficiencies are tdned for extrinsic semiconductors
(i.e. semiconductors with enhanced electrical conductivity caused by additional dopand species). Specific
values of the transport properties are necessary to yield a high efficiency. Typical values are
n ~10%* cm?, s ~1000 S/cm,S~200 puV/K anda power factor S2s of ~40 pW/cmK?2. In addition to that,

a low thermal conductivity / is required, typically / £, # is around 1 W/mK. The transport
parameters s, S and /. involved in the definition of ZT all depend sensitivelyin a different manner on

the position of the chemical potential with respect to the band edges and thus carrier concentration
(Figure2.1), complicating materials optimization.

1

0.5

T

0 \ \
1018 1019 1020 1021

Carrier concentration (cm—3)

Figure 2.1 Interconnection of electrical conductivity, Seebeck coefficientthermal conductivity and ZT on carrier
concentration for B, Te, [16] (details on crystal structure not given in reference)lhe optimum carrier concentrationfor
this material isin the range of 10*° 2 10*°cm.

The transport parameters andZT are also dependent on temperature. For thermoelectric applications
around room temperature, BjTe; and in particular its hole and electron conducting solid solutions with
ShTe; and BiSe are used. Materialproperties of these compounds will be explained and discussed in
the next chapter in detail. As a brief introduction for this chapter, these mateéals are characterized by a
pseudb-hexagonal crystal structureTransport is strongly anisotropic in these materials, i.e. electrical and
thermal conductivity and diffusion coefficients are much lower parallel to the -axis than perpendicular
to it. Thisis why it is always important to consider the texture of the films and the direction in which
these properties were measurepl amd’®e apdecefodsr eel
correspond to the direction parallel and perpendicular to theilm plane, respectively. In this work, the
electrical properties were characterized in Hplane direction while the thermal conductivity was
measured in crosgplane direction.

The second part of the chapter is dedicated to thermoelectric transportheory for nanostructured
materials. Note that while there is no theoretical limit onZT, several authors have dealt with the limits of
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CHAPTER: THERMOELECTRIC TRRRKT IN BULK AND NANSCALE MATERIALS

ZTof non-nanostructured materialsunder practical considerations, giving a practical maximumT of 1-2
[26] or a valueof 2 at room temperature and ~ 4 at 1200 K R7]. It was concluded by the authors that
radically different concepts such as nanostructures are required to increag&beyond that limit which is
why there is a great amount of research activity in that field.The two major mechanisms for ZT
improvement are, firstly, an improvement of the product of Seebeck coefficient and -carrier
concentration (or electrical conductivity) and secondly a reduction of thermal conductivity. Examples for
both are given for 2D nanosructured superlattice systems. Recent results directly related to the recerd
breaking V,VL SLs are described in detail.

2.1 Bulk materials
2.1.1 Electrical properties
2.1.1.1 Boltzmannt ransport theory

The following considerations(see e.g. §,10,11..]) apply to isotropic semiconductors witha single band
and parabolic dispersiorfor electrons Analogous considerations appl to holes as charge carrierdn the
parabolic approximation, the energyE = Ek) of a charge carrier is related to its momentumk and
effective massi “by % o E 7¢i “. In the most general case, the effective mass is a tensor with
principal values of the effective masses H H along the crystal axesThe bulk energetic density of
statesis then given by

S /S (2.1)
»'0Q0 ?ta noQo
with the density of states (DOS massi +1 1 1 1 7 thatis a geometric mean ofi A H
multiplied with the number of band extrema K. The FermiDirac distribution for fermions in thermal
equilibrium is given byeq. 2.2 with E- as Fermi energy andkg as Boltzmann constant. The Fermi
distribution can be gproximated by the Boltzmann approximation for EE) >> kgT, yielding a simple
exponential distribution (righthand side of eq.2.2) [28].

Ao B—ION 0 (2.2)

e P
Q0 — =

The carrier concentratiom is given by

‘ T T L @.3)
¢ 0"Q0Q0 StAQBW x E CeE C c“o 8

Applying the Boltzmann approximationin eq. 2.3 results in a simple exponential dependence for the
carrier concentration on the position of the Fermi leveE relative to the lower edge of the conduction

band E.. For heavily degeneratesemiconductors (E- moves into the conduction band), the Boltzmann
approximation tends to get inaccurate and the integral form of eq.2.3 has to be used to get accurate
results.

Starting with the Boltzmann Transport Equation (BTE) in the relaxation time approximatio29fp.246]

and taking into account the definitions of heat ard electrical currents,expressions for theelectrical
conductivity, Seebeck coefficient and_orentz number L that gives a relation between electrical and
electronic thermal conductivitycan be derived P-p.403-417]:
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2.1 BULK MATERIALS

» CQE T io ;Tc e
5y, (2.5)
w 2 _ 1 uIkto . (2.6)
Q i olg t'0 4
. E i xfc t0 & i ulg tO 4 2.7)
Q i ofg t'0 ¢ i oIg t'O 4

Grepresents theG-integral and s the scattering parameter.s has a value of-1/2 for acoustic phonon and
alloy scattering and 3/2 for sattering on ionized impurities[10-p.59ff]. In the equations a numerically
convenient form of the so-called transport integrals as given inl0-p.35] is used:

S« SRR (2.8)
o a "' Qi c Q'Y to 4 -
xEAGA 2 Al AO © g
R - > Aoe _ 2O

with the reduced dimensionless Fermi level energf and the Fermi integralF,. L for different solid
solutions of (BiSh),Te; is givenin Figure2.2. For metals or generally, materials with very high carrier

concentrations, L approaches the value of®3 (ky/ef = 2.45 x 108 VZ/K.

Different simplifications for the transport equationsexist A very usefuland widely usedone is the
Pisarenko relation, derived for a single carrier type in the Boltzmann approximati¢80-p.307] which is,
however, not accurate for metals and heavily degenerate semiconductors:

w Q ., . gcaQY”’ (2.9)
Y =06 a&E——
Q Qe

with C as a constant that depends on the electron scattering mechanism. The relation explains why
semiconductors in the non or only slightly degenerate regime have a linear dependencefdhe Seebeck
coefficient on logarithmic charge carrier concentration.

2.6

(Bi l7Xbe)2Te3
x=1 -

2.4

2.2

2.0+

L [10° VZIK?

1.8

1.6 1

1.4 T T T T
1E18 1E19 1E20 1E21

n [cm?]

Figure 2.2 Calculated Lorentz numberL in dependence ofn for single crystalline(Bi_,Sh),Te, for different x m, for x=1
(n-type) was taken from [11-p.118], for the other values of x(p-type) the values ofm, were taken from Table3.3 or [31].
The calculatedL for x = 0.75, 0.85 and 0.9 are nearly identical, thus only L for x = 0.85 is shown.

23



CHAPTER: THERMOELECTRIC TRRRKT IN BULK AND NANSCALE MATERIALS

2.1.1.2  Carrier compensation effects on electrical conductivity

For intrinsic and extrinsic semiconductors, the intrinsicarrier concentration n; is connected to the
electron concentrationn and the hole concentrationp by [28]:

— L 2.10
£ etn ¢ tn tQ 7 (2.10)

with p, for the holes defined analogously ton, for the electrons in eq.2.3. As an example,sing the
material data for BjTe, presented in section3.3, n, = 1.4 x 10 cm for Bi,Te, can be calculated.

The total carrier concentrationn,, determines the electrical conductivity bys = en,u and can be
calculated by:

¢ & o0 &M N (2.11)

where n and p are electron and hole concentration, respectivelyfrigure2.3 showsn,,; in dependence of
p. This correspondgo a one-band n-conducting semconductor (n; is constant) in which charge is partly
carried by holes, corresponding to a compensated semiconductor. Evidenthhet addition of holes
reduces the conductivity until an, that corresponds to twice the intrinsic carrier concentration is
reached. Since also the Seebeck coefficient is reduced lspmpensation effects (seeeq. 2.17 below),
these effects are clearly detrimental ér the thermoelectric performance

1E204 1

n [cm'3]

tot

1E19- .

1E16 1E17 1E18
p [cm™]

Figure 2.3 Calculated total carrier concentratiom,, in dependence of hole concentrationp for Bi,Te;.
2.1.1.3  Electronic scattering processes

Scattering by acoustic phononsis the predominant process in the Bire;-based materials at room
temperature and above The carrier mobility under acoustc phonon scattering is limited due to

fluctuations of the periodic potential and given by‘ ¢ 0 " ta” Ty 1 [32-p.69].

For alloy scattering no quantitative expression is given if32] and subrefs. One may consider the
scattering on neutral impurities According to [9-p.409], the mobility due to scattering on neutral
impurities is inversely proportional to the concentration of scattererd,. Indeed, it appears that for
some compoundsthe decrease of electrical conductivity or mobility is roughly linear to the content of
foreign atoms if their concentration is small e.g. for the alloy B, Te;-Sh,Te; (p-type), Figure 2.4, B, Te;-
B Se; (n-type) [6] or Cu-Ni [29-p.255].

Electron grain boundary scatteringvas investigated by a number of authors. The consensus is that the
increase of resistivityry, over that of a single crystaldue to boundary scatteringis proportional to the
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2.1 BULK MATERIALS

inverse graindiameter d [33] according to the relation” © "Y where R is the reflection
coefficientand S, ~ d* the total boundary surface per unit volume

lonized impurity scatteringis not of great importance despite the high number of acceptors and donors
in typical highly doped thermoelectric materials,32-p.70].

The influences of differant scattering mechanisms associated with carrier mobilities; on the total
mobility ., can be combined by Matthiessen’s ruley¥ B p¥

200 T T T T

180~ .

160~ .

140 :

120 (] 4

H [cm&/Vs]
|

100 + .

80+ n

0 10 20 30 40
B|2Te3 at.% szTe3

Figure 2.4 Electron mobility in dependence ofcomposition in the Bi,Te, - Sh,Te, system Data from [6] (details on crystal
structure not given in the reference)

2.1.2 Lattice thermal properties , phonon transport : The Debye-Callaway model

After the collision of two phonons with wave vectors k, and k,, the resulting wave vectoris given byk,
plus a reciprocal lattice vectorG [9-p.328], i.e. " 7- Here, G=0 characterizes N(ormai)
processes during which the total phonon momentum is conserved anbeat transport is not impaired,
yet phonon momentum is redistributed U(mklapp)processes occur foiGi 0, meaning that the crystal
lattice participates in the scatteing process and the resulting wave vectok; leads outside the Brillouin
zone which is possible if the initial phonon momenta are sufficiently high U-processes are associated
with phonon momentum reversal and tend to restore the phonon distribution towads the equilibrium
distribution and thus give rise to thermal resistance.

The DebyeCallaway (DC)model is a sophisticated model forthe calculation of the thermal conductivity
of elements and compounds. It assumes that collisions change the phonon engrglistribution by
momentum-conserving N-processes (relaxation time f,) and non-momentum conserving processes
(relaxation time fz) which have to be treated se@rately. AsenPalmer et al. B4] and finally Morelli et al.
[35] pointed out that the total lattice thermal conductivity /, consists of two terms (see eq.2.13) of
which the second one canot be neglected for very pure,defect-free samples and that good results can
be obtained by treating transverse andongitudinal phonons separately.Only acoustic phonons are
considered since optical phonons hardly carry any heat due to their low group velocitipe to their flat
disperson unf/k [36]. /, is given by adding up longitudinal and transversal phonon thermal conductivity
/. and /{[35]:

_ _ ¢ xEO

I

F —h —h (2.12)

Here, only the case of longitudinal phonongindicesL1 and L2) is sketchedin eq. 2.13. Expressions for
transversal phonons are analogous an@, q,, ¢, v, Band t (see below)have to be taken accordingly.
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CHAPTER: THERMOELECTRIC TRRRKT IN BULK AND NANSCALE MATERIALS

A ; o A ) 7 I_ 50 6 (2.13)
_ I8y t 0QmAT A S8 ———
o o — 0Qm
T 1
where
o =22 hom ort prthe 2fs —2 g
Lo Q p P P P ® TQ"\)1 0 ¢ 20

According to Matthiessen's Rule the influence of scattering processes can be combined by adding up
the inverses of the relaxation times. In this senséhe relaxation time 7z sums up all resistive, phonon
momentum changing scattering processest. sums upall of these scatteringprocesseslus the normal
processes withf,. The scattering processes associated with the given relaxation timesare Umklapp
scattering (f,), massfluctuation (point-defect) scattering (#), boundary scattering ¢g) and normal
scattering (,) that are added up by:

t t t t o&ot 0t 0t 8 (2.14)

Eacht has a different dependence on phonon frequencyvand temperature T:

f 61 ™ 7 Nt &1 Nt o Nt 61 vs (2.15)
Here, d is the dimension of the crystal or grain.The prefactorsB contain materialspecific poperties
such as the phonon group velocityv; and are given e.g. in re$. [10-p.71,35]. Specifically, the point
defect scattering prefactorB, is proportional to the mass disader, i.e. the sum of the deviations of the i-
th unit cell atomic massM; (with a concentration x) from the averagemassper unit cell 0 divided by
the number N of unit cells per volume[32-p.78].

o0 (2.16)

cL 0 0

Figure 2.5 (left) shows schematically the limitation of/ due to different scattering mechanisms
[32-p.80]. The upper boundary is given by then? dependence of U and N processes thaiccur in every
solid. Point defect scattering reduces the thermal conductivity strongly in the higfrequencyregime due
to the w* dependence. For low frequencies, point defect scattering is negligible and boundary scattering
becomes more and more important whichwas verified in several experiments (sec2.1.2.1).

2.1.2.1  Scattering of phonons on grain boundaries in polycrystalline materials

Figure2.5 (left) explains why boundary scattering by grains can indeed reduce the thermal conductivity
although the average phononMFPis several orders of magnitude lower than the grain sizeln a typical
(alloyed) thermoelectric material with its high number of point defects due to alloying, the high phonon
frequencies are cut off by point defect scattering andonly the phonons with long wavelength (much
larger than the typical averageof 10° - 10'° m) and MFPremain [32-p.80]. It is concluded that these
remaining long-wave phonons can be successfully scattered by the boundaries of nm to pnized
grains, which wasexperimentallyproven on irradiated Si andSiGe[32-p.81] and V,VL compounds.

Figure 2.5 (right) displays the results ofexperiments carried out by Boikov et al.[37]. /, of
(BbosShy 75),Te; and B, Te; deposited on different substrateqat 250-270 °C) with and without annealing
(at 370-380 °C) are compared. The thermal conductivity inalloy (i.e. point-defect rich) (Bi,Sb)Te; films
deposited on nylonwas found to be strongly reduced (by ~ 40%) in unannealed films compared to
annealed films due to the increasechumber of grain boundaries In B, Te;, as theoretically predictedhe
reducing effect on /, is lower (~ 20 %). A reduction of /, compared to bulk single crystals11-p.126],
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2.1 BULK MATERIALS

BibTe;: 1.4 - 1.7 W/mK, (BjsShy75),Te;: 0.55 - 1.2 W/mK is evident Since simultaneously the electrical
properties remained stable an improvement of ZT compared to the best room-temperature values of
bulk single crystals (~ 1.0for (Bi,sShy75),Te; [11]) obtained up to the time of the publication is

reported.
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Figure 2.5 Left: Schematicdependenceof thermal conductivity on phonon frequency [32-p.80]. Note that the symbols
for the prefactors differ from those given in eq.2.15. Void area: Only Umklapp / Normal scattering is effectiveSingle
hatched area: Thermal conductivity reduction due to allogcattering in a solid solution.Double-hatched area: Reductia

of | (w) by boundary scattering for small crystallitesizes Right: Lattice thermal conductivity(black symbol} and ZT (red
symbolg of (B ,sSh, ;5),Te; and Bi,Te, on different substrates.Data from [37].

In another experiment reported by the groups of D.C. Johnson andD. Cahill, the (total) thermal
conductivities of polycrystalline BjTe; and (BjsShys),Te; thin films were analysel in dependence on
grain sized [38] and compared to the predictions of an extended DC model for the lattice thermal
conductivity (Figure2.6). The parametersand assumptionsused to construct the model are described in
the reference.For the alloy, point defect scattering was included by estimatinG = 0.3.

Similarly, Takashiret al. measured the crosgplane thermal conductivity of nanocrystalline (Bi,Spe;
films (grain size = 150 nm) and found a thermal conductivity of 0.6 W/mK, which they describe as a

20 % reduction to the corresponding bulk single crystahlloy [39].
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Figure 2.6 Plot of thermal conductivity vs. grain size oBi,Te, and (BjsShys),Te; thin films [38]. Synbols are described in
the key. Black solid line:l | derived from DC model for BjTe,. Black dashed linef , from DC model pluselectronic thermal

conductivity for Bi,Te,. Red dotted line:|l , derived from DC model for(BiSb)Te,.
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CHAPTER: THERMOELECTRIC TRRRKT IN BULK AND NANSCALE MATERIALS

2.2 Nanoscale materials
2.2.1 Electronic aspects, quantum confinement

Multilayered stacks can be described in a transport matrix formalism(], treating them as bulk and not

taking into account nanoscale effects Two layers A and B are considered and the transport propertie

s, /, gand thicknessed are indexed accordingly.In the case of current flow parallel to the layers of the
ML system, the transport propertiess, &, ¢ of the whole layer system are given byg4]

Q, Q, N Q.Y 9, Y Qr Qr 2.17)
G a, Q. o o

with g = / -+ Ts.S2. After further detailed considerations the authors conclude thatZ.-Tfora™ b ul k °
ML system is always smalt than that of a single layer. Similar considerations apply for a current flow
perpendicular to the MLs, showingthat the improvement of Z.T by synthesizing ML systems is only
possible by exploiting nanoscale effects.

The basic idea behindhe nanostructuring of thermoelectric materials(presentede.g. by Dresselhaus et
al. [7] in the 1990s) was the modification of the electronic dispersion relation and thus the density of
states allowing new opportunities to vary S s, and / quastindependently for length scales small
enough to give rise to quantumconfinement effects. Considering the electonic properties, the main
goal for the introduction of nanostructures is the improvement of the relation of S and s, i.e. an
increase of the power factor. Here, the focus will be set on thin film materials in the form of 2
dimensional secalled multi(ple) qguantum well (MQW) structuresA MQW structure can be defined by a
periodic arrangement of quantum wells(Figure 2.7) with a depth of Vg that are separated by barriers.
An ideal MQW has an infinite depth, e.g.Vg = ©. The electron wave functiony (f) must fulfill the
Schrodinger equation[29-p.450] for the three components m; of the effective mass. Separatingy (f)
into a simple planewave for the electrons that are free in the x and y directiorand a function 7,(z) that
describes the confinementin the z direction allows to separate eq.the Schrédinger equationinto two
differential equations:

2 1 L . , (2.18)
——— Qi % o O% a
ca Ta
o T > T ~
Cd Tw c¢cdTw
This gives the dispersion relationdor the discrete energy levelsk, in each ideal quantum well with
Vg = & according to eq. 2.19. The dispersion relation can be interpreted as scalled subbands that are
continuous along k, and k, but discrete for different k, (Figure 2.7). Each subband has a constant DOS
of my/ po2 [29-p.451] and the DOS for the 2D system of all subbands(E)y is given by a staircasdike
function with H as the Heaviside function:

2 2Q ¢o- 2 ¢&o¢ ) a- ° (2.19)
ca ca ca Q ca- ¢ca Q
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Figure 2.7 a) Schematic of MQW structure, consisting of multiple quantum wells with a width of ¢, spaced apart by the
period length d=d,+dg. b) Schematic of subbands in a single quantum welMg = &) for the discrete energy levels EThe
energy difference between the subbands is given by e@.19. c) DOS for a twedimensional nanostructure.

Dresselhaus et al. assumed an ideal quantum well embeddién a wide-bandgap semiconductor i.e. a)

the electrons occupy only the lowestr{=1) subband, b) no tunneling takes place through the widegap
semiconductor and c) the widegap semiconductor does not conduc{7]. The transport parameters were
recalculated under theseconditions, yielding under further assumptions a Z,5 T that depends also on the

well width d,. Altogether, a significant improvement d Z,,T over the bulk ZT value was evident

depending ond,. An experimental proof, refinement and extensionof the concept discussed abovevas

later presented in B1]. However, in a more realistic scenario the transport properties of the whole

system (wellsand barriers) must be taken into account. Furthermore, in a real SL structurihe barriers

are not infinitely high and the well wave function penetrates into the barriers where it decays
exponentially and |l eaks® into the other wells. By
no more a sharp step function but ~smears out °, b e
relation [42-p.35]. Altogether, it is not surprising that in more realistic modelsa much lower effective ZT

than given by the first simplified calculationsis obtained [43]. In conclusion, t is evident that under

realistic conditions,electronic effects induced by 2D nanostructuringplay a rather minor role in directly

improving ZT,in particular for B, Te;-based SLastreated in this work.

Electron filtering effects:  When the Fermi level moves deeply into the band, theo-called differential
conductivity , ‘O 8 ” 'O that is related to the electrical conductivity by, =, O — Q0

becomes more and more symmetriavith respect to the Fermi energyE: due to the flat squareroot
shape of thebulk DOS[44]. Then, the contributions from electrons below and aboves: cancel out each
other in the Seebeck integra[45]

Qp 0 0 170 (2.20)

Y !Q ., ” O 'F‘Q "Y T .O Q O

and a low Seebeck coefficient results, which is the case in a metal or very heavily dopimiconductor.
Contrarily, a highly asymmetric differential conductivity in combination with high electron energies
should yield a high Seebeck coefficientyenkatasubramanian proposes the mechanism to lead to high
PFs in crosplane direction of BjTe,/Sh,Te; 2 SLs 46] through a filtering effect caused by the valence
conduction band offset due to band gap differences of the binaries.

2.2.1.1 Electrical anisotropy in Bi ,Te;/ Sb,Te; SLs

The Mertig group in Halle recently published a series of results dealing with the electrical properties of
B, Te,/Sh,Te;, stacks with special focus on the severe reduction of transport anisotropy in the SLs as
proposed in B] (see Figure 3.6) for crossplane/inplane electrical conductivity, an unexpected
phenomenon that is still not well understood. Transport properties of BjTe; and ShTe, under strain[47]
and the anisotropy of B, Te; and ShTe; in a stack arrangementin a nanoscale heterostructurd48] were
examined. Interestingly in the case of pconduction, the heterostructure showed an electrical
conductivity anisotropy comparable to bulk material[48]. A clear preference for the inplane transport
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Specular and diffusive scattering of phonons at interfaces : Chen consideredinterface roughness

in SLs by taking into account a certain proportion of diffuse scattang mixing with specular scattering
[56]. Several models were presented, including the elastic acoustic mismatch model that gives interface
reflectivity as

WAT-O O ohé+ (2.21)
ODAT-O & hé+

Y

with g as normal angle andZ = r vy as acoustic impedance of the material which is the product of
density r and speed of soundv.. It was found that especially for SLs thinner than the phonon MFP, the
effective / isto a large degree controlled by the interfaces and not the bulk scattering processes in the
single layers.Thus the authors conclude that many good thermal conductors (such as Si or Gean be
engineered to yield low/ structures As expected /, is strongly dependent on the period thickness and
also on the value of the specularity.

Diffusive transport and phonon localization : Based on thethermal conductivity data on MOCVD-
grown Bi,Te,/Sh,Te; SLs(Figure 2.9), Venkatasubramanianexplained the interconnection of thermal
conductivity and SL period withsimple models based on diffusive transport analysis and Bragg reflection

at the interfaces[57]. It is concluded that a lowfrequency cutoff] 8 a exists that is directly
related to the phonon mean free pathl,,. The proposed nearcomplete transmission ofhigh-frequency
phonons and lossy transmission of lowfrequency phononsis in agreement with previous observations
on GaAs /(Al,Ga)As SLs $5]. The frequency cutoff increases for smallet,q, and less phonons can
participate in heat transfer, leading to lower thermal conductivity. Furthermore, acoustic mismatch is
considered to explain the drop in/, with decreasing period length.To explain thefollowing rise of /, for
very small period lengths< 5 nm it is proposed that the two layers get coupled when the cutoff
wavelength approaches the thickness of both layersieducing the effect of acoustic mismatchand
enabling phonon transport across the interface

Addditionally, localization criteria known from the analysis of electron and photon scattering in media
with substructural features such as SL are applied to explain the data. Generally, the argument is that
localization occurs ifkl,, < 1 [58]. Then, the phonon MFP is so small in comparison to the wavelgth
that the wave cannot execute one single oscillation before being scattered agaifg]. Consequently, a
small ki, product indicates strong transmissiorblocking and localization. In 8] the Kl products of
holes and phonons are calculated and comparedl,, for holes is 7.6 while that of the phonons isonly
0.5, which illustrates the phonon-blocking / electron-transmitting nature (Figure 2.9) of the MOCVD-
grown SLs.

Specular and diffusive scattering of phonons at interfaces : Pattamatta and Madnia adopt the
features of Chen’smodel [56] to model the heat transfer in BjTe, / ShTe, SLs ¢1]. Results of
calculations are shown inFigure 2.9 in comparison with experimental data. Ap of 0.8 2 1 fits the
experimental data appropriately for griod lengths down to 5 nm. The model fails to predict the rise of
thermal conductivity k with small period lengthsLp. The authors reason that this rise is due to the wave
nature of phonons [67] while the presented model treats them as particles.
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Figure 2.9 Left: TEM image of a SL with60 A (6 nm) period length [60], representing a secalled Phonon Glass Electron
Crystal (PGEC) structureDark lines = BjTe,, bright sections = ShTe,. Right: Variation of lattice thermal conductivity
(here, k) with period length Lp for Bi,Te; / ShTe, SLs (black squares, data frombf]) together with model data from
Pattamatta et al. p1] (description below).

Analysis of optical and acoustic phonons in SLs by ultrafast time -resolved pump -probe
methods and transport modeling : Wang et al. carried out measurements of phonon lifetimesn
MOCVD?2 grown SLs[8] by time-resolved pumpprobe experiments Both optical [62] and acoustic B3]
phonons were examined. The oscillations of certain optical phonon modes can be directly made visible
in the oscillatory change of reflectivity.The reflectivitychange signaldecays exponentially with a time
constant corresponding to the scattering rate. In comparison it was found that the signal for B, Te; /
Sh,Te; SLs decayedhoticeably faster than that of single BjTe, and ShTe;, showing that the phonon
lifetime in SLs is shorter and suggesting phonoemterface interadions.

Likewise, acoustic phonon scattering was examined for lorgyavelength phonons B3] by examining the
reflectivity signals Figure2.10). The change in reflectivity is proportional to the phonon amplitude after
traveling forth and back through the film with acoustic reflections at the film/substrate (binary) or
film/buffer (SLs) interfaces. The authors found that upon increasing the film thickness, the phonon
signal amplitude was hardly diminished for Bie, but reduced by 4050 % for the SLs while
simultaneously the speed of sound derived from the from theeflectivity signaltime delay was also
found to decrease. To conclude, the experiments reveal that both phonon reflectivity amplitude and
sound velocity are reduced by the nanostructuring, effectively resulting in a lower thermal conductivity.
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Figure 2.10 Coherent acoustic phonon signal for Bile, and a SL with 3nm BjTe, / 3nm Sb,Te,. Film thicknesses are
indicated. For increased thickness, the phonon reflectivity signal amplitude decreases significantly faster in th§gSL.

To conclude this sections it is noted that a broad multitude of physical models was used to explain the
reduction of thermal conductivity in different SLs. 8me of the models are validated by experimental
data and/or phonon frequency probe methods.Finally a single universal theory that describes the
phononic aspects of all SLs has not yet been presented.
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3  The material sytem (Bi,Sb)Te,

3.1 Overview over general s tructural properties

Bi,Te, and ShTe; and its solid solutionsbelong to the space group'Yod . The hexagonal representation

of the unit cell is shown in Figure3.1. The stacking order ABCABCo of t
corresponds to a cubic closgacked structure. The unit cell consists of secalled quintuples which are

merely held together by van der Waals force, meaning that covalent, ioniwovalent and van der Waals

bonds alternate in the direction of the caxis. In contrast to this, only covalent bonds exist between the

atoms perpendicular to thec-axis, i.e. parallel to the secalled basal plane of the unit cell. The particular

structure of the unit cell leads to a strongly expressed anisotropy of the crystal that manifests itself in

three important properties which apply to all compounds from the(Bi,Sb)Te; subgroup.

Mechanical properties: The crystals cleave much easier along the basal plane of the unit cell than
parallel to the caxisand the thermal expansion coefficient is larger in the direction parallel to the-axis.
Diffusion processes: the diffusion coefficient parallel to the caxis is by orders of magnitude lower
than parallel to the basalplane [64].

Transport properties: Electronic and thermal transport are strongly favored parallel to the basal plane
(section3.3).

Chex

van der Waals

covalent

{ -------- ¢00
| _

covalent -ionic
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van der Waals

Ao Mhex

Figure 3.1 Left: Complete BjTe, unit cell, hexagonal representation. Right: Detail image of one quintuple with interlayer
spacings between the atomar layers, bond types are indicated and alternate along theaxis.Images from @2-p.47].

3.1.1 Suitable s ubstrate materials

Barium fluoride : An overview of low-mismatch materials that may serve as substrates for the epitaxial

growth of (Bi,Sbh)(SeTe), based materialswas recentlygiven in ref. [65]. Si, GaAs, Bak, Bi, CdTe and

Al,O; are more or less suitable candidate#Among those are many cubic materials on whichfilms can be

grown on the (111) surfaceas described below exemplarily for BaFThe insulatorBak crystallizes in the

CakF structure ('Oacd ) and is well cleavable parallel to the (111) plane. Along the [111] direction, layers

of Ba and F alternate and the atoms are arranged hexagonally, meaning that the surfaces of (1:11)
oriented Bak and (00l)-V,Vl; material are welkmatched (Figure3.2. The ~hexagonal l atti
a, that is associated with the cubic lattic constant, by & @& #Vi¢ for (111)-Bak (Table 4.1) clearly

shows a very lowmismatch of 0.1 % for Bi,Te; and -2.7 % for Sb,Te; Another great advantage of this
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substrate material is the very good match othe thermal expansion coefficient tothat of Bi,Te; and
Sh,Te; which is anecessary prerequisitéor the fabrication of films with a thickness greater than a few
pm (there is tendency for thicker films to develp cracks on nonmatched substrates)For all these
reasons BaF is used in our work group since discovered by J. Nurnus roughly 15 years ago at
Fraunhofer IPMas avery good substrate for the growth of high-quality V,VL and IV-VIfilms.

Silicon / silicon dioxide : The other substrate material that is used in this work isxidized silicon.
Though amorphous, it can be used as acheap and readily availablesubstrate for nanoalloyed
polycrystalline films However, due to the very large difference in thermalexpansion coefficientthe film
thickness must be keptwithin few um, otherwise cracks will occur in the film Sputtered films with a
thickness of 1.5 um showed no gns of thermal stress while 6um thick films were found to exhibit a
significant amount of microcracks

Table 3.1 Relevant structural properties of thin film materials and used substrate materials. Given are the densitig§6-
p.189], lattice constants a,c,aa, [67,68,65], linear thermal expansion coefficients perpendicular tathe c-axis a
[69,70,71,72,73], specific heat capacities per volume ¢[53] and melting points T,, [66-p.197]. a. and the associated
“"hexagonal ° |aqaretdéficed belw. Nauesahattare not of relevance here are omitted

Material |r Lattice a C
[g/cm?] | constants [C] [10°¢/ K] |[J / cm3K]
Bi,Te 7.86 |a:4.386,c:30497 |14.4 1.29

ShTe, 6.57 |a:4.264, c:30.458 [18.0 1.31

Bak a; 6.196, a,: 4.381 |18.7
Si a. 5.430, a,: 3.840 (2.6
SiQ, amorphous 0.56

Figure 3.2 Crystal structure of Bak. Blue = Ba, Orange = F atoms. Along the [113dlirection,the Ba and Fatoms are
hexagonally arranged (green outline) with a distance corresponding to the hexagonal lattice constant, allowing the
growth of (Bi,Sb)Te, thin films on Bak.

3.2 Phase diagrams

The Bi-Te system: Note that different phase diagrams tave been published for the systenj74] and
possibly not all of the numerous BiTe phases have been discovered or characterized yeA well-
described phase diagram was published by Abrikosov et g66-p.173] and shows three peritectic
reactions at 312, 420 and 540°C as evident from Figure 3.3. The homogeneity rangeof the Bi,Te;
phase (~ 0.2 at % to both the Te and Birich side)was described by Brebricket al. [75] and other
authors. Literature values for the homogeneity range differ somewhat as pointed out in the reference.
Bi,Te; pulled from a stoichiometric melt is always strongly ptype since the maximum melting point is
not exactly at 60at. % Te but slightly shifted towards Biwhich generates Bj, antistructure defects.

The Sb-Te system: The phase diagram of SbTe around the composition ShTe,; displays a wide range
of solid solutionsfrom 0 2 60 at. % Te [66-p.165]. Three peritectic reactions occur at 548, 550 and 558
°C. Above a Te content of 60 at.%, an eutectic of Te and S'e, forms. Strictly stoichiometric SpTe,
exists only at temperatures close to the liquidus curv@-igure 3.3). If not straightly quenched from the
melt, the composition of the d-phase phase shifts in the direction of excess antimony and the
compound is inherently unstoichiometric.
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Figure 3.3 a) B, Te, phase diagram $6-p.173]. b) Homogeneity rangeof the Bi,Te, phase[75]. ¢) ShTe, phase diagram
[66-p.165].

In the BiTe system, # other binary phases besides Ble, were found to be members of the
homologous series (B).(BiTe;), [76]. Nine phases of this type wereeported which consist of stacked
TeBiTeBiTe quintuples (Q) with Bi bilayers (B) irbetween. These phases can be-por n-type and have
widely varying Seebeck coefficient§Figure 3.4 a). Most of them have metallike characteristics 76]. As
an example the BiTe phase with the sequence @-Q-Q-B-Q is reported as ntype with a low S of
around -30 to -50 pV/K at 300 K, in contrastto the high Seebeck coefficientof the semiconducting
BiLTe; phase. In analogy to the BiTe system, the Shle system also formshomologous series
(ShbTe).(Sh),. In [77] structural data are given on five members of the series that have been found
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Figure 3.4 a+c) Comparison of the connection of Seebeck coefficientand Te content, corresponding to the phase
diagrams shown inFigure 3.3 [66-p.174 and 165]. The dependence of S on Te content is clearly differerib the BiTeand

Sb-Tesystem b) Examples of phases of the homologous series {B(BLTe;,), [76]. Gray blocks = TeBiTe-Bi-Te quintuples,
white blocks = Bi bilayers.

The solid solution of Bi ,Te; with Sb ,Te;: A careful and recent analysis of the phase diagram was
carried out by differential scanning calorimetry by Caillat et al.[78]. Between 580 and 620 °C, BiTe;
and ShTe, form a continuous range of solid solutions.With increasing ShTe;, content, Bi,Te;2Sh,Te,
solid solutionstend to deviate from stoichiometric lines towards Bi and Sb which has a direct impact on
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defect chemistry and transport properties. Furthermore, it was observed that lie lattice constant a
decreases upon increasing the content of She; while ¢ remainsalmost constant [66-p.208].

3.3 Transport properties

Note thatnewerr esul t s of other authors i ndidesctibedhertmay t he
actually contain other phases due totheir deviations from stoichiometry [76]. Doping experiments

carried out by several groupsvith foreign dopands including several halogens, metals, germanium and

others will not be describedhere.

Binary compounds

Bismuth telluride, Bi,Te;: The transport properties of BjTe; are governed by its defect chemistry and
much research was devoted to this matterThere is a general agreement that in Bl'e; the hole and
electron generating antistructure defects Bj and Te; (Bi on Te site and Te on Bi site, respectively) and
the vacancy defects ¥ and Vq, exist [79] and that defects of the antistructure type play the clearly
dominant role. Generally, antige defects are prominent in materials with low differences in
electronegativity such as BTe;. In this case, the formation energy for such defects is low, i.e. ~ 0.4 eV
in contrast to ~ 1 eV for vacany defectd80]. The presence of antisite defects was first postulated by
Harman et al. [81] and later proven experimentally by Miller et al. by precision density measurements
[80] under the assumption that each antisite defect generates one charge carrier. Corresponding to this
assumption, tight binding studies of Pecheur et al. reveal that Biand Teg; each give one hole and
electron, respectively{82]. Kroger postulated that the ratios of current carriers to exces bismuth and
tellurium are 3/5 and 2/5 respectively[83]. It is noted that some authors claim that besides antisite
defects also vacancy defects play a role for carrier generation. A very good overviewdatalculations
were recently given by Hashibon et al.[84]. The calculations show that Bi and Teg;; have the lowest
formation energies of all mentioned defects and are thus clearly dominating the transport properties of
Bib,Te;,. Recently, first experimentswith high accuracy chemical analysis using Wavelengttispersive X
Ray Spectrometry (WDX)8p] allowed to quantitative inference about the Tg; antisite defect
concentration in Terich thin films, assuming that nonstoichiometryis only compensated by thigype of
point defect.

The band structure of BjTe, is commonly described by a sixalley model for both conduction and
valence band extrema11-p.115], although newer calculations[86] indicate that the conduction band
minimum may be a two-valley minimum In any case, the effective massewere found to be strongly
anisotropic, resulting in the known anisotropy for the electricalconductivity [87]. The bandgap of BjTe,
is indirect and values from 130- 200 meV arereported [88,91]. The DOS effective masmy is given as
0.58m, for electrons and 1.07m, for holes (m. = electron mass) at 300K under the assumption of
acoustic phonon scattering[11-p.118]. From these parameters, an intrinsic carrier concentration of 1.4 x
108 cm can be calculated using eq2.10. It is noted that Austin reports an-type Bi,Te; sample with a
carrier concentration of 1.7 x 16® cm? as extrinsic and onewith a measured n of 1.7 x 10" cm? as
intrinsic [89]. As has been recently confirmed by calculation84], donor and acceptor levelgcaused by
antistructure defects) lie extremely close to the conduction and v@nce band edges, respectively,
meaning that carriersare neverfrozen out even at very low temperatureg11-p.117]. In order to achieve
a high ZT, the Seebe& coefficient should be around200 pV/K. Thisis the caseat temperatures not too
far away from room temperature due to the small bandgap of the material. The lattice thermal
conductivitiesat 300 K are 1.5 (0.7) W/mK perpendicular (parallel) to the-axis, respectively11-p.118].

Exemplaric tansport properties of selected ntype samples ofBi,Te; grown with the Traveling Heater
Method (THM) are givenin Table 3.2. The Seebeck coefficient is reasonably isotropic within 1% in
contrast to the other propertiesthat exhibit a pronounced anisotropy The material changes from p to
n-type above a(liquidus)Te content of slightly lower than 63 at. % Te as demonstrated onTHM grown
crystals[90] and crystals pulled from the melt[91]. A liquid with this Te content is in equilibrium with
stoichiometric BjTe;. The maximum melting point is nonstoichiometric and contains a slight Bi excess,
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leading to p-type conduction. Generally, ceviations from stoichiometry increasen and lower the
absolute value ofS. The ZT value is not a monotonous function of the Te content and is very sharply
peaked, making accurate stoichiometry control very critical. The alloys of Be;, with Bi,Se, and ShTe,
extend the range of optimum compositions somewhat, which is why they are preferred over the pure
compound for the fabrication of thermoelectric devices.

Antimony Telluride, Sh,Te;: For the defect chemistryof Sb,Te;, similar considerations as for Bie,
apply. However, the inherent nonstoichiometry of the compound leads to a high number of Spantisite
defects and the bulk compound is always gype with carrier concentrations in the 16° to 10 cm®
range. Figure 3.4 ¢) showsthe Seebeck coefficient in dependence on Te content. Interestingly, upon
entering the existence range of the Sflre, phase, the Seebeck coefficienta( in the figure) climbs very
steefdy by ~ 50 % and adding Te to ShTe,, thus exceeding the stoichiometric composition increases the
Seebeck coefficient even more. Nevertheless, it has never been achieved to yielcbnduction in ShTe,
either by adding Te or foreign dopands.The valence bad structure can be described by a sivalley
band model. The valenceband structure is complex since with increasing carrier concentration two
subbands which correspond to different effective mass values are occupied progressived@][ The
maximum Seebeck coefficient achieved for bulk material is 133 pV/# room temperature [11-p.122].
For the lattice thermal conductivity values ranging from 1.0 to more than 2.0 W/mK were reportedin
the a direction [11-p.122]. Optical measurementsof the band gap gave a value of 290 meV [92]
whereas electrical measurements yieddl 190 meV [93]. Transport properties of selected samples are
given in Table3.2.

With the low Seebeck coefficients and high thermal conductivities, only lovZT values can be attained
with bulk Sh,Te;. Compared to Sbrich compositions, Te-rich ones show clearly higker S, p and lower /
and thus yield higherZTs. Contrarily to BjTe;, ZTis higher parallel to thec-axis. The Seebeck coefficient
in this compound is evidently anisotropiavhich can be explainedby assuming an anisotropic relaxation
time for the carrier scattering that is a mixed scattering on acoustical phonons andlso ionized
impurities [92]. The impurity scattering isassociated with the largen in contrast to B,Te; where clearly
acoustical scattering dominates.

Table 3.2 Selected transport properties of Traveling Heater Metho@THM)grown and annealed binaries Bile; (n-type)
Sh,Te, and (Bj,Shy ), Te; [90]. Anisotropy factors are given in red columns. Units: Te concentrationdn at. % (liquidus
composition), electrical conductivitys in S/cm, carrier mobility g in cm?/Vs, carrier concentriain n in cm?®, Seebeck
coefficient S in pV/K, power factor PF in pyW/cmK2, thermal conductivity in W/mK. Subindex 11 and 33: Property
measured perpendicular / parallel to @xis. For (Bi,Sh,g),Te, , no ¢ was given in the reference and the anneaiig
temperature is given instead.

; Sy S PR, /1 n ZTy,
Material Cre Sy IS, S11 IS4, PR, IPF /4 /3 1 H11 X109 VA IZT,,
Bi,Te, 63.5- [-115- |isotr. |559- |4.2- |28- (4.2- [1.92- (1.0- |2.0- [152- |0.7- |0.35- |2.0-
70.5 -224 3846 |6.7 58 |6.7 324 |1.3 2.5 227 14.6 (0.87 2.7
ShTe, 44.2 - |37 - 0.7- |5263- [26- |8- |1.2- |5.01- |0.85-(3.8- |31- 10.6 - |0.04 - |0.3 -
82.0 83 1.2 9346 (4.9 37 1[6.6 752 1(1.63 |7.1 313 106 0.20 1.1
(Bi,Shy,),Te, 510- |(172- |0.88-|1005- |2.6- |37- |2.1- |1.26- |0.68- |2.1- (146- |4.8- [0.69- |0.9-
270872 570 194 0.96 (1715 |3.0 51 |2.7 2.15 1|0.88 (2.4 176 7.5 0.89 1.1

The solid solution of Bi ,Te; and Sb,Te;, (Bi,,Sh,),Te;

Champnesset al. and a series of other authors havecarried out systematic investigations of the
transport properties of (Bj.Sh),Te; in dependence ofx. The results are summarized in ref.1p2] and
shown in Figure 3.5. If n-type BiTe; is alloyed with small amounts of Spre; the Seebeck coefficient
increases at first, followed by a sharp dromnd a change ofsign at x ~ 0.5 where the proportions of
Bi,Te; and ShTe; are roughly equal. Simultaneously, the electrical conductivity has a minimum at this
concentration since carrier compensation minimizes the number of extrinsic carriers. Consequently, the
power factor also has a minimum in the compensation regime and the figure of merit wilbbecome very
small. For higher Spre, contents, ZT rises again up to the welknown high values atx ~ 0.75. The
lattice thermal conductivity is minimal at 70 mol % of Sh,Te. The electron mobility of n-type
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thermoelectric applications. However, the maximum ZT of 0.69 reported by Champness et al. for
(Bbg7sShy125),Te;, Figure 3.5, is not much smaller than that of the best Sebased materials
Bi(T&) 97556 025); and Bi(Tg 4556 ¢5); With a ZT of 0.87 [90]. Under certain conditions the use of
(Bi.,Sh),Te; instead of Bi(Te,Se); based solutions may be advantageous, awas pointed out by
Scherrer et al. due to various problems with accurately maintaining small Se concentrations and
achieving homogeneity [94]. They fabricated (Bi,_,Sh),Te; with varying x by mechanical alloyingand
found n-conduction if the Sb,Te; content was below 50 wt. %. Carrier concentrations in the favorable
range of 10 cm?® were observed for the ntype compositions, showing their potential for
thermoelectric applications. Also in sputtering technology, the replacement of problematic Sesee
section4.1.4.4) could be beneficial.

3.4 Thin films

There are many reports onhin films of (Bi.,Sh),Te; grown by a wide variety of methodslike MOCVD,
MBE, Sputtering, Pulsed Laser Deposition (PLD),-Clash- and monoevaporation, HotWall epitaxy
(HWE).The most important workstogether with obtained resultsare summarizedin Table3.4 and serve
as a comparison base to the film properties obtained in this workln general the best films (highest
carrier mobilities and power factors) are obtained around the stoichiometric composition. Rise
stoichiometry control is usually an issue since a part of the Te impinging on the substrateaeaporates,
depending on substrate temperature. The atomic flux ratio of Te to Sb is therefore larger than unity
(mostly around 23 : 1). If not deposited epitaxially, LV films are usually polycrystalline and have a
distinct tendency to grow with a more or less distinct etexture with the exception of electrodeposited
films. The grain size as well as the degree df-orientation typically grows with increagng annealing
temperature.

A very interesting and mostly not directly addressed phenomenon is the defect chemistry of theW
thin films that is distinctly different from bulk material. Regardless of Te content, thin film Bie; seems
to be n-type in the very most cases, see e.g. reffl30,114,95] save for a few exceptional cases where
high substrate temperatures were used. For instance, Zou managed to depositype BiTe; (albeit with
low Seebeck coefficient) by significantly increasing the substrate temperature above the optimum
temperature for n-Bi,Te; and a large Bi/Te flux ratioJ11]. Uher et al. found a hightemperature growth
regime for MBE growth where any excess Te evaporates during growth arwhly stoichiometric / Birich
Bi, Te; resultswhich is always ptype ([96], unpublished information). The holegenerating antisite defect
Bir. seems to be significantly less dominant in thin films. This issue will be detailed in chaptersect.
5.2.1.

Generally, there aresignificantly morereports on H,Te; than on Sb,Te,. Also ShTe; in thin film form

seems b be | es s-cosntdruocntgienrg°p (i . e. has | ower carrier
coefficient) than its bulk counterpart, indicating that also in this material the Sk antisite defect playsa

less dominant role in thin films. Carrier concentrations in the range of 8 - 10'° cm? can be easily

obtained in contrast to bulk.
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Table 3.4 Properties overview of (Bi,Sb)Te, alloy and binary thin films grown with different methods. If not otherwise
stated, the transport properties were obtained at room temperature.Values for the films with highest ZT or PF are given.
If the films were fabricated using a range ofgrowth or annealing temperatures, the substrate temperature Tg,, which
yielded the best PF is given as growth tengrature. If not indicated otherwise with *, the electrical properties were
measured in inplane and thermal conductivity in crosgplane direction (standard procedure). ** Thermal conductivity of
1.5 W/mK was assumed.Symbols: 2 information not provided, a) from ref. [97] b) annealing temperature c) co
sputtering d) compound target e)Bi / Te element multilayers, flannealed materia) g) significant impurities (Te andlreQ,)
present in the film. h) study on multiple substrates: glass, mica, MgO, Pt, A,. i) Properties of films deposited on
different substrates differ strongly.j) Overview article. Results for many different substrate types are reportek). A heat
shield was used in the sputtering apparatusl) Best properties were not obtained at room temperaturex) Thermoelectric
properties not measured on same sampleThe film orientation (or.) is given by: n = no distinct or only slight crystalline
orientation, ¢ = slightly, cc = strongly, cc(c) = almost exclusively (minor other reflexes,), ccc = exclusivalyiented, (a) =
tendency towards aorientation. Units as previously definedIf not directly given, the PFwas calculated from givens and
S values.fls was not given it was calculated froms = enp for the PF calculation.

Method Film Sub- | Tgy, | OF. | Cpre d v} n s S |PF| / | ZT | Ref.
strate x10%°

MOCVD ShTe, GaAs,ALO; |- ccc |- - - - - 115 |- |- - 98
MOCVD (Bi),5Shy 15),Te, [GaAsALO; |- cce |- - 384 |- - 186 |- [1.65|- |98
MOCVD Bi,Te, GaAs 225 |[ccc |- - 145 |1 - - - - - 60
MOCVD ShTe, GaAs 225 |ccc |- - 350 |1 - - - - - 60
MOCVD Bi,Te, Pyrex - - - 0.6 52 (10 |909 |[-213 |41 |- - 99
MOCVD Sh,Te, Pyrex - - - 0.6 50 (30 [2500 |110 |30 |- - 99
MOCVD (Bi,,;Sh, »),Te, [Pyrex |- g . 0.6 67 [5 [476 [240 [27 |- |- 99
MBE® Bi,Te, Bak 290 [ccc |- - 150 [4  [960 [(~200) |- [1.8* [0.6* [100
MBE Bi,Te, CdTe 250 |ccc |- 5 670 |0.6 |1000 |-190 |36 |- - 101
MBE Sh,Te, CdTe 200 |ccc |- 2.5-35 |279 |10.8 |- 126 |5 |- - 102
MBE (Bp.Shys),Te, |CdTe 200 |ccc |- 3 64 |45 |~500 |184 |16 |- - 103
MBE® Sh,Te, Al,O, 350 |ccc |- 0.07? [680 [1.2 [1250 |- - |- les
Sputtering 99 |Bi,Te, Si/SiQ 3002 |n - ~20 - |- - -160 |16 |- - 104
Sputtering 99 | (B} ,sSh, 75),Te; [SI/SIQ  [300 P |n - ~20 - - - 180 (25 |- - 104
Sputtering 99 |(B}, 155k, 55),Te; [Kapton  [250 ¥ |cc(c) |- 1-2 360 |- 1140 (182 |38 |- - 105
Sputtering?  {(B} 155k, g5), Te; |Polyimice |- - - 1 - - - ~200 |36 |- - 106
Sputtering 9 [Bi,Te, Si/SiQ  [200P[n9 |- ~05 |- |- 435 [-202 |18 [0.71]- [107
PLD Bi,Te, Si, Mica |250 |cc(c) |- 05-2 |90 [10 |~700 |-184 |24"|- - 108
PLD" Bi,Te, Glass [190 [cc |- - - - 690 [-195 [26 [0.34]- [109
PLD" (Bb.15Shy g5), Te; |Glass 240 |- - - - - 950 |198 (37 |- - 109
Co-evapor. |BiTe, L 260 |cc(c)(60.1 |1 125 |1.8 (345 |-228 |18 |- - 110
Co-evapor. |ShTe, n 270 |cc 605 |1.1 - |- 810 [149 |18 |- - 110
Co-evapor BiTe, Glass 314 |cc |[58.8 |0.7 15 |160 (3125 (81 21 |- - 111
Co-evapor. |Bi,Te, Glass 260 |[cc |- ~0.7 75 16,5 |[770 |[-228 |40 |* |0.3 |112
Co-evapor. |SbTe, Glass 230 |cc(c) |- ~0.7 173 |13.4 (960 |171 28 [* |0.3 |112
Co-evapor. |Bi,Te, Polyimide[270 |cc |62.0 |~1 - - 794 |-248 |49 |~1.3|- 113
Electroch."? |Bi,Te, D RT (@@ |- 200 - - - -100 |18 |- - 114
Electroch.”  |(Bj1Shy¢.),Te |SI/CH/Pt |RT |n(a) [59.6 [~23 35 |7 400 (182 |13 |1 0.4 (115
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3.5 Superlattice thin films

This section gives a review oftte outstanding properties of MOCVD-grown SL structures reportedby
Venkatasubramanian that still have not been reproduced, despite significant synthetic ffrts
undertaken by many groups with growth methods such asMOCVD, MBE, (Copputtering and Co-
evaporation, electrochemical deposition and Pséd LayerDeposition (PLD).For details on results
achieved with these methods the author refers to hisverview article[116].

3.5.1  Structural properties of MOCVD -grown films

The structural results reported for the SLs deposited on (100) GaAs are qudstonishing. It is known

that the V,VIL; compounds with threefold symmetry can be grown on cubic (111) surfaces thare also
characterized bythreefold symmetry, see section3.1.1. There are sevedl reports of successful epitaxial

growth of Bi,Te;-based materials on cubic substrates such as Badt CdTe B5] resulting in films with

high structural quality [42,100]. However, these considerations do not apply to cubic (100) surfaces with

fourfold symmetry such as GaAsThe problem of symmetry mismatch was not adressed specifically in

the associated publication(s)where instead a lattice mismatch of 22 % was sited [60] that was

apparently derived with the lattice constantsa, = 4.386 A of Bi,Te;, and a, = 5.653 A of the GaAs

substrate. Despite these obvious obstacles, he aut hors report to have obtai
though it seems that rotational order was not verified e.g. by showing an XRD pole figure
measurement The XRD results presented are restricted tthe (00.15) reflection of a BipTe; film

deposted on Al,O; [117]. In conclusion, it must be emphasizedhat there remains significant doubt if

the reported film growth of V,Vl, compounds on (100}GaAscan be really considered s ~epi t axi al °
Due to the high crystalline quality, the samples produced by MOCVRre purported to exhibit a low

intermixing between the B, Te; and ShTe,; layers. TEM micrographshow a shardy defined SL structure

which was also confirmedby the presence of satellite peaks in the doule-crystal XRD pattern [60] and

in-situ spectroscopic ellipsometryhatc onf i r med ~perfect superlattice g
between the two constituent films® 118].

3.5.2  Transport properties of MOCVD -grown films

Already the first transport data for the shortperiodic (eriod length O 10 nm) BjTe/Sh,Te, SLs
published in 1996 were extremely promising §8]. For asymmetric SL structures varying period length
with Bi,Te, thickness fixed at 15A, very high in-plane carrier mobilities of more than 600 cri/Vs were
reported combined with very high in-plane Seebeck coefficients of ~ 200- 270 uV/K, leading to an
outstanding PFof 59 pwW/cmKz2, even exceeding that of state of the art ptype bulk alloy. Remarkably,
these electrical properties were achieved while simultaneously the cregsisne thermd conductivity
(minimum value of 0.22 W/mK) was a factor of 47 smaller than that of bulk material. The high quality
of the SL structure is the predominant reason for the significant reduction of the thermal conductivity.
Furthermore low contact resistan@s in the range of 108 W cm2 are apparently possible with the
displayedtechnique, enabling the fabrication of high-performance thermoelectric coolers.

The carrier mobility and Seebeck coefficient for Shsere also studiedin more detail, but unfortunately
the thickness of the single binary layersvas not clearly mentioned [117]. The valuesreported in this
publication are slightly lower than for the asymmetrical SLs mentioned above.

Remarkably, itwas also stated that the binaryMOCVD-grown Bi,Te; is always rconducting while the
binary ShTe, is always pconducting. This is puzzling since sualy, stacking a pconductor on a n-
conductor evokescompensation effectsas observed in this workon nanoalloyed and also epitaxial SLs
fabricated by a MBE system, seesectins 6.2.1, 9.2 as well asrefs. [119,120,121]. The Seebeck
coefficients S, and S; of compounds A and B with their opposite signs theoretically cancel out each
other according to eq. 2.17. In contrast, the Seebeck coefficiets of the MOCVD grown SLs are very
high and exceed 250 pV/K. This particular phenomenon is subject farther debate. For instance, it is
possible that the interfaces are not exactly atomically abrupt (this cannot be determined from the TEM
image shown later in [60]). If this is the casefor asymmetric SLsvhere the Sh,Te; layer is thicker than
the Bi,Te, layer, significant Sb interdiffusion into B, Te; may have occurred, yielding the ternary phase
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4.1

4.1.1

Experimental details Deposition and characterizatiormethods

Deposition methods and thin film fabrication

The Nanoalloying ° method

The nanoalloying® method is based on the 1.) (nominally) stoichiometrideposition of element layers
with a thickness in the nm range on a cold substrate and®.) the application of a low-temperature
annealing process. In this procesghe compound formation takes pla® in a solidstate reaction.For the
examined compoundsin most cases annealing temperatures between 158 350 °C were used. The
process is schematically illustrated iRigure 4.1. In actual deposition processes more complex patterns
are used as will be shown in the respective sectionsf the following chapters. The method is closely
related to the Method of Elemental Reactants (MER) introduced by D.C. Johnson et 4R28].

0,9

0,8

Annealing

=)

0,7
0,6

0,5
0,4
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0,3 1
0,2 1

—Bi

—Te

50 100

150

200 250 300 350

Substrate temperature [°C]

Figure 4.1 Left: Schematic illustration of the nanoalloying proces$or a Bi,Te, / Sh,Te, SL Note that the boundaries
between the compounds in reality are not sharp as suggested by the schematic but smeared out by interdiffusidtight:
Dependence of sticking coefficient on substrate temperature for Bi and T@24].

Nanoalloying offers severaladant ages compar ed
heated substrate:

|l

to

“conventi

onal

The crystal growth isnot epitaxial and starts at the interfaces of the element layerdo epitaxial
relation to the substrate is needed, allowing the use of a much widefand likely cheaper)range

of substrate materials compared to epitaxial growth.

In contrast to co-deposited material, e films exhibit a strong texture that can be influesed by

the element deposition pattern (section5.1).

The sticking coefficient is strongly dependent on substrate temperature which aggravates
accurate stoichiometrycontrol for films co-deposited on heated substrates(Figure 4.1). The
deposition on a substrate at ambient temperature facilitates stoichiometry control andenables

a fast composition screening.

Deposition is carried out in a setup without integrated heater (including sputtering systems)

which is easier and less expensive to accomplish.

The compound formation takes placeat very low temperatures and starts at ~ 100 °C for
(Bi,Sb)Te; (section 5.3) allowing the use of temperaturesensitive substratesuch as polymer

foils for film fabrication.

The nanoalloyed filmgwhen annealed at moderate temperaturesare vay smooth compared to
hot co-depositedthin films, which tend to exhibit a significant roughnesq42,p. 62].

High deposition rates are possible (sectiob.4).
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CHAPTER: EXPERIMENTAL DETAIILEPOSITION AND GIRACTERIZATION METHS

1 When the element thicknesses are chosen such that a (neptoichiometric V,VL compound
results,generally no other phases besides the,VI; phase were observed on the films grown in
this work.

However, some disadvantages must be taken into account:

Grain growth : The fabricated V,VI, films are all polycrystallinesince crystal growth starts practically
everywhere at the chalcogensemi)metal interface at once.

Grain growth during the annealing process can be seen as Ostwald ripening or competitive growth, i.e.
the growth of larger particles at the expense of smadlr particles 125, p.1ff][126]. According to a
calculation by Lifshitz, Slyozov and Wagner, the growth rate of the average particle radilss related to
temperature T, time t and diffusion coefficient D where E, is the activation energy and R the gas

L. ¥ . . 7 . . . . .
constant by [127]: 'Y® —-t6 © O iA@D — i- . This explains why increasing the annealing
temperature should have a much stronger effect on the crystalline structure than increasing annealing
time due to the exponential dependence.

Interdiffu sion takes place in the films before crystallization, e.g. in the (partially) amorphous-gsown

precursor state 28] which is detrimental to the formation of sharp SL interfacesSince interdiffusion

softens out the boundaries between compound layers, thee esul t i ng SLs ar e refer
superl attices?.

Generally, dffusion in the case of a noninfinite source can be described by a Gaussian profile. With

0 0O tA@b — as the diffusion coefficient containing the activation energ\E, it is useful to define

a diffusion length, given by ¢WMO O Literature data on diffusion coefficientsD in the B, Te;-Sh,Te;

system are scarce. There is one report of Boltaks db of Sb in BiL,Te; [129-p.298f.] stating that

D = 102 cm?/s at 250 °C, however it was not stated along which crystal directiorD was measured and
how the crystal structure of the material was. For a 2 h annealing procedure thid yields a diffusion
length as large as 537 nm, which can certainly not apply to diffusion along the-axis of the SLs
deposited in this work.

4.1.2 Calculation of element layer thicknesses

The following material properties are necessaryo calculate the requiled element thicknesses for the
fabrication of the desired compound

As  sample surfacearea dgsy thickness of layer of compound(Bi._,Sh),Te,
Ngss Number of moles of compound (Bi,Sh),Te; n;  total number of moles of element Z

Mgsy molar mass of compound(Bi.,Sh),Te, M,.  molar mass of element Z

rsst- densityof compound (Bi.,Sh),Te; m;.  number of moles of elem. Zin compound
rgr  density of ByTe, rz  density of element Z

rst  density of Sh,Te, dy  thickness of layer of element Z

All required material properties are listed irrable4.1.

Table 4.1 Material properties of used elements and compounds. Data for Te,Bi,Sb taken fror@8p.621], compound
data taken from [66-p.189].

Element Molar mass M [g/mol] Density r [g/cm?3]
Te 127.66 6.25
Bi 208.90 9.79
Sb 121.75 6.69
Bi,Te, 800.80 7.86
ShTe, 626.32 6.57
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4.1 DEPOSITION METHODSIB THIN FILM FABRITKON

A desiredcompound layer thicknessdgsrcorresponds to

6 i 10 (4.1)
5

moles of the compound, where rgsris given by
" p wt” ot 4.2)

which means that the density of (Bi,Sh),Te; islinearly interpolated between the densitiesof Bi,Te; and
ShTe;,. Fromngsy the number n, of moles of element Z can be calculated by

) ) ¢p o AEI"E 4.3)
¢ ¢ ta xEAQA GO 3R
o AE14A
which yields the necessary element layer thickness of each element:
£ t0 4.4)
" to

Examples for calculated thicknesses are given the following chapters. The numbers of periods was
chosen such thata total film thickness of 1 um for the MBE films and 1.5 um for the sputtered filmsis
obtained. A film thickness in the range of um increaes transport property measurement accuracy and
faciliates structural characterization.

Often, the deposition rate of the elementshas to be readjusted In most cases this applies to Tegither
due to the constant decay of the deposition rate during sputring or the fabrication of films with
different Te content (section5.2). If the current Te content is given asC and the desired content is given
asD, then the content has to be corrected by an amounix, to achieve the desired content according to

6 w 6 O .
o : (4.5)

. w . .0 O
Y Yip 3 Yip b—‘,) (4.6)

4.1.3 Molecular Beam Epitaxy (MBE)
4.1.3.1 Description of setup and growth process

Molecular beam epitaxy (MBE) is aevaporationbased deposition method used to deposit films with
high purity and crystallinequality. Typical features of aMBE system are the ultra high vacuum in the
growth chamber (to prevent a large amount of gaseous contaminants from entering the grown film), a
heatable substrate holder (to supply the impinging atoms with enough thermal energy to arrange to
crystalline layers) and substrate shutters to be able to select the deposited species with high accuracy.
The method and its features are described e.gn [131]. Three growth modes can be observed in MBE
growth: 1.) Van der Merwe growth during which films grow layer by layer and a new layer istarted
only if one layer is complete.2.) Volmer-Weber growth that is chamacterized by islandike growth and
3.) StranskiKrastanov male where the film grows as a layer at first but later changes to island growth.
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AGD (4.8)

ny
where the parameter exgB) and all other parameters given in the above equations are summarised into
a variable parameterCgpShows a good agreement with the recorded data. Thelata from the fit can be
used to adjust the BEP via the growth temperature such that the desired growth rate is attained. The
standard BEPs were chosen to give a good compromise between deposition rate and suh accuracy
and are givenin Table4.2 together with cell temperatures and growth rates

Te Sbh 'Bi
1E-6 .
= 4.5 E-7
= . . 34E7 4.0 E-7
= J 0
w [ |
o 1E-7- .
lE_8 T T T T T
300 400 500 600 700 800
T [°C]

Figure 4.3 BEP in dependence ofeffusion cell temperature with fit after eq. 4.8. The growth rates are directly
proportional to the BEFfor each element. The standard BEPs used in this work are indicat@dthe plot (in units of Torr).

Table 4.2 Used effusion cell parameters during growth. The approximate growth rate was determined from single
element films. The cell temperatureneeded to sustain a certain pepvariesslightly from runto run by upto ~ 5 °C.

Element Typical cell Daep Approximate Melting point
temperature [Torr] growth rate [K/°C][72]
[°C] [nm/min]
Te 355 4.5x 107 13.9 7231450
Bi 645 4.0x 107 6.8 514 /271
Sb 490 3.4x107 4.0 904 /631

However,the Knudsen equationis fully valid only as long as the evaporating surface (e.g., the surface of
the source material inside the cell) is large compared to the orifice, which is not the case in the effusion
cells used insidethe shown MBE systemwith their relatively large orificesUnder these circumstances,
the pressure becomes dependent on the evaporating surface to somdegree [L33-p.78ff.]. The
evaporation surface is changing during evapation of the source material and therefore, he molecular
cell fluxes have a tendency to drift during growth. This is also evident fromFigure 4.3, where the
temperature required for setting the standard BEP varied significantly between growth runBuring one
single growth run, the effusion cell pressures were found to vary by up to-80 %. Flux stability could
be improved by keeping the effusion cellsat their working temperature for ca. 1 hour before starting
growth and by re-adjusting cell pressures once in the middle of each rurOveralldue to the mentioned
fluctuations, the desired elemental compsition could be attained with a precision of about 0.5 -

1 at. %.

The element layer thickness was controlled by the shutter opening time while the molecular beam flux

from each cell was maintained at a constant valueThe growth rate that has to be known for setting
the shutter opening time was determinedby SEMfrom single element filmsas shown inFigure4.4. The
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CHAPTER: EXPERIMENTAL DETAIILEPOSITION AND GIRACTERIZATION METHS

Bi and Sb filmsshowed a Frankvan der Merwelike growth and were relatively smooth and dene and
had a specular appearance. In contrast to thighe Te filmsexhibited a more islandlike (VolmerWeber)
growth, were rough, porous and looked dully black, resembling soot. Thus, the growth rate is
overestimated when taking the Te element layer thicknesas observed in the cross section ands a
consequence, first compound filmshad a lower Te content than inteaded. A re-calibration using EDX to
determine the actual layer compositiorand re-adjusting shutter opening timeswas necessaryto achieve
stoichiometry. For the element layer deposition with the MBE setup, two different deposition patterns
(quintuple and bilayer pattern) were applied. Details are given in sectidhl. The standard growth rate
of the compound films was ~ 0.3 pum/h for SBTe; and ~ 0.4 um/h for Bi, Te;.

1076E2 12.0kV 12 9mm x40.0k SE(M) 8/17/2008

Figure 4.4 Cross sections of EEment single layer thin films. The Te film is rough andhot fully dense.

4.1.3.3 Preparation of s ubstrate materials

Barium fluoride (BaF,): Single crystalline (11tpriented Bak platelets with a thickness of around 700
1000 um were used. The plateletsvere hand-cleavedright before growth from 10 x 10 x 25 mm? bars
using atrapezoidal blade and a lammer. The bars were supplied by Crystec GmbH, Berlin, Germany.

Oxidized Silicion (Si/SiO, wafers) : 4 inch wafers of (100)oriented Czochralskigrown dry-oxidized
silicon (100 nm oxide thicknesswere supplied by Siegert Consulting e.K., Aachen, Germanyhis type
of substrate was only used for the nanoalloying experiment8e f or e deposi ti on,
p i r a prb-@eaning procedureconsistirg of baths in 1. HCL and2. NH,OH/ H,0O, was applied to the
samples in order to removeorganic and metallic surface contaminants At the end, the wafers were
cleaved into10 x 10 mm?2 substratessuitable for MBE growth using a diamond scriber model R\125
supplied by ATV Technologie GmbH, Vaterstetten, Germany.

Nanoalloying: After a pre-bake step at 180°C for 18 min in the introduction chamber under a vacuum
in the 107 to 10°® Torr range to desorb the biggest part of water and atmospheric contaminants, the
substrate holderswere transferred to the buffer chamber. Here, the final bakeout at 300°C for 1 hour
took place under vacuum in the 1@ to 107'° Torr range. After cooling down, the holders were
transferred to the growth chamber.

Epitaxial growth: Only Bak freshly cleaved before growth was useds substrate Prior to growth, the
substrate was heated at 425 °Cin the growth chamber for 25 minutes to desorb residual water and
gases. Further details concerning epitaxial growth are given in chaptér.

4.1.4  Sputtering

4.1.4.1 Magnetron sputtering

Sputtering is a process where atoms arejected from a target surface due to momentum exchange by
bombarding ions [134-p.7ff], Figure 4.5. The process takes place under vacuum and a sputter gas

pressire mostly between 10“ and 102 mbar. The bombardingions are typically fomed by a glow
discharge processvhere an inert gas (in most casesArgon) is ionized by an electric discharge to forna
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plasma.The target is negatively biasednd works as thecathode, attracting the positively charged ions
Behind the target a permanent magnet is mounted that forces the electrons in tb plasma on cyclic
trajectories, increasing the plasma densitby a decadeand resulting in an increase in the flux of
sputtered atoms. The highest sputtering rate is observed when the magnetic field is parallel to the
target since the electron confinement $t most effective there and a typical circular sputter trench
develops which has a width ofa few cm (in our setup, ~ 1.52 2 cm).

Permanent magnet assembly@glast
inle

Power suppl

@ l%% Substrates
|

Rotating substrate carrier

Rotating turntable

Figure 4.5 Principles of magneton sputtering. Argon ions impingeon the target, leading to the ejection of target atoms
and molecules (pink).

Forthe sputtering of low-conductivity and insulating materialsa HF voltage with a frequency in the MHz
range is applied to the target, preventingthe buildup of a positive suface charge and aresulting
repulsion of Ar ions. Se and Te have low electrical conductivity and must tlsube deposited by HF
sputtering, while DC sputtering is sufficient for Bi and Sb.

4.1.4.2 The sputtering system FHR MS150x4 and deposition parameters

All sputtered films shown in this work were deposited bythe sputtering systemMS150x4 assembled by
FHR Anlagenbau, O#tndorf-Okrilla, Germany The setup consists of a turntable with six substrate
carriers A homogeneous deposition on4 ° ah d waf er s ibya daubl&rbtationescheme,
where the turntable as well as every single substrate holder is rotating continuouslyhe system was
calibrated such thatfor all elements a very homogepous deposition results withan inhomogeneity
spanbetween 1 and 2 %.

An advanced programming and automatization language is integrated into the control softwareEach
period consisted approximately o#0 single operation stepsresulting in a total of ca. 4800 single steps
for a SL with a period of 12.5 nm and a total thiclness of~ 1.5 um. The whole setup and a screenshot
of the user interface sdtware are shown in Figure4.6. The setup in its original state had severdlaws
(timing inaccuracies, mechanical problems etc.) that were fixed witteseral upgrades and modifications
during this thesis The modifications allow the accurate deposition of the nanometer2 thin element
layers and guarantedhe stability of the deposition process.

The background pressure in the setup was always around2x 107 mbar. The Ar sputter gas pressure
was kept at 5 x 10° mbar during growth. The target bias voltages werearound 250 V for DC sputtering
and 600 V for HF sputtering. In mostc a s e s, w h o lwafersA(See ®ctiond1.33) are used as
substrates. For a few exceptional cases, i.e. film thicknesses > 2 ym, cleaved,BsaRadditionally used.
For the removal of residual atmospheric contamination (e.g. water vapor) from theubstrates the
inverse sputter etching chamber was used. Here, the substrate instead of the target is bombarded by
ions, resulting i n anofé&é dulssttateiswfacel3Spcl27ibbi ng acti on”
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sputter chamber,orange = sputter etching chamber,blue = intro chamber.

4.1.4.3 Morphology of sputtered element films and thickness calibration

A widely accepted and popular description of microstructural growth during sputtering was given by
Thornton [136] who presented the Thornton zone model (TZM, Figure 4.7) several decades ago
According to the model, the two parameters that influence growth are given by the ratio of substrate
temperature to melting temperature, T/T, and the sputter gas pressureln Zone | (T/T, < 0.3) the low
adatom mobility results in amorphology that is characterized by the growth of large domeshaped and
loosely bound crystallites. In Zone 0.3 < T/T,, < 0.5) deposited films stow large faceted columnar
grains with dense boundarieqleading to a rough surface) changing to a recrystallized grain structure in
zone Il forT/T, < 0.5 where bulk diffusion starts to set in In transition zone T between zone | and II,
densely packed smalbcale fibrous grainsleading to a smooth morphologyare reported

TRANSITION STRUCTURE COLUMNAR GRAINS

CONSISTING OF
DENSELY PACKED RECRYSTALLIZED
FIBROUS GRAINS GRAIN STRUCTURE

POROUS STRUCTURE
CONSISTING OF TAPERED
CRYSTALLITES SEPARATED

Figure 4.7 Thornton Zone model for sputtered films. 8veral growth zonesare obtained for different gas pressures and
substrate temperaturesRed line: Used sputtering gas pressure of 3.8 mTorr = 510 mbar.

The used sputtering Ar pressure of 5 x10° mbar corresponds to 3.8 mTorr in the diagram. A
correspondence betweenthe TZM and sputtered elementary thin films was foundas demonstrated by
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Figure4.8. The T/T,, ratios of Te, Sb and Bi ar®.4, 0.3 and 0.5 respectively(seeTable4.2). Sbfalls fully
into zone T and exhibits a very smooth growth(mirror-like surface)with very small grains thatare not
distinctly visible at 20 k magnification. The Te surface is closer to zone Il andlightly larger,
distinguishable grains form. Nevertheless, the surface is still smooth andhirror-like. Bismuth with its
higher T/T,, ratio lies in the transition zone between zone T ad Il and clearly exhibits distinct features
from zone Il. Single large facted columnar grains are evident and the films appear opaqueThe
roughness of puttered Bi was also notedby other authors [L07] and leads to a higher roughness of
nanoalloyed filmswith a high Bi content such as the BiTe;-based films shown inchapter 8.

Te surfade Sb surface -

3.00um [l SN2 12.0kV 14 8mm x20.0k SE{M) 10/19/2040.

racaltil

Figure 4.8 Surface morphology of sputteredelement thin films. The morphology corresponds to the prediction by the
TZM.

4.1.4.4  Thickness calibration of sputtering system

The thicknessof sputtered films wasdetermined with a lift-off technique. Analyzing the film remaining
after the lift-off processwith a profilometer (model Veeco Dektak6M) yields the layer thickness and
thus the growth rate if the deposition time is considered.Understandably, this approach is not fully
applicableto the very rough Bi films.The profilometer needle has a diameter of 10 um while thegrains
on the Bi film surface are spaced apart by only few um. Thus, instd of probing the surface, the needle

"~ hops ° grdinrtmograin and a film thickness higher than actually present is determined. From EDX
measurement, it was found out that a correction factor of roughly 0.55 has to be applied to the
measured film thicknes s t o g e te gt uhiev a | agenisitg°thicknesk. |

The accuracy of the calibration can be increased lwetermining the growth rate for different sputtering
powers and applying a linear fit.A plot of growth rate vs. power shows a linear relatioship for lower
power ranges (Figure 4.9). At higher powers, the top target surface tends to melt up partially,
generating droplets in the process and theate vs. powerrelationship is no more linear.n this case, a
part of the energy brought into the target by the impinging ions is not used to knockatoms out of the
target but instead is lostto supply the latent heat needed to melt up the material, whichresults in a
lower sputtering rate than anticipated from the extrapolation. It is strongly advisable not to operate in
this high power range due to the detrimental effect of the droplets. The guttering powers of Sb and Te
were kept below 170 W and 300 W, respectively to avoid droplet formation.
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Figure 4.9 Sputtering rate vs. powerfor the elements used in this workdetermined in calibration rurs. At higher power,
the target surface partially melts up, thedeposition rate drops and the linea relationship is no more valid as can be
observed for Te and Sb.

Unfortunately, the sputtering rate is subject to a longtime drift due to changes in target maphology.
The large difference in energy between the bombarding species and the sputtered species and the
relatively low yield for most target materials means thags much as 8090 % of the impinging ions
energy is converted to heat which has to be transpoted away by cooling [L34-p.16]. While the
deposition rate drift of Bi and Sb is rather slow Teis problematic since it has dow thermal conductiity
of ~2-3 W/mK [72]. Thismeans that a relatively large temperature gradient between surface and top as
well as between sputter trench and the rest of the target is established duringontinuous sputtering
Sirce Te is brittle, thisleads to acontinuous degeneration of the target material. The material becomes
rough, porous and tends to develop cracks and thus the thermal conductivity drops even more, further
aggravating the situation. Additionally, since a pavus surface generates less sputtered atomd.34-
p.12], the sputtering power has to be increased to get the same deposition rate as before, accelérg
the degeneration even more.The rate usually drops by up tal0 % after the deposition of 5-10 um
compound film which translates to a Te content reduction of around 3at. % in the film, having a
drastic impact on the electrical properties. The amountfodeposition rate drift is unpredictable which
makes depositing of near- stoichiometric films difficult and requires frequent recalibration of the
sputtering system.

Note that Se is also extremely critical under the mentioned aspectfue to its very low thermal
conductivity of 0.5 2 2.9 W/mK and its low melting point of 221 °C [72-p.4-122], already the
application of low sputtering powers (80 W) lead to the partial melting of the target, rendering it
unusuable, which is why an alternative material system to f86e,Te) was developed(chapter 8).

4.1.5 Anneal ing system
4.1.5.1 Annealing setup

For compound formation by the nanoalloying method, the element layer stacks have to be annealed
preferentially under a defined atmosphere For this purpose, a special homebuilt annealing system was
assembled at Fraunhofer IPMFigure 4.10. The sample is inserted into a quartz glass ampoule which
consists of two parts that can be pushed together to seal the ampoul€eThe furnaes are calibrated such
that the desired annealing temperature is homogeneus throughout the ampoule. For a one-zone
isothermal annealing, only one furnace is pulled over a smalhmpoule that contains both sample and
source For a two-zone annealing(see net section) a longer ampoule is used andsource and sample
are kept at different temperatures with the two furnaces

52



4.1 DEPOSITION METHODSIB THIN FILM FABRITKON

250+ = etacton
200
. 150
Q
F 100
50
b) 1 Furnace pull over ampoule
TR RN [T 0 20 40 e s 100 130 10
h a2t o
\ AL \/
Source Sample

Figure 4.10 a) Annealing system used in this work. The setup is also capable of twamne annealing experimentsb)
Schematic drawing of ampoule and furnace position for twezone annealing. c)Heating / cooling curves for an annealing
temperature of 250 °C.

Firstly, thefurnace tube together with the open ampoule is evacuated down to pressures in the range of
10° mbar after several nitrogenpurging steps. Under this vacuum, the ampoule is sealed by pushing the
two parts together via the transfer rod. Then, nitrogen is fhwing through the furnace tube, acting as a
purging gas and simultaneously leading to a pressure on the evacuated ampoule and keeping it tightly
sealed. During the whole procedure, the furnace is heated up to the desired temperaturgvithout the
ampoule inserted. After the ampoule evacuation procedure was carried outand the purge gas is
flowing, the hot furnace is finally moved over the ampoule. After the desired annealing time has
expired, the furnace is retracted from the ampoule, leaving it to cool downquickly. The heatirg /
cooling curves are shownexemplarily for a temperature of 250 °C. After pulling the furnace over the
ampoule it takes roughly 20 minutes to thermally equilibrate the ampoule and the sample with the
furnace, i.e. to reach the desiredannealing temperature within 10 °C. Upon removing the furnace, the
temperature drops below 100°C within 15 minutes. It is not likely the samples will change much below
this temperature, so the properties, i.e. the annealed sample can be considered as qubaed and the
def ect st r uct uAneealiagtimes §iverirzthiswork spécifythe time between the points
where the furnace is pulled over the ampoule and where it is removed again.

Save for the hightemperature two-zone experiments deschied in 4.1.5.2, the annealing runs in this
work were carried out under a Te atmosphere and isothermaine-zone annealing, meaning that a small
amount of Te was inserted into the ampoule andthe temperature in the ampoule was homogeneous
The function of Te was mainly to povide a safety against Te losBom the sample if the ampoule was
not sealed entirely tight. From previous experiments with polycrystalline thin films annealed under Te
atmosphere (unpublitied work, Fraunhofer IPM) it was found that the presence of Te in the ampoule
does not lead to a Te enrichment in the sample up to 400C. Additionally in this work, it was tested
whether the Te source influences the sample at an annealing temperature 06@ °C. A long annealing
time of 8 h was chosen and the samples were annealed with a Te source, under vacuum and under
nitrogen inert atmosphere in the ampoule. No difference in composition, morphology or transport
properties was observed between the varians of annealing conditions.

4.1.5.2 Two-zone annealing
The theoretical basics for the twezone annealing were described inref. [75]. For BjTe; samples,
Brebrick determined the dependence of the Te partial pressure on temperature and the Te content in

the samples. The results argjiven in Figure 4.11 together with the vapor pressure of pure Te.As
expected a sample with higher Te content willgenerate a higher Te pressurat the same temperature.
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Figure 4.11 Partial pressure of Teand Bi,Te, samples with different Te contentversustemperature [75].

On the other hand, the information provided in the diagram can also be utified to adjust the Te
content. The equicompositional areas are given by lines., Ifor instance, a composition of 59.9 at. % of

Te is desired and the sample is to be annealed &fs, = 550 °C, a Te partial pressure of about 10*
atmospheres (0.1 mbars) has to be provided. This can be done by setting the temperature of a pure Te
source such that said vapor pressure is established. As can be taken from the diagram, thigirce
temperature isTg,= 419 °C.

Thewhole process can be interpreted withregard to Gibbs phase rule, which states that
0 O 0 ¢ (4.9)

where P is the possible number of phasesF the possible degrees of freedomand K the number of
components As components, Te and Bi are presentlf the consicerations are limited to the
homogeneity range of BjTe;,, then only the gas and solid phase are present. Two degrees of freedom
remain: The sample temperature and the vapor pressure arnd the sample which can be set by
adjusting the Te source temperature.

However, the method only works for sufficient annealing temperaturesand annealing times In earlier
annealing experimentswith polycrystalline sputtered BiTe, films (unpublished) the sample was keptat
an annealing temperature of 350°C for 2 hours and no influence on sample properties was seen when
changing the source temperatures. From the experiments shown in this work a minimum temperature /
annealing time of 400 °C / 2 h are anticipated in order to be able to see an effect.

4.2 Transport property characterization 2 methods and application
421 Van der Pauw method and Hall e ffect measurements

For the determination of the electrical conductivity, charge carrier concentration anc mobility, a
measurement setup that makes use of thestandard van der Pauw Methodas derived and described in
ref. [137] and [138] is used here.Two measurements with different contact configuraions are carried
out, yielding two resistancevalues thatcan be used to calculatehe specific esistivityr, or its reciprocal
value, the electrical conductivitys. For getting accurate results, there are requirements on the film
properties and the contacts which must be sufficiently small and located at the circumference of the
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sample. Carrier concentration and2mobility are determined by making use of the Hall effect. If a
current | is applied to opposite contactsof a sample with thicknessd while a magnetic field with
strength B perpendicular to the current is active the Lorentz force drives the charge carriers away
perpendicularly to the flow direction. This results in the buildup of an electric field and a Hall voltage,U
that is given by 'Y 1 "O#Q with the Hall coefficient R,. In the most general case where electrons
and holes aresimultaneouslypresent as carrier typesthe Hall coefficientis given by

O, N g 4.10
v 9N (4.10)
Q hx él

where p, Y, and n, p, are the carrier concentration and? mobility for holes and electrons, respectively.
For the typical case ofextrinsic conduction, acousticscattering and a distinct anisotroy of longitudinal
and parallel effective massesvhich obviously also applies to the materials examined in this work 39],
the Hall prefactor F, can be assumed as unityl[40-p.114].

If one carrier type clearly dominates, €. n >> p (n-type electron conduction)or p >> n (p-type hole
conduction), equation4.10 simplifies to:

I OUugAY (4.11)

p An ' p
= b OoufAy —,
Q¢ @ Qn
and the charge carrier concentration can be easily determinedrinally, be charge carrier mobilityu is
determined by dividing the obtainedelectrical conductivityby the carrier concentration.

Contact to the samples is made by pressed contact pingith a pointed end, minimizing contact
diameter as required by thevan der Pauw Method. The pins are plat with gold which has been
known for some time to form ohmic low resistance contacts with many thermoelectric materials,
including (BiSh),Te; [141]. The applied magnetic field is 0.9 Tesla Currents of typically5 mA, 2.5 mA

, -2.5 mA and -5 mA are applied to the samplewhile the voltage is simultaneously measured.

The measurementerror in the van der Pauw methodis systematic, i.e. too low values for resistivity and
carrier concentrationand too high values for the mobility are determined because of a violation of the
contact idealizationsthat are assumed for the derivation of the relations shown above. The error can be
estimated by the relations given by van der PauwlB7]. Under the assumption of realistical values for
the contact circumference, diameter and displacement from the sample boundarythe error of the
electrical resistivityis around 1 % and can be neglected in comparison to the uncertainty of the film
thicknesswhich is assumed as- 5 %, leadingto an error of ~ 5 % for the electrical resistivity For arrier
concentration and mobility an error of about 10 % can be estimatel. The errors in the measurement of
voltage, current and magnetic field strength are negligible in comparison to the errors caused by the
contact nonideality.

4.2.2 Seebeck coefficient measurement
Room temperature setup

The Seebeck coefficienait room temperature is determined by a setip constructed at Fraunhofer IPM
Figure4.12. The sample is laid on two copper blockshat are heated and cwled using thermoelectric
modules Two probes consisting of twotype T copper-constantan (Cu-CuNi) thermocouples each are
applied to the sample. They allow the simultaneous measurement dhe two sample temperaturesT,
and T. and the Seebeck voltageUg caused by the temperature gradientT = T.-T.) between the two
different Cu-CuNi junctions that are in contact with the sample. This yields the Seebeck coefficietof
the sample

Y 4.12)
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In our implementation of the setup, the measurement is repeated with reversed temperature gradient
and the two obtained results are averaged.

It is noted that an international standardized calibration procedure for Seebeck measurement setups has
not yet been established.To avoid errors during measurement, during this thesis a validation procedure
taking place every one or two weeks was introdued: 1.) Validation with a Ni sample with knownS and

2.) Measurement of one or more V,Vl reference samples with highS and comparison with previous
resultsobtained on the samples Specialcare was taken to ensure proper junctions and good contact to
the film. The junctions are inspected by eye prior to the measurementFaulty junctions will yield too
large Seebeck coefficients, leadingo their immediate replacement. |t is altogether difficult to give a
measurement errorfor this setup. If the values obtained on the reference sample do not deviate by
more than 5 % from the reference valug the setup is considered as validated. Thuthe measurement
error can be roughly estimated as 3% and has a sytematic character due to the mentioned reasons.

Temperature -dependent measurement of Seebeck coefficient and electrical resistivity with the
SRX setup

Sand sare measured in dependence on t e nRPVSrRaXtThe e
measurement setup is based on a prototype set up at the loffe Institute of Physics in Sankt Petersburg in
the early 1990s[142] and additional ideas from the MLU Hallg143]. A description of the setup is given

in ref. [144]. A type K thermocouple consistig of the alloys chromel andalumel is used in the setup.
The sample holder is shownin Figure 4.12 together with a wiring diagram. The chromel/alumel
thermocouples are pressed to the bottom of the sampleby spiral springs. The sample holder is
surrounded by a radiation heat shield.For the measurement of the Seebeck coefficient, a linear
regression method promsed by Boffoué et al. is used144], eliminating undesired residual voltages in
the electric circuit that are present due to various reasons.

Prior to the measurement, the samples were cut into stripes with a length of 10 mm and width of -3
mm to increase the temperature gradient and thus measurement accuracy. Typicataximum
temperature gradients are between 2 and 6 K. The sample chamber was/acuated and then kept
under a nitrogen pressure of 100 mbar to protect the sample against evaporation and to achieve good
thermal contact between sample and copper block. For each sample, several incremental
heating/cooling cycles were carried out.The maimum temperature was increased stepwise in each
heating cycle. If no stabilization of the electrical properties was observed on cooling, further
heating/cooling cycles were carried out. A measurement uncertainty of % is estimated.

The simultaneous meaaurement of the electrical conductivity is done with a standard 4point probe
method. A current | is injected into the sample with lengthl. The resistanceR is measured by using the
Alumel branches as the voltage probe to determine the voltage drofJ on the sample with a cross
section of A (corresponding to a thickness od and a width of w). For rectangular samples such as the
ones characterized in this work, theelectrical conductivity of the sample ishen given by

a Aa (4.13)
"Yto YEQto

The measurement is carried out with3 different voltages and currents. The obtained resistances are
averaged. Residual voltages aredetermined prior to the measurement of the electrical resistivityand
subtracted from the measured voltage A measurement uncertainty of~ 10 % is estimated. Often, the
measured stripesshow an irregular shape or cracks. In this case, the obtainesl have to be normalized
to values obtained at room temperature by van der Pauw measurements (sectibr8).
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Figure 4.12 Left: Room temperature measurement setup for Seebeck coefficienRight: Sample holder of SRX
measurement setup (CAD drawing).

4.2.3 Time Domain Thermal Reflectance (TDTR)
4.2.3.1 Description and setup

The method of time domainthermal reflectance (TDTR}L45] that is used in this work to determine the
crossplane thermal conductivityis basically a pumgprobe experiment. A~ p u maser beam impacts

on a sample and causes a local heatingnd a certain temperature distribution on the sample surface.

The subsequently arrivingprobe beam pr obes°® the temperature rhyse ca
analyzing thechange in reflectivityDR;, caused by the temperature riséDT. Both are connected through

the relation

o Yoo :
Iy T'r_ v (4.14)
with UR./UT as materal-specific thermoreflectivity. The analysis of tle temperature rise, i.e.reflectivity
change yields the thermal conductivity of thecharacterizedthin film. The measurement principlefor a
multilayered systemis sketched inFigure4.13.

Al film Characterized Substrate
(d~ 70 nm) thin film

Probe Pump

Reflected beam

Absorption and
heating

reflectivity change
AR proportional AT

~ o

Thermal interface layers

Figure 4.13 TDTR measurement principle. Aaser pump beam heats the sample surface, causing a change in reflectivity
that is ~probed?° Theyeflettddprobp beanbsignabcandbenevaluatedn dependence on delay timeDt
to obtain the thermal conductivity of the characterized thin film

A schematic of the measurement setup is shown inFigure 4.14. The laser beam generated by a
Ti:Sapphire solid state lasds pulsed with a frequency of 80 MHz and has a wavelength of 775 nmThe
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laser beam is split up by a polarizing beam splitter into pump (vertically polarized) and probe beam
(horizontally polarized) after the optical isolator. The pump beam is modulatedith a frequency of 10.7
MHz by an electreoptic modulator. The delay stage that is passed by the pump beam allovame to set

a variable time delay between pump and probe beam. Both beams are directed to the sample by a pair
of beam splitters and focused orthe sample by an objective. The focused laser spots have a diameter of
16-18 um in our experiment. One of the beam splitters is polarizingblocking the pump beam from
reaching the photodetector. An additional aperture is blocking out any residues of thpump beam that
leak through the polarizing beam splitter. The reflected probe signal is picked up by two lodk
amplifiers. The first one is locking on the modulation frequency of 10.7 MHz of the pump beam, while
the second one is locking on a frequency ©220 Hz that the probe beam is choppedwith (not shown in
Figure4.14). The CCD camera is used to observe the sample surface and position the laseafn. For
the actual measurement, the corresponding beam splitter isemoved in order to get a higher probe
beam intensity and signal.Long pass and short pass filters were introduced to reduce measurement
uncertainties due to sample roughnessif6].
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Figure 4.14 Time domain thermal reflectance measurement setup.gd block = long pass wavelength filter, blue block =
short pass wavelength filter.

A derivation of the theoretical basics of the TDTR method anthe relations shown here is given in ref.
[145]. The temperature distributioncaused by the modulated pump beamcan be describedby a point
source oscillating wih frequency won a semtinfinite solid. In the zdirection, the thermal penetration
depth of the heat wave is limited to the thermal penetration depthd,, similar to an electromagnetic
wave penetrating an electrical conductor (skin effect)d, can thus bec onsi dered as a
information® of the measurement.

— (4.15)

The thermal diffusivity D, = //c, is a means to quantify how quickly a solid body assumes the
temperature of the environment. As shown in Figure 4.13, each sample consist of multiple layers,
including phonon-scattering interfaces between the layers The mathematical model can be generalized
to a layered geometryby an iterative matrix algorithm which is similar to matrix methods used in fields
such as electrical engineering or opticgl45]. It is important to note that using this algorithm each layer
can be fully modeled by taking its thermal conductivity/, thermal diffusivity D (i.e. ¢,) and thicknessL,,.
Phononscattering interface layersbetween different materials are modeled by a layer with small
thermal conductivity and small thickness.
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For the selection of an appropriate laser power, one also has to consider the steashate heating of the
substrate and the film. In the film, the heat spreads linearlysince the thickness of the films is mostly
lower than the laser beamdiameter 2w, (~ 17 pum in our setup) Then, the temperature rise3"Y caused
by an impinging laser power A, can be calculatedas given by eq.4.16 for a film with a thickness of d
with thermal conductivity /. For estimating the heat rise in the substrate (the heat spreading here is
three-dimensional), the low frequency limit, w< D / wy? is considered. Then, one can derive a useful
relation that can be used to estimate the steadytate substrate temperature rise3"Y in the substrate
[145]. For calculating the total sample temperature rises"Y , the contributions of film and substrate
have to be addedaccording to eq. 4.16. It is noted that the absorbel laser power is only 13 % of the
incident laser power since only 15% of the incident power are absorbed by the Al film (the rest is
reflected) and the transmission of the optical elements of the setup is 85%.

5 tQ o (4.16)

3Y Y Y —
to t_ ¢ o

For the analysis of WV films the laser power has to be kept low enough to ensure no significant steady
state heating occurs during the analysis. Using ed.16 to calculate the steadystate heat rise in film and
substrate with a chosen total incident laser power of 27 mW, one obtains an acceptable total steady
heating of 16 K for a V,VL thin film of 1.5 um thickness with a low thermal conductivity of/ = 0.45
W/mK on a Bak substrate with / = 10.9 W/mK [72-p.12-212].

4.2.3.2 Measurement details
Sample preparation

The sanple preparation for the TDTR method is simple. @y an unstructured metd layer as transducer
and reflector layer is necessanDue to its high thermoreflectivity pR'UT and other advantages (easy
deposition, welkknown properties etc.) Al was chosen A thicknessof 70 nm is optimal for films with
low thermal conductivity as can be inferred by exemplaric data modeling

Measurement procedure

The probe beam signal can be divided into a real and imaginary part, corresponding to thejinase and
out-of-phase signal voltagesV,, and V,, picked up by the lockin amplifier. Since both real and
imaginary part of the signal are analogously affected Y frequently occuring nonidealities in the
experiment (beam defocus, incomplete overlap of probe and pump beam) taking the ratio of both as
measurement signal makes the method more robust to perturbations and increases measurement
accuracy[147]. The actual measurement procedure is carried out by varying the time delaybetween
pump and probe beam and measuring the signal voltage¥;, and V, for each t. Pldating the ratio of
these vs. the time delay yields the ratidime transient, to which the model data calculated by the
procedure described above is fittedSome examples are given in refs1§5,148,147].

The thermal penetration depth for this film, calcuated by eq.4.15 is only around 100 nm and the total
film thickness is around 1.5 pm.Hence,the substrate can be neglected in the model calculatiomhich
was the case for all filmsanalysel in this work. The complete layer system consists 08 layersincluding

a thermal interface layer between Al and W material. Each layer is described by thickness, heat
capacity and thermal conductivity, resulting in a total o® parameters in the model.For the Al and he
V,VL film, the heat capacity valuex, are taken from refs. [/2-p.4-124][53] and the thermal conductivity
of Al was calalated from the electrical conductivity wth the Wiedemann-Franz law, eq.2.5. The
determination of the local thickness of the Al layer is possible through acoustic impedance effects (eq.
2.21), which can be observed due to the picosecond timescale of the experiment as described nicely e.g.
in [148].

With all data, two parameters that are varied to fit the model to the data remain: The thermal
conductivity of the W,V film and the interface thermal conductance. Since the variation of these two
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parameters affects the fits differently the variation of one parameter does not influence the othe®A
good fit yielding a thermal conductivity of 0.45 W/mK can be obtained assuming an ALVl interface
thermal conductance of 32 MW/m2K. This value is rather low sinceinevitably, a thin oxide layer has
formed on the V,VL film, acting as a thermal resistanceAll V.,V thin films examined in this work could
be modeled with a similar interface resistance.

Measurement uncertainty

The measurementuncertainty can be estimated by the timedependent sensitivities of the mathematical
model to the parameters. The dependence of the sensitivity, of the ratio R(y)on a certain parametery
is given by taking the logarithmic derivativeslj47,149-p.17].

AY W )
v LYEQ L vhe o (4.17)
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The sensitivity is generally dependent on the delay tim#&Vith the definition of the sensitivity as given in
eq. 4.17, the ratio depends eponentially on the sensitivity. A small sensitivity values, means that the
model is not very sensitive to the respective parametey, resulting in a high uncertainty for the
parameter.

The uncertainty for any parameteri with sensitivity S propagates to the measurement uncertainty
i of the thermal conductivity /.., of the V,VL film by eq. 4.18 [149-p.17]. In the data modeling
range between 40 and 3600 ps the sensitivity on the Al thicknessy = -0.37 overwhelms all others,
making only this parameter relevant for the determinatiorof i

, % , Y (4.18)
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The ratio of the sensitities Y 7Y | for the analysel thin films is around 1.75- 1.9. The uncertainty

i of the Al thickness determination by theacoustic reflexes is estimateds 5%, meaning that i is
roughly 9-10 %. This can be seen as a lower limit for themeasurement uncertainty since other
parameters such as surface oxides, nonideal beam overlap and shape etc. also influence the
measurement signal. An additional uncertainty is caused by sample roughnesgich causes he
measurement data to get distorted by a long-range oscillationlike pattern. This phenomenon was
restricted to the slightly rough samples shown in chapte8. The uncertainty rangecan be estimated by
giving an upperand lower limit for the fit. Typically, anadditional uncertainty on/,,., of roughly 10 % is
observedwhich adds up to the uncertainty due to the Al thicknessas given above.

The system was validated after installation using a Si/Si@afer test sample(oxide thickness of 500 nm).
A thermal conductivity of 1.30 W/mK for the SiO, was determinedin very good agreement with the
literature value of 1.33 W/mK [L50]. The test measurement was repeated on each measurement day to
ensure that correct results are ol#ined.

Comparison and validation of thermal conductiv ity obtained with TDTR measurements and
the 3w method

An extended validation of the TDTR setup specifically faf,Vi; thin films was carried out by comparing
measurementresultsto results obtained with the well-establishedand technically completely different
3wmethod (setup in Fraunhofer IPN. Resultson severalsputtered homogeneous and mutilayeredthin
films anneded at different temperatures are compaed in Table4.3.
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Table 4.3 Comparison of thermal conductivity values obtained with the TDTR and 3v method for different nanoalloyed

thin films.
Film Annealing / - TDTR /-3w
temperature [°C] [W/mK] [W/mK]
Bi,Te, 200 0.65 £ 0.07 0.59 £ 0.06
(Bb.os Sl 05). T, 200 0.50 +0.05 0.45+0.05
Bi,Te, / (BjgsShy o5),TE; 2 SL 150 0.57 £ 0.06 0.53+0.05
(BhoShy),Te, 200 0.57 £ 0.06 0.46 £ 0.05

4.3  Structural characterization 2 methods and application

4.3.1 X-ray Diffractometry (XRD)

Crystals represent three dimensional diffraction gratings. At certain incidence anglgslepending on the
distance between two lattice planesd,,, constructive interference of the Xrays with wavelength /yzp
occurs according to the Brageequation

¢Q ti Q& &t_ (4.19)
with n as diffraction order. For cubicand hexagonalsystems.dy,, is given by
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where a, = cubic lattice constant,a, and c = hexagonal lattice constantsFor calculating the positions of
the reflexes, the lattice constants for Bi, Sbh, Te, Big; and ShTe; were taken from refs. [151], [152],
[153], [67], [68], respectively.

For some samples, the grain size was calculated using the Deby€Scherrerequation:

. 0 t_ (4.21)
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Wewnn IS the full width at half maximum of the reflex at the angle 2g and Kg the Scherrer constant The

value of K depends on the crystal shape. Usually (and also in this work) a value of 0.9 is used going back

to first calculations by Scherrer as mentioned ifL54].

In this work, all XRD scans were carried out iBraggBrentano geometry (¢-2g scan)except for some
scans as indicated in sectio®.1.2 and 5.3. For the later, the grazing incidence geometrywas used.
Details on the XRD apparatusare givenin [155]. Additionally, in chapter 9 a PANalytical Empyrean 2
with a 2x Ge 220 Monochromator was used to acquire the XRD data.

4.3.1.1 Superlattice XRD satellites and pole figure s

Superlattices correspond to artifi@l period structures superimposed on the crystal lattice. If there is%L
structure with sufficient quality (sharpness, peridicity) present in the sample, sacalled SLsatellites are
centered equidistantly around the zeroth-order peak which corresponds to the average lattice constant
of the SL structure. The period of the SLdg can be calalated from the angles of the satellites by
subtracting the Bragg equation for two different SL reflexesindexed with their order m and n. The
intensity of the SL reflexes decays with increasing order. A high intensity at high orders is indicating a
good long-range order, i.e. a high qualityof the SL structure.
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o a &t (4.22)
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A pole figure provides information about the orientation of the crystallites present in a samplelt can be
interpreted by considering the intersections of the normal ofthe selected(hkl)-planes with an imaginary
hemisphere situated above the sample surface The two-dimensional projection of this hemisphere
results in a pole figure.The intensity in each point is proportional to the number of grains in the film
that have their normal to the selected (hkl)-planes and point to the respective coordinates on the
hemisphere Pole figures of the \{VL, materials are constructed byirst setting the angle 2gto the strong
Sh,Te, (01.5) reflex at28.2° [42-p.68]. The pole figureis given by theanglec representingt he ~radi us?®
of the pole figure and f, representing the rotational angleof the figure. In order to be able to obtain a
reflection, c and fnust be such thatthe reflection condition is fulfilled. Since(01.5) and (00.l) enclose
an angle of c=59° in Sh,Te;, (00.1) reflections occur on a circle defined by this angle. During rotation
around the sample normal byf, a certain amount of reflexes will appearin dependence on crystal
symmetry. The [00.I] direction in the V,VL materials exhibits a threefold rotational symmetry, so three
reflexes should appear if there is perfect rotational order in the crystal.he pole figures were recordd
with a PANalyticalEmpyrean 2with Cu-Kg, and - Kg, radiation.

43.1.2 Rietveld refinement

Most Rigveld refinements of the diffraction data obtained at room temperature were carried out using
the GSAS Suite of ProgramfL56] together with the graphicd userinterface EXPGUIThe peak profiles
were refined using the Pseudé/oigt function described in the GSAS manuallp6-p.156ff]. Spherical
harmonics were used to modelthe texture level in the samples.The orientation index was also
determined from the Rietveld refinements andcan be used to judge he degree of texture. For a
randomly oriented crystal, the index is 1 and increases without boundary for an increasing degree of
texture [156-p.139]. The grain sizep was cdculated from the parameterLy that describes particle size
broadening in the PseudeVoigt model as given in[156-p.164]. This calculationis similar to eq.4.21 but
takes into account the broadening ofall reflexesin the pattern and thus represents an average grain
size.

All refinements were carried out with GSAS save for chapte® where the program TOPAS Academics
[157] was used with the March Dollase Model 158] to refine the strongly preferred orientation parallel
to the c-axis The effect o the surface roughness wasorrected using an approach by Suortti59].

4.3.2 Scanning Electron Microscopy (SEM)with Energy-Dispersive X-ray Analysis
(EDX)

Scanning Electron Microscopy (SEM) : A scanning electron microscope (SEM) uses a focused electron
beam to scan over thesurface or the area of interest and forms an image from the collected
backscattered and secondaryelectrons In this work, the method was used to examine he sample
morphology and crosssections of the film. Two SEM systems were used..) The Hitachi $4700, a Cold
Field Emission Scanning Electron Microscopf@ESEM with a secondary electron $8 detector, a
standard back scattered electron BSE detector and an additional ringshaped BSE detector that can be
moved into the sample chamber if needed, yielding a superior element contras?.) The Hitachi SU70, a
FESEM with a Schottky electron gunthat provides high beam currents It is equipped with the same
detectors as the $4700.

For both SEM an acceleation voltage of 12 kV was applied The samples were electrically contacted
using silver paint. The measurement of film thicknesses was carried out by anatgg the film cross
section in fastscan mode to prevent distortion effects by image shifting which occurred during slow
scan mode.The film thickness measurement was carried out on-8 different parts of the cross section
and averaged.The measurement uncgainty for the film thickness is estimated as ~ 3. For analyzing
the crosssection, the samples were cleaved using a diamond cutter.
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The imaging of the crosssection via SEM can be used at room temperature to visualize the
nanostructuring. The scattenmg probability s.(6) for electron scattering for angles >b is related to the
relativistically corrected wavelength/, and the atomic number Z by, T © _ &2 [161-p.378].
Elementary Bi has a higher atomic number than the elements Sb and Te, a larger backscattering
coefficient and thus shows up as a bright line in the crossection image.However, the @pability of the
BSE detector to distinguish between the elements was only sufficient for unannealed films.

Energy-Dispersive X-ray Analysis (EDX): EnergyDispersiveX-ray Analysis (EDX) was used tanalyse
the chemical composition in the films. The sample is irradiated by the electron beam, causing the
ejection of inner shell electrons. The empt electron shells are occupiedvith electrons from outer shells
with higher energies under emission of characteristi¥-ray radiation. The intensity of he X-ray radiation
generated by each element is measured and, aftem ZAF correction (backscattering and energy loss
dependent on atomic number, absorption and fluorescence) the elementoncentration can be
determined. Two EDX systems were used in this wkr The S4700 is equipped with an EDAX Phoenix
EDX detector controlled by the Genesis software package. The S0 is equipped with an Oxford XMax
EDX System with an INCA detection unit and the INCA software packag&he incident electron count
rate was se to yield a deadtime of ~ 30-35 % in both detectors, yielding a count rate of ~ 1 kcpsand ~
3-4 kcps in the EDAX and Oxford system, respectively. The voltage was chosen as 12 kV, which [&ilfil
the requirement that the overvoltage should be at 25 x of the respectiveX-ray line [160]. For Bi, Sb and
Te the M, L, and L line were used witta-line energies of 2.42, 3.61 and 3.77 keV, respectively.

The measurement error caused by the overlap of the L lines of Sb and Te can be somewhat
compensated by using elment standardsthat also serve for regular calibration of theEDX systemFor
this, near-stoichiometric element standards for BiTe;, ShTe, and (Bp,sSh5),Te; with known
compositionswere used.They were provided by the MartinLuther University in HalleNittenberg by Dr.
Matthias Stolzer and consist of Bridgmaigrown material synthesized by HT. Langhammer during his
PhD thesis.For the calibration, three measurements were carried outn the standards and averaged
The correction factor, giving the deviation between measured and nominal element composition was
determined from the experiment and applied to subsequent measurements on samples to yield the
“true?® el e me n tThe €Bj.tBh )T & standard was used for all samples consisting of
(Bi.,Sh),Te; with x O0.5. It is noted that for lower Sb concentratiors, it is not certain that using the
standard yields correct resultslt is also not guaranteed that the applicationof the calibration data
obtained from a homogeneous standard measurement to layered films yields fully accurate results.

For each determination of chemical composition, three measurementsith an acquisition lifetime of
100 live secondswere carried out and averagedThe uncertainty of the obtained atomic concentrations
is estimated as ~ 0.3- 0.5 at. % (see alsd42]).

4.3.3 Transmission Electron Mi croscopy (TEM)

In a transmission electron microscop€TEM)the electron beamtravelstrough a thin material slice. By
using a system of electromagnetic lenses, a twdimensional projectionthat representssamplestructure
on a screen is possibleTEM analysis of thin film samples was carried out at theniversity of Tlbingen
by the Eibl group (mainly byDr. Nicola Peranio) and thdJniversity of Kiel by the Kienle grougmainly by
Dr. Ulrich Schirmannand Torben Dankwor).

The instrumental detailsfor the TEM analysis by the Eibl group are given inl$6]. For analysis in the

Kienle group for most imaging tasksthe TEM Tecnai G2 F3with the S-TWIN objectivelens and an
acceleration voltage of 300 kV was usedThe spherical aberration coefficienCgis 1.2 mm. The system

is also capable of HighResolution TEM (HRTEMAIso, integrated high-resolution Scanning Transmission
Electron Microscopy (STEM) is possibl&he STEMis a hybrid® of t he TEwhchauses SEM
deflection coils to scan a fin¢y focused converged electron beanacross the surface of a thinspecimen,

each point on the sample creates a corresponding point contrast on the screern the system, aHigh

Angle Annular Dark Field (HAADRetector is used This type of detector is centered on the optic axis of

the STEM and has a hole in the middleOnly electrons with an off-axis angle of > 50 mrads(~ 3°) are

aquired, blockingout t he b aof Breggdifractedclectrons andenabling the acquisition of Z
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contrast images[161-p.379f.] Thus, element distributions such as chemical variations accompanying
superlattice structures can be clearly imagedEDX elemental mapping waperformed in the STEMmode
using the M-line and the K-Line for Bi and Sb, respectively.For EDX analysis a Si/Li detector (EDAX
System) was used.

For imagng in dependence on temperature and irsitu annealing of multilayered films, a 652 Double
Tilt Heating Holder by Gatan was used. The temperature was increased stepwise with a heating rate of
5-7 K and held for 20 minutes at the respective temperature with roughly 105 minutes of imaging
time each. The sample preparatiorat Kiel was carriedout by Focusedion Beam (FIB[161-p.188f.]

The HAADFHRSTEM images shown iohapter 9 were acquired at the CAMCOR lab at the University of
Oregon, Eugene, using an FEI Titan 3800 with an acceleration voltage of 300kV, corresponding to a
resolution of 1.4 Angstrom as specifid by the manufacturer.

4.3.4  Secondary lon Mass Spectroscopy ( SIMS)

Depth profiles of the chemical composition of SLsare determined with dynamic secondary ion mass
spectroscopy (SIMS). The sample is irradiated with a primaon beam whose intensity is so hidn that
the atoms of the film are sputtered away as secondary ionsthat can be analysal in a mass
spectrometer. Thigprocedureyields a depth profile of the thin film. SIMShas been used for several years
in our group to evaluate the quality of SL structure A clear correlation between SL quality and
sharpness of the depth profile was evident, e.g. from annealing experimentss shown in [162-p.176ff].
The Johnson group is also working with this methodo evaluate nanostructured MLg4128].

In this work, the secondary ion mass spectrometry (SIMS) depth profiles were recorded ussnGameca
SIMS 4500 withCaesium (Cs') primary ions at an impinging angle of 45° and detecting secondary ions
of MCs* (with M = Bi, Sh, Te) UsingCs' ions results in ahigh secondary ion yield for the elements Bi, Sb
and Te. Forall sputtered SLs, the standard Csion energy of 5 keV was used For the strongly
interdiffused ML structuresshown in chapter 6, the ion energy was reduced to 1 keVto improve the
visibility of the element oscillationsA way to check for validity ofthe results is thedirect comparison of
the ion signals. If there really is aML structuresin which the Bi and Sb contents vary, therthe two ion
signal intensitiesmust behavecomplementary, e.g. a dip of one signal must be accompanied by a peak
of the other. This was always the caséor the observed nanostructures.
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5 BiTe, and ShTe thin films grown with an MBE setup by
nanoalloying

The binaries BiTe; and ShTe, form the basic building blocks of the highperformance p-conducting SLs.
Thereforg as a starting pointcomprehensivestudieswere carried out on the nanoalloying approach for
compound binary films. Unless otherwise stated, all characterized films ithis chapter were grown on
Bak substrates. The films characterized by TEM were grown on Si/SBDbstrates.Fims grown on Bak
and Si/SiQ exhibit no significant differences in structural and transport propertieslp1].

5.1 Dependence of texture on deposition pattern and initial element layer
thickness

The results reported in ref.[8] and the impact of the crystal orientation on the thermal stability of
nanoscale multilayer structureg64] suggest that a strong degree ofc-orientation seems to be a
necessary prerequisite for creating/,VlL ML structures with sufficiently sharp interfaces, low thermal
conductivity and high ZT values. Experiments on sputtered nanoalloyed layers rdgdaa dependence of
the degree of c-orientation on the initial element layer thicknes4163]. To examine the influence of the
thickness of the initial element layers on the crystalline orientation after annealing, thin films with
different deposition patterns and element layer thicknesses were prepared and characterized. Two
deposition patterns with different initial layer thicknesseswere used igure 5.1). For the quintuple
pattern, the element layer thicknesses were chosen to mimic the unit cells of,Bg; and ShTe, (space
group: “Yoa ) with lattice parameterc of ~ 3 nm for Bi,Te; and Sh,Te, [67, 68]. Since BiTe;, and ShTe,
crystallize in a rhombohedral layered structure with three quintupl stacks with the sequence TéM-Te
M-Te (M = Bi or Sb), an analogous quintuple deposition pattern corresponding to this structure was
chosen. The exact thicknesses were adjusted such that three quintuples correspond to one unit cell of
Bib,Te; or Sh,Te;, resulting in individual element layer thicknesses of ~ 0.2 nm. Additionally, a simpler
bilayer pattern was used where the elements were stacked in an alternating fashion with an element
layer thickness ratio of 2:3 for M:Te. All element layer thicknesses wer deposited to maintain the
stoichiometric 40:60 ratio for M:Te of the respective compoundAll films shown in this chapter were
annealed isothermally at 25C°C for two hours.

c~3nm

quintuple bilayer

Figure 5.1 Quintuple and bilayer pattern used to deposit theinitial element layers.
5.1.1 Bi,Te,

The nominal element layer thicknesses, chemical composition and-pfane transport properties are
summarized in Table 5.1. The Te content deviatedslightly from the intended 60 at. % due to

65



CHAPTER: BI2ZTE3 AND SB2TE3 TMMFILMS GROWN WITAN MBE SETUP BY NAMDLOYING

fluctuations of the effusion cell fluxes during growth (section 4.1.3.2). The total film thicknessd of
sample BTQ determined from the SEM cross section after annealingvas slightly larger than the
thickness calculated from the nominalinital element layer thickhess and the number of deposition
periods.

Table 5.1 BiTe samples: Nominal elemeninitial layer thickness for deposition patterns shown irFigure 5.1, chemical
composition and roomtemperature in-plane transport properties after annealing at 250 °C for 2 hours.Units: Te
concentration ¢, in at. %, electrical conductivitys in S/cm, carrie mobility p in cm?/Vs, carrier concentration n in cri,

Seebeck coefficient S in pV/K, power factor PF in pyW/cmKz?, thermal conductivityn W/mK. d-.: nominal thickness of Te
initial layerin nm, dg;: nominal thickness of Biinitial layerin nm, d,, : total thickness of deposition pattern = period length
in nm, N, total number of periods. d: total thin film thickness as determined by SEM cross section#® pum. A negative
sign for n indicates electron conduction.

Deposition pattern dg dre | dper | Nper Cre d vl n s S PF
(sampk name)

Quintuple (BFQ) | 0.2 | 0.2 | 1.0 | 999 | 59.1 | 1.17 | 77 |-2.4x10®| 303 | -168 | 9

Bilayer 1 (B1B1) 04 | 0.6 1.0 | 999 | 60.6 | 1.03 | 58 |-6.5x10" | 597 | -140 12

Bilayer2(BT2) | 0.9 | 1.2 | 2.1 | 500 | 615 | 1.04 | 39 [-1.2x10%®| 745 | -113 | 10

Bilayer 3 (BIB3) 1.7 24 | 41 | 250 | 60.9 | 0.95 | 81 |-8.6x10%| 1105 | -127 18

Bi,Te; with the quintuple pattern showed the highest value for S of all samples. However the
conductivity was relatively low leading to small values fothe PFE The highest PF(18 miW/cmK?) was
observed for t he fnital layerswthat hlso exhibitedc thee lsighe’st mobility and
conductivity.

Figure5.2 shows the XRD patterns of annealed Bie; samples.Rietveld analysis was carried out andhé
XRD data ould all be fitted well using the BjTe; structural model [67]. The refined lattice parameters
and texture index are summarized in Table 5.2. The sizes of coherent scattering domainsi.e. the
crystallite sizes(Table 5.2) do not increase with increasing element layer thickness. Diffuse scattegin
observed underneath the intensive Bragg peaksparticularly in the samples BIQ, BTFB1 and BFB2
indicates disorder which was treated as modulated background during the fitting procedure. This local
disorder may be due to small variations of chemical coposition and/or strain. In this context, we note
that an impurity nanoscaled Brich phasewas identified in nanoalloyed BjTe; samples[164].

For sputtered nanoalloyedBi,Te;-based thin films with higher initial element layer thicknesses it is
known that the level of preferred c-orientation increases with decreasing element layer thickne§$63].
However, the XRD data indicate tht the present BjTe; samples do not follow this fashion, which is
apparent from the intensities observed for the (0(), (00.6) and (00.15) Bragg reflections. The annealed
Bi, Te, film with the thinnest initial element layers exhibits the lowest level of preferredc-orientation. The
calculated texture index implies that the preferred orientation level increases slightly when theitial
layer thickness increases up to 0.9 nm/1.2 nm (Bi/Te) and increases sharply when the thiclsnés
roughly doubled. Changing the deposition pattern from quintuple pattern to the bilayer pattern while
keeping the period unit of the deposition pattern constant at nominally 1 nm seers to have no
influence on the texture of the thin films.

The formation of strongly c-oriented thin films can be achieved if theformation of the covalent/ionic Bi

Te or ShTe bonds takes placealong the substrate normal such that layers of the same atoms are lying
in parallel to the substrate plane. In this casahe basal plane of the unit cellis also lying parallel to the
substrate plane The observations made here indicate thatbesides an upper limit observed on
sputtering such films[163], there may exist a lower Init of the individual layer thickness below which a
strong c-texture cannot be established Johnson et al. have discussed the critical thickness of thtial
element layers, stating that there exists a critical layer thickness below which diffusion of the elements is
finished before interfacial reaction (i.e. crystallization) occurgl23]. In this situation the interfaces
between the elements serving as nucleation centers are absent and cannot act as a starting point for the
growth of crystallites with the c-axis perpendicular to the element interfaces.
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Figure 5.2 Diffraction patterns of annealed BjTe, film samples. In order to deal with the intensive reflections fronthe
Bak single crystal substrate, the intensities are shown in logarithmic scale. The element layer thicknessadd d;, are
given in nm and increase from bottom to top. (0Ql)-reflections areindexed andindicated by dashed linesGreen arrows

point to reflections that most clearly indicate the difference of film orientation.For comparison, a powder diffractogram
(JCPDS database) is shown as vertical bars below the experimental patterns.

Table 5.2 Refined lattice parameters, orientation index from Rietveld analysis and the crystallite size of T samples.
Estimated standard deviations are given in parentheseBhe crystallite size was calculated from the width of the (Q@8)
reflex (indicated by W)and through the Rietveld refinement (section4.3.1.2, indicated by R.

Sample a, b [A] c[A] Orientation Index Crystallite size W /R [nm]
BT-Q 4.3894(5) | 30.5693(10) 5(3) 27 /110
BTB1 4.3908(4) | 30.5468(14) 6(2) 30/ 180
BTB2 4.3862(3) | 30.4908(14) 7(3) 25 /170
BT-B3 4.3855(4) | 30.5293(12) 14(3) 20/170

The change of orientation is also clearly seen in SEM cressction images of cleaved edges of the
samples Figure 5.3). With increasing c-orientation, the grains tend to show a shape which resembles
horizontal bars. These horizontal barscorrespond to the typical appearance of BTe; crystallites
(hexagonal platelet§42-p.62,165]) viewed perpendicular to thec-axis, i.e. parallel to the basah-b plane

(see alsoFigure 7.5). The sample with the highest degree ofc-orientation shows the highest in-plane

charge carrier mobility and the highest irplane electrical conductivity Table5.1) as expected from the

reported behavia of anisotropic bulk material whoseelectrical conductivity is higher perpendicular to
the c-axis section 3.3.
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Figure 5.3 SEM cross sections of cleaving edge ahnealed BjTe, samples. Horizontal baishaped grains corresponding
to hexagonal platelet shaped crystallites viewed parallel to thelaplane (red boxes) can be observed in the samples with
the highest degree ofc-orientation (BTFB3).

A thorough texture analysis by Igh-energy XRD experiments carried out at thé-1D-D high-energy
station, APS, Chicagopn samples analogous to BT revealed that thec-axis of the crystallites is tilted
by up to 30° with respect to the growth direction, i.e. there is a preferential texture 166]. No epitaxial
relation to the substrate was found.

One could speculate that theadaption of the total thickness of the element film deposition pattern to
the unit cell length (lattice parameterc) might increasethe c-orientation of the crystal. Thus, films with
period lengths of 3.1 and 6.3 nm, corresponding of to a whole and double unit cell lengthwere grown.
In comparison to the best c-oriented film BT-B3, no clear trend towards a stronger preferential
orientation could be observed and reflexes different from (00) were still strongly expressé. Increasing
the rotation speed of the substrate rotator could potentially improve element layer homogemity,
providing a better base for coriented growth to start at the element layer interfaces.n fact, increasing
the rotator speed from 10 to 25 rpm led to slightly more pronouncedc-reflexes but the effect was
small Consequently, e transport properties of the films with adapted thickness and incresed rotator
speed did not differ significantly from the ones shown inTable5.1.

5.1.2  Sh,Te,

For ShTe; (ST) samples the elemenhitial layer thickness, deposition pattern, chemical composition and
transport properties are listed inTable5.3. Figure5.4 shows the corresponding XRD patterns.

Table 5.3 Sample properties of Sbre samples: Nominal elemeninitial layer thickness for deposition patterns shown in
Figure 5.1 together with chemical composition and room temperature inplane transport properties afer annealing at
250 °C for 2 hours. Units as previously definedn Table5.1. dg,= Sb initial element layer thickness in nm.

Deposition pattern dsp | dve | dper | Nper Cre d 1 n s S PF
(sample name)

Quintuple (STQ) | 0.2 | 0.2 1.0 | 999 | 61.1 | 1.11 | 402 |3.0x10%| 1933 | 125 30

Bilayer 1 (S1B1) 04| 0.6 1.0 | 999 | 61.7 | 1.04 | 444 |2.6x10"Y| 1815 | 129 30

Bilayer 2 (S1B2) 08| 13 | 2.1 | 500 | 585 | 0.98 | 119 |9.7x10" | 1857 | 104 20

Bilayer 3 (SB3) 15| 26 | 41 | 250 | 59.9 | 0.99 | 373 |2.4x10" | 1450 | 142 29

The ST samples prepared in the current study via the nanoalloying approach atearlyamong the best
Sb-Te thermoelectric films reported(Table 3.4) even though the Seebeck coefficients are still lower than
for films prepared via ion beam sputtering and ceevaporation.
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Figure 5.4 Diffraction patterns of ShTe, for different deposition patterns and elementinitial layer thicknesss after
annealing. The element layer thicknessesygand d;, are given in nm andincrease from bottom to top. (00.)-reflections
are indexed B8] and indicated by dashed linesFor comparison, a powder diffractogram (JCPDS database) is shown as

vertical bars below the exprimental patterns. Inset: Magnified section around 2| = 27°, sample STB1. Sh,Te, reflexes
indexed in blug Te reflexes indexed in green.

Table 5.4 Refined lattice parameters, orientation index from Rietveldnalysis and the crystallite size of Sbe samples.
The crystallite size was calculated from the width of the (00.18) refleindicated by W) and through the Rietveld
refinement (section4.3.1.2, indicated by R. For unknown reasons, lhe mathematical calculation routine for theRietveld
refinement did not converge to reasonable valuegor sample STB2.

Sample a, b [A] c[A] Orientation Index Crystallite size W / R[nm]
STQ 4.26536(9) 30.4382(8) 61(11) 32/ 140
STB1 4.2638(2) 30.736(2) 2978(11) 32/130
STFB2 - - - 21/ -
STB3 4.2640(1) 30.438(1) 1085(70) 29 /120

All patterns expect for those obtained on Terich samplescould be fitted with the Sb,Te; structural
model [66-p.179ff.] with refined cell parameters, texture indices and crystallite sizes being summarized
in Table5.4. All four samples exhibied a preferred corientation with sample STQ showing the lowest
level of preferred orientation that was however still more pronounced than that of BFQ. Using a bi
layer pattern with larger elementinitial layer thicknesses further increaskthe degree of corientation
(sample STB1). However, the degree of eorientation apparently does not depend on theinitial element
layer thickness in a monotonous fashion.

Concerning grain size, it is not sure if the Deby&cherrer formula based calculation can be used here
since grain sizes up to 10200 nm are already at the upper limit for the application of the formula.
Values oliained from the (00.18) reflex and the Rietveld refinement differ strongly since the crystallites
formed by nanoalloying appear to be smaller along the-direction (see alsd-igure7.15 and Figure5.5).
Altogether, TEM cross sections taken on the sampleshould yield more accurate resultsand indicate
that the grain size in ShTe; (350-650 nm) is larger than in BjTe; (150-350 nm) and no foreign phases
are present[167], Figure5.5). The Te concentration in the shown Sf'e; and BiTe; film was 59.7 and
59.6 at. %, respectively.
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Figure 5.5 TEM images of nanoalloyed annealed $be, (left) and BjTe, (right) grown with the quintuple pattern.

The pronounced texture can also be observed in SEMrosssections (Figure 5.6). Grains with a
hexagonal shape lying parallel to the basal plane are most pronounced in sample-BT with the highest
degree of c-orientation. Comparable to B, Te;, the sample with the highest degree ofc-orientation has
the highest charge carrier mobility. However, the samples cannot be compared straightforwardly as
their compositions are slightly different.Extendedtexture analyss on a film analogous to STQ revealed
that the c-axis is almost parallel to the growth direction with a maximum deviation of 10°166]. No
epitaxial relation tothe substrate was found.

e 11115 3
1105E3 12.0kV 15.2mm x50.0k SE(M) 52612011 1.00um [l 1106E5 12.0kV 14.9mm x50.0k SE(M) 5/26/2011

Figure 5.6 SEM imagesof Sh,Te, cross sections Horizontal barshaped grains corresponding to hexagonal platelet
shaped crystallites viewed parallel to the-a plane (red boxes) can be observed in the samples with the highest degree of
c-orientation (SFB1).

In samples with Te exceseeflexes that could be assigned to Te were imnd, for example on sample ST
Bl Thisis in agreement with the phase diagram of Skre displayedin Figure 3.3 that shows that

exceeding a Te content of 60at. % results in a two-phase regon where the phaseSh,Te; and pure Te
coexist. From the FWHM of the (10.1) reflexat 2g= 27.6° and using eq.4.21, a Te grain size of ca. 30
nm is estimated.

Finally, samilar experiments as describedor Bi,Te; (matching element layer thicknesses to multiples of
unit cell length and increasing substrateotator speed)were carried out for ShTe;. Adapting the total
stack thickness to the unit cell length did not improvec-orientation. Increasing the substrate rotator
speed led to a slight increase in-orientation, yet the effect was weak. Overall, the esultswere similar
to the ones obtained for BjTe,.
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5.2 Dependence of transport properties on Te content

5.2.1 Bi,Te,

The dependence of the electrical properties on the Te content of the nanoalloyed filnsamples is
presented inFigure5.7. Data from films fabricated with the quintuple deposition pattern as well as with

the binary pattern with different initial layer thicknessesre shown.
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Figure 5.7 Electrical properties of nanoalloyed annealed Bi,Te, in dependence of Te content. Fullblack squares:
Nanoalloyed thin films with elementinitial thickness of 0.2 nm (quintuple pattern). Empty triangles: Nanoalloyed thin
films with element initial thickness > 0.2nm (bilayer pattern).Note that the data represented byred trianglescannot be
directly compared to the data on the other films since the associated films (B33) exhibit a significanly stronger ¢
orientation, affecting mainly p and PFEmpty circles: Data from ref[95] for MBE epitaxial thin films.A negative sign of n
indicates electron conduction. Dashed line: Eyeguide.

All films exhibit n-type conductivity even for an exces®f Bi in contrast to bulk materials where an
excess of Bi generally leads to-fype conduction. The majority of publicationson Bi,Te; thin films also
reports that only ntype conducting B, Te; could be observed, details are given isection 3.4 and Table
3.4.

As was pointed out in [166,167] there are strong indications that the point defect physics is governed
by deposition temperature. Generally, thin film growth processes occur at much lowetemperatures
than bulk crystal growth processes. It may be&oncluded that besides antistructuredefects which are
usuallyseenas the main cause for the generation of electrons, other defect mechanisms may play a role
in determining the sample properties To illustrate this fact, Figure 5.8 shows a plot of B, and Sh,
antisite defect densityin B,Te; and ShTe; vs. deposition temperature.
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Figure 5.8 and eq. 5.1 Left: Antisite defect densities of BiTe; and ShTe, in dependenceon temperature [167]. The
vertical lines indicate(1) the annealing temperature of 250°C for nanoalloying, (2) the congruent melting point of BjTe,
at 585 °C, and (3) the congruent melting point of Sh,Te, at 617 ° C. Right: Relation given in 80] used for calculation.

Lower temperatures yield significantly lower densities of antisite defects and thus reduced carrier
densities. An experimental confirmation is given by the low antisitedensity in lowtemperature
fabricated (i.e. thin film) ShTe, compared to bulk material fl67], section 5.2.2. The carrier
concentrations of ~ 34 x 10 cm? predicted by eq. 5.1 are close to the experimentally obtained
minimum values of ~ 12 x 10 cm™® (Figure5.10). For BjTe;, the antisite defect density at the growth
temperature of 250 °C likely is so low that other electrongenerating defects not included in the
“antisite only° model overwhel m the effects of
nature: When deviating from the stoichiometric composition towards higher Bcontents, from the
phase diagram of BiTe it can be assumed that in addition to Bil'e;, the formation of Bi and the phase
BiTe (layered phase consisting of Bie quintuples and Bi layers, see sectior3.2 takes place. Both phases
are strongly nconducting with low Seebeck coefficients (BiTe: ~50 uV/K, Bi: -20 to -70 pVv/K
according to Figure 3.4 and [11]). It is well possible thatthese n-type phases areformed instead of the
hole-generating point defects. This suggestion is in conformance with TEM experimen{466]: For a
sample with 40.5 at. % Bi grown with a quintuple pattern analogous to BTQ, a nanoscale Birich
secondary phasewas found at the grain boundaries (Figure 5.9). Altogether, the TEM experiments
indicate that grain boundaries act as sinks for point defects

Plotting the obtained Seebeck coefficients vs. the logarithm of the carrier concentration provides useful
information. If a linear relationship exists, one can conclude from the Pisarenko relation (e29) that
the basic transport parameters such as effectiv®(Q9 mass, scattering type etc. remain the same for all
samples, i.e. there is no change in sample compiti®n that leads to another compound dominating the
transport property measurement. Evidently, this is the case for the samples examined hdrag(ire 5.9),
the data points agree well with a linear fit of S vs. the logarihm of n. At high carrier concentrations

> 2 x 10%° cm? (films with strong Bi excess)here appears to be a slight deviation from the straight line,
meaning that other compoundsbesides BiTe; may start to influence the transport properties.
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5.2.2 Sb,Te,

The electrical properties of Sfie, films as a function of Te content are shown in Figure 5.10. As
expected, all ShTeg, films exhibited p-type conduction. The Seebeck coefficient rises up to 6at. % Te
and remains roughly constantwith a slightly rising tendency for higher Te contents, significantly
exceeding typical values for bulk materials(maximum ~ 110 pV/K according to 90], Table 3.2). The
obtained values are similar to films synthesized by ateposition on a hot substrate 110]. The rise ofS
with increasing Te contentwas also reported for bulk materials albeit with generally lower values ofS
(Figure 3.4). Correspondinglyto the Seebeck coefficient the charge carrier concentration drops sharply
at ~ 60 at. % Te andin contrast to Bj,Te, also remains at the same level for larger Te contents.
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Figure 5.10 Electrical properties of nanoalloyedannealed Sh,Te, flms as function of Te content. Full squares:
Nanoalloyed thin films with elementinitial thickness of 0.2 nm (quintuple patern). Empty triangles: Nanoalloyed thin
films with element initial thickness > 0.2nm (bilayer pattern). Dashed lines: Eyeguide.

From the appearance of Te reflexes in the XR@atterns (Figure5.4), one may conclude that the excess
Te (in contrast to BjTe;) does not form electrongenerating Te,, antisites but insteadprecipitates into
relatively large crystallitesTe as an element is an itninsic semiconductorwith low electrical conductivity
(2-3 S/cm L69]). The Te excess haa small, but noticeable effect on the transport properties, as can be
inferred from the Pisarenko plot presented inFigure5.11: Films with a Te excess show a differers/n
relationship than films with a Te deficit.

The drastic change of the electrical transport properties for Te contents 60 at. % is also obseved in
the pronounced increase ofcarrier mobility. Strikingly high p of more than 400 cm?/Vs were achieved
despite the polycrystalline nature of the film, exceding typical u reported for thin films and eventhat of
single crystalline bulk materials of 313 cm?/VsTable3.2. It is noted that only very recently higher room
temperature carrier mobilities of ~680 cm2/Vs were published by Wang et al6$] while for decades the
record for epitaxially grown films was at 350 cm2?/VsTable 3.4. The high u compared to bulk material
can be explained as followsDue to the presence of a large number of Sh antistructure defects for
Sh,Te; bulk materials the minimal n is usually muchlarger than that attained in this work for Te

74



5.3 ELECTRICAL AND STRURAL PROPERTIE®EPENDENCE ON TEMRERRE

contents beyond 60at. %. Hence, the relatively low carrier concentration in the nanoalloyed samples is
likely associated with a lower number of Sh antistructure defects and as a consequence a reduced
defect scattering of carriers compared to bulk materials. Additionally, carrigrarrier scatteringis reduced
due to the lower n. With increasing Te content, he high u accompaniedby the large S translatesto
high PFs of about 30 pW/cmKz2 in the nanoalloyed samples with a Te conten© 60 at. % which is not
much lower than the values of single crystalsThe electrical conductivity is generally high and does not
show a clear dependence on Te conteniHjgure5.11).
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Figure 5.11 Left: Electrical conductivity in dependence on Te contemif Sb,Te;. Right: Seebeckcoefficient in dependence
of the logarithm of carrier concentration together with Pisarenko fit (red lines)Empty squares, dashed line: samples with
Te excess. Hl circlesand full lines: Samples with Teleficiency.

For sample STQ, a thermal conductivity of 1.6 W/mK was determined. This value is between the
obtained for single crystalline bulk material of about 0.91.4 W/mK parallel and ca. 57 W/mK
perpendicular to the caxis (Table 3.2). The similarity to the/ of bulk material can be explained by the
fact that 1.) nanoalloyed ShTe; with its large grains (size of 358650 nm determined by TEM Figure5.5
from [164]) exhibits alow degree of grain boundary scattering andelectrical conductivity that is close to
bulk single crystallinematerial and 2.) in the analysa near-stoichiometric sampleno foreign phases
were found in the TEM analysisZT can be estimated with the same assumptions used for Hie;. An
upper and lower limit for crossplane ZTof 0.6 and 0.14 were obtained for an anisotropy ratioof 1 and
4, respectively.

5.3 Electrical and structural properties in dependence on temperature

To monitor annealing effects on the properties of Bile; and SkyTe; films fabricated by nanoalloying the

electrical conductivity and Seebeck coefficient of two binary thin filmsleposited using the quintuple

pattern (sample sets BTQ and STQ) were determined in the un-annealed stateas a function of
temperature for sever al “incremental?” heating/ coo
dependent XRD analysisThe results obtained by this combined approackan also be used for finding

the optimum annealing conditions for each respective compound.

Temperaturedependent XRD patterns Kigure 5.12) show that crystallization of both compounds starts
and finishes at similar temperatures of around 10® 120 °C, evidenced by the disappearance of
element-related reflexesand the appearance ofcompound reflexes This is also reflected in the electrical
properties Figure5.14). In the as grown state, the BiTe sample consists of a mixture of Bie;, Bi and Te
(Figure5.12 and Figure 5.13). The sample has metallic properties due to the pesene of n-conducting

Bi which dominates the electrical properties due to its highmetal-like conductivity. At ~100 °C, S
exhibits a drastic increase while the conductivity drops sharply. After the first heating/cooling cycle no
further changes can be observedor the following heating/cooling cycles. The early stabilization of the
properties is in accordance with results obtainedby standard isothermal annealing(section5.2). In a
long-time annealing experiment an annealing time of 72 h yielded no significantly different results
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compared to a standardannealing time of 2 h (with only the mobility being higher by about 40 %),
indicating that a general stabilisation of propertieshould take place in under 2 h.
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Figure 5.12 Temperature resolved XRD patterns of Hie, (left) and ShTe, (right), quintuple deposition pattern. The Xray
intensity is colorcoded (going from low to high: blue, green, yellow, orange, red). The temperature regime at which the
compound formation starts and is completed is indicated by red horizontal barg:urther increase of the émperature
results in a narrowing of the reflections.White arrows indicate element reflexesReflections that can be assigned to
certain elements or compounds are indicated by dashed vertical bars. For the sake of clearness, oolypound (00.1)
reflections are indexed.
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Figure 5.13 Roomtemperature XRD patterns of BiTe, (left) and ShTe, (right), as grown and annealed, quintuple
deposition pattern. Compound (00.l) reflectionsare indicated by dashedvertical bars In asgrown Bi,Te;, compound
reflexes as well as additional element reflexes (x = Bi, | = Te) can be identified-gkewn Sb,Te, has a rather amorphous
character andbroad reflexes make the identification of single elements and the compoundifficult. XRD patterns were
also recorded for Si/SiQsubstrates and showed almost exactly the same featureqd P1].

After the first heating cycle, the formation of BjTe; is obviouslycomplete and the thin film shows a
typical semiconducting behaviour i.e. the conductivity increases with increasingtemperature. A
decrease of the Seebeck coefficient for increasing temperature indicates the generation of additional
charge carriers which may either be caused by the onset of intrinsic conduction (which is assumed to
occur for the decrease of the Seebeckoefficient after reaching the temperature where it is maximal
[170]) or defectg e ner at ed i mpurity | evel s. The ~flattening?®
that the maximum of Sis near room temperature suggesting that the mentioned carrier generatig
mechanisms start becoming relevant at this temperatureSimilar observations were made on epitaxial
Bi,Te, films with comparablen [42-p.75f.]

The ShTe sampleshows a different behaviour. In the as grown state, the XRD pattern is typical for an
amorphous material, which can also be seen in a/2q pattern collected at room temperature (Figure
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5.13). The reflections are rather broad and an assignment to a specific element is difficult. A
pronounced increase ofs is observed at 100 °C, indicating crystallization of the compound whiles
starts to increase at 120°C. With each heating/cooling cycle S decreases, suggesting an increase of
since, generally, S~ In(1/n) (eq. 2.9). This is likely induced by an evaporation of Te from the sample in
the measurement setupwhich, unlike the standard annealing systemdoes not provide a Terich
atmosphere According to EDXanalysis the sample contains 60.4t. % Te in the as grown state. The
carrier concentration increases sharply when the Te content dropgselow 60 at. % (Figure 5.10),
indicating that a small evaporation of Te has drastic effects on the electrical properties.increases with
each heating/cooling cycle which can be partly traced back to this increase of but certainly also to an
increase inu due to grain growth. Overall, the temperature dependent behaviour of the SiTe sample is
influenced by different annealing effects like grain growth, phase formation, and evaporation of Te and
shows no stabilization even after the third heating/cooling agle.
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Figure 5.14 Seebeck coefficient and electrical conductivitin dependence on temperature Top: BjTe,, bottom: Sb,Te,.
The measurements were carried out for several heating/coog cycles(M1, M2 and M3).

5.4 High-rate deposition experiments

In order to monitor the influence of deposition rate on film properties, the films wvith the thickest
element layers, i.e. Bife; (ShTe) with 2.6 / 3.7 nm Bi/Te (2.3 / 3.9 nm Sb/Tewere regrown with
deposition raes increased five and tenfold (by increasing effusion cell temperatures)resulting in
growth rates of ~ 3 um/h for for Sh,Te; and ~ 4 pum/h for Bi,Te;. These rates are quite high in
comparison to typical rates reported in literature for cedeposited films see e.g. [101,105,108,109] -
only PLDgrown films exceed growth rates of ~ 4 um/h. Remarkably, the electrical properties of the films
did not degrade noticably upon increasing the growth rate and only a very small irease in film
roughnesswas observed Table 5.5 with image). This is in contrast toconventional hot co-deposition
where atoo high deposition rate resllts in only partial formation of the desired compounds from the
elements. Due to the negligible change irtransport properties, it is anticipated that the deposition rate
can be increased even moreopening a path for cost and time-efficient film fabrication.
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Table 5.5 and Figure 5.15: Electrical transport parameterand cross section®f films grown with increased deposition
rate. Units as previoushdefined in Table5.1. A negative sign of n indicates electron conduction.

Bi,Te; Rate x5

Sample | Flux | Cr d M n s S PF
rate
BiLTe, | 1x [ 59.9| 104 | -59 | -6.0x10" | 564 | -137 | 11
Bi,Te; 5x [59.8]112| -61 | -6.1x10% | 599 |-142 | 12 1pm

1129E8 12.0kV 15.4mm x40.0k SE(M) 1v'WUV".‘D1'.'l 1.00um

BibTe, | 10x | 60.0 | 1.24 | -49 | -5.0x10" | 387 |-161 | 10

ShTe, | 1x | 62.4 | 1.09 | 434 | 1.9x10" |1300| 139 | 25
ShTe, | 5x | 61.5| 1.11 | 438 | 2.0x10" |1400| 140 | 27
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5.5 Two-zone high -temperature annealing experiments with Bi ,Te;

As will be shown in chapter 6, compensation effects due to different carrier types of single layers in a
Bi,Te; / Sh,Te; ML stack severely degrade the thermoelectric performance of the ML films. The problem
originates from the carrier type of Bi,Te,; (section5.2.1). No hole conduction can be achieved under the
described experimental conditions The hypothesis that the defect chemistry is strongly affected by
annealing temperature (Figure 5.8) could be confirmed by hightemperature two-zone annealing
experiments as described in sectiord.1.5.2 using Figure 4.11, carried out on three asgrown Bi-Te
samplesfrom different growth runs with different Te contents. The annealings were carried out for 2,
except for the 500 °C annealing (24h). Remarkably, the attained Te contents were equal for atmples
at 450 °C and 500 °C and corresponded very well (deviation of max. 0.at. %, smaller than EDX
uncertainty) to the expected content of 59.9at. %, giving experimental proofthat the proposed two-
zone annealingmethod can indeed be usedo precisely adjust the Te content in BT'e; samples.

61.0 . . . . . .
o5l 1t [ 500°C / 24h
60.0 1A e i
59.5+ ll g
59.0+ .
58.54 1
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575 temperatures

2
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200 250 360 350 460 4é0 560 550 1085E5 12.0kV 15.6mm x15.0k SEM) 9262012 ' "'
Temperature [°C]

at% Te

Figure 5.16 Left: Te concentration in dependence on annealing temperaturéor Bi,Te;,. With increasing annealing
temperature, the Te content of all 3 samples equalize® the value of 59.9 at. % indicated by the purple horizontal bar
and predicted by the two-zone annealing diagram.Black square: Sample 1, red circle: Sample 2, blue triangle: Sample 3.
Right: Crosssection of ample 3 after annealing at 500°C / 24 h.
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The transport data(Figure 5.17) reflect the defect structure in dependence on annealing temperature.
The samples arestrongly n-conducting at 250 °C and then get into the zone of mixed conduction at
400 2 450 °C. Thisis indicated by the deviation from the Pisarenko line Figure5.9), i.e. one or more
samples has a lowS and a contradicting n. The filmsfinally become clearlyand distinctly p-conducting
at 500 °C (i.e. a sufficient number of holes was generated as majority charge carriemsjth high S over
170 pV/K at n of 4-5 x 10* cm®. However, due to the low carrier mobilty, the power factors are low.
Using XRD it was vefied that the film indeed consisted solely of Bile, so that no other phase could be
the reason for the low carrier mobility. Instead, this effect is most likely caused by the rough and porous
morphology of the samples induced by soligtate recrystallizon induced at this high temperature
(Figure5.16). At 500 °C, film sample 1 was so brittle that no measurement of the electrical properties
was possible.
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Figure 5.17 ElectricalPropertiesof Bi,Te, in dependence on annealing temperature. Black square: Sample 1red circle:
Sample 2, bluetriangle: Sample 3. Purple dashed lineeyeguide for S of samples 2 and ote that due to compensation
effects in the mixed conduction regme at 400-450 °C the determination of n and p is unreliable, see sectior6.2.1 for
details. A negative sign of n indicates electron conduction.

Finally, it is noted that unfortunately the method cannot be used to overcome the compensabin

problems in nanoallyed multilayerssince the necessary temperature of 500C is far beyond the stabily
limit of these ML (section6.2.1).

79



CHAPTER: BI2ZTE3 AND SB2TE3 TMMFILMS GROWN WITAN MBE SETUP BY NAMDLOYING

5.6 Conclusions

In summary, the nanoalloyingmethod has been shown toyield Bi,Te;and SkhTe, thin films with good
thermoelectric properties and wichiometry control. Crystal formation was found to start at a
temperature as low as ~100°C, enabling the use of temperaturesensitive substrates during compound
fabrication. Changing the elementinitial layer thickness and deposition pattern provides a novel method
to influence the film texture while altering the Te content in the samples provides a way to influence the
electrical properties.Very high deposition rates can be applied without a degradation in transport
properties.

Nanoalloyed SbTe, films exhibit very high chargecarrier mobilities (~ 400 cm?/Vs)and high power

factors (~30 pW/cmKz2) Thus, it could be shown that ShTe, thin films are suitable for thermoelectric
devices, in contrast to bulk materialsA value for the thermal conductivity as low as 0.4 W/mK was
determined for the BiTe; sample with a quintuple deposition pattern. However, TEM experiments

revealed the presence of an oxidizedBii ch ~ el ectron bl ocki,fegfims.hase?

For films isothermally annealed at temperatures of 250 °C undefe atmosphere a defect chemistry
clearly different from bulk material grown from the melt was observedFor BjTe;, only n-type samples
were obtained regardless of Te content. A new twezone annealing procedure under controlled Te
atmosphere was applied ér asgrown B, Te, films, allowing to adjust the film composition. It was found
that the transport properties, majority carrier type and defect structure (concentration of hotle
generating Bi. antisite defects) strongly depend on annealing temperaturéWith a sufficient annealing
temperature, p-type Bi,Te; films can be fabricated This is in qualitative accordance with defect structure
models that predict a strong dependence of defect chemistry, e.g. carrier concentration on compound
formation temperature.
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6 BiLTe,/ ShTe, superlatticethin films grown with a MBE setup
by nanoalloying

For the fabrication of the nanoalloyedSLs, the quintuple pattern shown in sectiorb.1 was used for each
partial layer of BjTe; and ShTe,. The 1 nm pattern was repeated until the desired thickness was
reached for each binary partial layerAll films were grown on Bak; if not otherwise indicated. Annealing
times were always 2 h for the samples shown in this section.

6.1 Structural properties
6.1.1 Composition and structure

SL stacks with ratios of Sf'e, to Bi,Te; ranging from 1:1 to 7:1 were fabricated and characterized. The
compositions and nominal compound layer thicknesses of the samples argiven in Table 6.1. The
nominal compositions expected from the ratios of the compound layer thicknesses are in good
agreement with the actual sample compositions determined by EDX. Deviations may be caused doe
the overlap between the L-lines of Sb and Tewhich introduces an error if the actual composition
deviates from the (Bj,Sh,s),Te; calibration standard used and due to the fact that the samples have a
multilayered structure in contrast to the homogermous calibration standardused @.3.2).

Table 6.1. Structural properties of SLs Units as previously defined inTable 5.1. d-Sh,Te, and d-Bi,Te, are single
compound layer thicknesgs in nm. g;and cg,are element concentrationsdetermined by EDXin at. %.

Ratio Sh,Te; : Bi,Te; | d-Sh,Te; | d-Bi,Te; | Ny Cgi Csp Cre d
1:1 9 9 56 18.2 | 21.8 | 60.0 0.98
3:1 9 3 83 9.2 | 31.3 | 59.5 1.02
5:1 15 3 56 6.4 335 | 59.1 1.03
6:1 18 3 48 47 | 339 | 614 1.10
7:1 21 3 42 4.2 345 | 61.3 1.09

XRD patterns taken of the 1:1SL, Figure 6.1, show a polycnstalline structure with a well-expressed
degree of texture along the caxis like the ShTe, binary samples(section 5.1.2), however there is a
significant amount of grains with other orientations the most prominent being the (10.10)reflex at
~ 38.0°. In the as grown state, the structure appears amghous or very smalcrystalline.The presence
of the (10.10) and (00.15) compound reflexes indicateshat the compound formation takes place
already during deposition on the cold substrate. Grain growth for increasing exposition temperature is
indicated by a sharpening of the reflexesNeither after annealing at 150 °C nor 250 °C any trace of
satellite reflexegthat indicate the presence of aML structure could be observed This is attributed to the
limited crystalline quality of the SL and the diffuse boundaries ketween the binary constituents.
Experiments with sputtered films showed that a much larger degree of-texture and thermal stability is
required in order to be able to obseve signs of Slsatellites (sectiorv.6.1).
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Figure 6.1 XRD pattern of thel:1 SLin dependence of annealing temperature Calculated (00.1)-reflections are indicated

by dashed lines For comparison, a powder diffractogram (JCPDS database) is shown as vertical bars belowatguired
patterns.

The SEMcross sections were similafor all thin films shown in this work and are exemplarily shown for
the 1:1 SL. In the as grown state, the film hd an amorphous appearance with no grains distinctly

visible. After annealing at 150°C, the formation of small grains was evident. Annealing at 250 °C

produced distinctly largergrains

Figure 6.2 SEM cross sections af:1 SLsamples SLs with other ratios exhibited an analogous apeance.

6.1.2 Thermal stability

The stability of the multilayer nanostructuring can be evaluated usinga variety of methods. For high
crystalline quality films, thestandard way to verify a periodicSL structureis to look for SL satellite
reflexes corresponding to the SL period. However, this was not possible forthe polycrystalline
nanoalloyed MBEgrown films as discussed above, thus alternative complementary methods had to be
used. On very smooth nanoalloyed thin films the stability of theML structure can be readily evalated
with SIMS depth profiling (section4.3.4). The amplitude of the el ement
multilayered structure decreases for a stronger degree of interdiffusion.However, if the films are
slightly rough and the single compound layers are wavy (seigure 6.4), the element ions tend to get
mixed even if the actual layer only consists of onsingle element, smearing out the depth profile and
suggesting that no ML structureis present where there actually is one. For this reason, the stability was
also evaluated by SEM and STEM imaging.
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6.1 STRUCTURAL PROPERTIE

Generally, themultilayer structurewas evident in the smoothed SIMS depth profiles(Figure 6.3) for all
samples in the as grown state and annealed at 1560C. At 250 °C, the ML structureis quite smeared ait
and hardly visible, if at all. An example is shown for the 1:H... As expected, the signals of Bi and Sbh
follow a periodic pattern. Corresponding to the layer structure of the 1:19._, the period length is 18 nm.
The Bi and Sb pattern ar&omplementary; i.e. a Bidip is always present when there is a Sb pealor all
ratios of ShTe;:Bi,Te;, the period length observed by SIMS corresponded to the nominal values.
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Figure 6.3 SIMS depth profilesof the 1:1 SL (Sb ion signal = red, Bi ion signal = blyesignal smoothing applied. Numbers
indicate peaks and dips.

Very similar experiments]28] were reported by the graup of D.C. Johnsonon Bi,Te; / Sh,Te; SL films
deposited by thermal evaporation with the MER method. The period length was between 6 and 12 nm.
Even though a very high degree of corientation was evident SIMS depth profiling revealed that also
these SLexhibited significant interdiffusion of Bi and Sb in the amorphous precursor state.

To further study interdiffusion phenomena,(STEMand HRTEMstudieswere carriedout on the 1:1 SLin
the asgrown state and after ex and in-situ annealing, seeFigure 6.4. As grown-images revead a
significant degree of waviness (i.e. roughness) of the ML structureDuring annealing, compound
formation of Bi,Te; and ShTe, from the deposited element stacks took place, accompanied by
temperature-driven interdiffusion of Bi and Sh. The STEM cross sections micrographs demonstlateat
the grain sizes are larger for higher annealing temperaturesnterestingly, the SLstructure exhibited a
di scontinuous or ~patchy®° di st r i buwaswasible just withirhae
part of the cross section.After annealing at 150°C the SLstructure seened to remain stable inside the
core of the respectivegrains but degraded near the grain boundaries owing to the fact that diffusion in
solidswas generally enharced at or near grainboundarieswhich is demonstrated cleally by the images
taken after in-situ annealing at 250°C. Furthermore, the SLstructure did not remain stable in allof the
grains. It is assumed that the degree of interdiffusion depends on the relation of the direction of the
multilayer stacking to the direction of the c-axis for each individual grain since diffusion in Vi
materials isby orders of magnitudes smaller in the direction parallel to the-axis than perpendicular to it
(section 3.1 [64]). Consequently, if the layers are stacked in a sequence parallel to theaxis,
temperature-driven interdiffusion should berelatively weakwhich was confirmed by the high thermal
stability of epitaxial, exclusively eoriented material grown by MOCVDand MBE §ection9.2). Sinceevery
grain had a different orientation, the relative orientation of sta&ing direction to the c-axis varied for
each grain, leading to a different stability of theSLstructure. For ex-situ annealingat 150 °C, the sizes
of the domains where the SL structure remaired observable vaied between ~ 50 - 400 nm which
corresponced to the grain sizes observedWhile after annealing exsitu at 150°C the nanostructure
could, in comparison,still be seen relativelywell, ex-situ annealing at 250°C yielded aSLstructure that
was smeared out to a large extent.Only in a few regions ofthe cross section theSLstructure was still

visible, mainly in the core region of the larger grainsThe analysis of a large crystallite by HRTEM after

in-situ anneal at 250 °C and simulation showed a good match of the reflections with the metrics of
homogeneous (B sShys),Te;
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(b) In-situ anneal 250°C

(a) As grown

(c) Ex-situ anneal 150°C (d) Ex-situ anneal 250°C
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Figure 6.4 Results of HAADFSTEM studies on 1:19 s[171]. a) As grown state. b)Crosssection after in-situ anneal at
250 °C, nicely showing enhanced interdiffusion at grainboundaries c¢) Crosssection dter ex-situ anneal at 150°C/ 2 h.
d) Crosssection afterex-situ anneal at 250°C/ 2 h.

As asupplementto the obtained results the thermal stability of the ML structure was studiedby SEM
on the craters sputtered intothe thin films during SIMS depth profiling(Figure 6.5). If the SIMS depth
profiles are unclear due to single layer roughness owaviness this method can be used toget an
impressionof the quality of the ML stacking The walls of the SIMS craters have a slope with a very small
tilt angle. When viewed from above, the single binary layers with a thickness th the nm range appear
with a thickness d, of a few um and can be observed with relatively low magnifications. Note tht this
experiment only givesgualitative information about the ML structure since the slope of the crater is not
constant. The informatbn gained from this experiment wasin agreemert with the experimental results
of SIMS and (§TEM analysis i.e. the ML structure in total was relatively weakly expressed after
annealing at 150°C, particularly compared to sputtered or epitaxial SLs (see next chapters).

Due to the relativelyweakly expressedML structure already at relatively large period lengths of ~ 18 nm,
no SLs with smalle period lengths were synthesized by the nanoalloying method since the chance of

them ~surviving® the annealing treatment was deemed
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Figure 6.5 Observation of the ML structure by SEM.a) Due to the slope of the SIMS crater, the layers appear to be
spaced apart much fartherthan the actual layer thickness and an imaging at the microscale is posigibb+c) Image of
SIMS crateiin the as grown and ex-situ annealed state

6.2 Transport properties
6.2.1 Electrical properties

Figure 6.6 shows S, n, g and s of the nanoalloyed SLsn dependence of the SBTe;:Bi,Te; single layer
thickness ratio For someratios, more than one sample was characterizeddemonstrating the good
reproducibility of transport properties. For annealing at 28 °C, no significant difference between
Si/SiQ and Bak substrateswas observable.

Particularly the electrical properties of the 1:1SL showed unusual features and poor thermoelectric
properties n was reported aspositive while the Seebeck coefficientsvere low and reported as negative.
There are strong indications that this can be attributed to layer compensation effectnce nanoalloyed
B, Te; was always found to ben-type at the used annealingtemperatures while ShTe; always showed
p-type conduction (see section5.2). If there is mixed conduction in a layer system and if the hole
mobility p, (~ 200-400 cm?/Vs for the given element compositiol is clearlylarger than the electron
mobility u, (~ 50-80 cm?/Vs), the Hall coefficient R, as defined in equation4.10 may become positive
despite electrons being the majority carrier typen(> p). Additionally, n cannot be derived correctly from
R, by eq. 4.11 in the case of mixed conductionand will be reported as too large As n reported for the
1:1 SLsis most likely not correct, the same applies to the mobilityu which was calculated by = s/en
and is thus reported as too low Actually, the carrier mobility at 150°C annealingwas very much (factor
of 3 for all ratios of ShTe,:Bi,Te;) lower than at 250 °C which is assumed not only to be caused by a
smaller grain size but alsdy compensationeffects that disappeaed during homogenization. Note that
such a smallp for 150 °C annealing temperature compared to 250°C was not observed on
compensationfree sputtered SLs (see section.2). Finally, he total electrical conductivity of the films
was low since the real number of carriers actually participating in charge transposas most likely very
low due to the compensation effects (see also sectio.1.1.2). Additionally, p/n 2 junctions may be
formed between n-Bi,Te;and p-Sh,Te; resulting in a high resistance of theSLstack.

The Seebeck coefficienshould be reduced according to eq2.17 for a stack of mixed conducting layers.
Indeed, at 150 °C annealing for all ratios ShTe, : Bi,Te; the Seebeck coefficientswere significantly
lower than at 250 °C although the carrier concentrationwas also lower n the films annealed at 150°C,
contradicting the normally observed reciprocal relationlt is instructive to compare experimentaly
determined S in dependene of n to calculated values from the BTBased model described in section
2.1.1.1, eq. 2.6 for one-band conduction, parabolic bands, acoustic scatterings€-1/2), the integral
form for n (left side of eq. 2.3) and my values for the solid solution (Bi,,Sh),Te; from Table 3.3 as
shown in in Figure 6.7. Evidently, the strongly interdiffused samples annealed &50 °C could be
describedin good approximation (ron-systematic deviation ofO15-20 % to calculations with a model
for homogeneoussolid solutions indicating a loss of the ML structure while the experimental S of the
samples annealed at 150°C systematically éll below the calculated values byas much as~ 22-70 %,
indicating that a multilayered structurestill is presentin the samplesat that temperature.

A drastic improvement of S 1, s and the PF(Figure 6.9) could be achieved by increasing thesb,Te; :
Bi,Te, ratio and simultaneously reducing the thickness of the Bi'g; layer. Interdiffusion led to a mixing
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of the partial layers to(Bi,,Sh),Te;. For increasing ratiosof Sb,Te, : Bi,Te; an increasing partof the films

consisted of B, Sh),Te; with x > 0.5 and became p-conducting, reducing compensation effects.
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Figure 6.6 Transport properties of nanoalloyed MBE Shwith different ratios of Sh,Te;:Bi,Te,. Squares: Bafsubstrate,

full: 250 °C annealing, empty: 150°C annealing. Full triangles: Si/Siubstrate. Error bars were omitted for clarity.
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The results obtained here are relevant with regard to the results presented by R. Venkatasubramanian
mentioned in section3.5.2. Analogous to the results obtained withnanoalloyed binary filmsit appears
that only n-type Bi,Te; was obtained by the MOCVD method used for the fabrication of the SLEL17].
Despite of this, no compensation problems wereever reported. It is reckoned that the consideration of
compensation effectsmight have leadt o t
Bi,Te, different from 1:1. For these structures, high Seebeck coefficients were attaineghich was
“order ed saddiscuysiorcioseai@dpb.2 and Figure6.8. In addition to

explained byt h e
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6.2 TRANPORT PROPERTIES

this concept, t is well possible thatalso interdiffusion plays a big role in the transport properties othe
high-ZT MOCVD films, consiing of 5 nm of Sh,Te; on only 1 nm of B, Te;. From the only TEM images
presented for the highZT SLs{0], interdiffusion of Sb into Bi,Te; cannot be ruled out. In the same
work, XPS studies on a single < 5 nm She, layer grown on a BjTe, layer are presented which show
only a negligible amount of Bi in the ShTe, layer. This indicates a high stability against thermal
interdiffusion but does not necessarily imply that the more extreme and opposite case is also true, e.g.
that there is no interdiffusion of Sb into a BjTe, layer with a thicknessof only 1 nm.

effectively

=)

3nm 3nm
1nm
1nm 3nm

1nm

Venkatasubramanian This work, 1:1 Sl

Figure 6.8 Left: Schematic representation for the SL structure presentetly VenkatasubramanianThe stacking of ShTe,
on Bi,Te, with a Bi,Te, thickness of only 1 nmis supposedtol e ad t o an ~ 46fotipetype (8) 3,80 1), Teyarid [
thus eliminate compensation effects Right: Layer structure for the 11 SLs presented in this wdk.

6.2.2 Thermal conductivity

As evident from Figure 6.9, although high PFcould be obtained an efficient reduction of the thermal

conductivity has not been achieved byhe multilayer 2D nanostructuring. For all ratios of Spre;:BiTe;,

the total and estimated lattice thermal conductivity of the SL structures was not lower than that of

both binary compoundsthat were created with the same deposition pattern as the SLs$n contrast to

the data reported on the MOCVD SL$57]. Instead, / and /, just variedbetween the values of the binary
compounds (see section5.2). Additionally for the 1:1 and 3:1 SL, dhough the ML structure was clearly
more pronounced in the sample annealed at 150C, the thermal conductivitywas not lower than that

of the sample heated at 250 °C.
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Figure 6.9 PFof nanoalloyed BjTe,-Sh,Te; SLs deposited by MBEor different ratios of Sh,Te;:Bi,Te,. (error bars were
omitted for clarity). Right: Thermal conductivities of SLs together with binaries (sample sets B and STQ, chapter 5)
Triangles: Film on Si/SiOsubstrates, squares: BgFsubstrates. Full data points: 250 °C anrading, empty points: 150 °C
annealing. Full lines: Binaries, 250 °C annealing. Dashed linesBinaries, 150 °C annealing. Black / red Total / lattice
thermal conductivity.
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Altogether, the ML-type nanostructure appeared to have no clearly observable effct on the thermal
conductivity. This phenomenon can be explained by the particular situation of a superlattice structure
superimposed on a nanocrystalline material. Qualitatively, it can be inferred from Matthiessen’s rule
(section2.1.2) that multiple scattering effects are not directly cumulative and adding a weak multilayer
induced phonon scattering to significantly pronounced grairboundary scattering éee e.g. section7.3)
should not significantly influence the total relaxation time.A deeper analysis requires considering the
particular effects of nanostructures on the phonon spettum: A nanocrystalline structure causing
pronounced boundary scatteringleads to a cutoff of the low-frequency range of the phonon spectrum
(seeFigure2.5) while the SL structure is believed to affect the lowirequency range, too @.1.2.1). Thus,

it can be concluded that qualitatively, the cutoffeffect on phonon frequencies, i.e. the reducing effect
on thermal conductivity by adding a SL structure to an already nanocrystalline material, should not be
very strong. I f additionally the | ayered s®ffraacture i
should be reduced even further. Amore pronounced reduction of thermal conductivity was possible by
SL structureswith a better definition, specificallyepitaxial SLgsection9.2).

The aossplane ZT can be roughly determined by making similar assumptions as described in section
7.5. With an electricalconductivity anisotropyfactor of 1 2 3.3, a ZT of 0.32 0.9 was estimated.

As a note, the shown /, was calculated from/ as follows: The Lorentz numbers werecalculated as
described in section2.1.1.1 on the base of the BTE formalismwith effective DOS masses as given in
Table3.3 for the SLs and Shire; and for B, Te; from [11-p.118]. For the calculation of the electronic part
of the thermal conductivity / by eq. 2.5, the electrical conductivitys.s in crossplane direction was
estimated from s;, by estimating the electrical conductivity anisotropy factor. This factor was estimated
from bulk material data, i.e. 4 and 3.9 for B,Te; and ShTe; and the weighted values of 2.9(ratio 5:1)
and 3 (ratio from (Bi,,Shys),Te; (2.6) and SBTe; (3.9) [90]). All anisotropy factors were divided by 2 as
an approximation due to the not strongly expressed-texture of the films.

6.3 Conclusions

Polycrystalline Bire, / Sh,Te; SLs with different raios of Sh,Te;:Bi,Te; and period lengths were
fabricated by nanoalloying with a MBE setup. Clearly, interdiffusion had a strong impact on transport
properties. Structural analysis by SIMS, SEM and TEM revealed that Mie structure was only weakly
expressed, especially after annealing at 250 °CThe low stability could be traced back to the
polycrystallinity and crystal orientation of the grown material, the degree of-texture was not strongly
expressed.

An efficient reduction of thermal conductivity by the SL structurewas apparently not achieved Taking
into account the phonon spectrum, it was concludedthat the scattering effect on the phonons by the
weakly expressedSL structurewas small compared to the scattering caused bythe polycrystalline
structure.

As expected from the exclusive electron conduction in nanoalloyed ,Be;, and hole conduction in
ShTe;, for some SL films strong carrier compensation effects were found to adversely affect SL
transport properties. These effects were interconnected to the Siie;:Bi, Te; ratio and the quality of the
SL structure. Choosing a high ratio and an annealing temperature of 250°C led to high power factors
of ~30-40 pW/cmK2. A ZT of 0.3 - 0.9 was estimated for the SLs.
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7  Sputtered ptype ShTe; / (Bi,Sb)Te, multilayer systemsgrown
by nanoalloying

The structural stability and thermoelectric properties of the SLs presented in chap&were afflicted
by significant interdiffusion and carrier compensation effets. During growth in the MBE system, the
beam fluxes were observed to drift (see sectiod.1.3.2), which is suspected to adversely affect the
formation of well -oriented crystallites.In contrast to the effusion cell drift, the drift in sputtering rate
takes place on a much largetime scale, i.e. was more constant during a single growth run.
Consequently, h order to improve the degree of corientation and layer homogereity, it was
decided to use sputtering to deposit the element thin films and change the deposition patterns
(Figure 7.1). Moreover, in order to exclude compensation effects, it was decided to deposit the p
type compound (Bi,Sh)Te; instead of BjTe,. For allfilms, Si/SiQ wafers were used as substrates.

4 nm
2 nm
4 nm .
Annealing (Bi,Sb)Te, 25 nm
16 nm
25 nm
16 nm

Figure 7.1 Deposition patternsused for the sputtered thin films shown in this chapter.Each film shown consists of 30
periods of this pattern, yieldinga total film thicknessof ~ 1.5 um.

In the annealing experiments, five different combinations of annealing temperatures and times were
used: 150 °C/ 2h, 250 °C /2 h, 250 °C /24 h, 300 °C/2h and 350 °C/ 2h.

7.1  Structural properties

The compositions @ the thin films were analysed using EDX, cfFigure 7.2. Small fluctuations in the
element concentrations are dueto the measurement uncertainty. More pronounced variations of the
composition are observed at higher annealing temperatures (e.g. for 350 °C), where matrix effects
caused by the thin film changing from a layered to a more homogeneous structure and the increasing
film roughnesswere introduced. The actual Te contentvas slightly lower than the intended

59.5 - 60 at. % due to a sputtering rate drift of Te.
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Figure 7.2 Composition of the thin films in the as deposited state and afteannealing at different temperatures.

The SIMS depth profilesshown in Figure 7.3 are very even and homogeneous throughout the whole

thickness of the &, indicating a high structural quality of the nanoscale multilayer structure. As

expected from the deposition pattern used the profiles follow acomplementary pattern, i.e., every Bi

peak is accompanied by a Sb dip at the same position. The period of thHgi “oscillation® <co
very closely to the nominal period length of 50 nm. The intensity of the oscillations decreases
continuously for higher temperatures. The SIMS profiles of the sample heated at 300 °C exhibit less
pronounced oscillations indicahg a significant degradation of the ML structure by interdiffusion. At

350 °C the ML structure appears completely lost and the corresponding SIMS depth profile (not shown

here) consists of flat lines for the ion signals of all elements.
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Figure 7.3 SIMS depth profiles of the SLs annealed at different temperatures. At 300 °C, the SL is sigaifity smeared
out due to interdiffusion. Black: Te, red: Sb, blue: Bi.
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7.1 STRUCTURAL PROPERTIE

A closer inspection of the depth profilesin the as deposited state and after annealing at 150 °C/h
Figure 7.4) confirms that the reaction path from the initial element layer stack in the agrown state to
the compound stack follows the path suggested byFigure 7.1. In the as deposited state, the Shich
areas and the Telayers have a spacing of 25 nm. The different Sb contents in these areas are also
reflected in the profiles. After compound formation, the distance between blocks with the same Sb and
Te content (i.e. the distance between two Spre, or (Bi,Sb)Te; blocks increases to 50 nm. The
separation distance between Brich areas remains at 50 nm before and after compound formation.

Bi.SH Te [ sb[ Te [Bi.SH Te
5 I 50nm |
WV Q 7x10° MW
6x10° v o \x‘”‘c ]
.
§ 10°- f E é’_ ! 50 nm f
RN /T
—Te 50 nm
——sb
10*4 — 4
200 250 300 350 400 000 250 300 380 00
SIMS depth [nm] SIMS depth [nm]

Figure 7.4 Detailed view of the SIMS depth profiles in the asleposited state (left) and after annealing at 150°C for 2 h
(right). The periodicity of the Sb and Te ion signal increases from 25 nm to 50 nm aftére annealing process.

SEM crosssection images taken along the cleaving edge of the films in slowcan mode aregiven in
Figure7.5. As already shown in sectiorb.1.1, the grains exhibit a typicalhexagonal plateletlike shape
as described e.g. in165]. This can be best observed in the thin film annealed at 350 °C that shows the
largest grains. The fact that the hexagonal plateletsthat make up the grains are oriented
perpendicularly to the growth direction indicates that the thin films are strongly textured with [00.I]
parallel to the growth direction of the films. The atomic humber dependent contrast4-contrast) of the
back scattered electron (BSE) image taken in the as deposited stateows Birich areas as bright lines
with a spacing of 50 nm. The smoothness of the films is preserved up to an annealing temperature of
300 °C (not shown in Figure 7.5, roughness corresponds to thin film annealed at 250 °C)The grain size
(i.e. also the crystallite sizeas inferred from Rietveld refinementsincreases drastically when increasing
the annealing temperature from 300 to 350 °C. Additionally, the flms become very rough and porous
indicating recrystallization with pillar shaped crystal growth induced by the onset of bulk diffusion. A
similar morphology of films, i.e. a high roughness and formation of pillashaped grains was obseved
for MOCVD BjTe, thin films grown at the same temperature p0].

For films as deposited andannealed at 150 °C / 2h, 250 °C / 2 h, 250 °C / 24 h, 300 °C / 2 h and
350 °C / 2 h the total film thickness was determined from crossections as 1.62, 1.72, 1.65, 1.61, 1.72
and 1.65 pm respectively. For the rough thin film annealed at 350 °C, the thickness was estimated by
averaging several vales measured at different positions of the film.
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Figure 7.5 Left: SEM crosssections of the SLsfor different annealing temperatures.In the crosssectionimage of the thin
film in the asdeposited state, a BSE image is shown in the inset. Note that the exact film thicknesses can not be extracted
from the slow-scan images shown in this figure due to image distortions caused by charging effecRight: a) Drawing of
hexagonal crystallites. b) SEM images sputtered BjTe, films, substrate temperature 400°C [165]. It is noted that the
films deposited by nanoalloying are much smoother than the films reported inp5], so the grains cannot be seen in top
view with SEM on the films shown in this work.

In the as deposited state, the XRD patterns for thélms (Figure 7.6) show very broad reflections that
can be assigned to very small grainedr amorphous elemental constituents Bi, Sb and Te othe
compound phase (reflectons near the (0024) and (00.27) reflections). After annealing, a very
pronounced c-texture is prominent for all annealing temperatures by strong intensities (0, in
accordance with the morphology observed in the SEM images. Reflections corresponding to other
crystallite orientations are weak and scarce. The-Pay intensity is high even for highorder c-reflections
like e.g. (00.33). Grain growth at increasing annealing temperaires is indicated by a narrowing of the
reflections. InFigure 7.6, the degree of c-texture can be readily evaluated by comparing the ratios of the
intensities of the (0Ql)- reflexes b the other reflexes. A monotorous decrease of this ratio is observed
for increasing annealing temperatures, i.ethe pronounced c-texture remains stable and even gets
stronger for higher annealing temperatures

Rietveld refinements on the XRD data for the sample annealed at 150 °C, 250 °C and 350 °Eidure
7.7, plots for 250 °C omitted) show a reasonable fitfor the samples annealed at lower temperatures,
i.e. 150 °C and 250 °C. he intensity could not be modekd correctly for the sample annealed at 350 °C
due to the very high level of preferred orientationwhich is at the limits of what the Rietveld analysis
method can be applied to, given that it is designed for the analysis of powder data. The patterns show
different levels of diffuse scattering beneath the sharp Bragg peaks for samples anted at
temperatures of 150 and 250 °G indicating the presence of @&fectsthat can only be eliminated at 350
°C.
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7.2 ELECTRICAL PROPERTIE
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Figure 7.6 XRD patterns of the nanoalloyed SL&r different annealing temperatures The positions and indices of the
reflections (0Ql) of Sh,Te, are specified for comparison with the XRD data. A very strong degree cftexture is evident. In
the as grown state, broad reflectionsare evident that can beassigned to the elementsor the compound phase Reflex
positions:x = Bi, / = Te, 0 = Sh.
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Figure 7.7 Plots of Rietveldfitted XRD profiles for samplewith 50 nm period length annealedat 150 °C and 350 °C.

The average crystallite size was calculated from the refined peak profile parametgi(section4.3.1.2).
The refinement resultsgive crystallite sizesof 26, 64, 65, 221 nm at 150, 250, 300 and 350 °C,
respectively and confirm thatbesides grain sizealso the degree of etexture increases with annealing
temperature (details givenin [172]). The average crystallite size appears considerably smaller than for
MBEdeposited binary compounds also annealed at 250C, shown in section5.1, however the film
texture has to be taken into account in this consideration. On the strongly textured sputtered SLs,
almost only creflexes are observed. It alsappears that the grains are flat Figure 7.5 and Figure 7.15),

i.e. the dimension in cdirection is smaller. In contrast, the binaries show a clearly lower degree of
orientation and the grains are not flat. From this it is assumed that the crystallites are larger in the
crystalline directions obserd in the XRD pattern.

7.2  Electrical properties

The electrical properties othe SLs aregiven in Figure 7.8 and Figure 7.9. Two samples were analsed

for each annealing temperature.

The film amealed at 350 °C had a rough and porous structure Kigure 7.5). The thickness value
obtained by averaging over the cross section was used to calculaseand p from the Hall-van-der-Pauw
measurements. However, it is generally questionable if the Vater-Pauw method with its idealizations
[137] can be applied accurately to rough and porous samples. For this reason, the electrical values,
though following the expected trend are to be treated with caution, especially when comparinghem to
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the ones obtained on the smooth films annealed at lower temperatures. Before annealing, the SLs have
rather (semi)metallic properties, i.e., a lows and a high n. This behaviour can be explained on the basis
of the XRD results that clearly demonsaite that the as deposited film contains a mixture of elements
and traces of LVl compounds. After annealing,n drops sharply to 35 x 10'° cm for all annealing
temperatures while Sranges from ~150 to ~190 puV/K. The carrier mobility increases monotonolysfor
an increasing annealing temperature which can be explained with the grain growth and also the
stronger degree of c-orientation of the films since for the examined compounds the highesy are
obtained perpendicular to the c-axis (section 3.3). Extending the annealing time from 2 h to 24 h leads
to a significant increase ofu resulting in a high PE In comparison, increasing the annealing temperature
from 250 to 300 °C seems to have a stronger effecon p and PFwhich can be explained by grain
growth following Ostwald ripening (section4.1.1).

The Seebeck coefficient iMependence of annealing tempeature follows a characteristigparabolic trend
that was apparent in all sputtered nanoalloyed filmgsee alscothe n-type films presented in chapter).
At 150 °C, strongly expressed diffuse scatteringFigure 7.7) indicates a significant number of
unspecified defects in the films. Itis possiblethat a part of these defects is electrically active, generates
charge carriers and lowersS. At 250 °C, diffuse scattering is notieably reduced andS increases. For
higher annealing temperaturesand thus larger grain sizesS decreases again. An explanation may be
the effect of grain boundaries. Experiments on nanocrystalline PbT&73] and B Te; [174] showed that

S decrease with larger grain sizes.For PbTe, an energy filtering effec{seesection 2.2.1) is proposed.
The grain boundariesare theorized toact as a sort of filter for low-energy electrons and thus increas&
[173].
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Figure 7.8 Electrical properties asunction of annealing temperature.Black squares: 2 h annealing time. Blue stars: 24 h
annealing time. Error bars were omitted forclarity.

Additionally, a Pisarenko plot (description see sectidh2, actual plot not shown here) was carried out.

All data points were found to be on one Pisarenko line, confirming that only one compound, i.e. the
V,VL; phase as already seen in the XRD dats ¢ontributing to carrier transport
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7.3 POWER FACTOR AND TRZAL CONDUCTIVITY

7.3 Power factor and thermal conductivity

Overall, power factorsof more than 40 pW/cmK2 could be achieved(Figure 7.9), exceedng the best
values reported for ptype sputtered materialthat is similar in compositionbut homogeneous (maximum
PFof 39 uwW/cmKz?, seeTable 3.4 in section 3.4). The obtained PF were even comparable tbulk single
crystalsof (By,Shyg),Te; (37-51 pW/cmK2 measured along the basal plang90]). Further attempts were
made to improve the electrical properties by adjusting the stoicbmetry to stoichiometric proportions,
i.e. near the composition of 40:60 for (Bi/Sb):Te. It was found that the properties of the films strongly
depend on the composition of the deposited material Table 7.1). The deviation from the stoichiometric
composition induces crystal defects (e.gantistructure defects as described in section3.3) and thus
affects the transport properties, predominantly the charge carrier concentration andmobility. The
highest charge carrier mobility is obtained for sample 3, which can be seen asarestoichiometric taking
into account the measurement uncertainty of ~ 0.5at. %. Compared to sample 2 (properties shown in
Figure7.8 and Figure7.9), the PFincreased by 25%. If this increase is &trapolated to higher annealing
temperatures, power factors of nealy 50 pW/cmKz2 could be possible This assumption seems to be
justified since for similar nanoalloyed MBE films with the same nominal composition, power factors of
52 uW/cmKz were reported for an annealing treatment at 350 °C175].

Table 7.1 Electrical properties of nanoalloyed SLs with slightly different T®ntents annealed at 250 °C for 2 hoursUnits
as previously definedn Table5.1. cgand cg,are element concentrationsdetermined by EDXin at. %.

Sample No. Cyi Csp Cre d Il n s S PF
1 4.8 38.6 56.7 0.82 82 6.5x 10| 850 136 16
2 3.9 374 58.7 1.65 149 |3.2x10"| 761 189 27
3 4.3 36.1 59.6 0.85 228 |3.2x10| 1160 | 172 34

The crossplane thermal conductivity of the thin films was determined by TDTRhe results areshown in
Figure 7.9. Due to the very high roughness ofthe film annealed at 350 °C no TDTR measurement was
possible. The unannealed film had a relatively high thermal conductivity due to the large electrical
conductivity of the elemental constituents.Similarly as described in sectiof.2.2, for the annealed films
/, was calculated with /, that was calculated from s assuming an anisotropy factor of 3.3 (average
value of bulk, see section7.5) and the Lorentz number of bulk, calculatedas describedin section
2.1.1.1 on the base of the BTE formalism.

As expected, the thermal conductivity increases withigher annealing temperature due to the increased
grain size which also has a positive effect on the electrical conductivity. The creptane thermal
conductivities of the c-oriented SLs are generally lower than that of comparable bulk single crystals of
(BboShyg),Te; (~ 0.7 W/mK) or SBTe; (0.9 - 1.4 W/mK) measured parallel to thec-axis PO]. A reference
homogeneous sample of (Bi,Shys),Te; annealed at 200 °C for 2 h also shows a reduced thermal
conductivity compared to bulk material.

From the available data, it can be concluded that there are two effects that reduce the thermal
conductivity of the SLs compared to bulk material:

1.) There is a general reduction of thermal conductivitglue to the polycrystalline nature of thethin
films. Already in previous workson V,VL materials a smaller grain sizewas found to correlate with a
lower value for the thermal conductivity For Bi,Te;, a reduction of ~25 - 45 % was found in comparison
to single crystalline materia[38,39], details see sectior8.2.2. Related results weragiven for a c-oriented
polycrystalline film of (Bj,sSh,-s),Te; on mica by Boikov et al.[37] who reported a thermal conductivity
reduction of 15 % when comparing an unannealed film with more grain oundaries to an annealed
film, details £e section2.1.2.1.

2.) The nanostructuring should also affect the thermal conductivity. The film annealed at 150 °C, which
after annealing has the most perfect or best definedML structure according to the SIMS depth profiles
clearly shows the lovest total and lattice thermal conductivity of all SL films (Figure 7.9, right). In
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comparism to its components SkTe, and (Bj,Sh) ), Te; annealed at the same temperature,/ and /,
appear slightly lower, yet the difference does not exceed the measurement uncertaintyn comparison
to the predictions of the DebyeCallaway model forhomogeneous(Bi,Sb)Te; (section2.1.2.1 [38], grain
sizes taken fromRietveld reinement), the measured values for/, are generallylower. Remarkably,/, of
the film annealed at 150 °C falls below the DC model for ahomogeneous alloy by 30 %, w hile the
values ofthe more homogenizedfilms annealed at 250 and 300°C are only lower by 10 - 20 %.

To conclude, it appears thathe ML structureindeed has a slight albeit hardly measurablenfluence on
thermal conductivity in contrast to the MBEdeposited nanoalloyed SLs shown in sectiof.2.2 and the
n-type sputtered SLs shown inchapter 8 where no clear effect could be observedlt is noted that

further evidence on the effect of 2D nanostructuring on thermal conductivityfor nanalloyed materialis
shown in section7.6. A (lattice) thermal conductiviy of (0.26) 0.40 W/mK that is clearly lower than that
of both SL components can be achieved by reducing the period length of the sputtered Sltéowever, it
must be noted that due to interdiffusion effects at higher annealing temperature it was not possilel to

combine a 2D-nanostructurerelated low thermal conductivity with a high power factor 2 this is a key

point to achieve high ZT values with SL structures demonstrated on the MOCVBgrown films [8].
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Figure 7.9 Left: Power factors as function of annealing temperatureBlack squares: 2 h annealing time, blue stars: 24 h
annealing time. Error bars were omitted for clarity.Right: Crossplane total (full symbols)and lattice (empty symbols)
thermal conductivityl and |, as function of annealing temperature.Squares: SL, 2 annealing. Sars: SL, 24 h annealing.
Green circle SL component (Bj,,Shy5),Te;. Green triangle SL component SpTe,. Blue diamonds: Prediction ofl | by
DebyeCallaway model éection2.1.2.1 [38]). Error bars of binaries (same size as error bars of SLs) were omitted for clarity

7.4  Upscaling of film thickness and cross-plane measurement of electric al
conductivity

For a mass fabrication of sputtered thin films, the question tether the film thickness can be upscaled is
a very important one since efficient microscale thermoelectric dees need film thiknesses of at least
severall0 um [176]. For this reasonthe film thickness of the nanoalloyed filmswas upscaledto 18 pm.
The experiments were carried out on BagFsubstrates due to the low mismatch of thermal expansion
coefficient with the film that becomes relevant at high film thicknessesThe sputtering times required
for this thickness were ca. 50 h. Due to the high requirements on the process stability, deposition
required considerable preparation and surveillance of the sputteringpcess (see also sectiofh.1.4).

For the films, gitical points to be clarified were the preservation of theML structure in spite of the the
long sputtering times and the ionimpact induced film heating during sputtering SEM crosssections on
unannealed films (Figure 7.10) with a thickness of ~18 umrevealed that the nanoscale ML structure
could be sustained throughou the whole thickness of the flmsand that, just as in the thinner films,an
annealing at 250 °C for 2 h lead to a complete crystallization A slight roughness in the element layer
pattern was caused by the formation of Te droplets as described in sectidnl.4.4.
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7.4 UPSCALING OF FILM MHKNESS AND CROSSANE MEASUREMENT BEECTRICAL CONDUQTN
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Figure 7.10 SEM cross sectiam of SLs with ~ 18 um thickness, BSE imagéeft: As grown. TheML structure is clearly
visible. Right: After annealing at 250°C for 2 h. The whole film has crystallized and is still relatively smooth. The inset
shows the grain structure in higher magnification.

The transport properties of a reference film with a thikness of 0.85 pm deposited with the same
deposition parameters, sample 3 inrable 7.1, were nearly identical to that of the ~18 um thick film,
showing together with the structural properties thatthe SL fabricationprocesscan be upscaledand
leads to verywell reproduciblefilm properties.

7.4.1 Electrical cross-plane conductivity measurements on thick films

First measurementsor rather estimationsof the crossplane electrical conductivity were carried out on
the films at the laboratory of Ali Shakouri,University of Santa Cruz,California using the quadratic pillar
structure shown in Figure7.11. The samples wereannealed at 250 °C for 24 hours and then prepared

in cooperation with Micropelt GmbH using Inductive Coupled Plasma etching. The process parameters
as well as the metals used as contacts are confidential. The current was applied and the voltage taken
between the Bi cap layer serving as(nominaly) equipotential contact padand t he | ay,er
serving as back contactA total of four measurements were carried out on pillars with side lenghs of 70
and 80 pum. Due to the high thickness @ ~ 20 um) of the films, well measurable resistanceR. in the
range of 40-50 mOhms were obtained. The contacts were ohmicas evident from the linear voltage /
current relation. The contact resistance for the material combination was estimated to be around 1
mOhm and thus was negligible. The crosplane conductvities s, were obtained by s. = d/(AR,) with A

as pillar footprint. The obtained average of the four measurements was 725 S/cm.

2 um a)
400 . . . .
: b) B 70 ym side length, #1 c
300 |- GRS R \:/RT"VSF‘, . 0.64 A 70pmside length, #2 )
; : = 80 um side length, #1
19,6um 200 Voot B A 80 um side length, #2
= | :
£ 100 0.4l
1um 51000 AT YR D
~ : 0.2
200 [y -
Metal 1
300 [ - ]
400 -Vr-Vsp 00
0 50 100 150 “0 2 4 6 8 10
Time (s)

I [mA]

Figure 7.11 a) Fabricatedpillar structure used for the measurement of crosplane electrical conductivity.b) Exemplaric
voltage transient observed during measurement on bulk Bie, [177]. c) Voltage / current lines on different pillars (70 and
80 um side length) showing that an ohmic contact was established.

However, thermoelectric effects have to be taken into considerationWhen a current is applied to the

pillar structure, the Peltier effect leads to a temperature gradient betweetop and bottom of the pillar.
Through the gradient, a Seebeck voltage/spis generatedthat is superimposed on the ohmic part of the
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voltage Vi which is used to determine the pillar resistancedR. (Figure 7.11 and ref. [178]). Vgp rises
gradually, with the rise time being proportional to sample thickness.Due to the extremelyfast voltage
signal rise timein the range of few ms on the thin films, it was not possibleto separate the two voltage
components with the measurement equipment currently available, so the total voltag®/,; = Vg + Vgp
had to be usedto calculate R

There is a considerable error when calculating, from this R According to Harman, the ratio of Vgpto
V is directly proportional to the ZT value, e.9.ZT = 4/ VR [179]. Figure7.11 shows @ an example a
recordedvoltage transient for bulk BjTe, (ZT ~ 0.6)with a voltage overestimation of ~ 60% and thus a
conductivity underestimation by ~ 40% if V, is taken instead ofVp. The error in the examined films
should be qualitatively similar. Furthermore, it is notfully clear how good the top Bi layer fulflls its
idealized role as an equipotential contact pad with negligible resistivitiNevertheless, the obtained value
can serve as a first estimateCurrently, extensive works are underway to assemble a measuremesgtup
and sample structuring techniquethat can be applied to determine Vg and thus the conductivity
accurately, however this is beyond the scope of this thesis.

7.5 Estimation of ZT

To obtain or estimate the ZT value, the electrical data obtained in ifplane direction (in this case,
perpendicular to the c-axis) must be appropriately combined with the data for the thermal conductivity
obtained in crossplane direction (parallel to the c-axis) taking into accountthe anisotropy of the
transport properties in the examined materials. Until now, only little is known about the anisotropy of
the Seebeck coefficient forSLthin films in the examined material system. Hence, a basic assumption is
made that Sis isdropic, similar to bulk (Bj,Sh,s),Te; that exhibits a S anisotropy of only ~ 3-13 % [90].
Then, ZT an be estimated as follows:

1.) Concerning the electrical conductivity, one of the reasons that Venkatasubramanian’s SL has reached
very highZTvalues was the elimination of the electrical conductivity anisotropys]. Assuming that this is
also the case for the sputtered SL thin films annealed at 300 °C, a crepkne value forZT of ~1.9 is
obtained being unusually high for sputtered thin films and being able to compete with the values
presented by Venkatasubramanian

2.) Another estimation can be made based on the assumption that the conductivity anisotropy factor
corresponds to bulk values of ~3.3, being an average of the anisotropy factor for $be, of ~ 3.9 for
comparable material and of (B ,Sh)s),Te; of ~ 2.6 [90]. Using this average anisotropy factoiZT is
reduced to ~ 0.6, which is still agood value for sputtered nanocrystalline thin fimgseeTable3.4).

3.) The correct value ofZT is expected to be between the two values given in 1. and 2. &ing the
estimated crossplane electrical conductivity ofs, = 725 S/cm the crossplane / = 0.6 W/mK and in-
plane S= 165 puV/K, aZTvalue of 1 can beestimated. This is to be considered a lower limit fo£T since
s is underestimated by up to 50 % as describedabove. In this caseof underestimation, a value of 2
would be the upper limit. A more accurate definition of the crossplane ZTfor the thin films requires the
determination of the Seebeck coefficient and electrical conductivity in crogdane direction. Further
efforts are under way to enable this type of sophisticated characterization.

In conclusion, evidence is thaZT should be in the range of 1-1.9, which is a very good value for
(sputtered) thin films (see alsd@able3.4).

The reduction inthermal conductivity necessaryor this high value was achieved by nanocrystallinity
rather than through a SL type nanostructure.A ZT of 1.4, i.e. within the range of values for the
sputtered SLs obtained heravas also reported by Boikov et alon polycrystalline ptype material see
section2.1.2.1. Recent calculations for BiTe; / SbTe; SLs (sectiorR.2.1.1) give a maximum ZT value of
0.9-1.3 which is also comparable to theestimated values for the sputtered SLs.
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7.6 REDUCTION OF PERIOENGTH

7.6 Reduction of period length

According to literature, areduced period length (PL)should result in a lower thermal conductivity(i.e.
potentially improved thermoelectric performanceps proposed in previous work, see e.2.2.2. In order
to verify this, the PL of the system was reduced by halving and quartering the initial element layer
thicknessesgiven in Figure 7.1, resulting in a multilayerPLof 25 nm and 12.5 nm. In order to ascertain
a weak interdiffusion of the SL structuring, annealing was only carried out at 150C for 2 h.

7.6.1  Structural propertie s

According to first experiments with sputtered nanoalloyed thin filmg163], the degree of c-orientation
should be more pronounced when reducing the element layer thickness in the depositi pattern.
Indeed, the film with the smallestPLwas almost exclusivelyc-oriented already after annealing at 150 °C
with almost no reflections except the (00 series observedRigure7.12). To the best of our knowledge,
the films presented hereshow the highest degree ofc-orientation ever obtained for sputtered 4V thin
films.
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Figure 7.12 XRD patterns of nanoalloyed SbLwith reduced Pls of 25 and 12.5 nm. The positionsof the (00.1) reflections
of Sh,Te, are indicated together with the respective inites
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In additional SIMS depth profile analysis of the SL with nominally 12.5 nm PL, thL structureis clearly
present throughout the whole thin film even at this small SL dimensionHgure 7.13). High-resolution
XRD analysis of the (00.6) and (00.9attice reflexes reveals weak SL reflexes in the form of peak
shoulders. Their position closely matches the diffraction angles calculated for the SL satellites &82)
with the corresponding PL. At the position of a peak, the slope shows a local minimum. Therefore, to
better indicate the position of the shoulders the first derivative is also plotted. To the best of our
knowledge, this is the first report of SL satkites observed onsputtered V,Vl; thin films.
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Figure 7.13 Left: SIMS depth profile of lowperiodic SL the spacing of the dips and peaks corresponds to the nominal PL
of 12.5 nm. Slight signal smoothing is applied (thick lines). RighHRXRDanalysis of the (00.6) and (00.9) reflexes in the
same SL, showing satellite shoulders. Additionally, the first derivative exhibits local minima at the shoulder diffraction
angles.

SEMimages (Figure 7.14) indicate that the 25 nm 2 film exhibits a grain structure similar to the 50 nm
film (Figure 7.5) with slightly larger grains and that the grains of the 12.5 nm film exhibit a significantly
larger size parallel to the filmplane. The XRD patterns exhith sharper and more intensereflexeswith
decreasingPL The width of the (00.9) reflex decreass from 0.55° to 0.5° to 0.47° when going from 50
to 25 to 12.5 nm, i.e. the crystallite size in edirection ranges from 14-17 nm according to eq. 4.21

25 nm period length 12.5 nm period length

S s
1pum 1pum

e ——— I e ———
ST/BSTp2zh 12.0kV 12.6mm x40.0k SE(M) 6/7/2010 18:53 1.00um ST/BSTpp1g 12.0kV 13.0mm x40.0k SE(M) 6/10/2010 08:50  1.00um

Figure 7.14 SEM images of SLs with a PL of 25 and 12.5 nm, showing larggainsfor the latter.

A STEM image,Figure 7.15, displaysthe high quality of the ML structure with a remarkably smooth
layer structure that is evident through virtually all the sample areanalysel, in strong contrast to the
" s ploitke® r e ma iMbstrecturein MIBEddpdsited SLs shown in sectioB.1.2. As anticipated,
the stronger c-orientation clearly resultsin a higher stability of the ML structure against interdiffusion.
The crystallitesare flat (as alreadysuggestedby the SEM analysis) with a length of -50-150 nm parallel
to the film plane and ~ 20-40 nm perpendicular to it. Their basal plane isnostly parallel to the substrate
plane, i.e. the element layers in the deposition patterr{see SAED pattern). A slight tilt is evident by a
weak splitting of the (00.1) related diffraction spots.The SAED patternshows a superposition of at least
three zones ([11.0],[21.0],[31.0]), indicating rotational disorder of the crystallites.
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7.6 REDUCTION OF PERIOENGTH

Figure 7.15 STEM images of sputtered SLs with reduced P4). Overview, showing the consistency and high smoothness
of the ML structure. b) Detailed image of the SLs with highemagnification. c) SAED pattern showing superposition of
different zones and aslight grain tilt, indicated by aweak splitting of the diffraction spots belonging to the (00.) reflexes
(white oval).

7.6.2 Transport properties

The transport properties of SLs with differenPls are shown inFigure7.16. The most prominent trend is
an increase of carrier robility with decreasing PLin accordance with the strongerc-orientation and
higher grain size in inplane directionas described in the preceding section.
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Figure 7.16 Electrical properties of SLs with differenPLs in comparison. For each run, 2 samples wenalysel.
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/ was measured and/, calculated as already described in section.3. The main goal of reducing the
thermal conductivity by the SL structurecould be partially reached.There clearly is areduction of
(lattice) total thermal conductivity when going from 50 to 25 nm PL The /, of 0.26 W/mK is as low as
the lowest /, reported for the MOCVD-grown SLs (0.22 W/mK 8]), however the PFis again clearly
lower. Due to the well-defined SL structure, apparently a reduction o, by the 2D SL structureis
possible despite the already strong reduction by the nanocrystallinitfdowever, no further reduction
was observed when reducing thePLfurther (Figure7.17).
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Figure 7.17 Left: | (black full squares) and , (red empty squares) of SLs with reduced PL. Right: Schematic of SLs with
different PL, assuming equal diffusion lengths or interdiffusion zones. A loss ofaterial contrasf or homogenization is
evident as illustrated by the coloration.

Two competing effects are supposed to be at work when reducing the PL An increase of phonon
scattering with lower PL and a simultaneous reduction of material contrasti.e. a homogenizationdue

to interdiffusion that is present even for perfectly eoriented films since a significabh amount of
interdiffusion already takes place in the (partially) amorphous precursor state, see secti6érl.l.
Assuming that the diffusion length or interdiffusion zone at the same annealing temperature is equal,
samples with lower dimensionalitywill exhibit a higher level of° r el ati ve i nter mi xing?®
Figure7.17 with colors) and the whole system becomes ma& and more similar to a homogeneus alloy.
This assumption is supported by the SIMS depth profiles that show a reduced oscillation amplitude of
the Bi signal. The ratio of peak to dip intensity decreases from 3.5 to 2 and 1.6 &®ls of 50, 25 and
12.5 nm, respectively.Possibly, the two mentionedeffects cancel out each other so that no effective
reduction of thermal conductivity occurs.Lastly, he grain size in the 12.5 nm film is apparently bigger
than that of the other films (Figure 7.14). It is possible that this increase in grain size has led to an
increase in/ that superimposes a small reduction by the reduction of the PL.

7.7 Conclusions

Nanoalloyed ptype ShTe; / (Bi,Sb)Te; SL films (@riod length of 50 nm) with very strongly expressed-c
orientation and high smoothness were fabricated by sputtering. TéSL films yielded low/ ~ 0.45 - 0.65
W/mK and very highPF> 40 pyW/cmK2 comparable to single crystalline bulk materials, with potential for
further improvement. A ZT between 1.0 (conservative estimation) andL.9 (optimistic assumptions) was
estimated. The film thickness could be upscaled to ~ 18 pum while the propges could be maintained,
opening a path for an application of the technique to actual device masfabrication.

The SL structure was weléxpressed up to annealing temperatures of 300°C, but increasingly smeared
out at higher temperatures. A small effect of the SL structure on lattice thermal conductivity was
observed, however it appeared rather small compared to # effects of the nanocrystallinity. After
lowering the period length, an exclusivec-orientation was observed and the SL structure was so well
expressed that SL satellite reflexes were observed on sputtereg/¥ thin films for the first time. A very
low / of 0.4 W/mK (/, = 0.26 W/mK) was found when going to a PL of 25 nm.
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8  Sputtered ntype BiTe, / (Bi,Sb)Te, multilayer systemsgrown
by nanoalloying

Bottner et al. have shown that the nanoalloying process canebapplied to create ntype BiTe; /
Bi(Se,Te)?2 S.s by sputtering[163]. The obtained thin films were strongly c-oriented and showed power
factors of around 20 pW/cmKz2 However, as also experienced during this work thesputtering of Se can
cause several problemslue to its low melting point and thermal conductivity combined with very high
vapor pressure Se deposition is also a problem in thermal evaporation methods since &known to
evaporate in the form of Sg, (x ©2) moleculeswith poor chemical reactivity, necessitating the use of a
costintensive crackercell [L80]. For thesereasors, an alternative ntype SL systenwas developed where
the Bi,(Se,Te)layerwas replaced with ntype (Bi,Sb)Te;, Figure8.1.
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Figure 8.1 Left: Bi(Se,Te)2 based SL system examined il$3]. Right: ntype (Bi_Sh),Te; 2 based system examined in
this work. The shown pattern was repeated 30 times to give a total thin film thickness of ~ 1.5 pm.

8.1 Optimization of Sb-content in ( Bi,Sb),Te;

The optimal Sbcontent in (Bi.Sh),Te;, for the SL filmshad to be determined. On one hand, the
reduction of thermal conductivity is expected to be more pronounced for higher Sbontents. On the
other hand, (Bi_Sh),Te; bulk samples tendtowards p-type conduction for higher Sb contents x.
However, it had previously been found that the defect chemistry and transport properties of
(Bi.,Sh),Te; thin films differ remarkably from that of bulk materials, (see e.g. sectiorb.2) so that
previous results from bulk materials could not be transferred to thin filmsConsequently, b determine
the optimum Sb content three nanoalloyedhomogeneous films of (Bi_Sh),Te; with x = 0.05, 0.1, 0.2
were examined. The measurement of the element concentrations by EDX proved to be problematic
since there is a strong overlap of the Sb and Te peaks in the spectrum and no element calibration
standard was available for low Sb concentrations. Therefore, the Sb fraction was extrapolated from
experiments with EDX concentration measurements with alloys of Sb+Bi. The determined Te content of
the films ranged between 59.4 and 60at. %. The electricaltransport properties in dependencex are
given in Figure8.2.

Compared to the bulk material, the carrier mobility for the examined material compositions clos®
Bi,Te; is significantly lower. The inferiority ofyu compared to bulk material was already observed for
binary nanoalloyedand epitaxialBi, Te, films grown with an MBE setup section5.2.1 and Table3.4. The
decrease in charge carrier mobility witlincreasingSb content can be explained by alloy scattering of the
charge carriers. The decrease of mobility does not exactly follow the linear trend reported for bulk
materials (sectiorn2.1.1.3). Interestingly, for x = 0.05 and 0.10, the Seebeck coefficient increases slightly
(in conformance with reports from literature, section 3.3) while the charge carrier concentration remains
constant, yielding an increased®F Forx = 0.2, there is a sharp drop inn while Sremains constant which
may be explained by the introduction of first holes as charge carriers with larger Sb contents that
compensate with the electrons. As a consequence of the low charge carrier concentration, the power
factor drops significantly.
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Obviously, aSb content of x = 0.1 offers the best compromise between sufficiently high element
contrast and good electrical propeties. Thus, (BisSh,,),Te; was usedin the SL systems.
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Figure 8.2 Electrical properties of(Bi.,Sh),Te, in dependence on Sb content x after annealing for 2 hours at 250 °C. To
verify reproducibility and consistency of the results, two samples from each growth run weanalysel. A negative sign of
n indicates electron conduction.

8.2 Bi,lTe;/ (Bi,Sh),Te;2 SLsystems
8.2.1  Structural characterization

The BjTe; / (BhoShy1),Te; SLs were annealed at 150, 200, 225, and 250 °C for 2 hours. The determined
Te contents of the annealedfilms ranged from ~ 59.1-60.3 at. %. Thismeasurement is hotcompletely
reliable due to Sb and Te peak overlap in EDX and the absence of an appropriate calibration standard
with similar matrix properties. SEM crossections of the asgrown and annealed films are shown in
Figure8.3. The thin films become slighty rough during sputtering and arecovered with spherical bumps
with a diameter of ~ 500 nm and a height of ~ 100 nm. These bumps gradually appear in sputtered Bi
rich layer systemafter the total thin film thickness exceeds ca. 800 nm. The appearance of the bumps is
due to the roughness of sputtered Bi as shown in sectiod.1.4.3. During deposition, the roughness
caused by Bi gradually adds up and leads to a roughening of the total layer systein.the asgrown
state, BSE imaging clearly reveassmultilayered structue with a spacing of 25 nm for the Birich areas
and a period length of 50 nm asintended (Figure 8.3, top left). After annealing platelet-like grains
appeared which are preferably aligned parallel to each other. Such morphology was found as a
characteristic feature on similar gype nanoalloyed films (chapter7), demonstrating a strong c-axis
orientation of the films. The grain sizes increase with annealing temperature. At an annealing
temperature of 250 °C, additional hiltlike structures with a height of several 100 nm begin to appear
that mark the onset of reciystallization processes due to increasing bulk diffusiorsimilar to ptype SLs,

a further increase of annealing temperature would lead to very rough thin films with holesunsuitable
for device fabrication (Figure 7.5). The degradation of thin film morphology was observed in a
homogeneousthin film of (B} Sh),),Te; that was annealed at 300 °C (not shown here).
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150°C / 2h 200°C / 2h

500 nm
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Figure 8.3 SEM crosssections of BjTe/(B},Sh,),Te, SLs in agyrown and annealed state for different annealing
temperatures The & grown image is a back scattered electron image. Images for 150 °C @225 °C are shown as
secondaryelectron-only image for a better resolution of the individual grains and for demonstration of grain growth. The
grain size increases with annealing temperature and starting at 250 °C, the film roughness increases significantly, i.e.
additional flat and large hill-like structures appear (red arrow).

Figure 8.4 shows XRDpatterns for samplesannealedat three temperatures and in the as grown state
Already for the as-grown sample broad reflections of thecompound phase can be observed. Additional
broad reflections arise from amorphous or not fully crystallized material. For the annealed samples
pronounced reflections of the(00.I) type beside weak(hk.l) reflections are detected. The sharpening and
increasing intensity of the(00.1) reflections with increasing annaling temperature indicates larger grain
sizes inagreement with the SEM images.
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Figure 8.4 g 2 2q scan of B, Tey/(B}oSh,,),Te, 2 SLs, logarithmic intensity scaling. From top to bottom: 250, 200, 150 °C,
and as grown. (00.1)? reflections of BiTe, are indicated by dashed linesFor comparison, a powder diffractogram (JCPDS
database) is showras vertical bars below the experimental patterns< = Bi, | = Te.
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Rietveld analysis was carried ouin the XRD patterns recorded for thesamples annealed at &0, 200,
250 °C, yielding crystallite sizes of 38, 86 and 124 nm, respectively (more detaits the refinement are
given in[181]). All data could be fitted to a rhombohedral unit cell with the space groupYaa .

The characterization of theML structure via SIMS depth profiling proved to be difficult since the thin
films exhibited considerable roughness as mentioned above and consequently, the mass spectrometer
signals for the different ions were noisy. For the SIMS analysis, a modified layer system waposited
where the sequence of the metal/chalcogen layers was inverted so that the thin film growth started
with Bi instead of Te. The films deposited with the inverted deposition pattern exhibited less roughness,
allowing a better evaluation of the ML structure. However, XRD patterns showed that there was a much
less definedc-texture than for the original sequence, so the SIMS profiles (Sb ion signals), shown in
Figure 8.5, give only a lower limit for the thermal stability of the ML structure After annealing at 250
°C, there is no clear proof that aML structures still present. At 200 °C, the thin film definitely shows a
chemical segregation of Sb, ad therefore the stability of the SLs is considered to be stable up to that
temperature.
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Figure 8.5 SIMS depth profiles of B, Te/(B}Sh,;),Te, 2 Sls with modified stacking sequence annealed for 2 h at
different temperatures. The Sb ion signal is plotted versus the crater depth.Ushbers indicate the peak positions. The
spacing between the peakscorresponds to aSLperiod length of 50 nm.

Overall, the chemical segregation appears significantly ledsfined than for similarly grown, nanoalloyed
sputtered p-type Sh,Te/(B},,Shs),Te; SL films (sectiory.1) and was not observed throughout the whole
film. SEM images of the SIMS crater support this assumption as shown iRigure 8.6: At 150 °C
annealing temperature only very faint indication of the SLstructure was observed, while the SL was
clearly observed in the ptype films annealed at 250 °C.We assume that this is predominantly a
consequence of the lower degree ofc-texture compared to the ptype samples It is also possible that
the diffusion coefficient of Sb in B Te; is higher than that of Bi in SBTe;, however due to a lack of
literature data on this subject this cannot be verified.
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Figure 8.6 SEM images of SIMS craters of-type Bi,Tey/(B},,Sh, ), Te, and a p-type ShTe, / (B} ,Sh)¢),Te;, SL(section7.1).
In spite of the lower annealing temperature, theML structure in the n-type SLs¢nly faint traces visible see white arrrow)
appears only weakly expressed ioomparison to the ptype SLthat could be observed throughout the entire film.

106



8.2 BI2TE3/ (BI,SB)2TEB3SL SYSTEMS

8.2.2  Transport properties

In Figure 8.7, the electrical properties of the SLs are shown and compared to the results of tisputtered
Bi,Te; / Bi(Se, Te)2 SLs[163]. As already observed on nanoalloyed binarieséction 5.3), the as-grown
film has metallic characteristics (lowS and y, high n) due to the presence of pure Bi layers (see XRD
patterns). The dependence of electrical properties on annealing temperature is analogous to thetype
SLs shown in section7.2 and 7.3. With increasing grain size, u improves fa higher annealing
temperatures andSfollows a parabolic trend. A high maximum Sof ~ -190 pV/Kwas achieved
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Figure 8.7 Electricaltransport properties of B,Te; / (Bj4Sh,;),Te;2 Sls annealed at different temperaturesFull squares:
Thin films from this work, annealed for 2h. Blue stars:Thin films from this work, annealed for 12 h (250 °C) and 24 h
(200 °C). Blackempty circles:Bi,Te,; / Bi,(Se,Te)? Sls[163] with a similar periodlength of 45 nm, annealed for 2h. Note
the broken axis in the top graphs.Error bars omitted for clarity.A negative sign of n indicates electron conduction.

Generally a longer annealing time leads to a higher power factor as seen inFigure 8.8. With an
annealing time of 2 h, power factors of ~20 pW/cmK2 can beattained. Increasing the annealing time to
12 h offers the possibility to gain another small increase in powefactor up to 22 pW/cmkKz2, This is
among the highest values reported for rconducting B, Te;-based sputtered thinfilms (seeTable 3.4),
however, the texture of the deposited material also has to be taken into accountwvhen comparing
different values Another very important point is that the SLsystem BjTe; / (B} 4Shy,),Te; can compete
with similarly textured B, Te, / Bi(Se,Te) SLsin terms of electrical properties while being significantly
easier to sputter due to thesubsttution of problematic Se by Sb.

The crossplane thermal conductivityat room temperature was determined with the TDTR method in
dependence of the annealing temperature Figure 8.8. For the annealed films, he shown /, was

estimatedfrom / in a similar manner as shown irsection6.2.2 and 7.3, i.e. by assumingl.) the Lorenz
number for Bi,Te;, (Figure 2.2) and 2.) an electrical conductivity anisotropy factor o4 (value for BjTe,

[90]). Due to the roughness of the films the estimated measurement uncertainty ishigher than for

smooth films and is around 11320 %. The homogeneous films serving for comparisonwere prepared

with the Bi,Te;and (BiSh),Te; partial pattern from the SL deposition pattern.
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Figure 8.8 Left: PF ofBi,Te, / (BioShy,1),T€2 SLsversusannealing temperature.Dashed line: EyeguideRight: Crossplane

total and lattice thermal conductivityl and |, as function of annealing temperature.Black full juares: SL, 2 h annealing.
Blackstar: SL, 24 h annealingat 200° C, not visible since value is identical tthe one after 2 h annealing) Greencircle:

Homogeneousfilm of (Bi, ¢sSh, 4s),T€,. Green triangle Homogeneousfilm of Bi,Te,. Blue bar: Range of | as predicted by

DebyeCallaway model Grain sizesL of the films in this work were taken from the Rietveld refinement (values given in
section8.2.1). Empty data points: | |, corresponding to thel value given by the filled data point.

The crossplane thermal conductivity of the stronglyc-axis oriented homogeneous thin film of BiTe; is
significantly lower than that of comparablesingle crystalline bulk BiTe; (/ ~ 1 W/mK along the c-axis
[90]). This reduction is due to the polycrystalline nature of the materiaRnalogously, in previous worksa
smaller grain size was also found to correlate with a lower value for/ (section 2.1.2.1,
[39][38]). Thermal conductivitiesof 0.55 - 0.75 W/mK for polycrystalline BiTe; with a grain size from
30 - 100 nm were reported in agreement with the value for BjTe; measured here.

Figure 8.8 reveals three characteristic featureshat indicate that the ML nanostructuring has no
measurable effect on thermal conductivitywithin the measurement uncertaintylimits.

1) / and /, of the SL at any annealing temperature are not lower than the average thermal
conductivities of comparablehomogeneouscompounds BjTe; and (Bp ¢5Shy g5),T6;.

2.) There is also no minimum irY and /, at 150 °C where the SL is still relatively well preserved.

3.) The /, of the films are comparable to values given by a Deby&Callaway (DC) model for
homogeneousfilms of B, Te; and (Bi,Sb)Te;, section2.1.2.1. From the model, a lower boundary for/,
of 0.53 W/mK is obtained for (Bi,Sh)Te; with a grain sizeL = 38 nm and an upper boundary of 0.79
W/mK is obtained for BjTe; with L= 124 nm. The BjTe/(BpShy1),Tes2 SLs are ~ weakly
low contents of Sb and fall between a binary and the modelled alloy. Thus, it is sensible to compare
them to the range given by each of these two/, as indicated in the figure.Evidently, the measured/, of
the SL films are only slightly below this range, meaning that they are compatible to model predictions
for homogeneousfilms. We note that also for homogeneous(Bi,Sh)Te, films, lower / and consequently
/, than anticipated from the model were observel in the reference.

The absence of any measurable reduction ih and /, is not surprising since, at a period length of 50
nm, already for the ptype ShTe; / (Bj,Sh)s).Te; SLs the observed reduction of the thermal conductivity
was very small, if at dl measurable (section7.3). A plausible explanationfor the weak effect was
proposedin section6.2.2 for MBEgrown SLs. Grai boundary scattering and ML nanostructuring act on
the same phonon frequency range. fius, it is possible that / is so strongly reduced by the
nanocrystalline structure that it cannot be further reduced bythe, in the case of ntype SLs, weakly
expressedVL-type 2D nanostructuringthat is smeared out and has a low material contrast.
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8.3 CONCLUSIONS

8.3 Conclusions

In this chapter, uttered nanoalloyed n-type homogeneous compound films of B, Te; and (Bi,Sb)Te,
and SL films were investigatedlt was shown that ntype sputtered (Bi,SbjTe, could be used to replace
Bi(Te,Se) layers, thus avoiding the use of Se targets which is of significant practical importance since
these targets are difficult to handle. Power factors of 225 pV/cmKz2 that are very high for sputtered n-
type material were obtained for optimized Sb content, i.e. for Bi,,Sh,;).Te;. Relatively smooth films
could be obtainedfor an annealing temperature of up to 225 °C.

Furthermore,a symmetricBi, Te; / (B oSh, ,),Te; S with a period length of 50 nm was synthesized using
different annealing temperatures A distinct c-orientation of the sputtered layerswas evident SIMS
depth profiles reveakd that the ML structure was presentup to an annealing temperature of200 °C.

High Seebeck coefficiens of up to ~ -190 pV/K were achieved.A relatively high maximum power factor
of 22 uyW/cmKz mould be attained after annealing at 250 °C for 12 h. Crossplane thermal conductivities
were in the range of 0.55 to 0.6 W/mK. The thermal conductivitywas generally reduced due to the
nanocrystallinity of the material, however,there seemed to be no measurablereduction of the thermal

conductivity by the Sl-type 2D nanostructuring.
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9  Epitaxial BiTe, / Sb,Te; binary thin films and superlattices

9.1 Binary thin films

For the growth of B, Te; / Sb,Te; SLs it was necessary to find an appropriate growth temperature and
beam flux ratio that allowed

1.) to uphold the SL structure, i.e. keep temperaturalriven interdiffusion at levels as low as possible and
2.) to grow both binary compounds as a smooth film with good transport properties.

In this work, it was aimed to select Te:Bi/Sb ratios and thus growth temperatures low enough to satisfy
point 1.) and high enough to satisfy point 2). The task was sigrifantly aggravatel by the fact that the
actual temperature of the substrate surfaces different for each vacuum system andraries depending
on substrate holder material, thickness, chamber design etén most cases, the temperature sensing
device is located close to the baters that are locatedbehind the substrate holder, thus the surface
temperature of the substrate that sitson top of the substrate holder is generally lower than the
temperature measured at that point. The majority of authors does not give details howand where
exactlythe substrate temperature was measred. A transfer of reported growth parameters directly to
the setup used in this work was therefore not possible However, the used Te:Bi/Sb ratio allowed
qualitative inference concerning the used tempexture used since, inevitably, in general a higher
temperature must be chosen for higher Te:Bi/Sb ratios since otherwise no stoichiometric film results.

9.1.1 Bi,Te,

B, Te; thin films were synthesized sing the same MBE system that was usedn previous works by
Nurnuset al. [42][100]. The detailed properties of thefilms were described in detail inthe refs. and will
not be further discussed here After the previous works, he MBE system substrate holder including
thermocouple was rebuilt due to a mechanical defect, leading to a change in the relation of the
substrate temperatire measured by the thermocouple to he actual substrate temperature. Thusthe
process parametergheater temperatures)given in [42-p.59ff] could not be applied For the current
experiments, agrowth temperature of 350 °C and cell pressures of 2.9 x 10and 2.0 x 107 (flux ratio ~
3:2) Torr for were chosen forTe and Bi, respectivelyZou [111][112], Charles[130], George [182] et al.
all used a ratio of 02:1 at different growth temperatures. Nurnus chosea ratio of 12:5 [100]. Despite
the Te:Biratio being lower than typically reported in literature, the parameters used in this work yielded
stoichiometric smooth epitaxial films with very good structural and electrical pr@erties. The mobility of
i =80 -90 cm?Vs atn = 1.4 - 1.6 x 10 cm™ even exceeds the valueg = 50 cm?/Vs atn = 1.0 x 10%°
cm3[100] reported by Nurnuson the same substrate type Corresponding to the previousexperiments
and the reports on MOCVD films 117], the deposited BjTe; was always ntype. The growth rate of
Bi, Te; films deposited with the mentioned parameters vas 9.8 nm/min.

9.1.2 Sh,Te,

Parameters for growing highquality epitaxial SBTe; on the used system were unknown at the start of
this work. In order to achieve suitable process parameters without having to examine too many
combinations of effusion cell fluxes and substrate temperatures, the followingptimization procedure
to quickly find the optimum deposition temperature was applied:

1.) A deliberately low Te/Sbflux ratio was chosen in order to be able to work with comparatively low
substrate temperatures.Typicalratios found in literature are high since attention was paid to optimizing
the properties of the homogeneous binary films rathethan trying to synthesize stable lowperiodic SL
stacks.As a staring point, the effusion cell fluxes were adapted from the successful growth of epitaxial
Bi,Te; i.e. a flux ratio of 3:2 was used.In contrast to this, Chien useda Te:Sb ration of2:1 [183], Kim
[102] used 1.84.3:1 and Cho [103] even 3.45.5:1 for Sb-rich (Bi,Sb)Te;.

2.) For the chosen flux ratio of 3:2,the substrate temperature was varied between330 and 370 °C,
resulting in Terich films. At 330, 350 and 370 °C the Te contents were 65.2, 63.0 and 61.5at. % Te,
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respectively Parallel experiments showed that high quality Bi'e, films could be grown at a temperature
of 350 °C so this temperature wasalso chosenfor the final optimization of the Sb,Te, films in order to
“uni t mtoasupetlatticewith Bi,Te;.

3.) To eliminate the mentioned residualTe excessthe beam fluxes were adaptedusing eq. 4.6. At a
growth temperature of 350 °C a Te/Sb flux ratio 0f1.2-1.3:1 was found to yield stoichiometric films.
The growth rate of ShTe, films deposited with the mentioned parameters wass.9 nm/min.

9.1.2.1  Structural properties

The structural properties of the three filmggrown at 330, 350 and 370 °C were examined.XRD patterns
showed a near perfect eorientation of all films (Figure9.1). Minor reflexes of which most correspond to
other crystal planes of Spre, were evident, however the majority of these reflexegare only observable
at 370 °C and do not exceed a peak height ratio of 1002 1000 to the neighboring (00l) reflexes.As
expected due to the slight Te excesm the films, besides pure Skre, reflexesthere are further reflexes
that can be assigned tdboth Sb,Te; and Teor Te only.
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Figure 9.1 XRD pattern of epitaxially grown Spre, for different growth temperatures. * = substrate reflexes.+ =
reflexes belonging toSh,Te, with orientations different from (00.1), x = reflexesof Te.

SEM imaging confirmedthat the films were smooth up to a deposition temperature of 350 °C. The
typical layered structure already observedn the Bi,Te, films [42-p.62] is also evident here At 370 °C,
the growth mode abruptly changed to a three dimensional growth mode.A change to islandic growth
at higher substrate temperatures was also described ij60].

1138E7 12.0kV 15.2mm x50.0k SE(M) 311972012 1.00um

Figure 9.2 SEM cross sections of epitaxially grown $be, for different growth temperatures.
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XRD polefigures Figure 9.3 a) reveal a threefold symmetry and rotationally ordered growth. However,
a small degree of rotational twinning, i.e. the existence of secondary crystallites with the same (0D.
orientation but rotated by a fixed angle of 60° towards the primary crystallitess evident Analogous
twinning was also recently reported by Wang and Uher foMBEgrown Sh,Te, ([97], unpublished data)
and earlier for MBEgrown Bi,Te; by Nurnus et al. f2-p.69,184]. The integral ntensity ratio of main to
twinned phase is roughly 20:1(Figure9.3 b). The twinning also becomes evident in the surface topology
that could be observedespecially well onthe roughest films grown at 370 °C (Figure 9.3 c).

From a comparison of the f-scan of SBTe, to that of BaF, (not shown in the figure), an epitaxial relation
analogous to the relation reported for BjTe, on Bak [42-p.69] was found.

Figure 9.3 a) Pole figures of SpTe,.2g was set t028.25°, corresponding to the (01.5) reflex. The range ot was 0 2 80°.

Intensity is color coded, going from blue (lowest) over green to yellow to red (highesth) Corresponding f-scan carried
out at ¢=58.8° and 2¢g=28.25°.. c) SEM surface image of rough sample grown at 370C, illustrating that the secondary
phase consiss$ of crystallites rotated by 60° towards the primary phaséed circles)

9.1.2.2  Electrical properties

The dependencs of y, n and Son Te contentare given in Figure9.4. and can bebest observel on the
films grown at 350 °C (eyeguide) The behaviour is generallyery similar to the nanoalloyed films
(section5.2.2), i.e. there is a quite drastic change when the Te content exceeds &Q. %. The chosen
low-temperature, low-flux ratio growth parameters yielded carrier mobilities reachingalmost 500
cm?/V's which is to theauthor’s knowledge among the best valueseported (Table 3.4) and is not much
lower than the highest carrier mobility of 680 cm?/Vs recently reportedby Wang and Uher (5], growth
temperature also 350°C).

The PFsare, remarkably, lower than that of the nanoalloyed polycrystalline filmslue to a different
relation of S and n. For Seebeck coefficients of 1240 uV/K, the carrier concentration is regularly
around or above 2.5 x 13° cm (Figure 5.10) while it is clearly lower for the epitaxial films.In turn, this
also means thatSis higher for the samen. Two possible reasongor this can be found:

1.) Effects of crystal texture. Nanalloyed SBhTe; (section5.1.2) has a significant proportion of grains
with their c-axis not perpendicular b the measurement direction, which is parallel to theilm plane. It
follows that in contrast to the strictly c-textured epitaxial films, the measured transport propertiesf the
nanoalloyed filmsare also influencedby the crystal properties parallel to the c-axis Finally, it is known
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