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Abstract 

Phosphide based thermoelectrics are a relatively less-studied class of compounds, 

primarily due to the presence of light elements which results in high thermal conductivity and 

inherent stability problems. In this work, we present a stable phosphide-tetrahedrite, Ag6Ge10P12 

which possesses the highest zT (~0.7) amongst all known phosphides at intermediate temperatures 

(750 K). We examine the intrinsic electronic and thermal transport properties of this compound by 

expressing the transport properties in terms of weighted-mobility (𝜇𝑊), transport coefficient (𝜎𝐸0
) 

and material quality factor (B), from which we are able to elucidate that the origin to its high zT 

can be attributed to plate-like Fermi surface and high level of band multiplicity related to its 
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complex band structure.  Finally, we discuss the origin of the low lattice thermal conductivity 

observed in this compound using experimental sound velocity, elastic properties and Debye-

Callaway model, thus laying the foundation of similar stable phosphide as potentially earth-

abundant and non-toxic intermediate temperature thermoelectric materials.  

 

 

INTRODUCTION 

As part of the push towards renewable and clean energy, thermoelectrics are an attractive 

alternate. However, decades of efforts have been dedicated to improvement of thermoelectric 

figure of merit, zT, which depends on electrical conductivity and Seebeck coefficient as well as 

thermal conductivity via zT = S2σT/(κL + κe) with S, σ, κL and κe representing Seebeck coefficient, 

electrical conductivity, lattice and electronic thermal conductivity, respectively. The physical 

understanding of the interdependencies between these parameters and the strategies to 

synergistically enhance these parameters has come a long way since the concept of phonon-glass 

electron-crystal was introduced more than two decades ago.1 A viable strategy employed with 

some success is to find appropriate thermoelectric descriptors (unique and independent physical 

features or parameters that are beneficial for zT).2-9 Alternatively, material synthesis and 

processability parameters that can affect band-structure engineering, nanostructuring and crystal 

field engineering are equally important.10-18 

To date, while majority of the efforts are spent on enhancing zT, the search for Earth-

abundant elements for thermoelectrics has received relatively limited attention. Traditionally, 

widely studied thermoelectric materials are made up of rare-metal such as Se, Te, and Sb. One 



reason for the wide usage of these elements lies in the fact that heavy elements are often associated 

with low thermal conductivity.4-5, 19-23  As an alternative to compounds using rare-metal, earth-

abundant compounds such as phosphides with good thermoelectric properties are sought after. 

Generally, phosphide-based compounds can be expected to have complex crystal structures as well 

as mixed bonding types, which are beneficial for thermoelectrics.24-26 However, they are not 

widely researched due to their sensitivity to air and lack of stability, not to mention the high lattice 

thermal conductivity caused by the light elements.27 Despite the stability problems, there are some 

reports on air and high temperature stable phosphides such as YbCuZnP2 and Ba8Au16P30.
28-29 

Notably, Ba8Au16P30 has extremely low lattice thermal conductivity of 0.18 W/mK.29 Recently, a 

particularly interesting phosphide compound, Ag6Ge10P12 was reported to be relatively stable up 

to 750 K and exhibit promising thermoelectric properties.27 Furthermore, this compound was 

touted to have the highest zT amongst phosphides, which can be ascribed to its high power factor 

owing to its plate-like Fermi surface as well as low lattice thermal conductivity due to the rattling 

of silver clusters.30-33 However, due to the volatile nature of phosphorus, elemental silver and 

germanium impurity phases have been reported in the final bulk sample of this compound even 

after excess phosphorus was added to its starting mixture.27, 30 As a result of these impurity phases, 

the accuracy of the thermoelectric property measurements, especially the carrier concentration, is 

severely affected. Consequently, the experimental analysis of the properties of this compound has 

so far been tricky.  

In this work, we report on in-depth analysis and strategies to determine the intrinsic 

electronic and thermal transport properties of Ag6Ge10P12 from experimental data. We present an 

alternative of expressing electronic properties in terms of the transport coefficient (𝜎𝐸0
)  and 

weighted mobility (𝜇𝑊),  both of which are independent of carrier concentration. Physically, 𝜎𝐸0
 



characterizes how well a material conducts electricity for a given reduced Fermi level, η (which is 

essentially a function of carrier concentration and temperature). Likewise, 𝜇𝑊 represents the mass-

weighted charge carrier mobility for a given η and at a particular temperature. This strategy is 

useful particularly to assess the thermoelectric performance, especially when Hall carrier 

concentration is difficult to ascertain with great accuracy, which for example, is a pervasive 

problem in organic thermoelectrics.34-36 Lastly, we analyze the contribution from both point 

defects and grain boundaries in reducing the thermal conductivity of our samples.  

 

Experimental Section 

Synthesis 

Bulk polycrystalline samples of Ag6Ge10P12 were prepared by using different ratios of 

Phosphorus ranging from 0% excess Phosphorus (stoichiometric amount), 3%, 5%, and 10% 

excess Phosphorus, herein denoted as Ag6Ge10P12-0% P, Ag6Ge10P12-3% P, Ag6Ge10P12-5% P, and 

Ag6Ge10P12-10% P. The rationale behind excess Phosphorus is due to the volatile nature of 

Phosphorus at high temperature which tends to result in its deficiency. Apart from Phosphorus, 

high purity elemental Silver (granular, 99.99%) and Germanium (pieces, 99.999%) were mixed in 

a stoichiometric amount followed by a conventional solid-state reaction, which involves vacuum-

sealing of the elemental mixtures in quartz ampules (10-6 mbar). Extra care should be taken when 

dealing with phosphorus based compound, which may lead to risk of explosion, as responsibly 

warned by Nuss, et.al.27 Deliberate care was taken to double vacuum seal the starting mixture to 

minimize the risk of explosion. All experiments were performed in fume hood. Subsequently, the 

quartz ampules were slowly heated to 1300 K in 60 hours and maintained for 3 days before slowly 



cooling down to room temperature in 48 hours. The annealed ingots were subsequently ball-milled 

into fine powders. Finally, the powders were pressed into final bulk polycrystalline samples using 

plasma activated sintering (PAS) at 900 K for 5 minutes and pressure of 60 MPa. The size of the 

graphite die used was 12.7 mm in diameter. The sintering process was done under 1 Pa vacuum. 

The densities of the final pellets were tested using Archimedes method, and are typically 97% and 

above.  

Characterization 

Powder XRD patterns were performed on a Bruker D8-Advance X-ray powder 

diffractometer with Cu Kα radiation. The high temperature Seebeck coefficient and electrical 

resistivity were measured using ZEM-3 from ULVAC. High temperature thermal conductivity was 

measured from LFA 457 Netzsch. The heat capacity used for thermal conductivity calculation was 

estimated using Dulong-Petit approximation, which is a good approximation for temperature 

higher than Debye temperature. The room temperature Seebeck coefficient, electrical conductivity 

and thermal conductivity were measured using Quantum Design (QD) PPMS (Physical Properties 

Measurement System) Evercool II TTO (Thermal Transport Option) module. Hall measurements 

were performed using ETO (Electrical Transport Option) module in QD PPMS. Microscopy 

analysis and EBSD was done in field emission scanning electron microscopy FESEM  (JEOL JSM 

7600F). Sound velocity measurement was conducted in longitudinal mode using ultrasonic 

equipment (ithera Medical GmbH).  

 

 

 

 



 

Results and Discussions  

 Electronic properties 

  The electronic transport properties for samples with different starting amounts of 

phosphorus are presented in Figure 1. In Figure 1(a), it can be seen that the electrical conductivity 

changes from semiconducting behaviour at room temperature to metallic behaviour at high 

temperature. This is especially evident for Ag6Ge10P12-3% P and Ag6Ge10P12-5% P.  

High electrical conductivities in Ag6Ge10P12-0% P and Ag6Ge10P12-10% P can be 

corroborated by the pervasive impurity phases, as shown by XRD and TEM (Figure 2(a) and (b)). 

Elemental Ge, Ag, as well as peaks attributed to AgP2 and GeP can be seen in Ag6Ge10P12-10% P, 

which is an indication that the primary phase suffers from non-stoichiometry, and therefore may 

Figure 1. Thermoelectric transport properties measured using PPMS (250 K – 350 K) and ZEM-3 (350 K – 

750 K) (a) Electrical conductivity (b) Seebeck coefficient (c) Hall voltage vs magnetic field and (d) Power 

factor of samples with different starting excess of Phosphorus ranging from 0% to 10%. 



have contributed to a high number of free carriers, thus high electrical conductivities. For detailed 

conceptual understanding about defects and dopability, readers can refer to a recent systematic 

investigation on dopability and carrier concentration from phase-mapping analysis was reported 

on Iodine doped PbTe.37 On the other hand, the lower electrical conductivities of Ag6Ge10P12-3% 

P and Ag6Ge10P12-5% P is consistent with their relatively cleaner XRD peaks (Figure 2(a)). It is 

noteworthy that while Ag6Ge10P12-0% P and Ag6Ge10P12-10% P demonstrate high electrical 

conductivities, their power factors are compromised due to the low Seebeck coefficient (Figure 

1(b) and 1(d)). This can be attributed to the numerous impurity phases as shown by the XRD 

patterns (Figure 2(a)) which could have resulted in mixed n-type and p-type conduction behaviour, 

hence lower Seebeck coefficients. In contrast, Ag6Ge10P12-3% P and Ag6Ge10P12-5% P shows 

minimal impurity phases (Figure 2(a)) and high power factor, reaching 1100 μW/mK2, which is 

comparable to the highest value reported in the literature for this compound.30 The high power 

factor of both Ag6Ge10P12-3% P and Ag6Ge10P12-5% P in our results  is consistent with the earlier 

observation by Nuss, et.al. which used 3-5% excess Phosphorus to synthesize both single crystal 

and polycrystalline Ag6Ge10P12.
27 In addition, the thermal cycling data from TGA 

(thermogravimetric analysis) as well as Seebeck and electrical conductivity shows stable behavior 

up to the highest testing temperature (as shown in supplementary figure S7 and S8), which 

indicates that no sample degradation/decomposition took place.  

 

 



Figure 2 (a). Powder XRD (X-ray diffraction) patterns of Ag6Ge10P12 – 0% P, Ag6Ge10P12 – 3% P, 

Ag6Ge10P12 – 5% P, and Ag6Ge10P12 – 10% P. (b) Low magnification TEM image for Ag6Ge10P12-

3% P showing sample inhomogeneities consisting of silver-rich regions that is distributed 

throughout the sample. 

Further analysis on the electronic properties using Hall voltage vs magnetic field of all 

samples shows deviation from a linear trend, as shown in Figure 1(c) for Ag6Ge10P12-3% P. The 

most common cause for non-linearity in Hall measurement is magnetoresistance effect, in which 

the resistance of a material changes with the change in magnetic field, thereby causing additional 

transverse voltage component to develop, resulting in non-linearity. However, this effect is ruled 

out in our case, as shown in Figure S2. Due to the non-linearity, the Hall concentration and mobility 

(after ruling out magnetoresistance effect) estimated from single-band model in this compound 

may not be accurate.  The non-linearity of the Hall measurement can be associated to contribution 

from multiple electronic bands or conduction channels, which can be attributed to elemental silver 

and germanium impurities that exists in this compound.38-40 (as shown in Figure 2(A) and S1). 

Since the Hall measurements are unreliable, in order to analyze the intrinsic electronic 

transport properties, it is instead helpful to look at the correlation between the Seebeck coefficient 

and electrical conductivity (Jonker analysis, elaborated in supplementary), as shown in Figure 3(a). 

Here, the solid line represents acoustic-phonon scattering limited (r = -0.5) transport for different 



values of 𝜎𝐸0
 while the dotted line represents ionized-impurity scattering limited (r = 1.5) transport 

for different values of 𝜎𝐸0
.34 It is evident from our results and the data by Shen et.al.30 that the 

electronic transport in this compound at 300 K is dominated by ionized-impurity scattering. To 

understand the nature of transport in more detail, we compute the 𝜎𝐸0
 from electrical conductivity 

σ, which can be expressed as:41 

                                                    𝜎 = 𝜎𝐸0
ln(1 + 𝑒𝜂)                                             (1) 

Essentially, 𝜎𝐸0
is a convenient expression of electrical conductivity that is independent of 

carrier concentration. This is especially useful in our case since the carrier concentration values 

obtained via Hall measurements may not be accurate due to the non-linearity of the Hall voltage 

versus magnetic field. (i.e. the Hall carrier concentration is typically taken as the linear slope of 

Hall voltage versus magnetic field, non-linearity in Hall voltage versus magnetic field makes data 

interpreration inaccurate). The large 𝜎𝐸0
 (300 S/cm) for both Ag6Ge10P12-3% P and Ag6Ge10P12-

5% P can be associated with good crystalline quality and high density. On the other hand, for 

samples with Ag6Ge10P12-0% P and Ag6Ge10P12-10% P, the low 𝜎𝐸0
 (20 S/cm and 5 S/cm, 

respectively) can be associated to multiple Ag and Ge impurity phases observed in the samples (as 

shown in Figure 2(a)). Furthermore, the carrier mobility-equivalent for 𝜎𝐸0
 can be expressed as 

weighted-mobility 𝜇𝑊 , as shown in Figure 3(b). The relation between 𝜎𝐸0
 and  𝜇𝑊  can be 

expressed as: 

                                             𝜎𝐸0
 = 

𝑒(2𝑚𝑒𝑘𝐵𝑇)3/2

3𝜋2ℏ3
𝜇𝑊                                        (2) 

                                              𝜇𝑊 =  𝜇0  (
𝑚𝐷𝑂𝑆

∗

𝑚𝑒
)

3/2

                                       (3) 



In equation (2), even though 𝜎𝐸0
 and  𝜇𝑊  have similar mathematical expressions, the 

temperature dependence of 𝜇𝑊  represents how the electronic density-of-states changes with 

temperature while 𝜎𝐸0
 provides clues to the carrier scattering mechanism, which encompasses T3/2 

as well as the temperature dependence of 𝜇𝑊, as is illustrated in Figure 3(a). 

The main advantage of using weighted-mobility over inaccurately determined Hall 

mobility lies in the fact that weighted-mobility takes into account the 𝑚𝐷𝑂𝑆
∗  (density of states 

effective mass). Since the density of states effective mass provides a direct correlation to the 

Seebeck coefficient, the inverse correlation between electrical conductivity and Seebeck 

coefficient can be clearly accounted for by looking at the weighted mobility. Hence, it can be used 

as a robust indication of the thermoelectric power factor. It is important to note that while weighted 

mobility share some similarities with Hall mobility, their magnitude generally differs, especially 

for compounds with high band-degeneracy (high 𝑚𝐷𝑂𝑆
∗ ). This comes from the fact that weighted 

mobility has a 𝑚𝐷𝑂𝑆
∗ 3/2 dependence whereas Hall mobility only depends on 𝜇0(intrinsic mobility) 

as well as the reduced Fermi level and scattering mechanism.  

Figure 3.(a) Jonker plot of Seebeck vs electrical conductivity, showing ionized-impurity scattering dominated transport at 

300 K. (b) Weighted mobility as a function of temperature.  



In Ag6Ge10P12-3% P, the large 𝜎𝐸0
, which is commensurate to high 𝜇𝑊, is comparable to 

other high performing thermoelectrics such as Mg3Sb2 based compounds.42 The origin of the high 

𝜇𝑊 values can be traced to the high 𝑚𝐷𝑂𝑆
∗  that arises from the favorable location of the valence 

band extrema, which lies in between high symmetry points in the electronic band structure as well 

as the highly symmetric cubic crystal structure, which gives rise to high band multiplicity. This is 

consistent with the sharp rise in density of states as the Fermi level moves into the valence band 

(as shown in supplementary Figure S4).  In addition, this is also shown in supplementary Figure 

S6 which shows high 𝑚𝐷𝑂𝑆
∗  from Pisarenko fitting. As a result of high band multiplicity, the 

availability of free energy states to accomodate carrier scattering increases, which translates to 

higher 𝑚𝐷𝑂𝑆
∗  and enhanced Seebeck coefficient.  

In addition, the plate-like Fermi surface observed in this compound contributes to low 𝑚𝑐
∗ 

(conductivity effective mass), which is beneficial for high carrier mobility (high 𝜇0 ).30 To 

calculate 𝑚𝑐
∗ from the effective mass of each direction in the reciprocal space, harmonic averaging 

is normally used32, 43: 

                                                           𝑚𝑐
∗ = 3 (

1

𝑚𝑥
∗

+
1

𝑚𝑦
∗

+
1

𝑚𝑧
∗
)

−1

                                                     (4) 

From equation (4), it can be seen that in order to have a low 𝑚𝑐
∗, it is desirable to have a 

very small effective mass for either 𝑚𝑥
∗ , 𝑚𝑦

∗  or 𝑚𝑧
∗. Compared to a parabolic band, the plate-like 

Fermi surface has a wide range of effective masses along x, y, and z directions, which results in a 

low 𝑚𝑐
∗. Consequently, high 𝑚𝐷𝑂𝑆

∗  and low 𝑚𝑐
∗ contributes to high 𝜇𝑊, which is consistent with 

the calculated values from Jonker analysis.  



In addition, both the transport coefficient 𝜎𝐸0
 and the weighted-mobility 𝜇𝑊 can be further 

combined with the thermal conductivity to obtain the B-factor (quality factor)34, 44, which can be 

expressed either in terms of 𝜎𝐸0
 or  𝜇𝑊:  

                        𝐵 = (
𝑘𝐵

𝑒
)

2 𝑇

𝑘𝐿
𝜎𝐸0

 = (
𝑘𝐵

𝑒
)

2 𝑇

𝑘𝐿
 
𝑒(2𝑚𝑒𝑘𝐵𝑇)3/2

3𝜋2ℏ3
𝜇𝑊                       (5) 

From equation (5), it is obvious that given the lattice thermal conductivity 𝑘𝐿, both 𝜎𝐸0
 and 

𝜇𝑊 can be used as an indication of the material quality factor, B which consequently determines 

zT.  The direct correlation between B and zT is presented in Figure 4(b), (c) and (d). The key 

difference between B and zT is that B combines all the η-independent (carrier concentration 

independent) material parameters, which signifies a better reflection of intrinsic material qualities 

that are independent of doping level. The relation between zT and B can be expressed as: 

                                          𝑧𝑇 =
𝑆2(𝜂)

(𝑘𝐵/𝑒)2

𝐵 ln(1+ 𝑒𝜂)
+𝐿(𝜂)

                                              (6) 

Therefore, equation (6) points to two essential components that make up the zT, namely 

the material quality factor B and reduced Fermi level η. B can be independently tuned across 

materials via various strategies such as band-engineering, structural engineering, and phonon 

transport engineering. In contrast, η is a parameter that can only be optimized but not maximized, 

due to its strong influence on the Seebeck coefficient and Lorenz number. Figure 4(d) shows the 

essential role of maximizing B and optimizing η to achieve high zT. 

Thermal properties 

Figure 4(a) shows the thermal conductivity of all samples. Interestingly, Ag6Ge10P12-3% P  

was found to have the lowest total thermal conductivity despite having the highest carrier 



concentration. It can therefore be intuitively deduced that the particular sample will have a lower 

lattice thermal conductivity and hence a higher B-factor and zT as compared to other samples, as 

shown in Figure 4(b) and (c). In addition, it is noteworthy that the zT found in Ag6Ge10P12-3% P 

is comparable to the highest zT reported for Phosphides based compounds to date despite no 

additional doping with other elements.27, 30  

To elucidate the physical mechanisms behind the low lattice thermal conductivity, we 

adopt a simplified version of Callaway’s model for frequency dependent parameters that make up 

the lattice thermal conductivity:45 

                            𝑘𝐿 =
1

3
∫ 𝐶𝑠(𝜔) 

𝜔𝑚𝑎𝑥

0
𝑣𝑔(𝜔)2𝜏(𝜔)𝑑𝜔                               (7) 

Where 𝐶𝑠(𝜔) denotes the spectral heat capacity; 𝑣𝑔(𝜔) denotes the spectral group velocity and 

𝜏(𝜔) represents the phonon relaxation time.  



 

In our work, by using the experimentally measured values for both the longitudinal sound 

velocity and the elastic modulus (supplementary table T1), we are able to estimate the Debye 

frequency and Debye temperature (353 K). Since the temperature of interest in our experiments is 

mostly higher than the Debye temperature of this compound (353 K), Dulong Petit approximation 

can be used for heat capacity (3𝑘𝐵).27, 46-47 This is corroborated by the heat capacity values obtained 

from DSC (Differential scanning calorimetry), as shown in Figure S3. In addition, as both the 

sound velocity and elastic modulus were only measured at room temperature, we employed the 

Debye approximation to assume constant group velocity to simplify analysis to examine the role 

of point defects and grain boundaries in phonon scattering. Therefore, we limit our discussion to 

Figure 4.(a) Thermal conductivity (b) B-factor (quality factor). (c) zT and (d) zT vs η for different values of 

B.   



focus only on the effect of point defects and grain boundaries on the frequency dependence of 

phonon relaxation time.  

Figure 5(a) shows the crystal structure of Ag6Ge10P12 with the silver octahedron located at 

the centre of the unit cell.31 The rattling phenomenon of the silver-cluster is widely associated with 

the reduced group velocity in literature, especially in skutterudites, clathrates and silver-cluster 

based compounds.48-53 The experimentally measured low sound velocity in our samples (~ 3000 

m/s) is comparable to other high performing thermoelectrics such as PbTe, PbSe, GeTe and SnTe 

as well as some silver-cluster compounds. This is consistent with reports from Xia, el.al.31 which 

elucidates the role of rattling phonons in Ag6 silver-cluster which resulted in optical phonon 

softening that dampened the acoustic phonons via avoided crossing in the phonon band structure, 

therefore resulting in low group velocity and reduced thermal conductivity.54-55 In addition, the 

relatively gentle slope of thermal conductivity vs temperature (~ 1/T0.6) in our experiments is 

consistent with the quartic anharmonicity behavior from Xia, el.al.31. Lastly, the experimental 

sound velocities data (shown in supplementary table T1 is also consistent with the thermal 

conductivities values of our samples in Figure 4(a).  

In Figure 5(b), the contribution of Umklapp, point defects and grain boundaries to the 

frequency dependent phonon relaxation time are deconvoluted and analyzed (details in 

supplementary). Dotted red lines represents Umklapp dominated scattering, which theorizes that 

phonon relaxation times decreases quadratically with frequencies. Solid green line represents grain 

boundaries limited scattering. It can be seen that at low frequencies, the phonon relaxation time is 

observed to be limited by grain boundaries while the scattering from point defects dominates at 

high frequencies (dash-dot blue line). This observation is consistent with simplified Debye-

Callaway model which assumes constant heat capacity as well as constant group velocities.45 



Consequently, the spectral lattice thermal conductivity shows grain boundaries-dominated 

reduction at low frequencies and point defects-dominated reduction at high frequencies, as shown 

in Figure 5(c). Nevertheless, in our samples, it can be seen that grain boundaries play a relatively 

smaller role in reducing lattice thermal conductivity (red-shaded area in Figure 5(c)). This can be 

understood from the fact that the grain size in our samples lies in the range of ~1-2 μm (S1), which 

translates to ~1.0 ns relaxation time based on sound velocity of ~3000 m/s. As a consequence to 

these large grain sizes, only phonon with low frequencies (frequencies corresponding to 

wavelength of the same order as the sizes of grain boundaries) are scattered, hence, little reduction 

in spectral thermal conductivities is observed for grain boundary scattering.  

The experimental lattice thermal conductivity of our samples is plotted together with the 

simulated values based on our model, as shown in Figure 5 (d) with dotted and solid black lines 

represent modelled lattice thermal conductivities considering Umklapp, point defects and grain 

boundaries scattering with different group velocities. It is evident the temperature dependent trends 

for the lattice thermal conductivities of all samples are consistent with the approaches used in our 

model.  It is evident that the highest lattice thermal conductivity was observed for sample with 

highest phosphorus content,  Ag6Ge10P12-10% P followed by Ag6Ge10P12-5% P, Ag6Ge10P12-3% P  

and Ag6Ge10P12-0% P with lowest lattice thermal conductivities. This can be associated with the 

difference in group velocities which varies with the amount of phosphorus. Since phosphorus is 

the lightest element in the compound, the group velocities tend to be higher with increasing amount 

of phosphorus, resulting in higher lattice thermal conductivity, and vice versa. Lastly, it is 

noteworthy that by introducing small amount of phosphorus (i.e. from 0% to 3%), little change in 

lattice thermal conductivities are observed. This is consistent with the fact that slight excess of 



phosphorus is required to achieve stoichiometric end product, and hence no extra contribution to 

lattice thermal conductivity.  

 

 

 

 

 

 

Figure 5 (a) Crystal structure of Ag6Ge10P12  showing silver octahedron sitting at the centre and edges of the 

unit cell. (b) The effect of Umklapp, point defects and grain boundaries scattering on the phonon relaxation 

time. (c) the spectral thermal conductivity showing the efficacy of point defects and grain boundaries in reducing 

lattice thermal conductivity. (d) Experimental lattice thermal conductivities vs temperature and values from 

model taking into account Umklapp, point defects, and grain boundaries scattering, shown in dotted and solid 

lines. 



 

 

 

 

Conclusions 

In conclusion, we present a relatively less-explored compound, Ag6Ge10P12 based on earth-

abundant elements which shows the best mid temperature thermoelectric performance amongst 

Phosphides (zT ~ 0.7 at 750K). From the in-depth analysis of the temperature-dependent Seebeck 

and electrical conductivity, we observed that this compound possessed several favourable factors 

for thermoelectrics such as high weighted-mobility (𝜇𝑊) and transport coefficient (𝜎𝐸0
) arising 

from a complex band structure with a plate-like Fermi surface, band convergence, as well as the 

fact that the band maxima lies between high-symmetry points in the Brillouin zone (which leads 

to increased band multiplicity). In addition, by analyzing and modelling the thermal transport data, 

we obtained the carrier concentration-independent B-factor (material quality factor) and found that 

Ag6Ge10P12-3% P possessed near to optimal reduced Fermi level (carrier concentration), therefore 

providing the highest zT. Furthermore, we measured both sound velocities and elastic properties 

in order to accurately analyze the origin of low lattice thermal conductivity in this compound. The 

low sound velocities can be associated with the rattling of Ag6 octahedra at the centre of the unit 

cell. Therefore, our study shows the importance of using the appropriate parameters to analyze the 

intrinsic material quality to discover promising Earth-abundant materials for thermoelectric 

applications. 
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