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ABSTRACT OF THE DISSERTATION 

 

Novel Synthesis and Processing of Lanthanum Telluride (La3-xTe4) Thin Films  

via Electrophoretic Deposition and Ultrafast High-Temperature Sintering  

for Advanced High-Temperature Thermoelectric Device Applications 

 

by 

Alexander Cheikh 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2023 

Professor Bruce S. Dunn, Chair 

 

 Since the 20th century, deep space missions flown by NASA have been critical for 

exploration of the solar system and have provided a wealth of fundamental scientific knowledge. 

Electrical power for these missions is supplied by radioisotope thermoelectric generators 

(RTG’s) which produce electricity from a radioactive heat source. This technology has a history 

of reliable power generation and has flown on missions such as Pioneer, Cassini, New Horizons, 

and, most notably, Voyager which has been in continuous operation for over 45 years. However, 

device efficiency is limited due to the poor heat-to-electricity conversion of thermoelectric 

materials, which is quantified by the dimensionless figure of merit, ZT. Therefore, a longstanding 

goal in the field is that of developing higher ZT materials to improve RTG specific power. 

Lanthanum telluride (La3-xTe4) has been identified as a prime candidate for next 

generation RTG’s owing to its ZT of 1.1 at 1275K. However, poor machinability and 

susceptibility to oxidation are current bottlenecks for device fabrication. The overarching goal of 
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the work presented in this dissertation is to investigate novel processing strategies for La3-xTe4 to 

facilitate device fabrication and expand pathways for fundamental study of its thermoelectric 

performance. 

The first study (Chapter 2) investigates the La3-xTe4 oxidation mechanism to establish the 

process by which thermoelectric properties degrade and inform oxide mitigation strategies for 

synthesis and device fabrication. As-synthesized La3-xTe4 powder contains an amorphous surface 

oxide at room temperature. At elevated temperature, oxidation progresses with the formation of 

mobile elemental Te, Te-rich lanthanum telluride phases, and crystalline La2O2Te and glassy 

La2O3 as the bulk material reacts with oxygen. The oxide phases are non-passivating and 

thermodynamically stable, requiring multifaceted oxide mitigation strategies. 

The second study (Chapter 3) demonstrates synthesis of La3-xTe4 films by electrophoretic 

deposition (EPD) using tetrahydrofuran (THF) as solvent. Uniform La3-xTe4 films 10-15 µm 

thick with a green density of ~65% are deposited on both planar and non-planar substrates. The 

versatility and scalability of EPD expands thermoelectric device fabrication capabilities and 

enables study of La3-xTe4-metal composite geometries that are not attainable with current bulk 

processing methods. 

The third study (Chapter 4) utilizes ultrafast high-temperature sintering (UHS) to densify 

La3-xTe4 films and bulk pellets in as little as 10 seconds. Sample densities >90% can be achieved 

with well-defined grains on the order of 1-10 µm in size. Rapid densification is proposed to 

result from the extreme heating rate of UHS which maintains a high driving force for 

densification and quickly activates diffusion mechanisms that attend fast pore elimination and 

grain growth. Pressure-less sintering of La3-xTe4 via UHS is a significant achievement and 

demonstrates that complex pressure sintering techniques are not required for densification. 
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The fourth study (Chapter 5) investigates the thermoelectric properties of UHS La3-xTe4. 

Bulk UHS La3-xTe4 pellets achieve a peak ZT of 1.06 at 1273K with comparable performance to 

optimized La3-xTe4 prepared by established methods. Initial power factor measurements up to 

573K suggest that the performance of UHS La3-xTe4 EPD films is similar to bulk UHS La3-xTe4, 

but more accurate thin film measurement techniques are necessary to fully characterize their ZT. 

Achievement of high performance La3-xTe4 via UHS greatly expands and simplifies processing 

of the material without sacrificing thermoelectric performance. 

The results of these four studies significantly enhance processing and future device 

fabrication of La3-xTe4 for high-temperature thermoelectric applications. The detailed 

understanding of the La3-xTe4 oxidation mechanism informs oxide mitigation strategies for 

device design. The novel combination of EPD and UHS forms a simple, high-throughput 

processing scheme that expands possible device architectures while maintaining established 

thermoelectric performance. Finally, EPD and UHS can be applied to other thermoelectric 

materials, thus providing unique and adaptable processing enhancements for the broader 

thermoelectric community. 
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Chapter 1 Introduction and Motivation 
 

1.1 Background on Thermoelectric Materials, Devices, and Applications 

Worldwide energy needs are steadily increasing as evidenced by the predicted 40% 

increase in global energy consumption from 2020 to 2040.1 Meeting these energy demands by 

increased use of fossil fuels is undesirable due to the harmful environmental effects of CO2 

production. There is a considerable push towards expanding renewable energy production as a 

way of meeting energy needs while simultaneously achieving the Paris Agreement goal of net-

zero CO2 emissions by 2050.2,3 An abundant source of “free” energy is the substantial amount 

waste heat produced as a byproduct of most energy-generation, industrial/manufacturing, and 

transportation processes. For example, it is estimated that between 60-70% of energy in 

combustion engines1 40-65% of energy in Portland cement production4, and 67% of electrical 

energy production5 is lost as waste heat. In total, approximately 33% of the energy used by 

manufacturing industries alone is lost as waste heat which equates to 1.72 billion barrels of oil 

annually, or nearly 25% of the United States’ total oil consumption in 2021.5,6  

One promising method to capture this waste heat into useable energy is thermoelectrics, 

which can be used for zero-emission, direct conversion of heat energy into electricity.7,8 

Thermoelectric materials produce a voltage in response to an applied temperature gradient and 

vice versa via the thermoelectric effect. They are incorporated into thermoelectric devices that 

produce electricity from applied temperature gradients (thermoelectric generators) or provide 

active cooling from applied electrical power (thermoelectric coolers). Such devices are quite 
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reliable due to their solid-state operation and offer the potential for quiet, compact, easy-to-

maintain, and environmentally-friendly waste-heat recovery and refrigeration.8–10 

Despite their advantages, a major drawback of thermoelectric devices is their low 

conversion efficiency which makes them cost prohibitive for many applications. The 

performance of a thermoelectric material is characterized by the dimensionless figure of merit, 

ZT, defined as: 

 
𝑍𝑇 =

𝑆2𝜎

𝜅
𝑇 

(Equation 1.1) 

where S is Seebeck coefficient, σ is electrical conductivity, κ is thermal conductivity, and T is 

temperature. 

The efficiency of a thermoelectric generator depends on the average ZT of the material 

and the temperature difference between the hot side (TH) and cold side (TC):7 

 
𝜂𝑚𝑎𝑥 =

𝑇𝐻 − 𝑇𝐶
𝑇𝐻

√1 + 𝑍𝑇𝑎𝑣𝑔 − 1

√1 + 𝑍𝑇𝑎𝑣𝑔 +
𝑇𝐶
𝑇𝐻

 
(Equation 1.2) 

where ηmax is the maximum device efficiency, TH is the hot-side temperature, TC is the cold-side, 

and ZTavg is the dimensionless figure of merit defined in (Equation 1.1), evaluated at an average 

temperature Tavg. 

Based on (Equation 1.2), strategies for improving device efficiency include increasing the 

temperature gradient (TH - TC) and increasing ZT. Since a material’s thermoelectric properties are 

typically optimized over a narrow temperature range (Figure 1.1A) and operating temperatures 

are usually fixed by existing design constraints, improvement of ZT is the main focus of 

thermoelectric research. ZT has no theoretical upper limit5,7 and, as it approaches infinity, the 

second term in (Equation 1.2) becomes unity such that the device efficiency equals the Carnot 

efficiency. 
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Figure 1.1: (A) (reprinted from Tritt et al, Thermoelectric Materials, Phenomena, and Applications: A 

Bird’s Eye View, MRS Bull, vol. 31 (3), 188-194, 20067) ZT vs. temperature for various thermoelectric 

materials. (B) (reprinted from Tuyen et al, Nanostructuring Bi2Te3-Based Thermoelectric Thin-Films 

Grown Using Pulsed Laser Deposition. Nanocrystals 202111) Thermoelectric properties (ZT, Seebeck 

coefficient, electrical conductivity, thermal conductivity, and power factor) as a function of carrier 

concentration.  

Slack described the ideal thermoelectric material to maximize ZT as a phonon 

glass/electron crystal12, meaning it should be a poor conductor of heat (like an amorphous 

material) and an excellent conductor of electricity (like a crystalline material). In practice, this 

combination of properties is contradictory since good electrical conductors are also usually good 

thermal conductors. Therefore, as highlighted in Figure 1.1B, difficulties in improving ZT arise 

due to the interdependence of Seebeck coefficient (S), electrical conductivity (σ), and thermal 

conductivity (κ), where a favorable change in one property leads to an unfavorable change in the 

others. For this reason, state-of-the-art thermoelectric materials have long been limited to ZT ≤ 

~1 despite the fact there is no theoretical upper limit on its value.5,7 For widespread adoption of 

thermoelectric materials, ZT should be ~2-4 to be competitive with traditional systems such as 

internal combustion engines for power generation and compressor systems for cooling.5,8,13  

Despite attempts over the past several decades to decouple electronic and thermal 

properties, the highest ZT materials remain limited to about 1.8-2.5 using advanced nano-

structuring, complex hierarchical structures, and band diagram engineering.14,15 The associated 
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low conversion efficiency constrains the use of thermoelectrics to specialized applications where 

the cost is justifiable, spurring considerable research in these areas. One such application is 

radioisotope thermoelectric generators (RTG’s) for deep space missions, where reliable and 

sustained power output is critical.5,9 

In an RTG, thermoelectric modules convert the heat produced from decay of a 

radioactive fuel source into electricity to power various electrical systems on the spacecraft. 5,16 

The design and solid-state operation of RTG’s afford them excellent reliability, allowing for 

decades of sustained power output.5, 17 RTG’s based on traditional thermoelectric materials such 

as SiGe, PbTe, and Te-Sb-Ge-Ag (TAGS) have heat-to-electricity conversion efficiencies around 

6.5% due to their ZT values ≤ 1.5, 17, 18, 19, 20 A long-standing goal in the field is that of creating 

higher ZT materials to increase conversion efficiency and improve device specific power (W/kg). 

SiGe, which is regarded as the high-temperature benchmark, was used for Voyager’s MHW-

RTG (remains in continuous operation after 45+ years) and Cassini’s GPHS-RTG (operated for 

almost 20 years before mission termination) which produced 4.2 W/kg and 5.2 W/kg, 

respectively.21 Recent research conducted by JPL has established lanthanum telluride (La3-xTe4) 

as a favored candidate to improve upon the performance of SiGe for next-generation RTG 

applications.9,22,23 

1.2 Lanthanum Telluride (La3-xTe4) – Background and Thermoelectric Performance 

Lanthanum telluride (La3-xTe4) is a state-of-the-art n-type thermoelectric material with a 

ZT of about 1.1 at 1275K.9 The high ZT is a consequence of the intrinsically low thermal 

conductivity afforded by the complex crystal structure as well as the tunable electronic properties 

which are controlled by the lanthanum vacancy concentration, x, where 0 ≤ x ≤ 1/3 with an 

optimized value of x = 0.23 for peak thermoelectric performance.9,19,20,22 The ZT of La3-xTe4 
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exceeds other n-type thermoelectrics (Figure 1.2A) and provides a significant increase over 

heritage RTG SiGe above 900K. Replacing SiGe with La3-xTe4 could potentially double 

thermoelectric couple efficiency to ~15%.19 Furthermore, the ZT of La3-xTe4 can be increased 

above its baseline performance by compositing with spherical Ni inclusions via composite-

assisted funneling of electrons (CAFE), achieving as high as 1.9 at 1200K (Figure 1.2B).23,24 

Modeling suggests that varying the morphology of Ni inclusions (such as parallel slabs or wires) 

may enhance ZT even further.25 Additionally, experimental results and theoretical predictions for 

other thermoelectric materials systems indicate that reducing the dimensionality of a 

thermoelectric may decouple the electrical and thermal conductivity, potentially allowing for 

additional improvement of ZT via thin film fabrication.15 

  

Figure 1.2: (A) (reprinted from Fleurial, Thermoelectric Power Generation Materials: Technology and 

Application Opportunities. JOM, 61 (4), 79–85l, 20095) ZT vs. temperature for various high-performance 

n-type thermoelectrics. (B) (reprinted from Ma, Improving the Mechanical Strength and Power 

Conversion Efficiency of High Temperature Thermoelectrics, UCLA, Los Angeles, 201424) ZT vs. 

temperature for La3-xTe4-Ni composites at varying Ni volume fractions. 

 

1.3 Traditional Processing of La3-xTe4 and Present Challenges 

Synthesis of La3-xTe4 is currently achieved through mechanical alloying of elemental La 

and Te in stoichiometric amounts to produce La3-xTe4 powder followed by densification of the 
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powder through spark plasma sintering (SPS) or hot pressing to produce dense compacts.9,22,23 

Development of this synthesis strategy was a breakthrough for studying the thermoelectric 

performance of lanthanum telluride since it mitigated obstacles such as La oxidation sensitivity, 

Te vapor loss, high-temperature processing, and incongruent melting that hindered previous melt 

synthesis and solid-state diffusion routes.9 With a well-established synthesis route and 

demonstrated state-of-the-art thermoelectric performance, the next stage of La3-xTe4 processing is 

device fabrication. However, La3-xTe4 faces additional materials and processing challenges that 

currently limit its incorporation into a device. 

Thermoelectric device fabrication requires the synthesized pellets to be mechanically 

machined into the desired geometry followed by metallization, diffusion bonding, and/or brazing 

to make electrical and thermal contact.24,26 La3-xTe4 is brittle, reactive, and extremely oxygen 

sensitive which makes its incorporation into a device difficult since each processing step adds 

complexity and provides a point at which La3-xTe4 is susceptible to mechanical failure, chemical 

reaction, or oxidation. As a result, no comprehensive processing strategy yet exists for La3-xTe4 

device fabrication. Additionally, in the case of La3-xTe4-Ni composites, current synthesis 

involving SPS or hot pressing limits Ni inclusions to a spherical morphology23 which impedes 

experimental validation of the modeled enhancements in ZT from other morphologies. 

Furthermore, there is broader community interest in producing thermoelectric thin films as a 

possible route for improving thermoelectric performance due to stalling improvements in bulk 

materials, in addition to reducing weight and expanding possible device architectures.8,15,27,28  

Current La3-xTe4 research is thus multifaceted and focused on establishing both device 

processing strategies and routes for further fundamental study of thermoelectric properties. These 

areas include overcoming the materials and processing challenges associated with device 
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fabrication, establishing additional synthesis and processing schemes to expand potential device 

architectures, developing synthesis strategies for varying Ni inclusion morphologies, and 

synthesizing thin films to study the effects of microstructure and dimensionality on 

thermoelectric properties. 

1.4 Objectives of the Dissertation 

The dissertation work is motivated by NASA and JPL’s interest in La3-xTe4 for use in 

next-generation RTG’s. It aims to address several of the materials and processing limitations of 

La3-xTe4 to enhance JPL’s capabilities in thermoelectric materials and devices. The investigation 

relates to developing facile, adaptable synthesis and processing strategies which are applicable 

for both device fabrication and synthetic methods for fundamental study of thermoelectric 

performance. 

 The research presented is comprised of four interconnected elements: 1) characterizing 

La3-xTe4 oxidation to obtain improved understanding of the underlying oxide formation 

mechanisms and inform strategies to prevent deleterious effects of oxidation during processing 

and in service; 2) developing a quick, facile method for depositing La3-xTe4 films and coatings 

via electrophoretic deposition; 3) developing a novel rapid sintering approach to densify La3-xTe4 

in as little as 10 seconds which is combined with electrophoretic deposition to create a high-

throughput processing scheme for films and coatings; and 4) characterizing thermoelectric 

properties to establish baseline performance. The results of this work significantly improve 

synthesis and processing of La3-xTe4 compared to current methods. They represent significant 

enhancement to JPL’s capabilities in thermoelectrics and establish additional strategies for device 

fabrication and fundamental study of thermoelectric properties. 
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Chapter 2 Characterization of the La3-xTe4 Oxidation Mechanism 
 

2.1 Introduction and Motivation for Understanding Oxidation of La3-xTe4 

One of the most significant materials challenges for La3-xTe4 is its sensitivity and 

susceptibility to oxidation which necessitates meticulous preparation procedures to avoid oxygen 

exposure during handling, processing, and designing of service conditions.1–3 The most common 

oxide phase reported in the literature, La2O2Te, is detrimental to the thermoelectric properties 

and mechanical stability of La3-xTe4 since it is electrically resistive and extremely brittle.1,4 

Additionally, the presence of La2O2Te inhibits adequate sintering which is necessary to achieve 

high densities for optimum thermoelectric performance.1 La3-xTe4 has been shown to oxidize 

significantly even under low partial pressures of oxygen ≤1 kPa.4 As a result, a paramount 

concern during synthesis, preparation, and characterization of La3-xTe4 is avoiding oxidation, 

which is accomplished through deliberate handling in high-purity inert conditions.1–3 Even with 

these precautions, partial oxidation to La2O2Te can still occur during high temperature 

thermoelectric measurements, though the presence of small amounts of the oxide do not 

appreciably alter thermoelectric performance.5 

Despite these materials challenges, there is a lack of information in the literature studying 

oxidation of La3-xTe4. Research pertaining to La3-xTe4 acknowledges many of the issues 

associated with oxidation of the material but as of yet there have been only limited investigations 

into the underlying mechanisms of oxide formation.1–3,5 Initial work conducted by JPL indicates 

that, at room temperature, La3-xTe4 forms an amorphous surface oxide consisting of La2O3, TeO2, 

and elemental Te.6 Recently, Li et al investigated the kinetics of oxide formation at high 

temperature in La3-xTe4 and La3-xTe4-Ni composites and demonstrated a significant degree of 
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oxidation to La2O2Te even under low partial pressures of oxygen, though Ni inclusions in the 

composite may form an oxygen barrier at the surface to slow oxide formation kinetics.4  

The overarching goal of the research presented in this chapter is to experimentally 

characterize La3-xTe4 oxide formation via XPS and XRD to develop a more comprehensive 

understanding of the surface and bulk La3-xTe4 oxidation mechanisms. Knowledge of the 

chemical reactions between oxygen and La3-xTe4 provides information on the transformation of 

observed low-temperature amorphous oxide phases to the high-temperature La2O2Te phase. A 

thermodynamic analysis demonstrates the stability of the oxide phases at low oxygen partial 

pressures. The results inform proposed oxide mitigation strategies for La3-xTe4 synthesis, 

processing, and service conditions. 

2.2 Experimental Methods 

La3-xTe4 powder was synthesized using established mechanochemical methods.5 Briefly, 

elemental La and Te were combined in the stoichiometric amounts and ball milled to achieve the 

alloyed powder. The elemental reactants were handled in an Ar-filled glovebox and the ball mill 

vial was sealed under Ar. The resulting as-synthesized La3-xTe4 powder was used without further 

treatment. The surface species of the as-synthesized powder at room temperature were 

characterized by X-ray photoelectron spectroscopy (XPS). Bulk phases of the as-synthesized 

powder were characterized by X-ray diffraction (XRD) at room temperature and after the furnace 

heat treatments described below. 

Heat treatments were performed by adding approximately 50 mg of powder into a 

graphite crucible and loading it into in a tube furnace (MTI OTF-1200X). Ultra-high purity 

forming gas (nominal O2 content of 1 ppm) (Airgas, mixture of 95% Ar and 5% H2) flowed 

continuously at 15 mL/min during the entire experiment. After loading of the samples, the tube 



13 
 

was purged for two hours prior to heating to remove oxygen. The powder was then heated to the 

specified temperature and held for 2 hours. The heating/cooling rate in all cases was 3.33 oC/min. 

Figure 2.1 shows the general temperature vs. time profile. 

 

 

Figure 2.1. Temperature vs. time profile for heat treatment of La3-xTe4 powder in the tube furnace under 

flowing forming gas (95% Ar, 5% H2).  
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2.3 XPS Characterization of La3-xTe4 Powder Room-Temperature Surface Oxide 

 
Figure 2.2. XPS scans of as-synthesized La3-xTe4 powder, showing the (A) La 3d, (B) Te 3d, (C) O 1s, and 

(D) C 1s regions. The binding energies and associated valence states or chemical bonds for fitted 

components are listed. (A) In the La 3d region, the two pairs of peaks are fit with four components 

corresponding to La3+. (B) In the Te 3d region, there are a pair of peaks that are comprised of three 

components, with each component corresponding to Te2- (La-Te), Te0 (elemental Te), and Te4+ (Te-O). (C) 

The broad O 1s peak is fit with three components corresponding to -OH groups, (CO3)2- groups, and Te-O 

bonding. (D) In the C 1s region, the adventitious carbon component is used for binding energy reference 

to 284.8eV. The other two components are associated with C-O and C=O bonding. 

 

XPS was employed to analyze the surface species of as-synthesized powder at room 

temperature. The main results and analysis are presented here, and a detailed discussion is 

presented in Appendix Error! Reference source not found.. Figure 2.2 shows the XPS spectra f

or the La 3d, Te 3d, O 1s, and C 1s regions. The fitted binding energy values and associated 
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valence states and chemical bonds are summarized in Table 2.1. The La 3d signal (Figure 2.2A) 

exhibits spin-orbit and multiplet splitting (four components corresponding to one valence state) 

which is associated with La3+.7 The Te 3d signal (Figure 2.2B) exhibits three cases of spin-orbit 

splitting (six components corresponding to three valence states), which are consistent with Te2-, 

Te4+, and Te0.8–10 La3+ and Te2- are associated with La-Te bonding which would be expected in 

La3-xTe4 and is supported by the similarity in component binding energies to literature values for 

La2Te3 nanowires.11 However, the binding energy difference of 3.5eV between the La3+ main 

and satellite components7 along with the presence of Te4+ and Te0 9, 10 provide evidence of 

additional surface oxide, hydroxide, and carbonate species. Analysis of the O 1s (Figure 2.2C) 

and C 1s (Figure 2.2D) regions enable the identification of hydroxyl groups (-OH), tellurium-

oxygen (Te-O) bonding, and carbonate groups (CO3)
2-.9,10,12–15 Thus, the as-synthesized La3-xTe4 

has a native surface oxide.  

Elemental Te (associated with Te0) is often observed in conjunction with tellurium oxide 

(associated with Te4+) 10 and has been detected on the oxidized surfaces of Pt3Te4
 9, CdTe 16, 

SnTe 17, and PbTe and PbSnTe 18. In the SnTe system, it has been proposed that Te0 formation is 

an intermediate step in tellurium oxidation according to the sequence 17: 

 
Te2- 

𝑖
→ Te0 

𝑖𝑖
→  Te4+ 

(Equation 2.1) 

It has also been reported that partial oxidation of the SnTe surface creates elemental Te 

via preferential oxidation of Sn.18:  

 SnTe + O2 → SnO2 + Te + unreacted SnTe (Equation 2.2) 

Sn and Te in the intermetallic begin to oxidize simultaneously, but the reaction of Sn with 

oxygen is more thermodynamically favorable 19 and Te2- requires two oxidation steps (Equation 

2.1) to form TeO2, so SnO2 and Te are the initial products of oxidation in (Equation 2.2).18 Te 
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subsequently reacts with oxygen to form TeO2 such that elemental Te and TeO2 co-exist 

depending on the relative rates of step i and step ii in (Equation 2.1).17 In the SnTe system, an 

accumulation of Te0 occurs since the rate of step i exceeds that of step ii.17  

A similar mechanism is proposed here for La3-xTe4 in which elemental Te forms as a 

stable intermediate in the lanthanum telluride oxidation process. Like with Sn in SnTe, the 

reaction of oxygen with La is also more thermodynamically favorable than with Te, so initial 

oxidation (Equation 2.3) involves breaking the La-Te bond in La3-xTe4 to form La2O3 and Te0, 

with Te0 eventually oxidizing to TeO2 (Equation 2.4). The reaction of Te0 with oxygen to form 

TeO2 is slower than the initial reaction of La3-xTe4 with oxygen to form La2O3 and Te0 (Equation 

2.3) such that elemental Te is present as long as a significant amount of La3-xTe4 remains. 

 La3-xTe4 + O2 → La2O3 + Te + unreacted La3-xTe4 (Equation 2.3) 

 Te + O2 → TeO2 (Equation 2.4) 

Since there is no La-O bonding peak (528.6 eV) associated with La2O3, it is likely that all 

the La2O3 at the surface has reacted to form hydroxide and carbonate species.7 In the literature, a 

pure La2O3 surface is known to rapidly hydroxylate at room temperature when exposed to 

moisture and CO2, forming La(OH)3 and small amounts of oxycarbonate (La2O2CO3).
13,14 In the 

case of La3-xTe4, the formation of full La(OH)3 is unlikely since the addition of each hydroxyl 

group requires displacing Te, so the (-OH) bonding in the O 1s region (Figure 2.2C) is likely 

indicative of a partially hydroxylated lanthanum or lanthanum telluride species. Furthermore, the 

lack of La-O bonding suggests that the carbonate bonding (CO3)
2- identified in the O 1s (Figure 

2.2C) and C 1s (Figure 2.2D) regions is associated with a partially carbonated lanthanum 

telluride surface.  
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Table 2.1. XPS binding energy values and associated bonds for as-synthesized La3-xTe4 powder. 
XPS region Valence state(s) Associated bonds Fitted binding energies (eV) 

La 3d La3+ La-Te, surface hydroxyl and 

carbonate species 

834.4, 837.9, 851.2, 854.9 

 Te2- La-Te 572.0, 582.4 

Te 3d Te0 Elemental Te 572.8, 583.2 

 Te4+ Te-O 575.4, 585.8 

 N/A Te-O 530.7 

O 1s N/A -OH (surface hydroxylation) 531.7 

 N/A (CO3)2- (surface carbonation) 532.7 

 N/A Adventitious carbon 284.8 

C 1s N/A C-O 285.8 

 N/A C=O 288.7 

 

These results show that, at room temperature, the as-synthesized La3-xTe4 surface 

oxidizes to form La2O3 and elemental Te, and eventually TeO2. Any surface oxides that form 

rapidly react with water and CO2 to form surface hydroxyl and carbonate groups, respectively, 

which can occur from exposure to trace amounts of atmosphere or CO2 during processing, 

storage, or loading in the XPS chamber.20 Additionally, as demonstrated by previous research at 

JPL and corroborated in section 2.4, TeO2 and La2O3 exist in a glassy phase. An illustration of 

the room-temperature oxidation process is shown in Figure 2.3. 
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Figure 2.3. Illustration of the formation of a native surface oxide on as-synthesized La3-xTe4 at room 

temperature. The initially pristine surface quickly reacts with oxygen to form La2O3 and elemental Te. Te 

eventually reacts with oxygen to form TeO2, leading to the formation of a TeO2-La2O3 glass. Exposure to 

moisture and CO2 creates a partially hydroxylated and carbonated surface. 

 

Small quantities of this surface oxide do not noticeably affect thermoelectric performance 

since the thermoelectric properties of as-prepared La3-xTe4 are well established5 even though the 

results shown here indicate the presence of a surface oxide after synthesis. However, a 

significant amount of surface oxide, which inhibits sintering, is detrimental since densification of 

La3-xTe4 is crucial to achieve optimum electronic properties for thermoelectric performance. 

Great care must be taken to avoid air exposure during sample preparation and processing.1 This 

sensitivity suggests there is a “shelf-life” for La3-xTe4 powder. The sensitivity to large amounts 

of oxide is highlighted in the literature, where powders with large values of x are difficult to 

sinter (achieving <85% density when x > 0.26) due to their higher susceptibility to oxidation than 

samples with low values of x.1,5 Furthermore, the formation of elemental Te as a result of 

oxidation is significant since, as discussed in section 2.4, large quantities of Te cause a change in 

the underlying bulk composition.  

2.4 XRD Characterization of La3-xTe4 Powder Oxidation Progression at High Temperature 

To further characterize the mechanisms of oxide formation, La3-xTe4 oxidation was 

studied as a function of temperature by heat treating as-synthesized powder in a tube furnace 

under flowing forming gas atmosphere (95% Ar, 5% H2). Oxygen exposure occurred despite the 

reducing atmosphere and sealed tube furnace, leading to severe oxidation of the powder. 
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Oxidation of La3-xTe4 is expected even if the oxygen concentration is low because of the 

thermodynamic stability of the oxide at low oxygen partial pressures (vide infra).21 However, 

trace oxygen in the forming gas at the upper limit of the gas specification (1ppm) is insufficient 

to cause the observed extent of oxidation. It is hypothesized that additional oxygen was present 

due to inadequate purging or a small leak in the furnace since an O2 level on the order of 100-

1000ppm is expected to severely oxidize La3-xTe4. 

The powder was characterized by XRD after heat treatment at each temperature. For 

viewing clarity, only representative XRD scans associated with the most significant changes in 

bulk phases are shown in Figure 2.4. XRD scans for all heat treatments are shown in Figure 0.1 

(Appendix .543). The XRD data in Figure 0.1 provides the basis for Figure 2.5, which is a 

graphical representation of the phases identified in the XRD scans as a function of heat treatment 

temperature. The total phases present in the sample, which are determined from additional 

analysis, are also shown. 
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Figure 2.4. XRD scans for La3-xTe4 powder after tube furnace heat treatment for 2 hours in flowing 

forming gas 95% Ar, 5% H2. For clarity, only scans associated with representative changes in the bulk 

phases are shown (scans for all temperatures are shown in Appendix .543 in Figure 0.1). The temperatures 

for each heat treatment are listed on the left, and identified phases at that heat treatment temperature are 

listed on the right above the associated scan. 

 

At room temperature and after the 100oC heat treatment, La3-xTe4 is the only phase 

observed. The oxide is amorphous at these temperatures since there is a known surface oxide 

from the previous XPS analysis. After the 200oC heat treatment, La3-xTe4 is still present and a 

second phase identified as metallic Te is observed. After the 300oC heat treatment, the Te peaks 

are absent, and peaks associated with LaTe2 are identified in addition to La3-xTe4. After the 

400oC heat treatment, LaTe2 peaks remain while La3-xTe4 peaks are absent, and crystalline 

lanthanum oxytelluride, La2O2Te, is also identified. This is the first direct observation of oxide in 

XRD and suggests the surface oxide crystallizes around 400oC. After the 500oC heat treatment, 
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La2O2Te peaks remain while LaTe2 peaks are absent and replaced by LaTe3 and Te metal. 

La2O2Te is the only phase observed after the 600-1000oC heat treatments. Based on the 

measured mass change of the powder (see Appendix .543), it is expected that in addition to 

La2O2Te, there is also a substantial amount of glassy La2O3 present in the sample. The severity 

of oxidation is significant because the oxide phases are non-passivating, and oxidation of the 

powder sample occurs well below the typical processing and service temperatures for La3-xTe4 

(>1000oC). 

 

Figure 2.5. Phases identified via XRD and total phases present for La3-xTe4 powder heat treated for 2 

hours in forming gas (95% Ar, 5% H2) at the listed temperature. XRD scans (shown in Figure 2.4) were 

taken after heat treatment. The total phases present are determined from the XRD data as well as 

additional analysis including XPS and mass change. 

 

It is noteworthy that crystalline oxide is not detected in XRD for heat treatments below 

400oC despite evidence of oxidation such as the presence of Te at 200oC and LaTe2 at 300oC. It 

can be concluded then that the oxide is amorphous at low temperatures. The XPS analysis 

presented in section 2.3 suggests initial oxidation is in the form of a native surface oxide 
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composed of La2O3 and TeO2 (though there is subsequent reaction to form a partially 

hydroxylated and carbonated surface). TeO2 is a known conditional glass former and La2O3 can 

act as a network modifier.22 Thus, the surface oxide is expected to be a TeO2-La2O3 glassy phase. 

Additionally, the thermodynamic analysis presented in section 2.5 suggests that the TeO2-La2O3 

glass likely exists as an amorphous lanthanum oxytelluride phase (LaOxTey). In the literature, 

TeO2-TiO2-La2O3 glass is known to crystallize to La2O15Te6 at 450oC 23 which is similar to the 

behavior observed here in which the surface TeO2-La2O3 glass crystallizes to La2O2Te at 400oC. 

As discussed in .543 (sections .543 and .543), a substantial amount of glassy La2O3 remains after 

crystallization of the TeO2-La2O3 glass and is present along with La2O2Te at higher temperature. 

It is expected that formation of La2O3 is the most thermodynamically stable state of the system, 

so co-existence of La2O2Te and La2O3 suggests that transformation of La2O2Te to La2O3 may be 

incomplete due to slow reaction kinetics or a limiting oxygen concentration in the flowing gas. 

This result is significant because the glassy oxide forms and grows at low temperatures 

without direct observation in XRD and, at high temperature, a considerable amount of oxide is 

still amorphous. This is important for powder processing such as ball milling, since inadvertent 

oxygen exposure can cause oxidation that could go undetected if XRD is used to check the phase 

purity of the batch.  

Figure 2.6 illustrates the proposed oxidation progression along with the La-Te binary 

phase diagram as a qualitative reference for the lanthanum telluride phases. A detailed discussion 

is provided in .543 (section .543 and Figure 0.2). It is noted that the oxidation progression has a 

kinetic component and late stages of oxidation can be achieved with longer heat treatments at 

lower temperature. Figure 0.3 demonstrates that oxidation to crystalline La2O2Te and Te is 

achieved after heat treatment at 400oC for 24 hours which is similar to the products at 600oC for 
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2 hours where Te is given off as vapor such that only La2O2Te is identified. The oxide is 

expected to grow slowly and remain amorphous at low temperature since evidence of oxidation 

is not detected in XRD for La3-xTe4 exposed to air for as long as 1 month (Figure 0.3). The 

higher-temperature heat treatments thus allow oxidation progression to be systematically studied 

in a shorter time frame.  

  

Figure 2.6. (A) Illustration of the temperature-dependent La3-xTe4 oxidation mechanism. (B) La-Te 

binary phase diagram (reprinted from ASM International Alloy Phase Diagram Database, Copyright 2006 
24). Points 1-4 are used to qualitatively reference the oxidation mechanism to the phase diagram, and show 

how the formation of Te causes the bulk lanthanum telluride to become Te-rich. This leads to the 

formation of Te-rich phases as oxidation progresses. 

 

The oxidation mechanism (Figure 2.6A and Figure 0.2) can be understood from the 

standpoint that oxidation of La3-xTe4 results in the formation of glassy La2O3 and elemental Te 

(Equation 0.2). Some of the Te eventually reacts with oxygen to form TeO2 which subsequently 

joins La2O3 to form a glassy LaOxTey phase ((Equation 0.3 and (Equation 0.4). It is apparent that 

the remaining elemental Te which does not react with oxygen is highly mobile and can coalesce 

into domains that are sufficiently large to be observed in XRD. It then incorporates into the bulk 

lanthanum telluride matrix, causing a change in composition ((Equation 0.5 and (Equation 0.10). 
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As oxidation progresses, more elemental Te is produced which, when it reacts with oxygen, 

grows the oxide layer and, when it incorporates into the bulk matrix, makes the lanthanum 

telluride composition increasingly Te-rich. This can be visualized as moving towards Te 

component on the phase diagram (Figure 2.6B). The bulk composition starts initially at La3-xTe4, 

moves to the two-phase region between La3-xTe4 and LaTe2, followed by the single-phase LaTe2 

region, and finally to the LaTe3 composition. During this oxidation progression, the starting 

stoichiometry of the bulk La3-xTe4 phase is not preserved even though there is remaining 

lanthanum telluride that is unreacted with oxygen. Table 2.2 shows a summary of the overall 

oxidation process. 

Table 2.2. Summary of the stages of lanthanum telluride oxidation. 
Stage of oxidation Phases 

Below 300oC 

(initial) 

Bulk: La3-xTe4 

Surface: Te (elemental + metal), TeO2-La2O3 glass (LaOxTey) 

300-400oC 

(intermediate) 

Bulk: La3-xTe4 and/or LaTe2 

Surface: Te (elemental + metal), TeO2-La2O3 glass (LaOxTey) 

400oC-500oC 

(intermediate) 

Bulk: LaTe2 or LaTe3 (+ Te) 

Surface: Te (elemental + metal), La2O2Te (crystalline),  La2O3 (glass) 

Above 500oC 

(final) 

Bulk: La2O2Te (crystalline) + La2O3 (glass) 

Overall reaction 10 La3Te4 + 21 O2 → 12 La2O3 (glass) + 3 La2O2Te (crystalline) + 37 Te (vapor) 

 

The insidious nature of oxidation is two-fold since not only does deleterious La2O2Te 

form, but oxide growth also changes the composition of the underlying bulk which is harmful to 

the thermoelectric performance. The oxide phases are electrically insulating which drastically 

decreases the electronic conductivity of the material as oxidation progresses (Figure 0.4).21 

Furthermore, a change in composition of the underlying La3-xTe4 to Te-rich phases also makes 

the matrix highly resistive.1,5 Both of these effects are detrimental since a decrease in electrical 

conductivity adversely affects ZT. 
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2.5 Thermodynamic Assessment of La3-xTe4 Oxidation 

With an improved understanding of the oxide progression for La3-xTe4, a thermodynamic 

analysis was performed to supplement the experimental results and better understand the stability 

of the observed oxide phases. Of particular interest is the stability of La3-xTe4 relative to the 

oxide phases and the equilibrium partial pressure of oxygen for the oxidation reaction. Figure 

2.7A shows the Materials Project calculated La-Te-O ternary phase diagram at 0K,25–29 with the 

vertical direction showing the formation energy for each phase. A lower formation energy is 

associated with a more energetically favorable phase. Table 2.3 shows the formation energy for 

selected phases. La3Te4 has the lowest formation energy of the lanthanum telluride phases but is 

significantly higher than most of the oxide phases such as La2O2Te and La2O3. La2O3 is the most 

energetically favorable of the La-Te-O phases.  

  

Figure 2.7. (A) La-Te-O ternary phase diagram at 0K, showing formation energy in the vertical direction 

(Reprinted from Materials Project Thermodynamic Stability Tool25,27–29 with permission via Creative 

Commons Attribution 4.0 License. Jain et al, Commentary: The Materials Project: A materials genome 

approach to accelerating materials innovation, APL Materials, vol. 1 (1). 26 Copyright 2013.). (B) 

Calculated Gibbs energy vs. temperature for selected La-Te-O phases. There is a lack of literature data for 

La2O2Te, so data for La2O6Te is presented instead. La2.75Te4 data from Wang et al30. TeO2 data from 

Aspiala et al31. La2O6Te data from Pankajavalli et al32. La2O3 data from Zinkevich et al33. The empirical 

relationships for TeO2, La2O6Te, and La2O3 are shown in Table 2.4. 

Table 2.3. Calculated formation energies at 0 K for select La-Te-O phases from Figure 2.7A 

(Materials Project 25). 
Phase LaTe3 LaTe2 La3Te4 La2O2Te La2O3 TeO2 

Formation Energy 

(kJ/mol) 

-135 -162 -178 -327 -374 

 

-144 
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Although lanthanum telluride oxidation is energetically favorable, formation energy 

alone does not adequately describe thermodynamic stability. Therefore, the Gibbs energy of 

formation (∆𝐺𝑓
𝑜) for selected La-Te-O phases was compared to provide better insight regarding 

their relative stabilities (Figure 2.7B). ∆𝐺𝑓
𝑜 for La2.75Te4 was calculated using values for ∆𝐻𝑓

𝑜 

and ∆𝑆𝑜 from literature.30 ∆𝐺𝑓
𝑜 for TeO2, La2O6Te, and La2O3 was calculated using empirical 

relationships from literature shown in Table 2.4 which were obtained from fits to experimental 

data. No literature could be found for La2O2Te thermodynamic values, so La2O6Te was included 

instead to represent a lanthanum oxytelluride phase due to the availability of thermodynamic 

data.  

Table 2.4 Empirical relationships for standard Gibbs energy of formation used to obtain Figure 2.7B. 
Phase 

(reference) 

Empirical relationship for standard Gibbs energy (from literature) 

TeO2 (31) ∆𝐺𝑓
𝑜(kJ/mol) = −317.09 + 0.180𝑇 (642K ≤ T < 722.15K) 

∆𝐺𝑓
𝑜(kJ/mol) = −317.09 + 0.180𝑇 (722.15K ≤ T < 1005.8K) 

La2O6Te (32) ∆𝐺𝑓
𝑜(kJ/mol) = −2394.4 + 0.5563𝑇 

La2O3 (33) ∆𝐺𝑓
𝑜(kJ/mol) = −1833.3 + 0.693𝑇 − 0.121𝑇𝑙𝑛(𝑇) − 6.85𝑥10−3𝑇2 + 808𝑇−1

− 104𝑇−2 

 

In Figure 2.7B, the Gibbs energies of the oxide phases are much lower than La2.75Te4, 

particularly for lanthanum oxytelluride and lanthanum oxide. This demonstrates that the oxide 

phases are more thermodynamically stable than lanthanum telluride. At temperatures below 

~800K, La2O6Te is more stable than La2O3 or TeO2 which suggests that the amorphous surface 

oxide at lower temperatures likely exists as a glassy lanthanum oxytelluride phase (written as 

LaOxTey since the exact stoichiometry may vary due to its amorphous nature). Upon heating to 

400oC, the glassy oxide crystallizes to form La2O2Te which is observed in XRD. As the 
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temperature increases further, La2O3 becomes more thermodynamically favorable which 

promotes transformation of La2O2Te to La2O3. The co-existence of La2O2Te and glassy La2O3 

may result from slow reaction kinetics of this transformation or the fact that oxygen is a limiting 

reagent due to its low concentration in the flowing gas. 

Since lanthanum has a high affinity for oxygen, it is expected that the driving force for 

La3-xTe4 oxidation is ultimately reaction of La with oxygen to form La2O3: 

 2 La (s) + 3/2 O2 (g) → La2O3 (s) (Equation 2.5) 

The equilibrium oxygen partial pressure describes the oxygen concentration at which the 

reaction in (Equation 2.5) is in equilibrium. The reactants (La and O2) are favored below this 

concentration, and the product (La2O3) is favored above it. Figure 2.8 shows a stability diagram 

from the literature for La2O3, which represents the stable phases as a function of temperature and 

oxygen partial pressure (𝑃𝑂2) A practical method to prevent oxidation during processing or in 

service would be to maintain an environment with a low partial pressure of oxygen. However, as 

seen in Figure 2.8, the equilibrium oxygen partial pressure for (Equation 2.5 is extremely low – 

on the order of 10-50 bar at 1000oC.34 This partial pressure is very difficult to obtain and 

maintain, and demonstrates the thermodynamic favorability of La3-xTe4 oxidation during the tube 

furnace heat treatments. Figure 2.8 suggests that even the nominal oxygen content of ultra-high 

purity gas provided by Airgas (1ppm)35 is thermodynamically sufficient for oxidation of La3-

xTe4, though higher concentrations (100-1000ppm) are required for greater extents of oxidation. 

Additionally, the oxide phases are stable despite the presence of H2 in the forming gas which 

demonstrates that H2 is unable to mitigate oxidation by reducing the oxides. For most laboratory 

scale processing and service conditions, maintaining an oxygen partial pressure low enough to 
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minimize oxidation of La is extremely difficult and likely not likely not a practical alternative for 

processing this material into a thermoelectric couple.  

 

Figure 2.8. (Reprinted from Grundy et al. Thermodynamic Assessment of the Lanthanum-Oxygen System, Journal 

of Phase Equilibria, vol. 22 (2), 105-11334. Copyright 2001, Springer Nature.) Stability diagram for La2O3 as a 

function of temperature and oxygen partial pressure (𝑃𝑂2). The superimposed red line marks 1000oC to denote the 

expected processing/service temperature for La3-xTe4. 

 

2.6 Discussion of Oxide Suppression Strategies for La3-xTe4 

In light of the thermodynamic considerations, preventing oxidation of La3-xTe4 is 

nontrivial. Using fresh reactants and an inert atmosphere, avoiding extended time at high 

temperature, and post-processing oxide removal through polishing are necessary to mitigate 

oxidation during synthesis and processing of La3-xTe4.
8, 9, 10 This has been achieved in practice 

through meticulous handling of materials to minimize oxygen exposure, as well as replacing melt 

synthesis and conventional heat treatments with lower-temperature solid state techniques such as 

mechanochemical synthesis and spark plasma sintering.8, 10, 11 La3-xTe4 synthesized using this 

diversified methodology is relatively free of oxide, though samples usually still contain a very 

small fraction of La2O2Te which does not affect the thermoelectric performance.8, 11  

https://www.springernature.com/gp/products/journals
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Mitigating oxidation in service conditions is more challenging due to the necessity of 

long-term exposure to high temperature, and research on this front is just beginning to emerge. 

As a first step, minimizing oxygen exposure is critical, and hermetically sealed chambers such as 

those developed for PbTe and BiTe thermoelectric devices can be used to maintain an inert 

atmosphere.41, 42 Furthermore, maintaining a low oxygen partial pressure alone is insufficient due 

to the thermodynamic favorability of La3-xTe4 oxide formation at high temperature. A coating 

which acts as an oxygen diffusion barrier can add an extra measure to protect the underlying 

material and improve long-term reliability. This approach has been studied for Mg2Si and 

skutterudite thermoelectric materials, in which oxide suppression above 500oC has been 

demonstrated via the use of YSZ, enamel, silica aerogels, and composite glass coatings.41, 43, 44  

Aerogel coatings have been proposed for thermal insulation and sublimation suppression 

in the design of La3-xTe4-based thermoelectric devices, though this concept has not yet been 

experimentally tested.45 Materials-based methods to promote surface passivation are emerging as 

an effective strategy to slow the kinetics of oxide formation and its associated degradation. It has 

been observed that Ni- and Nb-based half-Heusler thermoelectrics form dense nickel stannide or 

niobium-rich layers at the surface when exposed to air at high temperature.46 These layers act as 

a protective barrier and drastically slow the rate of oxidation.46 A similar approach has shown 

promise with La3-xTe4-Ni composites.12 The presence of Ni inclusions promotes the formation of 

a dense, well-adhered La2NiO4/Ni2Te3O8/NiO surface layer which seems to protect the 

underlying La3-xTe4 matrix from significant oxidation.12 However, this layer does not offer 

complete protection as the electrical conductivity still suffers from long-term exposure to low 

partial pressures of oxygen (Figure 0.4). 
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Based on the preceding La3-xTe4 processing considerations and literature discussion, it is 

concluded that the best oxide-mitigation strategy for La3-xTe4 service conditions will take a 

multi-faceted approach in which a combination of multiple techniques is employed to manage 

the limitations of each individual strategy. A hermetic seal can help maintain the desired 

atmosphere, an oxide suppression coating can act as a diffusion barrier to further prevent oxygen 

exposure of the underlying material, and a composite that forms a passivating surface layer can 

slow or stop degradation should some oxygen exposure occur. Aerogel coatings, which have 

already been proposed for La3-xTe4 device design, could also potentially improve its oxidation 

resistance and should serve as the starting point for future studies into oxide suppression 

coatings. Additionally, La3-xTe4-Ni composites are already known to have superior 

thermoelectric performance to La3-xTe4 
9, 10, and the added potential for enhanced oxidation 

resistance12 makes the composite even more promising for device fabrication. More research into 

the oxidation behavior of this composite needs to be done to achieve complete protection and 

inform other composite materials which may exhibit improved oxidation resistance. 

2.7 Summary and Conclusions 

Oxidation of La3-xTe4 powder was studied to develop a better understanding of the 

mechanisms by which thermoelectric properties degrade. As-synthesized La3-xTe4 powder 

contains a surface oxide consisting of an amorphous TeO2-La2O3 lanthanum oxytelluride phase 

(LaOxTey), elemental Te, and surface hydroxyl and carbonate species. The presence of this 

surface oxide does not preclude the synthesis of dense, high-ZT La3-xTe4 which suggests that the 

native surface oxide is not detrimental to thermoelectric performance in small amounts.8 

However, the surface oxide can become significant enough over time, even in inert storage 

conditions, such that densification is eventually inhibited.11 As oxidation progresses, the 
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amorphous surface oxide grows, creating additional Te which is highly mobile and coalesces into 

domains of metallic Te which eventually incorporate into the bulk lanthanum telluride. 

Additionally, the amorphous LaOxTey phase crystallizes to La2O2Te at 400oC.  

The thermoelectric properties degrade by simultaneous formation of electrically resistive 

oxide phases such as La2O2Te and electrically resistive Te-rich lanthanum telluride phases. Since 

the oxide is non-passivating, the remaining lanthanum telluride eventually reacts with oxygen 

which results in transformation of the bulk to La2O2Te and glassy La2O3. These results are 

significant since they show that oxidation is not only detrimental because of the formation of a 

brittle, electrically resistive oxide, but also because extended oxidation changes the bulk La3-xTe4 

composition. Both effects are harmful to thermoelectric performance. Therefore, La3-xTe4 

samples with minimal oxide need to be prepared through careful handling and processing.  

The next step for La3-xTe4 device manufacturing is to address oxidation under service 

conditions. The main challenge is avoiding oxidation during prolonged exposure to high 

temperatures since oxide formation is thermodynamically favorable. Aerogels, which have 

already been proposed as a thermal and sublimation coating for La3-xTe4 devices45, have been 

shown to improve the oxidation resistance of skutterudites41, 44 and could have similar benefits 

for La3-xTe4. La3-xTe4-Ni composites show encouraging initial results for oxidation resistance via 

passivation12 and provide the basis for materials-based strategies in this regard. Future research 

should focus on developing a multi-faceted approach in which oxygen exposure is minimized 

through device design, protective coatings which act as oxygen barriers, and composites to form 

passivating surface layers that slow or stop oxidation if exposure occurs.  
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Chapter 3 Electrophoretic Deposition (EPD) of La3-xTe4 Films 

3.1 Introduction and Motivation for Thin Film Synthesis 

Synthesis of thermoelectric thin films has generated community interest in recent years as 

a possible route to improve thermoelectric performance compared to bulk materials as well as 

expand device architectures and reduce manufacturing costs, device weight, and size.1,2 Thin film 

structures can decouple electronic and thermal properties such that lattice thermal conductivity is 

decreased without sacrificing electronic conductivity, leading to an increase in ZT.1–5 For 

instance, reduced dimensionality of the material and incorporation of nano-scale features can 

enhance phonon scattering independently of electron scattering as well as provide desirable 

electronic states for improved electronic conductivity and Seebeck coefficient.1,2,4–7 Additionally, 

the film-substrate interface may exhibit scattering and grain growth effects which further 

influence thermoelectric properties.2 The potential for these thin film enhancements to 

thermoelectric properties is directly applicable to La3-xTe4 since the existence of nano-scale 

features such as La vacancies and Ni nanoparticle inclusions have already been demonstrated to 

reduce the lattice thermal conductivity of La3-xTe4 through enhanced phonon scattering.8–10 

From a device manufacturing perspective, thin film synthesis techniques also provide 

added processing flexibility compared to typical bulk synthesis. Thermoelectric thin films have 

lower weight and size than their bulk counterparts which can improve device specific power, and 

thin films can take advantage of improved mechanical properties imparted by the substrate.2,11 In 

the case of La3-xTe4-Ni composites, deposition on Ni substrates with different structures provides 

a potential processing route for studying the effect of Ni inclusion morphology on thermoelectric 

properties.10 There are also a wide variety of processing techniques available for thin film 

synthesis such as chemical vapor deposition (CVD), physical vapor deposition (PVD), molecular 
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beam epitaxy (MBE), vapor-liquid-solid (VLS) growth, hydrothermal processing, pulsed laser 

deposition, and electrodeposition.2,6,11–13  

 Though many of the listed techniques are capable of producing high-performance 

thermoelectric thin films for fundamental study 2, they are generally expensive, complex, energy-

intensive, and low throughput. These factors are disadvantageous for device fabrication in which 

a simple, inexpensive, and high-throughput processing scheme is desirable for practicality. For 

these reasons, electrodeposition, which encompasses electroplating and electrophoretic 

deposition (EPD), is an attractive technique for thin film synthesis due to its room-temperature 

operation, simple/low-energy setup, high deposition rates, and good scalability.6,11,12  

Electroplating has been widely studied for synthesis of common thermoelectric thin films 

such as Bi2Te3 
6,12, but its application to La3-xTe4 is doubtful due to the complexities of rare-earth 

electrochemistry. Further research is necessary to achieve deposition of La metal without 

significant oxidation or electrolyte contamination.14–16 By contrast, EPD is performed using 

starting powder of the material which, for La3-xTe4, avoids the limitations of rare-earth 

electroplating. Furthermore, EPD has garnered attention in recent years for fabrication of SiGe, 

Bi2Te3, and oxide thermoelectric thin films owing to its simplicity, reproducibility, and high 

deposition rates.11,17–19 These qualities make EPD a good candidate for La3-xTe4 thin film 

synthesis. 

3.2 Background and Theory of Electrophoretic Deposition (EPD) 

During electrophoretic deposition (Figure 3.1), a coating is produced on a substrate by 

application of a voltage between two electrodes that are immersed in a colloidal suspension 

containing solid particles of the coating material. A key component of EPD is that, when 

suspended in the solvent, the solid particles develop a surface charge which causes their 
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migration and deposition under the influence of an applied electric field.20,21 Since particles will 

deposit on the oppositely charged electrode, the sign of the surface charge dictates whether 

anodic EPD (deposition on the positive electrode) or cathodic EPD (deposition on the negative 

electrode) occurs.20 A stable suspension is required for EPD since the particles must stay 

suspended uniformly in the solvent long enough to migrate and deposit on the substrate. The 

properties of the suspension, including surface charge, are therefore integral to EPD and control 

the rate, uniformity, and quality of deposition.  

 
Figure 3.1: Illustration of the EPD process. This example shows cathodic EPD in which the particles 

develop a positive surface charge when suspended in the solvent. Application of a voltage between the 

electrodes causes particle migration towards and deposition on the oppositely charged cathode. Negative 

counterions from the solvent surround the positively charged particles. 

 Figure 3.2 demonstrates surface charge development on a solid particle suspended in a 

liquid solvent. Interaction at the particle/solvent interface can lead to surface charge by a number 

of proposed mechanisms such as selective adsorption of ions from the solvent onto the particle, 

dissociation of ions from the particle into the solvent, adsorption or orientation of solvent 

molecules on the particle surface, or electron transfer between the particle and solvent.20,21 An 
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electrical double layer results from the particle’s surface charge and consists of a tightly-bound 

layer of counter-ions at the particle surface surrounded by a diffuse layer of counter-ions.20,22 

Since suspension stability is largely dictated by the interaction and overlap of particles’ diffuse 

layers, the potential at the diffuse layer is a significant parameter used to characterize EPD 

suspensions.20,21 This potential is defined as the zeta potential (ζ). 

 

Figure 3.2: Illustration of surface charge development at the particle/solvent interface for a solid particle 

suspended in a liquid solvent. The change in potential across the electrical double layer surrounding the 

particle and the definition of zeta potential are shown. 

 Suspension stability for EPD is often defined in the literature within the framework of 

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory which states that the primary forces 
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acting on suspended particles are van der Waals attraction between the particles and electrostatic 

or ionic repulsion between their double layers.11,20,22 The van der Waals attraction is a driving 

force for particle agglomeration and destabilizes the suspension. The double layer repulsion 

opposes van der Waals attraction and counteracts agglomeration, resulting in stabilization of the 

suspension. Therefore, greater double layer repulsion (i.e. higher zeta potential) is associated 

with higher suspension stability and improved EPD deposit quality since greater repulsion 

prevents particle agglomeration and promotes uniform distribution of particles on the substrate 

during deposition.19–22 Generally, suspensions with |ζ| ≥ 30 mV are considered to possess good 

stability for EPD.23,24 

 In addition to describing suspension stability and deposit quality, zeta potential is related 

to the velocity of particles under an applied electric field, a quantity known as the electrophoretic 

mobility (µ). The relationship between electrophoretic mobility and zeta potential is defined by 

the Smoluchowski equation (Equation 3.1) 21,25–27, and electrophoretic mobility is defined as the 

ratio of the particle velocity to the applied electric field (Equation 3.2): 

 
𝜇 = 𝜁

𝜀𝑟𝜀0
4𝜋𝜂

 (Equation 3.1) 

 𝜇 =
𝑣

𝐸
 (Equation 3.2) 

where µ is the electrophoretic mobility, ζ is the zeta potential, εr is the dielectric constant of the 

solvent, εo is the vacuum permittivity = 8.85 x 10-12 F/m, η is the solvent viscosity, v is the 

particle velocity, and E is the applied electric field. 

 Along with other applied deposition parameters, electrophoretic mobility quantifies the 

deposition rate as described by the Hamaker equation which relates deposited mass to EPD 

parameters20,21: 
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𝑚 = ∫𝜇 ⋅ 𝐸 ⋅ 𝐴 ⋅ 𝐶 ⋅ 𝑑𝑡 (Equation 3.3) 

where m is the deposited mass, μ is the electrophoretic mobility, E is the applied electric field, A 

is the area of the substrate, C is the powder concentration, and t is the deposition time. 

 Assuming that the applied deposition parameters (E, A, C, and t) are constant, (Equation 

3.3 predicts an increase in deposited mass with increasing electrophoretic mobility due to the 

larger particle velocity (Equation 3.2). Both solvent properties (viscosity and dielectric constant) 

and zeta potential can affect electrophoretic mobility (Equation 3.1). If the solvent viscosity and 

dielectric constant do not change, then an increase in zeta potential leads to an increase in 

electrophoretic mobility. Therefore, zeta potential is an important factor in determining 

deposition kinetics in addition to suspension stability and deposit quality.  

An additional factor which affects EPD is the suspension conductivity. If the suspension 

conductivity is too high, then the electrophoretic mobility is low due to a lower electric field 

driving force caused by a reduced potential drop over the suspension.20 If the suspension 

conductivity is too low, then the stability of the suspension can be compromised due to electronic 

charging of the particles.20 As a result, there is typically a narrow conductivity range over which 

EPD occurs, though this range is usually at low overall conductivity values.11,20 The dielectric 

constant of the solvent can play an important role in determining suspension conductivity since a 

higher dielectric constant indicates a higher dissociating power.20,21 Solvents with higher 

dielectric constants generally produce suspensions with both higher surface charge and higher 

conductivity.20  

The primary focus of EPD is thus finding an appropriate solvent which produces a 

suspension with the most beneficial properties for EPD. Organic solvents are most commonly 

used since they avoid hydrogen evolution and Joule heating that occur at high voltages in 



42 
 

aqueous suspensions.20,21 For nonaqueous suspensions, a high zeta potential and electrophoretic 

mobility, moderate dielectric constant, and low suspension conductivity generally provide a 

favorable combination of properties that are conducive for EPD. In the literature, an emphasis is 

often placed on maximizing zeta potential, and therefore deposited mass, due to its importance in 

determining suspension stability and deposition quality.  

3.3 Practical Considerations for EPD – Advantages and Disadvantages for La3-xTe4 

The main advantages of EPD are its simplicity, high deposition rate, low cost, ability to 

deposit on effectively any conducting substrate, ability to deposit on complex geometries, and 

applicability to any material that can be made into a powder.21 These properties are specifically 

advantageous for fabrication of La3-xTe4 thin films since they provide a practical, flexible, and 

scalable processing route. Mechanochemical synthesis of La3-xTe4 powder in the correct 

stoichiometry is well-established28 and provides an ideal starting material for EPD. Furthermore, 

this stoichiometry, which is critical for thermoelectric performance, is not altered during EPD. 

Additionally, the use of organic solvents avoids aqueous processing which would oxidize La3-

xTe4 and compromise its thermoelectric performance.  

The primary disadvantages of EPD are that 1) finding an appropriate solvent for high-

quality deposition is often non-trivial and 2) deposits, by nature, are a weakly bonded, porous 

powder which is not ideal for high electronic conductivity.20 Solvent selection can be informed 

by choosing a solvent with the desirable combination of properties as described in section 3.2. 

The solvent selection criteria for La3-xTe4 are discussed in section 3.4. Post deposition sintering is 

required to increase film density and improve bonding, cohesiveness, and mechanical and 

electrical properties. For La3-xTe4, this necessitates careful selection of substrate materials and 
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heat treatment conditions to avoid cracking, oxidation, and reaction with the substrate. Sintering 

of La3-xTe4 EPD films is discussed in Chapter 4. 

3.4 EPD of Thermoelectric Materials in the Literature and Selection of THF as Solvent 

EPD of thermoelectric films has recently been reported in the literature through 

fabrication of SiGe18 and Bi2Te3
11 films. After post-deposition heat treatments, both films 

achieved decent thermoelectric performance as determined by measurements of thermoelectric 

power factor (S2σ) of 1.9 mW/m∙K2 for SiGe and Seebeck coefficient (S) of 126 µV/K for 

Bi2Te3.
11,18 Additionally, for Bi2Te3 films, Talebi et al performed a detailed study of various 

organic solvents and characterized the suspension properties that led to the highest deposition 

quality.11 It was determined that Bi2Te3 suspended in tetrahydrofuran (THF) achieved the best 

green density of Bi2Te3 coatings with highest uniformity, thickness, and area coverage of the 

substrate due to the high values of zeta potential (62 mV) and electrophoretic mobility and low 

suspension conductivity.11 Motivated by this desirable combination of suspension properties and 

demonstration of high-quality EPD results for Bi2Te3, we selected THF as the solvent for EPD of 

La3-xTe4 in the present work. It will be shown that La3-xTe4/THF suspensions possess a similarly 

high value of zeta potential due to effective surface charge development which leads to high-

quality La3-xTe4 deposits. 

3.5 Experimental Methods 

La3-xTe4 powder was synthesized using established mechanochemical methods.28 Briefly, 

elemental La and Te were combined in stoichiometric amounts and ball milled to achieve the 

alloyed powder. The elemental reactants were handled in an Ar-filled glovebox and the ball mill 

vial was sealed under Ar. The resulting as-synthesized La3-xTe4 powder was used without further 

treatment.  
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Tetrahydrofuran (THF) (anhydrous, 99.8+% AcroSeal under Ar, obtained from Alfa 

Aesar) was used as the solvent for EPD experiments without further treatment. All materials and 

chemicals were handled in an Ar-filled glovebox to avoid oxygen and moisture exposure. La3-

xTe4/THF suspensions were prepared by suspending La3-xTe4 powder in THF at a concentration 

of 10 mg/mL followed by sonication or magnetic stirring for at least 10 minutes to uniformly 

disperse the powder. EPD was performed immediately after sonication/stirring ceased. Constant 

voltage was applied between two parallel electrodes immersed in the suspension using a Keithley 

228A programmable voltage/current source. Deposition voltage and time were 100 V and 10 

minutes, respectively. Deposition occurred on the cathode (negative electrode) which served as 

the substrate material. The variety of substrate materials are listed in Table 3.1. The 

counter/positive electrode (anode) was Ni foil in all cases. Since boron nitride (BN) is 

electrically insulating, deposition was achieved by attaching Ni mesh to the side facing the 

counter electrode to facilitate electric field development. 

 

Figure 3.3: Illustration of the experimental setup for EPD of La3-xTe4. As-synthesized La3-xTe4 powder 

was suspended in THF at 10 mg/mL. Cathodic EPD was performed at 100V for 10 minutes. 
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Table 3.1: Description of substrates (cathodes) used for EPD of La3-xTe4. 

Planar substrates Ni foil, grafoil, BN plate, Cu foil, Mo foil  

Non-planar substrates Cu wire, Ni mesh, Ni foam 

 

3.6 EPD of La3-xTe4 on Planar Substrates 

Figure 3.4 shows photos and SEM images for La3-xTe4 deposited on various foil 

substrates (Ni foil, grafoil, BN, Cu foil, and Mo foil). The La3-xTe4 coating is visible as a grey 

film on the lower half of the substrate with 100% coverage of the immersed area. For all 

substrate materials, SEM images show the deposited La3-xTe4 film is uniform with no cracking or 

exposed substrate. The microstructure is independent of the substrate, with the films being 

composed of nanometer to micron-sized subangular particles and having a porosity between 30-

35% (calculated by ImageJ area analysis). Cross-sectional SEM of La3-xTe4 on Ni (Figure 3.5K) 

indicates that the film is between 10-15 µm thick. The films have the same morphology as the 

starting powder (Figure 3.4L), though the starting powder has large agglomerates which are 

absent in the EPD films. The lack of agglomeration in the EPD films provides evidence of good 

particle repulsion and highlights the excellent dispersion of La3-xTe4 powder in THF. 

Additionally, cathodic deposition indicates that La3-xTe4 particles have a positive surface charge 

when suspended in THF. XRD scans (Figure 3.5) show that the films are phase-pure La3-xTe4, 

and EDX analysis (Figure 3.5) confirms La and Te in the correct atomic percentages (between 

57-60 at% Te) with a calculated value of x = 0.25. This is within error of the optimized value of x 

= 0.23 28–30 and indicates EPD does not detectably alter the stoichiometry of the starting powder. 
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Figure 3.4: Pictures and SEM images of La3-xTe4 films deposited on (A, B) Ni foil, (C, D) grafoil, (E, F) 

BN, (G, H) Cu foil, and (I, J) Mo foil substrates via EPD. In all cases, EPD was performed at 100 V for 

10 min using La3-xTe4 powder suspended in THF at a concentration of 10 mg/mL. Deposition on BN was 

achieved by attaching Ni mesh during deposition. The pictures show uniform coverage of the immersed 

area on the substrate. (A), (C), (E), (G) and (I) are all taken at 1000X magnification. (B), (D), (F), (H), 

and (J) are all taken at 5000X magnification. (K) is a cross-sectional SEM image of La3-xTe4 on Ni foil, 

showing that the film is between 10-15 µm thick. (L) is an SEM image of as-synthesized La3-xTe4 powder 

taken at 5000X magnification for comparison to the morphology of EPD films. 
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Figure 3.5: (Left) XRD scans for La3-xTe4 deposited via EPD on Ni foil, grafoil, BN, Cu foil, and Mo foil. 

In all cases, EPD was performed at 100 V for 10 min using La3-xTe4 powder suspended in THF at a 

concentration of 10 mg/mL. The bottom XRD scan is of as-synthesized La3-xTe4 powder. All samples are 

phase-pure La3-xTe4. (Right) EDX scan for La3-xTe4 deposited on Ni foil, showing the atomic percentages 

of La and Te are within the solid-solution range of 57-60 at% Te (43-40 at% La) for La3-xTe4. 

 

The ability to deposit phase-pure La3-xTe4 films on chemically diverse substrates without 

a change in microstructure is a significant achievement. The EPD technique preserves the 

starting powder stoichiometry, which is crucial for maintaining optimum thermoelectric 

performance, and consistently deposits uniform microstructures which demonstrates good 

reproducibility. These properties show that EPD of La3-xTe4 can be extended to a variety of 

substrate materials without requiring a change in deposition parameters. This flexibility has 

considerable implications for both device and composite fabrications. The ability to deposit La3-

xTe4 on various metals without a binder material or bonding layer can simplify manufacturing of 

device metallization layers. It also expands opportunities for exploration of potential composite 

systems beyond La3-xTe4-Ni. Additionally, the ability to deposit La3-xTe4 on electrically insulating 

substrates is significant for characterization of thin film thermoelectric performance since 

insulating substrates are generally preferred for such measurements. 
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3.7 EPD of La3-xTe4 on Non-planar Substrates 

To further demonstrate the processing versatility of EPD, La3-xTe4 was deposited on non-

planar substrates to validate deposition on complex geometries. Figure 3.6 shows photos and 

SEM images of La3-xTe4 deposited on Ni mesh, Ni foam, and Cu wire. The La3-xTe4 coating is 

uniform and conformal for all substrate geometries. For deposition on Ni foam (Figure 3.6D-F), 

the La3-xTe4 coating infiltrates several layers into the substrate. The particulate morphology of 

the coatings is identical to deposits on planar substrates with porosity values around 30-35% 

(calculated by ImageJ analysis). Cross-sectional SEM images (Figure 3.6C, F, and I) show that 

the deposit coats uniformly around the substrates and conforms to complex geometries. As with 

the planar substrates, coating thicknesses are 10-15 µm. XRD scans (Figure 3.7) demonstrate the 

phase purity of the deposits. 
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Figure 3.6: Pictures and SEM images of La3-xTe4 deposited on (A-C) Ni mesh, (D-F) Ni foam, and (G-I) 

Cu wire. In all cases, EPD was performed at 100 V for 10 min using La3-xTe4 powder suspended in THF at 

a concentration of 10 mg/mL. The pictures show uniform coverage of the immersed area on the substrate. 

(A), (D), and (E) are all taken at 250X magnification. (B), (C), (E), (F), (H), and (I) are all taken at 1000X 

magnification. (C), (F), and (I) are cross-sectional images for La3-xTe4 on Ni mesh, Ni foam, and Cu wire, 

respectively. 
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Figure 3.7: XRD scans of La3-xTe4 deposited on Ni mesh, Ni foam, and Cu foil. In all cases, EPD was 

performed at 100 V for 10 min using La3-xTe4 powder suspended in THF at a concentration of 10 mg/mL. 

The bottom XRD scan is of as-synthesized La3-xTe4 powder. All samples are phase-pure La3-xTe4. 

 

The uniformity and good infiltration of La3-xTe4 deposits on these irregular substrates 

indicate good throwing power of the La3-xTe4/THF suspension, which is defined in the literature 

as the ability of a suspension to deposit uniform coatings onto non-uniform substrates.21,31 This 

property allows for deposition of uniform coating thicknesses on complex substrates and 

infiltration of the coating into interior/recessed areas of the substrate. Therefore, these results 

demonstrate that the La3-xTe4/THF suspension is well-suited for uniform deposition on both 

planar and non-planar substrates due to excellent dispersion and stability of the La3-xTe4 particles 

as well as high throwing power of the suspension. 

EPD of La3-xTe4 on non-planar substrates is significant for device fabrication because it 

expands the possible architectures into which La3-xTe4 can be incorporated. This approach 

achieves uniform, complex shapes for La3-xTe4 while avoiding machining of the bulk material 

which is desirable due to its poor mechanical properties. Furthermore, in the case of La3-xTe4-Ni 
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composites, deposition of La3-xTe4 on varying Ni geometries provides a foundation for studying 

the effect of different Ni inclusion morphologies on thermoelectric performance. 

3.8 Co-EPD of La3-xTe4 and Ni to Fabricate La3-xTe4-Ni Composite Films 

 As an extension of La3-xTe4-Ni composite fabrication, La3-xTe4-Ni composite films were 

deposited via co-EPD of La3-xTe4 and Ni powder. The Ni powder (80-150 nm average particle 

size, obtained from Alfa Aesar) was used as-received without further treatment. Anhydrous NiCl2 

was added as to THF as a charging agent since it dissociates into Ni2+ ions which are 

hypothesized to adsorb on the surface of the Ni particles and provide a positive surface charge.32–

35 The EPD suspension was prepared by adding 1 mM NiCl2 to THF and suspending Ni powder 

at a concentration of 1 mg/mL. Ni films are synthesized when only Ni powder is added to the 

suspension, and La3-xTe4-Ni films are synthesized when both La3-xTe4 powder and Ni powder are 

added to the suspension. Deposition was performed at 100 V. Due to limited stability of the Ni 

particles in suspension, deposition time was limited to 3 minutes. 

Figure 3.8 shows photos and SEM images of Ni powder and La3-xTe4-Ni films deposited 

on Cu and Ni foil substrates. Ni films (Figure 3.8A-B) have good area coverage of the substrates 

with similar morphology to the starting powder (Figure 3.8G), though there is some aggregation 

of the Ni particles due to their non-optimized surface charge. For co-deposited La3-xTe4-Ni films 

(Figure 3.8C-D), clusters of Ni particles (visible as darker grey particles) are distributed 

throughout the La3-xTe4 matrix. The distribution of Ni particles is more evident in the EDX 

mapping in Figure 3.9. Ni powder may also be deposited on top of an La3-xTe4 film (Figure 3.8E) 
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which demonstrates the possibility of synthesizing an La3-xTe4-Ni layered structure. Gaps in the 

Ni film are visible in both the top-down image (Figure 3.8E) and the cross-section (Figure 3.8F). 

 XRD scans (Figure 3.9) of La3-xTe4-Ni deposited on Cu foil verify successful co-

deposition of phase-pure La3-xTe4 and Ni powder. Cl signal in the EDX mapping (Figure 3.9) is 

attributed to NiCl2 contamination. NiCl2 is sparingly soluble in THF 32, so some undissolved 

NiCl2 particles co-EPD alongside Ni. The NiCl2 particles, which are particularly visible in the Ni 

films (Figure 3.8A-B), are flat and acicular. Further optimization of Ni EPD is necessary to 

improve the suspension stability and deposit uniformity and avoid NiCl2 contamination.

 

Figure 3.8: SEM images of (A-F) Ni and La3-xTe4-Ni deposits on Cu and Ni foil at 100V for 3min (solvent 

= THF+1 mM NiCl2). La3-xTe4 powder concentration = 10 mg/mL and Ni powder concentration = 1 

mg/mL. (G) As-received Ni powder (80-150 nm average particle size). All images are at 5000X 

magnification. 
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Figure 3.9: (Left) XRD scan for La3-xTe4-Ni deposited on Cu foil at 100V for 3min (solvent = THF+1mM 

NiCl2), with as-received Ni and La3-xTe4 powders for reference. (Right) EDX mapping for La3-xTe4-Ni 

deposited on Cu foil. Clusters of Ni particles are distributed throughout the La3-xTe4 film. Cl signal 

indicates co-deposition of NiCl2 particles. 

 

3.9 Effect of EPD Voltage and Time on La3-xTe4 Microstructure and Film Thickness 

To characterize the effect of deposition parameters on La3-xTe4 film microstructure, EPD 

was performed at different voltages (Figure 3.10) and times (Figure 3.11). Regardless of 

deposition parameters, a thickness gradient occurs between the upper and lower portions of the 

film because of the vertical orientation of the substrate during deposition. Due to particle 

sedimentation, the films are thicker in the direction of gravity and thus have greater thickness in 

the lower portions compared to the upper portions. 

At deposition voltages below 100 V (Figure 3.10), the films have poor uniformity with 

<100% area coverage of the substrate (Table 3.2). Deposited mass (Figure 3.12A) increases 

linearly with applied voltage with the main effect of applied voltage being an improvement in 

uniformity and homogeneity of the film. Below 100 V, there is sparse coverage of the substrate 

and a small film thickness in the upper portion of the film, both of which improve with applied 

voltage. In the lower portions of the film, the coverage and thickness are relatively constant with 
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applied voltage. Since the driving force for particle migration and deposition increases with 

electric field strength ((Equation 3.2) and (Equation 3.3), the higher applied voltages counteract 

sedimentation and promote uniform distribution of particles on the substrate. At higher voltages, 

the particles migrate to the substrate prior to significant sedimentation and, once arrived, 

incoming particles experience a high driving force to distribute evenly on the substrate to obtain 

the densest configuration.20,21 Deposition voltage is therefore critical in controlling deposit 

uniformity and substrate coverage. For the La3-xTe4/THF system, these results demonstrate that a 

deposition voltage of 100 V provides the necessary driving force to mitigate sedimentation and 

achieve good film uniformity and substrate coverage. 

 
Figure 3.10: Photos and SEM images of La3-xTe4 on deposited Ni foil for 10 minutes at 25, 50, 75, and 

100 V. Solvent = THF and La3-xTe4 powder concentration = 10 mg/mL. All SEM images are at 5000X 

magnification. The inset with the blue or red arrow indicates the relative vertical position on the film at 

which the corresponding images were taken. 

Table 3.2: Percentage coverage of the immersed substrate for EPD of La3-xTe4 as a function of voltage. 

Deposition voltage 25 V 50 V 75 V 100 V 

Percentage of the immersed 

area covered by the deposit 

54 % 84 % 89 % 100 % 
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While deposition voltage primarily affects uniformity, deposition time affects both film 

thickness and uniformity (Figure 3.11). Up to 20 minutes, film thickness (Figure 3.12B) 

increases with deposition time for both the upper and lower portions of the film, reaching as high 

as 33 µm for the 20- and 25-minute samples. However, the disparity between the upper and 

lower thicknesses also increases significantly with time. As deposition time increases above 20 

minutes, film thickness becomes constant and eventually decreases. This behavior is also 

observed in the deposited mass (Figure 3.12B), which increases linearly up to 20 minutes before 

decreasing at 25 and 30 minutes. 

Again, sedimentation effects are responsible for the increase in thickness gradient 

between the upper and lower portions of the sample with deposition time. The La3-xTe4 particles 

gradually sediment during EPD, with an increasing fraction of particles flocculating as time 

increases. This leads to a higher concentration of particles towards the bottom of the suspension 

and causes the films to become extremely thick in the lower portions of the substrate. The 

plateau and subsequent decrease in thickness at times >20 minutes is likely due to poor film 

adhesion, spalling, and cracking which are known issues for large EPD film thicknesses.36 These 

issues are evident in Figure 3.11I-L as the films deposited for ≥20 minutes exhibit significant 

surface roughness and large variations in thickness. Agglomerated particles (Figure 3.11H), gaps 

(Figure 3.11J), and valleys (Figure 3.11L) are present in the films which highlights an overall 

degradation in film quality at long deposition times. Therefore, even though deposit thickness 

can be controlled and increased with deposition time, longer times sacrifice film quality due to 

sedimentation effects in the suspension and adhesion issues with thicker films. 
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Figure 3.11: Photos and SEM images of La3-xTe4 deposited on Ni foil at 100V for 5, 10, 15, 20, 25, and 30 

minutes. Solvent = THF and La3-xTe4 powder concentration = 10 mg/mL. All top-down images are at 

5000X magnification. All cross-section images are at 1000X magnification. The inset with the blue or red 

arrow indicates the relative vertical position on the film at which the corresponding images were taken. 
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Figure 3.12: Plots showing the measured thicknesses and deposited mass for La3-xTe4 films on Ni foil as a 

function of (A) EPD voltage and (B) EPD time. For all samples, the solvent is THF and La3-xTe4 powder 

concentration is 10 mg/mL. The upper and lower thickness designations refer to relative vertical location 

on the samples as indicated in Figure 3.10 and Figure 3.11. 

 

 These results demonstrate that EPD voltage and time have significant effects on La3-xTe4 

film microstructure, thickness, and quality. Applied voltage primarily affects film uniformity and 

deposited mass, but not film thickness. Higher voltages mitigate sedimentation effects and 

increase the driving force for uniform particle distribution on the substrate. 100 V provides the 

necessary driving force for uniform deposition as lower voltages exhibit <100% area coverage of 

the substrate. Conversely, deposition time affects both film uniformity and thickness. Thickness 

increases with deposition time up to 20 minutes before plateauing and subsequently decreasing at 

25 and 30 minutes. The thickness gradient between the upper and lower portions of the film 

becomes more substantial with increasing deposition time. Long deposition times cause a 

decrease in overall film quality due to associated sedimentation effects in the suspension as well 

as poor adhesion, cracking, and spalling issues that are common in thick EPD films. Future 

optimization of the La3-xTe4/THF suspension and deposition cell design can mitigate 

sedimentation and improve overall film quality to allow for synthesis of thicker La3-xTe4 films. 
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3.10 Determination of Zeta Potential and Investigation of Surface Charge Development for 

the La3-xTe4/THF Suspension 

Calculation of Zeta Potential 

Characterization of the La3-xTe4/THF suspension properties is critical for a fundamental 

understanding of the excellent suspension stability, high-quality EPD coatings, and nature of 

surface charge development. The Hamaker equation ((Equation 3.3) and Smoluchowski equation 

(Equation 3.1) are valuable models for determining electrophoretic mobility and zeta potential 

from experimental data. Assuming the EPD parameters (µ, E, A and C) are constant with time, 

(Equation 3.3 predicts a linear increase in deposit mass as a function of deposition voltage and 

time. Therefore, (Equation 3.3 can be used to calculate electrophoretic mobility from the slope of 

a linear fit to data for deposit mass as a function of EPD voltage (constant time) or EPD time 

(constant voltage). Zeta potential can then be calculated by substituting the value of 

electrophoretic mobility and solvent parameters (viscosity and dielectric constant) into the 

Smoluchowski equation (Equation 3.1). 

Figure 3.13 shows the results of this analysis for the La3-xTe4/THF suspension, where 

electrophoretic mobility and zeta potential were calculated from experimental measurements of 

deposit mass as a function of EPD voltage (Figure 3.13A) and time (Figure 3.13B). These results 

are presented in Table 3.3 where they are compared to literature values for the Bi2Te3/THF 

suspension11. The zeta potential for the La3-xTe4/THF suspension is calculated to be 48.6 mV and 

59.8 mV based on fits of deposit mass as a function of EPD voltage and time, respectively. The 

discrepancy in values between the two methods may be due to <100% substrate coverage and 

non-uniformity of the films for applied voltages <100 V, leading to an underestimation of zeta 
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potential calculated from deposit mass as a function of voltage. Regardless, the excellent stability 

of the La3-xTe4/THF suspension is highlighted by the value of zeta potential ≥30 mV.23,24  

  
Figure 3.13: Calculation of electrophoretic mobility (µ) and zeta potential (ζ) for the La3-xTe4/THF 

suspension. The plots show a linear fit fit to experimental measurements for deposit mass as a function of 

(A) EPD voltage and (B) EPD time. Electrophoretic mobility was calculated from the slope of the line by 

integration and rearrangement of (Equation 3.3, where E = 100 V/cm, and C = 10 mg/mL. Zeta potential 

was calculated by substituting the calculated value of electrophoretic mobility into (Equation 3.1 and 

solvent parameters for THF (η = 0.46cP at 25oC, εr = 7.52)37. 

Table 3.3: Calculated values for μ and ζ for La3-xTe4 suspended in THF. 

Suspension Electrophoretic mobility (μ) Zeta potential (ζ) 

La3-xTe4 suspended in THF  

(calculated from EPD mass vs voltage) 

5.60 x 10-6 cm2/V⋅s 48.6 mV 

La3-xTe4 suspended in THF  

(calculated from EPD mass vs time) 

6.89 x 10-6 cm2/V⋅s 59.8 mV 

Bi2Te3 suspended in THF  

(Talebi et al) (11) 
1.25x10-4 cm2/V⋅s 62mV 

 

The high value of zeta potential is responsible for the excellent stability and dispersion of 

the La3-xTe4 particles suspended in THF. These qualities achieve uniform, high-quality La3-xTe4 

deposits with good green density as well as good throwing power which allows for uniform 

deposition on non-planar substrates. Furthermore, the zeta potential value of 59.8 mV calculated 

for La3-xTe4 suspended in THF is within ~3.5% of the 62 mV zeta potential obtained in the 
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literature for Bi2Te3 suspended in THF. This similarity corroborates the favorable combination of 

solvent properties associated with THF that were observed by Talebi et al and supports its 

selection as the solvent for EPD of La3-xTe4. 

Investigation of the Surface Charge Mechanism for La3-xTe4 Suspended in THF 

 A fundamental understanding of the associated surface charging mechanisms for La3-xTe4 

suspended in THF provides beneficial insights into the nature of high zeta potential and positive 

surface charge for the La3-xTe4/THF suspension. Since the interaction between the La3-xTe4 

surface and THF plays a critical role in these mechanisms, XPS was employed to characterize 

the surface chemistry of La3-xTe4 powder after suspension in THF. Figure 3.14 shows XPS scans 

for La3-xTe4 powder after it was suspended in THF followed by vacuum drying for 24 hours. All 

surface species and valence states are the same as those for as-synthesized La3-xTe4 powder 

(discussed in Chapter 2). However, compared to the as-synthesized powder, there is an increase 

in intensity for the components associated with Te0, Te4+, and -OH groups after suspension of the 

powder in THF. The relative percentages for the various components in the Te 3d region and O 

1s region are compared in Table 3.4 for as-synthesized La3-xTe4 powder and after suspension in 

THF. There is an increase of about 10.1% and 16.4% in the concentration of Te0 and Te4+ valence 

states, respectively, and an increase of about 5.3% in hydroxyl group (-OH) concentration after 

suspension in THF. 
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Figure 3.14: XPS scans for La3-xTe4 powder after suspension in THF at a concentration of 10 mg/mL 

followed by vacuum drying for 24 hours. (A) La 3d, (B) Te 3d, (C) O 1s, and (D) C 1s regions. The 

binding energies and associated valence states or chemical bonds for fitted components are listed. (A) In 

the La 3d region, the two pairs of peaks are fit with four components corresponding to La3+. (B) In the Te 

3d region, there are a pair of peaks that are comprised of three components, with each component 

corresponding to Te2- (La-Te), Te0 (Te metal), and Te4+ (Te-O). (C) The broad O 1s peak is fit with three 

components corresponding to hydroxyl groups (-OH), carbonate groups (CO3)2-, and Te-O bonding. (D) 

In the C 1s region, the adventitious carbon component is used for binding energy reference to 284.8eV. 

The other two components are associated with C-O and C=O bonding. 

 

Table 3.4: Relative percentages of Te 3d valence states and O 1s species for La3-xTe4 powder. 

  Te 3d   O 1s  

 Te2- Te0 Te4+ Te-O -OH (CO3)
2- 

La3-xTe4 powder  

(as-synthesized) 

64.09% 22.87% 13.04% 32.90% 10.96% 56.14% 

La3-xTe4 powder 

(suspended in THF) 

37.59% 39.28% 23.13% 30.70% 16.26% 53.03% 
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 The changes in surface states provide strong evidence for surface charge development on 

La3-xTe4 particles by an increase in both Te0 and Te4+ as well as surface hydroxyl concentrations. 

In the literature, surface charge development on solid powders in EPD suspensions is proposed 

to occur by two general mechanisms20,21: 1) electron transfer between the solid particles and 

liquid solvent (in the absence of water) and 2) interaction of surface hydroxyl groups with the 

solvent based on pH (in the presence of water) (Equation 3.4 and (Equation 3.5). In the first 

mechanism, electron transfer occurs due to differences in electron donicity between the solid and 

liquid20,21,38, and particles develop a positive or negative charge if they donate electrons or accept 

electrons, respectively. In the second mechanism, the pH determines whether the surface charge 

is positive or negative20: 

 Positive surface charge: M-OH + H+ → M-(OH2)
+ (for pH < pHpzc) (Equation 3.4) 

 Negative surface charge: M-OH → M-O- + H+ (for pH > pHpsz) (Equation 3.5) 

The increase in concentration of Te0 and Te4+ after exposure of the powder to THF 

indicates that the first charging mechanism associated with electron transfer is active in surface 

charge development for the La3-xTe4/THF suspension. The increase in Te valence state suggests 

that the La3-xTe4 surface has a higher electron donicity than the solvent such that tellurium 

donates electrons to the solvent. This mechanism is consistent with the positive surface charge 

observed experimentally for La3-xTe4 powder suspended in THF. The magnitude of surface 

charging is likely enhanced by the multiple valence states of Te which allow for donation of 

several electrons per Te atom and enables the large value of zeta potential. 

Additionally, the increased surface hydroxyl concentration in the O 1s region (Figure 

3.14C) after exposure to THF provides evidence that the second charging mechanism (associated 
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with interaction of surface hydroxyl groups with water) is also active. Despite the fact that the 

THF is anhydrous, it contains about 12 ppm water (~0.001 vol% H2O) as indicated by the 

certificate of analysis provided by ThermoFisher Scientific. Trace amounts of water in the 

solvent are responsible for the increase in surface hydroxylation after suspension of La3-xTe4 in 

THF. The tendency of THF to act as a mild Lewis base39 is hypothesized to cause water to act as 

an acid and provide protons which are available to interact with the La3-xTe4 surface hydroxyl 

groups via (Equation 3.4. Like the electron donor mechanism, this mechanism also yields a 

positive surface charge on the La3-xTe4 surface. Since the water concentration is low, the 

development of surface charge on La3-xTe4 suspended in THF is therefore due to both electron 

transfer with the solvent and interaction of trace water with La3-xTe4 surface hydroxyl groups. 

The high value of zeta potential is aided by the combined surface charge resulting from each 

mechanism. 

Effects of Water Concentration on EPD of La3-xTe4 

To study the effects of water content on these charging mechanisms, XPS scans were 

performed on La3-xTe4 powder suspended in THF with increasing water concentration (Figure 

3.15). The suspensions were prepared by adding deionized water to the La3-xTe4/THF suspension 

followed by drying in vacuum for 24 hours. The listed water concentration includes the 

deionized water added to the suspension and trace water content (~0.001 vol%) in the as-

received THF. 

 As the water concentration in THF increases above the nominal 0.001 vol% to 0.006 

vol%, the relative -OH concentration increases from 16.26% to 43.16% (Figure 3.15A) which 

indicates a significant increase in surface hydroxylation. The concentrations of Te0 and Te4+ 

(Figure 3.15C) are much lower at 0.006 vol% H2O than at 0.001 vol% H2O, though they are still 
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elevated above those of the as-synthesized powder. The significant increase in -OH concentration 

after the addition of water to the suspension supports the hypothesis that trace water is 

responsible for increased surface hydroxylation of La3-xTe4 suspended in as-received THF 

(Figure 3.14). Additionally, as evidenced by the reduced concentration of Te0 and Te4+, an 

increase in water concentration promotes a shift in La3-xTe4 surface charging mechanism from 

one dominated by electron transfer to one dominated by interaction of surface hydroxyl groups 

with the solvent.  

As the water concentration increases further to 0.01 vol%, additional components appear 

in the O 1s (Figure 3.15A) and C 1s (Figure 3.15B) spectra at 529.2 eV and 281.5 eV, 

respectively, which are both attributed to surface oxycarbonate species.40,41 The lack of signal in 

the Te 3d or La 3d regions indicates that the surface is dominated by the organic species. It is 

evident that high water content in the suspension leads to reactions that form surface 

oxycarbonates, so the water concentration during EPD should be minimized to avoid formation 

of these undesirable species. However, trace water in the as-received THF on the order of 10 

ppm is beneficial for surface charge development through its interaction with surface hydroxyl 

groups and does not affect the bulk composition of the material. 
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Figure 3.15: XPS scans of the (A) O 1s region, (B) C 1s region, and (C) Te 3d region for as-synthesized 

La3-xTe4 powder, La3-xTe4 powder suspended in THF (which contains 0.001 vol% residual H2O) and 

vacuum dried for 24 hours, La3-xTe4 suspended in THF + 0.006 vol% H2O and vacuum dried for 24 hours, 

and La3-xTe4 powder suspended in THF + 0.01 vol% H2O and vacuum dried for 24 hours. Fitted 

components, associated bonds and valence states, and binding energy values are shown. The La 3d 

spectrum is omitted for all samples since it does not provide additional information for analysis or 

comparison. No Te 3d or La 3d signal were obtained for La3-xTe4 powder suspended in THF + 0.01 vol% 

H2O due to oxycarbonate species forming at the surface. 
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 To further study the influence of water on La3-xTe4 surface charge, the microstructure 

(Figure 3.16) and deposit thickness/mass (Figure 3.17) of La3-xTe4 EPD deposits were 

characterized as a function of water concentration in THF. Deposition always occurred on the 

negative electrode which indicates that the La3-xTe4 surface charge is positive regardless of water 

concentration. The film morphology is relatively unchanged as water concentration increases up 

to 0.01 vol% H2O (Figure 3.16A-C and G-I). As it increases further to 0.1 vol% H2O (Figure 

3.16D and J), large pores and depressions dispersed throughout the film provide evidence of 

hydrogen evolution caused by the increased water content. Above 0.1 vol% H2O (Figure 3.16E-F 

and K-L), the films are extremely patchy with poor adhesion to the substrate and the La3-xTe4 

particles are embedded in an organic matrix due to reaction with the solvent. 

 
Figure 3.16: Photos and SEM images of La3-xTe4 deposited on Ni foil via EPD of La3-xTe4 powder 

suspended in THF with increasing water concentration. Deposition voltage = 100V, deposition time = 10 

minutes, and La3-xTe4 powder concentration = 10 mg/mL for all samples. Images (A-F) are taken at 

1000X magnification and (G-L) taken at 10,000X magnification. The cross-sectional images are taken at 

5000X magnification. 

 

 Significant changes in film thickness and deposit mass (Figure 3.17) occur with 

increasing water concentration. Initially, there is minimal change in film thickness and deposit 

mass as water concentration increases from 0.001 and 0.006 vol% H2O, followed by a large 

increase in both metrics as water concentration increases to 0.01 and 0.1 vol% H2O. Thickness 
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measurements were not obtained for 1 and 10 vol% H2O due to the poor film quality which is 

also reflected in the low deposited mass. For deposition from the suspension containing 0.1 vol% 

H2O, film thickness exceeds 50 µm in the lower portion of the film and 20 µm in the upper 

portion. Since deposition voltage and time are unchanged, these results indicate a significant 

increase in electrophoretic mobility with water concentration that likely results from enhanced 

surface charging of the La3-xTe4. This trend supports the hypothesis that positive surface charge 

development for La3-xTe4 suspended in THF is a result of increased surface hydroxylation due to 

interactions of surface hydroxyl groups with water. However, water concentrations >0.01 vol% 

are associated with adverse effects such as formation of organic compounds and hydrogen 

evolution which are detrimental to overall film quality. 

 
Figure 3.17: Plots of thickness and deposit mass as a function of water content in THF for EPD of La3-

xTe4 on Ni foil. Deposition voltage = 100V, deposition time = 10 minutes, and La3-xTe4 powder 

concentration = 10 mg/mL for all samples. 

 

 The preceding results and analysis demonstrate that development of a positive surface 

charge on La3-xTe4 particles suspended in THF is due to a combination of electron transfer with 

the solvent and interaction of surface hydroxyl groups with residual water in THF. The La3-xTe4 
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surface has higher electron donicity than THF which promotes electron transfer from Te to the 

solvent and results in a positive surface charge. The multiple valence states of Te allow for 

transfer of several electrons per Te atom which contributes to the high value of zeta potential. 

Trace water in the as-received THF provides additional surface charging through increased 

surface hydroxylation. The magnitude of La3-xTe4 surface charge is enhanced by addition of 

water to the suspension and yields significant increases in electrophoretic mobility and deposit 

mass/thickness, though water concentrations >0.01 vol% H2O lead to adverse reactions and 

formation of oxycarbonate species. 

3.11 Summary and Conclusions 

Electrophoretic deposition (EPD) of La3-xTe4 powder suspended in THF was 

demonstrated as a simple, effective, and versatile technique for depositing uniform La3-xTe4 films 

on various planar and non-planar substrates. A typical deposition voltage and time of 100V and 

10 minutes, respectively, produce films that are 10-15 µm thick with an average porosity of 

about 35%. La3-xTe4 particles are evenly distributed without agglomeration, and film morphology 

is independent of substrate. Deposition voltage affects film uniformity and area coverage of the 

substrate, with 100 V providing the necessary driving force to achieve 100% area coverage. 

Deposition time can be used to control film thickness, though film quality degrades at times >20 

minutes due to an increased vertical thickness gradient and cracking, spalling, and adhesion 

issues that are common with thick EPD films. La3-xTe4 and Ni powders can be co-deposited with 

the addition of NiCl2 to THF to create a positive surface charge on the Ni powder, though the 

suspension requires further optimization to improve the stability of Ni particles and avoid NiCl2 

contamination in the deposit. 
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The stability and high-quality deposits obtained for the La3-xTe4/THF suspension are a 

consequence of the excellent surface charging indicated by the value of zeta potential ≥30 mV. 

The calculated value of zeta potential for the La3-xTe4/THF suspension of ~60 mV is similar to 

that of Bi2Te3/THF suspensions in the literature and supports the selection of THF as an 

appropriate solvent for EPD. Its moderate dielectric constant and tendency to act as a mild Lewis 

base give THF a favorable combination of solvent properties for EPD. The development of a 

positive surface charge results from two mechanisms: 1) electron transfer from Te to the solvent 

due to higher electron donicity of the La3-xTe4 surface, and 2) interaction of surface hydroxyl 

groups with residual water in THF. Both mechanisms contribute to the high value of zeta 

potential for La3-xTe4/THF suspensions. 

Successful application of EPD to La3-xTe4 is a breakthrough processing achievement for 

the material and demonstrates reproducible synthesis of La3-xTe4 films with high deposition rate. 

This technique expands the processing routes available for synthesis of La3-xTe4 and La3-xTe4-Ni 

composites. Furthermore, it can simplify metallization steps during device fabrication since the 

material can be directly deposited on various metals without binder additives or bonding layers. 

The ability to deposit on non-planar substrates increases possible device architectures for La3-

xTe4 by allowing for synthesis into complex geometries while avoiding machining of the bulk 

material. Characterization of the surface charging mechanism for La3-xTe4 in THF provides the 

foundation for understanding the suspension and solvent properties that lead to high-quality 

deposition. The versatility and scalability of EPD provide the potential for future optimization 

related to La3-xTe4 processing development and device manufacturing, as well as extension to 

other thermoelectric materials. Post-deposition sintering of La3-xTe4 EPD films is presented in 

Chapter 4. 
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Chapter 4 Ultrafast High Temperature Sintering (UHS) of La3-xTe4 

4.1 Background on Sintering and Considerations for La3-xTe4 

Though EPD produces uniform La3-xTe4 coatings with a good green density ~65%, the 

films are composed of individual particles that are weakly bonded by Van der Waals forces. Post-

deposition sintering is necessary to improve bonding and reduce porosity in the film (Figure 4.1) 

since electron scattering at particle/particle or particle/pore interfaces will negatively impact 

electronic conduction.1 Ideally, the films should attain >90% theoretical density for comparable 

densification to bulk La3-xTe4 pellets sintered via hot pressing or spark plasma sintering.2–4  

  

Figure 4.1: Illustration of sintering to densify as-deposited La3-xTe4 films. 

 

Sintering is a solid-state process during which the formed green body is heat treated to 

temperatures approaching, but below, the melting point to promote densification of the powder 

into a compacted body.5–7 The driving force for sintering is a reduction in free energy caused by 

the replacement of higher-energy particle surface area with lower-energy grain boundary area.6,7 

In addition to densification, coarsening also occurs during sintering heat treatments and is driven 

by differences in curvature at grain boundaries due to differences in grain size.6,8 Since the 

surface-area-to-volume ratio decreases with increasing particle size, the driving force for 

sintering is maximized when particles have small radii.8 Coarsening prior to sintering, which 

leads to an increase in particle/grain size, is undesirable because it decreases the driving force for 

sintering. 
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The initial stages of sintering (Figure 4.2) begin through the formation of sinter bonds (or 

necks) between particles. As intermediate stages of sintering are reached, pores rearrange to form 

a network at grain boundaries and, during final stages of sintering, rapid grain growth occurs via 

coarsening.6 The most common mass transport mechanisms are surface diffusion and grain 

boundary diffusion, though bulk lattice diffusion may also occur.6–9 In general, surface diffusion 

produces coarsening without densification since it is not effective in producing pore shrinkage, 

whereas grain boundary diffusion leads to densification via neck growth and pore migration to 

the surface.6,7 Bulk lattice diffusion also enables densification, though its contribution is usually 

less than that of grain boundary diffusion due to its higher activation energy and slower kinetics. 

Since surface diffusion usually has a low activation energy and fast kinetics, coarsening is 

inherent during sintering.6 An appropriate heat treatment for sintering is therefore one that 

minimizes coarsening prior to sintering in order to avoid its negative impact on the driving force 

for densification. 

 

Figure 4.2 (reprinted from German 6): Illustration of mass transport mechanisms between three particles 

during sintering. Sintering leads to densification via the formation of sinter bonds (or necks) and pore 

shrinkage.  

 

In addition to determining appropriate sintering conditions, a materials challenge for 

densifying La3-xTe4 films is that sintering temperatures must exceed 1000oC due to the high 

melting temperature of La3-xTe4 
2,10. However, the oxidation study presented in Chapter 2 
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indicates that oxidation of the material can occur <600oC even with limited oxygen exposure, so 

avoiding oxidation during sintering is a primary concern. In the literature, conventional furnace 

heat treatments are often employed for post-deposition sintering of EPD films11–13
, but such heat 

treatments are not well-suited for processing La3-xTe4 since they require long exposure to high 

temperatures and have difficulty in reliably maintaining a sufficiently low oxygen concentration.  

Hot pressing and spark plasma sintering are well-established for producing dense 

compacts of bulk La3-xTe4 with minimal oxidation2–4, but require the use of specialized 

equipment with complicated sample loading procedures. Additionally, they may encounter 

difficulties densifying films on a substrate, particularly for more complex geometries, due to 

uniaxial pressure exerted during heat treatment. It is therefore desirable to expand the 

processability of La3-xTe4 by developing sintering techniques which achieve high theoretical 

density and minimize sample oxidation without the use of complex equipment. Doing so will 

reduce fabrication cost, time, and complexity, and allow for synthesis of additional La3-xTe4 

geometries with high density for optimum thermoelectric performance. 

4.2 Introduction to Ultrafast High-Temperature Sintering (UHS) 

Recently, Wang et al developed a sintering technique termed ultrafast high-temperature 

sintering (UHS) which has been demonstrated to sinter bulk refractory ceramics in a matter of 

seconds.14 The UHS setup is simple, making use of resistive carbon paper heating strips and an 

external power source. The applied current causes rapid Joule-heating of the carbon paper which 

enables temperature control up to 3000oC and heating rates up to 104 oC/min.14 Furthermore, 

UHS is easily configured for use inside a glovebox so that heat treatments can be performed in 

high-purity inert atmospheres. This technique is attractive for sintering La3-xTe4 because of the 

simple equipment involved and ability to heat treat samples quickly in an inert atmosphere. 
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Additionally, UHS has been used to sinter complex three-dimensional samples14 which is 

applicable to La3-xTe4 coatings on non-uniform substrates.  

In this chapter, UHS is employed to sinter both La3-xTe4 films and pellets in seconds. The 

effects of sintering time and temperature on microstructure are characterized and the mechanisms 

of rapid densification and grain growth are studied. The technique is versatile and readily applied 

to densify both La3-xTe4 EPD films and bulk pellets. Initial stages of sintering are controlled by 

surface diffusion while later stages are controlled by grain boundary diffusion. Rapid 

densification results from the high heating rate achieved by UHS which minimizes low-

temperature coarsening and maintains a high driving force for densification. 

4.3 Experimental Methods 

EPD films were synthesized as described in Chapter 3. For all EPD samples presented in 

this chapter, the solvent was THF and deposition voltage, time, and particle concentration were 

100 V, 10 min, and 10 mg/mL, respectively. All La3-xTe4 pellets presented in this chapter were 

prepared by loading as-synthesized La3-xTe4 powder into a stainless-steel pellet die and cold-

pressing at 1000 psi. Pellets had a thickness of 1 mm and diameter of 1 cm.  

Figure 4.3 shows the UHS configuration for sintering of EPD La3-xTe4 films and cold-

pressed La3-xTe4 pellets. The samples were placed between two parallel carbon paper heating 

elements with the sample resting on the bottom one. A small gap was maintained between the 

sample and the top carbon paper strip to maintain appropriate resistive heating of the carbon 

paper and prevent electrical current from passing through the sample itself.  
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Figure 4.3: Illustration of the side view of the UHS configuration for sintering of (A) EPD La3-xTe4 films 

and (B) cold-pressed La3-xTe4 pellets. In both cases, the sample is placed between the Joule-heating 

carbon paper strips and rests on the bottom one. A small gap between the sample and the top carbon paper 

strip ensures that electrical current does not pass through the sample itself, which would short the carbon 

paper strips together and prevent appropriate heating. 

 

All UHS heat treatments were performed in a custom-fabricated chamber inside an Ar-

filled glovebox. This minimizes potential oxygen exposure by allowing for direct loading of 

samples after preparation without transfer outside of the glovebox. The chamber was evacuated 

and refilled with ultra-high purity (UHP) argon several times prior to sintering. A constant flow 

of UHP argon was maintained during sintering. Strips of Ti or Zr metal were also added to the 

chamber as O2 getters to further minimize oxygen. 

The temperature of the UHS heating elements was controlled by the applied current and 

electrical resistance of the carbon paper. The current/temperature relationship was calibrated by 

measuring the temperature with a Digi-Sense high-temperature infrared thermometer. The 

general applied current vs. time profile for UHS heat treatments is shown in Figure 4.4. The 

applied current was rapidly increased to the value associated with the sintering/dwell 

temperature, held for the sintering/dwell time, then rapidly reduced to zero. The sample was 

allowed to cool prior to removal from the UHS chamber. 
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Figure 4.4: General applied current vs. time profile and temperature vs. time profile for UHS heat 

treatments (not to scale). For the listed sintering parameters for a given sample, temperature refers to the 

temperature associated with the dwell current, and time refers to the length of time for which the dwell 

current was maintained. The dwell current/temperature were typically achieved within 10-60 seconds. 

 

4.4 UHS of EPD La3-xTe4 Films and Coatings 

Figure 4.5 and Figure 4.6 show SEM images for UHS La3-xTe4 samples. Sintered planar 

EPD films are shown in Figure 4.5A-F and a sintered bulk pellet is shown in Figure 4.5G-H. 

Sintered non-planar EPD coatings are shown in Figure 4.6. All samples achieve significant 

densification with distinct grain structures and a reduction in porosity to <15% (Table 4.1). The 

sintered EPD samples have an average grain size in the range of about 0.8-1.8 µm while the 

sintered bulk pellet has an average grain size of about 2.4 µm. The smaller grain size for the 

sintered EPD films compared to that of the pellet might be caused by the EPD films being 

constrained by the substrate as they densify, which partially limits grain growth.  

Significant cracking is observed in the EPD samples for which grafoil (Figure 4.5C) and 

boron nitride (Figure 4.5E) are the substrate material. Since this cracking is absent when Ni is the 

substrate material (Figure 4.5A and Figure 4.6), the primary cause of cracking is likely mismatch 
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in the coefficient of thermal expansion (CTE) between La3-xTe4 and the substrate material (Table 

4.2). La3-xTe4 and Ni have similar CTE values while those of grafoil and boron nitride are 

significantly different. Cracking is somewhat less prevalent when boron nitride is the substrate 

material compared to grafoil which is likely due to the slightly larger CTE of boron nitride. 

 
Figure 4.5: SEM images of UHS La3-xTe4 samples. (A, B) EPD La3-xTe4 film on Ni foil, (C, D) EPD La3-

xTe4 film on grafoil,(E, F) EPD La3-xTe4 film on boron nitride. (G, H) cold-pressed La3-xTe4 pellet. All 

samples were sintered at 1450oC for 10 seconds in flowing Ar atmosphere. 
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Figure 4.6: SEM images of UHS La3-xTe4 coatings on non-planar substrates. (A-D) La3-xTe4 on Ni mesh. 

(E-H) La3-xTe4 on Ni foam. Both samples were sintered at 1450oC for 10 seconds in flowing Ar 

atmosphere. 

 

Table 4.1: Average grain size and porosity for UHS La3-xTe4 samples. 

Sample (sintered at 1450oC, 10s) Average grain size Porosity 

UHS La3-xTe4 EPD film on Ni foil  1.76 µm 9.6% (ImageJ analysis) 

UHS La3-xTe4 EPD film on grafoil  1.63 µm 10.1% (ImageJ analysis) 

UHS La3-xTe4 EPD film on BN  1.21 µm 13.2% (ImageJ analysis) 

UHS La3-xTe4 pellet  2.44 µm 7.4% (Archimedes method) 

UHS La3-xTe4 EPD film on Ni mesh 0.833 µm 14.6% (ImageJ analysis) 

UHS La3-xTe4 EPD film on Ni foam 0.860 µm 12.6% (ImageJ analysis) 

 

Table 4.2: CTE comparison of La3-xTe4 with different substrate materials used for EPD films. 

Material Cracking of sintered La3-xTe4 EPD coating? CTE (>800K) (reference) 

La3-xTe4 N/A 12-16 x 10-6 K-1 (15) 
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Ni No 13 x 10-6 K-1 (16) 

Grafoil Yes 0.9 x 10-6 K-1 (17) 

Boron nitride Yes 1-2.5 x 10-6 K-1 (18) 

 

XRD scans for the UHS La3-xTe4 samples (Figure 4.7) indicate a high degree of phase 

purity with minimal oxidation. For the EPD samples, films on grafoil or boron nitride exhibited 

minimal oxidation which suggests that these substrate materials may mitigate oxidation by 

functioning as effective oxygen getters or reducing agents for any oxides that form. Regardless, 

these results establish UHS as an effective sintering method for producing dense La3-xTe4 EPD 

films, non-planar coatings, and bulk pellets with minimal oxidation in as little as 10 seconds. The 

samples achieve >85% theoretical density which is comparable to bulk La3-xTe4 processed via 

hot pressing or spark plasma sintering in the literature. Furthermore, this is the first 

demonstration of pressure-less sintering of La3-xTe4. This achievement is significant since it 

establishes that pressure sintering techniques such as hot pressing and spark plasma sintering are 

not required for densification of the material. 
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Figure 4.7: XRD scans for UHS La3-xTe4 samples. All samples were sintered at 1450oC for 10 seconds in 

flowing Ar atmosphere. The angle of the strongest La2O2Te peak (~30.5o) is marked with the triangle 

symbol and is very weak or absent for all samples indicating minimal oxidation after sintering. 

 

4.5 Effect of UHS Parameters on La3-xTe4 Microstructure 

The effect of sintering temperature (Figure 4.8) and time (Figure 4.9) on grain size and 

porosity were characterized to establish the relationship between UHS parameters and La3-xTe4 

microstructure. These analyses were performed for UHS La3-xTe4 EPD films on grafoil substrate 

since grafoil provided the best reproducibility for obtaining sintered films with minimal 

oxidation and the local microstructure was not affected by cracking in the film. When sintering 

temperature is increased at constant sintering time (Figure 4.8), there is primarily particle 

coarsening without densification when the temperature is ≤1050oC. Sinter necks begin to form at 

1150oC which indicates the onset of initial stages of sintering. Homogenization of the 

microstructure occurs at 1250oC as more sinter necks form and grains become rounded and 
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equiaxed. Intermediate stages of sintering are reached at 1350oC as sinter necks are replaced by 

distinct grain boundaries accompanied by a more significant increase in density and grain size. 

The final stages of sintering occur at 1450oC as indicated by a dramatic increase in grain size and 

reduction in porosity which result in a dense, large-grained microstructure. 

 

 
Figure 4.8: SEM images of La3-xTe4 EPD films on grafoil substrate showing the microstructure evolution 

as a function of UHS sintering temperature at a constant sintering time of 60 seconds. All heat treatments 

were performed in flowing Ar atmosphere. All images are at 5000X magnification. The graph plots 

average grain size and porosity (obtained from the SEM images) as a function of sintering temperature. 
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 The results of the temperature-dependent UHS study (Figure 4.8) indicate that the initial, 

intermediate, and final stages of sintering occur between 1250-1450oC for the heat treatment 

times employed. Therefore, the UHS microstructure evolution as a function of time was 

characterized at 1250oC, 1350oC, and 1450oC (Figure 4.9). At 1250oC, initial stages of sintering 

are apparent for times ≤60 seconds where there is sinter neck formation, slight grain growth, and 

minimal reduction in porosity. A transition to intermediate stages of sintering occurs for times 

>60 seconds as sinter necks are replaced by distinct grain boundaries with additional reduction in 

porosity. Similar behavior is observed at 1350oC, though the transition from initial to 

intermediate stages of sintering occurs earlier at ~30 seconds. Furthermore, the dense structure at 

180 seconds is similar to microstructures obtained at 1450oC and indicates a transition to final 

stages of sintering. At 1450oC, intermediate and final stages of sintering are achieved as early as 

10 seconds as indicated by distinct grain boundaries and significant densification. Simultaneous 

coarsening and reduction in porosity occur rapidly as sintering time increases until very dense, 

large-grained structures are achieved at times ≥60 seconds. 

It is clear from these results that both UHS time and temperature have a significant 

impact on the microstructure of sintered La3-xTe4 films. For the short time scale of UHS heat 

treatments, temperatures ≤1050oC lead to particle coarsening without densification. As 

temperature increases to 1150-1250oC, densification initiates with the formation of sinter necks 

and progresses with the formation of grain boundaries and elimination of porosity as sintering 

time increases. Sintering kinetics are enhanced as temperature increases to 1350oC, with an 

earlier transition from sinter neck formation to densification and grain growth. At 1450oC, 

sintering kinetics are so rapid that the final stages of sintering occur almost immediately with 

extremely fast densification and grain growth. A remarkable feature of UHS is its ability to 
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densify La3-xTe4 in less than 1 minute via pressure-less sintering. An analysis of the grain growth 

and sintering mechanisms is provided in the next section to develop an understanding of the 

mechanisms underlying rapid densification. 

 
 

  
Figure 4.9: SEM images of La3-xTe4 EPD films on grafoil substrate showing the microstructure evolution 

as a function of UHS parameters (sintering temperature and time). All heat treatments were performed in 

flowing Ar atmosphere. All images are at 5000X magnification. The graphs plot average grain size and 

porosity (obtained from the SEM images) as a function of sintering time and temperature. 
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4.6 Analysis of Grain Growth Kinetics and Activation Energy 

Given the unique ability of UHS to sinter La3-xTe4 in seconds, the mechanisms underlying 

its rapid sintering kinetics and their relationship to UHS parameters are of fundamental interest. 

A quantitative analysis of the kinetics and activation energies of grain growth was performed to 

characterize the mechanisms of extremely fast densification that occur during UHS. In the 

literature, grain growth is modeled by a power-law relationship8,9: 

 𝐺𝑛 − 𝐺0
𝑛 = 𝑘𝑡 (Equation 4.1) 

where G is average grain size, G0 is the average starting grain size of the material, n is the grain 

growth exponent, k is the grain growth rate constant, and t is time. 

 The grain growth rate constant, k, varies with temperature via an Arrhenius relationship8:  

 𝑘 = 𝑘0𝑒
−𝑄/𝑅𝑇 (Equation 4.2) 

where k is the grain growth rate constant, k0 is a pre-exponential constant, Q is the activation 

energy for grain boundary migration, R is the ideal gas constant, and T is temperature. 

 In (Equation 3.3, the grain growth exponent, n, provides information on the diffusion 

mechanisms responsible for grain growth and is typically assigned an idealized integer value for 

the related mechanism, though experimental values are usually not exact integers.8,19,20 Most 

often, n = 2 corresponds to grain boundary diffusion and n = 3 corresponds to bulk lattice 

diffusion.9 Many researchers have found that experimental values of n sometimes exceed these 

values, with n = 4 and n = 5 being reported.19–23 Both n = 4 and n = 5 are associated with surface 

diffusion-controlled grain growth, though a value of n = 5 can suggest that grain growth is 

hindered due to pores or precipitates pinning grain boundaries.19–23 Therefore, experimental 

determination of the grain growth exponent can help identify the dominant diffusion mechanism 

controlling grain growth. 
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 Figure 4.10 plots ln (G) vs ln (t) at different temperatures for UHS La3-xTe4 EPD films on 

grafoil substrate. The slope of the line is equal to the reciprocal of the grain growth exponent 

which allows for determination of the grain growth exponent from a linear fit to the data. For 

1250oC and 1350oC (Figure 4.10A and B), the data is best fit with two lines where the first one 

encompasses the first four data points (5-45 seconds) and the second encompasses the last four 

data points (30-180 seconds). The data for 1450oC (Figure 4.10C) is best fit with a single line for 

all data points.  

 
Figure 4.10: Isothermal ln-ln plots of grain size vs sintering temperature for UHS La3-xTe4 EPD films on 

grafoil substrate. (A) 1250oC, (B) 1350oC, (C) 1450oC. All heat treatments were performed in flowing Ar 

atmosphere. The grain growth exponent, n (Equation 3.3), was calculated from the reciprocal slope of the 

linear fit to the data. The data for 1250oC and 1350oC were best fit with two lines which reflect the 

transition from surface diffusion to grain boundary diffusion mechanism at longer sintering times. The 

data for 1450oC was best fit with a single line which indicates that grain boundary diffusion is the primary 

active mechanism for all sintering times at this temperature. 

 

The slopes in the first regions for 1250oC and 1350oC correspond to n = 5.5 and n = 4.1, 

respectively, indicating that grain growth is controlled by surface diffusion. For 1250oC, the 

value close to n = 5 suggests that grain growth might be partially inhibited by the presence of 

pores which, prior to significant densification, are present in a high enough concentration to pin 

the grain boundaries. The slopes in the second regions for both 1250oC and 1350oC correspond 

to n = 1.7 and are close to the idealized value of n = 2 associated with grain growth controlled by 

grain boundary diffusion. Similarly, the slope for the 1450oC data set corresponds to n = 1.6 

which is again associated with grain growth controlled by grain boundary diffusion. Grain 
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growth is therefore initially controlled by surface diffusion and transitions to grain boundary 

diffusion control in the later stages. 

 The activation energy for grain growth (Equation 4.3) was also analyzed to provide 

additional investigation into these diffusion mechanisms. Values of the grain growth rate 

constant, k, were calculated at each temperature from the slope of Gn vs t for each grain growth 

mechanism. For consistency of the model, n = 2 was chosen for grain boundary diffusion and n = 

4 was chosen for surface diffusion. Activation energy was then calculated from a plot of ln (k) vs 

1/T (Figure 4.11) for each diffusion mechanism, where the slope is equal to -Q/R.  

 
Figure 4.11: Plot of ln (k) vs 1/T for UHS La3-xTe4 EPD films on grafoil substrate, where k is the grain 

growth kinetic constant ((Equation 3.3(Equation 4.2). Values of k were obtained at each temperature from 

the slope of Dn vs t.The activation energy for grain growth, Q, was calculated from the slope of a linear fit 

to the data for each value of grain growth exponent, n. 

 

The activation energy of 78.7 kJ/mol for grain growth controlled by surface diffusion is 

significantly less than that of 444 kJ/mol for grain growth controlled by grain boundary 

diffusion. Owing to its lower activation energy, surface diffusion is the dominant mass transport 

mechanism in the initial stages of grain growth. Grain boundary diffusion has a higher activation 

energy and is delayed until the later stages of grain growth. This observation is consistent with 

sintering trajectories in the literature, where surface diffusion is the main mechanism of 
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coarsening in the beginning stages of sintering.7–9 Furthermore, surface diffusion necessarily 

occurs first during grain growth since, initially, the microstructure of the green body contains 

predominantly surface area with minimal grain boundary area. Particles grow by surface 

diffusion until sufficient grain boundary area is formed for grain boundary diffusion to be 

significant.7 Additionally, grain boundary diffusion is activated by higher temperatures which are 

achieved later in the sintering process depending on the heating rate employed. 

This behavior is clear during the UHS process in which the transition from surface 

diffusion to grain boundary diffusion occurs earlier as sintering temperature increases. The faster 

transition between diffusion mechanisms at higher temperature is due to both overcoming the 

activation energy for grain boundary diffusion and the enhanced kinetics of grain boundary 

formation. The extremely high heating rate of UHS also aids in rapidly providing sufficient 

thermal energy to activate grain boundary diffusion. The fast transition to grain boundary 

diffusion is beneficial for rapid densification since it avoids significant coarsening without 

densification via surface diffusion. Additionally, simultaneous grain growth and pore elimination 

via grain boundary diffusion in late stages of sintering are associated with an exponential 

increase in sample density.6 Therefore, the ability of UHS to quickly activate grain boundary 

diffusion is valuable for promoting rapid densification. 

4.7 Analysis of Sintering Activation Energy 

It is evident from the preceding analysis that, during UHS, surface diffusion controls 

grain growth in the early stages of sintering with a transition to grain boundary diffusion in the 

later stages. The fast transition to grain boundary diffusion is thought to enable rapid 

densification via simultaneous pore elimination and grain growth. To verify this hypothesis, the 

mechanisms of densification were quantitatively assessed through analysis of activation energies 
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for densification. In the literature, densification is generally modeled by an Arrhenius 

relationship where the densification rate depends on both temperature and microstructure 

(density and grain size)24–27: 

 
𝑑𝜌

𝑑𝑡
= 𝐴

𝑒𝑥𝑝⁡(−
𝑄
𝑅𝑇)

𝑇

𝑓(𝜌)

𝐺𝑚
 

(Equation 4.3) 

where ρ is density, t is sintering time, A is a material parameter independent of microstructure, Q 

is sintering activation energy, T is sintering temperature, G is grain size, and m is the grain size 

dependence on sintering rate. 

 Using the Arrhenius model from (Equation 4.3, sintering activation energy can be 

determined from a plot of ln⁡(
𝑑𝜌

𝑑𝑡
𝑇) vs 1/T, where the slope is equal to -Q/R. This relationship is 

plotted in Figure 4.12 for UHS La3-xTe4 EPD films on grafoil substrate. At fractional densities 

≤0.80, the activation energy varies between 146 kJ/mol (ρ = 0.70), 75.8 kJ/mol (ρ = 0.75), and 

99.4 kJ/mol (ρ = 0.80) with an average value of 107 kJ/mol. At fractional densities ≥0.87, the 

activation energy increases significantly to about 337 kJ/mol. The change in activation energy as 

sample density increases suggests there is a change in densification mechanism between the 

initial and later stages of sintering as porosity is eliminated. 
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Figure 4.12: Plot of ln⁡(

𝑑𝜌

𝑑𝑡
𝑇) vs 1/T at different theoretical densities for UHS La3-xTe4 EPD films on 

grafoil substrate. The activation energy for sintering, Q (Equation 4.3), was obtained from the slope of a 

linear fit to the data at each value of density. 

 The low average activation energy ~107 kJ/mol for fractional densities ≤0.80 is similar to 

values in the range of 50-100 kJ/mol reported in the literature for the initial stages of sintering in 

nanomaterials, where the densification mechanism is attributed to surface diffusion.8 The initial 

decrease in activation energy from 146 kJ/mol to 75.8 kJ/mol between fractional densities of 

0.70 and 0.75 may be due to the formation of sinter necks which provide more efficient transport 

for surface diffusion.  

In the literature, the activation energy for densification via grain boundary diffusion is 

typically a factor of 2-3 greater than that of surface diffusion for the same material.8,28–30 For 

UHS of La3-xTe4, the sintering activation energy similarly increases by a factor of 3 at densities 

≥0.87. This comparison facilitates the conclusion that grain boundary diffusion is the primary 

mechanism for densification during the later stages of sintering. Therefore, similarly to grain 

growth, the initial stages of sintering during UHS are controlled by surface diffusion with a 

transition to grain boundary diffusion as density increases. This result affirms that rapid 

densification is achieved through grain boundary diffusion which allows for simultaneous grain 

growth and elimination of porosity. 
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4.8 Discussion of Densification Mechanisms and Implications for La3-xTe4 Processing 

The mechanisms of extremely fast densification during UHS are critical to understanding 

the ability of this technique to sinter refractory materials in under one minute. Despite the short 

time scale of heat treatment, the final microstructure of the material is sensitive to both sintering 

temperature and time. This behavior highlights the rapid kinetics and microstructural evolution 

involved with the UHS process. The initial stages of grain growth and sintering are controlled by 

surface diffusion which, particularly for nanomaterials, is a common feature of conventional 

sintering. As time and temperature increase, grain growth and sintering transition to grain 

boundary diffusion control which yields rapid and significant densification. Similarly, in the 

literature, the transition to densification and grain growth via grain boundary diffusion is 

accompanied by a rapid increase in density and grain size. 

A key feature of UHS is therefore the fast activation of grain boundary diffusion. This 

characteristic is important because it limits the time spent under surface diffusion-controlled 

grain growth and sintering. Surface diffusion is primarily responsible for coarsening which 

produces grain growth without densification. As a result of limited coarsening, a high driving 

force for sintering is maintained when grain boundary diffusion, the primary densification 

mechanism, is activated. 

Even though surface diffusion does not directly produce densification, it is still crucial in 

the initial stages of sintering and is the dominant mass transport mechanism when density is low. 

The development of sinter necks, which establish bonding and grain boundaries between 

particles, occurs by surface diffusion. Additionally, surface diffusion leads to microstructural 

changes that facilitate densification such as changes in pore coordination which creates favorable 

changes in surface tension that drive a reduction in pore size.8,9 Other beneficial microstructural 
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changes that occur via surface diffusion are homogenization of grain shape into spheres, 

elimination of particle agglomerates via coalescence, and formation an interconnected pore 

network. Through these changes, surface diffusion indirectly contributes to sintering by 

establishing a microstructure that is advantageous for densification. 

These analyses provide insight into the extremely fast densification achieved by UHS. 

The low activation energy for surface diffusion facilitates the formation of sinter bonds via 

surface diffusion prior to significant grain growth. Grain boundary diffusion, which has a higher 

activation energy, is then responsible for the significant densification and grain growth at later 

stages. Rapid densification is thus a consequence of the high heating rate enabled by UHS. 

Temperatures quickly increase above those at which surface diffusion produces coarsening 

without densification and reach those at which grain boundary diffusion is activated, allowing for 

rapid sintering and grain growth. In the literature, the extreme heating rate associated with UHS 

has similarly been proposed enable rapid densification for refractory ceramics by minimizing 

coarsening prior to densification.14,31–33 Recently, Raj et al have identified another possible 

mechanism of fast densification from the similarities between UHS and flash sintering.34 The 

high heating rates involved in UHS may induce a non-equilibrium state of the material similar to 

flash sintering by creating a large concentration of defects that enables extremely high 

diffusitivity.34 The existence of this mechanism in La3-xTe4 would have interesting implications 

for both sintering and the thermoelectric properties of the material and should be studied in 

future work. 

The application of UHS to densify La3-xTe4 represents a significant processing 

achievement for synthesis and device fabrication. The material sinters in less than one minute 

and achieves high density and large grain sizes. The ability to quickly densify La3-xTe4 not only 
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reduces processing time but also helps mitigate oxidation by minimizing exposure to high 

temperature. The UHS technique is versatile and can readily sinter bulk La3-xTe4 pellets as well 

as La3-xTe4 films produced by EPD on planar and three-dimensional substrates. These results 

exhibit the viability of processing advanced architectures by UHS. Furthermore, densification of 

La3-xTe4 via free sintering demonstrates that pressure sintering techniques such as hot pressing 

and spark plasma sintering are not required to densify La3-xTe4. Sintering the material without the 

use of such complex equipment is important for reducing synthesis costs and simplifying the 

overall processing procedures. Lastly, the large grain sizes achieved through UHS are 1-3 orders 

of magnitude larger than those normally attained for sintered La3-xTe4.
10 UHS La3-xTe4 samples 

provide an exciting opportunity to investigate the effects of grain size and grain boundary 

scattering on the thermoelectric properties of the material and will be studied in future work at 

JPL. 

4.9 Summary and Conclusions 

Ultra-fast high temperature sintering (UHS) achieves rapid, pressure-less sintering of 

both La3-xTe4 EPD films and bulk La3-xTe4 pellets in as little as 10 seconds. Samples have high 

phase purity with minimal oxidation and achieve >85% theoretical density, with some samples 

approaching or exceeding 90% density. Grain sizes range from 0.8-1.8 µm for UHS EPD 

samples and achieve 2.44 µm for a UHS La3-xTe4 pellet. The free sintering technique is versatile 

and readily applicable to La3-xTe4 samples with non-uniform geometries such as La3-xTe4 EPD 

coatings on Ni mesh and Ni foam substrates. For EPD samples, a good CTE match between La3-

xTe4 and the substrate material is necessary to avoid extensive film cracking during sintering. 

The influence of UHS temperature and time on the microstructure evolution of La3-xTe4 

EPD films on grafoil substrate was studied. Despite the short sintering times <3 minutes, both 



96 
 

temperature and time have a significant impact on microstructure which highlights the fast 

kinetics that occur during UHS. For constant sintering time of 60 seconds, particle coarsening 

without densification occurs for temperatures ≤1050oC. Initial stages of sintering occur at 1150-

1250oC with the formation of sinter necks. Intermediate stages of sintering are evident at 1350oC 

with the presence of distinct grain boundaries and a reduction in porosity. Final stages of 

sintering occur at 1450oC where there is significant and rapid densification/grain growth. 

The mechanisms, kinetics, and thermodynamics of the UHS process were characterized 

by studying the isothermal microstructure evolution as a function of time at 1250, 1350, and 

1450oC. The initial stages of grain growth, which occur for times <60 seconds at 1250 and 

1350oC, are controlled by surface diffusion as indicated by the grain growth exponents n = 5.5 

(1250oC) and n = 4.1 (1350oC). Later stages of grain growth, which occur at 1450oC or for times 

≥60 seconds at 1250 and 1350oC, are controlled by grain boundary diffusion as indicated by the 

grain growth exponent n = ~1.7. The activation energy for surface diffusion-controlled grain 

growth is 78.7 kJ/mol and that of grain boundary-controlled grain growth is 444 kJ/mol. 

Sintering is controlled by the same diffusion mechanisms, with the early stages of sintering 

controlled by surface diffusion as evidenced by low value of activation energy ~107 kJ/mol for 

fractional densities ≤0.80. Later stages of sintering are controlled by grain boundary diffusion 

which has an activation energy of ~337 kJ/mol for fractional densities ≥0.87. 

Extremely fast densification achieved by UHS is a result of the high heating rate which 

avoids low temperatures at which surface diffusion causes coarsening without densification and 

quickly activates grain boundary diffusion which yields rapid increases in density and grain size. 

Surface diffusion indirectly contributes to densification in the initial stages of sintering by 

establishing beneficial microstructure rearrangements such as changes in pore coordination and 
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formation of sinter bonds between particles. These changes along with a lack of significant 

coarsening maintain a high driving force for densification once grain boundary diffusion is 

activated, leading to rapid densification. The possibility that the high heating rate induces a flash 

sintering state of the material should also be investigated as another potential mechanism for fast 

densification. 

The ability of UHS to sinter La3-xTe4 is a significant breakthrough and facilitates future 

development of simplified processing methods, fabrication of novel device geometries, and study 

of grain size effects on thermoelectric properties. Establishment of free sintering of the material 

demonstrates that pressure sintering techniques such as hot pressing and spark plasma sintering 

are not required for densification of La3-xTe4 and allows for the use of much simpler and cheaper 

equipment for synthesis and processing. Furthermore, the large grain sizes achieved through 

UHS are orders of magnitude larger than those traditionally obtained for La3-xTe4 which presents 

a unique synthesis opportunity for studying the effects of grain size and grain boundary 

scattering on thermoelectric performance. 
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Chapter 5 Thermoelectric Properties of UHS La3-xTe4 

5.1 Introduction and Background on Thermoelectric Performance of La3-xTe4 

Lanthanum telluride (La3-xTe4) has generated interest as a thermoelectric material due to 

its ZT value of 1.1 at 1275 K which makes it one of the best-performing bulk n-type materials.1,2 

The high ZT is a consequence of the material’s complex crystal structure (Figure 5.1). The cubic 

structure is composed of distorted La6Te octahedra in which there are four shorter and four 

longer La-Te bonds.3 The structure allows for a defect stoichiometry (0 ≤ x ≤ 1/3) through the 

formation of La vacancies and can accommodate vacancies on up to 1/9 of the La sites. La 

vacancies play a critical role in determining the thermal and electronic properties of the material 

and the thermoelectric performance is therefore determined by the La vacancy concentration, x. 
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Figure 5.1: The crystal structure of La3Te4. Te atoms occupy octahedral sites of La atoms to form distorted 

La6Te octahedra. The structure can accommodate vacancies on the La sites, with up to 1/9 of La atoms 

being absent. (Data retrieved from the Materials Project for La3Te4 (mp-879) from database version 

v2022.10.28.)3,4 

 

Introducing La vacancies into the structure causes significant phonon scattering that 

contributes to a lattice thermal conductivity as low as 0.4-0.8 W/m∙K.2,5 The intrinsically low 

thermal conductivity of La3-xTe4 is a contributing factor to its high thermoelectric performance. 

Additionally, the concentration of La vacancies controls the electronic properties of the material 

by altering the free carrier concentration2:  

 n = nmax(1 − 3x) (Equation 5.1) 

where n is the free carrier concentration, nmax = 4.5 x 1021 cm-3 is the maximum carrier 

concentration, and x is the La vacancy concentration which varies between 0 and 1/3. 

 La3-xTe4 ranges from a degenerate semiconductor with metallic-type conduction when 

there are no La vacancies (x = 0) to an electronic insulator at the maximum La vacancy 

concentration (x = 1/3).2 The electronic and thermal properties of the material are optimized for 

thermoelectric performance at x = 0.23.2 The exact stoichiometry of La3-xTe4 samples with 

different La vacancy concentrations is typically expressed in terms of the Te/La ratio (Table 5.1).  



102 
 

Table 5.1: Stoichiometry and general electronic properties of La3-xTe4 samples with different x values. 

La vacancy concentration La3-xTe4 stoichiometry Electronic properties 

x = 0 LaTe1.33 Conducting 

x = 0.23 LaTe1.46 Optimized for thermoelectric 

performance 

x = 0.33 LaTe1.50 Insulating 

 

To date, reports on the thermoelectric performance of La3-xTe4 are for samples prepared 

through mechanochemical synthesis followed by densification via hot pressing or spark plasma 

sintering (SPS).2,5–9 It is therefore important to determine baseline performance for La3-xTe4 

densified through ultrafast high-temperature sintering (UHS) and compare the thermoelectric 

properties to those established in the literature for La3-xTe4. The results and analysis presented in 

this chapter demonstrate that the thermoelectric performance of La3-xTe4 films and pellets 

prepared via UHS is comparable to that of optimized La3-xTe4 samples processed through hot 

pressing and SPS. Verification of the thermoelectric performance of UHS La3-xTe4 validates the 

sintering technique for processing of La3-xTe4 and is a remarkable achievement for rapid, 

pressure-less sintering of the material. 

5.2 Experimental Methods 

La3-xTe4 powder (x = 0.23, LaTe1.46) was synthesized using established mechanochemical 

methods.2 Briefly, elemental La and Te were combined in stoichiometric amounts and ball milled 

to achieve the alloyed powder. The elemental reactants were handled in an Ar-filled glovebox 

and the ball mill vial was sealed under Ar. The resulting as-synthesized La3-xTe4 powder was 

used without further treatment. 

La3-xTe4 films on BN substrate were synthesized via EPD as described in Chapter 3. The 

solvent was THF and deposition voltage, time, and particle concentration were 100 V, 10 min, 
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and 10 mg/mL, respectively. BN was selected as the substrate material for thermoelectric 

measurements of the thin film La3-xTe4 samples since it is electrically insulating. Bulk La3-xTe4 

pellets were prepared by loading as-synthesized La3-xTe4 powder into a stainless-steel pellet die 

and cold-pressing at 1000 psi. Pellets had a thickness of 1 mm and diameter of 1 cm. All samples 

were sintered via ultrafast high temperature sintering (UHS) as detailed in Chapter 4.3. For all 

samples, sintering temperature and time were 1450oC and 10 seconds, respectively, and heat 

treatments were performed in flowing ultra-high purity argon. UHS La3-xTe4 pellets generally 

achieved a density of 86-92% of theoretical as measured by the Archimedes method. 

Electrical resistivity and Seebeck coefficient for UHS La3-xTe4 film on BN substrate were 

measured using a custom two-electrode setup. Electrical resistance was measured using AC 

impedance which was converted to resistivity using the dimensions of the film. Seebeck 

coefficient was determined from measurements of the open circuit voltage between the hot and 

cold side. Property measurements were limited to a maximum temperature of 300oC due to 

instability of the contacts at high temperature. Thermal conductivity was not measured due to 

difficulties in experimental setup and obtaining reliable data for thin films.10,11 

Thermoelectric properties for UHS La3-xTe4 pellets were measured up to 1000oC. 

Electrical resistivity was measured using a four-point probe/Hall effect system. Seebeck 

coefficient was measured using a custom fabricated light pulse system based on established 

methods.2,12 Thermal conductivity was obtained from thermal diffusivity measurements using a 

Netzsch LFA 457 laser flash analysis system with corrections applied for the temperature-

dependent heat capacity and sample density. 



104 
 

5.3 Thermoelectric Properties of UHS La3-xTe4 

The temperature-dependent Seebeck coefficients of UHS La3-xTe4 samples are shown in 

Figure 5.2 where they are compared to those of optimized bulk La3-xTe4 samples prepared by 

SPS8 and hot pressing2. There is good agreement between the Seebeck coefficient values of the 

UHS thin film and bulk pellet, and they exhibit a similar increase in absolute value up to 575 K. 

The Seebeck coefficient of the UHS sample and literature samples have an approximately linear 

dependence on temperature, with an inflection point at approximately 900 K. This decrease in 

slope is attributed to a loss of degeneracy and activation of minority carriers which occurs due to 

the lower free carrier concentration resulting from the high La vacancy concentration.2,6 The 

similarities in Seebeck behavior between the UHS and literature samples indicates that the 

electronic structure of the optimized material is preserved after sintering.  

The Seebeck coefficient of the UHS bulk pellet reaches a maximum value at 1273 K of 

about -165 µV/K, which is lower than that of -206 µV/K for SPS LaTe1.46 and -235 µV/K for 

hot-pressed La3-xTe4. This discrepancy indicates that the composition of the UHS sample has 

shifted slightly toward a lower x value, possibly due to Te sublimation during sintering or a slight 

Te deficiency in the starting powder. However, the Seebeck coefficient values suggest a change 

in composition of x < 0.04 since the correlation between Seebeck coefficient and composition is 

well established for La3-xTe4 based on the concentration of rare-earth vacancies.2,6,7,21  
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Figure 5.2: Temperature-dependent Seebeck coefficient measured for UHS La3-xTe4 EPD film on BN and 

UHS La3-xTe4 pellet. Values for bulk SPS LaTe1.46 prepared at JPL by James Ma8 and bulk hot-pressed 

La3-xTe4 at an optimized carrier concentration of nH
* = 0.10 in the literature (Andrew May et al, Physical 

Review B, 78, 2008)2 are also shown for comparison. 

 The temperature-dependent electrical resistivities of UHS La3-xTe4 samples and 

optimized La3-xTe4 are shown in Figure 5.3. The resistivity of the bulk UHS La3-xTe4 pellet is 

comparable to that of SPS LaTe1.46 and indicates that UHS achieves good bonding and 

densification of the material for electron transport. The resistivity increases with temperature, 

indicating degenerate semiconductor/metallic-type conduction which is also observed in SPS and 

hot pressed La3-xTe4 samples. The room temperature resistivity of bulk UHS La3-xTe4 is about 

17% lower than that of SPS LaTe1.46, and at 1273 K the difference increases to about 32%. The 

lower resistivity of the UHS sample is likely due to the slight decrease in x value that was also 

observed in the Seebeck coefficient measurements (Figure 5.2) which increases the free carrier 

concentration. The large grain size of UHS La3-xTe4 may also contribute to lower electrical 
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resistivity by reducing the effects of grain boundary scattering and enhancing charge carrier 

mobility in the material13–15, though further investigation into this mechanism is necessary. 

 The resistivity of the UHS La3-xTe4 EPD thin film sample is higher than that of the bulk 

UHS pellet and SPS LaTe1.46, having a value approximately 40% and 20% greater at room 

temperature, respectively. This most likely results from high contact resistance due to the two-

electrode technique employed during measurement as well as defects in the film such as 

extensive cracking which occur during sintering due to CTE mismatch between the film and 

substrate (Chapter 4). The true resistivity of the film is likely closer to that of the UHS bulk 

pellet. This conclusion is further informed by the Seebeck coefficient values for the thin film 

sample which are similar to those of the bulk pellet (Figure 5.2). The values of Seebeck 

coefficient are a good indicator of the electronic structure of the material regardless of 

microstructure since Seebeck coefficient is, in general, independent of microstructure and 

mechanical defects. Furthermore, samples with a low Seebeck coefficient are expected to also 

have low electrical resistivity since the correlation between Seebeck coefficient and electrical 

resistivity is well established.2,6 Therefore, the Seebeck coefficient indicates that the electronic 

structure of the UHS La3-xTe4 film is similar to bulk UHS La3-xTe4 and the samples should have 

similar electrical resistivity. Optimization of the thin film measurement technique is necessary to 

obtain accurate verification resistivity values for the UHS La3-xTe4 thin film sample. 
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Figure 5.3: Temperature-dependent electrical resistivity measured for UHS La3-xTe4 EPD film on BN and 

UHS La3-xTe4 pellet. Values for bulk SPS LaTe1.46 prepared at JPL by James Ma8 and bulk hot-pressed 

La3-xTe4 at an optimized carrier concentration of nH
* = 0.10 in the literature (Andrew May et al, Physical 

Review B, 78, 2008)2 are also shown for comparison. 

 The temperature-dependent power factors (S2σ) of UHS La3-xTe4 samples and optimized 

La3-xTe4 are shown in Figure 5.4. The power factor of the UHS La3-xTe4 film is about 30-50% of 

bulk UHS La3-xTe4 and optimized La3-xTe4 between 323-573 K due to the higher measured 

electrical resistivity which suppresses the contribution from the Seebeck coefficient. At room 

temperature, the bulk UHS La3-xTe4 pellet has a 13% larger power factor than SPS LaTe1.46 as a 

result of its lower electrical resistivity and comparable Seebeck coefficient. As temperature 

increases, the power factor of SPS LaTe1.46 exceeds that of UHS La3-xTe4 since the magnitude of 

its Seebeck coefficient squared exhibits a faster increase with temperature compared to its 

electrical resistivity. The power factor of hot-pressed La3-xTe4 is much lower at high temperature 

than that of bulk UHS La3-xTe4 and SPS LaTe1.46 due to its ~2-3 times larger resistivity. UHS La3-

xTe4 achieves a peak power factor of 11.7 µW/cm∙K2 at 1073 K compared to 13.1 µW/cm∙K2 
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between 1175-1225 K for SPS LaTe1.46. These results demonstrate that UHS La3-xTe4 attains 

considerable electronic performance that is comparable to optimized La3-xTe4. This favorable 

combination of electrical resistivity and Seebeck coefficient is necessary for high thermoelectric 

output. 

 

Figure 5.4: Temperature-dependent power factor (S2σ) for UHS La3-xTe4 EPD film on BN and UHS La3-

xTe4 pellet. The values were calculated from Seebeck coefficient (Figure 5.2) and electrical resistivity 

(Figure 5.3). Values for bulk SPS LaTe1.46 prepared at JPL by James Ma8 and bulk hot-pressed La3-xTe4 at 

an optimized carrier concentration of nH
* = 0.10 in the literature (Andrew May et al, Physical Review B, 

78, 2008)2 are also shown for comparison. The values for the hot pressed sample (May et al) were 

calculated based on the Seebeck and electrical resistivity data that are replotted in Figure 5.2 and Figure 

5.3. 

 The temperature-dependent thermal conductivities of the bulk UHS La3-xTe4 pellet and 

optimized La3-xTe4 samples are shown in Figure 5.5A. The thermal conductivity of the UHS La3-

xTe4 thin film is not reported due to difficulties in obtaining accurate measurements on thin film 

samples.10,11 The values and temperature-dependent behavior of thermal conductivity for UHS 

La3-xTe4 match well to those of LaTe1.46, with a difference of less than 10% across the entire 

temperature range of measurement (298-1273 K). The thermal conductivity of hot-pressed La3-
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xTe4 is ~50-60% of that of UHS La3-xTe4 and SPS LaTe1.46 due to the higher electrical resistivity 

of the sample which reduces the electronic contribution to thermal conductivity. The good 

agreement between the thermal conductivities of UHS La3-xTe4 and SPS LaTe1.46 indicates that 

the lower electrical resistivity of UHS La3-xTe4 does result in a significant increase of the thermal 

conductivity. This result is important for maintaining high thermoelectric performance of the 

material since a low thermal conductivity is necessary to achieve a high ZT value, and a decrease 

in electrical resistivity typically results in a higher overall thermal conductivity due to the 

increased electronic contribution.2,6–8,16 

 In Figure 5.5B, the electronic (𝜅𝑒) and lattice thermal conductivities (𝜅𝐿) of UHS La3-xTe4 

and SPS LaTe1.46 were calculated from the total thermal conductivity (𝑘𝑡𝑜𝑡𝑎𝑙) and electrical 

resistivity using the Wiedemann-Franz law16: 

 𝑘𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑒 + 𝑘𝐿 = 𝐿𝜎𝑇 + 𝑘𝐿 (Equation 5.2) 

where 𝑘𝑡𝑜𝑡𝑎𝑙 is the total thermal conductivity, 𝜅𝑒 is the electronic thermal conductivity, 𝜅𝐿 is the 

lattice thermal conductivity, L is the Lorenz number, σ is the electrical conductivity, and T is 

temperature. 

 For accuracy of the model, a first order correction of the Lorenz number was performed 

as a function of Seebeck coefficient due to the degeneracy of La3-xTe4 
17: 

 
𝐿 = 1.5 + exp⁡(−

|𝑆|

116
) (Equation 5.3) 

where L is the Lorenz number and S is the Seebeck coefficient. 
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Figure 5.5: (A) Temperature-dependent total thermal conductivity measured for UHS La3-xTe4 pellet. 

Values for bulk SPS LaTe1.46 prepared at JPL by James Ma8 and bulk hot-pressed La3-xTe4 at an optimized 

carrier concentration of nH
* = 0.10 in the literature (Andrew May et al, Physical Review B, 78, 2008)2 are 

also shown for comparison. (B) Temperature-dependent calculations for total thermal conductivity 

(𝜅𝑡𝑜𝑡𝑎𝑙), electronic contribution to thermal conductivity (𝜅𝑒), and lattice contribution to thermal 

conductivity (𝜅𝐿) for UHS La3-xTe4 pellet and SPS LaTe1.46 prepared at JPL by James Ma8. The electronic 

and lattice thermal conductivities were calculated using the Wiedmann-Franz Law (Equation 5.2) with a 

first order degeneracy correction for Lorenz number (Equation 5.3). 
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 As expected, the electronic thermal conductivity of UHS La3-xTe4 is about 20-30% higher 

than that of SPS LaTe1.46 due to the higher electrical conductivity (Figure 5.5B). By contrast, the 

calculated lattice thermal conductivity of UHS La3-xTe4 is about 30-50% lower than that of SPS 

LaTe1.46. The decrease in lattice thermal conductivity could be caused by the lower density of 

UHS La3-xTe4 compared to the SPS LaTe1.46 samples which enables additional phonon scattering 

by pores.18 It is interesting that the porosity appears to affect the lattice thermal conductivity 

more strongly than it does electrical resistivity, suggesting that the scattering effect of pores is 

more significant for phonons than electrons. Additionally, the large grain size of UHS La3-xTe4 

does not lead to an increase in lattice thermal conductivity. This is contrary to expectation since 

large-grained materials generally have higher lattice thermal conductivities as a result of reduced 

grain boundary scattering of phonons.19 UHS La3-xTe4 appears to deviate somewhat from the 

expected relationship between microstructure, electrical resistivity, and thermal conductivity. 

Therefore, the relationship between grain size, density, and electron/phonon scattering 

mechanisms for UHS La3-xTe4 provides an interesting route for future investigation. 

The temperature-dependent ZT values for the bulk UHS La3-xTe4 and optimized La3-xTe4 

samples are shown in Figure 5.6. Below 500 K, the ZT of UHS La3-xTe4 is nearly identical to that 

of SPS LaTe1.46 owing to their similar power factor and thermal conductivity at low temperature. 

The ZT of hot pressed La3-xTe4 exceeds that of UHS La3-xTe4 and SPS LaTe1.46 at low 

temperature due to its considerably lower thermal conductivity. Between 500-1000 K, the ZT of 

UHS La3-xTe4 is about 70-75% that of the optimized La3-xTe4 samples due to the lower power 

factor resulting from the slower increase in its Seebeck coefficient with temperature.  

Above ~800 K, the higher electrical resistivity of hot pressed La3-xTe4 (Figure 5.3) leads 

to a plateau in its power factor (Figure 5.4) while the power factor of UHS La3-xTe4 continues to 
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increase up to ~1000 K before plateauing and eventually decreasing slightly. Therefore, the ZT 

of UHS La3-xTe4 is similar to that of hot pressed La3-xTe4 at high temperature. By contrast, SPS 

LaTe1.46 maintains a higher power factor above 1000 K such that its ZT value continues 

increasing at high temperature. UHS La3-xTe4 reaches a maximum ZT of 1.06 at 1273 K 

compared to a ZT of 1.13 for hot pressed La3-xTe4 
6 and 1.41 for SPS LaTe1.46 

7,8 at the same 

temperature. These results indicate that the overall thermoelectric performance of UHS La3-xTe4 

is comparable to that established for optimized La3-xTe4. This demonstration is remarkable and 

verifies that the material can be processed via rapid, pressure-less sintering while maintaining its 

proven high ZT value. 

 

Figure 5.6: Temperature-dependent ZT values calculated for UHS La3-xTe4 pellet. ZT = 
𝑆2𝜎

𝜅
𝑇 was 

calculated from the values of Seebeck coefficient (S), electrical resistivity (𝜌 =
1

𝜎
), and thermal 

conductivity (κ) presented in Figure 5.2, Figure 5.3, and Figure 5.5, respectively. ZT values for bulk SPS 

LaTe1.46 prepared at JPL by James Ma8 and bulk hot-pressed La3-xTe4 at an optimized carrier concentration 

of nH
* = 0.10 in the literature (Andrew May et al, Physical Review B, 78, 2008)2 are also shown for 

comparison. 
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5.4 Discussion of the Thermoelectric Performance of UHS La3-xTe4 

The high thermoelectric performance exhibited by UHS La3-xTe4 is a significant 

accomplishment. It indicates that UHS achieves excellent bonding and densification in the 

material to attain proper electronic properties for thermoelectric performance. The Seebeck 

coefficient, which is independent of density and microstructure, confirms that the electronic 

structure of La3-xTe4 is not appreciably altered during UHS. However, a small fraction of Te 

sublimation may occur which slightly decreases the magnitude of Seebeck coefficient due to a 

small decrease in x value. Due to their similar Seebeck coefficient values, the performance of the 

UHS La3-xTe4 EPD thin films is expected to be comparable to that of bulk UHS La3-xTe4. Further 

optimization of thin film measurement techniques is necessary to accurately measure the 

electrical resistivity and thermal conductivity and confirm their thermoelectric performance. 

The electrical resistivity of bulk UHS La3-xTe4, which depends on density, microstructure, 

and bonding, is lower than that of optimized La3-xTe4 samples. This result indicates that the 

bonding and microstructure of UHS La3-xTe4 are sufficient for efficient electronic transport 

despite samples having slightly lower density than those synthesized via hot pressing or SPS. 

The UHS process likely promotes strong sinter bonds between particles and well-defined grain 

boundaries which facilitates higher electron mobility. Additionally, the large micron-sized grains 

in UHS samples reduces the total number of grain boundaries which can further mitigate grain 

boundary scattering effects and enhance electronic conduction.13–15 In this regard, UHS provides 

an interesting opportunity to study grain boundary scattering and grain-size dependence of 

electrical resistivity since it allows for preparation of La3-xTe4 samples with grain sizes that are 

significantly larger than those achieved during hot pressing or SPS. 
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The thermal conductivity of UHS La3-xTe4, which depends on structure, density, and 

electronic properties, is similar to that of SPS LaTe1.46. While the electronic thermal conductivity 

of UHS La3-xTe4 is increased due to the lower electrical resistivity, the lattice thermal 

conductivity is decreased, leading to only a modest increase in total thermal conductivity 

compared to the SPS sample. The larger grain size of UHS samples is expected to increase lattice 

thermal conductivity via reduced grain boundary scattering18,19, so the low lattice thermal 

conductivity may result from porosity-induced phonon scattering since UHS samples have lower 

density than those of SPS samples. This would also suggest that pores scatter phonons more 

strongly than they scatter electrons since the electrical resistivity of UHS La3-xTe4 is 

comparatively low.  

Additionally, porosity scattering of phonons may be more significant than grain boundary 

scattering as the large grain size of UHS does not lead to a larger lattice thermal conductivity. 

However, more investigation into these relationships and scattering mechanisms is necessary to 

confirm the observed trends. If established, these grain size and porosity effects may provide a 

method for partially decoupling thermal conductivity and electrical resistivity by enhancing 

phonon scattering while preserving electron transport. However, the effects of porosity on the 

mechanical properties of the material cannot be ignored and are expected to reduce strength and 

fracture toughness.8 Therefore, tuning the thermoelectric properties of La3-xTe4 with porosity 

could provide a basis for fundamental study of electron/phonon transport but likely would not be 

feasible for practical device applications. 

 UHS La3-xTe4 achieves comparable overall thermoelectric performance to hot pressed 

La3-xTe4 and SPS LaTe1.46 as evidenced by its ZT of 1.06 at 1273 K. The ZT value is a 

consequence of the high power factor which results from the favorable combination of Seebeck 
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coefficient and electrical resistivity, as well as the limited increase in total thermal conductivity 

despite the lower electrical resistivity. The strong thermoelectric performance of UHS La3-xTe4 

validates use of the technique for processing of both bulk La3-xTe4 samples and La3-xTe4 films. 

Furthermore, the ability to obtain dense La3-xTe4 samples with excellent thermoelectric 

performance via pressure-less sintering is a breakthrough for La3-xTe4 synthesis. UHS simplifies 

sintering of the material since it does not require complex equipment, loading procedures, or 

long sintering times, and it is applicable to three-dimensional sample geometries. Subsequent 

optimization can improve performance further by determining the sintering parameters necessary 

to achieve sample density >95% and addressing possible Te sublimation by starting with slight 

Te excess in the starting composition. Additionally, UHS can be applied to other thermoelectric 

materials systems since it is independent of materials properties.20  

5.5 Summary and Conclusions 

The thermoelectric performance of UHS La3-xTe4 samples was characterized and 

demonstrated have good agreement with that established for optimized La3-xTe4 samples 

prepared by hot pressing and SPS. Bulk UHS La3-xTe4 achieves a ZT of 1.06 at 1273 K which is 

within 5% of the ZT of 1.13 for hot pressed La3-xTe4.
6 The ZT of 1.41 for SPS LaTe1.46 is slightly 

higher due to its increased power factor at high temperature.7,8 Further optimization of the UHS 

process is expected to enable a ZT value closer to that of SPS LaTe1.46. 

Te sublimation during sintering is hypothesized to cause a slight change in composition 

to smaller x value, yielding La3-xTe4 that is more conductive with lower Seebeck coefficient than 

the optimized LaTe1.46 composition. The change in x is expected to be <0.04 since the magnitude 

of Seebeck coefficient is larger than that of LaTe1.42. The Seebeck coefficient of UHS La3-xTe4 

indicates that the electronic configuration and degeneracy of the material are not altered during 
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sintering, and the low electrical resistivity indicates good bonding and densification. The large 

grain size of UHS samples may also facilitate electron transport by reducing grain boundary 

scattering effects. A slight increase in total thermal conductivity is attributed to an increase in the 

electronic thermal conductivity due to the lower resistivity of the sample. However, a calculated 

decrease in lattice thermal conductivity suppresses the increase in total thermal conductivity. The 

decrease in lattice thermal conductivity is unexpected due to the large grain size of the material 

and may be caused by porosity in the sample, though detailed investigation of the 

phonon/electron scattering mechanisms is necessary. 

The synthesis of high performance La3-xTe4 via UHS represents a significant 

advancement of thermoelectric processing. Not only does UHS prepare dense La3-xTe4 samples 

in less than one minute, but it also maintains its excellent thermoelectric performance that is 

critical for efficient energy conversion. Pressure-less sintering of La3-xTe4 expands opportunities 

for device fabrication and fundamental study of properties by simplifying processing equipment, 

reducing sintering time and energy costs, and allowing for densification of complex geometries. 

Additionally, initial results indicate that the performance of UHS La3-xTe4 EPD films is similar to 

that of bulk UHS La3-xTe4. Future optimization of UHS and EPD can enable a reproducible, 

high-throughput processing scheme for sample synthesis and device fabrication. Furthermore, 

these techniques may be expanded to other thermoelectric material systems to enhance 

processing capabilities for the field as a whole. 
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Chapter 6 Conclusions and Future Work 

6.1 Oxidation Mechanism of La3-xTe4 

In Chapter 2, temperature-dependent oxide formation in La3-xTe4 was studied and a 

detailed oxidation mechanism for the material was proposed. These results represent the first 

comprehensive investigation of the oxidation mechanism of La3-xTe4 and provide improved 

understanding of the process by which thermoelectric performance degrades. The oxide is non-

passivating, and incomplete oxidation of the material at its surface produces changes in the bulk 

composition which harm thermoelectric performance. Since preparation of La3-xTe4 samples with 

minimal oxide are well-established for thermoelectric characterization, these results are most 

relevant for device fabrication which will be the next step in La3-xTe4 processing.  

Service conditions will require extended exposure to temperatures >600oC that can lead 

to oxidation even at low oxygen partial pressures. Since the oxide phases are thermodynamically 

favorable, device design should incorporate a combination of materials-based and environmental 

barrier approaches to mitigate oxidation through surface passivation and minimized oxygen 

exposure. Future research should focus on studying composite structures such as La3-xTe4-Ni that 

may enhance surface passivation as well as oxide prevention coatings such as aerogels to 

minimize oxygen exposure. Additionally, oxide formation in dense La3-xTe4 bulk pellets should 

be investigated and compared to that of the powder since dense pellets exhibit a higher stability 

in oxidizing conditions.6 

6.2 Electrophoretic Deposition of La3-xTe4 Films 

In Chapter 3, La3-xTe4 thin films were deposited on planar and non-planar substrates by 

electrophoretic deposition (EPD) of the as-synthesized powder suspended in THF. The ability to 

produce La3-xTe4 films significantly expands processing opportunities for the material. It allows 
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for exploration of the effects of thin film microstructure on thermoelectric performance and 

enables study of a wider range of inclusion morphologies for La3-xTe4-Ni composites structures. 

 The ability of EPD to fabricate complex components without requiring machining of 

bulk material expands the device architectures available to La3-xTe4. Since La3-xTe4 can be 

deposited on various metallic substrates without binder additives or bonding layers, EPD also 

potentially simplifies metallization steps during device fabrication. The versatility and scalability 

of EPD make it a promising technique for implementation as a high-throughput processing 

scheme for material synthesis and device fabrication. Furthermore, EPD can enable similar 

processing enhancements for other thermoelectric materials systems which will form other 

segments in the overall thermoelectric device. The fundamental study of the La3-xTe4/THF 

suspension and EPD properties can guide the selection of appropriate suspensions for those 

materials. 

Future research should focus on additional characterization of the La3-xTe4/THF 

suspension and optimization of the EPD process. Experimental measurements of zeta potential 

and electrophoretic mobility should be performed to confirm the calculated values and proposed 

charging mechanisms. Thicker EPD coatings may be synthesized through optimization of the 

suspension and deposition cell to mitigate sedimentation effects. The EPD process should be 

applied to deposition of La3-xTe4 onto substrate geometries that are relevant for device 

manufacturing as well as Ni substrates that are directly of interest for composite study such as Ni 

nanowire arrays. 

6.3 Ultrafast High-Temperature Sintering of La3-xTe4 

In Chapter 4, ultrafast high-temperature sintering (UHS) was utilized to achieve rapid, 

pressure-less densification of La3-xTe4 EPD films and bulk cold-pressed pellets. Rapid 
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densification results from the extremely high heating rate associated with UHS which minimizes 

low-temperature coarsening and quickly activates grain boundary diffusion which produces rapid 

densification. 

The first-time demonstration of rapid, pressure-less sintering of La3-xTe4 is remarkable 

and provides the foundation for simplifying synthesis of the material and reducing processing 

time/cost. Pressure sintering techniques such as hot pressing and spark plasma sintering, which 

involve complex equipment and loading procedures, are not required for densification. Free 

sintering of La3-xTe4 allows for more facile and high-throughput processing and expands the 

geometries which can be sintered. Since the La3-xTe4 grain size is controlled by sintering 

parameters, UHS also provides an opportunity to study the effects of grain size on thermoelectric 

performance. Additionally, these results represent the first application of UHS to films prepared 

via EPD, and the unique combination of EPD and UHS creates a novel high throughput 

processing scheme. Lastly, since UHS does not depend on material properties, it can be applied 

to other high-temperature thermoelectric materials to improve overall device fabrication. 

Future work should focus on additional fundamental study of the UHS process as well as 

optimization of the experimental setup. A broader study of the influence of UHS temperature, 

time, and heating rate on the microstructure of La3-xTe4 should be performed to verify the 

mechanisms of rapid densification and improve the established relationship between UHS 

parameters and La3-xTe4 microstructure. The possibility of UHS inducing a non-equilibrium flash 

sintering state in the material should also be explored. The experimental setup of UHS should be 

optimized by using thermal insulation to ensure uniform sample heating and minimize radiative 

heating losses as well as more rigorously define the relationship between applied current and 
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sample temperature.8 Application of UHS to other high-temperature thermoelectric materials 

should be explored. 

6.4 Thermoelectric Properties of UHS La3-xTe4 

In Chapter 5, the thermoelectric performance of bulk UHS La3-xTe4 was characterized and 

compared to that of optimized La3-xTe4 prepared by hot pressing and SPS. Bulk UHS La3-xTe4 

achieves similar overall thermoelectric performance to those established for the material. Initial 

measurements of power factor up to 573K show promising performance for UHS EPD La3-xTe4 

films on BN, though improved thin film measurement techniques are needed. 

Demonstration of exceptional thermoelectric performance for UHS La3-xTe4 is a major 

validation of the sintering technique. These results verify that bulk and EPD La3-xTe4 can be 

densified in seconds while maintaining the thermoelectric properties of the material. The ability 

to produce dense samples in seconds with excellent thermoelectric performance reduces 

synthesis time, cost, and complexity, which dramatically improves processing. UHS also 

achieves these results despite the high sintering temperatures and oxygen sensitivity of La3-xTe4 

and is therefore a significant breakthrough for La3-xTe4 and other high-temperature 

thermoelectric materials.  

Future research should focus on further optimization and characterization of UHS. 

Electron/phonon transport and scattering mechanisms in the material should be investigated to 

establish better fundamental understanding. Full characterization of UHS La3-xTe4 EPD film 

performance will require improved thin film measurement techniques and selection of an 

appropriate insulating substrate material facilitate measurements while minimizing film cracking. 

The process can then be extended to complex La3-xTe4 coating geometries for characterization of 

novel composite and device structures. Finally, UHS and EPD can be applied to other 
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thermoelectric materials for enhanced processing of a wide range of material systems that can 

improve overall device fabrication. 
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Appendix A Supporting Information for Chapter 2 (Oxidation 

Mechanism of La3-xTe4) 

A.1 Detailed XPS Analysis 

XPS was employed to analyze the surface species of as-synthesized powder at room 

temperature. Figure 2.2 shows the XPS spectra for the La 3d, Te 3d, O 1s, and C 1s regions. The 

La 3d signal (Figure 2.2A) exhibits spin-orbit and multiplet splitting (four components 

corresponding to one valence state) which is consistent with La in the 3+ state.1 There are two 

main components at 834.4 eV and 851.2 eV, with respective satellite components at 837.9eV and 

854.7eV. These values are tabulated in Table 0.1 where they are compared to literature values. 

Since La is almost always reported in the 3+ state in literature, this result by itself is not unique 

to any specific compounds or species. The binding energy values are similar to literature for 

La2Te3 nanowires which suggests La-Te bonding and is consistent with La3+ existing in La3-xTe4.
2 

However, the binding energy difference of 3.5eV between the main and satellite components 

suggests the presence of carbonate species as well.1 

Table 0.1. Binding energy values for La 3d components with comparison to literature. 

 La 3d5/2 

(main) 

La 3d5/2 

(satellite) 

La 3d3/2 

(main) 

La 3d3/2 

(satellite) 

La3-xTe4 powder 

(this work) 

834.4eV 837.9eV 851.2eV 854.7eV 

La2Te3 nanowires 

(11) 

834.7eV 838.0eV 851.5eV 854.9eV 

  

The Te 3d signal (Figure 2.2B) exhibits three cases of spin-orbit splitting (six components 

corresponding to three valence states), which are consistent with Te2-, Te4+, and Te0.3 The binding 

energy values are tabulated in Table 0.2 along with comparisons to literature. The strongest 

components at 572.0eV and 582.4eV are attributed to Te2- which exists in La3-xTe4 and is 
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associated with La-Te bonding. The weaker components at 575.4eV and 585.8eV are attributed 

to Te4+ which is typically present in TeO2 and is associated with Te-O bonding. The binding 

energy values for Te2- and Te4+ are similar to literature for La2Te3 nanowires in which a surface 

oxide was also observed.2 The asymmetry of the Te2- peaks is accounted for by fitting two 

additional components at 572.8eV and 583.2eV which are attributed to Te metal (Te0). Te metal 

is often observed in conjunction with oxide as a stable intermediate in the first step of tellurium 

oxidation.4, 5, 6, 7, 8 The presence of tellurium oxide is further confirmed in the O 1s signal (Figure 

2.2C), where the component at 530.7eV is attributed to Te-O bonding. The assignment of this 

peak is informed by the work of Kong et al with TeOx thin films in which they observed a peak 

in the O 1s spectrum between 530.4-531.0eV.5  

Table 0.2. Binding energy values for Te 3d components with comparison to literature. 

  Te 3d5/2   Te 3d3/2  

 Te2- Te0 Te4+ Te2- Te0 Te4+ 

La3-xTe4 

powder 

(this work) 

572.0eV 572.8eV 575.4eV 582.4eV 583.2eV 585.8eV 

La2Te3 

nanowires 

(reference) 

571.6eV 

(La2Te3 

nanowires11) 

573.2eV 

(Pt3Te4 9) 

575.6eV 

(La2Te3 

nanowires11) 

582.0eV 

(La2Te3 

nanowires11) 

583.5eV 

(Pt3Te4 9) 

586.1eV 

(La2Te3 

nanowires11) 

 

Analysis of the O 1s (Figure 2.2C) region provides additional evidence of hydroxide and 

carbonate species as suggested by the La 3d region. The components in the O 1s region at 

531.7eV and 532.7eV are attributed to hydroxyl groups (-OH) and carbonate groups (-CO3)
2-, 

respectively.9 On a pure La2O3 surface, hydroxide (La(OH)3) and carbonate (La2O2CO3) 

compounds are expected to form as a result of exposure to moisture and CO2.
10, 11 An 

atmosphere-exposed La2O3 surface is known to rapidly hydroxylate at room temperature, 
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forming La(OH)3 and small amounts of oxycarbonate (La2O2CO3).
11 Li et al treated the surface 

of La2O3 samples with water and observed a component in the O 1s region at 531.8eV which 

they attributed to La(OH)3.
10 In the same study, they treated the surface of La2O3 samples with 

CO2 and observed a component in the O 1s region at 532.6eV which was attributed to 

La2O2CO3.
10 These values are very close to the components attributed to hydroxide (531.7eV) 

and carbonate (532.7eV), respectively, for the as-synthesized La3-xTe4 surface. However, there is 

the lack of a peak associated with La-O bonding, which would be expected at 528.6eV.1 This 

result suggests that hydroxylation and carbonation at the surface are incomplete and, unlike pure 

La2O3, also involve Te such that there is a partially hydroxylated and carbonated lanthanum 

telluride surface. 

Further analysis of the C 1s region (Figure 2.2D) confirms the presence of carbonate 

species, where the component at 285.8eV is associated with C-O bonding and the component at 

288.7eV is associated with C=O bonding.12 The peak at 284.8eV is adventitious carbon which is 

used for binding energy reference.12 Li et al observed a C 1s component at 290.6eV after CO2 

treatment of the La2O3 surface which was associated with carbonate.10 This value is higher than 

the components seen for as-synthesized La3-xTe4, and Li et al observed components at 285.9eV 

and 287.9eV on the surface of clean La2O3 which were attributed to incompletely oxidized 

carbon species (C-O-C and C=O).10 The component at 288.7eV for as-synthesized La3-xTe4 lies 

between the 287.9eV value for incompletely oxidized carbon and 290.6eV for carbonate in 

literature, which suggests a mix between the two. Fleming et al observed a C 1s component at 

289.0eV for La2O3 exposed to atmosphere at room temperature11, which is much closer to the 

value of 288.7eV for La3-xTe4 powder. These results provide further evidence that the 
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carbonation reaction on the La3-xTe4 surface is incomplete and is consistent with a partially 

carbonated surface. 

A.2 Mass change of La3-xTe4 powder after oxidation and oxygen exposure calculations 

Mass change of La3-xTe4 powder after oxidation at 1000oC 

 Table 0.3 shows the experimentally measured mass change of 50 mg of La3-xTe4 powder 

after heat treatment in flowing forming gas at 1000oC for 2 hours. The mass of the oxidized 

powder was 27.8 mg after heat treatment, corresponding to a measured mass loss of 22.2 mg. 

This mass change informs assignment of the overall oxidation reaction as: 

10 La3Te4 + 21 O2 → 12 La2O3 (glass) + 3 La2O2Te (crystalline) + 37 Te (vapor) (Equation 0.1) 

The calculated mass loss for (Equation 0.1, assuming 50 mg of La3-xTe4, is 21.8 mg, 

which agrees well with the experimentally measured mass change. This result indicates a 

significant amount of glassy La2O3 is present after oxidation in addition to the crystalline 

La2O2Te identified in XRD. 

Table 0.3 Experimental and calculated mass change of La3-xTe4 after 1000oC heat treatment. 

Initial mass of 

La3Te4 

Measured mass of La2O2Te 

(heat treat at 1000oC 2 hrs) 

((Equation 0.1) Calculated mass 

of La2O3 (glass) + La2O2Te  

50 mg 27.8 mg 

(Decrease of 22.2 mg) 

28.2 mg 

(Decrease of 21.8 mg) 

 

Calculation of oxygen exposure 

The amount of oxygen required for (Equation 0.1 was calculated to estimate the oxygen 

exposure during heat treatment.  For a starting mass of 50 mg of La3Te4, 1.13 x 10-4 mols of O2 

are required for the completion of the reaction in (Equation 0.1. For a nominal O2 concentration 

of 1 ppm in the forming gas 35 and a flow rate of 15 mL/min, 7.36 x 10-8 mols of O2 pass through 

the tube furnace in 2 hours (dwell time) and 4.41 x 10-7 mols of O2 pass through in 12 hours 
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(total heat treatment time at 1000oC including ramp rate). This calculation indicates that trace 

oxygen in the forming gas alone is insufficient to cause the extent of oxidation observed. An O2 

concentration on the order of 100-1000ppm would be sufficient to cause severe oxidation and 

may be due to oxygen in the tube from inadequate purging or a small leak in the furnace. 

A.3 Detailed La3-xTe4 Oxidation Mechanism 

 
Figure 0.1: XRD scans for La3-xTe4 powder after tube furnace heat treatment for 2 hours in flowing 

forming gas 95% Ar, 5% H2. The temperatures for each heat treatment are listed on the left, and identified 

phases associated with the scan for that heat treatment temperature are listed on the right. 
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Figure 0.2. Illustration of the La3-xTe4 oxidation mechanism. Included are proposed reactions associated 

with observed XRD phases. Points 1-4 are used to qualitatively reference the oxidation mechanism to the 

phase diagram (Figure 2.6B) and show how the formation of Te causes the bulk lanthanum telluride to 

become Te-rich. 

 

 Figure 0.2 illustrates the La3-xTe4 oxidation mechanism in detail. Associated chemical 

reactions are proposed from observed XPS species and phase changes in XRD as well as 

knowledge of the La-Te phase diagram. Below, the chemical reactions are discussed for each 

heat treatment temperature for ease of reference to Figure 0.1 and Figure 0.2, though it should be 

noted that the oxide progression is also expected to occur kinetically (Figure 0.3) and the 

processes can likewise be referenced to longer heat treatment times at a given temperature. For 

simplicity of writing the reactions, the lanthanum telluride stoichiometry is assumed to be La3Te4 

for the solid solution existing from 57-60 at% Te and LaTe2 for the solid solution existing from 

63-67 at% Te. 
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Room temperature to 100oC 

 As shown in Figure 2.3 and Figure 0.2, oxidation at room temperature leads to the 

formation of an amorphous surface oxide. Initial oxygen exposure creates La2O3 and elemental 

Te: 

 2 La3Te4 + 9/2 O2 → 3 La2O3 + 8 Te (Equation 0.2) 

 Some of the Te from (Equation 0.2 eventually reacts with oxygen to form TeO2, which 

subsequently forms a glassy phase with La2O3 which likely exists as an amorphous lanthanum 

oxytelluride phase (LaOxTey): 

 Te + O2 → TeO2 (Equation 0.3) 

 TeO2 + La2O3 → LaOxTey (glass) (Equation 0.4) 

The oxides are sensitive to moisture and CO2 and will rapidly react to form a partially 

hydroxylated and carbonated surface which is observed in XPS. Additionally, 

200oC 

 The oxidation reactions in (Equation 0.2,(Equation 0.3, and (Equation 0.4 continue until 

sufficient elemental Te forms and coalesces into domains large enough to be observable in XRD. 

300oC 

 The free Te formed from the oxidation reactions incorporates into the La3-xTe4 matrix and 

makes it more Te-rich. This pushes the composition into the two-phase region between La3Te4 

and LaTe2 (between 60-63 at% Te) such that some La3Te4 transforms to LaTe2: 

 La3Te4 + 2 Te → 3 LaTe2 (Equation 0.5) 

 Oxidation of La3Te4 continues via (Equation 0.2 and additional oxidation of the LaTe2 

phase can proceed via the reaction: 
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 LaTe2 + 3/2 O2 → La2O3 + 2 Te (Equation 0.6) 

 Subsequent growth of the amorphous surface oxide continues via (Equation 0.3 and 

(Equation 0.4. 

400oC 

 Further formation of Te continues to make the lanthanum telluride matrix more Te-rich 

such that the composition enters the single-phase LaTe2 region (Equation 0.5). Additionally, the 

glassy LaOxTey phase crystallizes at this temperature such that crystalline La2O2Te is observed in 

XRD: 

 LaOxTey (glass) → La2O2Te (crystalline) (Equation 0.7) 

 According to (Equation 0.1, glassy La2O3 is still present at higher temperature in addition 

to crystalline La2O2Te. The presence of glassy La2O3 is due to the thermodynamic driving force 

in which La2O3 is the most stable state, so some of the La2O2Te subsequently converts to La2O3: 

 La2O2Te + 1/2 O2 → La2O3 (glass) + Te (Equation 0.8) 

Since Te has high mobility and is volatile at higher temperature, a significant portion of 

the elemental Te produced likely sublimates or incorporates into the matrix faster than it is 

oxidized to TeO2. Therefore, additional glassy La2O3 formation may occur via (Equation 0.2, 

(Equation 0.6, and (Equation 0.11. Furthermore, La2O2Te may also form through direct reaction 

of O2 with LaTe2: 

 2 LaTe2 + O2 → La2O2Te + 3 Te (Equation 0.9) 

500oC  

 Incorporation of Te formed from oxidation (Equation 0.6 and (Equation 0.9 into the 

lanthanum telluride matrix causes the composition to become Te-rich enough to reach the LaTe3 

composition (75 at% Te): 
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 LaTe2 + Te → LaTe3 (Equation 0.10) 

 Reaction of LaTe3 with oxygen produces glassy La2O3 and Te: 

 LaTe3 + 3/2 O2 → La2O3 (glass) + 3 Te (Equation 0.11) 

 La2O2Te may also result from direct reaction of LaTe3 with oxygen: 

 2 LaTe3 + O2 → La2O2Te + 5 Te (Equation 0.12) 

600oC 

 Oxidation of remaining LaTe3 to glassy La2O3 and crystalline La2O2Te occurs via 

(Equation 0.11 and (Equation 0.12 and any remaining excess Te is given off as vapor. 

Transformation of La2O2Te to La2O3 continues via (Equation 0.8. 

A.4 Kinetic Aspects of La3-xTe4 Oxidation 

 
Figure 0.3. XRD scans of: (Top) La3-xTe4 powder after tube furnace heat treatment for 24 hours at 400oC 

in flowing forming gas (95% Ar, 5% H2). The two broad features below 26o are due to the sample holder; 

(Middle) La3-xTe4 powder after one month of air exposure at room temperature; (Bottom) as-synthesized 

La3-xTe4 powder. 
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In Figure 0.3, the identified phases after the heat treatment at 400oC for 24 hours are 

La2O2Te and Te. These products are similar to the products of heat treatment at 600oC for 2 hours 

and indicative of late-stage oxidation before Te sublimates. This result highlights that the higher 

temperature heat treatments in Figure 0.1 speed up the kinetics of oxidation, allowing the stages 

of oxidation to be systematically observed in a shorter time period. After 1 month of air 

exposure, La3-xTe4 is the only phase identified in XRD, showing that the oxide does not 

crystallize or fully consume the powder at room temperature after long-term exposure. The XRD 

scan for the as-synthesized powder is smooth while the scans for the powder after heat treatment 

at 400oC for 24 hours and after 1 month of air exposure have more noise and a slightly rougher 

baseline. These features are likely caused by the presence of glassy oxide phases (LaOxTey at 

room temperature and La2O3 at 400oC). 

A.5 Effect of oxidation on electrical conductivity of La3-xTe4 and La3-xTe4/Ni 

 

Figure 0.4. (Reprinted from Acta Materialia 224, Li et al, Enhanced thermal stability and oxidation 

resistance in La3- xTe4 by compositing metallic nickel particles, Copyright (2022)21). Percentage change in 

electrical conductivity as a function of time for La2.74Te4 and La2.74Te4/15 vol.% Ni composite exposed to 

1 kPa oxygen partial pressure at 1000K. 
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Measurements for S and k are not shown because the researchers noted that pure La2.74Te4 

samples “crash” in their measurement system above 700K due to oxidation. This issue could not 

be solved even by flushing the system with high purity argon which highlights the oxygen 

sensitivity of La3-xTe4. 
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