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Abstract 

Thermoelectric materials have the capacity to convert a temperature differential into electrical 

power and vice versa. They will represent the next revolution in alternative energies once their 

efficiencies are enhanced so they can complement other forms of green energies that depend on sources 

other than a temperature differential.  

Progress in materials science depends on the ability to discover new materials to eventually 

understand them and to finally improve their properties. The work presented here is aimed at 

dynamizing the screening of materials of thermoelectric interest. The results of this project will enable: 

theoretical preselection of thermoelectric compounds based on their bandgap and a rapid agglomeration 

method that does not require melting or sintering. A special interest will be given to Iodine-doped TiSe2 

that generated extraordinary results and a new set of equations are proposed to accurately describe the 

dependence of the power factor and the figure of merit on the intrinsic properties of the materials. 
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Chapter 1: Introduction  

Thermoelectrical generators (TEGs) directly convert a temperature differential into electrical 

current.  The operation of these generators is completely noise and vibration free, while offering a non-

intermittent production of electricity. While in service they do not produce emissions of any type and the 

generators do not require maintenance. The lifespan of the TEGs is on the order of decades and their use 

is usually limited by the availability of the temperature gradient.   

The application of TEGs offers an entire new way to innovate, design and engineer new products 

and to improve current products.  The versatility that this novel technology offers makes it applicable to 

almost every aspect of our everyday’s life, civilian or military. The idea of harvesting electricity from 

waste heat is indeed a very attractive economically and environmentally. So far, the applications of 

TEGs for energy recovery have been limited, but the ever increasing demand for electricity pushes for 

innovation and new technologies. 

But TEGs do not just work as electrical generators (Seebeck effect) when a temperature gradient 

is available, as they can also work as heating or cooling units (Peltier effect) when a voltage is applied.  

It is thanks to this dual working principle that makes TDs unique.  

 

 

 

 
Fig. 1: TEGs dual working principle. 

 
 
 
 
 
 
 
 
 
 
 

ΔT       Electricity 
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Chapter 2: Background 

2.1 Historical developments 

In 1821 Thomas Johann Seebeck discovered that if two different conductors are joined 

and the two junctions are maintained at different temperatures, an electromotive force is 

developed in the circuit. This principle now bears his name, the Seebeck effect.  

 

 

 

 

 

 

 

 

 

Fig 2.1: Thomas Johann Seebeck.1 

In 1834 Jean Charles Peltier was the first to observe and document that if a current flows 

in a circuit consisting of two different conductors then one of the junctions is heated and the 

other is cooled. This effect is now known as the Seebeck effect. 

 

 

 

 

 

 

 

 

Fig 2.2: Jean Charles Peltier.2 
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An in-depth historical review of thermoelectric models had to be performed in order to 

understand the current standing of research in thermoelectrics. For the purposes sought here, key 

developments took place:  

 

 

1821 Seebeck discovers the thermoelectric effect.3 

 

1834 Peltier discovers the Peltier effect.2 

 

1912 Altenkirch develops the concept of figure of merit (Z).4,5 

 

1920’s Abram Fedorovich Ioffe, a Soviet scientist proposed that semiconductors would 

make good thermoelectrics.6  

 

1954 Goldsmid discovers Bismuth Telluride, a layered chalcogenide semiconductor and 

the best performing room temperature thermoelectric material to date.7 

 

1959 Chasmar and Stratton8 looked for an optimum gap of a thermoelectric 

semiconductor in order to optimize zT. They found that the best gap was ≈ 6kBT. 

 

1962 Simon shows that very high zT values could be obtained in small bandgap 

semiconductors.9 

 

1994 Sofo and Mahan10 expanded Chasmar and Stratton’s previous work by setting an 

optimal band gap range of 6kBT - 10kBT.  
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2008 Snyder and Toberer11 developed a model based on Bi2Te3 that shows the 

relationship between α, σ, k, PF, and Z in function of the carrier concentration. They state 

that good thermoelectric materials are typically semiconductors with a carrier 

concentration between 1019 and 1021 carriers per cm3. 

 

2013 Goldsmid states a material that fulfills the correct conditions might have a zT ≈ 6.  

Such statement breaks with the paradigm that figures of merit above 2 for room 

temperature thermoelectric materials might not be achieved.12 

 

2013 Lebègue et al. used data filtering and density-functional-theory calculations to 

screen selected layered chalcogenides out of the entire ICSD database in an effort to 

discover new semiconductors for general electronic applications.13 

 

2.2 Seebeck modules and their applications 

The basic building blocks of a modern Seebeck module (also known as Thermoelectric 

generator) are alternated p-type and n-type single-crystal Bismuth telluride-based semiconductors. If you 

apply current you will get a hot side and a cold side, on the other hand, if you apply heat on one side and 

cold on the other you will obtain electricity. 

 

 

 

 

 

 

 

 

Fig. 2.3: Cross-sectional view of a Seebeck module.14 
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In 1953, the soviet radio manufacturer Metallamp developed a commercially available 

thermoelectrical generator as part of one of their quinquenal plans aimed to effectively use domestic 

resources. The TGK-3 thermoelectric generator supplied 2 – 5 W thanks to its ZnSb/constantan 

thermoelectric elements, enough to power a radio. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Fig.. 2.4: Soviet TGK-3 thermoelectric generator.15 

 

 

The latest and probably the most common application for Thermoelectric generators (TEG) is 

found in electric wine cellars, which run on the most common thermoelements commercially available 

made of Bi2Te3.  The advantages of this cellars when compared to conventional gas-refrigerated units 

are: 1) noiseless operation as there are no moving parts, 2) there is no vibration, 3) they provide a long 

service life, 4) lightweight, and 5) do not contain harmful gases. 
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Fig. 2.5: Left Image Operating Peltier thermocooler on top of heat diffuser covered with ice, 

Right Image Emerson FR966 12 bottle wine cellar. 

 

In 1998 Seiko Instruments Inc. (SII) commercialized the smallest TEG ever manufactured, and 

introduced the first application of TEGs into a watch.  The success that SII had on miniaturizing TEG 

technology in order to make it wearable, earned the Seiko Thermic a place at the Smithsonian. The 

images below show on the left  the  Seiko Thermic watch,16 and on the middle the conceptual figure of 

the thermoelectric-powered wristwatch. The backlid (high temperature end) receives heat from the 

wearer’s arm effectively while the clock case (low-temperature end) radiates heat efficiently. Finally, 

the image on the right an electronic scanning electron microscope (SEM) photomicrograph is shown of 

the thermoelectric device used in the THERMIC. Contained in this device are 104 component elements 

each measuring 80x80x600-micrometers.17  
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Fig. 2.6: Left Image Seiko THERMIC watch, 16 Middle Image The conceptual figure of the 

thermoelectric-powered wristwatch. Right Image SEM photomicrograph of the THERMIC TEG.  

 

But then NASA wants to push further the miniaturization, and the Ames Research Center is 

currently developing TEGs that can be implanted subdermically. Such device would be used to power 

vital sign monitoring sensors or to recharge nanodevices.  

 
  
 
 
 
 
 
 
 
 
 

 

 

Fig. 2.7: Left Image Schematic block diagram circuitry for pacemaker battery, Right Image Schematic 

depicting a thermoelectric device to be   implanted subdermally.18 

 
 

TEGs have attracted the interest for military and space applications thanks to their capacity to 

generate electricity on practically any sort of environment once a thermal source is provided.   
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The Partisan’s canteen was probably the first practical application of a TEG ever. It was 

developed by the soviets during the WWII, the pot at the bottom contained thermoelectric couples made 

of ZnSb (composite semiconductor) and constantan (Cu Ni alloy) that powered a radio under the heat of 

a fire camp. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2.8: Partisan's Canteen: thermoelectric generation by campfire  

(ZnSb/constantan thermo-elements).19 

 

In the 1970’s, the US developed a thermoelectric battery charger for the Army. It could run 

basically on all kinds of liquid fossil fuel (gasoline, jet fuel and diesel fuel) and it had an efficiency of 

approximately 3% thanks to their Lead Telluride (PbTe) thermo-element. 

 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2.9: American 500W portable generator using liquid fuel.19 
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Radioisotope Thermoelectric Generators (RTG) use thermo-elements that convert the decay heat 

of Pu-238 to electric power with system efficiencies that range from 5 – 7 %. Due to the versatility of 

RTGs, they have found applications in the most extreme of environments, including underwater 

espionage.  

In 1979 the USS Parche submarine during Operation Ivy Bells installed an RTG-powered cable 

tapping pod was laid off in the Murmansk, in the Barents’s sea. The tapping pods were not limited by 

their capacity to produce electricity, but rather because of their data storage capacity which lasted for up 

to a year.20 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2.10: The Ivy Bells device.20 

 

Where solar panels cannot be used due to the absence of solar light, NASA has utilized RTGs.  

Up until now NASA claims that since 1961, 28 U.S. space missions have safely flown radioisotope 

energy sources.21  

The heat source radioisotopic fuel is Plutonium-238 in the form of the oxide Pu02. In the isotopic 

decay process, alpha particles are released which bombard the inner surface of the container.22 The 

energy released is converted to heat and is the source of heat to the thermoelectric converter.  
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This technology has been implemented on all of its radioisotope power systems (RPS) to provide 

electric power to both Viking landers, pioneer 10 and 11, voyager 1 and 2, the Cassini-Huygens mission 

to Saturn, and the new horizons mission to Pluto among others.23 

Continuous research and development in the TEG field will result in lower-cost and higher 

efficiency devices.  A higher efficiency on TEGs will directly translate into smaller and lighter devices 

which is critical for space missions and military operations. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2.11: Cassini spacecraft RTG roughly the size of a person.24 

 

 

The modern soldier depends now more than ever on electronic equipment for a successful task 

accomplishment.  More efficient TEGs would enable the soldier to generate the required electricity to 

power small scale electronics by carrying a portable generator in its backpack.  Such device would 

reduce the dependency on batteries and thus reducing the load to carry. 

Furthermore, military underwear and space suits of the future could incorporate TGs to either 

cool-down or warm up the individual, and when not required it could be used to generate electricity to 

power or recharge their systems. 
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Rockets could be another application for TEGs.  The large temperature gradient between the tip 

of the rocket and the exhaust nozzle could be used to reduce the load, the size and the weight of the 

batteries that power on-board systems.  Such system would take advantage of the thermal work capacity 

of the combusted propellant once it has performed mechanical work increasing the overall efficiency of 

the device. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.12 Rocket with TEG-assisted electrical system. 
 

 

There is also room for the implementation of TEGs in civil engineering. Building design and 

construction has evolved greatly over the last 60 years as: 1) new materials are available, 2) greater 

importance to aesthetics is given, 3) an effort to minimize operational energy consumption.  The design 

of new buildings is undergoing a transitional period in terms of operational energy consumption from 
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self-sustainability to positive.  This means, that energy (electricity in this case) will be generated in 

excess within the building so it can be in turn reintegrated to the municipal power grid.   
 
 
 
 
 

 

 

Fig.. 2.13: Evolution of operational energy consumption in buildings. 

 

Such is the case of the Masdar headquarters, world’s first positive energy building in the new 

city of Masdar in the United Arab Emirates.25 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.14: Masdar headquarters, world’s first positive energy building in 

 Masdar Abu Dhabi, UAE.25 

 

Passive and dynamic solar systems play a big role in this new tendency, a tendency that has 

pushed the implementation of photovoltaic cell arrays to its maximum and has neglected totally 

thermoelectrical generation.  

 
 
 
Negative Minimize Sustainable Positive 
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Thermal gradients can be found everywhere in a building, i.e. heat is released from the 

decomposing matter in the sewage system, incoming municipal water, and from windows like those that 

BASF™ designed for the new buildings in Masdar city. 

The following drawing shows a simple sun heated water (or sewage) -cold air heat exchanger or 

radiator which could be used during winter times or cold regions. Hotter exiting hot air could be used for 

HVAC purposes. 

 

 

 

 

  

 

 

 

Fig. 2.15: Sun heated water or sewage-cold air heat exchanger. 

 

 

The same concept could be used for hot regions, using relatively cold water incoming from the 

municipal distribution system and atmospheric hot air.  Outgoing air would be relatively at a lower 

temperature (vs. incoming) and could be used for HVAC purposes as well. 

The revolutionary windows that BASF™ designed for Masdar are based on the concept of 

integrating a heat exchanger and a window in a single component, so the window works as a heat pump: 

 

 

 

 

 

in 

out out 

in 
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Fig. 2.16: BASF™ windows for Masdar city. 

 

 

The product developed by BASF™ will lower HVAC-related energy costs by at least 30% 

according to the manufacturer.  A similar window concept lined with TEGs could be used not just 

generate electricity but could be used also supply HVAC requirements if an electrical current is applied.  

The use of TEGs can be very well complemented by other technologies; these can be solar, wind, 

geothermic or nuclear.   For example, geothermal electrical generation works basically like any other 

conventional thermoelectrical generation powerplant, where cold water is turned into steam which is 

then used to power a turbine.  Once the steam passes through the turbine and mechanical work is 

performed, the vapor is expelled. But even after the water vapor has performed the mechanical work, it 

still has the capacity to perform thermal work while it cools down to finally condense.  The thermal 

work capacity can be exploited via TEGs means like the following diagram shows:  

 

 

 

Sun 

Outdoor glass Indoor glass 

Incoming fresh air 

Outgoing hot air 
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Fig. 2.17:  Recovering thermal energy from water vapor in a thermoelectrical generation plant. 

 

 

Thermoelectrical cooling and heating could be implemented in the auto industry, since the 

advantages that such a system would have over conventional systems are: 

 

• Low weight, since heating and cooling systems are reduced to one system. 

• Solid state device, no moving parts and no vibrations. 

• Long service lifetime and no components subject to corrosion. 

• No mechanical load on engine. 

• No pressurized hot water or pressurized refrigerant. 

• No risk of hot water entering the passenger cabin due to heater malfunction.  

 

In 1954 Komatsu developed a thermoelectric air conditioner for the company’s president 

vehicle, a Chrysler. Although the technology was never commercialized it was a breakthrough in 

thermoelectric applications.26 
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Fig. 2.18: Komatsu’s Automotive Thermoelectrical A/C prototype.26 

 

Automotive thermoelectrical generation has also been explored, but hasn’t reached the market 

either.  In 1999, the Clarkson University in Postdam in N.Y. and Delphi Corporation in Lockport N.Y. 

designed, fabricated and tested an automobile exhaust thermoelectric generator in a light truck. The 

generator was called AETEG, for “Automobile Exhaust Thermoelectric Generator”, and the purpose of 

the generator was to improve vehicle’s fuel economy and reduce its emission by converting waste 

exhaust energy so that the load on the vehicles alternator could be reduced.27  The German automakers 

VW and BMW are currently exploring similar applications.28 

 

 

 

 

 

 

Fig.  2.19: Automobile Exhaust Thermoelectric Generator.27 
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2.3 Intrisic properties, power factor and figure of merit 

The intrinsic properties that define a thermoelectric are the Seebeck coefficient (α), the electrical 

conductivity (σ) and the thermal conductivity (k). They are all condensed into one value that is the figure 

of merit (z):  
 
 

 𝑧 =  
𝛼2𝜎 
𝑘

 
 

Equation 2.1: Figure of Merit 
 

The numerator is a useful parameter in assessing the performance of a thermoelectric, and it is 

termed as the Power Factor.  Under a given temperature difference, the ability of a material to produce 

useful electrical power is quantified by its power factor (PF).  Materials with high power factor are able 

to generate more energy in a space-constrained application. 
 
 

𝑃𝐹 =  𝛼2𝜎 
 

Equation 2.2: Power Factor 
 

Sometimes z might be multiplied by the temperature in order to obtain a dimensionless figure of 

merit (zT): 
 
 

𝑧𝑇 =  
𝛼2𝜎 𝑇 
𝑘

 
 

Equation 2.3: Dimensionless Figure of Merit 
 

Snyder and Toberer developed a model based on Bi2Te3 that shows the impact of the intrinsic 

properties (α, σ, k) on the PF and the zT in function of the carrier concentration.29 
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Fig. 2.20: zT and PF in function of α, σ and k for Bi2Te3.29 

 

2.4 Compound Synthesis and Agglomeration 

2.4.1 Chemical vapor transport (CVT) 

Chemical vapor transport (CVT) is a relatively inexpensive technique and the standard method to 

grow crystalline bulk transition metal chalcogenides.30 The starting materials for the crystal growth are 

filled with stoichiometric composition (A and B) in their solid condition (s) into a quartz ampoule 

together with a gaseous transport agent (Lg).  

 

 

 

 

 

Fig. 2.21 Schematic of the CVT process.31 

 

The ampoule is introduced into a furnace with a temperature gradient, source T1 (hotter) and T2 

sink or deposition zone (cooler). The starting materials will form the gases AL(g) and B(g)  in T1 and will 

react in the cooler part T2 growing crystalline bulk. The method generates small but highly pure 

polycrystals which can be later agglomerated to larger crystals via different methods, two of them being 
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the Bridgman method and the sintered uniaxial pressing. The work presented here presents the results of 

a novel agglomeration method:  the unsintered uniaxial dry cold pressing . 

 

2.4.2 The Bridgman Method 

The Bridgman method is used to produce certain semiconductor crystals such as Gallium 

arsenide, II-V, II–VI (ZnSe, CdS, CdTe, and ZnTe), BGO (Bi4Ge3O12 -Bismuth germanate-) 32-34 and 

Bismuth telluride (a V–VI compound).35 It is a popular technique, because of the simplicity of the 

growth apparatus, the high growth rate and the availability of crystals of appropriate size and quality.32 

It is one of the solidification methods developed to grow single crystal ingots or boules of 

semiconductors, but can be used for solidifying polycrystalline ingots as well.36 Moreover, since it 

involves directional freezing, it will lead to a controlled distribution of impurities and to any preferred 

orientation.37    

The Bridgman technique requires melting the raw polycrystalline material in a mold (ampoule or 

crucible) of smooth graphite, tapered to a point at the bottom end.  Using a growth process called the 

gradient freezing (GF) method; a temperature gradient is applied along the length of the mold so that the 

temperature around the seed crystal is below the melting point.   

The mold can be positioned either horizontally or vertically to control convection flow, being the 

most common the vertical arrangement. As the seed crystal grows, the temperature profile is translated 

along the mold by controlling the heaters along the furnace or by slowly moving the ampoule containing 

the seed crystal within the furnace.38 When seed crystals are not employed as described above, 

polycrystalline ingots can be produced from a feedstock consisting of rods, chunks, or any irregularly 

shaped pieces once they are melted and allowed to resolidify. The resultant microstructures of the ingots 

so obtained are characteristic of directionally solidified metals and alloys with their aligned grains.36 

The following schematic diagram graphically describes how the Bridgman method works: 
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Fig. 2.22: Left Image Schematic of vertical Bridgman crystal growth furnace. Modified after 39 and 41. 
Righ Image Boule of a CuAlNi alloy grown by the Bridgman method.7  

 

2.4.2.1 The Bridgman-Stockbarger method 

The Bridgman-Stockbarger method is a variant of the Bridgman method, and often the 

arrangement is horizontal, with the charge held in a pointed boat (Fig. 2.23). This variant has the 

advantage that it does not require a seeded mold to initiate growth.41 

 

 

 

 

 

 

 

 

Fig. 2.23: Schematic of the horizontal Bridgman-Stockbarger method.41 
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There are number inconvenients inherent to this technique: post machining is required to obtain 

desired size and shape of samples, there is product adhesion to the crucible, crucible wall-induced 

stresses are created as well as large thermal strains introduced as the crystal cools.  By far the most 

important disadvantages are those that induce property variations: introduction of impurities due to the 

high temperature contact –and contamination- with the crucible and stoichiometrical deviations due to 

preferential melt element diffusion into the crucible.  

 

2.4.3 Uniaxial dry–cold pressing 

Uniaxial dry–cold pressing (UDCP) is a high-pressure agglomeration in confined spaces 

technique. When compared to other agglomeration and compacting methods it is the simplest and least 

expensive of all, since all the equipment required is a hydraulic press and a rigid dry-pressing die set. 

In UDCP, pressure is applied to the powder with a punch that displaces vertically, pressing, 

compacting and densifying the particulate mass contained in the rigid die (Fig. 2.24). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.24: Uniaxial pressing.42,43 
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Process is finalized by ejecting the compacted body made from particulate solids (also known as 

green body, green compact or powder compact) from the pressing die. The compact now has the size 

and shape of the finished product (near net shape as it is known in the industry) with sufficient strength 

termed green strength.44At this stage the basic mechanism for particle bonding is interlocking.45-47 

Interlocking takes place when the powder particles (Fig. 2.25) become enmeshed due to plastic flow and 

generally as the compaction pressure increases so does the degree of interlocking.48 

 

 

 

 

 

 

 

 

 

 
 
 Fig 2.25: Pictorial representation of the interlocking binding mechanism of agglomeration. 

 

Sintering is the heat treatment usually applied to green bodies after they have been compacted. 

The applied thermal energy densifies the specimen causing grain growth49 and providing it with a 

permanent final strength that is generally superior to those of samples cut from melt grown ingots.50 

 

2.5 Thermoelectric characterization 

The thermoelectric characterization of thermoelectric specimens is performed using a Z-meter, 

an apparatus that measures the thermoelectric parameters of interest as a function of temperature.51 The 

Z-meter consists of a hot-end and a cold-end or a heat sink in order to induce the ΔT required by the 

specimen to generate a voltage. Probes are usually fixed near the ends to measure their temperatures and 
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the ΔV generated and could be lowered or raised with precision in order to determine and adjust the 

vertical distance between them.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2.26: Z-meter, a schematic representation.51 
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Chapter 3: Methodology 
 

3.1 Unsintered uniaxial dry cold pressing 

The UDCP method offers important advantages: small amounts of valuable research compounds 

are required to produce a powder compact (≈1 g); by means of a repeatable, consistent and safe 

procedure that uses inexpensive equipment. The dimensional control due to the well-defined cavity 

means that no mechanical post-pelletization processes or finishing are required, thus, the green bodies 

are ready to use or test immediately after pelletization. 

High compaction pressures due to the hydraulic pressing equipment lead to typical green 

densities for compacted parts of 75–85% of their bulk density.52 Excellent control of applied force and 

pressure allows repeatability and consistency in pelletized powders. Since the UDCP procedure used for 

this work did not involve agglomerating binders, there were no modifications induced of the electronic 

properties in the parent powder. 

Due to the significant practical advantages that cold pressing has to offer when compared to 

other methods, it has already been considered and used before by other researchers as an alternate way 

to fabricate thermoelectrical specimens. 53–57 Please note, that in all of these cases sintering succeeded 

cold pressing. 

Even if full-powder densification cannot be achieved by means of unsintered UDCP, unsintered 

compacts are a logical alternative considering that: (1) the thermoelectric figure of merit (Z) can be 

improved by reducing the lattice contribution to the thermal conductivity (λl) through scattering 

phonons on its multiple grain boundaries58, 59 and (2) the strength provided by sintering is not necessary 

in this case, since test specimens will not be subjected to mechanical loads or stresses. 

The present work documents for the first time the thermoelectrical characterization of unsintered 

UDCP Bi2Te3 and TiS2. The relationship between the applied pressure and the achieved densification on 

the pellet is presented as well. A comparison was made between the specimens that had been prepared 

according to this procedure and their fully dense equivalents. 
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Two layered chalcogenides Bi2Te3 and TiS2 with known physical and thermoelectric properties, 

Bi2Te3 –a semiconductor- and TiS2 –a semimetal-60-62 were selected to test and validate the UDCP 

method.  Layered structures - also known as two-dimensional compounds- are ideal candidates for 

thermoelectric materials as they are bonded by weak Van de Walls forces, a feature that renders the 

crystal structure of the considered phase flexible enough to accommodate impurities. Impurities might 

be dopants, nano-particles, nano-domains or solid solution catalyzers that will optimize the 

thermoelectric properties.63 In addition, theoretical calculations predict that a two-dimensional electronic 

structure enhances thermopower.64  

Although TiS2 is not a semiconductor and ideal thermoelectrics are semiconductors, TiS2 is a 

layered compound that can be manipulated through bandgap engineering to obtain the desired 

properties. On other applications, field effect transistors (FET) based on layered compounds are 

promising because they can avoid the shorted-channel effect, which is one of the biggest obstacles for 

further miniaturization of semiconductors.65,66 

Bi2Te3 is the best commercially available thermoelectric and it has been reported that TiS2 can 

exhibit comparable thermopowers (S) to those of Bi2Te3.67 In spite of the large thermopower generated 

by TiS2, it has not been implemented on commercial applications due to its relatively large thermal 

conductivity67 of 6.8 W/K m when compared64 to 2.3 W/K m of Bi2Te3
68 which leads to a less efficient 

thermoelectric device. Most of this thermal conductivity comes from reducible lattice contribution.67 

The Z-meter was calibrated using the standard specimens or standard reference material (SRM) 

from the National Institute of Standards (NIST) SRM 3451 for Seebeck coefficient and the SRM 8420 

for electrical conductivity. 

 

3.2 Equipment 

A Hitachi TM-1000 Tabletop scanning electron microscope using backscattered electron 

imaging69 at a fixed accelerating voltage of 15 kV was used to observe and document the morphology of 

powders before being pressed. 
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Fig. 3.1: Hitachi TM1000 tabletop SEM.69 

 

Thermoelectric characterization of the specimens was performed using a Z-meter with a vertical 

probe-to-probe set distance of 3.81 mm: 

 

 

 

 

 

 

 

 

 

Figure 3.2: Z-meter and specimen set-up. 

 

The electrical resistivity ρ was calculated by applying a voltage through the probes and 

measuring the electrical resistance I. The cross-sectional area A of the specimen was previously known 

as well as the distance l between the probes: 
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𝜌 = 𝑅
𝐴
𝑙
 

 

 

Equation 3.1 Electrical resistivity 
 

 

Please note that the Seebeck coefficient does not depend on the distance between the electrodes 

or on the thickness of the sample, this is due to the fact that the seebeck coefficient and the electric field 

share an identical length scale that vanishes in the final result. 

The reference Bi2Te3 single crystal was bought from Marlow Industries. It was manufactured by 

the Bridgman process70 and its properties conformed to the ‘Standard Reference Material® Certificate 

No. 3451for Low Temperature Seebeck Coefficient Standard (10 K to 390 K)’ issued by the National 

Institute of Standards & Technology.71 The TiS2 reference values used for comparison purposes were 

obtained from a single-crystal grown by the CVT method using I2 transport.72 

Crystalline Bi2Te3 powder was purchased from Sigma Aldrich, while the crystalline TiS2 was 

provided by Dr Chianelli. The TiS2 was synthesized by a CVT method using iodine as the transport 

agent, following the method as described by Thompson et al.73 

A resistivity calibrating standard was used and the values generated were compared to its table 

values in order to adjust the data recording software accordingly. The properties of the aforementioned 

calibrating standard conformed to the ‘National Bureau of Standards report of investigation research 

materials 8420 and 8421 electrolytic iron thermal conductivity (λ) and electrical resistivity (ρ) as a 

function of temperature from 2 to 1000 K.’74 

Two cylindrical pressing die sets were used to develop and refine the pelletizing technique. A 

medium pressure die set, a heat treated steel 6 mm in diameter rated to 4 metric tons maximum load, and 

a high-pressure tungsten carbide die set 6.3 mm in diameter rated to 7 metric tons maximum load. A 

Carver C-3851 manual two column hydraulic bench top laboratory press with 12 ton capacity was used 

(Fig. 3.3) and after desired pressure was achieved, pellet was allowed a time of residence of 7 min at 

constant pressure to compensate for specimen elastic springback or expansion of compressed air. 
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Fig. 3.3 Hydraulic press and cylindrical die set.75 

 

 

The density of the samples was calculated after measuring their weight with a high precision 

analytical balance and their length with a digital caliper. The relative densification was then determined 

by calculating the ratio between the specimen density and the bulk material density. 
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Chapter 4: Results and discussion 

 

4.1 Unsintered uniaxial dry cold pressing 

The following scanning electron images show the morphology of the parent powders before 

being pressed. The Bi2Te3 spherical particles and the TiS2 successfully obtained nanolayers in the form 

of blossoming flowers: 

 

 

 

 

 

 

 

 

Fig. 4.1: Left Image Bi2Te3 powder SEM photomicrograph. Magnification 2,200X,  

Right Image TiS2 powder SEM photomicrograph. Magnification 2,200X. 

 

During pressing it was observed that for the applied pressure ranges (1.2–2.1 GPAs) an increase 

in pressure did not translate into an augmented densification. The limiting factor was atmospheric in 

nature as atmospheric gas is entrapped within pores as they are isolated (Table 1).49 

 

 

Table 4.1: Specimen densification vs. applied pressure 
      
Pellet diameter, mm Pressure, GPAs Relative densification, % 

6 1.2 ≈ 79.2 
6 1.4 ≈ 79.8 

6.3 2.1 ≈ 79.8 
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The following figures show TiS2 pellet the as ejected: 

 

 

 

 

 

 

 

Fig. 4.2: Left Image TiS2 Green compact side view, Right Image top view. Pictures is not to scale 

 

The table below shows the values for the Seebeck coefficient and the electrical conductivity at 

300 K for Bi2Te3 and TiS2 both, uniaxially dry–cold pressed and single-crystal specimens compared side 

to side. Please note that for both compounds the sample’s Seebeck coefficient is either identical or fairly 

close regardless the agglomerating method, while the electrical resistivity of the UDCP samples is 

significantly smaller (Table 2). 

 

Table 4.2:  Fully dense vs. UCDP thermoelectric properties 

 

 

4.1.1 Relative conductivity 

Of little use is an electrical conductivity comparison between single-crystal and UDCP 

specimens for the same compound. A more objective and meaningful approach is to compare the 

electrical conductivity of the UDCP experimental compound to the electrical conductivity of a UDCP 

Bi2Te3 reference sample. The resultant value has been termed relative electrical conductivity: 

Compound Bi2Te3 TiS2 
Specimen Fully dense single crystal UDCP Fully dense polycrystal UDCP 
Seebeck coefficient, μV/K -231 -231 -153 -127 
Electrical conductivity, S/m 100,000 4,065 61,350 2,134 
Relative electrical conductivity   1   0.5 
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𝜎𝑟 =  

𝜎𝑒𝑥𝑝
𝜎𝐵𝑖2𝑇𝑒3

 

Equation 4.1: Relative electrical conductivity 

 

Where σr is the relative electrical conductivity, σexp is the electrical conductivity of the UCDP 

experimental compound, σBi2Te3 is the electrical conductivity of UDCP Bi2Te3. If by default the electrical 

conductivity of UDCP Bi2Te3 is defined as 1, the relative electrical conductivity of UDCP TiS2 is 0.5 

and when the same method is applied to their single-crystal form σr is 0.6. Such results indicate that the 

relative electrical conductivity of an experimental compound might be used as a tool to predict the 

electrical conductivity in its fully dense condition. 

 

4.2 Thermoelectric evaluation of other compounds 

Following the successful evaluation of TiS2 -a Transition Metal Chalcogenide or TMC-, the 

UCDP was extended to other TMCs with layered structures: TaSe2, ZrTe2, TiSe2; to VS4 -a TMC with a 

chain structure held together by Van der Walls- and to MoS3 an amorphous TMC. Note that even if 

some materials show poor thermoelectric values they should not be ignored; since their electronic 

structure may be modified the same way that graphene is nowadays modified. 

 

4.2.1 TaSe2 

TaSe2 generated α= -11 μV/K and σ = 724,034 S/m; almost perfectly matching published results 

of α= -13 μV/K (76) and σ = 769,000 S/m (77). Even if the electrical conductivity of TaSe2 is more than 

sevenfold that of Bi2Te3, its low Seebeck coefficient does not make it a promising thermoelectric in the 

as tested condition.  
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4.2.2 ZrTe2,  

Thermoelectric characterization of ZrTe2 generated α= 351 μV/K and σ = 1,304 S/m.  The ZrTe2 

used for this work exceeded the thermopower of Bi2Te3 (-231 μV/K) but its electrical conductivity was 

significantly smaller.  

 

4.2.3 VS4 

Patronite (VS4) -a chain-structured one dimensional tetrachalcogenide-78 was the only sample 

that was not synthesized artificially; the mineral was provided by the Smithsonian and proceeded from 

Minas Ragra in Peru. To date, a systematic study of VS4, including its bulk synthesis, properties and 

potential applications has not been performed owing to technical difficulties when trying to synthesize it 

making experimental data practically unavailable. 79 Thermoelectric characterization of patronite (VS4) 

generated the following results α= 52 μV/K and σ = 0 S/m making it of no interest for thermoelectrical 

applications in its tested condition.   

 

4.2.4 MoS3 

MoS3 is an amorphous –chain structured- transition metal trichalcogenide with diamagnetic and 

semiconducting properties.80,81 The list of applications for MoS3 is extensive :  as a cathode material in 

lithium batteries,82 nanoparticle solid lubricant coating,83 antifrictional and antiwear additive to 

lubricants,84 and more rencently it is being explored as a photocatalytist for  hydrogen evolution.85,86 

Despite the versatility of MoS3, the thermoelectric characterization generated α= -247 μV/K and σ = 25 

S/m deeming it of no interest for thermoelectrical applications in its tested condition.   
 

4.2.5 TiSe2  

Initial (t0) TiSe2 thermoelectric measurements (α= -34039 μV/K and σ = 19 S/m) did not 

correspond to values63 for pure TiSe2 (α= -5 μV/K, σ = 91,743 S/m).  Bulk TiSe2 is a semimetal with 

poor thermoelectrical properties while the first measurements were typical of an insulator. Consecutive 

testing demonstrated that this performance was not consistent over time as TiSe2 underwent an insulator 

to a semimetal transitional state due to the presence of Iodine. Iodine had remained in TiSe2 as an 
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unexpected contaminant from material synthesis. Remanent Iodine is usually removed at the time 

specimens are sintered but since specimens used in these work were left in their green state this was not 

the case. The presence of Iodine was detected and documented via SEM and EDS. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3: I2 crystals SEM photomicrograph. Magnification 5,000 X. 

 

SEM was fitted with a SwiftED-TM Energy Dispersive (X-ray) Spectrometer 87(EDS) system, a 

silicon drift detector with a detection area of 30mm2 for semiquantitative chemical analysis. Preceding 

chemical analyses of the samples EDX detector was calibrated using copper standard reference tape. 

 

 

 

 

 

 

 

 

Fig. 4.4: I2 crystals energy-dispersive X-ray spectroscopy. 
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Immediately after pelletization, the iodine concentration started to gradually decrease in the 

sample due to sublimation and gradually the induced insulator state became less prominent on the host 

material as thermoelectrical properties of an n-type semiconductor were observed. At  t ≈ 319 hours the 

transition from n-type to p-type took place.    

At t ≈ 362 the Seebeck coefficient reached a maximum of 4,579 μV/K   and the electrical 

conductivity was 1.4 x106 S/m, characteristics consistent with a p-type semiconductor. Finally it was 

assumed that the material had reached steady state at  t ≈  387 when  α= 44 μV/K, and σ = 1.5 x106 S/m. 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 4.5: α and σ of TiSe2-I2 doped in function of time. 

 

The change of sign of the Seebeck coefficient presented here is not an isolated case, as 

semimetals switch their dominant type of conduction between N-type (electron-type) and P-type (hole-

type) in function of temperature.88 That is, for semimetals the sign of the Seebeck coefficient is 

temperature dependant, i.e. for TiSe2 the S (300k) = -5 µV/K; S (700K) S= 47 µV/K.63 

The insulator to semimetal transition observed in the experiments is not foreign to the TiSe2 

system. At the nanoscale and a given temperature (TCDW ≈ 200K), 89 single TiSe2 layers are unstable 

Thermopower (μV/K) 
 
Electrical Resistivity (1/σ) x 105 
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undergo a charge-density-wave (CDW) transition90 inducing a Peierls distortion. In turn, the Peierls 

distortion originates a metal-to-insulator transition.91 

The situation here is: 1) specimens were never submitted temperatures large enough (test was 

conducted at room temperature with a maximum Δt among probes of 2°C) to change the dominant type 

of conduction and 2) specimens were never taken to nanoscale. Being this the case, the results can only 

be attributed to the presence of iodine. TiSe2 is extremely sensitive to imperfections, stoichiometrical 

deviations and impurity contamination –especially iodine- which adds a relatively large number of 

carriers strongly influencing the transport properties.92 

Iodine has been used before as a doping agent to increase the electrical conductivity.  The 

substrate was polyacetylene, and it was doped with iodine vapor in order to improve its electrical 

conductivity. The increase in conductivity after doping was 10 million times higher than before 

doping.93 

Iodine has also been used before to invert the type of semiconductor.  Goldsmid 94 and Dennis 95 

doped Bi2Te3 (p-type) with iodine, causing the material to become n-type.  They assumed they reached 

the optimal iodine doping when the maximum absolute thermoelectric power matched that of its 

undoped counterpart. The undoped Bi2Te3 (p-type) reached a maximum Seebeck coefficient of about 

260 μV/K; while the iodine doped Bi2Te3 (n-type) reached a minimum of about -270 μV/K.96  

Paul and Rawat used Iodine to improve the thermoelectric properties of PbTe. The addition of 

Iodine enhanced the power factor (PF) as well as the thermoelectric figure of merit (ZT) by tuning the 

position of the Fermi level by controlling electron density in the conduction band.97 

 

4.3 TiSe2 Materials Studio simulations 

The Materials studio molecular simulation software was used in order to try to understand the 

mechanism that had led TiSe2 to show such results. Two different types of simulations were performed, 

one simulating Iodine as a substitutional dopant and the other as an interstitial dopant. Both sets of 

simulations were performed with exactly the same amount of dopant in order to have an objective 

comparison.  

 35 



Each peak on the simulations represents the electron states that are allowed states; those can be 

occupied by electrons as opposed to forbidden states. The x-axis represents the energy of that particular 

state in eVs and the y-axis represents the number of states available at that energy. The units on the y-

axis are arbitrary units, scaled to whatever the simulation program determines to be a good relative 

measure. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6: TiSe2-I2 substitutionally-doped, simulation. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: TiSe2-I2 interstitially- doped, simulation.  

 36 

-60 -50 -40 -30 -20 -10 0 10 

TiSe2 

TiSe2 + 1 I 

TiSe2 +3 I 

-60 -50 -40 -30 -20 -10 0 10 

TiSe2 

TiSe2+1 I 

TiSe2 +3 I 



 

The change in electrical conductivity that was experimentally observed was not reflected in the 

electronic density of states calculations either for substitutional doping or for interstitial doping (there 

should be a sharp increase of states near the Fermi level if this happens, since these are conduction 

states). The lack of computational correlation is most likely due to the unknown nature of iodine 

absorption in the bulk, resulting in the inability of the computational model to correlate with experiment. 
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Chapter 5: The Goldilocks Bandgap 

 

A predictive model to theoretically preselect high performance thermoelectric compounds 

operating at room temperature was developed and validated.  For this purpose the research path followed 

two leads: a) the possible relationship between the band gap of the material of interest and b) 

consideration of the intrinsic properties that define a thermoelectric.  

In 1994 Sofo and Mahan theoretically derived the optimum band gap for semiconductors as 

thermoelectric materials10 to be 6kBT - 10kBT corresponding to a band gap range of 0.15 - 0.25 eV, but at 

the end they did not correlate the theory with operative materials. Later, in 2008 Snyder and Toberer 

(S&T) developed a model solely based on Bi2Te3 that shows the relationship between α, σ, k, PF, and 

the figure of merit in function of the carrier concentration11 and state that good thermoelectric materials 

are typically semiconductors with a carrier concentration between 1019 and 1021 carriers per cm3. The 

graph below shows an improved version of the S&T model as well as the specifics corresponding to 

each type of material: 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 5.1: Intrinsic property values for insulators, semiconductors and metals.98 
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The work presented here validates for the first time the results of S&M’s with known 

thermoelectric materials and their empirical data: 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 5.2: Bandgap vs. z for various compounds, empirical data. 

 

The model of ST’s has been expanded to include materials of thermoelectric interest other than 

Bi2Te3 and integrated to SM’s theoretical derivation: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

Fig. 5.3: Bandgap vs. z for various compounds with respect to theoretical predictions 
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The result of correlating the band gap with the free carrier concentration, indicates that SM’s 

optimal band gap might be slightly enlarged from 0.15 – 0.25 eV to 0.1 - 0.3 eV.  Moreover, new work 

by Goldsmid99 states a material that fulfills the correct conditions might have a figure of Merit (zT) ≈ 6, 

breaking with the paradigm that figures of merit above 2 for room temperature thermoelectric materials 

might not be achievable. 

 The thermoelectric characterization results of the TiSe2 demonstrate that even if the material has 

its bang gap off the optimal semiconducting limits to be considered as an efficient thermoelectric, it can 

be highly doped to engineer its band gap at will, and augment the free carrier concentration to make it an 

interesting material.   
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Chapter 6: Conclusions and final thoughts 

 

6.1 UDCP 

Unsyntered uniaxial dry cold pressing (UDCP) was developed as a new alternate way to 

agglomerate materials for thermoelectric evaluation. The method was tested and validated using the 

thermoelectric compound of reference Bi2Te3 and TiS2. The concept of relative electrical conductivity 

was developed as a comparative tool among specimens agglomerated by the same method and with 

roughly the same densification.  

The UDCP agglomerating method was extended to other TMCs with layered structures: TaSe2, 

ZrTe2, TiSe2; to VS4 -a TMC with a chain structure held together by Van der Walls- and to MoS3 an 

amorphous. The UDCP agglomerating method was once again validated when thermoelectric evaluation 

of UDCP TaSe2 matched perfectly published results.  

Finally, the limiting factor for densification was atmospheric in nature as atmospheric gas is 

entrapped within pores as they are isolated. If higher densifications are desired, a modification to the 

UDCP method is suggested. The method can be upgraded if performed under a vacuum using an oil-free 

press remotely controlled like the one shown below: 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.1: Electric scissor car jack. 
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6.2 TiSe2 

    Of all the compounds evaluated, only TiSe2 generated interesting results. TiSe2 was doped 

with I2 inducing a temporary insulator condition while observing improved thermoelectric properties. 

The presence of Iodine was verified via electron microscopy and EDS. TiSe2 doped with Iodine at 

various concentrations deserves an in-depth analysis. 

 

6.3 The Goldilocks bandgap 

A predictive method was developed, a method to preselect potentially good thermoelectric 

materials based on their bandgap. Such predictive method validated for the first time with empirical 

data, models developed before based on ab initio first principles. The optimal material should have 

bandgap should be within the 0.1 - 0.3 eV range.   

 

6.3.1 Proposed Compounds 

Based on Goldilocks bandgap  and work performed previously by Lebègue et al.13  the following 

list of compounds is proposed for future research: 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2: Proposed compounds and their location in the Goldilocks 
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Table 6.1: List of proposed compounds 

 

 

 

 

 

 

 

6.4 Refined PF, Z and ZT equations. 

Although the equation to derive the dimensionless figure of merit (zT) is highly practical due to 

its simplicity it does not describe accurately its dependence on the thermoelectric intrinsic properties. 

The figure of merit is described as a parabola by the quadratic function while experimental data follows 

a Gaussian distribution. 

 

 

 

 

 

𝑧𝑇 =  
𝛼2𝜎 𝑇 
𝑘

 

 

 

 

 

 

Fig. 6.3. Left Image equation for dimensionless figure of merit, Right Image 

 experimental data for various thermoelectric compounds.100 

 

Compound Notes 

TiSe2 
To test doped with iodine at 
different concentrations 

Sb2Ge2Te5   0.2 eV band gap 
PdTe2   0.2 eV band gap 
FePSe3   0.05 eV band gap 

TiTe2 To test doped to improve 
thermoelectric properties. 
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The quadratic function and the Gaussian distribution share the same vertices nevertheless the 

difference of the areas under the curves is a significant one in order to be neglected. 

 

 
 

𝑧𝑇 =  
𝑇

𝑘𝜎√2𝜋
(𝑒)𝛼2 

 

𝑧𝑇 =  
𝛼2𝜎 𝑇 
𝑘

 
 
 
 
 
 
  

Fig. 6.4. Difference between the Quadratic function and the Gaussian distribution. 

 

The refined equation can be applied to accurately describe experimental results or for predictive 

purposes either for single compounds or for a range a materials without the risk of potentially excluding 

data or materials of interest. In a similar manner, the figure of merit and the power factor can be 

calculated. 

 

 

𝑧𝑇 =  
𝑇

𝑘𝜎√2𝜋
(𝑒)𝛼2 , 𝑧 =  

1
𝑘𝜎√2𝜋

(𝑒)𝛼2 , 𝑃𝐹 =  
1

𝜎√2𝜋
(𝑒)𝛼2 

 

Equation 6.1:: From left to right refined equations for the dimensionless figure of merit, figure of 

merit and power factor following a Gaussian distribution. 
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