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Abstract  

With the retreating sources of carbon based fuels, thermoelectric 

materials can play an important role in the future of environmentally 

friendly power generators. Sb based framework Zintl-phases have been 

shown in some cases to have promising properties as thermoelectric 

materials. The physical properties of Sb-based frameworks may be 

modified with doping or incorporation of new elements. Zn4Sb3 and 

Cd4Sb3 are structurally related with a Sb-based network and Zn/Cd 

occupying the rest of the positions. At low temperature both phases takes 

on the ordered α-structure, monoclinic (Pn) for Cd4Sb3 and triclinic (C-1) 

for Zn4Sb3. Both structures undergo a reversible order-disorder α – β 

transition of the Zn/Cd positions (at 254 K and 355-375 K respectively). 

The previously ordered interstitial atoms become evenly distributed 

throughout the structure and the two high temperature phases are 

isostructural, crystallizing in the rhombohedral space group (R-3c). 

Cd4Sb3 was synthesized from melt-quench, flux synthesis with Sn, Bi and 

In. The syntheses made with indium resulted in interstitial-free β-Cd4Sb3 

with the composition Cd11.7In1.5Sb10. This compound exhibits no phase 

transitions until decomposition. Physical property measurements show 

that minor inclusions of a third metal effects the physical properties. 

Inclusions of In produce a thermodynamically stable β-Cd4Sb3. ZnSnSb2 

and InSb both exhibit the cubic sphalerite structure. ZnSnSb2 is a metallic 

conductor and InSb a narrow band-gap semiconductor and attempts were 

made to fine-tune the electrical properties by probing the mutual solid 

solubility range. Synthesis was made using the formula 

[ZnSnSb2]x[2(InSb)]1-xSn4 and 0 < X < 1 with 0.1 increments for the 



 

 

 

whole composition range. Resistivity measurements were made and the 

resistivity changes from semiconducting-like behavior to metallic 

conduction between x = 0.9 and x = 0.8. In the attempt to dope Zn4Sb3 by 

In a novel compound with the nominal composition Zn9Sb6In2 was 

discovered. This phase is metastable at room temperature and the stability 

range (if there is one) is very narrow both in composition and in 

temperature.  In the attempts to synthesize bulk samples another novel 

phase was discovered with the nominal composition Zn5Sb4In2-δ (δ = 

0.15).  The stability range of this phase is wider than for Zn9Sb6In2, and it 

is much more straight-forward to synthesize. The two phases have the 

same Sb-framework with a CuAl2 structure. Zn and In arrangements fill 

the square antiprisms formed by the stacking of 3
2
434 nets in anti 

configuration. Zn is also present as dimers in the structure in both 

structures. The filling of the antiprisms in the two phases are different, in 

Zn9Sb6In2 the antiprisms have two different filling arrangements either 

solitary In or Zn3 triangles. In Zn5Sb4In2-δ the antiprisms are filled with an 

In and a Zn that occupies a split position to form a hetero-atomic dimers. 

The two phases intergrow and phase pure samples tend to be hard to 

produce. This leads to a wide spread in the measured physical properties 

but indications are that the low temperature thermal conductivity is lower 

than that of Zn4Sb3.           
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TE  Thermoelectric  

K  Temperature, Kelvin 
ZT  Figure of Merit  

α  Seebeck coefficient 

σ  Electric conductivity  

κ  Thermal conductivity  
 PF  Power Factor (α

2
σ) 

Z  Atomic number  

HT  High Temperature  
LT  Low Temperature  

DTA  Differential Temperature Analysis 

DSC  Differentia Scanning Calorimetry  

EMPA  Electric Microprobe Analysis  
EDX  Energy Dispersive X-ray 

PPMS  Physical Propertie Measurement System 
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1. Introduction 

With today’s increasing demand of energy and to create a sustainable 

world, alternative energy sources is needed. Alternative sources include 

solar power, biomass, wind power plants, harvesting energy form waves 

at sea and others. Another alternative could be thermoelectric (TE) 

materials that convert heat into electricity. TE materials are solid-state 

devices with no moving parts, maintenance free, silent and reliable. In 

addition they are scalable which means they can be fitted almost 

anywhere where heat is emitted. Although TE are probably never going 

to be the most efficient power generator because of the intrinsic 

properties of TE materials, there are areas where TE materials can be 

utilized. An excellent source of energy that could be converted with TE 

materials is the waste heat generated by combustion engines, industrial 

processes and chemical processes. This waste heat is often treated in two 

ways; either released out in the environment (wasted) or by cooling that 

demands more energy. Efforts have already been made to implement TE 

materials instead of alternators on car engines to increase the fuel 

efficiency, in deep space probes for power generation from a nuclear 

source and in numerous other applications. Today commercially available 

the-state-of-art TE materials have a figure of merit (ZT) of 0.8 and an 

efficiency of about 5-6%. This is too low for TE to be a real alternative. 

For TE to be a real contender the ZT must be increased to about 4 and an 

efficiency about 30 %. The thermoelectric process is based on the 

“Seebeck effect” which is an electric voltage stemming from a 

temperature gradient in a solid material. The opposite is called the 

“Peltier effect” when a temperature gradient is caused by a voltage 

applied over a junction. Thermoelectricity is possible because charge  
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Figure 1 ZT as a function of temperature some of the state-or-the-art 

thermoelectrics.[1]
 

carriers are free to move in semiconductors and metals. The charge 

carriers can be seen as a cloud much like a gas cloud where the charge 

carriers move in a random pattern, if one side of the gas cloud is heated 

the mobility increases and a net movement towards the cold side of the 

gas is caused, the same happens is a thermoelectric material that is 

exposed to heat. A requirement for thermoelectric material is that it has a 

narrow band gap to ensure semiconducting properties. The performance 

of TE is directly reliant on the temperature difference (∆T) in the 

junction and the figure of merit (ZT) that combines the native 

properties of the material. ZT is defined in equation (1), where T is the 

temperature, (α) is the Seebeck coefficient or thermoelectrical power, (σ) 

is the electrical conductivity and (κt) is the thermal conductivity.  
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Equation 1 Definition of Figure of merit (ZT), T is the temperature, α is the 

Seebeck coefficient or thermoelectrical power, σ is the electrical conductivity 
and κt is the thermal conductivity. 

The challenge to create a good TE with a high ZT lies in combining a 

high thermopower (α), low thermal conductivity (κt) and a high electrical 

conductivity simultaneously in the same material. The power factor (PF) 

is the term for α
2
σ, it is crucial to achieve a high PF to high performance 

TE. A high PF means that a large power output (i.e. large voltage and 

current) will be generated. The thermal conductivity (κt) mechanisms are 

well understood. The total thermal conductivity (κt) has its contributions 

from two sources, thermal conductivity from charge carriers (κe) and 

thermal conductivity from lattice vibrations (κL). κe is caused by charge 

carriers and charge carrier mobility. This gives that by lowering κe the 

electrical conductivity will also be affected and drop. κL can be 

influenced by doping or substitution to incorporate obstacles that scatter 

heat phonons i.e. lowering κL and lowering the total thermal conductivity. 

κtot must also be kept to a minimum to ensure that the material can keep a 

large ∆T, because a large thermal conductivity will lead to a thermal short 

circuiting of the system i.e. no temperature gradient. As shown in figure 2 

the electrical conductivity and thermal conductivity increases almost in 

the same fashion with increasing carrier concentration. Also displayed in 

Figure 2 is the effect of the carrier concentration on the thermopower (α) 

The PF is the interplay between α and σ. The thermo power and electrical 

conductivity tend to move in opposite directions when doping materials. 

This pinpoints the biggest problems in thermoelectric material research; 

we do not really know how to have both large thermopower and electrical 

conductivity in the same material. 
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Figure 2 ZT as a function of carrier concentration2 

Transport of heat and electrons in most solids can be explained by 

Boltzmann transport theory. Looking at the electronic band structure of a 

material can give an indication whether the material will have a large 

thermopower or not. In general if there is a large slope in the density of 

states (DOS) around and below the Fermi level the material might have a 

large thermopower. If the slope is small, chances are that the 

thermopower will be low. In addition to a large slope multiple extrema in 

the valence and conduction band can also produce a higher thermopower. 

With a complex band structure, assumed that if they are filled with charge 

carriers, will contribute with thermo power and electrical conductivity. 

Recent advances in thermoelectric materials research stem especially 

from new understanding of how to “engineer” lattice thermal 

conductivity by providing scattering mechanisms that also affect mid- 

and long-wave-length phonons. For this the creation of nanostructured 

inclusions/precipitates and/or compositional variations in established bulk 

materials have been very effective (Fig. 3) [5,6]. The theoretical limit of 

L can be approached without deteriorating electron transport properties. 

To advance thermoelectric materials research it is now important to focus 
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on the power factor α
2
 σ. This includes especially the development of 

new narrow gap semiconductors and their optimization by doping. 

Looking at the chemical and structural principles of the established high-

ZT materials, they appear surprisingly uniform. One can discern only a 

few principally different systems, reflecting different mechanisms of 

band gap opening at the Fermi level. The question arises where else to 

look for materials (or rather chemical compositions) that combine low 

thermal conductivity with a narrow band gap at the Fermi level. Here, 

solid state chemistry can make an important contribution by identifying 

target compositions for nonpolar, or weakly polar, narrow gap 

semiconductors with complex and/or disordered crystal structures. The 

latter ensures an inherent potential for a low lattice thermal conductivity 

L. Among state-of-the-art materials (Fig. 1) β-Zn4Sb3 takes a peculiar 

role. Structurally Zn4Sb3 is not embedded in lager family of compounds 

like skutterudites with their cubic framework or clathrates with their large 

cages. The reason β-Zn4Sb3 displays such good performance (ZT) is 

because of an exceptionally low thermal conductivity combined with a 

rather good electrical conductivity 
[3,4,5]

. Zn4Sb3 exhibits three structural 

phases, low temperature α’-, α- and high temperature β-Zn4Sb3. α´-Zn4Sb3 

transform into α-Zn4Sb3 at ~235 K . At ~250 K α-Zn4Sb3 undergoes an 

order – disorder transformation into the β-Zn4Sb3. β-Zn4Sb3 is R-centered 

hexagonal (R      ) with a = 12.2 Å and c = 12.4 Å, with three distinct 

atomic positions, Zn occupying 36f, Sb1 occupying 18e and Sb2 

occupying 12c. When cooling β-Zn4Sb3 to temperatures below 250 K the 

two Sb positions split up into 20 independent positions and the Zn 

position into 26 independent positions and α-Zn4Sb3 is formed. α-Zn4Sb4 

is metrically C-centered monoclinic, but the real symmetry is triclinic. It 

is convenient 
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Figure 3 HRTEM pictures of various magnification displaying local disorder 
and complexity on atomic and nano scale. 

to use the pseudo monoclinic cell in (C  ) with a ≈ 32.5 Å, b ≈ 12.2 Å, c ≈ 

10.9 Å and β ≈ 99º.
 
The exact reason behind the good performance of 

Zn4Sb3 is not clear. Naturally the occurrence of interstitial Zn atoms and 

defects in the regular Zn framework of β-Zn4Sb3 may account for the low, 

glass-like thermal conductivity. In the ordered low temperature 

modifications islands of Zn clusters may take the same role as the 

nanoinclusions in the engineered materials (Fig.4). 
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Figure 4 Structures of β-Zn4Sb3and α-Zn4Sb3, where cyan: Zn, red: Sb1 and 
purple: Sb2.  

a) Disordered β-Zn4Sb3.  

b) Coordination environments of Sb1 atop, Zn low right and Sb2 low left.  

c) Ordered α-Zn4Sb3.  

d) Left: section of β-Zn4Sb3, right: equal section of α-Zn4Sb3, displaying the 

interstitial Zn.    
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Systems studied 

The aim of this thesis is the synthesis and characterization of chemical 

and structural derivatives of Zn4Sb3. The following systems were chosen 

for the synthetic investigations, based on the assumption that they should 

contain structurally complex, semiconducting phases that may lend 

themselves to doping to optimize carrier concentration.  

 

1) Cd4Sb3 and various doped varieties. The analogous Zn 

compound has proven to be a promising material, and generally 

speaking high Z (atomic number) elements tend to form better 

thermoelectrics than low Z elements simply due to their being 

heavier, and thus less prone to promote low energy phonons. 

2) Zn9Sb6In2, Indium doping of the Zn-Sb system was 

unsuccessful, but the serendipitously discovered new, bone-fide 

ternary phases in this system show promising properties. 

3) Since ZnSnSb2 and InSb are isostructural, but the former is a 

metal, while the latter is a semiconductor, a study was 

undertaken to reveal whether the two are miscible, and if so, 

where the metal-to-semiconductor transition takes place.   

 

The specifics of the studies will be presented under different headings 
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2. Experimental  

2.1 Synthesis 

The main method used for synthesis in this work is classic high 

temperature (HT) synthesis where a mixture of elements is heated to a 

homogenous melt and then cooled at a controlled rate. It should be 

pointed out at this stage that it is highly desirable to grow single crystals 

of the target phase since this will allow for the more precise measurement 

of physical properties, and the (relatively) facile determination of a high 

quality structure, a prerequisite for theoretical treatment and subsequent 

understanding of the properties. The HT procedure really works only for 

compounds that melt congruently, and when this is not the case, the 

composition of the solid phase will be different from that of the melt from 

which it formed. This difference in composition of the melt and crystals 

may be used to grow single crystals from a phase in equilibrium with a 

melt without adding any extra components. By the use of such a flux, 

crystals may be grown at a relatively low temperature (i.e. lower that the 

actual crystallization temperature), and the crystal growth can be seeded. 

If the desired phase is not accessible from a flux-melt, stoichiometric 

synthesis is still possible, and may produce single phase samples, but 

only rarely does this method allow the growth of high quality single 

crystals. There are two types of fluxes, self-/reactive-flux and non-

reactive flux. A self-/reactive-flux is a type of synthesis where one of the 

components is used in excess and acts both as a reaction medium and is 

by itself taking part of the reaction (being consumed). When using a 

reactive flux a suitable constituent from the starting elements is chosen 

depending on several factors. The element should not form any highly 

stable phase other than that of the target phase, for example in the Cd-In-

Sb system, if antimony is used in excess the stable InSb will form as the 
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main product instead of the desired Cd13-xInySb10. A further requirement 

is that the flux medium has to lower the crystallization temperature of the 

desired product. When using a reactive flux the product formed will 

always be on the edge of the solubility range because of the excess flux. 

This can be avoided by using a non-reactive flux which acts as a reaction 

solvent and does not take part in the actual reaction/crystallization. Like 

in ordinary solution chemistry where different choices of solvent can 

have paramount effect on the final product, great attention has to be taken 

when choosing a flux-solvent for inorganic HT flux synthesis. A 

particularly difficult case is presented by meta-stable phases. In simple 

cases, meta-stability is in some sense formal, that is, the phase is formed 

in a composition-temperature region where it is stable, and on cooling 

another phase is more thermodynamically stable, but the phase formed at 

high temperature is kinetically stabilized. This is the case for the  

transition in elemental Sn. In such systems, the meta-stability of the 

product is no great obstacle, since the formation of the target compound 

takes place in a region where the product is stable. A much more complex 

situation arises for phases that are inherently meta-stable at all conditions. 

This is the case for Cd4Sb3 which can only be made to form from a binary 

melt by under-cooling. This means that crystal growth becomes very 

difficult, since slow cooling, which is normally a prerequisite for good 

crystal growth, leads to the decomposition of the target phase into the 

stable phases Cd metal and CdSb. In this work, both self-flux and 

(essential) non-reactive flux was used. In the samples where non-reactive 

flux was used small but detectable amounts of flux metal was found. The 

small inclusions had no perceivable affect on the structure, but even 

minute inclusions of flux elements however showed effects on resistivity, 

thermopower and thermal-conductivity measurements. In some cases 
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there is no need for any sophisticated control of the heating and cooling 

cycle or of the composition and the desired product results from a wide 

set of experimental parameters, in other cases, the experimental window 

is narrow for composition as well as for heating and cooling, and then 

great care and scrupulous monitoring is required for the desired product 

to crystallize. Large single crystals of high quality can be made from flux 

synthesis if the conditions are right, figure 5 displays single crystals made 

from different fluxes.   

a)

b)
c)

 

Figure 5 a) Crystal of Cd4Sb3 form a Bi-flux synthesis, b) Crystals of 

[ZnSnSb2]x[2(InSb)]1-xSn4 where x = 0.3 and  c) Cd13-xInySb10 crystals obtained 

from a reaction mixture Cd50Sb33In17. 

 

2.1.1 Specific setup of the syntheses 

As a way to optimize synthesis conditions, DTA was used to determine 

the crystallization temperature of the target phases in different fluxes. 

This yielded information about the crystallization temperature of the 

specific flux composition, and additionally it gave information on the 

lowest possible temperature at which excess flux can be removed by 

centrifugation. In figure 6 a typical DTA trace diagram of a micro 

synthesis is shown, in this case the diagram is from a starting composition 

of Cd2SbBi. The information was then applied to the full-scale synthesis. 

The procedure was a s follow: 0.1 g of the starting mixture was loaded 

into a custom made stainless steel pan and hermetically sealed under 
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argon. The micro synthesis was then put through a heating and cooling 

cycle and the data was collected and the reaction temperatures for main 

synthesis were established.  

a)
b)

c)

 

Figure 6  a) Example of DTA traces of a mini synthesis. Here are the traces of 

Cd2SbBi. 1) Crystallization of Cd4Sb3. 2) Crystallization of elemental Bi. 3) 
Crystallization of eutectic mixture Cd – Sb. b) and c) Phase diagrams of Cd-Sb 

and Bi-Cd.  

 

The main reactions were conducted in specially prepared quartz 

ampoules. The diameter of the quartz tube varied depending on starting 

composition quantity, for 1-5 g sample a 10 mm Ø tube was used, and for 

samples larger than 5 g a 14 mm Ø tube was employed. The bottom 10-

20 mm of the tube was filled with coarse quartz pieces, and these were 

held in place by a plug of quartz wool, the whole arrangement forming a 

filter during centrifugation. The reaction elements were placed on top of 

the quartz wool and the tube was evacuated. The tube was then sealed 
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with a propane/oxygen torch. , figure 7 shows 5 g samples loaded and 

sealed in a 10 mm quartz tube. The sealed ampoule was placed in a quartz 

wool insulated stainless steel container. The whole ensemble was 

inverted, with the reaction mixture at the bottom and quartz filter at the 

top, in the furnace. Reaction mixtures were heated to temperatures 

ensuring a liquid melt and annealed for 24 h and occasionally shaken to 

ensure a homogeneous reaction mixture. The temperature was lowered at 

a rate of 50 K/h to about 20 K above the crystallization temperature, 

which varied depending on the final composition of the flux and desired 

product. A cooling rate of 1 K/min was employed during the 

crystallization until the annealing temperature was reached. Annealing 

was employed between 5 and 90 h. After the completion of annealing, the 

stainless steel cylinder was again inverted, leaving the filter at the bottom 

of the quartz tube, and the reaction mixture on top. The whole container 

was moved quickly to a centrifuge and operated at 3000 rpm for 3 

minutes to allow the molten excess flux to filter through the quartz wool. 

The ampoule was opened and the crystalline product was collected on top 

of the quartz wool.
6
  

 

Figure 7 Synthesis ampoules with 5 g starting composition loaded in 10 mm 

quartz tubes with coarsely crushed quartz held in place by a quarts wool plug and 

pressed pellets of the starting compositions on-top. 
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2.1.2 Cd4Sb3  

Starting materials were granules of Cd (99.9%, 5-20 mesh), Sb (99.5%, 

~100 mesh, powder), Sn (99.999%, shots), In (99.999%, 1-12 mm, shots) 

and Bi (99.999%, 1-12 mm, pieces) from Sigma-Aldrich. Stoichiometric 

syntheses were prepared by mixing Cd:Sb in the ratio 57:43.
7
 Flux 

synthesis of 1 – 5 g batches of starting composition Cd2SbX (X = Bi and 

Sn) was placed in quarts tubes as described above. With the use of the 

data collected from DTA measurements, described earlier, with the 

starting composition Cd2SbX (X = Bi, Sn) we were able to determine the 

specific crystallization temperatures of Cd4Sb3 and at which temperature 

the centrifugation was to be made. From these relatively simple 

procedures, flux synthesis crystal specimens with sizes up to 5 x 5 x 7 

mm were produced. The melt-quenched sample has a composition close 

to the ideal 13:10 ratio. With the use of flux it is inevitable that the flux 

material will be incorporated minor quantities into the structure of 

Cd4Sb3. In samples from Bi-flux, Bi represents ~0.9 at. % of the total 

composition and with a slightly lower Sb content this suggests that the 

incorporated Bi replaces Sb. About 0.1 at. % Sn is incorporated into the 

system when using Sn-flux synthesis. It is however inconclusive what 

happens to Sn in the structure, whether it enters Cd or Sb sites. The Cd 

content appears to increase compared to melt-quench and Bi-flux 

samples. As it is shown later, the crystallographic composition of -

Cd4Sb3 is Cd13Sb10 and from this it is not clear if Sn-flux conditions create 

Sb vacancies or Cd/Sb mixed occupancy in Cd4Sb3.  

 

2.1.3 Cd13-xInySb10 

For the synthesis of Cd13-xInySb10 starting compositions of Cd50Sb33In13 

and Cd57Sb29In14 was used. Staring compositions were placed in 
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ampoules and treated as described above. DTA data was collected for the 

two different starting compositions to establish the crystallization 

temperature for the specific compositions. The DTA measurements 

revealed that upon cooling Cd50Sb33In17 exhibit two thermal events, both 

exothermal, at 645 and 625 K whereas Cd57Sb29In14 exhibit only one peak 

at 625. Both samples display a final thermal event that can be identified 

as the solidification of the remaining melt at 530 – 520 K. Centrifugation 

at 573 K yields mm-sized rod shaped crystals. These rod shaped crystals 

often display distinct hexagonal faces. Also present after centrifugations 

were small spherical or cube shaped crystals of InSb.  The two thermal 

events at 645 and 625 K should correspond to the formation of InSb and 

Cd13-xInySb10 respectively.  Since the main product is the phase Cd13-

xInySb10 the peak at 625K, being the larger of the two, should indicate this 

as the formation temperature of Cd13-xInySb10. InSb is only present in 

small amounts and should not be the origin to a large thermal event. 

 

2.1.4 Zn9Sb6In2  

Zn9Sb6In2 was synthesized with Zn (99.99%, granules), Sb (99.5%, 

powder) and In (99.99%, ingots) purchased from Sigma-Aldrich. 

Zn9Sb6In2 was first made from the reaction mixture of Zn:Sb:In with the 

ratio of 5:2:1, and later several other Zn-rich starting compositions were 

tested and used. The starting compositions were placed in quartz 

ampoules and treated as described above. The reaction mixture was 

heated to 923 K and annealed for 24 h and shaken occasionally to ensure 

homogeneous reaction mixture. The temperature was lowered to 

temperatures between 598 – 748 K at rates between 2 to 5 K/h. The 

samples were annealed at this temperature for 100 h. The annealing 

temperature was dependant on the composition of the staring composition 

and was chosen high enough to ensure that the flux remained a liquid. 
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After annealing the samples were centrifuged and the crystals were 

collected.   

 

2.1.5 ZnSnSb2 – InSb  

The chalcopyrites were synthesized with Zn (99.9%) and Sn and Sb 

(99.999%) from ABCR. Several different starting compositions were 

tested and the composition that yielded the best quality single crystals 

was ZnSb2Sn5. For the ZnSnSb2 - InSb homogeneity investigation starting 

materials were shots of Zn (99.99%, 1–3mm), powder of Sb (99.9%, 100 

mesh), shots of Sn (99.999%), and shots of In (99.99%, 2–5mm) 

purchased from Sigma-Aldrich. A series of syntheses was set up 

according to the formula [ZnSnSb2]x[2(InSb)]1-xSn4, 0 < X < 1, a scheme 

that gives a stating composition of InSbSn4 for X=0, and  ZnSb2Sn5 for 

X=1.  The starting mixtures were placed in ampoules and treated as 

described above. The synthesis temperature program was designed form 

DTA measurements of micro syntheses of the end compositions (X = 0 

and X = 1) and the crystallization temperature differed by just a few 

degrees, so all the syntheses were made with the same temperature 

program.  The reaction mixtures were heated to 923 K and annealed for 

24 h, the samples were occasionally shaken to ensure a homogeneous 

liquid reaction mixture. After 24 h the temperature was lowered at ~50 

K/h to 623 K, this is about 20 K above the crystallization of the 

[ZnSnSb2]x[2(InSb)]1-xSn4 mixtures. From 623 K a cooling rate of 1 K/h 

was employed until the final temperature of 523 K was reached. At 523 K 

the excess flux was removed and the crystals were collected.  
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2.2 Thermal analysis   

2.2.1 Differential Thermal Analysis (DTA) 

DTA analysis was made with a Shimadzu DTA-50. Analysis was made 

from room temperature to 923 K with a heating rate of 5-50 K/min. 

Samples were healed at respective max temperature for 5-10 min to 

equilibrate the temperature, this was to compensate for over shooting of 

the temperature (larger heating rate called for longer equilibrium time). A 

cooling rate of 5
 
K/min was used as standard, and data was collected. 

 

2.2.2 Differential scanning calorimetry (DSC) 

Thermal analysis was made with a TA Instrument 2910 DSC. Samples of 

~20 mg were placed in a TA Tzero aluminum pan and sealed under 

argon. Analysis was done under ~30 mL/min gas flow.  Baseline 

correction was made to compensate for heat flow imbalance between 

sample- and reference-chambers. Temperature and heat flow was 

calibrated using Indium (Tm = 429.8 K, ∆Hfus = 28.58 J/g) and Zinc (Tm = 

692.7 K).  Scanning temperatures ranged from 325 to 723 K. Samples 

were heated at 5 K/min and equilibrated for 5 min at the run-specific 

maximum temperature and subsequently cool at 5 K/min to the starting 

temperature. Analysis of DSC curves and enthalpy of transition was made 

with the TA Instruments software Universal Analysis 2000.  

  

2.3 Composition Analysis 

2.3.1 Electron Microprobe Analysis (EMPA) 

EMPA is a non destructive analysis technique to determine the atomic 

composition of materials. The samples is exposed to an electron beam, 

this causes the sample to emit X-ray radiation that is characteristic for all 

detectable elements. WDS (wavelength dispersive spectrometry) collects 
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X-ray emitted by the sample collimated through a single-crystal. The 

crystal can be moved so that specific wavelengths can be detected and 

counted. Because each element has a specific wavelength and detection 

levels and with the WDS detector each element is analyzed separately 

and overlapping from other elements can be accounted for and corrected. 

Composition analysis was made using a JEOL JXA-8600 microscope 

operated at 15.0 kV and 30.0 nA. Samples were embedded in epoxy and 

polished to ensure smooth and scratch free surface. The polished samples 

were covered with a thin layer carbon with a carbon evaporator/coater to 

prevent electrical charge built-up. Elemental standards were used for Sb, 

Zn, Cd and Sn whereas Bi2S3 was used as standard for Bi. ZAF correction 

was used for quantitative composition determination.     

 

2.3.2 Energy-dispersive X-ray (EDX) 

EDX functions much like a EMPA but with the difference that EDX 

works with a solid-state detector that collects X-rays of all energy levels 

at once and splits up the detected X-rays energy into channels that are 

plotted. From this plot a composition analysis can be made. Since EDX 

collects all energy levels at once the overlap of elements can be a 

problem and this might lead to faulty composition analysis. EDX is 

excellent for qualitative investigations and if handled properly 

quantitative measurements are reliable. EDX compositional analysis was 

made using a JEOL 820 scanning electron microscope. Internal standards 

were used and ZAF correction was employed for quantitative 

composition determination.   
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2.4 Structural analysis 

For structural determination single crystals are optimal since a single 

crystal X-ray diffraction measurement separates the indexing problem 

from the structural solution problem, and normally reduces the former to 

a mere formality. For accurate cell dimensions the statistics from a single 

crystal measurement will not give as accurate a result as a powder 

measurement, but the single crystal still has the advantage that it is 

guaranteed to be homogeneous and single phase. In practice, it is possible 

to get the best of both worlds by first collecting single crystal data and 

then crushing the crystals to a powder prior to the cell parameter 

measurement. In this case it was a very powerful method for the detection 

of trace amounts of flux incorporated into the crystals due to the 

sensitivity of the cell parameters for even minute inclusions. Most of the 

phase identification and determination of cell parameters was made by 

powder X-ray measurement on a Guinier-Hägg camera with a 

monochromatic CuKα1 radiation (λ = 1.54056 Å). Powder films were 

scanned with a LS-18 scanner and Scanpi
8
 and Pirum

9
 programs were 

used for data evaluation. Silicon was used as an internal standard. For 

some samples a PANalytical X'Pert PRO MPD powder x-ray with 

monochromatic CuKα1 (λ = 1.54056 Å) equipped with a PIXcel detector. 

Spectrum analysis was made with software supplied by the manufacturer. 

Single crystal measurements were conducted on a Oxford Diffraction 

Xcalibur 3 CCD diffractometer with monochromatic MoKα1 radiation (λ 

= 0.71073 Å), running at 50 kV and 40 mA. Thermal control for high and 

low temperature measurements was achieved using an Oxford Cryo 

system. Integration and absorption corrections were made with the 

CrysAlis software.
10

 Structural determination and analysis was made with 

SHELX97.
11

 JANA2000
12

 and SUPERFLIP.
13
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For single crystal measurements, if single crystals were available, crystals 

were selected under a microscope. The selected crystals had well shaped 

surfaces and an easily defined geometry. In the case of stoichiometric 

synthesis the ingot was crushed and a then a suitable piece was selected 

under microscope. In the case of ingots it is a bit trickier to find good 

crystals since the risk of picking a specimen with two or more domains is 

fairly high.  

 

  

2.5 Measurement of physical properties 

The electrical resistivity, thermopower and thermal conductivity were 

measured on a Quantum Design, Physical Properties Measurements 

System (PPMS). Thermopower and thermal conductivity was measured 

with a Total Transport Option (TTO) equipment on the PPMS instrument. 

The samples were mechanically polished to the desired dimensions of 

about 4x4x2 mm, crystals where then carefully measured to determine the 

exact dimensions. The samples were mounted between two copper discs 

using two-component silver epoxy (Epo-Tek H20E) to assure contact 

between disc and sample. Each disc was equipped with two leads to 

connect the sample and the TTO sample holder. The transport properties 

were measured by a two point configuration. A heat pulse was applied to 

the sample to create a heat gradient. Thermal conductivity and Seebeck 

coefficient were obtained when the sample was equilibrated. Resistivity 

was acquired when an electrical pulse of maximum 1.5 mA AC and with 

a frequency of 17 Hz was sent through the sample. The auto-range feature 

was used during the measurement. Correction for the radiation heat was 

made automatically with a function incorporated in the software.      
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3. Results  

3.1 Cd4Sb3  

3.1.1 Phases and Structures 

At room temperature Cd4Sb3 adopts a structure similar to that of α-

Zn4Sb3, at elevated temperatures (above 373 K) Cd4Sb3 adopts a structure 

similar to β-Zn4Sb3. α-Cd4Sb3 differs from α-Zn4Sb3 in the way the 

interstitial Cd/Zn atoms are distributed within the structure and also the 

quantity of interstitial Cd/Zn atoms. In β-Cd4Sb3 the difference to β-

Zn4Sb3 is much less pronounced and differs only in the cell parameters 

with β-Cd4Sb3 being larger.  First we will describe the structurally 

simpler β-Cd4Sb3 and later return to the structurally more complicated α-

Cd4Sb3. β-Cd4Sb3 crystallizes with a rhombohedral unit cell, R-3c, a= b= 

13.04 Å, c=13.03 Å. For ease of comparison with the ordered -phase, it 

is convenient to describe it is a C-centered monoclinic unit cell with 

space group C2/c, a(c) = 11.47 Å , b = 13.04 Å, c(a) = 8.86 Å and β ≈ 

100
o
. The monoclinic b axis coincides with hexagonal a (or b). The 

monoclinic cell is 2/3 of the size of the regular hexagonal unit cell and 

the relationship has been worked out in detail by Mozharivskyj et al. 
14

 

The rhombohedral β-Cd4Sb3 consists of three atomic positions 36f, 18e 

and 12c. 36f is occupied by the divalent Cd, 18e and 12c is occupied by 

Sb alone. The environments of the two Sb positions are quite different. 

Sb1 displays a peculiar 5- and 6-coordination with Cd forming planar 

rhomboid - Cd2Sb12 - rings with a short Zn contact (2.8 Å). By common 

Sb1 atoms, these rings condense into chains running along all three 

directions. In the disordered β-Cd4Sb3 the framework Cd atoms can be 

viewed as pairs (dumbbells). The interstitials causing the disorder in β-

Cd4Sb3 are refinable as partially occupied positions of Cd atoms 

distributed on five weakly occupied (to about 5 %) general sites 36f. In 
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addition, the regular Cd position displays a considerable occupational 

deficiency with occupancy of 82 %. When going from the disordered to 

the ordered structure all framework atoms, as well as the interstitial Cd 

atoms, are located on distinct, fully occupied crystallographic sites. The 

ideal composition is Cd13Sb10 (56.5 at. % Cd) and from microprobe 

analysis made of samples from melt-quenched synthesis, it was 

established that the concentration of Cd was 56.7 at. % which is close to 

the ideal value. α-Cd4Sb3 crystallizes in the monoclinic space group Pn 

with a = 11.4975(5) Å, b = 26.126(1) Å, c = 26.122(1)Å, β = 100.77(1)
o
 

and V = 7008.2(5) Å
3
, clearly a doubling of b and a trebling of c 

compared to the monoclinic setting of the -Cd4Sb3. The unit cell 

contains 156 Cd and 120 Sb atoms (Z = 12). Figure 8 depicts sections 

from α-Cd4Sb3 projected along the equivalent of the hexagonal [001] 

axis. In α-Cd4Sb3 the deviation of the Cd atoms being part of the 

rhombohedral rings is weak and the symmetry reduction is caused by 

interstitial Cd atoms which are not part of the rhombohedral rings.   

 

 

Figure 8 a) Framework of interstitial and disorder free Zn12Sb10 projected along 

[001]. b) Equivalent section from  α-Zn4Sb3 and c) α-Cd4Sb3.   

 

The interstitial ordering in α-Cd4Sb3 (figure 9) is comparable to that in α-

Zn4Sb3, but the interstitials are arranged in a different fashion. α-Cd4Sb3 

has the same interstitial free A lamellae as α-Zn4Sb3 and β-Zn4Sb3, but 

the B lamellae are built up by two consecutive layers with interstitial Cd 
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atoms giving shorter B lamellae along c, tripled rather than quadrupled, 

as in α-Zn4Sb3. In addition, the translation period in the b direction, which 

is the same for β- and α-Zn4Sb3 is doubled in α-Cd4Sb3. Using the 

monoclinic system as a reference, the unit cells of α-Zn4Sb3 and α-Cd4Sb3 

are four and six times larger, respectively, than that of respective 

disordered β-phase. Out of the 78 independent Cd positions in -

Cd13Sb10, 64 are accounted for being as part of the regular framework 

arranged in pairs. The remaining 14 Cd atoms are accounted for as 

interstitial Cd atoms. These interstitial atoms are aggregated in to chains 

running along the a-direction in the structure. 

 

 

Figure 9 Lamellae of  the idealized, interstitial and disorder free β-Zn4Sb3 (a), α-

Zn4Sb3 (b) and α-Cd4Sb3. Zn in a and b and Cd in c is denoted by turquoise 

circles , Sb is denoted by red and purple circles and the two different types of Sb 

atoms (Sb1 and Sb2, respectively), interstitials atoms are denoted with gray 

circles. Bonds are drawn between Zn atoms and Cd atoms and between 

interstitial atoms. Lamella A denotes a building block with the composition of 

Zn12Sb10. Lamella B denotes a building block containing interstitial Zn and Cd 

atoms.   

 

At room temperature Cd4Sb3 adopts a complex structure closely related to 

the α-Zn4Sb3 structure and DSC data shows that α-Cd4Sb3 transforms into 

β-Cd4Sb3 at 373 K. This corresponds well with Kirii et al.
15

 who reported 
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the event at 377 K. At 525 K β-Cd4Sb3 decomposes into elemental Cd 

and CdSb. The decomposition temperature has been reported between 

491 and 693 K depending on the thermal history of the material and 

probably the heating/cooling rates applied during synthesis and 

annealing. Despite the fact that Cd4Sb3 is a meta-stable phase, it can be 

prepared from both stoichiometric and reactive flux synthesis. Flux 

grown samples produced large, high quality crystals suitable for 

measurements, but these all showed varying degrees of incorporation of 

flux element as manifested in powder X-ray analysis as a small changes 

in the cell parameters and as a small deviation in the compositional 

analysis. The amount of incorporation varies with dopant, Sn and Bi 

differ by an order of magnitude in the amounts by which they enter the 

compound (0.092 % and 0.91% respectively), although the same starting 

compositions ratios were used. At temperatures below 373 K α-Cd4Sb3 

forms with the ideal composition Cd13Sb10 and with a distinct super 

structural ordering. Zn4Sb3 exhibits a low temperature α – α´-phase 

transition which occurs around 235 K, this phase transition is not present 

in the Cd4Sb3 system. Single crystal measurements were conducted at low 

temperature and at room temperature (293 K) shows no structural 

changes and only a small decrease in cell parameters (0.4% for a and 

0.1% for b and c). This decrease in cell volume is a caused by the lower 

measurement temperature, and is no indication of any α –α´-transition. 

Physical property measurements confirm this absence of any low 

temperature phase transition with no sudden variation in values indicating 

when performing low temperature measurements between 5 – 350 K.   
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3.1.2 DSC 

In figure 10 the heating and cooling curves are shown for the order – 

disorder α – β transition of samples from melt-quenched, Sn-flux and Bi-

flux synthesis measured between 320 and 400 K. Upon heating all 

samples display a reversible thermal event. For the melt-quenched sample 

this takes place at 373 K. For the Bi-/Sn-flux synthesis this event takes 

place at ~355 K. Upon cooling the Sn-flux sample displays a large 

hysteresis at 339 K, whereas the other samples exhibit smaller hysteresis. 

These events reproduce exactly upon cycling. Enthalpies for these events 

are between 1 and 1.5 J/g. The high temperature β-phase we found to 

have a structure very similar to that reported by Zelinska et al
16

 with no 

detectable ordering of Cd interstitial atoms. 

 

 

Figure 10 DSC heating and cooling traces of samples from different syntheses 

of Cd4Sb3. a) Cd4Sb3 from melt quenched synthesis   b) Cd4Sb3 from Sn flux 

synthesis and c) Cd4Sb3 from Bi flux synthesis. d) Is the traces of Cd4Sb3 form 

melt quenched synthesis heated to 725 K and cooled down to room temperature 

again. 1 the structural α→β phase transition. 2 decomposition of Cd4Sb3 into Cd 

+ CdSb. 3 The decomposition of CdSb into Cd + Sb. 3´ the crystallization of Cd 

+ CdSb.       
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3.1.3 Physical Properties  

There is a wide spread in results in electrical properties from earlier 

reports and no conform values arises (Ugai et al.). These variations are 

believed to stem from phase impurities within the Cd-Sb system and the 

difficulties in characterizing the phases due to the many reflection 

overlaps. Figure 11 shows a compilation of the result from our physical 

property measurement. Thermopower curves differ quite a lot in both 

behavior and magnitude, The Sn-flux grown sample has positive 

temperature dependence with an increase in thermopower with increasing 

temperature. The thermopower peaks at 300 K with a value of 432 μV/K. 

The melt-quenched and Bi-flux sample shows values around 150 and 175 

μV/K respectively at 300 K. The thermopower of the Bi-flux sample 

starts to drop whereas that of the melt quenched sample drops at a slower 

rate and drops faster again when the temperature reaches ~75 K and the 

two almost converge when the lower temperature limit of the instrument 

is reached. In comparison, Zn4Sb3 has been reported to have thermopower 

values between 70-160 μV/K, depending on the preparation and heat 

treatment. The melt quenched Cd4Sb3 shows complicated temperature 

dependence within the temperature range investigated. The Seebeck 

coefficient has a positive sign that implies that the major charge carriers 

are holes. This would explain the resistivity increase as a result of 

decrease of the mobility of the holes. The resistivity of Cd4Sb3 reaches its 

maximum of 0.133 Ωcm at 290 K. After that the resistivity starts to 

decrease and the material behaves as a metallic conductor until ~75 K 

where it starts to behave in a semiconductor fashion. For the melt 

quenched sample, the behavior is that of a semiconductor until about 250 

K where the sample turns into a metallic conductor. The Bi-flux samples 

continue to behave as semiconductors until about 170 K. The room 

temperature resistivity of 
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Figure 11 Physical property measurement of Cd4Sb3 melt quenched sample 

(black line), Sn flux (red line) and Bi flux (blue line). between 10 K and 350 K, 

Cd4Sb3. a) Thermopower, b) electrical resistivity, c) thermal conductivity of 

from melt-quenched and d) figure of merit (ZT).  

  

Bi- and Sn-flux samples is 0.026 and 0.033 Ωcm, respectively. This is an 

order of magnitude larger than that reported for Zn4Sb3 (1-3.5 m Ωcm). 

Zn4Sb3 is slightly Zn deficient with respect to the ideal composition 

Zn13Sb10, which, according to theoretical calculations, yields a narrow 

band gap of 0.3 eV and a fully occupied valence band for ordered α-

Zn4Sb3
17

. It is reasonable to assume that the metallic behavior of Zn4Sb3 

stems from the Zn deficiency of Zn4Sb3 and that a corresponding 

phenomenon is much less pronounced in Cd4Sb3. The behavior of the Sn-

flux sample differentiates it from the others again, as for the 

thermopower. The magnitude of the resistivity is around 0.1 Ωcm and 

thus almost a magnitude larger compared to the melt quenched and Bi-



36 

 

flux samples. At 50 K there is a peculiar minimum where the resistivity 

again starts to increase with the decrease in temperature. This feature can 

be seen in the melt quenched and Bi-flux samples as well, at lower 

temperature (~35 K), but as a weak up-turn and not as pronounced as in 

the Sn-flux sample. The resistivity vs. temperature dependencies of our 

samples differ quite markedly from resistivity measurements reported 

earlier (Zelinska et al.).
18

 The thermal conductivity behavior is the same 

for the three different Cd4Sb3 samples. From the measured value of the 

resistivity and the Wiedemann-Franz law, the electronic contribution to 

the thermal conductivity is estimated to be less than 5%. The major 

contribution to thermal conduction is coming from the lattice thermal 

conduction. At lower temperature the thermal conductivity radically 

increases. This behavior is associated with the phonon – phonon 

Umklapp scattering. Umklapp can be observed in well crystalline and 

compositionally pure samples.
19

 
20

 Umklapp scattering has a 1/T 

temperature dependency above the Debye temperature (ΘD). This is true 

for our samples that show a 1/T temperature dependence for the 

temperature range of 50 – 290 K. The steep upturn in thermal 

conductivity at lower temperature occurs when the probability of 

Umklapp scattering is small. This upturn usually follows an e
ΘD/2T

 

dependence. The maximum of the thermal conductivity is reached when 

the phonon mean free path becomes comparable to the crystal 

dimensions. The thermal conductivity drops to 1 W/Km above 130 K and 

reaches values between 0.6 – 0.8 at room temperature.            

 

  



37 

 

3.2 Cd13-xInySb10 (x ≈ 2.7, y ≈1.5) 

During the investigation of the doping effects of In on the Cd4Sb3 system, 

the phase Cd13-xInySb10 (x ≈ 2.7, y ≈ 1.5) was discovered. In comparison, 

Zn4Sb3 is only able to incorporate In at doping levels (< 1 at. %) without a 

change to the structure, whereas  Cd4Sb3 is able to accommodate 

considerable amounts of In. Results from composition measurements 

suggests an In content of about 7 at. %. Compared to the melt-quenched, 

Bi-flux and Sn-flux the Cd content has dropped by about 10 at. % and the 

Sb content increased with 3 at. %. X-ray powder measurements show 

varying quantities of cubic InSb as a byproduct. The crystal structure of 

Cd13-xInySb10 is very similar to that of β-Cd4Sb3 but with the difference 

that Cd13-xInySb10 appears to have no or very little disorder. Phase 

identification was possible by powder X-ray by identification of the 

diffraction peaks indexed with the hexagonal cell of the rhombohedral β-

Zn4Sb3 structure (R-3c, a ≈ 12.97 Å, c ≈ 12.94 Å). The formation process 

(crystallization) of Cd13-xInySb10 from a Cd-Sb-In melt quite is not fully 

understood due to the complexity.  

 

3.2.1 DSC 

DSC measurements of Cd13-xInySb10 crystals taken from the synthesis 

with the staring composition of Cd50Sb33In17 were cycled twice between 

320 and 750 K to determine the thermal behavior (figure 12). Upon 

heating from 340 to 750 K, two consecutive endothermic peaks are 

produced above 670 K are associated with the decomposition of Cd13-

xInySb10. Cd13-xInySb10 displays one exothermic peak that is emitted at 650 

K upon cooling, this peak is associated with the crystallization of Cd13-

xInySb10. When cycling the same sample through the temperature program 

again only one endothermic peak is produced upon heating, instead of the 
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two from the virgin run. The position of the single peak falls in between 

the two peaks form the previous run. The exothermic peak on the cooling 

curve is observed at the exactly same temperature as in the previous run. 

This behavior is perfectly reproducible, both with single crystal and 

crystals crushed and ground down to powder, even the enthalpies for the 

double peak and the later single peak correspond well and are around 128 

J/g. This occurrence could be explained if the Cd13-xInySb10 decomposes 

eutectically into liquid Cd4Sb3 and solid InSb at around 675 K and the 

second peak is InSb dissolving in to the melt when the liquidus line is 

passed. This is supported by reports on the congruent melting point of 

meta-stable Cd4Sb3 being in the range of 685 to 693 K. 
21

 
22

 Upon 

cooling, this pattern is not reversible i.e. InSb does not precipitate and the 

melt can be super cooled to 650 K where Cd13-xInySb10 crystallizes. This 

is shown with X-ray powder pattern taken after the first and second heat 

cycle. This finding makes it evident that In replaces Cd in Cd13-xInySb10, 

since when reheated the crystals melt congruently at around 690 K. 

Cd13Sb10 is meta stable with respect to CdSb and Cd and with a melting 

point identical or close to that proposed for Cd4Sb3.  

 

 

 

Figur 12 DSC heating and cooling traces of Cd13-xInySb10 from Cd50Sb33In17. 1st 

cycles displays two thermal advents above 670 K. When running the 2nd cycle 

with the same sample only displays on thermal event is displayed upon 

heating and cooling traces are the same for both runs.  
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3.2.2 Physical properties 

A compilation of the physical properties (thermopower, resistivity and 

thermal conductivity) of Cd13-xInxSb10 is displayed in figure 13, for 

comparison Cd4Sb3 has been included. Measurement was made between 

10 and 350 K. At room temperature Cd13-xInySb10 has an observed 

thermopower of 225 μV/K. This is substantially larger than the observed 

value of 150 μV/K for Cd4Sb3. As for Cd4Sb3 the sign for the Seebeck 

coefficient is positive and implies that holes are the majority charge 

carriers. The observed resistivity (ρ) of Cd13-xInySb10 appears to be 

dramatically increased in comparison to Cd4Sb3 the increase is as large as 

two orders of magnitude. This is very unusual and we currently have no 

explanation for this exceptional increase of resistivity. The specimen used 

for measurements was mechanically shaped into rods from larger pieces 

and these larger ingots do probably not correspond to single crystals but 

to larger agglomerates of crystals. The observed resistivity of Cd13-

xInySb10 exhibited large standard deviations and values as low as that for 

Cd4Sb3 were observed. This is probably because of small compositional 

differences and differences in the crystallinity between samples. The 

sample that produced the highest resistivity probably corresponds to the 

largest In content and the lowest resistivity corresponds to the lowest (or 

no) In content. From analysis of the crystal structure and composition, 

Cd13-xInySb10 should have a more metallic like behavior and the expected 

resistivity and the thermopower of Cd13-xInySb10 should have been lower 

than that of the electron precise semiconducting Cd4Sb3 (Cd13Sb10). 

Because of the relatively high electrical resistivity in both Cd4Sb3 and 

Cd13-xInySb10 the contribution from the electrical component of thermal 

conductivity (κe) can be disregarded almost completely and the thermal 

conductivity comes from lattice vibrations (κL). The steep rise in thermal 

conductivity of Cd4Sb3 with decreasing temperature is characteristic for 
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phonon-phonon Umklapp scattering, which follows 1/T temperature 

dependence above the Debye temperature. This is not the case for Cd13-

xInySb10 where the increase in thermal conductivity is not as steep and in 

Cd4Sb3. At about 25 K the thermal conductivity of Cd13-xInySb10 starts to 

decreases with decreasing temperature instead of increasing as for 

Cd4Sb3. This indicates that the phonon scattering mechanisms are 

different in the two systems. Despite the difference in temperature 

dependence, magnitudes of the thermal conductivity of Cd13-xInySb10 and 

Cd4Sb3 are of the same until the phonon-phonon Umklapp scattering 

increases the thermal conductivity of Cd4Sb3. Above room temperature 

the thermal conductivity of Cd13-xInySb10 is actually lower than that of 

Cd4Sb3. As mentioned above, Cd13-xInySb10 does not follow the 1/T 

temperature dependence and has a relatively small unit cell of 66 atoms 

and the only apparent form of disorder in Cd13-xInySb10 is substitutional 

disorder on the 36f site occupied by ~87% Cd and ~13% In. Against this 

background the low thermal conductivity of Cd13-xInySb10 remains a 

puzzle. 
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Figur 13 TTO physical property measurement of Cd13-xInySb10, Cd4Sb3 is 
included for comparison. a) Thermal conductivity, b) Resistivity, c) 

Thermopower and d) Figure of merit.    
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3.3 Zn9Sn6In2 

When introducing In to the Cd-Sb system the trivalent In replaces a 

substantial amount of divalent Cd and this results in interstitial-free and 

thermodynamically stable Cd13-xInySb10 (x ≈ 2.7, y ≈ 1.5) with an In 

content of 6.8-7 at-% (depending on the nominal composition). When 

introducing In to the Zn-Sb system the result is completely different, 

instead of substituting the divalent Zn and forming a stable variant of a 

known Zn-Sb phase, novel phases emerge: thermodynamically stable 

Zn5Sn4In2-δ and metastable Zn9Sb6Ìn2. 

 

3.3.1 Synthesis and thermodynamics  

In figure 14 the Zn rich part of the ternary Zn-Sb-In phase diagram is 

shown, the placement of the symbols indicate the starting composition 

and the actual symbols indicate the product, the number is the specific 

annealing temperatures employed for that synthesis. 1) In the area 

covered by the red triangles (pointing up) Zn5Sb4In2-δ is the main product. 

This is the In rich corner with the lowest annealing temperature. 2) In the 

area covered by blue squares the main product is Zn4Sb3. This area is Sb 

rich and as a result of higher Sb contents the annealing temperature 

increases. 3) The area covered by green triangles (pointing down) 

indicates that both Zn4Sb3 and Zn5Sb4In2-δ are present in substantial 

quantities. Zn9Sb6In2 cannot be produced by the routine way of 

performing synthesis. As described earlier we were not able to reproduce 

Zn9Sb6In2 and this raised the suspicion that Zn9Sb6In2 is a metastable 

compound and decomposes if not quenched. The routine treatment after 

centrifugation of the reaction mixture is to remove the quartz ampoule 

containing the synthesized sample from the insulated stainless steel 

container and let the ampoule cool radiatively to ambient temperature on 
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a flame safe surface. When using this treatment all samples resulted in a 

mixture identified as Zn5Sb4In2-δ, Zn4Sb3 and elemental Zn. By removing 

the ampoule immediately from the insulated stainless steel container and 

immerse it in ice water, the crystalline material corresponded to 

Zn9Sb6In2. A large number of syntheses were done with a final step of 

quenching in ice water. From the composition range (gray area denoted 3 

in figure 14) that earlier produced Zn5Sb4In2-δ and Zn4Sb3, the main phase 

formed was Zn9Sb6In2. In all these reaction the produced Zn9Sb6In2 

contained minor inclusions of Zn5Sb4In2-δ.  

 

Figure 14 Ternary phase diagram Zn-Sb-In. 1) Red triangles (pointing up) 

correspond to Zn5Sb4In2-δ with traces of InSb. 2) Blue squares correspond to 

Zn4Sb3. 3) Green triangles (pointing down) correspond to a composition that 

yields Zn5Sb4In2-δ and Zn4Sb3 upon radiant cooling to ambient temperature. 

From the gray area denoted 3 Zn9Sb6In2 results when reaction mixtures are 

quenched directly after centrifugation. Composition from the gray area produces 

Zn9Sb6In2 upon quenching.    

 

 

 

 



44 

 

3.3.2 DTA  

DTA measurements indicate that Zn9Sb6In2 indeed is metastable. In 

figure 20 the DTA traces of Zn9Sb6In2 and Zn5Sb4In2-δ are shown. 

Zn9Sb6In2 displays a broad exothermic event at around 485 K. This 

exothermic event is associated with the decomposition of Zn9Sb6In2 into 

the more stable Zn5Sb4In2-δ, Zn4Sb3 and elemental Zn. Zn5Sb4In2-δ has no 

exothermic event and appears to be thermodynamically stable up to 

around 620 K. After the exothermic event of Zn9Sb6In2 at 485 K, 

Zn9Sb6In2 and Zn5Sb4In2-δ have practically the same behavior. The events 

at high temperature associated with both Zn9Sb6In2 and Zn5Sb4In2-δ are 

not fully understood.  

 

 

Figure 15 DTA cooling traces of Zn5Sb4In2 and Zn9Sb6In2 

 

3.3.3 Structure of Zn9Sb6In2 

Structurally Zn9Sb6In2 and Zn5Sb4In2-δ are closely related, and they also 

have some structural resemblance to Zn4Sb3. In figure 16 a projection of 

the structure along the [100] direction of Zn9Sb6In2 can be seen. 
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Zn9Sb6In2 is structurally more complicated than Zn5Sb4In2-δ and in rare 

cases single crystals exhibit another modification that is monoclinic. 

 

Figure 16 Structure of Zn9Sb6In2 viewed along [100], Blue circles denotes In, 

red Sb and cyan Zn. 

  

Zn9Sb6In2 has as noted earlier a more complex structure and the single 

crystal displays on top of the basic structure reflections a superstructure. 

This superstructure is six fold superstructure along a and b. This does not 

reflect the true nature of the superstructure as a large number of 

reflections are missing and this leads to the conclusion that this six-fold 

superstructure stems from twinning. The pattern is instead generated by 

2x3 superstructure in the ab-plane. This reciprocal lattice is twinned by a 

90
o
 rotation around c to produce a pattern that mimics tetragonal 

symmetry and a six fold superstructure along a and b. A small number of 



46 

 

reflections are not explicable by this model, and this additional 

complication will be dealt with later. The fit of the refinement for single 

crystal data of orthorhombic Zn9Sb6In2 was generally bad and many 

crystals were tested with the same result until finally a high quality 

specimen was found. When Zn5Sb4In2-δ was introduced as a second phase 

the fit of the bad refinements improved significantly, and the Zn5Sb4In2-δ 

content refined to a volume fraction of up to 10%. This means that 

Zn5Sb4In2-δ intergrowth in Zn9Sb6In2 is substantial, whereas in the 

opposite situation the inclusion of Zn9Sb6In2 in Zn5Sb4In2-δ is also seen, 

but to smaller degree (up to 8%). Zn9Sb6In2 features 3
2
434 nets. This net 

is uninodal which means that all atom in the plane have the same 

environment. This arrangement of 3
2
434 nets is quite common in 

intermetallic compounds most prominent is probably CuAl2. In CuAl2 Al 

atoms make up the net and Cu occupy the antiprisms created between the 

nets. In Zn9Sb6In2 the 3
2
434 nets are made of Sb atoms stacked in anti-

position orientation. The Sb atoms also form tetraedersterns between the 

nets. The square antiprisms are filled either by single In atoms or by Zn3 

triangles (fig 17). Viewing the structure along the a-axis reveals two 

different types of columns of square antiprisms.  The first contains 

isolated In atoms while the other contains alternating Zn3 triangles and In 

atoms. These triangles are slightly tilted with respect to the a-axis. The 

second type of columns occurs in different orientations. In Zn5Sb4In2-δ the 

filling of the square antiprisms is quite different from the filling of 

Zn9Sb6In2. The voids in Zn5Sb4In2-δ are filled with pairs of Zn – In and 

single In atoms.  
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Figure 17 Filling of squared antiprisms present in Zn9Sb6In2. a) Sole In (blue 

atoms) fills the voids in and b) sole In is alternated by Zn3 units.  

 

Let us now return to the weak extra reflections that cannot be explained 

by the twinning model. Initially, these were overlooked as artifacts, but in 

one particular specimen this set of reflections was strong, indicating the 

presence of yet another phase. The reflections may be interpreted as a 

further doubling of the long axis (btet), but the pattern is rife with non-

crystallographic extinctions and this interpretation did not yield any good 

solution. With a more thorough inspection of the pattern and abandoning 

the idea of these reflections belonging to the Zn9Sb6In2 phase it was 

concluded that these extra reflections stemmed from a second phase that 

interdigitates in Zn9Sb6In2. The diffraction pattern of this new phase 

generates reflections along the long axis that perfectly intergrades with 
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the Zn9Sb6In2 reflections. This new phase is monoclinic and the space 

group P1121 was assigned. The monoclinic phase can be generated by 

applying a (½½0) shift vector to the unit cell of the orthorhombic cell. To 

accommodate the treatment of the two structures simultaneously and to 

make the monoclinic cell metrically orthorhombic, the shift vector was 

applied as a centering vector. The now metrically orthorhombic 

(monoclinic cell) is doubled in size due to the doubling of the long b axis. 

The cell parameters for the metrically orthorhombic phase are now 17.15 

Å, 51.44 Å and 7.14 Å. The final refinement reached a fit of R1 = 

12.47%, but considering complexity of the structure and in addition that 

both phases are pseudo-merohedrally twinned according to a tetragonal 

symmetry, this is an acceptable and expected high number. It should 

further be noted that crystals were found that seem to contain Zn4Sb3 that 

has intergrown epitaxially into Zn9Sb6In2. It appears as if Zn9Sb6In2 

occurs in many shapes and forms depending on the starting composition 

and the synthesis conditions.   

 

3.3.4 Properties  

The properties of Zn9Sb6In2 are somewhat ambiguous because of the 

wide spread of possible compositions due to the variation of inclusions of 

Zn5Sb4In2-δ and Zn4Sb3. As mentioned earlier the property results for 

Zn9Sb6In2 vary significantly from specimen to specimen. Resistivity (ρ) 

was measured on a large number of Zn9Sb6In2 crystals and there was a 

large spread in the results (figure 18). The difference can be as large as an 

order of magnitude. The resistivity behavior is metal-like and magnitudes 

are typical of poor metals or degenerate semiconductors. At low 

temperature and up to 220 K Zn9Sb6In2 behaves in the same fashion as 

Zn5Sb4In2-δ and the thermal conductivity is of the same magnitude. Above 
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220 K the behavior of Zn5Sb4In2-δ tends to be more semiconductor like. It 

also appears like the samples with higher resistivity are less temperature 

dependent. This phenomenon might be attributed to that the sample with 

higher resistivity contains a larger fraction of intergrown Zn5Sb4In2-δ and 

Zn9Sb6In2 has a lower inherent resistivity. Under proper conditions, the 

phase Zn9Sb6In2 shows excellent thermoelectric properties, but 

reproducibility is poor. Clearly more work is needed to control the 

outcome of the synthesis. 

 

Figure 18 Resistivity of specimen of Zn9Sb6In2 with different starting 

compositions. 
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3.4 ZnSnSb2 - InSb 

3.4.1 Structure  

The Zn – Sb framework in Zn4Sb3 can accommodate between 0.8 – 1.5 

at. % Sn. The amount of incorporated Sn depends on the reaction 

conditions and although substantial, incorporation of this magnitude may 

still be regarded as doping. These small inclusions of Sn in -Zn4Sb3 

have interesting effects on the thermoelectric properties
23

. The only true 

ternary Zn-Sb-Sn phase is ZnSnSb2 which adopts a chalcopyrite 

structure. ZnSnSb2 was found in the 1960s by Shay et al
24

. Chalcopyrite 

adopts the II-IV-V2 (ABC2) structure type, a tetragonal structure (I-42d, Z 

= 4)
25

. In the structure Zn (A) and Sn (B) are coordinated by four Sb (C) 

atoms whereas the Sb atoms are coordinated by two Zn and two Sn 

atoms. Zn atoms will occupy the 4a (0,0,0) position, Sn atoms occupy the 

4b (0,0,½) and Sb occupy the 8d(x, ¼, ⅛ ) position. A random 

distribution between Zn and Sn results in the cubic sphalerite structure 

(zinc blende). Chalcopyrite can be viewed as a superstructure of 

sphalerite, ideally c/a = 2 for chalcopyrite. In this type of system it is 

common that the c/a ratio is typically slightly lower than 2. Chalcopyrite 

can only be synthesized form a Sn rich flux i.e. a Sn-reactive flux. Thirty 

plus syntheses were made with variation in Sn content, cooling rates and 

annealing temperatures. The composition the yielded the best quality 

single crystals was the starting composition ZnSb2Snx, x < 4. As long as 

the staring composition had a x < 4 excess of Sn and the synthesis 

mixture was heated above 923 K and homogenized, the end products 

were virtually identical. 
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Figure 19 Structures of cubic sphalerite (a) and tetragonal chalcopyrite (b). 

 

From extensive EDX compositional analysis the composition of ABC2, 

25%:25%:50% was confirmed and never showed any significant 

deviations. The tetragonal chalcopyrite ZnSnSb2 could not be detected 

with the in- house powder X-ray equipment. The patterns showed a cubic 

structure and if in fact the tetragonal chalcopyrite is adopted the a/c ratio 

is very close to 2. Single crystal X-ray measurements on several 

specimens all revealed, in addition of Bragg refection from the basic 

cubic sphalerite structure, the presence of weak superstructure reflections. 

These reflections were indexed by assuming a doubling of the basic cubic 

cell along all symmetry equivalent directions. Although it was possible to 

index all the reflection it was not possible to find a structural solution. An 

electron diffraction study showed that the cubic nature of the super 

structure reflections is fictitious and stem from an intricate domain 

twinning of the tetragonal chalcopyrite. Electron diffraction also revealed 

that annealing temperatures have an impact on ordering of Zn/Sn and 

patterns of the doubled cubic axis were also presented. In this pattern the 

satellite reflections of the type q ≈ ±1/4 <024>*, are clearly visible.  

InSb is a semiconductor and crystallizes in the sphalerite structure type, it 

was deemed probable that the two compounds should be miscible in the 

solid state, and that it would be interesting to study the metal-to-
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semiconductor transition that should be present in such a case. A series of 

syntheses was set up to this end according to the formula 

[ZnSnSb2]x[2(InSb)]1-xSn4, a scheme that will give a InSb phase 

synthesized in a tin flux for X=0 and  ZnSnSb2 in a tin rich flux for X=1. 

The DTA measurements show that within the ZnSnSb2 – InSb system and 

with tin as flux, the crystallization temperature is virtually the same for 

the whole composition range. This can be attributed the tin flux that 

ensures uniform synthesis conditions for this investigation. InSb 

crystallizes in the cubic sphalerite (zincblende) type (space group F-43m, 

Z=4) and ZnSnSb2 crystallizes in the tetragonal chalcopyrite structure 

(space group I-42d, Z=4). In both settings Sb acts as a fixed framework 

occupying the 4a (0, 0, 0) position in the cubic sphalerite and the 8d (0, 

¼, ⅛) position in the tetragonal chalcopyrite. In the sphalerite there is a 

random distribution of Zn/Sn on the 4a position and in the chalcopyrite 

the disordered 4a position splits up into 4a (0, 0, 0) and 4 b (0, 0, ½). At 

temperatures between 500 and 515 K ZnSnSb2 under goes a order-

disorder transformation to the cubic sphalerite structure where Zn and Sn 

atoms are evenly distributed in the structure. Due to this structural 

relationship between the cubic sphalerite and the tetragonal chalcopyrite 

all X-ray powder diffraction patterns of [ZnSnSb2]1-x[2(InSb)]x alloys 

only showed reflections corresponding to the cubic sphalerite structure. 

The cell parameters interpolates linearly form the pure ZnSnSb2 to InSb 

(made from Sn-flux) in accordance with Vegard’s law
26

 (figure 20) InSb 

made from Sn-flux had a cell parameter of 6.478 Å, which agrees with 

the literature value
27

. For x = 0, the deviation in the lattice parameters 

were found to vary slightly but significantly between 6.2789(2) and 

6.2849(2) Å. There is no apparent correlation between this variation and 

reaction condition applied. Single crystal measurement on an image plate 

single-crystal diffractometer revealed the presence of weak superstructure 
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reflection in addition to the set of Bragg reflections from the basic 

sphalerite structure. Electron pattern studies clearly show that the 2x2x2 

superstructure is not a true superstructure and arises from intricate 

domain twinning of the tetragonal chalcopyrite structure type for 

ZnSnSn2.  

 

 

 

Figure 20 Cell parameters of [ZnSnSb2]1-x[2(InSb)]xSn4 composition ranges 

plotted against at. % In. Black (cubes) denotes “SU” synthesis series and red 

(dots) denotes “ASU” synthesis series. 

 

 

3.4.2 Composition analysis and TEM  

Microprobe analysis shows that no Sn is incorporated in InSb when 

employing Sn-flux synthesis. Electron probe microanalysis (EMPA) 

indicated a compositional homogeneity but also revealed a systematic 

deviation from the target composition. This systematic deviation assumes 

a substitution pattern Zn/Sn → 2 In (II/IV → 2 III). In samples x = 0.9 to 

0.6 the Zn concentration appears to be higher than the Sn concentration. 

At the same time the valence electron concentration calculations from the 

total composition remains 4 per atom, which implies that the excess of Zn 
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over Sn is electronically compensated by a higher concentration of V-Sb 

and/or III-In. At x=0.5 the Zn and Sn concentrations are equal. This is in 

agreement with the expected substitution pattern. In samples x < 0.5 the 

Sn concentration is higher than that of Zn. This is balanced by a lower 

concentration of V-Sb and/or III-In. In samples x < 0.2 valence electron 

concentrations starts deviate from the ideal value of 4 electrons per atom. 

These deviations in the composition suggested that the picture of a 

sphalerite structure with Sb atoms occupying one position and random 

distribution of Zn/Sn/In on the other is a little bit too simple. This 

deviation also raises the question whether compounds corresponding to 

low values of x in [ZnSnSb2]1-x[2(InSb)]xSn4 actually crystallizes with the 

chalcopyrite structure and a structural change occurs with increasing x. 

To study these issues transmission electron microscope measurements 

were made for the whole composition range 0 < x < 1. For the basic cubic 

reflections of the sphalerite type structure, the reflection condition are 

F(hkl)=0 unless h+k, h+l, k+l = 2n in agreement with the F4-3m space 

group for this structure. The diffraction patterns exhibited highly 

structured diffuse scattering with varying intensity. Careful tilting 

experiments were conducted in TEM. Results are presented in figure 7. In 

(a), (c) and (e) the <001> zone axis electron diffraction patterns recorded 

for x = 0.9, 0.2 and 0.4 samples, respectively, are presented, (c), (d) and 

(f) show the same samples after tilting the crystal a few degrees away 

from the exact Bragg condition.  In x = 0.9 the presence of diffuse 

scattering after tilting appears as lines running along every direction 

<110>* of the sphalerite structure. The intensity increases towards the 

edges of the diffraction pattern. This pattern suggests a displacive origin 

for the scattered intensities. Tilting was done along all major zone axes 

and patterns recorded. The conclusion was made that these diffuse 

intensities actually are part of sheets of diffuse scattering. This feature is 
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present in samples of all compositions but gets weaker as x decreases. 

Additionally, with decreasing x in [ZnSnSb2]1-x[2(InSb)]xSn4 scattered 

intensities appear, these two events are not seemingly correlated. These 

reflections are part of continuous diffuse scattering intensities which are 

starting to condense to Bragg reflections. These reflections can be 

indexed by using a modulation wave vector of the type q ≈ ±1/4 <024>*, 

which coincides with the lattice of the chalcopyrite superstructure. It 

should be noted that the sheets of diffuse scattering (seen in x = 0.9) also 

are present in x = 0.2, but here the intensities are weaker. To explain the 

two kinds of diffuse scattering we note that the diffuse intensity 

distribution in the In rich sample is equal to that previously reported by 

Withers et al for ZnS
28

. There the presence of structured diffuse scattering 

was interpreted to originate from low-frequency phonon modes 

propagating along reciprocal space perpendicular to each of the six {110} 

real space directions of the sphalerite structure. It has been postulated that 

such low-frequency phonon modes should be an intrinsic property of 

corner connected tetrahedral structure of sphalerite. Indeed, we observe 

this kind of diffuse scattering also in the binary InSb (x = 1) sample and 

therefore it is not associated with alloying. In recent paper by Rosenauer 

et al. thermal diffuse scattering has been simulated for InSb and these 

simulations agree perfectly with our experiments
29

. The modulated 

diffuse scattering observed for Zn rich samples (x < 0.5) is attributed to 

compositionally driven short range ordering aimed to ensure locally 

valence electro concentrations of 4 per atom. This may lead to a 

microscopic segregation of domains of ZnSnSb2 in quaternary alloys for 

x > 0.5.  
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3.4.3 Physical properties 

In figure 21 the resistivity measured from samples x = 1.0, 0.9, 0.8, 0.7, 

0.6 and 0.5 are compiled. The resistivity of InSb (x = 1.0) is around 1.4 

Ωcm at 10 K and drops to around 0.3 at room temperature. These values 

are high, but typically found in hole conducting specimen
30

. Since InSb is 

susceptible to a large variation of charge carrier concentrations the 

reported resistivity differ several orders of magnitude at low temperature. 

The variation in resistivity also depends on what kind of charge carrier 

that is present in the measured sample. The resistivity further shows weak 

temperature dependence at temperatures below room temperature.  The 

resistivity converges at higher temperatures (250 – 400 K) into 

temperature dependence of intrinsic conductivity. Measurements were 

conducted between 10 and 350 K and for samples x = 1.0 (InSb) and x = 

0.9, the temperature for intrinsic conductivity was never reached. Sample 

x = 0.9 still shows semiconducting behavior but the resistivity has 

dropped by two orders of magnitude, 15.5 mΩcm at 10 K and 11 mΩcm 

at 350 K. The resistivity behavior changes to a metallic-like behavior 

with the x = 0.8 composition, resistivity drops to 2.3 mΩcm at 10 K and 

2.6 mΩcm at 350 K. Sample X = 0.7, 0.6 and 0.5 show the same 

temperature dependence as x = 0.8 and the resistivity decreases with 

decreasing x (i.e. the Zn and Sn content increases). The sample produced 

with x = 0.5 which has the lowest In content of the measured samples has 

the resistivity of 0.5 mΩcm at 10 K and 0.6 mΩcm at 350 K. These 

values are typical for poor metals or degenerate semiconductors. Earlier 

resistivity measurements of ZnSnSb2 reveled values around 0.3 mΩcm
31

 . 

In contradiction to Khalilov et al 
32

who found that doping levels in InSb 

resulted in metallic resistivity behavior we found that the resistivity 

changes continuously in the solid solution of [ZnSnSb2]1-x[2(InSb)]xSn4 
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and the transfer from semiconducting to metallic resistivity behavior 

occurs between the compositions x = 0.9 and x = 0.8. 
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Figure 21 Resistivity measurements of samples 1 < x < 0.5 from [ZnSnSb2]1-

x[2(InSb)]xSn4 synthesis series. 

  



58 

 

4. Conclusions and Outlook  

Complex intermetallics are clearly promising as high performance 

thermoelectrics, but they also present a number of challenges before they 

can be used in commercial products. The advantages of these materials 

are their ability to combine a fairly good electrical conductivity with a 

poor thermal conductivity. In addition to being able to combine desired 

physical properties, intermetallics are susceptible compositional altering 

by doping or incorporation of new elements. This opens a lot of doors in 

regards to fine-tuning specific physical properties.  

 

ZnSnSb2 and [ZnSnSb2]1-x[2(InSb)]x 

While InSb is a semiconductor, ZnSnSb2 is a metal but the two are 

isostructural, and complete miscibility is achievable. The fact that the two 

endpoint phases of this pseudo-binary system have distinct electronic 

properties, but the same structure, suggests that it should be an ideal 

system for studying a metal-semiconductor transition, and for tuning the 

charge carrier concentration. Our study clearly shows the feasibility of 

the approach. The onset of metallicity on the introduction of Zn and Sn is 

rapid and the solubility range for charge-carrier concentration tuning is 

limited. Performing a detailed synthesis series and new property 

measurements within this narrow part of the solubility range may give a 

indication of if tuning is possible.   . 

 

Cd4Sb3 and Cd13-xInySb10 (x = 2.7 and y = 1.5) 

The low thermal conductivity in Cd4Sb3 and Zn4Sb3 has been attributed to 

the complex structure caused by the interstitial Cd/Zn. With the synthesis 

of C13-x-InySb10 that is totally ordered and contains no interstitial atoms 
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and yet has equivalent thermopower and thermal conductivity properties 

as Cd4Sb3 this may have to be revised.  This raises the question if the 

poor thermal conductivity really stems from structural disorder or if there 

is another source for the poor thermal conductivity. A partial explanation 

might be given by Schweika et al
33

 in rattling Sb2 dimers. These Sb2 

dimers lie within the frame-work and appear to destroy the phonon 

resonance in the structure, causing bad thermal conductivity. Poor 

thermal transport properties need not necessarily always be associated 

with a large unit cell with complex structure and interstitial atoms 

distributed in the structure. Cd4Sb3 in thermodynamically unstable and 

exhibits an α – β order disorder transformation at 360 – 375 K depending 

on synthesis-route and flux medium. The decomposition of Cd4Sb3 into 

CdSb and metallic Cd is rapid at slightly elevated temperatures (525 K), 

whereas Cd13-xInySb10 has no high temperature transformations or 

decomposition until the final decomposition into elements takes place at 

670 K. The resistivity of Cd13-xInySb10 stands out among the Cd4Sb3 

samples with a resistivity of about a factor of three higher than the Sn-

flux grown sample and a factor of nine higher in resistivity than that of 

melt quenched and Bi-flux sample. The thermal conductivity behaves in 

the same fashion and is of the same magnitude in all the samples.  In-

doped, melt quenched and Bi-flux samples behave in the same fashion 

with increasing thermopower through the whole measured temperature 

range, while thermopower measurements show Sn-flux samples to peak 

out at 440 μV/K. The conductivity behavior is identical for all the 

samples.  With respect to the state-of-the-art material Zn4Sb3, Sn-doped 

Cd4Sb3 has a factor of almost three larger thermopower, but high 

electrical resistivity. This study has yielded new insight into the 

formation and stability of Cd4Sb3, and into the complex structural 

problems surrounding this phase. The properties of Cd4Sb3 based systems 
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are very interesting, and this warrants further studies, including tests of 

practical applications. The most obvious challenge is the environmental 

issues surrounding the use of Cd. 

 

Zn9Sb6In2 - Zn5Sb4In2-δ  

Although it is possible do dope Zn4Sb3 with minor amounts of 

In
34

,attempt to incorporate larger amounts of In resulted instead in a 

number of  novel ternary phases. While these are synthetically 

challenging, yielding pure phases only under rigidly controlled 

conditions, the system Zn-Sb-In remains highly interesting since there are 

strong indications for efficient thermoelectric behavior of these 

compounds. Intergrowth is common between the phases, in addition 

inclusions of Zn4Sb3 and elemental Zn can be found in some samples. 

This structural complexity and intergrowth explains the problems 

encountered in properly assessing the physical properties in a 

reproducible fashion: Every sample produced has been unique, but the 

complexity may also have advantageous effects in promoting good 

thermoelectric properties similar to those for Zn4Sb3. Toxicity issues and 

price are much less severe for this system, and the challenges instead lies 

in producing and reproducing material of high, stable, performance. 
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