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Preface to "Materials Processing and Crystal Growth
for Thermoelectrics”

A growing public awareness has resulted in consensus that new technologies for renewable
energy must be realized in the near future. This has lead to a focus on several different solutions
to this problem. Thermoelectrics can play a role in this regard, and is one technology that continues
to be of interest. Thermoelectric devices are especially attractive since they have no moving parts, are
very reliable, and allow for a wide range of applications, from industrial to consumer applications.
In order to efficiently convert energy using thermoelectricity, certain material properties are
desirable. This includes a high electrical conductivity, o, to maintain high charge current, a high
Seebeck coefficient, S, to maintain a high voltage drop, and a low thermal conductivity, , to maintain
the temperature gradient. The performance of a thermoelectric device is characterized by the figure
of merit, a dimensionless parameter defined as ZT = S0/, where T is the absolute temperature. All
other aspects being equal, materials with larger ZT values result in more efficient thermoelectric
devices. New materials research is therefore essential. It is our hope that the manuscripts contained
in this volume will provide a concise reference to some of the current research in the field of

thermoelectric materials research.

George S. Nolas
Special Issue Editor
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Abstract: Chemical modification by co-solvents added to [6,6]-Phenyl-C71 butyric acid methyl
ester, commonly known as an n-type semiconducting fullerene derivative PC7,BM, is reported
to change the electrical and thermoelectric properties of this system. Power factor of the
casted PC7BM samples achieves values higher than that determined for a variety of organic
compounds, including conducting polymers, such as PEDOT:PSS in the pristine form. After chemical
functionalization by different solvents, namely N,N-Dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), N-Methyl-2-pyrrolidone (NMP), acetonitrile (AC), and 1,2-Dichloroethane (DCE), the
four-probe in-plane electrical conductivity and Seebeck coefficient measurements indicate a
simultaneous increase of the electrical conductivity and the Seebeck coefficient. The observed
effect is more pronounced for solvents with a high boiling point, such as N,N-Dimethylformamide
(DME), dimethyl sulfoxide (DMSO), and N-Methyl-2-pyrrolidone (NMP), than in acetonitrile (AC)
and 1,2-Dichloroethane (DCE). We identified the origin of these changes using Hall mobility
measurements, which demonstrate enhancement of the PC7BM charge carrier mobility upon addition
of the corresponding solvents due to the improved packaging of the fullerene compound and chemical
interaction with entrapped solvent molecules within the layers.

Keywords: electrical conductivity; Seebeck coefficient; power factor; PC7oBM; figure of merit

1. Introduction

Thermoelectric materials are very effective at turning a temperature difference directly into
electricity. These materials can contribute to both cooling and thermoelectric power generation [1,2].
Traditionally, inorganic materials, such as Bi;Sb3, Bi;Tez, and PbTe, have been used for thermoelectric
applications [3]. The problems with using these inorganic compounds are high production costs,
toxicity, and scarcity of materials [3,4]. To overcome these problems, organic thermoelectric materials
have attracted considerable attention due to their advantages, such as non-toxicity, low cost, mechanical
flexibility, abundant raw materials, solution processability, and low thermal conductivity [3-7].
To evaluate the efficiency of a thermoelectric system, a dimensionless quantity called thermoelectric
figure of merit ZT is applied. Figure of merit is defined as ZT = S>0T/k, where S is the Seebeck
coefficient, o is the electrical conductivity, T is the absolute temperature, and « is the thermal
conductivity. Thermoelectric materials with high efficiency have a high Seebeck coefficient, high
electrical conductivity, low thermal conductivity, and therefore high ZT. To design an effective
thermoelectric material, it is necessary to increase electrical conductivity and Seebeck coefficient
simultaneously, while keeping k constant. However, this is a challenging task as an increase in the

Crystals 2018, 8, 237; d0i:10.3390/ cryst8060237 1 www.mdpi.com/journal/crystals
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number of carriers from doping will sacrifice Seebeck coefficient. One way towards improving ZT
is to make use of chemical functionalization that increases mobility in the material, maintaining a
constant number of carriers, which in turn leads to improving both electrical conductivity and Seebeck
coefficient, according to the equation o = enpt, where e is the electron charge, n is the charge carrier
density, and p is the carrier mobility [8].

To date, the thermoelectric properties of a variety of organics, such as the following conducting
polymers, have been studied: poly [3-hexylthiophene] (P3HT), poly [N-90-heptadecanyl-2,7-carbazole-
alt-5,5-(40,70-di-2-thienyl-20,10,3-benzothiadizole)] (PCDTBT), polyacetylenes, polyaniline,
polypyrrole, poly(paraphenylene), poly(p-phenylenevinylene), poly(carbazolenevinylene) derivative,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT/PSS), FBDPPV, and Poly({4,8-bis
[(2-ethylhexyl)oxy] benzo [1,2-b:4,5-b'] dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl) carbonyl]
thieno[3,4-b] thiophenediyl}), known as PTB7 [9-17].

PC7BM is a fullerene derivative compound showing electron-transporting properties and a
potential for a variety of applications in polymer solar cells and organic electronics [18,19]. However, its
low electron mobility and low electrical conductivity are limiting factors for application in practical
devices. An effective way to increase the electrical conductivity of fullerenes is chemical doping.
Compared with the progress made on p-doping, n-doping is lagging due to the difficulties in finding
efficient and stable dopants for n-type organic semiconductors.

Here, we report on thermoelectric properties of pristine PC7BM and simultaneous enhancement
of its electrical conductivity and Seebeck coefficient, and demonstrate a proof of principle for material
modification through addition of co-solvents. The following section contains experimental details
related to preparation of the samples, determination of their electrical conductivity, Seebeck coefficients,
and charge carrier mobility, followed by a discussion of achieved results.

2. Experimental

Figure 1 shows the molecular structure of the applied chemical materials and Table 1 shows
the boiling points of the solvents. PCBM was purchased from 1-Material. Chlorobenzene (CB),
N,N-Dimethylformamide (DMF), Dimethyl Sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP),
Acetonitrile (AC), and 1,2-Dichloroethane (DCE) were all purchased from Sigma Aldrich (Yongin,
Kyungi, Korea) and used as received. Six solutions were prepared by dissolving 40 mg of PC7BM
in 1 mL of chlorobenzene with and without adding 0.1 mL of DMF, DMSO, NMP, DCE, and AC
under an argon atmosphere of a glove box. Samples were fabricated by drop casting of the solutions
on glass substrates, which were cleaned by sonication in acetone, isopropyl alcohol, and water,
and treated with UV ozone for 15 min before use. The cast films were dried for 24 h in a glove
box. The thicknesses of the samples were measured by the profilometer and were found to be
3.04 + 0.06 um, on average. The in-plane electrical conductivity was measured for samples by the
standard four-probe Van der Pauw method at room temperature. The contacts were placed at the
corners of each sample. For comparison the out of plane conductivity of the pristine sample with
1 pm thickness was also measured using an electron-only device with the structure shown in Figure 2.
LiF and Al electrodes (deposited through a shadow mask) were thermally evaporated in a ~10~¢ Torr
vacuum with a 0.5 nm and 100 nm thickness, respectively. The Seebeck coefficient was calculated
using S = —AV/AT, where AV was the thermoelectric voltage generated along the sample when it
was subjected to the temperature difference, AT, as shown schematically in Figure 3. Two K-type
thermocouples were used to measure the temperature on both ends of the samples.
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Figure 1. Molecular structure of the applied chemical materials. (a) PCBM; (b) CB; (c) NMP; (d) DMSO;
(e) DMF,; (f) AC; (g) DCE.

Figure 2. Electron-only device structure.

Hot Cold

R

Figure 3. Schematic presentation of the Seebeck coefficient determination.

Table 1. Boiling points of the solvents.

Material Boiling Point (°C)
Chlorobenzene 131
1-Methyl-2-pyrrolidone 202
Dimethylsulfoxide 189
N,N-Dimethylformamide 153
1,2-Dichloroethane 83
Acetonitrile 82
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3. Results and Discussion

PC79BM can be chemically modified by a variety of chemicals that affect electrical conductivity
by doping or de-doping. To find out the effect of co-solvents on the thermoelectric properties of
the PC70BM samples, a series of solvents with different chemical structures, boiling points, and
polarities were selected to be added to the PC7BM solution in chlorobenzene for manufacturing
samples. Figure 4 reveals the results of in-plane electrical conductivity measurements of the PC7oBM
samples. The diagram shows that the electrical conductivity has increased upon addition of the second
solvents. In particular, addition of solvents with higher boiling points leads to larger enhancement
of the electrical conductivity by a factor of 3. Considering the boiling point of the solvents, it is clear
that the samples in which the solvents with higher boiling points were used need a longer time for
drying to complete evaporation. This low evaporation rate allows for better ordering within the
molecular packing of the fullerene derivative PC7BM, and therefore, its ability to transport charge
carriers improves, leading to increased electrical conductivity. The best performance was obtained
after addition of DMSO. The electrical conductivity values of the samples are 0.108 S/m, 0.135S/m,
0.156 S/m, 0.25 S/m, 0.307 S/m, and 0.323 S/m for pristine, CB:DCE, CB:AC, CB:DMF, CB:NMP, and
CB:DMSO samples, respectively. We anticipated that electrical conductivity of the PCyyBM will be
anisotropic depending on whether the measurement was performed along the layer or perpendicular
to it, because the lateral electrical transport depends on the arrangement of fullerene molecules on the
plane, while the perpendicular electrical transport is determined by the stacking of individual layers.
Indeed, for the PC7BM sample, we observed strong anisotropy of conductivity. The out of plane
conductivity of the pristine sample was found to be 2.6 x 10~ S/m, which is 3 orders of magnitude
lower than that of in-plane conductivity. However, for the thermoelectric applications, the in-plane
conductivity is essential, as a layered structure is preferential for the multiple p-n junctions connected
in series in practical devices.

The effect of chemical modification of PC7oBM was further investigated by way of measuring the
charge carrier mobility in the prepared series of samples. Figure 5 shows that the enhancement of
conductivity is accompanied by the increase of the mobility upon adding of the second solvent.

0.35

0.3

0.25 |

0.2 -

0.15 |

0.1 -

Electrical Conductivity (S/m)

0.05 |

> & 3
¢ & S

& Q
& Q9 .e‘!‘

> oa 3
< < &
Figure 4. Electrical conductivity of the samples.

The nature of charge carriers in the pristine and treated PCBM samples was determined by
the thermoelectric power measurement. The corresponding Seebeck coefficients of the samples are
shown in Figure 6. The negative sign of the Seebeck coefficient indicates that the major charge carriers
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are electrons, confirming that all PC;0BM samples are n-type semiconductor, in pristine form and
after treatment by addition of the second solvent. The Seebeck coefficient values of the samples are
—433 uV/K, —440 uV/K, —440 uV/K, —448 uV/K, —461 uV/K, and —464 nV /K for pristine, CB:DCE,
CB:AC, CB:DMF, CB:NMP, and CB:DMSO samples, respectively.
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Figure 5. Charge carrier mobility of the samples.
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Figure 6. Seebeck coefficient values of the samples.

Previously, it was shown that electrical conductivity increases with increasing boiling point
of the used solvent. Similarly, Figure 6 shows that the absolute values of the Seebeck coefficients
increase with the increasing boiling point of the solvent as well. The highest Seebeck coefficient was
obtained from the CB:DMSO system. Although the applied solvents containing heteroatoms can push
or extract electrons from the conducting system, the chemical doping has not been identified within
the predefined experimental conditions. Hence, the effect of applying chemical compounds with
high boiling points on the thermopower of the PC7BM can be explained as follows. While electrical
conductivity is associated with the transport of all mobile charges (holes and electrons), the Seebeck
coefficient is related to the transport of energetic charges. Transport of charge carriers within the
samples under a temperature gradient is described by the heterogeneous model involving highly



Crystals 2018, 8, 237

conductive regions separated by barrier regions, such as fullerene inter-junctions and fullerene-solvent
interfaces, by a hopping mechanism [13]. Increasing the number of nano-scale barriers in the form of
interfaces in heterogeneous materials, such as the investigated arrangement of fullerene derivative
network, interacting with the trapped chemical molecules of intentionally added solvents within the
film is expected to enhance the thermopower. Therefore, we observed an enhancement of Seebeck
coefficient for samples including DCE, AC, DME, NMP, and DMSO.

The increase of Seebeck coefficient and conductivity in parallel in a hole-conducting system has
been demonstrated previously for some doping levels of intentionally doped poly(alkylthiophene), in
which ground state hole carriers, created by doping with a minor additive component, were mainly
at an orbital energy set below the hole energy of the major component of a blend [9]. Similarly, the
observed phenomena in our system can be explained using the electronic band structure of PC7BM
and the position of the Fermi level in the density of states of the composition consisting of PC70BM and
trapped solvent molecules. Energy levels of such molecular semiconductors are determined primarily
by molecular orbitals, and their energy can be derived electrochemically, spectroscopically, or by
means of semi-empirical calculations. Gao et al. have proposed a numerical model applicable to doped
organic materials showing that the Seebeck coefficient increases as greater proportions of the electrical
conductivity occur at energies different from the Fermi level [20]. This depends on the existence of
states away from the Fermi level, the probability of their occupancy, and the charge carrier mobility in
these states. Wuesten et al. extended the model used by Gao et al. allowing hopping transport and
the effects of defects typical for organics, such as grain boundaries, that produce additional localized
states [21]. Both models predict the experimental behavior of a variety of organic materials showing
that high doping levels decrease S because the Fermi level is brought closer to the energy level where
charge transport is favored. The above-mentioned models can be applied to our preliminary results
regarding the establishment of a Fermi level with respect to the orbital energies of the two molecular
components. In our system of two components, the conductive molecular semiconductor PC7BM
as a main component has carrier energies just above the orbital energies of the trapped molecules of
the added solvent that form the minor component. The selected solvents exhibit different molecular
structures, polarity, and redox potential with respect to PC79BM. The Fermi level is established by the
additive, while the current from injected charge is carried predominantly in the higher energy orbitals
of the bulk composition. Hence, thermal excitation of additive-generated charge carriers in one region
of the sample can lead to the migration of some of them into the bulk energy levels of another region of
the sample, increasing thermoelectric voltage. On the other hand, the Seebeck coefficient increases in
the presence of a strong phonon-electron coupling and counteracts the effects of the Seebeck coefficient
decrease caused by enhanced charge carrier mobility [22,23]. However, these hypotheses are only
speculations and require further study.

To find out how the mixed solvents affect the morphology of the PC7oBM samples, we investigated
the sample surface by using an atomic force microscope (AFM). Figure 7 shows the corresponding
AFM images. The sample morphology of the prepared PC7BM films does not significantly change.
However, the surface roughness slightly decreases when the second solvent is added, indicating that
more compact and ordered structures are formed, which could imply higher charge carrier mobility.

The root-mean-square (RMS) surface roughness was found to be 0.72, 0.62, 0.45, 0.37, 0.35, and
0.3 nm for pristine, CB:DCE, CB:AC, CB:DMEF, CB:NMP and CB:DMSO samples, respectively.

Figure 8 shows the thermoelectric power factor of our samples calculated using P = S?o.
The highest power factor was obtained from the DMSO sample, which shows that among these
solvents, DMSO is the best one for preparing PCBM solutions to obtain samples with a higher
thermoelectric power factor.
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(d)

Figure 7. AFM images of the samples. (a) CB; (b) CB:DCE; (c) CB:AC; (d) CB:DMF; (e) CB:NMP; (f)
CB:DMSO.
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Figure 8. Thermoelectric power factor values of pristine and treated PCBM.
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The calculated values of the power factor are 0.02, 0.026, 0.030, 0.05, 0.065, and
0.07 kWK 2m™! for pristine, CB:DCE, CB:AC, CB:DME, CB:NMP, and CB:DMSO, respectively.
It is worth noting that the power factor value of PCy;BM is higher than a variety of
conducting polymers, including poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT/PSS),
poly [N-90-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,3-benzothiadizole)] (PCDTBT),
poly(paraphenylene), poly(p-phenylenevinylene), poly(carbazolenevinylene) derivative, and
polyaniline [10,11,14,15].

4. Conclusions

Using the procedure of mixed-solvents for the PC7BM, we have demonstrated that both
thermoelectric parameters, electrical conductivity, and the Seebeck coefficient can be manipulated
in such a way that a simultaneous enhancement of both factors can be achieved. Due to the
entrapped molecules of solvents in the PCBM network, an increase in the charge carrier mobility
and the Seebeck coefficient was possible during maintaining a constant number of charge carriers.
The simultaneous enhancement in electrical conductivity and the Seebeck coefficient closely correlates
with the experimentally determined charge carrier mobility. From a series of investigated solvents,
DMSO and NMP with higher boiling points appeared to be the most effective co-solvents in improving
the power factor.
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Abstract: Conjugated polymers are considered for application in thermoelectric energy conversion
due to their low thermal conductivity, low weight, non-toxicity, and ease of fabrication, which
promises low manufacturing costs. Here, an investigation of the thermoelectric properties of
poly({4,8-bis[(2-ethylhexyl)oxy]benzo [1,2-b:4,5-b'] dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)
carbonyl]thieno[3,4-b] thiophenediyl}), commonly known as PTB7 conjugated polymer, is reported.
Samples were prepared from solutions of PTB7 in three different solvents: chlorobenzene,
1,2-dichlorobenzene, and 1,2 4-trichlorobenzene, with and without 1,8-diiodooctane (DIO) additive.
In order to characterize their thermoelectric properties, the electrical conductivity and the Seebeck
coefficient were measured. We found that, by increasing the boiling point of the solvent, both
the electrical conductivity and the Seebeck coefficient of the PTB7 samples were simultaneously
improved. We believe that the increase in mobility is responsible for solvent-dependent thermoelectric
properties of the PTB7 samples. However, the addition of DIO changes the observed trend. Only the
sample prepared from 1,2,4-trichlorobenzene showed a higher electrical conductivity and Seebeck
coefficient and, as a consequence, improved power factor in comparison to the samples prepared
from chlorobenzene and 1,2-dichlorobenzene.

Keywords: electrical conductivity; Seebeck coefficient; power factor; PTB7 polymer

1. Introduction

Thermoelectric materials are capable of the solid-state conversion between thermal and electrical
energy. Such materials have attracted much attention due to their great potential for applications
in power generation and refrigeration [1,2]. Thermoelectric materials are used in generating power
from waste heat and in on-chip and larger-scale cooling modules [3-7]. Thermoelectric generators
offer a number of advantages compared to other direct current sources of power. They usually have a
compact module structure that does not require any moving parts [8].

The performance of thermoelectric materials is determined by a dimensionless quantity called the
thermoelectric figure of merit ZT expressed by: ZT = 26T/, where S, o, T, and represent the Seebeck
coefficient, electrical conductivity, absolute temperature, and thermal conductivity, respectively.

In order to improve the figure of merit, it is necessary to increase the Seebeck coefficient and
electrical conductivity simultaneously. However, it is a challenging task, as both parameters are
inversely correlated. The electrical conductivity is calculated from o = enp, with n being the carrier
concentration, p the carrier mobility, and e the electron charge. At the same time, by increasing
n, the electrical conductivity of the material increases, while the Seebeck coefficient decreases.
An alternative strategy is the enhancement of mobility while maintaining a constant n to increase
electrical conductivity and Seebeck coefficient simultaneously [9].
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Inorganic conductors and semiconductors are efficient thermoelectric materials, but they are
associated with issues such as high production cost, toxicity, and scarcity [10]. In contrast, organic
and polymeric semiconductors are advantageous over inorganic materials due to their relatively easy
use, low thermal conductivity, low weight, non-toxicity, and the established thin layer technology,
promising low fabrication costs. In addition to conventional polymers, conjugated polymers
may also be used as thermoelectric materials since they have advantageous characteristics of
conventional polymers. The low thermal conductivity, k, of conjugated polymers (two or three
orders of magnitude lower than in inorganic semiconductors) is a major factor when considering
conjugated polymers for thermoelectric applications, besides their ease of fabrication via simple
solution processability [8,11-13]. The fact that most conducting polymers can be manufactured in
the form of thin films over large areas is a potential benefit for multilayered polymer thermoelectric
modules. Thin films require less material than bulk, and can be more easily processed over large
surfaces. Both factors contribute to lower fabrication costs. In addition, operating thermoelectric
devices are usually modules composed of alternatively layered films of p- and n-type semiconducting
materials. Therefore, the solution-processed thin film technology is beneficial for organic thermoelectric
materials. If polymer thermoelectrics are produced on a large scale, the cost could be much lower than
currently produced bismuth telluride thermoelectrics (~$7/watt) [14], which is the most commonly
used material for thermoelectric applications with a ZT value close to 1.

To date, few conducting polymers have been studied for their thermoelectric properties [13,15-18];
therefore, samples of PTB7 polymer were prepared and investigated.

PTB7 is a p-type semiconducting polymer that is used in organic field effect transistors.
This conjugated polymer is also widely used in bulk heterojunction polymer solar cells as a donor
mixed with an acceptor material in the blend of their active layer. In an effort to improve the
efficiency of PTB7-based polymer solar cells, DIO was added to the blend of donor-acceptor materials,
giving power conversion efficiency (PCE) of 7.4%. This was the first polymer solar cell to show
a PCE over 7% [19]. However, when DIO was mixed with only PTB?, it had, depending on the
solvent, different effects on the polymer [20]. As has been shown by Guo et al., only the films made
from 1,2,4-trichlorobenzene exhibited an improved crystallinity after addition of DIO compared to
chlorobenzene and 1,2-dichlorobenzene [20].

Here, we explored the effect of different solvents and DIO on the thermoelectric properties of
PTB7samples fabricated via drop casting. The following sections focus on the preparation of the
samples, determination of their electrical conductivity, the Seebeck coefficient, charge carrier mobility,
and a discussion of the results.

2. Materials and Methods

PTB7 and DIO were purchased from 1-Material and Tokyo Chemical Industry, respectively,
and solvents were purchased from Sigma Aldrich. All materials were used as received. The PTB7
solutions were prepared by dissolving 15 mg of PTB7 in 1 mL (1000 uL) of chlorobenzene (CB),
1,2-dichlorobenzene (DCB), and 1,2,4-trichlorobenzene (TCB) under glove box filled with argon.
For solutions containing DIO, 15 mg of PTB7 was dissolved in a mixture of 970 uL of solvent and
30 pL of DIO and stirred for more than 12 hours. Samples were formed by drop casting the solutions
on glass substrates, which were cleaned via sonication in acetone, isopropyl alcohol, and water
before use. The thickness of each sample was, on average, 10 um, which was determined by a
profilometer. The electrical conductivity was measured via the four-probe method using a Keithley
SMU237 source measurement unit. The Hall mobility of the samples was measured in a magnetic
field of 0.5 T at room temperature using the Van der Pauw method. The Seebeck coefficient was
calculated from S = —AV/AT, where AV was the thermoelectric voltage generated along the sample
when it was subjected to the temperature difference AT, as shown schematically in Figure 1. Two K
type thermocouples were used to measure the temperature on both ends of the samples. From each
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solution, four samples were prepared, and electrical conductivity, carrier mobility, and the Seebeck
coefficient were measured five times for each sample.

Figure 1. Schematic presentation of the Seebeck coefficient determination.

3. Results and Discussion

Figure 2 shows the molecular structure of the applied chemical materials, and Table 1 presents the
boiling points of the solvents and DIO. Among these three solvents, 1,2,4-trichlorobenzene (TCB) has
the highest boiling point (214) and chlorobenzene (CB) has the highest vapor pressure and the lowest
boiling point (131). As shown in Figure 3, for both types of the samples (with and without DIO), the
electrical conductivity value of the samples made of TCB is higher than two other samples made of
DCB and CB.

salleoleaR RN

(@) (b) (©) (d)

Figure 2. Molecular structure of (a) chlorobenzene (CB), (b) 1,2-dichlorobenzene (DCB),
(c) 1,2,4-trichlorobenzene (TCB), (d) DIO (e) PTB7.

Table 1. Boiling point of the used solvents and 1,8-diiodooctane.

Material Boiling Point (°C)
1,2,4-Trichlorobenzene (C¢H3Cl3) 214
1,2-Dichlorobenzene (C¢H4Cly) 180
Chlorobenzene (C¢H5Cl) 131
1,8-Diiodooctane(CgH1glp) 167-169

Considering the boiling point of the solvents, it is clear that samples made of a higher boiling
point solvent need a longer time for drying to complete evaporation of the solvent. Slow evaporation
of the solvent allows for better ordered molecular packing of the PTB7 polymer and therefore, its
ability to transport charge carriers improves, leading to increased electrical conductivity [21].
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As shown in Figure 3, the values of conductivities are 0.55/m, 0.8 S/m and 1.2 S/m for samples
made of CB, DCB, and TCB without DIO, respectively. Furthermore, we observed that the addition of
DIO improved the electrical conductivity only in the samples made of TCB, and failed to enhance the
electrical conductivity of the samples prepared from CB and DCB. There seems to be a synergic effect in
the interaction between the polymer, TCB, and DIO. However, in the solvents that evaporate faster, the
introduction of DIO (which remains in the assembled polymer fibers) increases the impurity scattering
due to collisions between charge carriers and DIO molecules, which may be the reason for decreasing
the carrier mobility and as a consequence, electrical conductivity. By looking at the conductivity values,
it is obvious that the addition of DIO has the worst effect on the conductivity of the sample prepared
from chlorobenzene. The electrical conductivity values for samples containing DIO are as follows:
0.355/m, 0.6 S/m, and 1.78 S/m for samples made of CB, DCB and TCB, respectively.

Electrical Conductivity (S/m)

Figure 3. Electrical conductivity values of PTB7 samples prepared from different solvents with and
without DIO.

The nature of charge carriers in the PTB7 samples was determined by thermoelectric power
measurement. Corresponding Seebeck coefficients of the samples are shown in Figure 4. The positive
Seebeck coefficient values indicate that the major charge carriers are holes, confirming PTB7 as a
p-type semiconductor. The diagram reflects that the Seebeck coefficients increase with increasing
boiling point of the solvent for both types of samples (with and without DIO) as was already observed
in the electrical conductivity measurements. For both types of the samples, the highest Seebeck
coefficient value was obtained from the samples made of TCB. This simultaneous enhancement in
electrical conductivity and the Seebeck coefficient is attributed to an increase in the carrier mobility
of the samples, in which a solvent with a higher boiling point was used. Table 2 presents the Hall
mobility values of the samples. The changes in the mobility of the samples prepared from different
solvents closely correlate with the corresponding measurements of electrical conductivity and the
Seebeck coefficient.
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Figure 4. Seebeck coefficient values of PTB7 samples prepared from different solvents with and
without DIO.
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Table 2. Mobility of the samples.

Sample Mobility (cm?/Vs)
PTB7: TCB 1.09 x 107!
PTB7: TCB + DIO 1.69 x 1071
PTB7: DCB 7.15 x 1072
PTB7: DCB + DIO 5x 1072
PTB7: CB 3.9 x 1072
PTB7: CB + DIO 2.66 x 1072

Upon addition of DIO, Seebeck coefficient values in the samples made of CB and DCB decrease,
showing that DIO plays a negative role in increasing mobility in CB and DCB samples. The Seebeck
coefficient values of the samples are: 670 uV/K, 702 uV/K and 726 uV/K for CB, DCB and TCB
samples without DIO and 636 1V /K, 676 uV /K and 758 1V /K with DIO, respectively.

Figure 5 shows the AFM images of the PTB7 samples. As seen in Figure 5a—c, all the neat PTB7
samples are rather homogeneous as is expected for homopolymer films. For both types of samples,
surface roughness decreases when the boiling point of the solvent increases, which is consistent with
increasing the mobility. As shown in Figure 5d—f, polymer aggregation is clearly visible when DIO
is added. Obviously, the addition of DIO decreases the solubility of polymer in the neat solvents
leading to aggregation of polymer fibers and formation of lateral structures in the ternary system
(polymer, solvent, DIO). Considering the volatilities of the used solvents that decrease from CB
(131 °C) to DB (180 °C) and TB (214 °C), the observed differences in the structure can be explained.
The root-mean-square (RMS) surface roughness was found to be 1.1, 0.92 and 0.82 for CB, DCB and
TCB samples without DIO and 3.8, 3.2 and 0.7 for CB, DCB and TCB samples with DIO, respectively.

Figure 5. AFM images of PTB7 samples prepared from different solvents with and without DIO: (a) CB;
(b) DCB; (c) TCB; (d) CB-DIO; (e) DCB-DIO; (f) TCB-DIO.

Figure 6 shows the thermoelectric power factor values of our samples calculated from P = S?c,
where S is the Seebeck coefficient value and o is the electrical conductivity. For both types of samples
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(with and without DIO), the highest power factor was obtained from the 1,2,4-trichlorobenzene sample
that shows among these 3 solvents, 1,2,4-trichlorobenzene is the best one for preparing PTB7 solutions
in order to obtain samples with higher thermoelectric power factor and addition of DIO has a positive
effect on that, while reduces power factor of the CB and DCB samples. The calculated values of the
power factor are: 0.00224 (WWK~2em™1), 0.0039 (WWK~2cm 1) and 0.0063 (WK ~2cm 1) for samples
made of CB, DCB and TCB without DIO and 0.00141 (WWK~2cm™1), 0.00274 (WWK~2cm~1) and
0.01 (WWK2cm 1) with DIO, respectively.

0.012

0.01
0.008 -
0.006 -
0.004 -
0.002 |

Power Factor (pW/cmK?)

o

Figure 6. Power factor values of PTB7 samples prepared from different solvents with and without DIO.

It is worth noting that both the electrical conductivity and the Seebeck coefficient and therefore,
the power factor values of PTB7 samples are higher than some previously reported conducting
polymers such as poly [3-hexylthiophene] (P3HT) [13], poly [N-90-heptadecanyl-2,7-carbazole-alt-
5,5-(40,70-di-2-thienyl-20,10,3-benzothiadizole)] (PCDTBT) [16], poly carbazolenevinylene derivative,
poly paraphenylene, poly p-phenylenevinylene [22] and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) [23]. However, we believe that any changes in chemical structure of the conducting
polymers, lead to a modification in their electrical conductivity and influence the thermoelectric
effect. The replacement of the functional groups by different side chains in PTB7 will affect
the assembly of polymer fibers in the solution-processed layers and polymer solubility and thus,
modify their thermoelectric behavior. For this purpose, detailed computer simulations followed by
experimental studies are required to find out which kind of side chains will have a positive effect on
the thermoelectric properties of the modified PTB7.

Assuming that the thermal conductivity of the PTB7 samples is comparable to the value provided
for polypyrrole (0.1) [22], the figure of merit (ZT) values for our samples are estimated to be 0.000673,
0.00118 and 0.0019 for samples made of CB, DCB and TCB without and 0.000424, 0.00082 and
0.003 with DIO, respectively, which is still some orders of magnitude lower than that of bismuth
telluride. However, thin layer technology established for conductive polymers enables the fabrication
of multi-layered structures. In future work, we aim to investigate multiple element modules composed
of alternatively layered films with PTB7 as an electron-donating polymer and films of an n-type
semiconducting polymer. The thermoelectric voltage generated by such modules would be the sum of
contributions from each layer, resulting in increased power output.

4. Conclusions

We investigated the effect of different solvents and 1,8-diiodooctane additive on the thermoelectric
properties of PTB7 polymer. Our data demonstrate that a suitable solvent leads to the improvement of
thermoelectric properties and the enhancement of the figure of merit. Dissolving PTB7 in a solvent
with a higher boiling point leads to obtain higher electrical conductivity and Seebeck coefficient values
due to a better ordering of polymer fibers which is beneficial for charge carrier mobility. We observed
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that addition of DIO improves the electrical conductivity and the Seebeck coefficient of PTB7 only in
the sample prepared from 1,2 4-trichlorobenzene, while for the samples prepared from chlorobenzene
and 1,2-dichlorobenzene, DIO has a negative effect on the thermoelectric properties reflected by the
power factor.
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Abstract: We investigate the microstructure evolution of Ag-alloyed PbTe compounds for
thermoelectric (TE) applications with or without additions of 0.04 at. % Bi. We control the
nucleation and temporal evolution of Ag,Te-precipitates in the PbTe-matrix applying designated
aging heat treatments, aiming to achieve homogeneous dispersion of precipitates with high number
density values, hypothesizing that they act as phonon scattering centers, thereby reducing lattice
thermal conductivity. We measure the temperature dependence of the Seebeck coefficient and
electrical and thermal conductivities, and correlate them with the microstructure. It is found
that lattice thermal conductivity of PbTe-based compounds is reduced by controlled nucleation
of Ag,Te-precipitates, exhibiting a number density value as high as 2.7 x 102 m~3 upon 6 h aging
at 380 °C. This yields a TE figure of merit value of ca. 1.4 at 450 °C, which is one on the largest
values reported for n-type PbTe compounds. Subsequent aging leads to precipitate coarsening and
deterioration of TE performance. Interestingly, we find that Bi-alloying improves the alloys’ thermal
stability by suppressing microstructure evolution, besides the role of Bi-atoms as electron donors,
thereby maintaining high TE performance that is stable at elevated service temperatures. The latter
has prime technological significance for TE energy conversion.

Keywords: thermoelectric materials; PbTe; thermal conductivity; phonon scattering; phase
transformations; microstructure evolution

1. Introduction

Lead-telluride (PbTe) based compounds are common thermoelectric (TE) materials for the
mid-temperature range (600-800 K) [1]. These narrow band-gap semiconductors (ca. 0.3 eV at room
temperature), which have been thoroughly investigated, offer unique combination of high Seebeck
coefficient, S, with relatively high electrical conductivity, o, and low thermal conductivity, x. Owing to
this combination, single-phase PbTe exhibits a maximum dimensionless TE figure of merit (ZT) value
of ca. 0.8 [2,3], which can approach ca. 2.0 owing to doping and nanostructuring [4-6]. The lattice
thermal conductivity of PbTe is typically 2.2 Wm~'K~! at room temperature [7,8], which is yet far
away from the theoretical alloy limit [9]. This opens up prospects for tuning the TE performance by
introducing lattice defects.

Reports indicate that phonons having low- to mid-range frequencies (i.e., mid- to long-wavelength
range) can be significantly scattered by nanostructured features, such as precipitates [10],
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whereas high-frequency phonons (i.e., of short wavelengths) are scattered by point defects mainly,
e.g., solute atoms and vacancies [11]. In this sense, besides achieving direct enhancement of the TE
performance, understanding basic physical behavior of lattice thermal conductivity of two-phase alloys
based on PbTe is a grand challenge by itself. This may be achieved by distinction between the effects
of nano-particles volume fraction, number density, and average size—on the one hand, and those of
the matrix composition—on the other hand [12,13]. Thorough investigations of the microstructure
formed in PbTe-based ternary and quaternary systems, including its temporal evolution and effects on
TE behavior, have been reported [14-21]. Such effects were particularly studied for Ag-alloyed PbTe
compounds as well [22-26]. Nevertheless, neither of these studies introduces systematic investigations
of the effects of second-phase precipitates” volume fraction, number density, and average size, as well
as their temporal evolution, on TE transport properties of PbTe-based alloys.

In this study, we focus on Ag-alloyed PbTe-based systems having the potential to form
Ag,Te-precipitates dispersed in the PbTe-based solid solution. We perform controlled aging heat
treatments at different temperatures and durations to enhance nucleation of Ag,Te-precipitates
for directly reducing lattice thermal conductivity. It is hypothesized that aging should yield
increased nucleation of Ag,Te-precipitates up to a time limit where over-aging processes take
place [27], which is accompanied by changes in the PbTe-based matrix average composition.
The side-effects on other TE transport properties and, in general, on TE performance are also examined.
This approach was demonstrated by us recently for a ZnO-based system, with clear conclusions
regarding TE performance [28]. In this context, we cope with two main challenges that concern the
materials synthesis process, which are optimization of heat treatment conditions and selection of
the processing routes, such as powder pressing and fast cooling, and highlight the essence of these
factors in determination of the TE performance. Herein, knowledge of the temporal evolution of
PbTe-matrix/Ag,Te-precipitates system’s microstructure upon aging will serve for improvement of
the TE performance of PbTe-based compounds.

2. Experimental Procedure

2.1. Materials Synthesis

In this study we report on two classes of materials; the first one is synthesized by casting, and the
second one by hot-pressing.

As-cast (AC) compounds are synthesized from pure elemental Pb powder (99.96%,
Riedel-de Haén®, Hanover, Germany), Te ingots (99.99%, STREM CHEMICALS®, Newburyport,
MA, USA), and Ag shots (99.999%, Alfa Aesar®) by mixing in the appropriate molar ratios to obtain
the average composition of (PbTe)q 95(AgzTe)o. 5. We choose this composition since it is within the
single-phase regime at temperatures above 600 °C, and is expected to decompose into a two-phase
mixture, namely Ag,Te + PbTe, in a solid-state precipitation process at lower temperatures. The pure
Pb-, Te-, and Ag-raw materials are poured into a 12.5 dia. quartz ampoule, which is evacuated and
refilled with a 120 torr Ar-7% H, gas mixture to avoid oxidation. The sealed ampoule is subsequently
heated to 1000 °C for 2 h in a vertical programmable tube furnace to enable melting. Termination of
the melting is performed by quenching in iced-water bath, followed by annealing at 700 °C for 24 h to
homogenize the solid solution at the single-PbTe-phase regime and, finally, quenching in an iced-water
bath. In order to precipitate the Ag,Te-phase from the solid solution, the ingot is sliced to disk-shape
specimens, ca. 2 mm thick, and aged at 400 and 450 °C for different durations, as listed in Table 1,
in sealed evacuated ampoules to enable us obtain Ag,Te-precipitates of different sizes and number
densities dispersed in the PbTe-based solid solution.

Hot-pressed (HP) specimens of the (PbTe)97(AgoTe)o 03 base composition are prepared in two
batches; the first one does not contain Bi, and the second one contains 0.04 at. % Bi. These compositions
and synthesis method are chosen in a way that allows us to prepare single-phase supersaturated
specimens that are mechanically robust to sustain subsequent TE measurements. First, granules of
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Pb, Te, Ag, and Bi (99.5%, LOBA CHEMIE®, Mumbai, India) are mixed in the appropriate fractions
and undergo repeated arc melting processes. Then, the solid solution is grinded into fine powder
and heated up to 650 °C (within the single-phase regime) under a pressure of 21 MPa for 0.5 hin a
30 mm dia. die, and then cut into 12.5 mm dia. disks. Then, the specimens are aged at 380 °C for
different durations, as listed in Table 1, in sealed and evacuated ampoules under a 120 torr Ar-7% Hp
atmosphere to initiate nucleation of the Ag,Te-phase, followed by iced-water quenching.

Table 1. A list of the materials’ compositions, synthesis conditions, and heat treatments carried out for
each specimen.

Material Aging Temperature [°C] Aging Times [h]
400 0,2,8,32,72,106
As-cast (AC) (PbTe).95(AgzTe)o.0s 450 0,1.2.4,8 16,32
Hot-pressed (HP) (PbTe)o.97(Ag2Te)o.03 380 0,05,1,2,4,6,8,16,24,48
Hot-pressed (HP) 0.04 at. % Bi + (PbTe).97(AgzTe)o.03 380 0,2,6,48

2.2. Characterization Methods

2.2.1. Microstructure Analysis

We apply powder X-ray diffraction (XRD) to determine the phases present in the heat treated
ingots. Measurements are carried out using a SmartLab® XRD diffractometer (Rigaku, The Woodlands,
TX, USA) with an angular resolution of 0.02°, applying Cu-K radiation at the angular range of
26 = 20-120°. Data are collected with angular scanning resolution of 0.03° per step. Microstructure
characterization of the samples is carried out using a Ultra Plus® high-resolution scanning electron
microscope (Zeiss, Oberkochen, Germany) (HRSEM) equipped with an 80 mm? active area Oxford®
SDD electron dispersive spectroscopy (EDS) detector with an energy resolution of 127 eV, equipped
with a Schottky field-emission electron gun. In some cases, metallographic polishing of the specimens’
surface is carried out by ion milling employing a Helios NanoLab DualBeam® (FEI, Hillsboro, OR,
USA) G3 UC dual beam focused ion beam (FIB) to reveal the microstructure features. All micrographs
presented in this study are acquired using either secondary or backscattered signals, to be specified
further below, operated in the range between 3 and 15 kV. Finally, the precipitate number density, Ny,
defined as number per unit volume, is determined based on the two-dimensional HRSEM micrographs
showing the Ag,Te-precipitates in a contrast that differs from that of the PbTe-based matrix, following
the methodology introduced by us elsewhere [28].

2.2.2. Thermoelectric Property Measurements

We employ the laser flash analysis (LFA) technique, using an LFA-457 MicroFlash® apparatus
(Netzsch, Selb, Germany), to directly measure the thermal diffusivity, &, of disk-shaped specimens
at the temperature range of 25 through 600 or 700 °C, depending on the material. The thermal
conductivity is then calculated from the relationship:

K(T) = a(T)-p-Cp(T) 1)

where p is the material’s bulk density as evaluated from the sample dimensions and mass, and its
temperature dependence is neglected. Cp, is the heat capacity, measured indirectly using the LFA with
respect to a standard made of pyroceram 9606 or pure alumina. Electrical conductivity and Seebeck
coefficient values are measured employing an SBA-458 Nemesis® system (Netzsch, Selb, Germany) for
specimens having the same geometry as for the LFA. All of the measurements are carried out under
flowing Ar as a protective atmosphere.
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3. Results

3.1. Microstructure Characterization

We perform XRD analysis for specimens that were hot-pressed prior to aging heat treatments to
assure that the material is a PbTe-based solid solution single phase, or does not contain considerable
amount of Ag,Te-precipitates. Figure 1 presents an XRD pattern collected from a hot-pressed specimen
of the (PbTe)pg7(AgzTe)p o3 composition, which did not undergo further aging heat treatments.
The fully-indexed XRD pattern implies that the material is a single PbTe-phase.
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Figure 1. A fully-indexed powder x-ray diffraction (XRD) pattern acquired from the hot-pressed (HP)
as-pressed, (PbTe)y 97(AgyTe)o 03 series, corresponding with the rock-salt PbTe crystal structure (JCPDS
number 04-002-0317).

HRSEM analysis is performed for all of the specimens to characterize their microstructures.
Figure 2 displays selected HRSEM micrographs taken from the HP series of specimens with or
without Bi. It is noteworthy that, first, the presence of elongated Ag,Te-precipitates is apparent for
the specimens that were not aged, although they were iced-water quenched and are expected to
comprise a single PbTe solid solution phase. EDS analysis was carried out for additional specimens
to validate the AgyTe-stoichiometry. The average concentrations inferred from analysis of several
large precipitates is 61.7 + 1.1 at. % Ag; 38.0 = 1.1 at. % Te; Pb bal. The number densities of these
Ag,Te-precipitates are, however, relatively small. Second, the Bi-free specimens exhibit precipitate
number density that increases up to 6 h aging, then decreases up to 48 h aging, whereas the Bi-alloyed
specimens exhibit relatively low precipitate number densities that do not change significantly with
aging time. For example, quantitative analysis indicates that Ny exceeds values as great as 2.8 x 10!7
and 2.7 x 102 m~3 after 6 h aging of the Bi-alloyed and Bi-free materials, respectively. The respective
number densities reached after 48 h aging are 8.1 x 10'® and 1.1 x 10" m~3. It is also shown that the
Bi-alloyed specimens preserve the morphology of elongated precipitates over aging time, whereas the
precipitate morphology in the Bi-free specimens evolves toward a spheroidal one. This transition takes
place between 4 and 6 h aging.
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Figure 2. High-resolution scanning electron microscopy (HRSEM) micrographs taken from the polished
surfaces of the series of hot-pressed (HP) samples aged at 380 °C for different durations, showing
either needle-shaped or spheroidal Ag,Te-precipitates embedded in a PbTe-based matrix. (a) through
(f) display Bi-free specimens aged for 0, 1, 4, 6, 16, and 48 h, respectively. (gh) display Bi-alloyed
specimens aged for 6 and 48 h, respectively. (a-c,g,h) are collected applying the back-scattered electrons
(BSE) signal, whereas (d-f) are collected applying the secondary electrons (SE) signal.
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Figure 2 indicates that the Bi-free specimens exhibit strong dependence of the microstructure on
aging time, implying that their TE transport coefficients can be modified and controlled more easily
compared to the Bi-alloyed ones. To draw conclusions on the microstructure temporal evolution of
these specimens on a quantitative basis, we evaluate the number densities of Ag,Te-precipitates for the
Bi-free HP specimens aged at 380 °C, and compare them with those acquired from the AC specimens
aged at 400 and 450 °C. The Ny-values for these specimens are plotted against aging time, and are
shown in Figure 3.
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Figure 3. Precipitate number density (Ny) values measured for the different aging times and
temperatures, plotted for the (PbTe)g 95(AgyTe)o 05 as-cast (AC) samples aged at 400 °C (blue circles)
and 450 °C (red squares), as well as for the hot-pressed (HP) (PbTe)j 97(AgzTe)g 03 samples aged at
380 °C (black triangles). For the series of samples aged at 450 °C Ny decreases with aging time, whereas
for the samples aged at 400 °C and 380 °C sharp increase of Ny values is indicated for short durations,

followed by a decrease.

It is shown that the Ny-values of the AC specimens that were aged at 450 °C decrease with
aging time, and reach at an asymptotic value, a behavior typical for coarsening or “over-aging” [27].
The 400 °C- and 380 °C-aged ones, however, exhibit a different trend, which is more desirable for
design of TE properties: a maximum value of Ny is achieved for each series.

3.2. Thermoelectric Transport Properties

The temperature dependent electrical conductivity and Seebeck coefficient values are measured for
the HP series of specimens aged for different durations, with or without Bi-additions. Selected results
are displayed in Figure 4a,b, respectively. The electrical conductivity values exhibit a general trend of
increase with increasing temperature, typical for a semiconducting behavior, with an exception for
the as-quenched Bi-alloyed material that indicates decrease in the electrical conductivity from a value
of ca. 750 S-cm ™, typical for a metallic behavior. Also, this general trend is less pronounced for the
Bi-free materials aged for 48 h. These trends will be discussed further below.
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Figure 4. The temperature dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) thermal
conductivity values measured for the hot-pressed (HP) series of specimens aged at 380 °C
for 0 (diamonds), 6 (squares), and 48 h (stars) for the Bi-free (blue symbols) and Bi-alloyed
(red symbols) materials.
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It is also indicated that most of the Bi-doped samples exhibit electrical conductivity values that
are slightly higher than those of their undoped counterparts up to 450 °C.

Figure 4b presents the Seebeck coefficient values vs. temperature, in which the trend is opposite
to that of the electrical conductivity, as expected. Most samples show decrease in the absolute values
of the Seebeck coefficient as the temperature increases up to 450 °C. Additionally, it is shown that all
samples except one exhibit negative values, indicating their n-type polarity. As expected, the Bi-doped
compounds possess lower absolute values of Seebeck coefficients compared to those of their undoped
counterparts, due to increased charge carrier concentrations. Interestingly, at temperatures higher than
ca. 450 °C, the curves describing the doped and undoped states converge.

Thermal conductivity values are evaluated based on Equation (1) by direct measurements of
thermal diffusivity and room temperature values of the materials’ densities, which are listed in Table 2
for the HP series. Selected results appear in Figure 4c. All x(T)-curves exhibit similar values and trends.

Table 2. A list of hot-pressed (HP) samples” bulk densities, as measured after the different aging
heat treatments.

Bulk Density (g-cm—3)

Aging Time (h)

Bi-Free Bi-Alloyed
0 8.00 7.86
1 7.65 7.42
2 7.82 7.45
6 7.97 7.37
18 7.85 7.38
48 7.97 7.58

The bulk density is 7.60 g-cm~3 on average for the AC series. To evaluate the effects of
Ag,Te-precipitates on thermal conductivity via phonon scattering mechanism, it is required to
derive the lattice component of thermal conductivity, ;. This is implemented applying the
following relationship:

K = Ke + K 2

where x, is the electronic component of thermal conductivity, and is evaluated relying on the measured
electrical conductivity, Figure 4a, utilizing the Wiedemann-Franz relationship [29]:

ke = LoT ®3)

where L is evaluated using a semi-empirical expression derived by Kim et al. [30], and is a function of
S. Itis valid for deviations from the degenerate limit, and was validated for PbTe-based compounds,
as well. We calculate L for all samples and temperatures utilizing the measured S-values appearing in
Figure 4b.

Figure 5 shows the temperature dependent lattice component thermal conductivity for the (a)
Bi-free and (b) Bi-doped HP samples aged for 0, 6, and 48 h. Both types of samples show a similar
trend of decreasing thermal conductivity with increasing temperature, which is associated to Umklapp
phonon scattering [8]. For temperatures larger than 500 °C the x;-values seem to increase with
temperature, which deviates from the Umklapp-behavior; this is probably due to phenomena that are
not considered by the expression of L, such as bipolar effects [30].
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Figure 5. The temperature dependent lattice thermal conductivity values evaluated from the measured
thermal and electrical conductivities applying the Wiedemann-Franz relationship for the hot-pressed
(HP) series of specimens aged at 380 °C for 0 (diamonds), 6 (squares), and 48 h (stars), for the (a) Bi-free
(blue symbols) and (b) Bi-alloyed (red symbols) materials.

Interestingly, it is indicated that the Bi-free compounds exhibit the lowest x; values for 6 h aging,
whereas 48 h aging leads to maximum x; values. Conversely, the Bi-alloyed compounds exhibit x;
values with increasing order of their aging times. These trends will be discussed further below.

4. Discussion

4.1. Materials Processing and Microstructure Evolution

It is indicated in Figures 2 and 3 that the materials microstructure, particularly the
Ag,Te-precipitate number density, can be controlled by selecting the appropriate synthesis procedures
and aging heat treatments. The specimens aged at 450 °C show an undesirable behavior, in which Ny
monotonously decreases with aging time, starting from a relatively large value of ca. 3 x 10! m~3.
This means that the onset of Ag,Te-precipitates nucleation takes place already during the quenching
process. This can be explained by combination of the following factors. First, the PbTe matrix is highly
supersaturated with Ag atoms, so that quenching from the single-phase region to two-phase region
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(below 450 °C) is inadequately fast. Second, the diffusion rate of Ag in the PbTe-matrix might be fast
enough to enable the onset of Ag,Te nucleation just below the PbTe-solvus. Based on this experimental
work, as compared to calculations of the expected cooling rates for cylindrical telluride ingots (in direct
contact with the quartz wall) conducted by Ikeda et al. [15], we estimate the cooling time of the center
of the ingot to be between 30 and 60 s until it reaches room temperature. This is sufficient to enable
nucleation of the Ag,Te precipitates at intermediate temperatures. Ag is known to be a fast diffusing
element in PbSe with Dy = 7.4-1078 m?-s~! and Q = 33.77 k] -mole~!; valid for the temperature range
of 400 through 850 °C [25], where Dy and Q are the pre-exponential diffusion coefficient and activation
energy, respectively. This corresponds to a diffusion length, v/Dt, of ca. 265 um for 1 min annealing
at 650 °C. Ag diffusion is expected to be faster in PbTe than in PbSe, since the former has a larger
lattice constant [31], given that both have the same crystal structure and Ag diffusion should occur
in interstitial mechanism [25]. Thus, due to the high diffusivity of Ag, it is reasonable that nanoscale
precipitates form during quenching [26]. Lowering the aging temperature from 450 °C to 400 °C
enables achieving slower kinetics and lower diffusion rate of Ag atoms in the PbTe matrix at the same
time with increased nucleation rate, I, of the Ag,Te-phase, Equation (4) [27]:

AG* + AGD> @

Io<exp<f T
B

Here, AG" is the critical energy for nucleation, and is decreasing with increased degree of
super-saturation [27]; AGp is the critical energy for mass transport; and kp is the Boltzmann constant.

The major differences between the AC and HP series are the synthesis method and composition.
First, the HP samples are less brittle and are easier to handle during the subsequent measurements,
with somewhat larger bulk density values compared to the AC ones, Table 2. Second, the HP series
contains smaller concentrations of Ag (3.3 at. %) compared to AC (5.0 at. %). The reduction of
Ag-concentration in the HP series enabled us avoiding formation of primary Ag,Te-precipitates during
quenching owing to reduced degree of super-saturation.

It is shown in Figure 3 that 6 h aging at 380 °C is the critical condition for obtaining an adequately
high value of Ny = 2.7-10% m~3. Such value was found to be enough to initiate phonon scattering
in PbTe [32,33]. After reaching at this peak Ny, an over-aging stage begins, in which the precipitates
coarsen [27], and their effect on phonon scattering is expected to diminish.

Comparison between the microstructures obtained for the Bi-doped and Bi-free materials that
underwent identical aging conditions shown in Figure 2—on the one hand, and the obtained Ny values
shown in Figure 3—on the other hand, is very instructive. First, it is observed that Bi greatly suppresses
temporal evolution of the precipitates. This is manifested by relatively large, needle-like precipitates,
several micrometers long, which appear in the Bi-doped samples; this size is preserved for a wide range
of aging times. Conversely, their undoped counterparts exhibit small precipitates (tens of nm dia.) for
6 h aging, and large precipitates (ca. 500 nm dia.) for 48 h aging. This implies that Bi atoms encourage
“pinning” of the Ag,Te-precipitates to their original sizes. Second, Bi additions affect the morphology
of the precipitates. Whereas the undoped samples exhibit needle-shaped precipitates that evolve into
spheroidal ones between 4 and 6 h aging, the Bi-doped samples contain only needle-shaped ones.
This can be explained by coherent interfaces existing between the PbTe-matrix and Ag,Te-precipitates
due to small lattice mismatch [25]. The degree of coherency decreases during precipitate growth [27];
however, Bi-additions preserve high degree of coherency, possibly due to interfacial segregation,
as observed in a different PbTe-based system [34].

4.2. Electronic Transport Properties

In this section we will explain the complicated behavior shown in Figure 4, starting from the
Bi-free materials. Generally, all samples exhibit an inverse relation between ¢ and |51, that is, as one
increases the other one decreases with dopant concentration, which is expected [29]. Most samples,
however, exhibit increase of o and decrease of |S| with increasing temperature. This is opposite to the
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behavior observed for heavily-doped semiconductors [29], which is associated to the fact that charge
carrier activation occurs from the Fermi level to higher energy states in the conduction band. Rather,
these trends are often observed for intrinsic or lightly-doped semiconductors, where such behavior
originates from the thermal activation of charge carriers across the band gap. This is, however, not the
case here. Our explanation for this trend is based on the increase of Ag solubility limit in PbTe with
increasing temperature, which leads to dissolution of Ag,Te-precipitates and increase of the extrinsic
charge carrier concentration with increasing temperature [24]; this raises the Fermi energy to levels
closer to the conduction band.

It should be noted that Ag is an n-type dopant in Ag-saturated PbTe due to formation of interstitial
Ag defects [24], therefore yields negative S-values, whereas for low concentrations Ag atoms act as
acceptors. During aging, nucleation and growth of the Ag,Te-phase take place, and Ag-atoms are
consumed and depleted from the PbTe-matrix. Therefore, S-coefficients become less negative with
increasing aging time, Figure 4b. Interestingly, the Bi-free sample aged for 48 h shows very low
electrical conductivity, and its S-coefficient is positive and changes its sign to negative upon heating,
implying a transition from p-type to n-type behavior. This can be explained considering that after
48 h aging the volume fraction of Ag,Te is the greatest, so that the amount of Ag-atoms dissolved
in the PbTe-matrix is the smallest. This is because Ag,Te precipitates act as p-type dopants in PbTe,
in analogy with Na,Te and K,Te, where Na* or K* substitute for Pb*? [23]. Ca. 1% solubility of
Ag,Te in PbTe apparently results in compensated defects and very low concentration of extrinsic
charge carriers (<10'® cm~3), possibly since half of the Ag atoms occupying interstitial sites donate
one electron compensating for the remaining Ag substituting for Pb. The occurrence of Ag as both
an n- and a p-type dopant has been reported previously [35]. Overall, Ag-solubility increases with
temperature so that |S| is decreasing with temperature for all cases. Moreover, Ag,Te-precipitates
dissolve at temperatures as high as 450 °C, which is manifested by convergence of all curves at this
temperature for both Bi-alloyed and Bi-free compounds, Figure 4b.

The behavior of the Bi-alloyed compound is easier to comprehend, since Bi-dopants serve
always as donors in PbTe. The as-quenched Bi-alloyed sample exhibits decreasing o- values with
growing temperatures starting from ca. 750 S-cm~! at room temperature. This behavior can be
explained as follows. At the beginning of the measurement cycle Bi atoms, acting as electron donors,
are homogeneously dispersed in the matrix that contains very few Ag,Te-precipitates per unit volume.
During SBA analysis the temperature reaches 700 °C, followed by slow cooling. We hypothesize that
Bi-atoms prefer to segregate to the interface between the PbTe-matrix and the Ag,Te-precipitates to
reduce the total interfacial free energy. Once Bi-atoms segregate to these interfaces, their concentration
in the PbTe-matrix decrease. The electrical conductivity of the ‘0 h’ sample is relatively high and keeps
decreasing with temperature since the PbTe-matrix is sufficiently enriched by Bi. The samples aged for
6 h and more contain less Bi-atoms dissolved in the PbTe-matrix, so that their electrical conductivities
are smaller than that of the ‘0 h” one, and they behave as in the non-degenerate limit, Figure 4a.
This also explains why S-values become more negative with aging time. We note that this suggested
mechanism relies on the scenario of interfacial segregation of Bi-atoms to the PbTe/Ag,Te interfaces.
To the best of our knowledge, this has not been reported in literature, however was validated by us
from first-principles [36].

4.3. Thermal Transport Properties

Figure 5 shows an interesting behavior, in which the Bi-free compounds exhibit the lowest x;
values for 6 h aging, whereas 48 h aging leads to maximum «; values. Conversely, the Bi-alloyed
compounds exhibit x; values with increasing order of their aging times. This can be elucidated
considering the role of Ag,Te-precipitates in phonon scattering. The Bi-free samples exhibit decrease
in x;-values with aging time from the as quenched state up to 6 h due to the significant increase of Ny
to values as large as 2.7 x 10%Y m~3; such N-value was found to be adequately high to initiate phonon
scattering with sufficient intensity to reduce thermal conductivity by tens percent [32]. Conversely,
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x;-values increase from 6 h aging up to 48 h aging, which seems to deviate from the trend introduced
before. This is explained by the role of the degree of matrix supersaturation in scattering phonons,
as utilized by us previously [28,37]. The as-quenched sample comprises non-equilibrium, strained,
and super-saturated PbTe solid solution that relaxes upon aging. For the as-quenched state, this is the
dominating mechanism for phonon scattering. With growing aging time, the matrix strains relieve,
however Ny increases. For longer aging times, Ny decreases due to coarsening with simultaneous strain
relief; therefore, the lattice thermal conductivity grows to values even larger than for the as-quenched
state. The interplay between these competing factors determine the temporal evolution of x; shown in
Figure 5a. For comparison, the trends shown in Figure 5b for the Bi-alloyed samples are somewhat
different: x;-values keep increasing with aging time. This is because the Ny-values of these samples
are too low, so that precipitates do not play any significant role in phonon scattering. Instead, matrix
relaxation remains the only mechanism, and this yields continuous increase of x; with aging time.
To demonstrate the significant influence of precipitates having the same Ny-values as in Figure 3 on x;,
we calculate x;(T) for 10 nm radius precipitates dispersed in PbTe-matrix having different Ny-values
applying the Callaway model with parameters that are conventional for PbTe-matrix [32,33], and the
results are shown in Figure 6.
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Figure 6. The temperature dependent lattice thermal conductivity values calculated based on the
Callaway model for PbTe-matrix containing precipitates of 10 nm radius and three different number
densities: Ny = 107, 10, and 102 m~3, denoted by blue solid, black dashed, and red dotted
lines, respectively.

It is indicated that «; is sensitive to precipitate number density variations in the range simulated,
which corroborates our analysis.

4.4. Thermoelectric Performance

We examine the effects of aging and microstructure evolution on the TE figure of merit, ZT.
Figure 7 shows the temperature dependent ZT-values calculated for the HP series of both Bi-alloyed
and Bi-free materials, together with selected values reported in literature for other n-type PbTe.

Interestingly, it is indicated that ZT is extremely sensitive to microstructure evolution for the
Bi-free compounds, and is almost insensitive to it for the Bi-alloyed ones. Additionally, the Bi-free
ones exhibit maximum ZT-values that are greater than those of the Bi-alloyed ones. Most importantly,
ZT significantly improves due to 6 h aging with respect to the raw material (as-quenched), which is
associated to the decrease of x; thanks to precipitation of the Ag,Te-phase. The maximum ZT value
obtained is ca. 1.4 at 450 °C, which is one of the largest ones reported for n-type PbTe [38-43].
Subsequent aging for 48 h results in drastic decrease of ZT for the undoped specimens, whereas
that of the Bi-doped specimen only slightly decreases. This can be explained by coarsening process
taking place in the undoped specimen after 48 h aging, Figures 2 and 3, which increases lattice
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thermal conductivity and reduces electrical conductivity. Furthermore, Bi alloying suppresses the
microstructure evolution and reduces the Ny-values, Figure 2, which leads to only a slight reduction
of ZT after 6 and 48 h aging. This clarifies the positive effects of Bi in stabilizing the material’s
microstructure against evolution, and thereby in preventing deterioration of TE performance. All of
the above imply that good control and understanding of the evolved microstructure help us to employ
two-phase materials for TE applications.

I This Work n-type PbTe Lit.
20 “O—oh (PbTe), Ge, ,+0.037% Pbl,
1.8 ~0O-6h ——PbTell
r T%-48h —PbTe
1.6 - —O—6hwith Bi PbTe: La
1.4 [ —¥—48 hwith Bi OO

Thermoelectric figure of merit, ZT

0 100 200 300 400 500 600 700

Temperature (°C)

Figure 7. The temperature dependent thermoelectric figure of merit, ZT, evaluated for the hot-pressed
(HP) series of specimens aged at 380 °C for 0 (diamonds), 6 (squares), and 48 h (stars) for the Bi-free
(blue symbols) and Bi-alloyed (red symbols) materials. Selected data for n-type PbTe from literature
are plotted for comparison.

5. Summary and Conclusions

Our investigation of Ag,Te precipitation in undoped and Bi-doped (PbTe); _«(Ag>Te)x compounds
includes materials synthesis in two different routes, namely casting and hot-pressing, aging heat
treatments, microstructure characterization, and TE property measurements. It was found that
Ag,Te-precipitate number density can be controlled by changing the average composition as well as
heat treatment temperature and duration. A maximum precipitate number density value as high as
2.7 x 102 m~3 was achieved for the Bi-free compounds after 6 h aging at 380 °C, yielding ZT = 1.4 at
450 °C. This is one on the largest values reported for n-type PbTe compounds, and is associated
to improved phonon scattering efficiency. Subsequent aging results in precipitate coarsening,
which causes drastic increase of thermal conductivity and decrease of electrical conductivity. This is
associated to a reduction of phonon scattering efficiency by both precipitates and matrix strains, as
well as depletion of Ag-solutes from the PbTe-matrix. Interestingly, Bi-doping results in stagnation of
microstructure evolution, maintaining thermally stable TE performance. Overall, this study provides
us with fundamental understanding and practical tools necessary to design TE properties in PbTe-based
compounds as well as in other two-phase systems.
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Abstract: The solid-state reaction of WO3 with W was studied in order to clarify the phase formation
in the binary system W-O around the composition WO, (2.50 < x < 3) during spark plasma
sintering (SPS). A new phase “WO,g,” is observed in the range 2.72 < x < 2.90 which might
have the composition W12O3z4. The influence of the composition on the thermoelectric properties was
investigated for 2.72 < x < 3. The Seebeck coefficient, electrical conductivity and electronic thermal
conductivity are continuously tunable with the oxygen-to-tungsten ratio. The phase formation mainly
affects the lattice thermal conductivity x),, which is significantly reduced until 700 K for the sample
with the composition x = 2.84, which contains the phases W1gOy9 and “WO, g”. In single-phase
WO, 99 and multi-phase WO, materials (2.90 < x < 3), which contain crystallographic shear plane
phases, a similar reduced xj,; is observed only below 560 K and 550 K, respectively. Therefore,
the composition range x < 2.90 in which the pentagonal column structural motif is formed might be
more suitable for decreasing the lattice thermal conductivity at high temperatures.

Keywords: thermoelectric materials; spark plasma sintering; tungsten oxides; crystallographic shear
plane phases

1. Introduction

Transition metal oxides (TMOs) are under debate for high-temperature thermoelectric (TE)
applications since NaCo,04 was found to be a p-type material with a thermopower « as high as
100 pV-K~ 1 at 300 K [1]. By now, TMOs are subject of in-depth investigations [2—4] in particular
because there is still a lack of appropriate n-type counterparts, although lanthanum-doped SrTiOj3 [5],
ZnO [6] or doped TiO,_ [7-9] show promising results.

The enhancement of a TE material’s figure-of-merit ZT (Equation (6)) might be obtained by
either increasing the power factor a?c or decreasing the total thermal conductivity Kot = Kej + Kot
(Equations (3) and (4)). An interesting approach is the exploitation of crystallographic shear (CS)
for the reduction of the lattice thermal conductivity xj,; due to increased phonon scattering [4,10,11].
CS plane structures occur when a transition metal is partially reduced and oxygen layers are removed
from the structure, e.g., of TiOy, VO,, MoO3 and WO3. In the tungsten-oxygen system (Figure 1a) with
decreasing O/W-ratio x the observed phases are the insulating ReO3-type WO3, the semiconducting
phase W5yOsg with CS planes, the metallic phase W13O49 with pentagonal columns (PC) and the
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metallic rutile-type WO,, with varying coupling of the [WOg] octahedra (Figure 1b—e). Such structure
modifications result in an increasing charge carrier concentration [12]. A further five observed phases
in the range 2 < x < 3 are predicted to be bad metals with charge carrier densities of the order
1021-102 em ! according to band structure calculations [13]. Yet, these phases occur only in small
domains of single crystals [14,15] or under high pressure conditions [16-18]. The fact that they are not
observed as bulk materials might be attributed to a microstrain-driven ordering mechanism of the CS
planes [19], which should be sensitive to the synthesis conditions.
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Figure 1. (a) Phase diagram of the binary system W-O in the range of the O/W-ratio 2 < x < 3 [20].
Dashed lines mark the sample compositions prepared and characterized in this work. A metastable
phase “WO; ;" (orange) is found; (b—e) Crystal structures and respective colors of the known tungsten
oxide phases. Characteristic features are the [WOg] octahedra (grey), pentagonal columns (PC) and
crystallographic shear (CS) planes (green). For clarity, only the monoclinic -WOj3 is shown among the
WO3; modifications.

The vapor-transport preparation route to obtain these phases comprises a high-temperature
heating of WO, powder mixtures over several days and weeks [14,15,21-23]. Recently WO, 7, (W18O49)
and WO, g9 (W29Osg) were successfully prepared by spark plasma sintering (SPS) being promising
bulk TE materials [11,12,24]. SPS combines the solid-state reaction of powdered precursor mixtures
with simultaneous shaping, and provides an effective manufacturing route for TE materials due to low
temperatures and short reaction times [8]. The samples around the composition WO, g still showed
the formation of a further phase which was interpreted as WO, g6 [25].

The knowledge on phase formation in the tungsten-oxide system under SPS conditions still
appears fragmentary which complicates the evaluation of the system’s potential as a TE material.
Thus, we studied the products of the SPS redox reaction dependent on both, the composition x in the
range 2.50 < x < 3 (Figure 1a, dashed lines) and the synthesis temperature T}, with powder X-ray
diffraction (PXRD). Subsequently, the TE properties of the SPS-prepared WO, materials with x > 2.72
were investigated.
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In this work we use the notation “WO,” for sample compositions, and “W,0O,” for phases and
their crystal structures.

2. Results & Discussion

2.1. Spark Plasma Preparation

The solid-state reaction

x/3WOj3 + (1 — x/3) W — WO, )

was performed for different x by spark plasma sintering (SPS) in vacuum (<10 Pa) under an uniaxial
pressure of 80 MPa (Figure 2a). Temperature programs included a linear heating with 50 K-min~1,
an isothermal dwell time ¢, at the temperature Trmayx, and free cooling. Specific experiments in this
work are notated by “SPS-T'max/tdqwel”-

uniaxial

pressure powder
= L
Qc
L ] Qs
3JQ <
3
] nnnmn e - pellet
2 time S |
- graphite
_5’7",_“ bar
[ ] aga: ining ,
B | 33 \/
-0 b
® Lf1 Sl ld fu%
(a) (b) ()

Figure 2. (a) Setup of the spark plasma sintering (SPS) machine; (b) Scheme of the filled SPS die;
(c) Sample powder reacted in the SPS and compacted to pellets. For measurements tetragonal bars
with a = 1.5 mm and b ~ 6-8 mm were cut.

For the reference material WO, g9, the SPS treatment was optimized regarding the phase purity.
Systematic variations of the temperature and dwell time in the ranges 1320 K < Tryax < 1570 K and
10 min < fgyen < 4 h, respectively, yielded the optimum regime SPS-1420 K/10 min (Figure 3b).
Samples WO, with x = {2.50, 2.72, 2.80, 2.82, 2.84, 2.86, 2.88, 2.92, 2.95, 2.98} were prepared with the
same conditions.

@)

wo2.72
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Figure 3. PXRD patterns (Cu-K; radiation) of the reference materials obtained by SPS: (a) Single-phase
WO, 7, after two-step treatment with surface cleaning and grinding in between; (b) Single-phase
WO, gy after one-step treatment; (c) WO3 sample contains two modification y- and 5-WOj after SPS
and subsequent annealing in open air (1170 K, 68 h).
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Phase-pure reference material WO, 7, was obtained via SPS-1420 K/35 min followed by
SPS-1420 K/5 min with cleaning of the surface and grinding of the sample between both steps
(Figure 2a).

A WO, reference sample was directly compacted from the as-purchased material with
SPS-1470 K/10 min (green curve in Figure 4).

The compaction of the yellowish as-purchased material WO3 with SPS-1420 K/10 min resulted in
a bluish-violet and multiple-phase product according to PXRD (blue curve in Figure 4). Subsequent
annealing performed at 1170 K for 68 h in the open air was supposed to yield the monoclinic y-WOj3 [26]
and resulted in a greyish-yellow specimen (Figure 3c).

! " WO,
h i w ¢ Wig049
! : a4 aw, 0
v i YY20~o8
L v,
- v ‘{-WOS
b e e
i | "WO, g,

Logarithmic intensity (arb. unit)

: ReO,-type sublattice
T T

15 20 25 30 35 40 45
20/°

Figure 4. PXRD patterns (Cu-K; radiation) of the WO, samples processed with SPS-1420/10 min.
Only the WO, reference sample was compacted with SPS-1470 K/10 min (green line).

2.2. Single-Phase Materials WO;, WO3.75, WO3 99 and WO3

According to PXRD, phase-pure material WO, 7, is obtained from the two-step treatment
(Figure 3a).

Phase-pure material WO, g is yielded from the routine SPS-1420 K/10 min as seen from the
PXRD pattern (Figure 3b), which shows only reflections of W5yOsg (x = 2.90). However, all reflections
except (0 k 0) show large FWHM values indicating good ordering only in the [010] direction (Figure 1d).
Starting from this optimized regime for x = 2.90, the increase of both Tmax and fgyey promotes the
formation of W1gOy9 (x = 2.72), WO, and an additional phase. We ascribe the composition x ~ 2.82 for
this phase as seen in the following. Thus, the schematic secondary reaction

W20Os5 — W1g0yg9 + WO, + “WO, 52" (2)
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represents a further tungsten reduction below x = 2.90 and is probably a similar SPS-specific reduction
effect which is observed for pure WO3. However, in the case of WyyOsg a further decomposition can
be kinetically inhibited with a short SPS treatment time £, = 10 min.

The WO, does not undergo changes during the SPS treatment. A minor amount of elemental
tungsten is observed in both, the as-purchased and SPS-processed material (green curve in Figure 4).

The as-purchased WOj3; sample is confirmed to adopt monoclinic structure (-WO3). In contrast,
the PXRD pattern after SPS treatment (SPS-1420 K/10 min, blue curve in Figure 4) shows a mixture of
7-WOj3 (blue triangles), triclinic -WOj3 (cyan arrows), W(Osg (x = 2.90, red dots), and an additional
phase (green stars) whose reflections resemble those of Wp5073 (x = 2.92) [14]. The 6-WOs is the stable
modification below 290 K [27]. Conventional preparation of WO3 via high-temperature oxidation
usually yields y-WO5 [28] whereas the conditions during the free cooling in the SPS processing could
promote the further transition y — 6. After annealing in open air (1170 K, 68 h), only - and 6-WO3
is found in the reference sample (Figure 3c). Most possibly, the annealing time was not sufficient to
complete the § — <y transformation, or the cooling rate afterwards was not sufficient to suppress the
7 — 0 transition completely. No clear evidence is found for the existence of W5073 due to strong
reflection overlapping. Yet, a reducing influence of the SPS graphite die and lining on the WO3 starting
material is clearly seen from the formation of Wy Osg. It is supposed to appear at ~ 1020 K [29]
and occurs despite the short f4,,,; = 10 min and even 1 min. This SPS specific reduction should be
considered additionally to the reaction with W, and will result in WO, samples with compositions
slightly deviating from the nominal O/W-ratio x.

The refined lattice parameters of the as-purchased materials and obtained single-phase products
are given in Table 1 together with the respective literature data.

Table 1. Lattice parameters of phases in the tungsten-oxygen binary system refined from PXRD
patterns in this work in comparison to literature data (iv—long-term heating in vacuo, SPS—spark
plasma sintering, n.a.—not specified in the reference).

x Phase Source Space Group Lattice Parameters Ref.
a b c B \4
A A A deg A3
n.a. 5.58 4.90 5.664 120.7 133.1 [30]
2 WO, commercial P2y /c 5.574(1)  4.898(1) 5.662(1) 120.69(1) 132.9(2) this work
SPS 5.575(1)  4.900(1) 5.663(1) 120.70(1) 133.0(1) this work
n.a. 18.32 3.79 14.04 115.0 883.3 [31]
iv 18.33 3.79 14.04 115.2 882.1 [32]
2.72 WiO49 na. P2/m 18.32 3.78 14.03 115.2 879.5 [33]
SPS 18.32 3.79 14.04 n/a — [11]
SPS 18.329(1) 3.784(1) 14.037(1) 115.20(1) 880.9(4) this work
283 WippOs na. P2/m 17.0 38 19.4 105.3 [34]
Spsa 17.229(1) 3.782(1) 19.496(1) 105.77(1) 1223(3)  this work
iv 12.1 3.78 234 85 1066.2 [21]
290 WonO= calculated 12.05 3.77 23.59 85.3 1067.2 [35]
. 2058 SPS P2/m 12.08 3.78 23.59 n/a — [11]
SPS 12.00 3.78 23.51 84.8 1062.0 [24]
SPS 12.080(3) 3.782(1) 23.62(1) 85.36(1) 1075.6(7)  this work
292 W5073 iv P2/c 11.93 3.82 59.72 98.3 2693.1 [14]
3 1-WO3 commercial P2/ 7.33 7.56 7.73 90.5 428.3 [36]
commercial 1 7299(1) 7.537(1) 7.689(1) 90.88(1) 422.9(1)  this work

@ Parameters determined from only 10 main reflections.

2.2.1. Crystal Structure on Atomic Resolution

From high-resolution transmission electron microscopy (HR-TEM) along [001] of the single-phase
WO, 9, large ordering areas are observed (Figure 5a). The zoomed and Fourier-filtered image from the
top-left area (Figure 5b), and the corresponding fast Fourier transform (FFT) reveal the expected values
of the lattice parameters 2 and b, but also some superstructure reflections indicating the doubling of
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the lattice parameter c (Figure 5¢). In [010] direction, CS planes are visible but massively disordered
with varying alignments and spacing (Figure 5d) which are consistent with the large FWHM values in
the PXRD pattern (Figure 4a). The zoomed and filtered image (Figure 5e) shows low ordering along
[001], where only the (001) reflection is present, whereas along [100], reflections of the fifth- and even
higher order are observed in the FFT image (Figure 5f).

overview zoomed + filtered FFT

3.84 A(010) T001]

AW\ d

1;,-

Figure 5. HR-TEM images of SPS-prepared WO, gy material along (a—c) [001] and (d—f) [010]. (a) Good
ordering is found for the zone [001]; (b) The Fourier-filtered micrograph reveals a lattice with long-range
variations; (c) Yellow-marked reflections in the corresponding FFT image indicate a superstructure;
(d) CS planes are found for the [010] zone, however massive disorder is observed with deviations of
CS plane orientations of about 44°; (e) Zooming and filtering reveals short-range order along [001];
(f) FFT with broadened and diffuse (001) reflection confirms disturbance of the atomic arrangement
along [001].

2.2.2. Thermoelectric Properties

Among the known phases, the lowest electrical conductivity ¢(T) values are measured for
WO, o with 77(3) x 103 S-m~! over the whole temperature range, which is on the level of a heavily
doped semiconductor (Figure Sla). A local maximum at 635 K is in good accordance with previous
records [11,12,24]. The electrical conductivity of WO, and WO, 7, indicates typical metallic behaviour
with ¢(T) « 1/T dependency (Figure S1b). No electrical transport measurement was possible for the
compacted and annealed WO3 sample due to its insulating behaviour. This indicates the absence of
oxygen vacancies after SPS and annealing, which would promote the electrical conductivity [37].

Both metallic samples (WO, and WO;7,) reveal a relative high thermal conductivity
Kiot(T) > 10 W-m~1.K~1 (Figure 6a). However, in the dense WO; structure (Figure 1b), where strong
tungsten—tungsten interactions are expected, this arises mainly from the lattice contribution x,;,
whereas in WO, 7, %, and ki, contribute equally (Figure 6b). For the electrically insulating WO3
sample (ko = Kiot), the temperature dependence «,(T) appears similar to that of WO, 7,. However,
for WO, 7, the approximation of «},; shows uncertainty of maximum 45% and a significant difference
regarding WO3 cannot be determined.
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WO, g9 shows ot &~ 3.5-4.5 W-m~1.K~1 over the whole temperature range (Figure 6a), which is
close to previously published values [11,24]. With respect to errors its lattice contribution x),; equals
that of WO; for T > 560 K (Figure 6b). Thus, the effect of CS planes in the W5,Osg structure on the
lattice thermal conductivity appears insignificant at high temperatures. The pentagonal column (PC)
structural motif of the W1gOy9 phase (Figure 1c) in WO, 7, might be an alternative phonon scattering
center but proof requires a determination method for x),; which is more precise than our approximation
from the Wiedemann-Franz law.

A direct property comparison of WO,, WO, 75, WO, 99 and WOj3 can be conducted up to the
maximum temperature T = 863 K at which WO, 7, was investigated. Here WO, gy exhibits the highest
Seebeck coefficient with « = —55 pV-K~1 in contrast to WO, 7, and WO, with —24 uV-K~! and
—22 uV-K~! respectively (Figure S2a).

The figures of merit ZT at T = 860 K are low (0.006, 0.017 and 0.045 for WO,, WO, 7, and WO, 9y,
respectively, Figure S2b). Maximum ZT = 0.061 is found for WO, gy at 963 K. The low Seebeck
coefficient is a drawback for WO, 7, and WO,, together with the high «),; of WO,. However, in the
measured temperature range none of the materials shows a ZT maximum as of yet.
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Figure 6. Thermal conductivity of the oxides WO,, WO, 75, WO, 99 and WOj3: (a) Total thermal
conductivity kio; (b) Lattice contribution &, = Kiot — ke With ke from the Wiedemann-Franz law.
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2.3. Compositions WO,

The phase formation in WO, samples with varying x is established from the PXRD patterns after
the SPS-1420 K/10 min treatment (Figure 4). Semi-logarithmic plotting emphasizes reflections with
low intensity. In Table 2 the observed phases are listed.

Table 2. Phases observed from PXRD in WO, samples prepared with SPS-1420 K/10 min (@—observed,
[J—not observed).

X Phases
WO, Wig039  “WOng"?  WnOss  Wps073P  4/5-WO3

2 [ ] Od O O O O
2.50 [ ] [} O O O O
2.72-2.80 O [ ] [ ] O O O
2.82-2.88 O [ ] [ ] [ ] O O
2.90 O O O [ ] O O
2.92-3 O O O [ ] [ ] [ ]

2 Presumed composition of the new phase. Synchrotron data suggests this to be W15034. b Phase hard to detect due
to strong reflection overlapping.
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For x = 2.50 (Figure 4) only WO, (green squares) and W1gOy9 (x = 2.72, brown rhombs) phases are
observed as predicted from the phase diagram (Figure 1a).

In the range 2.72 < x <2.90, only W1gOy9 (x = 2.72) and W5oOsg (x = 2.90) are expected according
to the phase diagram. For 2.72 < x < 2.80, W1gOy9 and an additional phase (black arrows) are observed.
With increasing O/W-ratio (2.82 < x < 2.88) the expected reflections of WOsg (x = 2.90, red dots)
appear. The unindexed reflections are most intense for x = 2.82. From diffraction data of this sample
containing only W1gOy9 and the additional phase, we find many reflection positions fitting to the
pentagonal column phase W1,034 (x = 2.83) [34]. In our case, the parameters of the monoclinic unit
cell are slightly changed to a = 17.229(1) A, b = 3.782(1) A, ¢ = 19.496(1) A and B = 105.77(1) (Table 1).
This is just a rough suggestion; a structure refinement was not successful yet. Distinct reflections of
this phase are found also after a comparative synthesis in evacuated silica tubes, which rules out the
SPS as cause for its formation (Figure S3). Attempts on synthesis of this phase as single-phase bulk
material and further investigations on the structure are pending.

For 2.92 < x <2.98, the PXRD patterns resemble that of pure WO3 processed in the SPS: reflections
of ¥-WOs3, 6-WO3, Wy Osg (x = 2.90) and possibly W35073 (x = 2.92) occur. A bluish-violet color of all
samples with 2.92 < x < 2.98 supports the existence of the latter since W5yOsg and W,5073 are colored
deeply blue and violet respectively [14,21]. However, samples with the nominal composition (x = 2.92)
do not yield single-phase materials. Under SPS conditions, W55073 might not be stable.

2.3.1. Microstructure

From polarized light microscopy (PLM), the grain size of all synthesized WO, samples is found
to be of the order 10-30 um (Figure 7). A color variation from yellow to red to blue with increasing
O/W-ratio x is caused by the different optical reflectivity of the occurring phases. According to SEM
images with backscattered electron (BSE) contrast, the samples are homogeneous. Distinct porosity
is found only for x = 2 and 2.98. Energy dispersive X-ray spectroscopy (EDX) reveals tungsten and
oxygen only, but differences of the oxygen content are below the detection limit.

Figure 7. Polarized light microscopy (PLM) of WO, materials. A yellowish-to-red-to-bluish color
variation with increasing O/W-ratio x is observed due to the different optical reflectivity of the
occurring phases.
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2.3.2. Thermoelectric Properties

The electrical conductivity of the WO, samples strongly correlates with the O/W-ratio x. When
the oxygen concentration is increased to x > 2.90, there is a continuous decrease of ¢(T) with
minor temperature dependence similar to that of WO, gy (Figure 8a). According to PXRD (Figure 4),
next to WOsg the nearly insulating phases J- and y-WO3 occur in this composition range. Thus,
the charge carrier concentration and ¢(T) mainly depend on the W5(Osg content, which decreases with
increasing x. The influence of one further phase, possibly W(Oy3 (x = 2.92), is not known as of yet.

For decreasing O/W-ratio x < 2.90, a metallic behaviour is promoted continuously (Figure 8a).
The o(T) approaches that of x = 2.72 with the increasing W1gOug (x = 2.72) phase content (Figure 4).
No discontinuity of o(T) is found for x = 2.82 where the highest amount of “WO, g,” is observed. Thus,
this phase is electrically conducting. Altogether, the composition x = 2.90 is the limit between metallic
and nonmetallic behaviour (Figure 8b).
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Figure 8. (a) Electrical conductivity o(T) of the WO, samples (2.80 < x < 2.98); (b) The temperature
dependence of ¢(T) clearly changes from nonmetallic to metallic at x ~ 2.90.

A similar trend is observed for the Seebeck coefficient (Figure 9a). Strong non-monotonic
behaviour for the composition x = 2.98 results from the large amounts of WO3 in the material (Figure 4)
and its therefore near-insulating character during the TE property measurements. The specific influence
of the “WO; g>”and W55073 (x = 2.92) phases cannot be considered yet due the lack of the TE properties
of the phase-pure material.
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Figure 9. Thermoelectric properties of the WO, samples (2.80 < x < 2.98): (a) Seebeck coefficient o(T)
and (b) resulting figures of merit ZT. Error of &(T) is asymmetric.
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The continuous property change of WO, materials for 2.80 < x < 3 also appears in the thermal
conductivity «tot (Figure 10a). With respect to the uncertainty of the Wiedemann-Franz approximation
of x¢] (Equations (4) and (5)), x4t is very similar for all samples x < 2.98 (Figure 10b). In the composition
range 2.90 < x < 2.95 where CS plane phases are found (Table 2), the lattice contribution x,; appears
almost temperature-independent. For T > 550 K these samples show no significant reduction of xj,;
regarding the WO; reference sample with respect to the occuring errors. The exceptionally low value
for x = 2.98 might be the result of porosity also found by microstructure analysis. However, in the
three-phase region (2.82 < x < 2.88) of the system (Table 2), a significantly reduced xj,; is found for
x =284 up to T < 700 K. This tendency is also noticable from a plot of xj,; vs. the O/W-ratio x
(Figure 10b inset). It indicates that at high temperatures, the lowest 1, is achieved for WO, materials
with multiple phases due to enhanced phonon scattering at the interfaces.
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Figure 10. Thermal conductivity of the WO, samples (2.80 < x < 3): (a) Total thermal conductivity
kiot(T); (b) Lattice contribution ki, = kot — ke With k) from the Wiedemann-Franz law. The inset
shows the dependency «j,; (x) for 315 K and 864 K.

The resulting ZT for the WO, compositions are very similar to that of WO, g (Figure 9b).
For x =2.92, the highest ZT = 0.072 is reached at 963 K. An exceptional low ZT is reached for x = 2.82
and x = 2.98 due to the high «;, and low ¢(T) respectively. However, none of the compositions shows
a ZT maximum in the measured temperature range as of yet.

3. Materials and Methods

3.1. Materials

The purchased powders of starting materials WOj3 (Alfa Aesar, 99.998 wt %, 10-20 pm), WO,
(Sigma-Aldrich, 99.99 wt %, <150 um) and elemental W (Chempur, 99.9 wt %, 8-9 um) were analyzed
regarding crystalline contaminations with PXRD. For the preparation of WO, samples (2.50 < x < 2.98),
WOj3 was manually mixed for 15 min under argon atmosphere with appropriate amounts of W.

3.2. Spark Plasma Sintering

For spark plasma sintering (SPS), graphite dies with diameters of 8 mm or 10 mm (Figure 2b) and
a graphite lining were filled with ca. 1 g of starting mixture under argon atmosphere, and processed
with a SPS-515 ET Sinter Lab apparatus (Fuji Electronic Industrial Co. Ltd., Tsurugashima, Japan).

3.3. Powder X-ray Diffraction

The starting materials and SPS-processed samples were examined with powder X-ray diffraction
(PXRD) on the Guinier camera G670 (HUBER Diffraktionstechnik GmbH & Co., KG, Rimsting,
Germany) with Cu-Ky; radiation (A = 1.540598 A, graphite monochromator, 5° < 26 < 100°,
A260 = 0.005°). All PXRD data was compared to the theoretical patterns of known phases (Table 1).
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A LaBg standard was added to single-phase materials for a subsequent cell parameter determination
using the least-square method in the WinCSD software package [38].

3.4. High-Resolution Transmission Electron Microscopy

For high-resolution transmission electron microscopy (HR-TEM), a sample was ground to fine
powder and dispersed in methanol. The suspension was loaded on a 100-mesh hexagonal copper
grid Quantifoil S7/2 (Quantifoil Micro Tools GmbH, Jena, Germany), which was covered beforehand
with a carbon film (2 nm). After a complete drying, HR-TEM imaging was performed on a Tecnai
F30 (FEI Technologies Inc., Hillsboro, OR, USA) with a field-emission gun at an acceleration voltage
of 300 kV. The point resolution amounted to 1.9 A, and the information limit amounted to ca. 1.2 A.
The microscope was equipped with a wide-angle slow-scan CCD camera (MultiScan, 2 k x 2 k pixels;
Gatan Inc., Pleasanton, CA, USA). TEM images were analyzed with the DigitalMicrograph software
(Gatan Inc., Pleasanton, CA, USA).

3.5. Thermoelectric Properties

TE properties were measured for the reference samples x = {2, 2.72, 2.90, 3} and the WO,
samples in the range 2.82 < x < 2.98. Samples previously powdered for PXRD were compacted
with SPS-1320 K/10 min and a heating rate of 75 K-min~!. Subsequently, the mass density p was
determined with Archimedean method (Table S1).

The thermal diffusivity D(T) was measured by laser flash analysis (LFA) on a LFA 457 MicroFlash
(NETZSCH GmbH & Co. Holding KG, Selb, Germany) in vacuum between room temperature and
963 K in steps of 25 K. Subsequent polishing removed a subtle yellow stain from the pellet surface
which occurred during the LFA. Differential scanning calorimetry (DSC) measurements of the specific
heat capacity c,(T) yielded values that for all WO, samples were identical to WO3 with respect to the
measurement error (Figure S4). Thus, for the calculation of the total thermal conductivity

Kot(T) = pcp(T)D(T) ©)

(T—absolute temperature) of WO, and WO, there were used theoretic ¢, (T) curves for WO3 and WO,
respectively [39,40]. After an Archimedian density determination, the microstructure was analyzed
with polarized light microscopy (LM), scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX). Tetragonal bars with the dimensions 2 ~ 1.5 mm and b ~ 6-8 mm were cut
from the pellets using a wire saw (Figure 2c). The measurements of the electrical conductivity o(T) and
Seebeck coefficient a(T) were performed perpendicular to the SPS pressure direction along the b-edge
on a ZEM-3 (ULVAC-RIKO, Munich, Germany) under low pressure helium from RT to 863 K or 963 K
in steps of 25 K. The samples were polished before every measurement. The electronic contribution
Kl to the total thermal conductivity and consequently the lattice contribution . = Kot — %] Were
calculated with the Wiedemann-Franz equation

Kel(T) = L(D)o(T)T *)

Since for semiconductors the Lorenz number L(T) can strongly deviate from the constant value
L =2.4453 x 108 WQ-K 2 the approximation

L(T)=15+exp [ 1 x(T) | /116] 5)

was used, which is based on the single parabolic band model with acoustic phonon scattering [41].
Comparative results obtained with constant L show only minor deviations and all trends remain the
same. For a comparison with other TE materials, the figure-of-merit ZT was calculated according to

ZT = [0X(T)o(T)T1/x1ot(T). (6)
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4. Conclusions

According to powder X-ray diffraction (PXRD), a new phase termed as “WO, g,” is observed in the
composition range 2.72 < x < 2.90 in addition to the expected pentagonal column (PC) phase W1gO49
(x = 2.72) and crystallographic shear (CS) plane phase W5yOsg (x = 2.90). The reflection positions
of “WO;,8,” in the synchrotron pattern of a two-phase W1gOs9/“WO, 8,” sample somewhat fit the
PC phase W1,034 (x = 2.83) with slightly changed lattice parameters. The synthesis as single-phase
material and structure refinement still failed, which indicates that the phase is metastable and its
structure needs to be further analyzed.

Single-phase WO, g9 material is directly obtained from SPS-1420 K/10 min. Both powder X-ray
diffraction (PXRD) and high-resolution transmission electron microscopy (HR-TEM) show disorder of
the CS planes. Single-phase WO, 7y material is obtained from SPS-1420 K/35 min followed by grinding
and SPS-1420 K/5 min.

Electronic transport properties of WO, materials (2.80 < x < 2.98) from the routine
SPS-1420 K/10 min reveal a continuous tunability, practically independent from the phases present
in the samples. Both the electrical conductivity ¢(T) and the thermal conductivity x(T) indicate an
increase of the charge carrier concentration with increasing oxygen deficiency. Here, the composition
WO, g is the limit between metallic (x < 2.90) and nonmetallic behaviour (x > 2.90).

The multi-phase character of these samples found by PXRD is crucial for the thermal conductivity.
Significant reduction of xj,; regarding WOs3 is found up to 700 K for the three-phase material WO, g4.
Thus, for x < 2.90 the introduction of multiple phases is a way for reducing the thermal conductivity
due to increased phonon scattering at the phase interfaces. The formation of the PC phases in this
composition range might have additional influence. In contrast, for 2.90 < x < 3, which is the
typical range for the formation of CS plane phases, a reduction of «j,; is observed only below 550 K.
For high-temperature applications, CS planes might be less appropriate phonon scattering centers.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/9/271/s1.
Figure S1: Electrical conductivity o(T) of the reference materials compositions WO,, WO, 7, and WO, g¢; Figure S2:
Seebeck coefficient o(T) and resulting figures of merit ZT of the reference materials WO,, WO, 7, and WO g¢;
Figure S3: PXRD patterns of WO, g obtained from heating in an evacuated silica tube at 1370 K for 72 h and
from SPS synthesis at similar temperature for 3 h; Figure S4: Specific heat capacity c,(T) of WOy materials;
Table S1: Mass density py,, of tungsten oxide phases calculated from the molar mass M and unit cell volume V.
References [42—44] are cited in the supplementary materials.
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Abstract: Polycrystalline BiSez_yTex (x = 0~1.5) samples were prepared by self-propagating
high-temperature synthesis (SHS) combined with spark plasma sintering (SPS) and their thermoelectric
properties were investigated. The SHS-SPS process can shorten the time with few energy consumptions,
and obtain almost pure BiySes-based phases. Consequently, the Se vacancies and anti-site defects
contribute to the converged carrier concentration of ~2 x 10'® cm~3 while the increased carrier effective
mass enhances the Seebeck coefficient to more than —158 uV K~! over the entire temperature range.
The lattice thermal conductivity is suppressed from 1.07 Wm™! K~ for the pristine specimen to
~0.6 Wm~! K~! for Te-substitution samples at 300 K because of point defects caused by the difference
of mass and size between Te and Se atoms. Coupled with the enhanced power factor and reduced
lattice thermal conductivity, a high ZT of 0.67 can be obtained at 473 K for the BiySe; 5Te; 5 sample.
Our results reveal that Te-substitution based on the SHS-SPS method is highly-efficient and can improve
the thermoelectric properties of BiySes-based materials largely.

Keywords: BiySe;_,Tey; thermoelectric; SHS; solid solution

1. Introduction

With increasing attention on the environmental protection and renewable resources, thermoelectric
(TE) instruments, which can directly convert heat into electricity, are considered as a potential solution
for harness waste heat [1-3]. Considerable numbers of efforts have been devoted to improving the
energy conversion efficiency and the stability of the TE materials [4]. The conversion efficiency depends
positively on the dimensionless figure of merit, ZT = S20'T /x, where S is the Seebeck coefficient, ¢ is the
electrical conductivity, « is the thermal conductivity and T is the absolute temperature, respectively [5].
To maximize the ZT value of a kind of material, a large Seebeck coefficient, electrical conductivity
and low thermal conductivity are needed. However, these parameters have a strong coupling with
each other, which makes it a challenging task to enhance ZT significantly. Motivated by achieving
high thermoelectric performance, multiple methods have been adopted [6]. Many studies so far have
focused on the atomic or molecular scales such as doping or alloying to enhance carrier concentration
or carrier mobility and thus electrical conductivity to optimize TE performance [7-10]. To enhance
Seebeck coefficient while maintaining high electrical conductivity, manipulating the band structure
offers a new guideline [11]. Meanwhile, effective alteration at nanometer or mesoscopic scales including
the quantum confinement [12] and energy filtering effect [13] can drastically elevate electrical properties.
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And developing multi-scale microstructures can obtain a lower thermal conductivity, which is caused
by the phonons scattering from high to low frequencies [14]. Besides, further efforts have been made to
explore new TE materials and new synthesis methods [15-17].

Bismuth selenide (BiySe3) is a V-VI semiconductor with a narrow band gap of ~0.3 eV. Several
excellent work describing its application of optical recording system [18] and photoelectrochemical
devices [19] can be found elsewhere. Because of good TE properties in the mid-temperature, bismuth
chalcogenides gained more attention [20-23] in thermoelectrics. BiySez has a rhombohedral layered
structure, where Se-Se layers are bonded by van der Waals [24]. On the basis of the weak inter-layer
bonding, Sun et al. have reported on the enhancement of the thermoelectric properties of BiySe3
by the interlayer Cu doping [22]. So far, Bi-Te-Se crystals could be fabricated through the zone
melting method [25]. BiySe; nanostructures have been synthesized by solvothermal method and
ZT of 0.096 was obtained at 523 K [26]. Similarly, for Bi;Se;_,Tey (x < 1.5), Liu prepared by ball
milling, but only achieved ZT of ~0.3 [9]. Nonetheless, the mentioned methods of zone melting,
solvothermal method and ball milling et al. are time and energy consuming. Meanwhile, the ZT of
Bi,Ses-based materials is not large enough to meet the requirements of application in mass production.
In contrast, self-propagating high-temperature synthesis (SHS) has been proved to be an efficient
method to prepare the TE materials alternatively. When the heating rate and temperature are high
enough, the reaction wave appears. The heat generated by the exothermic reaction can maintain the
whole combustion process, which is exceptionally fast. It shortens the time with few consumptions
and can be easily adopted in the commercial application [27]. A wide range of TE materials have been
synthesized successfully by this method, including Cu,Se, BiCuSeO, CuzSbSe3 and so on [27-30].

Previous work showed that BipSe; and Bi, Tes can be prepared by SHS method [31]. However, there are
few studies focusing on the thermoelectric properties of Bi;Sez_,Tex (x < 1.5) prepared by combustion
method. In this work, we successfully synthesized BiSes_,Tex (x =0, 0.3, 0.6, 0.9, 1.2, 1.5) via the SHS
method followed by spark plasma sintering (SPS) and studied the thermoelectric properties from 300 K
to 593 K. Our results show that the highest power factor (PF = $?) can achieve 11.2 uWem ™! K2 for
BiySe; 5Tey 5 at 300 K and the lattice thermal conductivity (k1) could be reduced to the lowest value of
0.35 Wm~! K~ at 593 K via Te alloying for BiSez1Tegg. The ZT of ~0.67 is finally achieved at 473 K
for BipSe; 5Te; 5, demonstrating the potential application for energy conversion in the mid-temperature.
And SHS process will have more hopeful prospects in commercial applications.

2. Experimental Procedures

In the initial stage, Bi (99.99%, Aladdin), Se (99.99%, Aladdin), and Te (99.99%, Aladdin) powders
were mixed meticulously in stoichiometric amounts. Then the mixture was cold-pressed into pellets
with the diameter of 20 mm. The SHS process was started by heating the bottom of the pellets with
a hand torch in the air. Once ignited, the hand torch is removed immediately. The heat generated by
the combination reaction kept the combustion process propagating until it was finished in several
seconds. Then the pellets were grounded into fine powders carefully by hand. The powders were
then sintered into pellets of ¢ 12.7 mm by SPS (Sumitomo Coal Mining Co., Ltd., Tokyo, Japan) at the
temperature of 593 K for 5 min under a uniaxial pressure of 40 MPa.

The phase structures were investigated by X-ray diffraction (XRD, RINT2000, Rigaku, Tokyo,
Japan) analysis. The morphology and composition of cross-sectional bulks were checked by
field-emission scanning electron microscopy (FESEM) (LEO1530, Oxford Instruments, Oxford, UK).
The electrical properties including electrical conductivity and Seebeck coefficient were measured
from room temperature to 593 K by ZEM-3 (ULVAC, Kanagawa, Japan). The van der Pauw method
was used in an Eastchanging Hall measurement station to measure Hall coefficient (Rp). The carrier
concentration (n) and mobility () were estimated by the equation n = 1/eRy and y = 0Ry. To ensure
the accuracy, the samples were polished to be thinner than 0.5 mm for the measurements. The total
thermal conductivity is determined by the equation x = DCpp, where D is thermal diffusivity, Cp is
specific heat and p is the density of the bulks. The thermal diffusivity was obtained by the laser flash

48



Crystals 2017, 7, 257

method and the specific heat was calculated by the Dulong-Petit relation. The density of the bulks was
derived with Archimedes method.

3. Results and Discussion

Figure 1a is the XRD result of all the BipSe;_,Teyx samples with x = 0~1.5. All the major peaks in
the XRD patterns correspond to a standard card, Bi;Se3, PDF #33-0214. The additional small peaks can
be identified as Bi;O,Se (PDF #29-0237), which is possibly generated by oxidation during the ultra-fast
combustion process in the air. In this work, we assume that all the samples contain the same amount
of BipO,Se, and we neglect the effect of existence of Bi;O,Se due to its small amount (small peaks in
the XRD result). In Figure 1b, the lattice parameters were calculated according to the position of XRD
peaks. With increasing Te content, the lattice constants a and c increase linearly, which indicates Te can
successfully substitute for Se atoms to form solid solution by SHS process in a short time. Figure 1c—e
show the morphology of cross-sectional bulks (x = 0, 0.3, 1.5). All the samples were sintered well with
high density (94% or above). The layer structure can be seen clearly in the Bi;Se;_,Tey bulks.

(a) (b) 4.26 30.0
+BiOSe
Bi,Se, Te, o 424} 9 a :
I oo e 296
= A iSe, Te,, 4.22 8
; °
s BiSe, Te,, _ {29.2
> z 420 . N =
B Bi,Se, Te, L T
S 4.18 ° ° 428.8
= A 416} °
l Bi,S ° {284
A = 414f
PDF#33-0214)
el | A R 412 N s N N + 1280
20 30 40 50 60 70 80 0.0 0.3 0.6 0.9 1.2 15
260 Te content x

Figure 1. (a) XRD patterns and (b) lattice parameters of sintered Bi,Se;_,Teyx bulk samples; field-emission
scanning electron micrographs of BiySe;_Tey, for which, (¢) x = 0; (d) x = 0.3; and (e) x = 1.5.

Figure 2 shows the temperature dependence of electrical conductivity and Seebeck coefficient.
The electrical conductivity o (in Figure 2a) of pristine BiSe; maintains at about 400 Sem ™! from 300 K
to 593 K, which is much higher than Bi;Se; prepared by other method [22]. Se is much easier to
evaporate during the combustion process because of low energy of evaporation and thus it leaves
Se vacancies and free electrons, which may contribute to higher electrical conductivity. This can be
indicated in the following equation:

BirSes = 2Bij;; + (3 — y)Sey, +ySe(g) T +yVat +2ye” )

As the Te content increases (x > 0), the electrical conductivity at 300 K initially increases to ~870 Sem ™!
because of increased carrier concentration (Table 1), then decreases to ~400 Sem ™! owing to the change of
carrier mobility, which is much lower than the pristine Bi;Se; (Table 1). The carrier concentration increases
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may be a result of increasing anti-site defects (Bip,) [31], which is caused by the fact that Bi can jump from
Bi-site to Te-site easily because of small difference in electronegativity [10], as indicated in Equation (2).

BiyTes = (2 — %z)Bigi + (8 —z)Tef, +zTe(g) T +(§zV§; + ng%:) + %zBi;e + %zlﬁ @)

On the contrary, the number of Se vacancies Vszj will be fewer due to the increasing Te content.

The decreased Se vacancies and increased anti-site defects make the carrier concentration converges to

about 2 x 10" ecm~3. The carrier mobility decreases with higher Te content at 300 K in general due to

the enhanced alloy scattering. Interestingly, we found y of Bi,Se; 5Te; 5 (x = 1.5) is slightly larger than

BiySe; gTeq p (x = 1.2) at the room temperature, which is possibly caused by the intrinsic high mobility
of BizTeg, [31]

Table 1. Actual composition, carrier concentration (n), carrier mobility (i), carrier effective mass (1m*),
Seebeck coefficient (S), Lorenz constant (L), lattice thermal conductivity (xr), x1 /x, and density of
BiySe3_yTex samples at 300 K.

x n@@0¥em™3)  pem®Vls™Y)  m*my SVKH L@A08V2K™?) x Wm 'K™!) «i/x  Density (g cm~3)

0.0 594 444.48 0.19 —118.23 1.83 1.07 81.7% 7.01
0.3 17.31 309.19 0.25 —73.65 2.06 0.80 59.4% 6.92
0.6 21.94 209.36 0.31 —79.95 2.03 0.62 57.4% 6.77
0.9 24.42 149.33 0.45 —107.68 1.88 0.52 60.4% 6.65
1.2 24.37 97.45 0.53 —126.49 1.81 0.60 74.0% 6.83
15 20.73 134.96 0.60 —158.72 171 0.59 71.6% 6.96

As shown in Figure 2b, the negative Seebeck coefficient of all the samples indicates the dominance
of electrons in the transport process. Generally, the value of Seebeck coefficient can be estimated by the
equation [32]:

232
R LTS ®
3eh? 3n
where e, kg, T, h, m}, and n are the carrier charge, Boltzmann constant, absolute temperature, Planck
constant, the effective mass of the carrier, and carrier concentration. As shown in the formula, because
of largely enhanced carrier concentration with increasing Te content (x < 0.9) at 300 K, the Seebeck

IS| =

coefficient decreases. Then the Seebeck coefficient was improved due to the larger carrier effective
mass at 300 K (Table 1). It should be noticed that each sample with x > 0.9, as the temperature
increases, the value of Seebeck coefficient first increases then decreases, which is caused by the intrinsic
excitations. The highest Seebeck coefficient of —180 puV K1 is achieved at 473 K for the Bi,Se; 5Te; 5
sample. The Bi,Se; 5Te; 5 sample attains the largest effective mass of ~0.60 mg, which is in accord with
the difference of Seebeck coefficient with different Te contents at room temperature.
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Figure 2. Temperature dependence of (a) electrical conductivity and (b) Seebeck coefficient for BiySe3_, Tex samples.
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The variation of power factor (PF = $2¢) with increasing temperature of all the samples is shown
in Figure 3. The BiySe; 5Te; 5 sample reaches the highest PF of 11.2 pWem ! K2 at room temperature,
which is almost twice higher than that of pristine BiySes. But it drops to about 8 pWem ™! K2 at 593 K
owing to the decreased electrical conductivity and Seebeck coefficient.
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e

. [ —
i1F < S
\.\‘
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A Ry ]
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Figure 3. The temperature dependence of power factor for BiSe3_,Tex samples.

Figure 4a illustrates the total thermal conductivity (x) as a function of temperature from room
temperature to 593 K. The « of pristine BiySes is in the range of 1.04-1.31 Wm~! K~!. As x increases to
1.2, the x drops into the range of 0.76-0.82 Wm ! K from 300 K to 593 K. With further increasing Te
content, x is much larger than the sample of x = 1.2. To have a better understanding of the thermal
transport properties, « is subsequently divided into three parts:

K =Ke + K[ + Kp 4)

where x is electron thermal conductivity, x; is lattice thermal conductivity and « is the bipolar thermal
conductivity induced by intrinsic excitaions. x, can be estimated by Wiedemann-Franz relation:

Ke =LoT (G)]

where L is the Lorenz constant and ¢ is electrical conductivity. In the single parabolic band model,
L depends on the reduced chemical potential and scattering parameter. It can be estimated by fitting the
values of the Seebeck coefficient and the room temperature data has been listed in Table 1. The details
can be seen elsewhere [33,34]. As mentioned above (Figure 2b), intrinsic excitaions don’t occur until
423 K or above. Therefore, the xp can be ignored at low temperature in Figure 4b. Consequently, «;,
and the reciprocal temperature, T~!, follow a linear relationship. As shown in Figure 4c, the lattice
thermal conductivity drops substantially after alloying. Note that the x; of Bi;Se; 1 Tep g achieves the
lowest value of 0.35 Wm~! K~ at 593 K. The effective suppression of the x; of could be attributed to
point defects caused by the different mass and size between Te and Se atoms. Similar to the previous
literature [9], the x, rises slightly when x is above 0.9. This may be ascribed to the relatively high x; of
BiyTes [31], whose effect is larger than the point defects. Figure 4d shows the temperature dependence
of xg. With low Te content (x < 0.6), x is almost zero from 300 K to 593 K, because there are no intrinsic
excitaions. Intrinsic excitaions occur and «p’s contribution to x becomes larger when x > 0.9, which is
owing to narrower band gap with increasing Te content [35].

The ZT values for all the Bi;Se3_,Tex samples (x =0, 0.3, 0.6, 0.9, 1.2, 1.5) are presented in Figure 5.
The enhanced power factor and the effective suppression of lattice thermal conductivity synergistically
contribute to the highest ZT value of 0.67 at 473 K for the sample of BiySe; 5Te; 5, which is almost
twice higher than the pristine Bi;Ses. ZT values of BiySe; (ball milling) [22], BiSe, Te (ball milling) [9],
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BiyTes (SHS) [31] from the literature are included for comparison. Our results show that the ZT value
of Te-substituted Bi;Ses-based materials prepared by SHS is much larger than that by other methods.
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Figure 4. The temperature dependence of the (a) total thermal conductivity; (b) ¥ — xp; (c) lattice
thermal conductivity; and (d) the bipolar thermal conductivity for BiySe;_yTex samples.
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Figure 5. The temperature dependence of ZT for BipSe;_,Tex samples.

4. Conclusions

In summary, we have investigated the thermoelectric properties (300-593 K) of BipSez_,Tex
samples (x = 0, 0.3, 0.6, 0.9, 1.2, 1.5), which are prepared by SHS-SPS process successfully.
Compared with other methods, the SHS-SPS process is much faster and requires less energy, which is
desirable in commercial application even though with small amount of second phase Bi;O,Se.
Our results show that the power factor of Bi;Se;sTe; s achieves 11.2 pWem~! K2 at 300 K by
the increased carrier concentration and the enhancement of Seebeck coefficient. The point defects
originate from the difference of mass and size between Te and Se atoms significantly suppresses the
lattice thermal conductivity. Benefiting from the improved power factor and the decreased lattice
thermal conductivity, a high ZT of 0.67 can be obtained at 473 K for the sample of BiSe;s5Te; 5,
which demonstrates that the Te-substitution via SHS-SPS method is highly-efficient and can enhance
the thermoelectric properties of BiSes-based materials.
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Abstract: Yb and In double-filled and Fe substituted polycrystalline p-type skutterudite antimonides
were synthesized by direct reaction of high-purity elements, followed by solid-state annealing and
densification by hot pressing. The stoichiometry and filling fraction were determined by both Rietveld
refinement of the X-ray diffraction data and energy dispersive spectroscopic analyses. The transport
properties were measured between 300 K and 830 K, and basically indicate that the resistivity and
Seebeck coefficient both increase with increasing temperature. In both specimens, the thermal
conductivity decreased with increasing temperature up to approximately 700 K, where the onset
of bipolar conduction was observed. A maximum ZT value of 0.6 at 760 K was obtained for the
Ybo 39In0.018C02.4Feq 6Sb12 specimen.

Keywords: thermoelectric; skutterudite; p-type; figure of merit; double-filled; bipolar diffusion

1. Introduction

Thermoelectric materials research is of current significant interest for improving device
performance in order to efficiently convert waste heat into electrical power [1]. Thermoelectric device
improvement would result in an expanded array of potential applications, including automobile
applications [2]. The efficiency of a thermoelectric material is given by the dimensionless figure
of merit ZT = S>T/p x, where S is the Seebeck coefficient, T is the absolute temperature, p is the
resistivity, and « is the thermal conductivity. The larger both the average and the peak ZT value are,
the better the thermoelectric properties of a material. Both n-type and p-type materials are required
in a thermoelectric device; the efficiency of the device is characterized by the combination of both
materials” thermoelectric properties.

Skutterudites have been studied extensively—not only due to their encouraging thermoelectric
performance at intermediate temperatures, but also due to their good mechanical properties [3—6].
Optimization of p-type skutterudites is difficult due to the relatively small effective mass of holes
compared to the effective mass of electrons in these materials [4]; therefore, the optimum carrier
concentration of n-type skutterudites is larger than that of p-type, leading to a larger power factor
(S%0, where 0 is electrical conductivity) [7]. It is well documented that the twelve Sb atoms in the
skutterudite crystal structure form relatively large icosahedral cages [1,3,8]; thus, reduction of the
lattice thermal conductivity, k7, can be achieved by fractional filling of these cages with rare-earth,
alkali-earth, or alkali-metal atoms, since these cage-fillers result in the scattering of lattice phonons [3,8].
Yb filling has been shown to be a good filler candidate for skutterudites because of its large mass
and small ionic radius, which results in strong phonon scattering. Furthermore, in skutterudites Yb
has been shown to have an intermediate valence state (+2~+3), demanding less charge compensation
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for p-type materials [9]. The thermoelectric properties of n-type (Yb, In) double-filled skutterudite
antimonides have been previously reported with a maximum ZT of 0.97 [10]. The pursuit of p-type
materials is also needed; herein we investigate similar double filling in p-type skutterudites in order to
determine their potential for thermoelectric applications.

2. Experimental

The high-purity elements were weighed and loaded into silica crucibles in a N, environment inside
a glove box to minimize exposure to air. Yb chunks (99.9%, Ames Labs), In foil (99.9975%, Alfa Aesar),
Co powder (99.998%, Alfa Aesar), Fe powder (99.998%, Alfa Aesar), and crushed Sb chunks (99.5%, Alfa
Aesar) were reacted in the nominal compositions Ybg 4Ing ioCozFeSb;, and Ybg gIng 02Coz 5Feq 55b12
for this study, which were chosen based off of previous studies of Yb single-filled Fe substituted
skutterudites [11,12]. The specimens were sealed in a quartz tube under vacuum and reacted in a
furnace at 1173 K for 48 h. The tube was removed and allowed to cool to room temperature in air
before the specimens were ground into fine powders in a N, glove box and cold pressed into pellets.
These pellets were again sealed under vacuum in a quartz tube and annealed at 973 K for 7 days.
This grinding and annealing process was repeated once more to further encourage homogeneity.
The specimens were then finely ground and sieved (325 mesh) before being loaded into a graphite die
inside the glove box for hot pressing. The hot pressing conditions for densification were performed
under constant Nj flow at 923 K and 120 MPa for 3 h, resulting in high-density polycrystalline
skutterudites as measured by the Archimedes method.

Analyses of the homogeneity and stoichiometry of the specimens were performed by Rietveld
refinement of the powder X-ray diffraction (XRD) data using a Bruker D8 Focus Diffractometer in
Bragg—Brentano geometry with Cu Ko radiation and a graphite monochromator, and energy dispersive
spectroscopy (EDS) using an Oxford INCA X-Sight 7852 equipped scanning electron microscope
(SEM, JEOL, JSM-6390LV). The densified pellets were cut with a wire saw for high-temperature
transport measurements. A rectangular parallelepiped (2 x 2 x 5 mm®) was used for four-probe p
and S measurements on a ULVAC ZEM-2 system. Thermal diffusivity measurements on a thin disk
were performed by the laser flash method on a NETZSCH LFA 457 system, under constant Ar flow.
The experimental uncertainties in both these measurements were 5-10%. Heat capacity measurements
were performed using a NETZSCH DSC 404C system. Separate pieces of the specimens were also
used for room-temperature Hall measurements and air stability tests. Air stability tests indicated
that the specimens began to oxidize and degrade at 673 K, similar to that of previously reported
skutterudites [13,14].

CCDC contains the supplementary crystallographic data for this paper, with deposition
numbers 1562579 and 1562580 for Yb 13Ing 0o CozFeSb1, and Ybg 39Ing 0oCop 4Fe; 6Sbi, respectively.
These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3. Results

3.1. Structural Characterization

Rietveld refinement profiles from the powder XRD data are shown in Figure 1, displaying
calculated and observed data and the difference between them. Table 1 indicates the refinement results.
The crystal structures were refined with space group Im3 (#204), and the initial atomic positions were
based on data from previously reported Yb filled skutterudites [11,12]. The filler Yb atoms at the 2a
site occupy less than the nominal composition, due in part to a trace amount of Yb,O3 (observed
in profiles at 29.7°) and to steric effects [11,12,15,16]. The Co-to-Fe ratios are extremely close to the
nominal compositions. The lattice parameters are 9.0661 A and 9.0877 A for Ybg 13Ing g2CozFeSb1,
and Ybg 39Ing 02Cop 4Feq ¢Sb1y, respectively, with an increase in lattice parameter with Yb and In filling
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fractions and Co-to-Fe ratio, in agreement with previously reported data. Furthermore, the Yb filling
fraction increases from 33% to 49% with increased Fe substitution, similarly reported for Gd and
(Ba, YD) filled skutterudites [10-17]. Elemental mapping from EDS data shows an even dispersion
of elements for both specimens, indicating good homogeneity of the specimens, and corroborate our
refinement results.
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Figure 1. Powder X-ray diffraction (XRD) data for (a) Ybgi3InggpCozFeSby, and

(b) Ybg39Ing2Coz4Fe; 6Sbyy, including profile fit, profile difference, and profile residuals
from Rietveld refinement.

Table 1. Rietveld refinement results for Ybg 13Ing 02 CozFeSbys and Ybg 39Ing 02Coy 4Feq 6Sb1o.

Nominal COmpOSitiOl’l Yb0,4In0.02C03FeSb12 Yb0_81n0402C02'5F81_5Sb12
Composition Yb0413In0.02C03FeSb12 Ybo.3911’104()2C02.4F81465b12
Space Group (Z) Im3 (#204), 8
a(A) 9.0660(6) 9.0872(8)
V (A% 745.1(7) 750.4(2)
Radiation Graphite Monochromated CuK (1.54056 A)
Deate. (g/cm?) 6.43 717
20 range (deg.) 20-100 2-100
Step Width (deg.) 0.005 0.005
Reduced x? 2.40 2.84
wRp, Ry 0.0739, 0.0581 0.0779, 0.0610
U, (A2) for Yb 0.0095(0) 0.0125(6)
Ui, (A2) for In 0.0090(3) 0.0101(7)
Uy, (A2) for Co/Fe 0.0070(1) 0.0039(4)
Uss, (A2) for Sb 0.0037(4) 0.0041(2)
y (Sb) 0.8436(7) 0.8423(6)
z (Sb) 0.6654(4) 0.6649(9)

Atomic Positions: Yb/In, 2a (0, 0, 0); Co/Fe, 8c (1/4, 1/4, 1/4); Sb, 24g (0, y, z).

3.2. Transport Properties

Figure 2ab show temperature-dependent (300-800 K) S and p data,
respectively. The Yby 13Ing 02CozFeSby, specimen exhibits a metallic-like temperature dependence
with p increasing with temperature, although these values saturate to 1.6 mQ cm™! at 650 K.
The p values for Ybg39Ingp2Cop 4Fe; Sbiz do not exhibit as strong a temperature dependence
in the measured temperature range. The S values for both specimens increase with increasing
temperature and peak at 700 K, with values of 140 uV /K and 160 uV /K for Ybg 13Ing 9pCosFeSb1,
and Ybg 39Ing 0pCoy 4Feq Sb1a, respectively. Both specimens have positive S values, indicating that
holes are the majority carriers, in agreement with room-temperature Hall measurements that provide
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carrier concentrations (p) of 2.6 x 102 ecm=3 and 4 x 102 em=3 for Ybyg13Ingo2CosFeSby, and
Yb0‘39In0'02C02_4Fe1‘6Sb12, respectively.
In the single parabolic band model, S and p are given by [18]

_ ks (QEnRy()
T ( A+ k) ) @

and 47t (2mokpT)>/% [ m*\3/?
p= ;73<E) Fi/a(1) )

where the plus and minus signs in Equation (1) are for holes (+) and electrons (—), # is the reduced
Fermi energy (=Er/kpT, where Er is the Fermi energy, kg is the Boltzmann constant, and T is absolute
temperature), Fr is the Fermi integral of order 7, and r is the exponent of the energy dependence of the
electron mean free path. = 0 for scattering from acoustic phonons (lattice vibrations) and r = 2 for
ionized impurity scattering. In our estimate for effective mass, m*, the intermediate value of r = 1 is
used. Using our room-temperature S and p values, we estimate m* to be 0.7m, for Ybg 13Ing 92Co3zFeSb1,
and 1.4m, for Yb 39Ing 0»Cos 4Feq ¢Sb1s. These values are much smaller than that for YbyFes 5Nig 55b1o
compositions, but are similar to Ybg sFe; 5C0,5Sb12 and Cag17Ceq g5Fe1 47C02535b12 which have a
comparable Co-to-Fe content [19-21].
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Figure 2. Temperature-dependent (a) p, (b) S, and (c) x for Ybq13InggpCozFeSbi, (circle) and
Yby 39Ing 02Coz 4Feq 65Sb12 (triangle).

Figure 2c shows « data calculated from thermal diffusivity and heat capacity measurements using
the equation x = D-d-Cp, where D is measured density, d is measured thermal diffusivity, and C, is
measured heat capacity. Figure 3 shows x|, as calculated using the Wiedmann-Franz relation, where
ke = LoT/p (Lo being the Lorenz number taken to be 2.45 x 1078 V2 K~2). These « values are smaller
compared to those of previously reported (Yb, In) and (Ba, In) double-filled n-type skutterudites,
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as well as that of (Ce, Nd) double-filled p-type skutterudites [10,22,23]. An increase in x and xj,
is observed above 700 K, which can be attributed to bipolar diffusion. The contribution of bipolar
diffusion, xp, is given by xg = 0.0y( S3-Se)?T/o, + 03, where o is the electron conduction, oy, is the
hole conduction, Sj, is the hole Seebeck coefficient, and S, is the electron Seebeck coefficient [1].
An estimation of kg can be made from the high-temperature data using x; = 3.5(, kg/h)3 (MV536p, 3/92T),
where h is Planck’s constant, M is the average mass per atom, V is the average atomic volume, p, is the
Debye temperature, and v is the Griineisen parameter. It is clear that Umklapp scattering dominates x;,
above 0p [1]. Therefore, the inset to Figure 3 illustrates the procedure of using a fit x, ~T~1 to estimate
xp for the Ybg 13Ing 0pCozFeSbi, specimen, resulting in proportions of 53%, 33%, and 14% for xg, x,
and «p, respectively. The estimations for the Yb 39Ing 0pCo; 4Fe; Sbi2 specimen were done with the
same method, and gave values of 48%, 44%, and 8% for x, k1, and xp, respectively. These xp values
are higher than that of single-filled Yb compositions, possibly due to the additional low-lying donor
states with In filling [3,10]. An increase in Fe content resulted in a near 50% reduction in g [11].
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Figure 3. Temperature-dependent «;, for Yb 13Ing 0oCozFeSby; (circle) and Ybg 39Ing 02Coy 4Feq ¢Sb1p
(triangle).  The inset illustrates the method used to estimate xp for both specimens, with
Yby 13Ing 0o CozFeSb1, shown here, where the solid line is the T—! dependence between 400 K and
700 K.

Figure 4 shows the ZT values for both specimens. These values have been calculated from the
measured data, and both specimens show increasing ZT with increasing temperature, with a maximum
value of 0.6 at 760 K for the Yb39Ing 0 Coy 4Fe; 4Sb1s specimen. This maximum ZT value is lower
than that of the n-type (Yb, In) double-filled skutterudite but greater than (Ce, Yb) double-filled p-type
skutterudites with comparable filling fraction and Co-to-Fe ratio [10,21]. However, other reported
p-type (Ce, Yb) double-filled skutterudites with greater filling fraction and Fe substitution exhibit a
larger ZT (=0.87) [24].
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Figure 4. Temperature-dependent ZT for Yb 13Ing 0oCosFeSb1, (circle) and Yb 39Ing g2 Coy 4Feq 4Sb1
(triangle).

4. Conclusions

The structural and high-temperature transport properties of p-type (Yb, In) double-filled
skutterudites were investigated. We observed an increase in both p and S for Ybg 39Ing 02Coy 4Feq 6Sb12,
whereas k was less for the specimen with lower Yb content. Above 700 K, both specimens exhibited a
fairly large xp contribution that significantly increased x above this temperature, although xp decreased
with increasing Fe content. Both specimens exhibited the largest ZT values at 750 K. The performance
of these p-type skutterudites may be enhanced by a further increase in overall filling fractions of
(Yb, In), corresponding to an increase in Fe content.
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Abstract: In order to realize high-performance thermoelectric materials, a way to obtain small grain
size is necessary for intensification of the phonon scattering. Here, we use a melt-spinning-spark
plasma sintering process for making p-type Big 36Sb1 ¢4 Tes thermoelectric materials and evaluate the
relation between the process conditions and thermoelectric performance. We vary the Cu wheel
rotation speed from 1000 rpm (~13 ms ™) to 4000 rpm (~52 ms~!) during the melt spinning process
to change the cooling rate, allowing us to control the characteristic size of nanostructure in melt-spun
Bip36Sb1 64 Tes ribbons. The higher wheel rotation speed decreases the size of nanostructure, but
the grain sizes of sintered pellets are inversely proportional to the nanostructure size after the
same sintering condition. As a result, the ZT values of the bulks fabricated from 1000-3000 rpm
melt-spun ribbons are comparable each other, while the ZT value of the bulk from the 4000 rpm
melt-spun ribbons is rather lower due to reduction of grain boundary phonon scattering. In this
work, we can conclude that the smaller nanostructure in the melt spinning process does not always
guarantee high-performance thermoelectric bulks, and an adequate following sintering process must
be included.

Keywords: thermoelectric; phonon scattering; melt spinning; Bij 365b1 64 Tes; nanostructure

1. Introduction

The increasing world-wide demands on new technology for CO, reduction and global warming
have induced the development of highly-efficient energy harvesting technology that reuses exhausted
energy and shifts from fossil fuels to renewable energy and replaces it with new energy sources.
Currently, more than 60% of primary energy used in industry or in combustion engines is lost as waste
heat. Thermoelectricity is considered to be one of the encouraging energy harvesting technologies in
the view of changing waste heat into electricity in the semiconductor materials [1,2]. The efficiency of
thermoelectric (TE) devices is highly related with the performance of TE materials, which is determined
by a dimensionless figure of merit, ZT, calculated by ZT = 0S%T/x, where o, S, T, and « are the electrical
conductivity, Seebeck coefficient, absolute temperature, and thermal conductivity, respectively [3,4].
High o, high S, and low « are essential to make high-performance TE materials; however, these
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transport parameters are correlated with each other in terms of carrier concentration, practically
limiting to the ZT value of ~1.

BipTesz-based alloys are considered to be the best TE materials for near room temperature [5,6],
and are the only commercialized materials applied for TE cooling and low-temperature power generation
applications; however, they are still limited in special fields due to a low TE performance [7,8]. In order to
design high TE materials, two different approaches are proposed: (1) enhancing power factor (PF = ¢S?)
and (2) reducing x. The « is divided by two terms of electronic contribution (x,e) and lattice contribution
(K1at = & — Kele)- The e is in proportion to o according to the Wiedemann—Franz law «,je = LoT, where
L is the Lorenz number [9]. In this context, many researchers are focusing on the «j,; reduction which
is considered as an independent variable to enhance TE performance [1,8,10,11]. Recent studies have
shown a significant reduction of x,; with integrated defects, resulting in high ZT values for various
TE materials [8,12-14]. However, these technologies are still far from commercialization in terms of
mass production. The continuous attempts to reduce grain size of the TE materials have been tried
via high-energy ball milling [15,16], spark erosion [17], melt spinning (MS) [8,18-20], and bottom-up
chemical synthesis processes [21-23].

According to several reports [8,18-20], the MS process is proven to be effective for the realization
of nano-scale sized BipTes-based TE materials. However, it is necessary to investigate the process
variables, leading to different microstructures and transport properties which are critical factors for TE
performance. Adjusting the wheel rotation speed during the MS process can induce the variation of
thickness and microstructure of melt-spun ribbons, which control the TE performance of their bulks
with the same composition. In the present work, we have investigated the change of microstructure
and TE properties of polycrystalline bulks of Bij35Sb1 ¢4Te3 fabricated by combined technique of
MS and spark plasma sintering (SPS) in an effort to optimize the process parameters for nanograin
structured TE materials.

2. Experimental Details

High purity elemental Bi (99.999%, 5N Plus), Sb (99.999%, 5N Plus), and Te (99.999%, 5N Plus)
granules as starting materials were weighed according to the formula of Big 365b1 ¢4Tez. Excess 1 wt %
Te was added due to Te evaporation. The raw materials were loaded into a vacuum-sealed quartz
ampule and then melted at 1373 K for 4 h. The obtained ingots were pulverized, and the powders
were compacted by a hydraulic press. The compactions were put into a graphite nozzle with 0.4 mm
diameter. The MS process was used for the fabrication of nanostructured ribbons of Big 36Sb1 ¢4Tes.
The Cu wheel (diameter ~250 mm) rotation speeds were varied as 1000 rpm (~13.1 ms~1), 2000 rpm
(~26.2 ms™1), 3000 rpm (~39.3 ms 1), and 4000 rpm (~52.4 ms ). Thin ribbons were produced
by MS process, and the ribbons show amorphous structure on the contact surface and crystalline
nanostructure on the free surface. The melt-spun ribbons were pulverized into powders and sintered
using SPS at 753 K for 3 min under 60 MPa. The dimension of SPSed pellets is in the diameter of
12.5 mm and the height of 10 mm in this work.

X-ray diffraction (XRD, New D8 Advance, Bruker, Cu Ko) for SPSed pellets was performed on
parallel and perpendicular planes of SPS pressing direction. The microstructure was investigated
using scanning electron microscopy (SEM) (JSM-7600F, JEOL, Peabody, MA, USA). The temperature
dependences of the ¢ and S were measured from room temperature to 473 K by a four-point probe
method using the ZEM-3 apparatus (ULVAC-RIKO). Carrier concentrations and mobilities were
obtained from Hall effect measurement system (HT-Hall, ResiTest 8300, Toyo Corporation, Toyo, Japan).
The «x values were measured by laser-flash analysis (LFA) using TA Netzsch LFA 457. All measured TE
transport data were acquired at the same dimension and configuration, and were obtained within the
experimental error of o (~4%), S (~4%), and x (~5%). Thus, we assume total uncertainty of ZT as ~12%.
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3. Results and Discussion

3.1. Microstructure Analysis

After the MS process, we can obtain thin and short (~2 mm in width and ~10 mm in length)
ribbon-shaped materials with an amorphous structure on the contact surface and nano-scale structure
on the free surface [20]. The Cu wheel rotation speed during the MS process would be a major
factor determining the cooling rate. Figure 1 shows the SEM images of the cross-section of melt-spun
Big 36Sb1 56 Tes ribbons with varying wheel rotation speeds of 1000 rpm, 2000 rpm, and 4000 rpm.
As shown in Figure 1, increasing wheel rotation speed from 1000 rpm to 4000 rpm results in a decrease
of the ribbon thickness from 17.8 pm to 3.38 um. The thickness is inversely proportional with the wheel
rotation speed, which is in good agreement with the previous reports [24,25], and the melt-spun ribbon
is composed of non-crystalline contact surface and crystalline free surface [20]. The nanostructure
of the free surface also changes with the wheel rotation speed, as shown in Figure 2. The thickness
of rod-shaped nanograin decreased with increasing wheel rotation speed: 503 nm for 1000 rpm,
451 nm for 2000 rpm, and 372 nm for 4000 rpm, respectively, averaged by more than 20 batches of
melt-spun ribbons. It is also noteworthy that the pore sizes among nanostructures were smaller as the
wheel rotation speed increased, caused by higher growth rate. We assume that this difference in the
characteristic sizes of nanostructures in melt-spun ribbons could give a significant difference in the TE
performance of SPSed pellets.

Thickness (um)

>

T T T T T

10 20 30 40 50 60

Cu wheel rotating speed (ms'1)
Figure 1. The cross-section SEM images of the melt-spun ribbons with varying Cu wheel rotation

speed during melt spinning (MS) process. (a) 1000 rpm; (b) 2000 rpm; (c) 4000 rpm and (d) Plot of
thickness with Cu wheel rotation speed (ms™1).
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Figure 2. The SEM images of the free surfaces of ribbons with varying wheel rotation speed during the
MS process: (a,d) 1000 rpm; (b,e) 2000 rpm; (c,f) 4000 rpm.

The melt-spun ribbons were ground into powders by using a mortar and sintered by using
SPS technique. The relative densities of all the samples were >98%. Figure 3 shows the X-ray
diffraction patterns of the SPSed pellets of Bij 36Sb1 ¢4 Tes fabricated from melt-spun ribbons at 1000
(BST1000), 2000 (BST2000), and 4000 (BST4000) rpm wheel rotation speed. All samples show the
fundamental diffraction peaks from Sb,Tes with rhombohedral structure (JCPDS # 65-3678, R-3m
space group). When the wheel speed was more than 2000 rpm, we can see an additional peak at
20 = 27.6° corresponding to Te secondary phase (JCPDS # 36-1452). Meanwhile, the higher cooling
rate led to the production of a larger amount of Te secondary phase, which can be easily found in
Bi-Te-based TE materials [15]. There is no large difference of peak shift or peak intensity, which means
that the structure of Big 36Sb1 64 Te3 is unchangeable with varying wheel rotation speed from 1000 rpm
to 4000 rpm during the MS process. The fractured surfaces of the SPSed bulks are shown in Figure 4 to
investigate the microstructure evolution during the SPS process. Interestingly, the grain size increased
with increase of wheel rotation speed in the range of 1000 rpm to 4000 rpm. We assumed that the higher
MS wheel rotation speed generates a smaller nanostructure of melt-spun ribbon, and thus the smaller
nanograin structure can be maintained after the SPS process. However, our experimental results do not
correspond with this assumption. As shown in Figure 4, the grain sizes of the SPSed pellets of BST1000,
BST2000, and BST4000 are 17.9 pum, 19.4 um, and 20.5 um, respectively. It is noted that the grain sizes
of SPSed pellets are much larger than the characteristic sizes of melt-spun ribbons. This phenomenon
can be explained by the grain growth kinetics of nanoparticles. The smaller nanoparticles have lower
melting point due to enhanced surface diffusion rate, leading to enlarged grain size [26]. Additionally,
a larger amount of amorphous phase at higher wheel rotation speed can also be the origin of different
grain size in the same sintering process [27]. This result suggests that a precisely controlled ultra-fast
sintering process is required to obtain nanograin structured bulks from melt-spun ribbons.
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Figure 3. The XRD patterns of polycrystalline bulks of Bij35Sb; 4Tes fabricated from melt-spun
ribbons at 1000, 2000, and 4000 rpm wheel rotation speed during the MS process. The bottom is the
typical peak of SbyTes (JCPDS # 65-3678).

Figure 4. SEM images of fractured surfaces of the bulks of Bij 33Sby ¢4 Te fabricated from melt-spun
ribbons at (a) 1000 (BST1000), (b) 2000 (BST2000), and (c) 4000 (BST4000) rpm wheel rotation speed
during the MS process.

3.2. Thermoelectric Properties

Figure 5 shows temperature-dependent ¢ values for BST1000-BST4000 samples. All samples
showed a decrease of o with increasing temperature in the measured temperature range, indicating
ametallic behavior. For BST1000, the room temperature ¢ value was 955 Sem !, while BST2000-BST4000
samples had similar room-temperature ¢ values of 1192 Sem !, 1201 Sem ™!, and 1163 Scm 1,
respectively. To clarify the electronic transport mechanism, the carrier concentration values of the
samples were calculated by measuring Hall coefficient (Ry), as the following equation:

Ry =1/pe 1)

where p and e correspond to hole carrier concentration and electron charge, respectively. The carrier
mobility (y) is calculated by the following equation:

o =peu (2)

Figure 5b depicts the room-temperature carrier concentration values for BST1000-BST4000
samples, which ranged from 2.87 x 10'? em™3 to 3.86 x 10! cm~3. Interesting behavior was observed
in the carrier mobility as shown in Figure 5c, in which the mobility increased from 191 cm?-V~1.s~! to
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254 cm?-V~1.s71 with increase in the wheel rotation speed. This result is due to the reduced carrier
scattering originating from the larger grain size at higher wheel rotation speed, as shown in Figure 4.
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Figure 5. (a) Temperature dependence of electrical conductivity (¢); (b) carrier concentration and
(c) mobility at room temperature; (d) temperature dependence of Seebeck coefficient (S); (e) temperature
dependence of power factor (PF) for BST1000-BST4000 samples.

Figure 5d shows the temperature dependence of S for BST1000-BST4000 samples. The S values for
all samples are positive, indicating that the major charge carrier is hole. The S increased with increasing
temperature, reached a maximum at ~400 K, and decreased at high temperature, which is typical
behavior presented in BiyTez-based TE materials mainly originating from the thermal excitation of
minority carrier. The room temperature S values are 198 pV-K~! for BST1000, 184 wV-K~! for BST2000,
187 uwV-K~1 for BST3000, and 191 wV-K~! for BST4000, respectively. The S values of BST1000 showed
the highest value within the measured temperature range due to the lower carrier concentration.
Figure 5e shows the temperature dependences of PF values for BST1000-BST4000 samples. The PF
value for BST1000 shows the lowest value of 37 x 10~* Wm~!.K~2 at room temperature due to the
lowest ¢, while the PF values of BST2000-BST4000 samples were almost the same over the whole
measure temperature range (PF = 4142 x 10~* Wm~1.K~2 at room temperature).

The temperature dependence of « is displayed in Figure 6a. All samples showed similar temperature
dependency of x, where it decreased at low temperature and increased at high temperature, suggesting
the effect of bipolar thermal conduction, while x value increased with wheel rotation speed. To clarify
this, we calculated the xj,; value by subtraction of kg from x, in which kg, was estimated by the
Wiedemann—Franz law (k¢ = LoT), using L = 2.0 X 108 V2.K2 for degenerated semiconductor [28,29].
The xj,; calculated from the above equations is shown in Figure 6b. The xj,, of BST4000 was >10%
higher than those of other samples, and xj,; of BST2000 showed the lowest value within whole measured
temperature range. These results fit well with the grain size variation against wheel rotation speed,
which was already described by the microstructure of SPSed bulks. The largest grain size of BST4000 led
to a reduction in the grain boundary phonon scattering, resulting in increased x,;.
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Figure 6. Temperature dependence of (a) total thermal conductivity (x), and (b) lattice thermal
conductivity (xj,;) for BST1000-BST4000 samples.

The dimensionless figure of merit (ZT) values as a function of temperature for BST1000-BST4000
samples are shown in Figure 7. The ZT value increased with the temperature, and after a maximum
near 400 K, it decreased at higher temperatures. The overall ZT values did not change significantly with
the wheel rotation speed within the instrumental error range (~12%); the maximum ZT values were
~1.08 @ 370 K for BST1000, ~1.07 @ 400 K for BST2000, ~1.09 @ 400 K for BST3000, and ~1.02 @ 400 K for
BST4000, respectively. Interestingly, BST4000 showed the lowest ZT,ax compared to other SPSed bulk
samples (BST1000-BST3000) despite the smallest characteristic size of its melt-spun ribbon (Figure 2).
This is considered to be related to the microstructural evolution during the sintering process. As shown
in Figure 2, the higher wheel rotation speed resulted in the smaller characteristic nanostructure size
in melt-spun ribbons; however, the nano-scale grain structure could not be maintained in SPSed
bulks due to the rapid grain growth during the SPS process, and grain growth was more prominent
for BST4000. Therefore, some other fast sintering approaches to maintaining the nanostructure in
melt-spun ribbon are highly required for boosting the grain boundary phonon scattering and ZT value.
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Figure 7. Temperature dependence of the dimensionless figure of merit (ZT) for BST1000-BST4000 samples.

4. Conclusions

We have synthesized polycrystalline bulks of Biy 365b ¢4Tes using melt spinning and spark plasma
sintering processes. We varied the wheel rotation speed between 1000 rpm and 4000 rpm during the
MS process, and the microstructures of the melt spun ribbons and sintered pellets were investigated.
The thickness of the ribbon and the characteristic size of nanostructure on the free surface were reduced
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as the wheel rotation speed increased due to higher cooling rate, while the grain size after spark plasma
sintering significantly increased in value of ~20 pm for all SPSed bulk samples due to the rapid grain
growth. The ZT values of BST1000-BST4000 did not change significantly with Cu wheel rotation
speed, suggesting that small nanostructure size in precursors is not always preferable to enhance the
thermoelectric performance of BipTe3-based TE materials in melt spinning process.
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Abstract: Melt-spinning (MS) has been reported as a promising tool to tailor the microstructure
of bulk thermoelectric materials leading to enhanced thermoelectric performances. Here, we
report on a detailed characterization of p-type Big 4g8Sb1 52 Tes ribbons produced by melt-spinning.
The microstructure of the melt-spun ribbons has been studied by means of X-ray diffraction,
scanning and transmission electron microscopy (TEM). The analyses indicate that the ribbons are
highly-textured with a very good chemical homogeneity. TEM reveals clear differences in the
microstructure at large and short-range scales between the surface that was in contact with the
copper wheel and the free surface. These analyses further evidence the absence of amorphous
regions in the melt-spun ribbons and the precipitation of elemental Te at the grain boundaries.
Low-temperature electrical resistivity and thermopower measurements (20-300 K) carried out on
several randomly-selected ribbons confirm the excellent reproducibility of the MS process. However,
the comparison of the transport properties of the ribbons with those of bulk polycrystalline samples
of the same initial composition shows that MS leads to a more pronounced metallic character.
This difference is likely tied to changes in deviations from stoichiometry due to the out-of-equilibrium
conditions imposed by MS.

Keywords: melt-spinning; microstructure; X-ray diffraction; transmission electron microscopy;
electrical properties

1. Introduction

Thermoelectric materials provide a versatile, environmentally-friendly way for generating electric
power from waste heat or for Peltier cooling [1,2]. Despite the fact that this technology has been
successfully used for decades to power deep-space probes and rovers, its applications remain limited to
niche technologies for which the robustness of thermoelectric modules outweighs their low conversion
efficiency [1,2]. A more widespread use of thermoelectric materials is therefore tied to the identification
of novel families of materials exhibiting a high dimensionless thermoelectric figure of merit:

ZT = a®T/ px 1)

where « is the thermopower, p is the electrical resistivity, « is total the thermal conductivity and T is
the absolute temperature; or to the optimization of the thermoelectric properties of state-of-the-art
materials [1-3].
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Most of the recently-discovered families of thermoelectric materials reach their maximum ZT
values at high temperatures, typically between 700 and 1200 K [4-12]. For thermoelectric applications
near room temperature, solid solutions of bismuth telluride Bi, Tez with the isomorphous compounds
SbyTe; and BiySe; are still nowadays the best materials with ZT values around unity in both p-
and n-type compounds [2]. The AV,BVL; (A = Bi or Sb and B = Te or Se) compounds and their
solid solutions crystallize in the R3m space group and are narrow-band-gap semiconductors with
topologically-protected gapless surface states [2,13-16]. Their crystal structure is composed of repeated
planes of five-atomic layer lamellas perpendicular to the trigonal axis separated by a van der Waals gap.
This layered structure inevitably results in anisotropic transport properties in both single-crystalline
and polycrystalline specimens [2].

Several synthesis techniques were used in the past to prepare these compounds either in single
or bulk polycrystalline form [17-25]. Polycrystals are traditionally fabricated using the zone melting
method, powder metallurgy techniques or mechanical alloying, followed by a consolidation step [26-31].
The melt-spinning (MS) method, based on rapid solidification of the melt that allows attaining cooling
rates as high as 10*-107 K s 71, has been used to produce these materials by Soviet Union and Russian
research groups [32-35]. Starting from raw materials, MS produces ribbons, flakes or foils, which are
in an out-of-equilibrium state due to the high quenching rate leading to particular microstructures
and physical properties. This technique has also been the subject of studies from a mathematical
point of view [36]. Recently, this technique combined with subsequent hot pressing was employed
successfully by several groups to achieve high thermoelectric performance with peak ZT values of
~1.5 around 300 K in p-type Bi;Sb,_,Tes for 0.48 < x < 0.52 [37-43]. Because melt-spun ribbons
are subsequently consolidated to obtain bulk dense specimens, a detailed investigation of their
microstructure-properties relationships is essential to better understand the influence of the MS
process on the thermoelectric properties of BiyTes-based materials. In this context, Koukharenko et al.
investigated the microstructure and transport properties of ribbons obtained from Bi;Te; and from
the Bip_,SbyTe and Biy_,Sb,Te; systems [44-49]. However, melt-spun ribbons in the ternary p-type
Bi,Sb,_,Tes solid solution (0.48 < x < 0.52) have received much less attention even though the best
thermoelectric performances are achieved for these particular compositions [2].

Here, we report on a detailed investigation of the microstructure and chemical homogeneity of
Big 48Sb1 55 Tez ribbons produced by melt-spinning along with low-temperature electrical resistivity
and thermopower measurements (20-300 K) performed on several randomly-selected ribbons. We find
that the Bij 435b1 5, Tes melt-spun ribbons exhibit a complex, highly-textured microstructure with a
very good chemical homogeneity. The transport properties of different ribbons do not show any
significant deviation to within experimental uncertainty, confirming the high reproducibility achieved
with the MS technique. Yet, our results evidence that the melt-spun ribbons show a more pronounced
metallic character with respect to bulk polycrystalline samples of the same initial composition,
which highlights the extreme sensitivity of the Bi,Sb,_,Tez compounds to the synthetic process
used. We attribute this difference to modifications in the deviations from stoichiometry as a result of
the strong out-of-equilibrium conditions achieved in the MS process.

2. Experimental Details

2.1. Synthesis

The production of ribbons by the melt-spinning technique was realized by a two-step process.
As a first step, an ingot of composition Big 4g5b; 5pTez was prepared from stoichiometric amounts of
high-purity elements in the form of granules (Bi, Sb and Te, 5N+, 99.999%). They were loaded in
quartz tubes (previously cleaned in acids and evacuated) and maintained under secondary vacuum
for 3 h. The ampoule was then sealed under a reducing atmosphere composed of a mixture of Hp
and He (5/95%). The tube was kept at 983 K during 5 h in a vertical oscillating furnace followed by
a quenching in a room-temperature water bath. A part of the resulting ingot was crushed into fine
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powders using an agate mortar. The powder was consolidated by spark plasma sintering (SPS) at
773 K under 30 MPa for 5 min in graphite dies. The relative density of the samples, determined from
weight and sample dimensions, was above 95% of the theoretical density.

2.2. Melt-Spinning Process

The second part of the ingot was used for the MS process carried out with a melt-spinner (Edmond
Biihler) equipped with a copper wheel of ~20 cm in diameter. Approximately 10 g of the solid ingot
were placed in quartz tubes with a V-shaped end and a nozzle diameter of 1 mm. The ingot was
heated up to 893 K under argon atmosphere (around 0.6 bar), the temperature inside the tube being
continuously checked by a MAURER digital infrared pyrometer. The melt was ejected on the copper
wheel rotating at U = 35 m s~! (linear speed) using an overpressure of 0.8 bar of argon. The melt was
instantaneously cooled on the water-cooled wheel forming “ribbons”, “foils” or “flakes” with typical
dimensions 3-5 mm in length, 0.5-3 mm in width and 8 + 1 pum in thickness [50]. This last value
was obtained from cross-section observations with scanning electron microscopy (SEM) of more than
20 ribbons that were randomly selected.

The MS process has been visualized using an ultra-high-speed video system (Photron SA5) with a
frame rate of 12,000 fps. This system enables estimating the average residence time:

T=L/U @)

Defined as the time it takes for a point on the wheel surface to rotate through the length L of the
puddle, estimated to be ~1 mm in our case. This yields an average residence time of roughly 30 ps.
As shown by Huang et al. [51], T is correlated to the ribbon thickness R, such that R ~ /2%103 ms V2,
Taking into account the above-mentioned value of T, the thickness of the ribbons should be ~5 um,
that is close to the experimental values obtained by SEM.

The cooling rate K achieved in our experiments was estimated following the relation used by
Fedotov et al. [52] for experiments performed under static conditions:

K =af/CpdR ®3)

where a is the heat convection coefficient, 6 is the excessive temperature of the melt, Cp is the
specific heat of the melt (~0.19 ] g’1 K1) and d is the density of Big4gSb15,Te; (6.88 g cm ).
The heat convection coefficient for a polished copper surface is estimated to be in the range of
1-2 x 10° W m~2 K~ [53]. In the literature, the excessive temperature of the melt is defined as the
difference between the temperature of the melt and the temperature of the wheel considered to be
equal to room temperature [46]. For ribbons with a thicknesses close to 8 um, the cooling rate is then
estimated to be of the order of 10° K s~ 1.

2.3. Structural and Chemical Characterizations

X-ray diffraction (XRD) analyses of the ribbons were carried out with a Bruker D8 Advance
diffractometer in Bragg-Brentano geometry using Cu Koy radiation (A = 1.54056 A). Besides analyzes
on ground ribbons, the two surfaces of the ribbons, i.e., the surface in contact with the wheel and
the free surface, were checked in order to unveil possible different textures. We note that the X-ray
penetration depth is small enough in these materials so that only a part of the ribbon’s volume
underneath the surface is probed. This hypothesis is confirmed by the estimation of the penetration
depth ¢ for normal incidence that specifies the path length for which the intensity drops to 1/e of its
initial value:

81/e = ([@Zi(pm)igi/G) ! 4

where g; is the atomic mass of the element in the compound, G is the mass of the molecular unit and pim
is the mass absorption coefficient of the element [54]. For Cu K« radiation, the jim, values are 25.9, 26.7
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and 24.4 m? kg~! for Sb, Te and Bi, respectively [55]. For the composition Big 45Sb1 5, Tes, this relation
yields an estimated penetration depth ¢ of 5.6 um, that is less than the average ribbon thickness.

The microstructure of the ribbons was checked by using two different field emission gun (FEG)
scanning electron microscopes (SEM-FEG XL30 and Quanta 650 FEG both from FEI). The ribbons
were observed on both faces and cross-sections. The thickness and width of all ribbons used for
electrical measurements were estimated by cross-section and top views. The composition and chemical
homogeneity at the micrometric scale were determined by energy dispersive X-ray spectrometry (EDS,
Bruker, Wissembourg, France) mounted on the Quanta microscope.

To perform transmission electron microscopy (TEM) studies, thin slices of the melt-spun
ribbons (surfaces and cross-sections) were prepared by FEI company by the dual focused ion beam
(FIB)-scanning electron microscope (SEM) system using the “in situ” lift-out technique. Transmission
electron microscopy (TEM) investigations were performed on a Philips CM-200 microscope (Eindhoven,
The Netherlands) operating at 200 kV to check the quality of the thin slices. TEM, high-resolution TEM
(HRTEM) and scanning TEM (STEM) associated with high-angle annular dark-field (HAADF) were
also performed on a JEOL ARM 200F-Cold FEG TEM/STEM microscope (Tokyo, Japan) running at
200 keV and equipped with a GIF Quantum ER.

2.4. Transport Measurements

The dense SPS Bij 43Sb; 55 Tes pellet, used as a reference, was cut both parallel and perpendicular
to the pressing direction with a diamond wire-saw into bar-shaped samples of typical dimensions
2.5 x 3.0 x 8.0 mm3. Electrical resistivity and thermopower were simultaneously measured between
5 and 300 K in the continuous mode with the thermal transport option (TTO) of a physical property
measurement system (PPMS, Quantum Design, San Diego, CA, USA). The electrical and thermal
contacts were made by brazing four copper bars with a low melting point braze. The experimental
uncertainty on resistivity and thermopower is estimated to be 5%.

Electrical resistivity and thermopower measurements were carried out in the ~20-300 K
temperature range on several melt-spun ribbons (with a plate-like shape of typical dimensions ~400 pm
in length and with a section of 350 x 8 um?; see below) randomly chosen using a dedicated cell attached
to the cold stage of a closed-cycle refrigerator, the details of which are provided elsewhere [56].
Both current and thermal gradient were applied along the length of the ribbons. The electrical
resistivity was measured by a four-probe AC method, using an SRS Model SR83 Lock-in Amplifier
with a low-frequency current of 5 mA (77 Hz) applied to the sample. The thermopower was measured
by a slow AC technique (ca. 1072 Hz), the voltage across the sample and gold leads being measured
with a Keythley 181 nanovoltmeter. The oscillating thermal gradient was kept below 1 K and was
measured by a Au-0.005 at % Fe versus chromel thermocouple. The absolute thermopower of the
sample was obtained after correction for the absolute thermopower of the gold leads (99.99% pure
gold) by using the data of Huebener [57]. The experimental uncertainties on the electrical resistivity
and thermopower are estimated to be 7% and 5%, respectively.

The Hall resistivity py; was determined on bulk SPS samples and ribbons from measurements
of the transverse electrical resistivity pxy under magnetic fields oH ranging between —1 and +1 T
using the AC transport option of the PPMS at room temperature. The data were corrected for slight
misalignment of the contacts by applying the formula:

P = [oxy (oH) — pxy(—poH)]/2 ®)

The Hall coefficient Ry was determined from the slope of the pi(pigH) data in the limit yoH — 0.
The Hall carrier concentration p and mobility y; were estimated within a single-band model with a
Hall factor r equal to 1 that yields the relations:

p:rH/RHezl/RHe (6)
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and:
e =Ru/p @)

3. Results and Discussion

3.1. X-ray Diffraction and Scanning Electron Microscopy

Figure 1 shows the XRD patterns collected on ground ribbons, as well as on the surface in contact
with the copper wheel and the free surface. The patterns show that the ribbons are well crystallized
regardless of the sample considered. No significant peak broadening is observed suggesting that the
grain size is above the nanoscale range. All of the reflections for the ground ribbons and free surface
can be indexed with the standard polycrystalline pattern of Bij43Sby 5,Tes indicating the absence
of impurity phases. If the patterns of those samples are quite similar, that of the contact surface
clearly exhibits a significant degree of texturing along the (110), (015) and (125) planes, indicating an
orientation effect during the material’s solidification. The trigonal axis of the crystallites orientated
along these three directions forms an angle of 90°, 58°45’ and 77°4' respectively, with the normal of the
free surface as shown in Figure 2. As the XRD pattern of the free surface is similar to that of ground
ribbons, the level of texturing should be limited to a region close to the contact surface. Our results are
however quite different from those obtained by Koukarenko et al. [46], who studied in detail the texture
formation in Bi,Tes ribbons. Their investigation revealed a well-defined (025) texture independent
of the quenching temperature, the ribbon thickness and the heat treatment. This (025) texture was
proposed to be correlated to the nature of the Bi-Te covalent bond in this plane. Further investigations
on the Biy_,SbyTez (0 < x < 1) system by the same authors showed that substituting Sb for Bi tends to
lessen the (025) texture and favors the appearance of the (110) texture [48]. The difference between the
textures observed in [46] and in our case could be linked to different cooling rates since the thickness
of the ribbons obtained in their studies was significantly higher (between 20 and 35 um).

oy
-
=y
S = . =
- = = (2]
= & = ~
— - Ty (= ~ -
s, ZS0) = P—
— S @ e o ae @ =
=4 ) SO ma— i = G 2 _ ST &
= — © Limoo — o- N NS o
= - - — ~ o~ [
= S Zef== = = S5 S~
a) = e =
)
=
=
=
Z
= |b)
I
<)
A A

T T T T T T T T T T T

20 25 30 35 40 45 50 55 60 65 70 S 80
26(°)

Figure 1. XRD patterns of the free surface (a), contact surface (b) and ground ribbons (c) of melt-spun

Bip 45Sb1 52 Tes.
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Figure 2. Scheme of the most pronounced orientations depending on the surface of the melt-spun
ribbons probed: (a) free surface (015) planes; (b) wheel contact surface (110) planes; (c) wheel contact
surface (125) planes. The Bi, Sb, Te; and Te; atoms are shown in red, green, dark blue and light blue,
respectively. The two-colored atoms correspond to the mixed occupation of Bi and Sb with the ratios of
24% and 76%, respectively.

The obtained microstructures observed by SEM are similar to those observed in prior studies
on similar or close compositions (Figure 3) [37-39,43,58]. Typically, top views of the contact surface
do not demonstrate any specific microstructural details except those related to the wheel roughness
(Figure 3a), while top views of the free surface exhibit what Xie et al. [37-39,43] called a dendritic-like
microstructure (or a needle network microstructure, as termed by Koukarenko et al. [46,48]) of
0.1-0.5 um in width (Figure 3b). Cross-section views of the ribbons, shown in Figure 3c, indicate a
close-packed microstructure of about some hundreds of nanometers in thickness in the region close to
the contact surface, which is composed of a mixture of small-sized particles up to one micrometer in
size and possibly of nanosized particles as expected from the MS process. This structure is followed
by a columnar growth of the basal planes giving rise to a dendritic or a needle-like appearance of
the free surface. According to the XRD results, preferential growth occurs in the thin close-packed
microstructure, while an erratic growth takes place in the columnar structure.

Figure 3. SEM images of a top view of the contact surface (a), of a top view of the free surface (b) and

a cross-section (c) of part of the ribbon highlighting the close-packed microstructure at the contact
surface of a Big 48Sb1 55 Tes ribbon.
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The spatial distribution of the elements has been assessed by elemental X-ray mapping on the free
and contact surfaces, as well as on a cross-section of the ribbons (Figure 4). At the scale probed by these
experiments, all of the elements appear homogeneously distributed within the ribbon. The atomic
composition determined by EDXS Bi 4Sb; ¢Tes g is very close to the expected composition, given the
experimental uncertainty that stems from the strong overlap of the La lines of Te and Sb.

Figure 4. Backscattered electron (BSE) images and corresponding X-ray elemental mappings of:
(top line) the free surface; (middle line) the contact surface; and (bottom line) the cross-section of a

Big.45Sb1 52 Tes ribbon.

3.2. Transmission Electron Microscopy

TEM and HRTEM studies have been carried out to gain relevant insights into the nanostructure of
the ribbons. We address in particular the issues concerning the formation of amorphous zones during
the MS process, the presence of which has not been systematically observed in prior studies, and
the possible precipitation of elemental Te as observed in single-crystals grown in out-of-equilibrium
conditions. A top view obtained by TEM of one of the thin cross-section slices produced by FIB is shown
in Figure 5a. Similar features to SEM observations can be seen, that is a close-packed microstructure
close to the contact surface of less than 1 pm in thickness followed by a columnar growth. The thickness
of the columnar grains is less than 1 pm. The surface close to the wheel is composed of grains of about
100 nm (Figure 5b). In this analyzed section, neither an amorphous, nor a nano-sized zone could be
observed. This observation contrasts with the results obtained by Xie et al. [39,42], who found the
presence of an amorphous layer of about 500 nm in thickness for an overall thickness of about 3 mm
(assuming that the authors showed the entire cross-section). The presence of nanoparticles embedded
in an amorphous matrix (thickness of about 1 mm as shown in [39]) could not be observed either.
The reasons for these discrepancies remain so far unknown.

77



Crystals 2017,7,172

Contact surface,

(b)

Figure 5. TEM images of (a) a thin slice of a cross-section of a Bij 48Sb; 5,Tez ribbon (overall thickness
= 8.1 mm). The top is covered with an amorphous carbon layer and the bottom with a copper layer,
due to the preparation process of the thin slice. (b) Contact surface made of grains of about 100 nm.
The top black layer is amorphous carbon.

Figure 6 displays two HRTEM images collected in the middle zone of a ribbon. The first image
was taken at the interface between two grains, while the second image was taken in the center of a
grain. Based on the fast Fourier transform (FFT), the grains are well crystallized, and the average
inter-fringe distances d taken along the lines in the main and perpendicular directions (0.319 and
0.213 nm, respectively) are in good agreement with the inter-planar distances of the (015) (0.317 nm)
and (110) (0.215 nm) planes [59]. These measurements further confirm the orientations found in our
XRD analyses. Interestingly, some nano-sized particles of elemental Te could be also observed at grain
boundaries as illustrated in Figure 7.
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Figure 6. HRTEM images of an interface between two grains (left) and of a well-crystallized grain
(right) taken in the center of a Big 485b1 5, Tez melt-spun ribbon. Inter-planar fringe distances have been
evaluated through the line profiles taken on the rows highlighted in the right image. The distances 10d

(line profiles) are given in nm.
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Figure 7. TEM image emphasizing the presence of nano-sized Te precipitates in the ribbons.

Figure 8 shows a grain boundary between four adjacent grains in the dendritic-like zone obtained
from an SEM-FIB thin slice cut parallel to the free surface. The triangular-shaped feature of about
70 nm on the side and located in between larger grains is typical of growth with the trigonal axis
perpendicular to the surface evidenced by the hexagonal disposition of the spots obtained on the FFT of
this zone. Some of these triangular-shaped structures that exhibit clean surfaces with the surrounding
crystals can be observed all over the thin slice. The tops of the two columnar grains surrounding
the triangular crystal are single crystalline. Both grains display an interplanar distance of 0.117 nm
that corresponds to the (205) planes. Such sub-micron-sized crystalline domains were systematically
observed in prior investigations on MS ribbons of Bi,Sb,_,Te3 [37-39,42,60].

(a) (b)

Figure 8. TEM images of a grain boundary between four adjacent grains (a) and magnification of the

highlighted square (b) taken in the dendritic zone of a Big 43Sb1 5, Te3 ribbon.

TEM images also reveal lattice stripes with a larger estimated width of about 10 A (Figure 9).
A magnification of this zone shows that these stripes are formed by a series of five bright-doted rows
separated by a more dark-spotted row. This result is consistent with the five-layer lamellae structure
of the ideal crystal structure of Sb-Bi tellurides. The above-mentioned width is also in very good
agreement with the height of the -Te-Bi-Te-Bi-Te- quintet (12 A according to [61]). These features are not
inherent to the MS process we employed and have also been reported by Lan et al. [62] and Li et al. [63]
in p-type BiySb,_,Tes samples prepared by two synthetic routes consisting of mechanical alloying-SPS
and mechanical alloying-hot pressing, respectively. In these two studies, however, the appearance
of these stripes was slightly different and was described as a series of two rows of extra-bright dots
separated by four weaker bright-dot rows forming the five-layer lamellae.
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(@ (b)

Figure 9. HRTEM images showing lattice stripes of about 1 nm in width (a) and magnification of the
highlighted square (b). The arrows show the quintet organization of a Bi 485by 5, Tez grain.

In addition, we observed a needle-like structure containing nano-grains of about 5-10 nm in size
in another thin slice (Figure 10). In contrast to the larger grains, these small grains do not seem to be
closely packed. The needle was located in the middle of the cross-section of a ribbon. It is however
difficult to determine in this case whether the diffuse halo rings observed in the FFT are due to the
MS process or to the small amount of amorphized material produced by the impact of high-energy
Ga ions during the FIB sample thinning. We note that we did not observe nanostructures appearing
as dense striations with spacing of the order of 10 nm reported in Bi,Tez by Jacquot et al. [60] and
Lan et al. [62] and described in the prior study of Peranio and Eibl [64]. Although these structures
could be present as well in our samples, these features may also arise from the preparation of the thin
slices by ion-milling with Ar* ions as underlined by Homer and Medlin [65].

Figure 10. TEM (left) and HRTEM (right) images of a needle-like structure containing nano-grains of
about 5-10 nm in size.

The chemical composition of the ribbons was further analyzed by EDXS using the STEM mode
along five profiles on two ribbons as depicted in Figure 11. The compositions seem independent of the
region probed, the data taken along a columnar grain (green and sky blue lines) and in the dendritic
zone (dark blue and red lines) being roughly similar. X-ray elemental mappings were performed in
several zones of one ribbon, that is in the dendritic zone, at the interface of the amorphous-crystallized
grains and within a hexagonal grain (Figure 12). The elemental distribution shows that the elements
are evenly distributed in the dendrites, the columnar structures and the amorphous layer, without any
particular compositional segregation.
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Figure 11. EDXS results for as-grown Sbq 5,Big 48Tes ribbons measured along the colored profiles.
The x-axis corresponds to the number of the points analyzed. The results are shown in the graph using
the same color code for two different samples analyzed.

Figure 12. EDXS elemental mapping images of an as-grown Bi 4gSb1 5,Te3 ribbon taken at three
different places. HAADF-STEM image along with the corresponding Bi (blue), Sb (red) and Te (green)
elemental maps.

3.3. Transport Properties

Figure 13a shows the temperature dependence of the electrical resistivity p of three
randomly-selected ribbons along with the data collected on the reference Big4gSbys,Te; bulk
polycrystalline sample measured parallel and perpendicular to the pressing direction. The p values
of the bulk sample are constant below 20 K and increase above this temperature with increasing
temperature. Above 200 K, p roughly follows a T'5 law. Taking into account the magnitude of p
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(from 1 up to 12 pQ) m), this behavior is typical of heavily-doped semiconductors as expected for
the Big 4gSb1 5, Tes composition. Consistent with the results obtained on single crystals [23,24], these
measurements show a significant difference in the data measured perpendicular and parallel to the
pressing direction, the latter of which is higher. Further, the anisotropy ratio defined as:

Y = Ppar /Pperp 8)

is not constant over the whole temperature range, but increases with temperature to reach 1.8 at 300 K.
This result indicates that the SPS process induces a preferred orientation, which is parallel to the
trigonal axis, along the SPS pressing direction. The p(T) data measured on the ribbons show the same
general trend with respect to the reference sample. The p values fall in between those of the bulk
samples with room-temperature values approaching 10 m{) m. These measurements tend to indicate
that the typical microstructure of the ribbons does not significantly affect the electrical transport.
Of note is the fact that the three randomly-selected ribbons show similar values to within experimental
uncertainty, which evidences that MS is a robust process for producing chemically-homogeneous
ribbons with nearly-identical electrical properties.
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Figure 13. Temperature dependence of the electrical resistivity p (a) and thermopower « (b) for the
bulk sample consolidated by spark plasma sintering (SPS) probed along and perpendicular to the
pressing direction and for three randomly-selected ribbons.

The thermopower « of the Big 485b; 5pTez bulk sample and ribbons is shown in Figure 13b as a
function of temperature. All samples exhibit positive a values, which vary linearly below 40 K and
logarithmically above 200 K. In agreement with the p data, this behavior is consistent with those of
heavily-doped semiconductors. Our results obtained on the SPS sample are in line with the well-known
fact that & does not depend on the orientation in the extrinsic or one-carrier regime in (Sb,Tez)-(Biy Tes)
solid solutions [2]. No differences in the a values for the three ribbons are visible, confirming their
very similar physical properties. Yet, the a values of the ribbons are lower than those of the bulk
specimen in the whole temperature range. This behavior is likely related to a change of either the
carrier concentration and/or the scattering parameter due to the MS process. Measurement of the Hall
coefficient Ry reveals that the apparent Hall concentration py differs significantly at 300 K for the bulk
sample and the ribbons (Table 1). The hole concentration measured in the ribbons is almost two-times
higher than in the bulk, indicative of the more pronounced metallic character of the ribbons. Thus, the
very good agreement between the electrical resistivity observed in the SPS samples and in the ribbons
is only fortuitous and is a direct consequence of the increased hole concentration that compensates
the decrease in the Hall mobility pp (Table 1). The degradation of iy is likely linked to the numerous
interfaces at the microscale length present along the current direction, as evidenced by microscopic
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analyses, which efficiently scatter holes. Note that a more metallic state has also been observed at 300 K
in Bi,Sby_,Tes ribbons for x = 0.40 [48]. In these prior investigations, the melt-spinning technique was
shown to produce homogeneous ribbons with identical electrical properties although the intrinsic
properties of the carriers (concentration and mobility) are different from those of the bulk SPS samples.
The excellent reproducibility of the transport properties in Big 45Sby 50 Tez ribbons observed herein thus
confirms the conclusions drawn for analogous compounds [43-49,60].

Table 1. Room-temperature values of the Hall coefficient Ry, electrical resistivity p, Hall concentration
pu and Hall mobility pgy of the SPS bulk sample (perpendicular to the pressing direction) and measured
on one ribbon.

Ry (em3 C™1) p (uQ m) PH (10" cm—3) HH (em2Vv~—1s71)

SPS 0.17 6.4 3.7 266
Ribbon 0.07 10 9.1 70

Finally, it should be kept in mind that the electronic properties of mixed crystals based on
Sb,Te3-Biy Tes are governed by native defects, the influence of which outweighs the role of differences
in the microstructure of the samples. In Sb-rich Sb,Te3-Bi;Te; compositions, antistructure defects
are the main type of defects with Sb (and partially Bi) atoms replacing Te atoms, which are usually
denoted Sbr, (or Bire). The Sbr. defects are electrically active and behave as single acceptors giving
rise to p-type electrical conduction [66,67]. The presence of native defects prevents the solid solution
from being stoichiometric, that is the higher the defect concentration, the higher the deviation from
stoichiometry. Controlling these deviations, and hence the electrical properties, is the main challenge to
overcome for optimizing the thermoelectric properties of these compounds. In this context, the precise
knowledge of the phase diagram can be a powerful tool to properly control the carrier concentration.
The solidus line, characterizing the maximum deviation from stoichiometry, was investigated in
the past in the Te and Sb rich-side of the Sb,_,Bi,Te3 (x = 0.0, 0.4 and 0.5) solid solution at the
thermodynamic equilibrium [2,23]. However, for non-equilibrium processes, the phase diagram can
be severely affected as demonstrated in prior studies [17,68]. These works showed that in fast-cooling
processes, Te exhibits a retrograde solubility and thus tends to precipitate out of the main phase, in
agreement with our TEM observations. Since a lower Te content in the matrix contributes to further
enhancing the deviations from stoichiometry, it results in an increased hole concentration due to the
triple-acceptor nature of Te vacancies [67]. The slight Te precipitation is thus likely at the origin of the
increased hole concentration we observe in melt-spun ribbons.

4. Conclusions

p-type Big 4gSbq 52 Tes ribbons have been synthesized successfully via melt-spinning. Our detailed
structural and chemical characterizations have confirmed that this technique enables achieving
excellent chemical homogeneity and reproducibility. TEM studies carried out on ribbons revealed the
very different microstructure exhibited by the free surface and the surface in direct contact with the
copper wheel. The very high cooling rates achieved with this technique have a sizeable influence on the
transport properties of the ribbons that exhibit a more metallic nature compared to bulk samples of the
same initial composition prepared from a conventional synthesis route. Variations in deviations from
stoichiometry, which are known to play a prominent role in this family of compounds, likely explain
this difference. These results provide a good basis to better understand the variations in the transport
properties of p-type BiySb,_,Te; compounds at various steps of the synthetic process used to produce
bulk samples from melt-spun ribbons. Extending these investigations to other compositions would
be of interest to determine whether melt-spinning leads to enhanced thermoelectric performances in
Bi, Tes-based solid solutions.
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Abstract: Large-scale Cu,S tetradecahedrons microcrystals and sheet-like CuyS nanocrystals were
synthesized by employing a hydrothermal synthesis (HS) method and wet chemistry method (WCM),
respectively. The morphology of a-Cu,S powders prepared by the HS method is a tetradecahedron
with the size of 1-7 um. The morphology of 3-Cu,S is a hexagonal sheet-like structure with a
thickness of 5-20 nm. The results indicate that the morphologies and phase structures of Cu,S are
highly dependent on the reaction temperature and time, even though the precursors are the exact
same. The polycrystalline copper sulfides bulk materials were obtained by densifying the as-prepared
powders using the spark plasma sintering (SPS) technique. The electrical and thermal transport
properties of all bulk samples were measured from 323 K to 773 K. The pure Cu,S bulk samples
sintered by using the powders prepared via HS reached the highest thermoelectric figure of merit
(ZT) value of 0.38 at 573 K. The main phase of the bulk sample sintered by using the powder prepared
via WCM changed from (3-Cu;S to Cu; gS after sintering due to the instability of $-Cu,S during the
sintering process. The Cuy gS bulk sample with a Cuy 96S impurity achieved the highest ZT value of
0.62 at 773 K.

Keywords: Cu,S; nanocrystal; synthetic methods; morphological control; thermoelectric properties

1. Introduction

Thermoelectric (TE) material is a kind of energy conversion material which takes advantage of
solid material internal carriers and phonon interactions to convert thermal and electrical energy directly
into each other. The energy crisis and environmental problems have promoted the swift development
of TE materials in the past few decades [1-4]. Compared to the mainstream tellurium-based TE
materials [5-8], nanostructured metal chalcogenides with low cost, low toxicity, and abundant elements
exhibit interesting physical properties [9,10]. Therefore, nanostructured metal chalcogenides TE
materials such as Cu-Se [11-13] and Cu-S materials [14-17] have received more attention.

Copper sulfides (Cup — S (0 < x < 1)), with different copper stoichiometric ratios, which are
a series of compounds ranging from copper-rich Cu,S to copper deficient CuS, are considered to
be superionic conductors [18]. As an important semiconductor, CuyS is of high interest due to its
unique electronic, thermodynamic, optical, and other physical and chemical properties. It has great
potential in a wide range of applications such as thermoelectric materials [19], solar cells [20,21],
conductive fibers [22], optical filters [23], and high-capacity cathode materials in lithium secondary
batteries [24]. Moreover, Cu,S nanoparticles with various morphologies have been synthesized by
various approaches such as chemical precipitation [25], solventless thermolysis [26], water-oil interface
confined method [27], and thermal decomposition [28].
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Here, we employed facile solution methods, including hydrothermal synthesis (HS) and wet
chemistry method (WCM), to synthesize Cu,S powders with controllable microstructures under
relatively facile conditions. Then, polycrystalline copper sulfides were fabricated by densifying the
compound powders using the spark plasma sintering (SPS) technique. The thermoelectric properties
of all the bulk samples were measured.

2. Experimental Section

Commercial high-purity powders of CuO (99.9%) and S (99.99%) were used as raw materials.
Meanwhile, ethylene diamine (EDA) and hydrazine hydrate (No,H;-H,O) were used as a chelating
agent (EDA) and a reducing agent (N,Hy-H,O), respectively. In a typical wet chemistry method, CuO
(10 mmol) and S (20 mmol) were first added to EDA (40 mL) by stirring at room temperature for
10 min. Then, NoHy-H,O (35 mL) was dripped slowly into the beaker under further stirring for 12 h at
room temperature. The chelating agent EDA reacted with Cu ions to form the complex compounds for
avoiding the precipitation of metal Cu. The reducing agent NyHy-H,O reduced the Cu?* to Cu* and S
to S, respectively.

In a typical hydrothermal synthesis [29] method, CuO (10 mmol) and S (20 mmol) were first added
to EDA (40 mL), and the mixture was stirred and heated to 373 K for 10 min. After that, No,Hy-H,O
(35 mL) was dripped slowly into the solution under further stirring for 10 min at 373 K. The mixed
solution was then transferred into a Teflon-lined stainless steel autoclave (100 mL capacity), which
was sealed and maintained at 453 K for 6 h. The final solid products were filtered and washed with DI
water and ethanol three times before drying under vacuum at 333 K for 12 h.

The resultant powders were loaded into a graphite die with an inner diameter of 15 mm and then
sintered at 773 K for 5 min (heating rate of 100 K/min) under an axial compressive stress of 40 MPa
in a vacuum by using a spark plasma sintering (SPS) system (SPS1050; Sumitomo, Tokyo, Japan).
The SPS-prepared specimens were disk-shaped with dimensions of ®15 mm x 4 mm. The phase
structure was analyzed by X-ray diffraction with a Cu K radiation (A = 1.5406 A) filtered through
Ni foil (RAD-B system; Rigaku, Tokyo, Japan). The morphologies of the powders and the fracture of
the bulk samples were observed by field-emission scanning electron microscopy (FESEM, SUPRA 55,
Carl Zeiss, Oberkochen, Germany). The microstructure of the powder was also checked using
transmission electron microscopy (TEM, Phililp Tecnai F20, Amsterdam, Dutch). In a typical TEM
sample preparation procedure, powders were first added to ethyl alcohol, and stirred for 10 min by
ultrasound. Then, the supernatant was dropped on the copper grid.

The electrical transport properties were evaluated along a sample section perpendicular to the SPS
pressing direction. The Seebeck coefficient and electrical resistivity were measured from 323 to 773 K
in a helium atmosphere using a Seebeck coefficient/electrical resistance measuring system (ZEM-3,
Ulvac-Riko, Kanagawa, Japan). The density (d) of the sample was measured by the Archimedes
method. In addition, the thermal conductivity of the samples was calculated by the relationship
K = DCpd from the thermal diffusivity D measured by the laser flash method (LFA457; NETZSCH, Selb,
Bavaria, Germany).

3. Results and Discussion
3.1. Powder Synthesis and Characterization

3.1.1. XRD Analysis

Figure 1 shows the XRD patterns of Cu,S powders which prepared by WCM and HS methods.
All of the diffraction peaks of the HS sample are well-matched with the standard card of x-Cu,S
(JSPDS no. 83-1462), showing that the pure monoclinic x-CuyS powders were obtained by HS methods.
All of the diffraction peaks of the WCM sample are well-matched with the standard card p-Cu,S
(JCPDS no. 26-1116), showing that the pure hexagonal 3-Cu,S powders were obtained by WCM.
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Actually, the hexagonal 3-Cu,S is high-chalcocite (378-698 K); it would be not stable under thermal
shock. The diffraction peaks of powder samples are wider compared to the standard card, indicating
the small grain size of the obtained powder. The XRD refinement was performed for the two samples as
shown in Figures S1 and S2. The location, proportion and lattice constant of experiment and refinement
Cuions for hexagonal 3-Cu,S powder are shown in Table S1. The proportion of Cul changed from 0.75
to 0.4896, indicating that there are more Cu vacancies, smaller lattice parameters, and the possibility of
defects in hexagonal Cu,S.
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Figure 1. XRD patterns with a selected 26 range of 20°~70° for Cu,S powders.

3.1.2. FESEM and TEM Analysis

Figure 2 shows the FESEM images of Cu,S prepared by different synthesis methods. The pure
a-Cu,S powder which was prepared by the HS method is shown in Figure 2a. The morphology of
a-CupS powder prepared by the HS method is a tetradecahedron with the size of 1-7 um. Figure 2b is
a magnified image of a typical single-crystalline a-Cu,S, shown in Figure 2a. The pure -Cu,S
powder which was prepared by WCM is shown in Figure 2c. The morphology of hexagonal 3-Cu,S
is hexagonal nanosheets. Each nanosheet has an edge length of 10-200 nm and a thickness of
5-20 nm. The morphologies of the powder are highly related to the crystal structure [30]. Similar work
reported in the literature for molybdate materials [31] suggests that the synthesis temperature has
a strong influence on the morphology of Cu,S samples. Under the synthesis conditions of high
temperature and high pressure, the monoclinic x-Cu,S showed a tetradecahedron morphology.
Also, under relatively mild synthesis conditions (WCM), the hexagonal 3-CuyS nanosheets were
synthesized at room temperature.

The high magnification FEM image of 3-Cu,S is shown in Figure 2d. The 3-Cu,S has a hexagonal
sheet-like structure with a thickness of 20 nm. The TEM image (Figure 3a) and selected area of electron
diffraction (SAED) patterns (Figure 3b) of a single crystal a-Cu,S revealed a tetradecahedron Cu,S
of 1 um in width. The SAED pattern for the tetradecahedron particles (Figure 2b) indicated a highly
crystallized monoclinic structure of the x-Cu,S. Additionally, the TEM image (Figure 3c) and SAED
patterns (Figure 3d) of a single-crystalline 3-Cu,S revealed a sheet-like Cu,S of 10-200 nm in width
and of 5-20 nm in thickness. The results are in agreement with SEM observations.
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Figure 2. Field emission scanning electron microscopy patterns of the powders under different
magnifications. (a,b) Cu,S powders prepared by HS; (¢,d) CuyS powders prepared by WCM.

a
0.5 pm_

200 nm

Figure 3. TEM image and SAED patterns for HS-Cu,S powder (a,c) and WCM-Cu,S powder (b,d).

3.1.3. Synthesis Mechanism

The synthesis process and mechanism of Cu,S, similar to the flower-like x-Fe,Os reported by
Penki et al. [32], were investigated in detail, as shown in Figure 4. The raw CuO (black) and S (yellow)
were mixed in a N,Hy-H,0 and EDA solution to initially produce the precursor Cu,O and S,
and then further react to become the product Cu,S under the different reaction conditions. When the
HS method was employed, the reaction temperature was 453 K and the product was monoclinic
a-Cu,S, as indicated in XRD shown in Figure 1. After 6 h of hydrothermal reaction, the single crystal
monoclinic «-Cu,S formed a tetradecahedron with a dimension of several micrometers as shown
in Figure 2a. But when WCM was employed with a reaction temperature of room temperature,
the product was hexagonal 3-Cuj,S, as indicated in XRD shown in Figure 1. After a 12-h reaction,
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the single crystal hexagonal 3-Cu,S grew to form nanosheets with an edge length of 10-200 nm and
thickness of 5-20 nm as shown in Figure 2c. The reaction process can be described by Equations (1)—(3).

2CuO + 2N2H4~H20 — CuZO + 2NH4+ + HQO +20H™ + NzT (1)
S + 2N,Hy-H,O — §%~ + 2NH,* + 2H,0 + Nt )
2Cu0 + 257~ + 2H,0 — 2Cu,S + 40H" (3)

Finally, it is suggested that the morphologies and phase structures of Cu,S are highly dependent
on the reaction temperature and time, even if precursors are exactly the same.
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Figure 4. Schematic illustration of the growth mechanism of the Cu,S powders synthesized by the
WCM and HS methods.

3.2. Bulk Characterization

3.2.1. XRD and FESEM Analysis

The bulk sample abbreviated as HS-bulk was prepared by applying SPS at 773 K for 5 min using
monoclinic -Cu,S powders. The bulk sample abbreviated as WCM-bulk was prepared by applying
SPS at 773 K for 5 min using hexagonal 3-CuyS powders. The XRD patterns of those bulk samples
are shown in Figure 5a. The green arrows index the impurity peaks of Cuj 9¢S. The HS-bulk is still
in the a-Cu,S phase. The SEM image of HS-bulk shown in Figure 5b shows a high relative density
of 96% and an average grain size of 5 um, which is very similar to the powders formed by the rapid
sintering process. SPS is a rapid sintering technology, after which the nanoscale particles can be
maintained in bulk [14]. As shown in the XRD pattern (Figure 5a), the WCM-bulk exhibits a main
phase of Cuy gS with an impurity of Cuj 9¢S. The hexagonal 3-Cuj,S is in the high-chalcocite phase,
which is instable during the sintering process. Because of thermal shock in the SPS process, the phase
transition occurred from (3-CuyS to Cu; gS, which is the most stable phase in the Cu-S system. Cu,S is
a superionic conductor, and the superionic phase transition temperature is over 689 K [33]. In the SPS
sintering program, the sintering temperature is 773 K, and the Cu ions show liquid behavior under
this temperature. The extra Cu may precipitate on the anode and be removed during the polishing
and cutting process. As shown in Figure 5¢c, the WCM-bulk sample with a relative density of 90.2%
has an average size of 200 nm.
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Figure 5. XRD patterns with a selected 20 range of 20°-70° for bulk samples prepared by SPS at
773 K for 5 min, and field emission scanning electron microscopy of the fractured surfaces for the bulk
samples. (a) XRD patterns of the two bulk samples; (b) FESEM image of HS-bulk; (c¢) FESEM image
of WCM-bulk.

3.2.2. Thermoelectric Transport Properties

The TE properties of the two bulk samples were measured. The TE properties of Cuy gS bulk
sample in the literature [34], which were prepared by the same SPS process but using the mechanical
alloying (MA) treated powders, are shown for comparison. Figure 6a illustrates the temperature
dependence of electrical conductivity (o) for the bulk samples. As shown in Figure 6a, the HS-bulk
has the highest ¢ value up to 218 Sem™! at 373 K, and WCM-bulk has the highest o value up
to 2490 Sem~! at 373 K. Both the HS-bulk and the WCM-bulk have lower ¢ than the MA-bulk.
The WCM-bulk has a similar main phase to the MA-bulk but a low relative density and impurity
of Cuy 9¢S, which decrease the o value. The HS-bulk sample has the main phase of Cu,S, while the
electrical conductivity of Cuy_«S depends on the Cu content due to its superionic behavior. Therefore,
the HS-bulk sample has the lowest electrical conductivity. The WCM-bulk sample has one turning
point in the o curve due to the one phase transition of Cu; gS during the measured temperature range of
323 K to 773 K [34]. Two turning points in the o curve were observed for the HS-bulk sample due to the
two phase transitions of CuyS during the measured temperature range. As reported by Li et al., bulk
Cu,S exhibits three phases (x-phase, 3-phase, y-phase) in the temperature ranges of >698, 378-698,
and <378 K [35,36], respectively. The high temperature region to the right of the blue dashed line in
Figures 6 and 7 is the y-phase.

The positive Seebeck coefficient () in Figure 6b indicates all bulks are p-type semiconductors.
According to the equations ¢ = eun, and « ~ y — Inn, [37] where o, , n, « and 7y are electrical
conductivity, carrier mobility, carrier concentration, Seebeck coefficient and scattering factor,
respectively, o is usually inversely proportional to 0. The HS-bulk achieved the largest o value
of 532 uVK~! at 673 K. The WCM-bulk achieved the largest « value of 101 uVK~! at 773 K. The PF
was calculated by PF = oo and is shown in Figure 6¢. The PF of the HS-bulk reaches 196 pWm K2
at 573 K, and that of the WCM-bulk achieved 985 ptWm K2 at 773 K.
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Figure 6. Temperature dependence of electrical conductivity (a); Seebeck coefficient (b); and power
factor (c) for the two bulk samples and the reference [34].

Figure 7 shows the temperature dependence of thermal conductivity (k) (a) and the thermoelectric
figure of merit, ZT (b). The « value of the HS-bulk and the WCM-bulk are lower than that of the
MA-bulk [34], due to the fine grain size and the lower relative density. The HS-bulk sample obtained
the lowest k value of 0.20 WmK™! at 673 K. The WCM-bulk sample obtained the lowest k value of
1.23 WmK~! at 773 K. The k curve of the HS sample also has two turning points according to the two
phases transitions of Cu,S, which are also similar to the previous report by He et al. [33]. Based on the
above measurement results, the ZT was calculated by ZT = oo T/« as shown in Figure 7b. The highest
ZT value of 0.38 was obtained at 573 K for the HS-bulk sample, and the WCM-bulk sample obtained the
highest ZT value of 0.62 at 773 K. This shows that Cu,S is a promising thermoelectric material, and the
method combining the solution phase method and SPS may be an efficient route for synthesizing high
performance bulk TE materials [37].
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4. Conclusions

The stable solution phase processes for preparing the single phase Cu,S powders were obtained.
Large-scale Cu,S tetradecahedron microcrystals with monoclinic symmetry and sheet-like Cu,S
nanocrystals with hexagonal 3-Cu,S symmetry were synthesized by employing the hydrothermal
synthesis (HS) method and the wet chemistry method (WCM), respectively. The Cu,S nanopowders
were densified to bulk by SPS. Due to the fine grains, low thermal conductivity was achieved, resulting
in enhanced TE properties. The highest ZT value of 0.38 was obtained at 573 K for the HS-bulk sample,
which is better than the values achieved by the other two samples in this temperature. The WCM-bulk
sample obtained the highest ZT value of 0.62 at 773 K. Compared with the MA-bulk [34], the WCM-bulk
has a 26.53% increase of ZT value at 773 K. Our work indicated that the morphologies and phase
structures of Cu,S are highly dependent on the reaction temperature and time even when the raw
materials were exactly the same.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/7/5/141/s1,
Figure S1: XRD refinement patterns of the hexagonal Cu2S powder sample, Figure S2: XRD refinement patterns of
the monoclinic Cu2S powder sample, Table S1: The location, proportion and lattice constant of Cu ions, Table S2:
The lattice constant of monoclinic Cu2S powder sample.
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Abstract: CuySnSez material is regarded as a potential thermoelectric material due to its relatively
high carrier mobility and low thermal conductivity. In this study, graphene was introduced into the
CupSnSe; powder by ball milling, and the bulk graphene/Cu,SnSe; thermoelectric composites were
prepared by spark plasma sintering. The graphene nanosheets distributed uniformly in the Cu;SnSes
matrix. Meanwhile, some graphene nanosheets tended to form thick aggregations, and the average
length of these aggregations was about 3 um. With the fraction of graphene increasing, the electrical
conductivity of graphene/Cu,SnSe; samples increased greatly while the Seebeck coefficient was
decreased. The introduction of graphene nanosheets can reduce the thermal conductivity effectively
resulting from the phonon scattering by the graphene interface. When the content of graphene
exceeds a certain value, the thermal conductivity of graphene/CuySnSes composites starts to increase.
The achieved highest figure of merit (ZT) for 0.25 vol % graphene/Cu,SnSe3z composite was 0.44 at 700 K.

Keywords: thermoelectric; composites; ternary diamond-like semiconductor; graphene

1. Introduction

Due to the dilemma between energy crisis and environmental stewardship, developing renewable
energy technologies has attracted considerable research interest in the past decade. Thermoelectric
materials, which can directly convert heat energy into electrical energy and vice versa, show
great promise in the application of solid-state cooling, waste heat recovery, and power generation.
The conversion efficiency of thermoelectric material is governed by the dimensionless figure of merit,
ZT = 00T /k, where o, o, T, and k are the electrical conductivity, Seebeck coefficient, absolute
temperature and thermal conductivity, respectively. The total thermal conductivity is composed
of carrier thermal conductivity (k) and lattice thermal conductivity (k). Therefore, thermoelectric
materials with good performance should have a large « and o and low k. As the fundamental material
parameters (o, 0, and k) are interrelated and conflicting via carrier concentration in bulk thermoelectric
materials, it is a longstanding challenge to largely improve the overall ZT [1-4]. Therefore, concepts or
strategies that can decouple these parameters to simultaneously optimize the electron and phonon
transport are highly encouraging and imperative for the thermoelectric community. Specifically,
band engineering and nanostructuring have been demonstrated as effective extrinsic approaches to
separately enhance the power factor (PF = o) and reduce the ), respectively.

Several classes of thermoelectric materials, such as skutterudite [5,6], tellurides [7-10],
half-Heuslers [11,12], and silicides [13,14], have been modified to reach high ZT value. Recently,
ternary diamond-like semiconductor of CupSnSe; has emerged as a new potential thermoelectric
material due to its relatively high carrier mobility and quite low thermal conductivity. Since the Cu-Se
bond network in the Cu,SnSes structure forms an electrically conductive framework and Sn orbitals
contribute little to the carrier transport, the electrical conductivity of CuySnSejs is allowed to be tuned
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to optimize the thermoelectric property by partial substitution of the Sn site. Some valuable work has
been done on Cu,SnSe; compound by doping, substitution, or solid solution [15,16]. The In-doped
CupIn,Sn;_,Sez was studied by Chen et al. and a maximum ZT of around 1.2 was obtained at 850 K for
x =0.1[17]. Similarly, gallium doping was found to be an effective way to increase the ZT in Ga-doped
CuySnSez compounds by Shi et al., and the maximum ZT increased to 0.43 at 700 K [18]. Moreover,
isoelectronic alloying with Ge at the Sn site was confirmed to be effective in enhancing the ZT value by
Morelli et al. [19]. Besides substitution, the introduction of a nanostructure phase into the matrix is
also an attractive approach to enhance the dimensionless figure of merit of thermoelectric materials.
So far, there are few studies about nanostructured Cu,SnSes matrix composites due to the unapparent
enhancement of ZT resulting from the second nanostructured phase. Although a remarkable decrease
in the lattice conductivity can be achieved by phonon scattering at nanophase/matrix interfaces,
the electrical properties of thermoelectric composites also decrease, leading to a marginal change of
the overall ZT value. Moreover, the selection of nanophase and the control of the microstructure of
thermoelectric composites are also important for the enhancement of ZT value [20-22].

Graphene has high electrical and thermal properties due to its unique 2D structure. The carrier
mobility, electrical conductivity, and thermal conductivity of graphene is 2 x 10° ecm?2- V1.1
1 x 10° S/m, and 5 x 10> Wm™1-K~! at room temperature, respectively. Meanwhile, the carrier
of graphene with zero bandgap can continuously vary from electron to hole, which can benefit the
electrical transport in the p—n interfacial region. Wang et al. even confirmed that the introduction of
0.2 vol % graphene enhanced the ZT value of Bi;Tez material [23]. Kim et al. confirmed that the peak
ZT value for the 0.05 wt % graphene/BiyTe; 7Se( 3 composite increased to 0.8 at 400 K, which is 23%
larger than that of the pristine sample [24]. Chen et al. also showed that an improved ZT value of 0.4
in graphene/CulnTe, composites was obtained due to a lower «; [25]. In this contribution, it is highly
possible that incorporating graphene nanosheets into Cu,;SnSe; material will also lead to reduced «j,
which perhaps will further improve the thermoelectric properties of graphene/Cu,;SnSe3 composites.

In the present work, graphene nanosheets were incorporated into the Cu,SnSe; matrix by
ball-milling method, and the graphene/Cu,;SnSes; thermoelectric composites were fabricated by spark
plasma sintering (SPS). The transport properties of graphene/Cu,SnSez composites were studied with
the aim of enhancing thermoelectric performance of CuySnSes.

2. Experimental Procedures

CuySnSe; was synthesized by the reacting stoichiometric copper (powder, 99.96%), tin (powder,
99.999%), and selenium (shot, 99.999%) in evacuated fused-silica ampoules at 1173 K for 12 h, then
slowly cooling the melt down to 873 K for 24 h, followed by annealing at this temperature for 2 days.
Finally, the obtained ingots were reground into fine powder. Commercially available graphene powder
(single layer, average diameter: 2 um, thickness: 0.8 nm; XFNANO, Nanjing, China) was chosen
as the second nanophase, just as shown in Figure 1. The graphene powder was incorporated into
the CupSnSe; powder at volume fractions of 0.25, 0.50, 0.75, and 1.0 vol %, respectively. Then, the
graphene-added CuySnSe; powders were mechanically milled with a planetary ball-milling machine.
The ball-to-powder ratio was 5:1, and the ball-milling process was carried out in Ar atmosphere for
240 min at 150 rpm. The SPS process was used to consolidate the as-milled powders at 860 K for 8 min
in a vacuum of 0.1 Pa under a pressure of 50 MPa.
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Figure 1. SEM image of single-layer graphene with an average diameter of 2 pm.

The constituent phases of the samples were characterized by X-ray diffractometry on a
Rigaku Rint2000 powder diffractometer equipped with Cu K radiation. The microstructure of
all graphene/Cu,SnSes samples was observed using field-emission scanning electron microscopy
(FESEM) and high-resolution transmission electron microscopy (HRTEM, JEM2100F, JEOL, Tokyo,
Japan). The thermal diffusivity (A) of all samples was measured on the disk-shaped specimen by laser
flash technique using a Netzsch LFA427 (Netzsch, Berlin, German) setup in a flowing Ar atmosphere
with temperature ranging from 300 to 700 K. The thermal conductivity was then calculated as k = dACp,
where d is the density measured by Archimedes method, and C, is the Dulong-Petit approximation
for the specific heat capacity. A bar-shaped specimen of 2 x 2 x 10 mm? was cut with a diamond saw
from the sample for the measurement of electrical transport properties. Both electrical conductivity
and Seebeck coefficient were determined simultaneously using ZEM-3 equipment (ULVAC-RIKO,
Tokyo, Japan) with temperature ranging from 300 to 700 K in Ar atmosphere. The Hall coefficients
(Ry) were measured by van der Pauw’s method in a vacuum of 0.1 Pa under a magnetic field of
2 T. The carrier mobility (u1) and carrier concentration (p) were calculated through the formulae of
up = Ryo and py = 1/(Rpe) based on the assumption of single-band model, where ¢ is the electron
charge. The experimental uncertainty on the electrical conductivity, Seebeck coefficient, thermal
conductivity, and Hall coefficient are estimated to be 5%, 5%, 8%, and 4%, respectively.

3. Results and Discussion

3.1. Phase Analysis and Microstructure

Figure 2 displays the SEM image of the 1.0 vol % graphene-added CuySnSe; powder after ball
milling for 240 min at 150 rpm. It can be observed that the average diameter of graphene nanosheets
in the mixed Cu,SnSes powder was about 1 um. Figure 3 is the X-ray diffraction patterns of sintered
graphene/Cu,SnSe; composites. The diffraction peaks in Figure 3 are identified as JCPDS card 65-4145
(cubic CuySnSes). No diffraction peak of graphene is found in the XRD results as the fraction of
graphene in the composites is very low. All graphene/Cu,;SnSe3 composites show the same XRD
patterns as the pristine CuySnSes.

100



Crystals 2017,7,71

Figure 2. SEM image of the 1.0 vol % graphene/Cu,SnSe; powder after ball milling.
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Figure 3. XRD patterns of sintered graphene/Cu;SnSe; samples.

The microstructure of the sintered pristine CuySnSez and 0.75 vol % graphene/Cu;SnSe3 sample is
illustrated in Figure 4a,b, respectively. It is evident that the graphene nanosheets distributed uniformly
in the CuySnSes matrix. Meanwhile, some graphene nanosheets tended to form thick aggregations
and the average length of aggregations was about 3 um. A similar phenomenon was also observed
by Zhao et al. in the graphene/CoSbz nanocomposite [26]. The results of energy dispersive X-ray
spectroscopy (EDS) for graphene/Cu,;SnSes sample identify that the matrix consisted of 33.17 atom %
copper, 16.79 atom % tin, and 50.04 atom % selenium, indicating the CupSnSes phase, just as shown in
Figure 5. The black phase in Figure 5a only contains the C element, corresponding to the graphene
phase. It can be observed from HRTEM in Figure 6 that most of the graphene nanosheets is of the
multilayered form (<10 layers), which is consistent with SEM results. The fringe spacing of 0.81 nm in
the lattice image corresponds to the interplanar distance of the (111) plane of CuySnSes. Figure 7 shows
the FESEM image of the fractured surface of the sintered graphene/Cu;SnSe3 sample. The graphene
nanosheets are homogeneously embedded in the CuySnSes matrix. According to the classic band
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theory [27,28], nanostructures distributed in the material can result in strain fields, then lead to a
change in the energy-band structure of thermoelectric material. At the same time, nanophases can
greatly influence the phonon and electronic transport of thermoelectric materials.

(a)

(b)

Figure 4. SEM image of the sintered (a) Cu,SnSes; (b) 0.75 vol % graphene/Cu,SnSez sample.
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Figure 5. (a) SEM image of the sintered 1.0% graphene/Cu;SnSe3 composite; (b) energy dispersive

X-ray spectroscopy (EDS) analysis.
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Figure 7. Field-emission SEM (FESEM) image of fractured surface of the sintered graphene/Cu,SnSe3 sample.

3.2. Electrical Properties

Figure 8 presents the o of graphene/CuySnSe; composites as a function of temperature. It can be
observed that the o of the pristine Cu,;SnSe3 sample declines steeply with the temperature increasing
across the overall temperature range, showing a typical heavily doped degenerate semiconducting
behavior. It is noteworthy that graphene/Cu;SnSe3 samples show an obvious increased o compared
with pristine CuySnSes due to the introduction of conductivity graphene nanosheets. In addition,
the o of graphene/Cu,SnSe; samples increases with the increasing fraction of graphene. The o
of 1.0 vol % graphene/Cu,SnSe; sample at room temperature is about 350 Q~'-em™!, which is
about 3 times the value of the pristine CuySnSe;. Even at the high-temperature region, the o of
graphene/Cu,SnSe; sample still retains a high value. The o of 0.25 vol % graphene/Cu,SnSe; sample
is around 124 Q~!-cm™! at 700 K. The enhancement in o for graphene/Cu,SnSe; samples may be
ascribed to either an increase of carrier concentration (p), or the increment in carrier mobility (), or
both. Table 1 lists some physical and structural parameters of the graphene/Cu,;SnSe; composites at
room temperature. As shown in Table 1, the carrier concentration of graphene/Cu;SnSe; composites is
higher than that of pristine CupSnSes. The carrier mobility increases from 21.2 cm?/V-s for CupySnSes
to 34.3 cm?/V's for the 1.0 vol % graphene/Cu,SnSe; sample. Therefore, it can be concluded that
incorporating graphene nanosheets into a Cup,SnSe3 matrix can improve the electrical conductivity,
which is attributed to the increment in both carrier concentration and mobility. This is reasonable
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because the multilayered graphene is p-type thermoelectric material, and the graphene itself can afford
the charged carrier [29]. In addition, the graphene has a relatively high mobility, which is beneficial to
increase the carrier mobility of graphene/Cu,;SnSe; composites.
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Figure 8. Electrical conductivity of graphene/Cu,SnSe3 samples as a function of temperature.

Table 1. Chemical composition and some physical and structural parameters of graphene/Cu,SnSes
composites at room temperature.

X Relative o P Uy o K] m*
(vol %) Density Q tem™) 10 m3) (mV-s) (uV/K) W-m LK) (mg)
0 98.7% 127 3.74 212 131 2.65 26
0.25 98.1% 255 543 29.3 99.8 2.36 2.8
0.50 98.0% 285 5.86 30.4 92.0 2.59 2.9
0.75 97.8% 313 6.13 31.9 78.7 2.92 2.7
1.00 97.5% 448 8.16 343 69.9 3.24 3.1

x: volume fraction; o: electrical conductivity; p: charge carrier concentration; pyy: carrier mobility; «: Seebeck
coefficient; k;: thermal conductivity; m*: density of states effective mass

Figure 9 demonstrates the a of graphene/Cu,;SnSe; samples as a function of temperature.
It can be seen that the « of all graphene/Cu,SnSe; samples across the whole temperature range
was positive, indicating the major charge carriers in the samples are holes. Moreover, the « of all
graphene/Cu,SnSe; composites and pristine CupSnSez samples increases approximately linearly with
increasing temperature. For example, the « of pristine CuySnSes increases from 130 1V /K to 255 uV/K
in the temperature range of 300-700 K. At the same time, the introduction of graphene nanosheets
decreased the Seebeck coefficients of CupySnSe; samples evidently. Compared with the « of pristine
CuySnSe; sample, the « of graphene/Cu,SnSe; samples decreases with the increasing fraction of
graphene. At room temperature, the « decreases from 130 tV/K for CuySnSes; matrix to 70 pV/K for
the 1.0% graphene/Cu,SnSe; composite. The decrease of « for graphene/Cu,SnSes composites can be
explained by the equation
e 285y 22T
e h p
where kg, m*, h, and p are Boltzmann constant, density of states effective mass, Planck’s constant,
and charge carrier concentration, respectively. The introduction of graphene nanosheets leads to the

)

improved carrier density. Herein, according to the equation, the o is reduced.
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Figure 9. Seebeck coefficient (x) of graphene/Cu,SnSe; samples as a function of temperature.

The uyy of graphene/Cu,SnSes composites as a function of temperature is displayed in Figure 10.
The pyy of graphene/CuySnSe; composites increases with the increasing fraction of graphene.
Moreover, the iy of graphene/Cu,SnSe; samples in this study is between 20 and 35 cm?-V—1.s1 at
room temperature, which is close with that of CoSbs [30,31]. This may be attributed to the similar
carrier effective mass (1m*) of CupSnSez and skutterudite compounds. The m* can be calculated by the
following equations based on single parabolic band model.
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Figure 10. Carrier mobility (i) of graphene/Cu,ySnSes samples as a function of temperature.

Table 1 lists the evaluated equivalent m* of graphene/CuySnSe; samples at room temperature.
Meanwhile, it can also be observed in Figure 10 that the iy of pristine CupSnSe; shows a temperature
dependence of T~3/2 above 520 K, suggesting that the dominant scattering mechanism is phonon
scattering in the temperature range from 520 K to 700 K. Below 520 K, the pyy of pristine Cu,;SnSes
proportional to T~%/2 is weak, and the relationship of py as function of temperature dependence
of T7%5 can be seen, showing that alloy scattering is the dominate mechanism in this temperature
range. However, the puy of graphene/Cu,SnSes samples deviates from the T~1 or T~%5 dependence
across the entire temperature range, indicating the dominative mechanism is mixed scattering in
these composites.
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3.3. Thermal Conductivity

The « and «; for graphene/Cu,SnSe; samples as function of temperature is shown in Figure 11.
The k is obtained by directly subtracting the carrier thermal conductivity k. from the total thermal
conductivity; k. can be calculated according to the Wiedemann—Franz law, . = LyoT, where the Lorenz
constant Ly is taken as 2.45 x 1078 V2/K2. The « for all composites decreases with the increasing
temperature. With the fraction of graphene increasing, the k of graphene/Cu;5nSe;z composites
firstly declines then starts to increase. The achieved k of 0.25% graphene/Cu,;SnSes sample at room
temperature is 2.5 W/m-K, which is a 12% reduction from that of pristine CuySnSes. On the contrary,
the k of the 1.0% graphene/Cu;SnSe; sample at room temperature increases to 3.45 W/m:-K. The k;
of graphene/Cu;5nSe3 samples demonstrates similar changes compared to that of pure Cu;SnSes.
The lowest k; of 0.25% graphene/Cu,SnSe; samples is 0.78 W/m-K, which is 22% lower than that of
the pristine CupSnSez sample. As is known to all, nanostructuring will reduce the k; of material as
the long-wavelength phonon scattering at grain boundaries was suppressed. Because graphene itself
has high lattice thermal conductivity and large specific surface area, an opposite effect of graphene
nanosheets on the k of CuySnSes can be allowed. On one side, the addition of second phase with
high k may increase the total thermal conductivity of composite. On the other side, large specific
surface area suggests more newly formed interfaces between the matrix and second phase, which are
expected to scatter phonons to depress the ;. For 0.25% graphene/Cu,SnSes, graphene nanosheets
are homogeneously dispersed in the Cu,SnSe; matrix, which means the dominative factor should be
the influence of interface scattering. By comparison, when the content of graphene exceeds a certain
value, the graphene in the composites tends to aggregate into thick flakes in the CuySnSe; matrix, as
mentioned above. Therefore, the interfacial increment due to the incorporation of graphene should
not be significant. This can explain the change in k; of graphene/Cu,;SnSe; composites. The results
also confirm that the k; of CuySnSes can be effectively reduced by introducing graphene nanosheets.
The obtained minimum k; in the present work is 0.78 W/m-K at 700 K for the 1.0% graphene/Cu;5nSe3
sample. According to the basic kinetic theory, when the phonon mean free path is equal to the
shortest interatomic distance, the lattice thermal conductivity can achieve the minimal value Ky [32].
The Kjpin can be calculated according to the formula «; = 1/3vy, Cy -, where vy, Cy, and [ are the mean
sound velocity, the isochoric specific heat of the system using Dulong and Petit value, and the mean
free path of phonon, respectively. The vy, is taken as the constant 2.3 x 10% m/s [33]. It is assumed
that the minimum mean free path of phonon / is the interatomic distance (0.238 nm) of the Cu,SnSes
structure, and the achieved Kp;p, is 0.52 W-m—1. K1, just as illustrated by the brown dashed line in
Figure 11b. By controlling the content of graphene nanosheets and microstructure of composites, the
kj of graphene/Cu,SnSe3 composites may approach the ki, of CuSnSes in the high-temperature
region. Further optimization will be studied in further work.
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Figure 11. (a) Total thermal conductivity (k) and (b) lattice thermal conductivity (k) of graphene/Cu,SnSe;
samples as a function of temperature.

3.4. Figure of Merit

Figure 12 shows the ZT value of graphene/Cu,SnSe3 samples as a function of temperature. Like
other related Cu-based ternary chalcogenide compounds with diamond-like structure [17,18], the ZT
value of graphene/Cu,;SnSe; samples increases with increasing temperature. Compared with the
figure of merit of pristine Cu,SnSe;, the ZT of graphene/Cu,;SnSe3 samples is obviously improved.
The 0.25% graphene/Cu,SnSes composite has the maximal ZT value of 0.44 at 700 K, 45% higher than
that of pristine Cu,SnSejs. If the graphene/Cu,SnSes samples were coated by a coating film and the
measured temperature increased to 850 K, the ZT value is capable of reaching 1.0-1.2. The enhancement
of ZT for graphene/Cu,SnSe3 composites is basically ascribed to the depressed k; and the increased
0. The incorporation of graphene nanosheets into the Cu,SnSe; could enhance the thermoelectric
properties. Therefore, if we choose the material with optimized carrier concentration and mobility as
the thermoelectric matrix, the thermoelectric composite with a higher ZT value could be achieved.

0.5
1 = Cu2SnSes
0.4 ® 0.25vol% graphene N :
’ A 0.50 vol% graphene ® *
{ * 0.75v0l% graphene e *
& 1.00vol% graphene IR S
037 L - 4
h 1 ¢ g [] =
& x % =
0.2 Pt hals
L 2
a x g
1 a x 3
TR |
0.1+ ]
phi?
0.0 ? T

T T T T T T T
300 350 400 450 500 550 600 650 700
T(K)

Figure 12. The dimensionless figure of merit of (ZT) of graphene/Cu;SnSe3 samples as a function
of temperature.
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4. Conclusions

The graphene nanosheets were introduced into the CuySnSe3 matrix by ball milling and the
graphene/CuySnSe; composite was fabricated by spark plasma sintering. The graphene nanosheets
distributed uniformly in the Cu,;SnSe; matrix. Meanwhile, some graphene nanosheets tended to
form thick aggregations and the average length of aggregations was about 3 pm. With the increasing
content of graphene, the electrical conductivity of graphene/Cu,;SnSe; samples greatly increased,
while the Seebeck coefficient was decreased. The introduction of graphene nanosheets reduced the
thermal conductivity, effectively resulting from the phonon scattering by the graphene interface. When
the fraction of graphene exceeds a certain value, the thermal conductivity of graphene/Cu;SnSes
composites starts to increase. The maximum figure of merit ZT for 0.25 vol % graphene /Cu;5nSe3
was 0.44 at 700 K.
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