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Abstract 

 

 

Abstract 

Commercially available high-performance thermoelectric materials are 

often rare or toxic and therefore unsustainable. The present thesis work 

makes a case for eco-friendly, earth-abundant, and non-toxic p-type 

ceramic Cu2SnS3 (CTS, hereafter) and, in general, the use of disordered 

materials for thermoelectric applications. The detailed study of 

polymorphism, synthesis conditions, porosity, grain size, and doping 

provides a systematic and in-depth experimental and computational 

analysis of thermoelectric properties and stability of CTS. These results 

can be generalized for numerous thermoelectric materials and other 

applications. Moreover, a case for functioning thermoelectric 

generators using non-toxic and cost-effective materials is also 

presented. 

 

The thesis begins with a brief introduction to thermoelectricity, 

followed by a literature review and justification of the choice of the 

subject. The second chapter puts forward a novel approach to stabilize 

a disordered CTS polymorph without any chemical alteration through 

high-energy reactive ball milling. The third chapter deals with the 

stability of disordered samples under different synthesis and sintering 

conditions, highlighting the effect of synthesis environment, 

microstructure, and porosity. The fourth chapter employed a novel, 

facile, and cost-effective two-step synthesis method (high-energy ball 

milling combined with spark plasma sintering) to synthesize CTS bulk 

samples. The two-step synthesis method was able to constrain the CTS 

grain growth in the nanometric range, revealing the conductive nature 

of the CTS surfaces. The next chapter explores combining the two-step 

synthesis method with Ag substitution at the Sn lattice site to improve 

CTS's thermoelectric performance further. In the final stages of the 

thesis work, thin film thermoelectric generators were fabricated using 

CTS and similar chalcogenides, demonstrating power output 

comparable to existing thermoelectric materials used in the medium 

temperature range. The final chapter summarizes outlooks and future 

perspectives stemming from this research work. 
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Introduction 
 

From the controlled use of fire by early humans approximately 2 million 

years ago to today's fossil fuel-driven civilization, energy and its 

utilization are synonymous with human progress and development. 

 

Non-renewable fossil fuels contribute to ~80% of the World’s energy 

requirements.1 However, the combustion of fossil fuel results in the by-

products, such as carbon monoxide, carbon dioxide, sulfur dioxide, 

nitrogen dioxide, nitric oxide, volatile organic compounds, and 

hydrocarbons, which contributes to adverse environmental impacts, and 

global climate change. Thus, renewable and green energy sources are 

essential for sustainable energy solutions. One way to improve 

sustainability could be the recovery of waste heat. 

  

Heat is a common by-product in almost all power generation and 

transmission processes. According to some studies,2,3 ~ 67 % of energy 

produced remains unused in the form of waste heat. 

 

Thermoelectric generators (TEGs) are solid-state devices that directly 

convert heat into electricity. TEGs are noise-free, reliable, scalable, and 

solid-state, making them ideal for waste heat recovery in many 

applications. In some cases, they can completely replace and, in others, 

reduce the dependence on conventional energy sources. Hence, a 

thorough understanding of the thermoelectric material properties is 

imperative to fulfilling the global energy demand. 

 

1.1 A brief introduction to thermoelectricity 

 

While performing the so-called “animal electricity” experiments in 

1780 AD, Luigi Galvani (1737-98 AD) observed muscles contraction 

in dead frog samples. When the vital nerves of the sample were 

connected via a conductor, sparks were observed in a nearby electrical 

machine. Galvani concluded that muscles acted as a reservoir for 

electricity in living beings and were controlled by the brain.4 

 

Triggered by Galvani’s research, Alessandro Volta (1745-1827 AD) 

conducted similar experiments, considering the possibility that the 

muscles contraction observed by Galvani was due to some external 
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experimental effect. He connected the muscles of the dead frog sample 

through a dissimilar metal ark and noticed the muscle contraction, 

contradicting Galvani’s animal electricity hypothesis. This experiment 

also led to the birth of electromagnetism and electrochemistry. 

However, when Volta conducted additional experiments, the dead frog 

sample was submerged in two glasses of water with different 

temperatures and connected by a bimetallic ark. He observed violent 

muscle contraction. Thus, concluding the electromotive force originates 

from the temperature difference between the junction of two dissimilar 

metals.5  

 

Later, in 1821-23 AD, Thomas Johann Seebeck (1770-1831 AD) found 

that the circuit made from two dissimilar metals, with a junction at 

different temperatures would deflect a compass magnet, known as the 

“Seebeck effect.”6 Seebeck effect is historically extensively used in the 

thermocouples made of metals or metal alloys, e.g., chromel-alumel and 

copper–constantan thermocouples.7 

 

A decade after the discovery of the Seebeck effect, Jean Peltier (1785-

1845 AD) found that by passing an external current through a 

thermocouple, heating and cooling effects can be observed depending 

on the direction of the current flow. William Thomson (1824-1907 

AD), also known as Lord Kelvin, established the interdependency 

between the Seebeck and Peltier effect in 1855 AD. His theory led to 

the discovery of the third thermoelectric effect, also known as the 

Thomson effect. His work showed that thermocouples could be used as 

a heat engine, generating electricity from a temperature gradient, or a 

refrigerator by applying external current.8 

  

Nevertheless, it took more than a century (after the discovery of the 

Seebeck, Peltier, and Thomson effect) and the development of 

semiconductor physics to utilize the thermoelectric effects to produce 

functioning thermoelectric generators and coolers from 1950 onwards. 

In fact, in the beginning, the first thermoelectric generators were only 

used in niche and remote applications due to their low conversion 

efficiency. However, these generators attracted the space application 

community due to their long life span and solid-state nature.  
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1.2 A simple case 

 

It is well known that metals are good conductors of heat and electricity 

due to the abundance of free electrons. Suppose a metal rod is heated to 

one end, electrons from that end start diffusing towards the cold side to 

reach equilibrium maximizing entropy. If we keep the hot side hot for 

some time, there will be a continuous flow of electrons from the hot end 

of the rod to the cold, generating a current (opposite to the direction of 

the flow of electrons) and a voltage difference. However, the flow of 

electrons will also carry heat toward the other end. Moreover, metals 

usually arrange their atoms in regular periodic arrangements (or 

crystals). So, a certain amount of heat will also be transferred by 

phonons. Consequently, the charge carriers will flow until the hot and 

cold sides reach thermal equilibrium.  

 

Due to higher charge carrier density, metals can only produce a small 

voltage for a short time. Thus, a good thermoelectric material should 

present enough charge carriers to generate a voltage gradient. 

Simultaneously, it should effectively minimize the heat transfer so that 

the voltage difference can be maintained for a sufficiently long time. 

Extremely high (n > 1023) and low (n < 1016) carrier concentration of 

metals and insulators, respectively, makes them ill-suited for 

thermoelectric applications. Semiconductors and semimetals show the 

carrier concentration between these limits, making them suitable for 

thermoelectric applications.  

 

1.3 Thermoelectric devices and materials:  

 

TE devices consist of several pairs of p and n-type semiconducting legs 

connected electrically in series and thermally in parallel. Heat to 

electrical energy conversion of such a devise is assessed by Carnot 

efficiency ().  

=(
𝑇ℎ𝑜𝑡−𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡
) [

√(1−𝑧𝑇𝑎𝑣𝑔) −1

√(1+𝑧𝑇𝑎𝑣𝑔)+(
𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

)
]            1.1 

𝑧𝑇=(
𝑆2

𝜌𝜅
) 𝑇                                                   1.2 

Where Thot, Tcold, and zTavg are hot-side temperature, cold-side 

temperature, and average TE figure of merit, respectively. TE figure of 
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merit of a material is defined in equation 1.2, where S, ρ, κ, and T are 

Seebeck coefficient or thermopower, electrical resistivity, thermal 

conductivity, and absolute temperature, respectively. Thus, p and n-type 

materials presenting a high figure of merit are essential to produce high-

performing TE devices. In short, materials with a large Seebeck 

coefficient, high electrical conductivity, and low thermal conductivity 

consist of lattice (κl) and electronic (κe) contributions. However, the 

material parameters (S, ρ, and κe=κ-κl) determining the zT show strong 

interdependency, given by equation 1.3-1.5 discussed below.9  

 

𝑆 =
8π2𝑘𝐵

2

3𝑒h2  𝑚 ∗ 𝑇 (
π

3𝑛
)

2/3
                       1.3 

𝜌 =
1

𝑛𝑒µ
                                                    1.4 

𝜅𝑒 =
𝐿𝑇

ρ
                                                    1.5 

 

Where kB, m*, n, e, µ, L are Boltzmann constant, effective mass of 

charge carriers, carrier concentration, the charge of an electron, carrier 

mobility, and Lorenz number (2.4 ×10–8 J2/K2C2), respectively. 

  

As evident from equations 1.3 and 1.4, S and ρ show a strong 

dependence on each-other through n and µ. Other than these, the 

effective mass of charge carriers (m*) is another critical parameter, 

which is directly linked to the mobility of charge carriers. We have 

discussed the modification of various parameters and their interplay 

below.10  

 

1.3.1 Increased carried concentration: Enhancement of n is often 

done by doping or substitution, thus, decreasing the resistivity of a 

material. It has often been noticed that this approach can mildly increase 

the zT of materials. However, the higher carrier concentration adversely 

affects the thermopower and electronic contribution to thermal 

conductivity. 

 

1.3.2 Increased mobility: Large and defect-free (near-perfect) 

crystals enable large mean-free paths to charge carriers, enhancing the 

carrier mobility and conductivity of a material. However, it has adverse 

effects on the Seebeck coefficient. Additionally, large wavelength 
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phonons dramatically increase the lattice thermal conductivity in the 

near-perfect crystals and limit zT. 

 

1.3.3 Increased effective mass of charge carriers:  Increasing m* 

could boost the thermopower. Nevertheless, the heavy effective mass 

of the charge carrier also means that the material will have lower 

mobility, therefore, high resistivity.  

 

Various methods to synergistically improve the TE properties are 

discussed below to overcome the above discussed strong 

interdependency.  

 

1.3.4. Use of small bandgap semiconductor or semimetal (Bipolar 

effect): Performing TE materials are narrow-gap semiconductors or 

semimetals where both charge carriers (electrons and holes) are likely 

to affect the charge carrier transport. The thermopower in such cases is 

a weighted average of Seebeck coefficients associated with both types 

of carriers. Opposite signs of both charge carriers diminish the 

thermopower of the material. It is easy to imagine that this will also 

enhance resistivity. Furthermore, it introduces an additional bipolar 

term in the electronic contribution of thermal conductivity and 

dramatically enhances it. The presence of both types of charge carriers 

in the material has a detrimental effect on all parameters determining 

the TE figure of merit.   

 

1.3.5. Energy filtering: In many recent works, this phenomenon has 

been exploited to boost the thermopower of a material. This 

phenomenon is associated with the effects of grain size on the TE 

properties, which is discussed in detail by Narducci et al.11 In brief, the 

small grains can filter the low-energy charge carriers with short mean 

free paths resulting in a higher Seebeck coefficient. However, there is a 

tread-off between mobility and thermopower, as small grains also 

reduce the mobility of the carriers, resulting in higher resistivity.   

 

1.3.6 Phonon-Glass-Electron-Crystal (PGEC) and Phonon-

Liquid-Electron-Crystal (PLEC): These two models are associated 

with similar concepts, where the heat carriers (phonons) are penalized 

without significant effect on the electronic transport. In materials with 
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PGEC characteristics, phonons have very short mean free paths, like an 

amorphous solid, whereas electrons (charge carriers) have very long 

mean free paths, resulting in a thermal conductivity close to the 

theoretical minimum. PLEC could be an extension of PGEC; besides 

the very short mean path proposed for PGEC, PLEC behavior could 

reduce the thermal conductivity below that of glass by eliminating some 

vibrational modes.  

 

1.3.7 Rattling cations: Materials with cage-like structures exhibit this 

unique phenomenon, such as skutterudite, where loosely bound ion in 

the middle of the cage disrupts the vibrational modes of the cage; 

consequently, the weak bonds results in higher anharmonicity. Low-

frequency vibrational modes (acoustic modes) in such cases are 

asymmetric. This can be shown by the calculations of the Grüneisen 

parameter using computational means or by combining temperature-

dependent Nuclear Inelastic Scattering (NIS) and X-ray Diffraction 

(XRD) data.   

 

1.3.8 Band Engineering: Band engineering is typically used to 

overcome the strong interdependence between S and µ. The large 

effective mass of the charge carriers boosts thermopower, but it 

simultaneously decreases mobility and increases ρ. This compromise 

between S and ρ impedes the enhancement of power factor (PF= S2/ ρ), 

which can be overcome by increased band degeneracy or by the 

introduction of resonance states and, these two approaches are 

extensively used in thermoelectric materials for band engineering. 

 

1.3.9 Band degeneracy: The effective mass of charge carriers and 

band effective mass (mb*) are related by m*=Nv2/3 mb*, where Nv 

is band degeneracy. Thus, high m* is related to high mb* (heavy 

bands or flatter bands) or higher degeneracy, i.e., multiple band 

maxima overlap or are very close (bands with the energy within 

a few kBT). Band degeneracy can simultaneously boost the 

thermopower and electrical conductivity of materials. 

 

1.3.10 Resonant states and Band convergence: These two 

phenomena are induced by different doping levels in the material. Band 
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convergence favours heavy doping, while resonant states favor light 

doping. In both band convergence and resonant states, S is increased 

without significantly penalizing electrical conductivity, resulting in 

higher PF. In resonant state engineering, the Density of States (DOS) is 

distorted by creating a bump; differently, in-band convergence edges of 

valence and conduction bands are brought closer. Thus, the valley 

number is increased, boosting the material's performance. 

 

Besides the above-discussed methods, researchers are also working on 

several modern material manipulation technologies, e.g., porous 

materials,12 the introduction of magnetic impurities,13 electron-phonon 

scattering,  defect engineering,14 strain-induced effects,15 etc., to 

improve the TE performance of materials.   

 

1.4. State of the art  

 

According to the optimal working temperature range, thermoelectric 

materials are characterized in four categories, i.e., low temperature (T 

< 300 K), near room temperature (300 K – 500 K), medium temperature 

(500 K - 800 K), and high temperature (T > 900 K) thermoelectric 

materials. 

 

In the decade of 1950-60, alloys of Bismuth and Bismuth-Antimony 

were one of the first semiconducting materials studied for low-

temperature applications. These alloys usually present a negative 

Seebeck coefficient or n-type semiconducting nature and a zT~0.5 

around 120 K. The modern strategies of material manipulations can 

easily reach a zT~1.5 at the same temperature range. However, due to 

the very low operating temperature range, these alloys have a limited 

application perspective.16 

 

Most commercially available thermoelectric materials work near the 

room temperature range, suitable for waste heat recovery applications 

in automobiles, air conditioners, households, commercial heaters, 

sensors, et cetera. Bi2Te3, Mg2Sb2, Ag2Se, AgSbTe2, Sb2Te3, et cetera. 

are well-known high-performing materials in this temperature range. 

Among all, n-type Bi2Te3 and p-type Sb2Te3 present maximum zT~1.2 

and 1.5, respectively, around 400K.17  
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Medium temperature operational ranges offer various 

possibilities/applications and a wide temperature range for waste heat 

recovery and other applications. Therefore, the thermoelectric 

community is keen to investigate high-performing materials in the 

range. PbTe based materials, which can be used as p and n-type 

semiconductors, were considered the best performing materials. These 

alloys were used in various space missions by NASA. It is widely 

believed that the alloys used for space application in the 1960s showed 

zT~0.8. At present, with suitable external doping, these alloys present 

approximately 2-fold higher zT~1.5, in comparison with the alloys 

developed in 1960.18 

 

In 2016, Duong et al.19 reported Bi-doped SnSe single crystal achieving 

zT=2.2. Recently, Zhou et al.20 reported polycrystalline SnSe with 

record performance zT~ 3.1 at 783 K.  

 

Since 1978,  NASA has used Si-Ge alloys (zT~1.0 above 1000 K) to 

power various deep space missions, e.g., Voyager 1, Voyager 2, 

Galileo, Ulysses, Cassini, and New Horizons.21 These devices used 

naturally decaying polonium oxide as the heat source. Nowadays, 

various metal oxides22 and alloys of Pb-Te23 are under investigation for 

high-temperature thermoelectric materials, as metal oxides are known 

to be thermally and chemically highly stable.  

  

1.5. Choice of the subject 

 

Most high-performing materials investigated for medium-temperature 

TE applications use either scarce or toxic elements, e.g., SnSe, PbTe. It 

is crucial to investigate cost-effective, non-toxic, and eco-friendly 

materials in this temperature range for low-cost, scalable, and 

widespread use in thermoelectric devices. Due to the aforementioned 

advantages, Cu-Sn-S-based systems have attracted the broad 

community of energy materials research, including photovoltaic, light-

emitting-diode, sensors, batteries, supercapacitors, and 

thermoelectricity et cetera.24  Cu-Sn-S-based systems have low 

formation energy; therefore, they are suitable for large-scale and low-
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cost production. Moreover, these systems are safe to use in the medium 

temperature range due to the high melting temperature (~1000 K). 

 

It is well-known that high-performing thermoelectric materials should 

have high electrical conductivity and lower thermal conductivity. 

Compared with metal-oxides, Cu-Sn-S-based systems show better 

electrical and thermal properties due to the so-called “Phonon-Glass-

Electron-Crystal” (PGEC) characteristic. Moreover, these materials 

also arrange their atoms in various crystallographic structures, offering 

multiple possibilities of structural manipulation and band-engineering 

to boost their TE performance.   

 

1.6. Literature review on Cu2SnS3 

 

Copper tin sulfide, Cu2SnS3 (CTS), is a p-type ceramic semiconductor. 

A tunable bandgap, earth-abundance, and non-toxic nature make it 

suitable for various applications, including photovoltaics, Light 

Emitting Diodes (LED), transistors, thermoelectric generators/cooler, 

optoelectronic devices, et cetera. Mao reported a novel synthesis of 

CTS in the laboratory in 1975. Subsequently, in 1984, Kovalenker 

extracted CTS from Kochbulak mine in Uzbekistan and named the 

mineral Mohit after Mao, and Wang (1974) proposed its triclinic 

structure (P1).25 Stannite (Cu2FeSnS4), Kuramite (Cu3SnS4), and Mohit 

(Cu2SnS3) are similar in chemistry and structure. In fact, their crystal 

structures are derived from the diamond-type sphalerite (ZnS) structure, 

made of tetrahedral cages, where 1-cation (Zn, Cu, Sn, or Fe)  is 

surrounded by 4-sulfur anions.25 CTS thin films are widely studied for 

photovoltaic applications as absorber layers, as they exhibit a large 

optical absorption coefficient ~104 cm-1 and a tunable band gap 

spanning 0.7-1.6 eV.  

 

Crystalline materials arrange their atoms regularly and periodically in 

three dimensions or over a long-range. However, various crystalline 

materials present complex crystallographic structures, where long-

range order is absent, also known as disordered materials. The 

disordered materials are mainly characterized by structural disorder 

induced by partial occupancy of cations in the unit cell and/or local 

deviation from the periodic arrangement. These materials can be 
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utilized to achieve Phonon-Glass-Electron-Crystal (PGEC) 

characteristics.10  

 

One such example is cubic materials with Zincblende or Sphalerite-like 

(F-43m) structures. Especially, polymorphs of Cu2SnS3
26, Cu2SnSe3

27, 

CuFeS2
28, Cu5Sn2S7

29, Cu7Sn3S10
30, Cu2ZnSnS4

31, and numerous other 

materials show not only remarkably suppressed thermal conductivity; 

but also superior electrical properties than their ordered polymorphs. It 

has been verified by experimental and ab-initio methods that the above 

discussed cubic disordered materials also present higher Grüneisen 

parameters, which is a measure of anharmonicity, in comparison with 

their ordered polymorphs. Lattice distortions, irregular bond length, and 

soft bonds cause the higher anharmonicity, originating from structural 

disorder.  

 

From a thermoelectric perspective, CTS has low electronegativity 

difference and high covalent character in the Cu/Sn-S bonds, thus 

possessing good electrical transport properties; meanwhile, these bonds 

are relatively soft, giving extremely lower thermal conductivity than 

oxides and silicides.32 Although the first lab synthesized and naturally 

discovered CTS had a triclinic (P1) structure, authors have diffusely 

reported monoclinic (Cc) CTS synthesized by high temperature solid-

state reactions from a thermoelectric perspective. Frequently, a blend of 

cubic (F-43m) and tetragonal (I-42m) CTS polymorphs can be observed 

with monoclinic CTS. The monoclinic CTS polymorph shows low 

zT~0.05 above 700 K due to its low carrier concentration and high 

thermal conductivity. However, external cation doping at the Sn site 

transforms the monoclinic polymorph into cubic (F-43m). A zT~0.4–

0.8 above 700 K is regularly reported for CTS by In 33, Zn 34, Mn 35, Ni 
32, Fe 13, Co 36, and Cu37 substitution at the Sn site, aiming to enhance 

the carrier concentration and reduce the thermal conductivity. Other 

similar systems, such as Cu5Sn2S7 38, CuFeS2 
39, Cu4Sn7S16 40, and 

Cu2SnSe3 41, also show a moderate zT ranging from 0.2–0.5, above 700 

K. 

  

https://www.sciencedirect.com/topics/materials-science/silicide
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1.7 Summary 

 

The present thesis work studies Cu2SnS3 based thermoelectric material 

and devices. The first chapter makes a case for eco-friendly, cost-

effective, non-toxic thermoelectric materials for waste heat recovery 

and other applications. Moreover, we have briefly discussed the history 

of thermoelectricity, modern strategies to develop high-performing 

thermoelectric materials, Cu-Sn-S based thermoelectric materials, and 

finally, the summary of the thesis work.  

 

In the second chapter, novel disordered CTS polymorph was 

synthesized using high-energy ball-milling from binary sulfides (CuS 

and SnS) and elemental powders (Cu, Sn, and S) in open and controlled 

environments, respectively. Disordered CTS polymorph shows a higher 

zT in comparison with its ordered phase. However, due to open 

environment synthesis, secondary phase oxides were present in these 

samples, which have an adverse effect on the thermoelectric properties.  

 

The second part of this chapter produced ordered and disordered CTS 

polymorphs from elemental powders in a controlled atmosphere. 

However, total elimination of secondary phase oxides was not possible 

due to the low partial pressure of SnO/O2 formation. The experimental 

study shows that disordered CTS presents a higher power factor and an 

ultra-low thermal conductivity, resulting in a figure of merit markedly 

higher than in the stable ordered phase. This has been investigated in 

detail using several experimental methods supported by ab initio 

(DFT/DFPT) calculations to interpret the results. The ab initio study 

discloses unique vibrational properties and higher anharmonicity in the 

disordered phase, which was confirmed by Nuclear Inelastic Scattering 

(NIS) experiments combined with a high-resolution XRD study 

performed at various beamlines of PETRA III synchrotron source. The 

experimental work reveals a lower band gap and higher carrier 

concentration for the disordered CTS. 

 

In the third chapter, the thermoelectric behavior and stability of various 

disorders CTS samples have been investigated in relation to different 

preparations and sintering conditions, leading to different 

microstructures and porosities. The as-milled powder was sintered in 
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two batches with different synthesis conditions to produce bulk CTS 

samples: manual cold pressing followed by traditional sintering (TS) or 

open die pressing (ODP). The low density or TS (traditionally) sintered 

samples showed 3-fold lower thermal conductivity than the high density 

or ODP (open die pressing) sintered samples. Despite the significant 

differences in densities, ~75% and ~90% of the theoretical density for 

TS and ODP, respectively. We do not observe any significant difference 

in electrical transport properties between TS and ODP samples. 

Moreover, the effects of porosity and various production and sintering 

conditions on transport properties and stability are highlighted. This 

study also shows that the CTS sample can be stabilized with different 

porosity fractions. 

 

In the fourth chapter, we investigate a comparatively less-explored two-

step synthesis method, where high-energy reactive ball-milling was 

combined with spark plasma sintering (SPS) to produce high-density 

nanostructured CTS samples, presenting average domain sizes below 

50 nm. The experimental study shows a strong dependence of 

thermoelectric properties on the domain size of the grains. The samples 

with the smaller domain size showed a higher power factor and figure 

of merit due to their lower resistivity. This has been further investigated 

using Hall effect measurements and first principles DFT calculations. 

The Hall measurements showed a higher carrier concentration for the 

samples with smaller crystallite sizes. DFT calculations on CTS 

surfaces revealed the presence of localized states near the Fermi level 

due to the dangling bonds on the surface. These dangling bonds provide 

additional charge carriers (holes), which increase the carrier 

concentration leading to the degenerate semiconductor-like behavior, 

and higher zT. 

 

To further improve the thermoelectric performance of CTS, the two-

step synthesis method discussed in the third chapter was combined with 

Ag substitution at the Sn lattice Site. Cu2Ag(x)Sn(1-x)S3 (x=0.05, 0.10, 

0.125, 0.15, 0.20, and 0.25) samples were synthesized, and their 

thermoelectric properties were investigated using experimental and first 

principal methods.  Interestingly x=0.125 and x=0.15, Ag substituted 

samples showed a remarkable ~10 and ~2-fold improvement in the 

power factor compared to CTS samples produced in the first and third 
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chapter, respectively. First-principles calculation and experimental 

bandgap measurement revealed that bandgap suppression, leading to 

increased carrier concentration, was responsible for improving power 

factor. However, Ag substitution also had adverse effects on the thermal 

conductivity of the materials. Overall, we successfully reported Ag 

substation in CTS using the two-step method and improved 

thermoelectric figure of merit.   

 

In the last part of the thesis work, we have studied in-plane 

thermoelectric generators, consisting of chalcogenides and aluminum-

doped zinc oxide (AZO) as p- and n-type legs, respectively. The 

maximum power output obtained for CTS TEGs was ~75 nW, at 

temperature difference (ΔT) 160 K. It is worth mentioning that 

sulfurization of p-type CTS leg significantly enhanced the device 

performance, achieving a maximum power output ~230 nW, which is a 

staggering 300% increase in performance. The per-unit planner area 

power output results are comparable to commercially available 

thermoelectric generators in this temperature range. 

 

The final chapter summarizes outlooks and future perspectives 

stemming from this research work. New ideas to further improve the 

performance of CTS and other disordered materials are discussed. 

Currently, the efforts to replace AZO (n-type) with other Cu-Sn/Fe-S-

based materials are in progress. Moreover, Ag substitution in bulk 

materials presented promising thermoelectric results, especially the 

high power factor. Therefore, fully optimized Ag-doped CTS 

thermoelectric generators would be a good starting point for future 

research, extending the reach of the present Thesis work.
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2 Disordered and ordered Cu2SnS3 Polymorphs 

 

2.1 Ultra-low thermal conductivity and improved 

thermoelectric performance in disordered 

nanostructured copper tin sulphide (Cu2SnS3, CTS) 
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2.1.1 Abstract 

 
Copper tin sulphide (Cu2SnS3, CTS) is a promising p-type 

thermoelectric material. In the present work, we have investigated the 

cation disorder in CTS disks made by sintering powders produced via 

high-energy reactive ball-milling. The crystalline structures, electronic 

and thermal properties were systematically investigated. As-milled 

CTS shows a disordered cubic structure (c-CTS), preserved with 

thermal treatment up to 500 °C. By increasing the thermal treatment 

temperature, CTS gradually evolves towards the ordered monoclinic 

structure (m-CTS), reaching complete order at 650 °C. The disordered 

CTS has several times higher zT than the ordered CTS. In fact, ordered 

CTS has high thermopower, up to 700 μV/K, and high electrical 

resistivity leading to zT < 0.05 above 700 K; whereas, disordered (c-

CTS) has comparatively high zT ∼ 0.30 above 700 K. This has been 

related to the lower electrical resistivity, and the ultra-low thermal 

conductivity (k ∼ 0.26 W/m-K), resulting from the disordered structure, 

promoting Phonon-Glass-Electron-Crystal (PGEC) characteristics. To 

our best knowledge, zT ∼ 0.30 above 700 K is the highest in CTS 

samples without acting on the system's chemistry. 

 

2.1.2 Introduction 
 

Thermoelectric materials exploit temperature gradients, turning thermal 

energy into electrical energy based on the Seebeck effect.43 Besides 

direct energy production in remote conditions, like deep space probes, 

they find increasingly more applications in devices for waste heat 

recovery.10 The energy conversion efficiency of a thermoelectric 

material can be expressed by the dimensionless figure of merit, zT, 

defined as zT = S2σT/k,44 where S is the Seebeck coefficient, σ is the 

electrical conductivity, T is absolute temperature, and k is thermal 

conductivity, made of a phononic (klat) and of an electronic (kele) 

component.34,43,45 Parameters S, σ, and k in zT are interrelated through 

the carrier concentration (n) so that it is difficult to optimize them 

independently.24 

 

Copper tin sulphide (Cu2SnS3, CTS) is an earth-abundant, eco-friendly, 

non-toxic p-type ceramic material.34 CTS has a 3-D conductive 



Ketan Lohani – Development of Cu2SnS3 based thermometric materials and devices  

 

 

16 

 

network, showing Phonon-Glass-Electron-Crystal (PGEC) 

characteristic, with enhanced carrier transport and reduced thermal 

conductivity.13 This makes CTS a promising thermoelectric material.46 

CTS is reported in polymorphic crystal structures, cubic (c-CTS; SG: F-

43 m), monoclinic (m-CTS; SG: Cc), and tetragonal (t-CTS; SG: I-

42 m). These polymorphs are identified as disordered, ordered, and 

pseudo-ordered structures, respectively.35,47–49 Different CTS 

polymorphs have different band gap energies.50 

 

Recent work on similar CZTS (Cu2SnZnS4) chalcogenides has put 

forward that cation disordered structures could improve thermoelectric 

properties of this class of semiconducting materials.51,52 These results 

reveal that a disordered structure could enhance the density of state 

effective mass (m∗
DOS) with an increase in n, while klat is largely 

suppressed.10,51 Transitions to structurally disordered polymorphs, 

obtained via acceptor doping, have been studied in CTS systems by 

many researchers.13,35,36 The ordered m-CTS has a low figure of 

merit, zT  < 0.05, in the temperature range 50 oC–450 °C.13 However, 

disordered c-CTS with acceptor dopants reaches much 

higher zT values. Shen et al. have reported a high zT ∼ 0.58 and low k = 

(0.9 ± 0.4) Wm−1K−1 at 723K for disordered CTS with Zn doping 34. 

Tan et al. via In doping observed high thermopower, up to 300 µV/K, 

and low thermal conductivity, below 1.0 Wm−1K−1, leading to zT ∼ 0.5 

above 700K.33 

 

Zhang et al. have studied the effect of Mn doping on the transport 

properties of CTS. Via Mn doping, on the one hand, klat was suppressed 

because of phonon scattering enhancement due to order-disorder 

phenomena, while on the other hand, m∗DOS and n were enhanced by 

increased symmetry, leading to zT∼0.68 at 723K.35 d-orbital-unfilled 

Co doping at Sn site was used by Zhao et al. to enhance the zT to ∼0.84, 

with ultra-low lattice thermal conductivity 0.3–0.4 Wm−1K−1 at 723K, 

which can be interpreted in terms of Umklapp type phonon-phonon 

interaction.36 Zhao et al. have shown the effect of magnetic iron doping, 

leading to a large power factor, PF∼1.5 mWm−1K−2, with low thermal 

conductivity due to phonon-glass feature in cubic CTS, leading 

to zT∼0.75 at 723K.13 All these works have focused on disordering the 

crystal structure via doping. 
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In this context, our work aims to bring some insights on the effect of 

structural disorder on the thermoelectric performance of nanostructured 

CTS. To our best knowledge, disordered-structure CTS has been 

reported only via acceptor doping, basing materials preparation on 

high-temperature Solid-State Reactions (SSR). Our approach, instead, 

relies on reactive ball milling, which is a bottom-up technique helpful 

to preserve the nanostructure, keeping a high density of crystalline 

defects with a non-homogeneous distribution of finely dispersed 

crystalline grains. These factors, involving a much-improved grain 

boundary scattering, can significantly suppress thermal conductivity. 

This work also throws light on the role of secondary phases, in 

particular on tin oxide development, which is widely reported in CTS 

and similar chalcogenides. 

2.1.3 Experimental 
 

CTS powder was produced via reactive ball milling (Fritsch P4 

Pulverisette-4) from binary sulphides. CuS and SnS (both 99% pure 

powders from SigmaAldrich) were milled in 2:1 stoichiometric ratio 

using WC vial and balls with sample to ball weight ratio 1:100 and 

150 μl C2H5OH as milling agent. Main disk and planetary speed were 

respectively 300 rpm and −540 rpm. CTS powder with minimum WC 

contamination and minimum milling time was obtained with a 30 min 

operation. CTS disks, with diameter 16 mm and thickness ∼1.5 mm, 

were produced via cold pressing applying a load of 15 tons for 3 min. 

Disk samples were then treated at different temperatures (500 °C, 

550 °C, 600 °C and 650 °C) for 2 h in Ar flux with heating rate of 

3 °C/min. 

 

X-ray diffraction (XRD) was performed on as-milled powder and 

annealed disks in Bragg-Brentano geometry using a Rigaku PMG 

powder diffractometer, equipped with a graphite bent-crystal 

monochromator and using Cu Kα radiation generated at 40 kV and 

30 mA. Scan range was from 8° to 82° (2θ), with step size 0.05° and 

counting time 40 s per step. 

 

Raman spectra were collected using a LabRAM Aramis (Horiba Jobin-

Yvon) equipped with an optical microscope and a 100 × objective. A 
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diode-pumped solid-state laser source of 532 nm was used for the 

excitation of the Raman signal that was detected with an air-cooled 

charge-coupled device. The slit width of the spectrometer was set at 

100 μm. A diffraction grating with 1800 lines mm−1 was used for the 

collection of all Raman spectra with an overall spectral resolution of 

∼1 cm−1. Raman spectra have been acquired with an overall acquisition 

time of 10 s by setting the laser power at 0.02 mW. 

 

Selected Area Electron Diffraction (SAED) and morphological images 

were collected using Transmission Electron Microscopy (TEM), (HR-

S/TEM ThermoFischer TALOS 200 s, Thermo Fischer Scientific, 

Waltham, MA, USA) in bright-field imaging mode operated at 200 kV. 

Thermoelectric properties were measured over the temperature range 

323K–723K with and heating rate of 3 K/min. Absolute Seebeck 

coefficient (S, Pt standard) and resistivity (ρ) were measured 

simultaneously on the disk samples in 4 contact configuration and He 

atmosphere, using a Linseis LZT-800 m instrument. 

 

Thermal conductivity (k) was calculated as k = DdCp, where D is 

thermal diffusivity, d is density (measured with Archimedes’ method) 

and Cp is specific heat. Thermal diffusivity was measured in the axial 

direction of the disks with a LaserFlash (Linseis LZT-800 m, He 

atmosphere). 

 

Cp was measured using a Thermal Analysis Q100 DSC instrument in 

modulated mode (MDSC), useful for studying materials with low 

thermal conductivity. A modulation with period 120 s and semi-

amplitude 0.5 K was applied to isothermal measurements to determine 

the specific heat as a function of temperature, in the range 323–623 K. 

The measurements have been performed sealing samples in Ar 

atmosphere. 

 

2.1.4 Results and discussion 

X-ray diffraction (XRD) patterns of different CTS samples are shown 

in Figure 2.1.1. The as-milled sample (as-milled) was identified as 

cubic CTS (SG: F-43 m), which is characterized by a disordered cation 

structure. The diffuse background signal and Bragg-peak broadening 

indicate low crystallinity and small grain size. For the disk treated at 
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500 °C (CTS 500), no new peak evolution was observed other than 

background decrease and peak sharpening, suggesting an increase in 

crystallinity. This sample preserves the cubic structure. With a further 

increase in thermal treatment, CTS gradually evolves to the 

thermodynamically stable ordered monoclinic polymorph (SG: Cc).53 

The c-CTS (disordered) and m-CTS (ordered) phases can be 

distinguished by Bragg-peak evolution below 2θ = 25 °, showing the 

peaks at 2θ=15.88° (110), 18.02° (11-1) and 20.88° (021), distinctive 

of the monoclinic phase. 
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Figure 2.1.1. XRD pattern with Rietveld refinement for the as-milled (As-milled) and 

thermal treated samples, at 500 °C (CTS 500), 550 °C (CTS 550), 600 °C (CTS 600) 

and 650 °C (CTS 650) respectively. Observed pattern (solid black), calculated pattern 
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(dotted red), difference (solid blue). Insets show magnified XRD patterns from 2θ = 15° 

to 2θ = 38°. 

 

Quantitative phase and structural analyses were performed on XRD 

data using Rietveld refinement54,55 and Whole Powder Pattern Model 

(WPPM56)with the software TOPAS.57 Results are shown in Table 2. 

 

Table 2.1.1. Results of quantitative phase and structural analyses obtained with 

Rietveld refinement of XRD data performed with TOPAS for CTS samples treated at 

various temperatures. 

 

Thermal 

treatment 

(°C) 

Phase S.G. and 

weight 

fraction 

(±1%) 

Lattice parameter 

(±0.01Å) 

GoF Average 

crystallite 

size 

(±10 nm) a B c 

500 CTS 

SnO2 

F-43m 98% 

P-63m 2% 

5.44 5.44 5.44 1.44 100 

550 CTS 

 

SnO2 

SnO 

F-43m 65% 

Cc 27% 

P-63m 6% 

Pmn21 2% 

5.44 

6.66 

5.44 

11.55 

5.44 

6.66 

1.63 180 

50 

600 CTS 

 

SnO2 

F-43m 35% 

Cc 60% 

P-63m 5% 

5.44 

6.66 

5.44 

11.55 

5.44 

6.66 

1.76 320 

80 

650 CTS 

SnO2 

Cc 96% 

P-63m 4% 

6.66 11.55 6.66 1.55 140 

 

From the data refinement, the crystal structure of CTS 500 is cubic, 

whereas for the samples treated at 550 °C (CTS 550) and 600 °C (CTS 

600) a phase coexistence is present, respectively estimated as ∼65% 

cubic and ∼27% monoclinic, and ∼35% cubic and ∼60% monoclinic 

of the total CTS weight fraction. The sample annealed at 650 °C (CTS 

650) displays a completely monoclinic structure. In this text, we refer 

to the completely cubic sample as disordered, to the ∼27% and ∼60% 

monoclinic samples as partially-disordered, and to the fully monoclinic 

as ordered CTS. A weak peak around 2θ = 36° points out WC (SG: P-

6m2) contamination from the vial. This peak is not observed in the 

pattern of disordered CTS (CTS 500), probably because absent from the 

superficial layer analysed by XRD. The small peaks around the most 

intense peak of CTS at 2θ = 28° are identified as tin oxide, 
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SnO2 (SG: Pbcn) and SnO (SG: Pmn21). The presence of tin oxides as 

secondary is widely reported in the literature in CTS samples and 

similar chalcogenides,51,58,59 and it is further discussed below. As-milled 

CTS has a mean crystallite size of 20 ± 10 nm, increasing with the 

temperature of thermal treatment. Lattice parameters and average 

crystallite size for cubic and monoclinic fractions of all CTS samples 

are reported in Table 2. 

 

Oxygen and an electrolyte (i.e. atmospheric moisture) are two major 

factors for corrosion and oxidation. Since all the samples were treated 

under a controlled Ar atmosphere, this adsorption might have come 

from the milling agent (ethanol) or post-synthesis exposure to air. 

Hence, for future samples, to avoid formation of SnO₂ the preparation 

should be performed using a non-polar milling agent, like hexane, or in 

a controlled atmosphere. This involves modifications in the milling 

conditions and is the subject of current work. 

 

A representation of the crystal structures of disordered c-CTS and 

ordered m-CTS is shown in Figure 2.1.2. CTS polymorphs derive from 

the Zinc Blende crystal structure, where Zn is stoichiometrically 

replaced by Cu and Sn.34,35 In both disordered (c-CTS) and ordered (m-

CTS) structures the central Cu/Sn atom is coordinated with four S 

atoms. In ordered CTS Cu and Sn atoms occupy separate 4a tetrahedral 

Wyckoff sites orderly. In the disordered structure, Cu and Sn 

occupy 4a sites with occupancy Cu 66.6% and Sn 33.3% and S 

occupies 4c Wyckoff position. 

 

 

Figure 2.1.2. Cubic disordered CTS crystal structure (SG: F-43 m) (a), and with 

coordination tetrahedra (b); Monoclinic ordered CTS crystal structure (SG: Cc) (c), and 

with coordination tetrahedra (d). 

 

Figure 2.1.3 shows the Raman spectra of as-milled CTS and CTS 

samples after thermal treatment. The as-milled sample shows a weak 

signal, indicating low crystallinity, in agreement with the XRD patterns 

shown in Figure 2.1.1.  The as-milled sample shows the presence of 
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Cu2−xS with the characteristic Raman peak at 474 cm−1,60 indicating the 

presence of unreacted binary sulphide. The presence of Cu2−xS was not 

observed in the XRD pattern due to small volume fraction and same 

Bragg peak positions as CTS, which might be absorbed in diffused 

background signal and broad Bragg peaks.61 The peak corresponding to 

Cu2−xS at 474 cm−1 is not observed after thermal treatment, indicating 

that pure CTS has been obtained. The two Raman modes around 290-

293 cm−1 and 350-355 cm−1 are representative of monoclinic m-

CTS.60,62 For CTS 550, CTS 600 and CTS 650, Raman modes around 

290 cm−1 and 350 cm−1 are visible. For cubic c-CTS, our results are 

consistent with the Raman modes reported by some authors as around 

287 cm−1 and 345 cm−1 63,64. Other authors report instead Raman modes 

for cubic CTS as around 300 cm−1 and 350 cm−1.48,65,66  

 

At these locations we observe some shoulder peaks in our data for CTS 

500. The discussion on XRD and the following discussion on TEM 

results makes it very clear that CTS 500 is cubic. Therefore, our results 

could be used to resolve the controversy in the literature on assigning 

the positions of the Raman peaks to the different phases. For what 

concerns the monoclinic phase, the peaks at 223 cm−1, 257 cm−1, 

316 cm−1, and 374 cm−1 have maintained similar positions in both CTS 

600 and CTS 650. This finding is in agreement with the literature.67 

 

Figure 2.1.3. Raman spectra of as-milled CTS powder and samples after treatment at 

various temperatures. 
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TEM images and Selected Area Electron Diffraction (SAED) patterns 

for CTS 500 and CTS 650 are shown in Figure 2.1.4. For CTS 500, a 

dispersed distribution of grains is visible. The larger polycrystalline 

agglomerates are made of smaller grains with size ranging from few 

tens to 100 nm. In the case of CTS 650, the grain size is not as disperse 

as CTS 500 and the grains are comparatively larger, ranging from 

300 nm to 500 nm. This is also evidenced by SAED rings, which are 

more dotted for CTS 650 indicating larger domains. SAED confirms 

the structural transformation from disorder c-CTS to ordered m-CTS 

occurred with the temperature. The Debye-Scherrer rings representing 

planes (11-1) and (021) are missing in the case of disordered c-CTS 

(Figure 2.1.4.), and Bragg-peaks corresponding to these planes are also 

not present in the XRD patterns (shown in the insets of Figure 2.1.1). 

These results are consistent with XRD and Raman spectroscopy. TEM 

images and SAED are providing clear evidence of the grain growth and 

phase transformation happening with the thermal treatment temperature 

increase, which we have also observed via Rietveld refinement of XRD 

data.  

 

 

Figure 2.1.4. Transmission Electron Microscopy (TEM) and Selected Area Electron 

Diffraction (SAED) images for CTS 500 and CTS 650. 
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The temperature-dependent thermoelectric properties are shown 

in Figure 2.1.5, Figure 2.1.6, Figure  2.1.7. Electrical resistivity 

(Figure 2.1.5 (a)) displays a semiconductor-like nature (decreasing with 

the increase of temperature) for all the samples but the ordered 

monoclinic one. This can be justified by an increase of carriers (holes) 

with temperature. c-CTS (disordered sample, CTS 500) displays the 

lowest values of resistivity, which ranges from 1.4 mΩ∗m at 323K to 

1 mΩ∗m at 773K. According to recent studies, structural disorder has a 

significant effect on electrical conductivity, due to lower band gap 

energy 50,66. Furthermore, low-temperature annealing leads to smaller 

grain size and higher density of grain boundaries, both influencing the 

electrical conductivity. Partially-disordered samples, CTS 550 and CTS 

600, are characterized by higher resistivity with respect to the 

disordered cubic, respectively in the range 3-2.2 mΩ∗m and 5-

4 mΩ∗m.  

 

 

https://www.sciencedirect.com/science/article/pii/S0925838820309671?via%3Dihub#fig5
https://www.sciencedirect.com/science/article/pii/S0925838820309671?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0925838820309671?via%3Dihub#fig7
https://www.sciencedirect.com/science/article/pii/S0925838820309671?via%3Dihub#fig5
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Figure 2.1.5. (a) Temperature-dependent electrical resistivity (ρ) and (b) Seebeck 

coefficient (S) for the different CTS samples. 
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Figure 2.1.6. (a) Temperature-dependent thermal diffusivity (D), and (b) thermal 

conductivity (k) for the different CTS samples. 

 

 

Figure 2.1.7. Temperature-dependent specific heat (Cp) for the different CTS samples. 

 

The ordered (CTS 650) sample shows a semiconductor-like nature up 

to 533K, followed by a metal-like behaviour in the range 533–673K. At 

higher temperatures the value of resistivity increases again, and this 

anomalous temperature dependence could be partially due to thermal 

excitation of bipolarons.24,36 The higher values of ρ for this sample with 

respect to the others could be an indication of non-degenerate states 
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with lower carrier concentration.34 The effect of increased grain size 

and crystallinity due to annealing cannot be ignored, as it leads to a 

reduction of grain boundary density. Nevertheless, accurate predictions 

based on the trends of resistivity cannot be made due to the low density 

of the samples, which is measured around 75% of the theoretical one 

and further commented below in the text. 

 

To obtain large values of Seebeck coefficient, single type carriers are 

required.10 CTS is a p-type semiconductor, since the Cu vacancies lead 

to holes as majority carriers.68 This is confirmed by the positive values 

of Seebeck coefficient, which are increasing with temperature for the 

disordered and partially-disordered samples. However, in the case of 

ordered CTS 650, the thermopower presents a decrease at high 

temperature, in the range 650–723K. This could be due to the bipolaron 

excitation effect, in accordance also with resistivity data.34 For the 

disordered CTS 500 sample Seebeck is in the range 255–350 μV/K. 

Literature values of Seebeck coefficient for disordered c-CTS samples 

with various doping are reported being around five times lower (50–

100 μV/K) in the same temperature range.13,34,35 This might be due to a 

higher carrier concentration in the literature samples, which has an 

adverse effect on Seebeck coefficient. For the partially-disordered 

samples the thermopower is measured in the range 355–455 μV/K and 

425–485 μV/K, for the CTS 550 and the CTS 600 sample respectively. 

It is worth noticing that reported values of Seebeck coefficient for 

ordered m-CTS samples are in the range 260-400 µV/K 35, 250-450 

µV/K 36, 260-420 µV/K 34, and 300-420 µV/K 13 all for the temperature 

range 323–723K. In the present work, Seebeck for the monoclinic 

sample is higher than in the literature, ranging from 600 μV/K to 

700 μV/K. For all the samples, the value of Seebeck is correlated with 

that of resistivity, as specimens with higher thermopower present a 

higher resistivity as well. 

 

The correlation between thermal treatment temperature, electrical 

resistivity and Seebeck coefficient is complex. The increase in the 

thermal treatment temperature is having two effects. First, the 

disordered (c-CTS) structure is gradually evolving to ordered (m-CTS). 

Second, crystalline defects and grain boundary density are decreasing. 

Both have an effect on the resistivity, and resistivity is connected to 
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Seebeck coefficient through carrier concentration. Here, cation disorder 

seems to be the prevailing and governing mechanism. Disordered (c-

CTS), ordered (m-CTS) and pseudo-ordered (t-CTS) have been 

reported with various band gap ranging from 0.83 to 1.35 eV.66 For 

disordered c-CTS, a bandgap in the range of 0.94–0.96 eV is reported 

by various researchers48,65–67 while that of m-CTS is claimed displaying 

a bang gap in the range 0.95–1.0 eV.48,69 Given the thermoelectric 

results we obtain, we put forward that in the present case m-CTS has a 

higher bang gap than c-CTS. This would lead to a lower carrier 

concentration with an increase in thermal treatment temperature, hence, 

higher Seebeck and resistivity. 

 

Thermal diffusivity (D) decreases with temperature for all the samples 

(Figure 2.1.6(a)). Density, measured with Archimedes’ method is 

∼3.7 g/cm3 for all the samples, about 75% of the theoretical density of 

4.855 g/cm3, estimated by XRD data refinement. This is expected for 

the production process based on cold pressing and relatively low 

sintering temperature, compared to the widely reported Spark Plasma 

Sintering.13,36 Despite the low density, differences between ordered and 

disordered CTS samples are quite significant. The Cp was measured as 

0.45 J/(g∗K) at room temperature for the monoclinic sample, in 

accordance with literature data.13 For the disordered samples Cp  is 

lower, possibly due to the simpler atomic bonds with less vibrational 

modes, being 0.318–0.340 J/(g∗K), 0.359–0.362 J/(g∗K), 0.367–

0.337 J/(g∗K), and 0.452–0.419 J/(g∗K) for CTS 500, CTS 550, CTS 

600 and CTS 650 respectively. 

 

Thermal conductivity k, calculated as k = DCpd, is shown in Figure 

2.1.6 (b). The disordered CTS 500 sample exhibits an ultra-low thermal 

conductivity, spanning from 0.5 W/(m∗K) at 323K to 0.26 W/(m∗K) at 

723K. These values are lower than all the literature reports on CTS, 

CTS produced via high temp SSR has k = 2.4–0.9 W/(m∗K) for ordered 

m-CTS, whereas disordered c-CTS produced via acceptor doping has 

k = 1.0–0.5 W/(m∗K) in temperature range 323–723K.13,34–36 We put 

forward that a reason for ultra-low k for CTS 500 is disordered structure 

and soft-bonds.13,46 In practice, phonons are more effectively scattered 

as the cation-cation neighbours are changing, randomly, Cu–Cu, Cu–

Sn, Sn–Sn, and disorder extends also to second and higher neighbours. 

https://www.sciencedirect.com/science/article/pii/S0925838820309671?via%3Dihub#fig6
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Which enhances phonon scattering favouring low thermal conductivity. 

Moreover, cubic CTS benefits from low-temperature reactive ball-

milling leading to the reduced grain size which increases interfaces and 

grain boundary density and further enhances phonon scattering. The 

ordered CTS 650 presents a thermal conductivity in the range 1.5–

0.8 W/(m∗K), which is a trend similar to the literature values reported 

for ordered m-CTS.33 Partially disordered (CTS 550 and CTS 600) 

exhibit an intermediate thermal conductivity, as k ranges between 1.1 

and 0.5 W/(m∗K) and 1.3–0.7 W/(m∗K), for the ∼27% and ∼60% m-

CTS samples respectively. Differences between thermal conductivity 

values for ordered and disordered CTS are quite evident. The 

decreasing trend of k is approximately proportional to T−1, which gives 

a clue of phonon-phonon Umklapp processes.33,34 Also, the presence of 

secondary phases such as WC 2θ ∼36° and SnO/SnO2 around 2θ = 28° 

(shown in the insets of Figure 2.1.1) that from the XRD-peak 

broadening appear in a nanostructured form, can give a contribution via 

the enhancement of phonon scattering. 

 

The Power Factor (PF), calculated as PF = S2σ, is shown in Figure 

2.1.8 (a). Disordered CTS 500 exhibits the highest PF in the range 

0.45–1.1 μW/K2cm, to be attributed to the substantial decrease in 

resistivity, while partially disordered sample present comparatively 

lower values, respectively 0.45–0.90 μW/K2cm and 0.35–0.60 

μW/K2cm for CTS 550 and CTS 600, respectively. The value for 

ordered CTS 650 is about 0.15 μW/K2cm in the entire temperature 

range. These results suggest that disorder structural plays a crucial role 

in the improvement of the PF. 
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Figure 2.1.8. (a) Temperature-dependent Power Factor (PF) and (b) figure of merit (zT) 

for the different CTS samples. 

 

The figure of merit zT is shown in Figure 2.1.8 (b). The 

highest zT belongs to the disordered (CTS 500), reaching a value of 

0.30 at 723 K. Partially-disordered (CTS 550 and CTS 600) samples 

present a zT in the range 0.01–0.13 and 0.01–0.07 while the ordered 

(CTS 650) sample exhibits a figure of merit below 0.01 for the entire 

temperature range. zT values for ordered CTS are in agreement with the 

literature.13  In literature, undoped ordered CTS has been reported with 

small zT ∼ 0.1 13,34–36 and, zT ∼ 0.2 70  above 700K whereas with Zn34, 
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Fe13, Mn35, Co36 and, In70 doping zT > 0.5 above 700K has been 

reported. In present work, disordered CTS presents an 

enhanced zT with respect to ordered CTS, which stand highest among 

CTS systems without doping. This is to be attributed primarily to the 

suppression of thermal transport leading to ultra-low thermal 

conductivity, as well as to the low electrical resistivity. In particular, 

thermal conductivity values for disordered CTS (CTS 500) are lower 

than all the reported results for CTS. 

 

2.1.5 Conclusions 
 

This work provides an alternative approach to produce disordered CTS 

via a synthesis method instead of acting on the chemistry by doping, a 

possibility, which is not investigated in the existing literature. The 

impact of cation disorder on the thermoelectric properties of CTS has 

then been investigated. The disordered structure indeed is playing a 

crucial role, providing ultra-low thermal conductivity 0.5 -

0.26 W/(m∗K) in the temperature range 323K–723K. At higher thermal 

treatment temperature, a partial transition to the ordered monoclinic 

phase happens as well as grain growth. This results in increased 

Seebeck and resistivity due to poor charge carrier concentration. 

Ordered CTS 650 has the highest Seebeck, resistivity and thermal 

conductivity, leading to small zT < 0.05, whereas the low Seebeck, low 

electrical resistivity and ultra-low thermal conductivity in disordered 

CTS 500 lead to the zT ∼ 0.30. This is the highest in reported CTS 

systems without acting on the chemistry. The partially-disordered 

(∼27% and ∼60% monoclinic) samples have intermediate zT, being zT 

∼ 0.13 and zT ∼ 0.07 respectively, above 700K. The presence of tin 

oxide has been investigated, as it has a deteriorating effect on the 

resistivity of CTS: work is in progress to control and remove this 

problem. The present work affirms that a disordered cubic structure has 

better chances to stand as a high-performance thermoelectric material; 

and such a disordered structure can be produced without any doping. 

The present results also contribute to better understand the 

thermoelectric properties of CTS polymorphs. 
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2.2 Experimental and Ab Initio Study of Cu2SnS3 (CTS) 

Polymorphs for Thermoelectric Applications 
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2.2.1 Abstract 
 

Cu2SnS3 (CTS) is a medium-temperature, ecofriendly, p-type 

thermoelectric material known for phonon-glass-electron-crystal 

characteristic. In the present work, ordered and disordered CTS samples 

were prepared from elemental powders, and their electronic and 

vibrational properties were systematically investigated by experimental 

methods and ab initio calculations. The disordered CTS polymorph 

presents a higher power factor, PF ∼ 1.5 μW/K2 cm, than the ordered 

and stable phase, PF ∼ 0.5 μW/K2 cm, above 700 K, as an effect of a 

smaller band gap and higher carrier concentration. It turns out that 

structural disorder contributes to the suppression of thermal 

conductivity. Most importantly, the disordered CTS shows an ultralow 

thermal conductivity, k ∼ 0.4–0.2 W/m K, as compared to ordered, k ∼ 

1.0 – 0.4W/m K, in the temperature range of 323 – 723 K. The 

combined effect of a higher PF and lower k results in a higher figure of 

merit, zT ∼ 0.5 at 723 K, obtained for disordered CTS without resorting 

to chemical alloying. While group velocity of acoustic phonons, as 

shown both by experiments and ab initio calculations, is similar in the 

two polymorphs, a strong anharmonicity characterizes the disordered 

CTS, resulting in the presence of low-lying optical modes acting as 

traps for heat transmission. Density functional theory/density functional 

perturbation theory simulations and nuclear inelastic scattering 

combined with high-resolution diffraction studies of the lattice 

parameters reveal details of phonon–phonon interactions in CTS with 

unprecedented effectiveness. 

 

2.2.2 Introduction 
 

Thermoelectric (TE) materials attract increasing interest in applications 

involving thermal gradients for durable, noise-free, and scalable solid-

state power generators and coolers.9,10,24,72 Performing TE devices 

require an optimal combination of properties—Seebeck coefficient (S), 

electrical conductivity (σ), and thermal conductivity (k)—to maximize 

the figure of merit, zT = TS2σ/k. Therefore, an ideal TE material would 

require a high power factor (PF = S2σ) and a low k (involving an 
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electronic (ke) and a lattice (kl) component). In particular, obtaining an 

ultralow thermal conductivity is one of the main goals of the current 

research on TE materials.73–75 

 

The Cu2SnS3 mineral phase was first reported in 1983, as a new sulfide 

with a triclinic structure (SG: P1).25 It has been widely studied as an 

absorber material for photovoltaic devices owing to its high (∼104 cm-

1) optical absorption coefficient and tunable band gap spanning from 

0.7 to 1.6 eV.65,76–79 In recent years, CTS has attracted interest from the 

TE community for its 3D hole conductive network and ultralow thermal 

conductivity, a so-called “phonon-glass-electron-crystal” 

characteristic.80 At first, in 2016, Tan et al.33 and Shen et al.34 reported 

CTS as a potential TE material, using In and Zn doping, respectively. 

Other researchers have reported Mn35, Ni32, Fe13, and Co36 doping to 

enhance the TE performance of CTS.  

 

The experimental literature suggests that undoped CTS forms an 

ordered monoclinic (SG: Cc) phase.48 However, this ordered CTS 

polymorph has high electrical resistivity (ρ) and k values, resulting in a 

low zT.13 One way to lower k is to hinder the propagation of phonon 

waves, and to do this, some researchers produced a disordered cubic 

(SG: F4̅3m) polymorph.36 This, however, required acceptor cation 

doping, except in our recent work,26 where we have shown how to 

stabilize the disordered CTS polymorph using a bottom-up (reactive 

milling) production technique that does not require any doping. 

 

CTS polymorphs are a variant of the zinc blende (ZnS) structure 

(Figure 2.2.1 (a)), made of tetrahedral cages (Figure 2.2.1 (b)) of S 

(Wyckoff position (4c) with a cation (Zn) positioned in the middle (4a). 

For ordered (Figure 2.2.1(c)) and disordered (Figure 2.2.1d) CTS, the 

Zn cation is stoichiometrically replaced by Cu and Sn, respectively, in 

an ordered and in a random manner. This results in a partial cation 

occupancy of 2/3, and 1/3, for Cu and Sn, respectively.81 These 

polymorphs can also be understood as an assembly of S coordination 

motifs, in which each S anion is connected to four (Cu/Sn) cations, 

making tetrahedral motifs. Zawadzki et al.82 have put forward that 

cations in CTS structures contain five possible S–CuiSn4–i motifs, 

where i ϵ {0, ..., 4}, but the S–Cu4, S–CuSn3, and S–Sn4 motifs are 

energetically unlikely to form. The ordered CTS has a regular 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig1
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distribution of S–Cu2Sn2 and S–Cu3Sn motifs, while in disorder CTS, 

S–Cu2Sn2 motifs form nanometer-scale clusters. Additionally, because 

the octet rule is not locally respected in these structures, all of this brings 

the crystal structure, especially in the disordered phase, close to 

instability. In the present work, the abovementioned clustering effect 

was not considered for ab initio calculations because of the limitation 

of computational resources, rather two, Sn-rich and Sn-poor disordered 

cells. Zhai et al.68 have discussed the difficulty in the ab 

initio simulation of similar Cu2SnX3 (X=S/Se) disordered structures, 

and how this limits the electronic information from band structures. 

However, the electronic bands for the ordered phase are diffusely 

discussed in the literature.68,83,84 

 

In the similar CTSe system,41 the disordered polymorph shows a lower 

band gap energy than the corresponding ordered phase, which promotes 

a higher carrier concentration (n), resulting in a higher PF. Recently, 

we have shown that the disordered CTS polymorph without acceptor 

doping presents a higher PF ∼ 1.1 μW/K2 cm than the ordered 

polymorph, PF ∼ 0.1 μW/K2 cm, above 700 K. In fact, the disordered 

polymorph has a lower Seebeck (S ∼ 250–325 μV/K) and resistivity (ρ 

∼ 1.5–1.0 Ω cm) than the ordered polymorph (S ∼ 600–700 μV/K, ρ ∼ 

27–30 Ω cm), in the temperature range of 323–723 K.26 

 

 

Figure 2.2.1. ZnS structure (a) with tetrahedral drawn (d) and monoclinic (SG: Cc) 

ordered (a), cubic (SG: F4̅3m) disordered (b) CTS. 

 

Both polymorphs show a decreasing k trend with increasing 

temperature, indicating the presence of a dominating phonon–phonon 

interaction.36 However, it is the ultralow thermal conductivity (k < 0.5 

W/K m) shown by the disordered polymorph which is particularly 

interesting 35 and still little studied. Several mechanisms could be at the 

origin of this much-desired behavior, such as an enhanced phonon 
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scattering because of the increase in crystal symmetry, cation disorder, 

soft bonds, alloy scattering, and possible suppression of normal phonon 

scattering process because of random cations and dopant 

distribution.13,34 

 

In this work, ordered and disordered CTS polymorphs were produced 

in a highly controlled environment from elemental powders (Cu, Sn, 

and S) using a high-energy reactive ball-mill, followed by sintering at 

various temperatures. We started from the experimental results for PF 

and thermal conductivity for both the phases, stating the higher 

performance of the disordered form of CTS. Therefore, we have 

investigated the mechanisms leading to the improvements observed, 

looking for a full understanding of the CTS system. The work presents 

a unique mix of experimental analyses and theoretical calculations that 

are able to achieve a complete description of the CTS property 

dependence by the structural phase disorder. We have studied electronic 

and vibrational properties using density functional theory (DFT) and 

density functional perturbation theory (DFPT) simulations, 

respectively. The ab initio calculations provide insights on the possible 

origin of the ultralow k, which is identified as a distinct behavior of the 

cations in the disordered structure. By investigating the vibrational 

density of states (DOS) and phonon dispersion curves and correlating 

them with the mode Grüneisen parameters (γi) and electron localization 

function (ELF) curves, we unveil the vibrational properties of CTS. 

Nuclear inelastic scattering (NIS) from Sn provides direct experimental 

evidence on the vibrational DOS, validating the DFPT results, and in 

particular, the mechanism underlying the ultralow thermal conductivity 

of the cubic disordered CTS phase. Moreover, by combining NIS and 

high-resolution X-ray diffraction (XRD) measurements, Grüneisen 

parameters were experimentally calculated for the disordered sample. 

The investigation proposed in this work, covering most of the material 

characteristics, can be the base for the design of novel solutions for the 

development of materials based on CTS with improved TE properties. 

 

2.2.3 Experimental Methods 
 

Elemental powders of Cu, Sn, and S, procured from Sigma-Aldrich 

(99% pure) were fed in ball-mill vials made of WC, and anhydrous 
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C2H5OH (100 μlt.) was added to the mixture as a lubricant. High-energy 

ball-milling Fritsch P4 was used for the milling. The mill was operated 

for 30 and 60 min, with a fixed main disk and spinning speed of 300 

rpm and −540 rpm, respectively. Two circular pellets (thickness ∼1.5 

mm, diameter ∼16 mm) were prepared using a manual cold press. One 

sample was sintered at 500 °C, and the other was sintered at 650 °C, for 

2 h in Ar flux. The entire synthesis process was performed in a highly 

controlled environment (O2 and H2O < 10 ppm). 

 

XRD was performed on as-milled powders and sintered disks, in 

Bragg–Brentano geometry using a Rigaku PMG powder diffractometer 

equipped with a graphite bent-crystal monochromator, and Cu Kα 

source operated at 40 kV and 30 mA. The optical properties of CTS 

polymorphs were investigated using a PerkinElmer spectrophotometer 

(PerkinElmer, Milan, Italy), model LAMBDA 750, equipped with a 150 

mm integrating sphere.  

 

The polycrystalline samples were dispersed in ethanol and sonicated for 

1 h, and the optical absorption spectra were collected. Mobility (μ) and 

carrier concentration (n) were measured with an MMR K-20 and an H-

50 measurement system by applying a magnetic field of 6720 Gauss, in 

temperature range 300–450 K.  

 

The absolute Seebeck coefficient (S) was measured using a Pt Standard, 

while resistivity (ρ) was measured by four-contact measurements using 

a Linseis LSR-3 instrument. Thermal diffusivity (D) was measured 

using a Linseis LFA-500. S, ρ, and D measurements were performed 

over the temperature range of 323–723 K.  

 

To verify our theoretical findings, we have used NIS with 119Sn 

nuclear resonance. The method provides the partial phonon-DOS 

(pDOS) of Sn atoms. Experiments were carried out at the dynamics 

beamline P01 at PETRAIII (DESY, Hamburg) using a high-resolution 

monochromator with 1.4 meV energy resolution at 23.9 keV, the energy 

of the 119Sn nuclear transition. The measurements were performed on 

samples with natural enrichment by 119Sn (8.6%) inserted into the 

closed cycle He cryostat and kept at 43 and 295 K. The nuclear 

resonance signal was separated in time from electronic X-ray 
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fluorescence and measured using a Si avalanche photodiode detector. 

This measurement was combined with high-resolution XRD studies of 

the lattice parameters between 100 and 300 K at the beamline P02.1 at 

PETRAIII. The combination of the phonon and lattice parameter 

measurements provides the possibility to obtain the mode Grüneisen 

parameters. 

 

2.2.4 Computational Methods 
 

The electronic structures were studied using DFT as implemented in the 

Vienna ab initio simulation package.85,86 The interaction between the 

electron ion was described using the projector augmented wave method. 

The generalized gradient approximation with Perdew–Burke–

Ernzerhof (PBE)87 electron exchange–correlation was employed for 

band structure and DOS calculations. 

 

The ternary ordered and disordered CTS polymorphs 

present Cc and F43̅m structural symmetry, respectively. As already 

pointed out, in the ordered CTS, each S anion is tetrahedrally bonded 

by four cations (Cu/Sn), forming S–Cu2Sn2 and S–Cu3Sn motifs. The 

disordered CTS system is possible when the cations (Cu/Sn) randomly 

replace Zn with an occupancy of 66.66 and 33.33%, respectively, in a 

diamond-like ZnS structure. This partial occupancy leads to a primitive 

cell that cannot be simulated exactly.68 To satisfy the partial occupancy 

and respect the stoichiometry, one needs to make large cells that are 

computationally nonviable to solve. To overcome this limitation, two 

disordered cells were modeled by a slight alteration of the partial 

occupancy of Cu and Sn, respectively. The first cell was modeled with 

Cu (65.625%) and Sn (34.375%), and the second cell was modeled with 

Cu (68.75%) and Sn (31.25%). Hereafter, the first and second 

disordered cells are referred to as disordered Sn-rich and disordered Sn-

poor, respectively. 

 

The plane wave cutoff and electronic convergence were set to 500 eV 

and 10–6 eV, respectively. All the structures were relaxed until the force 

on each atom was <0.01 eV/Å, using a Gaussian smearing with σ = 

0.05. Two k-point mesh of 4 × 3 × 4 and 4 × 4 × 4 were used for ordered 

and disordered systems, respectively, using the Monkhrost–Pack 
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technique centered at the Γ-point.88 For single-point self-consistent 

field calculation, the tetrahedron method and Blöchl corrections were 

considered. The high symmetry path was provided by Seek-Path.89 The 

DOS was calculated on a dense k-mesh of 12 × 12 × 12 and 8 × 8 × 8 

grids. 

 

The phonon dispersion curve and pDOS were calculated using the 

Phonopy  code.90 For DFPT calculations, local density 

approximation91 was used with a 10–8 eV convergence criteria. These 

calculations were performed on the ordered supercell (2×2×2), whereas, 

for both the disordered cells, a much larger, 64-atom cell was used. The 

mode Grüneisen parameter (γi) was calculated using a quasi-harmonic 

approximation, by expanding and contracting the relaxed cell volume 

by ±1%. 

 

2.2.5 Results and Discussion 
 

Structural Analysis: XRD measurements were performed on elemental 

powder milled for 30 and 60 min, and samples were sintered at 500 and 

650 °C (shown in Figure 2.2.2). The 30 min milled powder was 

observed as a blend of partially formed CTS, binary sulfides (SnS and 

CuS), and metallic elements (Cu and Sn). With a longer milling time of 

60 min, the CTS (SG: F43̅m) formation was complete, although one 

weak Sn peak (2θ ∼ 32o) could still be observed. Because of the use of 

WC vials for the milling, traces of WC (SG: P6̅m2) were present in the 

as-milled powder. Broad peaks with diffuse background for the as-

milled powder suggests the presence of small crystalline domains and 

a possibly amorphous fraction. As expected, the sintering step increases 

both crystallinity and grain size. The CTS sample sintered at 500 °C 

shows a disordered cubic structure alike as-milled CTS, identified by 

three characteristic peaks at 2θ ∼ 28.5, 47, and 56°, representing planes 

(111), (220), and (311), respectively. However, the sample sintered at 

650 °C shows three additional peaks located at 2θ ∼ 16, 18, and 21°, 

respectively, representing planes (110), (111)̅, and (021), characteristic 

of the ordered monoclinic structure (SG: Cc). 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig2
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig2
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Figure 2.2.2. XRD pattern of CTS samples after 30 (a), and 60 min milling (b); then, in 

the sintered disordered (c) and ordered (d) forms. The insets show details of the 

distinctive peaks of the monoclinic phase. 

 

To confirm the crystallographic structure and to get quantitative 

information on the crystallite size, the Rietveld refinement 55 was 

performed using the whole powder pattern modeling 56 approach, as 

implemented in the recent release of the software TOPAS 7.57 The 

underlying assumption is that the crystalline domains are approximated 

by spheres with a lognormal distribution of diameters. Modeling results 

are shown in Figure 3 and Table 2.2.1. 

a b 

c d 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig3
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig3
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl1
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl1
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Figure 2.2.3. Rietveld refinement performed on 60 min milled powder (a), disordered 

(b), and ordered (c) sintered CTS samples. Experimental data (circle), model (line) and 

their difference, or residual (line below). 

 

Table 2.2.1. Lattice Parameter and Average Crystallite Size for 60 min Milled Powder, 

Disordered, and Ordered Sintered CTS Samples (cf. Figure 2.2.3 a,b,c, Respectively) 

 

Sample Lattice parameters 

(±0.01 Å) 

Angle 

(°) 

Average 

crystallite size 

(±10 nm) 

60 min milled a = b = c = 5.44 α = β = γ = 90 20 

disordered a = b = c = 5.44 α = β = γ = 90 50 

ordered a = 6.66, b = 11.5, 

c = 6.66 

α = γ = 90, 

β = 109.39 

200 

 

The formation of tin oxides is a known problem for this family of 

materials, which deteriorates the TE performance in 

temperature.51 These oxide phases are hard to eliminate because of the 

low partial pressure for tin oxide formation.92 Comparatively, a higher 

amount (2–5% weight fraction) of tin oxides was observed in CTS 

samples prepared using binary sulfides (CuS and SnS). Rather, the 

present samples prepared from elemental powders (Cu, Sn, and S) 

processed in a strictly controlled environment do not show the 

formation of secondary phase oxides in the disordered CTS, which is a 

a b 

c 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig3
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig3
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substantial improvement from previous studies.26 Nevertheless, a small 

amount of SnO2 (<1% in weights) was observed in the ordered CTS.                                           

 

Figure 2.2.4 (a) shows the electrical resistivity and Seebeck coefficient 

for the CTS polymorphs. Both phases show an overall decreasing trend 

of resistivity with the temperature, while S has positive values and an 

increasing trend, typical of nondegenerate p-type semiconductors. 

Nevertheless, the ordered sample shows a decrease in S above ∼600 K, 

likely caused by thermal excitation of bipolarons.36 The disordered 

sample presents a lower resistivity (ρ ∼ 0.5–0.2 Ω cm) than the ordered 

(ρ ∼ 3.0–1.0 Ω cm). Optical measurements (Figure 2.2.5) show band 

gaps ∼0.99 and ∼0.95 eV for the ordered and disordered samples, 

respectively. A lower band gap promotes a higher carrier concentration, 

and indeed, the average value of carrier concentration for the disordered 

sample (n ∼ 1.9 × 1018 cm–3) is 10-fold higher than the ordered (n ∼ 2.7 

× 1017 cm–3). The two polymorphs show similar mobility (μ ∼ 20 cm2/V 

s) and values compatible with those expected for the stable CTS phase 

(spanning from 1 to 80 cm2/Vs 93) (shown in Figure 2.2.S2, in appendix 

2.2.7 ). According to the Mott equation, 9 both n and μ have an inverse 

relation with the Seebeck coefficient, and this explains the 

lower S (∼320–500 μV/K) for the disordered sample. Overall, above 

700 K, the disordered CTS presents a higher PF (∼1.5 μW/K2 cm) than 

the ordered polymorph (∼0.5 μW/K2 cm); see Figure 2.2.4 (b).  

    

 
a 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig4
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig4
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig5
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig5
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig4
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig4
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Figure 2.2.4. Resistivity (star) and absolute Seebeck coefficient (circle) for ordered 

(black) and disordered (orange) phases (a); corresponding power factor calculated as 

PF = S2/ρ for ordered (black) and disordered (orange) CTS (b). 

 

 

Figure 2.2.5. Band gap (Eg) estimated by linear extrapolation in the Tauc plot, using the 

equation αhν = A(hν – Eg)1/2, where α, h, ν, A, and Eg are absorption coefficient, Planck 

constant, frequency, transition constant, and band gap, respectively (optical absorption 

spectra is shown in the appendix 2.2.7 file, Figure S 2.2.1). 

 

In order to further understand the differences between the results 

obtained for ordered and disordered samples, the electronic properties 

were investigated by DFT. As already pointed out, the ordered structure 

was simulated with its exact stoichiometry, using 24-atoms (8-Cu, 4-

b 
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Sn, and 12-S), whereas for the disordered phase, the constraint of 

occupancy and the structure 68 led us to simulate two slightly off-

stoichiometric structures, Sn-rich (21-Cu, 11-Sn, and 32-S) and Sn-

poor (22-Cu, 10-Sn, and 32-S), respectively. Total and atomic projected 

electronic DOS are shown in Figure 2.2.6 for both CTS structures. The 

total DOS is higher in the valence band (VB) side than in the conduction 

band (CB), for all the structures, confirming the p-type nature of CTS. 

In VB, the main contribution to the projected-atomic DOS is given by 

Cu 3d and S 3p orbitals, whereas the CB is composed of Sn 5s and S 3p 

orbitals. 

 

Figure 2.2.6. Total DOS and atomic projected DOS for ordered (a), Sn-rich disordered 

(b), and Sn-poor disordered (c) cells; the Fermi energy is shown by the dotted line. 

 

Band structures are shown in Figure 2.2.S3 of the appendix 2.2.7 file. 

This for the ordered CTS is in agreement with the literature,68,94 also 

showing a largely underestimated band gap value. This is even more 

relevant for the cubic phase, where no band gap is observed in the DFT 

results, as it has also been found for analogous simulations of the 

disordered copper–tin–selenide system.41 The random distribution of 

Cu and Sn atoms in the disordered structures causes band tailing, which 

points out the presence of available states in the DOS curve near the 

Fermi energy. 53 It is likely that the structures in the gap region and the 

tailing of the DOS at the Fermi energy play a role in enhancing the 

a 

b 

c 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig6
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig6
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carrier concentration, as we observed experimentally. Even if the PBE 

exchange–correlation tends to underestimate the band gap,95 the band 

tailing reduces the band gap, in agreement with the optical absorption 

results of Figure 2.2.5. 

 

Thermal conductivity was calculated as k = DdCp, where D, d, 

and Cp are thermal diffusivity, density, and specific heat capacity, 

respectively. Thermal diffusivity and density were measured using a 

xenon flash instrument and Archimedes’ method, respectively, while 

the value of Cp was taken from our previous work.26 

 

As shown in Figure 2.2.7, the thermal conductivity of the ordered CTS 

ranges from 1.0 to 0.45 W/m K, whereas it is ultralow for the disordered 

CTS, with values 0.45–0.20 W/m K, in the temperature range 323–723 

K. The trend of k decreases with temperature, indicative of increased 

phonon–phonon interactions. The present values of k are lower than in 

CTS prepared by high-temperature solid-state reactions.35 Reasons are 

likely related to the bottom-up production method, which limits the 

grain growth, as well as to a lower density. However, the effect of the 

lower density on thermal conductivity can be ignored for the 

comparison between samples of the two polymorphs because they have 

similar densities (∼3.7 g/cm3), lower than theoretical (∼4.85 g/cm3). 

Furthermore, near room temperature (T = 323 K), the lattice component 

of thermal conductivity was estimated using the single parabolic band 

(SPB) approximation (calculations used are shown in the appendix 

2.2.7). As it happens in highly resistive semiconductors, the thermal 

conductivity is dominated by the lattice part. For ordered and disordered 

samples, the kl is ∼0.44 and ∼0.99 W/m K, respectively; such values 

are close to the experimentally measured values for total thermal 

conductivity, confirming the main role of phonon contribution to 

thermal transport. However, the difference between the values achieved 

by the two samples suggests a relevant discrepancy in the pDOS for the 

two structures. 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig5
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig5
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig7
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig7
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Figure 2.2.7. Thermal conductivity for CTS polymorphs in the temperature range of 

323–723 K. 

 

The phonon dispersion curves were investigated using first-principle 

calculations to shed light on the lower kl of the disordered polymorph. 

The primitive cell of the ordered CTS has 12 atoms, whereas the 

disordered cells were simulated with 64 atoms. Therefore, the phonon 

dispersion curves show 3N (N = number of atoms), 36 and 192, 

branches of vibrational modes, respectively (see Figure 2.2.8 (a–c)). 

Three low-frequency modes are acoustical, rest (3N-3) of the branches 

correspond to the optical modes. The low-frequency modes in all three 

cells are dominated by heavy Cu and Sn, while S, a much lighter atom, 

dominates the high-frequency modes. The difference in atomic-

projected pDOS can be observed in a frequency of <1 THz, in ordered 

and Sn-poor cells; these modes are dominated by Cu vibrations, 

whereas Sn vibrations dominate in the Sn-rich cell96 The acoustic 

modes in the disordered Sn-rich cell are softer as compared to the 

ordered. Additionally, simulations show a weak bonding and a strong 

anharmonicity along the Γ–X and Γ–Z directions,97  whereas these 

effects are less evident for the Sn-poor cell. The vibrational modes for 

the disordered cells are shifted to lower frequencies (see Figure 2.2.8 

(d)), and the gap between low- and high-lying optical modes is narrower 

with higher population of low-lying optical modes. Moreover, optical 

modes cut the acoustical modes at a lower (∼1.1 THz) frequency in the 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
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disordered cells than in the ordered (∼1.9 THz), suppressing the lattice 

thermal conductivity by scattering the heat-carrying acoustic modes.96 

   

 

Figure 2.2.8. Phonon dispersion curves (ω vs k) and atomic-projected pDOS for ordered 

(a), disordered Sn-rich (b), disordered Sn-poor (c) cells, and a comparison among 

normalized total pDOS (d). 

 

The optical phonon branches in the disordered cells are flatter than the 

ordered cell, suggesting a lower group velocity of optical phonons. The 

mode level phonon group velocity (Vg = dω/dk) is shown in Figure 

2.2.S4 of the appendix 2.2.7. The acoustic modes of all three cells show 

a similar Vg ∼ 50 THz Å. However, the experimentally obtained k for 

the disordered CTS has an approximately twofold lower value than that 

of the ordered, which cannot be explained in terms of a lower Vg only. 

This suggests the possibility of heat being trapped in low-velocity 

optical modes, as discussed with the phonon dispersion curves.98 

 

Moreover, a strong anharmonic effect in bonding contributes to a low 

lattice thermal conductivity. The mode Grüneisen parameter (γi), shown 

for all cells in Figure 2.2.9 is a measure of lattice anharmonicity, as it 

reflects the extent of deviations of phonon vibrations from the harmonic 

oscillations. 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9
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Figure 2.2.9. Mode Grüneisen parameter vs K-path for ordered (a), disordered Sn-rich, 

(b), and disordered Sn-poor (c) cells; the corresponding Grüneisen 

parameter vs frequency (ω) is shown in the insets. 

 

For all cells, the fluctuation in the values of the mode Grüneisen 

parameter decreases for increasing frequency (shown in the insets 

of Figure 2.2.9), indicating a weak interaction between different 

vibrations at higher frequencies.99 The Sn-rich cell shows a much 

higher mode Grüneisen parameter, whereas comparatively lower values 

were observed for the ordered and Sn-poor cells, suggesting the 

anharmonicity in the disordered structures is highly dependent on the 

concentration of Sn-atoms. 

 

The atomic bonds were investigated by the ELF plots (Figure 2.2.10). 

Cu–S and Sn–S bonds show an ionic and covalent nature, respectively. 
100 All Sn-atoms have similar electron localization (Figure 2.2.10 (a)) 

in the ordered cell because of the regular arrangement of S–Cu2Sn2 and 

S–CuSn3 motifs. However, a variation in electron localization is 

observed in the disordered cells (Figure 2.2.10 (b,c)), indicating the 

inhomogeneous nature of Sn–S bonds101 (see Figure 2.2.S5 of 

the appendix 2.2.7 for the contribution of every Cu and Sn atom to the 

atomic pDOS). In low frequencies (1–3 THz), an identical contribution 

of Sn can be observed for the ordered cell, whereas it is dispersed for 

disordered cells. These observations suggest a distinct nature of Sn 

atoms in the disordered cells, that might scatter phonons more 

efficiently than in the structure of the stable ordered CTS. 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig10
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Figure 10. Magnified view of ELF plots for Sn atoms in ordered (a), disordered Sn-rich 

(b), and disordered Sn-poor (c) cells. 

 

To validate the above conclusions on the Sn pDOS obtained by DFPT, 

NIS experiments (Figure 2.2.11) were performed at 43 K on both 

samples; an additional measurement was performed on the disordered 

sample at 295 K. The Debye energy was calculated by fitting the 

reduced pDOS (pDOS/E2) in the range 0.5–1.2 THz, using the parabolic 

function, pDOS(E)/E2 = 3/ED
3 + bE2, where E, ED, and b are energy, 

Debye energy, and a fitting parameter, respectively 102. The Debye 

energy together with other parameters obtained from Sn pDOS are 

presented in Table 2.2.2. 

 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig11
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig11
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl2
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl2
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Figure 2.2.11. Sn pDOS-ordered and disordered CTS samples at 43 K (a) and 

disordered CTS samples at 43 and 295 K (b). Reduced Sn pDOS plots are shown in the 

inset for both figures. 

 

Table 2.2.2. Parameters Obtained from the Sn VDOS of the Samples Measured at 43 

and 295 K: The Lamb–Mössbauer Factor (fLM), the Sn Atomic Displacement Parameter 

(Ueq), the Mean Force Constant (F), the Debye Energy (ED), and the Mean Sound 

Velocity V. 

 

 fLM Ueq 

(A2) 

F 

(N/m) 

ED 

(THz) 

V 

(km/s) 

ordered at 

43 K 

0.754 

(1) 

0.00180 

(2) 

224 

(2) 

5.13 

(5) 

2.69 

disordered 

at 43 K 

0.769 

(1) 

0.00193 

(2) 

221 

(1) 

5.02 

(5) 

2.81 

disordered 

at 295 K 

0.291 

(4) 

0.00844 

(5) 

196 

(5) 

4.67 

(5) 

2.62 

 

The experimentally observed trend of Sn pDOS at 43 K agrees with the 

theoretical results for both samples. The disordered sample shows a 

broad phonon band (5–9 THz), consistently with the atomic-projected 

pDOS and individual atomic pDOS of Figure 2.2.8. The value of the 

Debye energies and mean sound velocities (see Table 2.2.2) are similar 

for both polymorphs, suggesting similar group velocities, as observed 

from mode level group velocity calculations. 

 

The NIS measurement performed at 295 K on a disordered CTS sample 

reveals significant phonon mode softening for the acoustical part of the 

pDOS and a higher Debye level compared with the low T measurement. 

The relative energy shifts ΔE/E of the specific peaks can be obtained 

from the pDOS measured at 43 and 295 K using the procedure 

described in refs 103 and 104. XRD measurements were performed from 

300 to 100 K with a step of 20 K (shown in the of the appendix 2.2.7), 

and the relative volume change ΔV/V = 0.0065 between 43 and 295 K 

was estimated by fitting a parabolic function (see Figure 2.2.12 (b)). 

Thus, using both relative volume and energy change Grüneisen 

parameters for specific phonon peaks were obtained and are shown 

in Figure 2.2.12 (a), which agrees with the results obtained via ab 

initio calculations presented in Figure 2.2.9. In particular, the high 

Grüneisen parameter was observed for the 0 energy and 4 THz peak. 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig8
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl2
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#tbl2
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig12
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig12
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig12
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig12
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig9


Ketan Lohani – Development of Cu2SnS3 based thermometric materials and devices  

 

 

52 

 

The 0-energy value of the Grüneisen parameter was obtained by 

comparison of the Debye energy. 

 

 

Figure 2.2.12. Grüneisen parameters of the specific phonon peaks of the disordered 

compound obtained from the NIS measurements at 43 and 295 K (a) and relative 

volume change ΔV/V295K from the XRD data collected in temperature range 300–100 

K (b). 

 

Hence, from the analyses performed on the samples and the good 

agreement achieved with the theoretical calculations, the ultralow 

thermal conductivity in the disordered sample is shown to be because 

of the random arrangement of Sn and Cu atoms, which not only blocks 

the normal phonon scattering but also shows strong anharmonicity for 

the inhomogeneous nature of the Sn–S bonds. The low-lying optical 

modes support acoustical-optical phonon scattering, and the higher 

value of the Grüneisen parameter obtained from DFPT and NIS results 

confirm the higher anharmonicity in the disordered structure. However, 

a lower mode Grüneisen parameter was observed in the Sn-poor cell, 

suggesting that anharmonicity in the disordered system is largely 

dependent on the Sn-atoms. Moreover, a small crystallite size (<100 

nm) and the coexistence of secondary phases (WC, SnO, and SnO2) 

should also serve to additional phonon scattering. 

 

The results achieved up to here are well summarized combining the 

electric and thermal transport properties in the dimensionless figure of 

merit, zT (Figure 2.2.13). For the ordered sample, zT ∼ 0.05 is in 

agreement with the values commonly reported in 

literature,13 whereas zT ∼ 0.5 was observed for the disordered CTS 

polymorphs above 700 K, which is fairly high for an undoped 

material.24  In particular, as demonstrated by our results, the 

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig13
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139#fig13
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enhanced zT for the disordered CTS is an attribute of its high PF and 

ultralow thermal conductivity. 

 

 

Figure 2.2.13. Calculated zT for ordered and disordered CTS samples. 

 

2.2.6 Conclusions 
 

In this work, a study of the dependence of TE properties of CTS by 

structural characteristics has been presented. In particular, the effect of 

structural disorder on electronic and thermal transport properties have 

been investigated, taking advantage of different experimental 

techniques. The disordered CTS polymorph shows a better TE 

performance than the ordered and stable CTS phase, mainly because of 

an enhanced carrier concentration and ultralow thermal conductivity 

observed in the former phase. In the present study, we have 

experimentally determined Seebeck coefficient, resistivity, and thermal 

conductivity and correlated them with the band gap, mobility, and 

carrier concentration obtained also from experimental measurements. 

First principles simulations disclose the presence of low-lying optical 

modes in the disordered cubic structure, with significant variation in the 

Sn bonding, leading to a strong anharmonicity. A variation in values of 

the mode Grüneisen parameter for Sn-rich and Sn-poor disordered cells 

confirms that the anharmonicity is dependent on the Sn-atoms. The 

overall picture emerging from DFT and DFPT simulations finds 

confirmation in NIS experiments, as the Sn-pDOS is in agreement with 

the ab initio results. NIS experiments performed at low (43 K) and near-
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room temperature (295 K) show evidence of a strong anharmonicity, 

presence of softer modes, and a higher Debye level in the disordered 

polymorph. The results presented in this work cover most of the 

material characteristics providing a detailed understanding of the 

mechanisms promoting a relevant improvement in TE properties of 

CTS-based materials. In particular, the structural disorder results to 

have a major impact on the enhancement of material performance. 

Therefore, these results suggest the strategy for the design of novel 

solutions for the development of materials based on CTS with improved 

TE properties. 

 

2.2.7 Appendix 
 

The optical absorption spectra for the ordered and disordered CTS 

samples.  

 

 

Figure  2.2.S1. optical absorption spectra for the ordered and disordered CTS samples. 

 

Carrier concentration (n) and mobility (µ) measured from in 

temperature range 300-450 K.  
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Figure 2.2.S2. Carrier concentration (a), and mobility (b) for ordered 

and disordered CTS samples.  

 

Band structures: Band structures for the ordered , Sn-rich disordered, 

and  Sn-poor disordered cells are shown in figure 2.2.S3, the band 

structures for the Ordered CTS are in agreement with the literature.68,84 

 

Figure 2.2.S3. Band structures for ordered (a), Sn-rich disordered (b), and Sn-poor 

disordered (c) cells. 

 

Mode level phonon group velocity (Vg): The mode level phonon group 

velocity (Vg= dω/dk) curves are shown in figure 2.2.S4. Three low 

frequency (< 2 THz) peaks green, orange, and blue are corresponding 

to the acoustical modes, showing a similar Vg, for all three cells. 

b 

a 
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Figure 2.2.S4. Mode level phonon group velocity (Vg) vs. frequency (ν) plots for 

ordered (a), Sn- rich disordered (b) and, Sn-poor disordered (c) CTS cell. 

 

 

The contribution of every Cu and Sn atom on individual atomic pDOS 

is shown in figure 2.2.S5.  

 

 

 

 

 

 

 

 

 

 

Ordered 

Sn-rich Disordered 

 

Sn-poor Disordered 
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Figure 2.2.S5. Each Sn and Cu atom contribution in the individual pDOS for ordered, 

Sn-rich disordered, and Sn-poor disordered CTS cells. 

 

Lattice thermal conductivity (kl) calculations using Single Parabolic 

Band (SPB) approximation:  

Total thermal conductivity: k= ke + kl 

Electronic thermal conductivity: ke= k-kl 

Wiedemann-Franz law: ke=LTσ 

We have estimated the Lorenz number, L, by fitting the Seebeck 

coefficient (S) to the reduced chemical potential.  

 

𝐿 = (
𝑘𝐵

𝑒
)

2 3𝐹0(η)𝐹2(η) − 4𝐹1
2(η)

𝐹0
2(η)

 

 

𝑆 = (
𝑘𝐵

𝑒
) (

2𝐹1(η)

𝐹0(η)
− η) 

 

𝐹𝑛(η) = ∫
𝑥𝑛

1 + 𝑒𝑥−η

∞ 

0

𝑑𝑥 

 

Where kB, e, η, and Fn(η) are Boltzmann constant, charge of electron, 

reduced Fermi energy, and Fermi integral of order n, respectively 34.  

High-resolution X-ray diffraction studies of the lattice parameters in the 

temperature range 295 K to 100 K at the beamline P02.1 at PETRAIII 

synchrotron source: High-resolution X-ray powder diffraction data 

were collected at a wavelength of 0.20761 Å on a disordered CTS 

sample in a glass capillary with 0.8 mm diameter (manufacturer WJM, 

Berlin). The sample was spun during the measurement and cooled with 

an Oxford Cryostreamer. The beam size was 1x1 mm². Data was 
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collected on PerkinElmer XRD1621 area detector (200×200 µm2 pixel 

size, 2048 x 2048 pixel area). The 2D data sets were azimuthally 

integrated to 1D data using the DAWN Science package105. The lattice 

parameters of the disordered CTS sample were then determined by 

Rietveld refinements using the TOPAS software. 

 

Table 2.2.S1. Lattice parameter (a) and cell volume (V) for the disordered (cubic) CTS 

in temperature range 300 K to 100 K.  

 

Temperature Lattice Parameter Cell Volume 

K a (Å) e.s.d. V (Å³) e.s.d. 

300 5.43614 2.80E-04 160.64699 0.02444 

280 5.43485 2.70E-04 160.53262 0.02408 

260 5.43364 2.70E-04 160.42521 0.02374 

240 5.43243 2.60E-04 160.31784 0.02332 

220 5.43123 2.60E-04 160.212 0.02292 

200 5.43012 2.60E-04 160.11347 0.02256 

180 5.42907 2.50E-04 160.02093 0.02225 

160 5.42806 2.50E-04 159.93181 0.02196 

140 5.42722 2.40E-04 159.85763 0.02156 

120 5.42654 2.40E-04 159.79713 0.02133 

100 5.42576 2.40E-04 159.72824 0.02095 
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Figure 2.2.S6. The lattice parameter of disordered (cubic) CTS in temperature range 

300K to 100 K shown in table 2.2.S1 with a parabolic function. 
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3 Effects of Preparation Procedures and 

Porosity 

 

3.1 Effects of Preparation Procedures and Porosity on 

Thermoelectric Bulk Samples of Cu2SnS3 (CTS) 
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3.1.1 Abstract 
 

The thermoelectric behavior and stability of Cu2SnS3 (CTS) has been 

investigated in relation to different preparations and sintering 

conditions, leading to different microstructures and porosities. The 

studied system is CTS in its cubic polymorph, produced in powder form 

via a bottom-up approach based on high-energy reactive milling. The 

as-milled powder was sintered in two batches with different synthesis 

conditions to produce bulk CTS samples: manual cold pressing 

followed by traditional sintering (TS), or open die pressing (ODP). 

Despite the significant differences in densities, ~75% and ~90% of the 

theoretical density for TS and ODP, respectively, we observed no 

significant difference in electrical transport. The stable, best performing 

TS samples reached zT ~0.45, above 700 K, whereas zT reached ~0.34 

for the best performing ODP in the same conditions. The higher zT of 

the TS sintered sample is due to the ultra-low thermal conductivity 

(κ ~0.3–0.2 W/mK), three-fold lower than ODP in the entire measured 

temperature range. The effect of porosity and production conditions on 

the transport properties is highlighted, which could pave the way to 

produce high-performing TE materials. 

 

3.1.2 Introduction 
 

Thermoelectric (TE) materials are a class of functional materials 

employed in solid-state energy generators and coolers, without the use 

of fossil fuels and combustion processes, and with no moving parts, 

exploiting only the temperature gradients. For this reason, TE materials 

were first successfully utilized in deep-space probes in the second half 

of the last century.10  In recent years, TE materials have drawn attention 

as efficient, eco-friendly, durable, noise-free, and scalable solutions for 

the recovery of waste heat, like in exhaust systems (automotive TE 

generators).107 Current research on TE materials seeks greater 

efficiency, as well as non-toxic and cost-effective solutions9. The 

performance of a TE material can be assessed by means of the figure of 

merit, zT = (S2/ρκ)T, where S, ρ, κ, and T are the Seebeck coefficient, 

electrical resistivity, thermal conductivity, and absolute temperature, 

respectively. Thus, a high zT TE material requires a high power factor 

(S2/ρ) and low κ, which consists of lattice (κl) and electronic (κe) 
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contributions. That being said, it is not the only important parameter as 

the stability and durability of TE materials are also vital for producing 

reliable TE devices. 

 

Cu-Sn-S-based systems are studied as both p-type and n-type 

semiconductors.26,108 CTS is a tetrahedrally bonded direct bandgap 

semiconductor, showing a bandgap ~1.0 eV, which is higher or lower 

depending on whether the CTS polymorph is ordered or disordered 71. 

The unfilled Cu-3d orbitals introduce holes in the CTS system, making 

it a p-type semiconductor. CTS components are earth-abundant, eco-

friendly, non-toxic, non-hazardous, and have low formation energies; 

therefore, they are explored for various applications, such as TE,34 

photovoltaic,109optoelectronics,48 photoelectrochemical,110 and 

supercapacitors,111 just to name a few. CTS has attracted the TE 

community for its remarkable crystallographic structures with different 

degrees of cation-disorder, which helps in the suppression of thermal 

conductivity to an ultra-low level, without much hindrance to the 

electronic transport, also known as the so-called “phonon-glass-

electron-crystal (PGEC)” behavior. The well-known ordered or 

monoclinic CTS polymorph arranges its atoms in the Cc space group 

(SG). In the past, we reported the production of a pure disordered or 

cubic CTS polymorph (SG: F-43m) via high-energy reactive ball-

milling.26 Recently, Wei et al.112 reported the production of another 

disordered CTS polymorph, i.e., pure tetragonal (SG: I-42m) CTS by 

the colloidal method. 

 

Interestingly, both the disordered CTS polymorphs (cubic and 

tetragonal) present κl < 0.5 W/m-K, above 700 K, approaching its 

theoretical minimum (κl ~ 0.3 W/m-K). In a recent report, Li et al.113 

showed the introduction of dislocations as an effective way to suppress 

the lattice thermal conductivity in Ni-doped CTS (Cu2Ni0.1Sn0.9S3), 

reporting κl = 0.41 W/m-K at 723 K. Wei et al.112 demonstrated that the 

abundance of twin-boundaries in pristine and In-doped CTS 

(Cu2Sn0.95In0.05S3) contributes to a low κl = 1.02 W/m-K at room 

temperature (RT), which further reduces to κl < 0.50 W/m-K around 

700 K. It is important to notice that most materials presenting a 

high zT in the medium temperature range (500 K < T < 800 K) are either 

scarce or toxic, e.g., PbTe and SnSe. In this temperature range, 
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sulphides of copper and tin or copper and iron can be viable alternatives. 

Gu et al.114 discussed 3D modulation doping of CuCo2S4 in CTS and 

reported a zT ~0.82 at 773 K. Zhao et al.115 reported simultaneous Co 

and Sb substitution in the CTS system resulting in a zT of ~0.88 at 773 

K. Furthermore, Deng et al.30 reported a zT of ~1 in a similar 

Cu7Sn3S10 system through Br-doping. A zT of ~0.4–0.8 above 700 K is 

regularly reported for CTS by In,33 Zn,34  Mn,35 Ni,32 Fe,13 Co,36s and 

Cu37 substitution at the Sn site, aiming to enhance the carrier 

concentration and reduce the thermal conductivity. Other similar 

systems, such as Cu5Sn2S7,38 CuFeS2,39 Cu4Sn7S16,40 and 

Cu2SnSe3
41also show a moderate zT ranging from 0.2–0.5, above 700 

K. 

 

Manipulation of porosity in materials is a less-explored subject for TE 

applications. Many articles have put forward a crucial need to 

investigate porous TE materials.9,12,116,117 Porous materials are 

lightweight and require lower quantities of materials, therefore, they are 

suitable for portable and wearable TE devices.116 Xu et al.118 

showed zT  > 1, and 2–4 fold lower κl in hollow nanostructured 

Be2Te2.5Se0.5 than in the existing literature. Hong et al.119showed 

improved PF in mesoporous ZnO thin films. Tiwari et al.120 investigated 

porous CTS for photovoltaics using a solid-state reaction at 200 °C, but 

they only reported the Seebeck coefficient near RT and temperature-

dependent conductivity measurement. Thermal cycling during the TE 

power generation process could promote the annealing of defects, 

reduction of grain boundaries, increased density, and transformation of 

crystal structures, driving these materials towards instability. The 

authors discussed surface oxidation, the role of secondary phases, and 

the loss of a nano and microstructure after thermal cycling above a 

certain temperature, which alters the TE properties of a material.121 This 

makes the technological advancement and scientific understanding of 

these materials challenging.122 In particular for large-scale production 

and durable use, a mechanically and thermodynamically stable material 

is required. 

 

Herein, we stabilized the disordered CTS polymorph using different 

production conditions and sintering techniques. CTS samples from two 

batches (three samples each) were produced, and their TE properties 

and thermal stability were systematically investigated by repeated 
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Seebeck and resistivity measurements (heating and cooling) in the 

temperature range of 323–723 K. Pellets of samples were produced 

using manual cold pressing followed by sintering in a traditional tubular 

furnace (TS batch), or via open die pressing (ODP batch)123. 

Information on the crystallographic structures and phase purity was 

obtained by Rietveld refinement of X-ray diffraction (XRD) patterns, 

before and after the repeated TE measurements. Surface topology, 

porosity, and chemical variations were investigated by morphological 

images and energy dispersive X-ray (EDX) spectroscopy, using both 

scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). This work provides a general overview and 

highlights the cautions to produce stable CTS and similar 

chalcogenides. The effect of porosity on TE properties is highlighted. 

 

3.1.3 Materials and Methods 

 
CTS samples were produced from the elemental powders using a high-

energy reactive ball-mill (Fritsch, Idar-Oberstein, Germany), according 

to a well-assessed procedure with details discussed elsewhere9. Three 

different samples were prepared using the manual cold press (load 15 

tons for 3 min) and sintered at 500 °C for 2 h with a heating rate of 3 

°C/min. Sample TS1 was processed in an open environment, whereas 

samples TS2 and TS3 were produced in a highly controlled 

environment (O2 and H2O < 10 ppm). All the samples were sintered in 

Ar flux. Additionally, sample TS3 was sintered in the presence of sulfur 

powder (1 g). 

 

The other three samples (ODP1, ODP2, and ODP3) were produced in a 

controlled environment with the above-mentioned preconditions. 

Differently, the sintering was performed via ODP using an iron die. To 

prevent possible reactions between the die and the powders, a boron 

nitride layer was used to cover the internal surface of the die. Such a 

layer also prevents sticking phenomena, allowing for an easier 

extraction of the sintered bulk. Sample ODP1 was sintered at 400 °C 

for 30 min, whereas samples ODP2 and ODP3 were sintered at 500 °C 

for 10 and 30 min, respectively. During all the sintering processes, a 

~100 MPa axial pressure was applied. 
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Table 3.1. Quantitative phase and average crystallite size before and after TE 

measurements, measured densities, and relative densities. 

 

Sample 
Weight (±1%) 

Average 

domain 

size 

(±10 

nm) 

Measured 

density 

(±0.1 

g/cm3) 

Relative 

density 

(%) 

CTS WC SnO2 SnO SnS 

TS1 before 

TE 

measurements 

96 2 2 - - 40 

3.52 

74.7 

TS1 after TE 

measurements 
88 2 8 - 2 75  

TS2 before 

TE 

measurements 

98 2 - - - 75 

3.48 

73.8 

TS2 after TE 

measurements 
89 2 8 1 - 75  

TS3 before 

TE 

measurements 

98 2 - - - 70 

3.68 

78.1 

TS3 after TE 

measurements 
87 2 10 1 - 70  

ODP1 before 

TE 

measurements 

100 - - - - 42 4.26 90.4 

ODP1 after 

TE 

measurements 

100 - - - - 42   

ODP2 before 

TE 

measurements 

100 - - - - 54 4.36 92.5 

ODP2 after 

TE 

measurements 

99 1 - - - 54   

ODP3 before 

TE 

measurements 

98 1 1 - - 68 

4.43 94.0 
ODP3 after 

TE 

measurements 

91 1 8 - - 68 

 

It should be emphasized that ODP was performed on a large quantity of 

the as-milled powder, namely ~30–40 g. The as-sintered samples from  
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ODP are usually large bulk samples, which are cut into the required 

sample sizes for various measurements (large as-sintered ODP samples 

are shown in Figure 3.S1). The densities of the TS (TS1, TS2, and TS3) 

and ODP (ODP1, ODP2, and ODP3) sintered samples were ~75% and 

~90% of the theoretical density (see Table 3.1), respectively. 

 

The structural characterization of TS samples was performed in Bragg–

Brentano geometry using a Rigaku PMG (Rigaku PMG, Tokyo, Japan) 

powder diffractometer, equipped with a Cu Kα (λ = 1.5406 Å) source 

and a scintillation counter detector. XRD data on the ODP samples were 

collected in Bragg–Brentano geometry using a Bruker D8 (Bruker, 

Billerica, MA, USA) diffractometer equipped with a Co Kα (λ = 1.7889 

Å) source and area linear (1D) detector. After the phase identification, 

Rietveld refinement55 was performed using Whole Powder Pattern 

Modelling (WPPM) macros56 as implemented in Topas 757 software 

(Coelho Software, Brisbane, Australia). 

 

Simultaneous Seebeck coefficient and resistivity measurements were 

performed in four contact set-up using LSR-3 (Linseis Messgeraete 

GmbH, Selb, Germany), at a temperature ranging from 323–723 K. 

Thermal diffusivity (D) was measured using a LFA-500 (Linseis 

Messgeraete GmbH, Selb, Germany), equipped with a xenon-flash 

lamp over a temperature range of 323–723 K. Seebeck and resistivity 

measurements were performed under an He atmosphere (0.1 bar). 

However, the diffusivity was measured under a vacuum (~10−3 bar). 

 

After the TE measurements, morphological images of the selected area 

electron diffraction (SAED) were collected on powder produced by 

crushing the sample pellets, and EDX spectroscopy was performed 

using transmission electron microscopy (TEM; HR-S/TEM 

ThermoFischer TALOS 200 s, Thermo Fischer Scientific, Waltham, 

MA, USA). Moreover, morphological images and EDX data were 

collected on pellet samples to investigate the microstructure and bulk 

chemistry using a Jeol IT300 scanning electron microscope (SEM) 

equipped with a tungsten source (Jeol, Ltd., Tokyo, Japan).  

https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t001
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3.1.3. Results and Discussions 

 
XRD measurements were performed on all of the polycrystalline 

samples (Figure 3.1). The diffraction patterns showed fingerprint peaks 

at 2θ~28.5°, 47.3°, and 56.0°, and 2θ ~33.2°, 55.5°, and 66.3° using 

Cu Kα and Co Kα X-ray sources, respectively. These Bragg peaks 

represent planes (1 1 1), (2 2 0), and (3 1 1), respectively, confirming 

the disordered cubic CTS structure, which is derived from the zinc-

blende structure (SG: F-43m). A small amount of WC (SG: P-6m2) is 

present in all of the samples due to the use of WC vials for milling. 

Additionally, a weak peak (2θ ~27°) of SnO2 (SG: P42mnm) was 

observed in the pattern of sample TS1 (see Figure 3.S2). XRD patterns 

of all the ODP sintered samples also showed Bragg peaks representing 

the disordered cubic CTS phase. Nevertheless, small amounts of WC 

and SnO/SnO2 phases were also observed in some ODP sintered 

samples.  

 

https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f001
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
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Figure 1. XRD data before and after repeated TE measurements on TS and ODP 

sintered samples. The difference in diffuse background and shifts in Bragg peaks 

between TS and ODP samples is due to the use of different diffractometers equipped 

with Cu Kα (λ = 1.5406 Å) and Co Kα (λ = 1.7889 Å) sources, respectively. Rietveld 

refinement on the XRD data with marked phases is shown in Figure 3.S2. 

 

Different crystallographic phases were identified, and their respective 

weight fractions were obtained by the Rietveld method55,124. 

Information provided by powder pattern refinements, including the 

average crystallite size, is reported in Table 3.1. The lattice parameters 

for all the samples are a = 5.43±0.01 Å and α = β = γ = 90°. The 

average crystallite size for samples TS1, TS2, and TS3 is 40±10, 75±10, 

and 70±10 nm, respectively. All the samples have a ~1–2% weight of 

WC. Additionally, sample TS1 has a small quantity (~2% weight) of 

SnO2, which is possibly formed due to open environment processing. 

We did not observe the formation of secondary phase oxides in samples 

TS2 and TS3, produced in a strictly controlled environment. ODP, like 

spark plasma sintering (SPS), is a fast-sintering technique needing a 

short sintering time and applying external pressure. The applied 

pressure during ODP decreases the sintering temperature and time, 

https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t001
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simultaneously improving the densification kinetics. Thus, the 

crystalline domains show limited growth, while reaching full 

densification. The average domain sizes for the ODP1, ODP2, and 

ODP3 samples are 42±10, 54±10, and 64±10 nm, respectively. In our 

recent work, we showed that SPS on as-milled CTS powder can 

constrain the grain growth below 50 nm125. 

 

After the repeated TE measurements (discussed in the next section), the 

XRD data were collected for the second time. All TS samples showed 

an increase in the weight fraction of SnO2. Samples TS2 and TS3 

showed the formation of a new secondary phase, SnO (SG: Pnm21), 

possibly due to an oxygen-deficient production environment. We also 

observed the presence of SnS (SG: Pbmn) in sample TS1, confirming 

the chemical instability of the sample prepared in an open environment. 

Samples sintered using ODP were less prone to growth in the secondary 

phases. We did not observe any grain growth or increase in the weight 

fraction of secondary phases for ODP1 and ODP2. The applied pressure 

during sintering seems to better stabilize the samples than traditional 

sintering. Nevertheless, an increased amount of SnO2 was observed for 

ODP3, due to its extended sintering time in comparison to ODP2. The 

densities of ODP3 and ODP2 samples are similar, in spite of the 

different sintering times of 30 and 10 min, respectively. Therefore, the 

densification was complete within ~10 min of sintering. Furthermore, 

extended sintering mainly promotes phase degradation, leading to the 

formation of SnO2. 

 

As discussed in the Introduction, the loss of nanostructure has adverse 

effects on the TE properties of the material, which could drive it 

towards instability. The average crystalline size for the TS1 sample 

increased from 40±10 to 75±10 nm after repeated TE measurements, 

whereas samples TS2 and TS3 did not lose their nanostructure, 

maintaining their average crystallite size of 75±10 and 70±10 nm, 

respectively. Similarly, the ODP sintered samples maintained their 

average domain size of 42±10, 54±10, and 68±10 nm for ODP1, ODP2, 

and ODP3 samples, respectively, after repeated TE measurements. 

 

SEM micrographs at different magnifications collected on TS and ODP 

sintered sample surfaces are shown in Figure 3.2. The difference 

https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f002
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between the two samples is noticeable. Morphological images of the 

bulk TS samples (Figure 3.2 (a,b)) reveal an uneven topology and the 

presence of microscopic pores. As expected, the ODP sintered samples 

(Figure 3.2 (c,d)) had a lower porosity compared to TS, with intact 

grains. It is also evident through the density measurements that the ODP 

sintered samples were ~20% denser than TS. Here, it is worth 

mentioning that similar samples sintered via SPS showed almost no 

porosity and the density was slightly (~2–4%) higher than the ODP 

sintered samples (morphological images of SPS sintered samples are 

shown in Figure 3.S3).125 

 

 

Figure 3.2. SEM micrographs collected on the surfaces of bulk TS (a,b) and ODP (c,d) 

sintered samples showing highly intact grains with a lower porosity in comparison with 

the TS sintered samples at different magnifications. 

 

The morphological image and SAED using TEM on TS1, shown 

in Figure 3.S4 (right bottom inset), reveals many small (d~10 nm) 

grains surrounding the bigger (CTS) grains. EDX was performed, 

focusing on the surrounding small dark grains. Strong peaks of oxygen 

and tin can be observed in the EDX spectra of TS1, and the atomic 

fraction was found to be oxygen and tin-rich (see Table 3.2), suggesting 

that these are SnO2 grains, as we observed from the XRD. The evolution 

https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f002
https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f002
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t002
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of SnO2 grains makes the sample unstable during TE measurements by 

unbalancing the stoichiometry. For samples TS2 and TS3, no SnO2/SnO 

grains appeared in the micrographs, although a weak peak for oxygen 

could be observed by EDX. The chemical composition for the TS2 

sample was copper-rich, whereas, for the sulfurized sample (TS3), the 

stoichiometry was close to the theoretical (see Table 3.2). 

 

Table 3.2. Atomic fraction for samples TS1, TS2, and TS3 estimated from the TEM-

EDX analysis (corresponding EDX spectra are shown in Figure 3.S4). 

 

  

 

 

 

 

SEM-EDX analysis was performed on the ODP sintered samples, 

including chemical maps on large ODP samples to investigate the 

overall chemical homogeneity. As discussed in the Experimental 

Methods, ODP was performed on a large quantity (30–40 g) of ball-

milled powder, producing large samples (see Figure 3.S1). The SEM 

chemical maps (shown in Figure 3.3) revealed non-homogeneous 

chemistry on the surfaces of the ODP sintered samples. As ODP is a 

fast-sintering technique and was performed on a large quantity of 

materials, variations in chemical composition are likely. However, the 

overall chemistry of the samples was close to theoretical (shown 

in Table 3.3). On the contrary, the SPS sintered samples produced in 

our past work showed a homogeneous chemical distribution and 

comparatively lower crystalline domain size.125 

 

Table 3.3. Atomic fraction of samples ODP1, ODP2, and ODP3 samples, estimated 

using SEM-EDX analysis (corresponding EDX spectra are shown in Figure 3.S6). 

 

 

Sample 

Name 

Atomic Fraction (±1%) 

Cu Sn Cu O 

TS1 15.11 TS1 15.11 TS1 

TS2 40.09 TS2 40.09 TS2 

TS3 30.31 TS3 30.31 TS3 

Sample 

Name 

Atomic Fraction (±1%) 

Cu Sn S O 

ODP1 16.90 32.03 46.92 4.05 

ODP2 15.46 30.13 45.11 9.27 

ODP3 16.82 31.68 49.21 2.29 

https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t002
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f003
https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t003
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
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Figure 3.3. SEM micrographs collected on ODP samples and chemical maps for 

individual elements Cu (a), S (b), and Sn (c), and simultaneously for all elements (d) 

(corresponding EDX spectra are shown in Figure 3.S5). 

 

Repeated Seebeck and resistivity measurements are shown in Figure 

3.4. All the samples, and TS and ODP batches, showed positive values 

for the absolute Seebeck coefficient, indicating holes as majority charge 

carriers, thus confirming a p-type semiconducting nature. The trend of 

resistivity for sample TS1 is increasing with the temperature, whereas 

it is decreasing for all other samples, typical of degenerate and non-

degenerate semiconductors, respectively. 

https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f004
https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f004
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Figure 4. Repeated absolute Seebeck coefficient (S) and resistivity (ρ) measurements in 

temperature for the TS and ODP sintered samples. In the figure, markers 1 (red squares), 

2 (green circles), and 3 (blue triangles) represent first, second, and third measurements 

cycles, respectively. 
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The first measurement on the TS1 sample shows the lowest values 

of S (40–100 µV/K) and ρ (0.01–0.03 mΩ-m). However, these 

measurements are not reproducible during the second and third 

measurement cycles. The low Seebeck and resistivity with a non-

degenerate semiconducting trend suggest the presence of a higher 

carrier concentration in sample TS1. This could be due to the alteration 

in chemical composition, as we observed a large amount of SnO2 using 

TEM-EDX and XRD. The XRD on the same sample after repeated TE 

measurement cycles revealed the segregation of SnS (see Table 3.1), 

making the sample copper-rich or possibly leading to the formation of 

CuS. In a recent work on non-stoichiometric (copper-rich) CTS35, lower 

Seebeck (~50 µV/K at 300 K) and high electrical conductivity were 

reported. Other than the formation of SnS and SnO2, the non-

repeatability of S and ρ during the thermal cycles also confirms the 

instability of sample TS1. Noticeably, after the three measurements 

cycles, significant grain growth was observed for TS1, with the average 

domain size increasing from 40±10 to 75±10 nm. 

 

For samples TS2 (S ~250–400 µV/K, ρ ~1.5–1.1 mΩ-m) and TS3 

(S ~325–425 µV/K, ρ ~3.5–1.5 mΩ-m), the TE measurements were 

repeatable during the measurement cycles, and the values 

of S and ρ were in agreement with the literature.34,115 Although we 

observed an increased amount of SnO2 and the formation of a new SnO 

phase, segregation of SnS was not observed. Similar values 

of S and ρ during several measurement cycles confirmed that the CTS 

samples prepared in a strictly controlled environment were stable. It is 

known that sulfurization leads to the formation of stoichiometric CTS,63 

which could be the case for sample TS3, leading to a higher Seebeck 

and resistivity. 

 

The repeated TE measurements on ODP sintered samples were 

reproducible, especially after the first measurement cycle, and for the 

second and third measurements cycles, the S and ρ measurements were 

coherent. The ODP1 sample sintered at 400 °C for 30 min showed the 

lowest values of S (180–310 µV/K) and ρ (0.55–0.50 mΩ-m). ODP2 

and ODP3 samples sintered at 500 °C for 10 min and 30 min showed 

increasing values of S and ρ. The Seebeck coefficients and resistivities 

for the ODP2 and ODP3 samples were S ~ 400–550 µV/K and ρ ~2.2–

https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t001
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1.0 mΩ-mm, and S ~ 550–650 µV/K and ρ ~ 4.0–1.7 mΩ-m, 

respectively. The increase in S and ρ have a clear relation with the 

increased average domain size of the samples. These results are in 

agreement with our recent work showing the effects of grain growth on 

SPS sintered CTS samples, owing to the conduction based on the 

metallic nature of surfaces due to dangling bonds.125 Moreover, Ming 

et al.126 showed a similar effect in Cu2SnSe3. 

 

However, it is important to notice here that two different sintering were 

used for the sample preparation, resulting in significantly different 

densities, even if we did not observe a significant difference in the 

resistivity of the same samples. Thus, we put forward that electrical 

transport is less likely affected by porosity in these systems. However, 

we noticed that the TS sintered samples had a lower S in comparison 

with the ODP samples. This could be related to the overall chemical 

composition of the TS samples, where we noticed a large chemical 

fluctuation in TEM-EDX. Some chemical fluctuations were also 

present in the ODP samples, but the overall chemistry of ODP samples 

was close to the theoretical, as observed by means of the chemical 

maps. 

 

Thermal diffusivity (D) was measured using a xenon flash instrument, 

and the thermal conductivity (κ) was calculated as, κ = D × d × Cp, 

where, d and Cp are the density of the sample and specific heat capacity, 

respectively. The density was measured using the Archimedes method 

(see Table 3.1), and Cp obtained on TS samples is discussed elsewhere, 

whereas Cp measurements on ODP sintered samples are shown 

in Figure 3.S7. 

 

All the samples showed a decreasing trend of thermal conductivity with 

temperature, implying that the phonon–phonon (Umkalpp process) is 

dominating the phonon transport (see Figure 3.5). Here, it is worth 

mentioning that all the samples of this work have a disordered cubic 

structure with partial occupancies of cations (Cu and Sn), which results 

in a comparatively lower thermal conductivity than the ordered or 

monoclinic CTS polymorph.71 The thermal conductivity of sample TS1 

ranges from 0.70 W/mK to 0.45 W/mK, whereas it is ultra-low for 

samples TS2 and TS3, with values of 0.40–0.30 W/mK and 0.30–0.20 

W/mK, respectively, in the entire measured temperature range of 323–

https://www.mdpi.com/1996-1944/15/3/712/htm#table_body_display_materials-15-00712-t001
https://www.mdpi.com/1996-1944/15/3/712/htm#app1-materials-15-00712
https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f005
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723 K. Samples TS2 and TS3 have a similar κ as we recently reported 

for CTS.9 However, the unstable sample TS1 has the highest κ in the 

TS batch. The higher thermal conductivity of sample TS1 is due to its 

higher electrical conductivity, as observed by the degenerate 

semiconductor trend of resistivity, probably resulting from the 

formation of Cu-rich CTS or CuS. The thermal conductivity of ODP 

sintered samples is in the range of other CTS and Cu-Sn-S-based 

systems.34,35 A clear correlation between densities and κ can be noticed 

in the ODP samples as well. The densities of ODP samples are similar 

to the literature for CTS polymorphs.34,35,112 The difference 

in κ between TS2 and TS3 is also likely to be due to their lower and 

higher densities, respectively. It is noteworthy that the κ of TS samples 

is ~3-fold lower in the entire temperature range than for the ODP 

sintered samples. However, we observed a more or less same behavior 

for the electrical transport, e.g., samples TS2 and ODP2 have ρ~1.5–

1.0 mΩ-m and ~2.0–1.2 mΩ-m, respectively, but TS2 has a ~3-fold 

lower κ (0.3–0.2 W/mK) than ODP2 (0.8–0.6 W/mK). 

 

  

Figure 3.5. Thermal conductivity (κ) for TS and ODP sintered samples. 
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The power factor was calculated as PF = S2/ρ, and is shown in Figure 

3.6. The first measurement on Sample TS1 has the highest PF ~3.5 

µW/K2 cm, above 700 K, which is continuously decreasing with 

successive measurements. Samples TS2 and TS3 showed PF ~1.25 

µW/K2 cm and ~1 µW/K2 cm, respectively, above 700 K, but they are 

stable over repeated measurements. Due to the reproducibility 

of S and ρ, ODP sintered samples showed reproducible PF. Among all 

the ODP sintered samples, ODP2 has the highest PF ~2.75 µW/K2 cm, 

above 700 K, because of moderate S and ρ. However, lower S and very 

high ρ for samples ODP1 and ODP3, respectively, have an adverse 

effect on each other, resulting in a comparatively lower PF ~1.75 

µW/K2 cm and ~2.25 µW/K2 cm, respectively. 

 

 

 

 

Figure 3.6. Repeated power factor (PF) for TS and ODP sintered samples. In the figure, 

markers 1 (red squares), 2 (green circles), and 3 (blue triangles) represent the power 

factors during the first, second, and third measurements cycles, respectively. 

 

https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f006
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Concerning the figure of merit, samples TS1, TS2, and TS3 show zT ~ 

0.50, 0.45, and 0.27, respectively, above 700 K (Figure 3.7). Although 

TS1 has the highest zT, it is not stable and zT decreases with subsequent 

measurements. Among the stable TS samples, TS2 has the highest zT of 

~0.45. The competitively high zT of TS2 is supported by its 

lower κ and ρ. ODP sintered samples present zT ranging from 0.25–

0.34, around 700 K. The ODP2 sample has the highest zT of ~0.34, 

around 700 K, thanks to the low thermal conductivity throughout the 

measured temperature span. It is evident from the discussions above 

that the comparatively higher zT of the TS samples is supported by their 

lower density (high porosity), which blocked the thermal transport 

effectively. Impotently, the many folds reduction of κ due to the pores 

does not show a significant increase in the resistivity of the TS samples. 

Furthermore, the porous CTS samples also showed reproducible results 

during many measurements cycles. Total elimination of secondary 

phase oxides is not easy due to the low partial pressure of their 

formations, but a small amount of tin oxides does not seem to affect the 

TE properties during repeated TE measurements.  

 

 

Figure 7. The repeated figure of merit (zT) for TS and ODP samples. In the figure, 

markers 1 (red star), 2 (green circles), and 3 (blue triangles) represent the first, second, 

and third measurement cycles, respectively. 

https://www.mdpi.com/1996-1944/15/3/712/htm#fig_body_display_materials-15-00712-f007
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3.1.5 Conclusions 

 

The present work shows that porosity leads to a significant suppression 

of thermal conductivity, and CTS pellets can be stabilized with different 

fractions of porosity. The low density or TS samples (κ ~ 0.3–0.2 

W/mK) showed ~3 times lower thermal conductivity than the high 

density or ODP sintered samples (κ ~ 0.8–0.6 W/mK). However, we did 

not observe any significant difference in electrical transport properties 

between the TS and ODP samples. The best performing stable TS 

samples present zT ~ 0.45, whereas the best performing ODP sample 

showed zT of ~0.34, around 700 K, a result clearly due to the ultra-low 

thermal conductivity of the traditionally sintered, porous samples. 

 

Due to the low partial pressure of tin oxides formation, it is difficult to 

produce pure CTS and similar chalcogenides. However, the continuous 

evolution of secondary phase oxides can be eliminated by using a highly 

controlled environment, and a small fraction of secondary phase oxides 

seem to have little effect on the TE properties and stability of the 

samples. The results presented in this work give a general overview of 

the effects of different experimental conditions and porosity on the 

stability and TE performance of CTS samples. Similar considerations 

should hold for other Cu-Sn/Fe-S/Se-based systems, chalcogenides, 

colusites, and chalcopyrite, etc., used for various applications, ranging 

from photovoltaics to thermoelectricity and LED production. 
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3.1.6 Appendix 
 

Images of as-sintered ODP samples.   

  

 
 

Figure 3.S1. Open die pressed (ODP) sintered CTS samples.  

 

Rietveld refinement was performed on XRD patterns before and after 

repeated Seebeck and resistivity measurement cycles. The Whole 

Powder Pattern Modelling (WPPM) method as implemented in Topas 

7 software was used for the Rietveld refinement, which considers a log-

normal distribution of grains.   
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Figure 3.S2. The SAED for all samples shows similar 3 high-intensity Debye-Scherrer 

rings, representing the fingerprint planes for cubic CTS, (1 1 1), (2 2 0), and (3 1 1), 

respectively, as observed in the XRD patterns.  
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Morphological image of SPS Sintered CTS Sample at different 

magnifications.s 

 

  

Figure 3.S3. Morphological image of SPS Sintered CTS Sample at different 

magnifications.  

 

The SAED for all the samples shows similar 3 high-intensity Debye-

Scherrer rings, representing the fingerprint planes for cubic CTS, (1 1 

1), (2 2 0), and (3 1 1), respectively, as observed in the XRD patterns.   

The micrographs collected on sample TS1 is shown in Figure S4 (right 

bottom inset) revealed numerous small SnO2 grains surrounding the 

bigger (CTS) grains. In the cases of samples TS2 and TS3, these grains 

were not observed. However, we observed some variations in the 

chemistry.   
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Figure 3.S4. EDX-spectra, SAED, and TEM micrographs for samples TS1, TS2, and 

TS3, respectively.  

 

  

  

  

TS1   

  

TS2   

  

  

  

TS3   



Ketan Lohani – Development of Cu2SnS3 based thermometric materials and devices  

 

 

84 

 

 

  

  

  

Figure 3. S5. Corresponding SEM-EDX data on chemical maps shown in Figure 3 for 

individual elements (Cu, Sn, and S) and simultaneously for all elements.  
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Figure 3. S6. SEM-EDX on ODP1, ODP2, and ODP3 samples.  
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Figure 3.S7. Specific heat capacity (CP) measurements on ODP sintered samples
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4 Effects of Grain Size 

 

4.1 Effects of Grain Size on the Thermoelectric 

Properties of Cu2SnS3: An Experimental and First-

Principles Study 
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4.1.1 Abstract 
 

Cu–Sn-based sulfides are earth-abundant and nontoxic compounds of 

special interest for low-cost energy harvesting applications. In the 

present work, we have investigated the effect of grain size on the 

thermoelectric properties of Cu2SnS3 (CTS). Three dense CTS samples 

with nanometric grains were produced by mechanical alloying 

combined with spark plasma sintering, preserving the small size of 

crystalline domains to 12, 25, and 37 nm, respectively. The 

experimental results show that the Seebeck coefficient (S) and electrical 

resistivity (ρ) decrease with decreasing domain sizes, while the thermal 

conductivity (κ) increases. A smaller domain size correlates with a 

lower resistivity and a degenerate semiconductor-like behavior due to 

higher carrier concentration. At the same time, our synthesis method 

leads to materials with very low lattice thermal conductivity, thanks to 

the nanometric size of grains and structural disorder. As a result, the 

sample with the smallest grain size exhibits the highest zT of ∼0.4 at 

650 K. First-principles density functional theory (DFT) simulations on 

various CTS crystallite surfaces revealed localized states near the Fermi 

level and the absence of band gap, indicating the metallic nature of the 

surfaces. Various CTS systems were tested by DFT, showing the 

following order of increasing formation energy: stoichiometric CTS, 

Cu vacancy, Cu-rich, Sn vacancy, and Sn-rich. 

 

4.1.2 Introduction 
 

Most commercially available thermoelectric (TE) devices use toxic and 

scarce materials, making them expensive and potentially hazardous, for 

example, Sb2Te3, Bi2Te3, and so forth. In recent years, the search for 

high-performance, nontoxic, ecofriendly, and earth-abundant TE 

materials has led to the exploration of multinary sulfides.9,127 

Chalcogenides,46  colusites, 128,129 and other metal-based 

sulfides130,131 could be viable alternatives to existing materials132.  Cu-

based sulfides have low formation energy so that it is possible to 

produce them by short-period reactive milling using a planetary or 

vibrating mill. As also shown in the present work, high-energy reactive 

ball milling, also called mechanical alloying, can be employed with 

success to synthesize new and disordered phases. In addition, milling 
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offers the advantage of facile and scalable production for industrial 

use.133  

 

The energy conversion efficiency of a TE material is determined by a 

dimensionless figure of merit (zT) expressed as zT = S2/ρκ*T, 

where S, ρ, κ, and T are the Seebeck coefficient, electrical resistivity, 

thermal conductivity, and absolute temperature, respectively. S2/ρ is 

referred to as the power factor (PF). The Seebeck coefficient and 

electrical resistivity are strongly dependent on the carrier concentration 

(n), mobility (μ), and effective mass of the charge carriers (m*) (see eqs 

4.1 and 4.2 below). A low carrier concentration and high effective mass 

of charge carriers can increase the Seebeck coefficient, but it also 

penalizes the electrical conductivity (σ) and vice versa9,10. 

𝑆 = 𝐴𝑚∗( 
𝜋

3𝑛
)

2

3𝑇                                        4.1 

𝜎 = 𝑛𝑒𝜇                                                    4.2 

𝑒 =
𝐿𝑇

𝜌
                                                     4.3 

where A, e, and L represent a constant, charge of an electron, and the 

Lorenz number, respectively. 

 

Besides high PF, TE materials also require low thermal conductivity 

(κ), composed of a lattice (κl) and an electronic contribution (κe), 

combined as κ = κl + κe. The lattice contribution can be decreased by 

increasing the grain boundary density, vacancies, defects, impurities, 

strain, and so forth. Differently, κe shows a strong dependence on the 

electrical resistivity, as in the Wiedemann–Franz law (see eq 

3).129  More recently, the determination of the TE quality factor (β) 

given by β ∝ μ0mdos*3/2/κl (where μ0 and mdos* are the nondegenerate 

mobility and density of state effective mass, respectively) is in practice 

for the simultaneous optimization of all TE parameters.8,134  

 

Cu2+xSn1–xS3(CTS) polymorphs are studied for many applications such 

as photovoltaics, transistors, LEDs, and TE materials. A recent study 

has also suggested a potential use of CTS quantum dots for 

photodetector applications.135  CTS polymorphs have been extensively 

studied as p-type TE materials showing moderately high PF with high 

or low thermal conductivity, depending on whether the crystal structure 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq1
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq1
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq2
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq3
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq3
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is ordered or disordered.26,34,38 To increase the TE performance, 

different cationic substitutions have been investigated with the aim to 

tune the carrier concentration and to introduce structural disorder. 

Among the various studies, Zhao et al. have reported the highest zT ∼ 

0.9 (at T > 700 K) so far by simultaneous cobalt and antimony doping.32 

   

Zhai et al.68  and Shigemi et al.94  have shown that the hybridization of 

Cu 3d and S 3p orbitals in the valence band (VB) is responsible for the 

p-type nature of CTS. Heavy acceptor doping due to unfilled d-orbitals 

of Co,36  Cu,37  Ni,32 Fe,13 and Mn35  enhances the density-of-state 

(DOS) effective mass of carriers (holes) and electrical conductivity, 

resulting in a high PF ∼10 μW/cmK2 around 700 K. Cationic 

substitution also transforms the CTS crystal structure from ordered 

(monoclinic Cc),136 to tetragonal I42̅m  and disordered 

(cubic: F4̅3m).34  In most of the cases, a mixture of different phases is 

obtained. Deng et al.37  have shown the influence of the Cu/Sn ratio in 

Cu2+xSn1–xS3 on the electrical and thermal properties. More recently, 

Pavan Kumar et al.38 have discovered a new ordered monoclinic 

structure Cu5Sn2S7 by increasing the Cu/Sn ratio up to x = 0.15, leading 

to a specific ordering of Cu and Sn in the structure. In summary, the 

hole doping in CTS compounds, induced by the substitution of Cu, Sn, 

or S by aliovalent cations, or by Cu for Sn substitution, increases the 

carrier concentration. Disordering phenomena, usually induced by the 

cationic/anionic substitution, scatter the phonon waves more 

effectively, resulting in a higher TE figure of merit. 

 

The disordered cubic CTS and Cu2SnSe3 (CTSe) phases can also be 

produced and stabilized without chemical alteration.26,41,71 The optical 

absorption measurements revealed a lower band gap for the disordered 

CTS/Se polymorphs. The lower band gap enhances the carrier 

concentration, resulting in a higher PF compared to its ordered 

polymorph. Furthermore, in a theoretical study, Baranowski et 

al.81 have also reported band tailing and midgap states for the disordered 

CTS phase.71,81  The structural disorder introduces potential energy 

fluctuations in the lattice that allow energy levels within the forbidden 

gap, responsible for the band tailing and reduced band gap. Moreover, 

Dahule et al.137  have studied the electronic structure properties of (200) 

and (−131) surfaces of monoclinic CTS and have shown their metallic 
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character. It is worth mentioning that the metallic character was 

confirmed using different potentials, including the Heyd–Scuseria–

Ernzerhof potential, which results in a better estimation of the band gap. 

In terms of synthesis, the literature suggests a three-step top-down 

approach to produce CTS samples for TE applications. First, CTS is 

produced from the elemental powders (Cu, Sn, S, and dopant elements) 

using an extended high-temperature solid-state reaction34. In the second 

step, the grain size is sometimes reduced by ball milling. Finally, high-

density pellets are produced using spark-plasma sintering (SPS) or hot 

pressing. This approach results in highly crystalline materials with 

average domain sizes ranging from half to several microns. This 

synthesis method requires a long annealing time at high temperatures, 

which is time- and resource-consuming. 

 

Alternatively, CTS compounds, as many other Cu-based sulfides, can 

be produced by combined high-energy reactive ball milling 

(mechanical alloying) and SPS or hot pressing.39,138 Mechanical 

alloying allows us to produce fine, homogeneous, precrystallized, and 

highly reactive powders, which usually lead to high-purity, crystalline, 

and dense samples after sintering with small grain and crystallite sizes. 

Furthermore, a highly dense disordered CTS polymorph can be 

stabilized without any chemical substitution.133   

 

The present work aims to shed light on the degenerate semiconductor-

like behavior of nanocrystalline CTS samples. Three dense CTS 

samples were produced using powder synthesized by high-energy 

reactive ball milling and SPS. We have investigated the effects of grain 

size on the TE properties. Structural and microstructural analyses 

suggested a stoichiometry deviation in CTS phases sintered at low 

temperature, together with a very small crystallite and grain size. Ab 

initio calculations using density functional theory (DFT) indicated the 

metallic nature of CTS surfaces, leading to a degenerate semiconductor-

like trend with temperature. Further evidence is presented on the 

formation energies for various CTS systems with vacancies and 

chemical deviations. 
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4.1.4 Experimental methods 
 

Elemental powders (Cu, Sn, and S) were weighted in a stochiometric 

ratio and fed in WC vials with WC balls. A Fritsch PULVERISETTE-

4 mill was operated for 1 h, producing ∼6 g of the as-milled CTS 

powder. The entire production process was performed in a glovebox 

with an argon-filled environment. During the milling, no lubricant was 

introduced to avoid any contamination. The production of CTS powder 

by high-energy ball milling of elemental powders and binary sulfides is 

discussed in detail elsewhere.42,71  

 

The as-milled powder was sintered using a SPS machine (FCT HPD 

25) at various temperatures and pressures to optimize the sintering 

conditions (Table 4.1). The relative densities of the samples are 86, 96, 

and 94% for sample A, B, and C, respectively. 

 

Table 4.1. Sample Names, sintering conditions, densities, phase purity, and average 

grain size for various CTS samples. 

 

Structural analysis was performed using X-ray diffraction (XRD). XRD 

data were collected in θ/2θ Bragg–Brentano geometry using a 

PANalytical X’Pert Pro diffractometer equipped with a Cu Kα (λ = 

1.5406 Å) source. Micrographs and energy-dispersive X-ray (EDX) 

spectroscopy analyses were collected using a JEOL JSM 7200F 

scanning electron microscope equipped with an EDX X-Flash Bruker 

detector. 

 

The electrical resistivity (ρ) and Seebeck coefficient (S) were measured 

simultaneously from 300 up to 700 K on bar-shaped samples of typical 

Sample 

name 

Sinte-

ring die 

Sinte- 

ring 

pressure 

(MPa) 

Sinte- 

ring 

temp. 

(°C) 

Dwell 

time 

(min) 

Den

-sity 

(g/ 

cm3) 

Weight 

fraction 

(±1%) 

Avera

ge 

domai

n size 

(±10  

nm) CTS SnO2 

A WC 500 400 60 4.06 99 1 12 

B graphite 64 512 30 4.52 100  25 

C graphite 64 500 30 4.45 99 1 37 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#tbl1
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dimensions 2 × 3 × 10 mm3 using an ULVAC-ZEM3 instrument under 

partial helium pressure. 

 

 A NETZSCH LFA-457 apparatus was used for measuring the thermal 

diffusivity under argon flow. The thermal conductivity (κ) was 

determined as the product of the geometrical density, the thermal 

diffusivity, and the theoretical heat capacity using the Dulong–Petit 

approximation. The lattice contribution to the thermal conductivity (κl) 

was determined by subtracting the estimated electronic component (κe) 

from the measured total thermal conductivity, κ. The measurement 

uncertainties are estimated to be 6% for the Seebeck coefficient, 8% for 

the electrical resistivity, 11% for the thermal conductivity, and 16% for 

the final dimensionless figure of merit. 

 

Hall effect measurements at RT were carried out using a physical 

property measurement system (Quantum Design) under an applied 

magnetic field of 9 T. 

 

4.1.5 Computational Methods 
 

The electronic structure calculations were performed using DFT as 

implemented in the Vienna ab initio simulation package85,86.  The 

interaction between electrons and ions was described using the 

projector-augmented-wave (PAW) method. The generalized gradient 

approximation with Perdew–Burke–Ernzerhof 87 electron exchange–

correlation was used for the calculations. 

 

We have performed the calculations for (001), (010), and (100) slabs of 

monoclinic CTS and two disordered CTS cells with sulfur termination. 

We considered two cases for the disordered cell, one with the Cu-rich 

and the other with Sn-rich atomic layer below the terminating sulfur 

layer. For all the calculations, CTS stoichiometry was preserved. A 

vacuum of 15 Å was created to minimize the interaction between the 

periodic copies. In the disordered cells, the atoms of the lower four 

layers were fixed in a position, whereas the atoms of the upper four 

layers were free to move. Relaxation was performed with a plane-wave 

kinetic energy cutoff and an electronic convergence of 350 and 10–

5 eV, respectively. The involvement of core electrons was seized by 
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freezing. Only 3d104s1, 4d105s25p2, and 3s23p4 electrons were treated as 

valence electrons for Cu, Sn, and S, respectively. The cell parameters 

were fixed, whereas the atomic position was allowed to change for 

relaxation. The electronic convergence was set to 10–6 eV for DOS 

calculations. Brillion zone sampling was performed on a k-point grid of 

9×9×1 and 5×5×1 for monoclinic slabs and disordered cells, 

respectively. The k-mesh was reduced for the disordered cell due to its 

larger size. 

 

The formation energy calculations were performed on Cu-rich, Cu-

vacant, Sn-rich, and Sn-vacant cells. For these calculations, the plane 

wave kinetic energy cutoff and electronic convergence were changed to 

400 and 10–6 eV, respectively. A Monkhorst–Pack88 k-point mesh of 7× 

7×7 (centered at the gamma point) was used to integrate the Brillion 

zone. One atom was removed from the supercell, and the remaining 

atoms were allowed to relax for the vacancy calculations. The off-

stoichiometry calculations were performed on a supercell of 72 atoms 

with a stable monoclinic phase, where one Cu atom was replaced by 

one Sn atom and vice versa, respectively, for the Sn-rich and Cu-rich 

simulations. 

 

4.1.4 Results and Discussion 

 

XRD patterns collected on the as-milled powder with increasing 

milling times are shown in Figure 4.1. Due to its low formation 

energy, short milling of 15 min led to the formation of binary sulfides, 

especially CuS. As the milling time was increased to 30 min, the 

appearance of diffraction peaks of sphalerite-type structures can be 

noticed. However, unreacted SnS and Sn powder were still present in 

the sample. With the further increase of the milling time to 1 h, the as-

milled powder showed four broad diffraction peaks, implying the 

formation of a sphalerite-type crystal structure. It is worth mentioning 

here that, among all the elements, Sn incorporated last in the CTS 

system. Broad Bragg-peaks with diffuse backgrounds imply that the 

one-hour milled powder consists of less crystalline CTS grains with a 

small domain size.  

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig1
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Figure 4.1. XRD patterns for the powder milled for 15, 30, and 60 min. 

 

SEM–EDX data collected on 60 min milled powder at full-frame image 

showed the presence of stoichiometric CTS. On the same sample, 

various micrographs and EDX data were collected at different 

magnifications from different parts of the SEM grid. It indicated that 

the as-milled powder has a nonhomogeneous chemical distribution with 

a small domain size, which tends to agglomerate in larger particles 

(Figure 4.S1). 

 

High-density bulk CTS samples were produced by SPS under different 

sintering conditions (listed in Table 4.1). Sintered samples maintained 

the same Bragg-peak positions as the as-milled powder. However, 

sharper Bragg peaks for sintered samples indicate an increased 

crystallinity and crystallite size. XRD line profile analysis was 

performed by the Rietveld method124 using Topas 7 software57.  We 

employed the whole powder pattern modeling macro56  to simulate the 

peak profile. The instrumental profile was obtained from a 

LaB6 standard sample.139 A nine-point Chebyshev polynomial and a 

1/x-function were used to simulate the background and low-angle 

intensity, respectively. Subsequently, zero shift and other parameters 

were systematically refined55.  During the refinement, the variation of 

the Debye–Waller coefficients (thermal factors) was restricted between 

0 and 2 for all atoms. For all the samples discussed below, the goodness 

of fit was ∼1.1–1.3. 

 

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#tbl1
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Disordered CTS has a zinc-blende (ZnS)-like (cubic) close-packed 

face-centered structure, which arranges its atoms in the (216) space 

group. The 4a Wyckoff position is occupied by Cu and Sn atoms with 

occupancy 2/3 and 1/3, respectively, while the 4c site is occupied by S 

atoms with occupancy 1. The lattice parameter, phase density, and cell 

volume determined from Rietveld refinement were 5.43 Å, 4.71 g/cm3, 

and 160.50 Å3, respectively. No microstrain was observed for any 

sample. The average domain size and the weight fraction of CTS and 

secondary phases are listed in Table 4.1 for different sintering 

conditions. All the samples showed disordered cubic CTS structures. 

However, a small amount (weight fraction <0.5%) of SnO2 was 

observed for samples A and C. For sample B (see Figure 4.2 (a)), two 

Bragg peaks around 2θ ∼ 16 and ∼31° were observed. Sample B may 

have a small amount of the monoclinic phase. However, the two peaks 

are quite broad which makes it hard to quantify the monoclinic phase 

reliably, and it is certainly below 1% in weight.  

 

 

Figure 4.2. (i) XRD patterns of samples sintered under various conditions.; (ii) Rietveld 

refinement data for sample A collected (Yobs), calculated (Ycal), difference 

(difference) pattern. See Figure 3.S2 for the Rietveld refinement data for samples B and 

C. 

 

The sizes of crystalline domains were estimated as 12 ± 10, 25 ± 10, 

and 37 ± 10 nm for samples A, B, and C, respectively. The reported 

average grain size for high-density CTS samples prepared by the three-

step method (discussed in the Introduction) is in the range of 500–600 

nm, 33and in some cases, micron-size grains are also reported36.  In 

contrast, traditionally sintered samples (without applying pressure) 

showed smaller grains, domain size ranging from ∼50 nm to a few 100 

nm, and low density42.  The mechanical alloying combined with the 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#tbl1
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig2
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#sec1
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SPS method proposed here constrained the grain size below 50 

nm39 while promoting densification at a relatively low sintering 

temperature. 

 

SEM micrographs on bulk samples reveal a dense microstructure, that 

is, highly intact grains with almost no porosity (shown in Figure 

4.3, 4.S3 and 4.S4). Unlike the as-milled powder, EDX analysis on the 

sintered samples revealed a homogeneous chemical distribution, with 

the exception of sample A, in which a small amount of SnS was found, 

likely due to an incomplete reaction at 400 °C (Figures 4.3i, 4.S3, and 

4.S5). Some bright spots in the micrographs revealed traces of WC 

particles. However, WC and SnS signals were not observed in the XRD 

patterns because of their small weight fraction, which was below the 

detection limit (≪1%). Comparative SEM–EDX analysis was 

performed on samples A and B (before and after polishing), and SEM–

EDX data are shown in the Appendix (Figures 4.S3–S6). Sample A has 

a higher amount of the SnS phase compared to sample B, probably due 

to a lower sintering temperature. However, the matrix composition for 

both samples is similar, suggesting that stoichiometric deviation in CTS 

grains is quite small. These micrographs also confirm that the average 

grain size is much smaller than the magnification of the microscope 

allows to see. 

 

Figure 4.3. (i) SEM micrograph of the surface of SPS sintered sample A showing a 

compact sample with almost no pores and the presence of SnS; (ii) WC particles on one 

of the samples (bright spots in the micrograph, identified by EDX); (iii) micrographs of 

polished samples A and (iv) B. EDX data are provided in Table 4.S1. 

 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig3
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig3
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig3
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
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Figures 4.4 (i,ii) shows the absolute Seebeck coefficient (S) and 

resistivity (ρ), respectively, for the CTS samples in Table 4.1. Although 

there is a variation in the values of S, all the samples show a positive 

Seebeck coefficient increasing with temperature. Samples A, B, and C 

present S ∼ 100, 180, and 160 μV/K, respectively, at room-temperature 

(RT), which are lower than the reported RT values for the CTS 

compound (S ∼ 500–700 μV/K).26,37,71  A general trend of increasing 

values of the Seebeck coefficient with increasing sintering temperature 

and grain size can be observed. The Cu–Sn–S-based systems exist in 

numerous phases, such as Cu2SnS3,26 Cu3SnS4,140 Cu5Sn2S7,38 

Cu7Sn3S10,30  and so forth.127  Mostly, these systems show a p-type 

semiconducting nature due to the unfilled Cu 3d-orbitals. Additionally, 

Cu–S bonds in Cu–Sn–S-based systems form a three-dimensional 

conduction network which enhances their electrical conductivity.34 

 

 

 

Figure 4.4. Temperature-dependent (i) absolute Seebeck coefficient, (ii) resistivity, 

(iii) PF, and (iv) diffusivity for sintered samples A, B, and C. 

 

It is well known that undoped CTS is highly resistive with a 

nondegenerate semiconductor-like trend in temperature owing to its 

low carrier concentration.42 However, samples A and B show a 

degenerate semiconductor-like nature, whereas sample C, with the 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig4
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#tbl1
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largest S (∼320 μV/K, above 650 K), shows a nondegenerate trend up 

to ∼650 K. As expected, samples with a higher Seebeck coefficient 

have higher electrical resistivity and vice versa, but a trend of 

decreasing electrical resistivity can also be observed with the decrease 

in the crystalline domain size. It is worth mentioning here that off-

stoichiometry in CTS compounds can lead to similar results, although 

such deviations should have a Cu/Sn ratio >2. In fact, Deng et al.37 show 

that an excess of Cu in Cu2+xSn1–xS3 (x ≥ 0.016) changes the electrical 

resistivity from a nondegenerate to degenerate behavior. This suggests 

that the CTS phase, especially when sintered at low T (400 °C, sample 

A), is nonstoichiometric. 

 

In general, a small grain size leads to a higher Seebeck coefficient due 

to the scattering of charge carriers by the grain boundary, otherwise 

known as energy filtering.11 This, however, decreases the mobility and, 

in turn, increases the electrical resistivity. The lower grain size is also 

crucial in the suppression of thermal conductivity by scattering phonon 

waves effectively. The results shown here contrast with the energy 

filtering mechanism. The samples with smaller domains are more 

conductive, and we observe a trend of increasing resistivity with an 

increase in grain size. Carrier concentration measurements on these 

samples revealed that the higher conductivity of samples with small 

domains correlates with a higher carrier concentration, 8.6 × 1020 and 

7.4 × 1019 cm–3 for samples A and B, respectively. These values are 1–

2 orders of magnitude higher than the reported values for the 

CTS.71  However, other Cu–Sn–S-based compounds with higher Cu/Sn 

ratios presented increasing carrier concentration with increasing Cu/Sn 

ratio, that is, 2.6 × 1021 and 5.6 × 1021 cm–3 for Cu7Sn3S10
30  and 

Cu5Sn2S7,38  respectively. Sample A sintered at a low sintering 

temperature has a lower carrier mobility (1.2 cm2/V s) than sample B 

(2.1 cm2/V s), which is explained by the larger carrier concentration 

(increased probability of charge carrier collision) and lower grain size 

in sample A. 

 

Due to the decreased electrical resistivity, sample A shows the 

highest PF value of ∼4.5 μW/K2 cm, above 650 K, which is 3-fold and 

9-fold higher than cubic (disordered) CTS (PF ∼1.5 μW/K2 cm)71  and 

monoclinic (ordered) CTS (PF ∼0.47 μW/K2 cm), 34 respectively. 
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Samples B and C have comparatively lower PF values of ∼1.5 and 

∼1.2 μW/K2 cm, respectively. The thermal diffusivity measurements 

are shown in Figure 4.4(iv). It is evident from the data that samples with 

smaller domains (more conductive) have a higher diffusivity. From the 

above considerations, it appears that the electrical properties are 

strongly dependent on the sintering temperature and grain size. 

Additional results following the same trend of the Seebeck coefficient 

and electrical resistivity with grain size support this statement (Figure 

4.S7). As mentioned above, a slight stoichiometric deviation can occur 

in the small grains due to the incomplete reaction and crystallization at 

low temperature, leading to high carrier concentration and electrical 

conductivity. The fast kinetics of the reaction and crystallization during 

SPS may also lead to variation of compositions at the grain surfaces and 

boundaries, which could be highly conductive and possibly injecting 

additional charge carriers in the system. 

 

To investigate this further, three ordered and two disordered CTS 

surfaces (shown in Figures 4.5 and 4.6, respectively) were studied. The 

first three images in Figure 4.5 show ordered CTS slabs with (001), 

(010), and (100) planes. The other two images show disordered 

structures consisting of a Cu-rich layer and a Sn-rich layer, just below 

the terminating sulfur layer. Please note that the overall chemistry of 

the CTS system was respected while making all the structures shown 

in Figures 4.5 and 4.6. For each structure in Figures 5 and 6, the 

corresponding DOS are shown with the structures. After minimization, 

large distortions were observed for the surface atoms of all the 

structures. The reason is that surface atoms form incomplete bonds due 

to the change in the coordination number caused by the surface 

termination. The DOS on the VB side is higher than that on the CB side, 

showing p-type nature. However, no band gap was observed, 

suggesting a metallic character of all the studied structures. The 

localized states are visible near the Fermi level due to the dangling 

bonds on the surface. These dangling bonds provide additional charge 

carriers (holes), which increase the carrier concentration, leading to the 

degenerate semiconductor-like behavior observed in Figure 4.4. We are 

aware that the calculated structures are not an exact model of the grain 

boundary effects. Since the grains could terminate with any plane or 

orientation (favored by the local environment), these calculations only 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig4
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig5
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig6
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig5
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig5
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig6
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig5
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig6
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig4
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make the hypothesis plausible that CTS grains should have dangling 

bonds, which would lead to localized states at the Fermi level and 

increased electrical conductivity. These results are in agreement with a 

recent report by Dahule et al.,137  although limited to the monoclinic 

phase. 

 

Figure 4.5. Monoclinic (ordered) CTS slabs with orientations (001), (100), and (010) 

and corresponding DOS plots. Here, the Fermi level is set to zero. Cu, Sn, and S atoms 

are represented by blue, gray, yellow colors, respectively. 

 

 

Figure 4.6. Structures and corresponding DOS for two disordered structures, where one 

has a Cu-rich and the other has a Sn-rich layer, just below the terminating sulfur layer. 

Here, the Fermi level is set to zero. 

 

Table 4.2 reports the formation energy per unit atom for vacancy and 

off-stoichiometry in CTS, as obtained from DFT simulations. It is 

evident from the reported values that after the stoichiometric CTS, Cu-

vacant and Cu-rich systems are energetically more viable, whereas Sn-

vacant and Sn-rich systems seem less likely to form. The corresponding 

DOS plots are shown in Figure 4.S6. Thermodynamically, these 

conclusions could be generalized to the whole family of Cu–Sn–S 

systems. In other Cu–Sn–S systems, Cu-vacant and Cu-rich systems 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#tbl2
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02377/suppl_file/ae1c02377_si_001.pdf
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would be more likely to form than Sn-rich and Sn-poor phases. 

Moreover, in this family of materials, Cu vacancy, Cu excess, and Sn 

vacancy would enable p-type doping-like effects, whereas Sn excess 

showed n-type behavior. 

 

Table 4.2. Energy of the System, Formation Energy, and Formation Energy per Unit 

Atom for Various CTS Systems 

System Configuration Energy of the 

system  

(eV) 

Formation 

energy  

(eV) 

Formation 

energy per 

unit atom 

(eV/atom) 

CTS 24-Cu, 12-Sn, and 

36-S 

–308.0450 –23.8016 –0.3306 

Cu-vacant 23-Cu, 12-Sn, and 

36-S 

–303.7652 –23.2520 –0.3275 

Cu-rich 25-Cu, 11-Sn, and 

36-S 

–307.5523 –23.4263 –0.3254 

Sn-rich 23-Cu, 13-Sn, and 

36-S 

–306.7s465 –22.3857 –0.3109 

Sn-vacant 24-Cu, 11-Sn, and 

36-S 

–302.2878 –21.8920 –0.3083 

 

The thermal conductivity and figure of merit are shown in Figure 4.7 

(i,ii), respectively. Since we are considering the heat capacity well 

above the Debye temperature (θD ∼213 K), the total thermal 

conductivity was calculated considering a constant value of Cp ∼0.44 

J/g K for all samples. The total thermal conductivity for all samples 

decreases with temperature due to an increased phonon–phonon 

interaction (Umklapp process or U-process). The electronic part of 

thermal conductivity (κe) was estimated according to the Wiedemann–

Franz law (see equation 4.3), where the Lorenz number (L) was 

calculated using eq 4. 141     

                                       𝐿 = 1.5 + 𝑒−(
|𝑆|

116
)                             4.4 

 

where L is in 10-8 WΩ/K2 and S in µV/K.  

 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig7
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq3
https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#eq4
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Figure 4.7. Temperature-dependent (i) total thermal conductivity (filled markers 

connected with the solid line) and lattice component of thermal conductivity (empty 

markers connected with the dashed line) and (ii) figure of merit. 

 

It is evident from Figure 4.7 (i) that at higher temperatures, the lattice 

part of thermal conductivity is similar for all the samples, κl ∼0.6 W/m 

K, above 673 K. This value is comparatively lower than the diamond-

like CuFeS2+x system, where κl ∼ 1.0 W/m K is reported at 650 

K.142  However, other Cu–Sn–S-based compounds such as Cu3SnS4 and 

Cu7SnS10 show a similar κl around 650 K, which further decreases 

to κl ∼0.4 W/m K at 750 K.140,143  The electronic contribution of thermal 

conductivity is the highest for sample A, and it decreases for samples B 

and C. This agrees with the corresponding resistivity and carrier 

concentration measurements as samples A, B, and C have increasing 

resistivity (decreasing carrier concentration) in the same order. The 

figures of merit of samples A, B, and C are equal to 0.40, 0.17, and 0.14 

at 673 K, respectively. Overall, the two-step production method can 

be used to produce high-density nanostructured pellets. The 

experimental results indicate that a similar zT is reported for 

Cu2+xSn1-xS3 systems with Sn substitution (x = 0.2) by Zn,34 Ni,32 

In,33 etc. 

 

4.1.4 Conclusions 
 

We have studied the effects of crystalline domain size on the TE 

properties using experimental analyses and first-principles simulations. 

A CTS powder was produced from elemental powders (Cu, Sn, and S) 

by high-energy reactive ball milling, and subsequently, high-density 

pellets were produced using SPS. This method adds a distinct advantage 

https://pubs.acs.org/doi/full/10.1021/acsaem.1c02377#fig7
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by maintaining the nanostructure while reaching the required high 

density. Rietveld refinement of the XRD patterns revealed average 

domain sizes below 50 nm for samples sintered under different 

conditions. Low-temperature SPS sintering of mechanically alloyed 

powders allows to maintain structural disorder of the CTS phase while 

resulting in nanostructured ceramics. This leads to extremely low lattice 

thermal conductivity. On the other hand, the sample with the smallest 

average domain size also presents the lowest resistivity and Seebeck 

coefficient, resulting in the highest PF. Experimental evidence suggests 

that S and ρ correlate with the sintering temperature, which induces 

stoichiometric deviations and different grain sizes. First-principles 

(DFT) simulations of three ordered and two disordered surfaces 

revealed the presence of dangling bonds and localized states near the 

Fermi level. DOS at the Fermi level was continuous, that is, band gap 

was absent, suggesting that CTS grain boundary is conductive. 

Formation energies for stoichiometric CTS, Cu-vacant, Cu-rich, Sn-

vacant, and Sn-rich CTS are in the increasing order, implying that 

stoichiometric CTS is energetically the most favorable, followed by Cu-

vacant and Cu-rich systems. The Cu-vacant, Cu-rich, and Sn-vacant 

systems increase the p-type behavior and carrier concentration, thus 

explaining the observed low resistivity of the sintered components. The 

samples with average domain sizes of 12 ± 10, 25 ± 10, and 37 ± 10 nm 

displayed figures of merit zT of 0.40, 0.17, and 0.14, respectively, 

around 673 K. The results presented here for various CTS surfaces, 

formation energies, and doping effects can be generalized to a broad 

family of Cu–Sn–S-based systems. Our synthesis method also provides 

an interesting route for many materials to synergistically tune their 

electrical and thermal properties. 
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4.1.5 Appendix 

 
SEM-EDX data on 60-min milled CTS powder. Data collected on 

different parts of SEM grid. 

  

 

Atomic 

%  C 

C 

(±1%)  C 

IO 

(±1%)  

O 

S 

(±1%)   

Cu 

(±1%)   

Cu 

SnS 

(±1%)  

n 

pt1 36.6 11.1 22.9 21.9 7.5 

pt2 8.1 8.9 24.7 45.6 12.8 

pt3 6.1 8.4 39.6 30.6 15.3 

pt4 10.1 19.1 35 2.5 33.3 

pt5 14.8 12.3 30.1 30.9 11.9 

 

Atomic 
%  C 

C 
(±1%)  

CC  C 

IO 
(±1%)  

O 

SS 
(±1%) 

Cu 
(±1%)  

Cu 

SnS 
(±1%)  

n 

pt1 No Data collected 

pt2 9.6 07.7 26.5 41.7 14.5 

pt3 17.4 09.4 09.8 57.2 06.2 

pt4 28.0 13.8 13.2 37.9 07.1 

pt5 58.7 26.3 06.6 05.6 02.8 

Figure 4.S1. SEM Micrographs and corrosponsding EDX data collected on 60-min 

milled powder from the different parts of SEM grid. Corrosponding atomic % and 

errors are listed in table below. 
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Rietveld refinement was performed on XRD data collected on samples 

B and C. 

 

  

Figure 4.S2. Rietveld refinement data for samples (i) B and (ii) C, respectively. 

 

EDX data for Figure 3 (i), 3(iii), and 3(iv), respectively. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

Atomic 
% Map Spectrum 1 Spectrum 2 Spectrum 3 

S 50,25 44,59 51,09 48,02 

Cu 22,72 1,69 31,99 1,62 

Sn 27,03 53,72 16,92 50,36 

Total 100 100 100 100,01 

 CTS SnS CTS SnS 

     

Ratio Map Spectrum 1 Spectrum 2 Spectrum 3 

S/Sn 1,86 0,83 3,02 0,953 

Cu/Sn 0,84  1,89  

Sn/Sn 1 1 1 1 

     

 Sn-rich SnS CTS SnS 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Atomic 
% 

Spetrum 
1 Ratio 

Spetrum 
1 

S 48,67 S/Sn 2,82 

Cu 34,05 Cu/Sn 1,97 

    

Sn 17,28 Sn/Sn 1 

Total 100   

 CTS  CTS 

(i) (ii) 
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Atomic % Spetrum 1 Spetrum 2 Spetrum  3 Spetrum   4 

 49,14 49,14 49,19 49,13 

Cu 33,71 33,71 33,68 33,6 

Sn 17,15 17,15 17,13 17,27 

Total 100 100 100 100 

 CTS CTS CTS CTS 

Ratio Spetrum 1 

 

Spetrum 2 Spetrum 3 Spetrum   4 

S/Sn 2,86 2,87 2,84 2,84 

Cu/Sn 1,96 1,96 1,94 1,94 

Sn/Sn 1 1 1 1 

     

 CTS CTS CTS CTS 

 

Table 4.S1. SEM-EDX data for Figure 4.3. 

 

Comparative SEM-EDX data on unpolished and polished Sample 

A and B. 

 

Atomi
c % 

Spectru
m 1 

Spectru
m 2 

S 51,33 49,9 

Cu 30,91 1,03 

Sn 17,76 49,07 

Total 100,01 100 

 CTS SnS 

 

 

Atomi

c % 

Spectru

m 1 

Spectru

m 3 

S 51,75 50,19 

Cu 31,19 32,32 

Sn 17,06 17,49 

Total 100 99,99 

 CTS CTS 
 

Figure S3. Morphological images and corresponding EDX data on unpolished 

Sample A. 
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Atomic 

% 

Spectrum 

1 

Spectrum 

2 

S 47,77 48,32 

Cu 35,03 34,13 

Sn 17,20 17,54 

Total 100 99.99 

 CTS CTS 

Figure S4. Morphological images and corresponding EDX data on unpolished Sample 

B. 

 

 

 

Atomi

c % 

Spectru

m 1 

Spectru

m 2 

Spectru
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Figure 4.S5. Morphological images and corresponding EDX data on polished 

Sample A.. 
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Figure 4.S6. Morphological images and corresponding EDX data on polished 

Sample B. 
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Temperature-dependent absolute Seeebeck coefficient and resistivity 

for various CTS samples with increasing average domain size. 

 

 
Figure 4.S7. Temperature dependent absolute Seebeck coefficient and resistivity data 

on many CTS samples with different average domain sizes. 

 

The Density of States (DOS) for Stoichiometric, Cu-vacant, Cu-rich, 

Sn-vacant, and Sn-rich CTS systems. 

 

 

Figure 4.S8. DOS for Stoichiometric, Cu-vacant, Cu-rich, Sn-vacant, and Sn-rich CTS 

systems. Here the Fermi energy is set to zero. In the Cu-vacant and Sn-vacant systems, 

the vacancy is acting as acceptor states, it shifts the Fermi level inside the valence band. 

Alike, the Cu-vacant and Sn-vacant systems in the Cu-rich system, the Fermi energy 

shifts in the VB, reason being introduction of unfilled d-orbitals of Cu atom, in the 

place of Sn. However, in the case of the Sn-rich cell, the Fermi energy shifts towards 

the conduction band. 
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5 Ag substitution at the Sn Lattice Site 

 

5.1 Synergistic optimization of thermoelectric 

properties of Cu2SnS3 via Ag substitution at Sn site 

 

5.1.1 Abstract 
 

In the present work, a two-step synthesis method (mechanical alloying 

+ spark plasma sintering, discussed in detail in Chapters 3 and 4) was 

combined with Ag substitution at Sn Site to improve the thermoelectric 

performance of CTS. Various Cu2Ag(x)Sn(1-x)S3 (0.05 ≤  x ≤ 0.25) 

samples were synthesized, and their thermoelectric properties were 

systematically investigated using experimental and first principles 

methods. Rietveld refinement of XRD data and SEM-EDX chemical 

maps confirmed successful Ag substitution in the Sn lattice site for x ≤ 

0.15 samples. The x = 0.15 sample presented ~10 and ~3 fold higher 

power factor than undoped CTS (Disordered CTS sample discussed in 

Chapter 2) and the smallest domain size CTS sample (Sample A 

discussed in Chapter 4), respectively. Although the x=0.125 sample 

presented a lower power factor than the x = 0.15, due to its lower 

thermal conductivity, both x = 0.125 and 0.15, samples showed the 

highest zT ~ 0.5 at 723 K, which is comparable to the results present in 

the literature for earth-abundant and eco-friendly thermoelectric 

materials. 

The enhancement in zT is directly linked to the bandgap reduction, 

which was investigated by experimental and ab-initio methods. 

Moreover, the formation energy calculations showed the reason behind 

the structural transformation in CTS and similar diamond-like 

structures towards high symmetry polymorphs via external doping.   

 

5.1.2 Introduction 

 
Heat is a low-grade energy source and a common by-product in almost 

all power generation and transmission processes. Thermoelectric (TE) 

devices are solid-state, scalable, and noise-free, and they can convert 

waste heat into electrical energy. TE devices consist of several pairs of 
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p- and n-type semiconducting legs connected electrically in series and 

thermally in parallel. Heat to electrical energy conversion of such a 

device is assessed by Carnot efficiency ().7 (Equations taken from 

Chapter 1.) 

 

=(
𝑇ℎ𝑜𝑡−𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡
) [

√(1−𝑧𝑇𝑎𝑣𝑔) −1

√(1+𝑧𝑇𝑎𝑣𝑔)+(
𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

)
]             1.1 

𝑧𝑇=(
𝑆2

𝜌𝜅
) 𝑇                                                    1.2 

 

Where Thot, Tcold, and zTavg are hot-side temperature, cold-side 

temperature, and average TE figure of merit, respectively. TE figure of 

merit of a material is defined in equation 1.2, where S, ρ, κ, and T are 

Seebeck coefficient, electrical resistivity, thermal conductivity, and 

absolute temperature, respectively. Thus, p- and n-type materials 

presenting a high figure of merit are essential to produce high-

performing TE devices. However, various physical properties 

determining zT of materials show strong interdependency, limiting its 

enhancement. Many strategies to enhance the zT of material are 

discussed in the literature, such as nanostructuring39, alloying42, band 

engineering,46 energy-filtering11, etc.  

 

Cu2SnS3 is a non-toxic, eco-friendly, and low-cost thermoelectric 

material. Although the first lab synthesized and naturally discovered 

CTS had a triclinic (P1) structure,25 authors have diffusely reported 

monoclinic (Cc) CTS synthesized by high temperate solid-state 

reactions from a thermoelectric perspective. Frequently, a blend of 

cubic (F-43m) and tetragonal (I-42m) CTS polymorphs can be observed 

with monoclinic CTS. The monoclinic CTS polymorph shows low zT ~ 

0.05 above 700 K due to its low carrier concentration and high thermal 

conductivity. However, external cation doping at the Sn site transforms 

the monoclinic polymorph into cubic (F-43m). It is worth mentioning 

that partially (SG: I42̅m) or fully (SG: F-43m)  disordered CTS 

polymorphs can also be obtained by synthesis methods, e.g. colloidal 

method 112 and high-energy reactive ball milling42. Polymorphism in 

these materials offers multiple possibilities of structural manipulation 

and band engineering to boost the TE performance. Moreover, Cu-Sn-

S-based systems have low formation energy; therefore, they are suitable 
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for large-scale and low-cost production. These systems are safe to use 

in the medium temperature range due to the high melting temperature 

(~1000 K). 

 

Generally, crystalline materials arrange their atoms regularly and 

periodically in three dimensions or over a long range. However, various 

crystalline materials present complex crystallographic structures, where 

long-range order is absent, also known as disordered materials. The 

disordered materials are mainly characterized by structural disorder 

induced by partial occupancy of cations in the unit cell and/or local 

deviation from the periodic arrangement. These materials can be 

utilized to achieve so-called Phonon-Glass-Electron-Crystal (PGEC) 

characteristics. Disordered polymorphs of Cu2SnS3
71, Cu2SnSe3

27, 

CuFeS2
28, Cu5Sn2S7

29, Cu7Sn3S10
30, Cu2ZnSnS4

144
, and numerous other 

materials show remarkably suppressed thermal conductivity than their 

ordered polymorphs. It has been verified by experimental and ab-initio 

methods that the above discussed cubic materials also present higher 

Grüneisen parameters, which is a measure of anharmonicity, in 

comparison with their ordered polymorphs. Lattice distortions, 

irregular bond length, and soft bonds cause higher anharmonicity, 

originating from structural disorder. Moreover, the low 

electronegativity difference and high covalent character of its bonds and 

band tailing32 enhance the electronic transport properties.  

 

Ag is the most conductive metal. However, in a thermoelectric 

perspective, Ag-doping has been used to enhance (SnSe145, 

Cu2SnZnS4
146, Cu2SnSe3

27, etc.) and reduce (Cu2Se147, Cu2Te147, 

SnTe148, etc.) the carrier concentration,  depending on whether the 

materials have high or low carrier density. In 1970, Ag-containing 

Cu2Se based materials were considered a potential candidate for 

radioisotope TEG.149 At RT, Ag-doped Cu2Se shows multiple phases. 

However, it transforms its crystallographic structure into the cubic 

phase when sintered above 410 K.149  

 

Sharma et al.146 have studied TE properties of Ag nanoparticles blended 

in Cu2ZnSnS4 (CZTS) microsphere via microwave method followed by 

hot pressing. They observed that Ag nanoparticles were mainly a 

secondary phase in the materials, acting as a bridge between CZTS 

grain for electrical transport and scattering center for phonons. Overall, 
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Ag mixed CZTS present a maximum zT = 0.14 at 623 K. Cheng et al. 
150 investigated Ag substitution at Cu site in a similar Cu2SnSe3 system, 

which resulted in a zT ~ 1 at 800 K. They extended the study by 

simultaneous In-doping at Sn site and introduction of Ag2S, forming a 

Cu1.85Ag0.15Sn0.91In0.09Se3 / 4% Ag2S composite. The combined effect of 

band structure engineering (via doping) and microstructural 

engineering (via Ag2S) enhanced its zT to 1.58 at 800K, which is two-

fold higher than Cu2SnSe3. Moreover, Mehmood et al.151 reported a 2.5 

times increase in the zT of Cu2ZnSnSe4 by Ag alloying.  

 

The present work combines a two-step high-density thermoelectric 

sample preparation method (high-energy reactive ball-milling followed 

by Spark Plasma Sintering (SPS))152 with Ag substitution at Sn site in 

CTS. Various Cu2Ag(x)Sn(1-x)S3 (0.05 ≤ x ≤ 0.25) samples were prepared, 

and their thermoelectric properties were systematically investigated. It 

is well known that the holes in CTS and similar systems (Cu2SnZnS4, 

Cu2SnZnSe4, Cu2SnSe3, etc.) are generated by unfilled Cu 3d orbital. 

The maximum contribution to the DOS comes from Cu 3d orbital, 

followed by S 3p orbital, and the contribution of Sn 5s orbital is 

minimal. The Sn atoms contribute minimally to electronic transport. 

Thus, an effort has been presented to improve the thermoelectric 

properties of CTS using Ag substitution at the Sn site.  

 

 

5.1.3 Experimental methods 

 
Cu2Ag(x)Sn(1-x)S3 (x=0.05, 0.10, 0.15, 0.20, and 0.25), powder samples 

were synthesized from elemental powders using high energy ball 

milling (Fritsch P4). Elemental powder of Cu, Ag, Sn, and S were fed 

in WC vials in stoichiometric ratio and milled for three hours, 

producing ~6 g powder sample (Rotation and spinning speed of 1080 

rpm and 300 rpm, respectively).   

 

The as-milled powder was sintered at 400oC for 10-15 min under 50 

MPa pressure using SPS equipped with WC die. A boron nitrate layer 

was applied to the as-milled power to avoid current passing through the 

sample and contamination from the die. 
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Structural, microstructural, and chemical information on the samples 

were collected by combining results from X-ray Diffraction (XRD), 

Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray 

spectroscopy (SEM-EDX) analysis. The XRD patterns were collected 

in Bragg–Brentano geometry using a Bruker D8 (Bruker, Billerica, 

MA, USA) diffractometer equipped with a Co Kα (λ = 1.7889 Å) 

source. SEM-EDX measurements were performed using a Jeol IT300 

(Jeol, Ltd., Japan) scanning electron microscope. Rietveld refinement 
55,153was performed on XRD data using WPPM modeling56 as 

implemented in TOPAS 657 software.  

 

Thermoelectric properties were investigated by temperature-dependent 

(323-723 K) resistivity, Seebeck coefficient, and thermal diffusivity 

measurements. Linseis Messgeraete GmbH's LSR-3 was used for 

Seebeck coefficient and resistivity measurements, whereas LFA-500 

was used to measure the thermal diffusivity. 

 

The optical absorption spectra on various CTS samples were collected 

using a UV-VIS-NIR spectrophotometer equipped with a 150 mm 

integrating sphere (PerkinElmer spectrophotometer, LAMBDA 750). 

The measurement was performed on a ~0.10 g ground sample dispersed 

in ~40 ml ethanol and sonicated for four hours.  

 

5.1.4 Computational methods 
 

The first principles calculations were performed using DFT code 

Vienna ab initio simulation package.85 The generalized gradient 

approximation with Perdew−Burke−Ernzerhof87 electron exchange-

correlation was used for the Self-Consistent Field (SCF) calculations. 

The interaction between electrons-ions was described using the 

Projector-Augmented-Wave (PAW) method.  

 

The calculations were performed on a 72-atom (24-Cu, 12-Sn, and 36-

S) CTS supercell. Additionally, two more supercells were modeled. At 

first, a single Sn atom was replaced by Ag; in second, Ag atoms 

replaced 2 Sn atoms. These supercells are represented as CTS, CTS1, 

and CTS2, respectively. 
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The charge density and wavefunction obtained with the SCF 

calculations were then used to perform the Density of States (DOS) 

calculations with Heyd-Scuseria-Ernzerhof (HSE06)154 potential. The 

cut-off energy for the plane-wave-basis set to 400 eV. The electronic 

convergence was set to 10−6 eV for DOS calculations. Brillion zone 

sampling was performed on a k-mesh grid of 4 × 4 × 4 centered at the 

gamma point. Furthermore, the formation energy calculations were 

performed on the above-discussed supercells.  

 

5.1.5 Results and discussions 

 

XRD data was collected in Bragg-Brentano (θ/2θ) geometry on all the 

Cu2Ag(x)Sn(1-x)S3 (x=0.05, 0.10, 0.15, 0.20, and 0.25) samples (Shown 

in Figure 5.1). Samples with different weight percentages of Ag showed 

cubic Sphalerite-like phase, characterized by (111), (200), (220), and 

(311) Bragg peaks at 2θ ~ 33.5o, 38.7o,55.8o, and 66.9o, respectively. 

We do not observe additional Bragg peaks for Ag in XRD patterns, 

implying Ag substitution with different weight fractions was 

successful, and Cu2Ag(x)Sn(1-x)S3 samples belong to the disordered cubic 

phase (lattice parameter shown Figure 5.2 (b)). Moreover, with the 

increased amount of Ag substitution, Bragg peaks show a shift towards 

higher 2θ or decreased interplanar spacing (See insert Figure 5.1). 

 
Figure 5.1. XRD data on Cu2Ag(x)Sn(1-x)S3 samples insets show the highest intensity Bragg 

peak shift with increased Ag substitution. 
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The information on structure, lattice parameters, strain, and domain size 

were extracted using Rietveld refinement (shown in figure 5.2 (a)). The 

lattice parameters have shown a decrease up to Cu2Ag(x)Sn(1-x)S3 

(x=0.20), and then saturation, possibly reaching the solubility limit of 

Ag substitution in the CTS system. Due to the smaller atomic radii of 

Ag as compared to Sn, the shrinking of lattice parameters with 

increased Ag substituted can be observed (shown in Figure 5.2 (b)). The 

average domain size of the samples is ~50 nm. And no significant 

microstrain was observed for the samples.  

 

    
Figure 5.2 (a). Rietveld refinement performed on x=0.15 sample, (b) change in lattice 

parameters with increased Ag substitution. (Rietveld refinement data on all CATS 

samples are shown in Figure S2). 

 

SEM Micrographs and SEM-EDX analysis on samples surfaces showed 

dense microstructure with almost no porosity. The grains of the samples 

are much smaller than the magnification of the microscope (shown in 

Figure 5.S1). Chemical maps were collected, Cu, Sn, and S showed a 

homogeneous chemical distribution for all the samples. However, 
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samples with x ≥ 0.20 showed a non-homogeneous chemical 

distribution of Ag (Shown in Figure 5.3.). The chemical maps on 

various CTS samples also confirm the Rietveld refinement results, x < 

0.20, Ag substitution was successful in the lattice. However, for x = 

0.20 and 0.25, lattice parameters do not decrease. Chemical maps also 

show the non-homogeneous distribution of Ag is in the materials, 

implying some Ag has substituted Sn in lattice and rest in the bulk 

material. A similar observation was made by Sharma et al.,146 for 

Cu2SnZnS4 on adding Ag nanoparticles.   

 

 
Figure 5. 3. Chemical maps collected using SEM-EDX on Cu2Ag(x)Sn(1-x)S3 samples. 

Showing a homogeneous and non-homogeneous Ag substitution on (a) x≤ 0.15 and (b) 

x≥0.20 sample, respectively. (Elemental maps on all elements are shown in Figure 

5.S3.) 

Temperature-dependent thermoelectric measurement of Cu2Ag(x)Sn(1-

x)S3 (0.05≤ x ≤ 0.25) samples are shown in Figure 5.4. All the CTS 

samples show p-type, degenerate semiconductor-like behavior, 

confirmed by the positive value of the Seebeck coefficient and 

increasing resistivity in temperature. With the increased Ag 

substitution, CTS has shown decreasing absolute Seebeck coefficient 

due to increased carrier concentration. For x = 0.05 - 0.15, samples 
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resistivity has also decreased with increasing Ag substitutions. 

However, x = 0.20 and 0.25 samples show anomalous values, likely 

caused by the interplay between carrier concentration and mobility, as 

these samples have some Ag present in the lattice and rest in bulk.  

The unreacted Ag grains in bulk would introduce free electrons in the 

system. However, we do not observe any sharp decrease in S and 

simultaneous increase in ρ at elevated temperatures, an effect of bipolar 

conduction. In such cases, the thermopower (S) is a weighted average 

of Seebeck coefficients associated with both types of carriers. Opposite 

signs of both charge carriers diminish the thermopower of the material. 

However, the x = 0.25 and 0.20 samples show S ~ 20 - 40 µV/K  and S 

~ 30 - 60 µV/K  in the temperature range 300-723 K, which is one order 

of magnitude lower than undoped CTS155 prepared using various 

synthesis and sintering techniques. It is worth mentioning here that with 

a small amount of external doping, x = 0.05, the S  was 100-200 µV/K 

in the same temperature span, which is comparable to the literature.37 

  

Figure 5.4. Temperature-dependent Absolute Seebeck Coefficient (S), resistivity (ρ) 

measurements on Cu2Ag(x)Sn(1-x)S3 (0.05≤ x ≤ 0.25) samples. 

 

The temperature dependence of electrical resistivity of Cu2Ag(x)Sn(1-x)S3 

(0.05≤ x ≤ 0.25) samples is shown in Figure 5.3 (b). Even with the 

lowest Ag (x=0.05) substitution, CTS samples showed a non-

degenerate or metal-like nature of resistivity. 

The electronic DOS was calculated to validate the experimentally 

observed results, see Figure 5.5. The experimental results showed that 

the increased Ag content in the prepared samples leads to a decrease in 
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the S value, and ρ. This can be explained by considering that Cu, Sn, 

and S's oxidation state in CTS is +1, +4, and -2, respectively. Therefore, 

the non-isoelectronic replacement of Sn by Ag atom would give rise to 

additional holes in the system, enhancing the valence band edge. 

 

 
Figure 5.5. Calculated DOS on monoclinic CTS, and 1 Ag atom and 2 Ag atom 

substituted CTS systems, shown as CTS, CTS-1, and CTS-2, respectively. Here, the 

dotted line represents the Fermi level, set at zero. The Atomic projected DOS for all 

calculated structures are shown in Appendix Figure 5.S5. 

 

The DOS of CTS and Ag substituted CTS systems is higher at the 

valence side than the conduction, confirming the p-type nature of all 

calculated supercells. The Valence Band (VB) edge shifted toward 

higher energy with the increased Ag-content. The Fermi level lies deep 

inside the VB for Ag substituted systems, with a shift of the Fermi level 

inside the valence band increasing with the substitution. Thus, the 

increased substitution of Ag in the lattice would enable a more 

degenerate semiconductor-like nature in CTS and other similar 

systems, such as Cu2SnZnS4
146, CuFeS2

156, Cu2SnSe3
157, etc.  

The optical absorption spectrums were collected on Cu2Ag(x)Sn(1-x)S3 

(x=0.05, 0.10, 0.15, 0.20, and 0.25) samples. These measurements were 

performed on a ~0.10 g ground sample, dispersed in ~40 ml ethanol 

(Shown in Appendix 5.S4). Figure 5.6 shows the estimated bandgap 

(Eg) by linear extrapolation in the Tauc plot, using the equation αhν = 

A(hν − Eg)
1/2, where α, h, ν, A, and Eg are absorption coefficient, Planck 

constant, frequency, transmission constant, and bandgap, respectively. 

These measurements are qualitatively in agreement with the calculated 

DOS, and increased Ag substitutions have reduced the bandgap. 
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Figure 5.6. Bandgap measurements perfomed on various Cu2Ag(x)Sn(1-x)S3 (0.05≤ x 

≤ 0.25) samples. 

 

Undoped ordered and disordered CTS band gap values from the 

literature are ∼0.99 and ∼0.95 eV, respectively.71 However, the x = 

0.05 sample showed a lower bandgap of ~0.85 eV, which further 

decreased with increased Ag substitution (shown in Figure 5.6).  

An essential aspect of external doping in the CTS system is the 

structural transformation from a monoclinic to a disordered cubic 

phase, which means a tendency toward higher symmetry. To understand 

this, additional DFT calculations were performed to calculate the 

formation energy of the 2 doped systems with respect to the monoclinic 

system. Table 5.1 reports the formation energy calculated for the three 

systems. 

Table 5.1. The formation energy of CTS and AG-dopped CTS systems. 

 

System Configuration The energy of 

the system 

 (eV) 

Formation 

energy  

(eV) 

CTS Cu-24, Sn 12, S-36 -308.037 -24.117 

CTS 1 Cu-24, Ag-1, Sn, 11, S-36 -305.925 -23.135 

CTS 2 Cu-24, Ag-2, Sn, 10, S-36 -303.680 -22.020 

 

Formation energy calculations confirm that the monoclinic CTS 

structure is the most stable, with the lowest formation energy. The 
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introduction of Ag at the Sn site increases the formation energy, 

making the Ag-doped systems less stable in monoclinic form. 

Therefore, external doping drives the system toward higher 

symmetry structures, or in some cases, disordered polymorphs in 

CTS and various similar diamond-like materials.13,34,36,41,71,158 

 

 

Figure 5.7. Temperature-dependent power factor (PF) calculated as PF=S2/ρ for 

Cu2Ag(x)Sn(1-x)S3 (0.05≤ x ≤ 0.25) samples. 

 

The power factor (PF ~ 8.5 µw/K2cm) for the x = 0.15 sample is highest, 

comparable to the literature for a similar system. It is worth mentioning 

that the PF for the x = 0.15 sample is ~10 and ~3 fold higher than, 

respectively, undoped monoclinic CTS and disordered CTS with the 

smallest domain size, i.e., 12nm, discussed in Chapter 4. Similar 

Cu3SnS4,
140 Cu5Sn2S7, and Cu7Sn3S10

30 systems also show similar PF. 

The highest PF of x = 0.15 sample is followed by x = 0.125 and x = 

0.20, with PF values ~7.5 and 7.3 µw/K2cm, respectively. The x = 0.10 

sample showed intermediate PF ~ 3.0 at 723K. However, x = 0.25, and 

0.05 samples presented the lowest PF ~ 1.75 µw/K2cm at the same 

temperature. 

The highest PF of x = 0.15 sample is supported by its moderate Seebeck 

coefficient and extremely low electrical resistivity, which is highest 

among all Cu2Ag(x)Sn(1-x)S3 (x = 0.05, 0.10, 0.15, 0.20, and 0.25) 

samples. Although the x = 0.25 sample also has lower electrical 
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resistivity, the extremely suppressed Seebeck coefficient diminishes the 

power factor, making it the same as the lowest doped x = 0.05 sample.  

  
Figure 5.8. Thermal conductivity and figure of merit for Cu2Ag(x)Sn(1-x)S3 (0.05 ≤ x ≤ 0.25). 

 

Ag substitution has significantly reduced the electrical resistivity of 

CTS, resulting in a higher PF. However, increased charge carrier 

density also increases the thermal conductivity of the samples. The 

thermal conductivity of Cu2Ag(x)Sn(1-x)S3 (x = 0.05, 0.10, 0.15, 0.20, and 

0.25) samples grows with increasing Ag substitution (Figure 5.8). The 

decreasing trend of κ with temperature shows increased phonon-phonon 

or Umklapp scattering. 

The x = 0.05 sample showed the lowest κ ~ 0.6 W/m-K and the x = 0.10 

and 0.125 samples showed a similar κ ~ 1.0 at 723K. The sample with 

the highest PF (x = 0.15) showed a further increase in κ ~1.3 W/m-K at 

the same temperature. However, the x = 0.25 sample showed the highest 

κ ~7-4 W/m-K in temperature span 300-723 K, which is ~10 fold higher 

than the x = 0.05 sample. As observed from SEM-EDX and chemical 

maps, x = 0.25 samples showed the presence of Ag grains in bulk, which 

introduces free electrons in the system. In such a case, where both types 

of charge carriers are present in the materials, additional bipolar terms 

significantly increase the material's thermal conductivity.  

Overall, x = 0.15 and 0.125 samples show the highest zT ~ 0.5 at 723 

K. Although, x = 0.125 has a slightly lower PF ~ 7.5 µw/K2cm than x 

= 0.15 (PF ~ 8.5 µw/K2cm) sample, the lower thermal conductivity of 

x = 0.125 samples increases its zT. The highest zT, of x = 0.15 and x = 
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0.125 samples was followed by second highest zT ~ 0.3 for the x = 0.05 

sample. Other samples, x = 0.20 and x = 0.10 showed zT ~ 0.25 and zT 

~ 0.10. However, sample containing highest amount of Ag (x = 0.25) 

present lowest zT ~ 0.05, due to its extremely high thermal conductivity 

and low Seebeck Coefficient. 

5.1.7 Conclusions 

 

Herein, various Ag substituted disordered Cu2Ag(x)Sn(1-x)S3 (0.05 

≤ x ≤ 0.25) polymorph samples were stabilized by a two-step 

synthesis method, and experimental and computational methods 

were employed to study their thermoelectric properties. Rietveld 

refinement of XRD patterns and SEM-EDX chemical maps 

confirmed successful Ag substitution at Sn site up to x ≤ 0.15. For 

samples x ≥ 0.20, some Ag substituted Sn in the lattice; the rest 

was diffusely distributed in bulk. The Cu2Ag(x)Sn(1-x)S3, x = 0.15 

sample presented ~10-fold higher PF (~ 8.5 µw/K2cm) than that 

reported for monoclinic CTS. However, due to the interplay 

between κ and PF, x = 0.125 and x = 0.15 showed the highest zT 

~ 0.5, at 723 K. First principle DFT simulations revealed 

suppression of bandgap with increased Ag substitution at Sn site. 

The optical absorption spectra measurements on various 

Cu2Ag(x)Sn(1-x)S3 confirm the DFT results. The formation energy 

of CTS increased with Ag substitution, making it less stable in 

monoclinic form than the undoped system, leading to the 

structural transformation toward high symmetry cubic and 

disordered polymorph. The two-step sample preparation method 

combined with doping is relatively cheap, as it does not require 

thermal treatment at very high temperatures. The results present 

in this work should also hold for other diamond-like materials, 

such as Cu3SnS4, Cu2SnSe3, Cu2SnZnS4, Cu2SnZnSe4, Cu5Sn2S7, 

CuFeS2, etc. 
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5.1.8 Appendix  

 

  
Figure 5.S1. Morphological image on Cu2Ag(x)Sn(1-x)S3 samples in different 

magnification, showing dense microstructure with almost no porosity. Moreover, the 

grains of the samples are much smaller than the microscope’s magnification. 
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Figure 5.S2. Rietveld refinement data on Cu2Ag(x)Sn(1-x)S3 (x= 0.05, 0.10, 0.15, 0.20, 

and 0.25) samples. 

 

 

    

    

    

    

    
Figure 5. S3. Chemical maps collected on  Cu2Ag(x)Sn(1-x)S3 samples (x= 0.05, 0.10, 

0.15, 0.20, and 0.25), respectively. Chemical maps for Cu (Green), Sn (Blue), and S 

(Yellow) are homogeneous for all the samples. However, x≤0.20 samples show a 

non-homogeneous Ag (Red) distribution.  
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Figure 5.S4.  optical absorption spectra collected on Cu2Ag(x)Sn(1-x)S3 (x= 0.05, 0.10, 0.15, 

0.20, and 0.25) samples. 

 

 

 

 

 
Figure 5.S5.  Atomic projected Density of States (DOS) plot for monoclinic CTS, and 1 

Ag atom and 2 Ag atom substituted CTS systems, shown as CTS, CTS-1, and CTS-2, 

respectively. Here, the Fermi level is set at zero.  
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6 Chalcogenide Based Thermoelectric 

Generators 

 

6.1 Facile and low-cost fabrication of Cu/Zn/Sn-based 

ternary and quaternary chalcogenides thermoelectric 

generators 
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6.1.1 Abstract 
 

In this work, Cu/Zn/Sn-based ternary and quaternary chalcogenides 

inks were synthesized via hot-injection and/or from ball-milled 

powders. The synthesized inks were used to fabricate thermoelectric 

generators (TEGs) based on p-type chalcogenide and n-type 

aluminium-doped zinc oxide (AZO) thin films via spin-coating and 

magnetron sputtering, respectively. This work highlights the first ever 

attempt in a facile and scalable method to fabricate thin film TEGs 

using safe, low-cost, and abundant materials. Four different TEGs were 

fabricated using Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), 

Cu2.125Zn0.875SnS3Se (CZTSSe), and Cu2SnS3 (CTS) chalcogenides. 

Thermoelectric transport analysis confirmed the respective p- and n-

type natures of the chalcogenides and AZO, with their Seebeck 

coefficients compatible to be coupled in a p-n device. Besides that, a 

full-device analysis has been carried out, and several factors affecting 

the performance of TEGs were investigated, including the composition, 

density, and presence of secondary phases in chalcogenide thin films. 

The maximum power per unit active planar area obtained for CZTS, 

CZTSe, CZTSSe, and CTS TEGs at temperature difference (ΔT) 160 K 

were ~188 nW/cm2, ~59 nW/cm2, ~43 nW/cm2, and ~23 nW/cm2, 

respectively, making CZTSe/AZO TEG the champion device. 

 

6.1.2 Introduction 

 
A thermoelectric generator (TEG) is a solid-state device that converts 

thermal energy into electrical energy, and vice versa, through the 

Seebeck effect.160 TEGs possess attractive features for renewable 

energy applications, as they are characterized by no moving parts, no 

emissions of toxic gases, a long life span, low maintenance needs, and 

high reliability.161 A TEG basic unit consists of a pair of 

thermoelements (p- and n-type semiconducting materials) connected 

electrically in series by a conducting strip and thermally in parallel. 

These units are used as building blocks for the construction of a TEG 

module.  
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Thermoelectricity nowadays has been studied and applied in a wider 

range of applications including medical applications,162 coolers,163 and 

temperature sensors.9 Even though the development of TEG 

technologies has vastly improved in recent decades, a wide 

commercialization is still limited, mainly due to the complexity of 

integration, low efficiencies, and high cost of fabricating high-

performance TEGs, which are usually made of alloys of expensive and 

rare-earth materials such as tellurium (Te) and bismuth (Bi).8 Thus, any 

efforts in fabricating a low-cost TEGs with decent performance may 

push the development of this technology towards commercialization. 

Thickness reduction is an option to fabricate low-cost TEGs with 

improved performance. Indeed, a thin film configuration favours a 

number of mechanisms that can enhance thermoelectric transport 

properties such as low-dimensional quantum confinement and 

reduction of lattice thermal conductivity through the well-known effect 

of interface scattering between the thin film and substrate or between 

multilayers.164,165 This approach gave a new paradigm for TE materials 

to untangle the interrelated electrical and thermal properties.166–168 Due 

to the reduction in thickness, TE materials offer additional opportunities 

in micro-devices such as micro-TEGs, microcoolers,169,170 and micro-

sensors17. 

 

Materials for TEG application can be divided into three classes based 

on their optimum working temperature ranges; low temperature (up to 

450 K), middle temperature (up to 850 K) and high temperature (>850 

K)18. Several materials have been explored to fabricate these devices, 

including semiconductors,164,171  fibres,172and conducting polymers.173 

In recent years, chalcogenide semiconductors such as lead telluride 

(PbTe)22 and bismuth telluride (Bi2Te3)174 have been investigated for 

TE applications, owing to their high-power factors (PFs) due to the 

weaker covalent bonds on account of low electronegativity, along with 

the heavy atomic weights, which are beneficial in reducing thermal 

conductivity24. Unfortunately, due to their composition of mostly toxic 

and scarce elements, the attention diverted towards more sustainable 

and abundant chalcogenides, such as tin selenide (SnSe),97 copper zinc 

tin sulphide (Cu2ZnSnS4, CZTS),59,92,175 and copper tin sulphide 

(Cu2SnS3, CTS)106. 
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Among the aforementioned chalcogenides, bulk Cu2ZnSnS4 (CZTS) is 

considered as a good candidate for sustainable and “green” medium to 

high temperature TE material owing to its abundance and non-toxicity 

of the constituent elements,58 along with good physical, thermal, and 

chemical properties.42 In general, quaternary chalcogenides like CZTS 

possess chemical and structural degrees of freedom which offer 

flexibility in their physical properties.176 In addition, by fully or partly 

replacing sulphur (S) with selenium (Se), CZTSe or CZTSSe can be 

produced. This replacement enables bandgap tuning,177 which makes it 

a versatile semiconducting material to be used in various applications. 

Despite the vast knowledge acquired in the past two decades on CZTS 

fabrication and properties,178 little has been explored regarding 

thermoelectricity in CZTS thin films. Several studies have been done in 

improving the thermoelectric properties of CZTS. Cation doping such 

as copper (Cu) doping179 is proven as one of the efficacious strategies 

to enhance electrical and reduce thermal conductivities, which could be 

of benefit in improving the thermoelectric properties of CZTS. 

 

CTS is another well-known, eco-friendly, non-toxic, and cost-effective 

p-type semiconducting material.  CTS polymorphs are a variant of the 

zinc blende (ZnS) structure, made of tetrahedral cages of S-atoms with 

a Zn-atom positioned in the middle of the cage. In the ordered 

polymorph of CTS (Space Group: Cc), Zn is stoichiometrically 

replaced by Cu and Sn, in an ordered manner. Whereas in the disordered 

polymorph of CTS (Space Group: F-43m), the disorder takes the form 

of compositional inhomogeneities caused by entropy-driven 

clustering.81 Disordered CTS shows a higher electrical conductivity, 

thanks to its lower bandgap. More importantly, the disorder induced by 

the partial occupancy of cations helps in the suppression of the thermal 

conductivity to an ultra-low level, presenting a ~10-fold higher zT, than 

its ordered counterpart.71 

 

This study reports the synthesis of Cu/Zn/Sn-based ternary and 

quaternary chalcogenide inks including Cu2ZnSnS4 (CZTS), 

Cu2ZnSnSe4 (CZTSe), Cu2.125Zn0.875SnS3Se (CZTSSe), and Cu2SnS3 

(CTS), using hot-injection synthesis or from ball-milled powders. The 

synthesised inks were then used to fabricate thin films which were then 

coupled with aluminium-doped zinc oxide (AZO) thin films for the 

fabrication of TEGs. Currently available methods for the fabrication of 
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thin film TEGs such as pulsed laser deposition,180 molecular beam 

epitaxy43, and magnetron sputtering181 involve the use of specialised 

equipment or time-consuming processes.182 This study demonstrates the 

potential of using a facile, low-cost, and scalable method to fabricate 

thin film TEGs that are suitable for various applications. 

 

Attempts of thin film TEGs have mainly involved conventional 

thermoelectric materials such as PbTe183 and Bi2Te3
184 in the past years. 

Besides that, several attempts using a more sustainable materials have 

also been reported for oxides and binary chalcogenides, such as SnSe47 

and aluminium oxide (Al2O3).185 However, the class for ternary and 

quaternary Cu chalcogenides remains unexplored. To our best 

knowledge, this is a novel attempt at fabricating thin film TEGs using 

p-type Cu/Zn/Sn-based chalcogenides. In addition, performance 

analyses of the fabricated TEGs were discussed, along with suggestions 

for further improvement and optimization. 

 

6.1.3 Synthesis of Cu/Zn/Sn-based chalcogenides inks 

 

Synthesis of CZTS nanoparticles via hot-injection synthesis was 

performed according to the method from some of the authors’ previous 

work49. Meanwhile, CZTSe and CZTSSe ball-milled powders were 

synthesised via reactive mechanical alloying with a procedure similar 

to previous reports,106 with the addition or substitution of Se using Se 

powder (Se, 99%, Alfa Aesar). CTS ball-milled powders were 

synthesised via reactive mechanical alloying of binary sulphides as 

previously reported.155 The synthesised ball-milled powders were then 

used to obtain the respective chalcogenide inks. Details of the synthesis 

are provided in Appendix 6.1.11. 

 

A particle analyser (Delsa™Nano C, Beckman Coulter, Indianapolis, 

USA) was used to measure the hydrodynamic size of ink particles. 

Details for DLS measurement is provided in the Appendix. DLS 

analysis in Table 6.1 revealed that the synthesised ink particles had 

average diameters of ~0.02 μm, ~0.37 μm, ~1.51 μm, and ~3.67 μm for 

CZTS, CZTSe, CZTSSe, and CTS, respectively. Ideally, an ink should 

have nanometric size particles for a stable dispersion. Unlike the hot-

injection CZTS, OLA encapsulated the agglomerated nano-domains of 
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the ball-milled chalcogenides,125 making the ink dispersions consist of 

polycrystalline agglomerates that are micrometric in size. 

 

Table 6.1: DLS analysis of synthesized chalcogenides inks 

 

Inks Particle preparation Average particle diameter (μm) 

CZTS Hot injection (HI) 0.020±0.003 

CZTSe Ball-milling (BM) 0.37±0.01 

CZTSSe Ball-milling (BM) 1.5±0.4 

CTS Ball-milling (BM) 3.7±0.4 

 

Due to the micrometric size of particles in ball-milled (BM) 

chalcogenides inks, several challenges were posed during thin film 

fabrication. Bigger size translates to heavier mass, which consequently 

increases the sedimentation rate of the agglomerates to the bottom of 

the ink, reducing the ink’s stability. As a workaround, the inks were 

sonicated for several minutes right before deposition. Besides that, the 

control of a film’s thickness theoretically depends on the size of the 

polycrystalline agglomerates. Nevertheless, the synthesis of a more 

stable ink with smaller polycrystalline agglomerates is subject of 

ongoing work. 

 

6.1.4 Fabrication of chalcogenides/AZO thin film TEGs 

 

Thin film chalcogenides were deposited on soda-lime glass (SLG) 

substrates using a vacuum spin-coater (Laurell WS 650), followed by 

thermal treatment in a tube furnace (Carbolite™ CTF wire-wound) with 

a continuous flow of N2.61 Details of the fabrication is provided in the 

Appendix 6.. For the fabrication of chalcogenide/AZO thin film TEG 

(schematic shown in Figure 6.1 (a), the device was designed to consist 

of two p-type chalcogenide legs (p-legs) and two n-type AZO legs (n-

legs) arranged in alternate, connected using silver (Ag) metal contact in 

a zig-zag pattern. Basically, the thermoelectric components are 

connected electrically in series and thermally in parallel. Kapton®-tape 

was used as the deposition mask on the SLG glass substrate and the p-

legs were deposited by spin-coating, as previously mentioned, while the 

n-legs (n-legs) were deposited using magnetron sputtering. Finally, Ag 

metal contacts were deposited via thermal evaporation. Figure 6.1 (b) 

shows a fully fabricated thin film chalcogenide/AZO thin film TEG. 
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Additional details regarding AZO and Ag deposition are provided in 

the Appendix 6.1.11. 

 

 

Figure 6. 1. (a) Schematic design of a chalcogenide/AZO thin film TEG (not drawn to 

scale), (b) Fabricated thin film chalcogenide/AZO thin film TEG. 

 

6.1.5 Chalcogenide/AZO thin film TEGs performance analysis 

 

The TEGs’ internal resistances including each leg’s resistance were 

measured using a handheld digital multimeter with a 200 mA/250 V 

fuse rating. Open-circuit voltage (VOC) vs ΔT measurements were 

performed to evaluate the highest voltage that can be generated at varied 

temperature differences between the hot side (Th) and the cold side (Tc) 

of the TEG. Figure 6.2 (a) shows the setup used to conduct the VOC vs 

ΔT measurements, where voltage measurements were taken from 

Keithley 2601A multimeter while Th and Tc were captured by Fluke 

Ti25 Thermal Imager (Fluke Italia S.r.l., Brugherio, Italy) thermal 

camera. To avoid errors due to the differences in the emissivity of the 

materials, Th and Tc values were taken on the glass substrate near the 

TEG legs as shown in Figure 6.2 (b). Validation for this assumption is 

discussed in Appendix 6.1.11. 
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Figure 6.2.(a) Setup for VOC vs ΔT measurement, (b) Thermal image of a 

chalcogenide/AZO thin film TEG. 

 

I-V-P measurements were done to evaluate the performance of a TEG 

at specific temperature conditions (surrounding temperature, Th, and 

Tc). The schematic of the I-V-P setup is presented in Figure 6.3 (a), 

while Figure 6.3 (b) shows the homemade setup used. An ammeter 

(Hewlett-Packard 34401A multimeter) and a variable resistor were 

connected in series, while a voltmeter (Keithley 2601A multimeter) was 

connected in parallel, with respect to the TEG. This measurement can 

be explained by a reduction in voltage when a current (I2) is allowed by 

controlling RC using the variable resistor. In open circuit, RC is at 

infinity, only I1 current will flow, and the TEG will generate its highest 

voltage. However, there will be no power output due to the zero current. 

By reducing RC, the voltage will decrease while I2 increases. Upon 

reaching short circuit condition (zero RC), I2 will achieve the maximum 

value while voltage will drop to zero. From the I-V readings taken at 

varied RC, the TEG’s power curve can be calculated and plotted using 

P=VI. 
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Figure 6.3.(a) Schematic setup for I-V-P measurement, (b) Picture of the in-house I-V-

P measurement setup. 

 

6.1.6 Thin films characterization 

 

The structural and compositional characterization of HI CZTS thin 

films including SEM, EDXS, and XRD were investigated and reported 

in our previous paper.171 Details for this discussion are provided in 

Appendix 6.1.11. As previously mentioned, the film thickness of 

fabricated Cu/Zn/Sn-based chalcogenides are varied, mainly due to the 

size of the encapsulated particles in their inks. On average, HI CZTS 

possesses a thickness of ~2.0 μm, thanks to the nanometric size of 

particles in its ink. However, BM chalcogenide thin films suffer from 

poor thickness control due to the micrometric size of particles in their 

inks. The average thicknesses for BM CZTSe, BM CZTSSe, and BM 

CTS thin films were ~4.8 μm, ~4.1 μm, and ~5.1 μm, respectively 

(Figure 6.S5, Appendix 6.1.11). 

 

In addition, 4-point probe resistance measurements on the films showed 

that BM CTS possesses the lowest sheet resistance (0.87±0.03 kΩ/□), 

followed by HI CZTS (1.6±0.4 kΩ/□), BM CZTSe (5.0±0.4 kΩ/□), and 

BM CZTSSe (5.6±0.2 kΩ/□). HI CZTS thin film exhibits superior 

electrical properties by having low sheet resistance and p-leg resistance 
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as compared to BM chalcogenides due to its higher density. HI CZTS 

ink with lower particle size can better maximize the use of space during 

deposition, resulting in higher density films. A film with higher density 

will exhibit better electrical properties since the pores in low-density 

films do not contribute to the material’s electrical conductivity51. 

However, possibly due to the surface sensitivity of the 4-point probes 

method, BM CTS presents the lowest sheet resistance, indicating that 

the film’s surface might be continuous and connected. 

 

For AZO thin film, SEM micrograph collected (Figure 6.S6, Appendix 

6.1.11.) showed that the film covers the entirety of the substrate in a 

continuous and homogenous manner. Some pinholes were observed, 

possibly due to the presence of contaminants during sputtering. EDXS 

analysis (Table 6.2) from the same SEM image revealed a high amount 

of Zn with some traces of Al with 27.6:1 compositional ratio, which is 

close to the source composition. In addition, a higher atomic fraction of 

oxygen (O) than what is expected from AZO, along with trace amounts 

silicon (Si) and calcium (Ca) were also observed, implying the beam 

was able to penetrate through the deposited AZO layer to the substrate, 

preventing a precise determination of the sample stoichiometry. 

 

Table 6.2: EDXS atomic percentage for each element in the fabricated AZO thin film. 

Element Atomic Percent (%) 

Zn 35.9 ± 1.7 

O 54.3 ± 2.7 

Al 1.3 ± 1.3 

Si 6.7 ± 0.2 

Ca 1.8 ± 0.1 

 

The thickness of the AZO film was estimated to be 510±50 nm using a 

surface profilometer. Besides that, the XRD pattern (Figure 6.S7, 

Appendix 6.1.11) showed that the fabricated AZO thin film possesses 

a ZnO-like zincite phase (PDF 00-005-0664). Only sharp Bragg-peaks 

representing (00l) planes were observed, confirming that the film is 

made of highly crystalline single-phase material, which has a preferred 

orientation along the [002] direction, with no observable peaks of 

spurious phases. 
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6.6.7 TE transport properties 

 

The TE transport properties of the fabricated HI CZTS thin film were 

performed and reported thoroughly in our previous paper19, and briefly 

discussed in Appendix 6.1.11. Nevertheless, Figure 6.4 shows α, ρ, and 

power factor (PF = α2/ρ) of other fabricated Cu/Zn/Sn-based 

chalcogenide thin films, together with HI CZTS. The positive value of 

α for all chalcogenides indicates that holes are the major charge carriers, 

confirming the p-type conductivities.42,58 The films generally exhibit 

low α and high ρ values in the low-temperature range, with a further 

rise in temperature increases α and decreases ρ. Besides that, ρ 

presented a general decreasing trend, evidencing the non-degenerate 

semiconducting nature. In addition, quaternary chalcogenides (CZTS, 

CZTSe, and CZTSSe) display a sharp rise in α at around 400-500 K, 

indicating the order-disorder transition from the ordered I-4 to 

disordered I-42m tetragonal structure, due to randomization of Cu and 

Zn atoms among the 2c and 2d sites.59,179 This phenomenon leads to a 

dramatic increase in the materials’ PF, as evident in Figure 6.4c.  
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Figure 6.4.(a) Seebeck coefficient (α), (b) Electrical resistivity (ρ), and (c) calculated 

power factor (PF) of HI CZTS, BM CZTSe, BM CZTSSe, and BM CTS thin films. 

 

On the other hand, TE transport properties of the AZO thin film were 

measured using Linseis Thin Film Analyser and reported in Figure 6.5 

(a). α showed a negative value, indicating electrons as majoritycharge 

carriers.6 By observing the absolute value, α decreases with temperature 

up to ~393 K. Further increase in temperature increases α, leading to a 

maximum value of ~-33 μV/K at ~533 K, in agreement with other 

reported values.186 In overall, α measurement showed a linear trend, but 

with a slight deviation observed between ~333 K and ~433 K.187 

 

In addition, the electrical resistivity of the AZO thin film (Figure 6.5 

(b)) remains around ~10 μΩ∙m up to ~533 K, which is in accordance 

with other literature results.186,188 The resistivity of AZO thin films 

showed a degenerate semiconductor nature, increasing with 
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temperature, suggesting that AZO possesses a high-carrier 

concentration. From these two transport properties, the film’s PF 

(Figure 6.5 (c)) was calculated, which showed a decreasing trend with 

temperature up to ~393 K, followed by an increase up to the maximum 

measured temperature. The variation of PF is mainly affected by the 

variation of α in temperature, as we observe limited variation in 

resistivity. The maximum PF of ~1.0 μW/K2∙cm was calculated at ~293 

K and ~533 K. 
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Figure 6.5: a) α, b) ρ, and c) PF of AZO thin film. 

 

Furthermore, in-plane κ measurement (Figure 6.6 (a)) showed the 

values to be in the range of 4.5-5.5 W/m∙K in the ~293-533 K 

temperature range.188,187 The TE figure of merit, zT (zT=PF∙T/κ) is used 

to assess a material’s TE performance, where PF and T are the power 

factor and the absolute temperature, respectively. zT was calculated 

based on the obtained PF and κ results as illustrated in Figure 6.6 (b). 

It follows a similar trend to the PF, reaching a maximum zT of ~0.01 at 

533 K. 
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Figure 6.6: a) Thermal conductivity (κ), and b) zT of the AZO thin films. 

6.1.8 Chalcogenides/AZO TEGs performance analysis 

 

VOC vs ΔT measurements gives information on the maximum voltage 

that can be generated by the fabricated chalcogenides/AZO thin films 

TEGs at specific ΔTs. A hotplate was used to control Th with a 10 K 

increment from ~323 K up to ~523 K, while Tc was kept at ambient 

temperature with a metal plate as the heat sink. The measured ΔTs did 

not fully match the set temperature of Th and Tc due to substrate buffer 

and poor heat sink setup. Substrate buffer may affect the efficiency of 

the TEG, as some of the temperature gradient will be lost across the 

substrate. 

 

Figure 6.7 shows the VOC vs. ΔT plot of chalcogenides/AZO thin films 

TEGs, presenting a linear trend of voltage with ΔT. Maximum voltages 

measured for TEGs with HI CZTS, BM CZTSe, BM CZTSSe, and BM 

CTS p-legs at ΔT 160 K were ⁓87 mV, ⁓118 mV, ⁓46 mV, and ⁓98 

mV, respectively. Since AZO is a constant throughout the TEGs, these 

values are directly related to the α of the chalcogenides around 480-500 

K, as shown in previous Figure 6.4 (a), where BM CZTSe possesses the 

highest value, followed by CTS, HI CZTS, and BM CZTSSe. The 

selected temperature range corresponds to the temperature taken by the 

thermal camera at the TEG’s hot side. However, a thorough relation 

between VOC and α has yet to be explored. 
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Figure 6.7: VOC vs ΔT measurement of chalcogenides/AZO thin films TEGs. 

 

Figure 6.8 shows the I-V-P measurements of HI CZTS/AZO thin film 

TEG at different ΔTs. For simplicity, the figures were separated into I-

V (Figure 6.8 (a)) and I-P (Figure 6.8 (b)) plots. The temperatures 

indicate the hotplate temperature that was set on the Th side of the TEG, 

since it is the main component in determining ΔT, as discussed before. 

The I-V plots are linear for all the ΔTs, with the slope of the plots 

indicating the TEG’s internal resistance. The values of the slopes 

reduced from 28.6 kΩ at 323 K to 14.9 kΩ at 523 K, which agrees with 

the reduction of CZTS resistivity at elevated temperature as previously 

discussed and with the approximately constant trend of resistivity for 

AZO, neglecting the small resistivity effect of Ag metal contacts.189 On 

the other hand, the I-P curve shows the classical parabolic shape, with 

maximum power occurring at the point where the load resistance 

matches the device resistance.185 Results show that a higher ΔT 

produces a higher power output, that reaches up to ~55 nW at 523 K Th. 
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Figure 6.8: (a) I-V and (b) I-P plots of thin film HI CZTS/AZO thin film TEG at 

different ΔT 

 

In addition to HI CZTS thin film TEG, internal resistances of the other 

chalcogenide/AZO thin film TEGs were also obtained from the slopes 

of their respective I-V plots. At similar Th of 523 K and ΔT of 160 K, 

Figure 6.9 (a) shows that the chalcogenide/AZO thin film TEG with 

BM CZTSe p-legs possesses the lowest internal resistance (12.2 kΩ), 

followed by HI CZTS (14.9 kΩ), BM CZTSSe (17.7 kΩ), and BM CTS 

(27.3 kΩ). The internal resistance may be affected by factors including 

but not limited to the deposited films’ thicknesses and materials’ 

resistivities, such as carrier concentrations and carrier mobilities. 

Besides that, low film density may also result in low carrier mobility. 

This leads to a smaller effective area of conduction, poorer connectivity 
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of domains, and carrier scattering (decreasing carrier mean free path), 

thus providing a major obstacle for electrical conduction.190 

 

The I-V plot in Figure 6.9 (b) reveals that the TEG with BM CZTSe p-

legs performs the best with maximum power output reaching ~240 nW, 

followed by BM CTS (~75 nW), HI CZTS (~55 nW), and BM CZTSSe 

(~30 nW). From the results obtained, the calculated maximum power 

output per unit active planar area for each respective TEGs are ~188 

nW/cm2, ~59 nW/cm2, ~43 nW/cm2, and ~23 nW/cm2. The exceptional 

performance of BM CZTSe is evident from its high VOC and low 

internal resistance, compared to the other chalcogenides. From the 

results obtained, we can deduce that a TEG’s performance is 

significantly affected by two main factors: (1) VOC which is directly 

related to α, and (2) internal resistance which is directly related to the 

film thickness and density, and ρ. 

 

Besides that, the fabricated TEGs also showed a significant 

performance improvement as compared to other thin film TEGs using 

low-cost and abundant materials such as tin oxide/zinc oxide 

(SnOx/ZnO)191 and aluminium oxide/zinc oxide (Al2O3/ZnO)185, which 

only generated maximum power output per unit active planar area of 

~2.8 nW/cm2 at ΔT 160 K and ~1.6 nW/cm2 at ΔT 80 K, respectively. 

From this comparison, it can be surmised that this work successfully 

established a fabrication method of high-performing thin film TEGs 

using a facile, low-cost, and scalable approach. However, the TEGs 

performance were still low as compared to TEGs with conventional 

materials such as bismuth telluride (Bi2Te3)192 and antimony telluride 

(Sb2Te3),193 which respectively produced maximum power per unit 

active planar area of ~955 nW/cm2 at ΔT 20 K and ~305 nW/cm2 at ΔT 

15 K. Nevertheless, the fabricated p-type chalcogenides may provide 

insights for future studies to replace the scarce, expensive, and 

potentially harmful elements used in the current conventional materials. 
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Figure 6.9. (a) I-V and (b) I-P plots of chalcogenides/AZO thin films TEGs. 

 

6.1.9 Effect of sulphuration 

 

In a different sample of BM CTS/AZO TEG, the CTS was subjected to 

a second thermal treatment with the same procedure as the first, but 

with the addition of an excess amount of S. As shown in Figure 6.10 

(a), the TEG with sulphurised CTS performs significantly better 

compared to non-sulphurised CTS with maximum power output 

achieved almost ~230 nW, which is a staggering 300% increase in 

performance. This BM CZTSe/AZO TEG provides an alternative for 

chalcogenides/AZO TEGs with a much safer stoichiometry, which is 

Se-free. 
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The main reason for this improvement can be attributed to the 

suppression of spurious phases, as visible in the XRD patterns of Figure 

6.10 (b), including tin (II) oxide (SnO), tin (IV) oxide (SnO2), and tin 

(II) sulphide (SnS), that were formed due to S loss.194 Even though SnS 

possesses comparable transport properties to CTS, tin oxides on the 

other hand have much poorer transport properties (particularly SnO2, 

with n-type behaviour)66 which detrimentally affects the TEG’s 

performance. Besides that, sulphurisation also improves CTS electrical 

properties by assisting in the formation of void-free CTS films,195 as 

can be seen by reduced internal resistance from 27.3 kΩ to 10.8 kΩ 

from the slope of I-V curve, which in turn enhances the TEG’s 

performance.  

 

Figure 10. (a) I-V-P plots and (b) XRD patterns of sulphurised and non-sulphurised BM 

CTS/AZO thin film TEG 
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6.1.10 Conclusions  
 

This work presented a complete fabrication method of thin film TEGs 

using Cu/Zn/Sn-based ternary and quaternary chalcogenide p-legs and 

AZO n-legs. Chalcogenide thin films were deposited by spin-coating 

using chalcogenide inks synthesized either through hot injection or ball-

milling, while AZO was deposited by sputtering. Several factors that 

affect the performance of the fabricated TEGs, including the 

composition, TEGs’ internal resistance, VOC, and sulphurization, have 

been thoroughly discussed.  The devices are suitable for medium to 

high-temperature TE applications with the CZTSe/AZO TEG as the 

champion device, showing the maximum power output of ~240 nW at 

ΔT 160 K (Th ~483 K, Tc ~323 K). These fabricated TEGs showed a 

significant performance improvement for a thin film TEG as compared 

to other thin film TEGs using abundant, low-cost, and safer materials 

that only reaches nanowatt183,196 power output. These 

chalcogenides/AZO TEGs may provide alternatives or insights in 

replacing scarce, expensive, and potentially harmful elements used in 

TE materials such as antimony (Sb),181 tellurium (Te),174,192 lead 

(Pb),183,197 bismuth (Bi)8,192 and germanium (Ge)198. In conclusion, this 

work managed to demonstrate the fabrication of a working thin film 

TEG using abundant and safer materials with facile, low-cost, and 

scalable approach. Further studies are warranted to better understand 

and improve the performance of the individual components in the 

chalcogenides/AZO TEG. Several suggestions from the authors include 

the studies on film thickness and density improvement, thickness 

optimization, effects of doping, and device stability. Future work will 

also involve the investigation of alternative chalcogenide n-leg 

materials in the spirit of fabricating a fully optimized, non-toxic, and 

low-cost device. 

 

6.1.11 Appendix  
 

Synthesis of Cu-Zn-Sn chalcogenides: Synthesis of CZTS 

nanoparticles ink were followed according to the method from some of 

authors’ previous work.171 In brief, 0.538 g of Copper (II) chloride 

dihydrate (CuCl2·2H2O, >99.0%, Sigma-Aldrich Inc.), 0.414 g of zinc 
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chloride (ZnCl2, >98.0%, Sigma-Aldrich Inc.), and 0.410 g of tin (II) 

chloride (SnCl2, 98.0%, Sigma-Aldrich Inc.) were mixed into a three-

necked round-bottom flask containing 6.6 ml of oleylamine (OLA, 

70%, Sigma-Aldrich Inc.), and the solution was stirred and heated in a 

silicon (Si) oil bath. The system was connected to a setup with nitrogen 

(N2) and vacuum lines as shown in Figure 6.S1. OLA was added to 

work both as a solvent and as a capping agent for the nanoparticles. The 

mixture was heated to 130 °C, then degassed and refilled with N2 

several times before being kept under N2 flow. Upon reaching ~260 °C, 

10 ml of sulphur (S, Sigma-Aldrich Inc.)/OLA 1 M solution (prepared 

by dissolving 0.449 g S in 10 ml OLA) was rapidly injected into the 

solution. The mixture was kept at 260 °C for 30 min after the injection 

and then cooled naturally to room temperature. The obtained 

suspension of nanoparticles was washed with a mixture of 5 ml toluene 

and 25 ml ethanol and centrifuged (MPW-380, MED-Instruments) for 

10 min at 12 000 rpm to separate the solvent from the nanoparticles. 

Finally, the CZTS nanoparticles (~25 nm Ø) were extracted by 

removing the supernatant, dispersed in toluene, and sonicated using an 

ultrasonic bath (Sonorex 35 kHz, Bandelin) to obtain an ink with the 

concentration of 1 g/ml. 

 

Figure 6.S1: Simplified setup for hot-injection synthesis of CZTS nanoparticles. 

 

Meanwhile, CZTSe and CZTSSe ball-milled powders were synthesized 

with a similar reactive mechanical alloying procedure59,92 using 

selenium powder (Se, 99%, Alfa Aesar) as Se source and 80 ml tungsten 

carbide (WC) jar with 27 WC balls (12 mm diameter) as milling 
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medium. The whole procedure of vial filling, milling and powder 

collection is performed in a glovebox loaded with argon (Ar) 

atmosphere (O2 partial pressure <10 ppm). High energy milling 

conditions are used, with ω=-601.4 rpm and Ω=310 rpm, for a fixed 

ratio ω/Ω=-1.94, with a milling time of 120 minutes. 

 

On the other hand, CTS ball-milled powders were synthesised via 

reactive mechanical alloying of binary sulphides as previously reported 

in an article from some of our authors.42 Copper (II) sulphide (CuS, 

99%, Sigma Aldrich Inc.) and Tin (II) sulphide (SnS, 99%, Sigma 

Aldrich Inc.) were milled in the planetary mill using WC vial and balls 

with 2:1 stoichiometric ratio, using WC vials and balls with ball-to-

powder weight ratio of 100:3. No lubricant was introduced during the 

milling to avoid any contamination5. Main disk and planetary speed 

were set to 300 rpm and -540 rpm, respectively. Due to its lower 

formation energy CTS can be produced from either binary sulphides or 

elemental powders in a relatively short period of milling (~0.5 – 1 h).71 

However, the mill was operated for 3h to get a more homogeneous 

nanopowder. 

The synthesized ball-milled powders were then mixed with excess 

oleylamine (OLA) and mechanically mixed for 15 minutes in a 

planetary mill under the same milling conditions used for the synthesis 

of the nanopowders. This mechanical mixing helped in capping the 

nanopowders with the ligand OLA. Then, the “capped” nanopowders 

were washed with a mixture of 5 ml toluene and 25 ml ethanol and 

centrifuged for 10 min at 12000 rpm to separate the solvent from the 

nanoparticles, before being dispersed in toluene and sonicated to obtain 

inks with the concentration of 1 g/ml. 

 

Dynamic Light Scattering (DLS) analysis: Dynamic Light Scattering 

(DLS) measures the intensity of the laser light scattered from suspended 

particles. The dispersion hydrodynamic diameter is derived from the 

temporal evolution of the scattered light intensity using the Stokes-

Einstein equation. In all the experiments, the nanoparticle dispersions 

were sonicated for 15 min using an ultrasonic bath prior to the size and 

zeta potential measurement. All the measurements were carried out at 

room temperature. 
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Deposition of thin film chalcogenides: Prior to deposition, the 

substrates were cleaned with a pH-neutral soap, treated with 

concentrated potassium hydroxide (KOH) in ethanol, rinsed with 

distilled water and ethanol, and dried using compressed air. For the 

deposition, 60-100 μl of the synthesised inks were pipetted onto the 

substrates and smeared homogenously using a glass rod prior to spin-

coating. Due to varied particle sizes of chalcogenide inks, the substrates 

were spun between 1000 to 2000 rpm for 30 s during deposition to get 

a homogenous layer throughout. Subsequently, thermal treatment of 

CZTS, CZTSe, and CZTSSe films was performed at 773 K (3 K/min) 

for 1 h, while CTS thin films were treated at 673 K (3 K/min) for 1 h. 

 

Deposition of AZO n-legs and Ag metal contacts in TEG fabrication: 

Kapton®-tape was used as the deposition mask on the SLG glass 

substrate during the deposition of p-type chalcogenide legs (p-legs) via 

spin-coating. The tape was removed prior to thermal treatment. In the 

next step, a paper sheet was used as a protective layer on top of the 

deposited p-type legs and the Kapton®-tape mask was reapplied to 

deposit n-type (AZO) legs (n-legs) using magnetron sputtering. Finally, 

silver (Ag) metal contacts were deposited via thermal evaporation. 

Once the deposition had finished, the deposition mask was removed, 

and a small dab of silver paint was applied at both terminals of prepared 

TEGs, to increase the robustness of contacts during measurement.  

 

AZO thin film legs were deposited via radio frequency magnetron 

sputtering (Leybold-Heraeus LH Z400 MS) equipped with AZO source 

of 98% zinc oxide (ZnO) and 2% aluminium oxide (Al2O3) in 

composition (Zn:Al=24.5:1). The sputtering conditions were as follow; 

50 W power, 13.56 MHz frequency, ~5.0 x 10-6 mbar minimum 

working pressure, and 30.8% Argon (Ar) atmosphere, and the 

sputtering time was fixed to 10 minutes to obtain the desired thickness. 

After the deposition, the deposition mask was again removed and 

reapplied with paper sheets on top of the deposited legs. 

 

Ag metal contacts were deposited via thermal evaporation of ~0.49 g 

silver pellets (99.99 % purity, Kurt J. Lesker) using a thermal 

evaporator (Tecuum AG VCM600 V1). The pellets were put on a 

tungsten heating boat inside the evaporation chamber. The sample was 

attached to the substrate holder upside-down with ~26 cm of distance 
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to the boat. The chamber was then vacuumed up to ~1.5 x 10-5 mbar 

minimum working pressure. The silver was evaporated onto the target 

via Joule heating using 90 A current. The evaporation stopped once the 

silver pellets fully evaporated, giving ~300 nm thickness. Once the 

deposition finished, the deposition mask was removed, and a small dab 

of silver paint was applied at both terminals to increase the robustness 

of contacts during measurement. 

 

Thin film characterization: The morphology of hot-injection (HI) CZTS 

thin films was observed via scanning electron microscopy (SEM), using 

a JEOL JSM-7001F FEG- SEM (JEOL Ltd., Tokyo, Japan) equipped 

with an Oxford INCA PentaFETx3 energy-dispersive X-ray 

spectroscopy detector (EDXS, Oxford Instruments Analytical, High 

Wycombe, UK). Observations were made at 10.0-15.0 keV electron 

beam energy with a working distance of 5-10 mm. The surface 

morphology of AZO thin film was observed using a COXEM EM-

30AX (COXEM Co. Ltd., Daejeon, Korea), equipped with EDXS 

detector. The observations were made at 20.0 keV electron beam energy 

with a working distance of 10.2 mm. Thicknesses of the fabricated thin 

films were measured using Dektak® 3 Surface Profilometer (Bruker, 

Karlsruhe, Germany) with 2.5 μm radius diamond-tip stylus, passing 2 

mm scan range crossing the film with a perpendicular “trench”. 

 

X-ray diffraction (XRD) patterns of HI CZTS thin films were collected 

in Bragg-Brentano (θ/2θ) geometry using a Rigaku PMG D/Max-B 

diffractometer (Rigaku Corp., Tokyo, Japan), equipped with a graphite 

bent-crystal monochromator and Cu Kα (λ=1.5406 Å) source. Rietveld 

refinement was performed on the obtained XRD patterns using the 

TOPAS 7 software package, with the aid of Whole Powder Pattern 

Modelling (WPPM) macros for size analysis.55–57 Meanwhile, the XRD 

patterns of other chalcogenides and AZO thin films were collected 

using Bruker D8 Discover diffractometer (Bruker, Karlsruhe, 

Germany) equipped with a Co-Kα (λ=1.7998 Å) radiation source in 

Bragg-Brentano geometry. Thin films’ resistances were measured using 

a Signatone 4-point resistivity system (Lucas Signatone Corp., 

California, USA) connected to Keithley 2601A multimeter (Tektronix 

U.K Ltd., Berkshire, United Kingdom). The probes used had tungsten 
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carbide (WC) tips with 1.27 mm spacing between tips, 0.127 mm tip 

radius, and 45 g pressure on the probe tip. 

  

Electrical resistivity and Seebeck coefficient measurements were 

performed using a Linseis LSR-3 Meter (Linseis Messgeraete GmbH, 

Selb, Germany) under partial helium pressure (0.1 bar) and a 

temperature range of 323-673 K. Resistivities were measured in 2-

contact configuration with the aid of a thin film adapter for high 

resistance samples, while the Seebeck coefficient was measured in 4-

contact configuration with small Pt foils to improve contacts and a 

temperature gradient of 10 K. Thermal conductivity (κ) measurements 

were performed in-plane using a Linseis Thin Film Analyser (Linseis 

Messgeraete GmbH, Selb, Germany) on films deposited on a suspended 

Si3N4 membrane incorporated on a pre-patterned measurement chip 

using a quasi-steady-state 3-ω method, under vacuum and in the dark. 

The details of this measurement are described elsewhere.199,200 

 

Chalcogenides/AZO thin film TEGs performance analysis: Due to the 

TEG thin film architecture, the heat flow was dominated by the 

substrate, giving the assumption on Th and Tc more reliable. These 

assumptions were validated when a TEG coated in graphite gave a 

homogenous reading throughout Th and Tc regions, as shown in Figure 

6.S2 (b). 

 

 

Figure 6.S2.(a, b):Th and Tc temperature validation of graphite-coated TEG. 

 

Hot-injection (HI) CZTS thin film preliminary characterization: 

Preliminary characterization including morphological, compositional, 

and structural characterization of fabricated HI CZTS thin film was 

reported in our previous paper.171 In short, SEM analysis (Figure 6.S3 
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(a)) showed that the fabricated CZTS thin film consists of ~1.0 μm thick 

uniform layer of CZTS nanoparticles with micrograins (>1.0 μm in 

size) scattered on top. Besides that, EDXS analysis as shown in Figure 

S3 (b) revealed that the fabricated film possesses Cu-poor, Zn-rich 

composition of an A-type CZTS.201 In addition, S close to stoichiometry 

promotes a faster Cu-Zn ordering (or disordering) through a higher 

density of cation vacancies.202 However, the micrograins present on the 

film’s surface showed an off-stoichiometry composition, due to S loss 

and partial segregation of Cu during thermal treatment.202 

 

 

Figure S312: a) Cross-section SEM image, and b) Atomic percentage for each element 

from EDXS, of fabricated CZTS thin film 

 

Furthermore, XRD structural analysis (Figure S4) showed a good 

kesterite-CZTS phase purity (I-42m, S.G.), with a minor fraction of 

chalcocite Cu2S, that might be related to the superficial surface 

micrograins,202 as discussed in EDXS. The modelling of the kesterite 

peak profiles requires two CZTS phase fractions with different mean 

crystal-domain sizes; coarse (~0.5 μm) and fine (~10.0 nm), to account 

for the large dispersion of crystal-domain dimensions.59,92 Result 

revealed that the coarse phase appears to be present in larger fraction 

(65%) as compared to the fine phase (35%). 
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Figure S4: XRD data refinement of the fabricated thin film CZTS. 

 

Cu-Zn-Sn chalcogenides thin films preliminary characterization. 

 

Figure 6.S5: Cross-section SEM image of a) BM CZTSe, b) BM CZTSSe, and c) BM 

CTS thin films 
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AZO thin film characterization

 

Figure 6.S6: Surface SEM image of an AZO thin film. 

 

 

Figure 6.S7: XRD pattern of the fabricated AZO thin film. 

 

TE transport properties of HI CZTS thin film: The TE transport 

properties of the fabricated HI CZTS thin film were performed and 

reported thoroughly in our previous paper.171 In short, the fabricated 

sample (Figure 6.S8) presented low α and high values in the low-

temperature range. Upon reaching 450-550 K, a sharp rise was observed 

for the α value and remained high at high temperature. Meanwhile, ρ 

presented a general decreasing trend, evident of a non-degenerate 

semiconducting nature, with a slight perturbation in the range 450-550 

K. The ρ and α features around 450-550 K has previously been 

connected with the Cu-Zn order-disorder transition, from ordered I-4 to 

disordered I-42m tetragonal CZTS, which leads to flatter and more 

converged the electronic bands, strongly affecting the electronic 

properties.170 This phenomenon led to a sharp rise in the material’s PF. 
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Figure 6.S8: Absolute Setback coefficient (α), electrical resistivity (ρ), and Power 

Factor (PF) of CZTS thin film. 

 

In Figure 6.S9, the calculated κ from the lattice component (kL) of a 

polycrystalline bulk sample and corrected for the electronic component 

(ke) of the thin film sample is in the order of ~0.60 W/m∙K, with an 

increase upon thermal treatment as high temperature promotes domain 

growth and improved connection of domains, reducing phonon 

scattering. From the obtained PF and calculated κ, an estimate of zT 

was estimated, reaching a maximum of 0.023 at ~650 K. 

 

 

Figure 6.S9: Thermal conductivity (κ), and zT of CZTS thin film.
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7 Conclusions and Outlooks 
 

The present doctoral work investigates thermoelectric materials and 

devices, based on Cu2SnS3, an earth-abundant, non-toxic, and eco-

friendly material for medium-temperature thermoelectric applications. 

The thesis presents a detailed and systematic study on the effects of 

polymorphism, preparation and sintering techniques, grain size 

reduction, and Ag-substitution on the thermoelectric properties of CTS. 

We have also presented a preliminary study on CTS and other 

chalcogenide-based functioning thermoelectric generators. The 

individual conclusions of various studies performed during this work 

are reported with each chapter.  

 

In summary, the literature reports a three-step sample preparation 

method to synthesize thermoelectric materials. Firstly, the material is 

prepared from elemental powders using a high-temperature solid-state 

reaction, and in the next step, the grain size is reduced using ball-

milling. Lastly, the ball-milled powder is sintered using hot pressing or 

spark plasma sintering. This method undergoes two thermal treatments, 

resulting in highly crystalline and ordered materials with large 

crystallite sizes, spanning from half to several microns. Literature also 

shows that external doping in CTS can stabilize disordered polymorphs. 

 

Differently, in this thesis work, CTS samples were prepared via a two-

step synthesis method, where high energy ball-milling was combined 

with various sintering techniques. The as-milled powder showed a 

sphalerite-like structure identified as disordered cubic CTS polymorph, 

stable up to 500oC. The disordered CTS polymorph gradually evolved 

to its ordered or monoclinic phase by increasing the sintering 

temperature, reaching a complete ordered structure at 650oC. 

 

The novel disordered CTS polymorph presented a lower bandgap and 

thermal conductivity than its ordered phase. Thus, resulting in many 

folds higher zT than its ordered counterpart. However, due to ambient 

preparation conditions, secondary phase oxides, especially SnO2, were 

observed, detrimental to the material's thermoelectric properties and 

stability. 
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In the subsequent work shown in the thesis, the challenges presented by 

the evolution of secondary phase oxides were tackled by controlled 

environment preparation of CTS samples. Moreover, the state-of-art 

synchrotron and computational method were used to study the origin of 

the observed ultra-low thermal conductivity.  

 

First principles calculation revealed that structural disorder contributes 

to the suppression of thermal conductivity. While group velocity of 

acoustic phonons, as shown both by experiments and by ab 

initio calculations, is similar in the two polymorphs, a strong 

anharmonicity characterizes the disordered CTS, resulting in the 

presence of low-lying optical modes acting as traps for heat 

transmission. DFT/DFPT simulations and nuclear inelastic scattering 

combined with high-resolution diffraction studies of the lattice 

parameters showed higher Grüneisen parameters for specific phonon 

peaks in disordered CTS. The ultralow thermal conductivity in the 

disordered sample originates from the random arrangement of Sn and 

Cu atoms and the inhomogeneous nature of Sn-S bonds. However, 

complete elimination of secondary phase oxides was not possible due 

to the low partial pressure of the formation. Despite all limitations, the 

disordered CTS polymorphs prepared in a controlled environment 

presented a 10-fold increased zT than ordered. 

 

Overall, this work provides a novel experimental and ab-initio 

perspective to disordered polymorphs of various materials. In a recent 

report, Zhang et al. 203 showed a similar transition to a cubic phase in 

CuFeS2 chalcopyrite and showed a dramatically reduced lattice thermal 

conductivity originating from the enlargement of the Grüneisen 

parameter caused by disordered atom rearrangement and lattice 

distortion. Moreover, Baláž et al.158 have explored the two-step method 

to produce CTS and other Cu-S-based materials on a large scale.  

 

A high-performance thermoelectric material should have high zT. 

However, it is not the only important criterion. As thermoelectric 

materials have to undergo a temperature gradient for a long span of 

time, thermal and mechanical stability is also vital. Especially, loss of 

nano and microstructure, the role of secondary phases, and increased 

density after thermal cycling can alter the thermoelectric properties of 

materials. Moreover, there is a crucial need to investigate porous 
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thermoelectric materials, which use a lower quantity of material 

suitable for cost-effective, portable, and wearable applications. 

 

Therefore, we investigated CTS samples prepared in various synthesis 

conditions and by different sintering techniques. Six CTS samples were 

prepared from ball-milled powder followed by traditional sintering (TS) 

and open die pressing (ODP)155, leading to different microstructures and 

porosities. These sample's phase and chemical composition were 

investigated via XRD and EDX. Repeated temperature-dependent 

thermoelectric measurements revealed that the sample prepared in an 

open environment was not stable, which was confirmed by significant 

grain growth and segregation of SnS after TE measurements. Although 

a small fraction of secondary phase oxides were present in all samples, 

samples prepared in a controlled environment were stable.  

 

The pressure applied during the ODP seems to stabilize the samples 

better. Overall, this work showed that CTS samples could stabilize with 

different proportions of porosity successfully. The low density or TS 

samples showed ~3 times lower thermal conductivity than the high 

density or ODP sintered samples. However, we did not observe any 

significant difference in electrical transport properties between the TS 

and ODP samples. The best performing stable TS sample presented 

zT~0.45, whereas the best performing ODP sample showed zT of ~0.34, 

around 700 K, a result clearly due to the ultra-low thermal conductivity 

of the traditionally sintered, porous sample.  

 

The results presented in this work give a general overview of the effects 

of different experimental conditions and porosity on CTS samples' 

stability and TE performance. The continuous evolution of secondary 

phase oxides can be eliminated by using a highly controlled 

environment, and a small fraction of secondary phase oxides seem to 

have little effect on the TE properties and stability of the samples. 

Similar considerations should hold for other Cu-Sn/Fe-S/Se-based 

systems, chalcogenides, colusites, chalcopyrite, etc., used for various 

applications, ranging from photovoltaics to thermoelectricity and LED 

production. 
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The successful synthesis using the two-step sample preparation method 

was further investigated by combining ball-milling with spark plasma 

sintering (SPS). Three dense CTS samples with nanometric grains and 

an average domain size below 50 nm were synthesized. The 

experimental results show that the Seebeck coefficient and electrical 

resistivity decrease with decreasing domain sizes while the thermal 

conductivity increases. Experimental investigation showed that a 

smaller domain size correlates with lower resistivity and degenerate 

semiconductor-like behavior due to higher carrier concentration. Here 

it is worth mentioning that ODP and, especially, SPS combined with 

high-energy ball-milling can preserve the nanostructure of the samples 

while reaching a full density. 

 

A small grain size generally leads to a higher Seebeck coefficient due 

to the scattering of charge carriers by the grain boundary, otherwise 

known as energy filtering. This, however, decreases mobility and, in 

turn, increases the electrical resistivity. The results present in this work 

are in contrast with the energy filtering mechanism. The samples with 

smaller domains are more conductive, and we observe a trend of 

increasing resistivity with an increase in grain size. 

 

First principles density functional theory (DFT) simulations on various 

CTS crystallite surfaces revealed localized states near the Fermi level 

and the absence of band gap, indicating the metallic nature of the 

surfaces. As a result, the sample with the smallest grain size exhibits 

the highest zT of ∼0.4 at 650 K. Moreover, we have also reported the 

formation energy per unit atom for vacancy and off-stoichiometry in 

CTS, as obtained from DFT simulations. After the stoichiometric CTS, 

Cu-vacant, and Cu-rich systems are energetically more viable, whereas 

Sn-vacant and Sn-rich systems seem less likely to form. 

Thermodynamically, these conclusions could be generalized to the 

whole family of Cu−Sn−S systems. Cu-vacant and Cu-rich systems 

would be more likely to form than Sn-rich and Sn-poor phases in other 

Cu-Sn-S/Se-based materials.  

 

Moreover, in this family of materials, Cu vacancy, Cu excess, and Sn 

vacancy would enable p-type doping-like effects, whereas Sn excess 

showed n-type behavior. This method also provides an interesting way 

for many materials to synergize their electrical and thermal properties. 
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Recent reports by Cherniushok et al. 204 and Sulaiman et al. 205 show 

similar cases considering some results presented in our work. 

 

To further improve the thermoelectric performance of CTS, the two-

step synthesis method (mechanical alloying + SPS) was combined with 

Ag substitution at the Sn site. Cu2Ag(x)Sn(1-x)S3 (0.05≥ x ≤ 0.25) samples 

were synthesized, and their thermoelectric properties were investigated 

using experimental and first principles methods. Chemical maps were 

collected, Cu, Sn, Ag, and S showed a homogeneous chemical 

distribution for all the samples. However, samples with x ≥ 0.20 showed 

a non-homogeneous chemical distribution of Ag. Rietveld refinement 

on XRD data showed a systematic reduction of lattice parameters up to 

x=0.20, Ag substitution, confirming successful Ag substitution in CTS. 

Ab-Initio calculations and experimental band gap measurements 

revealed a band gap reduction with increasing Ag substitution, resulting 

in a high power factor.  

 

Interestingly, the x = 0.15 sample presented ~10 and ~3 fold higher 

power factor than undoped CTS and the sample with the smallest 

domain size (~12 nm), respectively. Due to the interplay between 

electrical and thermal conductivity x = 0.125 and x = 0.15, samples 

showed a zT~ 0.5 at 723 K, which is comparable to the results present 

in the literature for earth-abundant and eco-friendly thermoelectric 

materials. The high-power factor of Ag substituted CTS makes it 

suitable for in-plane thermoelectric devices, a possibility that we started 

testing in the last part of the thesis work. 

 

We present a preliminary study on in-plane thermoelectric generators, 

where the n-type leg was fabricated by AZO (aluminium-doped zinc 

oxide) and various Cu-based chalcogenides were used as p-type legs. 

Four different TEGs were fabricated using Cu2ZnSnS4 (CZTS), 

Cu2ZnSnSe4 (CZTSe), Cu2.125Zn0.875SnS3Se (CZTSSe), and Cu2SnS3 

(CTS) chalcogenides. Thermoelectric transport analysis confirmed the 

respective p- and n-type natures of the chalcogenides and AZO, with 

their Seebeck coefficients compatible to be coupled in a p-n device. 

Besides that, a full-device analysis has been carried out, and several 

factors affecting the performance of TEGs were investigated, including 

the composition, density, and presence of secondary phases in 
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chalcogenide thin films. The maximum power obtained for CZTS, 

CZTSe, CZTSSe, and CTS TEGs at temperature difference (ΔT) 160 K 

were ~240, ~50, ~25, and ~75 nW, respectively. 

 

Moreover, sulfurization of the p-type CTS leg significantly enhanced 

the device performance, achieving a maximum power output  ~230 nW, 

which is a staggering 300% increase in performance. The per-unit 

planar area power output results are comparable to some commercially 

available (Al2O3/ZnO and SnOx/ZnO) thermoelectric generators in this 

temperature range. However, still lower than the state-of-the-art (Bi2Te3 

and Sb2Te3) generators, which, however, involve expensive and/or 

potentially toxic materials.  

 

Current research efforts are in progress to replace n-type AZO-leg with 

CuFeS2 or Cu4Sn7S16. As shown for the bulk material, the high power 

factor of Cu2Ag(x)Sn(1-x)S3 (0.05 ≥ x ≤ 0.25) systems could be beneficial 

to improve further the performance of the thermoelectric devices 

discussed in this work. 

 

Overall, the present thesis work makes a strong case for the use of 

disordered materials produced from bottom-up techniques for 

thermoelectric applications. Various procedures to increase the 

material's thermoelectric performance and stability are studied. The 

effects of synthesis and sintering conditions are highlighted, vital to 

synthesizing reliable and high-performing thermoelectric devices based 

on sustainable materials. The effect of porosity and grain size on the 

thermoelectric properties are investigated. The study in the thesis is not 

limited to materials production, as it also makes a case for functioning 

thermoelectric generators fabricated from low-cost and facile 

techniques, paving the path to producing high-performing 

thermoelectric materials and devices.  
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Taking advantage of the fact that disordered materials present better 

thermoelectric performance due to their suppressed thermal conductivity. 

Novel disordered CTS polymorph was produced and stabilized via 

bottom-up high-energy reactive ball-milling without any chemical 

alteration. The effects of various synthesis and sintering techniques 

(traditional, ODP, and SPS) were investigated. Moreover, the impact of 

grain size and porosity on thermoelectric properties was studied. Ag-

doping was used to enhance the thermoelectric properties of CTS. 

Finally, functioning CTS thin film (synthesized using spin-coating and 

sputtering) thermoelectric generators were fabricated and optimized. The 

experimental work was followed by state-of-the-art synchrotron source 

measurements and computational techniques. 
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