Study of indium non-stoichiometry in CuInTe2 and its effects on the thermoelectric properties
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Abstract
CuInTe2 is a ternary chalcopyrite of the type I-III-VI2 (where I = Cu, Ag; III = Al, Ga, In; and VI = S, Se, Te). This group of materials represents a broad class of semiconductors with potential applications in optoelectronics and photovoltaics and could be interesting thermoelectric materials in the middle temperature range. CuInTe2 is able to show relatively large stoichiometric deviations due to the low energies of formation of native defects. In this work, the effects of the non-stoichiometry of indium on the transport and thermoelectric properties of the CuIn1-xTe2 system are systematically studied in the x range of -0.01 to 0.06. The results of X-ray diffraction (XRD), differential thermal analysis (DTA) and scanning electron microscopy (SEM) measurements suggest that eutectoid of Cu-Te is present as an extraneous phase in most of the prepared samples. Moreover, the chemical composition of the extraneous phases is temperature-dependent, and thus the chemical composition of the main phase is equally so. The observed changes in all the studied transport and thermoelectric parameters upon varying the indium stoichiometry support the idea that unlike the Cu sublattice, the indium sublattice in CuInTe2 can be doped to improve the thermoelectric properties of the material.
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Introduction
Thermoelectric phenomena have attracted much attention due to the possibility of converting waste heat into electrical energy (e.g., for possible utilization in the car industry) and electric current into heat flow (e.g., thermoelectric coolers [1]). The standard physical quantity used to assess the thermoelectric performance of a material is the dimensionless ZT parameter defined as
 (1)
where S is the Seebeck coefficient,  is the electrical conductivity, T is the average temperature between the hot and cold sides of the thermoelement (in K), and  is the thermal conductivity.
Of the different possible thermoelectric materials, CuInTe2 is interesting because of its potential for use in applications in the middle temperature range [2]. The CuInTe2 crystal structure belongs to the  space group with 𝑎 = 0.61944 nm, 𝑐 = 1.24157 nm and c/(2a)  1 [3]. CuInTe2 is a p-type semiconductor with a band gap of 1.06 eV, a free hole concentration on the order of 1017 - 1018 cm-3 and an electrical conductivity on the order of 104 S·m-1 at room temperature. The maximum ZT value reported for pure CuInTe2 is 1.18 at 850 K [2].
Few attempts to optimize the thermoelectric properties of CuInTe2 have been reported in the literature. Yapeng et al. studied a CuGa1-xInxTe2 solid solution and found that the isoelectric substitution of In for Ga increases ZT to 0.91 at 701 K (more than twice as high as that of pure CuGaTe2 or CuInTe2 at 701 K) [4]. Doping Ni into the Cu sublattice appears to be ineffective (probably because the negatively charged substitutional defect NiCu- (Ni substituting for Cu) leads to a decrease in the concentration of native negatively charged vacancies in the copper sublattice VCu-), although it results in an approximately 50% increase in the ZT parameter at 475 K [5]. Doping into the indium sublattice appears to be more effective; doping with Cd results in a 100% increase in ZT [6]. When mercury is doped into the indium sublattice, ZT increases by 40% in the temperature range of 300 - 675 K [7]. In their study of non-stoichiometry in the Cu sublattice, Kosuga et al. showed that a decrease in the Cu content leads to free hole formation and that the ZT value for the Cu0.9InTe2 sample reaches 0.54 at 710 K [8].
CuInTe2 has a high concentration of native defects (NDs) [9-11]. Assuming that CuInTe2 and CuInSe2 are similar, it is expected that the following defects exist in CuInTe2: vacancies in the copper sublattice (VCu-), substitutional defects (InCu2+ (In substituting for Cu) and CuIn2- (Cu substituting for In)), negatively charged vacancies in the indium sublattice (VIn-) and positively charged Cu atoms at interstitial sites (Cui+). Zhang et al. reported that most of these defects should be present in the form of the complex defects [CuIn2- + 2Cui+] and [2VCu- + InCu2+] [9-11].
Theoretical calculations of the CuInTe2 band structure indicate that the region just below the Fermi energy level consists of mostly Cu d states and that the region above the Fermi level is dominated by Te [12-13]. The absence of indium states near the Fermi level suggests that the In sublattice is the most suitable for doping, especially because doping into this sublattice does not change the energy spectrum.
In this paper, the effects of indium non-stoichiometry on the transport and thermoelectric properties of CuInTe2 are explored to provide more insight into the possibility of doping the indium sublattice. Moreover, the effects of In non-stoichiometry on the temperature stability of the system are considered. The results suggest that the equilibrium stoichiometry of the system varies with temperature. The aim of this study is to systematically evaluate the non-stoichiometry in the indium sublattice of CuInTe2 and to determine its effects on the thermoelectric performance of the material.
Experiments
Polycrystalline samples of CuIn1-xTe2 solutions with nominal x values of -0.02, -0.01, 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.08 were prepared by a solid state reaction. The polycrystalline samples were synthesized from mixtures of the pure elements (Cu (4N shots), In (5N ingot), and Te (5N chunks)), which were all obtained from Sigma-Aldrich. The polycrystalline products were synthesized in evacuated, sealed graphitized quartz ampoules. The ampoules were heated to 1173 K over 10 h, kept at this temperature for 12 h, cooled to 923 K at a rate of 5 K·min-1, annealed at 923 K for one week and finally quenched in air. The products were powdered for 1 min in a vibrating mill under hexane and identified by X-ray diffraction (XRD). The samples for the physical property measurements (x from -0.01 to 0.06) were hot-pressed at 673 K and 60 MPa for 1 h. The densities of the compacted disc-shaped samples (diameter of 12 mm and thickness of approximately 2 mm) reached  95% of the theoretical (calculated from lattice parameters) ones of the prepared compounds. The sample with x = -0.02 was difficult to characterize due to its very high resistivity, and the sample with x = 0.08 could not be successfully hot-pressed. Thus, the experimental results for eight samples, namely, CuIn1.01Te2, CuInTe2, CuIn0.99Te2, CuIn0.98Te2, CuIn0.97Te2, CuIn0.96Te2, CuIn0.95Te2 and CuIn0.94Te2, are presented and discussed below.
The electrical conductivity  was measured via the four terminal method using round hot-pressed samples on an LSR-3 instrument (Linseis, Selb, Germany) in the temperature range of 300 - 675 K. The Seebeck coefficient S and electrical conductivity were determined simultaneously by a static DC method using the LSR-3 instrument. These measurements were performed in a He atmosphere under 0.1 bar overpressure.
The Hall coefficient RH (together with the electrical conductivity ) was measured in the temperature range of 300 - 675 K in an argon atmosphere. The rectangular samples (approximately 10 × 3 × 2 mm3) used in the measurements were cut with a low-speed diamond saw from the round samples after the other physical properties (, S and thermal conductivity ) had been measured. An alternating current with a frequency of 1020 Hz, a stationary magnetic field with an induction by B = 0.5 T, pressure mechanical current contacts and welded platinum wire voltage contacts were employed in these experiments. The two methods of measuring  yielded nearly identical results.
The thermal diffusivity k was measured from 300 to 675 K using round hot-pressed samples on an LFA 457 instrument (NETZSCH-Gerätebau GmbH, Selb, Germany). The thermal conductivity  was calculated using the relation  = kcP, where  is the experimental density and cP is the heat capacity. Inconel was used as the heat capacity standard. Because the experimental heat capacity values exhibit a large scatter with the temperature T (cP = 0.22–0.32 J·g-1·K-1 (the Dulong-Petit law gives cV = 0.23 J·g-1·K-1)), the average cP vs. T curve calculated from the measurements of all eight CuIn1-xTe2 (x = -0.01, 0, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06) samples was used.
The diffraction patterns (Cu K,  = 1.5418 Å) of the powdered samples were recorded using a D8 Advance diffractometer (Bruker AXS, Germany) with a Bragg-Brentano –2 goniometer (radius 217.5 mm) equipped with a secondary beam curved graphite monochromator and a Na(Tl)I scintillation detector. The sample was scanned from 10° to 80° (2) in 0.02° steps with a counting time of 8 s per step at room temperature. The lattice parameters were refined by the LeBail method using the FullProf program.
Micrographs were obtained using scanning electron microscopy (SEM) (JEOL JSM-5500LV) equipped with an energy-dispersive X-ray (EDX) microanalyser with an IXRF Systems detector (GRESHAM Sirius 10). 
The thermal behaviour of the powdered samples was examined via differential thermal analysis (DTA) using an SDT Q600 calorimeter (TA Instruments) in the temperature range of 100–800 °C at a heating rate of 10 °C·min‑1.
Results and discussion
The prepared samples are assumed to have high concentrations of native defects (NDs) based on previous theoretical work [9-11]. As shown below, all the samples exhibit p-type behaviour. Thus, the concentrations of negatively charged vacancies in the indium sublattice (VIn-) and other negatively charged defects (VCu- and CuIn2-) must be higher than those of the positively charged defects, e.g., InCu2+. The results presented below indicate that the concentration of individual NDs changes with the In non-stoichiometry. However, because of the mutual charge compensation of the NDs, the transport and thermoelectric properties vary only slightly. All the observed changes are moderate and allow for only a qualitative discussion of the trends; unambiguous quantitative conclusions cannot be drawn from this study. Nevertheless, it is assumed that the observed trends are clear and that their strength arises from the overall conclusions derived from the particular experiments.
The results can be largely divided into two regions of In non-stoichiometry. The composition separating the two regions is CuIn0.98Te2 (x = 0.02) and is significant of the studied stoichiometries.
A. XRD, EDX analysis and SEM
The lattice parameters a and c and the unit cell volume V of CuIn1-xTe2 obtained from the XRD measurements are shown as a function of the indium non-stoichiometry x in Fig. 1. A noticeable change in the trend is observed at x = 0.02. The decreases in the lattice parameter a and cell volume V of CuIn1-xTe2 with decreasing x from 0.02 to -0.02 (left side of Fig. 1) can be explained by a decrease in the concentration of the negatively charged VIn- and/or VCu- and by the generation of uncharged complex defects [2VCu- + InCu2+] [9-11] when achieve indium overstoichiometry. A decrease in the point defect concentration is consistent with the behaviour of the transport coefficients described below. The lattice parameters of CuIn1-xTe2 with x > 0.02 (right side of Fig. 1) first decrease and then increase. An increase in the indium understoichiometry probably corresponds to an increase in the concentration of the negatively charged VIn-, which enables excess Cu atoms to substitute into the indium sublattice, leading to CuIn2− defect formation. Moreover, excess Cu atoms can also occupy interstitial positions, i.e., Cui+ and the related uncharged complex defects [CuIn2− + 2Cui+] [9-11]. In this region, the overstoichiometric Te is likely to precipitate as an extraneous phase. A thorough examination of the XRD patterns reveals evidence of a tellurium phase (see the bottom of Fig. 2). Moreover, for CuIn0.92Te2 (x = 0.08), extraneous phases (Te and CuTe) can be observed by SEM (see Fig. 3). Although no extraneous phases are observed by SEM for x < 0.06, small Te inclusions might be present in most of the In-understoichiometric samples, as indicated in the lower part of Fig. 2. The x = -0.01 sample contains the smallest amounts of extraneous phases (the structure is nearly pure) (see the bottom of Fig. 2). This result suggests that CuIn1.01Te2 is the equilibrium composition. The DTA experiments reveal that the highest melting point is obtained at x = 0.02 (see inset in Fig. 4). In fact, these results together indicate that the equilibrium stoichiometry is temperature dependent. At room temperature, the sample with x = -0.01 has the most favourable composition, whereas at higher temperatures, the equilibrium composition shift towards x = 0.02. This conclusion is also supported by the fact that the sample with x = -0.01 has a high mobility (and L) at low temperatures and a very low mobility (and L) at high temperatures (see Figs. 6 and 9).
DTA reveals an endothermic peak close to 350 °C (620 K) (Fig. 4). The amplitude of this peak tends to increase with decreasing indium content. Although the XRD results suggest that tellurium is possibly present as an extraneous phase, a peak corresponding to its melting temperature (449.3 °C (722.5 K)) is not observed in the DTA curves (Fig. 4). The DTA curves exhibit an endothermic peak close to 613 K, which is attributed to a eutectic substance with a Cu:Te ratio of 1:2 [14]. Cooling the Cu-Te eutectic solution leads to the generation of Te and a CuTe alloy [14-15], which is observed by SEM at higher indium understoichiometries. Note that the Te and CuTe phases are adjacent in the SEM micrograph shown in Fig. 3. It is concluded that the actual chemical compositions of the extraneous phases, and thus the chemical composition of the main phase, are temperature dependent. The phase transition to the cubic structure (936 K) can be identified from the DTA measurements (Fig. 4) [16]. It is noteworthy that the different shapes of the baselines of the CuIn0.99Te2 and CuIn0.98Te2 samples indicate the occurrence of additional concurrent thermal processes. This result can be attributed to the presence of a higher number of extraneous phases (see bottom of Fig. 2). It should be noted that the DTA measurements are highly reproducible.
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Fig. 1: Dependence of the lattice parameters a (blue triangles) and c (red circles) and the unit cell volume V (black squares) on the indium non-stoichiometry x for CuIn1-xTe2. The lines are a guide to the eye.
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Fig. 2: X-ray diffraction patterns of CuIn1-xTe2 (top) and a magnified view revealing the presence of extraneous phases (bottom).
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Fig. 3: SEM image of the CuIn0.92Te2 sample with visible extraneous phases (Te – white and CuTe – dark grey).
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Fig. 4: DTA curves showing the melting temperature (~780 °C), phase transition to the cubic structure (663 °C (936 K) [16]) and eutectic point for the Cu-Te system (340 °C (613 K) [14]). The inset shows the melting temperature as a function of the indium non-stoichiometry x for CuIn1-xTe2 and reveals that CuIn0.98Te2 has the highest melting temperature.
B. Hall coefficient, electrical conductivity and Seebeck coefficient
[image: D:\OwnCloud\Pardubice\diplomky\Milan Munzar\clanek\revize\fig5 rev.tif]
Fig. 5: Dependence of the Hall coefficient on the indium non-stoichiometry x for CuIn1-xTe2 at three temperatures (325 K, 500 K, 670 K). The lines are a guide to the eye.
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Fig. 6: Dependence of the Hall mobility on the indium non-stoichiometry x for CuIn1-xTe2 at three temperatures (325 K, 500 K, 670 K). The lines are a guide to the eye.
The Hall coefficient RH is shown as a function of the indium non-stoichiometry x for CuIn1-xTe2 at three different temperatures (325 K, 500 K and 670 K) in Fig. 5. The positive Hall coefficients indicate that these materials exhibit predominantly p-type behaviour. The semiconducting behaviour of the prepared samples is demonstrated by the increase in the free hole concentration with increasing temperature. Only a moderate variation in RH, and thus in the free hole concentration, is observed as the indium non-stoichiometry x increases. The largest relative variation is observed at low temperatures (325 K). Fig. 6 shows the x dependence of the Hall mobility (H = RH) for CuIn1-xTe2 at three different temperatures (325 K, 500 K and 670 K). Although the absolute value of the Hall mobility remains approximately constant or varies only moderately, an obvious minimum is observed at x = 0.02. This result is compared to the lattice thermal conductivity results below (Fig. 9). Considering this minimum and the variations in the lattice parameters, the trend between x = 0.02 and x = -0.01 is discussed first (left side of Figs. 1, 5, 6 and 9). With increasing indium content, the Hall mobility and the lattice component of the thermal conductivity both increase slightly, and the Hall coefficient is nearly constant or increases slightly at higher temperatures. The decrease in the concentration of the negatively charged VIn- and/or VCu- described above should lead to an increase in the concentration of free holes. However, the moderate change in the concentration of free holes suggests that mostly uncharged complex defects [2VCu- + InCu2+] are formed with increasing indium content. The trend for x  0.02 (right side of Figs. 1, 5, 6 and 9) is not as clear. The Hall coefficient and Hall mobility first increase slightly and then decrease. This behaviour can also be attributed to increases in the concentrations of the negatively charged VIn- and CuIn2−. If interstitial Cui+ atoms are present, then uncharged complex defects [CuIn2− + 2Cui+] can also form. Based on the results described above, it is assumed that extraneous phases (Te, CuTe) exist in the samples with a high indium understoichiometry. The considerable decrease in the mobility with increasing indium understoichiometry is most likely due to the presence of these extraneous phases and to the increase in the concentration of uncharged complex defects.
The X-ray and SEM measurements reveal the precipitation of Te, which might indicate the formation of interstitial Tei2-. Because its energy of formation is high [10], tellurium most likely precipitates together with CuTe as extraneous phases, as previously mentioned.
The temperature dependence of the Hall mobility (not shown) indicates that the free holes exhibit mixed scattering behaviour (scattering of the free holes by acoustic phonons mixed with either neutral or charged impurities), which supports the formation of the defects described above.
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Fig. 7: Dependence of the electrical conductivity on the indium non-stoichiometry x for 
CuIn1-xTe2 at three temperatures. The lines are a guide to the eye.
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Fig. 8: Dependence of the Seebeck coefficient on the indium non-stoichiometry x for 
CuIn1-xTe2 at three temperatures. The lines are a guide to the eye.
The electrical conductivity and Seebeck coefficient are shown as a function of the indium non-stoichiometry x at three different temperatures (325 K, 500 K and 670 K) in Figs. 7 and 8, respectively. The decrease in the electrical conductivity of CuIn1-xTe2 from x = -0.01 to x = 0.02 at the lowest temperature (325 K) (left side of Fig. 7) is associated with the decrease in H (left side of Fig. 6) and the nearly constant concentration of free holes, as indicated by the nearly constant RH values (left side of Fig. 5). Similarly, the increase in the electrical conductivity at 325 K between x = 0.02 to x = 0.06 (right side of Fig. 7) is related to the increase in H (right side of Fig. 6) (along with a small change in the concentration of free holes, as indicated by the dependence of RH (right side of Fig. 5)). The trends in the Seebeck coefficient as a function of the indium non-stoichiometry are consistent with the findings discussed above. The CuIn0.98Te2 composition exhibits the lowest Hall mobility and lattice component of the thermal conductivity and the highest lattice parameter a and cell volume V, indicating a high concentration of defects. The fact that the Seebeck coefficient of this composition is the lowest is attributed to the predominance of uncharged complex defects, e.g., [CuIn2− + 2Cui+], because scattering at ionized defects tends to increase the Seebeck coefficient, at least in the low-temperature region. At elevated temperatures, these neutral complex defects might become ionized, which would lead to increases in the hole concentration and electrical conductivity. All of these findings indicate a decrease in the concentration of NDs, especially VCu-, with increasing temperature. The DTA and SEM measurements confirm the presence of the Cu-Te eutectoid in the samples. It is very likely that the chemical composition of this eutectoid, and thus the chemical composition of the matrix, i.e., its equilibrium stoichiometry, is temperature dependent. In our view, this temperature dependence can explain the change in the minimum electrical conductivity with temperature, as shown in Fig. 7.
C. Thermal conductivity and the ZT parameter
The free hole contribution to the thermal conductivity (holes) was calculated from the electrical conductivity  and the Lorenz number 𝐿 = 2.48×10−8 ·W·K-2 (degenerate limit) according to
 (2)
where T is the absolute temperature. The thermal conductivity of the free holes accounts for up to 8% of the total thermal conductivity total at 670 K and is negligible at lower temperatures; therefore, the total thermal conductivity total is nearly identical to the lattice thermal conductivity L.
By subtracting of holes from total, the lattice contribution to the thermal conductivity L can be obtained. The dependence of L on the temperature and indium non-stoichiometry x is shown in Fig. 9 a). 
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Fig. 9: Dependence of a) the lattice component of the thermal conductivity L and b) L divided by the density on the indium non-stoichiometry x for CuIn1-xTe2 at three temperatures (325 K, 500 K, 670 K). The lines are a guide to the eye.
[bookmark: _GoBack]The temperature dependence of L is close to 1/T (not shown), which is a manifestation of the dominant Umklapp processes of phonon scattering, in contrast to the scattering of the free holes by both acoustic phonons and ionized impurities. The x dependence of the lattice component of the thermal conductivity is very similar to the x dependence of the Hall mobility (Fig. 6), suggesting similar scattering of the free holes and phonons. The decrease in L as the indium non-stoichiometry x increases from x = -0.01 to x = 0.02 (at lower temperatures, left side of Fig. 9 a)) is consistent with the increase in the concentration of the negatively charged VIn- and/or VCu- described above. The lattice component of the thermal conductivity generally increases with increasing x for x > 0.02 (right side of Fig. 9 a)). This behaviour is consistent with the decrease in the concentration of vacancies that provide the strongest scattering to phonons described above. The effects of the actual density on the x dependence of the transport properties are investigated, although the density of the samples varies only slightly (95% - 100% of the theoretical density) and are found to be negligible (see Fig. 9 b) for comparison).
The thermoelectric performance as characterized by the ZT parameter is shown as a function of x for CuIn1-xTe2 in Fig. 10.
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Fig. 10: ZT as a function of x for CuIn1-xTe2 at three temperatures (325 K, 500 K, 670 K). The lines are a guide to the eye.
ZT decreases with increasing x at lower temperatures. As the temperature increases, the electrical conductivity increases, and the thermal conductivity decreases, which together results in an increase in ZT to a maximum value of 0.38 at 670 K for the CuIn0.98Te2sample.
Conclusions
A series of polycrystalline CuIn1-xTe2 samples with x = 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.00 and -0.01 were prepared by hot-pressing. The samples were characterized by XRD, DTA and SEM analyses, and their electrical conductivities, Seebeck coefficients, Hall coefficients and thermal conductivities were measured. 
The DTA results reveal the presence of a Cu-Te eutectoid with a Cu:Te ratio of 1:2 in the prepared samples. The results of the experiments indicate that the concentrations of the extraneous phases are temperature dependent. As a result, the concentration of NDs is also temperature dependent. With respect to the thermoelectric performance, the presence of more phases might improve the properties of the compound. The Cu-Te eutectoid is thought to play an important role in the variations in the physical properties of CuIn1-xTe2. Based on the results of this work, it can be concluded that at low temperatures, the sample with x = -0.01 is almost “pure”, i.e., CuIn1.01Te2 is the equilibrium composition, whereas at higher temperatures, the equilibrium composition shifts towards x = 0.02, i.e., CuIn0.98Te2. 
All the studied electrical and thermoelectric parameters change slightly with the indium non-stoichiometry. The largest differences are observed at lower temperatures (325 K). Based on the observed trends, the materials can be divided into two groups depending on their non-stoichiometry:
1) For x = -0.01 to x = 0.02: The Hall coefficient, Hall mobility and lattice component of the thermal conductivity all decrease slightly with decreasing indium content. This behaviour can be explained by an increase in the concentration of the negatively charged VIn- and/or VCu-. It is assumed that energetically favourable complex defects [2VCu- + InCu2+] form when the indium content is overstoichiometric.
2) For x = 0.02 to x = 0.06: The Hall coefficient, Hall mobility and lattice component of the thermal conductivity first increase slightly and then decrease. This behaviour can be attributed to the increase in the concentrations of the negatively charged VIn- and CuIn2−. It is very likely that uncharged complex defects [CuIn2− + 2Cui+] form as well. The presence of extraneous phases (Te, CuTe) is observed at higher indium understoichiometries. The considerable decrease in the mobility (and the lattice component of the thermal conductivity) at higher indium understoichiometries is probably due to the presence of these extraneous phases and an increase in the concentration of uncharged complex defects.
At elevated temperatures, the CuIn0.98Te2 composition reaches equilibrium in terms of the highest mutual compensation of the negatively and positively charged defects. Since the lattice thermal conductivity approaches a minimum at this composition, it is assumed that this composition has the highest concentration of uncharged complex defects. Additionally, CuIn0.98Te2 is the most stable structure at elevated temperatures, as indicated by the fact that it has the highest melting point.
Accordingly, the scattering of the free holes by the ionized impurities decreases at low temperatures near the CuIn0.98Te2 composition. At elevated temperatures, the neutral complex defects most likely become ionized, which leads to an increase in the electrical conductivity.
At lower temperatures, the understoichiometry of indium causes a decrease in ZT, mainly due to decreases in the electrical conductivity and Seebeck coefficient, which more than compensate for the decrease in the thermal conductivity. Varying the indium content leads to slight improvements in the thermoelectric properties of CuInTe2 at higher temperatures. At 670 K, the maximum ZT value increases from 0.32 for CuInTe2 to 0.38 for CuIn0.98Te2.
Changing the indium stoichiometry leads to modest variations in all the studied parameters. These results support the conclusion of theoretical studies that the thermoelectric properties of CuInTe2 can be enhanced by doping the indium sublattice, but not the Cu sublattice. Substitutions in the In sublattice can strongly decrease the thermal conductivity without affecting the electron transport properties, which is consistent with the results of theoretical density functional theory (DFT) calculations [12-13].
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