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ABSTRACT 

With the growing interest of the world’s energy demand, sustainable and green energy is 

becoming a global challenge. Thermoelectric power generation, that directly converts 

waste heat into electricity, is considered as one of the potent alternatives to solve this 

challenge. IV-VI alloys, especially lead chalcogenides are one of the most studied 

thermoelectric materials due to their decent thermoelectric figure of merit, ZT, from 573 

K-873 K. On the contrary, tin chalcogenides, especially tin-selenides are rarely studied as 

thermoelectric materials due to their larger band gaps. This dissertation, addresses the 

systematic study of the thermoelectric performance of lead chalcogenides (PbTe, PbSe, 

PbS and their alloys) and tin chalcogenides (n and p-type SnSe) prepared by melting and 

hot pressing. We found that, Cr doping increases the Seebeck coefficient and power 

factor of n-type PbSe and PbTe1-ySey alloys near room-temperature. The higher Seebeck 

coefficient and power factor enhancements are attributed to the higher Hall mobilities of 

~1000-1120 cm2 V-1s-1 at lower carrier concentrations. The high power factor combined 

with lower thermal conductivity due to large Grüneisen parameter in PbSe, and alloy 

scattering in PbTe1-ySey, lead to a room-temperature ZT enhancement of ~0.4 in 

Cr0.005Pb0.995Se, ~0.5 in selenium-rich Cr0.01Pb0.99Te0.25Se0.75, and ~0.6 in tellurium-rich 

Cr0.015Pb0.985Te0.75Se0.25 respectively. Consequently, the average ZT was improved from 

300 K-873 K and lead to thermal to electrical conversion efficiency of up to ~12 % in 

Cr0.005Pb0.995Se, ~10 % in tellurium-rich Cr0.015Pb0.985Te0.75Se0.25, and ~12 % in selenium-

rich Cr0.01Pb0.99Te0.25Se0.75, withcold-side temperature of 300 K and hot-side temperature 

of 773 K. In another study of PbTe1-ySy alloy, by combination of indium doping and 
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thermal conductivity reduction via alloy scattering and spinodal decomposition, the 

room-temperature and average ZT was significantly improved leading to efficiency of 

~12 % in In0.02Pb0.98Te0.8S0.2 with cold-side temperature of 323 K and hot-side 

temperature of 773 K. In addition to lead chalcogenides, we also investigated the 

thermoelectric performance of polycrystalline SnSe. We achieved a peak ZT of ~1 and 

~0.8 at ~773 K in n-type SnSe0.87S0.1I0.03 and p-type Na0.015Sn0.985Se respectively, by 

combination of optimized doping and lower thermal conductivity due to mainly 

anharmonic and anisotropic bonding.  
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CHAPTER 1: THEORY OF THERMOELECTRIC PHENOMENA 

1.1. Historical Development  
	
 Thermoelectric phenomena, which underlie the conversion of heat directly into 

electricity or vice versa, have been known recognized since 1821, when the German 

physicist Seebeck first discovered thermoelectric phenomena from his experimental 

observation of a voltage developed in a loop containing two dissimilar metals where two 

junctions are maintained at two different temperatures [1]. Shortly after this discovery, 

Peltier discovered the complimentary effect where a temperature difference could be 

produced at the junctions of two dissimilar metals when electric current passed through it 

[1]. In 1838, Lenz explained this as the junctions act as heat sink or heat source 

depending on the direction of the current [2]. Despite the discovery of the Seebeck and 

Peltier effects, thermoelectric applications showed a slow progress until the development 

of thermodynamics in 1850. In 1851, William Thomson (Lord Kelvin) established a 

theoretical relationship between the Seebeck and Peltier coefficients by applying 

thermodynamics. He predicted the existence of the third thermoelectric effect called the 

Thomson effect [3].  This effect relates the heating or cooling in a single homogeneous 

conductor when a current passes along it in the presence of a temperature gradient. 

Thomson’s work showed that, the thermocouple is a type of heat engine and that might in 

principle be used either as a device for generating electricity from heat or alternatively as 

a heat pump or refrigerator [4]. The problem of energy conversion using thermocouples 

was analyzed by Altenkirch for the first time in 1911 [4,5].  
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He showed that, the performance of a thermocouple could be improved by increasing the 

magnitude of the differential Seebeck coefficient, by increasing the electrical 

conductivities of the two branches and by reducing their thermal conductivities. 

Unfortunately, at that time, there were no thermocouples available in which the 

combination of properties was good enough for reasonably efficient energy conversion. 

The field of thermoelectricity advanced rapidly in 1950 after the introduction of 

semiconductors as thermoelectric materials, which allowed for practical thermoelectric 

devices to be made [4]. Work on semiconductor thermocouples also led to the 

construction of thermoelectric generators with a high enough efficiency for special 

applications. Nevertheless, the performance of thermoelectric energy converters has 

always remained inferior to that of the best conventional machines. In fact, there was 

little improvement in thermoelectric materials from the time of the introduction of 

semiconductor thermoelements until the end of the twentieth century. However, in recent 

years, several new ideas for the improvement of materials have been put forwarded and 

significant advances are being made, at least on a laboratory scale. 

Over the last few decades thermoelectricity acquired new impetus owing to the growing 

awareness that fossil fuels are limited, energy demand is constantly growing and the 

environmental impact associated with fossil fuels is increasingly alarming [6-10].  

Consequently, the field of thermoelectricity gained significant attention from the 

scientific community. Recently, several new ideas for the improvement of thermoelectric 

materials have been suggested and extensive researches are now in varying stages of 

development.  
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1.2. Principle of Thermoelectricity and Thermoelectric Coefficients  

1.2.1. Seebeck Effect 
	
The Seebeck effect, underlying the phenomena of conversion of heat energy into 

electrical power can be demonstrated by making a connection of two wires of different 

metals, say A and B. The other ends of these two metals are connected to the terminals of 

a sensitive voltmeter as shown in Figure 1.2.1.1. Originally, in the absence of temperature 

gradient, the conductors have uniform distribution of charge carriers and the voltmeter 

reads zero potential difference. When the junctions between the two conductors subjected 

to a temperature gradient, the free carriers at the hot end will gain kinetic energy and tend 

to flow to the cold end. This creates a build up of charge at the two ends. Consequently, a 

potential difference will be developed and the voltmeter reads a small voltage.  

 

Figure 1.2.1.1 Simple experimental setup for Seebeck effect demonstration [1]. 
 

This open circuit potential V is linearly related to the temperature difference between the 

ends and mathematically given by: 

𝑉 = 𝑆(𝑇! − 𝑇!)                                                               (1.2.1.1) 

Where the temperatures, T1 and T2 are the hot-side andcold-side temperatures respectively 

and the proportionality constant S is called Seebeck coefficient.   
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1.2.2. Peltier Effect 
	
The Peltier effect is the complementary of the Seebck effect. In this case, electric current 

produces temperature gradient when it passed across the junction. This phenomena is 

very useful for thermoelectric cooling applications. The amount of heat (Q) absorbed at 

the junction due to the electric current (I) is mathematically expressed by Equation 

1.2.2.1. 

𝑄 = 𝜋!"𝐼                                            (1.2.2.1) 

Where 𝜋!"  is the Peltier coefficient of the junction. Figure 1.2.2.1 shows a simple 

schematic representation of a thermocouple showing Peltier effect. 

 

 

 

 
 
Figure 1.2.2.1 Peltier effect in two dissimilar materials A and B where I is 
electric current and Q is the amount of heat absorbed at the junction. 

 

When a hot carrier (electron or hole) passes through the junction, it gives away energy 

and temperature difference is developed at the junction. The Peltier effect arises due to 

the difference in the potential energies of the charge carriers in the materials. 

 1.2.3. Thomson Effect 
	
The third important thermoelectric effect is the Thomson effect that relates the rate of 

generation of heat due to electric current along a portion of a single material at a 

temperature difference ΔT.  

I	

A	 B	

Q	
I	
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 Figure 1.2.3.1 shows a schematic representation of Thomson effect on a single material.  

 

 

 

 

Figure 1.2.3.1 Thomson effect on a single material due to electric current (I) 
and temperature difference (ΔT =T1-T2). 

 

The generated heat is mathematically given by Equation 1.2.3.1 below. 

𝑄 =  𝛽𝐼𝛥𝑇                                                        (1.2.3.1) 

Where β is Thomson coefficient, I is electric current, and ΔT is temperature difference.  

1.2.4. The Kelvin Relation 
	
The Kelvin relation is a mathematical expression that relates the three thermoelectric 

coefficients, i.e., the Seebeck coefficient (S), the Peltier coefficient (𝜋!" ), and the 

Thomson coefficient (β) together. These relationships are expressed in Equation 1.2.4.1 

and Equation 1.2.4.2 below. 

𝑆!" =
!!"
!

                                                 (1.2.4.1) 

!!!"
!"

= !!!!!
!

                                              (1.2.4.2) 

The first equation relates the Seebeck coefficient with Peltier coefficient and the second 

equation relates the Seebeck coefficient to Thomson coefficient. The relationship 

between Peltier and Thomson coefficients can also be derived from the two equations.  

 

21

I	
	T1	 T2	
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1.3. Thermoelectric Transport Properties 
	
The ability of a thermoelectric (TE) material to convert heat into electricity is 

characterized by its dimensionless figure of merit (ZT), itself is a function of the thermal 

and electronic transport properties. Mathematically, it is expressed by 𝑍𝑇 = !!!"
!!!!!

, where 

σ is the electrical conductivity, S is the Seebeck coefficient, 𝜅! is electronic thermal 

conductivity, 𝜅! is lattice thermal conductivity, and T is the absolute temperature [12]. To 

achieve a higher ZT value, materials should have high electrical conductivity, high 

Seebeck coefficient, and low thermal conductivity.	 Therefore, it is important to 

investigate their transport properties in order to improve the performance of 

thermoelectric materials. In the following sections, we will address thermoelectric 

transport properties in detail.  

1.3.1. Electrical Conductivity 
	
At finite fields, the electrical conductivity depends on the product of carrier density and 

carrier mobility. To the extent that electrons and holes can be considered as particles, the 

electrical conductivity can be determined by solving the semi-classical Boltzmann 

transport equation [13]. The Boltzmann transport equation is a statement, that in steady-

state, there is no net change in the distribution function 𝑓 (𝑟, 𝑘, 𝑡) that determines the 

probability of finding an electron at position 𝑟, crystal momentum 𝑘, and time t [13].  

Therefore, the generalized Boltzmann transport equation is based on the framework that 

we get no change of the distribution function 𝑓 (𝑟, 𝑘, 𝑡) due to the three processes. These 

are diffusion, the effect of forces or fields, and collisions. 
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!"(!,!,!)
!"

+ 𝑣 (𝑘) !"(!,!,!)
!"

+ !(!)
!"

!"(!,!,!)
!!

 = !"(!,!,!)
!" collision              (1.3.1.1) 

Where the first two left hand side (LHS) terms of Equation 1.3.1.1 are diffusion terms 

that describe the change of the distribution function due to diffusion, the third LHS term 

of Equation 1.3.1.1 is the fields and forces term that describes the change of the 

distribution function due to the fields and forces, and the right hand side (RHS) term of 

Equation 1.3.1.1 is the collision term. One way of solving Boltzmann transport equation 

is by relaxation time approximation so that the system returns to equilibrium uniformly 

[13]. The electrical conductivity tensor 𝜎 derived from the Boltzmann transport equation 

in constant relaxation time approximation is given by Equation 1.3.1.2 below. 

𝜎 = !!

!!!
 𝜏𝑣 𝑣 (!!"!

!"
)𝑑!𝑘                                               (1.3.1.2)  

Where τ is relaxation time, 𝑣 is the velocity tensor, e is electron charge, and 𝑓! is the 

Fermi Dirac distribution function. The temperature dependence of the electrical 

conductivity comes from the energy dependent Fermi distribution function 𝑓! by  !"!
!"

. For 

isotropic intrinsic semiconductors with parabolic bands Equation 1.3.1.2 can be 

simplified to Equation 1.3.1.3. 

𝜎!! =
!!!

!∗
!∗!!!
!!ℏ!

!
! 𝑒𝑥𝑝

! !!
!!!                                 (1.3.1.3) 

Where 𝑚∗ is effective mass and 𝐸! is Fermi energy. Equation 1.3.1.3 shows that the 

electrical conductivity of semiconductors increases with temperature and decreases with 

effective mass due to a decrease in drift velocity of the carriers.   
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1.3.2. Seebeck Coefficient 
	
We have defined Seebeck effect in section 1.2.1 as the potential difference developed 

across a material in response to temperature gradient. The ratio of the potential difference 

(open circuit voltage (V)) to the temperature difference is called Seebeck coefficient. The 

Seebeck coefficient measures the entropy transported with charge as it moves divided by 

the carrier charge [1]. The Seebeck coefficient is affected by charge carrier interactions. 

Therefore, it is an important transport property of thermoelectric materials since it also 

gives information about carrier interactions. Like the electrical conductivity, the Seebeck 

coefficient tensor Sij can also be derived from Boltzmann transport equation with constant 

relaxation time approximation.   

𝑆!" =
!
!"
(𝑘!

𝑘!
)                                                 (1.3.2.1) 

The tensors 𝑘! and 𝑘! are given by;  

𝑘! =
!
!!!

 𝜏𝑣 𝑣 (!!"!
!"
)𝑑!𝑘                                (1.3.2.2) 

𝑘! =
!
!!!

 𝜏𝑣 𝑣 (𝐸 − 𝐸!)!(
!!"!
!"
)𝑑!𝑘                (1.3.2.3) 

Where T is temperature, e is electron charge, τ is the relaxation time, E is energy of the 

electron, and 𝐸! is Fermi energy. For isotropic materials, the Seebeck coefficient is a 

scalar given by: 

𝑆 = !
!"

!!
!!

                                                          (1.3.2.4) 

In order to improve the performance of thermoelectric materials, we need to enhance the 

Seebeck coefficient.  
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Due to the strong enhancement of Seebeck coefficient with density of electronic states 

near the Fermi level, significant efforts have been made on the framework of density of 

states enhancement near the Fermi level. One approach is the low-dimensional concept, 

which underlies on reducing dimension from bulk 3D materials to 0D quantum dots, where 

the density of states near Fermi level is like a delta function [14]. This approach helps tuning 

the Seebeck coefficient and electrical conductivity somehow independently [15,16]. The 

second approach is modifying the density of states in bulk materials by electronic band 

structure modification called band engineering.  Band engineering approach is one of the 

potent ways of enhancing the Seebeck coefficient by distortion of density of states near 

the Fermi level [17]. Distortion of the density of states might be due to resonant states 

[17] in which the impurity band resonates with the continuum of the host band or due to 

the convergence of the extrema of two bands at a particular energy [18].  

In both cases the density of states gets an extra enhancement and lead to a boost in 

Seebeck coefficient. Resonance can also improve the thermopower by resonant 

scattering. This is due to strong electron energy filtering effect at cryogenic temperatures 

where electron phonon interactions are weaker. Mathematically, the dependent of S with 

density of states and energy dependent mobility is expressed by Equation 1.3.2.5. 

𝑆 = !!!!
!

!!
𝑇 !(!)

!(!)
+ !

!(!)
!"(!)
!"

                                   (1.3.2.5) 

Where, KB is Boltzmann constant, e is electron charge, T is absolute temperature, n(E) is 

carrier concentration,  g(E) is density of states, 𝜇(𝐸) is mobility, E is energy of electron, 

and π  ≈ 3.14.  

 



	
	

10	

The first term in Equation 1.3.2.5 that contains the density of states 𝑔(𝐸), enhances the 

Seebeck coefficient due to the change in the density of states near the Fermi level. The 

second term in Equation 1.3.2.5 enhances the Seebeck coefficient by energy selective 

scattering. 

1.3.3. Power Factor 
	
In thermoelectrics, it is convenient to introduce a quantity that sums up the electrical 

conductivity and Seebeck coefficient together. This quantity is called power factor. 

Mathematically, it is defined by:  

𝑃𝐹 =  𝑆!𝜎                                                           (1.3.3.1) 

The power factor of a TE material heavily depends upon the position of the Fermi level. 

It gets smaller when the Fermi level further deepens in the forbidden gap and also moves 

deep into the conduction and valance bands [4]. The power factor is maximized at an 

optimum value of Fermi energy where the Seebeck coefficient and electrical conductivity 

maintained optimum values.  

1.3.4. Thermal Conductivity 
	
The transport of heat in solids is characterized by thermal conductivity. Thermal transport 

in non-degenerate semiconductors is mainly due to phonons, whereas the electrons or 

holes also contribute a significant amount in heavily doped semiconductors [2,4,13]. In 

intrinsic semiconductors, the contribution by minority carriers is also non negligible at 

high temperature. In thermoelectric materials, since thermal conduction transports charge 

and electrical conduction transports heat energy, the electrical conductivity and thermal 
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conductivity are coupled. The thermal conductivity is generally a contribution of the 

lattice part (due to phonons) and electronic part (due to electrons or holes). The total 

thermal conductivity 𝜅 is thus the superposition of the two. 

𝜅 = 𝜅! + 𝜅!                                                                 (1.3.4.1) 

Where 𝜅!  is the lattice part of thermal conductivity, 𝜅!  is electronic part of thermal 

conductivity. Now let us see the two parts separately. 

Lattice Thermal Conductivity: In solids, each atom is bonded to its neighbors and the 

displacement of one atom would give rise to a disturbance to the other atoms. The atoms 

in crystals are in continuous motion (vibration) and these vibrations are quantized. The 

quanta of crystal vibrations are called phonons. Phonons are responsible for the transport 

of heat in solids since they flow down to the temperature gradient and constitute a 

thermal current. From simple considerations based on the classical kinetic theory of 

gases, the lattice thermal conductivity is given by Equation 1.3.4.2 [1].  

𝜅! =
!
!
𝐶𝑣!𝑙                                                   (1.3.4.2) 

Where C is phonon heat capacity per unit volume, 𝑣! is the phonon velocity also called 

speed of sound, and l is phonon mean free path. The phonon mean free path is determined 

by the extent to which a phonon scatters by other phonons, lattice imperfections, free 

charge carriers and grain boundaries. The scattering of phonons by other phonons is due 

to anharmonic lattice interactions, which associate coupling of different phonons [1]. 

Phonons could interact with each other in two ways. These are called Normal process and 

Umklapp or U-process. In Normal process the momentum of the phonon is conserved 

whereas in Umklapp or U-process the phonon momentum is not conserved. Umklapp 
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interaction is responsible for the scattering of phonons with each other. The following 

three-phonon process summarizes the two processes of phonon scattering. 

𝑞! + 𝑞! = 𝑞! + 𝐺                                           (1.3.4.3) 

𝐺  = 0 is the Normal process; whereas 𝐺 ≠ 0  is the Umklapp process, where  𝐺  is 

reciprocal lattice vector and the 𝑞!s are phonon momenta. The relaxation time approach 

in Boltzmann transport theory and using an isotropic Debye-like phonon spectrum 

consisting of one average acoustic branch is a common approach to study the scattering 

of phonons by lattice disorder, charge carriers and boundary scattering [1]. In this 

approach, the relaxation time for phonon scattering by atomic mass difference is given 

by: 

𝜏!! = 𝛤
!!!!
!!

!!!
ℏ!!

!
𝑍!                                                 (1.3.4.4) 

Where, 𝑍 = ℏ!
!!!

, 𝛤= 𝑓!! (1− !!
!
), 𝑀 = 𝑓!! 𝑀!, 𝑓! is fraction of atomic mass 𝑀!, ω is 

phonon frequency, ℏ is reduced Plank’s constant, 𝑣! is sound velocity, 𝛺! is volume per 

atom, and 𝐾! is Boltzmann constant. From Equation 1.3.4.4, we can see that large atomic 

mass disorder shortens the relaxation time resulting in a higher phonon scattering that 

reduces the thermal conductivity. The relaxation time of phonons due to grain boundaries 

is expressed by τ = 𝑙 𝑣! where l is similar to grain dimension known as the Casimir 

length. In a similar way smaller grain sizes in a material will reduce the thermal 

conductivity by scattering phonons with mean free paths in the order of their sizes. 
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Electronic Thermal Conductivity: charge carriers (electrons and holes) in solids 

conduct heat as they transfer energy from hot to cold. The electronic contribution of the 

thermal conductivity is defined as the thermal current, which is driven by the heat energy 

E-EF. The thermal current 𝑈 given in Equation 1.3.4.5 can be derived from Boltzmann 

transport equation in the relaxation time approximation.  

𝑈 = !
!!!

 𝑣 (𝐸 − 𝐸!)𝑓!𝑑!𝑘                                  (1.3.4.5) 

Where 𝑓! is determined from Boltzmann equation and EF is the Fermi energy.  

In thermoelectric materials, both electric field and temperature gradient are present and 

the thermal conductivity tensor can be obtained from Boltzmann equation at constant 

relaxation time τ.  

𝜅! =  !!

!!!!
 𝜏𝑣 𝑣 𝐸 − 𝐸! !(!!"!

!"
)𝑑!𝑘                           (1.3.4.6) 

For metals and heavily doped semiconductors, the above equation simplified to Equation 

1.3.4.7 called Wiedemann-Franz law.  

𝜅! =
!!

!
!!
!

!!
𝜎𝑇                                                                     (1.3.4.7) 

1.3.5. Thermoelectric Figure of merit (ZT) 
	
The dimensionless figure of merit (ZT) is the measure of performance of a thermoelectric 

material. It incorporates all the relevant thermoelectric parameters i.e., the electrical and 

thermal conductivities and the Seebeck coefficient. Mathematically, it is expressed by 

Equation 1.3.5.1 
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𝑍𝑇 = !!!"
!

                                                  (1.3.5.1) 

Where S is Seebeck coefficient, σ is electrical conductivity, κ is total thermal 

conductivity and T is absolute temperature.  

In order to improve the performance of thermoelectric materials, we need to maximize 

the ZT, which requires high Seebeck coefficient, high electrical conductivity and low 

thermal conductivity. However, since these temperature dependent material parameters 

are coupled via the carrier concentration, it is often difficult to tune them independently. 

Therefore, we need to reach a subtle balance of these transport properties to get high ZT 

values.  

The carrier concentration, which could be influenced by doping, has a strong effect on the 

thermoelectric transport properties. Figure 1.3.5.1 shows the dependence of the various 

thermoelectric properties on carrier concentration.  
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Figure 1.3.5.1 Dependence of electrical conductivity, Seebeck coefficient, total and 
lattice thermal conductivity on carrier concentration [6]. 
 

From Figure 1.3.5.1, we see that, good thermoelectric materials are heavily doped narrow 

gap semiconductors, with carrier concentrations between semiconductors and metals. The 

optimum carrier concentrations for these materials falls in the range from ~1019 cm-3 to 

~1021 cm-3.  

1.4. Thermoelectric Devices 
	
Thermoelectric devices are heat engines that contain an array of n and p-type 

thermoelectric materials connected thermally in series and electrically in parallel [1]. 

Thermoelectric devices can be used for either power generation or thermoelectric 
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refrigeration applications. Figure 1.4.1 shows a simple schematic representation of 

thermoelectric devices. 

 

     Figure 1.4.1 Thermoelectric device a) for power generation, b) for refrigeration 
application and c) a thermoelectric module consisting arrays of p and n-type 
materials connected electrically in series and thermally in parallel for either 
power generation or cooling applications [http://www.nature.com/nature/journal/ 
v413/n6856/images/413577aa.2.jpg]. 

The thermal to electrical conversion efficiency of a thermoelectric device is defined by 

the ratio of electrical power output to the heat absorbed at the hot junction. The maximum 

efficiency, η of a thermoelectric device depends on two factors. These are the Carnot 

efficiency as any heat engine and the average ZT of the thermoelectric material. 

𝜂 = 1− !!
!!

!!!! !/!!!

!!!! !/!!!!!!
                                     (1.4.1) 

Where 𝑍𝑇  is average dimensionless figure of merit, and 𝑇!  and 𝑇!  are the hot-side 

andcold-side temperatures respectively.  
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In a similar fashion, the efficiency of a thermoelectric refrigerator is measured by the 

coefficient of performance (COP) of the device, which is also dependent on 𝑍𝑇.  

The coefficient of performance of a thermoelectric refrigerator is given by Equation 

1.4.2. 

𝐶𝑂𝑃 =
!![ !!!!

!
!!

!!
!!
]

!!!!! [ !!!! !/!!!!!!
]
                                        (1.4.2) 

In this case, 𝑇! is the temperature of the source and 𝑇! is the temperature of the sink and 

𝑇!< 𝑇! . From Equation 1.4.1 and Equation 1.4.2, we can see that, the 𝑍𝑇 plays a 

significant role and should be maximized in order to improve the efficiencies of both a 

thermoelectric generator and refrigerator. Figure 1.4.2 shows the efficiency of 

thermoelectric device as a function of temperature difference between source and sink for 

a material with different ZT values. For a temperature difference of 500 K and a ZT value 

~10, the conversion efficiency of a thermoelectric generator is about 35%, comparable to 

the conversion efficiency of steam engine. 
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Figure 1.4.2 Efficiency of TE device as a function of temperature difference for 
material with different ZT values [http://farm3.static.flickr.com/2387/ 
2076595330_b9dd520e51.jpg?v=0]. 

 

1.5. Improving the Thermoelectric Figure of merit (ZT) 
	
Because the ZT is a function of the electrical conductivity (σ), Seebeck coefficient (S), 

and thermal conductivity (κ), achieving high ZT requires high σ, high S, and low κ.   

1.5.1 Optimizing Seebeck Coefficient and Electrical Conductivity 
	
The Seebeck coefficient of a thermoelectric material can be increased by different 

approaches, such as density of states modification as described in section 1.3.2, 

increasing the carrier effective mass, decreasing the carrier concentration and avoiding 

bipolar conduction. However, both lower carrier concentration and heavy carrier effective 

mass severely affect the electrical conductivity. The relationship between Seebeck 
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coefficient and electrical conductivity via effective mass and carrier concentration can be 

seen from a simple parabolic band model [19] with energy independent scattering given 

in Equation 1.5.1.1 and Equation 1.5.1.2 below. 

𝑆 = !!!!!
!

!!!!
𝑚∗𝑇 !

!!

!
!                                       (1.5.1.1) 

𝜎 = 𝜇𝑛𝑒                                                            (1.5.1.2) 

Where 𝑚∗ is effective mass, n is carrier concentration, µ is mobility, and e is electron 

charge. As seen in Equation 1.5.1.1 and Equation 1.5.1.2, the Seebeck coefficient and 

electrical conductivity have inverse relationship with the carrier concentration n. This 

requires optimizing the carrier concentration in order to get high Seebeck coefficient and 

high electrical conductivity. The optimum carrier concentration that yields both high 

Seebeck coefficient and electrical conductivity value is from ~1019 cm-3 to 1021 cm-3 [6]. 

Another important parameter worth to discuss is the effective mass. As can be seen in 

Equation 1.5.1.1, the heavier the effective mass the larger the Seebeck coefficient would 

be. However, carriers with heavier effective masses have smaller drift velocities, which 

lead to a reduction in electrical conductivity. The relationship between effective mass and 

mobility varies with band structure and scattering mechanism, also from material to 

material [6]. Since good thermoelectric materials found within a wide range of effective 

masses and mobilities from low mobility high effective mass (oxides [20], chalcogenides 

[21]) to high mobility, low effective mass semiconductors (SiGe, GaAs), unlike the 

carrier concentration, it is unknown which effective mass is optimum for good 

thermoelectric material.  

 



	
	

20	

1.5.2. Optimization of Thermal Conductivity 
	
We have seen in section 1.3.4, that the thermal conductivity is a contribution of the lattice 

and electronic part. The electronic part of thermal conductivity can be expressed by the 

Wiedemann–Franz law as 𝜅! = 𝐿𝜎𝑇 , where L is Lorentz number, σ is electrical 

conductivity and T is absolute temperature. The lattice part of thermal conductivity is 

contributed by phonons and reducing the lattice part of thermal conductivity is achieved 

by scattering of phonons.  There are three general strategies to reduce the lattice thermal 

conductivity [6]. The first is scattering of phonons in the unit cell by creating rattling 

structures, or point defects, such as vacancies, interstitials or by alloying [22]. The second 

technique is to use complex crystal structures to separate the electron crystal and phonon 

glass, which is approach of achieving a phonon glass without disrupting the electron 

crystal region [6,23]. The third strategy is inclusion of nanostructures that scatter phonons 

more than electrons [14]. Hence, by the above three methods and their combinations the 

lattice thermal conductivity can be minimized to enhance the ZT. In our research, we 

implemented some of these methods to maximize the thermoelectric transport properties 

of IV-VI chalcogenide materials.  

1.6.  IV-VI Chalcogenide Thermoelectric Materials 
	
Chalcogenide IV-VI compounds are widely studied alloys for thermoelectric applications. 

Despite, recent interests in tin chalcogenide thermoelectric materials; the practicality for 

real device application is quite unpromising due to their poor mechanical properties and 

low ZT values in polycrystalline form. On the other hand, lead chalcogenides are better 

both in mechanical properties and ZT wise. They have decent ZT values at higher 
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temperature from 573 K to 873 K and are widely used for medium temperature power 

generation applications. In spite of increasing interest in these materials, their efficiency 

is limited by their lower average ZT across the temperature range from 300 K to 873 K. 

This is due to their respective lower ZT values near room temperature. Therefore, using 

lead chalcogenides for power generation application requires segmentation with other 

materials that have high ZT values near room temperature such as bismuth telluride 

alloys. However, segmentation has its own drawbacks, since the material suffers from 

interatomic mass diffusion, thermal expansion mismatch, and complexity of bonding that 

may eventually lead to material degradation and severe efficiency deterioration. Hence, 

to overcome these effects and use lead chalcogenide materials to span the whole 

temperature range, we need to improve the average ZT of lead chalcogenides by 

improving their ZTs near room temperature.  

1.7. Objective and Organization of the Work  
	
Thermoelectric materials have superior advantages from the perspective of providing 

clean energy by direct conversion of heat to electricity without moving parts. IV-VI 

chalcogenides, especially lead chalcogenides are potential thermoelectric materials for 

medium temperature power generation applications due to their decent ZT values from 

573 K to 873 K. However, the efficiency of lead chalcogenides is low across the 

temperature range of 300 K to 873 K. This is due to the lower average ZT values 

associated with their corresponding lower ZT values near room temperature that need to 

be improved. On the other hand, lead chalcogenide compounds are toxic due to the 

presence of lead, which is a toxic element. The issue of toxicity has always been a 
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concern and is the main inspiration to the investigation of other lead-free compounds 

such as tin chalcogenides. 

In this dissertation, I will address detail studies on improving the thermoelectric 

performance of lead chalcogenides by improving the ZT near room temperature and also 

investigate the thermoelectric performance of the newly discovered polycrystalline Sn-

chalcogenides. The rest of this dissertation is organized as follows. In the second chapter, 

I will review the characterization techniques and principle of the measurement of 

thermoelectric transport properties. In the third, the fourth, and fifth chapters I will 

address the detail studies of improving the thermoelectric performance of lead 

cahlcogenides near room temperature. In the sixth and seventh chapters, I will discuss the 

thermoelectric performance of polycrystalline n and p-type tin chalcogenides and finally, 

I will conclude the dissertation with overall summary in the eighth chapter. 
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CHAPTER 2: CHARACTERIZATION OF THERMOELECTRIC MATERIALS 

2.1. Introduction  
	
In order to characterize the performance of thermoelectric materials, and develop devices, 

high-precision measurements of ZT as well as good estimation of errors is essential. Since 

ZT depends on the electrical and thermal transport properties, the measurement of these 

properties should be done to the highest possible level of accuracy. The measurements 

should be repeatable on the same sample and on new samples of same chemical 

composition and preparation techniques. In measurement of the transport properties, 

several factors may lead to unusual and inaccurate results. These include but are not 

limited to bad thermocouples [1], bad contacts, improper calibrations and chemical 

composition changes during measurement such as oxidations and evaporation of some 

elements from the sample.  For example, excessively large contacts in resistivity and Hall 

measurement lead to inaccurate Seebeck coefficient enhancement [1-4] and early 

measurements overestimated the high temperature thermal conductivities of lead 

chalcogenides [1,5,6]. This overestimation of the thermal conductivity resulted in 

underestimation of the ZT values for decades. Transport property measurements may vary 

from material to material. For example, materials with high symmetry crystal structures 

like lead tellurides, lead selenides and their alloys have isotropic transport properties and 

measurement of the transport properties in one direction is sufficient to characterize the 

material. On the other hand, materials with low crystal symmetry like SnSe, have 

anisotropic transport properties and a transport property measurement done in one 

direction is insufficient to characterize such materials.  One of the most important aspects 
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of characterization of thermoelectric properties is to identify and estimate the errors in the 

measurement. Therefore, thermal and electrical transport properties should be measured 

with extra care and maximum possible accuracy to avoid any error that could lead to 

underestimating or overestimating of ZT. 

2.2. Characterization Techniques 
	
The electrical and thermal transport properties of all our samples are characterized in the 

following way. Seebeck coefficient (S) and electrical conductivity (σ) were measured 

using a static direct current method and a four-point direct current switching method 

respectively, on a commercial (ZEM-3, ULVAC) system. The room-temperature Hall 

carrier concentration (nH) was measured using a Quantum Design Physical Properties 

Measurement System. The thermal diffusivity (α) was measured by a laser flash analyzer 

system (LFA 457, Netzsch), the specific heat (Cp) was measured on a differential 

scanning calorimetry thermal analyzer (DSC 404 C, Netzsch), and the volumetric density 

(D) was measured by the Archimedes method. The thermal conductivity was calculated 

by κ = DαCp. Our measurements are accurate within 12 % for ZT and 10 % for power 

factor, due to a 3 % error in electrical conductivity, a 5 % error in Seebeck coefficient, 

and a 7 % error in thermal conductivity.  

2.3. Electrical Resistivity Measurements 
	
Electrical resistivity measurement is done by the four-point probe method using 

commercial ZEM-3 ULVAC apparatus shown in Figure 2.3.1.  
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In this apparatus the thermocouples would be in direct contact with the sample, reducing 

the distance between the electrical and thermal contacts. 

 

Figure 2.3.1 Commercial ZEM-3 ULVAC system for electrical resistivity and 
Seebeck  coefficient measurement. 

 

The four-point probe method is one of the most widely used methods for electrical 

resistivity and Seebeck coefficient measurements [1]. The samples are cut in to a parallel 

piped bar and kept between the heat source and heat sink. Figure 2.3.2 represents a 

simple schematic of the four-point probe method.  

 

Figure 2.3.2 simple schematic representation of the four-probe method to measure 
electrical resistivity. 
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In the measurement, the thermocouples and voltage leads are placed against the side of 

the sample that allow concurrent measurement of electrical resistivity and Seebeck 

coefficient. It is very important to minimize the electrical and thermal contact resistances 

and make sure the temperature and voltage are measured at the same point. In the 

measurement process current is passed from one end to the other while the voltage is 

measured at the two intermediate points. The resistivity is then calculated from the cross-

sectional area, the measured four-point resistance, and the separation length of the 

voltage contacts by the formula given in Equation 2.3.1. 

𝜌 = !"
!
= !

!
!"
!"

                                          (2.3.1)  

Where ρ is resistivity, l is length of the separation of voltage probes, A is cross-sectional 

area of the sample and R is the resistance calculated from the slope of voltage versus 

current curve. The electrical conductivity is calculated from the inverse of the resistivity 

(ρ-1) at different temperatures. The resistivity is sensitive to errors in the geometric factor 

of A/l and the error in ZEM-3 is about 3 %. 

2.4. Seebeck Coefficient Measurement 
	
The Seebeck coefficient is the ratio of electric field gradient to applied temperature 

gradient. The principle of measurement of Seebeck coefficient is conceptually simple, but 

in reality it can be difficult to measure accurately. In a typical measurement, the 

temperature is varied around a constant average temperature and the slope of the voltage 

(V) versus temperature difference (ΔT) curve gives the Seebeck coefficient. The Seebeck 

coefficient can be measured in two ways.  
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The first way is by stabilizing the temperature difference before each measurement also 

called steady-state measurement [7-9] and the second way is by conducting the 

measurement while the temperature difference is varied slowly [10-13], this is called 

quasi-steady-state method.  In a recent study, little difference was found between steady-

state and quasi-steady-state measurements when good thermal and electrical contact is 

ensured [1,14]. In our experiment, we stabilize the temperature before each measurement 

(steady-state measurement) using the commercial ZEM-3 shown in Figure 2.3.1. The 

principle of Seebeck coefficient measurement is by the four-point method as shown in 

Figure 2.4.1. The bar-shaped sample is placed between the two heaters and the 

thermocouples A, B, C and D are in contact with the sample. The thermocouples A and B 

are made up of the same material and similarly C and D are also made up of the same 

material but different from A and B. The thermocouples C and D measure the 

temperature difference whereas A and B measure the potential difference at the same 

point. The temperature is varied around a constant temperature and the Seebeck 

coefficient is calculated from the slope of the voltage versus the change in temperature by 

S = !
!"

  shown in Figure 2.4.2. The measured raw data is corrected for constant offset 

voltages by using the slope of several (ΔT, V) points for extracting the Seebeck 

coefficient [7,11,15-16]. The temperature dependence of the Seebeck coefficient is 

measured by changing the temperature via the heater. 
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Figure 2.4.1   Schematic setup of Seebeck coefficient measurement using four-point 
method. 

 
 

 
 

                 Figure 2.4.2 V-ΔT curve for Seebeck coefficient measurement. 
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Since it can only be measured relatively between two materials, the extent of accuracy of 

Seebeck coefficient measurement is usually difficult to tell accurately. However a variation 

of about 5 % can generally be expected at room temperature [17-19] and in ZEM-3 the total 

error is also up to 5 %. 

2.5. Thermal Conductivity Measurement 
	
There are many methods to measure the thermal conductivity of materials, such as the 

thermal Vander Pauw [20] method and the Harman method [21-22]. The most frequently 

used method is the flash diffusivity [23-25]. In this method, the thermal conductivity (κ) 

is calculated from the diffusivity (α), density (d), and specific heat at constant pressure 

(Cp) by Equation 2.5.1. 

κ = αdCp                                                                                  (2.5.1) 

In measuring diffusivity, a short heat pulse by laser flash is applied to one side of the 

sample while the temperature of the other side is measured using infrared (IR) detector. 

The temperature raises to a maximum value Tmax and return back. The thermal diffusivity 

is calculated from the half time T1/2, that is the time the temperature can reach half of Tmax 

as shown in Figure 2.5.1.   
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       Figure 2.5.1 T1/2 from the temperature-time curve measured by IR detector.  

The thermal diffusivity can be calculated from the thickness of the sample x and the half 

time T1/2   by Equation 2.5.2. 

𝛼 = !.!" !"!

!!!/!
                                                                (2.5.2) 

 This calculation is based on the assumption that the heat flows only axially and no heat 

loss. The schematic picture of thermal diffusivity measurement is given in Figure 2.5.2. 
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Figure 2.5.2 Simple sketch of laser flash measurement system [http://s3.electronics-  
cooling.com/legacy_images/2002/05/2002_may_a4_figure4.jpg]. 

 
The heat loss to the sample boundaries is minimized by the quickness of the heat pulse, 

and the thickness of the sample is smaller than the diameter of the sample. We measured 

the diffusivity by commercial (LFA 457, Netzsch) apparatus shown in Figure 2.5.3. In 

our measurement of the diffusivity, we used a disc-shaped sample of diameter ~ 12.7 mm 

and sample thickness from 1 to 2 mm. The heat to the faces is corrected by Cowan 

correction, which still assumes axial flow.  
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        Figure 2.5.3 Laser flash system [LFA 457, Netzsch]. 
 

We also carbon coated the samples to ensure a high emissivity and hence good absorption 

of laser pulse and maximum detector signal. A thermocouple in contact with the sample 

measures the temperature of the sample and the temperature of the environment is 

changed by a heater in the furnace for measurement of diffusivity at different 

temperatures. The equipment is automated to a computer and the data is collected from 

the computer. The results from laser flash diffusivity are accurate compared to steady-

state method and PPMS data since it is less susceptible to errors from radiation loss 

corrections [1]. The error in thermal conductivity measurement using flash diffusivity 

method is up to 7 %. 

2.6. Specific Heat Capacity Measurement 
	
In order to calculate the thermal conductivity, first we need to measure the specific heat 

capacity of the samples. Even though, some conventional flash diffusivity measurement 

systems can estimate the heat capacity relative to some standard, these results are often 

inaccurate and often lead to underestimation of the thermal conductivity [1]. Recently, 
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differential scanning calorimetry (DSC) is the most frequently used apparatus to measure 

specific heat (Cp). In DSC heat capacity is measured relative to a standard.  Before the 

actual measurement is done, first a base line is measured with empty sample holder and 

then the sample and the reference is measured. In DSC measurement, the reference 

should be chosen to give a signal close to the measured sample to minimize errors. Figure 

2.6.1 shows the DSC apparatus for Cp measurement.  

 

 

       Figure 2.6.1 DSC 400C (Netzsch) for heat capacity measurement. 
 

DSC measures the specific heat capacity by heating the sample at constant rate and 

measuring the temperature difference between the sample and the sapphire reference. The 

reference and the sample crucibles are placed on a sample carrier. The temperature is 

detected by thermocouples in contact with each crucible and one thermocouple is shared 

between the crucibles allowing the temperature difference to be measured as voltage. In our 

measurement, we used a small disc sample of ~ 6 mm diameter and thickness from 0.6 mm to 

1 mm. These sample dimensions are comparable to the dimensions of the reference sample in 
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order to get results that are more accurate. As already pointed out, three measurements are 

needed for calculating the specific heat.  First, the base line is recorded with empty sample 

holders to avoid system bias from the data, then the reference sample with well-defined 

specific heat Cp is tested for comparison to an experimental sample and finally the sample is 

measured. In our experiment the reference sample is sapphire sample and the specific heat is 

calculated from the following formula.  

𝐶! =
!"#$%& !"##$%$&'$ (!"#$%&!!"#$%&'$)
!"#$%& !"##∗!!"#$%& !"#$∗!"#!$%$&$%'

                                               (2.6.1) 

Where sensitivity is calculated from the reference sample by; 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  !"#$%& !"##$%$&'$(!"##!!"#!!"#$%&'$)
!"## !" !"##!!"# ∗!!"#$%& !"#$∗!"##!!"# !!

                          (2.6.2) 

The primary sources of error in DSC are operation or inexperience error, base line shift 

and inappropriate reference sample. These errors are controllable and the Cp of our 

samples can be measured within an error of 2 %. 

2.7. Carrier Concentration Measurement 
	
Even though carrier concentration is not needed to calculate ZT, it is a very important 

parameter since all transport properties are strongly related to it.  Carrier concentration 

provides important information for the cause of changes of thermoelectric transport 

properties. The carrier concentration in heavily doped semiconductors like thermoelectric 

materials is obtained by calculating from the Hall coefficient. If metals or heavily doped 

semiconductors carrying electric current I are subjected to external magnetic field, the 

charge carriers will be deflected by Lorentz force and accumulated to one side of the 

sample. An electric field is then buildup perpendicular to both the magnetic field and the 
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current direction. Consequently, a voltage is developed perpendicular to both the current 

direction and magnetic field direction. This voltage is called the Hall voltage VH. Figure 

2.7.1 shows a simple schematic representation of Hall effect on a rectangular sample.  

 

 

 Figure 2.7.1 Schematic of Hall effect in a thin semiconducting bar with four Ohmic 
contacts [http://www.nist.gov/pml/div683/images/fig1s.jpg]. 
 

We measured the Hall coefficient of our samples using a quantum design physical 

properties measurement system (Quantum design PPMS) apparatus shown in Figure 

2.7.2.   
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         Figure 2.7.2 PPMS (Quantum Design) for carrier concentration and mobility 
measurement. 

 
The Hall coefficient RH and Hall resistance RC are calculated from the Hall voltage and 

the current as shown below.   

𝑅! =
!!
!

                                                               (2.7.1) 

𝑅! =
!!!
!

                                                              (2.7.2) 

The Hall carrier concentration n is then calculated based on the free electron model from 

the Hall coefficient by the following equation.  

𝑛 = !
!!!

                                                               (2.7.3) 

Where e is electron charge and d is the thickness of the sample. The Hall carrier 

concentration is positive for holes and negative for electrons. The Hall mobility also can 

be calculated by 𝜇! =
!!
!

, if the resistivity ρ is known.  
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CHAPTER 3: THERMOELECTRIC PERFORMANCE OF Cr-DOPED PbSe 

3.1. Introduction 
	
Lead chalcogenide thermoelectric (TE) materials have drawn increasing attention due to 

their high peak dimensionless figure of merit (ZT) at higher temperatures [1-6].  

However, the TE device efficiency (η) depends not on the peak ZT, rather it depends on 

the average ZT of the TE material over the temperature range under which the device is 

operating. Mathematically the maximum efficiency, ηmax of a TE device is expressed by 

Equation 3.1.1. 

𝜂!"# = 1− !!
!!

!!!!!" !/!!!

!!!!!" !/!!!!!!
                                        (3.1.1) 

 Where 𝑇!" is average temperature, Th is the temperature at the hot junction and TC the 

temperature at the cold junction [7-11].  

Segmented leg approach; which is a method of combining in series different 

thermoelectric materials with different peak ZT temperatures, may boost the efficiency a 

thermoelectric device [12-16].  However, devices from segmented legs suffer from the 

added complexity of bonding, interfacial mass diffusion, and thermal expansion 

mismatch that gradually lead to adverse device degradation and severe efficiency 

reduction. It is therefore, more plausible to use a single material to span the whole 

temperature range of operation. In the case of lead chalcogenides, peak ZTs normally 

appear at around 573-873 K [1-6]. The ZT curve of lead chalcogenides increases steeply 

from room temperature to the peak ZT temperature, resulting in relatively low average ZT, 

especially for PbSe [17-18]. Through the combination of nanostructures and complex 
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band structure, a better average ZT was obtained in Na-doped p-type PbTe/Ag2Te (300-

750 K) [19] compared with pure Na-doped PbTe [20] and La-doped n-type PbTe/Ag2Te 

[21]. A relatively better average ZT was also achieved in Na-doped Pb0.97Mg0.03Te (300-

750 K) due to the stabilization of the optimal carrier concentration [22]. In comparison to 

PbTe, PbSe is abundant and cheaper, however, its average ZT needs to be further 

improved to substitute PbTe for TE device applications. Among all reported n-type and 

p-type PbSe systems [4,17,18,23-26], Al-doped n-type PbSe has the highest average ZT, 

which may be due to nanostructures that reduce thermal conductivity and resonant states 

that improved the Seebeck coefficient [26]. Cr was also reported as effective dopant in 

increasing the Seebeck coefficient and power factor of PbTe. However, resonant effect 

was not observed, rather it was found to form a deep level of 100 meV above the bottom 

of the conduction band and pinned the Fermi level [27-31]. A similar effect was also 

found in Cr-doped PbSe at energy of 124 meV above the bottom of the conduction band 

[32]. In our work, we have not observed any resonant scattering in Cr doped PbSe. 

However, we observed interesting features on its room temperature thermoelectric 

properties. In this chapter, we will see the systematic study of different transition element 

doped n-type PbSe (Ti-[33-35], V-, Cr-, Nb- and Mo-doped PbSe) with enhanced power 

factors and ZTs (below 600 K). Cr-doped PbSe, in particular also has a peak ZT > 1, 

promising to have a potential device efficiency of ~12 % for acold-side temperature of 

300 K and a hot-side temperature of 773 K, higher than those of all other reported n-type 

PbSe thermoelectric materials [4,17,18,23-26]. 
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3.2. Experimental Methods 

	
We prepared n-type PbSe with different doping elements AxPb1-xSe (A: Ti, V, Cr, Nb, 

and Mo, x ≤ 0.02) by melting, hand milling, and hot pressing. Ingots of samples of 

CrxPb1-xSe with (x = 0.0025, 0.005, 0.0075, and 0.01), were prepared in a carbon coated 

quartz tube from high-purity elements (Cr pieces, 99.99%; Pb granules, 99.99%; Te 

chunks 99.999%; Se granules, 99.99%) according to their stoichiometric weights. The 

tubes were evacuated to ~3×10-4 Pa and sealed, then slowly heated to 1000-1100 oC at a 

rate of 200 oC/hour and then held at that temperature for 6 hours, then slowly cooled at 

the same rate to 650 oC and kept there for 50 hours, and then finally cooled to room 

temperature. The ingots obtained from this procedure were cleaned and hand milled in a 

glove box with an argon environment. The hand-milled powder was then loaded into a 

half inch graphite die, hot pressed at 600 oC for 2 minutes, air cooled, polished, cleaned, 

and cut to a desired shape for characterization. X-ray diffraction spectra analysis was 

conducted on a PANalytical multipurpose diffractometer with an X’celerator detector 

(PANalytical X’Pert Pro). The electrical resistivity (ρ) and Seebeck coefficient (S) were 

simultaneously measured on a commercial system (ULVAC ZEM-3). The thermal 

conductivity k  was calculated using k  = DαCp, where D is volumetric density 

determined by the Archimedes method, α the thermal diffusivity obtained on a laser flash 

apparatus (Netzsch LFA 457), and Cp the specific heat measured on a differential 

scanning calorimetry thermal analyzer (Netzsch DSC 404 C). The Hall Coefficient RH at 

room temperature was measured using PPMS (Quantum Design Physical Properties 

Measurement System). The Hall carrier concentration nH and Hall mobility µH were 
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calculated using nH = 1/(eRH) and µH = σRH, respectively. The uncertainty for the 

electrical conductivity is 3%, the Seebeck coefficient 5%, the thermal conductivity 7% 

(comprising uncertainties of 4% for the thermal diffusivity, 5% for the specific heat, and 

3% for the density), so the combined uncertainty for the power factor is 10% and that for 

ZT value is 12%.  Error bars were not used in the figures to increase the readability of the 

curves.  

3.3. Thermoelectric Properties of Cr- doped PbSe 
	
Single-phase CrxPb1-xSe was prepared with different Cr doping concentrations (x = 

0.0025, 0.005, 0.0075, and 0.01), which is indexed to the face-centered structure (space 

group Fm3m) and shown in Figure 3.3.1. Due to the large difference in the ionic radius 

of Pb2+ (1.20 Å) and Cr3+ (0.52 Å), all peaks shift right with increasing x. Even though 

secondary phases Cr3+δTe4 and Cr2Te3 were observed when PbTe was doped with more 

than 0.4 atm. % Cr [30], no impurity phase was formed in Cr-doped PbSe even up to 1 

atm. % doping level. 
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        Figure 3.3.1 XRD patterns for Pb1-xCrxSe (x = 0.0025, 0.005, 0.0075, and 0.01).  
 

Normally, lead chalcogenides are favorable for hot-side temperatures at 673-873 K. (Bi1-

xSbx)2(Te1-ySey)3 is usually considered over the temperature range from 300 to 473 K. 

Therefore, a combination of (Bi1-xSbx)2(Te1-ySey)3 with mid to high temperature TE 

materials will yield a higher device efficiency across a large temperature range. We found 

comparable TE properties in PbSe based materials to those in Bi2Te2.7Se0.3 from 300 to 

473 K when Cr was doped into PbSe to enable higher average ZT across a large 

temperature range (300-873 K). Figure 3.3.2 (a-f) presents the temperature dependence of 

electrical conductivity, Seebeck coefficient, power factor, thermal diffusivity, specific 

heat capacity, total thermal conductivity and lattice thermal conductivity for CrxPb1-xSe (x 

= 0.0025, 0.005, 0.0075, and 0.01) compared with reported data on n-type Bi2Te2.7Se0.3 
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[36]. All samples show metallic transport behavior. The electrical conductivity is higher 

than Bi2Te2.7Se0.3, and the Seebeck coefficient is comparable with Bi2Te2.7Se0.3 below 

473 K. The room temperature power factor reaches ~ 3.0×10-3 W m-1 K-2, higher than all 

the reported doped PbSe and even Bi2Te2.7Se0.3 [4,17,18,23-26,36]. Even though, a high 

room temperature power factor of ~ 3.85×10-3 W m-1 K-2 was reported in the 1.45 atm. % 

Cr-doped PbTe [28], the overall ZT is not favorable due to the high thermal conductivity. 

PbSe has been shown to have lower lattice thermal conductivity than PbTe, which is 

attributed to the higher degree of anhamonicity of lattice vibrations in PbSe [17]. The 

lattice thermal conductivity of Cr-doped PbSe was calculated by subtracting the charge 

carrier thermal conductivity from total thermal conductivity  (kL = ktotal-ke = ktotal-LσT), 

where L is the Lorenz number calculated using a two-band model [18]. Combined with 

this relatively lower thermal conductivity, the room temperature ZT reaches ~0.4 (shown 

in Figure 3.3.3), much higher than the previous In-doped n-type PbSe [18], but still lower 

than the room temperature ZT of Bi2Te2.7Se0.3 [36]. The ZT values continuously increase 

and reach ~1.0 at ~573 K for Cr0.0075Pb0.9925Se and ~673 K for Cr0.005Pb0.995Se and stay 

above 0.9 from 573 K to 773 K, which strongly increases the average ZT of PbSe based 

materials, as will be discussed later.  
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Figure 3.3.2 Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, (c) power factor, (d) thermal diffusivity, (e) specific heat and (f) total 
thermal conductivity and lattice thermal conductivity for CrxPb1-xSe (x = 0.0025, 
0.005, 0.0075, and 0.01) in comparison with reported data on n-type Bi2Te2.7Se0.3 
by Yan et al., [36] (small solid circles). 
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Figure 3.3.3 Temperature dependence of ZT for Pb1-xCrxSe (x = 0.0025, 0.005, 
0.0075, and 0.01) in comparison with reported data on Bi2Te2.7Se0.3 by Yan et al.,  
[36] (small solid circles) and our previous data on In-doped PbSe [18] (solid 
line).  

 
Following a similar method as in Cr-doped PbSe, we also doped other transition metals 

close to Cr (in the periodic table of elements) into PbSe. The temperature dependence of 

the electrical conductivity, Seebeck coefficient, power factor, thermal diffusivity, specific 

heat, total thermal conductivity, and lattice thermal conductivity for optimized Pb1-xAxSe 

(A: Ti, V, Cr, Nb, and Mo) (x = 0.005 or 0.01) in comparison with reported data on In-

doped PbSe [18] (solid line) are shown in Figure 3.3.4. The samples still show the typical 

behavior of degenerate semiconductors. It is interesting that the TE properties of all the 

transition metal-doped PbSe show a consistent trend, but different from the previous two 

categories doping (like Ga-, In-, and Br-, Cl-doped PbSe [18,24,25]). The electrical 

conductivity of transition metal-doped PbSe is lower and the Seebeck coefficient is 

higher across the whole temperature range (300–873 K). The power factor decreased with 

increasing temperature.  
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The highest room-temperature power factor is ~3.3×10-3 W m-1 K-2 for 1 atm. % Mo-

doped PbSe. Because of the lower electrical conductivity, the total thermal conductivity 

is also lower compared with In-doped PbSe [18]. With a lower thermal conductivity and 

a higher power factor at lower temperatures, the ZT values of all the studied samples are 

higher than In-doped PbSe [18] below 600 K (shown in Figure 3.3.5). The highest room 

temperature ZT is ~0.5 for 1 atm. % Mo-doped PbSe and the highest peak ZT is ~1.0 for 

0.5 atm. % Cr-doped PbSe at about 673 K.  

	

Figure 3.3.4 Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, (c) power factor, (d) thermal diffusivity, (e) specific heat, and (f) total 
thermal conductivity and lattice thermal conductivity for optimized AxPb1-xSe (A: Ti, 
V, Cr, Nb, and Mo) (x = 0.005 or 0.01) in comparison with previously reported data 
on Pb1-xInxSe (x = 0.005) [18] (solid line).  
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Figure 3.3.5 Temperature dependence of ZT for AxPb1-xSe (A: Ti, V, Cr, Nb, and 
Mo) (x = 0.005 or 0.01) in comparison with reported data on Pb1-xInxSe (x = 
0.005) [18] (solid line). 
 

 
What is the reason for these attractive room-temperature power factors? In Figure 3.3.6, 

we summarized the room temperature Pisarenko relations for AxPb1-xSe (A: Ti, V, Nb, 

and Mo) (x = 0.005 or 0.01) and CrxPb1-xSe (x = 0.0025, 0.005, 0.0075, and 0.01) (filled 

triangles) in this work in comparison with all the reported n-type PbSe [18,24-26]. 

Considering the nonparabolicity of the conduction band of PbSe, a two-band Kane (TBK) 

model was used to fit the data. The Cl- and Br-doped PbSe are fitted well with effective 

mass of m* = 0.27 me (dashed line) [24,25], and B-, Ga- and In-doped PbSe with 

effective mass of m* = 0.5 me (solid line) [18]. Due to the resonant scattering, Al-doped 

PbSe deviates from the fitting line, showing almost constant Seebeck coefficient with 

increasing carrier concentration [26]. Similar to B-, Ga- and In-doped PbSe, all transition 

metal Ti-, V-, Cr-, Nb-, and Mo-doped PbSe fell onto the fitting line with effective mass 

of m* = 0.5 me. 
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In spite of the speculation for formation of deep resonant levels in Cr-doped PbSe [32], 

resonant scattering was observed neither in Cr, nor in any of (Ti, V, Nb and Mo) doped 

PbSe materials. In addition, the room temperature relationships between µ and n for the 

optimal transition metal-doped PbSe, together with all the reported n-type PbSe are 

shown in Figure 3.3.7 [18,24-26]. Only Al-doped PbSe deviates largely due to resonant 

scattering [26]. The higher Seebeck coefficient in the samples is mostly attributed to the 

lower carrier concentration, which is in the range of (4-10)×1018 cm-3. To compare our 

data, we included most of the room temperature properties for optimally n-type doped 

PbSe by Ti, V, Cr, Nb, and Mo; B, Al, Ga, and In; and Cl in table 3.2.1. The higher room 

temperature ZT is mainly related to the higher room temperature power factor (PF = 

S2nµe). Both Seebeck coefficient (S) and Hall mobility (µ)   are inversely proportional to 

Hall carrier concentration (n) (see Figure 3.3.6 and Figure 3.3.7).  With relatively low 

carrier concentration (n), the transition metal-doped PbSe has both higher S and 

µ, contributing to the higher power factor at room temperature. We usually optimize the 

Hall carrier concentration to ~1019-1020 cm-3 for high peak ZT values. However, it seems 

that the optimal Hall carrier concentration is ~1018-1019 cm-3 for good ZT values near 

room temperature. Hence, ideal average ZT value can be obtained by balancing the Hall 

carrier concentration.   
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Figure 3.3.6 Room-temperature Pisarenko plots for AxPb1-xSe (A: Ti, V, Nb, and 
Mo) (x = 0.005 or 0.01) and CrxPb1-xSe (x = 0.0025, 0.005, 0.0075, and 0.01) 
(filled triangles) in comparison with reported data on B-doped PbSe (open 
squares), Al-doped PbSe (open triangles), Ga-doped PbSe (open circles), In-
doped PbSe (open diamonds) and undoped PbSe (open stars) [18,26], Cl-doped 
PbSe by Androulakis et al., (crosses) [24] and Br-doped PbSe by Wang et al., 
(pluses) [25]. Black curve is based on nonparabolic two-band Kane model (TBK) 
with the electron effective mass of PbSe m* = 0.5 me [18]. Dashed curve is based 
on nonparabolic TBK with the electron effective mass of PbSe m* = 0.27 me 
[25]. 

 
Figure 3.3.7 Room-temperature relationships between µ and n for transition 
metals-doped PbSe: Ti0.005Pb0.995Se, (open squares) V0.01Pb0.99Se (solid squares), 
Cr0.005Pb0.995Se (half open squares), Nb0.005Pb0.995Se (plus in squares), and 
Mo0.01Pb0.99Se (minus in squares) in comparison with reported data on PbSe 
doped with group III elements: B0.02Pb0.98Se (open circles), Al0.01Pb0.99Se (solid 
circles), Ga0.005Pb0.995Se (half open circles), and In0.005Pb0.995Se (plus in circles) 
[18,26], and PbSe doped with group VII elements: PbSe0.996Cl0.004 (open 
triangles) [24], and Pb1.002Se0.9982Br0.0018 (solid triangles) [25]. The data of Al-
doped PbSe (solid circle) deviates largely due to the resonant scattering.  
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Table 3.3.1 Comparison of room-temperature properties for optimally doped n-
type PbSe by Ti, V, Cr, Nb, and Mo; B [18], Al [26], Ga [18], and In1 [8], and Cl 
[24]. 

 

Composition σ 
(104 S m-1) 

S 
(µV K-1) 

PF 
(10-3 W m-1 K-2) 

n 
(1019 cm-3) 

µ 
 (cm2 V-1 s-1) 

κtotal 
(W m-1 K-1) 

κL 

(W m-1 K-1) 
ZT 

Pb0.995Ti0.005Se 6.13 -211 2.73 0.46 962 2.077.0 1.85 0.41.0 

Pb0.99V0.01Se 10.3 -173 3.07 0.85 904 2.078.0 2.37 0.35.0 

Pb0.995Cr0.005Se 12.9 -154 3.04 0.88 1006 2.247 1.74 0.42.0 

 Pb0.995Nb0.005Se 8.84 -188 3.14 0.54 968 2.239 1.91 0.42.0 

 Pb0.99Mo0.01Se 9.05 -191 3.29 0.51 1000 2.025 1.69 0.49.0 

 Pb0.98B0.02Se 8.72 -167 2.42 0.68 827 2.119 1.79 0.34.0 

 Pb0.99Al0.01Se 12.9 -117 1.17 1.94 416 2.280 1.34 0.23.0 

 Pb0.995Ga0.005Se 38.5 -51 1.0 6.22 465 3.759 1.69 0.08.0 

 Pb0.995In0.005Se 35.4 -46.4 0.76 6 433 3.838 1.86 0.06.0 

PbSe0.996Cl0.004 23 -105 2.53 1.5 1000 2.67 1.9 0.27.0 

         

	

The discretization method of Mahan was used to estimate the device efficiency of the TE 

legs made by some of the n-type PbSe (solid lines) and n-type Bi2Te2.7Se0.3 (dashed line) 

with thecold-side temperature at 300 K [37-40]. We assumed that, heat flow in the legs to 

be one-dimensional, neglecting losses from the sidewalls of the legs [13]. The results are 

shown in Figure 3.3.8. Even though, higher peak ZTs are achieved in other n-type PbSe 

materials, (1.3 at 850 K for Al doped PbSe [26], 1.2 at 850 K for Br-doped PbSe [25], 

and 1.2 at 873 K for Ga-, In-doped PbSe [18]) Cr-doped PbSe has the highest efficiency 

for a wide range of hot-side temperatures (350-873 K). At the lower temperature range, 

when the hot-side temperature is between 350 K and 523 K, the device efficiency of Cr-
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doped PbSe is only slightly lower than that of the temperature-limited n-type Bi2Te2.7Se0.3 

[36]. At high hot-side temperatures, Al-doped PbSe only rivals the efficiency of Cr-doped 

PbSe, but it has much lower efficiency at lower hot-side temperatures. These results 

emphasize the benefits of a flatter ZT curve. In a flatter ZT curve, not only is the 

efficiency higher at high temperatures, but also it is higher at a wide range of hot-side 

temperatures.  

	

Figure 3.3.8 Temperature dependence of device efficiency for 0.5 atm. % Cr 
doped PbSe (this work, red) in comparison with the optimized B-doped PbSe 
(green) [18] Al-doped PbSe (pink) [26], Ga- doped PbSe (blue) [18], In-doped 
PbSe (light blue) [18], Br-doped PbSe (purple) [25], and Bi2Te2.7Se0.3 (dashed 
orange) [36] withcold-side temperature 300 K.  
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panel) for some n-type PbSe materials compared with n-type Bi2Te2.7Se0.3. Cr-

doped PbSe has higher average ZT and device ZT compared to other n-type PbSe 

materials, especially when working between 300 K and 523 K, though not as good 

as Bi2T2.7Se0.3. Furthermore, the device ZT of Cr-doped PbSe (between 300 K and 

873 K) is even higher than that of the reported n-type PbTe:La/Ag2Te  (between 

300 K and 775 K) which has a peak ZT of ~1.6 at 775 K [21]. Many of the best p-

type PbTe materials, such as PbTe:Na (between 300 K and 750 K) with peak ZT 

~1.4 at about 750 K [20],  PbTe:Tl (between 300 K and 775 K) with peak ZT ~1.4 at 

about 775 K [1], PbTe:Na/SrTe (between 300 K and 775 K) with peak ZT ~1.5 at 

about 775 K [41], and PbTe0.85Se0.15:Na (between 300 K and 800 K) with peak ZT 

~1.8 at about 800 K [3], could benefit from a flatter ZT curve. Considering the cost 

of Se compared to Te, and the higher device efficiency and wider working 

temperature range of PbSe than PbTe, PbSe has the potential to replace PbTe for 

thermoelectric applications. However, still more work is expected in increasing the 

device efficiency of p-type PbSe.    
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   Figure 3.3.9  (a) Comparison of average ZT from 300 K to 873 K between Pb1-

xCrxSe (x = 0.0025, 0.005, 0.0075, and 0.01) (this work, red) and optimized In-
doped PbSe (light blue) (left panel) [18].  Comparison of average ZT from 300 K 
to 523 K for Bi2Te2.7Se0.3 (orange) [36], 0.5 atm. % Cr doped PbSe (this work, 
red) and optimized In-doped PbSe (light blue) (right panel) [18]. (b) Comparison 
of device ZT operated between 300 K and 873 K for 0.5 atm. % Cr-doped PbSe 
(this work, red) and optimized B- (green), [18] Al- (pink), [26] Ga- (blue) [18], 
In- (light blue) [18], and Br- (purple) doped PbSe (left panel) [25]. Comparison of 
device ZT operated between 300 K and 523 K for Bi2Te2.7Se0.3 (orange) [36], 0.5 
atm. % Cr-doped PbSe (this work, red) and optimized Al- (pink) [26], In-doped 
PbSe (light blue) [18] (right panel). 
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3.4. Conclusion 
	
Transition metals (Ti, V, Cr, Nb, and Mo) can enhance the lower-temperature (below 600 

K) TE properties of n-type PbSe. Specifically, Cr doping in PbSe increases the room 

temperature ZT to ~0.4 and the peak ZT to ~1.0 between 573 K and 673 K, hence 

increasing the average ZT and efficiency of n-type PbSe over a wide temperature range 

(300 K to 873 K). This boost is not attributed to a resonant states effect. By further tuning 

the carrier concentration, even better properties can be expected. Cr-doped n-type PbSe is 

believed to be promising for power generation applications.  
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CHAPTER 4: THERMOELECTRIC PROPERTIES OF CR DOPED N-TYPE 

PbTe1-ySey 

4.1. Introduction  
	
As discussed in preceding chapters, improving the performance of thermoelectric 

materials requires tuning of the coupled thermal and electrical transport properties [1-4]. 

Despite the difficulty of tuning these parameters independently, significant efforts have 

been put into decoupling them using various techniques [5,6]. These include but are not 

limited to nanostructuring [7-8], which gives the opportunity to independently tune these 

parameters and reduces the thermal conductivity by scattering a broad spectrum of 

phonons [9-10], band structure modifications, by alloying [11-13] or doping to create 

impurity levels that resonate with the host band [14,15] or both [16,17], lead to 

significant achievements in obtaining higher ZT values. In chapter three, we have seen 

that Cr doping improved the thermoelectric performance of PbSe near room temperature. 

Since PbSe and PbTe are isostructural compounds, we also investigated the effect of Cr 

doping on the thermoelectric performance PbTe near room temperature.  

Lead telluride (PbTe), with its intrinsically low thermal conductivity [18,19] is one of the 

most-studied thermoelectric materials for medium temperature applications [20]. The 

thermoelectric performance of PbTe has been enhanced by alloying with its isostructural 

sister compound PbSe. The partial substitution of Te by Se leads to disorder via atomic 

mass fluctuations, distortion in the crystal lattice and formation of defect states, which 

can effectively scatter phonons more than charge carriers (electrons or holes) to reduce 

thermal conductivity [9,10,12]. Significant progresses have been reported in improving 
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the ZT of PbTe by simultaneous alloying, doping, and band engineering. Tl acts as a 

resonant dopant in PbTe to enhance the ZT to ~1.5 by modifying the band structure [14]. 

By potassium doping, a peak ZT value of ~1.7 at 873 K was achieved in 

K0.02Pb0.98Te0.15Se0.85 [20]. A ZT of ~1.8 was obtained in p-type Na0.02Pb0.98Te0.85Se0.15 by 

band convergence [11]. Even though, the peak ZTs of these materials at high 

temperatures is high, their average ZTs are low. This is due to their lower ZT values 

below 400 K [22-23] that significantly reduce the efficiency of the materials. Cr was 

reported as a resonant donor in PbTe, PbSe, and PbTe1-ySey systems at low temperatures 

[24]. The room-temperature Seebeck coefficient and power factor in PbTe [25] and PbSe 

[26] can be increased by Cr doping. However, the improvement was proved to not be due 

to resonant scattering. One study shows the formation of a Cr resonant state in PbTe, with 

an energy 100 meV above the conduction band bottom of PbTe at 0 K, but the state 

moves into the band gap when the temperature increases to room temperature and hence 

doesn’t contribute to a power factor enhancement at or above room temperature [27].  

Another study also found that Cr impurity states within the conduction band of PbTe 

[25]. However, the band distortion that comes from such a resonance of the Cr impurity 

level is not broadened well enough to properly align the Fermi level with the enhanced 

density of states and hence doesn’t contribute to the enhancement of Seebeck coefficient. 

In this chapter, we will address our systematic study of the enhancement of both the ZT 

near room temperature and the average ZT of PbTe1-ySey (y = 0, 0.25, 0.50, 0.75, 0.85, 

and 1) across a wide range of temperature by Cr doping. The reduction in thermal 

conductivity due to phonon scattering by the introduced point defects from the alloying, 
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together with the optimized electronic properties by Cr doping, contributed to the 

enhancement of the room temperature ZT to ~0.6 for Te-rich Cr0.015Pb0.985Te0.75Se0.25 and 

a peak ZT of ~1 at about 573 K to 673 K for Se-rich Cr0.01Pb0.99Te0.25Se0.75 with a room 

temperature ZT of ~0.5. The calculated single leg efficiency of Cr0.015Pb0.985Te0.75Se0.25 

and Cr0.01Pb0.99Te0.25Se0.75 is  ~ 10 % and ~12 %, respectively, with acold-side 

temperature of 300 K and hot-side temperature of 773 K.  

4.2. Experimental Methods 
	
Ingots of samples of CrxPb1-xTe1-ySey with x = 0.005, 0.01, 0.015, and 0.02, and y = 0, 

0.25, 0.50, 0.75, 0.85, and 1 were prepared in a carbon coated quartz tube from high 

purity elements (Cr pieces, 99.99%; Pb granules, 99.99%; Te chunks 99.999%; Se 

granules, 99.99%) according to their stoichiometric weights. The tubes were evacuated to 

~3×10-4 Pa and sealed, then slowly heated to 1000-1100 oC at a rate of 200 oC/hour and 

then held at that temperature for 6 hours, then slowly cooled at the same rate to 650 oC 

and kept there for 50 hours, and then finally cooled to room temperature. The ingots 

obtained from this procedure were cleaned and hand milled in a glove box with an argon 

environment. The hand-milled powder was then loaded into a half inch graphite die, hot 

pressed at 600 oC for 2 minutes, air cooled, polished, cleaned, and cut to a desired shape 

for characterization. The microstructures were investigated by a scanning electron 

microscope (SEM, LEO 1525). Seebeck coefficient (S) and electrical conductivity (σ) 

measurements were done using a static direct current method and a four-point direct 

current switching method, respectively, on a commercial (ULVAC ZEM-3) system. The 

room-temperature Hall coefficient (RH) was measured using a Quantum Design Physical 
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Properties Measurement System. The Hall carrier concentration nH and Hall mobility µH 

were calculated from the Hall coefficient RH by nH = (eRH)-1 and µH = σRH, respectively. 

The thermal diffusivity (α) was measured by a laser flash analyzer (Netzsch LFA 457) 

and the specific heat (Cp) was measured on a differential scanning calorimetry thermal 

analyzer (Netzsch DSC 404 C) whereas the volumetric density (D) was measured by the 

Archimedes method. The thermal conductivity was calculated by κ = DαCp. Our 

measurements are accurate to within 12 % for the ZT and 10 % for the power factor, 

coming from a 3 % error in electrical conductivity, a 5 % error in Seebeck coefficient, 

and a 7 % error in thermal conductivity. Error bars were not used in the Figures to 

increase the readability of the curves. 

 4.3. Thermoelectric Transport Properties of Cr doped PbTe1-ySey 
	
 The lower thermal conductivity due to large Grüneisen parameter values and 

nanocomposite microstructures [26,28] with the high power factor by Cr doping has 

improved the average ZT of n-type PbSe over a wide temperature range (300 K-873 K) 

[26]. When Cr is doped into PbTe, the room temperature power factor increased 

dramatically compared with the other n-type PbTe alloys [25]. The best power factor at 

room temperature is ~36.50 µW cm-1 K-2 in Cr0.025Pb0.975Te, which is approximately a 22 

% increase compared to Cr-doped PbSe. This result is close to the values reported by B. 

Paul et al., [25] on Cr-doped PbTe.  However, the thermal conductivity increased to ~2.6 

W m-1 K-1 at room temperature and ~1.3 W m-1 K-1 at 773 K, higher than that of Cr-doped 

PbSe (~2.2 W m-1 K-1 at room temperature and ~1.0 W m-1 K-1 at 773 K). Figure 4.3.1 
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shows the temperature dependence of the thermoelectric properties of Cr-doped PbTe at 

various Cr concentrations.  

The calculated ZT is ~0.45 at room temperature and ~0.8 at 600 K to 773 K. The 

relatively lower thermal conductivity in PbSe and higher room temperature power factor 

from Cr doped PbTe motivated us to further optimize the alloy system by achieving the 

best power factor and lower thermal conductivity to get a higher room temperature ZT 

and average ZT. We used the highest Cp of Cr0.03Pb0.97Te for all samples CrxPb1-xTe with 

various Cr concentrations (Figure 4.3.1e) so as to void underestimation of thermal 

conductivity. For other CrxPb1-xTe1-ySey samples, the selected measured Cps are shown in 

Figure 4.3.2. The lattice thermal conductivity is obtained by subtracting the electronic 

thermal conductivity (κe = LσT, where L is the Lorenz number calculated using a two-

band Kane model) from the total thermal conductivity.  
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      Figure 4.3.1 Temperature-dependent thermoelectric properties of CrxPb1-xTe 
at various dopant concentrations (x = 0.01, 0.015, 0.025, and 0.03). (a) 
Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) thermal 
diffusivity, (e) total thermal conductivity and lattice thermal conductivity, 
and  (f) ZT.  

 

Figure 4.3.2 Temperature-dependent specific heat of CrxPb1-xTe1-ySey (x = 
0.005, 0.02, and 0.03, y = 0, 0.25, 0.5, 0.75, 0.85, and 1).  
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Samples with compositions CrxPb1-xTe0.75Se0.25 and CrxPb1-xTe0.25Se0.75 were prepared and 

the temperature dependences of the thermoelectric properties are shown in Figure 4.3.3 

and Figure 4.3.4 respectively. For CrxPb1-xTe0.75Se0.25, the Seebeck coefficient shows a 

slight increase and a strong bipolar effect at above 600 K when the Cr doping level 

increases from 1 atm. % to 2 atm. %. The electrical conductivity first increased until the 

Cr doping reaches a critical value of 1.5 atm. % and then decreased when the doping 

concentration of Cr increased to 2 atm. %. This is due to the reduction in the mobility of 

electrons with increasing defect density as the dopant contributes to disorder at higher 

concentrations. It shows a relatively higher electrical conductivity at 1.5 atm. % Cr 

doping level, which is attributed to the higher carrier mobility (~1120 cm2 V-1 s-1) as 

confirmed by room-temperature Hall measurement. This electrical conductivity in 

combination with the high Seebeck coefficient, yields a higher room temperature power 

factor of ~24 µW cm-1 K-2 (Figure 4.3.3c). This room temperature mobility (1120 cm2 V-1 

s-1) and power factor (~24 µW cm-1 K-2) is respectively lower by ~ 20 % and 37 % 

compared to the mobility (~1404 cm2 V-1 s-1) and power factor (~38 µW cm-1 K-2) of Cr 

doped PbTe studied by B. Paul et al., [25]. However, in spite of the 37 % power factor 

reduction, the ZT value of Cr0.015Pb0.985Te0.75Se0.25 is ~ 66 % higher than that of Cr doped 

PbTe [25] thanks to the highly suppressed thermal conductivity. The thermal conductivity 

is decreased due to the introduced atomic scale defects by alloying via atomic mass 

disorder, plenty of grain boundaries and multiple defects such as vacancies and 

dislocations present in the samples as we can see from the HRTEM images in Figure 

4.3.6 (b).  
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The atomic scale defects (atomic mass disorder and vacancies) strongly scatter phonons 

of high frequency and short mean free path that contribute to most of the thermal 

conductivity in PbTe1-ySey compounds [29]. On the other hand, low frequency and long 

mean free path phonons are scattered by the mesoscale defects (grain boundaries and 

dislocations). All the CrxPb1-xTe1-ySey samples consist of both big grains with diameters 

of several tens of microns and small grains of size ~50 nm which scatter a broad 

spectrum of phonons with mean free path greater than 50 nm. However, in lead-telluride 

and lead-selenide alloys, it has been proven that only phonons of mean free path less than 

10 nm contribute to most of the thermal conductivity and a grain size of less than 10 nm 

needed to be achieved to bring a significant reduction of the thermal conductivity by 

nanostructuring [29]. The lowest thermal conductivity is ~0.9 W m-1 K-1 at 573 K. 

However, there is a small influence on the room temperature value with Cr doping. It 

decreased and then increased when the Cr doping level varied from 1 atm. % to 2 atm. % 

showing a minimum value of ~1.2 W m-1 K-1 at a doping concentration of 1.5 atm. %, 

which lead to a record ZT of ~0.6 in lead chalcogenide systems at room temperature. This 

ZT value is not too much lower than the ZT of the well-known state-of-the-art n-type 

room temperature material Bi2Te2.7Se0.3 [30]. The increase of the thermal conductivity at 

elevated temperatures is clearly due to the excitation of minority carriers. 
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Figure 4.3.3 Temperature-dependent thermoelectric properties of  
 CrxPb1-xTe0.75Se0.25 (x = 0.01, 0.015, and 0.02). (a) Seebeck coefficient, 
 (b) electrical conductivity, (c) power factor, (d) thermal diffusivity,  
 (e) total thermal conductivity and lattice thermal conductivity, and (f) ZT. 
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such a way that it increased when the Cr concentration increased to a critical value 

of 1.5 atm. % then decreased when it exceeds this critical level. The lowest room-

temperature thermal conductivity is ~1.25 and ~0.8 at about 673 K in 

Cr0.01Pb0.99Te0.25Se0.75, that gave rise to a room temperature ZT of ~0.5 and peak 

ZT of ~1 from  ~ 573 K to 673 K.  

 

Figure 4.3.4 Temperature-dependent thermoelectric properties of CrxPb1-

xTe0.25Se0.75 (x = 0.005, 0.01, 0.015, and 0.02). (a) Seebeck coefficient, (b) 
electrical conductivity, (c) power factor, (d) thermal diffusivity, (e) total 
thermal conductivity and lattice thermal conductivity, and (f) ZT. 
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 Figure 4.3.5 SEM images of (a) Cr0.025Pb0.975Te, (b) Te-rich 
Cr0.015Pb0.985Te0.75Se0.25, (c) Se-rich Cr0.01Pb0.99Te0.25Se0.75, and (d) 
Cr0.005Pb0.995Se. The scale bar is 10 µm. 

 

 

Figure 4.3.6 Low-magnification TEM image (a), and HRTEM image (b) 
showing grain boundaries, point defects marked by circles, and thread 
dislocations marked by (_|_). 

 

We then prepared different samples with different Se concentrations to check the alloying 

effect. Figure 4.3.7 shows the temperature dependence of (a) the Seebeck coefficient, (b) 

the electrical conductivity, (c) the power factor, (d) the thermal diffusivity, (e) the total 

thermal conductivity and the lattice thermal conductivity, and (f) the ZT with a fixed Cr 
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concentration of 1 atm. % and different Se concentrations of y = 0.25, 0.5, 0.75, 0.85. The 

electrical conductivity of all the samples decreased with increasing temperature, 

consistent with the attributes of degenerate semiconductors. At fixed concentration of 1 

atm. % Cr doping, the room-temperature Seebeck coefficient decreased from -211 µV K-1 

to -157 µV K-1 with increasing Se concentration. The Seebeck coefficient of all the 

samples decreased at higher temperatures showing a bipolar transport nature and it was 

found that the temperature at which the bipolar effect becomes important for Te-rich 

samples is lower than that of Se-rich samples. The electrical conductivity increased when 

the Se concentration increased to 75 atm. % and then decreased above this concentration 

showing a higher value at an optimum Se concentration of 75 atm. %. The high electrical 

conductivity manifested by the Se-rich sample Cr0.01Pb0.99Te0.25Se0.75 resulted in a higher 

power factor across the whole temperature range. This high electrical conductivity is 

attributed to the relatively higher carrier concentration (~8.12×1018 cm-3) as evidenced by 

the room temperature Hall measurement. The thermal conductivity is heavily decreased 

compared to Cr doped PbTe and PbSe samples due to phonon scattering by the point 

defects resulting from alloying. We see a minimum thermal conductivity of ~0.8 W m-1 

K-1 at 573 K in Cr0.01Pb0.99Te0.5Se0.5 with equal amount of Te and Se. This is 

approximately a 72 % decrease compared to PbTe for the same Cr doping level of 1 atm. 

%. This reduction is related to the maximum distortion of the crystal lattice due to the 

maximum entropic atomic mass fluctuation as confirmed by theoretical calculations and 

experimental studies [21,29]. 
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The increase in thermal conductivity at higher temperatures is due to the contribution of 

heat transport by minority carriers (holes). The highest ZT is ~1 at approximately from 

573 K to 673 K in Se-rich Cr0.01Pb0.99Te0.25Se0.75. 

 

Figure 4.3.7 Temperature-dependent thermoelectric properties of  
Cr0.01Pb0.99Te1-ySey (y = 0.25, 0.5, 0.75, 0.85) with fixed Cr concentration of 1 
atm. %. (a) Seebeck coefficient,  (b) electrical conductivity, (c) power factor, (d) 
thermal diffusivity, (e) total thermal conductivity and lattice thermal conductivity, 
and (f) ZT.  
 

At a Cr-doping concentration of 1.5 atm. %, as shown in Figure 4.3.8, the Seebeck 

coefficient follows a similar trend as in 1 atm. % Cr doping (Figure 4.3.7) with increasing 

Se concentration. A peak room-temperature Seebeck coefficient of -220 µV K-1 was 

obtained in Te-rich Cr0.015Pb0.985Te0.75Se0.25. 
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 The electrical conductivity increases when the Se concentration is higher than 50 atm. %. 

The minimum electrical conductivity is observed at equal amount of Te and Se because 

of the reduction in carrier mobility due to the maximum defect density and lower 

electrical conductivity. As shown in Figure 4.3.8, Se-rich samples show higher electrical 

conductivity but the power factor is not enhanced that much due to the lower Seebeck 

coefficient. A highest room-temperature power factor of ~24 µW cm-1 K-2 is shown by 

the Te-rich Cr0.015Pb0.985Te0.75Se0.25, which is due to the high value of the Seebeck 

coefficient and carrier mobility. The thermal conductivity is highly reduced due to the 

alloying effect. A room-temperature thermal conductivity of ~1.2 W m-1 K-1 was obtained 

for the Te-rich sample Cr0.015Pb0.985Te0.75Se0.25 and it is a 52 % decrease compared to 

PbTe for the same 1.5 atm. % Cr doping level. Thus, by simultaneously reducing the 

thermal conductivity and enhancing the power factor, a record ZT of ~0.63 is achieved in 

Te-rich Cr0.015Pb0.985Te0.75Se0.25 at room temperature. 
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Figure 4.3.8 Temperature-dependent thermoelectric properties of  
Cr0.015Pb0.99Te1-ySey (y = 0.25, 0.5, 0.75, 0.85) with fixed Cr concentration of 1.5 
atm. %. (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) 
thermal diffusivity, (e) total thermal conductivity and lattice thermal conductivity, 
and (f) ZT.  
 

The room-temperature Pisarenko relation between the Seebeck coefficient and the Hall 

carrier concentration of CrxPb1-xTe1-ySey is plotted in Figure 4.3.9. All the Hall carrier 

concentrations are lower than 1.0×1019 cm-3 and the absolute Seebeck coefficients are 

higher than 150 µV K-1 which is more than twice the room temperature Seebeck 

coefficients of other state-of-the-art p and n-type lead chalcogenide alloys such as; 
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Na0.02Pb0.98Te0.75Se0.25 [11], K0.02Pb0.98Te0.15Se0.85 [20], In0.001Pb0.999Te0.7Se0.3 [32] and 

PbTe0.5Se0.5:0.0005 (PbI2) [33]. The Hall carrier concentration is lower than that of Cr-

doped PbTe if the Se concentration is low (y = 0.25 and 0.5, Te-rich samples), and 

increases to be higher than that of Cr-doped PbTe with higher Se concentration (y = 0.75 

and 1, Se-rich samples). With increasing Hall carrier concentration, the Seebeck 

coefficient decreased. This is fitted well by the non-parabolic two-band Kane (TBK) 

model of PbTe and PbSe where acoustic phonon scattering is considered as the dominant 

carrier scattering mechanisms in both cases. From this result, the high room-temperature 

Seebeck coefficient is not obtained by the band structure modification due to resonance 

and how Cr doping affected the band structure is something need further study to be 

figured out.  

 

    Figure 4.3.9 Room-temperature Pisarenko plots of CrxPb1-xTe1-ySey, ( ) CrxPb1-xTe 
(x = 0.01, 0.015, 0.025, and 0.03), ( ) CrxPb1-xTe 0.75Se0.25 (x = 0.01 and 0.015), ( ) 
CrxPb1-xTe0.5Se0.5 (x = 0.01 and 0.015), ( ) CrxPb1-xTe0.25Se0.75 (x = 0.01 and 0.015), 
( ) CrxPb1-xSe (x = 0.0025, 0.005, 0.0075, 0.01, and 0.02). The purple solid curve is 
based on a nonparabolic two-band Kane model (TBK) with the electron effective 
mass of PbTe m* = 0.4 me; the red dashed curve is based on a nonparabolic two-
band Kane model (TBK) with the electron effective mass of PbSe m* = 0.5 me.  
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From our systematic optimization of the thermoelectric properties of Cr-doped PbTe1-ySey 

by changing Cr concentration or Te:Se ratio, we have identified the best compositions as: 

Cr0.015Pb0.985Te0.75Se0.25 and Cr0.01Pb0.99Te0.25Se0.75. Table 4.3.1 summarizes the room 

temperature properties of these compositions. The density of both samples are close to 

their theoretical density and their carrier concentrations are less than 1019 cm-3. 

 

Table 4.3.1 Room-temperature properties of Se-rich Cr0.01Pb0.99Te0.25Se0.75 and Te-rich 

Cr0.015Pb0.985Te0.75Se0.25 samples.  

Composition 
S σ  PF κ  

ZT 
nH µH 

(µV K-1) (104  S m-1) (µW cm-1 K-2) (W m-1 K-1) (1018 cm-3) (cm2 V-1 s-1) 

Cr0.01Pb0.99Te0.25Se0.75 -162 8.29 21.70 1.23 0.55 8.12 638 

Cr0.015Pb0.985Te0.75Se0.25    -220 6.94 24 1.17 0.63 3.87 1120 

 

Figure 4.3.10 summarizes the effect of Te substitutions by Se on the (a) room-

temperature and (b) peak ZTs at fixed Cr doping levels of 1 atm. % (black squares) and 

1.5 atm. % (red circles). As can be seen from the figure, the room-temperature ZT 

increased when the Se concentration increased up to a certain optimum alloying limit and 

then decreased when it exceeded this limit. High room-temperature ZTs of ~0.63 and 

~0.55 were obtained by substitution of 25 atm. % and 75 atm. % Te by Se at Cr doping 

levels of 1.5 atm. % and 1 atm. %, respectively. As shown in Figures 4.3.7 and 4.3.8, at 

fixed Cr concentrations the best peak ZTs are in Se-rich samples. A maximum peak ZT of  

~1 is obtained in Cr0.01Pb0.99Te0.25Se0.75. The peak ZTs of all the samples are greater than 

~0.7 indicating that Cr doping on PbTe alloyed with PbSe brings the best room 
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temperature thermoelectric properties without or with minimal reduction of the peak ZTs. 

Hence, the average ZT is improved over the whole temperature range that makes the 

materials promising for power generation applications.  

To show clearly this improvement by Cr doping in PbTe1-ySey, we also plotted the (a) 

room temperature power factor, (b) room temperature ZT, and (c) average ZT of 

Cr0.01Pb0.99Te0.25Se0.75 and Cr0.015Pb0.985Te0.75Se0.25 as a function of carrier concentration 

compared with the reported optimized p-type and n-type doped PbTe1-ySey in Figure 

4.3.11. Similar to n-type doped PbSe [26], both the room temperature power factor and 

ZT value decreased steeply with increasing of the room temperature Hall carrier 

concentration. In spite of almost the same carrier concentration, Cr-doped PbTe1-ySey has 

much higher room temperature power factor and ZT than I-doped PbTe1-ySey. Although 

with low peak ZT ~1.0 at about 573 K-673 K, the average ZT of Cr-doped PbTe1-ySey is 

as high as those of p-type Na0.02Pb0.98Te0.75Se0.25 (peak ZT ~1.8 at about 850 K) [11] and 

n-type PbTe0.5Se0.5:0.0005 (PbI2) [33]  (peak ZT~1.5 at about 625 K), and higher than 

those of p-type K0.02Pb0.98Te0.15Se0.85 (peak ZT ~1.7 at about 873 K) [20] and n-type 

In0.001Pb0.999Te0.7Se0.3 [32]. The efficiency of thermal to electrical conversion of these 

selected compositions is discussed in the next section. 
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      Figure 4.3.10 Se concentration dependence of the room temperature ZT and peak 
ZT for CrxPb1-xTe1-y Sey.  

 

 

 

Figure 4.3.11 (a) Room-temperature power factor (b) room temperature ZT and (c) 
Average ZTs of Cr0.01Pb0.99Se0.75Te0.25 and Cr0.015Pb0.985Se0.25Te0.75 as a function of 
carrier concentration compared with state of the art PbTe-PbSe based compounds 
of high peak ZT values. 
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The efficiency of a thermoelectric power generator depends on the Carnot efficiency and 

the thermoelectric figure of merit of the devices [34], which is intrinsic to the materials 

making up the device. This relation is expressed by Equation 4.3.1. 

ηe = !!!!!
!!

!!!!!!

!!!!!!!!!
                                                     (4.3.1) 

Where Th is the hot-side temperature, Tc is the cold-side temperature, and 𝑇 is the average 

temperature between Tc and Th. The temperature dependent properties of the legs are 

incorporated in the Z𝑇 term in Equation 4.3.1 and replaced by the average ZT over the 

whole temperature range when calculating the efficiency. One proposed method of 

improving the efficiency of thermoelectric generators is designing a segmented device 

where each segment has a high ZT for the temperature anticipated in the segment [35,36]. 

However, this technique has its own drawbacks in effectiveness since it suffers from the 

added complexity of bonding, mass diffusion, and thermal expansion mismatch at the 

interfaces. Hence, it is important to find a single material with better thermoelectric 

properties to use over the whole temperature range of operation. Here, we propose 

Cr0.015Pb0.985Te0.75Se0.25 and Cr0.01Pb0.99Te0.25Se0.75 as potential candidates for single leg 

device applications to operate from 300 K to 773 K. The leg efficiency can be calculated 

more accurately, by either Snyder and Ursell [37] or Mahan’s [35] discretization 

methods. In this work, we used Mahan’s method where one dimensional heat flow is 

assumed in the legs and no heat is lost from the sidewalls. The discretized equations in 

the leg are given in Equations 4.3.2, Equations 4.3.3, and Equations 4.3.4. 
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!"
!"
=  !"#!!

!
                                                                (4.3.2) 

!"
!"
=  𝜌𝐽! + 𝐽𝑆 !"

!"
                                                        (4.3.3) 

!"
!"
= − 𝜌𝐽 − 𝑆 !"

!"
                                                        (4.3.4) 

Where J, Q, ρ, V, S, k and T are the current density, heat flux density, electrical 

resistivity, voltage, Seebeck coefficient, thermal conductivity, and temperature, 

respectively. The leg efficiency is calculated from the output power and input heat flux 

into the leg by:  

ηleg = !(!!!!!)
!!

                                                          (4.3.5) 

The set of coupled first order differential Equations (4.3.2), (4.3.3), (4.3.4) were 

iteratively solved with the appropriate temperature boundary conditions at different 

current densities until the optimum value of J that maximizes the leg efficiency is found. 

We calculated the efficiency of the best compounds, Cr0.015Pb0.985Te0.75Se0.25 and 

Cr0.01Pb0.99Te0.25Se0.75, as shown in Figure 4.3.12 in comparison with the efficiency of the 

best-optimized Cr doped PbSe (Cr0.005Pb0.995Se), Cr doped PbTe (Cr0.025Pb0.975Te), and I 

doped PbTe (I0.0012PbTe0.9988). An efficiency of ~10 % and ~12 % is obtained for the 

individual legs of Cr0.015Pb0.985Te0.75Se0.25 and Cr0.01Pb0.99Te0.25Se0.75, respectively, when 

thecold-side temperature is set at 300 K and hot-side temperature at 773 K. In spite of 

having high ZT exceeding 1.4 near 700 K for I0.0012PbTe0.9988, the efficiency is still lower 

than that of Cr0.01Pb0.99Te0.25Se0.75, especially below 700 K. This result is also comparable 

with the efficiency of other thermoelectric materials withcold-side temperature 300 K and 

hot-side temperature 773 K, for example Bi2Te3-Bi2Se3-Bi2S3 (12.5%) [38], PbSe:Al 
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(9.4%) [38,15], half Heuslers (8.4%), [38,39], filled Skutterrudites (13.1%) [38,40], and 

PbTe: La (6.7%) [38,41]. This high single-leg efficiency over a wide range of 

temperatures comes from the improvement of the room-temperature ZT and then the 

enhanced average ZT over the whole temperature range.  

 

Figure 4.3.12 Temperature dependence of the calculated leg efficiencies of     
Cr0.015Pb0.985Te0.75Se0.25 (solid black line), Cr0.01Pb0.99Te0.25Se0.75 (solid red line), 
Cr0.005Pb0.995Se [26] (dashed blue line), Cr0.025Pb0.975Te (dashed green line), and 
I0.0012PbTe0.9988 [42] (dashed pink line) with a cold-side temperature at 300 K. 
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4.4. Conclusion  
	
In this systematic study of Cr doping in PbTe1-ySey, a high figure of merit of ~0.6 at room 

temperature was achieved in Te-rich Cr0.015Pb0.985Te0.75Se0.25 resulting from the 

combination of a higher power factor and a lower thermal conductivity.  A peak ZT of ~1 

was obtained in Se-rich Cr0.01Pb0.99Te0.25Se0.75 at about 573 to 673 K with a room 

temperature ZT of ~0.5. The calculated thermal to electrical conversion efficiencies of 

Te-rich Cr0.015Pb0.985Te0.75Se0.25 and Se-rich Cr0.01Pb0.99Te0.25Se0.75 are ~10 % and ~12 %, 

respectively, with hot-side temperature of 773 K and cold-side temperature of 300 K and 

hence could be potentially useful for medium-temperature power generation applications.  
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CHAPTER 5: STUDIES OF THE THERMOELECTRIC PERFORMANCE OF 

PbTe1-ySy ALLOY 

5.1. Introduction 
	
In the preceding chapters, we have pointed out that Pb-chalcogenides have high peak ZT 

values from 573 K-873 K. These high ZT values are achieved by optimization of the 

thermal and electronic transport properties by different techniques such as optimized 

carrier concentration by controlled doping [1-4], enhanced Seebeck coefficient because 

of resonant doping [5-8], or band convergence [9-11], enhanced Hall mobility due to 

weak electron-phonon coupling [12], or modulation doping [13,14], and lowered thermal 

conductivity with intrinsic complex structures [15-18], or artificial nanostructures 

[19,20]. Additional strategies to further increase the ZT values are always pursued. Due to 

their intrinsic high valley degeneracy yielding high Seebeck coefficient [9], and intrinsic 

phonon anharmonicity, yielding low thermal conductivity [21,22], peak ZTs as high as ~2 

have been obtained in p-type [23-25], and ~1.5 in n-type lead chalcogenides [26]. 

However, it is worth to point out that the average ZT over the whole temperature range 

(300 K-873 K) is still low due to the very low ZTs near room temperature. Several recent 

studies show gradual progress on the improvement of the ZT below 200 oC, such as by 

combination of the nanostructures and complex band structure [27] alloying PbTe with 

MgTe to stabilize the optimal carrier concentration in the large temperature range [28], 

we also discussed in chapter 3 and 4 that our work on Cr doping of PbSe and PbTe1-xSex   

effectively enhanced the room temperature power factor and ZT [29,30].  It has been also 

predicted that deep defect states in narrow band-gap semiconductors could lead to the 
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enhancement of the thermoelectric properties by annihilating the minority carriers, which 

helps to keep the Seebeck coefficient high and the thermal conductivity low at higher 

temperatures [31-37]. Normally, in most researches on lead chalcogenides, the carrier 

concentration was optimized to achieve high peak ZT values at higher temperature [2-4]. 

However, this strategy failed to achieve high average ZT across a wide range of 

temperature in particular in n-type lead chalcogenides due to the associated lower ZT 

values near room temperature. Optimizing the carrier concentration to achieve high ZT 

values at lower temperature by deep lying doping can enhance the average ZT in a wide 

temperature range. In this chapter, we will discuss the improvement of room temperature 

and average ZT in PbTe1-xSx by combination of deep lying states in indium-doped PbTe 

[34], minimizing the thermal conductivity by alloy scattering [38-41], and the spinodal 

decomposition [25,42-45].  

5.2. Experimental Methods 
	
Ingots with nominal compositions Pb1-xInxS, Pb1-xInxTe, and Pb0.98In0.02Te1-ySy (0< x 

<0.03, 0< y <1), were prepared by melting the raw materials (Pb granules, 99.99%; Te 

chunks, 99.999%; Se granules, 99.99%; S pieces, 99.99%; and In powder, 99.99%) inside 

sealed quartz tube with carbon coating. The quartz tubes were slowly raised to 1100 oC 

and kept for 10 h, then quenched from 1100 oC into water. The obtained ingots were 

cleaned and hand milled in a glove box. The reason we used hand mill instead of ball mill 

is to avoid sample softening above 500 oC. The obtained powder was loaded into a 

graphite die and consolidated by hot pressing. X-ray diffraction spectra analysis was 

conducted on a PANalytical multipurpose diffractometer with an X’celerator detector 
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(PANalytical X’Pert Pro). The microstructures were investigated by a scanning electron 

microscope (SEM, LEO 1525) and a high-resolution transmission electron microscope 

(HRTEM, JEOL 2100F). The electrical resistivity (ρ) and Seebeck coefficient (S) were 

simultaneously measured on a commercial system (ULVAC ZEM-3). The thermal 

conductivity k  was calculated using k  = DαCp, where D is volumetric density 

determined by the Archimedes method, α is the thermal diffusivity obtained on a laser 

flash apparatus (Netzsch LFA 457), and Cp is the specific heat measured on a differential 

scanning calorimetry thermal analyzer (Netzsch DSC 404 C) (shown in Figure S1). The 

Hall carrier concentration nH at room temperature was measured using the PPMS 

(Physical Properties Measurement System, Quantum Design). The Hall mobility µH was 

calculated using µH = σ/(qnH). The uncertainty for the electrical conductivity is 3%, the 

Seebeck coefficient 5%, the thermal conductivity 4%, so the combined uncertainty for 

power factor is 10% and that for ZT value is 11%. Error bars were not used in the Figures 

to increase the readability of the curves. 

5.3. Thermoelectric Properties of In0.02Pb0.98Te1-ySy 
	
Indium can create deep defect states in PbTe, which is expected to lead to enhancement 

of the high temperature TE properties by keeping higher Seebeck coefficient and lower 

thermal conductivity at higher temperature due to the suppressed bipolar effect [31-37]. 

On the other hand, it is difficult for the deep impurities to ionize to the conduction band, 

and only a fraction of the impurities contributed to free carriers. Consequently, the carrier 

concentration is limited to only ~2×1018 cm-3 at room temperature and is much lower than 

the carrier concentration of I-doped PbTe [46], which is shallow lying doping [36].  PbS 
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has also recently attracted much attention due to the advantage of abundance, inexpensive 

and possible higher operation temperature [6,47-49].  Both n-type (Cl-doped) [48] and p-

type (Na-doped) [49] PbS have ZT values higher than 1 at about 925 K.	Moreover, both 

In-doped PbTe and In-doped PbS have negative Seebeck coefficients, similar to reported 

In-doped PbSe [3], indicating consistent n-type doping. With increasing temperature, the 

band gap (~ 0.42 eV at 300 K) of PbS increases [47,50], showing no obvious sign of 

bipolar effect in highly In-doped PbS. Since PbS is lighter than PbTe and PbSe, its lattice 

thermal conductivity is higher than those of both PbTe and PbSe. This property is also 

observed in Cl-doped PbS without nanostructures [47], that has comparable lowest lattice 

thermal conductivity and highest ZT value.  

By alloying PbTe with PbS, the electrical conductivity of In-doped PbTe was found to 

increase at fixed indium concentration. Many studies have shown the existence of a 

miscibility gap in the phase diagram of ternary PbTe1-ySy compound with possibility for 

spinodal decomposition [25,42-45]. Figure 5.3.1 presents the XRD patterns for 

In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 0.20, 0.30, and 1.0). There is no impurity phase induced 

by In doping. Both In0.02Pb0.98Te (y = 0) and In0.005Pb0.995S (y = 1) are single phase 

crystallized in face-centered cubic rock salt structure (space group Fm m). With 

increasing S content, all peaks gradually shift to right when y ≤ 0.2, indicating the solid 

solution of PbS in PbTe, which is also confirmed by good fitting to Vegard’s law (Figure 

5.3.1 (b)).  A second phase (S-rich phase) was detected when y ≥ 0.1 due to the spinodal 

decomposition. For convenience, we still use In0.02Pb0.98Te1-ySy to represent the 

corresponding compounds.   

3
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      Figure 5.3.1 (a) XRD patterns for In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 0.20, and 
0.30) compared with In0.02Pb0.98Te and In0.005Pb0.995S. (b) The lattice parameter 
relation with S concentration y.  

 

Figure 5.3.2 shows the temperature dependence of (a) electrical conductivity, (b) Seebeck 

coefficient, (c) power factor, (d) thermal diffusivity, (e) total thermal conductivity and 

lattice thermal conductivity, and (f) ZT for In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 0.20, and 

0.30) at fixed In concentration. With increasing y, the electrical conductivity increased as 

expected and the Seebeck coefficient decreased, as a result of the increased Hall carrier 

concentration (Figure 5.3.3 (a)). The incorporation of PbS could move the impurity level 

from above the valence band maximum close to the bottom of the conduction band, with 

tendency to become shallow lying doping.  
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      Figure 5.3.2 Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, (c) power factor, (d) thermal diffusivity, (e) total thermal conductivity 
and lattice thermal conductivity, and (f) ZT for In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 
0.20, and 0.30). The ZT value of PbTe1-xIx is plotted in (f) for comparison [46].    

 

The room-temperature Pisarenko relation for In0.02Pb0.98Te1-ySy (Figure 5.3.3 (b)) 

indicated no resonant states in agreement with the first principles calculation [34].  Due to 

deep lying doping, the nH is difficult to reach that high when y ≤ 0.2, but this relative low 

nH lead to high room temperate ZT in this system.  
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      Figure 5.3.3 (a) Room-temperature Hall carrier concentration as a function of S 
concentration y (b) Room temperature Pisarenko plots for In0.02Pb0.98Te1-ySy (y = 0, 
0.05, 0.10, 0.20, 0.30, 0.40, 0.50, and 1). Red curve is based on single Kane model 
(SKB) with the electron effective mass of PbTe m* = 0.25 me. Blue curve is based 
on single Kane model (SKB) with the electron effective mass of PbS m* = 0.39 me. 

 

Figure 5.3.4 shows the calculated power factor (a) and ZT (b) as a function of Hall carrier 

concentration for n-type PbTe and PbS at different temperature (300 K and 600 K). The 

transport coefficients for PbTe and PbS were calculated using a single non-parabolic 

Kane band model (SKB) that includes deformation potential scattering of L-point 

conduction band electrons by acoustic phonons and polar scattering of electrons by 

optical phonons. The optimal carrier concentration for both peak power factor and peak 

ZT increased with increasing operation temperature and increasing PbS concentration. 

The measured room temperature power factor is consistent with the calculated results. 

However, lower power factor values (Figure 5.3.4 (a)) caused by alloy scattering induced 

lower Hall mobility. This lower Hall mobility also lowered the electronic thermal 

conductivity, leading to a peak room temperature ZT of ~ 0.5 in In0.02Pb0.98Te0.8S0.2 with  
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Hall carrier concentration of ~8×1018 cm-3, just in between of the calculated peak ZTs of 

n-type PbTe and PbS at room temperature (Figure 5.3.4 (b)). At normal doping, the high 

temperature ZT will decrease dramatically due to the bipolar effect with this relative low 

nH, like I-doped PbTe (solid line) shown in Figure 2 (f) [46]. However, in this case, 

electrons in deep lying states annihilated the minority carriers, which kept the high 

Seebeck coefficient, low thermal conductivity, and then still decent ZT at higher 

temperature, resulting in engineering figure of merit (more accurate estimation of average 

ZT), (ZT)eng, even comparable with optimized composition with very high peak ZT by I 

doping (nH is ~4×1019 cm-3) (dashed line) [46].  When y = 0.3, the carrier concentration 

increased to ~ 1.1×1019 cm-3, whereas the bipolar temperature decreased in spite of the 

increase in band gap by incorporation of PbS, which indicated the change of the deep 

lying doping to the shallow lying doping.   

	
    Figure 5.3.4 Room-temperature power factor (a) and ZT (b) as a function of Hall 

carrier concentration for In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 0.20, 0.30, 0.40, and 
0.50). Black curve is calculated power factor (a) and ZT (b) as a function of Hall 
carrier concentration for n-type PbTe, blue curve is calculated power factor (a) and 
ZT (b) as a function of Hall carrier concentration for n-type PbS. The dashed lines 
represent the power factor at 600 K. All the calculations are based on single Kane 
model (SKB). We used the fitted lattice thermal conductivity of In0.02Pb0.98Te1-ySy 
for the calculation of the room temperature ZT. 
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Incorporation of PbS onto PbTe not only increased the electrical conductivity, but also 

strongly decreased the lattice thermal conductivity. The entire lattice thermal 

conductivity of In0.02Pb0.98Te1-ySy (y = 0.05, 0.10, 0.20, and 0.30) (Figure 5.3.2(e)) 

decreased compared to that of In-doped PbTe. The lowest lattice thermal conductivity is 

~0.6 W m-1 K-1 at about 673 K for Pb0.98In0.02Te0.8S0.2. Figure 5.3.5 shows the calculated 

room temperature lattice thermal conductivity of In0.02Pb0.98Te1-ySy (0 ≤ y < 1) and 

In0.005Pb0.995S. Unlike the PbTe1-ySey system, that has lowest lattice thermal conductivity 

at around y = 0.5 due to alloy scattering [30,38], there are two inflecting points (y = 0.20 

and 0.95) in PbTe1-ySy system. According to the XRD patterns (Figure 5.3.1a), only four 

compositions (y = 0, 0.05, 0.95, and 1, with open ovals in Figure 5.3.5) are single phase. 

The dramatic kL decrease in In0.02Pb0.98Te0.95S0.05 and In0.02Pb0.98Te0.05S0.95 is the result of 

effective alloying. Other compositions are within the immiscible gap, having two phases 

(Te-rich phase and S-rich phase) confirmed by both XRD in Figure 5.3.1 (a) and SEM 

images in Figure 5.3.5 (a)-(f) (only shown compositions with y = 0.10, 0.20, 0.30, 0.50, 

0.70, and 0.90 (filled circles)) with the same naturally formed striped structure, but 

different width of the strips. All these compositions underwent spinodal decomposition 

without nucleation barrier, which continuously contributed to the decrease of kL. The 

lowest room temperature kL is ~ 0.68 W m-1 K-1 for In0.02Pb0.98Te0.8S0.2 with the thinnest 

strips (~30 nm in width) (Figure 5.3.5 (b)). Even thinner strips (~2 nm) coming from 

nanoscale compositional fluctuations in this composition were detected at many places by 

transmission electron microscopy (TEM) and are shown in Figure 5.3.6 (a). More 

contributions for lower lattice thermal conductivity also comes from the partial 
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nucleation and growth features in some regions, like the nanocrystals ~30 nm in Figure 

5.3.6 (b) [44,45], and many edge dislocations in Figure 5.3.6 (c), where the variety of 

image contrast and the bend of atomic strings induced by the dislocations are remarkable, 

and the inserted half planes are clearly seen in the filtered image [29,30].   

 
Figure 5.3.5 Room-temperature lattice thermal conductivity for In0.02Pb0.98Te1-ySy (0 

≤ y < 1) and In0.005Pb0.995S. The SEM images for different composition (filled circles) 

are shown in Figure (a)-(f), respectively. The scale bar is 200 nm for (a), (b), (c), (e), 

and (f), and 2 mm for (d). 	

 

	 	
Figure 5.3.6 TEM images for In0.02Pb0.98Te0.8S0.2, showing spinodal decomposition 
(a), nanograins (b), many edge dislocations, and the extra half planes marked by ⊥ 
in magnified filtered image of the circular area (c), and clean grain boundary (d). 
FFT of the left area of the boundary is presented in inset to show the good 
crystallization. The scale bars are 10 nm for (a), and (b), and 2 nm for (c), and (d).  
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Figure 5.3.6 (d) is a [001] high-resolution TEM image for a grain boundary, the inserted 

fast Fourier transform (FFT) of the left area on the boundary showing the well 

crystallization as cubic structure Fm m which are in consistent with the XRD result. The 

clean boundaries and good crystallinity are beneficial to the transport of charge carriers 

[19]. 

We calculated the engineering figure of merit, (ZT)eng,  (that is a more accurate estimate 

of the average ZT that measures the cumulative performance at a given Th and Tc) and the 

efficiency of In0.02Pb0.98Te0.8S0.2. Figure 5.3.7 shows the calculated (ZT)eng and efficiency 

of Pb0.98In0.02Te0.8S0.2 plotted together with Cr-doped PbTe1-ySey [30], I-doped PbTe1-ySey 

[51], Cl-doped PbSe1-ySy [52], Cl-doped PbTe1-x-ySexSy [53], Cl-doped PbS1-yTey [54], and 

In-doped PbTe1-ySey [55] for comparison. We used cumulative temperature dependent 

(CTD) model [56] to calculate the engineering (ZT)eng and efficiency, where the 

maximum efficiency and engineering ZT are expressed in Equation 5.3.1 an Equation 

5.3.3 respectively. 

                                                        (5.3.1) 

                   (5.3.2) 

                                                            (5.3.3) 
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         Where  and,                                      

 (ZT)eng is the engineering figure of merit as a direct indicator, representing overall 

performance of the material at a given Th and Tc, where all the thermoelectric transport 

properties (Seebeck coefficient (S(T)), electric resistivity (ρ(T)), thermal conductivity 

(κ(T)), and Thomson coefficient (τ(T))  are temperature dependent. WJ and WT are weight 

factors providing a practical contribution of Joule and Thomson heat respectively.  

	 		
	

	
	

Figure 5.3.7 Temperature dependence of (a) ZT, (b) (ZT)eng, and (c) Device 
efficiency for In0.02Pb0.98Te0.8S0.2 in comparison with the other reported n-type 
ternary and quaternary lead chalcogenides: Cr-doped PbTe1-ySey [30], I-doped 
PbTe1-ySey [51], Cl-doped PbSe1-ySy [52], Cl-doped PbTe1-x-ySexSy [53], Cl-doped 
PbS1-yTey [54], and In-doped PbTe1-ySey [55] withcold-side temperature 323 K.  
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In spite of high peak ZTs in I-doped PbTe1-ySey (~1.5 at about 600 K) [51], Cl-doped 

PbSe1-ySy (~1.3 at about 900 K) [52], and Cl-doped PbTe1-x-ySexSy (~1.1 at about 800 K) 

[53], (Figure 5.3.7 (a)), (ZT)eng (Figure 5.3.7 (b)) and the efficiency (Figure 5.3.7 (c)) of 

both Cr0.01Pb0.99Te0.25Se0.75 (previous work with high (ZT)eng) [30] and In0.02Pb0.98Te0.8S0.2 

are higher than others with Th up to 773 K. It clearly shows that increase of (ZT)eng is 

more important than achieving high peak ZT. An engineering figure of merit, (ZT)eng  of ~ 

0.7 and the efficiency of ~ 12% can be achieved in Pb0.98In0.02Te0.8S0.2 with Th at 773 K 

and Tc at 323 K. 
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5.4. Conclusion 
	
PbS was incorporated into In-doped PbTe to increase the electrical conductivity by band 

modification and to decrease the thermal conductivity by alloy scattering and spinodal 

decomposition. With high room-temperature ZT optimized by deep lying doping, 

desirable average ZT and (ZT)eng are achieved in In0.02Pb0.98Te0.8S0.2, leading to an 

efficiency of ~12% withcold-side at 323 K and hot-side at 773 K. In-doped PbTe1-ySy has 

high (ZT)eng due to the deep lying doping to achieve optimal carrier concentration for 

good room temperature ZT. This method could be applied to other material systems for 

higher TE efficiencies.   
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CHAPTER 6: I-DOPED N-TYPE TIN SELENIDE  

6.1. Introduction 
	
Explorations of different materials, ranging from metals to alloys and from single crystals 

to nanostructures lead to high performance thermoelectric materials overtime [1-11]. As 

we have seen in the last three chapters, the various thermal and electrical transport 

property optimization techniques, such as resonant doping [12,13], band convergence 

[14,15], all-scale hierarchical structuring [16,17] etc., have been effective in improving 

the performance of group IV–VI semiconductors especially lead chalcogenides. These 

optimizations lead to achieving peak ZT values as high as ~2 in different lead 

chalcogenide alloys [16,18,19]. In spite of decent thermoelectric figure of merit in lead 

chalcogenide compounds, the issue of toxicity has always been a concern. This inspired 

to the investigation of lead-free compounds such as; tin chalcogenides [20–31]. All tin 

chalcogenides (SnTe, SnSe, and SnS) were proved to be topological insulators [32–34] 

and rarely studied for thermoelectric applications. It has been reported that p-type In-

doped SnTe has ZT value higher than ~1 [20]. Recently, a highest ZT value of ~ 2.6 at 

923 K reported in p-type single crystalline SnSe along one of its crystallographic 

direction [23]. This material was not studied as thermoelectric material due to its large 

band gap ~ 0.9 eV [35–39]. The high ZT is solely attributed to the intrinsically ultralow 

thermal conductivity due to high anharmonicity of the chemical bonds [23,40,41]. 

Considering the large-scale applications and the poor mechanical properties in the 

layered single crystal SnSe (crystallized in the orthorhombic Pnma space group), SnSe 

polycrystals were then studied [26]. However, due to lower electrical conductivity and 
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higher thermal conductivity, the peak ZT value was significantly decreased to lower than 

1 at about 800 K [26]. Many kinds of p-type dopants were tested to increase the carrier 

concentration and electrical conductivity, and best peak ZT of ≈ 0.6 at about 750 K was 

achieved in Ag-doped polycrystalline SnSe [27]. SnS (crystallized in orthorhombic Pbmn 

space group) has similar layered structure with SnSe and even larger band gap ~1.21 eV 

[35,36,38,39,42,43].  

Potential application of this environmentally compatible and low-cost material was 

predicted by first principles calculation [44] and a ZT of ~ 0.6 at about 900 K was 

recently obtained in p-type Ag-doped polycrystalline SnS [29]. In this chapter, we will 

address the thermoelectric performance of anisotropic I-doped n-type SnSe and SnSe-SnS 

polycrystalline alloys. 

6.2. Experimental Methods 
	
N-type iodine doped polycrystalline SnSe, SnSe0.9S0.1, and SnSe0.7S0.3 were prepared by 

melting the raw materials (Sn granules, 99.9%; Se granules, 99.99%; S pieces, 99.999%; 

and SnI2 beads, 99.99%) in the double sealed quartz tubes. The raw materials were 

slowly (100 oC/h) raised to 920 oC and kept for 6 h, then slowly (100 oC/h) cooled to 600 

oC and stayed at that temperature for 70 h, finally slowly (100 oC/h) cooled to room 

temperature. The obtained ingots were cleaned and broken by a high-energy ball mill 

SPEX 8000D (SPEX Sample Prep.) for 1 min to get the powder. The powder was loaded 

into the half-inch die and hot pressed by alternating current (ac-HP) press at 600 oC for 7 

min under 50 MPa to get a 14 mm pillar. Considering the anisotropy of SnSe and SnS, all 

the samples were cut from both parallel and perpendicular to the pressing direction and 
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measured along both directions. X-ray diffraction spectra analysis was conducted on a 

PANalytical multipurpose diffractometer with an X’celerator detector (PANalytical 

X’Pert Pro) from different directions of the anisotropic sample. The lattice parameters 

were calculated by the Rietveld refinement method. The microstructures were 

investigated by a scanning electron microscope (SEM, LEO 1525). The electrical 

resistivity (ρ) and Seebeck coefficient (S) were simultaneously obtained on a commercial 

system (ULVAC ZEM-3). The thermal conductivity κ was calculated using κ = DαCp, 

where D is volumetric density determined by the Archimedes method, α the thermal 

diffusivity obtained on a laser flash apparatus (Netzsch LFA 457) for an half inch disk 

with thickness of < 1.5 mm, and Cp the specific heat measured on a differential scanning 

calorimetry thermal analyzer (Netzsch DSC 404 C). The Hall Coefficient RH at room 

temperature was measured using PPMS (Quantum Design Physical Properties 

Measurement System) with a magnetic field of -3 T and 3 T and an electrical current of 8 

mA. The Hall carrier concentration nH was calculated using nH = 1/(eRH). The uncertainty 

for the electrical conductivity is 3%, the Seebeck coefficient 5%, the thermal conductivity 

7% (comprising uncertainties of 4% for the thermal diffusivity, 5% for the specific heat, 

and 3% for the density), so the combined uncertainty for the power factor is 10% and that 

for ZT value is 12%.  Error bars were not used in the Figures to increase the readability of 

the curves.  

6.3. Thermoelectric Properties of n-type Polycrystalline SnSe1-xIx 
	
SnSe crystallizes in a layered structure with orthorhombic Pnma space group (PDF #32-

1382) at room temperature [29]. Figure 6.3.1 shows the XRD patterns taken in the plane 
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parallel to the hot pressing direction (a) and perpendicular to hot pressing direction (b). 

The calculated lattice parameters for undoped SnSe (a = 11.48, b = 4.15, and c = 4.43) 

are consistent with the reported data [23,26]. There is obvious difference in diffraction 

intensity in (400) and (111) planes (the ratio of the integral intensity of peak (400) to 

peak (111) is 0.47 in panel (a) and 2.2 in panel (b) for undoped SnSe). This indicates the 

existence of anisotropy in the samples in agreement with the microstructure shown in 

SEM image (Figure 6.3.2a). All the peaks were indexed without any impurity in spite of 

the high iodine concentration. A structural phase transition from orthorhombic low 

symmetric (Pnma) phase to orthorhombic high symmetric (Cmcm) phase undergoes at 

about 780 K [23,26,45]. This is confirmed from the temperature dependence of specific 

heat for SnSe1-ySy (y = 0, 0.1, and 0.3) as shown in Figure 6.3.3. The phase transition 

temperature pushed to a higher temperature when SnSe is alloyed with SnS. 

	
    Figure 6.3.1 XRD patterns of SnSe1-xIx (x = 0, 0.01, 0.02, 0.03, and 0.04) of bulk 

samples (a) parallel to the hot pressing direction and (b) perpendicular to the hot 
pressing direction. 
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Figure 6.3.2 SEM fracture images of I-doped SnSe0.97I0.03 a) on bulk samples 
perpendicular to the hot pressing direction and I-doped SnSe0.87S 0.1I0.03 b) on bulk 
samples parallel to the hot pressing direction. The scale bar is 10 µm. Inset image: 
the hot pressed disk. 

 

 

Figure 6.3.3 Temperature dependence of specific heat for SnSe1-ySy (y = 0, 0.1, 
and 0.3). To be conservative, Cp of the undoped SnSe, SnSe0.9Se0.1, and 
SnSe0.7Se0.3 are used for the calculation of the total thermal conductivity of I-
doped SnSe, SnSe0.9Se0.1, and SnSe0.7Se0.3, respectively. The small peak at 
about 500 K corresponds to the melting of maybe a very small amount of 
elemental Sn [26]. 
 

The electrical conductivity of single crystalline SnSe is much lower than that of 

traditional state-of-the-art thermoelectric materials. The very high ZT of single 
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intrinsically high anharmonicity of the chemical bonds [23,40]. Polycrystalline SnSe 

has even lower electrical conductivity compared to single crystal SnSe [26]. The Hall 

carrier concentration can be increased from ~ 2x1017 cm−3 to ~9x1018 cm−3 by Ag 

doping [27]. However, the electrical conductivity is still low because of the lower 

carrier mobility in polycrystals. Figure 6.3.4 shows the temperature dependence of 

electrical conductivity (a), Seebeck coefficient (b), power factor (c), thermal 

diffusivity (d), total thermal conductivity (e), and ZT (f) of all doped SnSe1-xIx  (x = 

0.01, 0.02, 0.03, and 0.04) compared with undoped SnSe measured along the hot 

pressing direction.  

All the electrical conductivities increased with increasing temperature, showing 

typical semiconductor behavior. It has been reported that nominal stoichiometric 

SnSe shows p-type intrinsic behavior [27], like the undoped result shown in Figure 

6.3.4. In our study, the real composition is found to be close to SnSe0.86 with Se defect 

due to the evaporation of Se during melting and annealing (Table 6.3.1).  However, 

Se evaporation is not observed after long time annealing (70 h). If added up to 5 atm. 

% of extra Se during preparation, the compound still shows p-type with negligible 

carrier density change and become n-type with 5 atm. % extra Sn (but not stable) 

[27]. In this study, iodine doping changed the conductivity type from p to n in the 

whole temperature range when x ≥ 0.01 confirmed by both the measured Seebeck 

coefficients and Hall coefficients (Figure 6.3.5) (the sample is also not stable when x 

= 0.005, showing p-type at room temperature as shown in Figure 6.3.5 and n-type at 

higher temperature, not shown here). Both iodine doping and Sn overweight together 
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created electrons, but the electron carrier density is limited to only ~ 5x1015 cm−3 for 

x = 0.01 and to ~2x1017 cm−3 for x = 0.04. The electrical conductivity decreased first 

(x ≤ 0.01) then increased (x ≥ 0.01) with increasing content of iodine, but the value is 

still as low as the undoped SnSe when x = 0.04. Thus, in spite of the high Seebeck 

coefficient, the power factor is only ~ 4 µW cm−1 K−2 at about 800 K. 

 
      Figure 6.3.4 Temperature dependence of (a) electrical conductivity, (b) 

Seebeck coefficient, (c) power factor, (d) thermal diffusivity, (e) total thermal 
conductivity and (f) ZT for SnSe1-xIx (x = 0, 0.01, 0.02, 0.03, and 0.04) 
measured along the hot pressing direction. 
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      Table 6.3.1 Room-temperature real composition, density, Hall carrier 
concentration, electrical conductivity, and total thermal conductivity for  

     SnSe1-xIx and SnSe0.97-ySyI0.03.   
 

Nominal Comp. Real Comp. 
Density  

(g cm-3) 

nH 

(1017 cm-3) 

σ 

(S m-1) 

κ 

(W m-1 K-1) 

SnSe SnSe0.86 6.05 2.3 56.5 0.90 

  SnSe0.995I0.005 SnSe0.891I0.006 5.90 1.6 0.22 0.65 

SnSe0.99I0.01 SnSe0.883I0.013 5.87 0.05 0.02 0.63 

SnSe0.98I0.02 SnSe0.856I0.021 5.84 0.15 0.23 0.66 

SnSe0.97I0.03 SnSe0.884I0.034 5.81 0.46 12.5 0.70 

SnSe0.96I0.04 SnSe0.873I0.04 5.80 2.4 56.8 0.74 

SnSe0.87S0.1I0.03 SnSe0.88S0.07I0.04 5.75 0.38 15.8 0.72 

SnSe0.67S0.3I0.03 SnSe0.68S0.29I0.03 5.61 0.25 7.19 0.49 

  

	
 Figure 6.3.5 Relationship between room-temperature Hall coefficient (RH) and 
iodine concentration (x) (a) and room temperature Pisarenko relation for  

 SnSe1-xIx (x = 0, 0.005, 0.01, 0.02, 0.03, and 0.04) (b). 
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     Figure 6.3.6 Temperature dependence of a) electrical conductivity, b) Seebeck 
coefficient, c) power factor, d) thermal diffusivity, e) total thermal 
conductivity, and f) ZT for SnSe0.97 I0.03 measured along the hot pressing 
direction (open symbols) and perpendicular to the hot pressing direction (filled 
symbols). 

 
Normally, Seebeck coefficient decreased with increasing carrier concentration. However, 

from the Pisarenko relation for SnSe1-xIx in Figure 6.3.5 b, the negative Seebeck 

coefficient increased with increasing electron carrier concentration when x < 0.03 due to 

the relatively high density of minority carriers when having too low electron carrier 

concentration. The high density of minority carriers decreased the Seebeck coefficient at 

low electron carrier concentration. Considering the low electronic thermal conductivity 

(κe = LσT , where L is the Lorenz number), the lattice thermal conductivity (κL= κtotal - κe 

) is close to the total thermal conductivity shown in Figure 6.3.4 e. Similar to other 
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reported SnSe [23,26,27], high ZT value of ~ 0.8 at about 773 K as shown in Figure 6.3.4 

f is mostly benefited from this very low intrinsic thermal conductivity. We also showed 

the thermoelectric properties of SnSe0.97I0.03 measured both parallel and perpendicular to 

the hot pressing direction in Figure 6.3.6. The electrical conductivity and the thermal 

conductivity measured from perpendicular to the hot pressing direction are higher than 

those from parallel to the hot pressing direction, but the Seebeck coefficient is almost the 

same from the two directions. However, the ZT is higher along the hot pressing direction. 

SnS also crystallizes in a layered structure with orthorhombic Pbmn space group (PDF 

#39-0354) at room temperature [29]. It undergoes structural phase transition from 

orthorhombic to tetragonal at about 858 K [29]. We also studied the alloying effect of 

SnS into SnSe to see whether further reduction on thermal conductivity is possible. 

Figure 6.3.7 shows the XRD patterns of alloyed bulk samples SnSe0.97-ySyI0.03 (y = 0, 0.1, 

and 0.3) parallel (a) and perpendicular (b) to hot pressing direction. Again, we saw strong 

anisotropy in the samples, which is in consistent with the SEM images presented in 

Figure 6.3.2 b. Since SnSe and SnS can form a continuous series of solid solutions, all the 

peaks of SnSe0.97-ySyI0.03 were indexed to single phase with a minor right shift when SnS  

is increased. All the calculated lattice parameters (a, b, and c) decreased with increasing 

concentration of SnS in consistent with Vegard's law.  
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Figure 6.3.7 XRD patterns of bulk samples SnSe0.97-ySyI0.03 (y = 0, 0.1, and 
0.3) a) along the hot-pressing direction and b) perpendicular to the hot pressing 
direction. The calculated lattice parameters were based on SnSe0.97-ySyI0.03 (y = 
0, 0.1, and 0.3). We use data from ref [29] for undoped SnSe. 
 

Figure 6.3.8 presents the temperature dependence of electrical conductivity (a), Seebeck 

coefficient (b), power factor (c), thermal diffusivity (d), total thermal conductivity (e), 

and ZT (f) of alloyed SnSe0.97-ySyI0.03 (y = 0.1 and 0.3) compared with SnSe0.97I0.03 

measured from along the hot pressing direction. Both the electrical conductivity and the 

thermal conductivity decreased with increasing content of SnS. Se evaporation was 

depressed and the electron carrier concentration decreased by introducing S (see Table 

6.3.1). Optical absorption spectra in Figure 6.3.9 shows that the band gap of undoped 

SnSe is ~ 0.94 eV, which is decreased to ~ 0.91 eV for SnSe0.97I0.03 by I doping and 
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increased to ~0.97 eV for SnSe0.67S0.3I0.03 and ~ 0.93 eV for SnSe0.87S0.1I0.03 by alloying 

with SnS. 

 
Figure 6.3.8 Temperature dependence of (a) electrical conductivity, (b) 
Seebeck coefficient, (c) power factor, (d) thermal diffusivity, (e) total 
thermal conductivity, and (f) ZT for SnSe0.97-ySyI0.03 (y = 0, 0.1, and 0.3) 
measured along the hot-pressing direction. 
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Figure 6.3.9 Optical absorption spectra and band gaps for undoped SnSe 
(black line), SnSe0.97I0.03 (green line), SnSe0.87S0.1I0.03 (red line), and 
SnSe0.67S0.3I0.03 (blue line). 
 

 According to the Debye approximation, the theoretical lowest lattice thermal 

conductivity of a disordered crystal can be calculated using the following formula [33].  
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Where κB is the Boltzmann constant,	n is number of atom per volume;	vi	and Θi	are the	

phonon velocity and Debye temperature for three sound modes (two transverse and one 

longitudinal), respectively. In our case, the calculated lowest lattice thermal conductivity 

is ~0.26 W m−1 K−1 at about 770 K for the low temperature orthorhombic (Pnma) phase 

SnSe, which is still lower than the experimental results for undoped (~0.4 W m−1 K−1) 

and I-doped SnSe, (SnSe0.97I0.03 ~0.37 W m−1 K−1) at 770 K shown in Figure 6.3.4 e. In 

spite of the very low thermal conductivity in SnSe, we also tried alloying with SnS in 3 

atm. % iodine-doped SnSe to further decrease the thermal conductivity. Due to the very 
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low electrical conductivity, the lattice thermal conductivity is also close to the total 

thermal conductivity. It also decreased close to the theoretical limit with more alloy 

scattering (≈ 0.3 W m−1 K−1 for SnSe0.87S0.1I0.03, and ≈ 0.25 W m−1 K−1 for 

SnSe0.67S0.3I0.03 at 770 K) (if more SnS alloyed, we should consider the theoretical limit 

of the SnSe1-ySy alloys). This thermal conductivity is also close to the lattice thermal 

conductivity of the single crystals measured from b axis and c axis from 673 K-773 K 

[23]. The increased Seebeck coefficient by alloying, together with the lowered thermal 

conductivity kept the power factor at ~ 4 µW cm−1 K−2 and increased the highest ZT to ~ 

1.0 at about 773 K for SnSe0.87S0.1I0.03. This finding shows the first n-type Sn 

chalcogenide alloy also with decent peak ZT. However, we must notice the low average 

ZT of tin chalcogenides, even worse than that of lead chalcogenides. 
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6.4. Conclusion 
	
I-doped n-type SnSe polycrystal was successfully prepared by melting and hot pressing. 

The electrons from iodine doping first decreased the carrier concentration and then 

increased the electron carrier concentration to ~ 2x1017 cm-3 in SnSe0.96I0.04. ZT of ~ 0.8 at 

about 773 K was obtained due to the intrinsic ultralow thermal conductivity in 

SnSe0.97I0.03. A highest ZT of ~ 1.0 at about 773 K was achieved by alloying 10 atm. % 

SnS with 3 atm. % I-doping due to even lower thermal conductivity. Although having 

high peak ZTs in p-type single crystalline SnSe, the ZT of its polycrystalline form is not 

quite promising. In order to use this environmentally friendly and economic material, the 

average ZT needs to be increased. 
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CHAPTER 7: THERMOELECTRIC PROPERTIES OF P-TYPE SnSe 

7.1. Introduction  
	
As we addressed in the preceding chapters, various efforts have been implemented to 

reach a subtle balance of thermal and electronic transport properties to achieve high ZT 

values [1-6].  These include but not limited to, the phonon-glass electron-crystal approach 

[7,8], nanostructuring techniques [5], solid solution [9,10], and all-scale hierarchical 

structuring [11] to reduce the thermal conductivity and resonant doping and band 

convergence approaches [12-20] to enhance the electronic properties. These techniques 

have proven to be successful in achieving high ZT values in different thermoelectric 

materials.  Another good way to achieve high ZT value is to find materials with intrinsic 

low thermal conductivities, such as Zintl phases, Mo-based clusters and sulphur-based 

compounds [21-24]. SnSe also shown to have intrinsic ultra low thermal conductivity due 

to the complex structure with strong anharmonic and anisotropic bonding, contributing to 

a high ZT value of ~2.6 at 923 K along b-axis in single crystalline form [25]. SnSe 

compounds have been studied more in solar cell technology and phase change memory 

devices [26-27] than thermoelectric applications because of the large band gap ~ 0.9 eV 

[28]. SnSe consists of earth-abundant and nontoxic elements, hence it would be better 

than those containing rare elements [29]. At ambient conditions SnSe crystallizes in a 

layered orthorhombic structure with space group Pnma #62, but the structure undergoes 

phase transition into a higher symmetric orthorhombic phase with space group Cmcm #63 

at ~800 K. This high-temperature high-symmetric phase has good thermoelectric 

properties. However, the structure is thermally unstable under these conditions due to 
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sublimation, which severely restricts the potential applications [29]. The thermal and 

electronic transport properties of this binary compound have significant differences along 

the three crystallographic directions unlike other symmetric IV–VI compounds such as 

SnTe and lead chalcogenides that crystallize in rock salt structure and have isotropic 

thermoelectric properties [30,31]. Despite the extraordinary ZT values in single 

crystalline SnSe, the practical device application is difficult because of the poor 

mechanical properties [32].  

Therefore, exploring the thermoelectric properties of polycrystalline SnSe is preferred. 

Up to now, one study has assessed the thermoelectric performance of undoped 

polycrystalline SnSe and found a ZT value of ~ 0.5 at 823 K [32]. Another study showed 

that Ag doping increased the carrier concentration and a maximum room temperature 

Hall carrier concentration of ~ 9×1018 cm-3 was obtained in Ag0.07Sn0.93Se showing a 

peak ZT value of ~0.6 at 750 K in Ag0.01Sn0.99Se [31].  Very recently, Na is investigated 

as a potential dopant in SnSe-SnTe alloy system [33]. We also successfully prepared and 

studied the thermoelectric properties of n-type Sn chalcogenide polycrystalline materials 

and achieved a peak ZT value of ~1.0 at 773 K [34] as explained in the preceding chapter 

in detail.  

Since polycrystalline SnSe has very low electrical conductivity (< 103 S m-1), we tried 

different dopants Na and K (IA element), Mg, Ca, and Ba (IIA element), B, Al, Ga, and 

In (IIIA element), Sb and Bi (VA element), and also Ag to enhance the carrier 

concentration and improve the ZT values. However, none of these dopants significantly 

increase the electrical conductivity due to probably lower solubility of these dopants in 
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SnSe lattice except Ag and Na. Very recently, ultrahigh power factor and thermoelectric 

performance was obtained in single crystalline SnSe by Na doping showing that Na is a 

more effective dopant of SnSe [35]. In this chapter, we present our studies on the 

thermoelectric properties of Na-doped polycrystalline p-type SnSe below the phase 

transition temperature (~800 K). A peak ZT of ~0.8 is obtained at 773 K along the hot 

pressing direction and the average ZT of Na-doped SnSe was improved. 

7.2. Experimental Methods  
	
Ingots of NaxSn1-xSe with x = 0.01, 0.015, 0.02, and 0.03 were prepared in a double sealed 

carbon coated quartz tube from high purity elements (Na chunks, 99.99%; Sn shots, 

99.99%; Se granules, 99.99%). The tubes were evacuated to ~3×10-4 Pa and sealed, then 

slowly heated to 900-950 oC at a rate of 100 oC h-1 and then held at that temperature for 6 

hours, then slowly cooled at the same rate to 600 oC and kept there for 50 hours, and 

finally cooled to room temperature. The ingots obtained from this procedure were 

cleaned and only ball milled for 1 minute to achieve some anisotropy in the grains. The 

ball-milled powder was then loaded into the 1/2 inch central cylindrical hole of graphite 

dies, hot pressed at 600 oC for 7 minutes by alternating current (ac-HP) under 50 MPa, air 

cooled, polished, cleaned, and cut from two different directions (parallel and 

perpendicular to the hot pressing direction) to a desired shape for thermal and electrical 

transport property measurements. X-ray diffraction spectra analysis was conducted on a 

PANalytical multipurpose diffractometer with an X’celerator detector (PANalytical 

X’Pert Pro). The microstructures were investigated by a scanning electron microscope 

(SEM, JEOL 6340F). Seebeck coefficient (S) and electrical conductivity (s) were 
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measured using a static direct current method and a four-point direct current switching 

method, respectively, on a commercial (ZEM-3, ULVAC) system. The room temperature 

Hall carrier concentration (nH) was measured using a Quantum Design Physical 

Properties Measurement System. The thermal diffusivity (α) was measured by a laser 

flash system (LFA 457, Netzsch), the specific heat (Cp) was measured on a differential 

scanning calorimetry thermal analyzer (DSC 404 C, Netzsch), and the volumetric density 

(D) was measured by the Archimedes method. The thermal conductivity was calculated 

by κ = DαCp. Our measurements are accurate within 12 % for ZT and 10 % for power 

factor, due to a 3 % error in electrical conductivity, a 5 % error in Seebeck coefficient, 

and a 7 % error in thermal conductivity. Error bars are not used in the Figures to increase 

the readability of the curves.  

7.3. Thermoelectric Properties of Na-doped SnSe 
	
Considering the anisotropy of SnSe, we conducted room temperature XRD measurements 

from two different directions for samples NaxSn1-xSe with x = 0, 0.01, 0.015, 0.02, and 

0.03, as shown in Figure 7.3.1. Analysis of the XRD results indicated Na-doped SnSe 

crystallizes in pure orthorhombic low symmetric phase with space group Pnma #62 

similar to undoped SnSe [25]. There are obvious differences in the patterns collected 

from the two different planes, especially in the intensity of the (400) and (111) reflection 

peaks, suggesting that grains have preferentially grown along these planes, which agrees 

with the previous reports for both single crystalline and polycrystalline SnSe [25,32]. The 

peak positions for Na-doping level of 1 atm. % and 1.5 atm. % shift a little bit to higher 

angles relative to the undoped sample due to the substitution of a larger atom Sn (0.112 
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nm) by a smaller atom Na (0.102 nm), for Na-doping levels of 2 atm. % and 3 atm. % the 

peak positions did not change anymore because they have surpassed the doping limit. The 

variation of lattice parameters with Na concentration for the two different directions is 

plotted in Figure 7.3.1 (c) and (d). The SEM images from the freshly fractured surface of 

undoped and 1.5 atm. % Na-doped samples are shown in (Figure 7.3.2 (a) and (b)) and 

(Figure 7.3.2 (c) and (d)) respectively. The obvious layered structure leads to the 

difference in the electrical and thermal transport properties along the two different 

directions. To further increase the anisotropy, we forged the samples by repressing them. 

However, thermoelectric properties are not enhanced (not shown here). Since the best 

thermoelectric property is in one of the in-plane directions according to the single crystal 

result [25], by hot pressing, we can only get the mixture properties of the two in-plane 

directions. The grain sizes of undoped SnSe samples are smaller than the 1.5 atm. % Na-

doped samples showing an increase in grain size with Na doping. The addition of any 

additional element in an existing compound could change the chemistry of that 

compound, which may lead to grain size difference. In Na-doped SnSe, Na has a different 

atomic radius from Sn to cause a change of stress/strain field in the material. This would 

affect the grain growth by affecting the surface/grain boundary energy and might produce 

bigger grains in Na-doped SnSe. 
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Figure 7.3.1 XRD patterns of the as-pressed bulk samples NaxSn1-xSe (x = 0, 0.01, 
0.015, 0.02, 0.03) for (a) perpendicular (blue arrow) to the hot pressing direction 
(b) parallel (red arrow) to the hot pressing direction, calculated lattice parameters 
from the XRD patterns for (c) perpendicular and (d) parallel to the hot pressing 
direction. The vertical lines at the bottom of (a) and (b) are from the standard card.  
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Figure 7.3.2 SEM images of the freshly fractured surface of undoped SnSe (a) 
bulk samples perpendicular to the hot pressing direction, (b) parallel to the hot 
pressing direction, and Na-doped Na0.015Sn0.985Se (c) perpendicular to the hot 
pressing direction, (d) parallel to the hot pressing direction.  

 

Undoped polycrystalline SnSe has a phase transition at about ~800 K [31-33]. For any 

possible applications, we should avoid using these materials above this phase transition 

temperature. Hence, all the thermoelectric properties in this study are only measured up 

to 773 K. Figure 7.3.3 presents the temperature dependence of the specific heat of 

undoped and 3 atm. % Na-doped SnSe samples. The specific heat of the doped sample is 

relatively higher than the undoped sample, which is attributed to the substitution of Sn by 

a lighter atomic mass element Na. We noticed that the Cp had an abnormal increase at 

773 K, which is very likely related to the phase transition at ~780 K. 
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Figure 7.3.3 Temperature dependence of specific heat for undoped SnSe and Na-
doped Na0.03Sn0.97Se.  
 

Figure 7.3.4 shows the thermoelectric properties ((a) Seebeck coefficient, (b) electrical 

conductivity, (c) power factor, (d) thermal diffusivity, (e) thermal conductivity and (f) the 

ZT) of Na-doped SnSe (x = 0.01, 0. 015, 0.02, and 0.03) measured along the hot pressing 

direction compared with the reported data of single crystal SnSe along the b axis (filled 

star) [25], together with the undoped (dotted line) and the optimized Ag-doped 

polycrystalline SnSe (solid line) [31]. The Seebeck coefficient of all the samples is 

positive, indicating that the samples are p-type, consistent with the Hall measurements. 

The Seebeck coefficient increased from less than 200 µV K-1 to a maximum ~350 µV K-1 

at about ~673 K and then decreased due to the bipolar effect of minority carriers 

activation at elevated temperature. The Seebeck coefficient values of all Na-doped 

samples shown in Figure 7.3.4 (a) are lower than that of single crystal SnSe [25], 

undoped, and Ag-doped polycrystalline SnSe [31].  However, the bipolar temperature is 

higher than that of the single crystal SnSe [25], undoped, and Ag-doped [31] 

polycrystalline SnSe because of the increase of the carrier concentration by Na doping.  
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The electrical conductivity of all Na-doped samples is higher than that of the undoped 

SnSe as shown in Figure 7.3.4 (b). The electrical conductivity first increased with 

increasing temperature, then decreased from 400 K to 673 K and increased again from 

673 K to 773 K, showing typical semiconductor characteristic. 

A similar property was also previously reported in undoped polycrystalline SnSe [32]. 

The increase of electrical conductivity from 673 K to 773 K could be attributed to the 

thermal activation of minority carriers (electrons) due to the temperature dependent 

reduction of the band gap. At all temperature ranges the electrical conductivity first 

increased with Na doping level from 1 atm. % to 1.5 atm. % and then decreased for 2 

atm. % and 3 atm. %, yielding the maximum electrical conductivity at 1.5 atm. % Na 

doping level. This electrical conductivity is higher than the electrical conductivity of 

polycrystalline Ag-doped SnSe, but still much lower than that of other typical 

thermoelectric materials with equivalent carrier concentration because of the very low 

Hall mobility in this material. The decrease in the electrical conductivity at higher doping 

levels is attributed to the decrease in Hall mobility due to ionized impurity scattering and 

increased carrier-carrier scattering.	 Below ~673 K, even though the electrical 

conductivity decreased at higher doping levels it is still much higher than the electrical 

conductivity of undoped SnSe and the electrical conductivity of single crystalline SnSe.	

The maximum power factor is only ~ 4.5 µW cm-1 K-2 at 773 K for 1.5 atm. % Na doping 

(see Figure 7.3.4 (c)), and this power factor is less than that of the optimized Ag-doped 

SnSe due to the lower Seebeck coefficient. However, the thermal conductivity of Na-

doped SnSe is lower than that of Ag-doped SnSe and undoped SnSe in the whole 
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temperature range as shown in Figure 7.3.4 (e) (Figure 7.3.4 (d) shows the corresponding 

thermal diffusivities). It also showed that the total thermal conductivity is almost 

independent of Na doping, showing that the lattice part of thermal conductivity is 

significantly dominant and the electronic part is negligible. This is understandable, since 

the electrical conductivity is too low. A maximum ZT of ~0.8 is obtained at about 773 K 

in 1.5 atm. % Na-doped SnSe samples. Moreover, the calculated average ZT (~0.32) of 

Na-doped SnSe is relatively higher than the average ZTs of undoped SnSe (~0.11), Ag-

doped SnSe (~0.27) and a little bit lower than single crystalline SnSe (~0.43) (The 

highest ZT of the single crystalline SnSe is ~1.6 at 773 K) in the temperature range of 300 

K to 773 K. Since average ZT is very important for real device application [36,37], 

polycrystalline Na0.015Sn0.985Se seems to be a better candidate compared to the previously 

studied p-type undoped [31,32], Ag-doped polycrystalline SnSe [31] and single 

crystalline SnSe that has also poorer mechanical properties. 
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Figure 7.3.4 Temperature dependence of (a) Seebeck coefficient, (b) electrical 
conductivity, (c) power factor, (d) thermal diffusivity, (e) thermal conductivity, and 
(f) ZT for NaxSn1-xSe (x = 0, 0.01, 0.015, 0.02, and 0.03) measured along the hot 
pressing direction compared with that of the reported single crystal SnSe along b 
axis (filled star) [25], together with the undoped (dotted line) and the optimized Ag-
doped polycrystalline SnSe (solid line) [31]. 
         

 In order to understand the change of transport properties with doping, we fitted our 

experimental Seebeck coefficient data at 300 K with a single parabolic band model 

calculation results as shown in Figure 7.3.5(a).  

The fitting shows the transport properties of Na-doped SnSe are explained by single 

parabolic band model with acoustic phonon scattering approximation and density of 
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coefficient values of Na-doped samples compared to Ag-doped samples are attributed to 

the higher Hall concentration by Na-doping. The relationship between the Hall carrier 

concentration and the doping concentration of Na (our work, filled circles) and Ag [31] 

(open circles) is shown in Figure 7.3.5 (b). The Hall carrier concentration of undoped 

SnSe is ~2.3×1017 cm-3, consistent with the reported data. The carrier concentrations of 

all Na-doped samples, even the one with the lowest doping concentration (x = 0.01) is 

higher than the highest carrier concentration obtained by Ag doping (x = 0.07) (9×1018 

cm-3) [31]. Na has been generally demonstrated as efficient dopant in p-type lead-based 

chalcogenides and it also effectively increased the Hall concentration of SnSe even at low 

doping levels. It is found that, the carrier concentration increased with increasing Na 

doping concentration. However, the electrical conductivity is maximized at a carrier 

concentration of ~ 2.1×1019 cm-3 for 1.5 atm. % Na doping. We also summarized the 

room temperature Hall carrier concentrations and density of selected NaxSn1-xSe samples 

in Table 7.3.1. The relative density of all samples is higher than 94 %. There is always Se 

deficiency due to the evaporation of Se during the preparation; however, it is stable after 

annealing for 50 hours. When we prepared samples with the nominal composition SnSe, 

we detected the small vacancy of the Se. Se vacancy can lead to n-type behavior, that’s 

why the undoped SnSe in this study has a lower Hall carrier concentration than that of the 

single crystal SnSe [25]. However, it is still p-type [34]. When Na is effectively doped 

into SnSe, more holes contributed, which insured higher p-type conductivity in Na-doped 

SnSe.  
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                                      (a)                                                                          (b) 

Figure 7.3.5 Relationship between (a) Seebeck coefficient and Hall carrier 
concentration for Na-doped (this work filled circles) and Ag-doped [31] (open 
circles) (b) Hall carrier concentration and Na concentration (this work, filled 
circles) and Ag concentration [31] (open circle). 
 
Table 7.3.1 Room temperature Hall carrier concentrations, and density of 

selected NaxSn1-xSe samples 

 

Nominal Composition Density (g cm-3) nH  (1019 cm-3) 

       SnSe 6.05 0.023 

      Na0.01Sn0.99Se 5.83 1.81 

      Na0.015Sn0.985Se 5.81 2.10 

      Na0.02Sn0.98Se 5.84 2.67 

 

Anisotropic transport properties have been observed in all previous studies of both single 

crystalline and polycrystalline SnSe [25,31,32]. Na-doped SnSe samples show similar 

anisotropic structure and transport properties. Figure 7.3.6 shows the thermoelectric 

properties of Na0.015Sn0.985Se measured in two different directions: parallel (open circles) 

and perpendicular (filled circles) to the hot pressing direction. There is not much 

difference between the Seebeck coefficients measured from the two directions. 
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However, both the electrical conductivity and the thermal conductivity show obvious 

anisotropy. Because of the higher electrical conductivity when measured perpendicular to 

the hot pressing direction, the power factor is also higher. However, due to the much 

lower thermal conductivity along the hot pressing direction, the ZT value is a little bit 

higher along the hot pressing direction. This is consistent with the reported undoped, Ag-

doped and I-doped SnSe [31,32,34]. 

 
Figure 7.3.6 Temperature dependence of (a) Seebeck coefficient, (b) 
electrical conductivity, (c) power factor, (d) thermal diffusivity, (e) thermal 
conductivity, and (f) ZT for Na0.015Sn0.985Se measured along the hot pressing 
direction (blue arrow) and perpendicular to the hot pressing direction (red 
arrow). 
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7.4. Conclusion 
	
In this study we showed Na doping could effectively increase the carrier concentration to 

~2.7×1019 cm-3 in polycrystalline SnSe, which results in increased electrical conductivity 

and power factor. A peak ZT of ~0.8 is obtained at 773 K along the hot pressing direction 

due to the low intrinsic thermal conductivity and enhanced power factor at an optimum 

Na doping level of 1.5 atm. %. 
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CHAPTER 8: SUMMARY 

In conclusion, we have successfully prepared and studied the thermoelectric performance 

of lead and tin chalcogenides. In our study of lead chalcogenides we came up with a 

different approach of improving the performance of these materials by systematically 

improving their thermoelectric performance near room temperature.  

In our investigation of the thermoelectric properties of n-type PbSe, we discovered 

transition metals (Ti, V, Cr, Nb, and Mo) as effective dopants to enhance the lower 

temperature (below 600 K) thermoelectric properties. Specifically, Cr doping in PbSe 

enhanced the room temperature ZT to ~0.4 and the peak ZT to ~1.0 between 573 K and 

673 K.  Hence, the average ZT of n-type PbSe is increased over a wide temperature range 

(300 K to 873 K). A thermal to electrical conversion efficiency of up to ~12 % is 

achieved in 0.5 atm. % Cr doped PbSe atcold-side temperature of 300 K and hot-side 

temperature of 773 K. At the lower temperature range, when the hot-side temperature is 

between 350 K and 523 K, the device efficiency of Cr-doped PbSe is still pretty high and 

only slightly lower than that of the state-of-the-art n-type Bi2Te2.7Se0.3 system. This 

makes Cr-doped PbSe a promising thermoelectric material for cooling and power 

generation applications.  

In a similar investigation of the thermoelectric performance of PbTe-PbSe quaternary 

alloy, we found Cr is still the most effective dopant to tailor the thermoelectric properties 

near room temperature. In this systematic study of Cr doping in PbTe1-ySey, a ZT of ~0.6 

at room temperature was achieved in Te-rich Cr0.015Pb0.985Te0.75Se0.25 resulting from 

combination of a higher power factor and a lower thermal conductivity. This ZT value is 
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a record value achieved so far in the family of lead-chalcogenide systems at room-

temperature. A peak ZT of ~1 was also obtained in Se-rich Cr0.01Pb0.99Te0.25Se0.75 at about 

573 to 673 K, with a room-temperature ZT of ~0.5. The thermal to electrical conversion 

efficiencies of Te-rich Cr0.015Pb0.985Te0.75Se0.25 and Se-rich Cr0.01Pb0.99Te0.25Se0.75 are ~10 

% and ~12 %, respectively, with hot-side temperature of 773 K andcold-side temperature 

of 300 K. This result shows both Te-rich Cr0.015Pb0.985Te0.75Se0.25 and Se-rich 

Cr0.01Pb0.99Te0.25Se0.75 alloys could potentially be used for cooling and medium 

temperature power generation applications.  

Interestingly, in both PbSe and PbTe-PbSe alloys, Cr doping tunes the carrier 

concentration to an optimum value from 1018 cm-3 to 1019 cm-3 and we found the room 

temperature performance of lead chalcogenides got boosted under this range of carrier 

concentration. Even though, Cr is speculated as a resonant dopant in lead chalcogenides, 

our results showed no resonant effect in both PbSe and PbTe-PbSe alloys and further 

investigation is needed to explain what modifications happened in the band structure to 

yield these interesting thermoelectric properties at room temperature.  

On another study of the thermoelectric performance of PbTe-PbS quaternary alloy, we 

found Indium (In) as effective dopant to tune the carrier concentration by forming deep 

lying defect states. PbS was incorporated into In-doped PbTe to increase the electrical 

conductivity by band structure modification and to decrease the thermal conductivity by 

alloy scattering and spinodal decomposition. We achieved a room-temperature ZT as high 

as ~0.5 in In0.02Pb0.98Te0.8S0.2. With high-room temperature ZT optimized by deep lying 

doping, desirable average ZT and engineering figure of merit, (ZT)eng, are obtained in 
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In0.02Pb0.98Te0.8S0.2, leading to an efficiency of ~12% withcold-side temperature of 323 K 

and hot-side temperature of 773 K. In-doped PbTe1-ySy has high (ZT)eng due to the deep 

lying doping that lead to optimal carrier concentration for good room-temperature ZT and 

high-temperature ZT. This method could be applied to other material systems for higher 

thermoelectric efficiencies. 

In our study of anisotropic polycrystalline SnSe materials, we synthesized I-doped n-type 

SnSe by melting and hot pressing for the first time. Iodine doping changed the 

conductivity type and increased the electron carrier concentration to ~ 2x1017 cm-3 in 

SnSe0.96I0.04. A ZT value of ~ 0.8 was obtained along the hot pressing direction at about 

773 K due to the intrinsic ultralow thermal conductivity in SnSe0.97I0.03. A highest ZT of ~ 

1.0 was achieved by alloying 10 atm. % SnS with 3 atm. % I-doping along the hot 

pressing direction at about 773 K.  

In our study of p-type polycrystalline SnSe, we found Na doping could effectively 

increase the carrier concentration to ~2.7×1019 cm-3, which results in a relatively higher 

electrical conductivity and power factor. A peak ZT of ~0.8 is obtained at 773 K along 

the hot pressing direction due to the low intrinsic thermal conductivity and enhanced 

power factor at an optimum Na doping level of 1.5 atm. %. 

Even though, high peak ZT value is obtained in p-type single crystalline SnSe, the ZT of 

its polycrystalline form is not quite promising. In order to use this environmentally 

friendly and economic material, the average ZT needs to be improved. 

 

 


