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Abstract

Distortion of the density of states(DOS) via resonant level has been reported to
improve the thermoelectric figure of merit (ZT) of material. BaCu,S, exists in two
phases a high-temperature tetragonal phase and a low-temperature orthorhombic
phase. In this study, we tried doping various elements(Al, Ga, In, T1, As, and Sb)
at different sites of both phases. For the lowest formation energy configurations, we
further explored the effect of various dopants in the electronic structure of the com-
pound. Some of the dopants created new defect states overlapping with the parent
states(resonant level), close to the band edge. Tl created defect states in both the
VB and CB band edges. Studied the thermoelectric properties of dopants. Group
13 dopants in the orthorhombic phase showed a carrier concentration-dependent
improvement in Seebeck coefficients for both the holes and electrons due to the
resonant level.
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Chapter 1

Introduction

1.1 Thermoelectric Materials

Thermoelectric materials are useful in conversion of heat into electric current and
vice versa. Their application includes waste-heat recovery, thermoelectric coolers
etc. They are simple, cheap and reliable to use, which makes them irreplaceable by
any conventional methods. But the low efficiency of conversion between heat and
electricity is the major drawback of any thermoelectric material.

Thermoelctric effect constitutes Seebeck, Peltier and Thomson effects. Seebeck
effect refers to conversion of temperature difference into voltage difference, Peltier ef-
fect refers to conversion of voltage difference to temperature difference, and Thomson
effect refers to reversible cooling or heating in a conductor under both temperature
and voltage gradient. Its application varies from refrigeration to power generation
(Figure: |1.1)). The efficiency of a thermoelectric material is measured by an unit
less quantity called the Figure of Merit (ZT), which can be written as,

B S%6T
K

4T

(1.1)

where S is the Seebeck coefficient, o is the electrical conductivity, T' is the temper-
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Figure 1.1: Power generation and Peltier cooling of a thermoelectric("Evaluation
of a PV-TEG Hybrid System Configuration for an Improved Energy Output: A
Review", Umar Abubakar Saleh, licensed under CC-BY-SA 4.0 )



ature, k is the thermal conductivity and includes both lattice thermal conductivity
(k1) and electronic contribution to thermal conductivity (k).

The major problem in improving the ZT is due to the counteracting nature
of its various component, which means a mechanism that improve one component
might deteriorate the other[4]. But the lattice thermal conductivity (k) is nearly
independent of the other quantities involved. So a variety of attempts have been
made to decrease ky, keeping other quantities intact, like low sound velocity[26], but
there is a limit for reducing the xr, known as the amorphous limit|24]. The other
quantities like S, o, k. are dependent on the electronic structure of a material. So
different types of techniques have been explored for improving those quantities like
band convergence|20], resonant levels|4], etc.

1.2 Resonant Doping

Resonant doping is a band engineering technique to improve the electronic contri-
bution, S%c, of the figure of merit. Here we will discuss the phenomenon of resonant
doping or resonant level and its role in the enhancement of figure of merit of a ma-
terial(BaCuyS,—phase).

1.2.1 Resonant states or virtual bound states

If the new dopant state is degenerate with continuum of the energy spectrum of the
parent crystal, it is called as resonant state. So all the impurity states in zero-gap
semiconductors, metals are resonance states. In a finite band-gap semiconductor,
if the defect level is in bandgap, as in classical dopant which provides free charge
carriers, one can activate the carrier by providing activation energy (Ep), which is
effectively modelled by hydrogenoid model. It is also possible to have resonant state
in finite gap semiconductors (where the Ep is negative) (Figure{l.2).

Since the resonant state and the extended state have the same energy level, they
resonate to create a closely lying two new extended states, which in turn resonate
with the corresponding extended states. So consequently the resonant state builds
some width I'. One can describe resonant state mathematically as following.

Unperturbed parent state can be represented by,
Hy |k) = B |F) (1.2)

where k is the wave vector and the Hamiltonian for isolated dopant atom can be
written as

Hy |O> = Eo |O> (1-3)

where |O) are atom-like eigenstates denoted by an orbital quantum number. If E,
falls over an extended state, resonance happens. A new perturbed Hamiltonian can
be written as H = Hy + V', which takes into account their interaction. So the new

10



Resonant level:
Enis in the band

Donor level:
-@— "hydrogenoid" model,
Ep=R

Figure 1.2: Resonant state and classical dopant state in band structure(Reprinted
with permission from ref. Copyright 2018, Energy & Enviornmental Science)
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eigenstate [¢))can be written as[4].

H ) = E i)

Yy = clO) /// ) |k) Pk (14)

Solving this will provide the amount of impurity present in a new eigenstate after
doping. The coefficient of impurity state ¢ in eq(1.4) is given by
o LOWIRF
(B—Ey— AP+ (57 (1.5)
I = 27| OV k) [*9(E)

where g(FE) is the DOS of the extended host material. Since a dopant atom consists
of different energy level, it is possible to get some resonant level upon doping. But
the position with respect to Fermi level and width of a resonant state (I') are crucial
for thermoelectric applications. Heremens et al has pointed out some necessary
criteria for a resonant level for optimal ZT improvement.

1.2.2 Resonant doping and thermoelectric property

Mahan and Sofo suggested that the narrowest energy distribution of states with
high carrier velocity (along applied electric field) near Fermi level will maximize the
thermoelectric figure of merit. But this has some practical limitations like, hard to
position Fermi level, large Wigner-delay time (time spent by a carrier near resonant
center) for narrow distribution, and presence of background DOS. A resonant level

11



modifies the thermoelectric property of a material by distorting the density of state
or through resonant scattering

DOS distortion

One can expand the equation of Seebeck for the single-band case with Bathe-
Sommerfield expansion, as follows|4]

kg 1 dn(E) 1 du(E)
§=5 7 k) (n(E) dE " u(E) dE )

kg 1g(FE) 1 du(E)
§ =5 kD) (E dE " u(E) dE )

(1.6)

where kp is the Boltzmann constant, g(E) is the DOS, u is the mobility of carrier,
n is the integral of g(E) over E. The increased DOS near the Fermi level will im-
prove the Seebeck coefficient directly through g(F) term. The effect of g/n term
has a larger impact on semiconductor materials due to very low carrier concentra-
tion. The increased g(E) also reduces the velocity of carriers[17]. The second term
in eq(1.6), which depends on the width of the peak, gets affected by an "effective
energy-filtering mechanism" or "resonant doping"[4]. The effect of resonant scat-
tering is more pronounced at cryogenic temperature. Reduction of mobility is also
observed in resonant doping, which also increases the second term of eq(1.6). The
aforementioned effect of resonant doping are the ones, beneficial for a material’s
thermoelectric property. But there are other effects due to resonant doping like
fermi level pinning-if the resonant state is due to a very localized orbital of dopant,
eg Tiin PbTe|9|. Even though there are many examples of localized resonant levels
in a semiconductor, only few of them have improved the Seebeck coefficient (men-
tioned the criteria for a resonant level to improve the ZT before). Signature of a
resonant level in Seebeck can be observed with a deviation from the parent behav-
ior upon doping in Seebeck vs carrier concentration plot(depends on both on the
temperature and carrier concentration)|17][30].

1.3 Aim of this thesis

As part of this work, we would like to identify the possible resonant dopants for
BaCu,S,, which might increase the S?c of the material using first-principle calcula-
tions. BaCusS, can be found in two phases, low temperature orthorhombic and high
temperature tetragonal. We have studied both the phases. The transition from or-
thorhombic to tetragonal happens around 820K|15|. Both are semiconductors with
some good properties for potential thermoelectric material. Orthorhombic phase
has got the large value of Seebeck coefficient of about 450-5501V/ K near room tem-
perature[15]. A very low thermal conductivity 0.86 Wm 'K ~! less than that of
the state-of-the-art material has been reported for the tetragonal phase and a ZT
of 0.17 has been reported. Both tetragonal and orthorhombic are p-type materials,
i.e holes are the major carriers. The origin of holes was due to presence of copper
vacancies.

12



The dopants tried were Group 13 elements, i.e., Al, Ga, In, Tl and two group 15
elements, As, Sb. Some of them have been reported for improving thermoelectric
figure of merit due to resonant doping in other materials like In in GeTe. The average
ZT got increased by 70% on In doping in GeTe|30]. All the above dopants show
multivalency - a property identified in all reported resonant dopants. Identifying a
resonant dopant that works in both phases is more beneficial from an application
point of view as in In doping in rhombohedral and cubic GeTe|30|. Since these are
semiconductors, the suitable resonant state would be from s and p orbital of dopants
[4].
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Chapter 2

Theoretical and Computational
Methods

The electronic structure of a material gives insight into its structural, mechanical
and transport properties. We have used Density Functional Theory, a quantum
mechanical method for calculating the electronic structure of the material. We
have extracted the transport properties using semi classical Boltzmann transport
theory|11], with the information obtained from the electronic structure calculations.

2.1 Many Body Schrodinger Equation
We can write the time-independent Schrodinger equation as
Htotqjtot = Etotqjtot (21)

where the many body wave function ¥, is a function of position of all the electrons
(r) and nuclei (R) constituting the system, W, (r,R). Hyy is the Hamiltonian of
the system and can be written as [2]

N

-~ h? h? 1 (Ze)? 1
H = =3 337V =30 5
RPSTIVAL Z2 Tl 2 Z|R R
- = (2.2)
2
—ze
( >ptn e T rm)
where —ZZ 13 M 7 and Z i1 2m ; are kinetic energies of nuclei and elec-
trons respectively, 47360 (ZS)Q Doiw ‘ R,f 71 and ﬁ% Zj i Flr,' are Coulomb inter-
) 1A ) 3T

action between nuclei-nuclei and electron-electron respectively and the last term
mZ@ Ew ‘Tj_l i is the Coulomb interaction between nuclei and electron. W,
contains all the information about the system. The non-local electron-electron and
electron-nuclei interaction terms in (2.2) makes it difficult to solve the equation

analytically. Various approximation have been made to solve it.
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2.2 Born-Oppenheimer Approximation

The equation (2.2) can be written as,
[TN + Te + VNN + ‘/ee + VN@]\Ijtot(ra R) = Etot\Ijtot<ra R) (23)

Here Ty is the nucleus kinetic energy, T, is the kinetic energy of electron,Vyy,
Ve, Von are the nucleus-nucleus, electron-electron and electron-nucleus Coulombic
interactions respectively.

Nuclear motion is much slower than the electron due to its heavier mass(nearly
2000 M, ). This means the electron wave function depends only on nuclear position,
not its velocity, and the nucleus experiences a smeared out potential from the speedy
electron. This is the Born-Oppenheimer approximation, which gives an electronic
state, that is independent of nuclear motion.|2]

We can identify the Hamiltonian in equation (2.3) as

I:—,tat = HN + ﬁele

where Hye = To + Ve + Vie and Hy = Ty + Vyn, H.,. is a function of electronic
coordinates, and has parametric dependence on nuclear coordinates. Hy is the func-
tion of nuclear coordinates. This allows decoupling of total wave function into

Uy (r, R) = @, (r; R) Dy (R) (2.4)

Then the Schrodinger equation for electrons, for fixed nuclear coordinates become,
H®e(r; R) = Ege(R)®(r; R) (2.5)

The ionic part can be obtained by substituting equation (2.5) in (2.3).
(Hy + Eqe(R))®n(R) = B ®n(R) (2.6)

In effect, the nuclei move in the potential energy surface created by all the electrons
E..(R)). Due to large mass of nucleus, it can be considered as a classical particle
then the equation of motion for nuclei can be derived by invoking Newton’s law
and solving a 2nd order differential equation or one can get the equilibrium nuclear
coordinates by finding the minimum of the potential energy surface F..(R)) w.r.t
nuclear coordinates.

2.3 Hohenberg-Kohn Theorems

Even with the static nuclei approximations, equation (2.5) is hard to solve analyt-
ically due to the electron-electron interaction term. Here the Density functional
theorem comes in handy proposed by Kohn and Hohenberg. They proposed to use
electron density as the basic variable instead of the wavefunction, which drastically
reduces the degrees of freedom in the system (from 3N variables to 3). Hohenberg-
Kohn theorems represents the basis of density funcitonal theory.

15



Theorem 1: “For any system of interacting particles, external potential V,,.(r)
is an unique functional of ground state density n(r) and vice-versa," [5] [27]
where n(r) is defined as

w0 =N [ [ [0 ra ) P 27)

The proof is based on the proof by contradiction. Consider two external poten-
tials Vez and V_,, which vary by other than a constant and provides with the same
ground state electron density n(r). Then the respective Hamiltonian would be H,
H' with different normalised ground state electronic wavefunctions ¥, and ¥y, with

the energy eigenvalue E, and E|

By < (Wl H|Wy) = (Wl H'\Wg) + (W | H — H'|w}) 2.5)
By < By 4 (WT + Vie + Vg — T — Vi — V2, [ 1) (2.9
By < Byt [ 0V = Vi Y (2.10)

Similarly,
By < Eo— [ n@){Ves = Vi (2.11)

adding eq(2.9) and (2.10), leaves us with a clear contradiction,
By + B}, < Ey+ E, (2.12)

This summarizes the proof that there cannot be two different external potentials
giving rise to the same ground-state electron density or in other words ground state
density uniquely determines the external potential V,,;.

ne(r) = H — ¥ — E,

E[no] = T[no] + Eee[no] + Eewt[no] (213)

The total energy functional E[ng| constitutes of the functionals of kinetic energy
T'[no), electron-electron interaction energy E..[ng] and energy functional due to the
external potential F.,;[ng]. So the complete ground state energy or its components
are functionals of ground state electron density. It is convenient to seperate the
energy expression (2.13) into parts which depends on actual system. That is the
potential energy due to nuclei electron attraction Ee.[ng| = f no(r)Vezdr and those
with the universal form.

Bina) = ( [ no)Veue) + (T + Bl (2.14)

The system independent part, i.e. second part of the equation (2.14) is the Hohenberg-
Kohn functional Fyxng. If the form of Fyx[ng] were known, we could have solved
the Schrodinger equation for any system, exactly. Due to self interaction, exchange
and Coulomb correlation contributions to the electron-electron interactions, makes
it harder to find an explicit expression for Fyx[ng].

16



In summary, ground state electron density of a system uniquely determines the
Hamiltonian operator, which characterizes all states of the system, ground and ex-
cited. Thus all properties of system are formally determined by the ground state
density|5].

Theorem 2:“The functional that delivers ground state energy of the system E[ny|,
delivers lowest energies if and only if the input density is the ground state density
no”[27]. This is just an articulation of the variational principle which in present case
can be expressed as|5|

Eolno) < E[n'] = T[] + Eee[n'] + Eext[n'] (2.15)

where n’ is the trial density (with appropriate boundary conditions, i e n'(r) > 0
and [n/(r)dr = N satisfied) corresponding to some external potential V/,,. The
proof runs as follows, let H' be the Hamiltonian associated with the trial density
n'(r), with corresponding wave functions ¥’. Consider the wavefunction, associated
with the Hamiltonian generated from the external potential V,,;, as the trial wave
function. Then,

(W'|H|Y") = T[n'] 4+ Vien'] + /n’(r)vmdr = E[n'] > Eqng) = (Uo|H| W) (2.16)

which is the desired outcome.

2.4 Kohn-Sham Approach

Though Hohenberg and Kohn’s theorem tell us the connection between an external
potential and ground state density of a system, they don’t provide us with a recipe
to calculate the same. In 1965, Kohn and Sham have suggested a new approach to
calculate the previously unknown universal functionals (7[n¢])). Kohn and Sham
replaced the difficult many body interacting problem by a non-interacting reference
system build from a set of one electron wave functions having same ground state
density as of interacting system, so that the major part of kinetic energy can be
computed with good accuracy.|§|

Consider non-interacting reference system with the Hamiltonian containing effective,
local potential for each particle Vi(r;),

A L N
H, = 5 va + ;‘/s(ri) (2.17)

The Hamiltonian represents non-interacting system so the ground state wave func-
tion Oy can be represented by slater determinant of one-electron wave functions ¢;
or Kohn-Sham orbital.[28]|. The Kohn-Sham orbital are determined by,

55 ¢ = & ¢ (2.18)

with the one electron Kohn-Sham Hamiltonian being
p 1
59 = —§v2 + Vi(r) (2.19)
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The potential Vi must be chosen such that the density obtained by summation of
moduli of squared orbitals ¢;, exactly equals the system of our interest.

2.4.1 Kohn-Sham Equations

The kinetic energy of non interacting system 7, with the same density of interacting
real system is given by

1 N

To= =35> (&ilV?|ei) (220)

%

The universal functional in eq(2.14) can be written as,
Fin(r)] = T[n(r)] + J[n(r)] + Ey[n(r)] (2.21)

where J[n(r)] is the classical Coulomb part in E..[n(r)], i.e

Jn(r)] = %//%drldm (2.22)

and the term FE,. includes non-classical contribution to the electron-electron inter-
action and the difference in the many body and single particle kinetic energy. Its
contribution to total energy is small, so it can be approximated. Now the energy
functional in eq(2.14) can be rewritten in orbital form as

E[n] = —%Z(qﬁilv?wi) +%ZZ//|Q>i(r1)|2%m|¢j(r2)|2dr1dr2

(2

: (2.23)
-3 [ VeabttenPas + ot

The ground state electronic density is the density that minimizes E[n] and hence
satisfies the Euler equation

0P
,u = Vert + an (224)

where p is the Lagrange multiplier associated with the constraint

/n(r)dr =N (2.25)

substituting eq (2.21) in eq (2.25) gives

0T [n|
= 2.2
2 Véff + 871([’) ( 6)
where the effective potential is defined by
0J[n]  OF.[n]
= 2.2
Vigs(w) = V(x) + 5008+ Gl (227)

18



The last term can be identified as exchange-correlation potential

Ure = o) (2.28)

eq (2.26) with constraint in eq (2.25) is precisely the same equation one obtains on
doing density functional theory to a system of non-interacting electrons moving in
the external potential V;(r) = V.;/(r)[13]. Therefore for a given V,;¢(r), one obtains
the n(r) that satisfies eq (2.26), by solving N one electron equation

1
<—§V2 +Veff(r)) O = € O (2.29)
which gives

n(r) = ZZ W (x, 5)|? (2.30)

2.5 Exchange-Correlation Functional

Now the problem of finding solution to the system boils down to obtaining a good
approximate functional form for F,.. The exchange correlation potential is a func-
tional derivative of exchange correlation energy with respect to density eq (2.28).
There are different ways in which these can be approximated. The two most com-
monly used ones are described below.

2.5.1 Local Density Approximation (LDA)

LDA are a set of approximations, where the exchange-correlation energy functional
depends only on the electronic density at each point r in space[8|[18].

BLPA / n(r)eseln(r)]dr (2.31)

where €, is the exchange-correlation energy per particle for a homogeneous electron
gas of charge density n(r). LDA gives exact functional form for a homogeneous
electron gas and so for systems with slowly varying density it gives reasonably ac-
curate results. Since LDA depends only on local electronic density it completely
ignores any correction to the exchange correlation energy due to the inhomogeneity
in density|29|

2.5.2 Generalised Gradient Approximation (GGA)

GGA takes information from the local electronic density and the information of
surrounding electronic density through gradient of electronic density (Vn(r)), which
takes into account the inhomogeneity of electronic density of the system.

We can write GGA-exchange correlation energy in the following form:

ES%Ang, ng| = /f(na,n/g,Vna,VnB)d(r) (2.32)

19



In general GGA improves on LDA for the quantities which are already successfully
treated in LDA but GGA gives a more accurate description of the many body
electron system than LDA.

2.6 Periodic System
Now, the Kohn-Sham orbital ¢; or the wavefunction can be expanded in terms of a

basis set (2.33), so that we can solve the Kohn-Sham equations by diagonalizing an
eigenvalue equation as shown in equation(2.34) below.[1]

Ny
$i(r) =) Ciaf(r) (2.33)
ZHQBCW = eZCm (234)
B

We can choose set of plane waves as basis set, due to some advantages in calcu-
lations for periodic system.

2.6.1 Bloch’s theorem and Plane wave Basis set

Eigen function ¥ for a periodic system will satisfy Bloch’s theorem(3.35).
Uy(r) = expik-r Ug(r) (2.35)

where the function Uy(r) possess same periodicity as that of the system. This
periodic function is expanded in a discrete set of pane waves as shown below:

1 )
Ui(r) = D CieeST (2.36)
G

where G is the reciprocal lattice vector and €2 is the unit cell volume. So, we can
write an equation for the Bloch wavefunction expanded in a plane wave basis set as
in (2.33)

1 .
Wi (r) = & D Chge™r T (2.37)
G

In reality the summation over G in eq(2.37) contains infinite number of plane waves.
But the contribution of plane wave with large values of G are usually negligible. So
one can truncate the expansion at some |k + G|, which is called the kinetic energy
cutoff (E.,) and is given by:|19]

Rk + G| h2G?

cul (2.38)

Ecut =
2m 2m

After the truncation infinite sum of plane wave in eq (2.37) would become a finite
sum

Y Cred®ror (2.39)
|K+G|§cht
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2.6.2 k-point sampling

For calculating physical quantities like total energy, one would need to do a Brillouin
zone (BZ) integration. Periodic boundary conditions allow using a set of discrete
kpoints in BZ instead of continuous values for the eigenstate of the Kohn sham equa-
tion. Consider a solid system. Since the system has an infinite number of electrons
we would require an infinite number of kpoints as well (i.e the density of k points is
proportional to the size of the system). Nevertheless, the electronic eigenfunctions
of k points that are lying close to each other will be practically identical. So a single
k point can be used to represent a set of k points that are lying nearby. So one can
divide the BZ into a finite number of pieces for calculating ground state density,
total energy etc. With these approximations we can find the electronic states of the
system with finite number of k points and finite number of plane waves.

2.7 Pseudopotential

Properties of a solid are dictated by the valence electrons of the constituent atoms
(than their core electrons). Hence to reduce computational cost, the core electrons
are ignored. In the pseudopotential the strong nucleus potential felt by the valence
electrons are replaced with a weaker potential screened by the core electrons. In the
Kohn-Sham equations, the external potential is replaced with this pseudopotential.
Moreover, the core region of the true valence wavefunction, where there are lot of
wiggles and requires larger number of plane waves are replaced with a smoother
function while the tail part matches the exact wavefunction as shown in Figure{2.1]
This modified function is called the pseudo wavefunction. Invention of pseudopo-
tential and pseudo wavefunction with fewer Fourier modes, reduce the size of the
plane-wave basis set and make the calculations less expensive. 19|

Norm-conserving and ultrasoft are two of the most widely used pseudopotentials
in-plane wave-based electronic structure calculation. Norm-conserving pseudopo-
tential obeys two criteria: 1) true valence electron and pseudo wavefunction must
be identical outside a cutoff radius (designated as r.) and 2)the norm of the psuedo
wavefunction inside the cutoff radius should match with the true electron wave-
function. The ultrasoft pseudopotential relaxes the norm-conserving condition to
decrease the size of the required plane-wave basis set.
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Figure 2.1: Schematic illustration of all-electron (solid lines) and pseudoelectron
(dashed lines) potentials and their corresponding wave functions. The radius at
which all-electron and pseudoelectron values match is designated as r. (Reprinted
with permission from ref.|19] Copyright 2018, Reviews of Modern Physics)

2.8 Self-consistency cycle

The effective potential in the Kohn-Sham equation eq (2.29) depends on density
which is an unknown quantity. So one needs to solve the equation using an iterative
procedure or self consistently to find the solution. The same is schematically shown
below
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2.9 Band Unfolding

2.9.1 Supercell

Bloch’s theorem cannot be applied to a system containing a single defect because
the periodicity is broken. Continuous plane wave basis would be needed for such
calculation, hence infinite number of plane waves are required for such calculation.
So we use a periodic supercell (SC) construction to study the effect of defect (figure
?7). A supercell is mathematical construction acheived by repeating a primitive
cell(PC) unit along one or more spatial directions. Size of the supercell can be
determined according to the defect concentration. [19]

2.9.2 Unfolding the band structure

—

Even though it is possible to get energy bands (E(K)) for an SC calculation (and it
contains same amount of the information as in PC description), its interpretation is
difficult due to its complex nature. Because increasing the size of the unit cell in real
space will decrease the size of the unit cell in reciprocal space and thus increasing
the number of bands in k space or folding of bands in k space. So extracting the
energy diagram (E(k)) for PC is more convenient.

As described in Ref. 23], there is a computational procedure with which one can

get effective band structure (EBS) from SC energy eigenvalues. The SC eigenvalues
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Figure 2.2: a) Primitive cell, supercell b) Brillouin zone(PBZ and SBZ)

are obtained by explicitly diagonalizing the single-particle Kohn-Sham equation for
super cell.

One can describe reciprocal space by the wave vector either from primitive Bril-
louin zone (k) or supercell Brillouin zone (K ) and the corresponding energy disper-
sion can be easily obtained E(k) and E(K). Then the unfolding procedure can be
used to reconstruct E(k) from E(K Flgure

Consider a fictitious ordered periodic system(2D) (Fig. [2.2)). If one can find a
reciprocal lattice vector Gy , which satisfies eq(2.40), then the wave vector k (in
primitive BZ) can be folded into into a wavevector K (in Supercell BZ),) by

K =k—G, (2.40)

Similarly, wave vector K can be unfolded into k; in pbz,if

k=K+G, i=1,...,N; (2.41)

where Np is the number of different ways one can unfold K and is equal to the
determinant of the transformation matrix which transforms PC to SC. By solving the
associated Schrodinger equations, one can get the energy eigenstates |/¥n> and |I? m)
for both PC and SC respectively (with n, m being band indices). The geometric
relations of band folding and unfolding of wave vector, allows us to write any SC

cigenvector |[Km) as a linear combination of PC Bloch state |k;n), i =1, ... , N;.
Ng
[Km) =Y " F(ki,n; K, m)|kn) (2.42)
i=1 n

By projecting |l? m) on all possible PC eigenvector |k?m) of fixed k;, calculating
the spectral weight, one obtains
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= > [(K, mlk;,n) (2.43)

from PEm(EZ) It is straight forward to derive the spectral function (SF) of
continuous variable E.

A(k;, E) = ZPKm (k:)0(E,, — E) (2.44)

Equation in (2.44) can be directly used to obtain E(k) from E(K)

2.10 Boltzmann Transport properties

Boltzmann theory is a useful concept for understanding the transport properties
of real materials. The electric current j;, under the influence of an electric field
E and temperature gradient VT can be expressed in terms of conductivity tensors
(0i)-(IL1])

Ji = 0By + i VT (2.45)

The conductivity tensor can be written in terms of group velocity and mass tensor
as,

Oaplis k) = €7, pua(i, k)vs(i, k) (2.46)
where the group velocity is
f) = L2 2.47
(i, F) = 7 52 (247
and the mass tensor is
Mo Ry = L O 2.48
Ba (2’ ) - ﬁakﬁaka ( . )

We will approximate the relaxation time to be independent of the electronic state
and temperature and hence a constant. Conductivity tensors in terms of energy can
be obtained by projecting density of states with the conductivity tensor as given in
the equation below:

— €. 2
Uag ZUO‘B l’K) (2.49)

This is the transport distribution functlon; now the major transport tensors in
eq (2.45) can be calculated as:

ualTi) = g [ auste) | (2.50)

, 1 —0fu(Tse)
walTi) = ronatlle — ) |25 e (251)
The Seebeck coefficient can be calculated as:

S@j == E’Z‘(VJ‘T')_1 = (0'_1)0472‘1)047]‘ (252)
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Thermal conductivity due to electron, k° can be calculated as:

ko s(Ts ) = 62%0}175(6)(6 — 1) [M] de (2.53)
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Chapter 3

Results and Discussion

This chapter contains the results of the study of the structure, electronic structure
and the transport properties of both a-BaCu,S; and S-BaCusS, phase with different
dopants for improving thermoelectric performance.

3.1 Computational Details

We have used the Quantum Espresso|3| software for electronic structure calculations
and geometry optimization, which is based on Density Functional Theory, plane-
wave basis sets and pseudopotentials. Ultrasoft pseudopotentials have been used
for including the interaction between ionic cores and valence electrons. Following
are the valence electron configuration of the atoms in the calculation: Ba-5s25p®6s2,
Cu-3d'%4st, S-3s23p*, Al-3523p', Ga-4s523d'°3p', In-55%24d'%5pt, T1-6525d'°6p", As-
45%4p3, Sb-4d'°5s525p!. The electron-electron exchange correlation functional is de-
scribed by the Perdew—Burke-Ernzerhof (PBE) parametrization of GGA[21]. A
kinetic energy cutoff of 45 Ry has been used for the wavefunction and a kinetic
energy cutoff of 450 Ry has been used for the charge density. Brillouin zone inte-
grations are done by using a Monkhorst-Pack k-grid of 12 x 5 x 5 and 12 x 12 x 4
for the orthorhombic and tetragonal phase respectively. Total energy convergence
of 1075 eV has been adopted for the calculation. The orthorhombic phase contains
20 atoms per unit cell and the tetragonal one contains 10 atoms per unit cell.

For the calculation with dopants, 2 x 2 x 1 and 2 x 1 x 1 supercells, with 40
atoms each, have been used for the tetragonal and orthorhombic phases respectively.
Accordingly, k-grids of 6 x 5 x 5 (orthorhombic supercell),6 x 6 x 4 (tetragonal
supercell) have been used for BZ integration. The dopants we tried are Al, In,
Ga, T1, As and Sb. We did not use any smearing for calculations of the undoped
system. For the ones with dopants, to speed up the convergence, we have used
Marzari-Vanderbilt|14] smearing with a smearing width of 0.003 Ry.

Boltzmann Semi-classical transport equation as implemented in BoltzTraP|11]
software code has been used to extract the electronic transport coefficients. The
software uses Fourier expansion to interpolate bands for calculation.The convergence
of transport coefliceints have been acheived by using dense k-mesh of 48 x 48 x 16 and
48 x20x 20 for Tetragonal and Orthrhombic respectively, with a Fourier interpolation
factor of 15.
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Table 3.1: Comparison of lattice parameters of BaCu,S,.

| lattice parameter | calculated | Experiment(lit) | Theoretical(lit) |

orthorhombic phase
a(A) 4.027 4.055[15] 4.051[22]
b(A) 9.385 9.280[15] 9.281[22)
c(A) 10.32 10.39]15] 10.41[22]
Tetragonal Phase
a(A)=b(A) 3.89 3.92[6] 3.92[10]
c(A) 12.60 12.66[6] 12.62[10]

3.2 Structure

BaCu,S, is a ternary copper chalcogenide, which is relatively unexplored material,
while another member of this family, BaCuySes, is known to exhibit excellent ther-
moelectric performance. BaCu,S, exist in two configurations, a low temperature
phase that have an orthrohombic structure (a-BaCu,S,) and a high temperature-
tetragonal one (8-BaCuyS,). Both a-BaCu,S, (with pnma space group) and (-
BaCu,S, (with I4/mmm Space group) are intrinsic semiconductors, with a-BaCu,S,
having good thermopower|15](50-500 nV/K') and 5-BaCu,S, having low thermal(0.86
Wm K™ at room temperature) and electric conductivity. The tetragonal phase is
relatively more explored than the orthorhombic one.

From our calculations the a-phase turned out to be 0.12 ev/formula unit more
stable than the § one. The optimized lattice parameters for both the phases, ob-
tained from our calculations are in good agreement with the reported values (Ta-
blef3.1)). The orthorhombic structure contains 2 different Wyckoff position for both
the the sulphur (S6,S7-number does not have any significance other than identifi-
cation) and copper (Cul0,Cull) (Figuref3.1]a). Orthorhombic structure contains a
tetrahedrally bonded copper and sulphur network(Figure b) with barium occu-
pying in between. The tetrahedra is distorted and contains 2 pairs of Cu-S bonds.
The Cu-S bond length depends on identity of both the element. A tetrahedra around
Cul0 contains a pair of bonds of length, 2.47 A each with S7 and another pair each
having a length of 2.41 A with S6. In contrast, for Cull, there are three types of
Cu-S bond lengths: two Cu-S bonds, each of 2.38 A | with S6, one Cu-S bond of
length 2.49 A with S6 and a third one with S7 of length 2.39 A. The tetragonal
crystal has a layered appearance along the c-axis, with Cu,S, layers are sandwiched
between Ba layers (Figuref3.1]c). Each CuyS, layer is made up of edge-sharing CuS,
tetrahedra, with a Cu-S bond length of 2.42 (2.41|10])A.

Band structure and the density of states for each phase are shown in Figure{3.2]
Both a and § phase are semiconductors with a direct band gap of 0.80 eV and 1.10
eV respectively, occurring at I' point of the BZ. The experimentally reported value
of band gap is 1.75 €V for the tetragonal phase, which is severely underestimated
in our calculation. This is expected with the use of an approximate exchange cor-
relation functional(|7]). To the best of my knowledge, I have not come across any
experimental report on the band gap of the orthorhombic phase.

In both the phases the primary (VB near bandgap) and secondary (band be-
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Figure 3.1: a: Structure of the orthorhombic phase. b: The Cu-S tetrahedral
network. c: Structure of the tetragonal phase.(For orthrhombic phase grey Cu-
Cull, blue Cu-Cul0)(Ba-green, S-yellow Ionic radius have been considered)

low -3 €V in both the phases) valences arise from hybridization of copper (3d) and
sulphur (3p) orbitals. The primary and secondary valence band (not shown in
corresponds to antibonding and bonding orbitals respectively. The antibonding na-
ture of the valence band is confirmed by plotting the integrated local density of
states(ILDOS) near the band edge, where the charge density of the orbital is con-
centrated near induvidual atom than in-between the atoms. As expected Sulphur,
a more electronegative atom than copper have a larger contribution to the bonding
orbital than Cu. Major contribution to the conduction band is from Ba 5d orbital.
In both the phases two electron from a Ba atom goes into the antibonding orbital of
CuQSQ(Figure,d) which makes Ba-CusS, interaction ionic in nature. In contrast,
Cu and S in CuyS, form covalent bonds. In the tetragonal phase, Cu-Cu also has the
bonding and antibonding nature in VB as Cu-S interaction. Whereas the Ba-S
interaction is always bonding in nature in VB. So the Ba sheets between Cu,S, layer
have an important role in the structural stability of the S-BaCusSs.
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Figure 3.2: Band structure(left) and projected density of states(right) for
a)aBaCu,S, b)s—BaCu,S, and integrated local density plots near VB edge for
c¢) orthorhombic phase (from VBM to 0.19 ¢V below VBM) and d) tetragonal phase
(from VBM to 0.20 eV deep into VBM).

The mobility of charge carriers depend upon their effective masses (m*), which
are the curvature of the band structure. Effective masses have been calculated by
invoking parabolic band approximation at I' point for both the conduction band
minimum (CBM) and the valence band maximum (VBM). m* for CBM (VBM)
provides information about the effective mass of electrons (holes). The effective
masses for the charge carriers along two high symmetry directions are listed in Ta-
ble. We find that generally the holes are heavier than electrons in both the
phases. In the orthorhombic phase, the holes along I' — Y and I' — Z have signif-
icantly larger effective mass than the electrons, while the holes and electrons have
comparable effective mass along I' — X direction. Moreover, the hole effective
masses are also significantly different along different BZ directions highlighting the
anisotropy in the structure. In the tetragonal phase, electrons are lighter than the
holes in general. Along I' — M, hole is about 1.5 times heavier than the electron
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while along I' —+ R and I' — Z the holes are about six and four times heavier than
electrons. Moreover, both electrons and holes have very highe effective masses along
I' — Z directions due to the layered structure perpendicular to the z-axis in real
space, i.e the anisotropy in the structure.

Table 3.2: Effective masses (in units of m.) of holes and electrons in BaCu,S, as
obtained from the parabolic band approximation.

’ Direction \ Holes \ Electrons ‘
a-phase
r-xX 0.28 0.22
r-y 1.46 0.48
-7 1.64 0.28
[-phase
I'-M 0.27 0.17
I'-R 1.66 0.27
-z 8.63(4.91]7]) 2.21(2.20|7W

For both the phases Tetragonal and Orthorhombic, the major contribution to
conduction band is from Ba-d orbital. But intuitively we expect the contribution
from Ba-s orbital, since that is the valence most orbital. But this may be due to the
shift in Ba-s energy level, up in energy than d-orbital upon forming crystal. Isolated
Ba-s orbital is very delocalised in nature, so the narrow spacing in solid pushes the
Ba-s states high in energy[10]. Both the phases are experimentally reported to
be p-type material, i.e. dominant carriers are holes, which is originating from the
copper vacancies|15]. The p type nature in tetragonal phase is predicted, due to low
ionisation energy and small electron affinity as described in [10].

3.3 Doping

Following are the dopants we tried in both phases of BaCu,S, to identify resonant
dopants: Aluminium (Al), Gallium (Ga), Indium (In), Thallium (T1) (all are Group
13 elements) and Arsenic(As) and Antimony (Sb) from Group 15. One atom in the
supercell is replaced with dopant from one parent formula unit out of 8 formula
units. So the doping concentration is 12.5% formula unit.

3.3.1 Structure and Formation Energy

Formation energy for a dopant is the energy required to substitute a parent atom.
Lower formation energy means it is easier to get that particular substitution done.
We have substituted every atomic species with all the dopants and calculated the
formation energy(E/), which is given as (eq. 3.1)

Ef = Etot - Epristine - ER + EX (31)
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Figure 3.3: Formation energy of various doping in a) a-BaCu,S; b) S-BaCu,S,

where E, and Episune are the total energies of doped and parent supercell re-
spectively and Eg, E'x are the bulk phase energy of dopant and the atom that get
replaced respectively.

As is evident from Figuref3.3] for both the phases, Group 13 elements prefer
to occupy the Cu site while As and Sb prefer to occupy the S site. Moreover, in
the a-BaCu,S, replacing CulO with Ga is the most favoured doping. For the other
Group 13 elements the formation energies for occupying Cul0 and Cull sites in the
« are comparable.

The dopants introduce significant distortions in the dopant-S or dopant-Cu bond
lengths. For example when the group 13 elements occupy CulO site, the Cul0-S7/S6
bond lengths are elongated. Moreover for these cases the two dopant-S7 bonds
that were equal in the parent compound still remains equal, though significantly
elongated. These bond lengths vary between 2.66-2.80 A with Al having a value of
2.66 A and T1-S7 bond length being 2.80 A. The degeneracy of the Cul0-S6 bond
lengths are broken and now we have two dopant-S6 bonds. Here also the bond length
increases as one goes down the periodic table. At the Cull sites, when the dopants
are Ga, In and TI, the bond lengths are significantly elongated and varies between
2.60 and 2.89 A. In contrast, the Al-S6 and Al-S7 bond lengths are shortened and
lies between 2.27 and 2.33 A. However, in this case also the dopant-S bond lengths
increase as we go down the periodic table. In contrast when Sb occupies S7 sites
the Sb-Cu bond lengths are either similar to that of Cu-S or are slightly elongated.
For As, all the As-Cu bond lengths are larger compared to the Cu-S bond lengths.

For the tetragonal phase, only when Al occupies the Cu site the Al-S bond lengths
are shortened to 2.33 A. In the case of Ga /In/T1 occupying the bond lengths increase
and comparable to those observed for the orthorhombic phase. The Sb/As-Cu bond
lengths compared to Cu-S bond lengths in tetragonal phase are similar to those
observed in the orthorhombic phase.
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3.3.2 Effect of doping on the electronic structure

To understand the effect of doping on the electronic structure of the parent com-
pounds, we have plotted the total density of states of the doped system and their
projections on the atomic orbitals of the dopant atoms, band structure for each
configuration unfolded onto the primitive unit cell Brillouin zone and the integrated
local density of states (ILDOS) corresponding to the peaks in the DOS arising from
the dopant states.

Aluminium

In orthorhombic phase, doping of Aluminium at CulO site give rise to two defect
states. One empty state at the bottom of the conduction band(Figuref3.4|(a)) due
to the hybridization of the p, orbital of Aluminium and p orbitals of surrounding
sulphurs as is evident from the projected DOS plots (Figuref3.4[a)). The second
occupied state at the the gap, but closer to the conduction band is from Al s.
Additionally, the py and pz states of Al hybridizes with those of the S atoms of the
host lattice. When the Cu atom is extracted from the lattice, it leaves behind a hole.
On adding Al it contributes 3 extra electron, of which one compensates the hole.
The other 2 electrons also reside in the Cu-S network. However, due to the nature
of hybridization of the Al orbitals with those of S results in completely filled bands.
This is in contrast with the conventional electron doping where the conduction band
is usually partially occupied.

On replacing the Cull atom with Al, we find the dopant states hybridize strongly
with that of the parent compound resulting in more delocalized state. As a conse-
quence, we observe partially filled conduction band that makes the system metallic
(Figuref3.4(b)). The stronger hybridization can be justified with smaller average Al
(Cull)-S bond length of 2.31 A (Al (Cul0)-S has on an average 2.58 A of bond
length).

Al in tetragonal phase did not show any desired features of resonant doping. The
behaviour of Al in tetragonal was similar to that of Al (Cull)-case(Figuref3.5(a)).
Both orbitals (s and p) were greatly delocalized, with Al acting merely as an electron
donor.

Al doping at Cul0 site only could produce a distinct defect site in the CB from the
p. orbital of Al. Which can be undertood from the favoured position of p, orbital
to hybridize with p orbitals of neighbouring S atoms.

33



200
3 — CulObyGa

—— parent

200 (7 BRI ERAr N

TIT L
Alls —_. Gap

--- Alp|]

— CullbyAl] '
— Parent

— CulObyAl] T 1
—— parent V== Alp
1
1
1
1
1

200 “\‘

150 R 150

wn wn n
Q 100 1 Qoo 15 Q100
a @) a

50 —0.5 S50 H B 50

. —os

0.5

076543210123450 0—7—6—543210123450 0
Eypy (6V) Eypy (€V)
(a) Al at CulO (b) Al at Cull (c) Ga at Cul0
200 — 4
— CullbyGa [ 7 TR g a-d 200 T caonym [ T =8 20 T Gty [T T T
[ — parent 1 i api — Parent E --- Inp|] — Parent i --- In-p
! B I B 1 7
i i —25 i
1501~ ' 13 150 ! 150 - ! 15
1 1 1
1
! ! ] i ’ ! C ]
i | N b
! wn 1 [T
| Q100 i 15 Qiool | :"':“'. -1
! A A |
1 1
i 1 i
! 1
! 1
| 50 i
! i
: !
! 1
! 1
! 1
A ! 1
|

P INATN & Al
7654321012345

07654321012340

VBM (CV) E-EVBM (CV)
(d) Ga at Cull () In at Cul0 (f) In at Cull
200 — CulObyTI “ TTTITRET)S 20 — CullbyTl' TR
— parent |- Thp|| — Parent bo--- Tip| |
{4

150 i 150

%)
Q 1ol
a

1%5)
O 100
)]

50 it 50

W Lo A 1\ | 4. ' '
07 54321012345 s a0 1235
E-E,,, (V) EE,, (eV)

(g) Tl at Cul0 (h) T1 at Cull
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Gallium

Doping of Ga at Cul0 site of orthrhombic phase created two defect states (Fig-
uref3.4(c)). One at the band gap due to the hybridization of Ga-s orbital with p
orbitals of surrounding host S atoms and other state at the bottom of conduction
band from the hybridization p, orbital of Ga with the p orbitals of S atoms. The
Dy, P- orbital hybridizes strongly with the parent compound to give a more delocal-
ized state in conduction band and deep valence band. This different behaviour of
p-orbitals in Ga is related to favourable position of p, orbital of Ga for overlapping
with the S orbitals.

While doping of Ga at Cull site created one distinct defect state due to the
hybridization of Ga-s with the p-orbital of Ga and of neighbouring S atoms in
the band gap, but with higher intensity than the state due to Ga-doping at Cul0
(Figuref3.4(d). The position of this new state remained same. Here the strong
hybridization among p orbitals of Ga, resulted in a very delocalized state in the CB.
This is in contrast with the Al case, where both s and p orbitals hybridizes.

Ga doping at Cu in tetragonal phase has created a defect state in the band gap
from the hybridization of Ga-s orbital with the p orbital selected neighbouring S
atoms. The strong hybridization of mixed p,,p, with p, gave a very delocalized
state in the CB (Figuref3.5[(b)). For all the cases of Ga doping the defect states
below Fermi level was enough accommodate the extra 2 electron from Ga (after
compensating one electron for the hole created by copper), resulting in filled bands.

Indium

Behaviour of Indium was similar to Ga. In doping at Cul0 site gave rise to two defect
states one in the gap (little more farther from VB than for Ga at Cul0 site) due to the
In-s hybridization with p-orbital of sulphur atoms. The second state at the bottom
of the conduction band was due to the hybridization of p, orbital with p orbital of
neigbouring sulfur, again Cul0 site favoured this hybridization(Figurej3.4fe)).

Replacing Cull by In, gave rise to a distinct state in the band gap but close
to VB due to hybridization of In-s with p orbitals of surrounding host S atoms.
Improved the intensity of the peak than that of the In doping at CulO site. The
strong hybridization among In p orbitals and with surrounding S orbitals resulted
in a very delocalized state in the CB. Indium doping at Cul0 and Cull sites created
new states in VB which is enough to accommodate the extra two electrons of Ga in
the Cu-S network(Figure{3.4(f).

In doping at Cu of Tetragonal Phase also created a distinct defect state in the
middle of the band gap due to hybridization of In-s with p orbitals of selected
sorrounding S atoms. The strong hybridization of p-orbitals of In resulted in a very
delocalized state in the CB. These two state together made continuum of states.
Which gave system a metallic behaviour(Figuref3.5]c).
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Figure 3.5: Group 13 Doping in tetragonal BaCuyS,

Thallium

Doping of T1 at Cul0 site created 2 distinct defect state, one at the edge of the
VB (unlike the other dopants) due to hybridization of Tl-s orbital with p orbitals
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of neighbouring host sulphur atoms and the other state at the bottom of the con-
duction band from mixing of Tl-p, orbital and surrounding S-p orbitals. While
the p.,p, orbital hybridize strongly and gave rise to very delocalized state in the
CB(Figuref3.4(g)).

T1 doping at Cull site has also created a defect state in VB edge due to hy-
bridization of Tl-s with p orbitals of surrounding S in varying degree. The defect
state is narrower from the previous case. Strong hybridization of Tl-p orbitals cre-
ated a very delocalized band in the CB(Figure{3.4(h)).

T1 doping at Cu site of the Tetragonal phase has also created a defect state in
the VB edge with Tl-s and S-p orbitals hybridization. A very delocalized state from
the Tl-p orbitals resulted in reduction of the band gap. All the 3 cases of T1 doping,
Tl with 3 electrons substituted copper with 1 electron. Unlike in the conventional

doping the extra 2 electron after compensating the 1 hole got accommodated in the
new VB defect states(Figure{3.5(d)).

For all the doping at Cull site have got large R-S (R=Al,Ga,In,T1) bond length
variation is observed than that in CulO site, this is due to the presence of defect
state in the large range of VB.

Arsenic

As doping at S7 site is the most stable configuration. As doping at S7 site results
in a defect state at the top the VB, due to a weak hybridization with As-p, orbitals
with localized d(d.2) orbitals of neighbouring copper atoms. While the p,, p, orbitals
of As hybridize with other d orbitals of Cu and contribute to the deep VB. The As-s
orbitals hybridize with the host Cu-s orbital results in a delocalized state in the CB.
Doping with As at S site results in a single hole making the VB partially occupied
resulting in metallic behaviour (Figure{3.6p).

As doping at S site of the Tetragonal phase, showed magnetic property with an
absolute magnetization of 0.34 up/cell. Here also we observe hybridization between
As-p and Cu-d states (Figure{3.6[b)).

Antimony

Similar to As doping, Sb replaces S7 in the most stable configuration in orthorhombic
phase. As doping gave rise to states with sharp peaks at the edge of the VB (near
Fermi level) and at the bottom of the valence band. The first is due to hybridization
of Sb-p, orbital with d,» of surrounding Cu atoms. Second defect state was deep
in the VB from hybridization of p,,p. orbital of Sb with the other d orbitals of
host Cu atoms. While Sb-s hybridizes with Cu-s to form a delocalised state in the
conduction band(Figure{3.6(c)).

Sb doping at S site in tetragonal phase showed magnetic property with a very
small magnetic moment of 0.08 up/cell. Similar to the previous case As gave
rise to two defect state with the corresponding hybridization as mentioned above.
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The effect of magnetization was quite indistinguishable between up spin and down
spin(Figuref3.6(d)). For both the cases Sb acts as conventional electron acceptor.

Comparison of different dopant

The dopant energy levels, its relative position in electronic structure, its dispersion,
its peak height have been compared.

At CulO site in orthorhombic phase, the position of resonant peak due to p-orbital
were fixed for all the group 13 dopants. But the position of the energy level due to
the s-orbital varies with no general trend, from TI’s state at VB edge to Al’s state
closer to the bottom of the CB. Whereas at large variation in peak position, peak
height can be observed on doping at Cull site. Behaviour of In and Ga were quite
similar here, T1 showed a similar behaviour as in Cul0 site. But both the aluminium
states, i.e. resonant states went into CB with no net effect in total DOS. Both the
As and Sb showed similar behaviour at S7 site.

In Tetragonal phase, the energy level were much more delocalized (for group 13
dopants) owing to the greater interaction with neighbouring atoms (Cu-S bond
length was smaller in tetragonal phase). In Al doping, s orbital went up in energy
than p orbital, both lying in CB. In both Sb and As the new state appeared at the
VB edge.

3.4 Transport Properties

3.4.1 Parent

The Transport properties relevant to a thermoelectric material were calculated for
all the dopants in both the phases. The Seebeck coefficient for the parent compounds
are shown in Fig. [3.7]

For tetragonal phase, the trends in transport properties are in good agreement
with the reported theoretical values(|7]), but the difference in the absolute value
could be due to the differences in the band gap and the exchange correlation func-
tional used. The experimental values range from 50-200 pV/K|[16|, depending on
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the carrier concentration. Even though orthorhombic has larger thermopower than
tetragonal phase, as in experimental result, the values aren’t matching with the
reported [16]. The effect of anisotropy doesn’t have much effect in the seebeck
coefficient for both the phases.

3.4.2 Doping
Group 13 doping in Orthorhombic Phase
Seebeck Coefficient

We have plotted carrier concentration vs Seebeck at 300K for both holes and elec-
trons to study the effect of doping.

The Seebeck coefficeint for electrons as a function of carrier concentration for
the orthorhombic phase is plotted in Figure [3.8 For the shown range of carrier
concentration, the trends in the Seebeck coefficient can be divided into three regions:
(a) Initially at the lower carrier concentration (3x10 to 1.1x10'%) the Seebeck
coefficient of all the dopants are larger than the parent compound, with Tl doping
at Cull showing largest improvement. (b) Upon increasing the carrier concentration
the Seebeck of all the dopants goes below the parent phase with varying degree Ga
at Cull site having the least variation. (c) Finally at higher carrier concentration
(above 8x10%°) there is a peak in the Seebeck coefficient for the doped cases while
for the parent one, the Seebeck coefficient goes on decreasing (Figure . This new
peak can be attributed to the resonant states introduced by the dopants. In general,
doping at the Cull site showed minimum variation, which is due to the delocalised
defect states in the conduction band.
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To understand this we consider for example the case of Gallium doped at Cul0
site, two new defect states has been added below the conduction band as is evident
from the band structure (Refer Supplementary material chapter). The presence of
flatter defect state (from p, orbital of Ga ) at the bottom, corresponds to heavy
electron whereas the bottom band of the parent has dispersion, which corresponds
to lighter electron. So we can identify the improvement in Seebeck at the carrier
concentration of 3x 10 to 1.1x10' is due to the presence of heavier electron in the
bottom of the conduction band. Dip in the Seebeck coefficient upon further increase
in carrier concentration can be due to the presence of a highly dispersed state above
the lowest defect state ( refer S-X direction). Subsequent increase in the Seebeck
than the parent phase is due to the presence of another flatter defect band below
the conduction band.
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In the plot of carrier concentration of hole vs Seebeck a jump in Seebeck can be
observed for a finite carrier concentration (around 2.5e21-ny )3.9 which is due to the
defect state detached from the VB. Since there are no states in between VB and the
defect state of some of the dopant (except T1), the Fermi function changes rapidly
to zero near VB. So the discontinuity in Fermi function is causing divergence in the
Seebeck coefficient giving rise to large peaks that has no physical significance. At
lower carrier concentration (till 4x10%0 cm™?) the Seebeck coefficients for the doped
compound are larger than the parent compound. Further, beyond that it decreases
till the region that contains discontinuity is reached. At a carrier concentration of
about 3x10%1 cm 3 the Seebeck coefficient for the doped cases show a hump, which
is again a signature of resonant doping in these states.
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Chapter 4

Conclusions and Future Outlook

In summary, we have studied the physical and electronic properties of both or-
thorhombic and tetragonal phases of BaCu,S,. Further, we have studied the effect
of the electronic structure on doping them with Group 13 elements and two Group
15 elements, namely, Sb and As. In the orthorhombic phase the Group 13 elements
occupy the Cu site and creates two defect states, one occupied and lying in the
band gap while the second one empty and lies at the bottom of the conduction
band. These states results in significant enhancement of the Seebeck coefficient at
certain carrier concentrations, both for electrons and holes, showing signatures of
resonant doping. In contrast, the Sb and As states don’t create such states.

As a future outlook one needs to study the effect of dopants on the transport
properties for the tetragonal phase. Also we need to study the Seebeck coefficient
and other transport properties as a function of temperature. Moreover, our studies
also show that for electrons the effect of resonant doping is more promising. However,
this material is intrinsically hole doped due to the presence of Cu vacancies. Hence,
it would be interesting to identify co-dopants that would introduce electron doping
in these materials and study the effect of these on the electronic and transport
properties. Additionally, a more detailed study of the transport properties needs
to be performed for the doped tetragonal phase, which have also been synthesized
experimentally.
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Chapter 5

Supplementary material

5.1 Unfolded band structures

5.1.1 Group 13 dopants in Orthorhombic phase
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5.1.2 Group 13 dopants in tetragonal phase
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5.1.3 Group 15 dopants

Sh-doped BaCu,S, (S7-site)

As-doped BaCu,S, (S7-site)

E-Ep (eV)

E-Ep (eV)

E-Eg (eV)
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