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ABSTRACT OF THE DISSERTATION 

Synthesis and Characterization of Iridium- and Cobalt-based Skutterudites for Thermoelectric 

Power Generation 

 

by 

 

Daniel Jay King, Jr. 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2014 

Professor Richard B. Kaner, Chair 

 

There are several possible approaches to enhancing the thermoelectric properties of skutterudite 

materials, most of which strive to reduce the total thermal conductivity of the structure in some 

way.  Formulations of CoSb3 skutterudite that incorporate alkali metals, alkaline-earth elements, 

or rare-earth elements as void fillers have achieved the highest reported thermoelectric figure of 

merit (ZT) values for n-type CoSb3.  For thermoelectric applications, devices that use IrSb3-

based materials as full legs or segments of legs could enable the utilization of a greater maximum 

temperature, as compared to CoSb3-based devices.  A series of n-type BayIr4Sb12 compositions 

have been synthesized.  Phase purity and elemental compositions are analyzed by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), and electron probe microanalysis 

(EPMA).  Room temperature and high temperature thermoelectric properties are reported with a 

maximum ZT of about 0.8 at 750 
o
C (1023 K) and EPMA results suggest the maximum filling 

fraction for barium in BayIr4Sb12 is around y = 0.3. 
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In light of the success of single-element filling of iridium-based skutterudite, double-element 

filling of the structure was investigated.  The high temperature thermoelectric properties for the 

double-filled BaxYbyIr4Sb12 and BaxEuzIr4Sb12 skutterudites were compared to BaxIr4Sb12 single-

filled skutterudites.  Maximum ZT values for double-filled skutterudites increased as much as 

25% over that of single-filled compositions.  Phase purity and elemental compositions were 

analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), and electron probe 

microanalysis (EPMA).  Room temperature and high temperature thermoelectric properties are 

reported with a maximum ZT of 1.0 at 750 
o
C (1023 K) for the Ba0.15Eu0.15Ir4Sb12 nominal 

composition, but EPMA results show that these skutterudites exhibit preferential filling for 

certain elements in the case of double-filling, such that Ba > Eu > Yb. 

Skutterudite materials were processed by high energy ball milling to produce nanostructured 

powders. CoSb3 was used as a proof-of-principle material along with Co0.955Pd0.045Sb2.955Te0.045,  

Ba0.05Yb0.15Co4Sb12, and Ce0.9Fe3.5Co0.5Sb12. Each skutterudite was milled to a fine powder 

containing crystallites as small as 1 nm, with sample averages as low as ~20 nm.  The powders 

were characterized by XRD, SEM, and TEM, then hot-pressed and measured for their high 

temperature thermoelectric properties.  Hot-pressing conditions necessary for densification led to 

significant grain growth.  Improvements in reduced thermal conductivity in each of the 

skutterudites examined were off-set by changes in the electrical properties of the samples.  All 

observed increases in ZT over bulk materials were within the error of the measurement.  

Nanostructured skutterudite materials often behaved inconsistently and a majority of ball milled 

samples undergo reactions or phase transformations during high temperature measurements.  

Improving the ZT of skutterudite materials by ball milling to create nanostructures remains a 

challenge. 
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In addition to further studies of new filler atoms in IrSb3 skutterudites, composites and alloys 

offer promise of reduced thermal conductivities for enhancement of ZT.  Preliminary results of 

alloying small amounts of cobalt in iridium-based skutterudite indicate that with optimization, 

these alloys have the potential to reduce thermal conductivity by the introduction of point defects 

in the structure.  With more accurate band modeling, it could be possible to incorporate multiple 

approaches to reducing thermal conductivity into one sample, taking advantages of several 

different modes of phonon scattering.  
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Chapter 1: Effects of barium filling in IrSb3-based n-type skutterudite: High temperature 

thermoelectric properties of BayIr4Sb12  

 

1.1 Introduction 

The skutterudite structure is composed of a cubic lattice with the space group Im3. 

Materials with the skutterudite structure are of particular interest for use as thermoelectric 

materials.  The thermoelectric figure of merit (ZT) is defined by the following equation:   

   
  

  
  

where S is the Seebeck coefficient, ρ is the electrical conductivity, and λ is the total thermal 

conductivity of the sample.  The figure of merit is dimensionless and has a direct relationship to 

efficiency.
1
  Heavily doped CoSb3 –based n-type formulations of skutterudite emerged as viable 

mid-temperature range thermoelectric materials in the mid-1990’s with a ZT around 1.0 at 600 

o
C.

2
  Unpublished lifetime testing at the NASA Jet Propulsion Laboratory (JPL) in Pasadena 

shows that for long-term operation in a thermoelectric device, CoSb3 is sufficiently stable at a 

maximum temperature of around 600 
o
C (873 K).  Thermoelectric properties for n-type CoSb3 

with the substitutional dopants Ni, Pd, Pt, or Te
3–6

 were subsequently surpassed by employing a 

new doping method, giving rise to the “filled” skutterudite structures wherein vacancies in the 

structure are filled with large, electron-donating atoms.   This new class of skutterudites 

produced higher performing CoSb3-based alternatives, mainly due to significant reduction of 

thermal conductivity that has been attributed to the “rattling” of these filler atoms in the 

structural voids.
7–11

  The “rattling” phenomenon is believed to scatter phonons and lower the 

thermal conductivities in skutterudite structures.  This has led to reports of filled skutterudite 

structures employing various filler atoms including, but not limited to, Ca
12

, Sr
13

, In
14,15

, Ba
16–18

, 
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La
7–10,19,20

, Ce
7,8,11,21–24

, Nd
7,25

, Sm
26

, Eu
7,27

, Yb
28–32

, and Tl
33,34

 for n-type thermoelectric 

materials.  

A thermoelectric device using IrSb3 could have a greater maximum operating 

temperature than a CoSb3-based device because of the differences in decomposition temperatures 

of IrSb3 1414 K (1141
o
C) and CoSb3 1146 K (873

o
C), respectively.

35,36
  Formulations of 

unfilled, n-type IrSb3 with substituted impurity dopants of Pd or Pt have produced low ZT values 

(less than 0.05) primarily due to poor electrical properties.
37

  Overall, IrSb3 skutterudite filling 

with rare earth elements has been shown to significantly alter the thermoelectric properties as 

compared to the unfilled structure, particularly in reduced thermal conductivities.
35,38,39

  

However, the success seen with filled CoSb3 versus unfilled CoSb3 has yet to be realized for 

IrSb3, as high temperature thermoelectric properties for filled IrSb3 skutterudite are not a 

significant improvement over the unfilled IrSb3.
20,29

  Calculations for the maximum attainable 

filling fraction in CoSb3 have been made
40

 as well as calculations of the reduction in phonon 

conductivity in Ba-filled CoSb3.
41

  The preparation of n-type skutterudites has confirmed the 

limitations on void-filling in n-type CoSb3-based materials, attaining filling fractions well short 

of 1.0, with most reports indicating a maximum fraction below 0.4 for atoms considered to be 

two-electron donors, and even less for atoms expected to be three-electron donors.
15,17,22,27,29,42

  

In the case of single element filling with barium in the CoSb3-based skutterudite, the upper 

filling limit was reported to be Ba0.44Co4Sb12 with the optimal thermoelectric properties found in 

a lesser filled sample in the series, Ba0.24Co4Sb12 with a ZT of 1.1 at 850 K.
17

  Addition of excess 

filler atoms beyond the filling limit can create secondary phases.
43
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The work presented here used a common process for skutterudite synthesis
19,32,44–46

 by 

employing ball milling and hot pressing.  The properties of a series of samples at different 

barium filling fractions, with the general formula BayIr4Sb12, are described.     

 

1.2 Experimental 

Baseline, unfilled Ir4Sb12 skutterudite was prepared by sealing stoichiometric amounts of 

elemental iridium powder (99.99%) and antimony shot (99.999%, Alfa Aesar) in an evacuated 

quartz tube, and heating that tube in a furnace at 900 
o
C for 48 hours.  Barium filled skutterudite 

compositions were prepared by planetary ball milling of elemental iridium powder (99.99%), 

antimony shot (99.999%, Alfa Aesar), and barium rod (99+%, Alfa Aesar) in stoichiometric 

amounts to produce BayIr4Sb12 (y = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.50, 0.75).  The resulting 

powders from the mechanical alloying were then sealed in evacuated quartz tubes and heated to 

900 
o
C in a furnace for 48 hours.  After furnace treatment, a small amount of each composition 

was removed for analysis by powder X-ray diffraction.  The powders were then hot-pressed 

under dynamic vacuum at 880 
o
C in graphite dies, producing cylindrical samples that were 

geometrically measured to be greater than 98% of their theoretical densities.  These hot-pressed 

samples were then analyzed by X-ray diffraction for phase purity.  Room temperature Seebeck 

coefficient, Hall effect, and electrical resistivity measurements were made for all samples.  The 

high temperature thermal diffusivity, Hall effect, and Seebeck coefficient were measured on 

samples between room temperature and approximately 750 
o
C (1023 K).  The heat capacity and 

thermal diffusivity were determined using a flash diffusivity technique
47

 and the overall error in 

the thermal conductivity measurements was estimated to be ±10%. The thermal conductivity was 

calculated from the experimental mass, density, heat capacity, and thermal diffusivity values.  
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The electrical resistivity (ρ) was measured using the van der Pauw technique with a current of 

100 mA and a special high-temperature apparatus.
48

  The Hall coefficient was measured in the 

same apparatus with a forward and reverse magnetic field value of ∼9500 G.  The carrier density 

was calculated from the Hall coefficient, assuming a scattering factor of 1 in a single carrier 

scheme, by p/n = 1/RHe where p and n are the densities of holes and electrons, respectively, and e 

is the electron charge. The Hall mobility (µH) was calculated from the Hall coefficient and the 

resistivity values by µH = RH / ρ. The errors were estimated to be ±0.5% and ±2% for the 

resistivity and Hall coefficient data, respectively.  The Seebeck coefficient was measured using a 

high temperature light pulse technique
49

 and it was measured using the same samples used for 

thermal conductivity, resistivity and Hall coefficient measurements.  The error in the Seebeck 

coefficient measurement was estimated to be less than ±3%. 

 

1.3 Results and Discussions 

X-ray diffraction patterns obtained from furnace treated powders and hot-pressed pellets 

indicated high IrSb3 phase purity, which was confirmed by scanning electron microscopy (SEM) 

and electron probe microanalysis (EPMA).   Table 1.I summarizes the room temperature 

properties and measured compositions of the barium-filled samples and provides a comparison to 

the properties of unfilled IrSb3.  The volume percent of IrSb2 phase impurity in each of the 

samples was calculated from SEM images taken at 500x magnification, using a brightness 

threshold method in ImageJ to calculate the percent area in the image that was covered by the 

phase identified as IrSb2 by EPMA.  The Ir:Sb ratios measured by EPMA in the barium filled 

sample series are lower than that measured in the unfilled Ir:Sb sample series.  Ratios of Sb to 

the sum of Ir and Ba are similar to the unfilled sample, but begin to decrease as the nominal 



5 
 

filling fraction increases.  While this change is expected with increased addition of Ba, there is a 

significant change observed for samples in which y > 0.25 where the Sb:(Ir + Ba) ratio falls more 

sharply and then levels off.  The change in this ratio is a result of the increase in IrSb2 phase 

impurity with increasing Ba content as well as small percentages of Ba-Sb phases that arise from 

excess Ba that is not incorporated in the skutterudite structure.  EPMA measurements of the 

percentages of Ba incorporated into the skutterudite structure indicate that the amount of 

unincorporated Ba available to form Ba-Sb secondary phases would be minimal.  Assuming that 

the unincorporated Ba forms the most antimony-rich of likely Ba-Sb phases,
50

 the secondary 

phase of BaSb3 could account for a maximum of 0.3%, 0.4%, 1.5%, 0.6%, 1.3%, 2.4% by 

weight, for the y = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40 nominal compositions of BayIr4Sb12, 

respectively.   However, based on the temperature of the furnace annealing process and the hot-

press temperature, the Ba-Sb phase is likely less antimony-rich, like BaSb, Ba2Sb, or Ba3Sb2.
50

  

In these cases, the percentage of Ba-Sb phase impurity in these samples would be even less than 

the percentages calculated above.  These very small percentages could explain why no Ba-Sb 

secondary phases were clearly present in SEM images or detected by EPMA. 

Figure 1.1 shows the X-ray diffraction (XRD) patterns obtained for each of the samples 

in the series.  The XRD data show high IrSb3 phase purity for most samples and the appearance 

of IrSb2 and Sb peaks in the pattern as the amount of barium added to the synthesis increases.  

The increase of IrSb2 inclusions was verified by SEM and EPMA as shown in Figure 1.2.  The 

unfilled IrSb3 control sample was single phase, while samples with increasing nominal barium 

levels showed increasing amounts of the secondary phase IrSb2.  Samples with higher nominal 

levels of barium were also appeared less sintered after hot-pressing, as observed in SEM images.  

Figure 1.3 plots the barium filling fraction measured by EPMA against the nominal barium 
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filling fraction.  The EPMA measured barium filling fraction was obtained by normalizing the 

measured atomic percentage to the atomic percentage of antimony, assuming exactly 12 

antimony atoms per formula unit.  The measured filling fractions fall short of the nominal 

fractions and appear to reach a maximum around 30%.  However, at the top of the range, the 

Ba0.75Ir4Sb12 nominal composition did show an average of 36.3% barium filling fraction, but this 

is less than half of the nominal filling fraction and this relatively large amount of excess, 

unincorporated barium may have contributed to a higher average. 

 The measured carrier concentrations at room temperature in the barium-filled samples 

ranged from 1.48 x 10
20

 cm
-3

 and 1.97 x 10
20

 cm
-3

 for all filling fractions of barium attempted.  

The small differences in room temperature carrier concentrations relative to barium content in 

the samples indicate that not all of the expected charge carriers from barium filling in these 

compositions are activated because if each barium contributed two electrons to the structure, the 

range of carrier concentrations in the series of samples would be significantly wider.  For the 

smallest barium filling fraction synthesized in this sample series, (y = 0.15), if all of the barium 

in the nominal composition were incorporated in the structure and all of the expected charge 

carriers were activated, barium would contribute about 7.6 x 10
20

 cm
-3

 electrons to the total.  

Undoped IrSb3 is naturally a p-type semiconductor with an experimentally measured hole carrier 

concentration of 1.6 x 10
19

 cm
-3

 as shown in Table 1.I.  As a quick estimate, neglecting any small 

change in the IrSb3 lattice parameter induced by partial void filling, subtracting the room 

temperature IrSb3 hole concentration from the contribution of two electrons from each barium 

gives an approximate expected carrier concentration of 7.4 x 10
20

 cm
-3

 for the y = 0.15 

composition.  The full complement of carriers from the barium in the structure are not activated 

at room temperature in this composition nor any of the compositions in this series, as room 
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temperature carrier concentrations are all below this value and in a relatively narrow range.  

EPMA measurements showed that the maximum filling fraction for Ba was around 0.30.  For a 

Ba filling fraction of 0.30, the predicted carrier concentration is 1.50 x 10
21

 cm
-3

, an order of 

magnitude greater than what is observed at room temperature for this sample series.  As shown 

in Figure 1.4, the y = 0.15 composition achieves a carrier concentration consistent with the 

approximation for full Ba carrier activation somewhere around 550 
o
C (823 K), coinciding with a 

crash in mobility seen in Figure 1.5.  Subsequent compositions with greater levels of barium 

reach the approximate, full activation concentration at higher temperatures as barium levels 

increase, with the exception of the y = 0.40 composition which does not reach this approximated 

carrier concentration in the measured temperature range.  Although the measured carrier 

concentrations reach these levels at high temperature, it is possible that the observed increase is 

the result of minority carrier contributions and not Ba carrier activation. 

The mobility as a function of temperature is plotted in Figure 1.5.  Unfilled, undoped 

IrSb3 has a very high mobility that is drastically reduced when the structure is filled.  The room 

temperature mobility of the filled series here is greatest in the y = 0.25 composition, followed by 

the y = 0.30 composition.  Mobility values decrease as the temperature increases and the values 

for all of the compositions begin to approach zero cm
2
/Vs as the temperature nears 750

o
C (1023 

K).  The y = 0.15 composition reaches zero between 900 K and 1000 K and then rises once more 

as minority carriers take over.  Electrical resistivity as a function of temperature is presented in 

Figure 1.6.  Resistivity decreases with increasing Ba content, until y = 0.30, where the room 

temperature resistivity is greater than that of the y = 0.25 composition.  However, this increase in 

resistivity at room temperature is countered at high temperature where the y = 0.30, 0.35, and 

0.40 compositions have significantly lower resistivity values around the maximum temperature 
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of 750
o
C (1023 K).  The resistivity data suggest that the barium filling in IrSb3 is optimized at 

room temperature in the y = 0.25 nominal composition while the higher nominal filling fractions 

appear to be able to utilize additional carriers from extra barium at high temperatures, driving the 

resistivity sharply down. 

 The Seebeck coefficient values were measured at room temperature and are presented in 

Table 1.I.  The room temperature Seebeck coefficient values decrease in magnitude, as expected, 

with increasing Ba addition.  Measurements of Seebeck coefficients as a function of temperature 

are presented in Figure 1.7.  The absence of a clear trend in Seebeck coefficient as a function of 

barium content is likely a product of multiple factors such as the small amounts of metallic IrSb2 

inclusions in the sample, as described earlier, and a perhaps a complicated band structure that is 

still not well understood in filled IrSb3.  Just as with the resistivity measurements, the 

compositions with lower nominal filling fractions have varying Seebeck coefficient values 

relative to one another, and as the nominal filling fraction increases, the Seebeck coefficient 

curves converge and are quite close to one another through the entire temperature range, with 

one notable exception.  Once again, the y = 0.25 composition curve does not turn up when all the 

others appear to turn up at high temperature, and instead the Seebeck coefficient continues to 

steadily increase in magnitude.  This behavior at high temperature by the y = 0.25 composition is 

consistent the resistivity data, suggesting that the y = 0.25 nominal composition is a composition 

around which the electronic structure changes significantly with more or less Ba content. 

 The temperature dependent, total thermal conductivities of the series of Ba-filled samples 

is presented in Figure 1.8 and the temperature dependent, lattice thermal conductivities are 

presented in Figure 1.9.  All Ba-filled compositions measured exhibit room temperature thermal 

conductivities that are an order of magnitude less than that of the unfilled structures.  Increased 



9 
 

Ba content produced a decrease in total thermal conductivity with another apparent convergence 

of measured values with the higher levels of Ba content in the series.  The one exception to the 

trend is between the y = 0.20 and y = 0.25 compositions, where the total thermal conductivity of 

the y = 0.20 composition is less than that of that y = 0.25 composition.  This is likely because the 

significant differences in resistivity while the difference in the lattice thermal conductivity 

between these two compositions is small.  Therefore, the significant difference in the 

contributions of the electronic terms is the major contributing factor to the vast difference in the 

total thermal conductivities of the y = 0.20 and y = 0.25 compositions. 

 The thermoelectric figure of merit, ZT, as a function of temperature is depicted in Figure 

1.10 for compositions y = 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40.  The overall error in ZT was 

estimated to be about ±20% as an accumulation of measurement errors for each of the factors to 

calculate ZT.  Peak ZT values for y = 0.25, 0.30, and 0.35 compositions are greatest, with y = 

0.20 and 0.40 compositions near those peak values, but turning downward before 750
o
C (1023 

K).   

 

1.4 Conclusions 

Synthesis of viable n-type, filled IrSb3 skutterudite thermoelectric materials have been 

demonstrated and characterized by XRD, SEM, EPMA, and thermoelectric properties.  The 

filling method has achieved far more favorable electrical and thermal properties in IrSb3, when 

compared to previous methods used for substitutional doping in the structure.  EPMA data 

indicate that the barium filling limit in BayIr4Sb12 is 0.2 < y < 0.3, but further investigations are 

warranted.  To our knowledge, this is the first report detailing a filled n-type, IrSb3 skutterudite 

with ZT values of this magnitude.  Although the peak ZT value appears here to be attainable over 
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a range of barium levels, more work is needed to determine the true limit of barium filling in the 

IrSb3 structure, and which other atoms are viable candidates for effectively filling this structure.  

The results presented here suggest that skutterudite-based thermoelectric devices could be able to 

efficiently operate over a wider temperature range than ever before.  
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1.6 Tables and Figures 

Table 1.I. Composition and Room Temperature Transport Properties for Barium-filled 

Skutterudites – BayIr4Sb12  

Nominal 

Comp. 
Ir4Sb12 Ba0.15Ir4Sb12 Ba0.20Ir4Sb12 Ba0.25Ir4Sb12 Ba0.30Ir4Sb12 Ba0.35Ir4Sb12 Ba0.40Ir4Sb12 Ba0.50Ir4Sb12 

EPMA 
Comp. 

Ir3.84Sb12 Ba0.135Ir3.75Sb12 Ba0.18Ir3.76Sb12 Ba0.184Ir3.79Sb12 Ba0..273Ir3.81Sb12 Ba0.293Ir3.81Sb12 Ba0.292Ir3.84Sb12 Ba0.303Ir3.78Sb12 

Ba fill 

fraction by 

EPMA 

0.0% 13.5% 18.0% 18.4% 27.3% 29.3% 29.2% 30.3% 

Electrical 

resistivity 

(mΩ cm) 

0.36 1.72 1.48 1.00 1.17 1.24 1.24 1.03 

Hall mobility  
(cm2/V s) 

1079 24.57 21.36 35.72 30.80 28.67 31.36 32.88 

Hall carrier 

concentration 
(cm-3) 

1.62x1019 1.48x1020 1.97x1020 1.75x1020 1.73x1020 1.75x1020 1.61x1020 1.84x1020 

Seebeck 

coefficient 
(µV/K) 

27.3 -108.5 -99.5 -98.2 -92.5 -91.3 -90.3 -88.5 

Thermal 

conductivity 

(mW/cm K) 

124.3 31.14 24.96 28.91 24.96 24.54 24.83 27.11 

Lattice 

thermal 

conductivity 
 (mW/cm K) 

108.8 27.93 21.22 23.45 20.27 20.18 20.42 22.09 

IrSb2 phase 

(vol%) 
0.0 2.9 2.3 1.1 2.6 3.3 3.4 6.6 

IrSb3 phase 

(vol%) 
100.0 97.1 97.7 98.9 97.4 96.7 96.6 93.4 

Ir:Sb ratio in 

IrSb3 phase 

(EPMA) 

0.331 0.312 0.314 0.315 0.317 0.318 0.320 0.315 

Sb:Ir ratio in 

IrSb3 phase 

(EPMA) 

3.02 3.20 3.19 3.17 3.15 3.15 3.13 3.18 

Sb:(Ir + 
Filler) ratio in 

IrSb3 phase 

(EPMA) 

3.02 3.09 3.04 3.02 2.94 2.92 2.91 2.94 

 

*Note that all values presented in the table were obtained at room temperature.  The y = 0 sample 

is included for comparison. The Ba fill fraction is an average of all measured points in the 

dominant phase of the sample.  The electrical resistivity (ρ) was measured using the van der 

Pauw technique with a current of 100 mA. The Hall mobility and the carrier density were 

calculated from the Hall coefficient which was measured with a forward and reverse magnetic 

field value of ~9500 G.  IrSb2 phase impurities were measured using SEM images and ImageJ 

software to calculate the area of the image occupied by this secondary phase.  Elemental ratios 

were obtained by taking averages of the ratios of the measured atomic percentages of each point 

in the IrSb3 phase.  
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Figure 1.1.  X-ray diffraction patterns obtained from the hot-pressed samples.  Simulated 

diffraction patterns generated from JCPDS reference pattern 00-017-0888 for IrSb3 and JCPDS 

reference pattern 00-030-0089 for IrSb2 are presented here for comparison to the obtained 

experimental sample patterns. 
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y = 0 y = 0.25 y = 0.75 

 

Figure 1.2.  Scanning electron microscope (SEM) images of three BayIr4Sb12 samples.  The unfilled, y = 

0 sample was determined to be single phase by EPMA.  The addition of Ba leads to the presence of a 

secondary phase, IrSb2, which increases with increasing nominal filling fraction. 
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Figure 1.3.  Nominal barium fill fraction versus EPMA measured barium fill fraction.  Values 

for EPMA fill fraction are based on atomic percentages measured for barium, normalized by the 

measured antimony content of the sample. 
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Figure 1.4.  Temperature dependence of carrier concentration in BayIr4Sb12 samples.  The Hall 

coefficient was measured with a forward and reverse magnetic field value of ∼9500 G.  The 

carrier concentration was calculated from the Hall coefficient, assuming a scattering factor of 1 

in a single carrier scheme, by p/n = 1/RHe where p and n are the densities of holes and electrons, 

respectively, and e is the electron charge.  The measurement error was estimated to be ±2% for 

the Hall coefficient data. 
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Figure 1.5.  Temperature dependence of carrier mobility in BayIr4Sb12 samples.  The Hall 

coefficient was measured with a forward and reverse magnetic field value of ∼9500 G and the 

Hall mobility was calculated from the Hall coefficient.  The measurement error was estimated to 

be ±2% for the Hall coefficient data. 
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Figure 1.6.  Temperature dependence of electrical resistivity in BayIr4Sb12 samples.  The 

electrical resistivity (ρ) was measured using the van der Pauw technique with a current of 100 

mA.  The measurement error was estimated to be ±0.5% for the resistivity data. 
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Figure 1.7.  Temperature dependence of Seebeck coefficient in BayIr4Sb12 samples.  The 

Seebeck coefficient was measured using a high temperature light pulse technique.
49

  The error of 

the Seebeck coefficient measurement was estimated to be less than ±3%. 
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Figure 1.8.  Temperature dependence of thermal conductivity (λ) in BayIr4Sb12 samples.  The 

heat capacity and thermal diffusivity were measured using a flash diffusivity technique
47

 and the 

overall error in the thermal conductivity measurements was estimated to be about ±10%. The 

thermal conductivity was calculated from the experimental mass, density, heat capacity, and 

thermal diffusivity values. 
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Figure 1.9.  Temperature dependence of lattice thermal conductivity (λLattice) in BayIr4Sb12 

samples.  The lattice thermal conductivity was obtained by subtracting the electronic thermal 

conductivity contribution from the total thermal conductivity.  The electronic contribution was 

calculated from the resistivity and Lorenz number.  The total thermal conductivity was calculated 

from the experimental mass, density, heat capacity, and thermal diffusivity values.  The overall 

error in the thermal conductivity measurements was estimated to be about ±10%. 
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Figure 1.10.  Temperature dependence of the thermoelectric figure of merit, ZT in BayIr4Sb12 

samples.  Combining the Seebeck coefficient, resistivity, and thermal conductivity 

measurements, the overall error in ZT was estimated to be about ±20%. 
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Chapter 2: Two-element filling in IrSb3-based n-type skutterudite: High temperature 

thermoelectric properties of BaxYbyIr4Sb12 and BaxEuzIr4Sb12  

 

2.1 Introduction 

The thermoelectric figure of merit (ZT) is defined by the following equation:   

   
  

  
  

where S is the Seebeck coefficient, ρ is the electrical conductivity, and λ is the total thermal 

conductivity of the sample.  The figure of merit is dimensionless and has a direct relationship to 

efficiency.
1
  The skutterudite structure is described as a cubic lattice with the space group Im3 

and materials with this structure have been studied extensively for thermoelectric applications.
2–7

  

Single element void filling in thermoelectric materials with a skutterudite structure has 

demonstrated significant reductions in thermal conductivities of these materials. Particularly in 

the case of CoSb3-based n-type skutterudites, this reduction of thermal conductivity is attributed 

to the “rattling” of the filler atoms in the structural voids.
3,5,8–10

  Formulations of n-type CoSb3 

skutterudite with single-element filling have been investigated for several elements including 

Ca
11

, Sr
12

, In
13,14

, Ba
15–17

, La
3,5,8,9,18,19

, Ce
5,8,10,20–23

, Nd
5,24

, Sm
25

, Eu
5,26

, Yb
27–31

, and Tl
4,32

.  

Recent work has demonstrated for the first time that void filling in IrSb3-based skutterudite can 

reduce the thermal conductivity, achieve necessary doping levels, while at the same time 

maintaining a large enough Seebeck coefficient to result in a ZT around 0.8 at 750 
o
C (1023 

K).
33

  A ZT of this magnitude for filled IrSb3 skutterudite makes the material relevant for 

thermoelectric applications, renewing interest in filler studies for this type of skutterudite.   
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Barium single-element filling is the only demonstrated filling in IrSb3 skutterudite to 

have a high ZT.  Multiple-element filling in CoSb3 skutterudite has shown that the lower thermal 

conductivities achieved by single-filled variations can be reduced even further by employing 

double
17,34–44

 or triple-element filling.
45–50

  Therefore, multiple-element filling in IrSb3 

skutterudite could result in a further decrease in thermal conductivity and an increase in ZT over 

that obtained recently by barium single-element filling.
33

  Calculations for double filling in 

CoSb3 also suggest that combinations of filler atoms exist whereby the power factor (the product 

of the electrical conductivity and the square of the Seebeck coefficient) is increased, relative to 

the analogous single-filled structures.
17,51

   

Limitations exist for filling the voids in n-type skutterudite structures, such that the 

amount of voids that can be occupied by filler atoms is less than 100%, and the filling fraction 

dependent on which filler elements are used.  Filling limits in CoSb3 skutterudite are mostly 

dependent on the valence electron count in the structure because counter-doping with electron 

deficient elements on the Co or Sb sites allows for a higher filling fraction than the unsubstituted 

structure.
15

  There is only limited information available on filling limits in unsubstituted IrSb3 

skutterudite.
19,33

  The goal of multiple-element filling is to scatter phonons of different 

frequencies as a result of the different vibrational frequencies of each filler element in the 

structure.  Multiple-element filling presents a new and interesting dependent variable to these 

experiments because with multiple elements competing for the void spaces in the IrSb3 

skutterudite structure, it is possible that one element will be more likely to fill than another 

element and the filling fractions of the individual elements in the same sample will be 

asymmetric.  Excess filler elements that are excluded from the void spaces could influence the 

formation of secondary phases in filled CoSb3 skutterudite
23,28,52

 and filled IrSb3 skutterudite
33
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compositions.  Competition for vacancy sites with multiple-element filling may also influence 

the valence states of some filler elements that are known to have a mixed valence.
29,53,54

 

This work describes a common process for skutterudite synthesis
18,31,55–57

 by employing 

ball milling and hot pressing.  The BaxYbyIr4Sb12 compositions are reported here for direct 

comparison to similar Ba + Yb filling in CoSb3.  BaxEuzIr4Sb12 is presented as a new, higher 

performing double-filled variation.  Single-element Ba, Yb, and Eu-filled compositions are also 

characterized to contrast with single and double-filled IrSb3.  Values of x, y, and z were chosen to 

elucidate differences between the filler elements themselves and how they participate in the IrSb3 

skutterudite structure, rather than to explore a wide range in the total filling fraction. 

 

2.2 Experimental 

The filled skutterudite compositions were prepared by planetary ball milling of elemental 

iridium powder (99.99%), antimony shot (99.999%, Alfa Aesar), barium rod (99+%, Alfa 

Aesar), ytterbium chunk (99.9%, Alfa Aesar), and europium chunk (99.9%, Stanford Materials).  

The resulting powders from the mechanical alloying were then sealed in evacuated quartz tubes 

and heated to 900 
o
C in a furnace for 48 hours.  After heating, a small amount of each 

composition was removed for analysis by powder X-ray diffraction.  The powders were then hot-

pressed under dynamic vacuum at 880 
o
C in graphite dies, producing cylindrical samples that 

were geometrically measured to be greater than 98% of their theoretical densities.  These hot-

pressed samples were then analyzed by X-ray diffraction for phase purity.  The room 

temperature Seebeck coefficient, Hall effect, and electrical resistivity measurements were made 

for all samples.  The high temperature thermal diffusivity, Hall effect, and Seebeck coefficient 
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measurements were carried out between room temperature and approximately 750 
o
C (1023 K).  

The heat capacity and thermal diffusivity were measured using a flash diffusivity technique
58

 and 

the overall error in the thermal conductivity measurements was estimated to be ±10%.  The 

thermal conductivity was calculated from the experimental mass, density, heat capacity, and 

thermal diffusivity values.  The electrical resistivity (ρ) was measured using the van der Pauw 

technique with a current of 100 mA and a special high-temperature apparatus.
59

  The Hall 

coefficient was measured in the same apparatus with a forward and reverse magnetic field value 

of ∼8000 G.  The carrier density was calculated from the Hall coefficient, assuming a scattering 

factor of 1 in a single carrier scheme, by p/n = 1/RHe where p and n are the densities of holes and 

electrons, respectively, and e is the electron charge. The Hall mobility (µH) was calculated from 

the Hall coefficient and the resistivity values by µH = RH /ρ.  The errors were estimated to be 

±0.5% and ±2% for the resistivity and Hall coefficient data, respectively.  The Seebeck 

coefficient of each composition in the series was measured using a high temperature light pulse 

technique
60

 and was measured on the same samples used for thermal conductivity, resistivity and 

Hall coefficient measurements.  The error of the Seebeck coefficient measurement was estimated 

to be less than ±3%. 

 

2.3 Results and Discussions 

X-ray diffraction (XRD) patterns obtained from hot-pressed pellets of furnace treated 

powders indicated high IrSb3 phase purity (Figure 2.1).  Quantitative analysis of phase purity 

was confirmed by scanning electron microscopy (SEM) and electron probe microanalysis 

(EPMA).  Table 2.I summarizes the measured compositions and the room temperature transport 

properties of the three single-filled samples of each filler used in this study at equivalent filling 



29 
 

fractions, along with an unfilled sample for comparison.  Table 2.II summarizes the same 

information at different filling fractions for Ba single-filled, Ba + Yb double-filled, and Ba + Eu 

double-filled compositions.  The volume percent of IrSb2 phase impurity in each sample was 

calculated from an SEM image taken at 500x magnification, using a brightness threshold method 

in ImageJ software to calculate the percent area in the image that was covered by the phase 

identified by EPMA as IrSb2.  The Ir:Sb ratios measured by EPMA in the filled samples are 

lower than that measured in the unfilled Ir:Sb in all filled samples.  Comparing the Ir:Sb ratio in 

the single-filled samples in Table 2.I, the ratio decreases with increasing filling fraction as 

measured by EPMA.  Figure 2.2 shows SEM images for unfilled and select double-filled 

compositions.  These images show the presence of a secondary phase in the filled samples that is 

not present in the unfilled sample.  Figure 2.3 plots the filling fractions measured by EPMA 

against the nominal filling fractions for each composition.  The EPMA measured filling fractions 

were obtained by normalizing the measured atomic percentage of each filler atom to the atomic 

percentage of antimony, assuming exactly 12 antimony atoms per formula unit.  The measured 

filling fractions for Yb and Eu fall well short of the nominal fractions in each of the double-filled 

compositions.  Ba filling fractions in the double-filled and the Ba single-filled samples are at 

least 90% of the nominal value with the exception of the x = 0.40 nominal composition where the 

Ba filling fraction appears to reach a limit around 0.30. 

 The measured carrier concentrations at room temperature in all of the single and double-

filled compositions ranged from 1.07 x 10
20

 cm
-3

 to 1.73 x 10
20

 cm
-3

.  The small differences in 

room temperature carrier concentrations relative to measured barium, ytterbium, and europium 

content in these compositions indicate that not all of the expected charge carriers from the fillers 

in these compositions are activated because if each Ba, Yb, and Eu contributed two electrons 
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each to the structure, the range of carrier concentrations in these samples would be significantly 

wider.  For the smallest barium single-filling fraction synthesized in this sample set (x = 0.15), if 

all of the barium in the nominal composition were incorporated in the structure and all of the 

expected charge carriers were activated, barium would contribute about 7.6 x 10
20

 cm
-3

 electrons 

to the total.  Undoped IrSb3 is naturally a p-type semiconductor with an experimentally measured 

hole carrier concentration of 1.6 x 10
19

 cm
-3

 as shown in Table 2.I.  As a quick estimate, 

neglecting any small change in the IrSb3 lattice parameter induced by partial void filling, 

subtracting the room temperature IrSb3 hole concentration from the contribution of two electrons 

from each barium gives an approximate expected carrier concentration of 7.4 x 10
20

 cm
-3

 for the 

x = 0.15 composition.  EPMA analysis indicates that 90% of the nominal amount of barium is 

incorporated in the IrSb3 phase of the sample, but the measured carrier concentration at room 

temperature is only about 20% of the estimated value.  Room temperature carrier concentrations 

for all of the filled compositions in Tables 2.I and 2.II are well below the expected value and 

these carrier concentrations are in a relatively narrow range.  EPMA measurements showed that 

the maximum filling fraction for Ba in a single-filled sample was around 0.30.  For a Ba filling 

fraction of 0.30, the predicted carrier concentration is 1.50 x 10
21

 cm
-3

, an order of magnitude 

greater than what is observed at room temperature for this sample series.   

Carrier concentrations as a function of temperature are presented in Figure 2.4.  As the 

temperature increases, the measured carrier concentrations reach the estimated levels, but it is 

likely that the observed increase is the result of minority carrier contributions and not carrier 

activation from filler atoms.  Furthermore, comparing the single-filled Ba0.15Ir4Sb12 composition 

to double-filled compositions with the equivalent amount of Ba filling, Ba0.15Yb0.15Ir4Sb12 and 

Ba0.15Eu0.15Ir4Sb12, the expected carrier concentration is greater for the double-filled 
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compositions.  However, the opposite is true in that the carrier concentrations are less for these 

double-filled compositions and the mobility in these compositions increases over that of the Ba 

single-filled composition.  The differences in mobility values at room temperature are an 

indication that the different fillers are producing significantly different band structures in these 

compositions. 

Mobility as a function of temperature is presented in Figure 2.5.  Unfilled, undoped IrSb3 

has a high mobility that is drastically reduced when the structure is filled.  The room temperature 

mobility in this set of filled compositions is greatest in the Ba0.15Eu0.15Ir4Sb12 composition and in 

general, double-filled compositions appear to have greater mobility. 

Electrical resistivity as a function of temperature is presented in Figure 2.6.  Resistivity 

differs with different filler combinations and supports the assumption that even at high 

temperatures, the filler atoms used in this study are not all equivalent in their electronic 

contributions to the structure.   

 The Seebeck coefficients were measured at room temperature and are presented in Table 

2.I.  While room temperature Seebeck coefficient values decrease in magnitude, as expected with 

increasing Ba single-filling, double-filling appears to provide an overall increase in room 

temperature Seebeck coefficients.  Seebeck coefficients as a function of temperature are 

presented in Figure 2.7.  The double-filled samples outperform the Ba single-filled samples at 

equivalent total filling fractions.   

 Each of the filled compositions measured exhibit room temperature thermal 

conductivities that are an order of magnitude less than that of the unfilled structure, as shown in 

Tables 2.I and 2.II.  The temperature dependent, total thermal conductivities are presented in 
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Figure 2.8 and the temperature dependent, lattice thermal conductivities are presented in Figure 

2.9.  In both the total and lattice thermal conductivities, samples with Yb do not achieve the same 

reductions in thermal conductivity as do the Ba single-filled and Ba + Eu double filled 

compositions.  The large difference between the total and thermal conductivities of the 

Ba0.15Yb0.15Ir4Sb12 composition and the Ba0.15Eu0.15Ir4Sb12 composition signals a clear difference 

in how Yb and Eu participate in the Ir4Sb12 structure.    

 The thermoelectric figure of merit, ZT, as a function of temperature is depicted in Figure 

2.10 for single- and double-filled compositions.  The Ba0.15Eu0.15Ir4Sb12 composition reaches a 

maximum ZT of 1.0 at 750
o
C (1023 K), a 25% increase over barium single-filled compositions.  

The overall error in ZT was estimated to be about ±20% as an accumulation of measurement 

error for each of the factors used to calculate ZT.     

 

2.4 Conclusions 

Synthesis of double-filled, n-type IrSb3 skutterudite thermoelectric materials have been 

demonstrated and characterized by XRD, SEM, EPMA, and thermoelectric properties.  The 

double-filling approach has achieved an overall 25% increase in ZT in n-type IrSb3 when 

compared to previously reported barium single-filling of the structure.  EPMA data indicate that 

the barium filling limit is greater than that of Yb and Eu, and further investigations of the factors 

influencing filling and preferential filling in double-filled skutterudites are warranted.  To our 

knowledge, this is the highest ZT reported to date for a filled n-type, IrSb3 skutterudite. 

Improved understanding of filling characteristics for each potential filler atom are necessary 

before triple-filling can be exploited, but it appears that the triple-filling approach will soon 
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warrant exploration.  The major factor for improving the ZT of these IrSb3 skutterudite materials 

is an increase in the magnitude of the Seebeck coefficient, while maintaining electrical resistivity 

and thermal conductivity near that of the barium single-filled samples.  With a ZT of 1.0 in n-

type IrSb3, this work demonstrates that skutterudite-based thermoelectric devices could be able 

to operate even more efficiently and at an even higher temperatures than previously possible.  
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2.6 Tables and Figures 

 

Table 2.I. Composition and Room Temperature Transport Properties for M0.25Ir4Sb12 Filled 

Skutterudites 

Nominal Composition Ir4Sb12 Yb0.25Ir4Sb12 Eu0.25Ir4Sb12 Ba0.25Ir4Sb12 

EPMA Composition Ir3.84Sb12 Yb0.073Ir4Sb12 Eu0.171Ir3.73Sb12 Ba0.184Ir3.79Sb12 

Total Fill Fraction (EPMA) 0.0% 7.3% 17.1% 18.4% 

 lectrical resistivity (mΩ cm) 0.36 329 2.43 1.00 

Hall mobility (cm2/Vs) 1079 1.35 54.05 35.72 

Hall carrier concentration (cm-3) 1.62 x 1019 1.40 x 1019 4.76 x 1019 1.75 x 1020 

Seebeck coefficient (µV/K) 27.3 -1.6 -139 -98.2 

Thermal conductivity (mW/cm K) 124.3 37.32 20.45 28.91 

Lattice thermal conductivity (mW/cm K) 108.8 37.31 18.17 23.45 

IrSb2 phase (vol%) 0.0 1.6 0.6 1.1 

IrSb3 phase (vol%) 100.0 98.4 99.4 98.9 

Ir:Sb ratio in IrSb3 phase (EPMA) 0.331 0.313 0.311 0.315 

Sb:Ir ratio in IrSb3 phase (EPMA) 3.02 3.20 3.22 3.17 

Sb:(Ir + Filler) ratio in IrSb3 phase (EPMA) 3.02 3.14 3.07 3.02 

 

*Note that all values presented in the table were obtained at room temperature.  The unfilled 

Ir4Sb12 sample is included as a baseline for comparison.  The Ba fill fraction is an average of all 

measured points in the dominant phase of the sample.  The electrical resistivity (ρ) was measured 

using the van der Pauw technique with a current of 100 mA. The Hall mobility and the carrier 

density were calculated from the Hall coefficient which was measured with a forward and 

reverse magnetic field value of ~8000 G.  IrSb2 phase impurities were measured using SEM 

images and ImageJ software to calculate the area of the image occupied by this secondary phase.  

Elemental ratios were obtained by taking averages of the ratios of the measured atomic 

percentages of each point in the IrSb3 phase.  
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Table 2.II. Composition and Room Temperature Transport Properties for Single- and Double- 

Filled Skutterudites – BaxYbyIr4Sb12 and BaxEuzIr4Sb12 

Nominal 
Composition 

Ir4Sb12 Ba0.15Ir4Sb12 Ba0.15Yb0.15Ir4Sb12 Ba0.15Eu0.15Ir4Sb12 Ba0.30Ir4Sb12 Ba0.20Yb0.20Ir4Sb12 Ba0.40Ir4Sb12 

EPMA 

Composition 
Ir3.84Sb12 Ba0.135Ir3.75Sb12 Ba0.149Yb0.074Ir3.69Sb12 Ba0.135Eu0.078Ir3.75Sb12 Ba0.273Ir3.81Sb12 Ba0.188Yb0.047Ir3.71Sb12 Ba0.292Ir3.84Sb12 

Total fill 
fraction 

(EPMA) 

0.0% 13.5% 22.3% 21.3% 27.3% 23.5% 29.2% 

Electrical 

resistivity 
(mΩ cm) 

0.36 1.72 1.65 1.29 1.17 1.26 1.24 

Hall mobility  

(cm2/Vs) 
1079 24.57 32.11 45.23 30.80 37.92 31.36 

Hall carrier 
concentratio

n (cm-3) 

1.62 x 1019 1.48 x 1020 1.18 x 1020 1.07 x 1020 1.73 x 1020 1.30 x 1020 1.61 x 1020 

Seebeck 
coefficient 

(µV/K) 

27.3 -108.5 -114.2 -102.9 -92.5 -100.8 -90.3 

Thermal 

conductivity 
(mW/cm K) 

124.3 31.14 30.43 24.86 24.96 27.44 24.83 

Lattice 

thermal 
conductivity 

 (mW/cm K) 

108.8 27.93 27.08 20.47 20.27 22.80 20.42 

IrSb2 phase 
(vol%) 

0.0 2.9 4.5 0.5 2.6 1.2 3.4 

IrSb3 phase 

(vol%) 
100.0 97.1 95.5 99.5 97.4 98.8 96.6 

Ir:Sb ratio in 
IrSb3 phase 

(EPMA) 

0.331 0.312 0.307 0.313 0.317 0.309 0.320 

Sb:Ir ratio in 

IrSb3 phase 

(EPMA) 

3.02 3.20 3.25 3.20 3.15 3.23 3.13 

Sb:(Ir + 

Filler) ratio 
in IrSb3 

phase 

(EPMA) 

3.02 3.09 3.07 3.03 2.94 3.04 2.91 

 

*Note that all values presented in the table were obtained at room temperature.  The unfilled 

Ir4Sb12 sample and the barium single-filled samples are included for comparison.  The fill 

fraction values presented for each metal in each composition are an average of all measured 

points in the dominant phase of the sample.  The electrical resistivity (ρ) was measured using the 

van der Pauw technique with a current of 100 mA. The Hall mobility and the carrier density were 

calculated from the Hall coefficient which was measured with a forward and reverse magnetic 

field value of ~8000 G.  IrSb2 phase impurities were measured using SEM images and ImageJ 

software to calculate the area of the image occupied by this secondary phase.  Elemental ratios 

were obtained by taking averages of the ratios of the measured atomic percentages of each point 

in the IrSb3 phase. 
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Figure 2.1.  X-ray diffraction patterns obtained from hot-pressed samples of selected 

compositions of BaxYbyIr4Sb12 and BaxEuzIr4Sb12.  Simulated diffraction patterns generated from 

JCPDS reference pattern 00-017-0888 for IrSb3 and JCPDS reference pattern 00-030-0089 for 

IrSb2 are presented for comparison to the obtained experimental sample patterns. 
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x, y, z = 0 x = 0.15, y = 0.15 x = 0.15, z = 0.15 

 

Figure 2.2.  Scanning electron microscope (SEM) images of three representative samples: Ir4Sb12, 

BaxYbyIr4Sb12, and BaxEuzIr4Sb12.  The unfilled sample was determined to be single phase by EPMA.  

The addition of Ba, Yb, and Eu lead to the presence of small percentages of a secondary phase, IrSb2.   
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Figure 2.3.  Nominal barium fill fraction versus EPMA measured barium fill fraction.  Values 

for EPMA fill fractions are based on atomic percentages measured for barium, normalized by the 

measured antimony content of the sample. 

 

  

x=0.15 x=0.15
y=0.15

x=0.15
z=0.15

x=0.30 x=0.20
y=0.20

x=0.40

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Nominal Compositions for BaxIr4Sb12 , BaxYbyIr4Sb12 and BaxEuzIr4Sb12

Fi
lli

n
g 

Fr
ac

ti
o

n

Eu (Nominal)

Yb (Nominal)

Ba (Nominal)

Eu (EPMA)

Yb (EPMA)

Ba (EPMA)



39 
 

 

 

Figure 2.4.  Temperature dependence of carrier concentration in BaxYbyIr4Sb12 and 

BaxEuzIr4Sb12 samples.  The Hall coefficient was measured with a forward and reverse magnetic 

field value of ∼8000 G.  The carrier concentration was calculated from the Hall coefficient, 

assuming a scattering factor of 1 in a single carrier scheme, by p/n = 1/RHe where p and n are the 

densities of holes and electrons, respectively, and e is the electron charge.  The measurement 

error was estimated to be ±2% for the Hall coefficient data. 
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Figure 2.5.  Temperature dependence of carrier mobility in BaxYbyIr4Sb12 and BaxEuzIr4Sb12 

samples.  The Hall coefficient was measured with a forward and reverse magnetic field value of 

∼8000 G and the Hall mobility was calculated from the Hall coefficient.  The measurement error 

was estimated to be ±2% for the Hall coefficient data. 
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Figure 2.6.  Temperature dependence of electrical resistivity in BaxYbyIr4Sb12 and BaxEuzIr4Sb12 

samples.  The electrical resistivity (ρ) was measured using the van der Pauw technique with a 

current of 100 mA.  The measurement error was estimated to be ±0.5% for the resistivity data. 
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Figure 2.7.  Temperature dependence of Seebeck coefficient in BaxYbyIr4Sb12, and BaxEuzIr4Sb12 

samples.  The Seebeck coefficient was measured using a high temperature light pulse 

technique.
60

  The error of the Seebeck coefficient measurement was estimated to be less than 

±3%. 
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Figure 2.8.  Temperature dependence of thermal conductivity (λ) in BaxYbyIr4Sb12 and 

BaxEuzIr4Sb12 samples.  The heat capacity and thermal diffusivity were measured using a flash 

diffusivity technique
58

 and the overall error in the thermal conductivity measurements was 

estimated to be about ±10%. The thermal conductivity was calculated from the experimental 

mass, density, heat capacity, and thermal diffusivity values. 
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Figure 2.9.  Temperature dependence of lattice thermal conductivity (λLattice) in BaxYbyIr4Sb12 

and BaxEuzIr4Sb12 samples.  The lattice thermal conductivity was obtained by subtracting the 

electronic thermal conductivity contribution from the total thermal conductivity.  The electronic 

contribution was calculated from the resistivity and Lorenz number.  The total thermal 

conductivity was calculated from the experimental mass, density, heat capacity, and thermal 

diffusivity values.  The overall error in the thermal conductivity measurements was estimated to 

be about ±10%. 
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Figure 2.10.  Temperature dependence of the thermoelectric figure of merit, ZT in BaxYbyIr4Sb12 

and BaxEuzIr4Sb12 samples.  Combining the Seebeck coefficient, resistivity, and thermal 

conductivity measurements, the overall error in ZT was estimated to be about ±20%. 
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Chapter 3: Thermal conductivity reduction in nano-structured CoSb3-based skutterudites: 

the effects of high energy ball milling on high temperature transport properties in filled 

and unfilled skutterudite materials 

 

3.1 Introduction 

The long lives of deep space probes and orbiters like Voyager 1, Voyager 2, Cassini, and 

others, have proven that thermoelectric generators are very reliable for power generation.  There 

is a strong desire to realize the potential of thermoelectric materials for terrestrial waste heat 

recovery, particularly for automobiles.
1–4

  The operating temperature of an internal combustion 

engine is well suited to materials with the skutterudite structure, as they have been identified as 

suitable materials for mid-temperature applications because of high ZT values in this temperature 

range.
1,2,5

 

The skutterudite structure is composed of a cubic lattice with the space group Im3.  

Materials with the skutterudite structure are of particular interest for use as thermoelectric 

materials.  The thermoelectric figure of merit (ZT) is defined by the following equation: 

   
  

  
  

where S is the Seebeck coefficient, ρ is the electrical conductivity, and λ is the total thermal 

conductivity of the sample.  The figure of merit is dimensionless and has a direct relationship to 

efficiency.
6
   

The search for bulk materials with high ZT has focused on novel complex structure 

compounds and phases that combine the electrical transport properties of heavily doped 

semiconductors with the low thermal conductivity of glassy materials.  For many years, work 
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centered around optimization of electrical properties until calculations and experiments showed 

that synthesizing low dimensional materials was an effective method for significantly reducing 

the thermal conductivity of a thermoelectric material.
7–11

  In spite of fairly large lattice thermal 

conductivity values,
12

 unfilled skutterudite compounds have attractive thermoelectric properties 

in the 550 K to 950 K temperature range.
5
  Filling the skutterudite structure has proven to be an 

effective method for reducing thermal conductivity values,
13–17

 but this approach does not 

involve the synthesis of low dimensional materials. Minor improvements in ZT have been 

obtained by introducing point defect scattering through the formation of skutterudite solid 

solutions, but a new approach that relies on the synthesis of bulk materials with “built-in nano 

grains” could result in orders of magnitude increases in the density of interfaces, thus more 

effectively scattering phonons and leading to significant reductions in lattice thermal 

conductivity values.  Synthesis of low dimensional, “nanostructured” skutterudites has been 

approached via heated aqueous solution processing (“hydro/solvo” or “solvo/thermal” 

methods),
18–25

 while others have used mechanical alloying or ball milling techniques to produce 

nanostructured skutterudites.
26–29

  Thermoelectric materials with higher melting points and less 

complex structures like silicon can be ball milled under inert atmosphere for long periods of time 

with little concern for phase degredation
11,30

; however, in the case of CoSb3 skutterudite, 

extended milling of its complex structure results in the formation of CoSb2.
31

 

The work presented here involves high-energy ball milling of bulk polycrystalline CoSb3 

as a proof-of-principle for reducing the total thermal conductivity of skutterudite by 

nanostructuring.  Bulk preparations of Co0.955Pd0.045Sb2.955Te0.045 and Ba0.05Yb0.15Co4Sb12 

skutterudites were also ball milled to determine the cumulative effects of nanostructuring both 

for unfilled and filled n-type skutterudites.  Additionally, a bulk preparation of 
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Ce0.9Fe3.5Co0.5Sb12 was ball milled to determine the cumulative effects of nanostructuring a filled 

p-type skutterudite.  The high temperature thermoelectric properties of the ball milled powders 

from each of these compositions are described. 

 

3.2 Experimental 

Unfilled, undoped CoSb3 skutterudite bulk polycrystalline powder was prepared by 

sealing stoichiometric amounts of elemental cobalt powder (99.999%, Alfa Aesar) and antimony 

shot (99.999%, Alfa Aesar) in a glassy carbon crucible in an evacuated quartz tube, and heating 

that tube in a furnace at 1200 
o
C for 10 hours, then immediately removing the tube from the 

furnace and placing it in a bucket of water at room temperature to quench the reaction.  Unfilled, 

n-type Co0.955Pd0.045Sb2.955Te0.045 was prepared in the same 1200 
o
C, water quench fashion, 

except that stoichiometric amounts of palladium powder (99.95%, Alfa Aesar) and tellurium 

powder (99.99%, Alfa Aesar) were included.  Ingots recovered from the quartz tubes after the 

water quench were subjected to a brief grinding in order to produce powder aliquots from the 

ingot. 

Barium and ytterbium filled n-type skutterudite compositions were prepared by planetary 

ball milling of elemental cobalt powder (99.999%, Alfa Aesar), antimony shot (99.999%, Alfa 

Aesar), barium rod (99+%, Alfa Aesar), and ytterbium chunk (99.9%, Alfa Aesar) in 

stoichiometric amounts to produce Ba0.05Yb0.15Co4Sb12.  Cerium filled p-type skutterudite was 

prepared by high energy planetary ball milling of elemental cerium rod (99.9%, Alfa Aesar), iron 

powder (99.9%, Alfa Aesar), cobalt powder (99.999%, Alfa Aesar), and antimony shot 

(99.999%, Alfa Aesar) in stoichiometric amounts to produce Ce0.9Fe3.5Co0.5Sb12.  The resulting 

powders from the planetary ball milling processes were then sealed in separate evacuated quartz 
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tubes and heated to 750 
o
C in a furnace for 48 hours.  After furnace treatment, the resulting 

materials were briefly subjected to grinding to produce powders to facilitate division into smaller 

samples for further processing.  A small amount of each of the furnace treated, filled skutterudite 

compositions were removed for analysis by powder X-ray diffraction (XRD).   

The powders obtained from the bulk syntheses described above were then sampled for 

further processing in high energy ball mills (Spex Sample Prep).  Different total milling times 

were used to produce samples with variations of average crystallite sizes.  Small portions of the 

products of this high energy ball milling step were removed for analysis by XRD for phase purity 

and average crystallite size calculations.  Ball milled powder samples were also characterized by 

scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 

The ball milled powders were then hot-pressed under dynamic vacuum at 620 
o
C in 

graphite dies, producing cylindrical samples that were geometrically measured to be greater than 

98% of their theoretical densities.  These hot-pressed samples were then analyzed by XRD for 

phase purity and average crystallite size calculations.  Average crystallite sizes were calculated 

using the method of integral breadths.
32

  Room temperature Seebeck coefficient, Hall effect, and 

electrical resistivity measurements were made for all samples.  The high temperature thermal 

diffusivity, Hall effect, and Seebeck coefficient were measured on samples between room 

temperature and approximately 600 
o
C (873 K).  The heat capacity and thermal diffusivity were 

determined using a flash diffusivity technique
33

 and the overall error in the thermal conductivity 

measurements was estimated to be ±10%. Thermal conductivity was calculated from the 

experimental mass, density, heat capacity, and thermal diffusivity values.  The electrical 

resistivity (ρ) was measured using the van der Pauw technique with a current of 100 mA and a 

special high-temperature apparatus.
34

  The Hall coefficient was measured in the same apparatus 
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with a forward and reverse magnetic field value of ∼8500 G.  The carrier density was calculated 

from the Hall coefficient, assuming a scattering factor of 1 in a single carrier scheme, by p/n = 

1/RHe where p and n are the densities of holes and electrons, respectively, and e is the electron 

charge. The Hall mobility (µH) was calculated from the Hall coefficient and the resistivity values 

by µH = RH / ρ. The errors were estimated to be ±0.5% and ±2% for the resistivity and Hall 

coefficient data, respectively.  The Seebeck coefficient was measured by applying a high 

temperature light pulse technique
35

 to the same samples used for thermal conductivity, resistivity 

and Hall coefficient measurements.  The error in the Seebeck coefficient measurement was 

estimated to be less than ±3%. 

 

3.3 Results and Discussions 

 

3.3.1 Ball Milling 

High energy ball milling is intended to rapidly grind a sample such that the average 

crystallite size of the sample decreases.  X-ray diffraction patterns obtained from ball milled 

powders and hot-pressed pellets allow for comparison of diffraction pattern peak widths and 

calculation of the average crystallite size in each powder and pressed sample, using the method 

of integral breadths.
32

  Calculated average crystallite sizes along with room temperature 

thermoelectric properties for a representative set of skutterudite samples is presented in Table 

3.I.  The trends in Table 3.I agree with several assumptions made for the nanostructuring 

process, based on the introduction of several orders of magnitude more interfaces in a 

nanostructured sample versus a bulk sample.  Table 3.I shows trends of reduced average 

crystallite size as a function of milling time, increased electrical resistivity as a result of 

decreased mobility with smaller crystallites, relatively unchanged carrier concentrations across 
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all samples, an increase in Seebeck coefficient as a function of milling time, and most 

importantly, a decrease in the total and lattice thermal conductivities.  The ultimate goal of 

nanostructuring thermoelectric materials is to drastically reduce the thermal conductivity of a 

material without the negative effects on the electrical properties of that sample outweighing the 

gains in the thermal properties.   

Powder XRD patterns in Figure 3.1 illustrate the increases in diffraction peak widths as a 

function of milling time.  The two most prominent peaks in the pattern are enlarged alongside the 

full patterns, showing more closely how the peaks broaden as milling time increases.  XRD 

patterns obtained from hot-pressed pellets of the ball milled samples are shown in Figure 3.2, 

and it is clear from this figure that there is less size variation as a function of milling time 

observed in the pressed pellets.  This is a strong indication that the hot-pressing process causes 

significant grain growth in the densified samples.  Comparisons of calculations of average 

crystallite sizes before and after hot-pressing the ball milled samples confirms significant grain 

growth.  The Co0.955Pd0.045Sb2.955Te0.045 milled sample series is depicted in Figure 3.1 and Figure 

3.2, but grain growth during hot-pressing was observed for all four sample sets presented in this 

work.  Efforts to reduce the pressing temperature, pressure, and time resulted in lower density 

values and poor sintering.  Figure 3.3 plots ball milling time versus the calculated average 

crystallite size in a sample.  The limit of ball milling skutterudites to reduce average crystallite 

size appears to be between 20 and 25 nm, as increases in milling time reach a plateau of 

crystallite size on the graph. 

SEM and TEM images were taken to gain a better understanding of particle size 

distributions in the ball milled powder samples.  Co0.955Pd0.045Sb2.955Te0.045 powder milled for 60 

minutes is presented as a representative qualitative example of milled powder particle 
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distributions.  SEM images in Figure 3.4 show that particle sizes are quite large, up to several 

microns, but closer inspection shows that these large particles are agglomerates of smaller 

crystallites that appear to be as small as tens of nanometers at the higher SEM magnifications.  

The lower size limit of the distribution of crystallites in milled samples is better depicted in TEM 

images in Figure 3.5.  Lattice fringes that can be seen in the higher magnifications of the TEM 

images show crystalline domains that are as small as a few nanometers. 

The effects of ball milling were apparent in SEM images of hot-pressed samples of bulk 

and ball milled powders.  Figure 3.6 shows SEM images obtained from a bulk sample and two 

ball milled samples, milled for significantly different amounts of time.  In these images, the grain 

structure in the sample clearly decreases in size as the milling time increases.  This set of images 

also illustrates the decreasing sample integrity with increased milling time, as the milled samples 

show secondary phases that are not present in the bulk sample, likely phase degradation as a 

result of milling, as well as rougher surfaces that are the result of poor sintering leading to pull-

out during polishing for SEM sample preparation. 

3.3.2 CoSb3: Proof-of-Principle 

 Undoped, unfilled CoSb3 skutterudite provides a proof-of-principle for the reduction of 

thermal conductivity through nanostructuring of skutterudites, with less contribution to the total 

thermal conductivity from electron-phonon scattering than in heavily doped skutterudites.  

Unfilled skutterudite also discounts any reductions in the thermal conductivity that may be 

achieved through the rattling of filler atoms.
13–17

  As expected, ball milled CoSb3 samples show 

significant reductions in total and lattice thermal conductivities.  Thermal conductivities as a 

function of temperature are presented in Figures 3.7 and 3.8 for a series of CoSb3 samples that 

were ball milled for varying amounts of time.    
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Figure 3.9 shows the temperature dependent carrier concentration for CoSb3 bulk and ball 

milled samples.  The large variation in carrier concentrations for these samples was unexpected 

and is an indication that ball milling could significantly alter electrical properties as well as 

thermal properties.  CoSb3 is a p-type semiconductor and if the 60 and 120 minute milled 

samples have higher carrier concentrations, then the process must be introducing carriers into the 

material by contamination or by the introduction of additional defects to the structure.  Bulk 

CoSb3 has a high carrier mobility at room temperature, as seen in Figure 3.10.  The drastic 

differences between milled and bulk samples of CoSb3 indicates that the ball milling process 

reaches a point at which the structure deteriorates such that the electrical properties begin to 

change significantly.  The increases in resistivity at room temperature for the samples with 

longer milling times supports this assumption, but Figure 3.11 shows that at high temperature, 

the resistivity values converge for the bulk and milled samples.  This convergence is either the 

result of significant grain growth at high temperature within the sample, or more likely due to the 

coincidence that the once high mobility value in the bulk sample is approaching a very low 

mobility value at high temperature where it meets those of the milled samples.  The Seebeck 

coefficients as a function of temperature follow a trend at room temperature whereby the samples 

milled for a longer time have a greater Seebeck coefficient.  This follows the expectation after 

observing an increase in room temperature resistivity values, but once again, the values are fairly 

close to one another for all CoSb3 samples at high temperature, as seen in Figure 3.12.   

Although there is a clear reduction in the lattice and total thermal conductivities from bulk to ball 

milled samples, the sum of the effects of ball milling CoSb3 does not result in an increase in ZT 

for milled samples over bulk preparations.  The ZT as a function of temperature for bulk and 

milled CoSb3 samples is depicted in Figure 3.13.  Although there is no increase, it is worth 
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noting that ball milling only led to a decrease in ZT for one of the milled samples in this series, 

so other formulations of skutterudite with more robust electrical properties may benefit from ball 

milling to reduce thermal conductivity.    

3.3.3 Unfilled, n-type Skutterudite 

Unfilled, heavily doped Co0.955Pd0.045Sb2.955Te0.045 skutterudite is a logical material to 

next apply a ball milling approach to reducing thermal conductivity.  Electron-phonon scattering 

is more of a factor for this heavily doped composition, but if carrier concentrations and 

mobilities remain largely unchanged from ball milling, then electron-phonon scattering in all of 

the samples should be equivalent.  Figure 3.14 shows that the carrier concentrations for bulk and 

milled samples vary only a small amount at room temperature and remain close to one another at 

higher temperatures.  Room temperature carrier mobility does decrease with increasing milling 

time, but as with the undoped CoSb3, the values converge somewhat at high temperature as the 

mobilities approach zero.  Overall, comparing the mobility as a function of temperature in Figure 

3.15, for the bulk sample versus the milled samples, the mobility of the bulk sample reaches zero 

at a slightly lower temperature and begins to rise again, before any of the milled samples, 

resulting in the bulk sample beginning and ending with higher mobility across this temperature 

range.  This observation follows the assumption that the introduction of orders of magnitude 

greater interfaces within the sample will make it more difficult for a charge carrier to move 

freely throughout the sample.  As stated previously, this nanostructuring approach ultimately 

relies on these detrimental electronic effects being outweighed by the benefits of thermal 

conductivity decreases. 

The measured resistivities of this series of samples indicates that after 30 minutes of 

milling, the resistivity of a sample will increase more significantly and as shown in Figure 3.16, 
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unlike the undoped CoSb3, these resistivity values of samples subjected to different milling times 

do not converge at high temperature.  The temperature dependence of the Seebeck coefficient in 

Figure 3.17 indicates that ball milling this composition of skutterudite decreases the Seebeck 

coefficient at both room temperature and high temperature and for most ball milled samples in 

the series, increased milling time appears to accentuate these differences at high and low 

temperatures.    

The total thermal conductivity and lattice thermal conductivity of each of the ball milled 

samples in relation to the bulk sample and in relation to one another, follow a trend of lower 

thermal conductivity with increases in milling times.  This difference persists throughout most of 

the temperature range until the samples with higher milling times begin to rise sharply.  These 

unexpected sharp rises are more indicative of physical changes occurring within the sample than 

they are of actual thermal properties.  Furthermore, the 60 minute sample turns sharply near the 

end of the temperature range and the 120 minute sample turns at a much lower temperature, 

suggesting that milling beyond 30 minutes leads to this temperature instability that becomes even 

more unstable with more milling.  This would be consistent with CoSb3 decomposing to CoSb2 

and Sb, which in a dispersion on the nanometer scale, Sb would have a melting or sublimation 

temperature depression below that of the bulk Sb solid and could be causing this observed 

change in the thermal conductivity.  Because all ball milled samples tested in this study used the 

same portion of the pressed sample for each of the three high temperature measurements, in the 

order of thermal conductivity, Hall effect, and Seebeck coefficient measurements, if Sb were 

volatilizing from the 60 and 120 minute samples, it would be most apparent in the thermal 

conductivity measurements, as this was the first high temperature characterization after hot-
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pressing.  The total thermal conductivity and lattice thermal conductivity as a function of 

temperature are presented in Figure 3.18 and Figure 3.19, respectively.   

The cumulative effect of ball milling Co0.955Pd0.045Sb2.955Te0.045 skutterudite is only a 

small change in ZT that is within the measurement error.  Although there is a distinct trend of 

decreasing thermal conductivity with increasing milling time, the increases in resistivity and the 

sharpening of the ends of the Seebeck coefficient curves with increased milling times negate the 

improvements in thermal conductivity.  However, Figure 3.20 does clearly show that the effects 

of ball milling become detrimental by 60 minutes and the properties of samples milled longer 

than that deteriorate at an even lower temperature. 

3.3.4 Filled n-type Skutterudite 

 Filled n-type skutterudites rely on the contribution of dopant electrons from filler atoms 

that are not covalently bound to atoms in the lattice.  Therefore, the percentage of these filler 

atoms that are included and thus, electronically participating in the structure, must be more 

sensitive to a change in the surface to volume ratio of the crystallites that constitute the sample 

than are dopants that are covalently bound to the structure.  The possibility of excluding these 

dopant fillers from the structure suggests that a more severe change will be apparent when ball 

milling leads to degradation of the composition of the starting material.    

Ball milling of Ba0.05Yb0.15Co4Sb12 n-type skutterudite led to little change in the carrier 

concentration of the sample up to 60 minutes, but the sample milled for 120 minutes showed a 

drop in carrier concentration beginning at room temperature and continuing across the 

temperature range.  Figure 3.21 shows the carrier concentration at high temperature for bulk and 

ball milled samples of Ba0.05Yb0.15Co4Sb12 skutterudite.  Figure 3.22 shows the temperature 

dependence of carrier mobility and once more, the 120 minute sample is remarkably different 



61 
 

from all other samples in the series, which are quite similar to one another.  This trend continues 

with resistivity as a function of temperature in Figure 3.23 where the resistivity of the 120 

minute sample is very high, while all other samples trace an almost identical path across the 

temperature range.  The Seebeck coefficients as a function of temperature presented in Figure 

3.24 once again show that the Seebeck coefficients of ball milled samples turn more sharply up 

than do the Seebeck coefficients of bulk samples.  The effects of this decrease in the magnitude 

of the Seebeck coefficient manifest themselves in the ZT values at high temperature where most 

skutterudite materials would otherwise reach their maximum ZT.   

Total and lattice thermal conductivities presented in Figure 3.25 and Figure 3.26 show little 

change for the milled samples as compared to the bulk sample, with the exception of the 120 

minute sample that clearly has a significantly lower electronic contribution to the total thermal 

conductivity in that its total thermal conductivity is less than the other samples, but its lattice 

thermal conductivity is markedly higher.  This aligns with the significant differences observed in 

the electrical properties of this sample.  Figure 3.27 contains the temperature dependence of ZT 

in bulk and ball milled Ba0.05Yb0.15Co4Sb12 skutterudite samples.  The 120 minute sample has 

clearly undergone degradation.  The other samples, having similar resistivities and thermal 

conductivities can attribute their drops in ZT at high temperature to a sharper decrease in the 

magnitude of their Seebeck coefficients at high temperature, as compared to a flatter curve for 

the bulk material.  It is unclear how an increase in the density of interfaces in the material may 

make the Seebeck coefficient behave in this way, but one possible difference in bulk versus 

milled samples is the change in surface to volume ratio for milled samples wherein the filler 

atoms are more likely to leave the structure and instead occupy grain boundaries and be more 

vulnerable to oxidation as the surface to volume ratio of the powder increases.  This change in 
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surface to volume ratio could also cause a change in how filler atoms just inside the lattice 

fringes behave at high temperature, leading to this observed difference in Seebeck coefficient, 

but there is no direct evidence of this in the data. 

3.3.5 Filled p-type Skutterudite 

The filled p-type Ce0.9Fe3.5Co0.5Sb12 skutterudite chosen for this characterization of the 

effects of nanostructuring has a high filling fraction, such that the effects of changing the surface 

to volume ratio, as discussed above for filled n-type skutterudite, could be more pronounced 

because there are more occupied vacancies than empty vacancies in the structure, and with the 

change in this ratio, Ce filler could be excluded from the structure at a higher rate than the lesser-

filled n-type skutterudite discussed above.  This is a significant difference from all other 

structures described in this study and therefore could lead to the greatest variation of electrical 

properties as a function of milling time for all compositions of skutterudite discussed. 

The temperature dependence of carrier concentrations for the bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples are presented in Figure 3.28.  Ball milled samples show 

increases in carrier concentrations as milling times increase and this is consistent with the 

proposed loss of cerium in the structure, as cerium contributes electrons to the structure.  The 

difference in carrier concentration is small for the 0 minute control and the 60 minute sample, 

but the difference is very clear for the 120 minute sample.  The temperature dependence of 

carrier mobility depicted in Figure 3.29 indicates that with an increase in hole concentration, the 

mobility decreases significantly.  The bulk sample has a higher overall mobility across the 

temperature range and the 120 minute sample remains around 1 cm
2
/V•s or below throughout the 

entire temperature range.   
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Similar to filled n-type skutterudite, the filled p-type samples maintain similar 

resistivities as a function of temperature with the exception of the 120 minute sample as shown 

in Figure 3.30.  This similarity between samples is also evident in the Seebeck coefficient as a 

function of temperature, shown in Figure 3.31.  The total and lattice thermal conductivities in 

Figure 3.32 and Figure 3.33 show similar thermal conductivities for bulk and ball milled samples 

with the 120 minute sample again standing apart.  The increase in the total thermal conductivity 

and the lattice thermal conductivity is once again consistent with a decrease in cerium occupying 

the vacancies in the skutterudite structure because cerium that occupies vacancies in the 

skutterudite structure has been shown to scatter phonons. 

The ZT as a function of temperature is plotted in Figure 3.34.  The 60 minute milled 

sample shows only a slight increase in ZT at the top of the temperature range, owing mostly to a 

slightly greater Seebeck coefficient at the maximum temperature measured, but that increase in 

ZT is well within the experimental error and therefore insignificant. 

 

3.4 Conclusions 

Four distinct classes of skutterudite materials were synthesized in bulk and then 

processed by high energy ball milling in order to create nanostructured materials.  The powders 

were characterized by XRD, SEM, and TEM before being hot-pressed and measured for their 

thermoelectric properties.  Thermal conductivity reductions were most pronounced in the ball 

milled samples of unfilled skutterudites, whereas the filled samples remained mostly unchanged 

until milling led to apparent sample decomposition.  All reductions in thermal conductivities 

were matched by deterioration of the electrical properties in the samples.  In each case, the 

overall effect on ZT was more often a decrease than an increase, and all increases in ZT over 
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bulk materials were within the error of the measurement.  The nature of ball milling skutterudite 

is such that extensive and careful processing to reduce the average crystallite sizes of samples is 

quickly countered in the hot-press densification step if adequate temperatures and pressures are 

used to obtain products near full density.  Lower temperatures and pressures result in porous 

samples with unreliable, irreproducible thermal conductivity and transport measurements.   

Overall, nanostructured skutterudite results have been difficult to consistently reproduce and a 

majority of samples undergo reactions or phase transformations during high temperature 

measurements.  The approach to improving the ZT of skutterudite materials by ball milling to 

produce nanostructures and reduce thermal conductivity is a significant challenge because of the 

complex structure of skutterudites. 
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3.6 Tables and Figures 

3.6.1 Milling Characterizations 

Table 3.I. Crystallite Size Calculations and Room Temperature Transport Properties for Ball 

Milled n-type Co0.955Pd0.045Sb2.955Te0.045 Skutterudite 

Milling time (min) 0 min 15 min 30 min 60 min 120 min 

Avg. crystallite size: Powder (nm) 71 nm 66 nm 40 nm 34 nm 33 nm 

Avg. crystallite size: Pressed (nm) 71 nm 57 nm 64 nm 51 nm 60 nm 

Electrical resistivity (mΩ cm) 0.67 0.68 0.71 0.99 0.76 

Hall mobility (cm2/Vs) 32.7 32.5 33.0 23.8 29.2 

Hall carrier concentration (cm-3) 2.84 x 1020 2.81 x 1020 2.68 x 1020 2.66 x 1020 2.82 x 1020 

Seebeck coefficient (µV/K) -102 -112 -115 -123 -127 

Thermal conductivity (mW/cm K) 58.4 42.5 40.5 35.4 34.2 

Lattice thermal conductivity  (mW/cm K) 50.1 34.6 32.8 29.3 28.6 

 

* Note that all values presented were obtained at room temperature.  The 0 minutes sample is 

included for comparison. The average crystallite sizes for powder and pressed samples were 

calculated using the method of integral breadths
32

 from the obtained XRD patterns.  The 

electrical resistivity (ρ) was measured using the van der Pauw technique with a current of 100 

mA. The Hall mobility and the carrier density were calculated from the Hall coefficient which 

was measured with a forward and reverse magnetic field value of ~8500 G.   
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Figure 3.1.  X-ray diffraction patterns obtained from bulk and ball milled samples of 

Co0.955Pd0.045Sb2.955Te0.045.  Milling times are indicated in the legend and the two enlarged 

regions on the right show the relative peak widths in relation to milling time.  Peak shifts here 

are the result of measurement error from differences in sample heights in the diffractometer.  A 

simulated pattern from JCPDS reference pattern 00-010-0195 for CoSb3 is presented for 

comparison to the obtained experimental sample patterns. 
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Figure 3.2.  X-ray diffraction patterns obtained from hot-pressed pellets of bulk and ball milled 

samples of Co0.955Pd0.045Sb2.955Te0.045.  Milling times are indicated in the legend and the two 

enlarged regions on the right show the relative peak widths of the pressed samples in relation to 

the original milling time of each sample.  Peak shifts here are the result of measurement error 

from differences in sample heights in the diffractometer.  A simulated pattern from JCPDS 

reference pattern 00-010-0195 for CoSb3 is presented for comparison to the obtained 

experimental sample patterns. 
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Figure 3.3.  Calculated average crystallite sizes as a function of ball milling time for undoped 

and n-type Co0.955Pd0.045Sb2.955Te0.045  skutterudite samples.  Average crystallite sizes were 

calculated from XRD data, using the method of integral breadths.
32
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Figure 3.4.  Scanning electron microscope (SEM) images at increasing magnifications of 

Co0.955Pd0.045Sb2.955Te0.045 powder, milled for 60 minutes.  
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Figure 3.5.  Transmission electron microscope (TEM) images at increasing magnifications of 

Co0.955Pd0.045Sb2.955Te0.045 powder, milled for 60 minutes.  
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Bulk, 0 min Milled 15 min Milled 120 min  

 

Figure 3.6.  Scanning electron microscope (SEM) images of three pressed Co0.955Pd0.045Sb2.955Te0.045 

samples subjected to increasing milling times.  
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3.6.2 Milled CoSb3  

 

 

Figure 3.7.  Temperature dependence of thermal conductivity (λ) in bulk and ball milled CoSb3 

skutterudite samples.  The heat capacity and thermal diffusivity were measured using a flash 

diffusivity technique
33

 and the overall error in the thermal conductivity measurements was 

estimated to be about ±10%. The thermal conductivity was calculated from the experimental 

mass, density, heat capacity, and thermal diffusivity values. 
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Figure 3.8.  Temperature dependence of lattice thermal conductivity (λLattice) in bulk and ball 

milled CoSb3 skutterudite samples.  The lattice thermal conductivity was obtained by subtracting 

the electronic thermal conductivity contribution from the total thermal conductivity.  The 

electronic contribution was calculated from the resistivity and Lorenz number.  The total thermal 

conductivity was calculated from the experimental mass, density, heat capacity, and thermal 

diffusivity values.  The overall error in the thermal conductivity measurements was estimated to 

be about ±10%. 
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Figure 3.9.  Temperature dependence of carrier concentration in bulk and ball milled CoSb3 

skutterudite samples.  The Hall coefficient was measured with a forward and reverse magnetic 

field value of ∼8500 G.  The carrier concentration was calculated from the Hall coefficient, 

assuming a scattering factor of 1 in a single carrier scheme, by p/n = 1/RHe where p and n are the 

densities of holes and electrons, respectively, and e is the electron charge.  The measurement 

error was estimated to be ±2% for the Hall coefficient data. 
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Figure 3.10.  Temperature dependence of carrier mobility in bulk and ball milled CoSb3 

skutterudite samples.  The Hall coefficient was measured with a forward and reverse magnetic 

field value of ∼8500 G and the Hall mobility was calculated from the Hall coefficient.  The 

measurement error was estimated to be ±2% for the Hall coefficient data. 
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Figure 3.11.  Temperature dependence of electrical resistivity in bulk and ball milled CoSb3 

skutterudite samples.  The electrical resistivity (ρ) was measured using the van der Pauw 

technique with a current of 100 mA.  The measurement error was estimated to be ±0.5% for the 

resistivity data. 
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Figure 3.12.  Temperature dependence of Seebeck coefficient in bulk and ball milled CoSb3 

skutterudite samples.  The Seebeck coefficient was measured using a high temperature light 

pulse technique.
35

  The error of the Seebeck coefficient measurement was estimated to be less 

than ±3%. 
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Figure 3.13.  Temperature dependence of the thermoelectric figure of merit, ZT in bulk and ball 

milled CoSb3 skutterudite samples.  Combining the Seebeck coefficient, resistivity, and thermal 

conductivity measurements, the overall error in ZT was estimated to be about ±20%. 
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3.6.3 Milled, unfilled n-type Co0.955Pd0.045Sb2.955Te0.045 

 

 

Figure 3.14.  Temperature dependence of carrier concentration in bulk and ball milled 

Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The Hall coefficient was measured with a 

forward and reverse magnetic field value of ∼8500 G.  The carrier concentration was calculated 

from the Hall coefficient, assuming a scattering factor of 1 in a single carrier scheme, by p/n = 

1/RHe where p and n are the densities of holes and electrons, respectively, and e is the electron 

charge.  The measurement error was estimated to be ±2% for the Hall coefficient data. 
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Figure 3.15.  Temperature dependence of carrier mobility in bulk and ball milled 

Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The Hall coefficient was measured with a 

forward and reverse magnetic field value of ∼8500 G and the Hall mobility was calculated from 

the Hall coefficient.  The measurement error was estimated to be ±2% for the Hall coefficient 

data. 
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Figure 3.16.  Temperature dependence of electrical resistivity in bulk and ball milled 

Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The electrical resistivity (ρ) was measured using 

the van der Pauw technique with a current of 100 mA.  The measurement error was estimated to 

be ±0.5% for the resistivity data. 
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Figure 3.17.  Temperature dependence of Seebeck coefficient in bulk and ball milled 

Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The Seebeck coefficient was measured using a 

high temperature light pulse technique.
35

  The error of the Seebeck coefficient measurement was 

estimated to be less than ±3%. 
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Figure 3.18.  Temperature dependence of thermal conductivity (λ) in bulk and ball milled 

Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The heat capacity and thermal diffusivity were 

measured using a flash diffusivity technique
33

 and the overall error in the thermal conductivity 

measurements was estimated to be about ±10%. The thermal conductivity was calculated from 

the experimental mass, density, heat capacity, and thermal diffusivity values. 
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Figure 3.19.  Temperature dependence of lattice thermal conductivity (λLattice) in bulk and ball 

milled Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  The lattice thermal conductivity was 

obtained by subtracting the electronic thermal conductivity contribution from the total thermal 

conductivity.  The electronic contribution was calculated from the resistivity and Lorenz number.  

The total thermal conductivity was calculated from the experimental mass, density, heat 

capacity, and thermal diffusivity values.  The overall error in the thermal conductivity 

measurements was estimated to be about ±10%. 
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Figure 3.20.  Temperature dependence of the thermoelectric figure of merit, ZT in bulk and ball 

milled Co0.955Pd0.045Sb2.955Te0.045 skutterudite samples.  Combining the Seebeck coefficient, 

resistivity, and thermal conductivity measurements, the overall error in ZT was estimated to be 

about ±20%. 
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3.6.4 Milled, filled n-type Ba0.05Yb0.15Co4Sb12 

 

 

Figure 3.21.  Temperature dependence of carrier concentration in bulk and ball milled 

Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

sample because the bulk and milled samples were hot-pressed at different temperatures.  The 

Hall coefficient was measured with a forward and reverse magnetic field value of ∼8500 G.  The 

carrier concentration was calculated from the Hall coefficient, assuming a scattering factor of 1 

in a single carrier scheme, by p/n = 1/RHe where p and n are the densities of holes and electrons, 

respectively, and e is the electron charge.  The measurement error was estimated to be ±2% for 

the Hall coefficient data. 
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Figure 3.22.  Temperature dependence of carrier mobility in bulk and ball milled 

Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  The Hall 

coefficient was measured with a forward and reverse magnetic field value of ∼8500 G and the 

Hall mobility was calculated from the Hall coefficient.  The measurement error was estimated to 

be ±2% for the Hall coefficient data. 

 

 

 

  

0

10

20

30

40

50

60

200 300 400 500 600 700 800 900

M
o

b
ili

ty
 (

cm
2
/V

 s
)

Temperature (K)

Ba0.05Yb0.15Co4Sb12
Bulk filled n-type

Milled 0 min

Milled 60 min

Milled 120 min



88 
 

 

 

Figure 3.23.  Temperature dependence of electrical resistivity in bulk and ball milled 

Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The electrical resistivity (ρ) was measured using the van der Pauw technique with a current of 

100 mA.  The measurement error was estimated to be ±0.5% for the resistivity data. 
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Figure 3.24.  Temperature dependence of Seebeck coefficient in bulk and ball milled 

Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The Seebeck coefficient was measured using a high temperature light pulse technique.
35

  The 

error of the Seebeck coefficient measurement was estimated to be less than ±3%. 
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Figure 3.25.  Temperature dependence of thermal conductivity (λ) in bulk and ball milled 

Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The heat capacity and thermal diffusivity were measured using a flash diffusivity technique
33

 and 

the overall error in the thermal conductivity measurements was estimated to be about ±10%. The 

thermal conductivity was calculated from the experimental mass, density, heat capacity, and 

thermal diffusivity values. 
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Figure 3.26.  Temperature dependence of lattice thermal conductivity (λLattice) in bulk and ball 

milled Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a 

control because the bulk and milled samples were hot-pressed at different temperatures.  JPL 

Reference Data is averaged data from all qualified production batches of material with this 

composition.  The lattice thermal conductivity was obtained by subtracting the electronic thermal 

conductivity contribution from the total thermal conductivity.  The electronic contribution was 

calculated from the resistivity and Lorenz number.  The total thermal conductivity was calculated 

from the experimental mass, density, heat capacity, and thermal diffusivity values.  The overall 

error in the thermal conductivity measurements was estimated to be about ±10%. 
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Figure 3.27.  Temperature dependence of the thermoelectric figure of merit, ZT in bulk and ball 

milled Ba0.05Yb0.15Co4Sb12 skutterudite samples.  A milled 0 minutes sample is included as a 

control because the bulk and milled samples were hot-pressed at different temperatures.  JPL 

Reference Data is averaged data from all qualified production batches of material with this 

composition.  Combining the Seebeck coefficient, resistivity, and thermal conductivity 

measurements, the overall error in ZT was estimated to be about ±20%. 
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3.6.5 Milled, filled p-type Ce0.9Fe3.5Co0.5Sb12 

 

 

Figure 3.28.  Temperature dependence of carrier concentration in bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  The Hall 

coefficient was measured with a forward and reverse magnetic field value of ∼8500 G.  The 

carrier concentration was calculated from the Hall coefficient, assuming a scattering factor of 1 

in a single carrier scheme, by p/n = 1/RHe where p and n are the densities of holes and electrons, 

respectively, and e is the electron charge.  The measurement error was estimated to be ±2% for 

the Hall coefficient data. 
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Figure 3.29.  Temperature dependence of carrier mobility in bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  The Hall 

coefficient was measured with a forward and reverse magnetic field value of ∼8500 G and the 

Hall mobility was calculated from the Hall coefficient.  The measurement error was estimated to 

be ±2% for the Hall coefficient data. 
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Figure 3.30.  Temperature dependence of electrical resistivity in bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The electrical resistivity (ρ) was measured using the van der Pauw technique with a current of 

100 mA.  The measurement error was estimated to be ±0.5% for the resistivity data. 
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Figure 3.31.  Temperature dependence of Seebeck coefficient in bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The Seebeck coefficient was measured using a high temperature light pulse technique.
35

  The 

error of the Seebeck coefficient measurement was estimated to be less than ±3%. 
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Figure 3.32.  Temperature dependence of thermal conductivity (λ) in bulk and ball milled 

Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a control 

because the bulk and milled samples were hot-pressed at different temperatures.  JPL Reference 

Data is averaged data from all qualified production batches of material with this composition.  

The heat capacity and thermal diffusivity were measured using a flash diffusivity technique
33

 and 

the overall error in the thermal conductivity measurements was estimated to be about ±10%. The 

thermal conductivity was calculated from the experimental mass, density, heat capacity, and 

thermal diffusivity values. 
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Figure 3.33.  Temperature dependence of lattice thermal conductivity (λLattice) in bulk and ball 

milled Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a 

sample because the bulk and milled samples were hot-pressed at different temperatures.  JPL 

Reference Data is averaged data from all qualified production batches of material with this 

composition.  The lattice thermal conductivity was obtained by subtracting the electronic thermal 

conductivity contribution from the total thermal conductivity.  The electronic contribution was 

calculated from the resistivity and Lorenz number.  The total thermal conductivity was calculated 

from the experimental mass, density, heat capacity, and thermal diffusivity values.  The overall 

error in the thermal conductivity measurements was estimated to be about ±10%. 
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Figure 3.34.  Temperature dependence of the thermoelectric figure of merit, ZT in bulk and ball 

milled Ce0.9Fe3.5Co0.5Sb12 skutterudite samples.  A milled 0 minutes sample is included as a 

control because the bulk and milled samples were hot-pressed at different temperatures.  JPL 

Reference Data is averaged data from all qualified production batches of material with this 

composition.  Combining the Seebeck coefficient, resistivity, and thermal conductivity 

measurements, the overall error in ZT was estimated to be about ±20%. 
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Chapter 4: Solid solutions and nanoparticle composite skutterudite materials for 

thermoelectric power generation 

 

4.1 Skutterudite Improvements 

There are four general approaches to improving the thermoelectric properties of 

skutterudite materials.  One approach that has already been discussed in a previous chapter is 

apopular thermoelectric material enhancement technique through nanostructuring.
1–4

 Applying 

nanostructuring to skutterudite, ideally would reduce thermal conductivity with the assumption 

that the transport properties would remain relatively unchanged in the resulting nano material, 

thus increasing ZT.  Extensive studies presented here for multiple skutterudite formulations have 

shown that this nanostructuring approach is not trivial for a material with a complex structure 

like that of skutterudite.  A second approach to skutterudite improvement involves the filling of 

void spaces in the skutterudite lattice with large, “rattling” atoms.  These “rattlers” not only 

benefit the material by scattering phonons,
5–9

 but they also provide for better control over doping 

levels in the material as compared to substitutional doping methods.
10–13

  They also have less 

detrimental effects on the electrical properties at the high doping levels that are necessary in 

skutterudite thermoelectric materials.   

The other two approaches that have not yet been discussed in this work relate to alloying 

and nanocomposites, two types of mixtures whose names are occasionally interchanged based on 

the characteristics of the product of mixing two materials.  The goal of both of these approaches 

is once again, to reduce the thermal conductivity of the final material to increase ZT.  Alloying in 

this case refers to the mixing of two materials with similar structures, but different constituent 

elements, such that the two structures are miscible, creating a structure with point defects.  These 

point defects scatter phonons because the substitution of atoms in the lattice for other atoms with 
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different masses and different bonding characteristics will cause electrical and thermal transport, 

across these substitutional sites, to differ from transport across unsubstituted regions.  In the case 

of skutterudites, calculations of mixing enthalpies for CoSb3/IrSb3 alloys imply that these 

materials would have low internal strain and could have improved thermoelectric performance.
14

   

4.2 Skutterudite Alloys 

Mixtures of two similar materials that could possibly form alloys, because of their similar 

structures, are sometimes referred to as nanocomposites if the added phase is not uniformly 

dispersed throughout the sample.  In this case, the added phase is visible as a second phase in the 

form of nanoscale or microscale inclusions.  The distinction between an alloy and a composite is 

that an alloy will appear to be a single phase and have a given ratio of atoms at any given point 

in the sample, while a composite has discrete, visible domains of two separate phases of 

materials.  When two materials are mixed with dissimilar, immiscible structures, this results in a 

composite material.  For maximum efficacy, inclusions in a thermoelectric material must 

maximize the interfaces with the host material.  Thus, the composite approach to reducing 

thermal conductivity in skutterudite is to form a nanocomposite. 

Attempts to alloy small percentages of Ir in Co-based Ba-filled skutterudite
15

 result in 

phase segregation of the IrSb3 phase,
16

 and our preliminary attempts at this exact type of alloy 

have confirmed this finding.  However, our preliminary experiments have also shown that the 

reverse alloy where a small percentage of Co is substituted into Ir-based, Ba-filled skutterudite, 

results in a single phase material with even distribution of Co throughout.  Optimization of filling 

and doping of this alloy should result in a measurable decrease in the lattice thermal conductivity 

with the point defect phonon scattering introduced by Co, and consequently an increase in ZT. 



104 
 

4.3 Nanocomposite Skutterudites 

The nanocomposite approach for skutterudites is attractive in that there are many 

commercially available nanomaterials that are immiscible in the skutterudite structure.  

Nanoparticles have been mixed into all types of skutterudite, ranging from CeO2 added to 

undoped CoSb3,
17

 to the in situ precipitation of InSb nanoparticles in the skutterudite structure.
18

  

We have conducted preliminary nanocomposite experiments of our own, attempting to fill 

Ce0.9Fe3.5Co0.5Sb12 p-type skutterudite with commercially available CeO2 nanoparticles, but this 

resulted in lower ZTs.  At first, we believed that the observed properties for our composite 

samples indicated that inclusion of CeO2 in a skutterudite structure that is filled with a rare earth 

or alkaline earth metal may result in the filler atoms reacting with oxygen at high temperatures in 

the hot press and consequently no longer filling the voids of the skutterudite structure.  However, 

there are a great deal of reports involving successful results with other oxide materials in 

skutterudite composites including ZrO2,
19,20

 Yb2O3,
21

 and TiO2 in unfilled
22

 and filled
23

 n-type 

skutteruidite all of which have been shown to increase ZT.  However, the nanocomposite 

approach has also been tried with non-oxide materials in skutterudite such as TiN
24

 and Bi,
25

 

which is not only promising because it avoids oxides in the structure, but the addition of a metal 

nanoinclusion could provide interfaces for scattering, while not hampering electrical 

conductivity as much as an inclusion that is an insulator.  

Future work on both filled n-type IrSb3 and filled n-type CoSb3 will focus on 

nanoinclusions to form nanocomposites.  The goal will first be to find a metal that is inert in the 

structure that can be made or purchased at a reasonable price.  Recent, unpublished work at JPL 

indicates that nickel particles in lanthanum telluride can enhance the ZT of the material.  If no 
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suitable metals can be found, the composite studies will shift to nitrides and oxides at very small 

sizes.   

4.3 The Need for Band Structure Modeling 

With the ever increasing complexities of reported skutterudite compositions,
26–34

 it is 

abundantly clear that more accurate band modeling is needed for skutterudite materials.  The 

modelling is first needed to better understand the effects of void filling in the structure with filler 

atoms.  The differences in electrical and thermal properties exhibited in filled versus unfilled 

skutterudite suggests that filling leads to significant changes in the band structure.  Additionally, 

as shown in the filled iridium skutterudite work presented earlier, different filler atoms result in 

drastically different Seebeck coefficients and electrical properties in spite of having similar 

measured filling fractions and similar electron counts.  Most of the available modelling for 

skutterudite structures is insufficient to make meaningful pridictions.
35,36

  The findings of this 

work serve to highlight the need for accurate band models for skutterudites order to better 

understand how composition changes in alloys and composites affect the band structure.  

Without a better model, time and resources will continue to be spent unnecessarily on a trial and 

error approach to finding new, better skutterudite compounds. 
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