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Abstract 

Using first-principles calculations, we investigated the electronic and t hermoelect ric 

(TE) properties of doped LiNb02. vVe show that LiNb02 is a direct bandgap ma

terial and the bonding between Nb and 0 atoms is covalent . Seebeck coefficient , 

electrical conductivity, power factor, and figure of merit of LiNb02 are optimized 

under electron and hole carrier concentrations, using the Boltzman transport the

ory. Electron carrier concentrations can give larger figure of merit. The effect of 0 

and Li vacancies on the electronic and TE properties are also studied, and we show 

that Li (0) vacancy in LiNb02 generates holes (electrons). Though T/,-type LiNb0 2 

is expected to have superior TE proprieties over p-type LiNb02, but the defect 

formation energy of 0 vacancy is larger than the Li vacancy in LiNb02. The elec

tronic structures and TE properties of Lh_xAxNb02(A= Ta,Ni) and LiNb1_ x Tax O2 

(x=O.0625) as a function of temperature are also investigated. Doping of Ta at Nb 

site is energetically more favourable as compared with Ni doping in LiNb02. Hence, 

we believe that Nb-doped LiNb02 could be a possible candidate material for ther

moelectric applications. Our calculations also agree with the available experimental 

TE data of LiNb02. 
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Chapter 1 

Introduction 

1.1 Thermoelectricity 

In the present age we are facing energy crises and we have one of the critical current 

issues to find alternat ive energy sources without having bad effects on our envi

ronment. We have many cheap as well expensive energy sources but they are very 

harmful for the environment , like fossil fuels etc. Thermoelectric effect is known 

one of the best alternative source for power generation , the effect can be achieved 

through thermoelectric material to overcome the energy crises [1 J. Thermoelectric 

effect is the effect in which direct conversion of temperature difference and electrical 

energy is described . Thermoelectric materials directly convert thermal energy to 

electricity when a temperature gradient is formed on thermoelectric junctions. 

Similarly in converse case, temperature difference will be observed if voltage is ap

plied to a thermoelectric material. This effect can be used to generate electricity 

and to control the temperature of the material. The efficiency of the thermoelectric 

materials depend on the dimensionless figure of merit ZT [2J. 
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1.2. SEEBECK EFFECT 

ZT = S2(J T 
r;, 

7 

(1.1 ) 

These terms will be explained later but here (J , S , r;, are the electrical conductivity, 

Seebeck coefficient and thermal conductivity respectively. Thermoelectric effect can 

be described in t hree different methods. 

1) Seebeck effect(2) Peltier effect and (3) Thomson effect 

1. 2 Seebeck effect 

Seebeck was the name of a German physicist , full name Thomas Johann Seebeck(9 

April 1770- December 10, 1831).He observed the first thermoelectric effect in the 

Berlin Academy of Sciences on December, 1820 [3] . He joined t he end of two different 

wires, copper and bismuth to form a loop, by heating one end of the loop and he 

observed voltage was developed in the circuit. The metal wires were known as a 

thermocouple from which the circui t was formed. This effect is due to the conversion 

of thermal energy to electrical energy. 

Conversion of temperature difference to electricity is called Seebeck effect. See

beck observed during his experiment that a compass needle deflects by forming a 

close loop from two different metal wires , having a temperature difference between 

the junctions of those wires. This temperature difference creates current in the loop. 

Seebeck initially did not recognize it , he believed that it was due to the magnetism 

induced by the temperature's difference and thus he called it thermo-magnetic ef-

fect. 

A Danish physicist H. C. Orsted later on recognized , it is an electrical current 

7 



1.2. SEEBECK EFFECT 8 

Metal .. 

.. 

Figure 1.1: Circuit diagram for Seebeck Effect with two different metal wires having dif

ferent temperature at both junctions Tl at low temperature, T2 at high temperature 

which according to Ampere's law deflects the magnet. So due to thermal energy the 

valance electrons moves from high energy level to lower energy level. It will move 

from warmer end to the cold end. 

At cold side Fermi distribution is sharp while on hot side Fermi distribution is soft 

i.e. , the higher concentration of electrons above the Fermi energy on hot side, while 

fewer electrons above the Fermi energy on cold side. The electrons at hotter end 

have higher kinetic energy as compared to colder end and has a tendency to move 

towards colder end and the movement of electrons generate electric current. This 

current or electrical energy, which is generated due to this temperature difference 

is very small in magnitude though. The relation between temperature and voltage 

can be observed as 

8 



1.3. PELTIER AND THOMSO EFFECT 9 

(1.2) 

Where S is the Seebeck coefficient which is also known as t hermopower, and 

is equal to the ratio of voltage difference to temperature difference. Its value may 

be negative or positive depending upon on the majority carrier, whether they are 

electrons or holes. Though SI unit of Seebeck coefficient is V / K but usually it gives 

very small value so its is measure in fJ, V / K. 

1.3 Peltier and Thomson effect 

This is anot her method or effect through which thermoelectric effect can be de

scribed. J ean Charles Athanase Pelt ier(February 22 , 1785 - October 27, 1845), was 

a french physicist , he was the author of many papers in the different areas of physics 

but he is very well known for thermoelectric effect. In 1834 Pelt ier was observing 

Seebeck effect and he realized that the converse of this effect can also be possible. 

He discovered that electric current in two different metals will produce heat or cold 

depending on the direction of current [4J . In other words , this is the effect in which 

a temperature difference is created by applying a voltage between two electrodes. 

This effect is even stronger for different semiconductors. This effect may be con

sider as the inverse of Seebeck effect in which conversion of heat to electricity was 

observed . Here heat may be generated or absorbed within each end of a material 

due to current across that material. 

William Thomson also known as Lord Kelvin (26 June 1824- December 17,1907) , 

who was a mathematical physicist and engineer, almost twenty years after Peltier 

9 



1.3. PELTIER AND THOMSON EFFECT 10 

effect in 1851 observed the relation between Seebeck and Peltier effect . He described 

and issued a comprehensive explanation on Seebeck and Peltier effect and interre-

lation between them,and now known as Thomson effect [?] . The coefficient of these 

effects are related through thermodynamics. Thomson effect describes heating or 

cooling of a material with temperature. It states that if current density is passed in 

a conductor it will produce heat rate per unit volume as 

q = kJ~T (1.3) 

Where k Thomson coefficient, J current density and ~T is the temperature dif-

Ference. This effect produce in a single material not in two different material. So 

heat will be absorbed or produced when current flows in a material with a temper-

ature gradient . The amount of heat p oduced is directly related to both current 

density and temperature gradient or electric current will be generated in a material 

if the flow of heat produce a temperature gradient in that material. 

Thomson coefficient has two different relations, according to first relation 

if we let ex - f3 = "( in Peltier effect then 

k = d"( - S 
dT 

(1.4) 

Where k is Thomson coefficient , T is absolute temperature and S, "( are Seebeck and 

Peltier coefficient respectively. While Thomson second relation is 

"( = TS (1.5) 

Putting equation 1.6 in 1.5 we get 

10 



1.4. THERMOELECTRIC EFFICIENCY 

k =T
dS 
dT 

11 

(1.6) 

equation 1.6 shows a direct relation between Seebeck and Peltier coefficients. Which 

leads to another relation for Thomson coefficient in the form of equation 1.6. 

1.4 Thermoelectric efficiency 

Thermoelectric devices offer the promise of power generation and also includes in 

their applications, the refrigeration which might be very useful in some cases and the 

most important and interesting fact is that it is very friendly to the environment . 

As a temperature difference across a material will produce a voltage difference which 

can be used to provide power. In the same material one end of the material can be 

cool for refrigeration purpose using current. It is a promising challenge in the study 

of thermoelectricity to find such materials which can provide power generat ion and 

refrigeration at higher efficiency which is more efficient and less pollutant phenom

ena. The efficiency of such materials can be determined through the dimensionless 

figure of merit ZT [2]. 

ZT = s2uT 
K. 

Figure of merit is divided into two parts, the Seebeck coefficient 's square and elec-

trical conductivity both combined are consider as power factor(PF= O" S2) and the 

second part is thermal conductivity, while thermal conductivity has also two parts 

lattice thermal conductivity and electron thermal conductivity. In this equation the 

power factor is directly related to efficiency and thermal conductivity is inversely 

related so according to these two parts the efficiency will be maximum if power 

factor is larger and thermal conductivity is smaller. Materials having figure of merit 

11 



1.4. THERMOELECTRIC EFFICIENCY 12 

greater than unity are consider very good thermoelectric materials for power gen

eration, there are very few materials which has ZT greater than one, like BaTi03 

and CoSb3 [5,6]. Similarly NaCo0 2 and BiCuTeO are also considered best thermo

electric materials with layered structure [7,8]. Scientist are searching for such type 

of materials that has higher efficiency. How the behavior of different parameters in 

ZT for different types of materials vary shown in Fig. 1.2 [9] 

Lon 

Figure 1.2: The effect of electrical conductivity, thermal conductivity and Seebeck coeffi

cient with carrier concentration [9] . 

From Fig. 1.2 we can see that all the parameters are inter related to each other, 

improving ZT we are facing the difficulties, if we increase S (Seebeck) it leads to 

direct decrease (J (electrical conductivity) , on the other hand increasing (J leads to 

increasing thermal conductivity (ke ) as we know it from the Wiedemann-Franz law. 

The maximum PF in Semiconductor occurs around 1019 / cm3 carrier concentration. 

12 



1.5. SEEBECK COEFFICIENT 13 

Comparing ZT for in these three different regions , we can conclude that semi con

ductors are the best material for thermoelectric phenomena as they show 'larger 

efficiency as compared to insulators and metals. The point should be noted here for 

lattice thermal conductivity which is kept constant for all types of material because 

we only deal with electron thermal conductivity in our calculation. 

1.5 Seebeck coefficient 

Seebeck coefficient has an important role in the efficiency of a material, larger the 

value of Seebeck coefficient and smaller thermal conductivity leads to a good ther

moelectric material. This coefficient is discussed in above section, its behavior is 

different in different material, like semiconductors and metals. The mechanism is 

quite different in semiconductors and metals for the generation of Seebeck effect, in 

fact if we look into a metal we know that its Fermi level and carrier concentrations 

do not change relatively with temperature. But carriers on one end of a semicon

ductor has different energy. Thermal energy of hot end carriers will be more from 

the cold end carriers, diffusion will start from hot to cold end. Opposite electric field 

is formed in the cold end due to more localized carriers. So the rate of diffusion, 

moving hot carriers to cold end and rate at which cold carriers moving to hot end 

due to electric field will be balanced and hence equilibrium is reached. As a result 

the voltage difference will form with a temperature gradient , which is called Seebeck 

voltage, Seebeck voltage per unit temperature gradient is known as Seebeck coeffi

cient S. If we want larger S we can add only one type of carrier like electrons or 

holes, adding both will weaken the voltage due to the excess of both carriers in the 

13 



1.6. ELECTRICAL CONDUCTIVITY 14 

cold end . The Mott equation for enhansing S through electronic DOS is related as 

S = 1(2 k1T ~ In [(}(E)] I 
3 e dE E=EF 

(1.7) 

Where e, (T(E) and kB are charge of an electron, electrical conductivity and Boltz-

mann's constant respectively. 

The expression for Seebeck can be written using Pisarenko relation [10] . 

8 2k2 2 

S= 1( B(~)3m*T 
3eh2 3n 

(1.8) 

Where n is carrier concentration, kB is Boltzmann constant , h is Plank's constant, 

T is absolute temperature and m,* is the effective mass of the carrier. According 

to this relation, S is directly related to effective mass and inversely proportional to 

carrier concentration. Typically Seebeck coefficient of metals is small due to half-

filled bands which is caused by equal and opposite charges, which cancel each other 

when contributing to thermoelectric voltage. However, large Seebeck was observed 

in alloys and "heavy fermion" systems or solid solution of rare-earth elements. Best 

thermoelectric materials are typically doped semiconductors with carrier concentra

tion between 1019 to 1021 carriers per cm3 [11]. 

1.6 Electrical conductivity 

Electrical conductivity is another important parameter of power factor as well of 

figure of merit , it is denoted as (T and it is the ability of a material to let charge 

carriers passes through its crystal lattice. This idea can be represented through a 

mathematical expression as under [91. 

(T = el-ln (1.9) 

14 



1.7. THERMAL CONDUCTIVITY 

Where IJ. is carrier mobility, n is charge carrier density 

Te 
IJ.= -

m * 

15 

(1.10) 

is directly related to relaxation or scattering time (T) and inversely linked with 

carrier effective mass(m*) . It also depends on the drift velocity that is determined by 

scattering time (T), it means that for how long the carrier are accelerated by electric 

field until it collides and changes its energy or direction. What are the sources of 

scattering? Scattering in semiconductors are due to neutral impurities, electron-

phonon interaction, ionized impurities and electron-electron interaction [121. Due to 

unionized donors in semiconductors at low temperature scattering become dominant, 

because at low temperature carriers freeze out at the impurity. Formally mobility is 

independent of temperature but in some experiments it shows a weak dependence 

for semiconductors. At very high carrier concentrations neutral impurity scattering 

is strong for example above 1019 / cm3 . 

In electron-phonon scattering, due to acoustic wave the change occur in atomic 

spacing which results change in energy band gap on the atomic scale. The mobility 

is related to temperature due to this deformation potential as IJ. ex T -2
3 

while the 

mobility is related to temperature due to piezoelectric scattering as T -2
1

• 

1.7 Thermal conductivity 

Thermal conductivity has much importance as power factor do in figure of merit. 

It is represented as /'1" which also consist of two parts, i.e., /'I, = /'I, e + /'1,1 while /'I,e and 

/'1,1 are electron thermal conductivity and lattice thermal conductivity, respectively. 

/'I, e represents heat transportation due to moving charge carriers. Wiedemann-Franz 

presented a law for metals and semiconductors with narrow band-gap, which states 

15 



1.8. I TRODUCTION TO LINB02 16 

that the ratio of thermal to electrical conductivity of a metal is proportional to 

temperature, mathematically 

K, e = LT(J (1.11) 

Where (J is electrical conductivity, T is temperature and L is Lorenz number, which 

is derived by Sommerfeld for metals and heavily doped semiconductors [13]. 

Considering only (J, the Wiedemann-F'ranz 's law gives a suitable approximation to 

the electronic part. 

Where K,t is the lattice contribution to thermal conductivity due to to lattice vibra-

tion or phonons, from the kinetic theory of gases 

(1.12) 

l represents the mean free phonon path, Cv is the specific heat at constant volume 

and Vs is the speed of sound. We know from Debye model Cv is directly related 

to T 3 at low temperature when temperature is less than Debye temperature and 

Cv = 3R, at higher temperature (T > > Debye temperature), where R is ideal gas 

constant. It implies that K,t basically depends on l which is determined by phonon-

phonon scattering. Looking to all these parameters and all conditions, we need 

small thermal conductivity and large power factor , thus we can achieve high figure 

of merit. 

1.8 Introduction to LiNb02 

Transition metal oxides with lithium intercalation are considered very important 

material for the advancement of energy storage technologies. Lithium can easily be 

replaced and can be removed from the layered crystal structure of Lithium interca-

lated transition metal oxide material. Although a minor lattice phase change occur 

16 



1.8. I TRODUCTION TO LINB02 17 

with the removal of lithium, but no major phase change occur, even for example if 

50% of lithium is reversibly removed from LiCo02 [14]. LiNb03 , LiNb02, LiCo02, 

etc., are lithium intercalated layered transition metal oxides. Some of these type of 

compounds got full attention but LiNb02 has been minimally investigated. 

LiNb02 is known as lithium niobite. Lithium niobite is the sub oxide of LiNb03 . It 

has the same layered structure like LiCo02, but with different space group. LiNb02 

Li 

Nb 

• 0 

Figure 1.3: Crystal structure of LiNb02, red, blue and green colors corresponds to Lithium, 

Niobium and oxygen atom respectively. 

has P63 I mmc space group(No. 194). It has hexagonal layered crystal structure 

with Li atom plane sandwiched between Nbo2 layer [15]. Its unit cell consist of S 

atoms, with two Li , two Nb and four 0 atoms. Different values of lattice parame

ters were observed e.g, a= 2.90A, c= 10.46A in reference [16], a= 2.912A, c= 10.46A 

in reference [15], a= 2.90SA, c= 10.441A in reference [19]. LiNb02 is a direct band 

17 



1.8. INTRODUCTION TO LINB02 18 

gap semiconductor given by Novikov et al [1 7], while there is some disagreement 

about the band gap of LiNb02 in literature, e.g, a band gap of 1.5 eV was reported 

by Novikov et al. [17], while 2 eV band gap was also reported from Geselbracht et 

al. [18]. X-ray diffraction study shows superconductivity in Lh-xNb02 at 5.5K due 

to small distortion in crystal structure [19]. 

For power generation applications thermoelectric materials got increasing at tention 

and interest, LiNb02 is also investigated for this purpose. Jamil and his coworker 

synthesis and find the thermoelectric properties of p-type Li1- xNb02 compound [20]. 

Synthesis was carried through solid state reaction process under reduce atmosphere. 

The crystal structure was characterized through XRD (x-ray diffraction) method, 

they observed the hexagonal structure of LiNb02 but the structure was observed to 

be distorted after creating Lithium vacancy through solid state reaction. For small 

amount of Li vacancy the lattice parameters a and c were decreasing and increasing 

respectively while for high lithium vacancy the case was inverse. As a is the metal

metal distance of NbO layer, so they concluded that the evaluation of Nb oxidation 

state causes decrease in ionic radii and hence in lattice parameter a. They also sug

gest that due to Lithium vacancy the attractive force becomes weak between sheets 

and alkaline ions, which causes increase in lattice parameter c. While low ther

mal conductivity was observed at x=O.l and x= 0.2 in Li1_ xNb02. The efficiency 

is the combine effect of power factor and thermal conductivity, and we know that 

power factor which is the product of electrical conductivity and Seebeck coefficient 's 

square is directly related to figure of merit of efficiency, and thermal conductivity 

is inversely linked to figure of merit. So power factor must be higher and thermal 

conductivity must be smaller as much as possible. The figure of merit from their 

work is mentioned here 

18 
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Figure 1.4: Figure of merit on y-axis for Lit_xNb02 with different x values corresponding 

to Lithium vacancy, with temperature on x-axis [20j. 

In Figure 1.4 ZT is higher for small amount of Lithium vacancy but for higher va-

cancy the electrical conductivity and Seebeck coefficient were reduced and thermal 

conductivity was increased which causes decrease in figure of merit. The figure of 

merit can be improved with more modifications and different changes in LiNb02 

. Researchers are working on this compound with different options and advance-

ment to get more useful advantages from it. We also tried to add our contribution 

to this cause , we first simply add carrier concentration like holes and electrons to 

LiNb02 and looked for band structure and thermoelectric parameters , then we take 

the 2 x 2 x 2 super cell of LiNb02 and looked for the same, similarly we add some 

impurit ies to different posit ions and made some defects like Lithium vacancy and 

Oxygen vacancy and observed the band structure and thermoelectric parameters. 

19 



Chapter 2 

Method of Calculation 

2.1 T heoretical Background 

any body problem in solids is considered to be unsolvable problem analytically, 

but there are several approximation and computational methods for this type of 

problems, which can give a good approximation to these types of problems. Density 

functional theory is also a method for approximate solution to many body problems. 

This method is the solution to Shrodinger 's many body equation as a functional of 

charge density. Shrodinger's equation [21] 

Hw=Ew (2.1) 

\Nhere H is Hamiltonian operator, which is the sum of kinetic and potential energies, 

W is the wave function and E is the total energy of the system. The solution to 

this equation gives us total energy of the system and all wanted properties which 

is essential in Quantum Mechanics. In case of density functional theory, energy is 

required as a functional of density. Where 

20 



2.2. BORN- OPPENHEIMER APPROXIMATIO N 21 

is the density as a function of r . 

For many body system with N electrons, k nuclei and Zn charges the Hamiltonian 

is written as [22] 

~ N P i 2 k P n 2 lI N e2 

H -~-+~-+-- ~ - 8 2m ~ 2Mn 47rEo 2 i=f1>i Iri - rjl 

1 k N Zne2 11 k ZnZte2 

47rEo ~ ~ Iri - Rnl + 47rEo"2 n=~~t llin - Rtl 

(2.2) 

Where the first and second terms in the above equation are the kinetic energies 

of electrons and nuclei respectively having m mass of the electron and NI mass of 

the nuclei, the next term, 3rd term is the Coulomb repulsion between electrons, 

t he second last term represents the attraction between electrons and nuclei , while 

the last term is the Coulomb repulsion between nuclei, and the index i, n in the 

equation are used for electrons and nuclei, respectively. This Hamiltonian looks very 

complicated which depends upon the position vector ri and lin of the electrons and 

nuclei respectively. 

2.2 Born-Oppenheimer Approximation 

In the above Hamiltonian if the number of electrons and nuclei are not smaller, then 

it is impossible to solve the Shrodinger's equation directly even with the help of a 

larger and faster computer. Some important approximations are required to solve 

Shrodinger 's many body equation, the first step to these approximation is separating 

the degrees of freedom of motion of the nuclei from those of the electrons because 

the nuclei are very heavier and their motion can be neglected as compared to those 

of electrons. So electrons and ions can be treated separately for electrons ions can 

21 



2.3. HOHENBERG-KOHN THEOREM 22 

considered as fixed. This approximation was first made by Born- Oppenheimer) and 

known as Born- Oppenheimer approximation [22]. From this approximation if we 

drop the kinetic energy term and ion-ion interaction term in the above equation) it 

can be written as 

If we denote the interaction term (ion) electron attraction term) by Vext(ri) and take 

the constant used in the equation equal to unity) which are Hartree atomic units ) 

the above Hamiltonian after simplification can be written as 

(2.4) 

After this approximation the solution to many body problem is still very difficult for 

more than few electrons) after which many theories and approximations were made 

by different scientists . 

2.3 Hohenberg-Kohn Theorem 

Hohenberg and Kohn presented their theorem in 1964 [23] they proved that Vext(ri) 

can be uniquely determined by the electron ground state density po(r) and the 

energy can be written as functional of electron density that can be minimized by 

ground state. Hohenberg and Kohn proved their theorem on a contradiction based ) 

they supposed two different systems having the same electron density and proved it 

wrong. Let these two different systems have different external potentials) Hamilto-

nians and different energies but they have the same charge density 
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while system two has 

h h 

let EI, E2 be the ground state energies of HI and H2 respectively where 

and 

where Te, Vee are the electrons Kinetic and Potential energy terms. 

from variational principle 

(2.5) 

(2.6) 

similarly for E2 we have 

(2.7) 

E2 < (\lI IHII\ll) + (\lIIH2 - HI I\ll) 

E2 < EI - J po(r) [VIext(ri) - V2ext (ri)]dr (2.8) 

adding equation 1.6 and 1.8 we get 
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Which is not possible, so there can't be two diffenmt "Vext(ri) that gives the same 

ground state density. 

Similarly variational principle can be used for the ground state energy [24] . Accord

ing to this principle the ground state energy can be written as 

E _ (wIHlw) 
o - (wlw) 

for normalized wave function we have 

(wlw) = 1 

Eo[p] = min[p] \ WIHIW) = min[p] [F[P] + J p[r]Vextlp(r)]dr] 

(2.9) 

(2.10) 

Where W is the total wave function or a functional of the density [p], F[p] is the 

term used for all internal energies like kinetic and potential energies also known as 

universal functional, while Vext is the potential specifically external potential which 

is due to ions. It was a good approach to utilize the minimum energy or the ground 

state energy, but the problem is still there, how to get the many particle system 

wave function or the density functional. The minimum ground state energy can be 

described by variational method iteration, to go further with this problem we need 

the Kohn-Sham work. 

2.4 Kohn-Sham theory 

After Hohenberg-Kohn's theorem, in 1965 Kohn and Sham proposed an idea based 

on Hohnberg Kohn theorem, they replaced the many body interacting system by an 

auxiliary non interacting system.This idea is known as Kohn-Sham insatz [25]. In 

this theorem the interaction electron system will be replaced with a non-interacting 
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electron system having the same ground state density(p). The density of that non 

interacting system can be written as 

p(r) = j N 'I/J; (r) 'l/Ji (r)dr = L I'l/Ji (r)12 
t 

(2.11) 

'l/Ji is the noninteracting orbital wave function which gives the electron charge density 

p(r), where N represents the number of occupied orbitals. The energy functional in 

the Hohnberg-Kohn theorem can be rearranged as 

(2.12) 

The last term is new here which is known as exchange correlation term, it include 

all those terms which were missing using the independent electron orbital system 

instead of full many electron interacting system . The first term is the kinetic energy 

term for the non interacting system of electrons, the second term is known as Hatree 

energy term or also known as mean-field approximation and it states that each 

electron observe or feels average effect from those all electrons in that system, and 

can be written as 

E (p) = 1 J J p(r)p(r') drdr' 
H 2 Ir- r'l 

Where the third term in equation(2.12) is the interaction term recognized as inter-

acting term with ions also known as external energy term. The minimum ground 

state energy or energy functional can be obtain through variational principle. Af-

ter variational method process for the minimization of energy functional the Kohn-

Sham equation can be written as 

(2.13) 

Here 'I/J is the wave function for single particle while c is the corresponding state 

25 



2.5. EXCHANGE-CORRELATION FUNCTIONAL 26 

energy and the last term in equation(2.13) is the effective potential Vs(r), it can be 

written as 

V. (r) = V. (r)+ 8EH(p) + 8Exc(p) 
s ext 8p(r) 8p(r) 

This effective potential can also be written as 

(2.14) 

putting equation(2.14) back in equation(2. 13) we get 

( 
1 2 1 J p(r') I ) 

-"2 \7 +Vext(r) + "2 Ir _ r1 ldr +Vxc(p) 'l/Ji=c(IPi (2.15) 

This is the Kohn-Sham non interacting or equation for single orbital particle system 

it is very useful and effective in the condense matter physics. It is not iceable that it 

is the transformation of Schrodinger's many-body equation with full wave function 

w to one particle orbital system with wave function 'l/Ji, to get the t rue density p. 

These are not the correct and true wave functions and energies. The only term if we 

can provide its true value we will get t he true density of t he system and that is the 

exchange correlation term. The exchange and correlation functional is the key term 

which contain all unknown information, providing the correct exchange correlation 

term or functional that will gives us the true density of the system. Though the 

Kohn-Sham many body equation is correct and can solve the many body problem 

theoretically but in reality more approximation has to be made. Some approximation 

can be made in the exchange correlation energy functional. 

2.5 Exchange-correlation Functional 

The exchange correlation functional is known as universal density approximation or 

universal density functional. Derivation of exchange-correlation energy is difficult 
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since it include many system. Fortunately this energy term can be approximated 

due to small energy comparatively with kinetic energy and Hartree energy. There 

are different methods for these approximations ,e.g., LDA [25], GGA [26] and Hybrid 

functionals [27,28]. 

2.5.1 Local Density Approximation(LDA) 

The approximation was proposed by Kohn-Sham with the DFT calculation in 1965. 

LDA functional is widely used in density functional theory calculations. This ap

proximation is based on electron gas model known as homogeneous electron-gas 

(HEG) model , in which exchange part can be treated analytically. The exchange 

part is also energy which is a functional of density. 

Exc[p] = J p(r)c(p(r))dr (2.16) 

'Where E is the energy (exchange correlation energy) / electron in homogeneous gas 

with density(p). In an electron gas, infinite electrons travel in space of infinite vol

ume, for neutralization of this gas an equal number of positive charges are distributed 

over this space [29] . Equation 2.5.1 is a general expression for exchange correlation 

energy functional , it can be made more effective by dividing it in to spin-up and 

spin-down. The approximation is known LDA(Local density Approximation) due 

to its dependence on local coordinates of that density. 

Exc[p] = J p(r)E[pt(r), p.j.(r)]dr (2.17) 

pt(r), p.j.(r) corresponds to spin polarized , spin-up and spin-down density, respec

tively. The exchange correlation energy is purely hypothetical guess or approxi

mations, in reality neither positive charges nor electrons are uniformly distributed 

in molecules. It is further divided into exchange and correlation functionals The 
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parametrization was given by Perdew and Zunger which is implemented in QE pack-

age [30] . 

Where Cx corresponds to exchange part and Cc is the correlation functional term. 

LDA is good approximation for systems where density varies slowly. Calculations 

shows that LDA works well for many systems e.g in molecules, atoms and in solids. 

Generally LDA produce bonding which is stronger from actual system. It has some 

drawback also , like it underestimate the electronic band gap w.r.t experiments, 

and overestimation of bulk modulus due to underestimation of lattice parameters. 

Further approximations are required to improve the results of LDA calculations. In 

this thesis we used LDA. 

2.6 Pseudopotential 

Pseudopotential is another useful tool to reduce the computational cost of DFT 

calculations. As the name suggests that it is not the real potential or wave function, 

it is the potential which is used for the valance electrons instead of all electrons sys-

tem. The behavior of the wave function near nucleus is almost the same for physical 

and chemical properties of a system. The valence electrons participate in bonding 

where we can say the core electrons are frozen. In other words the core electrons has 

the same properties for all systems. The wave function in equation 2.4 for density 

is expanded to a convenient basis set. The wave function with boundary conditions 

obey Bloch's theorem labeled with wave vector k. The expansion of this set with 

boundary conditions is done using plane waves. The concept of plane wave was 

given by Herring in 1940 [31]. The main purpose of the pseudopotential is replacing , ' 
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Figure 2.1: Representation for pseudo wave function and pseudopotential with real poten-

tial and wave function , where rc is the cutoff radius. 

strong Columb potential by an ionic effective potent ial for valance electrons . The 

real and pseudo wave function and potential are shown in Figure 2.1. Dash black line 

represents the pseudopotential and pseudo wave function, solid black line represents 

the radius and Tc is the cutoff radius on which the real and pseudo wave function 

and potentials agrees with the same results. Where the solid cyan lines represents 

the actual or real wave function and real potential. The pseudo wave function is 

node less where real wave function has many nodes before cutoff radius. Core region 

shows there is no radial nodes for the pseudo wave function. The pseudopotential is 

smoother from the all electron full potential in core region and is identical on and 
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beyond core radius . Smoother the wave function corresponds to less terms in the 

wave function , results in saving the computational time and cost. There are dif

ferent types for pseudopotential e.g Normconserving pseudopotential and ultrasoft 

pseudopotential [32,33]. 

2.6.1 Ultra-soft Pseudopotential 

Making smoother and smoother the pseudo wave function as much as possible is t he 

best technique to reduce the computational cost without losing the accuracy. Due 

to increase in the smoothness of pseudo wave function the range of the Fourier space 

decreases, which is important for the valence properties to certain accurate limit. 

In some cases it was noticed that the pseudopotential become, more expansive than 

actual all electron system, so a useful approximation was introduced by Vander

bilt . The Vanderbilt 's approximation in the pseudopotential is known as Ultra Soft 

Pseudo Potential(USPP) [33]. Smoothness in the USPP is due to the modification 

of normconserving pseudo potential, which led to a smaller energy( cutoff energy) to 

expand the wavefunction in k space. As a result it saves the computational time and 

it also maintain the required accuracy. Figure 2.2 the solid line shows all electrons 

wave function, the doted line is the representation for normconserving pseudopo

tential and the dash line represents the ultra soft pseudopotential. It is clear from 

the fig. that ultra soft function is smoother and require fewer plane waves to repro

duce. On the other hand normconserved pseudo wave function overlaps the actual 

all electron wave function. 

30 



2.7. QUA TUM ESPRESSO 31 

.,.--'" " ..... " '" / 
/ 

I 
I 

I 
I 

1 .0 2.0 

r (a.u.) 

Figure 2.2: Comparison of Oxygen 2p radial wave function(solid line) with normcon-

served(doted line) and ultra soft pseudo(dash line) wave functions [33]. 

2.7 Quantum Espresso 

We used quantum espresso for our computational calculations. Quantum espresso 

is a package used in first-principles calculations for electronic structure and material 

simulation [34], which is based on DFT, plane wave and pseudo potential. It is 

a popular and power full ab-initio tool in material simulation group worldwide. 

ESPRESSO stands for opEn Source Package for Research in Electronic Structure, 

Simulations and Optimization. It is available through out the world for researchers 

under GNU general public license [351. This package includes many functions e.g, 

scf(self consistent field) calculations, pw.x(atomic relaxation) , pp.x(post processing) , 

projwfc.x(atomic proj ection), ph.x(phonon calculation) and wannier90.x(Wannier 

generation). The quantum espresso code solve the Kohn-Sham equations on iteration 

based, while the energy in a uni t cell is optimized according to the positions of atoms 

in a unit cell. 
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2.8 BoltzTrap calculation 

BoltzTrap is taken from Boltzmann transport theory [36-38], Boltzmann's equation 

is used to describe the behavior of fluid of electrons when they are not in thermo-

dynamic equilibrium. Taking the possibility of approximate time relaxation, the 

expression for transport properties can be derived analytically e.g, electron thermal 

conductivity, Seebeck coefficient and electrical conductivity. The Fermi Dirac func-

tion which is a distribution function of a gas( electron) at equilibrium. If k is the 

state or wave vector and E.' k is the energy then average occupation number due to 

electrons is given by 

(2.18) 

Where ~l is chemical potential and kB is Boltzmann constant. This function can 

vary with time as A(r, t) 

(2.19) 

The first part of the equation on right side is acceleration of electrons by external 

field , the second term is diffusion due to temperature and the last term is scattering 

by phonons due to impurities or lattice defect. For steady state 

(Of) + (Of) + (Of) _ 0 
ot field ot dif f. ot seatt . -

(2.20) 

Using Liouville 's theorem to solve Boltzmann's equation for r (position in space) at 

a specific time t. 

A(r, t) = A(r - tVk , 0) 
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The second term in equation 2.20 becomes 

( (1 ) = ( 81 ) ( 8T ) ( 8r ) = _ ( 81 ) Vk 'VT 
8t dif f. 8T· 8r . 8t 8T · (2.21) 

OR 

(81) (81 ) ( ) (-Vk'VT) 8t dif f. = 8Ek Ek - /-L T 
(2.22) 

Similarly the field term after applying Liouville 's theorem becomes 

( 81) =e(_81)vkE 
8t field 8Ek . 

(2.23) 

The third term in equation 2.20 is complicated and energy dependent, applying the 

time relaxation approximation which is successful in many cases [39J. 

( ~: ) scatt. 

1 - I~ (2.24) 

"Where Gk = 1 - I~ and Tk is carrier relaxation time. Putting the values of equations 

2.22, 2.23 and 2.24 in 2.20 we get 

(2.25) 

Relating this equation to the microscopic Ohm's law so we can get the transport 

properties of any material, as Ohm's law relates current density with temperature 

gradient and electric field 

1 1 
J = V Le/vk = V LeGk.Vk 

k k 

(2.26) 

As current density is zero at equilibrium 

V represents volume in real space, putting equation 2.25 in equation 2.26 

(2 .27) 
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(2.28) 

Ohm's law (macroscopic Ohm's law) 

(2.29) 

Where S is Seebeck coefficient also known thermopower and *eft is electrical con

ductivity tensors. We can get the values of S and *eft by comparing equation 2.28 

and 2.29. 

(2.30) 

(2.31) 

Where [A = TeV Lk Tk ( - ~) (ck - f..l)VkVkJ . Similarly we can find the expression 

for electron thermal conductivity by following the procedure for heat current , for 

electron. 

<;? , lee ~ v~, l;>k ( - ::.) (Ek - i-' )'Yk Yk (2.32) 

From these expressions for electrical conductivity, thermopower and electron thermal 

conductivity we can see that electrical conductivity and thermopower are inversely 

related, Weidemann law tells that electron thermal conductivity and electrical con-

ductivity are directly related. Increasing thermopower results in decreasing electrical 

conductivity, while increasing electrical conductivity increases electron thermal con-

ductivity. This shows a complicated relationship for figure of merit, So obtaining 

highly efficient thermoelectric material is not a simple task. 
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2.9 Computational details 

We studied the electronic and thermoelectric properties of LiNb0 2 using first-principles 

calculations which is based on density functional theory (DFT). We used the plane

wave pseudopotential method [40] with a plane-wave cut-off of 60 Ry and Ultra

soft pseudopotential as implemented in the Quantum-ESPRESSO code. To get 

the ground-state charge density and electronic wave function, we used local-density 

approximation (LDA) for the exchange and correlation potential. Boltzmann trans

port theory (BoltzTrap) was used for the calculation of thermoelectric properties 

of LiNb0 2 as a function of carrier concentration (both p-type and n-type) and as 

a function of temperature. For the computation of thermoelectric parameters and 

electronic calculations we used k-meshes ranging from 2x2x2, 6x6x6, 20x20x20 

and 40 x 40 x 40 for different systems. 

2.10 Motivation 

Different thermoelectric (TE) materials are discovered in the past, but most of them 

are very expansive or toxic. That's why oxides TE materials are the center of atten

tion. Oxide materials with layered structure are considered to be the best candidate 

for TE performance. LiNb02 has layered structure and could be considered a suit

able material for thermoelectric applications due to its remarkable properties. 

In nonstoichiometric LiNb02 the octahedral site are flexible with respect to Li va

cancies. The increase in electrical conductivity and decrease in thermal conductivity 

could be expected due to intrinsic defects in LiNb02 . Hence, it is expected that in

trinsic defects (Li or 0 vacancies) can improve the TE properties of LiNb02. The 

main goal of the present work to optimized the TE performance of LiNb02 by con-
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sidering both electron and hole carrier concentrations. We also study the electronic 

and TE properties of Ta and Ni doped LiNb02 . 
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Chapter 3 

Results and Discussions 

3.1 Electronic Structure of LiNb02 

The electronic structure of LiNb02 and its transport thermoele tric properties(TE) 

were calculated using Q.Espresso code. To calculate the thermoelectric properties 

of LiNb02 different arrangement were used for a good thermoelectric material, like 

doping, creating vacancy in LiNb02 etc. We can find the properties of a mate

rial through Hamiltonian by providing some basic information regarding structure, 

chemistry and atomic position of that material. While the information about struc

ture of any element or material or compound are determined through its lattice 

constant. Lattice constant for exchange and correlation functional and plane wave 

basis set can be calculated using different approximation like LDA and GGA. 

Using Quantum Espresso code, we optimized the lattice parameters of LiNb02 

using LDA approximation. As LiNb02 has hexagonal crystal structure [15J, we have 

optimized lattice constant (a) and (c/ a), where 8 x 8 x 4 k-point mesh were used for 

optimizing both parameters lattice constant (a) and (c/ a). The calculated lattice 
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parameters (0.) and (c/a) with previous work are shown in table3.1. The calcu-

Table 3.1: Comparison of calculated lattice parameters with previous work. 

Parameters This work Previous work 
~.YU~U 

2.912b 
2.912c 

a (A) 2.882 2.90d 

3.5Y u 

3.592b 
3.589c 

cia 3.614 3.60d 

a Reference [15] b Reference [16] 

c Reference [19], d Reference [20] 

lated values a and c/ a nearly matches with experimental work [20], e.g, calculated 

a= 2.882 and c/a = 3.614, whereas experimental values are a = 2.90 and c/a = 

3.60 [20], there is a small difference of 0.7% in a and 0.4% in c/a. Similarly these 

calculated values are also in good agreement with the other values from the previous 

work, with a small difference. T his calculated data does not matches exactly with 

previous work, because LDA always underestimates the values. 

The optimized lattice parameters "a" and "c/a" are shown in Fig. 3. 1(0,), Fig. 

3.1 (b), respectively, lattice constant in atomic unit on x-axis and minimum to max

imum energy in Rydberg on the y-axis can be seen. We used these optimized lattice 

parameters a and c/ a in further calculations, like band structure, density of state, 

partial density of state etc. The bonding orbitals and anti-bonding orbitals interact 

and they form energy bands. The bonding orbitals interact and they form valance 

band while the anti-bonding orbitals interact to form conduction band. T he gap 

between these two bands is known as the band gap or forbidden gap. This is the 

38 



3.1. ELECTRO IC STRUCTURE OF LINB02 39 

(a) (1--\ 
~Uj 

-420.06 -420.23 

-420.07 
-420.24 

--- -420.08 ~ ,., 
~ ~ -420.25 
'-' -420.09 '-' ,., ,., 
OIl OIl 

"" -420.1 "" -420.26 
~ ~ 
C C 
~ -420.11 ~ 

-420.27 

-420.12 
-420.28 I 

5.25 5.3 5.35 5.4 5.45 5.5 5.55 5.6 5.65 5.7 3.4 3.5 3.6 3.7 3.8 3.9 

LC(a.u) cIa 

Figure 3.1: Optimized lattice parameters (a) lattice constan a in atomic unit on x-axis and 

energy in Rydberg on y-axis, (b) cia on x-axis and energy in Rydberg on y-axis. 

difference of energies between valance and conduction band energIes. The band 

structure and density of state shows the nature of the material like whether it is 

conductor, semiconductor or insulator. It also tells about the conduction and va-

lence band, while partial density of state shows the contribution of each and every 

atom to these valance and conduction bands. The direct and indirect band gap are 

categorized on the basis that if the valance band maximum and conduction band 

minimum lies on the same symmetry point, if not then call indirect band gap. The 

calculated band structure for LiNb02 is shown in Fig. 3.2. The band structure is 

calculated using the optimized lattice parameters, and a direct band gap was ob-

served as was predicted by N ovikov et al., [17]. Our calculated direct band gap is 

about 1.67 eV, whereas there is some disagreement about the band gap of LiNb02 

in literature, e.g, a band gap of 1.5 eV was reported by Novikov et al. [17], while 2 

eV band gap was also reported from Geselbracht et al . [18]. We can see the valance 

band maximum and the conduction band minimum on the same point , which is 
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Band Structure 
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Figure 3.2: Calculated band structure of LiNb02, the horizontal line represents the valence 

band maximum. 
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Figure 3.3: Calculated DOS and PDOS of LiNb02, total DOS(solid line), Nb-d(dots line) 

and 0-2p( combine dash and dots line), the vertical line corresponds to Fermi level. 
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represented by II G il. 

Density of state (DOS) is the number of different states which electron are allowed to 

occupy at a specific energy level. DOS and partial or projected density of state were 

calculated and plotted in Fig.3.3. This figure consists of three mini figures , which 

represents the total density and partial density of states, red (solid line) represents 

the total density of state while the blue (dots line) and black (combine dash,dots 

line) represents the partial or projected density of state. As the maximum contribu

tion to total DOS of LiNb02 is from Nb-4d (dots blue line) orbital and then oxygen 

2p (combine dash ,dots black line) orbital , as shown in Fig.3.3 . The maximum con

tribution to valence band was 15% from 0-2p and the rest was from Nb-4d and 

no contribution from Li atom calculated which is also predicted in art icle Ref. [?]. 

The Fermi level is at 0 eV, we can calculate the band gap from here also, the gap 

between valance and conduction band which is about 1. 67eV. In agreement with the 

calculated value of band structure. So LiNb0 2 is a direct band gap semiconductor 

with a band gap of 1.67eV in these calculation. 

The electronic charge density is visualized using XCrySDen. It is a tool which is 

easily available and can be used for visualizing molecular and crystalline structure 

without any extra software in LimlX [41]. The calculated charge density along (100) 

plane for LiNb02 pure system is shown in Fig.3.4. The charge density tells us 

qualitatively about the bonding nature of the material, e.g, how much charge is 

localized on which atom, and how much is transfered to which atom? In our case 

comparatively the valance charge density is maximum on oxygen, less on niobium 

atom while on lithium the charge density is very small. It shows covalent bonding 

nature between Nb and 0 atom, while ionic bonding for LiNb02 . The electro

negativity in periodic table is Li < Nb < 0 , mostly charges are localized on oxygen 
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Figure 3.4: Electronic valance charge density of LiNb02 

3.2 T.E parameters as a function of chemical potential 

Thermoelectric properties of LiNb02 were calculated using different systems like dif-

ferent chemical potentials with different temperatures, hole doping, electron doping 

carrier concentrations with different temperatures, creating vacancy in super-cell 

of liNb02 , like lithium vacancy and oxygen vacancy with different temperatures. 

The thermoelectric parameters were calculated with different chemical potential at 

a fixed temperatures as well as with different temperatures at fixed chemical poten

tials, these all combinations are discussed one by one. The behavior of thermoelectric 

parameters are calculated and observed for fixed temperature with different chemical 

potentials, the calculated parameters are shown in Fig.3.5. Where Fig.3.5[(a)-(e)] 

corresponds to Seebeck coefficient, electrical conductivity ((J), thermal conductivity 

(K;), power factor (PF) and figure of merit (ZT), respectively. These calculations 

were carried out for three different fixed temperatures 300K, 500K and 800K rep-
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resented by blue, green and red color lines, respectively. In these calculations the 

vertical line shows the Fermi energy level. The chemical potential is positive for 

n-type doping and negative for p-type doping. The maximum absolute value for 

Seebeck coefficient is 2835.37 fJ, V IK at 0.0645 Ry (Fig.3.5(a)). Similarly the value 

of Seebeck coefficient is 237.55 ~t V IK at ~ = 0 Ry. When S > 0 at ~ = 0, it implies 

that it is a p-type semiconductor. Using BoltzTrap we can find electrical conduc

tivity with scattering time as (fJ IT), using this calculated value and comparing it 

with the experimental value of electrical conductivity, i.e. , 49 cm-1 0 - 1 [42], and 

following the procedure used of P.Ong et al., [43], we got the value of scattering 

time (T' = 4.0 x 1O-15sec). Then we further used this value of scattering time in 

our calculations for electrical conductivity and thermal conductivity. 

Electrical conductivity and thermal conductivity has its maximum values 2169 (k 

S/ m) and 39.55 Wm- 1 K- 1 at 0.2146 Ry and 0.229 Ry, respectively having tem

perature 300K. The value of thermopower is decreasing with temperature, while 

electron thermal conductivity is increasing, which is according to Weidemann's law. 

While the electrical conductivity is slightly affected by temperature as discussed in 

section in 1.6.The band gap between valance band maximum and conduction band 

minimum is 0.123 Ry or 1.67 eV. Peaks occurs in the conduction region for different 

temperatures in Seebeck coefficient, electrical conductivity and thermal conductiv

ity. DOS in Fig.3.3 shows the same trend, the peaks of DOS and peaks of Fig.3.5(c) 

are almost at the same energy 0.223 Ry or 3 eV. As the positive chemical potential 

refers to n-type carriers, so the highest occupied state by electron is from the con

tribution of Nb-d, and O-p orbitals. Fig.3.5(d) and Fig.3.5(e) are power factor and 

figure of merit. The edges of conduction band minimum and valance band maximum 

in PF shows that PF is better for n-type LiNb02 . In ZT we use electron thermal 
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Figure 3.5: T he thermoelectric parameters of LiNb02 as a function of chemical poten-

tial(Ry) at 300 , 500 and 800K temperature. (a) Seebeck coefficient, (b) electrical conduc-

tivity, (c) thermal conductivity, (d) power factor and (e) figure of merit . 
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conductivity only and the lattice thermal conductivity is not added with it. The 

figure of merit is approaching to unity at 0.0687 Ry at 300K temperature. 

3.2.1 T.E parameters as a function of carrier concentrations 

In this section the behavior of thermoelectric parameters are calculated at constant 

temperature with carrier concentrations . Carrier concentration varied from 1018 to 

1021 
/ cm3 . Thermoelectric parameters were calculated for both cases e.g electron 

doped and hole doped carrier concentrations as shown in Fig.3.6 and Fig.3.7, re

spectively. Where the temperature was kept constant and the number of carrier 

concentrations were varied. These calculations were carried out for different tem

perature 300, 400, 500, 600, 700, and 800K, which are shown in Fig.3.6(a) and 

Fig. 3.7(a). Similarly these colors represents the same temperature in (b), (c), (d) 

and (e) in both Fig.3.6 and Fig.3.7. From Fig.3.6 these thermoelectric parameters 

are calculated foro. electron doped carrier concentrations. Fig.3.6(a) corresponds to 

thermopower, the Seebeck coefficient is increasing with temperature and its value 

is decreasing with carrier concentrations which is in accordance with Pisarenko's 

relation discussed in section 1.5. 

The absolute maximum value of thermopower is 850 fJ, V / K at temperature 800K 

and number of carrier concentration is 1.26x1018/ cm3 . Fig.3.6(b) is the calculated 

value for electrical conductivity. The electrical conductivity is directly proportional 

to carrier concentration and inversely linked to temperature , discussed already in 

section 1.6. Calculating electrical conductivity at constant temperature, we used 

the experimental value of electrical conductivity 49cm-1 0-1 from Ref. [421 at 300K, 

which is compared with our DFT value O"/T, we got the value of scattering time, 

while the number of carrier concentration n is found by using the experimental 
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value of Seebeck coefficient (180 /J.v / K) at 300K [42] . For different temperat ures (J 

is plotted as 
1 

(a,/T) * (C/ (n '3 * T)) (3.1) 

Where C = T' * T * n 1/ 3 and T ' is the experimental value of scattering time. For 

figure of merit the experimental lattice thermal conductivity, e.g, (Kl = 2.47, 1.90 

and 1.60 W / m- 1 K- 1 for 400, 600 and 800K respectively) from Ref. [42] is added 

with electron thermal conductivity and total thermal conductivity is simplified as 

[(K/T) * (C/(n4 * T)) + Kd where (J/T and K/T are the DFT calculated values. 

The maximum value of electrical conductivity is 6 (kS/ m) at 300K and at 1021 

electron carrier concentration/ cm3 , and is going on decreasing with increasing tem-

perature. 'While the electron thermal conductivity is minimum at low temperature 

and is incre ing with increasing temperature as indicated in Wiedemann's law. 

Fig.3.6( d) is power factor which has its maximum value at low temperature , 300K 

and 3.99x 1020 carrier/ cm3 . While Fig.3.6(e) represents figure of merit , which has 

its maximum value at high temperature and high number of carrier concentrations. 

The maximum value of ZT is 0.245 at 800K and 9.97x 1020 carrier/ cm3 and is go-

ing on decreasing with decreasing temperature. As discussed earlier that we have 

included the value of lattice thermal conductivity for different temperature in figure 

of merit. 

Similarly Fig.3.7[(a)-(e)] corresponds to thermopower, electrical conductivity, 

thermal conductivity, power factor and figure of merit , respectively. These are 

the plots for thermoelectric parameters which are calculated for hole doped car

rier concentrations/ cm3 . Following the same procedure for hole doped , as fol

lowed in electron doped concentrations. We can see the results of different pa-

rameters for different fixed temperature , e.g, 300, 400, 500, 600, 700 and 800K. 
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Figure 3.6: Electron doped thermoelectric parameters of LiNb02 at diffenent temperatures. 

(a), (b), (c), (d) and (e) represents thermopower, electrical conductivity, electron thermal 

conductivity, power factor and figure of merit , respectively. 
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Figure 3.7: Hole doped thermoelectric parameters of LiNb02 at diffenent temperatures. 
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Fig.3.7(a) thermopower has its maximum value at 800K temperature with 1.02 x 1018 

concentration/ cm3 , and decreasing with increasing concentration, at room temper

ature its maximum value is 455 (p, V / K). 

Electrical conductivity Fig.3.7(b) has its maximum value at low temperature_ 

300K and at higher concentration. Electrical conductivity decreases at higher tem

peratures , even at higher carrier concentrations (1021 / cm3 ) its value at 800K tem

perature is 12.3 (k S/ m). Electron thermal conductivity inversely behaves with tem

perature as compared with electrical conductivity. Power factor (Fig. 3.7(d)) has 

its maximum value at low temperature and the number of carrier concentrations are 

1019 / cm3 . Anyhow the peaks are shifting towards higher concentrations with higher 

temperatures. The maximum value of power factor at 300K is 0.17 x 1O-3'WK-2m- 1 

at 1019 / cm3 , and slightly decreasing at higher temperature. Similarly the figure of 

merit (Fig. 3.7(e)) , has its maximum value 0.158 at 800K , with 4.8x 1019 carrier 

concentrations/ cm3
, and decreasing with higher temperatures. 

Comparing both electron doped and hole doped LiNb02 , we can see that electron 

doped thermoelectric properties are better as compared with hole doped properties. 

Maximum value of thermopower at 300K for electron doped is 750 (p,V / K) , while its 

value for hole doped concentrations is 450 (p, V / K) at the same temperature. Simi

larly the most important parameter in thermoelectric properties is ZT, which is also 

larger for electron doped as compared to hole doped. Using the technique of S. Hao 

et al. , [44] procedure we found that effective mass of electron in this case is greater 

than the effective mass of hole , which is more dominant in Seebeck (Pisarenko 's [10] 

relation) , and hence in figure of merit. 
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3.3 T.E Parameters as a function of Temperature 

In this section the thermoelectric parameters for LiNb02 at different fixed or selected 

electron doped and hole doped carrier concentration were calculated as a function 

of temperature. The calculated thermoelectric parameters at electron carrier con

centrations (1018_1021 ) as a function of temperature (300K-SOOK) are shown in Fig. 

3.S. Following the same procedure as followed in section 1.5, for electron thermal 

conductivity, electrical conductivity, power factor and figure of merit. First these 

values were calculated with scattering time, then we find the value of scattering 

time from experimental value of electrical conductivity and multiplied it with these 

terms. The absolute value of thermopower is increasing with increasing tempera

ture, similarly thermal conductivity, power factor and ZT are also increasing with 

increasing temperature. 

Comparing these calculated parameters to our previous section for electron doped 

concentrations, thermopower in section 3.2.1 has its maximum value for SOOK, Fig. 

3.6(a) at 1018 / cm3 carrier concentration. In this section, Fig. 3.S(a) also shows its 

maximum value for electron doped 1018 (bold line) concentration at SOOK. While 

the slight difference in electrical conductivity and thermal conductivity is due to 

the scattering time, because we multiplied different values of scattering time for 

different temperature in previous calculations. Here we used one fixed value of 

scattering time (4.066 x 10- 15 sec) for all temperatures. Thats why the ZT has larger 

maximum value (0.4) in this section instead of (0.245) section 3.2.1 Fig. 3.6(e) at 

higher concentrations and SOOK. 

The thermoelectric parameters for LiNb02 at different fixed hole doped carrier 

concentrations as a function of temperature are shown in Fig. 3.9. The Fig. 3.9[(a)-
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Figure 3.8: Electrons doped thermoelectric parameters of LiNb02 at fixed carrier concen-
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Figure 3.9: Holes doped thermoelectric parameters of LiNb02 at fixed carrier concentera-
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52 



3.4. LINB02 SUPERCELL 53 

(e) 1 corresponds to Seebeck coefficient , electrical conductivity, thermal conductivity, 

power factor and figure of merit , respectively. The fixed number of carrier concen

trations are represented with different lines, e.g, bold line, solid line, dash line and 

dots line corresponds to 1 x 1018 , 1 X 1019 , 1 X 1020 and 1 x 1021 / cm3 , respectively. If 

we compare these calculated parameters with our previous calculations in section 

(3.2.1), we can see these thermoelectric parameters are in good agreement. If we 

compare the Seebeck coefficient of Fig. 3.7(a) and Fig. 3.9(a), it verifies values of 

each other completely. Maximum value of thermopower at room temperature 300K 

is 450 (/-l V / K) in both cases, e.g, hole doped concentration as a function of temper

ature and as a function of carrier concentration/ cm3 . While the minimum value of 

Seebeck coefficient in both cases at 800K is 586.6 (/-l V / K). 

Similarly for other thermoelectric parameters the results are almost similar with 

each other for both cases, and the small difference is due to the scattering time. 

As there is no need of scattering time in Seebeck coefficient so it matches in both 

sections. In this section we used one fixed value of scattering time, but in that 

previous calculations the value of scattering time varies with temperature. 

3.4 LiNb02 Supercell 

A crystal structure is the combination of many small unit cells, if the crystal struc

ture is made from the same unit cell with larger volume, those cell are called super

cell . LiNb02 super cell has 64 atoms with (16) Li , (16) Nb and (32)oxygen atoms. 

Figure 3.10 is the repetition of LiNb02 8 atoms small unit cell in x,y and z-axis, e.g, 

LiNb0 2 (2 x 2 x 2) supercell. As the lattice parameters are increased by making the 

supercell of LiNb02 , k-points used for scf and nscf calculations were used 2x2 x 2 
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Figure 3.10: LiNb02 Supercell composed of 64 atoms including 16 Li, 16 Nb and 32 oxygen 

atoms. 

and 6x6x6 re pectively. For simplicity giving name to this supercell "System 01". 

The calculated band structure and DOS for System 01 are shown in Fig. 3.11 and 

Fig. 3.1 2, respectively. The band gap in both band structure and DOS is equal 

to the results obtained for pure LiNb02 (8 atoms) unit cell. Similar results were 

observed for thermoelectric parameters also. As it is understood that supercell is 

the repetition of the small unit cell so its properties will be similar to that small 

unit cell , thats why we did not included the calculated thermoelectric parameters for 

System 01 here. The reason for making this supercell is that we created vacancies 

and doped other different atoms in this System 01 with a small ratio , so we can 

observe the behavior of thermoelectric parameters or T .E efficiency of LiNb02 by 

adding or creating small amount of impurities in this material. For that purpose we 

did calculations for creating Li vacancy (removing 1/ 16 of Li) atom, oxygen vacancy 

(removing 1/ 32 of oxygen) atom from LiNb02 supercell. Similarly 1/ 16 of Li atom 

was replaced by Ta atom, doping Ta by replacing 1/ 16 of b atom and doping Ni 
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Figure 3.11: The calculated electronic band Structure of System 01. The horizontal line 

represents t he valence band maximum. 
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with with same ratio instead of Li atom. Naming them System 02 (Li vacancy) ; 

System 03(oxygen vacancy), System 04(Ta at Li site), System 05(Ta at Nb site) and 

System 06(Ni at Li site) . 

The thermoelectric parameters , e.g, thermopower, electrical conductivity, electron 

thermal conductivity, power factor and figure of merit were calculated for all these 

systems as a function of temperature one by one. 

3.5 Formation Energy 

The formation energy is an important factor for any defected material in DFT, it 

tells us about a material whether it is stable or not. The formation energy can be 

calculated for vacancy created material as well for defect or impurity added to a 

material. Vacancy formation energy is very important quantity which tell us about 

the concentration of vacancies in a material. This quantity can be defined as the 

energy required to remove the atom from the host material and place it into a 

reservoir of the same specimen. The formation energy is related with defects that 

can be calculated in a situation when an atom is removed or added to a material, 

which changes the properties of the original material. 

The formation energy indicates whether the impurity added to a material or a 

vacancy created in a material is possible or not. Lower formation energy tells us 

that the impurity can be added to a material or lower formation energy of a material 

due to vacancy is possible. On the other hand the higher formation energy indicates 

the material is unstable. The material of our interest is LiNb02 doping and creating 

vacancy in this material. The formation energy can be calculated as [45] 

(3.2) 
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(3.3) 

E f is the formation energy, Edef is the total energy of the material when it is defected 

by adding impurity or creating vacancy, n is the number of defected atoms , /-LA is 

the chemical potential for atom (A= Li,Nb,O) which is replaced or removed and /-LB 

is the chemical potential of (B= Ta,Ni) , B is the dopant atom (which is added to 

the system). /-LA, /-LB are calculated as the total atom energy and Equation 3.2 is the 

formation energy for a material in which an atom A is replaced by another atom 

B, while equation 3.3 is the formation energy for a material in which vacancy is 

created. 

We calculated formation energy for different systems, e.g, Li vacancy, 0 vacancy 

system, Ta doped at Li site, Ta doped at Nb site and Ni doped at Li site, table 3.2. 

mon the e sy terns all values are positive, only Sys 05 has a negative sign so it 

Table 3.2: Formation energy of System 02-06(Li vacancy, oxygen vacancy, Ta at Li site, 

Ta at Nb site and Ni at Li site. 

System Edef Epure /-L A /-LB Ef(Ry) Ef(eV) 

Sys 02 -3347.475 -3362.2870 -14.643 0.169 2.298 

Sys 03-01 -3328.431 -3362.2870 -33.229 0.627 8.527 

Sys 04 -3500 .349 -3362.2870 -14.643 -153.189 0.484 6.577 

Sys 05 -3387.577 -3362.287 -127.907 -153.189 -0.008 -0.109 

Sys 06 -3447.432 -3362.287 -14.643 -100.166 0.378 5.140 

indicates that Ta at Nb site is most stable among these combination. Ta and Nb 

both belongs to the same group in the periodic table and their oxidation state is 

also the same so it may be the reason for the stable state of Ta at Nb site LiNb02 
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supercell , while Sys 03-01(oxygen vacan~y) is most unstable as it has the larger 

positive value among other. The formation energy of Sys 02(Li vacancy) is smaller 

compared with the positive values of the other systems so it is stable to occur in our 

list after Ta at Nb site. So the most favorable and stable System is Ta at Nb site 

LiNb02, in our calculation using DFT. 

3.6 T.E Properties due to vacancy systems 

In this section we have calculated the thermoelectric properties of Li and oxygen 

vacancy systems, as a function of temperature. Lh-xNb02 where (x=0.0625) Li 

vacancy system and LiNb02_y (y = 0.0313) is oxygen vacancy system. The rea

son for doing these calculations is that, we already calculated the thermoelectric 

properties of Li b02 with large amount of hole and electron carrier concentrations, 

here we want to find thermoelectric properties for small number of hole and electron 

concentrations. 

3.6.1 Li Vacancy Supercell 

The calculated electronic band structure and DOS of System 02 are shown in Fig. 

3.13 and 3.14, respectively, where the vertical dash line in total DOS represents the 

Fermi level. vVe can see the Fermi level is shifted towards the valance band in both 

figures which was expected for Li vacancy, as creating Li vacancy produce hole in 

valance band so there are more hole as compared to electron in Li vacancy LiNb02 

as shown in Fig. 3.13. Band structure and density of states shows some extra states 

on valance band which is due to the creation of hole in System 01. The band gap 

is reduce to 1.176 eV due to this defect, which can be seen from DOS and band 
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Figure 3.13: Band Structure of System 02, the horizontal line represents the valance band 

maximum. 
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Figure 3.14: The calculated density of state of System 02, the vertical dash line represents 

the Fermi level. 
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structure. The structure of LiNb02 distorts due to Li vacancy, Li vacancy cause 

increase in lattice parameter c. The repulsive forces between 0 and its opposite 

sheets increases due to Li vacancy, which results decrease in the band gap. 

The thermoelectric properties for System 02 are calculated as a function of tem

perature (Fig. 3.15). The temperature is varied from 300 to 800K for all thermoelec

tric parameters, while the chemical potential was kept constant 0.996 Ry, this is the 

chemical potential at Fermi level. From Fig. 3.15(a) the minimum and maximum 

values of Seebeck coefficient are 18 and 52 f-L V / K at 300 and 800K. The Seebeck co

efficient at 300K or room temperature is 18 f-L V / K and is increased with increasing 

temperature. The sign of thermopower is positive for all temperature ranges from 

300 to 800K indicates that the majority carrier are holes. Fig. 3.15(b) shows that 

the electrical conductivity has its minimum and maximum values of 128 and 131 

k(S/ m) at 300 and 800K , the scattering time used here is 4x 10- 15 s. 

A small change in thermal conductivity is also observed ranges from 0.99 to 1.8 

(\tV / mK) for temperature range 300 to 800K. Fig. 3.15 [(d) and (e)J corresponds to 

power factor and figure of merit. Power factor has its maximum value 0.35 x 10- 3 

W / mK2 . The experimental value of lattice thermal is added in ZT with thermal 

conductivity i.e K, = K, e + K,l. So we can see the maximum and minimum values of ZT 

are 0.0038 and 0.0199 for 300 and 800K respectively. The results calculated for ZT 

here in System 02 are approximately in good agreement with experimental work [42J. 

They did their experiment for Lh-xNb02 at different x, x=O, 0.05 , 1.0, where we 

did our calculations for x=0.0625 , so in comparison with x=0.05 the results for ZT 

in our calculations are almost equal to their experimental results . 

Comparing TE coefficients of this p-type Li vacancy with the TE coefficients of hole 

doped LiNb02. We can see that the Seebeck coefficient of hole doped Li b02 at 
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(1 X 1021 carrier concentration/ cm3) almost matches with Li vacancy system. The 

minimum value of hole doped system is 20.7 J-l V / K, whereas 18 J-l V / K for Li vacancy 

at 300K. While the other TE coefficients e.g, thermal conductivity is 2.7 W / mK for 

Li vacancy and 2.3 W / mK for hole doped system at 800K. Similarly power factor and 

figure of merit are 0.3 W / mK2 and 0.043 for hole doped system and 0.35 W / mK2 

and 0.02 for Li vacancy at 800K. Different possibilities were searched for further 

improvement in the thermoelectric efficiency of LiNb02. 

3.6.2 Oxygen vacancy Systems 

In this section we have done the TE calculations for oxygen vacancy systems. Oxy

gen vacancy is further divided in three systems, System 03-01 , System 03-02 and 

System 03-03. These all systems are same except, the lattice constant (a) is de

creased and increased 2% in System 03-02 and System 03-03 , respectively from 

System 03-01. The band structure, total DOS and T.E properties were calculated 

for all these three systems. 

The calculated band structure for these three systems are shown in Fig. 3.16. Fig. 

3.16(a) corresponds to System 03-01 , Fig. 3.16(b) is band structure for System 03-

02 and Fig. 3.16(c) is the band structure for System 03-03. The extra states in the 

conduction band can be seen in all three systems, indicating that oxygen vacancy 

cause majority electron carrier. So System 02 was a p-type material and System 

03(including 01, 02 and 03) is an n-type material. The band gap is increased for 

System 03-02 in which we decreases the lattice constant (a) 2%, while the band gap 

decreases for System 03-03. The gap energy is inversely proportional to the square 

of lattice constant [46]. Decreasing lattice constant causing the decrease in the inter 

atomic distances. The valance electron become more bounded by decreasing the 
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Figure 3.16: Calculated electronic band structure of System 03-01 (a), System 03-02 (b) 

and System 03-03 (c). The horizontal line corresponds the valence band maximum. 
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Figure 3.17: Calculated total DOS of system 03, (a), (b) and (c) are System 03-01 , System 

03-02, and System 03-03. T he dash line represents the Fermi level. 
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lattice constant so more energy is required for these electron to become free in the 

upper band( conduction band). The results calculated for total density of states in 

Fig. 3.17 agrees with these changes in band gap. Fig. 3.17(a) , Fig. 3.17(b) and Fig. 

3.17( c) corresponds to System 03-01 , System 03-02 and System 03-03 respectively. 

The dashed line represents the Fermi level in Fig. 3.17[( a)-( c)]. 

A band gap of 1.67 eV is calculated for System 01, here the band gap for System 

03-01 is equal to 1.087 eV, 1.142 eV for System 03-02 and 1.032 eV for System 03-03. 

The thermoelectric properties of these systems are calculated and are shown in Fig. 

3.18. The solid line, dash line and dots line in Fig. 3.18 corresponds to System 

03-01 , System 03-02 and System 03-03, respectively. In Fig. 3.18 the thermopower 

is calculated with chemical potential at conduction band , because oxygen vacancy 

in LiNb02 behaves as an n-type impurity. So the sign of thermopower is negative 

for these systems as shown in Fig. 3. 18(a) for each system. The absolute value of 

S first slightly decreases and then increases to its maximum at 800K. For System 

03-01 the minimum value of S is 211 J-L V IK at 600K. 

The comparison of these thermoelectric parameters are shown in table 3.3. The 

Table 3.3: Comparing T.E parameters of oxygen vacancy systems(oxygen vacancy and 2% 

decrease and increase in lattice parameter a of oxygen vacancy) at 800K. 

System S(J.l V / K) O"(kS/ m) K:e(Wm- 1 K-1 ) PF 1O-3 (Wm- 1K-2) ZT 

Sys 03-01 -336.5 17.4 0.60 1.97 0.182 

Sys 03-02 -300 18.57 0.64 1.68 0.152 

Sys 03-03 -352.3 16.75 0.56 2.07 0.194 

absolute value of Seebeck coefficient and other thermoelectric parameters are taken 
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Figure 3.18: Thermoelectric parameters of System 03-01 (solid line, denoted as Org) , 

System 03-02 (dash line, denoted as Dec) and System 03-03 (dots line, denoted as Inc) , as 

a function of temperature. (a) Seebeck coefficient , (b) electrical conductivity, (c) thermal 

conductivity, (d) power factor and (e) figure of merit . 

66 



3.7. T.E PROPERTIES OF DOPED SYSTEMS 67 

here at higher t emperature, i.e., 800K. According to these results the Seebeck coef

ficient is larger in System 03-03. Electrical conductivity is higher in System 03-02, 

similarly electron thermal conductivity is also maximum in System 03-02. Power 

factor is larger in System 03-03 because of S, which is more dominant in power 

factor. The value of figure of merit(ZT) is 0.182, 0.152 and 0.194 for System 03-01, 

System 03-02 and System 03-03 respectively. The value of ZT is higher in System 

03-03, thus the efficiency of this system is better than other two systems. Here strain 

can improve the TE properties of LiNb02. 

3.7 T.E Properties of Doped Systems 

We have calculated the density of states, band structure and thermoelectric proper

ties for doped systems in this section. Doped systems means, adding some impurities 

or amount of other atoms to Sys 01 , e.g, doping Ta atom at Li site, Ta at Nb site and 

doping Ni at Li site. Ta at Li site Li1- x Tax Nb02 (x=0.0625) is System 04, Ta atom 

at Nb site LiNb1- x Tax O2 (x= 0.0625) is System 05 and Ni at Li site Lh-xNixNb02 

(x=0.0625) is System 06 in our list. Fig. 3.19(a) is the band structure of System 04 

in which the Fermi level is shifted towards the conduction band. vVhile Fig. 3.19(b) 

is the band structure of System 05 which looks similar to the band structure of 

System 01 , it has a direct band gap at gamma point with an energy gap of 1.64 eV, 

where Fig. 3.19(c) corresponds to System 06 having some extra states on valance 

band and decrease in the band gap also. It shows an indirect band gap, where 

the valance band maximum is on point L and the conduction band minimum lies 

between gamma and point K. The band gap in this system is reduced to 1.43 eV. 

Similarly the total density of state for these three systems are calculated and 

67 



3.7. T.E PROPERTIES OF DOPED SYSTEMS 68 

(a) (b) 

3 3 

2 2 

1 1 

~ 0 k---~+---~~~~~--~ 
~ 
'-' 

~ -1 ~~~~~~~~~~~1 
~ -2 

-3 ~:=..-i~f'-~ ....... e:::::-+--=r--...::::.j -3 

-4 

-5 ~=-L-.J.......c:=::.-L..JL......o==-..J'--.J......c==--' 

-4 I-.:::~~~ 

-5 ~~ 
G M K GA L H A G M K GA L H A 

(c) 

2 

1 

-3 

-4 

-5 
G M K GA L H A 

Figure 3.19: Calculated electronic band structure of System 04 (a) , System 05 (b) and 

System 06 (c). T he horizontal line represents the valence band maximum. 

68 



3.7. T .E PROPERTIES OF DOPED SYSTEMS 

70 

60 

50 ,-, 
=' c.: 40 
'-" 

rJ:J 30 0 
Q 

20 

10 

0 

(a) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

r ~ , ~ \ 
-4 -2 0 2 4 

Energy (eV) 

100 
90 
80 

,-, 70 
=' 60 c.: 

'-" 50 rJ:J 
0 40 
Q 

30 
20 
10 

0 \ 

-4 

180 
160 
140 

,-, 120 =' c.: 100 '-" 
rJ:J 80 0 
Q 60 

40 
20 

0 

(c) 

~ , 
4 1 

-2 0 2 

Energy (eV) 

69 

(b) 

I 
I 

Mi 
I 
I 

IA M 
-4 -2 0 2 4 

Energy (eV) 

" 4 

Figure 3.20: The total calculated DOS of doped systems, System 04 (a) , System 05 (b) 

and System 06 (c). The dash line corresponds to Fermi level. 
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shown in Fig. 3.20 . Fig. 3.20(a) , Fig. 3.20(b) and Fig. 3.20(c) corresponds to the 

total DOS of System 04, System 05 and System 06, respectively. The vertical dash 

line in these figure shows the Fermi level , the chemical potential near to Fermi level 

is used in these calculation. DOS of System 04 shows that it has the Fermi level 

which is shifted towards the conduction band as shown in band structure calcula

tion. Fig. 3.20(c) is the total DOS of System 06 which shows the slight shift of 

Fermi level towards valance band. 

Thermoelectric properties of these systems are calculated and shown in Fig. 3.21, 

Fig. 3.22 and Fig. 3.23, which correspond to T.E properties of System 04, System 

05 and System 06, respectively. These calculations are done at constant chemical 

potential as a function of temperature. Doping Ta at Li site, Li has only one valence 

electron while Ta has three valence electrons, so doping Ta at Li site results majority 

electron carriers. That's why thermopower or Seebeck coefficient in Fig. 3.21(a) is 

negative. The minimum absolute value of Seebeck coefficient is 56 f-t V / K at 300K 

temperature. The value of Seebeck coefficient is increasing with temperature is 

reached to a maximum absolute value of 100 f-t V / K at 800K temperature. While 

the electrical conductivity decreases with temperature as shown in Fig. 3.21(b), 

the maximum value of electrical conductivity is 57 (kS/ m) at 300K temperature, at 

higher temperature its value reduces to 54 (kS/ m) at 800K. The electron thermal 

conductivity, power factor and ZT increases with increasing temperature as shown 

in Fig. 3.21(c), Fig. 3.21(d) and Fig. 3.21(e), respectively. 

The minimum value of thermal conductivity is 0.4 (Wm- 1K-1) at 300K temperature 

and reaches to its maximum value 0.85 (Wm- 1 K-1) at 800K. Power factor is increas

ing with temperature, due to Seebeck coefficient which is dominant as compared to 

electrical conductivity. The minimum value of PF is 0.17 1O-3(Wm-1K- 2), at 300K 
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Figure 3.21: Thermoelectric parameters of System 04. (a), (b), (c) , (d) and (e) represents 

thermopower, electrical conductivity, electron thermal conductivity, power factor and figure 

of merit respectively. 
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and reaches to 0.54 10- 3 (VVm-1 K- 2 ) at 800K. vVhile the value of figure of merit is 

0.017 at 300K and reaches to 0.046 at 800K temperature. The calculated electronic 

band structure and DOS of Ta at Nb site LiNb02 indicates that it is very similar to 

pure LiNb02 , both having a direct band gap with a small difference of 0.03 eV(2%). 

Ta and Nb both belongs to the same group in the periodic table , both having the 

same oxidation state (oxidation number). The only difference is the difference in the 

valence electron, which may be responsible for the small change in the band gap. 

The thermoelectric transport properties of this system are calculated and shown in 

Fig. 3.22. Fig. 3.22[(a)-(e)] are Seebeck coefficient, electrical conductivity, thermal 

conductivity, power factor and figure of merit respectively. 

The minimum value of Seebeck coefficient is 216 J-L V / K at 300K , and approaches 

to maximum value 237 J-L V / K at 600K. If we compare TE coefficient of this p-type 

System 05 with hole doped LiNb02 , we can see that the minimum value of Seebeck 

coefficient of hole doped system at (lx1020 carrier concentration/ cm3
) is 100 J-LV/ K 

at 300K and reaches to 200 J-L V / K at 800K. The electrical conductivity of Ta at Nb is 

2.6 (kS / m) at 300K, while 19 (kS / m) at 300K for hole doped LiNb02 (1 x 1020 carrier 

concentration/ cm3 ). The minimum values of thermal conductivity, power factor and 

ZT for Ta at Nb site are, 0.05 (Wm-1K-1), 0.12 1O- 3 (Wm-1K- 2 and 0.014, respec

tively at 300K temperature. Whereas the minimum values for hole doped system at 

(I x 1020 carrier concentration/ cm3 ) are 0.2 (Wm-1 K- 1), 0.17 1O- 3 (Wm-1 K- 2 and 

0.019 , respectively at 300K. ZT of Ta at Li site and hole doped system become equal 

at (1 x 1020 carrier concentration/ cm3
) at 800K temperature. 

The band gap of Ni at Li site reduces to 1.43 eV, whereas it become more effi

cient among the doped systems. As the band gap decreases, results increase in the 

Seebeck coefficient and decrease in the thermal conductivity. The thermoelectric 
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Figure 3.22: Thermoelectric parameters of System 05. (a) , (b) , (c) , (d) and (e) represents 

thermopower, electrical conductivity, electron thermal conductivity, power factor and figure 

of merit respectively. 
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coefficients of this system an~ shown in Fi . 3.23. Fig. 3.23(a), Fig. 3.23(b) , Fig. 

3.23(c) , Fig. 3.23(d) and Fig. 3.23(e) represents Seebeck coefficient , electrical con

ductivity, thermal conductivit, power factor and figure of merit , respectively. The 

minimum value of Seebeck coefficient is 60 J.L V / K at 300K and reaches to 260 J.L V / K 

at 600K temperature. The maximum value of electrical conductivity is S.l (kS/ m) 

at 300K and reduce to 7.3 (kS/ m) at SOOK. Similarly the values of thermal conduc

tivity, power factor and ZT at 300K are 0.055 (Wm- 1K-1), 0.041O-3 (Wm-1K-2) 

and 0.004, respectively. Maximum value of ZT is 0.057 at 600K. 

The chemical potential near the Fermi level was used for calculating TE prop

erties of these doped systems. All thermoelectric parameters at higher temperature 

are shown in table 3.4. The absolute value of thermopower is taken for System 04, 

T ble 3.4: Comparing T .E Parameters of doped Systems at 800K temperature . 

System S(J.i,v / K) O"(kS/ m) i"l:e(Wm- 1 K- 1) PF 1O- 3 (Wm- 1K- 2) ZT 

Sys 04 -100 53.95 0.843 0.541 0.046 

Sys 05 236 8.97 0.532 0.501 0.047 

Sys 06 250 8.07 0.118 0.46 0.0497 

which is the minimum value in this table for Seebeck coefficient. Where maximum 

value of S is 250 J.L V / K for System 06. The electrical conductivity is maximum in 

System 04 (53.95 kS/ m) and minimum in System 06(S.07 kS/ m). Similarly the elec

tron thermal conductivity is maximum in System 04 and minimum in System 06. 

Where the value of the figure of merit is quite different from these two Systems, e.g, 

0.046 for System 04 and 0.0497 for System 06. The lattice thermal conductivity is 

also added to figure of merit . It shows that System 06 is more efficient from System 
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Figure 3.23: T hermoelectric parameters of System 06. (a) , (b) , (c) , (d) and (e) represents 

thermopower, electrical conductivity, electron thermal conductivity, power factor and figure 

of merit , respectively. 
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04 and System 05 , due to large thermopower and low thermal conductivity. One 

can further investigate this material for better TE performance. 
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Chapter 4 

Conclusions 

Using DFT with the help of BoltzTrap we find the thermoelectric properties of doped 

LiNb02 . Calculations indicate that LiNb02 was found a direct band gap semicon

ductor. We first examine the thermoelectric properties of (electron and hole) doped 

LiNb02 as a function of carrier concentrations and temperature. In both cases the 

thermoelectric properties of electron doped were found better than hole doped sys

tem, due to the greater effective mass of the electron. The effective mass is directly 

related to Seebeck coefficient (Pisarenko's [10] relation) and so as its square is di

rectly related to power factor. 

The electronic and thermoelectric properties of Li vacancy and 0 vacancy were cal

culated. The band gap of these systems decreased, as a result the Seebeck coefficient 

was increased. The thermoelectric properties of these vacancy systems were calcu

lated as a function of temperature. LiNb02 showed n-type behavior after 0 vacancy, 

and behaved p-type with Li vacancy. The efficiency of 0 vacancy was found better 

as compared with Li vacancy system. 

Finally we doped LiNb02 with different atoms (Ta,Ni) at different sites. The for-
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mation energy of these doped systems and vacancy system were calculated; which 

indicate that Ta doped at Nb site has the minimum formation energy. While Li 

vacancy system was found second stable system among them. TE properties were 

calculated for Lh-xAxNb02 (A=Ta,Ni) , and LiNb1_ x Tax O2 at (x=O.0625) as a func

tion of temperature. Calculations indicate that Li1- x TaxNb02 has better PF among 

these doped system, whereas the efficiency (ZT) of Li1- xNixNb02 was found better 

among them, due to large Seebeck coefficient and small thermal conductivity. 

We observed that the electron doped LiNb02 as a function of carrier concentration/ cm3 

has the highest TE performance among all combinations, whereas the calculated for

mation energy indicate that Ta at Nb site has the minimum formation energy, which 

is the most stable in these combinations. The TE properties of different systems 

in our calculations varies, so different changes can be made in LiNb02 to make it 

more efficient . Hence, we believe that Nb-doped LiNb02 could be a possible candi-

date material for thermoelectric applications. Our calculations also agree with the 

available experimental TE data of LiNb02. 
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