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Abstract 
Rising energy costs and enhanced CO2 emission have moved research about 

thermoelectric (TE) materials into focus. The suitability of a material for usage in TE 

devices depends on the figure of merit ZT and is equal to 2 -1 including Seebeck 

coefficient , conductivity , temperature T and thermal conductivity . Without affecting 

the power factor 2 , using nanostructuring, ZT should here be increased by a depressed 

thermal conductivity.  

As half-Heusler (HH) bulk materials,  the TE properties of TiNiSn and Zr0.5Hf0.5NiSn 

have been extensively studied. Here, semiconducting TiNiSn and Zr0.5Hf0.5NiSn thin 

films were fabricated for the first time by dc magnetron sputtering. On MgO (100) 

substrates, strongly textured polycrystalline films were obtained at substrate temperatures 

of about 450°C. The film consisted of grains with an elongation perpendicular to the 

surface of 55 nm. These generated rocking curves with FWHMs of less than 1°. 

Structural analyses were performed by X-ray diffraction (XRD). Having deposition rates 

of about 1 nms-1 within shortest time also films in the order of microns were fabricated. 

For TiNiSn the highest in-plane power factor of about 0.4 mWK-2m-1 was measured at 

about 550 K. In addition, at room temperature (RT) a cross-plane thermal conductivity of 

2.8 Wm-1K-1 was  observed  by  the  differential  3  method. Because the reduction of 

thermal conductivity by mass fluctuation is well-known and interface scattering of 

phonons is expected, superlattices (SL) were fabricated. Therefore, TiNiSn and 

Zr0.5Hf0.5NiSn were successively deposited. While the sputter cathodes were continuously 

running, for fabrication of SLs the substrates were moved from one to another. The high 

crystal quality of the SLs and the sharp interfaces were proven by satellite peaks (XRD) 

and Scanning Transmission Electron Microscopy (STEM). For a SL with a periodicity of 

21 nm (TiNiSn and Zr0.5Hf0.5NiSn each 15 nm) at a temperature of 550 K an in-plane 

power factor of 0.77 mWK-2m-1 was calculated by a Seebeck coefficient of -80 µVK-1 and 

a resistivity of 8.2 µ m. In addition to the enhanced power factor a tremendous reduction 

of the cross-plane thermal conductivity was obtained for SLs with periodicities of about 

8 nm. Here, a thermal conductivity of 1 Wm-1K-1 was  measured  by  the  differential  3  

method. In principle, the concept of reduced cross-plane thermal conductivity in HH SLs 

was proven. At the HH interfaces, titanium, zirconium and hafnium that have significant 

differences in mass but are isoelectronic are assumed to have a negligible influence on the 

electronic band structure and thus on the power factor. 
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Kurzdarstellung 
Durch steigende Energiekosten und erhöhte CO2 Emission  ist  die  Forschung  an  

thermoelektrischen (TE) Materialien in den Fokus gerückt. Die Eignung eines Materials 

für die Verwendung in einem TE Modul ist verknüpft mit der Gütezahl ZT und entspricht 
2 -1 (Seebeck Koeffizient , Leitfähigkeit , Temperatur T und thermische 

Leitfähigkeit ). Ohne den Leistungsfaktor 2  zu verändern, soll ZT durch Senkung der 

thermischen Leitfähigkeit mittels Nanostrukturierung angehoben werden. 

Bis heute sind die TE Eigenschaften von den makroskopischen halb-Heusler 

Materialen  TiNiSn  und  Zr0.5Hf0.5NiSn ausgiebig erforscht worden. Mit Hilfe von dc 

Magnetron-Sputterdeposition wurden nun erstmals halbleitende TiNiSn und 

Zr0.5Hf0.5NiSn Schichten hergestellt. Auf MgO (100) Substraten sind stark texturierte 

polykristalline Schichten bei Substrattemperaturen von 450°C abgeschieden worden. 

Senkrecht zur Oberfläche haben sich Korngrößen von 55 nm feststellen lassen. Diese 

haben Halbwertsbreiten bei Rockingkurven von unter 1° aufgewiesen. Strukturanalysen 

sind mit Hilfe von Röntgenbeugungsexperimenten (XRD) durchgeführt worden. Durch 

Wachstumsraten von 1 nms-1 konnten in kürzester Zeit Filmdicken von mehr als einem 

µm hergestellt werden. TiNiSn zeigte den höchsten Leistungsfaktor von 0.4 mWK-2m-1 

(550 K). Zusätzlich wurde bei Raumtemperatur mit Hilfe der differentiellen 3  Methode 

eine thermische Leitfähigkeit von 2.8 Wm-1K-1 bestimmt.  Es  ist  bekannt,  dass  die  

thermische Leitfähigkeit mit der Variation von Massen abnimmt. Weil zudem 

angenommen wird, dass sie durch Grenzflächenstreuung von Phononen ebenfalls 

reduziert wird, wurden Übergitter hergestellt. Dabei wurden TiNiSn und Zr0.5Hf0.5NiSn 

nacheinander abgeschieden. Die sehr hohe Kristallqualität der Übergitter mit ihren 

scharfen Grenzflächen konnte durch Satellitenpeaks und Transmissionsmikroskopie 

(STEM)  nachgewiesen  werden.  Für  ein  Übergitter  mit  einer  Periodizität  von  21  nm  

(TiNiSn  und  Zr0.5Hf0.5NiSn jeweils 10.5 nm) ist bei einer Temperatur von 550 K ein 

Leistungsfaktor von 0.77 mWK-2m-1 nachgewiesen worden (  = -80 µVK-1; 

 = 8.2 µ m). Ein Übergitter mit der Periodizität von 8 nm hat senkrecht zu den 

Grenzflächen eine thermische Leitfähigkeit von 1 Wm-1K-1 aufgewiesen. Damit hat sich 

die Reduzierung der thermischen Leitfähigkeit durch die halb-Heusler Übergitter 

bestätigt. Durch die isoelektronischen Eigenschaften von Titan, Zirkonium und Hafnium 

wird angenommen, dass die elektrische Bandstruktur und damit der Leistungsfaktor 

senkrecht zu den Grenzflächen nur schwach beeinflusst wird. 
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AFM  Atomic Force Microscopy 

BZ  Brillouin zone 

CB  conduction band 

DOS  density of states 

EDX  Energy-Dispersive X-ray 

EMPA  Eidgenössische Materialprüfanstalt 

fcc  face centered cubic 

FWHM full width half maximum 

HAADF High-Angular Annular Dark Field 

HAXPES Hard X-ray Photoelectron Spectroscopy 

hcp  hexagonal close-packed 

HH  half-Heusler 

HT  high temperature 

LASER Light Amplification by Stimulated Emission of Radiation 

LED  Light-Emitting Diodes 

MBE  Molecular Beam Epitaxy 

MFP  mean free path 

ML  monolayer 

PES  Photoelectron Spectroscopy 

PPMS  physical property measurement system 

PTE  periodic table of elements 

RBS  Rutherford Backscattering 

RT  room temperature 

SC  semiconductor 

SPS  Spark Plasma Sintering 

STEM  Scanning Transmission Electron Microscopy 

TE  thermoelectric 

UHV  ultra-high vacuum 

VB  valance band 

XPS  X-ray Photoelectron Spectroscopy 

XRD   X-ray Diffraction  

XRR  X-ray Reflectometry 
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Chapter 1  

 

Introduction 

 
Since  1993,  when  L.  D.  Hicks  and  M.  S.  Dresselhaus  published  a  theory  about  

confined systems and their effect on the thermoelectric (TE) figure of merit ZT,1 nano-

engineering of TE materials has moved into focus. With about 600 citing articles it is 

representing one of the most famous articles in the field of TE. 

 
Figure 1 2D figure of merit Z2DT calculated along a0 as a function of layer thickness a of 
Bi2Te3 having a 2D a0-b0 (1) and a0-c0 (2) plane; The dashed line represents ZT of Bi2Te3 

bulk material. (Adapted from Ref. 1) 
 

Calculations revealed an opportunity of increasing ZT of Bi2Te3 by a factor of 13 if the 

electrons are confined in a 2D system. Therefore, Bi2Te3 as a narrow band semiconductor 

(SC)  must  be  grown  in  a  multilayer  system  with  an  appropriate  material  that  prevents  

electrons  from  the  Bi2Te3 layer to enter. Without considering tunneling effects, the 2D 

electron confinement in the Bi2Te3 layer causes the extraordinary enhancement of ZT that 

illustrates suitability of a material for TE applications. Bi2Te3 exhibits the highest electron 

mass and mobility along c0- and a0-axis, respectively. Due to the anisotropy much higher 

ZT values are calculated if the a0-b0 plane is confined (Figure 1). 
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But material research about TE materials is much older than this rather recent trend in 

downsizing and was manly done in the former Soviet Union and in the United States of 

America. Here, applications in military, astronautics (cosmonautics) and other heavy 

machinery as tractors or locomotives were in focus. Today, research in TE generators 

undergoes a renaissance. Due to the European Parliament and their resolution in 2007 

about threshold values for the average vehicle fleet CO2-emission of single companies 

(130 gkm-1 by 2015 and 95 gkm-1 by 2020), enhanced efforts have been done to reduce 

the fuel consumption of their cars. 

 
Figure 2 TE generator embedded into a BMWI 

 

The energy in terms of gas burned in a vehicle can be divided into three parts: 

Actual driving    30 % 
(including all devices) 
Parasitic losses    30 % 
(friction, distributed heat) 
Exhaust-gas heat   40 % 

To recover the huge amount of energy leaving the exhaust pipe has been a big challenge 

for car industry. So close to the engine a TE generator has been adapted into the exhaust 

pipe (Figure 2). In the case of upper class cars equipped by a huge engine sufficient 

energy has been generated at high speed.II Aspired 800 W were not reached for smaller 

cars with less fuel consumption. Additionally, worldwide the majority of driving is done 

at reduced speed within towns. There exhaust fumes are colder and the aspired power has 

                                                
I Talk given by Harald Böttner at the Johannes Gutenberg Universität (02/2009) about 
'Survey on High Temperature Thermoelectric Materials, Modules, and Applications' 
II Results presented in the talk ‘Heat Recovery in the vehicle’ from J. Kitte at the 
Thermoelectric Spring School, April 1st 2011 
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been missed by far. So, TE generators are still not ready for the market and electric 

generators are providing the electric power in vehicles. 

Among others, improved material properties of the TE materials enable one 

opportunity to increase the efficiency. So, more applications become feasible. For sake of 

completeness, biggest advantages and crucial difficulties of TE generators are addressed 

at  this  point.  Rather  than  in  thermal  engines,  no  moving  parts  are  included  in  TE  

generators. So, its low-maintenance makes a TE generator sometimes to be the method of 

choice. But going to higher temperatures for obtaining also higher temperature 

differences reveals the difficulty. Often the electrical contacts between TE material and 

metal but also the thermal connection to heat and cooling sources can become brittle with 

time. Especially, TE generators that have to last cycles with high temperature (HT) 

differences suffer the most and the fabrication for sustainable TE generators becomes 

challenging.I 

To overcome challenges about stability and efficiency of the TE materials research is 

going on for a while.  So new materials as nano-structured oxides,2 but also half-Heusler 

(HH) materials,3 appear frequently until now. The latter one in the forms of TiNiSn and 

Zr0.5Hf0.5NiSn are studied in this work. Recently, Poon et. al. have started to build devices 

utilizing HH materials. 4  Based  on  doped  Zr1-xHfxNiSn1-xSbx they were capable to 

fabricate a heat-to-electric power generator with an overall efficiency of 8.7 %. Power 

output, hot side temperature and temperature difference were 380 mW, 697°C and 657°C, 

respectively. For this reason, Poon et. al. claimed to have a better performance than 

obtained by conventional PbTe devices. 

By utilizing InSb nanoinclusions, Xie et. al. have reduced the thermal conductivity of 

Ti0.5Zr0.25Hf0.25Co0.95Ni0.05Sb by almost 25 %.5 Interestingly, smallest grain sizes of about 

30 nm showed the highest reduction in thermal conductivity without destroying the 

excellent electrical behavior of the HH materials. For Ti2O particles embedded in 

TiFexCo1-xSb similar results have been obtained.6 Simultaneously, the material system 

represents a further advantage of HH materials that is needed for TE devices. Among 

others, TiFexCo1-xSb  shows  n-type  as  well  as  p-type  behavior  for  x  =  0  and  x  =  0.15,  

respectively. Therefore n- and p-type materials with similar thermal expansion 

                                                
I Paul van der Sluis (Philips Research Eindhoven) presented ‘Thermoelectric generators 
in woodstoves and their reliability’ at the ‘TE winter school 2010’ (Bremen). The 
efficiency of a woodstove is significantly enhanced if air is blown into the combustion 
chamber. This process was planned to be powered by a TE generator. 
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coefficients can be assembled. By exchanging small amounts of titanium by scandium, a 

p-type compound, similar to TiNiSn, can also be obtained. 7  To get sufficient 

performance, TE devices have to be assembled by p- and n-type TE materials. Because 

both types are connected parallel between the hot and the cold end, a similar thermal 

expansion is of absolute importance to prevent cracks in the device. These cracks 

contribute to the lifetime of TE devices. Beside high efficiencies, this leads to a further 

advantage of HH materials.  By exchanging only a few atoms, HH compounds can be p- 

and n-doped.  

In 2001 a further publication in the field of TE has attracted attention far above-

average. 8  By now, more than 1600 citations have been created by the highest ever 

published efficiency for a TE material system. The efficiency of a TE material depends 

on the dimensionless ZT that is given by a material dependent parameter Z and the 

temperature T. A more detailed explanation will be given in chapter 2.2. 

 
Figure 3 Record ZT value of 2.4 measured for p-type Bi2Te3/Sb3Te3 superlattices . 

(Adapted from Ref. 8)  
 

To obtain the room temperature (RT) record ZT value that exceeds other material 

systems by far (Figure 3), Venkatasubramanian et. al. have grown p-type superlattices 

containing Bi2Te3 and  Sb2Te3. For optimizing the superlattice (SL) concerning phonon-

blocking and electron-transmission, measurements have been performed perpendicular to 
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the interface (cross-plane). Due to interaction between mean free path (MFP) for phonons 

and electrons that need to be depressed and kept rather unchanged by the interfaces, 

respectively, for the Bi2Te3 and  Sb2Te3 layers thicknesses of 10 Å and 50 Å have been 

found ideal. 

For the thermal management of an infrared detector, Bulman et. al. have fabricated TE 

microcoolers.9 Beside p-type SLs mentioned above, n-type SLs containing Bi2Te3 and 

Bi2Te2.7Sb0.3 have been integrated into a three cascade stage with a TE leg length and an 

overall thickness of ~10 µm and 2.5 mm, respectively. One three stage cascade consists 

of three couples in the first row. To enhance the efficiency, amount and size of TE 

couples varies in different stages. Here, the quantity decreases in the direction of cooling. 

Finally, with a total current of 4 A a plate with a size of 19 mm x 38 mm has been cooled 

from RT down to minus 75°C. A maximum heat pumping and input power of 0.54 W and 

29.3  W have  been  calculated.  It  results  in  an  efficiency  of  1.84  %.  Compared  to  former  

bulk devices, an equal performance has been reached by using less TE material. 

As it is true for bulk applications, it is also right for thin film applications: increasing 

their efficiency or/and lowering their price increases the fields of application. To do so, in 

this work nanostructured HH material are under investigation. Therefore, SLs containing 

TiNiSn and Zr0.5Hf0.5NiSn have been made. As a bottom up approach, the SLs have been 

grown by magnetron sputter deposition. For fabrication the substrate has been driven 

back and forth between simultaneously burning magnetron sputter cathodes. As it has 

been demonstrated above, for the Bi2Te3/Sb2Te3 SLs a reduced thermal conductivity shall 

be reached for cross-plane application. So, besides introducing HH materials, an 

introduction into TE effects will be given in the next chapter that for example clarifies the 

correlation between ZT and the thermal conductivity. Here atomic masses from titanium, 

zirconium and hafnium of 47.88 u, 91.22 u and 178.49 u,10 respectively, play the key role 

in the reduction of cross-plane thermal conductivity. Starting from a simple model, a 

state-of-the-art discussion about scattering in bulk materials as well as in SLs is given in 

chapter 3. Besides thermal conductivity, electronic properties are of importance. Based on 

several models, linkage and origin of the electronic properties in TE materials will be 

explained in the following. The main part of this thesis starts with chapter 4. Here, results 

about structural properties as composition and surface morphology will be given for 

single TiNiSn and Zr0.5Hf0.5NiSn films. In chapter 5, results obtained for thin films grown 

on an additional vanadium buffer layer are shown. Besides an increased HH film quality, 

the vanadium buffer layer is a potential candidate as back electrode for cross-plane 
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applications. The opportunity of fabricating SLs containing TiNiSn and Zr0.5Hf0.5NiSn is 

presented in chapter 6. Next to X-ray Diffraction (XRD) pattern, X-ray Absorption 

Spectroscopy  (XAS)  is  used  to  demonstrate  the  sustainment  of  film  quality  for  the  HH  

SLs. For showing semiconducting and TE behavior of the single films and SLs, Seebeck 

and conductivity measurements are performed and illustrated in chapter 7. The 

measurements have been done in a temperature range between 50 K and 900 K. After 

giving a brief introduction in the principles of the 3  method and its challenges, thermal 

conductivities of thin films and SLs are presented in chapter 8. Since the differential 3  

technique measures a thermal resistance (thin film) between a heater and infinity 

(substrate), due to its varied thermal conductivities, the measured material system 

containing HH thin films (low thermal conductivity) on MgO substrates (high thermal 

conductivity) is suitable. For the differential method two thin gold strips, fabricated on 

two samples that differ in film thickness, and their temperature oscillations are used to 

calculate the thermal conductivity of the varied films. Finally, summary and outlook are 

given in chapter 9. 
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Chapter 2  

 

Half-Heusler materials in thermoelectrics 
 

2.1 Thermoelectric effects and applications – a brief introduction 
Since 1960, the human race conducts experiments at the edge of the universe. Because 

of insufficient sun radiation, photovoltaics cannot be used for energy supply. So, 

spacecrafts are utilizing radioactive materials whose decay heat lasts over decades. The 

temperature gradients between outer space and core of the spacecraft are exploited by TE 

effects. 

 
Figure 4 Illustration of Seebeck, Peltier and Thomson effect (Adapted from Ref. 11) 

 

In 1821,12 Thomas Johann Seebeck discovered that an applied temperature gradient T 

along a proper material system a-b-a (Figure 4) causes an electric voltage V or U. Two 

metals (red) are kept at two different constant temperatures T1 and T2. The Seebeck 

coefficient  depends on the TE material b (green) and is used to connect temperature T 

with voltage difference V. 

The reverse effect is called Peltier effect. Here, the Peltier coefficient  is defined by 

the transported heat Q divided by the applied electric current I. Absorption and emission 

of heat take place at the interface towards the metal.13 The specific area depends on the 

electron energy relaxation length that is typically between 200 nm and 400 nm. 
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Finally, the Thomson effect can be observed if an electrical current I flows  along  a  

temperature gradient T. Then the Thomson coefficient  specifies the change in heat 

transported by I along T. This effect plays a minor role, but as well as Joule heating, it 

influences the overall efficiency of a TE device.14,15 

 
Figure 5 TE module (Adapted from Ref. 16) 

 

The assembly of the TE module is  shown in Figure 5.  It  contains a top and a bottom 

side made of electrically isolating but highly thermal conducting materials to ensure the 

thermal connection to the surrounding. In-between, metal contacts are attached so that n- 

and p- conducting TE materials are connected (see magnification). As it is illustrated, the 

existences of p-doped SCs enable a net current flow of electrons though several TE legs 

in series. Electrons having the properties of holes move through an almost filled valence 

band (VB). So, either individually generated voltages can be summed up if an 
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temperature gradient is applied (Seebeck effect) or in each leg heat is carried from one 

side to the other if an electric current is applied (Peltier effect). 

Of course, nanostructured thin films are not suitable for macroscopic TE generators as 

schematically shown in Figure 5. Those have dimensions in the order of centimeter and 

are driven by a few watts. But where the technology goes to, can be seen in Figure 6. 

Micropelt GmbH Freiburg has started the commercial usage of their ‘two-wafer-

concept’.17 On top of metallic contact structures, Bi2Te3 related p- or n-type materials and 

solder is sputtered on a Si/SiO2 wafer. After the final structures are obtained by dry 

etching (Figure 6) both wafers are bonded together. By applying this technique, TE pairs 

with a density of 7200 cm-2 can  be  realized.  Despite  smallest  dimensions  of  1666 µm x  

832 µm and a total thickness of 1090 µm, temperature differences of about 40 K can be 

generated by 0.3 W. 

Using a single barrier heterostructure consisting of InGaAsP, A. Shakouri et. al. 

obtained  a  temperature  difference  of  1  K for  an  area  of  90  µm x  180  µm and heights  of  

1µm.18 

 
Figure 6 Schematic assembly and Scanning Electron Microscope (SEM) image of a TE 

generatorI 
 

For in-plane usage, thin legs containing p-type Bi0.4Sb1.6Te3 and  n-type  Bi2Te3 have 

been fabricated by Metal Organic Vapor Deposition (MOCVD). 19  Instead of 

Bi0.4Sb1.6Te3, electrodeposited Sb2Te3 has been used by others.20 So in-plane, temperature 

                                                
I Copyright Micropelt GmbH 
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differences separated by the length of the parallel aligned p- and n-type legs can be 

generated. Vice versa, just small amounts of TE material must be deposited to obtain 

powers in the order of µW.21 Similar structures have been deposited on flexible polyimide 

Kapton® substrates  with  a  thickness  of  12  µm.22 Others have fabricated one pair of TE 

legs that is sufficient for a precise temperature measurement.23 

Less sophisticated but using Heusler materials, 24  in  2007  Masumoto  et.  al.  have  

published a TE module showing the potential application of the material class. The 

assembly of n- and p-type material containing pure and Si-doped VFe2Al, respectively, 

can  be  extracted  in  Figure  7.  With  a  film  thickness  of  about  4  µm  and  applying  a  

temperature difference from 343 K to 313 K resulted in an electric voltage of 31 mV. 

Divided by 30 K and 16 legs, it results in an average Seebeck coefficient of about 

65 µVK-1. 

 
Figure 7 Eight pairs of n-type VFe2Al and Si-doped p-type VFe2Al  

(Adapted from Ref. 24) 
 

Beside well known bulk application that still fill niche applications, the miniaturization 

opens new fields for TE devices using thin film technology. Next to self-sufficient 

sensors that are using a surrounding temperature gradient for measuring and sending a 

physical property,17 thermal on-chip temperature controlling moves into focus. 25  The 

increasing number of heat density in processors could be actively cooled right at the hot 

spots. 26 , 27  Additionally,  temperature  stabilization  for  solid  state  LASERs  and  their  

emitting frequency can be done.28  

 

2.2 ZT – the figure of merit in the field of thermoelectrics 
Although changing the shape of the TE material in a TE generator can also influence 

the efficiency,29 the current focus is set on material parameters as Seebeck coefficient , 

conductivity  and thermal conductivity . Because heat can be transferred either by the 
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lattice ph or by free electrons el, the thermal conductivity can be split into parts. Taking 

into account the temperature , these material properties are combined by the figure-of-

merit  to assign material to be suitable for TE applications:30 
 

  = =              2.1 

 

For measuring Seebeck coefficients (see Figure 4) as well as thermal conductivities a 

temperature gradient must be applied. Here, measured values are assigned to an average 

temperature of a sample. = ( ) and = ( ) are obtained by driving a temperature 

gradient though a certain temperature range. 

 
Figure 8 Seebeck coefficient , conductivity , thermal conductivity , power factor 2  

and figure of merit ZT as a function of carrier concentration (Adapted from Ref. 16) 
 

Based on variously doped Bi2Te3, in Figure 8, TE properties  (blue),  (red) and  

(purple) are calculated. So, quantitatively the ordinate goes from zero to 500 µVK-1, 

5000 -1cm-1 and 10 Wm-1K-1, respectively. While the conductivity increases at higher 

electron concentrations, the Seebeck coefficient decreases simultaneously. Calculating 

 combines the electrical coefficients and is called power factor (black). Due to the 

thermal conductivity that rises at enhanced electron densities, the maximum of the ZT 

(green) shifts to smaller electron densities. Beside Figure 8, a semi-classical treatment 

that will be shown in chapter 3.2.2 can be used to demonstrate the connection of the TE 
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parameters. It demonstrates the challenge of optimizing one parameter without degrading 

another one. But theoretically, an upper limit for ZT has not been found.31  

In the case of anisotropic materials, material properties have to be measured along 

identical directions. If an identical sample is used for subsequent measurements, remained 

sample quality before and after single measurements should be assured. If different 

samples are used for measuring several properties, sample fabrication and quality must be 

as similar as possible. Ignoring these principles can distort ZT tremendously. 

 
Figure 9 Equivalent to Eq. 2.2, for varied ZT values (colored numbers) the efficiency is 

plotted as a function of temperature difference. The cold side temperature is set to 300 K. 
 

Using ZT and the temperatures at the hot  and the cold side  of TE material, for the 

efficiency  it can be written:16 
 

  =               2.2 

 

As one easily can see, the efficiency of a TE material is composed of two products. The 

former is equal to the Carnot efficiency and the latter incorporates the material specific 

behavior including the dimensionless ZT. Having a fixed cold side temperature of 300 K, 

the efficiency as a function of temperature difference ( ) is shown in Figure 9. 
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Different curves correspond to different ZT values (colored numbers). The efficiency goes 

up if either higher temperature differences or higher ZT values are applied.  For ZT  

the Carnot efficiency is reached. Currently, ZT values of about 1 are obtained by p- and n-

type materials.32,33 It can be taken from Figure 9 that further developments in efficiency 

become more difficult. But as already mentioned in the introduction, not only high ZT 

values are essential for implementing new TE materials into modules. 34  To replace 

established energy conversion systems, ZT > 4 must be obtained.13 Additional losses in 

TE generators are not considered. 

 

2.3 Formation of half-Heusler materials 

In  1970,  W.  Jeitschko  was  one  of  the  earliest  scientists  publishing  about  TiNiSn.35 

Without mentioning TE application, he fabricated TiNiSn by arc melting. Due to XRD 

analyses, TiNiSn was assigned to MgAgAs structure with a lattice constant of 5.941 Å. 

Figure 10 illustrates the crystallization of HH compounds in the space group of zinc 

blende ( 43 ). Four interpenetrating face centered cubic (fcc) unit cells, each shifted 

one fourth of the unit cell along the diagonal is probably the most demonstrative 

structural description. Similar to the rock salt structure, least and most electronegative 

elements are generally forming X (1/2;1/2;1/2) and Z (0;0;0) position, respectively. In the 

center of the rock salt structure, forming tetrahedral zinc blende structure with Z position, 

Y can be found at (1/4;1/4;1/4) position. I  For TiNiSn (Zr0.5Hf0.5NiSn), titanium 

(zirconium and hafnium), nickel and tin can be addressed to X, Y and Z. Concerning the 

corresponding full-Heulser Ni2TiSn, it would be more consistently (Figure 10) to label Y2 

as the vacant fcc lattice or to name it NiTiSn, as is has been done by others.36 Early 

calculations have shown that the missing nickel atom is essential in changing the 

compound from a metal to a SC.37 

As it is known from classical SC physics, the valence electrons have to fill the last 

occupied electron band (valence band) to make a material semiconducting or isolating 

depending on the energetic gap to the next unoccupied energy band (conduction band). 

Similar  to  GaAs  that  is  a  III-VI  SC,  there  are  HH  compounds  formed  by  main  group  

                                                
I Giving the atomic positions of TiNiSn, ZrNiSn and HfNiSn, Pearson's handbook of 
crystallographic data for intermetallic phases refers to Jeitschko et. al..35 While Jeitschko 
et. al. defines identical positions as given here, Pearson's handbook of crystallographic 
data for intermetallic phases has done a mistake while copying the data. 
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elements that have to have eight valence electrons to fill the VB.38 For LiMgAs, one can 

sum up  one,  two and  five  electrons  for  lithium,  magnesium and arsenic,  respectively.  It  

can be assumed that there is a sp3-hybridisation between magnesium and arsenic that are 

forming the zinc blende structure. Since valence states from lithium lie above the bonding 

sp3-states, there is an electron transfer leading to Li+[MgAs]-. The difference in bonding 

and anti-bonding states determines the energy gap between the filled VB and the empty 

conduction band (CB). 

 
Figure 10 HH crystal structure, atomic positions and the origin in the periodic table of 

elements (PTE) (adapted from Ref. 39) 
 

Due to d-band valence states for titanium and nickel the issue becomes more difficult 

for TiNiSn.40 Because of their similarity in electronegativity, nickel (1.91) and tin (1.96) 

are forming covalent bonds within a zinc blende structure. Other than for LiMgAs, the 5s 

and 5p states that are empty for nickel and partially filled for tin are forming bonding a1 

and triple-degenerated t2 orbitals  that  are  crucial  for  the  stability  of  HH  compounds.41 
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These bonding states as well as empty nickel d-orbitals are filled by four titanium valence 

electrons leading Ti4+[NiSn]4-. The ionic character arises from the lower electronegativity 

of titanium (1.54). The d-orbitals from nickel (fully occupied) and titanium (empty) 

generate bonding and anti-bonding states of double degenerated e and triple degenerated 

t2 orbitals. These bonding orbitals and their anti-bonding counterparts form the energy 

gap in most HH alloys. Although the localization of the orbitals plays a role as well,42 one 

can say that as bigger the difference in electronegativities, as stronger the bonding and as 

bigger the energy gap becomes. For semiconducting behavior, all states below the energy 

gap must be occupied. According to the explanation above, one a1, one double-

degenerated e and two triple-degenerated t2 orbitals must be completely filled by spin up 

and  spin  down  electrons.  So  for  TiNiSn,  18  VB  electrons  are  provided  by  Ti  3d24s2, 

Ni 3d84s2 and Sn 5s25p2. An identical calculation can be made for Zr0.5Hf0.5NiSn. Here, 

two VB electrons each from Zr 4d25s2 and Hf 5d26s2 substitute Ti 3d24s2. 

A more simplified consideration can also be done to explain that the sum of 

participating VB electrons must be 18. Compared to conventional SCs as GaAs or ZnSn 

that need to have two and six electrons occupying the s and p orbitals, respectively, for 

HH compounds ten additional valence electrons are required to fully occupy the existing 

d orbitals. 

 

2.4 TiNiSn and Zr0.5Hf0.5NiSn in thermoelectrics  
In general, the Fermi energy lies within the VB or CB, if the sum of valence electrons 

is 17 or 19, respectively.43 If 40 % of scandium is exchanged for titanium in Ti1-xScxNiSn, 

the Fermi energy moves significantly into the VB.44 Does a HH compound have more 

than 19 VB electrons, too many electrons are located in the anti-bonding states and most 

of the HH compounds become unstable.45  

As it is schematically shown in Figure 10, HH compounds can be formed by several 

combinations of elements.  So, by changing elements and their  electronegativity,  a broad 

variety of energy gaps can be fabricated. For TiNiSn, a band gap of 0.45 eV has been 

calculated by several groups.43,46,47 As it can be seen from the band structure (Figure 11), 

the gap occurs from the center ( ) to  an  edge  (X)  of  the  Brillouin  zone  BZ.  Therefore,  

that is an indirect band gap and a phonon is needed for the electron transition between 

highest VB edge and lowest CB edge. The direct gap at  –point has been calculated to be 

1.20 eV.37 In contrast, Chaput et al. calculated a direct energy gap of 0.46 eV for 
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Ti0.5Hf0.5NiSn.42 Importantly, the size of the energy gap EG creates the appropriate 

number of charge carriers that is crucial for TE materials (see Figure 8). For SCs as 

TiNiSn and Zr0.5Hf0.5NiSn, the amount of electrons is increased at elevated temperatures.  

In general, the temperature exhibiting the highest ZT values strongly depends on the 

energy gap of a material (see Figure 8). At RT, materials as Bi2Se3, Bi2Te3 and  Sb2Te3 

with EG of less than 0.35 eV,48 are suitable TE materials. Has energy conversion to be 

done at much higher temperatures (~1000°C), Si0.8Ge0.2 alloys play an essential role. With 

EG of about 1 eV, also ZT values above 1 are reached.49,50 In 1994, J. O. Sofo and G. D. 

Mahan derived a general model for direct and indirect SCs saying that the application 

temperature of a TE material is about six times lower than its energy gap.51 If one looks 

for TE materials having highest performance at intermediate temperatures, due to its 

intermediate EG,  TiNiSn  and  Zr0.5Hf0.5NiSn are appropriate candidates. Their ZT as  a  

function of temperature is shown in Figure 12. 

 
Figure 11 Calculated band structure (left) and density of states (right) of TiNiSn 

(Adapted from Ref. 47) 
 

In Figure 12a, ZT values for several HH compounds that have been fabricated by 

directional solidification are shown.52 For comparison, ZT for  ZrNiSn (red)  and  HfNiSn 

(black) are represented by crosses. Compounds with two different elements at the X1 
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position are illustrated by connected open symbols. In average, higher ZT values are 

obtained. Highest ZT values  are  measured  for  Zr0.5Hf0.5NiSn (circles). Because the 

fabrication process influences the ZT values by the sample quality,  the definite origin of 

an extraordinary performance cannot be concluded by a single publication. Here, in 

contrast to compared HH compounds, a higher Seebeck coefficient causes this 

outstanding result for Zr0.5Hf0.5NiSn. 

The influence of sample preparation can be seen in Figure 12b. After Spark Plasma 

Sintering (SPS, black), TiNiSn bulk samples have been treated by post-annealing.55 A 

short annealing time already causes an enhanced power factor (blue). But with increased 

annealing time (red), ongoing grain size growth also increases the thermal conductivity. 

Of course deviating ZT numbers can also be found in different publications (Table 1). 

Besides varying fabrication processes, the measurement techniques and their 

measurement error generate deviations. Nevertheless, with ZT numbers of about 0.5, 

TiNiSn and Zr0.5Hf0.5NiSn belong to a closer circle of relevant TE materials. 

 
Figure 12 ZT as a function of temperature for Zr0.5Hf0.5NiSn  (a) and TiNiSn (b) 

(Adapted from Ref. 52 and Ref. 55) 
 

It was intended to include also TiNiSn into Figure 12a.52 But other than shown 

combinations  of  XNiSn  (X  =  Ti,  Zr,  Hf),  the  fabrication  of  stable  TiNiSn  bulk  samples  

was not doable by directional solidification. For spark plasma sintered bulk samples with 

purposely changed nickel composition, Ti6Ni5 and TiNi2Sn were observed.53 Next to the 

formation of pure tin, a significant reduction of Ti6Ni5 and TiNi2Sn phases with increased 

annealing temperature has been observed by others.54,55 So, TiNiSn is known to form 

several phases within the alloy. Inconsistently, to most other publications, ball milled and 
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arc-melted bulk samples that were additionally annealed up to 1023 K decomposed in 

Ni3Sn4 and pure Ti.39 But also Ti5Sn3 has been found in TiNiSn.55 Additionally, in Ti-Co-

Sn ternary systems, Ti2Sn and Ti3Sn have been found as stable phases.56  

In 1970, when Jeitschko published about TiNiSn, analyses about ZrNiSn had been 

already done.35 Arc melting as well as the high frequency induction furnace were used for 

fabrication. Beside ZrNiSn stable phases as ZrSn2, Zr5Sn3, Zr3Sn, Zr2Ni, ZrNi, Zr7Ni10, 

ZrNi5, Ni3Sn, Ni14Sn10, Ni3Sn4 and ZrNi2Sn have been found. Single phase Zr0.5Hf0.5NiSn 

was fabricated by directional solidification.52 For niobium doped Zr0.5Hf0.5NiSn, XRD 

measurements have revealed small amount of secondary phases (Ni2Zr0.5Hf0.5Sn, Ni1.35Sn 

and Hf5Sn4).57 

 

ZT Temperature Fabrication Reference 
 

0.3 
 

700 K 
 

arc melted; ball milled; annealed 
 

54 

0.4 770 K arc melted; ball milled; SPS 58 

0.45 740 K microwave, ball milled, hot pressed 55 
 

Table 1 Differently fabricated TiNiSn bulk samples and their maximum ZT values 
obtained at given temperatures 

 

In literature, several experimentally obtained lattice constants for TiNiSn can be found 

reaching from 0.5919 nm to 0.5964 nm (0.5919 nm,39 0.5927 nm, 59 , 60  0,5930,55 

0.5934 nm,53 0.5940 nm,61 0.5941 nm,35 0.5964 nm62). Similar to the documentation of 

secondary phases only a few reports about lattice constants of un-doped Zr0.5Hf0.5NiSn 

can be found. Measured bulk samples fabricated by arc-melting and post annealing have 

given a lattice constant of 0.61082 nm.57  

As it has been shown above, enhanced efficiency can be obtained by increasing ZT that 

is directly related to the power factor. For n-type or p-type TE materials,47 the  power  

factor can be enhanced if a few atoms are exchanged by atoms with plus or minus one 

valence electron, respectively. But also a reduction in thermal conductivity increases the 

efficiency of HH materials. In general, compounds including bigger atoms exhibit weaker 

interactions between the atoms and the thermal conductivity falls with atomic number. So 

at RT, the thermal conductivities for TiNiSn, ZrNiSn and HfNiSn have been measured to 

be 9.3 W/mK, 8.8 W/mK and 6.7 W/mK, respectively. 63 Furthermore, using the same 

measurement  setup  for  Zr0.5Hf0.5NiSn, Ti0.5Zr0.5NiSn  and  Ti0.5Hf0.5NiSn thermal 

conductivities of 4.4 W/mK, 4.9 W/mK and 3.6 W/mK have been obtained. Here, 
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additional mass fluctuation causes a reduction in thermal conductivity – the bigger the 

mass difference the lower the thermal conductivity. Since phonon scattering depends on 

grain size and crystal quality, thermal conductivity is strongly influenced by the 

fabrication process. At RT, thermal conductivity of bulk TiNiSn has been measured to be 

7.4 Wm-1K-1.64  

So far, n-type HH materials and their research dominate the class of p-type materials 

by far. Bit by bit p-type HH materials with similar performance are discovered. Recently, 

Hf0.3Zr0.7CoSn0.3Sb0.7 with a ZT of 0.8 has been fabricated.4 2 % ZnO as additive has been 

used to decrease thermal conductivity. After arc-melting and ball milling, the samples 

have been fabricated by SPS that is the state of the art technique in TE bulk sample 

fabrication. 

In  the  field  of  TEs,  TiNiSn and  Zr0.5Hf0.5NiSn have been extensively studied. Power 

factors as well as thermal conductivities have been increased. The ongoing 

miniaturization opens new fields of application. In this work, a reduced thermal 

conductivity perpendicular to a multilayer structure containing TiNiSn and Zr0.5Hf0.5NiSn 

shall be obtained for thin films. 
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Chapter 3  

 

Theoretical and experimental background 
 

3.1 Thermal conductivity 
In a solid, heat is transported by atomic oscillations that are transferred from one atom 

to another. Finally, created waves that are also named as phonons are responsible for the 

heat transport. This chapter explains varied kinds of waves that are generated in different 

material systems. According to the dispersion relation, it is shown that acoustic waves 

move the fastest through a solid. Typically, dispersion relations for acoustic phonons are 

measured by inelastic neutron scattering.65 Optical phonons can be measured by infrared 

absorption. Appling LASER light with higher photon energies enables the observation of 

energy shifts due to the absorption or the creation of phonons at the surface. The 

momentum of the photons that are interacting with phonons is small and therefore only 

phonons close to the -point can be excited. It is distinguished between Brillouin-

scattering and Raman-scattering if photons interact with acoustic or optical phonons, 

respectively. The excitation of single phonon states can be done by Mössbauer 

spectroscopy. Here, the nucleus absorbs and re-emits -radiation. So, also quantum-

mechanic behavior of phonons becomes obvious. 

The discussion about different kinds of lattice vibrations and their influence on thermal 

conductivity is followed by presenting phonon scattering events that prevent the 

unresisted propagation of heat. An introduction in bulk scattering is followed by a final 

discussion about emerging effects on thermal conductivity in SL. Here, the focus is set on 

the heat propagation perpendicular to the interfaces.  

In the following, electron-phonon interaction is not considered.66 

 

3.1.1 Fundamental treatment of lattice vibrations 
In a most simple model,67 atoms in a lattice are considered as a linear chain of point 

masses M having equal distances a in-between. Each mass has a position of zero 

excitation. Due to elastic forces between several atoms, an atom can be miss-aligned u 
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from its equilibrium position by its neighbor atom. By transferring the excitation from 

atom  to  atom  a  so  called  wave  moves  through  a  solid.  Upon  the  orientation  of  the  

excitation and the propagation, the waves can be classified in longitudinal or transversal 

waves. Similar to sound or water waves, the excitation can be parallel or perpendicular to 

the propagation, respectively. By considering a linear force similar to the Hooke’s law 

(constant C) and only the interaction between neighboring atoms and their distance away 

from equilibrium (us+1, us-1), one can determine the force F affecting the atom s and its 

position us in-between: 
 

  = ( ) + ( )            3.1 
 

The equation of motion for the atom can be written: 
 

  = ( + 2 )            3.2 
 

The differential equation can be solved by a propagating wave equation 
 

  ± = exp( ) exp( ) exp(± )          3.3 
 

and leads to 
 

  exp( ) exp( ) 

= exp( ) exp( ( + 1) ) + exp( ( 1) ) 2exp( ) .          3.4 
 

Finally 
 

  (exp( ) + exp( ) 2)          3.5 
 

can be exchanged by 2cos( ) = exp( ) + exp( ) and results in the dispersion 

relation that combines the angular frequency  with the wave vector K of the propagating 

wave. It can be written  
 

  = cos( )   or            3.6 
 

  = sin .              3.7 

 

A plot of the dispersion relation is shown in Figure 13. Dashed lines represent the first 

Brillouin  zone  (BZ).  Due  to  symmetry  within  a  crystal,  all  waves  can  be  described  by  
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. Usually, transversal and longitudinal acoustic modes differ in C and therefore two 

branches can be observed. A stronger longitudinal interaction of the atoms leads to a 

higher C and a higher energy dispersion branch. So having identical wave vectors, 

transversal acoustic waves appear with a lower phonon frequency. 

 
Figure 13 Dispersion relation (  = f (K)) for acoustic phonons 

 

The energy transport of a wave is described by the group velocity of a wave packet 

and given by: 
 

  = = cos              3.8 

 

Hence, phonons that transport energy have to have small wave vectors. As it can be seen 

by the nearly linear slope of the dispersion branch (Figure 13), the propagation is almost 

independent from the wave vector and corresponds to the speed of sound in a solid. For 

smaller wave lengths (higher angular frequency), the dispersion relation flattens out and 

phonons do not contribute to the energy transport. 

More sophisticated it becomes, if more than one atom is located within the first BZ. 

Due to charge transfers, optical oscillations can be excited. In contrast to acoustic 

phonons, for optical phonons two neighbor atoms oscillate reversely. A similar derivation 

but  with  two  different  masses  (M1 > M2) can be done. Compared to Figure 13, an 

additional optical phonon branch occurs (Figure 14). As valid for the acoustic phonons 

that have a short wave length, the weak curvature of the whole optical phonon branch 
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indicates only a little energy transport. Notably, a gap arises between acoustic and optical 

phonon branches. Here, imaginary solutions can be found. Phonons having these 

frequencies are damped. 

For optical phonons it can also be distinguished between longitudinal and transversal 

waves. Having p atoms  in  the  first  BZ  leads  to  3p dispersion branches: 3 acoustic and 

3p – 3 optical. Acoustic phonons that are independent of the number of atoms in the first 

BZ are assembled by one longitudinal and two transversal branches. The amount of 

optical phonons is enhanced by additional atoms. 1) longitudinal and 1) 

transversal optical branches are generated by p atoms in the first BZ.68  

 
Figure 14 Dispersion relation for two atoms with M1 > M2 

 
Although a variety of properties can be explained by a classical treatment, phonons are 

quasi-particles that have to be treated quantum mechanically with an integer spin. By 

taking into account the Boltzmann constant , the reduced Planck constant  and the 

total energy of all phonons kBT, the probability of a single phonon state to be occupied  

is given by the Bose-Einstein statistics:  
 

  =                3.9 

 

With an integer number n, for single phonons the energy can be assigned to be: 
 

  +              3.10 
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Similar to the harmonic oscillator, 1 2  belongs to a zero-point energy. For phonons, 

the physical momentum p must be taken into account as 
 

                3.11 
 

if phonons interact with other particles as photons, neutrons or electrons.  

 

3.1.2 Thermal conductivity  

The heat flow  that is conducted through an area per time is given by: 
 

                3.12 
 

Therefore, it depends on the thermal gradient  and the thermal conductivity .69,70 
Naturally, the minus makes the heat flowing from a warmer to a colder region. With TE 

devices one either wants to generate electric power or a thermal gradient by a hot and a 

cold side or an applied current, respectively. In both cases it is of importance that the heat 

flow between hot and cold end is minimized. So, an appropriate TE material must have a 

low thermal conductivity. 

Besides phonons, heat can be transferred by electrons as well. Therefore the thermal 

conductivity is composed of an electronic  and a lattice  part: 
 

  = +              3.13 
 

Of course, only free electrons are suitable to carry energy through the solid. For metals,71 

conductivity and the electronic part of the thermal conductivity can be linked by the 

Wiedemann-Franz Law including Lorenz number  and elementary charge e: 
 

  = ~ 2.44 10         3.14 

 

In general, TE materials are semi-metals where phonons dominate the thermal 

conductivity. For thin films deposited for this work, at 300 K, conductivities in the order 

of 10 m  have been measured. Hence, the contribution of the electrons to thermal 

conductivity is about 0.75 Wm K  and cannot be neglected. 

Based on Hall measurements and a more sophisticated model, 72  the thermal 

conductivity of ZrNiSn including the influence of free electrons and holes is shown as a 

function of temperature in Figure 15. Considering different properties for electrons and 
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holes and the temperature dependence due to semiconducting behavior, allowed 

simulating the thermal conductivity at elevated temperatures. An additional measurement 

of the thermal conductivity was performed (black squares). While further considerations 

in this chapter will explain decreasing thermal conductivities, here is shown an example 

that for SCs the thermal conductivity can rise at elevated temperatures due to emerging 

charge carriers. But the dashed line shows that only a correction of the lattice contribution 

of the thermal conductivity due to Lorenz number  and conductivity  is insufficient. A 

further correction needs to be done that includes partial electron-hole generation and 

recombination  (ambipolar diffusion effect). 73  Because electron-hole interaction is 

enhanced for intrinsic SCs, for ZrNiSn, having many in-gap states, the effect increases 

with temperature.  

 
Figure 15 Calculated influence of semiconducting behavior on thermal conductivity of 

ZrNiSn (Adapted from Ref. 72) 
 

In kinetic gas theory, the thermal conductivity that is generated by the lattice of a solid 

can be estimated to be: 
 

  =              3.15 

 

Beside specific heat capacity per unit volume CV  and phonon velocity vs, the MFP of 

phonons lPh plays  an  essential  role.  Therefore  the  equation  expresses  how  much  heat  is  

carried  how  fast  and  how  far  until  the  next  phonon-phonon  collision  appears.  Due  to  

symmetry  only  one  third  of  the  energy  is  carried  along  a  specified  direction.  By  

exchanging: 
 

   =               3.16 



3.1 Thermal conductivity 
 

26 
 

with time ( ) between two collisions, the thermal conductivity can be written as: 
 

  =              3.17 
 

In combination with Figure 14, it becomes obvious why the thermal conductivity is 

dominated by the acoustic phonons having long wave lengths. Based on different 

considerations, the group velocity of a wave packet ( = ) and phonon velocity 

 have finally the same meaning. As faster phonons move, as higher the thermal 

conductivity becomes. 

 
Figure 16 N- and U-processes as possible scattering events for phonons 

 

Furthermore, different effects at different temperatures must be taken into account. 

According to the specific heat, at low temperatures, the thermal conductivity increases 

proportional to T3. More and more phonons are excited and take part in carrying heat. The 

phonons barely interact and their MFP is limited by the size of the sample and its 

impurities. Depending on the material, the thermal conductivity increases to a maximum 

at ~20 K. So, single crystals as sapphire even exceed thermal conductivity of metals.74 

But with rising temperature, phonon-phonon interaction starts. As it is illustrated in 

Figure 16, two scattering phonons create a third phonon. For the wave vector of the 

generated phonon, the wave vectors of the scattering phonons must be summed up. While 

so called Normal (N-) processes have an insignificant effect on thermal conductivity, so 

called Umklapp (U-) processes generate a noticeable reduction of the thermal 

conductivity. As it illustrated in Figure 16, the participating lattice vector G = 2 a-1 can 
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generate a phonon with an opposite direction to the incoming ones. The change in total 

phonon momentum is taken by complete crystal. 

Related to the Bose-Einstein statistics, the amount of phonons that can participate on 

U-processes due to a sufficient energy is given by: 
 

  = exp          3.18 

 

The Debye-Temperature  indicates the temperature where all phonon modes are 

excited. It can be applied to calculate U-processes for . The amount of phonons 

that generate U-processes can directly be converted into the time between two scattering 

events: 
 

  exp              3.19 

 

Calculations and experimental data have shown that  and  are almost equal. For 

, the amount of phonons is proportional to T and for the thermal conductivity it 

can be written: 
 

                3.20 
 

 
Figure 17 Thermal conductivities for TiNiSn and Zr0.5Hf0.5NiSn 

(Adapted from Ref. 75 and Ref. 76) 
 

For  TiNiSn  and  Zr0.5Hf0.5NiSn thermal conductivities from 0 to 300 K are shown in 

Figure 17. Due to the large number of atoms in the unit cell, many phonon modes appear 
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and Debye temperature is above RT. For some HH materials, it has been calculated upon 

the velocity of sound that was measured to be ~3000 ms-1.72 So, following the  

dependency, only exp( ) behavior can be seen in Figure 17. Due to doping and 

crystal quality, varied = f ( ) can be observed. Nevertheless,  behavior of 

the lattice thermal conductivity has also been measured for Ti0.5Zr0.25Hf0.25Co0.95Ni0.05Sb 

with InSb nanoinclusions between RT and 800 K.5 Theoretically, in the case of strong 

defect scattering, T-1/2-behavior can be observed as well.79 

 

3.1.3 Disorder in solid solutions 

 
Figure 18 Thermal resistivity (W/WP) as a function of disorder parameter U0 and ratio  

between three phonon N- and U-processes (Adapted from Ref. 77) 
 

Besides phonon-phonon interaction, mass fluctuation in a crystal can influence the 

thermal conductivity tremendously. In 1963, upon Klemens-Callaway-Theory,78,79 Abeles 

calculated a model including phonon-phonon and impurity scattering.77 In an isotropic 

elastic continuum model, the disorder results in point-defect-scattering and is included in 

a disorder parameter U0.  As  more  disorder,  given  by  strain  and  mass  point  defects,  is  

considered as bigger U0 becomes. In the calculation, reciprocal phonon scattering times 

caused by the defects depend on phonon frequency as 4. The reciprocal phonon 
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scattering time of phonon-phonon-interaction of N- and U-processes depend on the 

frequency as 2. Upon described parameters thermal resistivity divided by thermal 

resistivity at zero disorder (W/WP) can be seen in Figure 18. At low ( ) and at high 

( = 0 ) temperatures, thermal resistivity (conductivity) increases (decreases) with 

disorder (U0). Since phonon-phonon-interaction rises with temperature and increased U-

scattering takes place at high temperatures, disorder affects thermal conductivity even 

more at low temperatures. 

Based on a similar theory,79 in 2004 Yang et.al. calculated the RT lattice thermal 

conductivity of ZrNiSn, Zr0.5Hf0.5NiSn0.99Sb0.01 and  Zr0.5Hf0.5Ni0.5Pd0.5Sn0.99Sb0.01 to  be  

11.14 Wm-1K-1, 5.14 Wm-1K-1 and 1.15 Wm-1K-1, respectively.80 Similar to zirconium and 

hafnium that are enhancing mass and strain field fluctuations at the X1-position (see 

Figure 10), palladium shares the Y-position with nickel. Impressively, the calculation 

shows the capability of mass point and strain field defect scattering generated by varied 

elements at the same position in a crystal structure.  

A more specified calculation on defects in a crystal has been done by Klemens.81 A 

phonon lifetime that is similar to ~  was found for dislocation defects and static 

imperfections. Exchanged atoms that cause differences in mass and binding force resulted 

separately in ~  behavior. Notably, the relative changes in mass and bonding 

strength affect the reciprocal phonon lifetime as ~( )  and ~( ) , 

respectively. Finally, several scattering events and their single phonon lifetimes can be 

summed as:82 
 

  =               3.21 

 

For TiNiSn, atomic disorder plays an important role concerning TE properties. Besides 

electronic in-gap states that are valuable for a low resistivity of the compound, enhanced 

phonon scattering has its origin in atomic disorder. By the existence of the full Heusler 

TiNi2Sn, 83 it can easily be seen and has been proven by core level photoelectron 

spectroscopy that nickel atoms are located at the vacant side as well.84 But also titanium 

atoms swap to the vacant side.47 Due  to  their  atomic  size,  swapping  of  zirconium  or  

hafnium in Zr0.5Hf0.5NiSn is less probable. Therefore, TiNiSn shows an intrinsic behavior 

in reducing thermal conductivity.  

Already in 1980, it has been shown for hot-pressed Si30Ge70 bulk samples that already 

grain sizes much larger than the MFP of phonons affect the thermal conductivity.85 As the 
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grain diameter is reduced from infinity to 2 µm, the RT thermal conductivity decreases 

from 5.8 Wm-1K-1 to 3.7 Wm-1K-1. Due to smaller grains, depressed thermal conductivity 

has also been found for TiNiSn1-xSbx.75 If the grain size is reduced in TiNiSn0.97Sb0.03, as 

published by Battacharya et. al., 86  the lattice thermal conductivity can be further 

depressed. Applying ball milling and shock compaction has generated grain size 

diameters of less than 1 µm. So, the thermal conductivity has been decreased from 

~10.5 Wm-1K-1 for grain size diameters of 9.5 µm to 3.7 Wm-1K-1. Consequences upon 

electrical properties are not mentioned. 

 
Figure 19 Reduced electron mobility µ/µ0 and phonon mean free path L due to grain 

sizes in Zr0.5Hf0.5NiSn (Adapted from Ref. 87) 
 

In 2001, upon experimental data taken from Uher el. al.,76 Sharp et. al. calculated grain 

size dependent phonon scattering in bulk Zr0.5Hf0.5NiSn at elevated temperatures (Figure 

19).87 Their calculation revealed a tremendous reduction of the thermal conductivity if the 

grain  sizes  becomes  smaller  than  10  µm.  This  trend  goes  further  on,  but  a  beginning  

reduction in electron mobility at about 1 µm must be considered in the overall efficiency 

of a TE material. 

Beside an increased electron mobility, Uher et. al. observed enhanced thermal 

conductivity for Zr0.5Hf0.5NiSn (Figure 17) due to two weeks of post annealing.76 Since 

TE materials are mostly used at elevated temperatures, it points out one of the major 

challenges in TE research: TE materials must be stable over time to be utilized at a 

constant efficiency in TE devices. 



chapter 3 – Theoretical and experimental background 
 

31 
 

3.1.4 The effect of superlattices on thermal conductivity 
Although a reduction of in-plane thermal conductivity has been also measured,88 in the 

following section, theoretical and experimental results of thermal conductivity 

perpendicular to the interfaces of SLs are discussed. Several approaches are presented 

that describe emerging effects if material A and B are subsequently deposited on top of 

each other. 

By generating a polariton at the interface, it is shown that LO phonons can 

theoretically tunnel through a barrier. 89  Mode conversion has been suggested that 

transforms acoustic into optical modes right at the interface. 90  So, the thermal 

conductivity is decreased by the reduced group velocity. For layer thickness between 4 

and 12 monolayer (ML) this effect has been calculated to be constant for Si/Ge SLs. 

Furthermore, a reduced group velocity due to flatting of the optical dispersion branches 

for Si/Ge and GaAs/AlAs SLs has been calculated by others.91 It has been calculated that 

it is mostly affected by periods of about 10 ML.  

Based on non-equilibrium molecular dynamics calculation, Termentzidis et. al. have 

shown that the thermal conductivity of GaAs/AlAs SLs cannot be reduced below the 

thermal conductivity of the alloy.92 Additionally, their modeled GaAs/AlAs SLs show 

only a minimum in thermal conductivity as a function of SL period for smooth interfaces. 

 Similar calculations have been done for Si/Ge SLs. 93  Here, going from larger to 

smaller SL periods, for the thermal conductivity a plateau region has been calculated. 

Only for very small SL periods, the thermal conductivity starts increasing. Based on 

density-functional perturbation theory, including harmonic and an-harmonic force 

constants, a dramatic reduction in the scattering of acoustic phonons has been simulated. 

For SLs with less than 4 ML, the acoustic-acoustic-optical scattering channel vanishes. 

Usually, TA phonons scatter with LA phonons by generating LO phonons. Due to a rising 

energy gap between the sum of both acoustic phonons and the optical one, for smallest SL 

periods this scatter event disappears. By flattening the optical dispersion branch, a further 

acoustic-optical-optical scattering event becomes unfeasible as well. For that event TA 

phonons scatter by absorbing LO phonons and generating TO phonons. Due to the 

disappearance of both scatting events at very small SL periods, lifetimes of acoustic 

phonons and thermal conductivity are enhanced.  

In 1982, Ren et. al. calculated the formation of phonon mini-bands due to an artificial 

BZ formed by the additional SL structure perpendicular to the heat transfer.94 A reduction 
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of thermal conductivity was predicted due to enhanced U-scattering at around 20 K. Here, 

depressed thermal conductivity has been found for smaller periods. In 2000, M.V. Simkin 

and G. D. Mahan published an advanced model that assumes the formation of mini-bands 

as well.95 But additionally, a transition from particle to wave behavior has been shown if 

the SL period becomes smaller than the MFP of the phonons. As it is illustrated in Figure 

20,  for  shorter  phonon  MFP,  the  minima  of  the  heat  conductivities  shift  to  smaller  SL  

periods. The minimum in thermal conductivity becomes even more pronounced if 

additionally diffuse scattering is considered at larger SL periods.96 Based on a molecular 

dynamics simulation a minimum at about 10 ML has been calculated at RT. 97  By 

simulating emerging interface roughness, the thermal conductivity could be further 

reduced by diffuse scattering at the interfaces. Based on the Bolzmann transport equation 

and on the relaxation time approximation, a further calculation has revealed the same 

effect of diffuse phonon scattering at the interfaces.98 Specular scattering is calculated to 

be less affecting. But it strongly depends on the mismatch in acoustic impedance and 

phonon group velocity of the participating layers.  

 
Figure 20 Based on a three dimensional model, for several phonon MFPs (caption), at RT 

the heat conductivity is calculated as a function of SL period. (Adapted from Ref. 95) 
 

What has been shown for enhanced impurity scattering in bulk samples can also be 

transferred to phonon scattering interfaces. For GaAs/AlAs SLs,  has been 

measured for the thermal conductivity at elevated temperatures. 99  The temperature 

behavior deviates from  if it is not only phonon-phonon scattering that defines 

the thermal conductivity.100 
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For obtaining the record ZT value of 2.4,8 Venkatasubramanian experimentally 

demonstrated the minimum in thermal conductivity for Bi2Te3/Sb2Te3 SLs. 101  By  3  

measurements, a minimum has been found at a period of about 5 nm. By utilizing 

Eq. 3.15 obtained by kinetic theory, phonon MFP is calculated from thermal conductivity 

measurements. Both are shown in Figure 21a. The reduction in phonon MFP allowed the 

calculation of cut-off frequencies (Figure 21b). Waves with frequencies lower than the 

cut-off frequency are blocked by the SL. So, phonons with a higher (lower) frequency 

(wave length) contribute to the heat transfer. For SL periods smaller than 5 nm, the cut-

off frequencies decrease again due to a coupling of both individual layers.I  

 
Figure 21 Thermal conductivity (black, a), phonon MFP (red, a) and cut-off frequency 

(b) for Bi2Te3/Sb2Te3 SLs as a function of SL period thicknesses (Adapted from Ref. 101) 
 

Similar to the kinetic theory, the wave model can be applied. Analogical to optical 

dielectric filters with different indices of refraction,102 by alternating masses in SL, LA 

phonons can be blocked by Bragg reflection at the interfaces.103 The Bragg condition for 

a SL with the period thickness D and the angle of incidence  is: 
 

= 2 sin              3.22 
 

With normal incidence, = 90° it can be simplified to: 
 

=               3.23 

                                                
I Because optical phonons barely contribute to the thermal conductivity but heavily to the 
heat capacity, phonon MFPs calculated with Eq. 3.15 and illustrated in Figure 21a 
become too small. Thus, obtained cut-off frequencies are too high (Figure 21b). 
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By using = , it can be written as: 
 

  = m               3.24 
 

For a periodicity of 5 nm and a speed of sound of 3000 ms-1, the longest wave length 

and the lowest phonon frequency can be calculated to be 10 nm and 3 x 1011 Hz, 

respectively. 

 
Figure 22 Thermal resistivity of Si/Si0.7Ge0.3 SLs for a changed number of interfaces 

measured at varied temperatures (a); Thermal conductivity of ZrN/ScN (black dots) and 
Zr0.64W0.36/ScN (orange squares) multilayers as a function of period (b) 

(Adapted from Ref. 106 and Ref. 109) 
 

Below a SL period of 7 nm an increase of thermal conductivity has also been measured 

for Si/Ge superlattices. 104  Borca-Tasciuc et. al. have measured a minimal thermal 

conductivity of 3 Wm-1K-1 for a Si/Ge SL periodicity of 14 nm.105 For period thicknesses 

of 9 nm and 4.4 nm the thermal conductivity has been determined to be almost identical 

and significantly higher, respectively. To demonstrate the sensibility of material systems 

as well as measurement techniques, by others, 106  a monotonically decreased thermal 

conductivity has been also measured for Si/Si0.7Ge0.3 SLs  down  to  shortest  periods  of  

4.5 nm. So, only increasing thermal resistivity has been observed for an increasing 

number of Si/Si0.7Ge0.3 interfaces (Figure 22a). In this context, Lee et. al. have refered the 

change in thermal conductivity in Si/Ge SLs to a varied crystal structure for different 

periodicities. 107  Therefore, germanium nanodots with different silicon spacer layer 

thicknesses  have  been  grown  by  Pernot  et.  al..108 So, the crystallographic quality of the 

thin film that also influences thermal conductivity has not changed with periodicity. 
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Among other techniques, increased thermal conductivities for smallest periods (4 nm) 

have not been observed by 3  measurements. Thereby, for almost identical material 

systems different results have been published. But it can be highlighted at this point that 

due to the structural similarity between TiNiSn and Zr0.5Hf0.5NiSn different period 

thickness are supposed to have similar crystallographic quality.  

Rawat et. al. have analyzed ZrN/ScN and Zr0.64W0.36/ScN SLs (Figure 22b).109 With a 

period thickness of 5 nm for a ZrN/ScN SL (black dot), a minimum in thermal 

conductivity has been measured that is similar to the lattice contribution of the thermal 

conductivity calculated by subtraction of the electronic contribution (Eq. 3.13) according 

to the Wiedeman-Franz law (Eq. 3.14) for Zr0.65Sc0.35N. Referred to Simkin and Mahan,95 

phonons can be treated as particles if their MFP is shorter than the SL period. Here, it is 

doable for periods above 5 nm. For the thermal resistance per unit area given by 

thickness dx divided by thermal conductivity  it can be written: 
 

  = + + .            3.25 

 

The overall thermal resistance for one SL period is therefore generated by four 

resistances in a row.I It is assembled by the resistance of both participating materials and 

twice the boundary resistance between the attending materials . Assuming the same 

boundary resistance for a phonon to cross a ZnN and ScN interface and vice versa, Rawat 

et. al. have calculated a thermal conductance for the ZnN/ScN interface of 

200 x 106 Wm-2K-1. It is comparable to 667 x 106 Wm-2K-1 that has been measured for a 

Mo/Al2O3 interface.110 For AlN/GaN SLs, similar considerations have been done by Koh 

et. al.. 111  For larger period thicknesses a constant interface conductance of 

600 x 106 Wm-2K-1 has been calculated. But it increases due to the formation of 

minibands up to 1500 x 106 Wm-2K-1 at smallest SLs periods. 

If such an interface resistance exists in a remarkable manner in the SLs containing 

TiNiSn and Zr0.5Hf0.5NiSn, its demonstration is one of the most challenging tasks in this 

work. Measuring the thermal conductivity of different period thicknesses, but calculating 

only one interface resistance would be outstanding. Thus, the accuracy of the 

measurement technique must be better than the effect of the different SL periodicities on 

the thermal conductivity. Furthermore, it is of interest, if an increased thermal 

conductivity will be observed at shortest SL periods also for this HH material system. 
                                                
I Rawat et. al. refer to three resistances in a row but conclude with the identical equation. 
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3.2 Electronic behavior 
Beside thermal conductivity, a further influence on ZT is given by the electric 

constants Seebeck coefficient  and electrical conductivity . Several models can be used 

for calculation. Already the Drude model that is intended for metals allows an estimation 

of the Seebeck coefficient. Even though some assumptions turned out to be off-target, a 

simple approach demonstrates the occurrence of an electric field along a temperature 

gradient. But concerning TE coefficients, a more sophisticated model needs to be applied 

for  the  simulation  of  TE behavior.  Based  on  the  first  law of  thermodynamics,  Onsagers  

reciprocal relations offer a semi-classical approach to combine S,  and the electronic part 

of the thermal conductivity . Already in 1960, the semi-classical treatment has been 

experimentally verified by Miller.112 Afterwards, upon Boltzmann transport equation in 

connection with relaxation time approximation, the Mott equation is derived. By utilizing 

the density of states (DOS) of the electrons in a material, the Seebeck coefficient can be 

calculated by the Mott equation. Therefore, the deviation of the Fermi-Dirac distribution 

and their relaxation into equilibrium are considered. Finally, some examples are shown 

that are suitable for TE applications. For intrinsic SCs, an approximation using the 

position of the bands to calculate the Seebeck coefficient is given. 

 

3.2.1 Electrons in a metal – Drude model 
The Drude model can be used to describe the transport properties of a metal well. By 

transferring the kinetic gas theory to the valence electrons of a metal, their behavior 

concerning electrical and thermal conductivity as well as TE properties can be explained. 

Due to partially filled CBs, a significant amount of electrons in a metal  (1022-1023 cm-3) 

can move quasi-free in a so called electron gas. So, the valence electrons differ from the 

core electrons that are locally linked to single atoms tremendously. For the calculation in 

the Drude model several assumptions have been made: 
 

a) In-between two subsequent collisions of an electron with atomic cores, the 

interactions with other electrons or atomic cores can be neglected. So, Newton’s 

equations of motions can be applied. 

b) Collisions of electrons with impenetrable atomic cores are instantaneously. 

c) The relaxation time  defines the average time between two collisions. The 

probability of an electron to undergo a collision within dt is given by d . 
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d) Thermal equilibrium of the system is reached only by collisions. 
 

With these assumptions included in the Drude model the empirically observed 

Wiedemann-Franz law that has already been introduced in 3.2.1 can be derived. By 

neglecting the phonons, the overall thermal conductivity  is  only  generated  by  the  

valence electrons. Similar to phonons described as particles (Eq. 3.17), it can be written 

for electrons with velocity  and specific energy : 
 

  =              3.26 

 

Taking into account elementary charge , electron density  and electron mass , the 

conductivity  can be written as: 
 

  =               3.27 

 

So, by dividing Eq. 3.26 by Eq. 3.27, an expression for the Wiedemann-Franz law can be 

found:  
 

  =              3.28 

 

Exchanging =  and =  leads to: 
 

  = = 1.11 10 =          3.29 

 

In 1933 the Wiedemann-Franz law was improved by the Drude-Sommerfeld theory 

taking into account that only the electrons at the Fermi-surface contribute to the heat 

capacity. It turned out that compared to the assumption made by the Drude-model the 

electronic contribution to the heat capacity and the average square of the velocity is about 

100 times smaller and 100 times bigger, respectively. Based on the Drude-Sommerfeld 

theory the Wiedemann-Franz law (Eq. 3.14) that was previously used to estimate the 

electronic part of the thermal conductivity can be derived. There Lorenz-factor has been 

calculated to be 2.44 10 K . Values similar to the latter Lorentz number 

have also experimentally observed.71 
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However, 113  the Drude model allows a first approximation about the Seebeck 

coefficient  that is responsible for the generation of an electric field E along a 

temperature gradient : 
 

  = .               3.30 
 

In the simplest case a temperature gradient is applied along one dimension. Since the 

thermal equilibrium is generated by the collisions of the electrons, an electron coming 

from a hot region ( )  carries more energy than one coming from a cold 

region ( + ). The average velocity  at a specified location  is given by both: 
 

  = [ ( ) ( + )]          3.31 

 

The MFP ( = ) can also be taken into account for electrons. It can be written as: 

              3.32 
 

Transferred to three dimensions and introducing a temperature gradient leads to: 
 

               3.33 
 

An emerging electric field causes a counter movement of the electrons  given by 
 

  .              3.34 

 

In in the equilibrium state, the net current is zero and therefore: 
 

  + = 0             3.35 
 

Appling Eq. 3.33 and Eq. 3.34 to Eq. 3.35, the TE force can be written as: 
 

              3.36 

 

Known from classic statistic mechanics,  can be replaced by 3 2 : 
 

  43             3.37 

 

Since C  must be considered to be smaller than assumed in the Drude model, the absolute 

value of the Seebeck coefficient in metals is more than a magnitude lower. < 0 can be 
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observed for metals as well. But in principle already the Drude models shows that moving 

electrons, having different velocities due to a temperature gradient, are the reason for the 

generation of an electric voltage. 

 

3.2.2. Semi-classical treatment – Onsager reciprocal relations 
Another approach for calculating TE coefficients is provided by the entropy S that is 

enhanced in each TE device. Eliminating these enhancement would lead to an efficiency 

identical to the Carnot efficiency. In 1930, Onsager developed a theoretical description of 

linear non-equilibrium thermodynamic processes.114 In a general form the thermodynamic 

forces and fluxes are described. Later on, Callen developed the thermodynamic theory of 

the TE phenomena in isotropic media.115  

Although a thermodynamic system contains an assembly of subsystems that cannot be 

considered to be in equilibrium, the entire one is assumed to be ergodic. Because the 

microscopic relaxation times are much smaller than the macroscopic one, the system 

heads back to local equilibrium at each time. Therefore, the classical quasi-static relation 

can be applied: (The following discussion is based on Ref. 116, a review by C. Goupil et. 

al.) 
 

  d =               3.38 

 

It can also be extended to the following form that includes  and  as entropy and heat 

flux densities, respectively: 
 

  =               3.39 
 

However,117 the crucial point in Onsager’s derivation is the transformation of the first law 

of thermodynamics including total energy density , chemical potential  and particle 

density  
 

  d = d + d             3.40 
 

with the conservation of energy and flux given by total energy , heat  and particle  

flux densities into: 
 

  = +               3.41 
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Potentials for energy and particle densities are 1  and , respectively. The 

corresponding derivatives of the potentials generate the driving forces for the flux 

densities: 
 

               3.42 

 

                3.43 

 

Following  the  principle  of  superposition,  flux  densities  and  forces  can  be  derived  by  a  

linear set of coupled equations: 
 

  =           3.44 

 

To describe TE coefficients it is useful to rewrite Eq. 3.41 into: 
 

=              3.45 
 

Using 
 

  ( ) ,           3.46 

 

Eq. 3.44 and Eq. 3.45, an equation for  can be obtained and similar to Eq. 3.44 it can be 

written: 
 

  =            3.47 

 

Upon these set of coefficients  arising from Onsager’s reciprocal relations 

(Eq. 3.47), conductivity, Seebeck coefficient and electronic part of the thermal 

conductivity can be derived. Applying isothermal conditions ( = 0) in Eq. 3.47, the 

electrical current density can be derived: 
 

  = =             3.48 
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Due to the electric field E given by , for the isothermal conductivity  it 

can be written: 
 

 

 

          3.49 
 

 

In absence of any particle transport, 
 

  = 11
1

12
1
2            3.50 

 

the derivative of the electrochemical potential can be calculated 
 

               3.51 

 

and the heat flux density becomes: 
 

             3.52 

 

Applying Eq. 3.51 with Eq. 3.52 leads to: 
 

=            3.53 

 

Therefore, the electronic part of thermal conductivity at zero electrical current (open 

circuit) can be assigned to: 
 

 

 

             3.54 
 

 

Considering the opposite, thermal conductivity due to the electrons under zero 

electrochemical gradients (closed circuit), leads to: 
 

 
 

            3.55 
 

 

The Seebeck coefficient ( ) is defined as the ratio between electrochemical gradient and 

temperature gradient 
 

  =              3.56 

( = 0) = =  

( = ) = =
1

 

( = 0) = =  
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at zero particle transport (open circuit). Hence, Eq. 3.50 can be applied:  
 

 

 

               3.57 
 

 

Using Eq. 3.39 and 3.52, an expression for the entropy flux density can be found: 
 

  = = +           3.58 

 

With Ohm’s law (Eq. 3.48) it can be written: 
 

               3.59 

 

So, Eq. 3.58 becomes: 
 

  = +             3.60 

 

It can be seen that the entropy density flux contains two parts. Because the first summand 

describes the entropy flux density due to the current density, the average entropy per 

particle can be defined: 
 

  =               3.61 

 

Compared to Eq. 3.57, the direct proportionality between Seebeck coefficient and the 

entropy of a single carrier can be seen: 
 

  =               3.62 
 

Including Eq. 3.57, a comparison between the thermal conductivity at zero 

electrochemical gradients (Eq. 3.55, ) and at zero particle transport (Eq. 3.54,  ) leads 

to: 
 

  = +              3.63 
 

Impressively, Eq. 3.63 exhibits the rise in thermal conductivity, if an electrical current is 

flowing through a TE material. 

In the absence of a magnetic field one obtains:115 
 

  =               3.64 

( = ) =
1

=
1

 



chapter 3 – Theoretical and experimental background 
 

43 
 

By utilizing Eq. 3.49, Eq. 3.54 and Eq. 3.57, the transport parameters can also be 

expressed by TE coefficients (Table 2). 
 

 

TRANSPORT 

PARAMETERS 

 

THERMOELECTRIC 

COEFFICIENTS 

 

 
 

 

 

=  

 

 

 +  
  

Table 2 Transport parameters included in Onsager reciprocal relations expressed with TE 

coefficients 

 

Of course, Table 2 enables the compilation of the Onsager reciprocal relations (Eq. 3.47): 
 

  =
2

2

2 3 2 + 2
        3.65 

 

Eq. 3.65 results in, if  is set into : 
 

   and           3.66 

 

  =             3.67 
 

Exchanging  and =  leads to 
 

  =   and           3.68 
 

  = J .             3.69 
 

Finally, by including the electrical resistivity ( = 1 ), a familiar equation can be 

derived from Eq. 3.68: 
 

  = +              3.70 
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Based on the first law of thermodynamics and the conservation of total energy, heat 

and particle flux densities have been introduced. A set of transport parameters has been 

used to connect driving forces and flux densities. Running through some examples has 

allowed the connection between transport parameters and TE parameters (Table 2). The 

linkage between Seebeck coefficient, conductivity and electrical part of the thermal 

conductivity has been shown. Using Onsager’s reciprocal relations, simulations can be 

performed to predict performances in the field of TE. 

 

3.2.3 Mott’s formula based on the Boltzmann transport equation 

In equilibrium, the distribution of electrons in a solid is given by the Fermi-Dirac 

distribution: 
 

  =              3.71 

 

The probability  if  an  electron  state  at  a  given  energy  is occupied depends on the 

chemical potential  that is similar and identical to the Fermi energy at > 0 K and 

= 0 K, respectively. At = 0 K, the Fermi energy is given by the energy of the highest 

occupied electron state. All lower and higher energies states are completely occupied and 

empty, respectively. With increasing temperatures, Eq. 3.71 describes a broadening and 

electron states can be empty and occupied below and above the Fermi-energy. Besides 

temperature, the probability of an electron state to be occupied can be influenced by 

external effects. Here, the electron distribution function f is described by electron 

position , electron wave vector k and time t. For the total differential can be written:118  
 

  d ( , , ) = d + d + d  or         3.72 
 

  
( , , ) = + +            3.73 

 

Exchanging 
 

  =  and              3.74 
 

  = =              3.75 
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leads to the Boltzmann transport equation:I 
 

  
( , , ) = + +           3.76 

 

In the case of steady state (d ( , , ) d = 0), Eq. 3.76 becomes:119 
 

  = ( ) +          3.77 

 

A scattering mechanism is responsible ( )  for slowing down electrons if they are 

driven by an external force. For small deviations f1 away from the Fermi-Dirac 

distribution the relaxation time approximation (RTA) can be utilized: 
 

  =               3.78 
 

Among others,120 relaxation time approximation is a widely used approach to solve the 

Boltzmann transport equation.118,121 Therefore, the driving mechanism for holding the 

system in equilibrium or causing a relaxation to f0 is described by relaxation time ( ) : 
 

  = ( )             3.79 

 

The average relaxation time (  for a non-degenerated SCs can be calculated with 
 

  ( ) =
( )

           3.80 

 

by including the equilibrium distribution function :II 
 

  = ( ) .             3.81 

 

=  and =  are used as reduced carrier energy and reduced Fermi-

energy, respectively. So, the equilibrium distribution function is almost identical to the 

Fermi-Dirac-distribution. 

Utilizing unit charge q and momentum k the spectral conductivity ( ),13  
 

  ( ) = ( ) , , d d          3.82 

                                                
I Eq. 3.77, can be also found with (df/dt)coll

118 
II Named as A. Shakouri (1996): http://users.soe.ucsc.edu/~ali/ConvTE.html 
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can be converted into: 
 

  ( ) ( ) ( ) ( )           3.83 
 

By integrating over the spectral conductivity, an equation for conductivity and Seebeck 

coefficient can be obtained: 
 

  = ( ) d             3.84 

 

  =
( ) d

( ) d
          3.85 

 

Hence, the Seebeck coefficient is proportional to . Because the equilibrium 

distribution  function  affects  Eq.  3.84  and  Eq.  3.85,  it  is  also  of  importance  for  TE  

performance.  is bell shaped, has a width of about kBT and is centered at EF. To 

enhance the power factor ( = ) ,  most  electrons  should  be  at  EF for a high 

electrical conductivity.13 Simultaneously, the Seebeck coefficient requires an asymmetric 

shape of the DOS around EF. In the case of a parabolic CB, an appropriate example is 

illustrated in Figure 23. With respect to the Fermi energy, the Peltier coefficient ( =

) corresponds to the average energy (divided by charge) transported by the majority of 

carriers.  

Thus,  also simulations about lower dimensionalities and therefore adapted DOS have 

been done.122 But so far, only theoretical progress has been made. 

 
Figure 23 Favored shape of the electron states in a TE material in a parabolic CB 

(Adapted from Ref. 13) 
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In  the  case  of  degenerated  SCs  or  metals  (the  Fermi-level  lies  well  above  the  CB  

edge), Eq. 3.85 can be transformed into:123 
 

  = dln[ ( )]
d =

           3.86 

 

In the well-known Mott formula, derived in 1969,124 the derivative of the differential 

conductivity can be used to calculate the Seebeck coefficient. 

 

3.2.4  Final considerations about TE material properties 
In metals, free electrons are only separated by a few Å. But the Pauli Exclusion 

Principle causes only a small cross section for electron-electron scattering. Thereby at 

moderate temperatures, electron scattering is dominated by electron-phonon-scattering.125 

In this range Eq. 3.86 can be further simplified:126 
 

  = ±             3.87 

 

So, the derivative dln[ ( )] d  can be exchanged and it remains a dependency on 

temperature and Fermi energy. A schematic illustration for electron systems is shown in 

Figure 24. 

 
Figure 24 Broadening of the Fermi-Dirac distribution due to a temperature difference 

(Adapted from Ref. 123 and Ref. 127) 
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The further the Fermi energy lies within the parabolic CB (metals and degenerated 

SCs), the flatter the slope of the ( )  becomes.71 Therefore, chemical 

potential (labeled as in Figure 24) shifts less with temperature when electrons move 

from an occupied into an unoccupied state. If one compares two elements from the fifth 

main group of the PTE, the less free electron density is obtained by the elements having 

larger atoms. Compared to arsenic (ne = 2.12 x 1020 cm-3), assuming a single parabolic 

CB,  the  Fermi  energy  of  bismuth  (ne = 1.88 x 1020 cm-3) is closer to the CB edge where 

the DOS changes the most with energy. So, the difference in chemical potential and total 

energy of the system between a hot and a cold side differs more than in a metal where the 

Fermi energy is located in the middle of the CB.  

Next to parabolic bands, more complex band structures exist. Often the complexity is 

increased if elements participate in the crystal structure with valence electrons that are 

located in additional d- or f-orbitals.  

 
Figure 25 Favorable DOS for a material suitable for TE application 

(Adapted from Ref. 128) 
 

A suitable band structure for a TE material is shown in Figure 25. Electron states right 

at the Fermi energy enable a desired electron flow. The sharp feature located at VB edge 

can be seen as an electron reservoir. Due to changes in the DOS, electrons exhibit a low 

mobility. Importantly, the steep slope of the VB at EF causes that many thermally excited 

electrons have to occupy electron states far above the EF. So, there is a huge change in the 

chemical potential between the hot and the cold end of a TE material which then causes 

high Seebeck voltages. Additionally, the electron mobility is much higher in the band 

above EF. 
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High Seebeck coefficients as well as sufficient conductivities can also be observed by 

materials with high degeneracy at the VB edge.129As illustrated in Figure 26a, it can be 

observed if the Fermi pockets are generated at low symmetry points. For PbTe, fourfold 

symmetry  is  obtained  for  the  L-points  of  the  BZ  (orange).  Additionally,  with  a  shift  of  

0.2 eV, 12 bands are located along the -line (blue). By ignoring at this point that the 

energetic position can also be shifted by the composition of the alloy (PeTexSb1-x), Figure 

26b indicates a shift due to the temperature. While the -band remains unchanged the L-

band decreases with temperature. At about 450 K, all 16 pockets have the same energetic 

position and hence generate the highest degeneracy. Similar to Figure 25, many thermally 

excited electrons have to find unoccupied electron states far above their VB states. This 

highly degenerated VB makes PbTe to one of the best TE material at intermediate 

temperatures. 

 
Figure 26 a) BZ of PbTe0.85Se0.15 having a low degeneracy at L-point (orange) but a high 
degeneracy along the -line (blue); b) At different temperatures pockets from the L-point 

are located at different energies. (Adapted from Ref. 129) 
 

Based on simple consideration, a final reasonable estimation will be done. 130  The 

Peltier-coefficient  can be defined as carried energy per unit charge. Applying current 

densities, it can be written: 
 

  = | |               3.88 

 

Following equations for energy current density  and charge current density  including 

electron mobility µe can be used: 
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  = + ( )           3.89 

 

  = ( )( )             3.90 
 

It can easily be seen that instead of the charge -e, for the energy current density a factor 

for the average energy carried by an electron +  has been exchanged. It is 

assembled by the difference in CB edge  and chemical potential  plus the thermal 

energy. Eq. 3.89 and Eq. 3.90 can be inserted into Eq. 3.88: 
 

  +             3.91 

 

By the Kelvin Relation ( T), an equation for the Seebeck coefficient can be found: 
 

               3.92 
 

Assuming an intrinsic semiconductor (SC) with a gap of 0.44 eV ( = 0.22 eV) , at 

room temperature (RT) a Seebeck coefficient of –460 V can be calculated. Notably, for 

SCs with dominated hole conduction, positive Seebeck coefficients can be obtained by 

adapting charge and VB edge. 
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Chapter 4  

 

Structural quality, chemical analysis and surface 

morphology of thin film TiNiSn and Zr0.5Hf0.5NiSn 
 

4.1 Fabrication process – dc magnetron sputter deposition 
Beside conventional techniques as Molecular Beam Epitaxy (MBE), Metal-Organic 

Chemical  Vapor  Deposition  (MOCVD) and  Pulsed  LASER Deposition  (PLD)  that  base  

on thermal evaporation, a material carrying stream and LASER ablation, respectively, dc 

magnetron sputter deposition is a widely used technique for thin film deposition. Here, 

usually purified argon as an inert gas is let into an ultra-high vacuum (UHV) chamber to 

obtain  ambient  pressures  of  about  10-2 mbar. At this pressure, for atoms and molecules 

MFPs of about 1 cm are present. By applying a few hundred volts to a target, composed 

of the material intended to be deposited on a substrate, ionized argon ions are accelerated. 

The diameter of the disk-shaped target material depends on the technical equipment and 

has been about 50 mm. Heights up to a few millimeters can be varied. Two ring magnets 

that differ in diameter are connected oppositely poled on the backside of the target to 

generate a line symmetric magnetic field along the central axis perpendicular to the target 

surface. Considering the electric field generated by the applied voltage, there is a ring-

shaped area away from target where magnetic and electric fields are perpendicular to each 

other. So electrons, struck out of ionized argon atoms, are accelerated on a spiral away 

from the target material. Therefore the distance for an electron to leave the electric field 

originating from the target and the probability to ionize further argon atoms is increased. 

Due to its increased mass, ionized argon atoms are barely influenced by the magnetic 

field. Therefore, ions are accelerated almost perpendicular to the target surface. 

Importantly, with magnets the plasma can be operated at lower argon ambient pressures. 

So, atoms or clusters that are struck out of the target can reach the substrate that is located 

a few centimeters away from target. By changing argon ambient pressure, sputtering 

power and target-to-substrate distance, the amount of material reaching the substrate, its 

ratio between heavy and light atoms and its kinetic energy can be influenced. With dc 
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magnetron sputter deposition growth rates of about 1 nms-1 can be obtained. To obtain 

epitaxial film growth, often the substrate temperature is kept at an elevated temperature 

during growth. Increased substrate temperatures cause enhanced mobility of the surface 

atoms that allows them to reach the energetically favorable position before arriving atoms 

complicate further rearrangement. Additionally, surface roughness as well as the 

formation of several phases can be influenced by the substrate temperature. Thus, for the 

sputter process there are several and partially interfering growth parameters and their 

consequences that have to be analyzed for achieving successful epitaxial film growth. 

 

4.2 Epitaxial film quality defined by X-ray diffraction 
Initially, TiNiSn thin films have been grown by dc magnetron sputter deposition. To 

determine deposition rates, film thicknesses have been obtained by X-ray Reflectometry 

(XRR) measurements. XRR measurements base on the superposition of an X-ray beam 

that is partially reflected at the film surface and at the film-to-substrate interface. For 

TiNiSn, surfaces that are sufficiently smooth to detect optical path length differences for 

constructive and deconstructive interference of both reflected beams, film deposition had 

to be performed without any additional substrate heating. Even for thicknesses less than 

10 nm, metallic films have been known to form island on MgO substrates at enhanced 

substrate temperatures.131,132 The deviation in thickness between an amorphous film and 

an epitaxial film generated by an equal amount of material is neglected. Furthermore, at 

elevated substrate temperatures no re-evaporation is expected due to the high vapor 

pressures of titanium, nickel and tin.I  

In  the  inset  of  Figure  27,  a  XRR scan  that  is  identical  to  XRD /2  scans at grazing 

incidence has been shown. Instead of 2 , the reciprocal lattice vector has been given on 

the x-axis and the y-axis is logarithmically scaled. With a sputtering power of 26.5 W and 

an argon ambient pressure of 4.0 x 10-2 mbar, beside the plateau of total reflection, 

interference effects have been observed (black). By calculating the index of refraction for 

TiNiSn and the semi-infinite MgO substrate,II the film thickness has been simulated (red). 

Here  26  nm  have  been  deposited  in  26  s  that  leads  to  a  growth  rate  for  TiNiSn  of  

                                                
I Vapor pressures for a variety of elements are given at MBE-Komponenten – Dr. Karl 
Eberl: http://www.mbe-components.com/applications/vap_data.html 
II The Scattering Length Density Calculator provided by the National Institute for 
Standard and Technology (NIST) has been used to determine the index of refraction: 
http://www.ncnr.nist.gov/resources/sldcalc.html 
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1.0 nms-1.I For  further  film  analysis,  growth  parameters  could  have  been  changed.  Thus  

growth rates have been slightly varied and are not explicitly given if results are not 

influenced thereby. 

Analog to Bragg’s law (Eq. 4.2) that describes the diffraction on crystal planes, instead 

of 2 , q has been used for illustration of the XRR measurements: 
 

  = 2 sin                  4.1 

 

Using the index of refraction of a thin film, its thickness can be calculated by the 

distances of the equidistant maxima or minima. As mentioned above, XRR scans have 

been simulated and fitted by Parrat32. 

 
Figure 27 XRD /2  and XRR (inset) scans of TiNiSn layers on MgO (100) (black); A  

XRD /2  scan of bare a MgO (100) substrate is shown for comparison (gray). 
 

For comparison, a diffraction pattern of a bare MgO (100) substrate has been shown in 

Figure 27 (gray). Parasitic radiation (e.g. Cu K , W L ) which exists in addition to the 

main Cu K  radiation, leads to additional lines for the intense substrate reflections. Due to 

the crystal quality and the macroscopic size of the MgO substrates, the diffraction peak 
                                                
I Parratt32 has been used to simulate the XRR scans. 
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labeled MgO (200) has been the most intensive one. Cu K  and Cu K  radiation with a 

wave length  of 1.540598 Å and 1.544426 Å, respectively, and a cubic lattice constant 

for  MgO  of  4.21  Å  have  been  used  for  calculation.133,I Identical to the calculation, a 

double peak structure at 42.93° and 43.03° has been measured in the XRD diffractogram 

(not resolved in Figure 27). 

Additional diffraction peaks can be observed in the XRD /2  scan, if thin film TiNiSn 

with a thickness of 240 nm (black) has been deposited at substrate temperatures of about 

500°C. Indicated by the (200) and (400) diffraction peaks, textured polycrystalline 

TiNiSn films with [100] orientation perpendicular to the film surface have been generated 

at this sputter conditions. According to Bragg’s law 
 

  sin =                 4.2 
 

for equal planes of diffraction n, peaks generated by crystals with a larger lattice 

constants d occur at smaller angles 2 . As it is presented in chapter 2, for TiNiSn lattice 

constants of about 5.94 Å have been reported. Appropriate to the calculation, the (200) 

and (400) diffraction peaks have been found at 30.06° and 62.48°, respectively. As it has 

been reported also for bulk samples,62 beside these diffraction peaks no foreign phases 

have been observed for TiNiSn. 

Using the Scherrer formula134 
 

  = .                4.3 
 

that includes the full width half maximum (FWHM) 2  and the position  of the (200) 

diffraction peak, perpendicular to the film surface a structural coherence length of about 

55 nm has been estimated. Due to the film thickness of about 240 nm and the fact that 

similar structural coherence lengths have been determined for several film thicknesses, 

TiNiSn films can be seen to consist  of several  grains with an out-of-plane size of about 

55 nm. 

For the two-circle diffractometer that was used to measure the diffractogram shown in 

Figure 27, X-ray source and X-ray detector have been located in the plane perpendicular 

to the to the film surface. Thus, statements about out-of-plane symmetry can be done by 

searching diffraction spots in specular alignment. Angles between incident beam and film 

                                                
I Simulations of XRD diffractograms have been performed with Powder Cell  
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surface  and  incident  and  diffracted  beam  2  are of importance. If the sample can 

additionally be tilted perpendicular to plane of incident and diffracted beam, and be 

rotated perpendicular to the film surface, crystallographic in-plane properties can also be 

revealed. Due to its possible motions, the instrument is called four-circle diffractometer. 

A measurement done by the four-circle diffractometer reveals the origin of the 

strongly textured polycrystalline growth of the TiNiSn on the MgO (100) substrate. After 

the orientation of the MgO substrate is known by initial calibration measurements, three 

diffraction spots have been detected and assigned for determining the orientation of the 

TiNiSn film on top. Thus, a path called -scan can be set that includes expected in-plane 

diffraction peaks. In the case of TiNiSn where (200) and (400) diffraction peaks have 

been observed out of plane, 111  reflections were selected to be measured in-plane. As it 

is shown in Figure 28, expected fourfold symmetry that is indicated by the four peaks 

(solid line) has been observed. Because of the absence of diffuse scattering, the high peak 

to noise ratio indicates that the TiNiSn thin film consists of grains that have a perfect 

preferential orientation of all principle axes. With respect to the MgO (100) substrate, a 

rotation about 45° has been measured. Thus, [100] direction of TiNiSn aligns parallel to 

the [110] of MgO. Considering the periodicity along the [110] direction of about 

2 x 4.21 Å = 5.95 Å, leads to a lattice mismatch of less than 1 %.  

 
Figure 28 -scan including the <111> reflections of a TiNiSn layers on MgO (solid line) 

and Al2O3 (dotted line) substrates 
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Besides MgO, Al2O3 substrates were used for the deposition of thin film TiNiSn. From 

the observed low ratio of peak height to background intensity shown in Figure 28 

polycrystalline thin film TiNiSn deposited on Al2O3 (11 2 0) exhibits only weak 

crystallographic in-plane order (dotted line). According to the four circle XRD 

measurements  the  [001]  in-plane  direction  of  the  Al2O3 (1120) substrate and the [100] 

axis of most TiNiSn crystallites are perpendicular to each other. For this alignment the 

lattice mismatch is almost 10 %. However, the ordering perpendicular to the surface is 

comparable for films deposited on both substrate materials. In contrast to growth on 

MgO (100), for TiNiSn films deposited on Al2O3 (1120) substrates, out-of-plane (110) 

textured growth has been found. Still, the best results were achieved with growth 

conditions  similar  to  the  ones  used  for  MgO  substrates.  The  FWHM  of  the  (220)  

diffraction peaks measured with /2  have been 0.35°. Thus, textured TiNiSn grains with 

[110] out-of-plane orientations and diameters of about 26 nm have been grown on Al2O3 

(1120). 

 
Figure 29 XRD /2  and XRR (inset) scans of Zr0.5Hf0.5NiSn layers on MgO (100) 
(black); An XRD /2  scan of a bare MgO (100) substrate is shown for comparison 

(gray). 
 

Besides TiNiSn films, also Zr0.5Hf0.5NiSn film have been fabricated by dc magnetron 

sputter deposition. In the same sputter chamber, using an identically constructed sputter 
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cathode, an additional Zr0.5Hf0.5NiSn target has been installed. Similar to TiNiSn, an 

argon ambient sputter pressure of 4.0 x 10-2 mbar has been found to be appropriate. With 

an applied sputter power of 23 W, a film thickness of 20 nm has been deposited while the 

sample stayed above the running cathode for 20 s. Based on the XRR measurement, 

shown in the inset of Figure 29, the growth rate of 1 nms-1 has been calculated. Again, 

films designated for growth rate determination were grown at RT.  

Strongly textured polycrystalline films were obtained if elevated substrate temperature 

were applied. As the XRD /2  scan, shown in Figure 29, reveals, applying a substrate 

temperature of 500°C enables growth of strongly textured polycrystalline Zr0.5Hf0.5NiSn 

films. Here, the Zr0.5Hf0.5NiSn (200) film peak is found at 29.21°. According to the 2  

diffraction angle, Zr0.5Hf0.5NiSn films with an out-of-plane lattice constant of 6.11  have 

been fabricated. This is in good agreement with Zr0.5Hf0.5NiSn bulk samples.57 Using 

Eq. 4.3, based on the FWHM of the Zr0.5Hf0.5NiSn (200) diffraction peak (0.18°) an out-

of-plane crystallite size of 45 nm has been obtained. Thus, compared to TiNiSn deposited 

on MgO (100), smaller out-of-plane crystallite sizes have been observed for 

Zr0.5Hf0.5NiSn films.

 
Figure 30 XRD /2  scan of a Zr0.5Hf0.5NiSn/ TiNiSn bilayer on MgO(100); Normalized 

rocking curves of Zr0.5Hf0.5NiSn (200) diffraction peaks are illustrate in the inset. 
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Enhanced crystallographic quality has been received for Zr0.5Hf0.5NiSn films if TiNiSn 

buffer layers were initially sputtered on the MgO (100) substrate. A corresponding XRD 

/2  scan is shown in Figure 30. At a substrate temperature of 500°C, 144 nm 

Zr0.5Hf0.5NiSn have been deposited on 234 nm TiNiSn. Due to the differing out-of-plane 

lattice constants of 6.11  and 5.94 , respectively, two separate diffraction peaks were 

observed. Compared to the single Zr0.5Hf0.5NiSn  films,  here  the  FWHM  of  the  (200)  

diffraction peak has decreased from 0.18° to 0.15°. According to Eq. 4.3, out-of-plane 

crystallite sizes of 55 nm have been formed. Thus, similar crystal dimensions have been 

obtained for both HH compounds. 

An even more important finding than the increased crystallite size is illustrated in the 

inset of Figure 30. Rocking curves or -scans are used to measure the tilt between several 

crystals.  By  holding  the  detector  at  a  fixed  2  position equal to the observed (200) 

diffraction peak, the sample is rotated to measure the spreading of crystallites that 

contribute to the (200) diffraction peak. Therefore the inset in Figure 30 illustrates that 

the FWHM of the rocking curves for the Zr0.5Hf0.5NiSn films with and without a TiNiSn 

buffer layer increases from 1.0° to 3.1°. Thus, a TiNiSn buffer layer enhances the quality 

of the Zr0.5Hf0.5NiSn layer. 

By the utilization of a TiNiSn buffer layer,  Zr0.5Hf0.5NiSn films have been fabricated 

with a comparable crystallographic quality to TiNiSn films. Here, Zr0.5Hf0.5NiSn films are 

composed of crystallites with out-of-plane sizes of about 55 nm. Identical crystallite sizes 

are  obtained  for  TiNiSn  films  directly  deposited  on  MgO  (100).  For  both  films  the  

FWHMs of rocking curves, measured at the (200) diffraction peak, are about 1.0°.  

 

4.3 Stoichiometric composition of TiNiSn and Zr0.5Hf0.5NiSn films 
To determine the elemental composition of the films, Rutherford Backscattering (RBS) 

measurements were performed. Figure 31 shows the amount of elastically backscattered 

He+ ions  as  a  function  of  retained  energy  of  a  bilayer  containing  TiNiSn  (234  nm)  and  

Zr0.5Hf0.5NiSn (190 nm) deposited on MgO.  

After ionizing He atoms, they are powerfully accelerated by passing several 

subsequently arranged capacitor plates. Finally, the He+ ions have a kinetic energy of 

1290 keV and are shot perpendicular on the film surface. By the interaction with 

electrons, He+ ions continuously lose energy while passing matter. That goes on until a 

He+ ion strikes an atomic core and becomes elastically backscattered. Depending on the 
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mass of the atomic core,  the He+ ion retains energy and moves back to the film surface. 

Here, the amount of He+ ions is counted as a function of their energy. As is can be seen in 

Figure 31, the dotted line has been the spectra obtained by the measurement. The atomic 

composition is given by comparing a simulated spectrum (solid line) as a sum of different 

atomic masses distributed with film depth (dashed lines) with the actual measured 

spectra. By comparing nickel and tin with titanium, zirconium and hafnium, the principle 

of the measurement can easily be seen. Since nickel and tin are present in TiNiSn and 

Zr0.5Hf0.5NiSn, their single contribution to measurement is about twice in width. Due to 

varied scatter probabilities for nickel and tin in TiNiSn and Zr0.5Hf0.5NiSn, for almost 

identical atomic concentrations, steps in counts have been simulated for both elements. 

The broadening of the step arises from an additional interlayer that is characterized 

below. 

 
Figure 31 RBS spectra and fit of a Zr0.5Hf0.5NiSn/TiNiSn bilayer on MgO(100)I 

                                                
I Utilizing a Van de Graaff Accelerator built by High Voltage Engineering (1959) the 
RBS measurement has been done by Dr. Martin Finsterbusch at the Montana State 
University.  
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A last remark concerning the principles of RBS measurements is about hafnium (light 

blue). Certainly, He+ ions with highest kinetic energies are backscattered by the heaviest 

element. Appropriate to the atomic mass, the onset of He+ ions backscattered by tin 

(black), zirconium (blue) and nickel (orange) follows subsequently. Since multiple 

scattered ions are not considered in the fit, the deviation between simulation and 

measurement increases at lower energies. 

According to the simulation, a 5 nm oxide layer consisting of Zr0.8Hf1.2O4 is formed at 

the surface. The interface between TiNiSn and Zr0.5Hf0.5NiSn was fitted with a 12 nm 

thick layer with atomic percentages of 4 %, 2 %, 28 %, 32 % and 34 % for zirconium, 

hafnium, titanium, nickel and tin, respectively. According to Atomic Force Microscopy 

(AFM) measurements, the elemental composition is mainly due to interface roughness 

rather than interdiffusion. Both cannot be distinguished by the RBS measurement. For the 

TiNiSn layer, 31.0 %, 33.5 % and 35.5 % have been calculated for titanium, nickel and 

tin, respectively. 15.5%, 16.5%, 34.0% and 34.0% have been obtained for zirconium, 

hafnium, nickel and tin concentrations in the Zr0.5Hf0.5NiSn film from the RBS 

measurement. 

Additionally, Energy-Dispersive X-ray (EDX) spectroscopy measurements were 

performed to measure the elemental composition of the films. Here, with 20 keV an 

electron beam is accelerated onto the film surface. Within the film, electrons are excited 

into empty states. Their left states are filled by other electrons. Among others, the energy 

difference can be released by electromagnetic radiation. Thus for several elements, 

different X-ray radiation can be observed. By the detection of spectral X-ray intensities, 

elemental analysis can be done. Due to the probing depth of EDX measurements single 

films with a thickness of 1 m have been grown. For TiNiSn, 31.2 %, 33.5 % and 35.3 % 

have been calculated for titanium, nickel and tin, respectively. For Zr0.5Hf0.5NiSn 16.6 %, 

15.5 %, 34.8 % and 33.1 % have been detected for zirconium, hafnium, nickel and tin, 

respectively. 

Cross-plane images have been obtained by High-Angular Annular Dark Field in 

Scanning Transmission Electron Microscopy (HAADF-STEM) image mode. Therefore 

samples had to be prepared by Focused Ion Beam (FIB). The outcome can be seen in the 

inset of Figure 32. While later on, the focus will be set on the images, here an EDX line 

scan has given answers about the initial film growth of TiNiSn.  

About each nanometer, several EDX measurements with a spot size diameter of 

0.7 nm have been taken. Starting at the MgO substrate, compositional analyses were 
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performed along a line within the cross section and finally finished in the TiNiSn film 

(red line in the inset of Figure 32). In the spectra each dot represents an EDX 

measurement. Starting at the MgO substrate without any TiNiSn, accumulated titanium 

has been found at the MgO/TiNiSn interface.  

Titanium, but also zirconium and hafnium, 135  are known to be very reactive at 

interfaces. At SiO2 surfaces, deposited titanium forms TiO2 by  extracting  oxygen atoms 

from SiO2.136 Engaged silicon atoms react also with titanium by the formation of TiSi2. 

Both reactions take place by heat exposure. 

 
Figure 32 Atomic compositions at the MgO/TiNiSn interface measured by an EDX line 

scan; The inset shows an image of the cross section taken by an electron microscope 
(HAADF-STEM)I. 

 

For titanium on MgO(100) substrates epitaxial growth has been observed. 137  The 

growth was done at a substrate temperature of about 273 K. Interestingly, no significant 

amount of TiOx but a structural transformation has been found for film thicknesses from 

4 nm to 6 nm. Here, the titanium layer changes from fcc to hexagonal close-packed (hcp) 

structure. Two years earlier, in 1997, this structural transformation has been also found by 

T. Harada et. al. but addressed to very little amounts of desorbed water at a freshly 

cleaved MgO surface.138 Thus, initially growing titanium layers contain defects as TiHx 
                                                
I The measurement was done at the EMPA (Eidgenössische Materialprüfungs- und 
Forschungsanstalt) by Myriam Haydee Aguirre 
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and TiOx. These heal out and finally the hcp structure can be observed. All addressed 

titanium films have been grown by thermal evaporation under UHV conditions. Similar to 

titanium deposition on SiO2, on MgO interdiffusion has been observed by T. Suzuki.139 

Here, 4 ML of magnesium have been exchanged. 

Although different results have been found for titanium deposition, remarkable effects 

have been observed. The EDX line scan shown in Figure 32 indicates inhomogeneous 

behavior at the TiNiSn/MgO interface. The extraordinary oxygen affinity of titanium 

seems  to  play  also  a  key  role  for  strongly  textured  polycrystalline  HH  film  growth.  

TiNiSn growths on top of an initially forming titanium seed layer. Although oxygen 

affinity is also known for hafnium and zirconium,135 here statements about a seed layer 

containing zirconium or/and hafnium at the Zr0.5Hf0.5NiSn/MgO interface cannot be done. 

If similar to titanium at the TiNiSn/MgO interface, a seed layer containing zirconium, 

hafnium or both elements,  has formed at  the Zr0.5Hf0.5NiSn/MgO interface, the presence 

of non-epitaxial growth could be the difference. On MgO (100), initial titanium layer 

growth starts with a fcc-structure. According to Kado et. al.,137 for  titanium  with  a  fcc  

structure, lattice constants from 4.01 Å to 4.42 Å have been reported. Deposited on an 

aluminum substrate, 4.15 Å has been observed by Kim et. al.140 Assuming a similar lattice 

constant for fcc titanium deposited on MgO (100) results in a lattice mismatch of less 

than 1.5 %. Theoretically, fcc lattice structures have also been considered for zirconium 

and hafnium. Crystallized in a fcc structure lattice constants of 4.11 Å, 4.52 Å and 4.48 Å 

have been calculated for titanium, zirconium and hafnium, respectively. 141  Beside 

others,142 disclaiming the natural existence of fcc lattice structures for all three elements, 

importantly, for zirconium and hafnium deposited on MgO (100) lattice mismatches of 

7.4 % and 6.4 % would have formed, respectively. 

Therefore, about the growth of Zr0.5Hf0.5NiSn directly deposited on MgO (100) 

substrates only assumptions can be made. Compared to TiNiSn, where an initial titanium 

growth  seems  to  be  the  key  for  further  film  growth,  either  a  seed  layer  containing  

zirconium or hafnium has not been formed at all or worse epitaxial growth has been 

developed due to the larger lattice mismatch. Due to similarity in the lattice constants of 

TiNiSn and Zr0.5Hf0.5NiSn, the generation of a zirconium and/or hafnium seed layer with 

worse epitaxial order can be favored. 

Due to the formation of the titanium seed layer, the EDX line scan shown Figure 32 

demonstrates a depletion of titanium in the ongoing film growth that lasts over at least a 

range of 5 nm. Here, a stable atomic composition for titanium, nickel and tin of 25.4 %, 
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35.6 % and 39.04 % has been determined, respectively. But several EDX measurements 

have shown that the titanium depletion due to the adhesion layer heals out for thicker 

films. A further EDX measurement was performed at EMPA. The atomic composition in 

TiNiSn films has been determined to be 31,7 %, 34,3 % and 34,0 % for titanium, nickel 

and tin, respectively. Similar EDX measurements were performed for Zr0.5Hf0.5NiSn. Due 

to the large probing depth, again films having a thickness of 1 µm have been fabricated. 

An atomic composition of 18.8 %, 15.1 %, 34.9 % and 33.2 % has been determined for 

zirconium, hafnium, nickel and tin, respectively.  
 

HH thin film elements RBS EDX (1) EDX (2) 

TiNiSn 

titanium 31.0 % 31.2 % 31.7 % 

nickel 33.5 % 33.5 % 34.3 % 

tin 35.5 % 35.3 % 34.0 % 

Zr0.5Hf0.5NiSn 

zirconium 15.5 % 16.6 % 18.8 % 

hafnium 16.5 % 15.5 % 15.1 % 

nickel 34.0 % 34.8 % 34.9 % 

tin 34.0 % 33.1 % 33.2 % 
     

Table 3 Summarized atomic compositions of TiNiSn and Zr0.5Hf0.5NiSn films measured 
by RBS and EDX spectroscopy 

 

The  chemical  compositions  of  TiNiSn  and  Zr0.5Hf0.5NiSn thin films determined by 

RBS and two EDX measurements are summarized in Table 3. Variation from the 

stoichiometrically aspired composition can be due to target composition, inhomogeneous 

sputtering or mass dependent MFPs within the plasma. While RBS is not suitable for 

identification of contaminants with a lower mass than hafnium (heaviest element in the 

film), such impurities have not been observed by EDX. 

 

4.4 Surface morphology of TiNiSn and Zr0.5Hf0.5NiSn films 
Beside the structural quality that has been discussed above, the surface morphology 

plays an important role in thin film technology. In general, uniformly coated substrates 

with one specified thickness are preferred. Here, the 3  method is finally intended to 

measure cross-plane thermal conductivity using a small heater stripe that is directly 

deposited onto the film surface. Because for the analysis of the measurement a 
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homogeneous film thickness as well as one dimensional heat propagation is assumed, 

uniform films and smooth surfaces are required as well. 

 
Figure 33 AFM images taken from two bilayers grown at a substrate temperature of 
420°C; Giving the individual layer thickness, Zr0.5Hf0.5NiSn has been deposited on 

TiNiSn. In each row identical samples, but varied magnifications are shown. 
 

AFM measurements (tapping mode) were performed to discover the surface 

morphology of TiNiSn and Zr0.5Hf0.5NiSn films. For the measurement, a small tip that is 

connected to a cantilever is oscillated about 80 nm away from the surface. While the tip 

oscillates, it is moved in two dimensions over the sample surface. Consequently, the 

distance between sample and tip is changed by surface irregularities. In general, the 

attraction caused by Van der Waals forces, dipole-dipole interaction and electrostatic 

forces rises for smaller distances. By applying the resonance frequency of the cantilever 

even tiny changes in tip-to-surface distance decrease the amplitude of the oscillation. The 

amplitude is measured by photo diodes detecting LASER light that is reflected on the 
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backside of the oscillating tip. Using a piezo element the distance between the tip and the 

surface of the film is adjusted until the cantilever oscillates again with the resonance 

frequency. Therefore the tip is subsequently moved parallel and perpendicular to the 

surface. Among others, this motion can be illustrated as two dimensional pictures. 

Using the described AFM measurement in combination with XRD analyses, an 

optimum substrate temperature has been identified to be 420°C. Compared to samples 

fabricated at substrate temperatures of 500°C, smoother surfaces have been observed 

while  the  crystallographic  quality  remains  at  a  high  level.  Two  examples  are  shown  in  

Figure 33. The schematic assemblies with corresponding layer thicknesses of the 

measured bilayers containing Zr0.5Hf0.5NiSn on a TiNiSn buffer layer are given in the left 

AFM images. Here, a surface area of 40 µm x 40 µm is shown for both samples. At their 

right hand side, an enlarged area of 3 µm x 3 µm ensures a detailed resolution of the same 

surface. Being very important for further measurements, at the scale of 40 µm x 40 µm, 

larger surface irregularities have not been identified. The grain structure of the surface 

can only suggestively be seen in the AFM image with an area of 40 µm x 40 µm and 

becomes more dissolved in the image with the higher magnification. Here, the grain 

structure is much better resolved. The comparison between the thinner (above) and the 

thicker  (below)  bilayers  exhibits  the  development  of  grain  sizes  with  film  thickness.  In  

general, larger grains have been observed for thicker films. The influence of individual 

TiNiSn or Zr0.5Hf0.5NiSn layer thickness on surface roughness has not been investigated. 

Similar to layer thickness, enhanced surface roughness has been found for higher 

substrate temperatures applied during the growth process (not shown). 

Based on further experimental results, in the following discussions, the observation 

about surface roughness will be continued showing consistent results. Coincidently, 

surface roughness is increased with layer thickness and substrate temperature. While layer 

thickness is partly restricted by the intended measurement, most of the following samples 

have been fabricated at 420°C. 
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Chapter 5  

 

Vanadium buffer layer – crystallographic quality 

enhancement of half-Heusler thin films  
 

5.1 Introduction 
Following  the  discussion  about  initial  film  growth  of  TiNiSn  on  MgO  (100)  (see  

Figure 32) certainly raises the question about a buffer layer to prevent the formation of 

the titanium seed layer at the TiNiSn/MgO interface. Although it has been proven to be 

essential for further TiNiSn film growth, the resulting titanium depletion within adjoining 

grains,  prohibits  the  formation  of  stoichiometric  TiNiSn.  By  using  a  buffer  layer  this  

titanium depletion could be prevented. Thus the structural quality of the TiNiSn and also 

of the Zr0.5Hf0.5NiSn layer could be enhanced. 

 
Figure 34 Schematic illustration of a potential cross-plane measurement/application setup  
 

Beside  the  common  quest  for  buffer  layers  that  enhance  the  structural  quality  of  the  

actually investigated thin films, in Figure 6, a further requirement for buffer layers has 

been already introduced. For a useful application, metallic contacts are brought between 

TE material and substrate to connect many TE pairs in series. More basic, but in principle 

identical, in Figure 34, the issue is transferred to the present material system. Since 
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multilayers with enhanced interface scattering are suitable for cross-plane application, 

initially TE measurements must be performed for testing electronic properties. Here, a 

measurement setup is illustrated that would allow to measure cross-plane conductivity. 

Due to the insulating MgO substrate, only a conducting buffer layer would enable an 

electrical contact at the backside of the mesa structure. Furthermore, for measuring thin 

films with the thickness l remarkable resistances R are obtained with mesa structures. By 

the reduction of the area A, also materials with low specific resistivities  can be 

measured cross-plane (Figure 34 is not correctly scaled): 
 

  =                 5.1 
 

By growing additional insulating and conducting structures on top of the mesa 

structure, also cross-plane Seebeck coefficient measurements become possible.143,144 For 

the HH thin films, these measurements have not been performed yet. 

 
Figure 35 Schematic top view of the alignment of thin film vanadium on a MgO (100) 
substrate; Lines represent distances between symmetry points of the bcc vanadium (red) 

and the fcc MgO (black) crystal structures. 
 

The reason, why vanadium has been chosen as a buffer layer is schematically shown in 

Figure 35. With a lattice constant of 3.024 Å,145 bulk vanadium shows about half of the 

lattice constants observed for the HH thin films. Therefore, identical to TiNiSn and 

Zr0.5Hf0.5NiSn a rotation about 45° that aligns the [010] of the vanadium parallel to the 

[011] of the MgO (100) substrate enables heteroepitaxial growth with a lattice mismatch 

of less than 1.6 %. According to Figure 35, the lattice mismatch x is given by: 
 

  = .
.

1 = 0.0158             5.2 
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To increase the film quality, iron and chromium have been also used as buffer layers in 

between MgO  (100) substrates and Heusler materials.146,147 Here, Heusler materials with 

a lattice constant of about 5.7 Å have been deposited. Therefore, iron and chromium with 

lattice constants (mismatches to MgO (100)) of 2.88 Å (-3.37 %) and 2.87 Å (-3.73 %), 

respectively, have been chosen. 148  Thus, the in-plane lattice constant of these buffer 

layers is elongated within the first ML. But with increasing buffer layer thickness the in-

plane lattice constant usually relaxes to its natural lattice constant. So, iron and chromium 

are  able  to  contribute  to  a  better  structural  growth  for  Heusler  or  HH  materials  with  

smaller lattice constants than MgO (5.95 Å). 

Transferred to TiNiSn and especially Zr0.5Hf0.5NiSn, the issue changes into opposite. 

Without having any experimental evidence, one can assume that a buffer layer with a 

significantly reduced lattice constant compared to MgO (100) would not increase the 

structural  quality of TiNiSn and Zr0.5Hf0.5NiSn. Because a lattice constant of 6.12 Å has 

been calculated for Zr0.5Hf0.5NiSn, the argumentation counts even more. Therefore a 

buffer layer consisting of vanadium has been chosen. 

 

5.2 Thin film vanadium sputtered on MgO (100) 
Before thin film vanadium has been utilized as a buffer layer between the MgO (100) 

substrates and the HH thin films, single layers have initially been sputtered and analyzed. 

Identical to previous fabrication processes, under UHV conditions, the MgO substrate 

was annealed up to 550°C. Beside desorption of residual water, the surface 

crystallography that has degraded while mounting the sample at atmosphere shall be 

improved at elevated temperatures. Therefore the substrate temperature was held at 550°C 

for 60 minutes. To prevent cracks in the sample or at the sample surface that may arise 

due to inhomogeneous thermal expansion, the temperature ramp was driven with less than 

20°C per minute. Due to the absence of any in-situ and surface sensitive measurement 

technique as Reflected High Energy Electron Diffraction (RHEED), changes in the 

surface quality of the MgO (100) substrates caused by the utilized pre-growth treatment 

cannot be shown. 

Because, thin film vanadium has been chosen as a buffer layer, growth parameters as 

substrate temperature and argon ambient pressure have been set by the growth parameters 

found  for  TiNiSn  and  Zr0.5Hf0.5NiSn.  Using  others  than  utilized  for  the  growth  of  the  

actual HH thin films would require an additional adjustment of the growth parameters. 
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Especially stabilizing a different substrate temperature takes time while the bare 

vanadium layer could catch up impurities from the argon sputter gas. If one keeps in mind 

that at a pressure of 10-6 mbar, in average, each surface atom is hit by about one gas atom 

per second, the time of interrupted growth between the vanadium buffer layer and actual 

HH film growth must be as short as possible. Beside argon atoms that are used as sputter 

gas and that do not affect the freshly grown surface, impurities arising from background 

pressure and sputter gas contaminations also exists in the growth chamber. The 

background pressure of the growth chamber is less than 1 x 10-7 mbar. Therefore it takes 

about half a minute until each surface atom is hit by an impurity atom arising from the 

background pressure. 149  The background pressure in a growth chamber is usually 

composed of N2,  O2 and  H2O.  Especially  O2 and  H2O are known to be highly reactive 

with non-oxidized surfaces. But similar to titanium surfaces, N2 exhibits also an enhanced 

sticking probability for vanadium surfaces.150 Argon 6.0 has been chosen as sputtering 

gas because of its high purity of at least 99.9999 %. Therefore, the contaminations are 

about 1 ppm. At a sputter pressure of about 10-2 mbar, a surface atom is hit by an argon 

atom every  0.2  ms.  If  it  takes  1.000.000  argon atoms until  a  contamination  arrives,  one  

ML of impurities needs about 200 s. Similar to the background pressure H2,  N2,  O2 and 

H2O  can  be  assumed  to  be  the  most  frequent  impurities. I  Although both sources of 

contaminations are in the same order, this estimation reveals that the majority of 

impurities in the argon sputter gas come from the background pressure (if highly purified 

argon  is  used).  Nevertheless,  it  is  shown  that  when  the  substrate  is  rotated  from  one  

cathode to the other – it takes about one second in the present growth chamber – some 

degradation of the vanadium surface quality definitely takes place. 

Thus, substrate temperature and argon sputter pressure have been set by the growth 

parameters also utilized for TiNiSn and Zr0.5Hf0.5NiSn film growth. While 4.0 x 10-2 mbar 

have been used as argon ambient pressure, substrate temperatures between 420°C and 

500°C have been found to be suitable for HH film growth (see chapter 4). An XRD 

diffractogram for a vanadium film (black) with a thickness of 300 nm is shown in Figure 

36. Here, the vanadium film was deposited at substrate temperature of about 500°C. 

Applied dc power and substrate-to-target target distance have been about 60 W and 3 cm, 

respectively. Similar to previous diffractograms, a measurement of a bare MgO (100) 

substrate has been also given for comparison (gray). As expected (see Figure 35), cubic 

                                                
I Residual impurities for argon 6.0 given by the gas supplier (Linde) 
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film growth indicated by the (200) diffraction peak has been observed. The (200) 

diffraction peak has been detected at 2  = 61.27°. Therefore, a lattice constant of 3.024 Å 

has been calculated. This value agrees with lattice constants measured for bulk 

materials.145 Using the FWHM of the (200) diffraction peak of 0.35° has given an average 

crystal size perpendicular to the film surface of about 30 nm. The FWHM of the 

corresponding rocking curve (not shown) has been 0.5°. This value is a measure for the 

tilt between several crystallites that contribute to the (200) diffraction peak in the /2  

scan. Therefore, the obtained structural quality has been similar to vanadium films that 

have been deposited by Gutsche et. al. at substrate temperatures between 50°C and 

950°C.151 Using -scans, the aspired in-plane rotation (see Figure 35) of 45° between 

thin film vanadium and the MgO (100) substrate to obtain a lattice mismatch of less than 

1.6 % has been detected by others.151,152 Thus, vanadium films with about 300 nm in 

thickness are strongly textured polycrystalline. 

 
Figure 36 XRD /2  scan of 300 nm thin film vanadium sputtered on MgO (100) (black) 
and a bare MgO (100) substrate (gray); Enlarged, the (200) diffraction peak is shown in 

the inset (red).  
 

The  growth  mode  of  thin  films  depends  on  the  free  surface  energy  densities  of  the  

interfaces between substrate and vacuum, thin film and vacuum and substrate and film. If 

the sum of the latter ones exceeds the free surface energy of the substrate-vacuum 

interface, the film starts forming islands or clusters. 

As it is written in classical text books dealing with surface science, on MgO most 

metals are known to nucleate in island growth mode. 153  Especially noble metals as 
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palladium, platinum and silver exhibit cluster growth.132,133,154,155 For silver growth on 

MgO (100) substrates, it has been calculated that island growth starts predominantly at 

the initial stage of silver deposition.156 A dependence on substrate temperature has been 

found for thin film iron that has been deposited on MgO (100) substrates.131 Here, 

enhanced island growth has been found at elevated substrate temperatures. For initial 

nickel growth on MgO (100), the formation of covalent bonding with partial ionic 

character between desorbed nickel and oxygen surface atoms has been calculated.157 

Therefore,  for  the  first  ML  a  stable  2D  structure  of  nickel  ad-atoms  on  MgO  (100)  is  

formed. Furthermore, ongoing nickel growth favors also the formation of 3D metal 

clusters.  

 
Figure 37 AFM images taken from thin film vanadium deposited on MgO (100); 

Corresponding substrate temperatures and film thicknesses are given above each AFM 
image. 

 

So, previously introduced metals seem to be less appropriate for growing smooth 

buffer layers on MgO (100). Here, one of the major objectives has been the growth of 
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smooth multilayers with individual layer thicknesses of about 5 nm. Buffer layers that 

exhibit island growth with humps in the order of layer thickness would prevent the 

growth of multilayers with a structural coherence length longer than the multilayer 

periodicity. So, beside its ability of strongly textured polycrystalline growth on 

MgO (100), vanadium has been chosen as a buffer layer because of low surface 

roughness. Successfully, thin film Co2MnSi with a lattice constant about 5.65  of has 

been deposited with a vanadium buffer layer of 42 nm on MgO (100).158,159 In opposite to 

the Ni/MgO interface, at the V/MgO interface strongest bonds are formed between the 

vanadium and the magnesium atom.133 

To verify, if smooth thin film vanadium has been grown on MgO (100), AFM 

measurements from a surface area of about 40 x 40 µm2 have been performed (Figure 

37). For vanadium films with a thickness of 200 nm, humps with heights of about 20 nm 

have been detected. Following the explanation above, the substrate temperatures for the 

vanadium deposition are set by the substrate temperatures obtained for the deposition of 

TiNiSn  and  Zr0.5Hf0.5NiSn. Therefore 420°C and 500°C have been applied (see 

chapter 4). But significant changes in surface composition have not been found for both 

substrate temperatures. Identical to the film presented in Figure 36, 60 W and 3 cm have 

been utilized as dc sputtering power and target-to-substrate distance, respectively. But 

Figure  37  also  images  that  going  to  a  vanadium  layer  thickness  of  10  nm  enables  the  

deposition of atomically smooth surfaces. An enhanced AFM measurement showing the 

surface topology of an area with 1 x 1 µm2 was also done. Here, it can be seen that other 

than for silver growth,156 for vanadium on MgO (100) island growth does not happened 

from the initial deposition. Because detailed analyses with varied layer thicknesses have 

not been done and publications about layer-plus-island growth have not been found, 

statements about the layer thickness of the onset of island nucleation cannot be done. 

Remarkably, the crystallographic quality has been also increased while decreasing the 

vanadium film thickness from 300 nm (Figure 36) to 10 nm. Applying an MgO (100) 

substrate temperature of 420°C has simultaneously generated smooth and epitaxial films. 

Therefore,  a  sample  showing  the  vanadium  (200)  film  peak  (Figure  38)  could  be  also  

utilized for a XRR scan. Performing the /2  measurement at grazing angles enabled the 

calculation of the vanadium film thickness of about 10 nm. The corresponding 

measurement (black) and its simulation (red) have been shown in the inset of Figure 38. 

According to the Parrat simulation that has been used for thickness calculation, the root 

mean square (RMS) surface roughness was decreased from 1.0 nm for the MgO substrate 
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to 0.6 nm by the deposited vanadium film. Thus, even tiny surface irregularities have 

been healed out by the thin vanadium layer.  

Compared to amorphous vanadium films that have been deposited at RT, for epitaxial 

vanadium films oxidation seems to happen only in the topmost atomic layer. Otherwise, 

due to a noticeable reduction of the electron density at the surface, X-rays would 

penetrate into the film at smaller angles or reciprocal wave vectors if transferred to 

diffractogram in the inset of Figure 38. In XRR scans taken from amorphous vanadium 

deposited on MgO (100), such a deviation due to VOx has clearly been observed. 

 
Figure 38 XRD /2  and XRR scan (inset) of thin film vanadium with a thickness of 10 
nm deposited on MgO (100) at substrate temperature of 420°C; For each measurement (black) a 

corresponding fit is shown (red) 
 

This smooth and epitaxial film growth produced additional peaks beside the vanadium 

(200) diffraction peak (Figure 38). Due to interference effects, beside the diffracted X-ray 

beam, so called Laue Oscillations have occurred in addition. Although in textbooks these 

interference effects are symmetrically described,160 Huttel et. al. have also observed  Laue 

Oscillations for a (200) vanadium diffraction peak only along smaller diffraction 

angles.152 Here,  4 nm of vanadium were epitaxially grown in an MgO/V/MgO structure.  

Identical to the thickness of the vanadium layer, Huttel et. al. have calculated a  structural 

coherence length perpendicular to the interfaces of 4 nm. Here, the FWHM of the (200) 
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diffraction peak shown in Figure 38 is about 1.1°. Applying Scherrer formula (Eq. 4.2) 

leads to structural coherence length of: 134 
 

  = . .
. ° . °

= 8.4 nm             5.3 

 

Within the accuracy of the Scherrer formula, structural coherence length and film 

thicknesses have been identical. The highest uncertainty is given by the shape factor 

(0.93) that is given for the spherical crystallites.161 But the crystallite of the actual film 

has to be treated as cuboid that is only limited perpendicular to the film surface.  

In comparison to the vanadium film with a thickness of 300 nm, the (200) diffraction 

peak has shifted from 61.27° (Figure 36) to 59.25° (Figure 38). This corresponds to out-

of-plane lattice constants of 3.024  and 3.117 , respectively. Thus, there has been an 

increased out-of-plane lattice constant for the vanadium layer with a thickness of 10 nm. 

An elongated lattice constant can be explained by isochoric behavior of a lattice that can 

occur for very thin films. If the in-plane lattice constant of the vanadium layer has 

adapted to the MgO lattice constant, the in-plane lattice constant is compressed by: 
 

   = .
.

= 1.0158              5.4 

 

Because in the plane the layer is compressed in two directions (cubic system), the 

isochoric adaption appears for the out-of-plane lattice constant as: 
 

  = 1.0319 =
.

3.120             5.5 

 

With 3.117 , the lattice constant that has been calculated from the (200) diffraction peak 

is slightly smaller than estimated from the isochoric adaption of the vanadium layer to the 

MgO (100) (3.120 ). As it has been shown for the vanadium film with a thickness of 

300 nm, a relaxation finally takes place because the internal stress within the lattice of the 

film becomes too big. Therefore it can be assumed that it is the same ambition that drives 

the vanadium film with a thickness of 10 nm towards larger and smaller in-plane and out-

of-plane lattice constants, respectively. 

In the last section, a simple isochoric adaption of a very thin vanadium film to the 

MgO (100) surface has been utilized to interpret the shift of the (200) diffraction peak to 

lower angles of diffraction. But by applying only one discrete out-of-plane lattice 

constant the asymmetric behavior of the Laue Oscillations (Figure 38) cannot be 
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explained. Here, a more sophisticated simulation was performed that has included not 

only one but several out-of-plane lattice plane distances. To obtain the simulated /2  

diffraction pattern (red) varied distanced aN for neighboring lattice planes N and N–1 

were considered. For the initial lattice plane (N = 0) that started growing at the 

MgO (100) surface, an out-of-plane lattice constant of 1.6005  has been simulated. 

Furthermore, 56 lattice planes (N = 55) and their single distances have been calculated as 

the following: 
 

  = 1.6005 0.0475            5.6 

 

Due to the decay length of 5 lattice planes, an approximately constant lattice plane 

distance of 1.553 has already been obtained at N = 35. Thus, unit cell lengths from N=0 

to N = 55 have varied from 3.201  to 3.106 ,  respectively.  Thus,  the  simulation  of  

diffracting Cu K  radiation on these 55 vanadium lattice planes has been almost identical 

to the measured diffraction pattern (Figure 38). Appropriate to the unit cell length of 

3.116 , determined by the most intense diffraction peak in Figure 38, a linear weighting 

of the 56 net plane distances has given a similar mean distance of 3.115 . 

 
Figure 39 Rocking curve of the (200) diffraction peak taken from thin film vanadium that 

has already been shown in Figure 38 
 

Beside the /2  diffractogram (Figure 38) that has included Laue Oscillations a further 

extraordinary feature can be addressed to the vanadium film with a thickness of 10 nm. 



5.2 Thin film vanadium sputtered on MgO (100) 
 

76 
 

Thicker vanadium films as it has been presented in the diffractogram of Figure 38 or in 

the AFM image in Figure 37 have already exhibited rocking curves with FWHMs of 

about 0.5°. This value is less than half of the rocking curve widths that have been 

obtained for TiNiSn or Zr0.5Hf0.5NiSn and indicates only a small tilt between several 

vanadium  crystallites.  As  bigger  the  tilt  as  wider  is  the  spreading  of  the  alignment  of  

several crystallites that contribute to a single diffraction peak. In Figure 39, the rocking 

curve (black circles) of the (200) diffraction peak that has already been shown in the /2  

diffractogram of Figure 38 has been fitted (red line). In this measurement setup a FWHM 

of  0.12°  is  identical  to  the  FWHM  ( ) of the rocking curve taken from the perfectly 

aligned MgO (100) substrate. Therefore, the width has been defined by the resolution of 

the diffractometer. Naturally, by the absence of several crystallites (in a single crystalline 

film) the diffraction of a monochromatic X-ray beam on perfectly aligned atomic planes 

only scatters into one specified direction. 

AFM, /2  scan and rocking curve of a vanadium layer that has been deposited with a 

thickness of about 10 nm at a substrate temperature of 420°C suggest that a single 

crystalline vanadium film has been heteroepitaxially grown on the MgO (100) substrate. 

 

5.3 Half-Heusler film growth on a vanadium buffer layer 
A  final  decision  about  the  suitability  of  a  buffer  layer  can  only  be  made  if  also  the  

actual films have been deposited on top. The excellent structural quality and the smooth 

surface roughness of the vanadium buffer layer would not be valuable if further film 

growth  of  the  HH  films  does  not  succeed.  Thus,  TiNiSn  and  Zr0.5Hf0.5NiSn  had  to  be  

deposited on the vanadium buffer layer that was previously optimized and introduced 

above.  

As it has been previously explained, for the deposition of the vanadium buffer layer, 

substrate temperature and argon ambient pressure have been adapted from TiNiSn and 

Zr0.5Hf0.5NiSn film growth. Thus, similar to single HH or vanadium films 420-500°C and 

4.0 x 10-2 mbar have been also applied for growing multilayers, respectively. Equivalent, 

remaining sputter parameters as target-to-substrate distance and sputtering power that can 

be set differently for each sputter cathode have been also transferred from single film to 

multilayer growth.  

Therefore, for TiNiSn and vanadium film growth sputtering powers of 26.5 W and 

60 W have been applied, respectively. XRD scans that have been taken from a TiNiSn 
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film sputtered on a thin vanadium buffer layer are illustrated in Figure 40. Here, a 

diffractogram has been measured from a TiNiSn film grown on a vanadium buffer with 

thicknesses of 200 nm and 15 nm, respectively. Compared to Figure 38 that has shown an 

XRD  pattern  of  a  single  vanadium  layer  with  a  thickness  of  10  nm,  a  shift  of  the  

vanadium (200) diffraction peak from 59.25° to 60.27° has been observed. This shift 

corresponds to a change in out-of-plane lattice constants from 3.117  to 3.068 . Thus, a 

relaxation to its intrinsic lattice constant of 3.024  (Figure  36)  has  been  observed.  For  

TiNiSn, the (200) diffraction spots have shifted from 30.06° (5.94 ) to 29.86° (5.98 ) 

for films deposited without or with vanadium buffer layer. Since the TiNiSn film, grown 

on the vanadium buffer layer, has been deposited at a substrate temperature of 450°C this 

change can be addressed to enhanced disorder of atoms at their positions in the HH lattice. 

This effect (substrate temperature dependent lattice constants)  has also been observed if  

single TiNiSn layers have been grown at lower substrate temperature on MgO (100) 

substrate. As it has already been introduced in Chapter 2, nickel and titanium are suitable 

to swap into the vacant site.47,84  

 
Figure 40 XRD /2  scan and rocking curve taken from the (200) diffraction peak (inset) 

of a TiNiSn layer deposited on a thin vanadium buffer layer 
 

Figure 41 proves two different but important aspects. One is the capability of growing 

a strongly textured polycrystalline Zr0.5Hf0.5NiSn film on a vanadium buffer layer 
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indicated  by  the  FWHM  of  the  (200)  diffraction  peak  in  the  XRD  /2  scan of 0.18°. 

Furthermore,  a  FWHM  of  the  corresponding  rocking  curve  of  1.1°  has  been  observed.  

Compared to the utilization of a TiNiSn buffer layer (compare Figure 30), the quality of 

thin film Zr0.5Hf0.5NiSn has been further enhanced by using a vanadium instead of a 

TiNiSn buffer layer. Simultaneously, a shift in the XRD /2  scan for the (200) 

diffraction peak from 29.15° to 29.23° has been measured. The shift indicates a negligible 

reduction of the out-of-plane lattice constant of 0.017 . It has not been established if the 

reduction was caused by the TiNiSn/Zr0.5Hf0.5NiSn interface or a variation in target 

composition. 

 
Figure 41 XRD /2  scan of the illustrated layer stack that has been grown at a substrate 

temperature of 500°C. Important diffraction peaks are enlarged (red). 
 

Secondly, the diffractogram (Figure 41) shows that strongly textured polycrystalline 

TiNiSn has been deposited on Zr0.5Hf0.5NiSn as well.  For growing SLs where both have 

to grow with a structural coherence length alternately on top of each other, this finding is 

substantial. The FWHM of the /2  scan and the rocking curve of the TiNiSn (200) film 

peak can be determined to be 0.15° and 0.8°, respectively. Similar to TiNiSn that has 

been  deposited  on  a  vanadium  buffer  layer  with  a  thickness  of  170  nm  or  directly  on  
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MgO (100), the (200) diffraction peak has been found at 30.06°.I Concerning thin film 

TiNiSn on MgO (100), this is an outstanding result. Within the framework of this thesis, 

no better XRD result has been obtained for a TiNiSn film. The fundament has been 

formed by an excellent vanadium buffer layer. As it can be seen by eye, in Figure 41 the 

vanadium film peak starts splitting into both excitation energies Cu K  one  and  Cu  K  

two.  Similar  to  the  single  vanadium  film  with  a  thickness  of  300  nm  (Figure  36),  a  

FWHM of the rocking curve of 0.5° proves the strongly textured polycrystalline growth 

of the vanadium buffer layer that enables improvements for both HH films. 

Thus this chapter already shows that vanadium is a suitable buffer layer for TiNiSn 

and Zr0.5Hf0.5NiSn grown on MgO (100). Beside additional opportunities as cross-plane 

measurement and application, by the vanadium buffer layer, similar crystallographic 

quality has been measured for single TiNiSn and Zr0.5Hf0.5NiSn layers. 

                                                
I The (200) diffraction peak differed for TiNiSn that has been deposited on a vanadium 
buffer layer with a thickness of 15 nm (Figure 40). 
 

5.4 Half-Heusler film growth on native SiOx 
For industry, silicon wafers are still substrates of choice. But also for matching to other 

potential  devices,  the  behavior  of  Zr0.5Hf0.5NiSn growth on Si (100) substrates has been 

tested. Motivated by a few publications claiming not only epitaxial growth of vanadium 

on sapphire with a lattice match of about 10 %,151 but also (110) textured growth on 

native SiOx the attempt has been done to deposit crystallographic structured 

Zr0.5Hf0.5NiSn on a vanadium buffer layer.158 Similar to the current project, Kämmerer et. 

al. have used a vanadium buffer layer for growing the full Heusler Co2MnSi with a bulk 

lattice constant of 5.65  on Si (100) that was not previously cleaned. 158,162 

If a silicon wafer is brought from atmosphere into vacuum, its dangling bonds that are 

uncompensated bonds from surface atoms have picked up contaminations as carbon, 

water and primarily oxygen.163,164 To obtain perfect homo- or heteroepitaxial film growth 

on silicon substrates complex cleaning procedures have to be performed. In doing so, 

cleaning procedures range from complex etching processes with HNO3 (65 %), 

H2O:NH4F:HF (12:7:1) and HF (5 %),165 over H2SO4:H2O (4:1) and HF:H2O (1:100),166 

to NH4F:HF (7:1)   and  also  a  single  HF (5  %)  solution.167,168 Performed on atmosphere,  

all these cleaning procedures base on generating a hydrogen passivation layer that is 

stable for a few minutes. During that time, treated silicon substrates have been transferred 



5.4 Half-Heusler film growth on native SiOx 
 

80 
 

into UHV. At elevated temperatures (600-900°C), the hydrogen passivation layer can be 

removed. Simultaneously, arising dangling bonds compensate each other by forming 

reconstructed surfaces.169 

But as it has been already introduced, vanadium buffer layers have been deposited on 

Si (100) substrates that were not chemically cleaned. Only macroscopic dust particles and 

grease were removed by acetone. Thus, at RT naturally oxidized Si (100) substrates 

exhibit a native SiOx layer of about 10 .170 

 
Figure 42 XRD /2  scan of polycrystalline Zr0.5Hf0.5NiSn grown on Si (100) by using a 

10 nm vanadium buffer layer (black); For comparison, XRD scans of single vanadium 
layer with a thickness of 180 nm (blue) and of a pure Si (100) substrate (red) are shown.  

 

Despite the amorphous SiOx surfaces layer, (110) textured growth has been obtained 

for a vanadium layer with a thickness of 180 nm. As it is illustrated in Figure 42, the 

comparison between the XRD pattern taken from the pure Si (100) substrate (red) and the 

vanadium buffer layer (blue) reveals only a weak preferred orientation of growth. Here, 

the vanadium layer has been deposited at a substrate temperature of 500°C. A vanadium 

layer that has previously grown at 200°C has not shown any XRD film peak. Due to the 

XRD finding, the vanadium film quality does obviously not increase with film thickness. 

Thus only a thin vanadium buffer layer (10 nm) has been utilized for depositing 

Zr0.5Hf0.5NiSn. The XRD pattern of Zr0.5Hf0.5NiSn layer with a thickness of 200 nm has 
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also been shown in Figure 42 (black). According to the simulation a polycrystalline 

Zr0.5Hf0.5NiSn film has been generated. Therefore, several film peaks have occurred that 

can be addressed to different planes of diffraction. (110) and (220) XRD diffraction peaks 

of  vanadium  (blue)  and  Zr0.5Hf0.5NiSn (black), respectively, are located at similar 2  

values. Indeed, the (220) diffraction pattern taken from Zr0.5Hf0.5NiSn (black), can clearly 

be identified because of the small thickness of the vanadium layer underneath.  

Although only a little effort has been applied, initial success has been achieved. The 

vanadium buffer layer has provided a surface that allows the growth of polycrystalline 

Zr0.5Hf0.5NiSn films. 

 



6.1 Introduction
 

82 
 

Chapter 6  

 

Superlattices –TiNiSn and Zr0.5Hf0.5NiSn subsequently 

deposited at elevated substrate temperatures 
 

6.1 Introduction 
For a long period of time, SLs were understood as lattices containing several atoms in 

neighboring planes.171,172 But in the seventies emerging with novel deposition techniques 

as MBE and electron beam evaporation, SLs composed of two different materials with a 

certain thickness were fabricated.173,174 Special interest was already given on artificial 

band structures in SC physics.175,176 Up to now, similar interest has been given in the field 

of optoelectronics. Here, SLs have created enhanced interest because of their ability of 

band gap engineering. Thus, for a single material system, different band gaps can be 

obtained by varied SL periods.177,178 

For magnetic structures, SLs have attracted further interest. Next to exchange bias that 

can be generated by ferromagnetic layers that are anti-ferromagnetically coupled by 

diamagnetic spacing layers,179 also vanishing net magnetization can be obtained by a SL 

with two half-metallic Heusler compounds. Based on theoretical calculations,180 Mn2TiGe 

(Mn2VGa) and Co2TiGe (Co2VGa) with 22 and 26 valence electrons, respectively, keep 

their magnetic properties within single layers but exhibit a zero net magnetization along 

<100> if the interfaces are parallel to {100}. Furthermore in a SL structure 

magnetoresistance effects can be obtained.181 

For  SLs  consisting  of  La0.7Sr0.3MnO3 and  Nd0.6Ca0.4MnO3 layers that are 

ferromagnetic and antiferromagnetic,182 respectively, at RT a magnetoresistance of 16 % 

has been observed which is three times higher than for single La0.7Sr0.3MnO3 films. 

In  addition,  using  SLs  enables  to  shift  the  magnetic  anisotropy  of  a  thin  film.  Thus,  

magnetic easy axes perpendicular to film surfaces become possible.183 If soft and hard 

magnetic layers are combined, different magnetization directions and so-called magnetic 

exchange spring states can be obtained.184,185 
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Further thin films in terms of SLs have been grown to obtain scientific findings about 

the complex mechanisms in superconductivity. Besides less complex structures,186,187 

often YBa2Cu3O7/PrBa2CuO7 SLs,188,189 and related structures,190,191 have been fabricated 

to measure the effects of anisotropy, interfaces, doping, strain, thickness and coupling on 

superconductivity. 

As it has been already demonstrated in former chapters, SLs have also played an 

essential role in the field of TE. Here, their ability to reduce the thermal conductivity 

perpendicular to the interfaces is of importance. Similar as it has been done for the single 

TiNiSn and  Zr0.5Hf0.5NiSn films in chapter 4, in the following the structural qualities of 

the SLs will be discussed. Starting with single films, finally results from Photoelectron 

Spectroscopy (PES) complete the demonstration of the high quality HH SLs.  

 

6.2 Interface roughness affected by substrate temperatures 

 
Figure 43 EDX line scan (left) and HAADF-STEM image (right) taken from a SL with a 

period of 21 nm deposited on a 40 nm TiNiSn buffer layerI 
 

The SLs, mentioned above, have been prepared as thin films that were fabricated on 

varied substrates. If two or more differing materials/layers that are amorphous or 

polycrystalline are subsequently deposited, multilayers are generated. Exists a structural 

                                                
I The measurement was done at the EMPA by Myriam Haydee Aguirre 
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coherence length that is much longer than the periodicity, the multilayers can be defined 

as SLs. Therefore, across several multilayer periods the crystal structure of two 

neighboring layers consisting of the same material have to be identical aligned. To fulfill 

this specification, single layers have to be either strongly textured polycrystalline or 

epitaxial. To transfer the ability the of epitaxial or oriented polycrystalline growth from 

one to the following layer of the same material, usually the material(s) in-between has 

(have) to have oriented crystal growth as well. Only a few methods have been developed 

to overcome this issue.192,193  

Here,  SLs  containing  TiNiSn  and  Zr0.5Hf0.5NiSn have been fabricated by sputter 

deposition. Thus, XRD /2  scans shown in Figure 30 and Figure 41 have already 

affirmed the growth of strongly textured polycrystalline Zr0.5Hf0.5NiSn on TiNiSn and the 

other way around. This provides the basis to generate not only multilayers but SLs. 

SLs have been made by moving MgO (100) substrates back and forth between TiNiSn 

and Zr0.5Hf0.5NiSn cathodes that are continuously running during the growth. In Figure 

43, an element specific line scan and a real space image along the interfaces, performed 

by EDX and HAAF-STEM, respectively, already confirm the fabrication process of 

subsequently deposited TiNiSn and Zr0.5Hf0.5NiSn layers. For the demonstration of the 

titanium accumulation at the MgO/TiNiSn interface shown in Figure 32, an identical 

measurement configuration was already applied. Utilizing a measurement density of 

1 nm-1 with a spot size of 0.7 nm for the EDX line scan, perpendicular to the interfaces, 

variations in the chemical composition have been resolved. One period of the SL has been 

composed of 13 nm and 8 nm of TiNiSn and Zr0.5Hf0.5NiSn, respectively. Similar to the 

EDX measurements performed at single Zr0.5Hf0.5NiSn films, more zirconium than 

hafnium  has  been  measured  (Table  3).  For  EDX  and  HAADF-STEM  measurements,  a  

complex sample preparation affords slices with thicknesses perpendicular to the image 

plane (Figure 43) of about 50 nm. Thus, the information depth is limited by the thickness 

of a slice. Nevertheless, assuming a similar wavy behavior of the interfaces that is visible 

in the HAADF-STEM image also perpendicular to the image plane, it becomes obvious, 

why a blurred characteristic has been obtained for titanium, zirconium and hafnium. To 

what extend intermixing plays an additional role cannot be clarified. An already shown 

RBS measurement performed at a TiNiSn/Zr0.5Hf0.5NiSn bilayer (Figure 31), has not 

given any evidence for a significant intermixing.  
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Figure 44 XRD /2  scans showing satellite peaks caused by TiNiSn/Zr0.5Hf0.5NiSn SLs 

with a period of 21 nm grown at given substrate temperatures 
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In the HAADF-STEM image (Figure 43) three different kinds of material are shown. 

Because the brightness in the image scales with the atomic number, MgO, TiNiSn and 

Zr0.5Hf0.5NiSn are noticed to be dark, gray and bright, respectively. Clearly, the smooth 

initial MgO/TiNiSn interface can be assigned. Going upwards in the image, a TiNiSn 

buffer layer is followed by ten periods of the HH SL. 

For balancing the titanium aggregation at this interface (Figure 32), a TiNiSn buffer 

layer with a thickness of 40 nm was grown. But, the image already exhibits a variation in 

the buffer layer thickness from 38.5 nm to 42.7 nm. Beside AFM and XRD measurements 

this HAADF-STEM image gives further evidence about grain growth that prohibits the 

formation of very smooth surfaces and interfaces. With proceeding film growth, existing 

irregularities have been worse. In this case, the SL was fabricated at a substrate 

temperature of about 450°C. 

The discussion, done in the last chapter about impurities captured while moving the 

substrate from the vanadium to the HH cathode, can easily be transferred to the current 

issue (see section 5.2.). Thus, both HH layers have been deposited at identical substrate 

temperatures and ambient argon pressures. Since it has been found suitable for both HH 

films, an argon ambient pressure of 4.0 x 10-2 mbar was applied for SL growths. 

Similarly, sputtering powers of 26.5 W and 23 W were also transferred from single 

TiNiSn  and  Zr0.5Hf0.5NiSn film growth, respectively. Because it influences the kinetic 

energy of the ad-atoms and therefore the grain formation at the surfaces, the substrate 

temperature was varied. While buffer layer thickness, periodicity and amount of SL 

periods were kept constant to be 40 nm, 21 nm and 10 nm, with increments of 25°C, the 

substrate temperatures were changed from 375°C to 475°C. Its impact has been revealed 

by XRD /2  scans that are shown in Figure 44. As it was previously discussed, SLs are 

separated from multilayers by the structural coherence of many neighboring layers. The 

additional periodicity that occurs next the crystal structure is responsible for the formation 

of extra diffraction peaks that are known as satellite peaks.194 In the case of TiNiSn and 

Zr0.5Hf0.5NiSn SLs where both individual materials have similar lattice constants, the 

formation of one central diffraction peak can be observed. In addition, the interface 

roughness must be small compared to the SL periodicity. Under these circumstances, the 

length of the SL periodicity  and the amount of unit cells of the participating materials 

NA and NB result in an average lattice constant : 
 

  =                 6.1 
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Considering the order of diffraction m, the central diffraction peak can be associated with 

 as: 
 

  2 sin =                6.2 
 

Beside the central diffraction peak 0,  in the XRD /2  scan different orders of satellite 

peaks n can be found at different angles of diffraction n. Using these peak positions, the 

SL periodicity  has been calculated: 
 

  2 = ±                6.3 
 

Beside the satellite peak positions, their shapes give information about interface 

roughness or interlayer disorder.194 In general it can be assumed that the sharper the 

interfaces, the more pronounced shape of the satellite peaks. Considering this, in Figure 

44 it can be seen that a substrate temperature of about 400°C has been the most 

appropriate.  As  it  has  also  been  observed  for  single  TiNiSn  and  Zr0.5Hf0.5NiSn films, a 

substrate temperature of 350°C is not high enough for sufficient crystal growth. Because 

oriented crystal growth is required for obtaining a structural coherence length longer than 

periodicity of the SLs, satellite peaks only barely emerge. But with increasing substrate 

temperatures the satellite peaks have become more pronounced. But for substrate 

temperatures higher than 425°C enhanced interface roughness reduces the structural 

coherence length. Thus, the satellite peaks become less pronounced. Based on the 

position of the peaks in the diffractogram that was measured from a sample, fabricated at 

a substrate temperature of 475°C, the highest peaks can still be addressed to the formation 

of a SL. The intensity of the highest diffraction peaks remain at a high level (not shown) 

and their gap stays constant. Although the formation of secondary phases cannot be 

excluded by the XRD measurement, changes of the satellite peaks can be mainly 

addressed to the formation of imperfections in the symmetry of the SL. 

As expected, changes have been also obtained in the HAADF-STEM (Figure 45) 

images. While for a SL that was fabricated at a substrate temperature of about 450°C 

(left) dark (TiNiSn) and bright (Zr0.5Hf0.5NiSn) stripes partially smear over, for a SL that 

was fabricated at a substrate temperature of about 400°C (right) rather sharp interfaces 

can be observed. Thus, resolving a SL with 3 nm in periodicity has become possible.  

At  a  substrate  temperature  of  about  400°C,  a  SL  with  ten  periods  of  TiNiSn  and  

Zr0.5Hf0.5NiSn each with layer thickness of 8 nm has been fabricated (on a TiNiSn buffer 
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layer  with  a  thickness  of  about  30  nm).  A  reduced  section  of  the  XRD  /2  scan is 

logarithmically (left) and linearly (right) scaled and shown in Figure 46. In addition to the 

measurement (dotted lines), a simulation has been generated (red lines). Therefore, 

appropriate to the HH lattice structure (Figure 10), the diffraction of an incoming X-ray 

beam on sequently stacked atomic planes was simulated. According to the type of atoms 

and their scattering factor, for all different lattice positions the scattering power as a 

function of scattering angle has been calculated. Remarkably, neither atomic disorder 

(atoms on wrong lattice positions) nor interface roughness (different periodicities) were 

embedded for obtaining the simulated diffraction pattern as it is illustrated in Figure 46. 

Despite, only small deviations have been observed for the intensities of higher orders of 

reflections. Compared to Figure 44, due to the higher fraction of Zr0.5Hf0.5NiSn  with  a  

larger lattice constant than TiNiSn, the most intense satellite peak has shifted to a smaller 

angle of diffraction. 

 
Figure 45 HAADF-STEM images of two SLs grown at substrate temperature of 450°C 

and 400°C; Simultaneously, the SL period has been decreased from 21 nm to 3 nmI 
 

Cho et. al. have investigated the interface properties of sputtered FeCo/Si 

multilayers.195 Here, the interfaces have been influenced by sputter parameters as argon 

pressure and applied target voltage. Among other techniques, XRR measurements in 

connection with ‘Parrat’ simulations were applied for interface characterization. For the 

FeCo/Si multilayers,195 a minimum in interface layer thickness of about 3 nm has been 

found.  Following  the  explanation  by  Cho  et.  al.,195 the interface thickness has been 
                                                
I The measurement was done at the EMPA by Myriam Haydee Aguirre 
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generated by interface roughness, rather than interdiffusion. Each finished layer and its 

residual roughness, caused by surface diffusion of the atoms, has been assumed to be the 

crucial factor. A similar behavior can be assumed for HH SLs that were fabricated at a 

substrate temperature of 400°C. Taking into account the granular structure of single films 

(Figure 33),  the RBS measurement of the bilayer (Figure 31),  the STEM image of a SL 

with  a  periodicity  of  3  nm  (Figure  45)  and  the  simulation  of  the  XRD  /2  scan  of  a  

perfect ordered SL (Figure 46), a significant interdiffusion at the interlayers can be 

excluded. 

 
Figure 46 XRD /2  scan (dotted lines) and corresponding simulation (red lines) of a SL 

with a periodicity of 16 nm logarithmically (left) and linearly plotted (right) 
 

6.3 Further enhancement in interface roughness 
Because beneficial results have been gained for single HH thin films (see chapter 5), 

also SLs have been deposited on vanadium buffer layers. In Figure 47, AFM image and 

XRD /2  scan of a SL grown at a substrate temperature of 400°C are shown. For the 

sample, 55 periods with a thickness of 6.9 nm have been deposited on a vanadium buffer 

layer  with  a  thickness  of  5  nm.  Within  the  SL,  TiNiSn and  Zr0.5Hf0.5NiSn have had the 

same layer thickness.  

Unlike previous results (STEM images; satellite peaks) have supposed, a granular 

structure has been also measured for thin films containing SL structures. As it is shown in 

Figure 47, the AFM image reveals height differences of about 20 nm. Thus, not only the 
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TiNiSn buffer layer and its initial roughness (Figure 43) accounts for blurry SL structures 

(Figure 45). 

But enhanced structural qualities have been obtained by XRD /2  scans. Figure 47 

illustrates an example. Due to additional diffraction at the (400) plane, satellite peaks are 

also located at about twice the angle of diffraction. Thus, next to 2  = 30° also at about 

2  = 60° satellite peaks can be observed. Beside an naturally increased resolution at 

higher angles of diffraction, the increased structural coherence length of SLs deposited on 

a thin vanadium buffer layer afford the visibility of the satellite peak splitting into both 

excitation energies Cu K 1 and Cu K 2. If the FWHM of a diffraction peak caused by only 

one excitation energy is taking into account, a structural coherence length of about 68 nm 

can be calculated.134 For the current SL periodicity, this distance ranges over about 10 SL 

periods. 

 
Figure 47 AFM image (left) and XRD /2  scan (right) of a SL containing 55 periods of 

TiNiSn and Zr0.5Hf0.5NiSn with a periodicity of about 6.9 nm 
 

Furthermore, Figure 48 illustrates the difference for identically grown SLs that have 

been deposited with (red) and without (black) a vanadium buffer layer having a thickness 

of 10 nm. All illustrated SLs were grown at a substrate temperature of about 400°C. 

Aspired periodicities, estimated by growth rate and exposition time of the substrate ahead 

of  each  cathode,  and  amount  of  periods  are  given  for  both  types  of  SLs  (blue).  Using  

Eq. 6.2 and the satellite peak positions, 22.2 ± 0.5 nm and 50.8 ± 2.8 nm can consistently 

be calculated. Indicating a higher crystal quality and smother interfaces, for the SL with 

an aspired periodicity of 21 nm, more pronounced satellite peaks have been observed for 

the sample with the vanadium buffer layer (red). To overcome the issue about the 
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titanium segregation at the TiNiSn/MgO interface (see Figure 32), instead of vanadium, a 

TiNiSn buffer layer (black) with a thickness of 40 nm has been used. Due to the 

additional TiNiSn film, the XRD /2  scan has been influenced at about 30° (Figure 48). 

Compared to the SL with a vanadium buffer layer (black), a shift of the highest satellite 

peak has been caused by a changed average cross-plane lattice constant (Eq. 6.1) to a 

smaller value. In addition to strain affected by interface roughness, this can be addressed 

to a decreased ratio of TiNiSn to Zr0.5Hf0.5NiSn. 

For the SLs with the aspired periodicity of 51 nm the satellite peaks can only be 

observed for the sample with the vanadium buffer layer. Since for SLs with larger 

periodicities the satellite peak positions move closer together, resolving single peaks 

becomes less probable. Accordingly, the structural coherence length that still has to 

exceed the SL period prohibits the formation of satellite peaks. Thus, for the SL grown on 

a vanadium buffer layer (red) the structural coherence length is increased compared to 

one without the vanadium buffer layer (black). 

 
Figure 48 SLs with periodicities of 21 nm (left) and 51 nm (right) deposited with (red) 

and without a vanadium (black) buffer layer 
 

Different to single TiNiSn and Zr0.5Hf0.5NiSn thin films (see chapter 5), on MgO (100) 

substrates, for HH SLs the crystallographic quality can be even enhanced by using a 

vanadium buffer layer. 
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6.4 Thin films and superlattices investigated by photoelectron 

spectroscopy 
 

6.4.1 Introduction 

 
Figure 49 Calculated MFP (Eq. 6.5) for electrons in inorganic compounds with an atomic 

layer distance of 0.15 nm 
 

Photoelectron Spectroscopy (PES) was used to obtain information about binding 

energies EB of  electrons  in  single  HH  films  and  in  SLs.  For  the  first  time,  in  1960  K.  

Siegbahn, who thus obtained the Nobel Prize of Physics in 1981, utilized the Photo effect 

that had been described by A. Einstein. 196 If an electron that is located close to the 

surface is hit by a photon with the energy EPh, there is a probability that this electron 

leaves the solid. Following energy conservation, its kinetic energy EKin is given by: 
 

  =               6.4 
 

Because EB is considered to be the energy difference between the initial energy level of 

the electron and the Fermi energy EF, the energy difference between the Fermi energy and 

the vacuum level is incorporated by the work function . Practically,  vanishes by short 

circuiting sample and analyzer. Therefore, with a known incoming EPh, EB can easily be 

calculated by measuring EKin of  the  electrons  in  the  vacuum.  Since,  each  element  has  a  

distinct excitation spectrum, formed by EB and cross sections for varied energy levels, the 
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chemical compositions can be identified by measuring the amount of electrons as a 

function of their EKin. 

Douglas et. al. have calculated a work function for TiNiSn of 4.30 eV. It was done by 

assuming the Fermi energy to be in the middle of the gap between VB and CB that were 

found at 4.54 eV and 4.09 eV, respectively.83 

The fact that in PES the EKin of electrons is measured limits the region of their origin 

in a solid. Due to inelastic electron scattering, the initial excitation energy changes and 

Eq. 6.3 loses validity. Similar as it has been frequently discussed above for phonons, 

MPFs for electrons have to be taken into account. Thus, in PES the location of the 

electron excitation needs to be less than the MFP away from the surface to account for the 

measurement. Because electron interactions change from material to material, no 

universal distances can be given. An attempt to sum up MFPs of electrons MFP in several 

inorganic materials was done by Seah et. al..197 Taken into account the distance between 

adjoining atomic layers a, the following equation has been empirically achieved:  
 

  = + 0.72             6.5 

 

For obtaining correct numbers for MFP, EKin and a the dimensions monolayer ML, eV 

and nm have to be inserted, respectively.  

Using an atomic layer distance of 0.15 nm that is appropriate for HH materials, 

calculated MFPs are shown in Figure 49. At 63.5 eV a minimum of 2.8 ML (0.42 nm) has 

been calculated. For 10 eV, 1000 eV and 10.000 eV electron MFPs of 23 ML (3.5 nm) 

and 8 ML (1.2 nm) 28 ML (4.2 nm) can be calculated. Although enhanced MFPs can be 

observed along smaller as well as larger EKin, the information depth in PES remains rather 

small. Only if one further decreases EKin MFPs larger than 1000 ML can be obtained. 

Depending on the irradiated electromagnetic radiation PES is classified. Widely used, 

X-ray Photoelectron Spectroscopy (XPS) is performed with aluminum or magnesium 

anodes utilizing K  radiation generating a photon energy EPh of about 1486 eV and 

1253 eV, respectively. Consequently the kinetic energy EKin of the excited electrons is 

smaller than the energy of the absorbed X-rays. Therefore, the MFP for electrons is in the 

order of the thickness of native aluminum oxide (1-3 nm) that is formed when pure 

aluminum  is  released  to  atmosphere  at  RT.198 For illustration, an example irradiated by 

aluminum K  is shown in Figure 50. Here, 10 nm aluminum have been deposited by 

MBE, brought to atmosphere and subsequently measured by XPS. Obtained by double 
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peak structure and peak position (inset in Figure 50), metallic aluminum and aluminum in 

Al2O3 have been clearly identified.199 Surprisingly, the natively formed Al2O3 layer  is  

even thinner than the MFP of electrons with a kinetic energy of about 1400 eV. 

 
Figure 50 XPS spectrum taken of a natively oxidized aluminum capping layerI 

 

To enhance information depth as well as resolution, the following PES measurements 

were performed at L47XU of Spring-8 (Japan).II There, an electron accelerator provides a 

photon energy up to about 6 keV and the experiment can be performed with resolution of 

240 meV. Due to the high photon energy the measurement is named as hard X-ray 

Photoelectron Spectroscopy (HAXPES).  

 

6.4.2 Core level analysis performed with HAXPES 
Initially,  HAXPES  measurements  with  a  photon  energy  of  6  keV  were  done  to  

measure the elements embedded in the films. Therefore the focus was set on core levels 

that are element specific. 

                                                
I Spectrum was measured within the Galfenol project at ICAL (Montana State University) 
II Following HAXPES measurements were made by Xeniya Kozina, Institute of inorganic 
and analytical chemistry, Johannes Gutenberg University of Mainz, the group of Prof. Dr. 
Claudia Felser 



chapter 6 – Superlattices
 

95 
 

To prevent films from oxidation, an AlOx capping layer with a thickness of 3.5 nm has 

been deposited on all films. Thus, in following spectra aluminum, oxygen and also carbon 

can be found that are not related to the layers of interest. In contrast to the film measured 

in Figure 50, the AlOx capping layer was sputtered directly from an AlOx target. Hence, 

only single Al2s and  Al2p peaks have been measured that implies the absence of any 

metallic aluminum. Additional assigning can be done by the position of electron binding 

energies due to chemical bonding. Instead of 73 eV, the Al2p has been found at about 

75 eV. In contrast to aluminum, the higher electronegativity of oxygen causes a stronger 

electron bonding. 

 
Figure 51 HAXPES survey spectra taken with a photon energy of 6 keV 

 

Survey  spectra  of  single  TiNiSn  (green)  and  Zr0.5Hf0.5NiSn  (red)  films  and  two  SLs  

with periods of 5 nm (blue) and 10 nm (black) are shown in Figure 51. Each film has 

thickness  of  66  nm.  For  a  better  comparison,  SLs  have  been  grown on  a  TiNiSn buffer  

layer  with  a  thickness  of  36  nm.  Differently,  TiNiSn  and  Zr0.5Hf0.5NiSn have been the 

final layers for the SLs with periodicities of 5 nm and 10 nm, respectively. After film 
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growth with sputtering parameters as described above and a substrate temperature of 

425°C, the quality was checked by XRD measurements.  

For single films and SLs, EB has been measured from 0 to 950 eV. Taken into account 

the applied EPh of 6 keV, excited core electrons had EKin of  at  least  5  keV.  As  it  can  be  

seen in Figure 51, the excitation energy is sufficient that many core electrons of the HH 

films can penetrate the AlOx capping layer without having any inelastic interaction. For 

the  TiNiSn  film  (green),  Ni2p, Sn3p, Sn3d and  Ti2p have been identified. Due to varied 

cross  sections  within  one  element  for  different  electron  levels  but  also  for  identical  

electron levels for varied elements, measured intensity cannot be easily compared. 

Compared with normal emission, excited with Al K , Ni2p, Sn3d and  Ti2p have atomic 

sensitivity factors (peak area) of about 3.7, 4.1 and 1.8.200 Even though a very weak signal 

has been measured for Ti2p, this only qualitatively agrees with the measurement. Whether 

titanium depletion or a change of the atomic sensitivity factors due to increased EPh has 

been  responsible  cannot  be  specified.  Although the  topmost  layer  has  also  been  TiNiSn 

(apart from AlOx) reduced intensities have been observed for the SL with a periodicity 

5 nm (blue). While the reduction of Ni2p and Sn3p can be seen in Figure 51, the change of 

the Ti2p becomes only visible in Figure 52. Here an enlarged section of Figure 51 is 

illustrated. Similar to nickel and tin peaks, the Ti2p is reduced by one half compared to the 

single TiNiSn layer. The increased height of the Al2s peak, implies a thicker AlOx capping 

layer. Beside a varied AlOx capping layer thickness also its closeness may have 

influenced the result. Since SLs have been grown more even than single TiNiSn films, a 

better AlOx capping layer can be assumed for the SL with a periodicity of 5 nm (blue).  

For the single Zr0.5Hf0.5NiSn  film  (red),  instead  of  Ti2p, Hf4p, Hf4d and Zr3p can be 

observed. Due to enhanced atomic sensitivity factors,200 Zr3p and  Hf4p are more 

pronounced and also visible in Figure 51. In Figure 52, it can be seen that all peaks 

addressed to the Zr0.5Hf0.5NiSn film (red) can also be found in spectrum from the SL with 

Zr0.5Hf0.5NiSn  as  the  final  layer  (black).  Surprisingly,  the  topmost  layer  Zr0.5Hf0.5NiSn 

(apart from AlOx)  with a thickness of 10 nm has not prohibited the detection of the Ti2p 

peak. Due to the MFP of the electrons it is unlikely to detect titanium in the TiNiSn layer. 

Either diffused titanium atoms or titanium atoms that have remained on the surface while 

the growth of Zr0.5Hf0.5NiSn are detected. In addition, tiny Hf4p, Hf4d and Zr3p peaks have 

been  also  observed  for  the  SL  having  TiNiSn  with  a  thickness  of  5  nm  as  the  topmost  

layer.  Here,  the  penetration  of  the  electrons  becomes  more  likely.  But  it  is  still  less  

convincible that electrons excited more than 8 nm away from the sample surface can 
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escape without having any inelastic interaction. Nevertheless, zirconium and hafnium 

have been detected.  

 
Figure 52 Enlarged HAXPES spectra focused on EB up to 480 eV 

 

Despite some inconsistencies about titanium, zirconium and hafnium, the layered 

structure of the SLs has been also proven by HAXPES. Although no chemical 

composition has been calculated, single films have been composed of the aspired 

elements. 

Unfortunately, fluorine (F1s)  has  been  detected  in  all  films  (Figure  51).  Therefore  it  

seems that the fluorine contamination does belong to the growth chamber rather than to 

the  sputter  targets.  Although  the  TiNiSn  and  Zr0.5Hf0.5NiSn sputter target cannot be 

excluded, sources as sputter gas or the greasing of rubber gaskets can be suspected. 
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6.4.2 Valence band spectra measured with HAXPESI  

As it has been illustrated in chapter 3, for TE properties of a material, the shape of the 

VB is of importance. Similar to the electrons located in core levels, electrons from the VB 

can be excited by photon-electron interaction. Because count rates of the spectra in Figure 

51 range from a few hundreds at the Fermi edge to over one million at highest core level 

peaks, corresponding cross sections of electron-photon interaction for electrons located in 

core levels are much higher than from those in the VB. Furthermore, the issue about the 

escape depth of electrons also exists so that high photon energies have to be applied as 

well  for  obtaining  a  sufficient  information  depth.  Assuming  excitation  energies  of  8  

keV,201 as it has been the case for the following HAXPES measurements performed at 

BL47XU of Spring-8, one has to distinguish if an excited electron has a kinetic energy of 

7995.0 eV or 7994.9 eV, which corresponds to a difference of 0.001 %. Nevertheless, 

applying state-of-the-art electron analyzers do resolve VB structures. 

 
Figure 53 VB spectra for TiNiSn and Zr0.5Hf0.5NiSn prepared as bulk materials 

 

VB spectra taken from TiNiSn and Zr0.5Hf0.5NiSn as bulk samples and thin films are 

shown in Figure 53 and Figure 54, respectively. At first glance, in particular for TiNiSn, 

no significant differences can be identified between bulk samples and thin films. Here, 

polycrystalline bulk samples are compared to strongly textured HH films. Only an 
                                                
I Presented results and most of the conclusions have been published by Kozina et. 
al..(Ref. 201) 
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amorphous Zr0.5Hf0.5NiSn film (blue) is characterized by the absence of the peak like 

shaped VB. Naturally, at the Fermi edge the most states have been measured for the 

metallic sample. Indicated by feature A, compared to bulk samples more “in-gap” states 

have been also found for the strongly textured thin films. This can be addressed to 

enhanced disorder and potential impurities due to sample preparation or missing post 

annealing.  

The most significant change has been measured for two peaks at the VB edge (feature 

B and C) that correspond to the electrons levels with the least binding energy. Because 

these energy levels are formed by the covalent sublattice with hybrid orbitals t2 and e of 

nickel  and  tin  and  their  interaction  with  the  X-atom  in  XNiSn,  the  most  difference  has  

been observed for the features B and C.84 Due to a larger cross section for Zr4d and Hf5d 

than for Ti3d, for Zr0.5Hf0.5NiSn stronger peaks have been obtained in the spectra. Possibly 

the hafnium to zirconium ratio has been larger for the bulk sample. Other than feature E, 

feature D can be also addressed to the hybridized states involving Ni3d and Sn5p orbitals. 

In both spectra, for TiNiSn, feature B, C and D are slightly shifted (0.21 eV) to the Fermi 

edge that perhaps originates from the smaller difference in electronegativities of titanium 

to  nickel  and  tin.  In  Zr0.5Hf0.5NiSn, the difference in electronegativities is enlarged for 

zirconium and hafnium compared to nickel and tin. 

 
Figure 54 VB spectra of thin film TiNiSn and Zr0.5Hf0.5NiSn 
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At the same energy and at similar heights features E and F have been measured for 

both materials independently from the type of the sample. In the literature these have 

been addressed to Sn5p bands and s states that are localized at the tin atom, 

respectively.7,202 In-between, the characteristic Heusler hybridization gap can be found.7,84 

Obviously, these are less affected by titanium, zirconium or hafnium. 

Similar to the XRD /2  scan shown in Figure 41, Figure 55 illustrates the growth of 

TiNiSn  on  Zr0.5Hf0.5NiSn. Therefore, a tri-layer containing TiNiSn, Zr0.5Hf0.5NiSn and 

TiNiSn, each with a layer thickness of about 30 nm, has been fabricated. The limited 

information depth of PES secures that only the VB of the upper TiNiSn layer is measured. 

For  comparison  a  single  TiNiSn layer  (60  nm)  is  also  plotted.  While  the  peak  positions  

are identical, the peak heights differ. Next to a little deviation for feature C, the biggest 

difference has been obtained for features F and E. Since these peaks have been mostly 

addressed to tin, it can be generated to an enhanced tin concentration at the film surface 

for  the  pure  TiNiSn  film.  Importantly,  the  part  right  below  the  VB  edge  seems  to  be  

identical for both samples. Thus, no degradation of the TE properties has been found by 

HAXPES measurements. In order to enhance ZT of  the  system  by  reducing  the  cross-

plane thermal conductivity, it is of importance to keep the electronic properties of the 

individual layers. Next to XRD measurements also HAXPES measurements have 

suggested that both HH compounds can be strongly textured grown on top of each other. 

As it has been already mentioned, this behavior is required by the growth of SLs. 

 
Figure 55 Comparison between VB spectra of 60 nm TiNiSn and a multilayer system 

containing 30 nm TiNiSn / 30 nm Zr0.5Hf0.5NiSn / 30 nm TiNiSn 
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Finally, s and p polarized electromagnetic radiation has been used to measure the VB 

of  a  SL  with  a  periodicity  of  3  nm.  Ten  times,  TiNiSn  and  Zr0.5Hf0.5NiSn have been 

subsequently deposited on a TiNiSn buffer layer. Under grazing incidence, the 

polarization vector has been either aligned parallel (p) or perpendicular (s) to the surface 

normal. Capped by 2 nm of AlOx, the VB has been also measured with a photon energy 

of about 8 keV. Apparently, both peaks assigned to the s and p states from tin are 

enhanced for p-polarized X-rays. Simultaneously, the intensity of the peaks originating 

mainly from the d orbitals of nickel,  titanium, zirconium and hafnium (B, C and D) are 

lowered. Essentially, polarization dependent cross sections for different state are 

responsible for the variation in the VB spectra. Further conclusions can be found 

elsewhere.203 

 
Figure 56 VB spectra of a SL with a periodicity of 3 nm measured with s- and p-

polarized x-rays  
 

After successful growths of single TiNiSn and Zr0.5Hf0.5NiSn films, in this chapter the 

fabrication of SLs containing both HH compounds has been shown. Next to XRD scans 

that have confirmed a long structural coherence length also HAXPES measurement have 

given convenient VB spectra. Impressively, applying intermediate substrate temperatures 

while  growth  of  SLs,  periodicities  of  3  nm  have  been  resolved  by  HAADF-STEM  

images. 
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Chapter 7  

 

Seebeck coefficients and conductivity measured at varied 

temperatures 
 

7.1 Introduction 
Up to now analyses about structure and composition of single films and SLs have been 

presented. These analyses were needed to find proper sputter conditions for intended film 

fabrication. After completing film growth optimization, essential TE properties had to be 

measured. According to Eq. 2.1, the TE figure of merit ZT that expresses the suitability of 

a material for TE applications also includes electric transport properties namely Seebeck 

coefficient  and conductivity . The latter was measured by four-point-technique. Here 

electric outer and inner contacts are responsible for a current flow and measuring the 

voltage drop, respectively. Because no current is flowing through the inner contacts, cable 

and contact resistances are not noticed. Thus, specific conductivity or specific resistance 

can precisely be determined by knowing applied current, sample geometry and measured 

voltage drop. Furthermore, the measurement has been performed at varied ambient 

temperatures in a cryostat. 

Measuring Seebeck coefficients is by far more complex. Here, a well-known 

temperature gradient needs to be applied along a sample. For measuring the Seebeck 

coefficient at different ambient temperatures two different measurement devices were 

used. The physical property measurement system (PPMS) from Quantum Design (San 

Diego, USA) was utilized for the temperature range between 50 K and RT. Here, 

perpendicular to their longest dimension (10 mm), the samples (substrate plus thin film) 

were surrounded by four metal stripes. While two were glued right at the upper and lower 

ends of the sample, the others were connected without short-circuiting themselves in-

between. A little part of the metal stripe (about 2 mm) stuck out from the sample to 

connect heater, thermometer and electric contacts. Of course, next to stiffness, the glue 

ensured best thermal and electric contact between sample and metal stripes. By 

introducing and dissipating thermal energy, using the outer stripes, a thermal gradient was 
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generated. To prevent incalculable energy losses, the measurement took place in vacuum. 

Thermal gradient as well as voltage caused by the Seebeck effect were measured at the 

inner metal stripes. During a temperature sweep, the Seebeck coefficients were assigned 

to the average temperature measured at both inner metal stripes. At each temperature, the 

four metal stripes were also used for measuring the specific resistivity. 

As long as the thin film is connected to an isolating substrate that gives no contribution 

for Seebeck voltage and conductivity, in-plane measurements can be performed like that. 

For measuring the Seebeck coefficient at elevated temperatures a measurement device 

(Model  RZ2001i;  with  thin  film option)  from Ozawa Science  (Tokyo,  Japan)  was  used.  

Instead of measuring at low temperatures, other challenges have to be considered. Beside 

sample specific issues as decomposition or oxidation, energy losses due to radiation 

instead of heat conduction had to be taken into account. Because thermal radiation scales 

with temperature by the power of four, heat losses cannot be compensated if the sample is 

measured in vacuum. Thus, an ambient temperature is generated by heated argon gas that 

surrounds the sample. Due to the high surface to bulk ratio, there is an enhanced risk that 

even small amounts of oxygen significantly change properties of thin films. So, inserted 

argon 6.0 gas has been passed through further purification stages to ensure highest purity. 

Additional heating at one site of the sample produces a temperature gradient. Identical to 

the measurement at low temperatures, the temperature gradient is applied in the film 

plane. But instead of disposable metal stripes surrounding the sample, four re-usable 

platinum tips are pressed on the films surface. Arranged in one line, the four point 

measurement can be performed similar to ones at low temperatures. Within the platinum 

tips thermocouples are fabricated that permit to measure open circuit voltages (Seebeck 

voltage) and temperature differences simultaneously. To improve the accuracy of the 

measurement, at each temperature, several temperature differences up to 5 K are 

generated. That way, for varied samples Seebeck coefficients and conductivities were 

measured up to 850 K. 

For  a  better  understanding  of  the  results,  Hall  and  XRD  measurements  were  

performed. While former experiments have given mobilities and electron densities of the 

HH compounds, the latter have been used for sample classification. Despite all measured 

films have been previously characterized by XRD, after HT treatment in argon 

atmosphere, for comparison, some films have been additionally measured. 
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7.2 TE properties measured at low temperatures 
For several thin films containing TiNiSn and Zr0.5Hf0.5NiSn, electric TE properties 

between 50 K and RT have been measured (Figure 57). Varied growth conditions have 

generated thin film TiNiSn (black symbols) and Zr0.5Hf0.5NiSn (colored symbols) with 

different crystallographic qualities. Beside the composition of the HH alloys, also the 

FWHM of XRD  scans (rocking curves) are given in the caption. In general, the smaller 

the FWHM of a XRD  scan the better the alignment of crystallites within a film. Similar 

to  Mikami  et.  al.  and  its  observation  for  Fe2VAl (full Heusler), 204  semiconducting 

behavior and absolute value of the Seebeck coefficient increase with increasing film 

quality  (Figure  57a).  Thus,  at  RT  for  TiNiSn  films,  the  absolute  value  of  the  Seebeck  

coefficient is increased from 12 µVK-1 to 29 µVK-1 while the FWHM of the  scans has 

been reduced from 2.1° to 1.2°. At the same time specific resistivity is enhanced from 

4.7 µ m to 6.9 µ m (Figure 57b). Because the specific resistivity decreases with 

temperature, for all samples semiconducting behavior is observed.  

Already in 1989,212 Aliev  et.  al.  have  shown  that  for  XNiSn  (X  =  Ti,  Zr  and  Hf)  

enhanced crystallographic order favors semiconducting behavior and increased specific 

resistivities. 

A similar behavior has been observed for arc-melted TiNiSn bulk samples that were 

measured before and after an additional annealing. The absolute Seebeck coefficient, 

measured at RT, has increased from 20 µVK-1 to 318 µVK-1 by post-annealing at 1073 K 

for two weeks. Simultaneously, the electrical resistivity has increased about two orders in 

magnitude.54 

Recently, Birkel et. al. have fabricated two different TiNiSn bulk samples.205 As the 

initial fabrication process, arc-melting has been used for obtaining a homogeneous 

TiNiSn  alloy.  Instead  of  arc-melting,  a  second  sample  was  initially  molten  in  a  

microwave oven. Further fabrication of the samples was done identically. Interestingly, 

similar  to  thin  film  TiNiSn  (Figure  57),  based  on  the  fabrication  process,  Birkel  et.  al.  

have observed a variation in TE properties. While at RT the Seebeck coefficient has 

changed from -140µVK-1 (arc-melted) to -255 µVK-1 (rf-melted), simultaneously the 

specific resistivity has been increased from 67 µ m to 97 µ m. This exhibits the 

sensitivity  of  the  TE  properties  on  the  fabrication  process  and  the  sample  quality  of  

TiNiSn. 
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Noticeably, specific conductivities measured for thin film TiNiSn have been obtained 

for doped TiNiSn bulk samples. Analyses with Ti1-xVxNiSn bulk samples have shown 

that even small amounts of vanadium can change the electric properties tremendously. 

Doping of 5 % vanadium generated similar results for Seebeck coefficients and specific 

resistivity as it has been observed for presented thin films.60 Remarkable has been the 

similar linear trend of the specific resistivity at low temperatures. Also for niobium doped 

Ti1-xNbxNiSn samples, about the same specific conductivities have been obtained.58 

For  thin  film  Zr0.5Hf0.5NiSn two different samples have been sputtered. Without any 

buffer layer an amorphous film (blue circles) and a strongly textured film with a 15 nm 

TiNiSn buffer layer (red squares) were measured. In agreement with VB measurements 

obtained by HAXPES (Figure 54), the amorphous Zr0.5Hf0.5NiSn film with its multiple 

metallic states at the Fermi energy exhibits a low absolute Seebeck coefficient. Instead of 

9 µVK-1 for the amorphous film, for strongly textured polycrystalline Zr0.5Hf0.5NiSn an 

increased absolute value of 63 µVK-1 has been obtained for the Seebeck coefficient if a 

TiNiSn buffer layer with a thickness of 15 nm is deposited underneath. For the latter 

sample the FWHM of the (200)  scan has been 1.0°. 

Compared to thin film TiNiSn, the higher absolute Seebeck coefficient for the 

Zr0.5Hf0.5NiSn film originates from a better crystallinity as well as the different material 

properties  of  Zr0.5Hf0.5NiSn.63 In  comparison  to  other  HH  compounds  (XNiSn),  the  

highest absolute Seebeck coefficients have been also obtained for Zr0.5Hf0.5NiSn.52 Based 

on the fabrication process for Zr0.5Hf0.5NiSn bulk samples, at RT Seebeck coefficients 

from -160 µVK-1 to -350 µVK-1 have been observed.76  

Similar to TiNiSn, specific resistivities for thin film Zr0.5Hf0.5NiSn (Figure 57b) are an 

order of magnitude lower than observed for Zr0.5Hf0.5NiSn bulk material.63 At  RT,  for  

thin  film  Zr0.5Hf0.5NiSn, 14.2 µ m and 12.3 µ m have been measured for the strongly 

textured and the amorphous sample, respectively. Again, these values are comparable 

with doped (Zr0.5Hf0.5)0.99X0.01NiSn bulk samples. For X = tantalum and niobium, specific 

resistivities of 10 µ m and 14 µ m have been observed by Hohl et. al..63  

The  sensitivity  about  the  electric  properties  of  Zr0.5Hf0.5NiSn on fabrication process 

and  therefore  on  crystal  structure  has  been  shown  by  Uhler  et.  al..76 Utilizing post-

annealing, the correlation between increased crystallographic quality and enhanced 

semiconducting behavior has been shown. Thus, there has been a decreased electron 

density, but an enhanced absolute Seebeck coefficient (from 136 µVK-1 to 203 µVK-1). 
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Figure 57 Seebeck coefficient a), specific resistivity b) and power factor c) of TiNiSn 

(black/open symbols) and Zr0.5Hf0.5NiSn (colored/solid symbols) thin films 
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As it has been proven by bulk analysis for TiNiSn and Zr0.5Hf0.5NiSn, enhanced 

conductivities as well as decreased absolute Seebeck coefficients can be explained by 

stoichiometry, crystallographic order and contaminations within the films. Stoichiometry 

and crystallographic order are mostly affected by growth rate, sputtering pressure and 

substrate temperature. Contaminations could have originated from target production, 

sputter gas and residual gas in the chamber. A detectable amount of fluorine has been 

already identified by HAXPES measurements (Figure 51). Since the specific resistivity 

decreases with increasing temperature, all samples exhibit semiconducting behavior 

which was improved by enhancing epitaxial quality. 

The power factor 2  is used to combine the electric coefficients that are essential for 

TE application. For the low temperature range, in Figure 57c calculated power factors are 

illustrated  for  TiNiSn and  Zr0.5Hf0.5NiSn films. For thin film HfNiSn, Wang et al. have 

obtained similar values.206 Since  TiNiSn and  Zr0.5Hf0.5NiSn exhibit highest ZT values  at  

elevated temperatures, power factors are still increasing at RT. 

Finally it should be noted that the electric transport properties were measured in-plane 

while  the  HH  SL  structure  has  been  designed  for  cross-plane  application.  For  isotropic  

films with thicknesses above 150 nm, in-plane and cross-plane electric properties are 

identical.1 Also  for  Si/Ge  SLs  with  a  periodicity  of  10  nm,  cross-  and  in-plane  power  

factors were shown to be comparable.207 

 

7.3 Origin of enhanced conductivity 
Having the majority of the conduction to be done by electrons, specific resistivity  

and specific conductivity  depend on carrier concentration n, elemental charge e and 

electron mobility µe. Those are linked as the following: 
 

  = =                7.1 

 

By applying an electric and a magnetic field, as it is illustrated in the inset from Figure 

58 (down left), it can be determined whether electron mobility or carrier concentration is 

mostly responsible for the electrical conductivity in a solid. Plotting arising Hall voltage 

UH divided by (applied) current I as a function of magnetic induction B, this information 

can be obtained by the slope of the plotted function in Figure 58: 
 

  =                 7.2 
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In the present case with isolating MgO as substrate material, the HH film thickness d is 

taken into account. Finally, the slope that includes the Hall constant RH gives information 

about the carrier concentration: 
 

  =                 7.3 
 

In combination with Eq. 7.1 and measured specific conductivity, afterwards the electron 

mobility can be calculated. 

 
Figure 58 Hall measurements taken from TiNiSn (blue) and Zr0.5Hf0.5NiSn (red) 

performed at 290 K (circles) and 50 K (squares) 
 

Beside the schematic illustration of the measurement also a picture of a measured film 

is shown in the inset from Figure 58. Here, the picture has been taken from a top view of 

the MgO substrate with the following dimensions: 10 x 5 mm2. To obtain defined 

dimensions for the calculation of material dependent transport properties, the HH thin 

films have been wet-chemically etched. With a positive photo resist and optical 

photolithography, the aspired structure was brought on the film surface. For etching 

TiNiSn as well as Zr0.5Hf0.5NiSn at the accessible film surface, aqua regia (Kings’s water) 

was  used.  Thus,  an  etching  rate  in  the  order  5  nms-1,  was  obtained  by  using  HCl  and  

HNO3 in the wt. ratio of 3 : 1. 
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The bright spots (conductive silver) located at the residual HH film structure (dark) 

indicate the electrical connections. While the two located at the wide stripe ensure the 

electron flow perpendicular to the applied magnetic field, the three spots located at the 

triangles are responsible for measuring Hall voltage and specific conductivity. These are 

measured perpendicular and parallel to the applied current, respectively. 

To determine carrier concentrations and electron mobilities, using a cryostat, magnetic 

field strengths up to 3.5 T were applied at ambient temperature of 50 K and 290 K. Thus, 

for TiNiSn and Zr0.5Hf0.5NiSn films with thicknesses of 150 nm, Hall constants (Eq. 7.2) 

have been obtained by plotting Hall resistance UHI-1 as  a  function  of  B (Figure 58). At 

290 K carrier concentrations of 2.0 x 1021 cm-3 and 1.6 x 1021 cm-3 were determined for 

strongly  textured  polycrystalline  TiNiSn  (blue  circles)  and  Zr0.5Hf0.5NiSn (red circles). 

Thus, there are about 0.1 electrons per formula unit. Considering specific conductivities 

and Eq. 7.1, electron mobilities of 1.7 cm2V-1s-1 and 2.1 cm2V-1s-1 have been determined, 

respectively. Again, for bulk materials, similar carrier concentrations were measured for 

doped HH bulk materials.214,215 Simultaneously, present electron mobilities for thin films 

are an order of magnitude lower. 
 

 TiNiSn Zr0.5Hf0.5NiSn 

 290 K 50 K 290 K 50 K 

electron mobility 
cm
Vs  1.7 1.0 2.1 1.2 

electron density 

× 10
1

cm  2.0 2.6 1.6 1.9 

 
Table 4 Electron mobilities and electron densities (carrier concentrations) for TiNiSn and 

Zr0.5Hf0.5NiSn measured at 50 K and 290 K 
 

Using the same TiNiSn (blue squares) and Zr0.5Hf0.5NiSn (red squares) samples,  Hall  

measurements were also performed at 50 K (Figure 58). At this temperature, carrier 

concentrations of 2.6 x 1021 cm-3 and 1.9 x 1021 cm-3 and  electron  mobilities  of  

1.0 cm2V-1s-1 and 1.2 cm2V-1s-1 have been obtained, respectively. Carrier concentrations 

and electron mobilities that were measured at 50 K and 290 K are summarized in Table 4.  
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Initially, it should be noted that in SCs carrier concentrations as well as electron 

mobilities can vary over decades at different temperatures. Thus only small variations 

have been observed for both HH thin films. Temperature dependent electron mobility can 

be explained by electron-phonon interaction and impurity scattering. Starting from 0 K, 

donators or impurities that have electron levels right below the CB edge are ionized. Thus 

additional charged scattering centers occur with temperature and therefore depress 

electron mobility. But the effect ends when all donators are ionized. Due to electron-

phonon interaction, at elevated temperatures an increasing number of phonons basically 

causes a further reduction in electron mobility. Because the electron mobility does not 

change a lot from 50 K to 290 K (Table 4), it can be assumed that some donator or 

impurity states are already ionized at 50 K. 

Similar to Zr0.25Hf0.25Ti0.5NiSn bulk samples,208 at 50 K higher carrier concentrations 

than at 290 K have been observed for HH thin films. Performing Hall measurements also 

at intermediate temperatures, Tang et. al. have obtained a minimum at about 150 K.208 A 

similar observation has been done by Uher et.  al.  for ZrNiSn and of Zr0.5Hf0.5NiSn bulk 

samlples.76 Deviating from a single parabolic band structure, the present band structures 

for HH materials (Figure 11) have been more complex. Beside in-gap states (see Figure 

54) that contribute to the conduction starting from hopping mechanisms up to the 

generation of impurity bands, the chemical potential of electrons can vary with 

temperature. Therefore, the number of carriers does not necessarily increase with 

temperature. Enhanced electron-hole excitations can decrease the effective amount of 

carrier concentration by different mobilities in different bands. Thus, several mechanisms 

that contribute to the electrical conductivity have caused a little depressed carrier 

concentration at enhanced temperatures. 

Nevertheless, very high carrier concentrations have been measured for TiNiSn and 

Zr0.5Hf0.5NiSn thin films. Apart from predicted semiconducting behavior, this deviating 

behavior can be explained by atomic disorder.37 A theoretical analysis using several 

models for DOS calculation showed that up to 0.5 % nickel interstitials at the titanium 

side cause the heavily doped intrinsic behavior of TiNiSn.209 

Although for HH thin films foreign phases have not been identified by XRD or EDX 

mapping,  J.  P.  A.  Makongo  et  al.  have  shown  for  Zr0.25Hf0.75NiSn bulk samples that 

additional metallic phases can enhance the carrier concentration and even more 

importantly depress the electron mobility tremendously.210 Because similar behavior has 

been also detected for HH thin films, present metallic secondary phases should not be 
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excluded.  For  HH  bulk  samples,  electron  mobilities  of  about  10  cm2V-1s-1 have been 

obtained.59,76 Simultaneously,  the  HH  bulk  samples  have  exhibited  a  higher  absolute  

Seebeck coefficienst. 

Despite the depressed Seebeck coefficients, for TiNiSn and Zr0.5Hf0.5NiSn thin films 

reasonable power factors (Figure 57c) have been obtained by conductivities that are two 

magnitudes higher than observed for most HH bulk samples.76  

Schwall et. al. have obtained similar power factors for (Zr0.5Hf0.5)1-xNbxNiSn bulk 

samples.57 Although the absolute Seebeck coefficients have been decreased for all 

niobium doping concentrations, the power factor has been increased due to an 

enhancement in conductivity about two orders of magnitude. 

For heavily doped SCs, where the donator states and their energy gap to the CB Ed are 

essentially responsible for the electrical conductivity, the temperature dependence can be 

fitted by:130,211 
 

exp .                7.4 
 

According to the specific resistivities illustrated in Figure 57, for TiNiSn (1.2°) and 

Zr0.5Hf0.5NiSn (1.0°) films with highest structural quality (FWHM of the corresponding 

rocking curves), Ed of 2.9 meV and 4.2 meV have been calculated, respectively. 

Therefore the conductivity of the HH films strongly depends on the impurity states in the 

energy gap. The energy gap is in the order of about 0.1 eV if it is optically measured.212 

Additionally the effective mass of electrons in TiNiSn can be estimated to be 3-4 m0.213 

Results  that  have  been  presented  in  the  last  sections  exhibit  HH  compounds  with  

partial  metallic and semiconducting behavior.  Both have effects on TE properties.  In his 

content thin films fabricated by sputter depositing match with published results obtained 

by HH bulk samples. Atomic disorder, secondary phases and/or impurities have shifted 

TiNiSn and Zr0.5Hf0.5NiSn thin films to be more metallic than comparable bulk samples. 

These have led to depressed absolute Seebeck coefficients and decreased electron 

mobilities. Beside these properties also enhanced carrier concentrations have been 

obtained which have increased the powerfactor.  

Compared to the presented thin film results, Zr0.4Hf0.6NiSn bulk samples doped with 

2 % antimony at the tin side exhibited similar carrier concentrations.214 Here, Yu et. al. 

have achieved that the electron mobility has not been reduced by the doping. But a 

depressed absolute Seebeck coefficient has not been prevented. As a following step Zhu 
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et. al. have fabricated (Zr0.6H0.4)1-yYyNiSn0.98Sb0.02 bulk  samples  with  only  a  small  

reduction in carrier concentration.215 While electron mobility remained high, importantly, 

the absolute Seebeck coefficient has been enhanced. Thus, a ZT value of about 0.65 has 

been achieved for (Zr0.6Hf0.4)0.99Y0.01NiSn0.98Sb0.02. Without considering thermal 

conductivity that is also influenced by electrical conductivity and plays a role in TE 

efficiency, it can be seen how single material parameters can be optimized by the 

composition of HH compounds. While for bulk materials, plenty of work has already 

been done for optimized TE properties, for HH thin films this research is still at the 

beginning. 

 

7.4 Thermoelectric measurements and thin film stability at elevated 

temperatures 
 

7.4.1 TiNiSn 

 
Figure 59 Specific resistivities and Seebeck coefficients for a TiNiSn thin film measured 

up to an average ambient temperature of 850 K 
 

As it has been described in the introduction of this section, a device from Ozawa 

Science has been used for measuring TE properties at elevated temperatures.I Although, 

transport properties obtained at low temperatures have already given revealing 

                                                
I The following HT TE measurements were performed at the EMPA (Eidgenössische 
Materialprüfungs- und Forschungsanstalt) by Dr. Sascha Populoh 
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information, above RT, higher absolute Seebeck coefficients and higher conductivities 

were expected. For TiNiSn bulk samples, highest ZT values are measured above 700 K 

(see Table 1). 

As it is illustrated in Figure 59, specific resistivity (red) and Seebeck coefficient (blue) 

measurements  were  performed for  thin  film TiNiSn.  A previously  applied  XRD  scan 

revealed  a  FWHM  of  the  (200)  TiNiSn  diffraction  peak  of  2.4°.  At  about  550  K,  a  

maximum power factor of about 0.4 mWK-2m-1 has been measured. Compared to TiNiSn 

bulk samples (see Figure 61), the maximum power factor is about one fifth. Furthermore, 

for TiNiSn bulk samples the maximum has been obtained at an average temperature that 

is about 150 K higher. 

 
Figure 60 XRD /2  scans (left) and a picture taken from the TiNiSn sample surface 

(right) after HT Seebeck treatment (the intense MgO (200) reflection is omitted) 
 

Importantly, the measurement for Seebeck coefficient and specific resistivity (Figure 

59) at an average temperature of about 700 K has been the final reliable data point that 

can be addressed to the TiNiSn film. Above this temperature, the measurement condition 

change tremendously. In the previous section, the characteristic behavior for the specific 

resistivity between 500 K and 1000 K has been described by Eq.7.4. Thus, the specific 

resistivity is supposed to decrease monotonically with temperature. Beside the irregularity 

in specific resistivity, between 700 K and 725 K, also an unexceptional big step for the 

Seebeck coefficient has been observed.  
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An additional XRD /2  scan, illustrated in Figure 60, was performed after the HT TE 

measurement (Figure 59). While the intensities of diffraction peaks that can be assigned 

to the TiNiSn film have decreased by a factor of more than 10, several other diffraction 

peaks are observed. These can be addressed to additional phases that are obviously 

formed at ambient temperatures of about 700 K. Jung et. al. analyzed thermal expansion 

and the melting points of TiNiSn, ZrNiSn and HfNiSn.61 In contrast to ZrNiSn and 

HfNiSn that could be annealed right up to the melting point without measuring any 

significant change in the XRD diffractogram, TiNiSn decomposed at 1453 K into 

additional TiNi2Sn, Ti2Sn and Sn phases. If composition, grain structure or measurement 

setup made the difference for the thin films has not been clarified. 

 
Figure 61 Seebeck coefficient, specific resistivity, power factor and figure of merit of 

TiNiSn bulk samples generated by arc-melting (AM) and microwave (MW) techniques; 
Open and close symbols were taken while heating and cooling, respectively. 

(Adapted from Ref. 205) 
 

An  image  of  the  surface  from  TiNiSn  thin  film  after  HT  TE  measurement  is  also  

shown in Figure 60 (right). Beside clearly visible discoloration, also a countless number 

of bright spots have occurred. 



chapter 7 – Seebeck coefficients and conductivity measured at varied temperatures 
 

115 
 

Although it is seldom in the field of TE, Birkel et. al. have published TE properties of 

bulk TiNiSn (Figure 61) not just while heating up (open symbols) to 880 K but also while 

cooling down (solid symbols) to RT.205 AM and MW correspond to different fabrication 

processes that have already been discussed above. Surprisingly, power factor 2 -1 and TE 

figure-of-merit ZT showed almost identical values, while specific resistivity and the 

absolute Seebeck coefficient decrease significantly. Importantly, a compositional change, 

as it did happen for thin films at about 550 K, has not appeared for TiNiSn bulk samples. 

If the change that has been responsible for the difference in TE parameters, obtained 

while heating and cooling, not only depends on a certain temperature, but also on the 

duration of the TE measurement at elevated temperatures, thin films would be even more 

affected. Because for thin film samples all TE material is close to the surface, it 

completely rearranges or/and reacts with surrounding atoms much faster than bulk 

samples having macroscopic dimensions. Additionally, smaller grain sizes obtained in the 

thin films enhance the density of grain boundaries that are possibly the starting point of 

chemical reactions. 

 

7.4.2 Zr0.5Hf0.5NiSn/TiNiSn bilayer 
At HT, TE measurements were performed using a bilayer consisting of Zr0.5Hf0.5NiSn 

and TiNiSn (buffer layer) with thicknesses of about 300 nm and 200 nm, respectively. As 

it can be seen in Figure 62, several heating cycles were subsequently driven. In first 

heating cycle, the sample was heated up to an average temperature of 550 K. Back to RT, 

the cooling curve has been approximately identical. Afterwards, the sample was annealed 

up to 700 K. Again, Seebeck coefficient and specific resistivity have been similar to the 

previous heating cycle. While heating, at 680 K the maximum powerfactor of about 

0.32 mWK-2m-1 has been obtained. Still, at the same temperatures similar values are 

obtained while decreasing the temperature back to RT. For the bilayer, the maximum 

power factor has been found at a higher temperature than for the single TiNiSn layer. 

Because a XRD  scan had not been done before the HT TE measurement was 

performed, a statement about the crystallographic quality has not been implemented.  
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Figure 62 Up to different temperatures, three cycles of HT TE measurements conducted 

with a Zr0.5Hf0.5NiSn/TiNiSn bilayer 
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Surprisingly, during the third heating cycle, absolute Seebeck coefficient and specific 

resistivity diverged the previously measured path at about 650 K. At 700 K, a lower 

power factor of ~ 0.2 mWK-2m-1 has been calculated. For higher temperatures, decreased 

absolute Seebeck coefficients have prohibited higher power factors although further 

decreased specific resistivities have been simultaneously found. For the final cooling, no 

data points have been recorded. Similar to the single TiNiSn layer (Figure 59), the 

decomposition also for the bilayer has started at about 650 K. Due to the variation 

between second and third heating cycle, also the duration the thin film is at elevated 

temperatures, and not only a certain temperature have obviously played a key role in the 

decomposition of the films.  

 
Figure 63 XRD /2  scans of a Zr0.5Hf0.5NiSn/TiNiSn bilayer measured before (black) 
and after (red) HT TE measurements; After HT TE measurement, a XRD /2  scan of a 

single amorphous Zr0.5Hf0.5NiSn layer is additionally shown in blue 
(intense MgO (200) reflection is omitted). 

 

For  a  Zr0.5Hf0.5NiSn/TiNiSn bilayer, similar to the previously discussed one (Figure 

62),  FWHMs  of  the  XRD   scans of 2.4° and 2.5° have been measured, respectively. 

Afterwards,  a  HT TE measurement  with  one  heating  cycle  up  to  850  K was  performed.  

Based on the TE properties, the decomposition occurred at about 700 K. A comparison 
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between XRD /2  scans performed before (black) and after (red) the HT TE 

measurement is shown in Figure 63. 

Appropriate to the Zr0.5Hf0.5NiSn/TiNiSn bilayer, introduced in chapter 4, before the 

HT TE measurement (black/as deposited), Figure 63 shows a similar diffraction pattern 

(see Figure 30). Identically, a double peak structure has been measured.  The diffraction 

peaks located a lower and higher angles of diffraction can be addressed to Zr0.5Hf0.5NiSn 

and TiNiSn, respectively. Different to the measurement shown in Figure 62, for now, 

only one heating cycle up to 850 K was applied at the HT TE measurement. After the 

bilayer has been at elevated temperatures, again a XRD /2  scans was performed 

(red/after 850 K). By comparing the diffractograms ‘as deposited’ and ‘after 850 K’ it can 

be noticed that the bilayer has not composed into several phases as it has been previously 

presented for the single TiNiSn film (see Figure 60). Essentially, a reduction in film peaks 

has been observed (red). While a small TiNiSn film peak has remained, the Zr0.5Hf0.5NiSn 

film peaks have completely vanished. Instead, a new film peak has occurred at a higher 

diffraction angle. The occurrence of a diffraction peak at higher angles corresponds to a 

smaller lattice constant and is rather unusual because within the HH compounds TiNiSn 

exhibits the smallest one. 

Importantly, the decomposition of TiNiSn happens differently for single films and for 

bilayers  with  Zr0.5Hf0.5NiSn as a capping layer. While the single film has decomposed 

into several phases (Figure 60), a similar decomposition has not been observed for the 

TiNiSn/Zr0.5Hf0.5NiSn bilayer (Figure 63).  

For comparison, also a Zr0.5Hf0.5NiSn film that was fabricated under non-ideal sputter 

conditions was measured in the HT TE measurement device. Although it does not 

necessarily mean that the film have had an amorphous structure, ‘amorphous’ expresses 

the absence of any film peak in the XRD /2  scan after fabrication process (in contrast to 

Figure 42). But after the sample was heated in only cycle up to 850 K, no difference has 

been obtained in the XRD /2  scan. As it is illustrated in Figure 63, no significant film 

peaks have been observed (blue). Because the HT TE measurement is similar to an 

additional heat treatment, the attempt with a non- or only weakly structured sample was 

performed. Barely visible peaks at about 30° were also previously detected. Remaining 

diffraction peaks can be assigned to the intense MgO (200) substrate reflection that is 

omitted  in  Figure  63.  By  heating  an  amorphous  Zr0.5Hf0.5NiSn layer up to 850 K, the 

formation of any phases has not been observed either. 
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7.4.3 Superlattices 
Beside single TiNiSn layers and Zr0.5Hf0.5NiSn/TiNiSn bilayers, also SLs have been 

analyzed. Although the SLs were fabricated for cross-plane application, TE in-plane 

measurements have given information about thermal stability. But one has to keep in 

mind that the contribution of electron scattering at the interfaces for the HH SLs remains 

unknown. Therefore, using TE in-plane properties to draw conclusions about suitability 

for cross-plane application becomes difficult.  

 
Figure 64 HT Seebeck measurement of two identical SLs measured up to 550 K (red) 

and 850 K (blue) 
 

In the following, results from SLs having ten periods each with a periodicity of 21 nm 

are presented. Within a total thickness of 210 nm, there have been 19 regularly 

contributed interfaces. 

For the HT TE measurement two identically grown SLs were measured up to two 

different maximum temperatures. While recorded Seebeck coefficients are illustrated in 

Figure 64, one was heated to 550 K (red) and the other up to 850 K (blue). Increasing and 

decreasing temperatures are labeled with closed and open symbols, respectively. Identical 

to the bilayer, shown in Figure 62, similar values have been obtained for heating and 

cooling curves if the sample was heated only up to 550 K. Besides, the unchanged sample 

composition is illustrated in Figure 65. Here, XRD /2  scans, before (red) and after 

(blue) the HT TE measurement, have shown an identical satellite peak structure. Both 

identical diffractograms imply that there has been no significant intermixing at the 
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interfaces. Because the maximum temperature of 550 K is about 150 K lower than the 

substrate temperature during growth, intermixing cannot be expected. 

 
Figure 65 XRD /2  scan of a SL measured before (red) and after (blue) a HT TE 

measurement with a maximum temperature of 550 K. 
 

As it has been the case for a single TiNiSn layer and a Zr0.5Hf0.5NiSn/TiNiSn bilayer, 

also for a SL an irreversible change has been observed if the HT TE measurement was 

performed up to 850 K (blue). In Figure 64, heating and cooling path of the Seebeck 

coefficients are not similar anymore. A similar behavior has already been found for a 

TiNiSn film (Figure 59) and for a TiNiSn/Zr0.5Hf0.5NiSn bilayer (Figure 62). In the same 

temperature range at about 700 K, again an irreversible change has happened to the SL. 

Therefore, during cooling down the sample, the absolute Seebeck coefficients 

monotonically decrease and do not follow the heating path. 

The decomposition of the SL has been also obtained by XRD /2  scans, shown in 

Figure  66.  Before  (blue)  and  after  (red)  the  HT  TE  measurement  with  a  maximum  

temperature of 850 K, the diffractograms were taken. Similar to the Zr0.5Hf0.5NiSn/ 

TiNiSn bilayer (Figure 63), no decomposition into many phases has been detected by the 

latter XRD /2  scan. While the film peak intensities have shrunk, the satellite peaks have 

completely vanished (inset of Figure 66). The decomposition into few phases with similar 

lattice constants can be seen. 

Interestingly, for a Ti0.5Zr0.25Hf0.25NiSn0.998Sb0.002
 bulk sample, a diffraction peak 

structure, similar to one obtained for the SL after decomposition, has been obtained by 

Schwall et. al..216 Here, the (220) diffraction peaks at a scattering angle 2  of about 42° 
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have been shown. For the Ti0.5Zr0.25Hf0.25NiSn0.998Sb0.002 bulk sample,  the high ZT value 

of 1.2 at 830 K is ascribed to phase separation. For sample preparation, the ingots were 

annealed to 1273 K. According to their calculation, lattice constants of 6.075 Å, 6.029 Å 

and 5.989 Å have been obtained in a single sample. Titanium and hafnium rich phases 

have been assigned to the smallest and the biggest lattice constants, respectively. 

Transferred to the diffraction peaks that are shown in the inset of Figure 66, lattice 

constants of 5.94 Å and 5.81 Å have been calculated for the decomposed SL. Even 

though the lattice constants differ for the SL and the phase separated 

Ti0.5Zr0.25Hf0.25NiSn0.998Sb0.002 bulk sample, a similarity in diffraction peak structure 

exists. Possibly, the difference in lattice constants has been caused by the variation in 

maximum annealing temperatures, the attached MgO substrate or impurities in the SL. 

 
Figure 66 XRD /2  scans of a SL measured before (red) and after (blue) a HT TE 

measurement with a maximum temperature of 850 K; The essential range is shown with a 
higher resolution (inset). 

 

For a better comparison between the single TiNiSn, the Zr0.5Hf0.5NiSn/TiNiSn bilayer 

and the SL, their XRD /2  scans have been summarized in Figure 67. During the HT TE 

measurement all samples were heated up to 850 K. While a similarity between SL and 

Zr0.5Hf0.5NiSn/ TiNiSn bilayer exists, significant differences have been obtained for the 

single TiNiSn layer. 
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Importantly, for the SL that has been heated up to just 550 K (see Figure 64), the 

highest power factor has been obtained at the maximum temperature. Seebeck coefficient 

and specific resistivity were determined to be -79.7 µVK-1 and 8.23 µ m. Thus, a power 

factor of 0.772 mWK-2m-1 has been calculated for the SL. 

 
Figure 67 XRD /2  scan of a TiNiSn layer (red), a SL (black) and a 

Zr0.5Hf0.5NiSn/TiNiSn bilayer (blue) done after the HT TE measurements 
 

Beginning with TE measurements that were performed at low temperatures, the 

dependency between SC behavior and crystal quality has been observed. The better the 

several crystallites have been aligned while growth, the higher power factors have 

become. 

Compared to XNiSn (X = Ti, Zr and Hf) bulk samples, for thin films enhanced carrier 

concentrations and depressed electron mobilities have been addressed to atomic disorder 

as well as impurities. For bulk samples, highest ZT values were measured for selectively 

doped HH compounds having identical carrier concentrations. But in contrast to the thin 

films, electron mobilities and Seebeck coefficients remained at the level of un-doped bulk 

samples. 

At elevated temperatures further increased power factors have been obtained. Due to 

the fabrication of strongly textured polycrystalline growth, also for SLs highest power 

factors were measured. Reversible measurements were performed up to 550 K. 

Unfortunately, the reason why similar bulk samples were measured up to much higher 

temperatures without a similar degradation remains unsolved. 
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Chapter 8  

 

Reduced thermal conductivity for superlattices measured by 

3  method 
 

8.1. Introduction 
As it has been discussed in Chapter 3, there are ongoing discussions about the thermal 

conductivity in SLs. While a minimum in thermal conductivity for Bi2Te3/Sb2Te3 SLs has 

been measured by some,101 it has not by others.217 That the thermal conductivity has been 

measured by differential 3  method and by thermoreflectance, respectively, might be one 

reason.  In  principle,  the  differential  3  method determines a thermal resistance. So, it 

exhibits advantages if films with a sufficient thickness and a low thermal conductivity 

have to be measured. 

But also in theory, the thermal conductivity of SLs is still under discussion. Recently, 

Jiang et. al. applied a non-equilibrium Green’s function approach to calculate the 

minimum in thermal conductivity for graphene and BN SLs.218 By assuming the total SLs 

thicknesses L between 60 and 120 unit cells, thermal conductivities for varied SL period 

thicknesses dS have been calculated. It has been revealed that at a fixed ratio of 
 

  = 0.05                8.1 
 

a  minimum  in  thermal  conductivity  occurs  for  several  total  SL  thicknesses.  It  has  been  

attributed to an interplay between number of confined modes and their localization. 

Theories, exhibiting a minimum as a function SL period thickness have been intensively 

discussed in Chapter 3. Here, a minimum in thermal conductivity that depends on film 

thickness has been calculated. 

But an increasing number of samples are measured by ultrafast LASER flash methods 

that are developed to measure diffusivity in thin films. 219  Either pulsed heating and 

temperature detection are performed at one side of the film (temperature decay gives 

information) or on opposite sides of the film. In the latter case, the delayed temperature 

rise  can  be  used  to  determine  the  diffusivity.110,220 In both cases, specific heat capacity 
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and density of the material have to be known to calculate its thermal conductivity. This 

gives one of the biggest advantages: the thermal conductivity can directly be obtained by 

the differential 3  method. 

Compared to SLs, the effect of mass fluctuation on the thermal conductivity is less 

controversially discussed. At RT a thermal conductivity for TiNiSn bulk samples of 

4.3 W/mK has been measured. By tuning the nickel content additional scattering centers 

could be included. Therefore the thermal conductivity was lowered to 3 Wm-1K-1.53 

Compared  to  single  HfNiSn  and  ZrNiSn  bulk  samples  with  thermal  conductivities  of  

5.4 Wm-1K-1 and 5.7 Wm-1K-1, respectively, for Zr0.4Hf0.6NiSn0.98Sb0.02 3.9 Wm-1K-1 have 

been observed.214 Both examples are already showing the reduction of thermal 

conductivity by of mass fluctuation. 

Kurosaki et. al. have utilized SPS at different sintering temperatures for generating 

bulk samples containing (Zr0.6Hf0.4)0.7Ti0.3NiSn.221 At higher sintering temperatures the 

formation of pure ZrNiSn has been observed by XRD. Due to the reduced mass 

fluctuation within the sample an increasing thermal conductivity from 3.2 to 3.9 Wm-1K-1 

has been measured if the sintering temperature is changed from 1173 to 1373 K. 

Since thermal conductivity is formed by an electric and a lattice contribution, there is 

not only a reduction in thermal conductivity observed if additional phases or scattering 

centers are present in a material system. Although the lattice contribution in 

Zr0.25Hf0.75NiSn bulk samples is depressed, the overall thermal conductivity rises in the 

presence of metallic Zr0.25Hf0.75Ni2Sn.210  

But if titanium in TiNiSn is exchanged by 10 % of zirconium or hafnium without 

essentially changing the electronic properties, the thermal conductivity can be depressed 

from 7 Wm-1K-1 to about 4 Wm-1K-1.54 So, there is only a reduction in the contribution of 

the thermal conductivity that belongs to the phonons. 

For the material system ZrNi1-yCuySn the thermal conductivity increases up to a 

copper concentration of 4 % (highest measured compositions).222 Since in the periodic 

table copper and nickel are direct neighbors, they exhibit a negligible difference in mass. 

Therefore, the additional electronic contribution in the thermal conductivity counts more.  

A similar effect has been measured for a p-type HH. In contrast to n-type SCs where 

one has to increase the number of valence electrons to increase the conductivity, for a p-

type HH as HfPtSn one has to decrease the number of valence electrons to enhance the 

number of holes in the VB. So, instead of platinum (subgroup VIII)  Kimura et.  al.  have 

doped HfPtSn with iridium and cobalt (subgroup VII). 223  Therefore, the specific 
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resistivity decreased from 191 µ m to 7.6 µ m and 7.1 µ m, respectively. But even 

more important for now is the observed shift in thermal conductivity. By exchanging 

iridium as a nearest neighbor of platinum in the periodic table, the thermal conductivity 

increased from 14.9 Wm-1K-1 to 16.4 Wm-1K-1. As it was previously discussed for 

ZrNi1-yCuySn, the enhancement of the electronic part to the thermal conductivity 

dominates the reduction due mass fluctuation in the system. If copper is used instead of 

iridium, atomic mass and thermal conductivity change from 195 u to 63.5 u and 

14.9 Wm-1K-1 to 12.8 Wm-1K-1, respectively. However, the number of electrons and their 

mobility has been affected almost identically for both types of doping, again the thermal 

conductivity has been decreased by artificially embedded scattering centers. It is worth 

pointing out that Kimura et. al. were able to obtain a ZT value of 0.25 at 1100 K for a p-

type HH compound. 

While in chapter 3 the focus was set on the effect of SLs on thermal conductivity, here 

the mass fluctuation in HH bulk samples and their impact on thermal conductivity has 

been extensively presented. So, combining both approaches has been the task of the 

thesis. While the electronic properties shall remain rather unchanged, the phonons shall 

highly scatter at the interfaces of a SL. Here, as an initial model system TiNiSn and 

Zr0.5Hf0.5NiSn  have  been  chosen.  By  using  titanium,  zirconium  and  hafnium  that  are  

located above each other in the periodic table, different atomic masses (47.88 u, 91.22 u 

and 178.49 u)10 are successively contributed perpendicular in a thin film surface (beside 

nickel and tin). 

To measure low thermal conductivities in thin films, the differential 3  method that 

has been invented by David G. Cahill in 1960,224,225  can be applied. But before the 

thermal conductivity of the conducting thin films could be measured, several issues had to 

be overcome. So, before the thermal conductivity of several HH SLs is presented, the 

principle of the measurement and related difficulties are given in the following. 

 

8.2 Thermal conductivity measured by the differential 3  method 
 

8.2.1 Temperature oscillations obtained by 3  voltage 
Using dc magnetron sputter deposition, optical lithography and wet-chemical etching, 

a heater structure that is the essential part of the 3  method has been fabricated on the 

sample surface. Before the heater structure has been electrically contacted for further 
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processing, an image of a sample was taken (Figure 68). Initially, a gold layer with a 

thickness of 50 nm has been sputtered on the sample. During the sputtering process 

5.6 x 10-2 mbar and 15 mW have been applied as argon ambient pressure and sputter 

power, respectively. While the substrate was at RT, growth rates of 0.6 nms-1 have been 

obtained. After transferring the sample to atmosphere, further processing takes place in a 

clean room. Using optical lithography, the heater structure has been copied from a mask 

to the sample surface. Afterwards, diluted potassium iodine (2.5 wt.%) has been used to 

etch the accessible gold surface with an etching rate of about 10 nms-1. Finally, remaining 

photo resist that protected the gold layer at the desired area has been removed by acetone. 

 
Figure 68 Heater structure for measuring thermal conductivity with 3  method 

(left: sample size: 10 x 5 mm2 / right: given dimensions in µm) 
 

In Figure 68, also a technical drawing of the 3  heater structure is illustrated. 

Importantly, using four-point probe technique, a heater stripe with 1 mm in length l and 

20 µm in width 2b is connected. While the upper and lower pads are used to apply a 

certain current, the pads on the right and left side of the heater are for measuring the 

voltage drop without any current flow. Due the applied semi-infinite model that assumes 

a line symmetric heat distribution into the sample, the heater is extended at both sides of 

the voltage pads. To keep possible heat losses as low as possible, the connection of the 

voltage pads goes down to 5 µm. While heater length and heater width can be varied in 

principle, the described heater structured has been fabricated on the samples designated 

for 3  measurements. 
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This heater structure is chosen to perform an electrical measurement that is described 

in the following. An ac current I with the frequency  is applied at the current pads: 
 

  = cos( )               8.2 
 

Due to the applied current there is a mean temperature rise that expands from the heater 

structure to the whole sample. Besides, an additional temperature oscillation  can be 

observed in the heater structure. The temperature oscillates at 2  with a phase shift .  
 

  (cos(2 + ))             8.3 
 

Regarding to the temperature dependent resistance coefficient , the resistance of the 

heater stripe oscillates likewise. Here, the resistance of the heater stripe R0 already 

includes an increased resistance due to the mean temperature rise: 
 

  = 1 + = 1 + (cos(2 + ))          8.4 
 

According to Ohms law ( = ), this also affects the voltage drop U  at the inner 

pads. No additional shift between voltage and current is assumed at low frequencies: 
 

  = (1 + cos(2 + )) cos( )          8.5 
 

Applying trigonometric functions leads to: 
 

  = + (cos(3 + ) + cos( + ))         8.6 
 

Finally, the voltage U  that oscillates with the frequency of 3 , can be used to calculate 

the temperature oscillation in the heater stripe. By exchanging = d d  and 

= , the summand U  of Eq. 8.6 that oscillates 3  can be written: 
 

  = cos(3 + )            8.7 

 

Eq. 8.7 can be resolved to the amplitude (Eq. 8.3) of temperature oscillations T: 
 

  = 2 ( )             8.8 

 

  = 2                8.9 
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According to the derivation (Eq. 8.9), the maximum values  and  have to be taken 

for  the  calculation  of  T. Because voltmeter and lock-in amplifier are giving effective 

values Ueff for both voltages, the conversion with 2  cancels  out.  Thus,  T can be 

calculated using:226 
 

= 2             8.10 

 

Utilizing I (Eq. 8.2) as a reference signal for the lock-in amplifier,  is measured at 

3  using = 0. Therefore, real and imaginary parts of  are obtained. Applying 

Eq. 8.10, both can be converted into temperature oscillations. Thus, the retardation of the 

temperature oscillation is considered. 

Furthermore, for each heater stripe, dRdT-1 is determined. Here, a Pt100 reference 

resistance that has a well-known and precise dRdT-1 behavior of 0.390802 K-1 has been 

thermally connected to the sample with the heater structure. At about RT, 25°C 30°C and 

35°C, a comparison between the both resistances (heater stripe and Pt100), gives the 

dRdT-1 behavior of the unknown heater stripe (see inset of upcoming Figure 71). 

According to the change in the resistance of the 3  heater stipe between dRdT-1 

measurement that is initially performed with 100 µA at RT and the actual 3  

measurement that is performed with 18 mW (about 10 mA), the 3  measurement is done 

at an increased temperature of about 10 K above RT. Thus, about 30 minutes are needed 

for the sample to be in equilibrium. Due to the warming of the surrounding, a change in 

the resistance of the 3  heater can still be recognized. 

 

8.2.2 Measurement setup 
Because U  is  about  1000  times  smaller  than  U  some  effort  needs  to  be  done  to  

measure the U  with high accuracy. Among others,227 passive circuits have been used to 

subtract the voltage components that oscillate with  from  the  signal  that  has  to  be  

analyzed (see Eq. 8.6). 

In Figure 69, a schematic assembly of the passive bridge circuit that has been used for 

3  measurements is shown.228 Here, Uapplied generates a current flow. R1,..,R4 are about 

4  k  and  ensure  to  keep  the  electron  flow  in  the  upper  mesh.  Following  the  3  heater 

(red), with its voltage and current pads according to Figure 68, a well-known resistance RI 

of 10  enables to determine the applied current I. Afterwards, a resistance decade RRD 
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has been inserted to generate a reference signal. By the utilization of an adjustable 

resistance decade with negligible temperature dependence, at the frequency , an 

identical reference signal is generated. For R1=R2=R3=R4 and R3  equal to RRD, U  

vanishes if both signals are subtracted as it is illustrated in Figure 69. By eliminating U  

that  is  about  1  V,  U3  that is about 500 µV can be measured by a lock-in-amplifier. 

According to the connection scheme, 0.5 U3  is measured by the lock-in-amplifier if 

= 0 . Using Eq. 8.10 the temperature oscillations can be calculated using 

effective voltages. 

 
Figure 69 Schematic assembly of the 3  measurement setup using a passive bridge 

circuit (passive bridge circuit similar to Ref. 228) 
 

In the following, calculations about thermal conductivities for substrates and thin films 

are only considering heat losses from the 3  heater into the subjacent material. To 

prevent heat losses to the atmosphere above, the measurement can be performed in 

vacuum. But due to the thermal conductivity of air of about 25 x 10-3 Wm-1K-1, the effect 

of heat losses to the atmosphere can be neglected. Furthermore, the thermal conductivity 

of thin films is determined by the differential method that compares the difference of two 

films. Since appearing effects are almost equal for both samples, the effect cancels out.  

The thermal conductivity of gases is directly proportional to particle density as well as 

the MFP of single particles.229 Thus, from RT to about 10-3 mbar the thermal conductivity 
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does not change with ambient pressure. Here, the MFP exceeds 10 cm and becomes the 

order of distance between 3  heater and bordering walls. Thus, below a pressure of about 

10-3 mbar the dependence of the thermal conductivity does not depend on MFP anymore 

and decreases linearly with pressure. 

In terms of technical equipment, the differential 3  method can be performed with a 

lock-in amplifier (also providing a reference signal: Uapplied), two voltmeters, a resistance 

decade and a bridge circuit containing several resistances. For sample preparation, a clean 

room with optical lithography is advantageous. In addition, the determination of dRdT-1 

for each 3  heater must be performed.  

 

8.2.3 The calculation of thermal conductivities 
Above, one result of the interaction between applied current and affected resistance 

that oscillate with  and  2 , respectively, has been shown to be U3 . Furthermore, by 

applying U3  to Eq. 8.10, temperature oscillations  in the heater stripe can be 

calculated. 

Here, a model is briefly presented that allows calculating thermal conductivities of 

materials underneath. By using a semi-infinite model, temperature oscillations of an 

infinite heater stripe (thickness 2b) that is in direct contact to a solid surface can be 

described by semi-cylindrical heat waves leaving the heater stripe and propagating into 

the solid.  

Based on the equation of heat propagation (diffusion equation) that includes thermal 

conductivity , density  and specific heat capacity cs 
 

  + + =          8.11 

 

for an infinite narrow line (2b length l), the propagation of temperature oscillations is 

described by the utilization of the zero order modified Bessel function K0(rq) that 

includes the distance = +  to the narrow line (heater) and the thermal 

penetration depth q: 
 

  ( , ) = ( ) exp( 2 ) ( ) exp( 2 )       8.12 
 

The amplitude of the power per unit length at the frequency 2  is considered by Pl-1. To 

omit confusion about the exact meaning of P, the oscillating power  is shown in Figure 
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70. Here, sin( ) (top left) and instantly corresponding current I (top right) are 

multiplied. Importantly, P can be obtained by multiplying the effective voltage  and 

effective current . The latter one is obtained at RI (10 ) by measuring  (see 

Figure 69).I 

 
Figure 70 Applied power (below) calculated by voltage and current oscillations (above) 

 

K0(rq) has been used to solve the diffusion equation (Eq.8.11). In the solution, the 

wavelength of the diffusive thermal wave q-1 ([q-1] = m), or thermal penetration depth,227 

depends on thermal diffusivity D = -1cs
-1 and 2 :  

 

  = =             8.13 

 

For silicon, with a diffusivity of 8.8 x 10-5 m2s-1,  at  2  of 500 s-1, | | is of about 0.42 

mm. Thus, for materials with high diffusivities, samples with sufficient dimensions have 

to be measured. Otherwise, interference with reflected waves occurs and temperature 

oscillations are not only generated by the applied power oscillation.230 

                                                
I To resolve uncertainties about the amplitude of power linked to effective voltages that 
are actually obtained from the experiment at this point a detailed explanation is given. 
Similar to the oscillating power  with its amplitude P, the temperature oscillation  
oscillates with amplitude T with a frequency of 2  around a fixed temperature above 
ambient temperature. 
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For | | 1, meaning that r is much smaller than | |,  for  T inserted in Eq. 8.12 

can be written:I 
 

  ( ) = ln + ln 2 0.58 ln(2 )        8.14 

 

According to Eq. 8.14, the amplitude  of the temperature oscillation  is a complex 

number with its absolute value proportional to Pl-1 and -1. Zero phases correspond to an 

oscillation in phase with the applied power. Beside an existing imaginary part, the real 

part of the temperature oscillations is affected by the frequency of the applied power. 

Ignoring all the constant summands in Eq. 8.14 (e.g. r = 0 is not defined), a dependency 

of T = -0.5 ln(2 ) can be found.  

With increasing applied frequency 2  heating cycles become shorter in time. Although 

the maximum amplitude of the heater power stays the same, the energy inserted into the 

heater stripe in a single heating cycle decreases. Thus, the temperature oscillations 

become smaller with higher applied frequencies. Basically, in the 3  method the thermal 

conductivity is obtained by the variation of energy per pulse and its consequences on 

temperature oscillations measured by U . 

For a Ti0.5Zr0.25Hf0.25NiSn bulk sample, the real part and the imaginary part of  

have been measured. According to Eq 8.10, T has been calculated. As a function of 2 , 

both contributions are illustrated in Figure 71. In comparison with Eq. 8.14, the negative 

linear slope of Re(U3 ) and related T as a function of ln(2 ) can be seen. The deviation 

of Im(U3 ) from a constant value has been also observed by others,224 and can be caused 

by extraordinary high T. In further investigations of thin films only negligible 

differences have been obtained using highly conducting substrates. 

Importantly, by comparing the imaginary parts of Eq. 8.10 and Eq. 8.14, an equation 

for the thermal conductivity can be determined:  
 

  =             8.15 

 

According to highest effective imaginary part of U , shown in Figure 71, for the 

Ti0.5Zr0.25Hf0.25NiSn bulk sample a thermal conductivity of 3.31 Wm-1K-1 has been 

calculated. 

                                                
I Among others, a detailed calculation can be found at the Diploma theses of C. Mix. 
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Figure 71 Real (black) and imaginary part (red) of the U  voltage (right) and 

corresponding temperature oscillation (left) as a function of applied frequency; The 
calculation of dRdT-1 for the 3  heater is shown in the inset. 

 

Applying two different effective real parts of U  and corresponding differences in 

frequency to Eq. 8.10 and Eq. 8.14,224 the thermal conductivity can be also obtained by 

subtracting both individually. Due to the linear dependency between e  and 

ln( ), it can also be calculated as following: 
 

  

( ( ))

           8.16 

By fitting the slope of  in Figure 71 to be -0.00123 V, a thermal conductivity of 

3.49 Wm-1K-1 has been calculated. 

Because reliable thermal conductivities have been calculated for many substrates by 

using Eq. 8.16 and only one value for Im  has not been obtained, for the 

Ti0.5Zr0.25Hf0.25NiSn bulk sample a thermal conductivity of 3.5 Wm-1K-1 is more probable. 

Beside numerical simulations, 231  the differential 3  method can be applied to 

determine the thermal conductivity of thin films.225 Thin films, deposited on substrates 

that have been previously discussed as bulk materials, act as thermal resistances between 
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heater stripes and the substrates. Thus, immediately it becomes obvious that only films 

with low thermal conductivities can be measured. Furthermore, substrates with a high 

thermal conductivity are advantageously. 

In  the  differential  3  method,230 the  thermal  conductivity  of  a  thin  film  can  be  

extracted by the difference in T ( T) = TTF) generated in heater structures on top of 

two different samples. The set of samples then consists of two coated substrates that 

differ only in the thickness of the thin film with its thermal conductivity to be measured. 

In an extreme case, the material system is simply grown with and without the thin film. 

Because interfaces can have a significant influence on the thermal conductivity,232,233 here 

sets of samples that only differ in layer thickness are used for the differential 3  method. 

In  the  case  of  SLs,  different  thicknesses  with  identical  SL  periodicities  have  been  

fabricated. 

The one dimensional model, applied for the calculation of the thermal conductivity for 

thin films, can analogously be considered to Ohm’s law. Here, an electric voltage U is 

causing an electric current I in  a  wire  with  the  cross  section  A, the length L and the 

specific conductivity :234 
 

  =               8.17 

 

For the differential 3  method, applying a one dimensional heat flow model, L has to be 

exchanged by the difference in film thicknesses dTF of the thicker and the thinner layer. 

Instead of the cross section A, the area below both identical heaters structures is 

considered. The heat flow  that needs to be equal for both film thicknesses is analogous 

to an electric current I. Essentially, the thermal conductivity TF of the material with 

different film thicknesses generates the difference in temperature oscillations TTF. 

Compared to Eq. 8.17, TTF corresponds to the electric voltage U.  Thus  for  Eq.  8.17  it  

can be written: 
 

  =              8.18 

 

According  to  Figure  70,  the  heat  flow   is generated by power oscillations with 

amplitudes P.  Additionally,  the  area  below  the  heater  is  given  by  its  width  2b and  its  

length l. Thus, Eq. 8.18 can be written as: 
 

  =              8.19 
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For  the  differential  3  method, Eq. 8.19 can be utilized to determine the thermal 

conductivity of the thin films. 

 

8.2.4 Layer stack for differential 3  method 
In the introducing chapters as well as in chapters presenting results, TE materials in 

general and HH thin films in particular are introduced as conducting materials. Thus, by 

only fabricating a heater structure on top of thin films an unknown part of the applied 

current would not flow through the heater structure but through the film to be measured. 

As Figure 68 already suggestively reveals by the colored surface (apart the heater 

structure), the thin films are covered by an insulating layer. Here, alumina has been used 

as a barrier between TE films and gold layer. Because alumina is transparent for visible 

light, interference effects have been observed. Using an average electron density of HH 

compounds, the interference color as a function of alumina thickness has been generated 

and is illustrated in Figure 72.I Appropriate to the aspired alumina film thickness of about 

250 nm, interference of purple and blue light has been observed (Figure 68). 

 
Figure 72 The color of alumina as a function of layer thicknessI 

 

Assuming a break through field of 10 kVmm-1 leads to a thickness for a proper 

isolation layer of about 100 nm if 1 V is applied.235 Because at the outer contact pads 

(current pads) even higher voltages are applied and to have a sufficient safeness for rough 

interfaces and oxygen vacancies, 250 nm of alumina are intend to be grown between a 

conducting material and the gold layer on top. 

Finally,  a layer stack as it  is  illustrated in Figure 73 has to be grown. Therefore,  HH 

compounds have been sputtered as previously described. After the system cooled down 

(usually overnight), at RT alumina has been sputtered by reactive rf-magnetron 

sputtering. Using a pure aluminum target and an argon sputter gas containing 8 % of 

oxygen,236,237 at 1.5 x 10-2 mbar and 30 W applied power, growth rates of about 35 nm per 

hour have been obtained. After seven hours of growth, the substrate temperature rose well 

                                                
I Interference spectrum has been generated at http://www.raacke.de/index.html?airy.html 
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above 50°C. Although the influence of following gold growth and its diffusion into the 

insulation layer has not been analyzed, the substrate was cooled down once again. 

Afterwards, 15 W and 5.6 x 10-2 mbar have been applied as sputter power and argon 

ambient pressure, respectively. With a growth rate of about 0.6 nms-1, thin gold layers 

with a thickness of 35 nm to 50 nm have been deposited by dc magnetron sputtering.  

 
Figure 73 AFM image of a layer stack intended for 3  measurement 

 

Importantly, after the deposition of all different kinds of layers and a total thickness of 

more than 600 nm, a flat and homogeneously contributed surface has been still obtained. 

Considering the heater width of 20 µm that is twice the AFM image section of Figure 73 

(left) and the heater height of less than 50 nm that is about twice surface roughness 

obtained in the AFM, the surface quality is essential for a precise 3  measurement. As it 

has  been  already  shown  with  AFM  images  in  Figure  33,  the  surface  roughness  of  

TiNiSn/Zr0.5Hf0.5NiSn bilayers are enhanced with film thickness. Therefore, heater stripes 

with identically intended geometries have shown larger resistances if the HH layers 

underneath became thicker.  

The effect of the granular heater structure on the 3  measurement has been calculated 

by M. Feuchter from the Karlsruhe Institute of Technology. Applying a finite element 

method, heat flow from the heater into a MgO substrate has been calculated. Shown in 

Figure 74, temperature oscillations of two different 3  heater stripes have been 

calculated. In the calculation, the 3  heater  consisted  of  platinum  with  a  width  of  

2b = 10 µm and a height of a = 100 nm. Starting with an ideally flat heater (Figure 1), a 



chapter 8 – Reduced thermal conductivity for superlattices measured by 3  method 
 

137 
 

second heater fits with the adapted morphology containing grains at the interface with a 

height of 20 nm and a diameter of 200 nm (Figure 2). While in the general graph, 

showing T = f ( f ),  no  difference  can  be  seen  for  varied  3  heater  stripes,  in  the  

enlarged inset of Figure 74, a negligible deviation of less than 0.05 % can be identified. 

Other than assumed in the simplified model above, here a true heater width and not only 

an infinite narrow line has been considered. So, heat waves leaving the granular heater 

structure can interfere again with the heater structure at a different position. If an identical 

power per heater length is applied for both heater structures only a negligible difference 

has been obtained. Thus, the leaving heat waves are not considerably influenced by the 

granular structure of the films. 

 
Figure 74 Temperature oscillations simulated for different heater structuresI 

 

For the differential 3  method two films with varied HH or SL thicknesses have been 

grown. Due to the fabrication process, two samples of the same kind have been fabricated 

in each run. Therefore, four samples have been used to determine the thermal 

conductivity. Ideally, both thicker and both thinner samples have shown the same 

temperature oscillations as a function of 2 . By comparing the results of all four samples, 

the thermal conductivity has been calculated by Eq. 8.19.  
                                                
I After extensive discussions, the simulation of different heater geometries and their 
influence on the 3 measurement was performed by Manuel Feuchter at the Karlsruhe 
Institute of Technology. 
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Figure 75 By XRR, thicknesses of two Zr0.5Hf0.5NiSn films are determined at different 

positions on the sample surface. 
 

Since the calculation of thermal conductivity is directly related to the difference in film 

thickness it is of importance to fabricate layers without a thickness gradient. So, Figure 75 

shows XRR diffractograms for two simultaneously grown Zr0.5Hf0.5NiSn films. In the 

inlet, the utilized Omicon sample holder is drawn. The blue cross in the middle shows the 

intended sputter center given by cathodes (magnet behind the sputter target) and sample 

positions. Both red rectangles, right and left from the blue cross, represent the fixed 

positions of the substrates (5 x 10 mm2)  while deposition.  So, XRR measurements were 

performed on different film positions to determine the homogeneity of the fabrication 

process. Differently colored thicknesses in the inset of Figure 75 correspond to equally 

colored positions on the sample holder. One can calculate that the deviation in the case of 

Zr0.5Hf0.5NiSn has been about 3.1 % (see Table 5). 
 

 1 2 3 4 d 
Zr0.5Hf0.5NiSn 25.2 nm 26.0nm  25.5 nm  25.5 nm 3.1 % 

TiNiSn 31.4 nm 31.0 nm  30.8 nm  31.4 nm  1.9 % 
Vanadium 27.9 nm 28.0nm  27.5 nm  28.2 nm 2.5 % 

Gold 20.6 nm  20.6nm  20.2 nm  21.1 nm 4.4 % 
Al2O3 49.7 nm 49.2 nm 49.0 nm 49.5 nm 1.4 % 

 
Table 5 Calculated thicknesses of various deposited films measured at different positions; 

The colors of the numbers are representing the position shown in Figure 75. 
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Similar to Zr0.5Hf0.5NiSn, analyses about the thickness gradients have been done for 

TiNiSn, vanadium, gold and alumina. Summarized in Table 5, thicknesses measured at 

different positions and relative deviations d are given. 

 
Figure 76 XRR scan of the shown layer stack to determine the layer thickness of alumina  
 

Because of the similar electron densities, XRR is not the method of choice for 

measuring the thickness of alumina on MgO substrates. To overcome this issue, the 

alumina layers have to be enclosed by two thin layers with differing electron densities as 

gold (inset of Figure 76). Thus, penetrating X-ray beams are reflected at both adjacent 

alumina interfaces. Because several other interfaces that also generate interference effects 

are present as well, the simulation of the XRR measurement becomes more sophisticated. 

But if alumina is much thicker than the gold layers, the narrow oscillations are mainly 

formed by the alumina layer.  

After  the  3  method has been implemented and measurements were conducted to 

enhance the accuracy and reliability, finally thermal conductivities of HH thin films and 

SLs have been determined. 
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8.3 Thermal conductivities of TiNiSn, Zr0.5Hf0.5NiSn and 

superlattices 
Using Eq. 8.19 (one dimensional heat flux), the thermal conductivities of TiNiSn, 

Zr0.5Hf0.5NiSn and a variety of SLs with several periodicities have been determined by the 

differential 3  method. Initially, the calculated temperature oscillations T that base on 

the measured real part of U  are extensively discussed, to demonstrate the reliability of 

the obtained results. Finally, thermal conductivities obtained for SLs and single HH thin 

films are discussed. For the SLs the periodicity has been formed single TiNiSn and 

Zr0.5Hf0.5NiSn layers that have been equal in thickness. 

Using a lock-in-amplifier, half of  (see Figure 69) was measured as a function of 

frequency. For each sample, several frequencies f (100 Hz, 200 Hz, 350 Hz, 500 Hz, 

1000 Hz, 1500 and 2000 Hz) were applied. With one exception (Zr0.5Hf0.5NiSn), Uapplied 

was set that 18 mW dissipated at R0 (R ). Therefore, the generated heat was identical for 

almost all samples. Having R0 of around 100 ,  and  were about 1 V and 

10 mA, respectively. Beside measuring = f ( ) ,  dR0/dT has been determined to 

calculate T by using Eq. 8.10. T = f (f) for different sets of samples is shown in Figure 

77. Beside single TiNiSn and Zr0.5Hf0.5NiSn films, also SLs have been measured. In 

Figure 77, corresponding periodicities are given in the graphs. For each sample, heater 

widths that have been generated by photolithography and chemical etching are given in 

addition. Due to the fabrication process most heater widths have been smaller than the 

width of 20 µm given by the exposer mask (Figure 68). 

In general, two identical samples were fabricated and processed as explained above. 

So, the measurements of both identical samples that were fabricated in the same 

sputtering process are supposed to be similar. But as it is illustrated in Figure 77, 

differences in T have been obtained. The biggest uncertainties, causing differing T for 

identical samples, have been identified to be surface roughness and heater width. 

T has been very sensitive to variations in heater widths 2b. Because the heat that is 

flowing from the heater into the substrate depends on the contact area of the heater, T is 

also proportional to (2b)-1. For the differential method that uses TTF ( T)) for the 

calculation of the thermal conductivity, even small deviations cause extreme errors. 

Therefore, measured variations in heater widths, using an optical microscope, from 
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16.8 µm to 21.2 µm have been taken into account. Here, the initially obtained temperature 

oscillations T´ (illustrated in Figure 77) have been calibrated by: 
 

  = 2
20 m              8.20 

 

Thus,  for  heater  widths  smaller  (larger)  than  20  µm,  T is lower (higher) than T´. An 

affirmation about the accuracy of the calibration can be obtained by comparing Figure 77 

T´ = f (ln(2 ))) with Figure 78 ( T = f (ln(2 ))). Among others, TiNiSn reference 

samples  (thinner  samples)  with  only  a  TiNiSn  thickness  of  96  nm  are  well  suited  for  

explanation. According to the small difference in temperature oscillations TTF 

(compared to the other set of samples with similar thickness differences) between the 

thicker samples and the reference samples, it can be easily seen that TiNiSn exhibits the 

highest thermal conductivity (Eq. 8.19) of the measured material systems. But only the 

small heater width of the reference samples (16.8 µm) causes that T´ cannot be 

distinguished from T´ of other reference samples. But after calibration, T of the 

TiNiSn reference samples that have the lowest thermal resistance between the heater and 

the substrate have become the lowest of all T. The isolation layer has had an identical 

thickness for all samples. 

Furthermore, thinner heater widths of identical samples (Figure 77) have caused higher 

T´. Beside the reference samples for Zr0.5Hf0.5NiSn (insignificant), only one example, 

out of 16 pairs, can be found where Eq. 8.20 increases the difference of T compared to 

T´  significantly.  But  next  to  this  conspicuous  behavior  for  SLs  with  a  periodicity  of  

27.34 nm, the thicker sample with the heater width of 20.3 µm exhibits also an increased 

slope of T = f (ln(2 )). Thus, the decreased thermal conductivity of the MgO substrate 

(Eq. 8.16) has also shifted T to higher values. Therefore the sample was not considered 

for determining the thermal conductivity of the SL with a periodicity of 27.34 nm.  

Taken into account the thermal conductivities that can be calculated for one set of 

samples, in average, the maximum deviation has been decreased from 0.34 Wm-1K-1 to 

0.21 Wm-1K-1. If the sample with the deviating slope (27.34 nm; 20.3 µm) is not taken 

into account, in average, the maximum deviation changes from 0.33 Wm-1K-1 to 

0.17 Wm-1K-1
. 
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Figure 77 As measured, T´ = f (ln(2 )) are shown for TiNiSn, Zr0.5Hf0.5NiSn and SLs 

(periodicities are labeled). For each set of samples two thicker (red, black) and two 
thinner samples (green, blue) were measured. Heater widths for each sample are given. 
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Figure 78 Calibrated with Eq. 8.20, T = f (ln(2 )) are shown for TiNiSn, Zr0.5Hf0.5NiSn 

and SLs (periodicities are labeled). For each set of samples two thicker (red, black) and 
two thinner (green, blue) samples were measured. Thicknesses and thickness differences 

(bold) or periodicities (bold) and amount of periods are given. 



8.3 Thermal conductivities of TiNiSn, Zr0.5Hf0.5NiSn and superlattices 
 

144 
 

For the SL with a periodicity of 8.4 nm, the highest relative change in maximum error 

from 0.15 Wm-1K-1 to 0.03 Wm-1K-1 has been observed. A decreased absolute maximum 

error for the thermal conductivity from 0.56 Wm-1K-1 to 0.28 Wm-1K-1 and from 

0.50 Wm-1K-1 to 0.22 Wm-1K-1 have been found for the TiNiSn and for the SL with a 

periodicity of 10.05 nm, respectively. 

As it has been already mentioned, surface roughness cannot be excluded to influence 

the  T´  ( T).  Here,  surface  roughness  changes  with  SL  periodicity,  material  and  film  

thickness. Enhanced surface roughness has caused higher heater resistances. Although, 

there have been similar gold thickness (50 nm) and a comparable heater width (20 µm) 

for all samples, R0 varied from 44  to 118 . To what extend the characteristics of the 

gold layer and/or also the alumina layer underneath has been influenced by the surface 

roughness of the HH thin film has not been analyzed. 

In general, higher R0 have been obtained for the thicker samples (up to 118 ). For 

reference samples, R0 of 44  to 65  have been obtained. The highest difference for one 

set of samples has been measured for Zr0.5Hf0.5NiSn. Next to 118  and 112 , 58.3  

and 58.4  have been calculated for the reference samples. If the similarity of all heater 

resistivities (55 , 59  and 52 , 47 ) has been responsible for the high thermal 

conductivity obtained for TiNiSn, cannot be clarified. A contrary indication has been 

found for the ticker samples of the SL with the periodicity of 10 nm. Here, the wider 

heater (Figure 77) has a resistance of 84.3 . Nevertheless, after calibration no significant 

difference  in  T can be found compared to the thinner heater with resistance of only 

67.2  (Figure 78).  

To solve the origin of the difference in heater resistivities will be necessary for 

determining the thermal conductivity with even higher accuracy. As it has been shown by 

a simulation (Figure 74), surface roughness in general does not strongly influence T. 

Finally, based on temperature differences TTF obtained by T illustrated in Figure 78, 

thermal conductivities of thin films have been calculated. Therefore, for each set of 

samples (in one plot)  T measured for reference samples have been subtracted from T 

obtained by thicker samples. The calculation was performed for all applied frequencies 

(Figure 78). Because in the measured frequency range, the slope of T = f (ln(2 )) is 

determined by the thermal conductivity of the MgO substrate, the maximum difference in 

TTF obtained from one thicker sample minus one reference sample is less than 0.02 K 

and insignificant compared to the deviation given by T = f (ln(2 )) of identical samples. 
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For SLs with periodicities from 6.6 nm to 54.7 nm, thermal conductivities are plotted 

in Figure 79. Additionally, the thermal conductivities of single TiNiSn and Zr0.5Hf0.5NiSn 

thin films are shown by the shaded area. Given uncertainties have been calculated by the 

highest and lowest possible thermal conductivities. The lower thermal conductivity has 

been obtained by the higher and lower T that has been obtained by one thicker sample 

and one reference sample, respectively. Accordingly, the higher thermal conductivity has 

been calculated vice versa. As an averaged value, the red cross is plotted for several SLs. 

For single films, only minimum and maximum thermal conductivities are illustrated by 

the blue rectangles that do not belong to the modulation length (abscissa). 

For the different SLs, the film thicknesses have been calculated by the satellite peak 

positions in combination with Eq. 6.3. Importantly, the thickness differences dTF have 

been determined by multiplying the periodicity times the amount of periods (noticed 

while fabrication) grown for the thicker sample minus the reference samples. The amount 

of periods has been adapted to film thicknesses of about 100 nm and 700 nm for reference 

samples and thicker samples, respectively. Therefore, dTF that caused TTF have been 

about 600 nm. Specified thicknesses have been already given in Figure 78. For single 

films, film thicknesses have been controlled by known growth rates and deposition time. 

Because TF is proportional to dTF , its correct specification is of importance. 

Furthermore, as a measure for crystallographic quality, the FWHM of rocking curves 

are given in Figure 79. The most intense satellite peaks and the (200) diffraction peaks 

have been used for measuring SLs and single HH films, respectively. For the XRD 

measurements, the thicker samples have been utilized. For each pair of samples, about the 

same FWHM of the rocking curves have been received.  

For TiNiSn films, a thermal conductivity of 2.8 Wm-1K-1 has been measured. Given in 

Figure 79, with 0.77° the smallest FWHM of all rocking curves has been observed. This 

small tilt, indicating a well-ordered film, and the enhanced thermal conductivity for 

TiNiSn compared to Zr0.5Hf0.5NiSn (see Figure 17), explains the highest of all measured 

thermal conductivities. In contrast to bulk TiNiSn with a thermal conductivity at RT of 

about 8 Wm-1K-1,75 the decreased thermal conductivity can be addressed to the reduced 

grain size. Instead of a grain size perpendicular to the film surface of about 65 nm, 

Bhattacharya et. al. have fabricated bulk samples with a grain size diameter of 8 µm.75 

3.7 Wm-1K-1 have  been  obtained  for  a  TiNiSn0.95Sb0.05 bulk sample with a grain size 

diameter less than 50 nm. In the present case, enhanced atomic disorder could have 

caused a further reduction in thermal conductivity.  
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Basically, one of the lowest thermal conductivities has been observed for 

Zr0.5Hf0.5NiSn  films.  Although  Zr0.5Hf0.5NiSn bulk samples already exhibit a reduced 

thermal conductivity of about 5 Wm-1K-1, for thin films a tremendous reduction to 

1.1 Wm-1K-1 has been measured. Beside the intrinsic behavior of a reduced thermal 

conductivity due to the variation in atomic mass (ZrNiSn: ~5.7 Wm-1K-1; HfNiSn: 

~5.4 Wm-1K-1),214 again the reduced grain size (similar to TiNiSn) has caused the 

depressed thermal conductivity. Furthermore, Zr0.5Hf0.5NiSn films exhibited the worst 

crystallographic quality of the analyzed samples. The FWHM of the rocking curves has 

been 1.8°.  

 
Figure 79 Based on TTF (obtained by T), for TiNiSn, Zr0.5Hf0.5NiSn and a variety of 

SLs with periodicity from 6.6 nm to 55 nm, the thermal conductivity has been calculated. 
Additionally, FWHMs of measured rocking curves are given. 

 

Marked by the green dashed line, in Figure 79 attention is drawn to thermal 

conductivities of SLs with intermediate periodicities. According to the FWHMs 

determined by rocking curves of 1.1°, 0.88° and 1.0°, similar crystallographic qualities 

have been obtained for SLs with periodicities of 8.4 nm, 10 nm and 18.4 nm. Starting at 

the highest periodicity, with 1.8 Wm-1K-1 also the highest thermal conductivity has been 

measured.  Assuming,  a  homogenous  contribution  of  TiNiSn  and  Zr0.5Hf0.5NiSn layers 

with their single thermal conductivities of 2.8 Wm-1K-1 and 1.1 Wm-1K-1, here an average 
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thermal conductivity of 1.95 Wm-1K-1 can be obtained. Because in this layered structure 

(1.0°), Zr0.5Hf0.5NiSn probably appears with a higher thermal conductivity than observed 

for the single film (1.8°), already an effect of interface scattering can be suspected. 

Going to SLs with lower periodicities strengthened the assumption of interface 

scattering.  Although  the  crystallographic  quality  has  been  the  best,  for  the  SL  with  a  

periodicity of 10 nm, a reduced thermal conductivity of 1.3 Wm-1K-1 has been observed. 

Therefore, increasing the interface density from 0.11 nm-1 to 0.20 nm-1 has caused a 

reduction in the thermal conductivity from 1.8 Wm-1K-1 to 1.3 Wm-1K-1. Notably, the 

thermal conductivity is still higher than observed for single Zr0.5Hf0.5NiSn films. 

Unfortunately, a FWHM of 1.1° has been obtained by the SL with a periodicity of 

8.4 nm. Thus, the lowest measured thermal conductivity of about 0.97 Wm-1K-1 cannot 

only be addressed to the increased interface density to 0.24 nm-1. Here, a single HH layer 

exhibits only a thickness of 4.2 nm. 

Increasing the interface density to 0.3 nm-1 have led to an enhanced FWHM of about 

1.2°. Thus, again the crystallographic quality has been decreased by reducing the 

periodicity from 8.4 nm to 6.6 nm. However, with about 1.1 Wm-1K-1, the thermal 

conductivity has not been decreased further.  

As  it  has  been  shown  in  chapter  3,  for  Bi2Te3/Sb2Te3 SLs a minimum in thermal 

conductivity has been found at periodicities of 5 nm.101 In a similar range, a minimum has 

been  also  found  for  ZrN/ScN  SLs.105 For TiNiSn/Zr0.5Hf0.5NiSn SLs a minimum in 

thermal conductivity between 6.6 nm and 10 nm has been observed. But according to 

only a single measurement point that has been taken from the differential 3  method it 

cannot be stated for sure. Certainly, a trend has been shown that an increased interfaces 

density also lowers the thermal conductivity. 

To  complete  the  results  about  thermal  conductivity,  the  SLs  with  a  periodicity  of  

27.3 nm and 54.7 nm have to be discussed. With 1.1 Wm-1K-1 and 1.3 Wm-1K-1, 

respectively, the effect of crystal growth on thermal conductivity can be seen. Due to the 

little interface densities of 0.7 nm-1 and 0.4 nm-1, the observed FWHMs of 1.3° and 1.5° 

are mainly responsible for the reduced thermal conductivities. Interestingly, the thermal 

conductivity of the SL with the periodicity of 54.7 nm is barely distinguishable from the 

single Zr0.5Hf0.5NiSn films, suggesting that TiNiSn with a comparable poor 

crystallographic quality exhibits a similar low thermal conductivity. Vice versa, it can be 

assumed that Zr0.5Hf0.5NiSn  films  with  a  better  crystallographic  quality  also  exhibits  a  

higher thermal conductivity. 



8.3 Thermal conductivities of TiNiSn, Zr0.5Hf0.5NiSn and superlattices 
 

148 
 

Importantly, the ZT is  not only given by the thermal conductivity.  In the last  chapter,  

the dependence between FWHMs of the rocking curves and the electric properties have 

been shown. Here, enhanced Seebeck coefficients have been found for samples with 

smallest  FWHMs.  Therefore,  not  only  the  depressed  thermal  conductivity  of  the  single  

Zr0.5Hf0.5NiSn films but also the low FWHM of the SL with a periodicity of 10 nm has to 

be taken into account. Here, enhanced electric properties can be assumed, while a reduced 

thermal conductivity of 1.3 Wm-1K-1 has been proven. 

The differential  3  method has been implemented by the optimization of the passive 

bridge circuit (Figure 69), the insulation layer (Figure 76) and the heater structure (Figure 

68). Finally, a set of samples (Figure 78) enabled to measure the thermal conductivity of 

single TiNiSn and Zr0.5Hf0.5NiSn layers. Besides the dependency to thermal conductivity 

on  SL  periodicity  has  been  measured  (Figure  79).  Actually,  in  a  certain  range  of  SLs  

periodicities having similar crystallographic qualities, the dependency of interface density 

on thermal conductivity has been verified. The thermal conductivity has been decreased 

with decreased periodicity. At a periodicity of 8.4 nm a minimum thermal conductivity of 

about 1 Wm-1K-1 has been measured.  

However, based on only one data point, an increased thermal conductivity at very low 

periodicities cannot be stated for sure. Therefore, further measurements of thermal 

conductivities, in particular of thin film Zr0.5Hf0.5NiSn with higher crystallographic 

quality  and  SLs  with  periodicities  less  than  8  nm,  will  be  performed  to  answer  open  

questions. Notably, further questions are appearing due to promising results for the 

thermal conductivities that can be depressed by increasing the interface density in half-

Heusler superlattices. 
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Chapter 9  

 

Summary and Outlook 
The aim of this thesis was to demonstrate the tailoring of thermoelectric (TE) 

properties using nanostructured half-Heusler (HH) superlattices (SLs). As TE materials, 

the  suitability  of  n-type  TiNiSn  and  n-type  Zr0.5Hf0.5NiSn bulk samples has been 

successfully proven. Besides doping to increase the power factor, mixing of atoms with 

similar electronic properties, but with varied atomic masses for a reduced thermal 

conductivity has been achieved. For thin films, perpendicular to the film surface, mass 

fluctuations can artificially be integrated by superlattices (SLs). Therefore, TiNiSn and 

Zr0.5Hf0.5NiSn were alternatingly deposited by dc magnetron sputtering. In the field of 

TE, only a few semiconducting Heusler materials (Fe2VAl, HfNiSn, YNiBi) have been 

analyzed so far as thin films. But for none of it, the thermal conductivity has been 

published.204,206, 238  Using hot-pressed compound targets, thin film TiNiSn and 

Zr0.5Hf0.5NiSn were fabricated for the first time. 

After single film growth conditions were optimized, SLs were fabricated that showed 

additional satellite peaks in the XRD /2  scan. By lowering the substrate temperature 

from 500°C to 420°C, smooth interfaces were achieved. Utilizing a HAADF-STEM a SL 

with a periodicity of 3 nm was resolved. Furthermore, a comparison between simulated 

and measured XRD /2  scan revealed the absence of any significant atomic intermixing 

at the TiNiSn and Zr0.5Hf0.5NiSn interface. The excellent structural quality of single films 

as well as SLs was achieved on insulating MgO (100) substrates. On MgO (100), having 

a cubic lattice constant of 4.21 strongly textured polycrystalline growth of TiNiSn and 

Zr0.5Hf0.5NiSn films with rocking widths of about 1.0° was obtained. For Zr0.5Hf0.5NiSn, a 

TiNiSn buffer layer had to be used for achieving high quality films. For both HH 

materials, perpendicular to the surface, grain sizes were about 55 nm. 

As a suitable metallic buffer layer, vanadium was established. For Zr0.5Hf0.5NiSn 

layers, comparable crystallographic results were obtained on both buffer layers. At the 

TiNiSn/MgO interface, the formation of a titanium seed layer was previously found. By 

omitting the resulting titanium depletion in adjacent atomic layers, with a vanadium 

buffer layer, an enhanced structural quality was obtained for TiNiSn films. 
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For a thickness of 10 nm, a single crystalline vanadium buffer layer has been hetero-

epitaxially grown on MgO (100). The atomically flat surface as well as the FWHM of the 

rocking curve (0.12°) completed the outstanding result of this thin metal layer grown on 

an insulating substrate. 

In-plane, TE measurements were performed at low ambient temperatures. Here, the 

correlation between crystallographic quality, semiconducting behavior and power factor 

was  identified  for  TiNiSn  and  Zr0.5Hf0.5NiSn  films.  To  get  suitable  TE  properties,  the  

growth of high quality films was indispensable. 

Similar measurements were performed at high temperatures (HT). At about 550 K, for 

TiNiSn the highest power factor of 0.4 mWK-2m-1 was  observed.  For  a  SL  with  a  

periodicity of 21 nm, an in-plane power factor of 0.77 mWK-2m-1 was measured at the 

same temperature. Compared to bulk samples, the power factor has been generated by 

depressed Seebeck coefficients (-80 µVK-1), but enhanced conductivities (8.2 µ m). 

Furthermore, decomposition occurred for the thin films at about 600 K. A reduced grain 

size and the closeness of the TE material to the surface were suspected as an essential 

difference to bulk samples that sustain much higher ambient temperatures.     

Assuming a single band model, the origin of enhanced conductivities was investigated 

by  Hall  measurements.  At  RT,  for  TiNiSn  and  Zr0.5Hf0.5NiSn carrier concentrations of 

2.0 x 1021 cm-3 and 1.6 x 1021 cm-3 were measured. It corresponds to about 0.1 electrons 

per formula unit. According to the conductivity, electron mobilities of 1.7 cm2V-1s-1 and 

2.1 cm2V-1s-1 were calculated, respectively. Besides potential impurities, in particular 

atomic disorder caused the observed TE behavior. 

Determining the thermal conductivity of thin films was the major challenge of this 

work. Initially,  for a HH bulk sample,  fabricated at  the Institute of Chemistry,  a thermal 

conductivity of 3.5 Wm-1K-1was measured at RT. Therefore, a single Ti0.5Zr0.25Hf0.25NiSn 

sample was capped by alumina and gold. Compared to thermal conductivities of TiNiSn, 

ZrNiSn  and  HfNiSn  of  8  Wm-1K-1, 5.7 Wm-1K-1 and 5.4 Wm-1K-1 given in literature 

already a reduction was obtained by enhanced mass fluctuation.75,214 By  the  differential  

3  method, the thermal conductivity for thin film TiNiSn was determined to be 

2.8 Wm-1K-1. Due to a grain size of about 55 nm, the depressed thermal conductivity was 

observed.  

By  the  utilization  of  SLs  containing  Zr0.5Hf0.5NiSn and TiNiSn, artificial mass 

fluctuation was inserted into the direction of thermal transport. The variation of single 

layer thicknesses allowed fabricating thin films with different periodicities (interface 
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densities). In a range from 18.4 nm (0.11 nm-1) to 8.4 nm (0.24 nm-1) a reduction of cross-

plane thermal conductivity from 1.8 Wm-1K-1 to 1.0 Wm-1K-1 was measured for SLs with 

a similar structural quality. For a periodicity (interface density) of 6.6 nm (0.30 nm-1), a 

thermal conductivity of 1.1 Wm-1K-1 was obtained. Furthermore, the correlation between 

crystal qualities and thermal conductivities was observed. Independently, depressed 

conductivities (1.1 Wm-1K-1) were exhibited by single films and SLs with reduced 

epitaxial growth. Structural qualities were determined by XRD rocking curves that 

exhibited FWHMs between 0.77° and 1.8°.  

For measuring the cross-plane thermal conductivity of the thin films, the differential 

3  method has been implemented. Next to the optimization of the passive bridge circuit 

and the 3  heater structure, the identification of growth parameters for insulating alumina 

was the most time consuming task. Here, the optimization of growth parameters as rf-

power, oxygen content in argon sputtering gas and target-to-substrate distance played a 

challenging  role.  Finally,  alumina  with  a  thickness  of  250  nm  was  sufficiently  for  

insulating the 3  heater structure with applied voltages of about 2 V from conducting HH 

films underneath. 

A new growth chamber was constructed and assembled to fabricate the layer stack 

containing buffer layer, TiNiSn, Zr0.5Hf0.5NiSn,  alumina  and  gold  in  situ.  Due  to  its  

transfer system, later on Photoelectron Spectroscopy (PES) will be performed at freshly 

grown surfaces. For the installation of an expected Low-Energy Electron Diffraction 

(LEED) system, the sample holder was pivot-mounted.  

Although some questions have been answered, crucial questions are still open for 

discussion. So far the thermal conductivity has been measured on SLs with periodicities 

that were homogeneously contributed with TiNiSn and Zr0.5Hf0.5NiSn. Here, analyses 

about asymmetric SLs (one layer is thicker than the other) can give detailed information 

about scattering mechanisms at the interface. 

Furthermore, the behavior of the thermal conductivity of SLs with very short 

periodicities has not been sufficiently done. The confirmation about a significant trend to 

higher or lower thermal conductivities with decreasing SL periodicities still needs to be 

conducted. Therefore the fabrication of SLs, having only a few atomic layers in one layer, 

with suitable crystallographic quality will be the challenging task.  

To evaluate the effect of the interface scattering for the present SLs, the thermal 

conductivity of Zr0.5Hf0.5NiSn films with a higher crystallographic quality has to be 

measured. Based on thermal conductivities of single films, the TiNiSn/Zr0.5Hf0.5NiSn 
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interface resistance can be calculated. Here, performing additional four-point conductivity 

measurements, the electronic part of the thermal conductivity must be considered by 

using the Wiedemann-Franz law.  

Besides thermal conductivity measurements, the power factor of thin films has to be 

enhanced in order to increase ZT above values that are already obtained for bulk values. 

Though, the reduced electron mobilities that are most likely caused by atomic disorder 

have to be improved. Seebeck coefficients that are linked to the electron mobility are 

increased therewith. Although this would presumably involve a decreased conductivity 

due to lower electron densities, the power factor still goes up. 

The growth of vanadium on natively oxidized Si (100) has already given promising 

results. Polycrystalline Zr0.5Hf0.5NiSn was deposited on a thin vanadium buffer layer. If 

enhanced structural properties can be obtained on a cleaned silicon surface, the 

application of HH SLs in real devices would move closer. 

Finally, a brief estimation of ZT for thin film SLs is done. At 550 K, the highest power 

factor of 0.77 mWK-2m-1 was obtained by a SL with a periodicity of 21 nm. Concerning 

the FWHM of the rocking curve (4.2°), rather higher power factors can be obtained for 

better SLs. SL periodicities, applied for measuring thermal conductivities, are assumed to 

have an insignificant influence on the electric behavior and thus on the cross-plane power 

factor. Therefore, using a thermal conductivity of 1.0 Wm-1K-1 appears to be possible. 

With increasing temperature, the thermal conductivity is additionally decreased by 

phonon-phonon interaction. Thus, at a temperature of 550 K, a ZT value  of  0.4  seems  

plausible (thermal conductivity: 1.0 Wm-1K-1; power factor: 0.77 mWK-2m-1). To prove 

the argumentation, conductivity measurements that are performed in cross-plane direction 

with  MESA structures  would  give  answers  about  the  anisotropic  behavior  of  the  power  

factor in HH SLs. 

Based  on  TiNiSn and  Zr0.5Hf0.5NiSn, thin films and SLs were fabricated for the first 

time. Already, the high potential of HH SLs has been revealed by a depressed thermal 

conductivity that has been obtained by the differential 3  method. Therefore, half-

Heusler superlattices will play an essential role in field of TE research. Concerning thin 

films, TE research is still at the beginning. 
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