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ABSTRACT. Lead chalcogenides (PbQ, Q = Te, Se, S) have proved to possess high 

thermoelectric efficiency for both n-type and p-type compounds. Recent success in tuning of 

electronic band structure, including manipulating the band gap, multiple bands or introducing 

resonant states have led to a significant improvement in the thermoelectric performance of p-

type lead chalcogenides compared to the n-type ones. Here, the n-type quaternary composites 

of (PbTe)0.75(PbS)0.15(PbSe)0.1 are studied to evaluate the effects of nanostructuring on lattice 

thermal conductivity, carrier mobility and effective mass variation. The results are compared 



with the similar ternary systems of (PbTe)1-x(PbSe)x, (PbSe)1-x(PbS)x and (PbS)1-x(PbTe)x. 

The reduction in the lattice thermal conductivity owing to phonon scattering at the defects 

and interfaces was found to be compensated by reduced carrier mobility. This results in a 

maximum figure of merit, zT, of ~ 1.1 at 800 K similar to the performance of the single phase 

alloys of PbTe, PbSe and (PbTe)1-x(PbSe)x. 

INTRODUCTION	
A long-standing technological challenge to the widespread application of thermoelectric 

generators for waste heat recovery is obtaining high performance thermoelectric materials 

from abundant elements.1-2 The energy conversion efficiency of thermoelectric materials is 

determined by the dimensionless figure of merit, zT = S2Tσ/(κE+κL), where S is the Seebeck 

coefficient, σ is the electrical conductivity, T is the absolute temperature, and κL and κE are 

the lattice and electronic thermal conductivity, respectively. The search for high efficiency 

bulk thermoelectric materials for waste heat recovery has driven scientific interest on the 

mid-range temperature (500-900 K) thermoelectric materials,3-11 specifically PbTe-based 

alloys, which represent the highest thermoelectric conversion efficiencies among the existing 

thermoelectric materials for both n-type12-13 and p-type9, 14 compounds. Recent success in 

tuning the electronic band structure near the Fermi level, including resonant states,6, 15 

multiple bands14, 16-19 and/or manipulating the band gap20-24 results in a significant 

improvement in the thermoelectric performance (zT = ~ 1.8) of p-type lead chalcogenides. 

On the other hand, the highest thermoelectric efficiency of ~0.825-26 has been achieved for n-

type single phase PbS, ~1.127 for n-type nanostructured PbS by introducing secondary phase, 

and ~1.2 for n-type PbSe,27-29 ternary systems of PbSe-PbS30 and PbTe-PbSe.31 Therefore, it 

is still a big challenge to find an n-type Pb-chalcogenide compounds that can provide a high 

zT over a wide temperature range.  



Recent studies7, 9, 19, 26, 32 have considered nanostructuring of bulk Pb chalcogenide 

compounds a viable approach to enhance the thermoelectric efficiency. This occurs through 

the reduction in lattice thermal conductivity which originates from phonon scattering at the 

interfaces of secondary phases. In a recent report,33 we have fabricated p-type bulk 

quaternary Pb-chalcogenide composites through PbS alloying beyond its solubility limit in 

the single phase (PbTe)0.9(PbSe)0.1 matrix and shown that the (PbTe)0.75(PbS)0.15(PbSe)0.1 

composite represents the minimum thermal conductivity among the (PbTe)(0.9-

x)(PbSe)0.1(PbS)x (x  = 0, 0.05, 0.1, 0.15, 0.2 and 0.25) compounds. Here, we study the 

thermoelectric properties of n-type bulk (PbTe)0.75(PbS)0.15(PbSe)0.1 composites that were 

doped with PbCl2 to achieve various carrier concentrations. The results are compared with 

previous studies on n-type binary PbS,25 PbTe,12, 31 PbSe28, 34 and ternary sytems of PbTe-

PbS26 and PbTe-PbSe31 in order to gain an understanding of the parameters that are 

influenced by simultaneous nanostructuring and solid solution and to provide insight into the 

fundamental issues regarding thermoelectric efficiency enhancement in n-type Pb-

chalcogenide compounds.  

EXPERIMENTAL	
Sample fabrication: Polycrystalline samples of PbS and PbSe were prepared by mixing 

high purity Pb (99.999%), Se (99.999%), and dried S (99.9%) in vacuum-sealed quartz 

ampoules at a residual pressure of ~ 10-4 Torr. These were reacted at high temperature to 

produce high purity PbSe and PbS starting materials. The final polycrystalline 

(PbTe)0.75(PbS)0.15(PbSe)0.1 samples were synthesized by mixing stoichiometric quantities of 

high purity PbS, PbSe, Pb, and Te (99.999%), with 0.05, 0.085, 0.16, 0.39 mol% PbCl2 added 

as the dopant. A total mass of 10 g was sealed in carbon-coated quartz tubes under vacuum, 

and then heated to 1373 K with a heating rate of 100 K per hour. After being held at 1323 K 

for 10 hours, the samples were quenched in cold water, followed by annealing at 773 K for 



48 hours. The resulting ingots from the synthesis procedure were hand-ground to powder 

with a mortar and pestle, and sintered at 773 K for 1 hour in a 12 mm diameter graphite 

mould, at an axial pressure of 40 MPa, achieved by induction hot pressing under an argon 

atmosphere.35 

Transport properties measurements: The resistivity and Hall coefficient were measured by 

loading the samples onto a heated BN substrate and attaching four probes to the edge of the 

sample. The sample was placed in vacuum in a magnetic field (up to ± 2 T) perpendicular to 

its surface. The resistivity (ρ) and Hall coefficient (RH ) (along the hot-pressing direction) 

were measured using the van de Pauw method.36 The Seebeck coefficients were measured 

using a Linseis LSR-3 instrument. The thermal conductivity (κ) was calculated from κ = 

ρDTCp. The laser flash method (Linseis LFA 1000) was used to measure the thermal 

diffusivity (DT), the density (ρ) was calculated using the measured weight and dimensions, 

and the specific heat capacity (Cp), was estimated by Cp(kB per atom) = 3.07 + 4.7 × 10−4 × 

(T /K − 300). The combined uncertainty for all measurements involved in zT determination is 

~ 20%. 

Materials characterisation: The crystallographic structure and composition were 

characterized by X-ray diffraction (XRD) using a PANalyticalX'Pert Pro X-Ray 

diffractometer using Cu Kα radiation (λ = 1.544 Å, 40 kV, 30 mA). In order to measure the 

phase ratio and to calculate the lattice parameters, the X-ray diffraction patterns were refined 

using Rietveld analysis. Samples were characterized using a JEOL 2010 transmission 

electron microscope (TEM). TEM samples were prepared by producing 3 mm diameter discs 

using a Leica TXP polisher. They were ground and polished to less than 100 μm in thickness, 

followed by dimpling and Ar-ion milling on a stage cooled with liquid nitrogen. During ion 

milling low voltages and currents were used to reduce damage on the samples. 



RESULTS	AND	DISCUSSION	
Polycrystalline samples of (PbTe)0.75(PbS)0.15(PbSe)0.1 were doped with 0.05, 0.085, 0.16, 

0.39 mol% PbCl2. The selected composition is located at the PbTe-rich side of the PbTe-

PbSe-PbS system, where the phase separation of face centred cubic (FCC) rock salt PbS-rich 

precipitates within the PbTe-rich matrix occurs through the nucleation and growth process.24, 

37-38 The XRD pattern in Figure 1(a) shows a low fraction of secondary phase in the PbTe-

rich matrix. The crystal structure and lattice parameter of the matrix were determined by 

indexing the XRD pattern (Figure 1(a)) and employing Rietveld refinement. The measured 

lattice parameter of the matrix (a = 6.38 Å) is smaller than for pure PbTe (a = 6.46 Å). This 

can be attributed to the incorporation of selenium, PbSe (a = 6.13 Å), and/or sulphur, PbS (a 

= 5.93 Å), both of which have smaller lattice parameters than the PbTe matrix. 

The transmission electron microscope (TEM) micrograph of the sintered sample in Figure 

1(b) illustrates the morphology and distribution of precipitates (100-200 nm in size) in the 

matrix. Electron diffraction analysis (not shown here) indicated that the matrix and 

precipitate exhibited a cube/cube orientation relationship. The lattice parameter of the PbS 

precipitates is about 7% smaller than that of the PbTe matrix. This lattice mismatch is 

sufficiently large that the interface is incoherent. This gives rise to moire fringes, which are 

visible at oblique interfaces between the two phases (Fig. 1b inset). Compositional analysis of 

the precipitates and matrix was performed using energy dispersive X-ray spectroscopy 

(EDS), by scanning transmission electron microscopy. Figures 1(c) shows spectra obtained 

from the matrix and the precipitate measured from adjacent regions of similar thickness. The 

precipitates are compositionally distinct from the matrix with almost no tellurium detected in 

the precipitate. The Pb M line (2.342keV) and sulphur K line (2.307keV) overlap and this 

composite peak is much more intense for the PbS precipitate (Pb+S) compared with the 

matrix (Pb only). Both phases contained selenium. These results are in good agreement with 

the XRD analysis which identified PbS-rich precipitates within PbTe-rich matrix. 



The samples were doped with PbCl2 in order to substitute divalent anions (Te2-, Se2-, S2-) 

with monovalent Cl- anions. Every chlorine atoms introduces one electron to the conduction 

band. Iodine has proved to be an effective dopant for PbTe12 and PbTe-PbSe alloys,31 

whereas Cl performed more efficiently in PbS25 and PbS-PbTe alloys26 due to the ionic radius 

mismatch between sulphur and iodine atoms in the lead sulfide lattice. The current 

compounds contain sulphur-rich secondary phases in the matrix, and Figure 1(d) shows good 

dopant efficiency, allowing control of the carrier concentrations up to 0.78% Cl, which 

corresponds to a Hall carrier concentration of 1 × 1020 cm-3 at room temperature. The 

measured Hall carrier concentration (nH = 1/e.RH) is in good agreement with the calculated 

carrier concentration according to the chlorine concentration.  

 

Figure 1. (a) Room temperature X-ray diffraction patterns for (PbTe)0.75(PbS)0.15(PbSe)0.1 

alloy, indicating PbS-rich secondary phase in the PbTe-rich matrix; (b) Bright field TEM 



micrograph of PbS-rich precipitates distributed within the PbTe-rich matrix of the sintered 

sample. Inset-detail of a precipitate showing moire fringes at oblique interfaces; (c) EDS 

spectra obtained from the matrix and precipitate. The precipitate contains almost no Te. Pb M 

and S K line overlap occurs at 2.04keV. This peak is more intense for the precipitate (Pb + S) 

compared with the matrix (Pb only); (d) The measured Hall carrier concentration ( nH = 

1/e.RH ) versus calculated value as a function of Cl concentration for Cl-doped 

(PbTe)0.75(PbS)0.15(PbSe)0.1 alloys. 

 

The electrical resistivity, Seebeck coefficient and total thermal conductivity of all the 

doped samples as a function of temperature in the range of 300-850 K are shown in Figure 2. 

The samples show the typical behaviour of degenerate semiconductors, with Seebeck 

coefficients and electrical resistivities increasing with temperature. However, for the slightly 

doped sample (9E18) deviation from this trend occurs at approximately 700 K. The Hall 

carrier concentrations of this sample, shown in Figure 2(d), increases above 700 K, indicative 

the bipolar effect, where the minority carriers (holes) contribute noticeably to the transport 

properties of the narrow band gap semiconductors. The highly doped samples show no sign 

of this bipolar effect which suggests that the single band assumption applies (within the 

carrier concentration and temperature ranges studied). 

The band gap energy, Eg, at 0 K for PbTe, PbSe, and PbS is 0.19, 0.17, and 0.29 eV, 

respectively.39 There is an infinite solubility of PbTe-PbSe and limited solubility of PbS in 

the PbTe phase.37 However, the variation of band gap at high temperature by alloying has not 

been studied. It has been assumed that the there is a linear correlation of band gap for solid 

solutions at a given temperature from the band gaps of the two constituents. The maximum 

solubility of PbS in a solid solution (PbTe)0.9(PbSe)0.1 is less than 10 at%24 and the 

temperature dependence of the direct energy gap for all chalcogenides (PbTe, PbSe, PbS) is 



very similar, It has been determined experimentally to be approximately 3 × 10-4 eVK-1 up to 

500 K, while above that temperature the value is smaller.40 The predicted value of the band 

energy gap for the matrix of the quaternary compound reported here, will be ~0.41 eV at 700 

K which appears to enough too narrow to avoid the bipolar effect for the low doped sample at 

high temperatures.  

 

Figure 2. Thermoelectric transport properties of Cl-doped (PbTe)0.75(PbS)0.15(PbSe)0.1 

sintered bulk samples as a function of temperature, (a) electrical resistivity (mΩ·cm), (b) 

Seebeck coefficient (μV/K), (c) Total thermal conductivity (W/m.K), (d) Hall carrier 

concentration (cm-3). 

 LTL   



The lattice thermal conductivity, , of the composite (Figure 3(a)) was obtained by 

subtracting the electronic component,  from the total thermal conductivity.39, 41 The value 

of the charge carrier thermal conductivity  can be determined via the Wiedemann-Franz 

relation, κe = LT/ρ, where ρ is the resistivity and L is the Lorenz number. Although the 

samples of the current study contain PbS-rich precipitates distributed within the matrix, it is 

reasonable to consider the matrix responsible for the electronic component of the thermal 

conductivity due to the small fraction of the secondary phase. The Lorenz number is 

estimated as a function of temperature, assuming a parabolic band with acoustic phonon 

scattering.42 The model employs the Fermi integral Fj:  

       (1) 

Where η is the reduced chemical potential and calculated from the temperature dependent 

Seebeck value, S, through Equation 2: 

         (2) 

The η values that fit the Equation 2 are used to calculate L through Equation 3:  

       (3) 

The lattice thermal conductivity of PbS is larger than both PbSe and PbTe.39 The current 

study composite of (PbTe)0.75(PbS)0.15(PbSe)0.1 can be simplified as PbTe which is initially 

alloyed by 10 at% PbSe to form a solid solution parent compound of (PbTe)0.9(PbSe)0.1. This 

is then further alloyed by PbS beyond its solubility limit (10 at%) to form PbS-rich 

precipitates within a matrix with chemical composition very close to 

(PbTe)0.8(PbS)0.1(PbSe)0.1.
24 The lattice thermal conductivity of the current study composite, 

(PbTe)0.75(PbS)0.15(PbSe)0.1, is compared to the lattice thermal conductivity of n-type31 and p-

L

e

e







00 )exp(1
)(


 d

dfF
j

j
j









 



)(

)(2

0

1

F

F

e

k
S

2
0

2
120

)(

)(4)()(3




F

FFF

e

k
L












type (PbTe)0.9(PbSe)0.1,
24 p-type (PbTe)0.8(PbSe)0.1(PbS)0.1,

24 n-type PbS,25 

(PbS)0.92(PbTe)0.08
26 and (PbS)0.84(PbTe)0.16

26 in Figure 3(a). The significantly low lattice 

thermal conductivity obtained in the current study composite compared to that of the parent 

solid solution of (PbTe)0.9(PbSe)0.1 can be attributed to the scattering of phonons on randomly 

distributed solute atoms of sulphur in the matrix31, 43 and/or scattering from interfaces and 

defects originated from distribution of precipitates within the matrix. In the following section 

these two effects are differentiated. 

The calculated lattice thermal conductivity, , as a function of solid solution composition 

is summarised in Figure 3(b) for solid solution PbTe-PbSe and PbSe-PbS systems at room 

temperature and 800K and 850 K respectively. The experimental and calculated  of single 

phase PbTe-PbSe31 alloys indicate considerable reduction in room temperature  of PbTe 

from ~ 2  to ~ 1.5 Wm-1K-1 for n-type (PbTe)0.9(PbSe)0.1 (PbTe alloyed by 10 at% PbSe) and 

then gradually reduced to a minimum value of ~ 1.3 Wm-1K-1 at 25 at% PbSe. This indicates 

a maximum 35% reduction in the lattice thermal conductivity of PbTe due to point defect 

scattering. The alloy scattering in the PbTe-PbSe31 system results in less than 25% maximum 

reduction in  at 800 K.31 Figure 3(a) shows that these results are in good agreement with 

of p-type (PbTe)0.9(PbSe)0.1 alloy.24, 31 

The  of solid solution PbSe-PbS43 system (Figure 3(b)) shows similar behaviour to 

PbTe-PbSe system. The 10 at% PbS alloying reduces the  of PbSe by ~ 15% to 1.4 Wm-

1K-1 at room temperature and 30 at% PbS results in the maximum 30% reduction in  of 

PbSe. The reduction in  of PbSe in solid solution PbSe-PbS system at high temperature, 

850 K, is limited to less than 15%.43 Considering the significant reduction in  of PbSe by 

alloying with PbS, it is reasonable to assume that solute sulphur atoms  in (PbTe)0.9(PbSe)0.1 

alloy behave similarly to sulphur in PbSe,43 and therefore the  values for the composite in 
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the present study are estimated to be no less than ~ 1.5 and ~ 0.6 at room temperature and 800 

K respectively. These values are approximately 20% larger than the experimental values of 

 for (PbTe)0.75(PbS)0.15(PbSe)0.1 in Figure 3(a). It suggests that distribution of secondary 

phase in the (PbTe)0.75(PbS)0.15(PbSe)0.1 composite results in further reduction in the lattice 

thermal conductivity owing to scattering of phonons at boundaries and interfaces originated 

from distributed secondary phase sulphide. The nanostructured compounds of 

(PbS)0.92(PbTe)0.08 and (PbS)0.84(PbTe)0.16
26 in Figure 3(a) show lower  than PbS in 

agreement with the current study results. 

 

Figure 3. (a) Temperature dependence of the lattice thermal conductivity (W/m.K) of n-type 

(PbTe)0.75(PbS)0.15(PbSe)0.1, compared to the lattice thermal conductivity of n-type PbS,25 

(PbTe)0.9(PbSe)0.1,
31 (PbS)0.92(PbTe)0.08,

26 (PbS)0.84(PbTe)0.16
26 and p-type (PbTe)0.9(PbSe)0.1 

and (PbTe)0.8(PbSe)0.1(PbS)0.1,
24 (b) The calculated lattice thermal conductivity as a function 

of solid solution composition. 

 

The thermoelectric quality factor, B was introduced by Chasmar and Stratton44-46 to define 

the merit of semiconducting compounds as thermoelectric materials through several 

fundamental parameters.  

L

L



,          (4) 

        (5) 

Where, kB and h are the Boltzmann and Planck constants, respectively, and μ is the 

mobility. The low lattice thermal conductivity in nanostructured bulk thermoelectric 

materials is generally accompanied by low mobility, which arises from scattering of charge 

carriers. The measured Seebeck coefficient and Hall mobility for n-type 

(PbTe)0.75(PbS)0.15(PbSe)0.1 composite as a function of carrier concentration at room 

temperature and 800 K are compared to those of  PbS,25, PbSe,28, 34 PbTe,12 

(PbSe)0.1(PbTe)0.9,
31, (PbS)0.92(PbTe)0.08,

26 (PbS)0.84(PbTe)0.16
26 in Figure 4. The decrease in 

the Seebeck coefficient with carrier concentration in Figure 4(a) confirms the single band 

transport model for all systems. The conduction band effective mass (m*) for this alloy42 is 

estimated from Equation 3, using η from Equation 2, the temperature and the carrier 

concentration (n = 1/e.RH): 

        (6) 

The model estimates the room temperature effective mass (m*) value of 0.29 me that is 

higher than 0.25 me for PbTe,35 0.27 me for PbSe28 and lower than 0.39 me for PbS.25 The 

PbS-rich PbS-PbTe nanostructured composites have the effective mass of 0.41 me for 

(PbS)0.92(PbTe)0.08
26 and 0.42 me for (PbS)0.84(PbTe)0.16,

26 which is similar to PbS (0.39 me). 

Where the acoustic phonon scattering is dominant, which generally describes the scattering 

mechanism for good thermoelectric materials above room temperature, the mobility (μ) 

decreases with m*5/2. The charge carrier concentration-dependant Hall mobilities in Figure 

4(b, c) indicate that the present compound has lower room temperature mobilty than PbS (m* 

= 0.39 me ), although it has a smaller effective mass (m* = 0.29 me ).  
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Figure 4(b) shows a Hall carrier mobility of roughly 345 cm2V-1s-1 for the doped 

(PbTe)0.75(PbS)0.15(PbSe)0.1, which is lower than ~ 600 cm2V-1s-1 for the parent compound of 

(PbTe)0.9(PbSe)0.1.
31

 This can be attributed to scattering on randomly substituted soluble 

sulphur atoms in the matrix and/or contribution of precipitates. The composition dependent 

mobility shift of PbTe-PbSe31 solid solution alloys in Figure 4(d) shows that the random 

substitution of selenium atoms (~ 5 at% PbSe) in PbTe reduces the room temperature carrier 

mobility of undoped PbTe from ~1350 to ~1200 cm2V-1s-1 due to scattering of carriers from 

disordered atoms. Further alloying, gradually reduces the mobility to the minimum value of 

~780 cm2V-1s-1 at around 30 at% PbSe31 producing a maximum reduction of ~ 50 %. 

Likewise, the room temperature carrier mobility of PbSe reduced from ~1300 to ~950 cm2V-

1s-1 when alloyed with 10 at% PbS reaching a minimum value of ~650 cm2V-1s-1 at around 30 

at% PbS,43 again producing  a 50% reduction in mobility. The Hall mobility reduction due to 

disordered atoms at high temperatures (800 K) is roughly 30% for both solid solution of 

PbTe-PbSe31 and PbSe-PbS43 systems.  

Assuming a similar role for solute sulphur atoms in (PbTe)0.9(PbSe)0.1 compared with 

PbSe-PbS,43 the carrier mobility of the matrix is estimated to be ~ 440 cm2V-1s-1. This is 

higher than the measured value for the current study compound (~345 cm2V-1s-1). The 

maximum reduction in carrier mobilities due to contribution of disorder in solid solution of 

PbSe-PbS43 and PbTe-PbSe31 alloys is less than 50% which also confirms that the detected 

reduction in mobility of (PbTe)0.75(PbS)0.15(PbSe)0.1 composite exceeds the contribution of 

solid solution atoms. Therefore, the increased number of interfaces and defects originated 

from distribution of precipitates within the matrix has raised the scattering of carriers and 

consequently lowered the charge carrier mobility. 

As shown in Figure 4(d), despite the significant reduction in the mobility of PbSe by 

alloying with PbS, the Hall mobility of PbS shows only an insignificant reduction through 



alloying with PbSe because the effective mass of the compound tends to decrease 

simultaneously and thus compensate for the mobility reduction by disordered atoms.43 The 

comparable effective masses of the binary PbTe (0.25 me)
35 and PbSe (0.27 me)

28 compounds 

result in independence of the conduction band effective mass of the ternary PbTe-PbSe31 

alloys on composition. Whereas, there is approximately a linear relationship between the 

effective mass of PbSe-PbS alloys and those of their constituents PbS (0.39 me) and PbSe 

(0.27 me).
43 Similar behaviour is expected for PbS that is alloyed with PbTe up to its 

solubility limit (< 3 at% 26). The nanostructured (PbS)0.92(PbTe)0.08
26 and (PbS)0.84(PbTe)0.16

26 

compounds in Figure 4(b) represent Hall mobilties slightly lower than the single phase PbS25 

which also confirms the contribution of precipitates to Hall carrier mobility reduction.  

 

Figure 4. The Hall carrier concentration dependence of (a) room temperature Seebeck 

coefficient and Hall mobility of n-type (PbTe)0.75(PbS)0.15(PbSe)0.1 (current study) compared 



to those reported in the literature,12, 26, 28, 31, 34 (b) at room temperature and (c) at 800 K. The 

effective mass is estimated from the single parabolic band model; (d) The experimental and 

calculated mobility shift as a function of the solid solution composition for doped and 

undoped single phase alloys. 

 

Despite a low lattice thermal conductivity, the quaternary compound of 

(PbTe)0.75(PbS)0.15(PbSe)0.1 exhibits a low carrier mobility that has a negative impact on the 

thermoelectric quality factor. In order to indicate whether the reduction in the lattice thermal 

conductivity is able to compensate for the effect of low mobility on electronic properties, the 

thermoelectic figure of merit values for n-type (PbTe)0.75(PbS)0.15(PbSe)0.1 composite samples 

are shown in Figure 5(a) and the zT of the composite with 4 × 1019 cm-3  carrier concentration 

from the current study is compared with the zT values reported for n-type PbS,25 PbSe,28 

PbTe,31 (PbTe)0.9(PbSe)0.1,
31 (PbS)0.92(PbTe)0.08

26 and (PbS)0.84(PbTe)0.16
26 at similar carrier 

concentration in Figure 5(b). The maximum zT value of ~1.1 has been achieved at 750 K for 

the sample with 3 × 1019 cm-3 carrier concentration. Figure 5(b) indicates that PbTe and 

PbSe-based alloys28, 31, 34 have figure of merits much higher than those of PbS-based 

compounds.25-26 The composite in the current study demonstrates similar thermoelectric 

efficiency to n-type PbTe,31 the parent alloy of (PbTe)0.9(PbSe)0.1
31 and PbSe.28 The reduced 

lattice thermal conductivity of n-type PbTe-PbSe solid solution alloys through phonon 

scattering on point defects is compensated by reduced mobility and results in similar zT value 

over the whole composition range.31 Whereas, the figure of merit of n-type PbSe is reduced 

with increasing PbS fraction owing to enhanced effective mass.43 The current study 

compound of (PbTe)0.75(PbS)0.15(PbSe)0.1 shows an effective mass of ~0.29 me, being close to 

that of PbTe (0.25 me). While, the lattice thermal conductivity and the Hall carrier mobility 

are reduced due to scattering of phonons and charge carriers on solute atoms and secondary 



phase interfaces respectively. In contrast, a considerable reduction in lattice thermal 

conductivity due to the scattering of phonons at the secondary phase interfaces compensates 

the reduction in the mobility of carriers and the increased effective mass, and results in 

similar thermoelectric efficiency to PbTe, PbSe and PbTe-PbSe alloys,28, 31, 34 as shown in 

Figure 5(b).  

 

Figure 5. Temperature dependence of the figure of merit of (a) Cl-doped 

(PbTe)0.75(PbS)0.15(PbSe)0.1 sintered bulk samples, and (b) n-type PbS0.15Se0.1Te0.75 compound 

at 4 × 1019 cm-3 carrier density compared with reported values for n-type PbS,25 PbSe,28 

PbTe,31 (PbTe)0.9(PbSe)0.1,
31 (PbS)0.92(PbTe)0.08

26 and (PbS)0.84(PbTe)0.16
26 at similar carrier 

concentration, indicating similar efficiency to PbTe, PbSe and their alloys. 

 

CONCLUSION	
In summary, the nanostructured quaternary n-type (PbTe)0.75(PbS)0.15(PbSe)0.1 composite 

demonstrates a maximum zT of 1.1 ± 0.2 at 800 K. This is similar to the thermoelectric 

efficiency of n-type binary PbTe, PbSe and ternary PbTe-PbSe alloys at similar carrier 

concentrations and higher than those of PbS and PbS-PbTe compounds. A very low lattice 

thermal conductivity was obtained compared with those of the parent single phase alloys. 

This is due to phonon scattering at solute atoms, defects and interfaces originating from the 



distributed sulphide secondary phase, is compensated by low carrier mobility originated from 

scattering of electrons. It suggests that the nanostructured n-type PbTe-rich lead 

chalcogenides that contain precipitates as large as 100 nm with incoherent interfaces with the 

matrix do not provide thermoelectric efficiencies that are superior to those of single phase 

compounds. Nevertheless, additional study will be required to fully realize the effect of 

various precipitates morphologies on electronic transport properties of this quaternary system 

composite.    
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