
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Thermal and Electrical Transport in Oxide Heterostructures

Permalink
https://escholarship.org/uc/item/217227nv

Author
Ravichandran, Jayakanth

Publication Date
2011
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/217227nv
https://escholarship.org
http://www.cdlib.org/


Thermal and Electrical Transport in Oxide Heterostructures

By

Jayakanth Ravichandran

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Applied Science and Technology

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Ramamoorthy Ramesh, Co-Chair
Dr. Arunava Majumdar, Co-Chair

Professor Junqiao Wu
Professor Oscar Dubon
Professor Joel Moore

Fall 2011



Thermal and Electrical Transport in Oxide Heterostructures

Copyright 2011

by

Jayakanth Ravichandran



1

Abstract

Thermal and Electrical Transport in Oxide Heterostructures

by

Jayakanth Ravichandran

Doctor of Philosophy in Applied Science and Technology

University of California, Berkeley

Professor Ramamoorthy Ramesh, Co-Chair

Dr. Arun Majumdar, Co-Chair

This dissertation presents a study of thermal and electrical transport phenomena in
heterostructures of transition metal oxides, with specific interest in understanding
and tailoring thermoelectricity in these systems. Thermoelectric energy conversion
is a promising method for waste heat recovery and the efficiency of such an engine
is directly related to a material dependent figure of merit, Z, given as S2σ/κ, where
S is thermopower and σ and κ are electrical and thermal conductivity respectively.
Achieving large figure of merit has been hampered by the coupling between these
three thermoelectric coefficients, and the primary aim of this study is to understand
the nature of thermoelectricity in complex oxides and identify mechanisms which can
allow tuning of one or more thermoelectric coefficients in a favorable manner. Un-
like the heavily studied conventional thermoelectric semiconductors, transition metals
based complex oxides show conduction band characteristics dominated by d-bands,
with much larger effective masses and varying degrees of electron correlations. These
systems provide for exotic thermoelectric effects which are typically not explained
by conventional theories and hence provide an ideal platform for exploring the limits
of thermoelectricity. Meanwhile, oxides are composed of earth abundant elements
and have excellent high temperature stability, thus providing compelling technologi-
cal possibilities for thermoelectrics based power generation. In this dissertation, we
address specific aspects of thermoelectricity in model complex oxide systems such as
perovskite titanates and layered cobaltates to understand thermal and thermoelectric
behavior and explore the tunability of thermoelectricity in these systems.

The demonstration of band engineering as a viable method to tune physical prop-
erties of materials is explored. The model system used for this case is strontium
titanate, where two dopants such as La on the Sr-site and oxygen vacancies are
employed to achieve band engineering. This method was used to obtain tunable
transparent conducting properties and thermoelectric properties for heavily doped
strontium titanate. The second aspect investigated is the use of strongly correlated
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materials for thermoelectricity. The cobaltates, specifically layered cobaltates, show
large thermopower even at very large carrier densities. The coupling of thermopower
and electrical conductivity is shown to be weaker for a strongly correlated material
such as cobaltate, which opens up possibilities of complete decoupling of all three ther-
moelectric coefficients. Finally, the thermal properties of complex oxides, specifically
in perovskite titanates, is addressed in detail. Thermal conductivity is demonstrated
to be a sensitive probe for defects in a system, where processing conditions play a sig-
nificant role in modulating the crystallinity of the material. The perovskite titanate
superlattice system of strontium titanate and calcium titanate is used beat alloy limit.
It also shows interesting period thickness dependent thermal properties. The possible
origin of this effect is briefly discussed and future directions for this research is also
elaborated in detail.
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Introduction

The universe we live in is essentially made up of two entities, namely, matter and
energy. The primary scientific quest of human kind has largely centered around ma-
nipulating matter and energy, leading to several technological advancements we see
and use in our everyday life. Hence, it is evident that the world’s economy is driven
by how much and how well we utilize matter and energy. Albert Einstein gave the
relationship between energy and matter, in his famous equation, E = mc2. The pro-
duction of nuclear energy is a direct consequence of this remarkable discovery. In the
era of energy crisis, it is comforting to note that there are sources of enormous energy,
albeit with their own drawbacks. In short, energy is available to us in various forms
in abundance, but not necessarily in the most usable form. For example, sun provides
the earth more energy in one hour than what we use in a whole year but not neces-
sarily in a directly useful form.[1] Hence, it is essential to understand how to convert,
store and efficiently use energy to continue the growth of our modern civilization. The
primary sources of energy today are fossil fuels such as coal, petroleum and natural
gas. It is generally accepted that these fuels were a product of fossilzed remains of
dead plants, which developed over millions of years under earth’s heat and pressure.
The finite nature of these energy sources and constant addition of by-products of
their combustion to the atmosphere, make fossil fuels unsustainable in the long run.
As a result, there is an urgent need to innovate, both, sources for energy conversion
which are renewable, for example, solar energy conversion and more efficient energy
conversion methodologies, for example, co-generation or waste heat recovery.

A cursory look at the 2009 US energy flow diagram (shown in figure 1.1) clearly
shows that about 55% of the total energy produced annually is rejected as waste heat
or in some form of losses. This is a significant amount of energy, considering any
improvement in the efficiency of energy conversion can substantially delay complete
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Figure 1.2: Diagram of the circuit on which Seebeck discovered the Seebeck effect. A and B are
two different metals. Courtesy: Wikipedia

depletion of our fossil fuels. So, what are the possible technologies that can tap
into this waste heat that is constantly been rejected in our industries and cars?
Depending on the temperature of the waste heat, there are several waste heat recovery
options. High temperature waste heat (>650◦C) can be used to generate electricity
using a steam turbine. Low to medium temperature waste heat can be recovered
using organic Rankine cycle or thermoelectric based energy conversion methods. In
particular, thermoelectricity provides several attractive advantages for waste heat
recovery such as lack of moving parts, one step solid-state energy conversion, very high
reliability and long life compared to conventional energy conversion methods. Despite
these attractive features, thermoelectric energy conversion has been employed only in
niche applications like satellite power generation, selected refrigerating applications
etc., due to its low efficiency. This dissertation will discuss the fundamentals of
thermoelectricity and thermoelectric energy conversion and explore some new ideas
for improving the efficiency of a thermoelectric engine.

1.1.2 Thermoelectric effects

Theremoelectric effects deal with the direct inter-conversion of thermal and elec-
trical energy. Thermoelectric effects encompass three different phenomena such as
Seebeck effect, Peltier effect and Thomson effect. A brief introduction to these effects
will follow, but a more exhaustive treatment can be found elsewhere.[2, 3]
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Seebeck effect

Seebeck effect is the conversion of a temperature difference across a material into
an electric potential difference under zero net current flow. In 1821, Estonian-German
physicist Thomas Johann Seebeck discovered that a compass needle would be de-
flected by a closed loop formed by two metals joined in two places, with a temper-
ature difference between the junctions (the circuit is schematically shown in figure
1.2). This is a consequence of metals responding differently to the temperature differ-
ence, creating a current loop and hence, a magnetic field. Seebeck did not recognize
there was an electric current involved; so he called the phenomenon the thermomag-
netic effect. Danish physicist Hans Christian Oersted rectified the mistake and coined
the term ”thermoelectricity”. The ratio between the developed electric potential dif-
ference (∆V ) and the applied temperature difference (∆T ) is given by the Seebeck
coefficient or thermopower (S = −∆V/∆T ). The primary cause of Seebeck effect is
the charge carrier diffusion. The temperature difference between a material causes
an imbalance in the charge distribution between the two ends and to create an equi-
librium, charge carriers diffuse from one side to another. This diffusion gives rise to
an electric potential and steady state is achieved when the thermal imbalance and
the electric potential compensate each other. The Seebeck effect is commonly used in
thermocouples to accurately measure temperature over a wide temperature ranges.

Peltier effect

Peltier effect was discovered by Jean-Charles Peltier in 1834. When an electric
current is passed through a material, heat is evolved or absorbed at each ends of the
material. The Peltier coefficient (Π) is given by the ratio between the rate of heat
evolution/absorption at the end (Q̇) and the electric current (I) passed through the
material (Π = Q̇/I). This effect is used to realize thermoelectric refrigeration.

Thomson effect

Thomson effect deals with the rate of generation of heat (Q̇) which results from
the passage of electric current (I) along a single conductor under the action of a
temperature difference (∆T ). Thomson coefficient (β) is given by Q̇ = −βI∆T . It
is important to notice that the primary heat producing mechanism accompanying
Thomson effect is the Joule heating.

1.1.3 Thermoelectric energy conversion and figure of merit

Thermoelectric energy conversion can be achieved by a thermoelectric heat engine,
which similar to other heat engines subject to the laws of thermodynamics. Hence,
the efficiency of such an engine can be readily derived using a few material dependent
parameters and the temperature of the source and the sink. The simplest possible
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Figure 1.3: Schematic of a thermoelectric generator made of n- and p-type semiconductors con-
nected to an external load R.

expression for efficiency can be obtained for a case of a thermocouple with thermoele-
ments made from a p-type and an n-type semiconductor (schematically shown in
figure 1.3). The details of derivation of the expression for efficiency of such a genera-
tor is readily available elsewhere[3], and the discussion here will pertain to the final
expression for the efficiency and its implications. The maximum efficiency(ηmax) of
such a generator is given by

ηmax = ηcγ (1.1)

where ηc =
TH − TC

TH

(1.2)

γ =

√
1 + ZT − 1√

1 + ZT + TC

TH

(1.3)

T =
TH + TC

2
(1.4)

and Z =
S2σ

κ
. (1.5)

Thus, the maximum efficiency is limited by the Carnot efficiency and material
dependent quantity γ. It is clear that this quantity is directly proportional to the
term Z, which is related to three thermoelectric parameters namely thermopower (S),
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electrical conductivity (σ) and thermal conductivity (κ). When Z tends to infinity,
the maximum efficiency approaches the Carnot efficiency. Hence, larger the figure of
merit higher the maximum efficiency of a thermoelectric engine.

1.1.4 Theoretical aspects of thermoelectric transport

A fundamental understanding of the nature of thermoelectric coefficients is neces-
sary to know the means of enhancing the figure of merit shown in the previous section.
Generally, transport coefficients for materials which satisfy conventional band theory
are derived using the Boltzmann transport theory. These transport coefficients are
the response of a material to any applied external field such as an electric poten-
tial gradient, chemical concentration gradient or a temperature gradient. All these
quantities are derived in the linear response regime where higher order responses can
be conveniently disregarded. The macroscopic relationship between the particle cur-
rent and the applied field is important to derive the microscopic description of the
transport coefficients. The generalized formalism defining the relationship between
forces and flows in a thermodynamic system out of equilibrium, but with a notion of
local equilibrium, was given by Onsager with his reciprocal relations. The Onsager’s
reciprocal relations are given as:

J = −Lµµ
∇µ

q
− LµT∇T (1.6)

U = −LTµ
∇µ

q
− LTT∇T. (1.7)

where J and U are the particle and energy currents, respectively, under the action of
a chemical potential(∇µ) and temperature (∇T ) gradients. The coupling coefficients
such as Lµµ, LµT , LTµ and LTT can be related to various transport coefficients. The
microscopic definition of such coupling coefficients can be derived by comparing the
reciprocal relations with the Boltzmann transport equation.

The basic assumptions and detailed development of the relations for the trans-
port coefficients using Boltzmann transport theory can be found elsewhere.[4, 5, 6, 7]
Boltzmann transport formalism was primarily developed for obtaining transport co-
efficients for rarefied gases which follow a one particle statistical distribution. In-
terestingly, this equation extends beyond just gases and can be applied for classical
particles and therefore for wave packets too. There are a few important assumptions
behind the formalism. The knowledge of the statistical distribution function for the
particle is essential, for example, Fermi distribution for electrons, Bose distribution
for phonons etc. In this discussion, we will treat a generic energy distribution f(E),
which can be appropriately substituted by a suitable distribution for any given par-
ticle. When a distribution of the particles is subject to an external perturbation, the
particles flow under the excitation and undergo several collisions and eventually attain
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a steady state, such that the new distribution of the particles doesn’t change with
time. Once steady state is achieved, the rate of change of the distribution function
can be approximated as shown below:

df(E)

dT

∣∣∣∣
scattering

= −f(E) − f0(E)

τ
, (1.8)

where τ is the relaxation time, which typically follows the Matthiessen’s rule when
more than one scattering mechanism is relevant.

The Boltzmann transport equation is given as

∂f(−→r ,−→k , t)

∂t
+−→v (

−→
k ).

∂f(−→r ,−→k , t)

∂−→r
+
∂
−→
k

∂t
.
∂f(−→r ,−→k , t)

∂
−→
k

=
∂f(−→r ,−→k , t)

∂t

∣∣∣∣
scattering

. (1.9)

Under steady state,

∂f(−→r ,−→k , t)

∂t
= 0. (1.10)

Substituting Eq. 1.10 and Eq. 1.8 in Eq. 1.9,

−→v (
−→
k ).

∂f(−→r ,−→k , t)

∂−→r
+

∂
−→
k

∂t
.
∂f(−→r ,−→k , t)

∂
−→
k

= −f(E) − f0(E)

τ
. (1.11)

In the limit of small applied external perturbation (linear response regime),

f(−→r ,−→k ) = f0(E) + f1(−→r ,
−→
k ). (1.12)

Substituting Eq. 1.12 in Eq. 1.11 and simplifying,

−→v (
−→
k ).

∂
(
f0(−→r ,

−→
k ) + f1(−→r ,

−→
k )
)

∂−→r
+

∂
−→
k

∂t
.
∂
(
f0(−→r ,

−→
k ) + f1(−→r ,

−→
k )
)

∂
−→
k

= −f1
τ
. (1.13)

The gradient of the perturbation function can be neglected to simplify the expres-
sion as

−→v (
−→
k ).

∂f0(−→r ,
−→
k )

∂−→r
+

∂
−→
k

∂t
.
∂f0(−→r ,

−→
k )

∂
−→
k

= −f1
τ
. (1.14)

Using,
h̄
−→
k = −→p , (1.15)

we get,

−→v (
−→
k ).

∂f0(−→r ,
−→
k )

∂−→r
+

∂−→p
∂t

.
∂f0(−→r ,

−→
k )

∂−→p
= −f1

τ
. (1.16)

The first segment will focus on the employment of the above equation for the electronic
transport responsible for thermoelectricity in materials. The following segment will
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deal with the phonon transport related to thermoelectricity i.e. the lattice component
of the thermal conductivity. For electrons under a field, we can use the following
relations,

ṗ = q
−→
E (1.17)

dE

d−→p
= −→v (1.18)

and f0(
−→
k ) =

1

exp

(
E(
−→
k )−µ
kBT

)
+ 1

. (1.19)

Simplifying Eq. 1.16,

−→v .

∂f0(−→r ,−→k )

∂−→r
+ q

−→
E
∂f0
∂E

 = −f1
τ
. (1.20)

Using the bottom of the conduction band as the reference energy to map the
location of the chemical potential (µ), we obtain

∂f0(−→r ,
−→
k )

∂−→r
=

∂f0
∂E

(
∂µ

∂−→r
+

E − µ

T

∂T

∂−→r
). (1.21)

Substituting Eq.1.21 in Eq.1.20 and using
−→
E = − ∂ϕ

∂
−→r ,

−→v .

[
∂f0
∂E

(
∂µ

∂−→r
+

E − µ

T

∂T

∂−→r
) − q

∂ϕ

∂−→r
∂f0
∂E

]
= −f1

τ
, (1.22)

where ϕ is the electric potential of the system.
Thus,

f1 = −τ−→v .

[
− ∂Φ

∂−→r
− E − µ

T

∂T

∂−→r

]
∂f0
∂E

, (1.23)

where Φ = µ + qϕ.
Now, the generalized electric charge current (

−→
J ) and the heat current (

−→
U ) are

given as
−→
J =

∫
e−→v (

−→
k )f(−→r ,−→k )d

−→
k (1.24)

−→
U =

∫
(E(

−→
k ) − Ef )−→v (

−→
k )f(−→r ,−→k )d

−→
k . (1.25)

The first step towards simplification of the current relations is to convert the
integrals from k-space to the energy space, as we have the Boltzmann transport
equation defined in terms of energy. It is essential to understand the concept of
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energy dependent density of states for this procedure. For an electron in a three
dimensional space, the energy-momentum relationship is given as,

E(
−→
k ) =

h̄2(k2
x + k2

y + k2
z)

2m
. (1.26)

The number of states available for the electron between E and E + dE is given as
fD(E)dE, where f is the distribution function, D(E) is the density of states. For a
three dimensional isotropic distribution of electrons, D(E) scales as

√
E. Recognizing

the relationship between the energy space and k-space, the current equations can be
simplified using Eq.1.23. Also for the ease of interpretation, let us assume the current
flow in only one direction, say ’z’ direction, resulting in the following equations.

Jz =
2q

m

∫ ∞

E=0

∂f0
∂E

D(E)Eτ

(
dΦ

dz
+

E − µ

T

dT

dz

)
dE (1.27)

Uz =
2

m

∫ ∞

E=0

∂f0
∂E

D(E)E(E − µ)τ

(
dΦ

dz
+

E − µ

T

dT

dz

)
dE +

µJz
q

. (1.28)

Now, comparing Eq.1.27 and Eq.1.28 with Eq.1.6 and Eq.1.7, we get,

Lµµ =
2q2

3m

∫ ∞

E=0

(
−∂f0
∂E

)
D(E)EτdE (1.29)

LµT =
2q

3mT

∫ ∞

E=0

(
−∂f0
∂E

)
D(E)E(E − µ)τdE (1.30)

LTµ =
2q

3m

∫ ∞

E=0

(
−∂f0
∂E

)
D(E)E(E − µ)τdE (1.31)

LTT =
2

3mT

∫ ∞

E=0

(
−∂f0
∂E

)
D(E)E(E − µ)2τdE. (1.32)

The derived thermoelectric parameters such as electrical conductivity (σ), ther-
mopower (S) and electronic component of thermal conductivity (κe) from the coeffi-
cients of Onsager’s reciprocal relations are given below:

σ = Lµµ =
2q2

3m

∫ ∞

E=0

(
−∂f0
∂E

)
D(E)EτdE (1.33)

S =
LµT

Lµµ

=
1

qT

∫∞
E=0

∂f0
∂E

D(E)E(E − µ)τdE∫∞
E=0

∂f0
∂E

D(E)EτdE
(1.34)

κe =

(
LTT − LTµLµT

Lµµ

)
=

2

3mT


(∫∞

E=0

(
−∂f0

∂E

)
D(E)E2τdE

)2
∫∞
E=0

(
−∂f0

∂E

)
D(E)EτdE

−
∫ ∞

E=0

(
−∂f0
∂E

)
D(E)E3τdE

 .

(1.35)
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In order to derive the lattice component of the thermal conductivity, we need
to use the Fourier’s law of heat conduction (which can be readily obtained from a
reduced form of Eq.1.6) given below:

U = −κ∇T. (1.36)

Meanwhile, it is essential to develop a microscopic understanding of phonons to
derive the phonon thermal conductivity relationship. A detail treatment of the un-
derstanding of the dispersion of phonons and derivation of thermal conductivity can
be found elsewhere.[8] Phonons are quasi-particles which represent atomic vibrations
in solids and some liquids, whose behavior can be easily mimicked using a ball and
spring model. The displacement behavior of a simple one dimensional chain of ball
and spring model can be given by simple harmonic motion and hence modeled as
a collection of harmonic oscillators. From elementary quantum mechanics, we know
that the energy of each mode of a harmonic oscillator is given by:

Ek = (nk +
1

2
)h̄ωk, (1.37)

where k is the wave vector and ω is the frequency of the mode. From statistical
mechanics, we know that phonons are bosons and hence follow the Bose-Einstein
distribution. The average occupation number of bosons as a function of energy is
given by:

n0(
−→
k ) =

1

exp

(
h̄ω(

−→
k )

kBT

)
+ 1

. (1.38)

Using Eq.1.37 and Eq.1.38 to solve Eq.1.36 and Eq.1.25, we obtain the phonon
thermal conductivity (κph) as,

κph =
∑

phonon modes

1

3

∫
(h̄ω)τ(ω)v2(ω)D(ω) < n(ω) > dω, (1.39)

where < n(ω) > is the average occupation number for a given mode with frequency
ω. A more detailed treatment of thermal conductivity and other elastic properties
such as heat capacity, group velocity etc shall be done in the later chapters.

Thus we have obtained the microscopic picture of the thermoelectric transport
parameters using Boltzmann transport theory. It is necessary to understand the
limitation of these expressions due to the inherent assumptions in arriving at the
final result. For example, all these results are applicable for one particle picture where
is there are no interactions or many body effects. More sophisticated treatment of
Boltzmann theory or entirely new models shall be necessary to deal with such many
body situations.
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1.2 Towards a high figure of merit

1.2.1 Figure of merit for bulk materials

It is evident that the primary scope of scientific research on thermoelectricity
has centered around attaining high figure of merit. In this section, the variation
of thermoelectric parameters with quantities such as carrier density, effective mass,
scattering mechanism shall be discussed. This will give us an insight into how we can
obtain maximum figure of merit by optimizing carrier density etc. Before we delve
into the details of this discussion, it is necessary to learn some macroscopic models
which describe thermoelectric coefficients.

µ 

µ 

σ(E)(E-µ) 

E 

D(E) σ(E) 

 
high σ	


Metal 

semiconductor 

 
low σ	
 high S  

low S 

Figure 1.4: Schematic figure showing the density of states as a function of energy for a three
dimensional isotropic electron distribution. The calculated differential electrical con-
ductivity and differential thermopower as a function of the position of chemical po-
tential are shown. When the chemical potential is deep in the band, we get metallic
behavior and hence high electrical conductivity and low thermopower, but in the case
of chemical potential at the edge of the band or in the gap, we get semiconducting
behavior and hence, low electrical conductivity and high thermopower. The total elec-
trical conductivity and thermopower can be obtained by evaluating the area under the
curve for the differential counterparts.

The materials of interest for thermoelectricity are typically classified on how well
they conduct electric current. Metals are good conductors of electric current, but
unfortunately, thermopower of metals is very small. On the other end of the spec-
trum, we have insulators, which are poor conductors of electricity. In the middle, we
have semiconductors and semi-metals which possess fewer carriers than metals but
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much larger than insulators. Semiconductors and semi-metals possess much larger
thermopower than metals.

We can understand this better using a simple schematic as shown in figure 1.4. It
is evident that for metals, the chemical potential lies deep inside the band, where the
density of states contributing to electrical conduction is large. This directly translates
to large carrier density and hence a large electrical conductivity. From Eq.1.34, it
is clear that thermopower is related to first order moment of density of states about
the chemical potential. In the case of metals, this asymmetry is negligible and hence,
low thermopower. In the case of semiconductors, whose chemical potential lies at
the bottom of the band or in the energy gap, the density of states contributing to
conduction is smaller than metals but the asymmetry of the density of states about
the chemical potential is large, leading to small electrical conductivity and large
thermopower. Now, we understand that tuning the chemical potential and hence, the
carrier density is one way to tune electrical conductivity and thermopower. How do
they relate quantitatively?

The first classical treatment of electronic conduction is given by the Drude model.
It was proposed by Paul Drude in 1900 and was particularly tailored for electrons in
metals. According to Drude model,

σ = neµ (1.40)

µ =
eτ

m
, (1.41)

where τ is relaxation time, m is effective mass, n is carrier density and e is electronic
charge. The relaxation time described in this model is dependent on the scattering
mechanisms present in the material. If more than one scattering mechanism is present,
the effective relaxation time is given by Matthiessen’s rule (shown below).

1

τ
=

1

τacoustic phonons

+
1

τionized impurities

+
1

τoptical phonons

+
1

τelectron−electron

..... (1.42)

The above equation lists some of the common scattering mechanisms such as acous-
tic phonon scattering, optical phonon scattering, ionized impurity scattering and
electron-electron scattering. Typically, the relaxation time for each scattering mech-
anism has a special energy dependence and this can be directly related to specific
temperature dependence. Hence, one of the common means to identify the dominant
scattering mechanism is through temperature dependence of electron mobility. To get
a better understanding of electrical conductivity and thermopower, we will attempt
to decipher analytical models from microscopic expressions obtained from Boltzmann
transport theory in the previous section.

It is clear that exact analytical solution for Eq.1.33, Eq.1.34 and Eq.1.35 is not
trivial and needs the knowledge of the D(E). The explicit expression of D(E) for an
isotropic three dimensional distribution of electron is given as

D(E) =
4π

h3
(2m∗)

3
2E

1
2 (1.43)
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Using this, we can simplify the expressions to,

σ =
e2

T
K0 (1.44)

S = ± 1

eT

(
µ− K1

K0

)
(1.45)

where

Ks =
8π

3

(
2

h2

) 3
2

T
√
m∗

(
s + r +

3

2

)
τ0 (kBT )s+r+ 3

2 Fs+r+ 1
2

(1.46)

Fn(η) =
∫ ∞

0
ynf0(η)dη (1.47)

and η =
µ

kB
(1.48)

The two important limits which are very useful for common interpretation of
results are the degenerate and non-degenerate limit. In the degenerate limit µ ≫ kBT ,
hence is applicable to metals and heavily doped semiconductors. In this limit, the
coefficients can be reduced to:

σ =
8π

3

(
2

h2

) 3
2

e2 (m∗)
1
2 τ0µ

r+ 3
2 (1.49)

S = ∓π2

3

kB
e

(r + 3
2
)

η
(1.50)

where, r is the scattering parameter, which gives the energy dependence of relaxation
time. Also, we obtain the Wiedmann-Franz law,

ke = LσT (1.51)

where, L is the Lorenz number given as,

L =
π2

3

(
kB
e

)2

(1.52)

Further, we use a simple Drude picture to obtain the expression for carrier density,

n =
8π

3

(
2m∗

h2

) 3
2

eµr+ 3
2 (1.53)

The other limit of interest is the non-degenerate limit, where the coefficients are
given as:

σ =
8π

3

(
2

h2

) 3
2

e2 (m∗)
1
2 Tτ0 (kBT )r+

3
2 Γ(r +

5

2
)exp(η) (1.54)
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S = ∓kB
e

[
η −

(
r +

5

2

)]
(1.55)

n =
8π

3

(
2m∗

h2

) 3
2

eT (kBT )r+
3
2 Γ(r +

5

2
)exp(η) (1.56)

where Γ(n) is the Gamma function. Similarly, the Lorentz number for a non-degenerate
semiconductor is given as,

L =

(
kB
e

)2 (
r +

5

2

)
(1.57)
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Figure 1.5: Schematic figure showing the variation of electrical and thermal conductivity and
thermopower as a function of carrier concentration (density).

Now, since we have an idea of how the thermoelectric parameters vary with chem-
ical potential (or carrier density), we can learn how to tune the thermoelectric param-
eters in a three dimensional bulk solid. Figure 1.5 shows a trend which is consistent
with our earlier discussion. Semiconductors possess fewer carriers than metals, hence
lower electrical conductivity but much larger thermopower. Similarly, due to large
electronic contribution to thermal conductivity, metals possess a large thermal con-
ductivity. It is also clear that the best thermoelectric materials have carrier density
in between metals and undoped semiconductors, which explains why heavily doped
semiconductors and semi-metals have the best thermoelectric figure of merit.

1.2.2 History of thermoelectricity

Before we embark on how to enhance the figure of merit (ZT), it is appropriate to
revisit history to learn how we have been successful in tuning the figure of merit of
materials to a high value. After initial work on metals as thermoelements by Seebeck,
Peltier and Kelvin etc., the macroscopic theory of thermoelectric devices was given
by Altenkirch and its efficiency or the coefficient of performance as a refrigerator or
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a generator.[9, 10] His work clearly showed that metals were inefficient as thermo-
electric materials. Later in 20s and 30s, Ioffe at the Physical-Technical Institute, St.
Petersburg started investigating semiconductors for thermoelectric applications. A
detailed description of the evolution of his studies on thermoelectricity particularly
use of III-V and II-V semiconductors and identification of n-type and p-type semi-
conductors to build a prototype thermoelectric generator can be found elsewhere.[11]
The identification of Bi2Te3 as an useful thermoelectric material is credited to both
Ioffe and British research group at General Electric company consisting of Goldsmid
and Wright. [11, 12] Beyond the 50s, the interest in semiconductors as thermoelec-
tric materials started waning and their use in electronic and optoelectronic research
became more prevalent. The general interest in thermoelectric research was severely
hampered by the low efficiency of thermoelectric devices.

Figure 1.6: Schematic showing the evolution of ZT over the last 60 years for a temperature range
of 150–1200 K.

In the 80s, Rowe et al.[13] proposed phonon scattering using grain boundaries as
a suitable way to improve thermoelectric performance of a material. Even though,
other investigations rendered this proposal inconclusive, eventually nano-structuring
became a standard method to suppress phonon scattering. In 1993, Hicks and Dres-
selhaus published two papers on the effect of quantum confinement on increasing the
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thermoelectric power factor (S2σ) in one dimensional materials and semiconductor
superlattices.[14, 15] This work triggered interest in looking at low dimensional ma-
terials and superlattices for thermoelectric properties and lead to several reports of
high figure of merit. Figure 1.6 shows a comprehensive list of high ZT materials re-
ported in the past 60 years over a temperature range of 150–1200 K.[16] The history
of ZT has been reviewed comprehensively elsewhere.[17, 18, 16] It is evident that the
work of Hicks and Dresselhaus has been a significant catalyst in prompting several
of these investigations. Unfortunately, the reason for the improved figure of merit
was related to supressed thermal conductivity and not enhancement in power factor.
In the following section, we will discuss the new physical principles that have been
established during the last two decades of thermoelectric research for enhancing the
figure of merit.

1.2.3 New physical principles towards high figure of merit

The primary method for maximizing the figure of merit of a semiconductor has
been tuning the carrier concentration. In 1979, Slack had the intuition that materials
with phonon thermal conductivity like glass but with good electronic transport prop-
erties can be good thermoelectric materials.[19] This lead to the search for materials
which followed the ”phonon glass electron crystal” paradigm. The earliest demon-
stration of this paradigm was through the discovery of a new class of themoelectric
materials known as Skutterudites.[20] Meanwhile, the proposal from Hicks and Dres-
selhaus prompted several investigations on superlattices[21, 22, 23] and nanostruc-
tured materials, with high figure of merit.[24, 25, 26] The common underlying theme
between all these work has been the reduction of phonon thermal conductivity due to
interfaces or nanoscale features like roughnesses, surfaces and/or grain boundaries. It
is important to understand the differences in length scales such as mean free path of
electron and phonon in a given material to adequately take advantage of preferential
phonon scattering.

Besides these proposals, there are two other interesting proposals for enhancing
the figure of merit. The first is the electron filtering approach, where metal semicon-
ductor heterostructures or superlattices can be used to filter cold electrons to enhance
the power factor (schematically shown in Figure 1.7). The theory behind this pro-
posal and experimental demonstration of this effect can be found elsewhere.[27, 28]
Another promising proposal for enhanced power factor has been band engineering or
resonance states induced enhancement in power factor.[29, 30] This approach needs
a careful understanding of the nature of electronic structure in a material and using
appropriate structural or chemical changes in the material to achieve a more favorable
band structure to achieve a high figure of merit. Finally, there are unconventional
thermoelectric materials which are strongly correlated systems whose properties are
governed by principles which are not discussed so far.[31] It looks very likely that
demonstration of more than one of these effects in a single material is necessary to
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Figure 1.7: Schematic demonstration of electron filtering using a metal semiconductor metal het-
erostructure.

achieve figure of merit to tune of 3, which can make the efficiency of thermoelectric
devices comparable to the traditional compressor based refrigerators or conventional
power generators.

1.2.4 Thermoelectric phenomena in oxides

Based on the review so far, it will be unlikely that one shall consider oxides as a
potential thermoelectric materials. Except for a brief mention of strongly correlated
oxides in the previous section, much focus has been on theories and examples of ther-
moelectric behavior in low band gap and high mobility semiconductors such as group
IV (Silicon, Germanium etc.), III-V (antimonides) and II-VI (chalcogenides). Inter-
estingly, the first member of the II-VI family are the binary oxides and these oxides
have some of the highest mobility among oxides (example, ZnO, Cu2O, CdO etc.).
One of the important aspect of understanding thermoelectric behavior of materials
is related to nature of conduction and valence bands. For semiconductor materials
discussed above, the nature of conduction and valence band can be easily obtained
using k.p peraturbation theory.[32] Typically, the conduction band is of s-character
(largely from the cation) and the valence band is of p-character (from the anion).
The important requirement for large thermopower accompanying high electrical con-
ductivity is the degeneracy at the conduction band minimum or the valence band
maximum. In most semiconductors, the degeneracy at the valence band is split off
by the spin orbit coupling and anisotropy of the p-bands. Fortunately, a maximum
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possible six-fold valley degeneracy can occur in these semiconductors. Besides orbital
degeneracy, valley degeneracy is an another common form of relevant degeneracy, if
the valence band minimum or the conduction band minimum happens to be in k-
point which is not the Γ point (0,0,0). For example, high symmetry directions like
<100>, <110>and <111> all can have six, twelve and eight fold valley degeneracy
respectively. The primary reason for the large thermoelectric power factor in Bi2Te3 is
six fold valley degeneracy, both at the conduction band minimum and valence band
maximum. Given our understanding of semiconductor thermoelectrics, let us turn
our attention to oxides.

Figure 1.8: A plot of the product of powerfactor (S2σ) and temperature against the filling for
NaxCoO2. The filling can tune the correlation and span phases from band insulator
to a Mott insulator. Figure from Ref. [33]

Investigations on binary oxides such as ZnO has been severely hampered due to the
large lattice thermal conductivity ∼ 40 Wm−1K−1 at 300 K.[2] Despite the large ther-
mal conductivity, Al doped ZnO shows a figure of merit of 0.3 at 1000◦C. Unlike the
binary oxides, transition metal oxides provide a more intriguing case for thermoelec-
tric investigation. These oxides with a prototypical ABO3 formula (mostly perovskite
structure), primarily possess conduction band with d–band characteristics. Since d–
bands are five fold degenerate, having a large thermopower due to enhance degeneracy
becomes a distinct possibility. Also, the presence of strong electron correlation can
be an another source for exploring unconventional thermoelectricity. An example of
thermoelectricity tuned by strong correlation in discussed in detail elsewhere and the
tunability of the power factor is shown in figure 1.8. Both these issues were addressed
in two separate investigations on La-doped SrTiO3[34] and NaxCoO2[35] respectively.
Besides, these oxides possess very good high temperature stability, made up of earth
abundant elements and are typically non-toxic. Despite these attractive features, low
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mobility and relatively large lattice thermal conductivity are detrimental to achiev-
ing large figure of merit. Thus, oxide thermoelectrics provide different challenges and
opportunities compared to the conventional semiconductor thermoelectrics. In this
dissertation, we will address a series of experiments to understand the nature of oxide
thermoelectrics and also the possibility of employing either already known or new
design principles to enhance the thermoelectric figure of merit in these systems.

1.3 Summary

This dissertation will cover various aspects of understanding and controlling de-
fects, doping and structure of complex oxides to enable favorable thermal and ther-
moelectric properties in these materials. This chapter gave a broad overview of the
necessity for energy research, particularly area such as waste heat recovery, which
focusses on efficient utilization of the limited natural resources at our disposal. We
chose thermoelectric energy conversion as the specific problem of interest and the
complex oxides as the system of interest. The major differences between the thermo-
electric behavior of complex oxides and conventional semiconductors were discussed
and the challenges and opportunities for complex oxide thermoelectrics were outlined.
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Chapter 2

Materials synthesis and
characterization

2.1 Thin film growth – Pulsed laser deposition

Synthesis of bulk oxide materials can be achieved using a variety of techniques
ranging from bulk crystal growth methods for single crystals, solid state reaction
based methods for ceramics and a variety of thin film growth techniques. Specifically,
thin film growth methods allow better control over size, strain state and stoichiometry
of the material compared to other techniques mentioned above. Due to this flexibility,
we chose films as model systems to study thermoelectric behavior of oxides. Pulsed
laser deposition (PLD) is a common method for growth of high quality, epitaxial
oxide films. All the samples used in this study were grown using PLD technique
unless otherwise mentioned. In this section, we will provide a brief overview of PLD
and concepts behind the growth process.

A schematic of the PLD process with in− situ characterization such as reflection
high energy electron diffraction (RHEED) is shown in Figure 2.1. PLD is typically
a physical vapor deposition process (sometimes can be reactive too), where a high
energy short pulse laser (typically UV) is shot on a target material and the ablated
material (in a plasma plume) gets transferred onto to a substrate, on which the film is
deposited. The substrate and the target are subject to vacuum or background gases
such as oxygen, nitrogen, argon etc. The commonly used laser for PLD process has
wavelength in the UV range and the excimer lasers (gas lasers) are frequently em-
ployed as the excitation source. The emitted wavelength depends on the gas mixture
composition and several types exist such as ArF (193 nm), KrF (248 nm), XeCl (308
nm) and XeF (351-353 nm) etc. In some cases, solid state lasers such as Nd:YAG
with frequency quadrupling (from 1064 nm to 266 nm) also serve the purpose. The
choice of the laser is sensitively dependent on the optical properties of the material
to be ablated such as bandgap, absorptivity, reflectivity etc.
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Figure 2.1: Schematic of the pulsed laser deposition with in-situ characterization – reflection high
energy electron diffraction (RHEED). Image courtesy: Jeroen Huijben.

Once the laser hits the target material, the optical excitations lead to a combi-
nation of thermal, mechanical and chemical break down of the material leading to
ablation and the formation of the plasma plume. Exact nature of the breakdown and
the details are still not very well understood. Once the plume is formed, a background
gas can be used to shape the plume and slow down the particles to a desired speed
and energy distribution. The energy of the particles in the plume is estimated to be
1–10 eV, making the process far from equilibrium compared to other commonly used
techniques such as molecular beam epitaxy, chemical vapor deposition etc. During
the deposition process, it is easy for the target to build up the thermal energy and
make the deposition process non-uniform. To circumvent this a pulsed laser (1-50 Hz)
with very short pulse width ∼ 10–30 ns (so that there is sufficient time to dissipate
the thermal energy), with the target rotating to ensure uniform ablation of material.

The transferred material is deposited onto a substrate. The crystallinity of the
films and growth rate (∼0.01–10Å per pulse) can be controlled by the pressure, tem-
perature of the substrate, laser parameters such as fluence, spot size etc. The choice
of substrate and growth condition depends on the material of interest and the nature
of the film desired by the process. Since the growth rate can be controlled to sub-
monolayer per pulse, it is possible to use in-situ characterization techniques such as
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RHEED to continuously monitor the growth rate and the structural changes on the
surface. Due to the large kinetic energies possessed by the incoming particles, there
is an enhanced surface mobility or diffusivity of the atoms on the substrate. This
characteristic is crucial for producing highly crystalline films and enables the control
of the growth mode with subtle changes in the growth conditions. In the following
section, we will discuss the characterization techniques used to analyze the films both
in-situ and ex-situ .

2.2 Characterization techniques

2.2.1 Reflection high energy electron diffraction

Reflection high energy electron diffraction (RHEED) is one of the powerful in −
situ characterization tools for thin film growth. Since it is possible to get both
the reflected and diffracted electron beams from the sample, RHEED can be used
to understand the growth dynamics including growth mode, thickness etc. Before
learning about the details of the technique, it is necessary to understand the different
thin film growth modes. There different growth modes which can be broadly classified
into three types namely the 2D layer-by-layer, layer-plus-island growth and 3D island
mode. The growth mode is decided by the difference in the free energies of the
substrate surface with the film surface and the interfacial energy for the substrate
and the film, which in turn decide the wetting of the film on the substrate. Other
factors like the nature of the substrate surface, mobility of the atoms on the surface
can also play a significant role in the dominant growth mode. Typically it is possible
to control the growth mode for several materials by changing the growth conditions
but it not possible to have all these growth modes with allowed phase space for a
material, limiting the “growth window” for that material.

In the case of layer-by-layer growth (Frank – van der Merwe), the wetting of the
film and the substrate is substantial as the difference in the free energy terms is negli-
gible. This leads to a growth mode where the surface roughness of the sample changes
all the way from smooth to rough and then back to the original smoothness. This
attribute will be used to monitor the growth rate in-situ using RHEED. For island
growth (Volmer – Weber), under-wetting and low surface diffusion lead to formation
of islands and the increase in roughness as the growth progresses. Finally, layer-plus-
island growth (Stranski – Krastanov) deals with the transfer of growth mode from
layer-by-layer after a critical thickness where the island formation and coalescing of
the islands to smoothen the surface. In the real life situations, the relevant mecha-
nisms are layer-by-layer, island growth and step flow. Step flow mechanism involves
wetting very similar to layer-by-layer but with enhanced mobility of the atoms, lead-
ing to a 2D growth mode, where the surface roughness modulation is not significant.
Typically 2D growth modes such as layer-by-layer are preferable for thin film growth
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Before growth After growth 

Figure 2.2: The intensity variation of the specular spot as 4 monolayers of CaTiO3 and 4 monolay-
ers of SrTiO3 are grown on a SrTiO3 substrate. The RHEED pattern for the SrTiO3

substrate and the film after growth of (4 monolayers of CaTiO3 + 4 monolayers of
SrTiO3) x 65 superlattice.

but in some cases, it is more suitable to have step flow mode rather than layer-by-layer
growth mode.

Given the understanding of the growth modes, we can turn our attention to the
principle of working and the application of RHEED. The setup consists of an electron
gun a phosphor screen, where the electron gun and the screen are aligned to the
surface of the sample at gracing incidence (∼1–5◦). The incident electron beam has a
typical energy in the range of several 10s of keV (typically 20–25 keV). The electron
beam incident on the sample gets both reflected and diffracted off the sample. The
phosphor screen can be used to detect these signals and a CCD camera can be used to
the detect the changes in these patterns on the screen at a desired frame rate. Thus
by monitoring the changes in the intensity of the reflected signal, we can learn about
the smoothness of the surface and the diffracted signal can be used to detect the
changes in the structure (lattice constants and symmetry) of the film surface. Due
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to the large energy of the electrons and the grazing incidence, the RHEED pattern is
sensitive only to the first few monolayers of the sample surface.

One of the important applications of the RHEED is monitoring the growth rate
using the variation in the intensity of the specular spot (reflected spot) in the pattern
on the phosphor screen. When a layer-by-layer growth mode is predominant in a
process, the intensity of the specular spot varies in a sinusoidal fashion, where the
crest of the oscillation relates to the smooth surface and the trough of the oscillation
relates to the rough surface. As the layer-by-layer growth is characterized by sub-
monolayer nucleation of particles till the whole surface is completely covered, the
oscillatory behavior directly correlates to monolayer by monolayer growth of the film
material. Knowing the out-of-plane lattice constant of the film material, it is possible
to accurately estimate the thickness of the grown film using the number of oscillations.
A typical RHEED pattern before and after growth and the intensity variation of the
specular spot are shown in Figure 2.2. Due to the presence of structural information
in the diffraction spots, it is possible to look for dynamics of strain relaxation at the
growth temperature by continuously monitoring the relative position of the diffraction
spot with respect to the specular spot. On the other hand, more detailed studies of
surface reconstruction can be performed using RHEED.

2.2.2 X-ray diffraction and reflectivity

X-ray diffraction (XRD) is a routine analysis technique used to get structural
information such as lattice parameters, texturing, substrate-thin film epitaxial rela-
tionships etc. In the specific case of epitaxial thin films, it is necessary to using high
resolution XRD to ensure that the machine broadening doesn’t limit the capability
to evaluate the texturing quality of the film. The measurement is done in a geometry
where the x-ray source is incident on a sample and the detector is used to collect
the diffracted beam in the forward scattering geometry. For simplicity, the angular
movement of the sample and the detector with respect to the source axis is given as
ω and 2θ respectively.

Typical XRD pattern (θ – 2θ scan) for the film aligned to the substrate’s out-of-
plane direction is shown in figure 2.3. The pattern suggests that the film is highly
textured along the <110> direction of the substrate surface. The indexing of the
peaks is done by assigning the atomic plane which is responsible for the observed
Bragg peak. In this case, we find that the film’s <00l >is aligned to the substrate’s
<110> direction of the substrate. The presence of Kiessig suggests the presence of
smooth interface between the film and substrate and also a very smooth film surface
with air. Hence, these fringes can be simulated to obtain the total thickness of the
film. The detailed treatment of the relationship between the fringe spacing and peak
angle with the thickness can be found elsewhere.[36]

Apart from the standard diffraction patterns, the same mode can be used to
perform experiments such as rocking curve and reciprocal space mapping. The rocking
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Figure 2.3: The XRD pattern of the film aligned to the out-of-plane direction of the substrate.
The substrate used here is DyScO3 (110) and the film grown is 15% La doped SrTiO3

at base pressure.

curve is a simple ω-scan, where the sample is rocked given a fixed sample and x-ray
source position. As we move away from the Bragg condition, the intensity of the
diffracted beam will go down. This is used perform texture analysis, where the full-
width-at-half-maximum can be used to quantify the degree of texturing of the film
along a certain direction. The reciprocal space map is a powerful tool to analyze the
strain state and also to refine the unit cell parameters of the film. In simple terms,
reciprocal space map is a series of θ – 2θ scans with changes in one of the degrees of
freedom such as ω, 2θ etc. In order to get the strain state of the film, it is necessary to
refine the in-plane lattice parameters of the film and this can be achieved by doing a
series of scans to determine the d-spacing for different (hkl). The number of different
planes for which the scans are to be performed is dependent on how symmetric the
structure is and a maximum possible six different lattice parameters are to be resolved
(a,b,c,α,β,γ). Figure 2.4 shows the reciprocal space map for a superlattice sample
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Figure 2.4: The reciprocal space map for a superlattice with a period consisting of 1 unit cell of
SrTiO3 and 1 formula unit cell of CaTiO3 with a total thickness of ∼ 200 nm on a
SrTiO3 substrate. The reflection used for the scan is (103)pc, where pc refers to the
pseudocubic. The x- and y- axes (in rlu - reciprocal lattice units) correspond to the
project d-spacing in the in-plane and out-of-plane direction of the substrate for a (103)
reflection.

with a period of 1 unit cell of SrTiO3 and 1 formula unit cell of CaTiO3 with a total
thickness of ∼ 200 nm on a SrTiO3 substrate.

The final technique that can be widely used to analyze the thickness and roughness
of thin films and multi-layers is the x-ray reflectivity or x-ray specular reflectivity. In
this case, the specular reflection of the x-rays in the small angle incidence regime is
modeled to obtain information such as thickness and roughness. The knowledge of the
atomic numbers of the constituent material and the atomic structure factors is neces-
sary to obtain an accurate measure of the thickness and roughness. A detailed descrip-
tion of the constituent equations determining the reflected signal to these parameters
is discussed elsewhere.[36] An example measurement and the simulation of x-ray re-
flectivity for a 59 nm thick STO film grown on LSAT ((LaAlO3)0.3-(Sr2AlTaO6)0.7)
substrate is shown in Figure 2.5.
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Figure 2.5: The x-ray reflectivity pattern of a 59 nm thick SrTiO3 film grown on LSAT

((LaAlO3)0.3-(Sr2AlTaO6)0.7) substrate is shown as a black curve. The red curve
is the simulated response using the bulk density of LSAT and STO with a film surface
roughness of 0.6 nm.

2.2.3 Atomic force microscopy

Atomic force microscopy is a surface analysis technique used to get topographic
information about the grown thin film. It is a good way to characterize the surface
roughness and sometimes get complementary information about the nature of growth.
The important advantage of this technique is the requirement for minimal sample
preparation and is typically performed ex − situ after growth. Since films used for
this analysis are typically of 100–200 nm thick, it is necessary to have very little error
in the thickness estimation. Most thickness measurement techniques such as x-ray
reflectivity, optical spectroscopy etc. require smooth film surfaces to ensure that the
interference conditions can be met without the interference of diffuse scattering. The
presence of surface roughness also puts an error in the accurate determination of the
thickness of the film, which is essential to evaluate the thermoelectric properties of
the material such as electrical and thermal conductivity.



28

2.2.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful tool to analyze the struc-
ture of the material at the atomic scale. In this technique, high energy electrons
(typically 100-300 keV) is focussed onto a thin electron transparent sample and the
transmitted electrons are collected on to a screen. The obtained image can be an-
alyzed to obtain the desired information. Further information on the construction,
operating principle and associated methods of TEM can be found in the following
references.[37, 38] TEM, in conjugation with other analyses techniques such as elec-
tron energy loss spectroscopy (EELS), energy-dispersive x-ray spectroscopy (EDS),
can give in-depth structural and chemical information about the sample under inves-
tigation. A variant of TEM, Scanning transmission electron microscopy (STEM) is
being used extensively to perform high resolution atomic scale imaging. The primary
difference between conventional TEM and STEM, is that, in STEM, the electrons
are focussed to a narrower spot, which is scanned over the sample by rastering. This
enables much better resolution than achieved by conventional TEM. An exhaustive
description of the history, features and development of STEM and associated analyt-
ical tools can be found somewhere else.[38] In our specific case, we exhaustively use
high-angle annular dark-field imaging, also popularly known as Z-contrast imaging,
to map the atomic distribution to get an idea of sharpness of interfaces and also the
distribution of atoms with different atomic numbers in the films.

2.2.5 Rutherford backscattering

Rutherford backscattering (RBS) is a common technique used to get chemical
composition of films and bulk materials. In the case of thin films, the chemical
composition analysis is much harder and much less quantitative than bulk materials
where a variety of techniques with high sensitivity are available. RBS is especially
suited to get chemical composition of high atomic number elements. In this technique,
high energy ions of noble gases such as Helium are impinged on the sample and the
backscattered ions are analyzed to get the composition of the material. Since the
backscattering cross-section is sensitively dependent on the atomic number of the
nucleus, it is possible to de-convolute the RBS spectrum to obtain relatively accurate
estimation of the chemical composition. In the channeling experiments, we can obtain
insight into texturing in the material and hence, it gives an idea of the crystalline
quality of the films and bulk single crystals.
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2.3 Transport and spectroscopic measurements

2.3.1 Electrical transport

Resistivity

Resistivity (ρ) is the ability of a material to impede the flow of electrical charges
under an applied electrical field. Resistivity is inversely proportional to electrical
conductivity (ρ = 1

σ
). The measurement of resistivity for thin films is typically carried

out using van der Pauw method as detailed in the original manuscript by van der
Pauw.[39] This method is applicable for films where the thickness is much less than
the lateral dimensions. The contacts should placed on the boundaries of the sample
and the contact size must be as small as possible to limit the error in the measurement.
It is desirable to have a regularly shaped sample such as square, clover-leaf etc. The
effect of the shape and dimension of the sample and the relative position of contacts
in the sample are exhaustively discussed elsewhere.[40, 41] A schematic of the typical
van der Pauw contact geometry used in this study and a sample 4-point electrical
measurement are given in figure 2.6.
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Figure 2.6: (Left) A schematic of the sample structure for a thin film van der Pauw 4-point
resistance measurement. The contacts for the current source and the voltmeter are
shown using standard symbols. (Right) An example 4 point I-V measurement for a
doped SrTiO3 film on LSAT substrate giving rise to a linear I-V with a resistance of
∼ 11.35 Ω.

It is mandatory to discuss some of the important requirements for such a mea-
surement. The first and foremost requirement for a resistance measurement is the
existence of an ohmic contact for the given material. The easiest way to ensure
ohmic contact is by doing an I-V sweep where a known electrical current is passed
between two contacts of the material and the generated potential difference is mea-
sured between the contacts. A linear I-V curve passing through the origin is a clear
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validation of ohmic contact and the slope of the curve gives the resistance (R=V/I).
In order to measure the sample resistance and avoid the contact resistance, a 4 point
measurement needs to be performed as described schematically in figure 2.6. One
such 4-point measurements can be performed for all possible contact geometries, the
parallel (R1 and perpendicular (R2) 4-point resistances for the sample can be used to
obtain the sheet resistance (Rs) of the sample using the equation 2.1. The resistivity
(ρ) can be estimated using the equation ρ=Rst, where t is the thickness of the sample.
The error analysis for this measurement will be discussed in detail later.

e−π
R1
Rs + e−π

R2
Rs = 1 (2.1)

Hall measurements

B 
è V	  

d 

I 

Figure 2.7: A schematic of the Hall setup showing the direction of applied electric current and
magnetic field and measured voltage difference

Hall measurements or galvanomagnetic measurements are widely used to measure
the type and density of the charge carrier in a system. In this measurement, a
magnetic field is applied perpendicular to the direction of the applied electric current
in the sample and the transverse voltage is measured in a direction perpendicular to
both the current and magnetic field. Based on Hall effect, the carrier density and the
charge can be estimated using the equation 2.2.

VH =
−IB

ned
(2.2)

where n is the carrier density, d is the thickness of the sample, e is electronic charge,
B is the applied magnetic field and I is the applied electric current. The sign of the
transverse voltage can be used to get the sign of the charge carrier. For the van
der Pauw setup, the contacts for applying current and measuring voltage run across
the diagonal direction. A schematic of a Hall setup using van der Pauw geometry
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is shown in Figure 2.7. With the knowledge of carrier density, it is clear how a
combination of Hall measurement and sheet resistance measurement in van der Pauw
geometry can provide the information about the charge carrier mobility (µ). The
equation 1.40 can be referred for the relationship between mobility, carrier density
and conductivity. For further details of the measurement, the reader is referred to
the NIST website (http://www.nist.gov/pml/div683/hall_effect.cfm). Typical
sample preparation involved deposition of layers of metals such as Titanium (∼ 10-
20 nm) followed by a capping layer of Platinum or Palladium (∼ 70-100 nm) using
a shadow mask. The shadow consisted of either square contacts of 1 mm side or
triangular contacts of 1 mm side. The deposition of metals were carried out using
e-beam evaporation or sputtering. Processes such cleaning with organic solvents or
mild oxygen plasma treatment are recommended to ensure good metal contact but
are not necessarily required.

Thermopower measurements
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Figure 2.8: A typical result of a thermopower measurement for a doped SrTiO3

Thermopower is a conceptually very simple quantity to measure. Essentially, when
a sample is under a temperature gradient, the ratio of the measured potential differ-
ence and temperature difference between any two points should give the thermopower
of the material as defined earlier (S = −∆V/∆T ). The important conditions to be
satisfied are net zero electric current flow, temperature and voltage measurements
at the same points and ohmic contact between the voltage leads and the sample.
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A detailed description of different methods of measuring absolute thermopower of a
material and precautions are explained in detail elsewhere.[2, 3] The technique used
to measure thermopower in our case is the differential measurement. The measure-
ment setup used to measure thermopower consisted of two Peltier coolers mounted
on a metallic block with two thermocouples of K-type, whose position can be con-
trolled using micro-manipulators. The sample to be measured is suspended between
the Peltier coolers and the current is passed through the Peltier coolers such that
surfaces of the two coolers cool and heat to establish a temperature gradient across
the sample. Once the temperature on the sample is stabilized, the thermocouple can
be used to measure the temperature and voltage difference between two points. The
temperature gradient can be changed by changing the current passed through each
Peltier coolers. A typical graph between the temperature and voltage gradient used
to derive the thermopower is shown in Figure 2.8. In this case, the lead wire used to
measure the voltage was copper and the thermocouple used was type T.

2.3.2 Thermal transport

Time domain thermoreflectance

Pump 

Probe 

Metal 
transducer Thin film superlattice 

Substrate 

Thermal penetration depth 

Schematic of time domain 
thermoreflectance measurement 

Figure 2.9: A schematic of the (left) sample geometry and measurement process and (right) the
thermoreflectance decay signal used to extract the thermal properties of the thin film

Thermal conductivity measurements in thin films was pioneered by David Cahill
in the 90’s and early 2000 in terms of two different measurement techniques, namely,
3ω method[42] and time domain thermoreflectance (TDTR)[43] method. We will
not resort the description of 3ω method, as this technique happens to be ill-suited
for thermal conductivity measurements on systems under investigation (due very low
mismatch in the thermal conductivity between the substrate and the thin film). In
this discussion, we will concentrate on time domain thermoreflectance method, which
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will be exhaustively used to evaluate the cross-plane thermal conductivity of films
and superlattices.

TDTR is essentially a pump-probe measurement technique, where a pump laser is
used to heat the sample and a probe laser, with a time delay, is used to monitor the
temperature decay. This decay can be used to measure the so called thermal effusiv-
ity (e =

√
κCv, where Cv is the volumetric heat capacity). In order to monitor the

temporal decay of temperature, a thin metallic film is used as a transducer. Typical
metals such as aluminum can be used for the measurements just above room tempera-
ture or below. For high temperature measurements, platinum or gold-palladium alloy
were used due to their high temperature stability and oxidation resistance. Ther-
moreflectance of the metal is the property which is used to monitor the temperature
decay. A schematic of the sample geometry and the thermoreflectance decay signal
are shown in figure 2.9.

Figure 2.10: A schematic of the TDTR setup. Courtesy: Patrick Hopkins

Since the temperature decay in the materials happens at the nanosecond time
scales, it is important to use ultra-fast spectroscopy to monitor temperature changes
in the material to estimate thermal conductivity. Thus, the TDTR setup consisted
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of mode-locked Ti:Sapphire laser oscillator with a 90 femtosecond pulse train, which
is split into a pump and a probe beam with a time delay. The relative time delay
is adjusted using a mechanical delay stage, thus enables the monitoring of the tem-
perature decay on the sample surface. The changes in the thermoreflectance of the
metal transducer is monitored using a Si photodiode and an radio-frequency lock-in
amplifier. The setup, used to do the measurements were at University of Illinois,
Urbana-Champaign, Sandia National laboratories and University of Virginia, Char-
lottesville. These measurements were performed in collaboration with the research
groups of Prof. David Cahill (UIUC) and Dr. Patrick Hopkins. The schematic of the
TDTR setup is shown in figure 2.10.

It is imperative to give a brief correlation between the nature of electrical and
thermal measurements. So far, the discussion of electrical transport has concentrated
on in-plane measurements. The out-of-plane electrical properties of thin films are ex-
tremely difficult to measure, in general. The few reported measurements of electrical
conductivity measurements in the cross-plane direction are cumbersome and prone
to errors. The cross-plane thermopower measurement reported in the literature[44]
is not suitable for all materials particular oxides as it needs complicated microfab-
rication process. At the same time, doing thermal conductivity measurements for
thin films in the in-plane direction remains extremely difficult. Hence, simultaneous
measurement of all three thermoelectric parameters for a thin film in the same direc-
tion remains a challenging problem. Hence, this study similar to several other studies
resort to measure electrical properties in-plane and thermal properties out-of-plane
when the material properties are homogeneous in both the directions.

2.3.3 High temperature thermoelectric measurements

The discussion on high temperature thermoelectric measurements has been pub-
lished in better detail as an article elsewhere.[45]

Introduction

Thermoelectric materials used for power generation have typical operating temper-
ature range of 300–800 K. It is essential to characterize the thermoelectric behavior in
the whole high temperature regime to evaluate the utility of such materials for power
generation based applications. In this current study, oxides are considered potential
thermoelectric power generation material, hence this discussion will focus on the de-
velopment of an apparatus to measure the electrical conductivity and thermopower of
thin films at high temperatures. Thin film measurements pose several problems com-
pared to bulk measurements at high temperatures. In the case of thin films, the mea-
surements in the in-plane direction can be prohibitive due to the small sample sizes
and difficulties in placing probes with good thermal contact with the sample in the
planar geometry. Moreover, calibration of apparatus dedicated for thin film measure-
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Figure 2.11: Schematic of the cross sectional view of the sample mount, zirconia standoff and the
base plate. The coil heaters in the boron nitride blocks are noted as C1 and C2.

ments at high temperature is difficult due to the non-availability of standard reference
samples from NIST. We have designed and calibrated an automated appartus which
can measure thermopower and electrical conductivity simultaneously for thin films
in the planar geometry over a temperature range of 300–800 K. Thermopower and
electrical conductivity measurements were carried out using dc differential method
and van der Pauw method respectively.

Design of the appartus

The appartus consisted of a vaccum chamber with a sample mount, a computer,
electronics and vacuum pumps. The evacuated chamber was built using a 14 inch
base plate with seven standard KF 25 ports for pumps, gauges and other electrical
feedthroughs. A low thermal conductivity zirconia stand off was used to isolate the
sample mount from the base plate to achieve high temperatures at the mount. A
pyrex bell jar was used to cover the base plate and this chamber can be evacuated
to 10−4 to 10−5 Torr to ensure no convection effects during the measurements. A
radiation shield made of stainless steel was built around the sample mount to reduce
radiation losses. The sample mount consisted of a base spiral heater with a power
of 170 W and a thin inconel plate on top of which two boron nitride blocks with
drilled cylindrical holes for coil heaters of power 130 W. Figure 2.11 shows the cross
sectional view of the sample mount with the zirconia stand off and the base plate. The
coil heaters in the boron nitride blocks are referred as C1 and C2. The placement
of high power heaters and a base heater enabled the sample mount to reach high
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P1 P2

T1 T2

Figure 2.12: Schematic of the top view of the sample mount showing two K-type thermocouples
(T1, T2) and two tungsten probes (P1, P2) attached to the sample.

temperatures, a maximum of 900 K and also a wide range of temperature gradiants.
The spiral heaters on the boron nitride blocks were PID controlled using Eurotherm
2416 with an attached power supply. These PID controllers and the power supply
for the base heater were computer controlled to achieve desired temperatures on top
of the sample. The sample was placed in between the boron nitride blocks which
were fastened using screws to an inconel standoff connected to the edge of the inconel
plates. This arrangement gives the flexibility of moving the boron nitride blocks to
accomodate samples of different sizes.

Four measurement probes were used for simultaneous measurement of thermopower
and sheet resistance in the planar geometry. Two K-type thermocouples and two
tungsten probes were directly attached to four manipulators, which were mounted
on stainless steel standoffs connected directly to the base plate. The K-type thermo-
couples were used for the temperature measurement across one of the sides mounted
across the boron nitride blocks and the tungsten probes connected to the other two
edges of the sample. The alumel leads of the thermocouples were used to measure
the thermoelectric voltage across the sample under a temperature gradient. Figure
2.12 depicts the top view of the sample mount with the thermocouples and tungsten
probes attached to the four corners of the sample. Only chromel and alumel lead
wires were used for the thermocouple wires to reach the external electronics to avoid
spurious thermoelectric voltage between the lead wires and the thermocouple wires.
The thermocouples were thermally anchored to the sample using silver paint which
was fired at 80◦C. Agilent 34970A switch with built-in digital multimeter was used for
thermopower measurements. Keithley 6220 current source and 2182A nanovoltmeter,
in conjunction with the switch, were used for van der Pauw electrical conductivity
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measurements. The apparatus was computer controlled with a Labview program for
measurement and data acquistion.

Measurement process

The temperature dependent measurements were carried out at discrete tempera-
ture steps with desired intervals. A feedback control was used to ensure temperature
stabilization on top of the sample without any temperature drift. K-type thermocou-
ples were chosen because of their sensitivity over the desired temperature range and
high temperature stability for long term use.

Thermopower measurements were carried out with a maximum temperature differ-
ence of 6◦C varied in steps of 2◦C. At a given temperature difference, the temperature
and voltage difference between the two edges of sample were averaged over 100–300
measurements, to avoid statistical error. A typical measurement of the voltage differ-
ence plotted against the temperature difference is similar to the figure 2.8. The slope
of such a curve gives us the thermopower of the sample with respect to the reference
electrode, which in our case in alumel. The absolute thermopower of the sample can
be derived using the following formula (Eq. 2.3) as described elsewhere.[3] Sref is the
absolute thermopower of the reference electrode. It is clear that the accurate mea-
surement of thermopower of the sample is sensitively dependent on the knowledge of
the reference electrode. The temperature dependent thermopower of alumel[46] was
used in the given equation to calculate the absolute thermopower of the sample as
a function of temperature. The uncertainty in the thermopower measurements stem
mainly due to the inhomogeneities in the thermocouples leading to deviation from the
standard calibration data and improper thermal contact between the thermocouple
and the sample. Typical error in temperature measurements due to systematic errors
from the measurement equipment and the thermocouple probe were estimated to be
0.1◦C and the error in thermoelectric voltage was estimated to be 1µV. The total
error in the thermopower measurements for any given temperature was estimated to
be less than 5%.

Ssample = −∆V

∆T
+ Sref (2.3)

Electrical conductivity (σ) values were obtained from the measured van der Pauw
sheet resistance (Rs) and thickness of sample (d), using the formulae described in
Eq. 2.4.

σ =
1

Rsd
(2.4)

The sheet resistance values were derived from the four wire resistance values be-
tween various van der Pauw configurations of the sample. In order to eliminate
the contribution of thermoelectric and other spurious voltages, I-V sweeps were per-
formed and the slope of the I-V was used to extract the four wire resistances. The
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greatest source of error in the sheet resistance measurements is the finite contact size
error. In our measurements, a typical square geometry of the samples with side 5 mm
and triangular metal contacts of 1 mm side at the corners were employed. For this
configuration, the maximum error in the sheet resistance was estimated to be less
than 1%.[47] The major source of error in electrical conductivity is in measuring the
thickness of the film. The thickness of the films were estimated using X-Ray reflectiv-
ity and Rutherford backscattering (RBS) techniques. Typical deviation of estimated
thicknesses between the two techniques were less than 3%. Hence, the total error in
the measurement of electrical conductivity at any given temperature was less than
4%.

Calibration

Figure 2.13: The measured thermopower values (red circles) and the calibration data (blue
squares). The estimated error in thermopower measurements is less than 5%.

It is essential to calibrate measurement apparatus to ensure accurate measure-
ments on unknown samples. Since our setup is designed for a two probe thermopower
measurements and four probe van der Pauw electrical measurements, we employed
two different calibration procedures, one involving a bulk sample to calibrate our
thermopower measurements and simultaneous measurement of electrical conductiv-
ity and thermopower measurements on a thin film sample, whose measurements were
compared with measurements performed independently at University of California,
Santa Barbara over the same temperature range.

The bulk sample and its calibration thermopower data were provided by Prof. Ali
Shakouri (originally from JPL). The sample is an n-type SiGe alloy with dimensions
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2.7 mm x 6.5 mm x 17.2 mm. The calibration data is also published elsewhere.[48]
We performed thermopower measurements as described above and obtained results
are shown in figure 2.13. Over the whole measurement range, there was less than
5% deviation from the calibration data. The resistivity measurements in our setup
is intended for thin films which typically have much larger four wire resistances com-
pared to the bulk samples and are in square geometry with thickness much less than
other dimensions, hence we were unable to measure the resistivity of this sample. The
setup is ideally suited for measuring the resistivity of thin film samples with sheet
resistance ranging from 10.

Figure 2.14: The measured thermopower and electrical conductivity values at Berkeley (filled
and open red circles respectively) and Santa Barbara (filled and open green triangles
respectively). The estimated error in thermopower measurements is less than 5% and
the electrical conductivity is less than 4%. It is worth noting that the error in sheet
conductance measurement alone is less than 1%

As a next step, a thin film sample of SrTiO3 grown on (LaAlO3)0.3-(Sr2AlTaO6)0.7
(LSAT) (001) single-crystal substrates using pulsed laser deposition was used for
calibrating simultaneous measurement of thermopower and electrical conductivity.
The sample was grown at low pressures ( 10−7 Torr) to ensure creation of oxygen
vacancies which was produces n-type carriers. The sample preparation procedure
is described in detail elsewhere.[49] Simultaneous measurement of thermopower and
electrical conductivity was carried out at 50 K intervals both at Berkeley and then at
Santa Barbara. The measurement procedure employed at Santa Barbara is described
in detail elsewhere.[50, 51] Figure 2.14 shows the comparison of the electrical conduc-
tivity and thermopower measurements carried out at Berkeley and Santa Barbara.
The data shows that there is good agreement between the measurements at Berkeley
and Santa Barbara. The deviation in the measured values of electrical conducitivity
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is a combination of error in the measurements of sheet conductance and the absolute
temperature. In both the cases, the thermopower and electrical conductivity values
deviated less than the error over the whole range of temperature.

2.3.4 Optical spectroscopy

UV-Visible spectroscopy

UV-visible spectroscopy is the common method used to measure the optical trans-
mission and reflectivity of a material over the visible and ultraviolent (UV) region
of the electromagnetic spectrum. Typically most materials have their band gap in
the UV-Visible-IR region. Hence, this method can be used to measure the optical
band gap of a material and its wavelength dependent refractive index and other op-
tical coefficients. UV-visible transmission and reflection measurements discussed in
this study were obtained using a Perkin-Elmer Lambda 950 spectrometer and Hitachi
U-3010 spectrometer, respectively. The reflectivity and transmission measurements
were performed for near normal (5◦ off) and normal incidence respectively. Care
should be taken to ensure that the surfaces of the sample doesn’t give rise to spurious
scattering leading to overestimation of the absorbance (α). The absorbance can be
estimated from the transmission (T) and fraction of reflected intensities (R) using the
following modified Beer-Lambert law.

α = −log
(

T

1 −R

)
(2.5)

The direct and indirect optical gaps can be obtained using the Tauc plot which
is a plot of a power of absorbance against the energy of the incident light. The
relationship between absorbance and energy for direct and indirect gap are shown
below:

Direct gap : α ∝
√

hν − Eg (2.6)

Indirect gap : α ∝ (hν − Eg)
2 (2.7)

where Eg is the energy gap and hν is the incident light energy. A detailed de-
scription of the theoretical development of the optical coefficients obtained using
spectroscopy can be found elsewhere.[32]

Photoluminescence

Photoluminescence is an optical spectroscopic technique where a material is ex-
cited using an excitation above the band gap and the re-radiation due to the electron
relaxation down to its ground state is used to understand the optical energy levels
in a system. It is a powerful tool when operated in the time resolved mode, giving
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valuable information about the decay of quasi-particles such as excitons, an impor-
tant aspect of solar cells. This technique was used to complement the UV-Visible
spectroscopy to get information about the band structure of the material and/or to
learn about specific energy levels such the defect levels in oxides. The photolumi-
nescence measurements performed in this study were carried out using a He-Cd laser
with excitation wavelength of 325 nm. A wavelength diffraction grating was used to
measure the re-radiated intensities from the sample.

2.4 Summary

This chapter gave a broad overview of various experimental methods employed in
this study. The primary goal of this chapter is to provide the reader a better under-
standing of the concepts and details behind the experimental techniques employed.
The experimental techniques employed in this study broadly encompass structural
and chemical characterizations, electrical and thermal transport measurements and
optical spectroscopic measurements.
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Chapter 3

Band engineering of strontium
titanate

3.1 Introduction

One of the interesting routes to tune the electronic property of a material is by
engineering the band structure. There are reports in the literature where modifying
the density of states around the chemical potential has helped enhance the thermo-
electric power factor.[29, 30] In the case of Heremans et al.,[29] Thallium (Tl) doping
in Lead telluride (PbTe) was used to enhance the density of states just below the
valence band by creating resonant states. Creating such resonant states can give rise
to greater density of states asymmetry and hence a larger thermopower. It is not
necessarily true that such enhancement will always give rise to larger thermoelectric
power factor, as the electron mobility tends to be reduced due to large band effective
mass (which is a consequence of the large density of states). Nevertheless, the same
concept was applied to Bi2Te3 and an enhanced power factor was observed by dop-
ing with tin (Sn), suggesting this as a promising route to band engineer materials.
Another interesting approach is pocket engineering by tuning the valley degeneracies
available in the system at non-trivial k-points.[52, 53] These predictions have focussed
on nanostructured materials, but a recent demonstration of pocket engineering in bulk
PbTe-PbSe alloy seems like a more promising approach.[30] Even though band engi-
neering for thermoelectricity is still at its infancy, it has been a very common approach
to engineer the electrical and optoelectronic properties of semiconductors.[54, 55] An
idea similar to Pei et al., was suggested for ZnO-Se alloys[56] with the well known
band anti-crossing model.[55] In our case, we will use a similar concept of multiple
dopants or alloying elements to engineer the band structure and control the carrier
density simultaneously.

It is essential to choose a model system among complex oxides with good ther-
moelectric properties to explore the possibility of enhancing thermoelectric response
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using band engineering approach. Among the complex oxides, the material with fig-
ure of merit amongst the highest reported so far is SrTiO3.[57, 34] As a first step, it is
essential to have a detailed understanding of the electronic structure of the material
of interest, in this case strontium titanate.

3.2 Electronic structure of SrTiO3
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Figure 3.1: The schematic of (a) spatial distribution of the d-orbitals, (b) oxygen octahedral
cage around the transition metal ion and (c) the d-band energy splitting due to the
octahedral crystal field.

The generic framework for the electronic structure of a transition metal oxide has
been dealt in detail elsewhere.[58] A typical transition metal oxide has conduction and
valence bands made up of transition metal’s d-bands, oxygen 2p-band and sometimes
contributions from bands of the other cations such rare earth, alkali or alkaline earth
metals. The most generic orbital character for the conduction and valence band is sen-
sitively dependent on the nature of strong correlation in the system.[58] Invariably, the
conduction band of these materials have d-band character and sometimes depending
on the filling and correlation energy the valence band can be of d-character or oxygen
2p-band. The anionic neighborhood of the transition metal ion decides the nature of
lifting of the degeneracy of the five fold degenerate d-band. In the specific case of
perovskites, which have an oxygen octahedral neighborhood for the transition metal
ion, the bands are split into low energy 3-fold degenerate t2g and high energy 2-fold
degenerate eg bands. The schematics of spatial distribution of the d-orbitals, oxygen
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octahedral cage around the transition metal ion and the d-band energy splitting due
to the octahedral crystal field are shown in figure 3.1. The degeneracy lifting can
differ for other compounds with different neighborhood such as tetrahedral bonding
etc. In fact, this simplistic picture is applicable only for undistorted and non-rotated
octahedral cage or in other terms, for a cubic structure. Finer splittings of the energy
levels can occur due to such distortions and rotations. Once exact nature of these
splittings are known for a given material, it is easy to fill the electrons in the system
based on the available valence electrons in the transition metal ion to get an idea of
the electronic nature of the material. At this point, care should be taken to consider
other energy scales such as exchange energy, electron correlation energy can play an
active role in determining the exact ground state of the system which can be very
different from the picture developed purely based on crystal field splitting.

(a) 
(b) 

Figure 3.2: (a) The band structure and (b) the energy distribution of the total density of states
for SrTiO3. Figure adapted from [59].

The finer details of the electronic structure of bulk doped and undoped SrTiO3

has been studied in detail using several first principle methods.[59, 60, 61, 62] The
band structure and the energy distribution of the density of states for STO (adapted
from [59]) is show in figure 3.2. It is evident that conduction band edge lies at the Γ
and is of the d-band nature. Interestingly, the conduction band edge doesn’t posses
any pockets in non-trivial k-points which could give rise to large valley degeneracy
but still posses a three fold orbital degeneracy. The valence band is primarily of O-2p
character but has some contribution from the Ti-3d bands. Typically it is extremely
hard to form p-type SrTiO3 and theoretical calculations[63] agree with this general
accepted experimental notion. Hence, any analysis of electronic structure or transport
behavior from here on will focus mostly on the nature of the conduction band.
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The direct consequence of the large degeneracy and narrow bandwidth of the d-
band is the large effective mass. The presence of such a large degeneracy or large
effective mass is favorable for having a large thermopower. Unfortunately, large effec-
tive mass adversely affects the mobility of the charge carriers, resulting in relatively
lower electrical conductivity. Thus we realize that the advantage of the transition
metal oxides over semiconductors is the presence of large density of states near the
chemical potential due to the large orbital degeneracy. Another important aspect of
SrTiO3 worth noting is the polaronic nature of the conduction at sufficiently high
temperatures (>100 K). The ionic nature of the bonding gives rise to very strong
electron-phonon coupling leading to the optical phonon scattering to be the mobility
limiting mechanism.[64, 65] Another defining feature of SrTiO3 is the large dielectric
constant at low temperatures, due to its quantum paraelectric nature.[66] Interest-
ingly, large electron mobilities are observed at similar temperature range for the
dilutely electron doped analogue.[64, 65]

3.3 Doping of SrTiO3

Due to the semiconducting nature of SrTiO3, it is quite easy to achieve a con-
trolled doping/alloying to tune the electrical properties of SrTiO3 all the way from
an insulator to a metal and at very low temperatures (∼ 10-300 mK) exhibit super-
conductivity. Electron doping in SrTiO3 has been a subject of several investigations.
It will be a monumental task to review the literature on doping but we will limit
ourselves to references of interest as and when required. It is worth noting that it
is possible to dope SrTiO3 on each of the sites, such as A-site, B-site and anionic
vacancy doping or oxygen vacancy doping. In general, it is possible to tune several
aspects of SrTiO3 by doping, such as ferroelectricity, magnetism etc., but our discus-
sions will center primarily around dopants which can effectively tune the electrical
properties such as electrical conductivity. The most common consequence of all these
dopants is the filling of the conduction band giving rise to a deviation from the d0

state towards the d1 state, thus controlling the carrier concentration of the system.

3.3.1 A-site doping

The most common candidates for the A-site doping in SrTiO3 are trivalent rare
earth metals, which provide one electron to the conduction band per dopant. The
early studies focussed on the effect of La doping on the transport properties of
SrTiO3.[64] These dopants have ionic radii very similar to strontium and hence for a
very dilute doping, it is possible to retain the cubic nature of SrTiO3 and also have
very negligible change in the lattice parameters.[67] Only after 20% doping does the
structure turns to orthorhombic, very similar to the parent phase on the other end
of the phase diagram LaTiO3. It is also important to note that this parent phase is
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a Mott insulator and dilute doping in this regime and its effect on thermoelectricity
is worth investigating. The first systematic demonstration of a large thermoelectric
response in La doped SrTiO3 established that heavy doping of La can give rise to
power factors (∼ 36 µWm−1K−1) comparable to Bismuth telluride at room temper-
ature. This investigation was followed by several investigations looking at the effect
of a range of rare-earth elements on thermoelectric properties of SrTiO3.[68, 69, 70]
Doping on A-site can have other functionalities such as tuning the ferroelectricity
by Ba- doping, where the Curie temperature can be tuned to a desired temperature
based on the Ba doping level.[71]

3.3.2 B-site doping

The common electron donating dopants on B-site are pentavalent transition metals
such as V, Nb, Ta and to a lesser extent, group V elements such as Sb and Bi,
which also provide one electron per dopant. Typically both the A-site and B-site
dopants are shallow donor levels which remain activated till very low temperatures.
Nb doping was the most common method to study the low temperature transport
properties of SrTiO3, particularly galvanomagnetic properties.[64, 72, 65] In the case
of thermoelectricity, Nb has been the preferred dopant and its effect has been studied
extensively.[57, 69, 73] There is negligible difference in the thermoelectric properties
of SrTiO3 based on the doping site. The growth of thin films of B-site doped SrTiO3

using pulsed laser deposition has been studied extensively and its properties ranging
from magnetism to superconductivity is also well documented.[74, 75, 76, 77]

3.3.3 Oxygen vacancy doping

One of the earliest methods of doping of SrTiO3 was high temperature annealing
in reducing atmosphere. In fact, earliest studies on transport behavior and first
demonstration of superconductivity in SrTiO3 relied on the so called oxygen vacancy
doped or reduced SrTiO3.[72, 78] The effect of oxygen vacancy formation in SrTiO3

on the structural, electrical and magnetic properties has been elucidated in detail
elsewhere.[79] It is a generally accepted consensus that oxygen vacancies can give rise
to tetragonal distortion in the material, larger due to the ionic radii mismatch between
the Ti3+ and Ti4+ ions and the propensity for oxygen vacancies to be ordered in
SrTiO3.[80] The direct consequence of the tetragonal distortion is the rearrangement
of the band degeneracy for the Ti-3d band. This is manifested in terms a large
effective mass defect band ∼ 0.3 eV below the conduction band.[59, 62] Unlike the
cationic doping, oxygen vacancies are often hampered by the unactivated dopant
centers. Even though, they can produce two electronic carriers per dopant, large
fraction of the dopants remain unactivated or partially activated.
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3.4 The concept of double doping

Given the discussion on doping behavior of SrTiO3, it is necessary to explore
alternative means which can provide us a better handle on tuning the thermoelectric
behavior of SrTiO3. We propose the concept of double doping where two different
dopants can be used to achieve more than just the filling control in a system. In
this idea, it is possible to use a dopant which can alter the band structure of the
material favorably where as the carrier concentration in the material can be tuned
using the second dopant. Similar idea has been demonstrated to be highly successful
in improving the thermoelectric properties of PbTe.[29, 30] It is likely that this concept
can be used beyond just improving thermoelectric properties and as an example, we
will demonstrate the tunability of contradictory properties such as transparency and
conductivity in SrTiO3.[49] For the initial demonstration of this idea, in this chapter,
we will discuss in detail the effect of controlled doping of oxygen vacancies and La-
doping on the physical properties of SrTiO3. As elaborated in the previous section, it
is obvious that the oxygen vacancy doping can give rise to subtle changes in the band
structure of SrTiO3, due to the tetragonal distortion. Hence, the central question to
be addressed will be if the presence of such a distortion and controllable filling, can
give rise to tunable properties. The detailed discussions of the following contents in
this chapter can be found elsewhere.[81, 82, 49]

3.5 Controlling electrical conductivity and optical

transparency using double doping

The discussion on controlling electrical conductivity and optical transparency us-
ing double doping has been published elsewhere in a more elaborate manner.[49]

3.5.1 Background and motivation

Transparent conducting oxides (TCOs) are an interesting class of materials, which
combine two conflicting properties namely electrical conduction and optical trans-
parency. The guiding principle in designing a transparent conductor is the creation
of defect levels close to conduction or valence band of a wide band-gap semiconduc-
tor. Ionization of these defects produces a degenerate electron gas causing only free
carrier absorption in far infra-red regime but maintains good optical transparency
in UV-Visible region by retaining the band gap of the material.[83] It is useful to
have TCOs of different structural origin to facilitate building up heterostructures
of functional devices for opto-electronic devices. In this respect, there are very few
reports of transparent conducting perovskite oxides, most notably InxCd3TeO6,[84]
Sb-doped SrSnO3,[85] ZnSnO3,[86] La and Sb-doped BaSnO3[87] and Cd-In-Sn-O.[88]
SrTiO3 (STO) is a model functional perovskite oxide and widely used as substrate
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material for the growth of oxide thin films. It has a wide band gap and can be eas-
ily doped on cationic sites or with oxygen vacancies. In the past, efforts have been
made to produce a transparent conducting oxide using STO by tuning the oxygen
vacancies in amorphous or polycrystalline films[89] or antimony (Sb) doping[90, 91]
with no significant success. Recently, it was discovered that a very thin surface layer
(1-3 nm) of STO becomes conducting by Ar ion bombardment while maintaining
excellent transparency, presumably due to oxygen vacancies.[92] Another report on
La0.5Sr0.5TiO3+δ[93] speculated the role of oxygen content in controlling the filling in
Ti-3d states and hence the transparent conducting nature of La doped STO at the
Mott-Hubbard limit (La doping ≫ 20%). These reports and theoretical predictions
of a defect band formation due to oxygen vacancies in STO[62, 59] suggest oxygen
vacancies can be crucial for creating a TCO of doped STO. A doped STO based TCO
will have far reaching implications in fabricating optoelectronics devices, for example
photo detectors, solar cells, light emitting diodes (LED) based on epitaxial perovskite
oxide heterostructures and also a single crystalline transparent bottom electrode will
be crucial to understand the optoelectronic properties of such perovskite heterostruc-
tures. It is important to note that STO substrate has been the preferred substrate for
a variety of single crystalline epitaxial perovskite heterostructures and a functional
transparent conducting layer of doped STO can be easily integrated into such het-
erostructures. In this discussion, we report a heteroepitaxial TCO based on doped
STO and establish the role of oxygen vacancies under the simple band picture using
optical spectroscopy and transport measurements.

3.5.2 Experimental methods

Thin films of double-doped STO (LaxSr1−xTiO3−δ, x = 0 - 0.15) were grown
on (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) substrates (<1% lattice mismatch with bulk
STO) using pulsed laser deposition (PLD). An excimer laser (λ = 248 nm) with
laser fluence of 1.5 J cm−2 per pulse and repetition rate of 8 Hz was used to ab-
late commercial polycrystalline STO targets with nominal La doping of 0, 10 and
15%. The substrate temperature was maintained at 850◦C during the deposition.
X-ray diffraction (XRD) was carried out on these films with a Panalytical X’Pert
Pro thin film diffractometer using Cu Kα radiation. Low temperature resistivity and
Hall measurements were performed in van der Pauw geometry using a Quantum De-
sign physical property measurement system (PPMS). Thermopower measurements at
room temperature were done using a home built setup with T type thermocouples.
UV-Visible transmission and reflection measurements were obtained from a Perkin
Elmer Lambda 950 spectrometer and Hitachi U-3010 spectrometer respectively. The
photoluminescence (PL) data was acquired using a setup with a 325 nm laser excita-
tion source.
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3.5.3 Results and discussions

5 mm 

Figure 3.3: The schematic of sample structure is shown on right corner. Typically 150 nm thick
STO film was grown on a 0.5 mm thick LSAT substrate and Ti/Pt contacts with 10/100
nm thicknesses were deposited for transport measurements in van der Pauw geometry.
(Left) Photograph of STO thin films on LSAT substrate which are (a) transparent and
insulating (0% La grown at 10−3 Torr), (b) transparent and conducting (15% La grown
at 10−3 Torr), (c) non-transparent and conducting (15% La grown at 10−7 Torr), (d)
bare LSAT substrate and (e) bare MgO substrate.

The electrical properties of the grown films can be tuned from insulating to metal-
lic based on the La doping and growth pressure. It was observed that a critical amount
of La doping and oxygen vacancies are required for producing a TCO and at the ex-
treme limits of oxygen vacancies, STO acts either as an insulator (very high growth
pressure or low oxygen vacancies) or a non-transparent metallic conductor (very low
growth pressure or high oxygen vacancies). Figure 3.3 shows 150 nm thick films of
doped STO which are (a) insulating (0% La grown at 10−3 Torr) (b) transparent and
conducting (15% La grown at 10−3 Torr) and (c) non-transparent and conducting
(15% La grown at 10−7 Torr). Substrates of (d) LSAT and (e) Magnesium Oxide
(MgO) are shown for comparison. The inset of figure 3.3 shows the schematic of the
device structure used for the transport and optical spectroscopic measurements.

Figure 3.4 shows the X-ray diffraction (XRD) pattern for the transparent conduct-
ing sample grown at 10−3 Torr with 15% La doping. The x-ray diffraction pattern
clearly demonstrates the absence of any secondary phase. The inset shows the rock-
ing curve with full-width-at-half-maximum (FWHM) of ∼ 0.12◦, indicating the high
quality nearly single crystalline nature of the film. The out of plane lattice param-
eter for the TCO films were ∼ 3.926–3.934 Å and the reciprocal space map (not
shown here) showed that all the films were partially relaxed and had an in-plane
lattice parameter close to the bulk STOs lattice parameter (3.905 Å). The observed
tetragonal distortion is a clear signature of oxygen vacancies as predicted by earlier
theoretical calculations. Rutherford backscattering measurements show that the films
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Figure 3.4: Thin film X-ray diffraction pattern of 15% La doped STO film grown at 10−3 Torr.
The pattern shows only peaks corresponding to strained STO thin film apart from the
substrate peaks. The inset shows the rocking curve for the (002) peak of the STO thin
film. The FWHM measured was ∼ 0.12◦, which suggests the high quality nearly single
crystalline nature of the film.

contain the nominal 15% of La substituting Sr sites, maintaining a (La+Sr)/Ti ∼ 1.
RBS-channeling experiments on the films confirmed the single crystalline nature, as
observed by the rocking curve measurements.

The transmission of the various doped thin films of STO (corrected for the ab-
sorption of the substrate) over the whole UV-Visible range of the electromagnetic
spectrum is shown in Figure 3.5. The figure clearly shows the transparent nature of
the films with either 10 or 15% La doping grown in the pressures ranging from 10−2

to 10−3 Torr. The transmission of the films with 15% La grown at 10−7 Torr ((c) in
Figure 3.3) and no La doping grown at 10−3 Torr ((a) in figure 3.3) are shown as com-
parison. As shown in figure 3.3, the non-transparent conducting samples shows much
lower transmission compared to the transparent conducting and insulating films. The
insulating film showed the maximum possible transmission over the whole range of
the spectrum. Tauc plot of the films showed that the indirect band gap of the films
were ∼3.2–3.3 eV for all the doping levels, very similar to the bulk indirect gap of
3.27 reported in the literature.[94]
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Figure 3.5: Transmission of various 150 nm double-doped STO films on LSAT substrate over
the UV-Visible part of the electromagnetic spectrum. Apart from the transparent
conducting films, the plots for the insulating (0% La grown at 10−3 Torr) and non-
transparent but conducting (15% La grown at 10−7 Torr) films are also shown for
comparison.

Figure 3.6(b) depicts the measured sheet resistance of the TCO films as a function
of transmission of the film at 600 nm. A logarithmic scaling behavior was observed
between the sheet resistance and transmission. The growth pressure influenced the
sheet resistance or transmission more than the La doping, emphasizing the role of
the oxygen vacancies in forming the defect band below the conduction band. The
resistivity, carrier concentration and mobility of the 15% La doped film grown at
10−3 Torr as a function of temperature is shown in figure 3.6(a). The resistivity fit
indicated the presence of small polaron conduction mechanism as reported in the
literature.[95] The small polaron equation used for the fitting is shown in equation
3.1,

ρ = sinh2(
A

T
) (3.1)

It is interesting to note that the sample remains metallic throughout the tem-
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Figure 3.6: (a) Resistivity, Hall carrier concentration and Hall mobility of the transparent con-
ducting film with 15% La doping and grown at 10−3 Torr. The red line is the small
polaron fit for the resistivity. (b) Sheet resistance of various transparent conducting
films against their transmission for an incident radiation with a wavelength of 600 nm.
The dashed line is a logarithmic fit. Adapted from [49]

perature range, implying degenerate doping. Hall measurements and thermopower
measurements (not shown here) revealed electrons as the major transport carriers
irrespective of the dopant (La or oxygen vacancies).

To confirm the role of oxygen vacancies in forming the defect band, we performed
optical spectroscopic measurements, in this case, Photoluminescence (PL) and UV-
Visible (UV-Vis) absorption. These measurements provide us information about the
optical band structure of the material; PL and UV-Vis absorption provide information
about the in-gap states and band edges respectively. The typical Tauc plot derived
from UV-Vis absorption and the PL spectra for 15% La doped sample grown at 10−3

Torr are shown in Figure 3.7. The PL spectrum shows a peak at ∼ 420 nm, which
indicates the presence of an oxygen vacancy defect band, approximately 2.9 eV above
the valence band, as reported else where.[96] Figure 3.7(c) summarizes the optical
band structure as mapped by these spectroscopic techniques for the TCO samples.

3.5.4 Summary

In summary, we have demonstrated a transparent conducting oxide in double-
doped STO over a range of doping levels. Based on the optical band structure and
transport measurements, we substantiate the formation of a defect band due to the
oxygen vacancies. This defect band is the most important component of the guiding
principle behind TCO formation, as discussed earlier. The filling of this band can be
accurately controlled by varying both the La doping and the oxygen partial pressure
during growth to produce a controlled TCO in the double-doped STO. Double-doped
STO can be used in conjugation with a wide range of complex oxides, particularly
perovskite oxides for the demonstration of various opto-electronic and photonic de-
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Figure 3.7: (a) The PL spectrum for 15% La doped film grown at 10−3 Torr. The red arrow
indicates the peak corresponding to the oxygen vacancy defect band (∼ 420 nm). (b)
Tauc plot for the same sample. The derived optical indirect band gap is 3.3 eV.
(c) Schematic of the optical band structure derived for the transparent conducting
films. The chemical potential lies in the defect band, which is crucial for a transparent
conductor. Adapted from [49]

vices.

3.6 Tuning the electronic effective mass using dou-

ble doping in SrTiO3

The discussion on tuning the electronic effective mass using double doping in
SrTiO3 has been published in better detail elsewhere.[82]

3.6.1 Background and motivation

Variation of effective mass as a function of carrier concentration and temper-
ature has been widely characterized in small band-gap (0.1–1 eV) and low effec-
tive mass (0.1–0.01me) semiconductors[97] such as InAs[98], HgTe[99] and InSb.[100]
Such systems show an increasing effective mass with carrier concentration and are
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sufficiently explained by Kane’s band model, which captures the essential feature of
non-parabolicity in these materials.[101] At the other end of the spectrum, complex
oxides or transition metal oxides typically have larger effective masses (1–10me), large
band-gaps (1–10 eV) and conduction dominated by d–bands. Complex oxides offer a
variety of compounds showing no electron-electron correlation (band limit) to strong
correlation (Mott limit). Strong correlations give rise to a very large effective mass
(100–1000me) in heavy fermionic systems.[102] Even though the effect of strong corre-
lation on effective mass and other transport properties remains an intriguing question,
there is little literature on the study of effective mass as a function of a wide range
of carrier concentration in transition metal oxides in the band limit. Moreover, a
thorough understanding and tuneability of effective mass in such oxide systems will
have implications on phenomena such as thermoelectricity[34] and photovoltaics.[103]

In order to study the effective mass in the band limit, we have chosen SrTiO3

(STO). STO is a model complex oxide system with very weak or no correlation and
a wide range in n-type electrical conductivity, controlled by doping at the A-site (for
example La doping in Sr sites), B-site (for example Nb doping in Ti sites) and by
creating oxygen vacancies. The cation doping on the A-site of STO is more suitable
than doping on the B-site to study the nature of filling without changing the band
structure drastically, because the conduction band has Ti 3d characteristics. The ef-
fective mass of La doped STO has been reported as 6–6.6me in the literature[57] and
the introduction of oxygen vacancies, in lieu of La, results in a large effective mass
of ∼16me[64] and has been attributed to the flat impurity band created by these
vacancies.[59] In this discussion, we explore the dependence of effective mass for dou-
ble doped STO on carrier concentration over a range of 3-4 orders of magntitude and
show tuneability of the effective mass in the range of 6–20me. We also demonstrate
that this behavior can be sufficiently explained using a single parabolic band model.

3.6.2 Experimental methods

Thin films (150 nm) of Sr1−xLaxTiO3−δ were grown via PLD from dense poly-
crystalline, ceramic targets (each nominally containing either 0, 2, 5 or 15% La)
onto (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) (001) single-crystal substrates (a=3.872 Å).
Growth was carried out in oxygen partial pressures ranging from 10−1–10−7 Torr and a
laser fluence of 1.75 J/cm2 at a repetition rate of 8 Hz. Films were grown at a temper-
ature of 450 ◦C to create a non-equilibrium amount of oxygen vacancies, by avoiding
the equilibrium reached during the cool down from higher temperatures. XRD was
carried out on these films with a Panalytical X’Pert Pro thin film diffractometer using
Cu Kα radiation. Low temperature resistivity and Hall measurements were performed
using a Quantum Design physical property measurement system (PPMS) with mag-
netic field sweeps over a range of ±1.5 Tesla. All measurements were carried out in
van der Pauw geometry, appropriate corrections were made to eliminate magnetore-
sistance contributions to the Hall resistance. Thermopower measurements at room
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temperature were done using a setup with T type thermocouples. UV-Visible (UV-
Vis) transmission and reflection measurements were obtained from a Perkin Elmer
Lambda 950 spectrometer and Hitachi U-3010 spectrometer respectively. The photo-
luminescence data was acquired using a setup with a 325 nm laser excitation source.
RBS measurements were carried out using a 2 MeV He ion beam generated by a 2.5
MeV Van de Graaff accelerator. The backscattered He ions were collected by a silicon
surface barrier detector located at 165◦ with respect to the incident beam.

3.6.3 Results and discussions

XRD patterns of the thin films indicated that they are single phase perovskites.
The narrow full-width-at-half-maximum (FWHM) of the rocking-curve (002) thin
film peaks indicate the films (ωFWHM

002 < 0.3◦) are (00l) epitaxially oriented. The phi
pole scans (not shown here) were carried out along the (013) reflections to establish
the in-plane epitaxial relationship between the film and substrate. A combination
of out of plane texturing of the films and in-plane epitaxial relationship suggests
crystalline nature of the films. Typically, La doping has a negligible effect on the
c-axis lattice parameter,[67] but oxygen vacancies will expand the lattice significantly
as the Ti-Ti bond length is greater than that of Ti-O-Ti and induces a tetragonal
distortion.[59, 104] Reciprocal space mapping of the (013) peak of the thin films reveal
they are indeed tetragonal, with an in-plane lattice parameter of ∼3.90 Å across
all La concentrations and oxygen partial growth pressures, and a 0.023 Å increase
in the c-axis lattice parameter per order of magnitude decrease in oxygen partial
pressure during growth (figure 3.8). For samples grown at 10−7 Torr —or a maximum
concentration of oxygen vacancies in our study— the c-axis lattice parameter is 4.075
Å for Sr0.98La0.02TiO3−δ, corresponding to a c/a ratio of 1.045. RBS measurements
were carried out to ensure the chemical homogeneity and stoichiometry of the films
within the limits of the experimental accuracy of the technique. These measurements
were crucial for reliable interpretation of the transport measurements and hence the
effective mass calculations.

The oxygen vacancy induced tetragonal distortion is expected to lift the three-
fold t2g degeneracy of the conduction band. Theoretical predictions indicate that this
leads to the formation of a heavy oxygen vacancy impurity band lying below a light
conduction band edge. Optical spectroscopy is a good tool probe the presence of such
a defect and help us develop a band model for the case of double doped STO. The
results obtained for these samples followed a trend very similar to the spectroscopic
results from the previous section. For a detailed description, the readers are referred
elsewhere.[82]

Effective mass values have been conventionally evaluated using cyclotron reso-
nance, [105] reflectivity, [106] photoemission, [107] and Shubnikov-de Haas effect [108]
for various single crystals of semiconductors. The other common method is using
transport data to calculate the density of states effective mass. [64, 57] Some of these
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Figure 3.8: The c-axis lattice parameter measured by x-ray diffraction at 300 K versus oxygen
partial pressure during thin film growth for Sr1−xLaxTiO3−δ (the dashed line is a
logarithmic fit to the 2% data as a guide to the eye).

methods are impractical for thin films and hence, we resorted to calculating the den-
sity of states effective mass using transport data. All transport data were measured
in the plane of the (00l)-oriented films. Evaluation of the effective mass at room
temperature requires the knowledge of (1) room temperature thermopower, S, (2)
low temperature Hall mobility to learn about the scattering parameter, r and (3)
the carrier concentration, n. Typical low temperature resistivity, mobility and car-
rier concentration data, which were used to derive these quantities, are shown for six
representative samples in figure 3.9. The measured transport parameters for all the
samples at room temperature is recorded in table 3.1.

The dominant scattering mechanism can be determined by the temperature depen-
dence of the mobility. Typically, more than one scattering mechanism is present over
the range of temperature under investigation. The samples containing low La doping
(0, 2 or 5%) but with oxygen vacancies showed a constant mobility for temperatures
near room temperature, indicating the presence of partially ionized impurity scatter-
ing or neutral impurity scattering [109] as the dominant scattering mechanism. In
this limit, the transport is dominated by the oxygen vacancies, which ionize partially
by localizing some of the electrons. Particularly, clusters of oxygen vacancies can act
as localizing sites for such itinerant electrons [60, 110] and clustering of vacancies is a
common feature in PLD grown STO thin films grown under low pressures. [111, 112]
In the case of samples containing 15% La, the low temperature resistivity is best de-
scribed by ρ ∼ sinh2( 1

T
), characteristic of small polaron conduction. Recently, Liang
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Figure 3.9: Low temperature (top panel) resistivity, (middle panel) Hall carrier concentration and
(bottom panel) Hall mobility data for samples with different La doping and growth
pressures (in Torr). A representative two-mechanism mobility fit for a low La-doped
sample (2% La, grown at 10−4 Torr) and a small polaron fit for a high La-doped sample
(15% La, grown at 10−7 Torr) are also shown.

et al. [95] suggested the possibility of small polaron conduction in 15% La doped
STO films grown under similar conditions, corroborating our observation. The opti-
cal phonon mode’s characteristic temperature (Topt) derived by the fit was 100–120 K
for the samples. It is interesting to note that this characteristic temperature is very
close to the soft mode transition in SrTiO3 at 110 K. [113] This indicates that the
suitable scattering parameter for these samples at 300 K is r=1 (for T ≪ Topt, r=1

2

and T ≫ Topt, r=1 [5]). Figure 3.9 shows the fit for both the conduction mechanisms
in two representative samples.

With the scattering mechanism known, we can solve the Boltzmann transport
equations. To simplify our calculations, we have modeled our system with an effective
single parabolic band with effective mass m∗. The value of m∗ were determined
from the measurements of thermopower S and carrier concentration n (from the Hall
mobility and resistivity). We have assumed that the presence of oxygen vacancies lifts
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the six fold degeneracy and hence the conduction band is only four fold degenerate.
The equations used for the model [109] are

S =
−kB

e

[
(r + 2)Fr+1 (η)

(r + 1)Fr (η)
− η

]
(3.2)

n = 2πz

(
2m∗kBT

h2

) 3
2

F 1
2

(η) (3.3)

Fr (η) =
∫ ∞

0

xr

1 + ex−η
dx, (3.4)

where kB, h, e, η, z, r, m∗ are the Boltzmann constant, Planck’s constant, electronic
charge, reduced chemical potential (µ/kBT ), degeneracy of the conduction band, scat-
tering parameter and effective mass, respectively. The scattering parameter gives the
energy dependence of the scattering time and is of the form τ(ϵ) = τ0ϵ

r− 1
2 , where ϵ

is the energy of the carrier. Knowing the scattering parameter from the temperature
dependent mobility data, we can solve Eqn. 3.2 and Eqn. 3.3, to obtain η and m∗.
All the measured and calculated values are listed in Table 3.1.

Figure 3.10: Calculated effective mass and reduced chemical potential in Sr1−xLaxTiO3−δ as a
function of carrier concentration n at 300 K. Effective mass values from Ohta et
al. [57] and Frederikse et al. [64] are also shown for reference. Fits are meant as a
guide for the eye.
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La% Pressure ρ n µ S r m∗

me
η

(Torr) (mΩ cm) (x1021 cm−3) cm2V−1s−1 (µV/K)
0 10−4 1.1x104 5x10−3 0.12 -750 0.5 13.5 -6.2
0 10−7 16.3 0.6 0.64 -274 0.5 8.3 -0.6
2 10−3 1.5x104 3.1x10−3 0.13 -832 0.5 18.6 -7.2
2 5x10−4 1.4x103 1.8x10−2 0.25 -572 0.5 9.2 -4.4
2 10−4 220 0.12 0.26 -394 0.5 7.2 -2
2 10−7 15.9 1.1 0.36 -190 0.5 7.1 0.6
5 10−3 77.6 0.19 0.43 -313 0.5 5.6 -1.1
15 10−3 4.6 2.1 0.65 -154 1 7.1 1.7
15 10−4 1.7 2.7 1.36 -101 1 6.1 2.7
15 10−7 2.7 3.1 0.75 -81 1 6.0 3.1

Table 3.1: Various measured and derived physical quantities as a function of La doping and growth
pressure in Sr1−xLaxTiO3−δ at 300 K; ρ is resistivity, n is Hall carrier density, µ is
mobility, S is thermopower, r is scattering parameter, m∗ is effective mass, me is electron
mass and η is reduced chemical potential(µ/kBT ).

The calculated values of the effective mass and reduced chemical potential as a
function of carrier concentration are plotted in figure 3.10. The reduced chemical
potential listed in table 3.1 suggests that at low carrier concentration (∼ 1018 − 1019

cm−3) the samples are non-degenerately doped and at higher carrier concentration
(∼ 1021) the doping tends toward the degenerate limit. At high doping levels (∼ 1021),
the chemical potential lies well inside the conduction band and shows a constant
effective mass (∼ 6 − 8). As the chemical potential moves well below the conduction
band minimum, we see that the effective mass increases remarkably to high values (∼
14−18). Also, the effective mass decreases with increasing carrier concentration unlike
the conventional small band-gap semiconductors, where the effective mass increases
with increasing carrier density. This behavior is consistent with our assumption
that STO should follow a simple filling controlled parabolic band model as has been
observed in the past. [34, 57]

3.6.4 Summary

In summary, we have measured the variation of effective mass as a function of
carrier concentration in an n-type oxide semiconductor, through double doping with
both an A-site dopant and oxygen vacancies in STO. The nature of m∗ is mainly
filling controlled in a parabolic band, specifically it decreases with increasing carrier
concentration and can be tuned in the range of 6–20 me by chosing a given doping
combination. The tuneability in effective mass is achieved by the presence of a high
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effective mass impurity band which is separated from the conduction band by a small
gap, as has been theorized prior to our observation of this energy level. A good un-
derstanding of the critical parameters may be used to better tailor the thermoelectric
and photovoltaic response of oxide materials.

3.7 High temperature thermoelectric response of

double doped SrTiO3

The discussion on high temperature thermoelectric response of double doped
SrTiO3 has been published in greater detail elsewhere.[81]

3.7.1 Background and motivation

This section deals with the effect of double doping on the high temperature ther-
moelectric response in SrTiO3. Before we go into the deals of the high temperature
response, it is essential to motivate why double doping can enhance the thermoelec-
tric response in SrTiO3. STO is one of the best n-type thermoelectric oxides known
to-date. The large orbital degeneracy of the Ti–d conduction band in STO results in
power factor comparable to state-of-the-art thermoelectric materials. The presence
of the octahedral field of oxygen ions around the Ti splits the five fold degenerate
d–bands into t2g and eg bands. Unlike other dopants like La and Nb (no changes in
lattice constants), incorporating oxygen vacancies in STO causes, both theoretically
predicted[62] and experimentally observed,[79] tetragonal distortion. Such a strain
can alter both the position and degeneracies of the t2g and eg bands. In the film
form, due to epitaxial strain, we can control the overall direction of this tetrago-
nal distortion (out of plane). Hence, creating varying amounts of oxygen vacancies
and La in epitaxial STO films can lead to filling controlled band engineering. The
thermoelectric properties of STO have been studied in single crystals,[34, 69] poly-
crystalline ceramics[114, 68] and thin film forms[57] in the past. In the bulk single
crystal or ceramic form, most investigations have employed only one kind of dopant
on the A-site (e.g., La doping on Sr sites) or B-site (e.g., Nb doping on Ti sites) or
oxygen vacancies; one notable exception is Liu et al.,[114] who employed forming gas
treatment on La doped STO ceramic samples to introduce oxygen vacancies. The in-
troduction of oxygen vacancies in addition to cationic dopants is hard to accomplish
in the bulk form. Conventionally, introduction of oxygen vacancies in the bulk form
has been achieved by reduction treatments using vacuum or reducing gases. Such
treatments do not generally create a uniform distribution of oxygen vacancies. Using
epitaxial thin film growth, it is possible to introduce oxygen vacancies with ease and
in a controllable manner. In our particular case, we employ pulsed laser deposition
(PLD) to independently control the number of La and oxygen vacancies as dopants
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by changing the La doping in the target and the partial pressure of oxygen during
growth.

The measurement of thermoelectric properties of thin films present several chal-
lenges, particularly at high temperatures. Often, there is a very limited choice of
substrates for the growth of epitaxial films due to stringent requirements such as low
lattice mismatch, stability under high temperatures and high vacuum. In this case,
the substrates need to remain electrically insulating, during the growth and measure-
ments, to ensure easy and direct measurement of film’s electrical properties without
any contribution from the substrate.[115] Furthermore, there are only a handful of
techniques[42, 43] to measure thermal conductivity of epitaxial thin films reliably
without removing the film from the substrate. Such issues make thermoelectric mea-
surements on thin films difficult, particulary at high temperatures.

3.7.2 Experimental methods

Thin films of Sr1−xLaxTiO3−δ (150 nm thick) were grown by PLD from dense,
polycrystalline ceramic STO targets each containing 0, 2, 5, 10 or 15 atomic % of La
substituted for Sr. We chose to grow the films on LSAT (001) substrates ((LaAlO3)0.3-
(Sr2AlTaO6)0.7), due to the close lattice matching with STO (aSTO = 3.905 Å and
pseudocubic aLSAT = 3.87 Å) and electrically insulating nature under high tempera-
tures and high vacuum. The substrate had dimensions of 5 mm x 5 mm x 0.5 mm.
The growth of the films was carried out at 850◦C in an oxygen partial pressures
ranging from 10−1–10−8 Torr using a 248 nm KrF excimer laser with a fluence of
1.5 J/cm2 at a repetition rate of 2–8 Hz. The temperature of 850◦C is measured on
the heater; the substrate temperature during growth is lower. XRD was carried out
on these films with a Panalytical X’Pert Pro thin film diffractometer using Cu Kα
radiation. Thicknesses of the films were determined using XRR, RBS and/or in-situ
RHEED. The stoichiometry and chemical composition of the films were characterized
using RBS.

All transport measurements were carried out in the van der Pauw geometry. Tri-
angular metal contacts of side 1 mm (15 nm Ti/100 nm Pd) were deposited on the
corners of the films using electron beam evaporation. Galvanomagnetic measurements
were carried out in air using a home-built apparatus. The apparatus is equipped
to measure properties over 300 - 900 K using a 1 Tesla electromagnet. High tem-
perature thermoelectric measurements[45] were performed in an evacuated appartus
maintained at 10−4–10−5 Torr. Thermopower measurements were performed using
K-type thermocouples. Before the measurements, the thermocouples were thermally
anchored to the corners of the sample on the metal contacts using silver paint. Tem-
perature differences across the sample, with a step of 2 K and a maximum value of
6 K (both positive and negative), were used to extract the thermopower values. The
alumel leads were used to measure the thermoelectric voltage generated across the
sample due to the applied temperature gradient. The slope of the thermoelectric volt-
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Figure 3.11: The out-of-plane XRD patterns for films grown with different La doping at 10−8

Torr. Each curve is labeled by the La doping level. The inset shows a comparison
of the (002) rocking curves of the substrate and a film with 5% La doping grown at
10−8 Torr. The rocking curve FWHM for the substrate and the film are 0.016◦ and
0.036◦.

age against the temperature difference was corrected with the known thermopower
values of alumel[46] at a given average temperature to obtain the thermopower of
our samples. Thermal conductivity measurements were performed by time domain
thermoreflectance technique (TDTR).[43] All pressures referred in the manuscript are
oxygen partial pressures unless specified otherwise. In all the cases above, the trans-
port measurements showed little or no hysteresis on cycling the samples several times,
either in air or vacuum. This suggests that the oxygen vacancies are kinetically stable
in the temperature range and time scales at which the measurements were carried
out.

3.7.3 Results and discussions

Structural and chemical characterizations

The structural properties of the films were characterized using x-ray diffraction
(XRD). All the films were single phase, without any trace of secondary phases. Repre-
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sentative XRD patterns for the (00l) planes of films grown at 10−8 Torr with various
La doping are shown in figure 3.11. The patterns show that there is a clear in-
crease in the c-axis lattice parameter with increasing La concentration. A similar
effect was observed for increasing oxygen vacancy concentration (decreasing growth
pressure) for a fixed La concentration. There are several possible reasons for the in-
crease in c-axis lattice constant in STO, such as non-stoichiometry,[116] theoretically
predicted tetragonal distortion caused by the presence of oxygen vacancies/vacancy
clusters,[59, 62] filling of the carriers in the conduction band,[117] and to a lesser
extent, in-plane bi-axial strain caused by the substrate (films strain relax partially or
completely at thicknesses ∼ 150 nm). In the bulk crystal form, the lattice constants
increase isotropically by less than 0.1% for upto 20% La doping and retains the cubic
structure.[67] This suggests that the lattice expansion observed in our case should be
a combination of one or more of the above mentioned reasons (we observed partial
strain relaxation in the in-plane lattice parameters for all films). The inset shows the
comparison of the rocking curve for the substrate and the film with 5% La doping
grown at 10−8 Torr. The FWHM for the rocking curve of film peak was 0.036◦ as
compared to the substrate with 0.016◦. RBS measurements confirmed the chemical
composition and homogeneity of the films within the limits of experimental errors.
RBS channeling experiments (data not shown) established good crystallinity of the
films, corroborating the XRD rocking curve data.

Thermoelectric properties

We discuss the thermoelectric properties of the samples grown at 10−8 Torr, whose
structural properties were discussed earlier. The thermoelectric properties of the films
grown at 10−8 Torr with various La doping are shown in figure 3.12. The conduc-
tivity of the films decreased with increasing temperature, characteristic of a heavily
doped semiconductor. The electrical conductivity also increased with an increasing
La doping concentration. The thermopower values for the 0% La doping sample
shows a non-linear temperature dependence with a maximum at 500 – 600 K. Inter-
estingly, the thermal band gap calculated using the relation Eg = 2eSmaxTmax [118]
for this case is about 0.3 eV. Several theoretical predictions[62, 59] and experimental
observations[96, 49] have established that the introduction of oxygen vacancies can
create a defect band ∼0.3 eV below the conduction band of STO. It is possible that
we are observing the gap between the oxygen vacancy defect band and the conduction
band for this sample. For finite La doping, thermopower shows a linear increase with
temperature, similar to the observation of Muta et al.[119] Even though we observe
a linear temperature dependence of thermopower, it is hard to extract useful infor-
mation on Fermi energy, as the doping regime is in a transition from non-degenerate
to degenerate for these carrier concentrations. This transition will be later discussed
based on the galvanomagnetic properties.

The thermal conductivity values for all the samples decreases from ∼ 4–5 W/mK
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Figure 3.12: The thermoelectric properties, namely (a) electrical conductivity, (b) thermopower
and (c) thermal conductivity, are shown for films grown with different La doping (0,
5, 10 and 15 %) at 10−8 Torr. Electrical conductivity for all samples decreased with
increasing temperature, and the thermopower data was fit by a linear temperature
depedance for a finite La doping.

at 300 K to ∼ 3 W/mK at 873 K. The measured room temperature thermal conductiv-
ity is a factor of 2–3 lower than the reported single crystalline thermal conducitivity,[57]
possibly due to large number of defects in the film and so, close to room temperature
the thermal transport is dominated by defects. The thermal conductivity values at
800–900 K are similar to the single crystalline values, suggesting that the dominant
scattering process is possibly not due to defects but due to Umklapp scattering as
observed in single crystals. All thermal conductivity measurements reported here are
for the cross-plane direction of the thin films. Nevertheless, due to the near cubic
structure of these heavily doped STO films (bulk STO is cubic), it is reasonable to
assume that the thermal conductivity anisotropy is negligible.

To put our thermopower data in perspective, we have plotted our thermopower
values at 300 K over the whole carrier concentration range against the values of Okuda
et al.[34] in figure 3.13. It is important to note that there is little or no effect of oxygen
vacancies in increasing the thermopower, contrary to what we expected due to band



65

Figure 3.13: Thermopower values at 300 K for various La doping and growth pressures are plotted
against their respective carrier concentrations. The open circles are data from Okuda
et al.[34] showing good agreement with our data.

engineering. If the tetragonal distortion is not strong enough to alter the crystal field
split bands, we may not see the effect of band engineering at all, particularly with
increasing temperatures, due to thermal broadening the effect of tetragonal distortion
shall decrease. Any estimate on the energy scales and concentration of vacancies
required to see a desirable effect will need in-depth first principle calculations and is
beyond the scope of this current study.

The derived power factor (S2σ) and the dimensionless figure of merit, ZT are
shown in figure 3.14. At room temperature 5% La doped sample showed the highest
ZT ∼ 0.18 but the highest ZT of 0.28 was observed at 873 K for the 15% La doped
sample at 873 K. Recently, several authors have reported high ZT in bulk STO using
forming gas reduction with La doping (ZT=0.21 at 750 K),[114] Dy and La co-doping
(ZT=0.36 at 1045 K),[70] and Dy and Nb co-doping (ZT=0.24 at 1273 K).[73] Our
results are as high as the values reported by these groups in the reported temperature
range.

Galvanomagnetic properties

Figure 3.15 shows the derived carrier concentration and Hall mobility for two
sets of samples. The samples had either the same growth pressure (10−8 Torr) with
different La doping (0, 5 and 15%) as shown in figure 3.15(a)&(b)) or constant La
doping (15%) with different growth pressures of 10−3, 10−7 and 10−8 Torr as shown
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Figure 3.14: The power factor (S2σ) and ZT for the films shown in figure 3.12.

in figure 3.15(c)&(d)). In all cases, the carrier concentration remained constant over
the measured temperature range. No hysteresis was observed in all the measured
properties over 2-3 measurement cycles, suggesting excellent stability of oxygen va-
cancies present in the films. It is evident that oxygen vacancies play a significant role
in modulating the carrier density in the films, as much as the La doping does.

In all cases the temperature dependent mobility was fitted using a power law
model as described below.

µ = AT−n (3.5)

where, A is the prefactor and n is the power law exponent. The power law exponent
reported in the literature varies from 1.5–2.7 over a temperature range of 100–1300
K. Tufte et al.[65] reported an exponent of 2.7 around 100–400 K. Uematsu et al.[120]
observed an exponent of 2.0 over a temperature range of 500–1000 K. Moos et al.[121]
noted a change in the exponent from 2.7 close to room temperature to 1.6 above 1000
K. Unlike these observations, Ohta et al.[69] reported an exponent of 1.5 over 300–
1000 K and correlated the behavior to phonon scattering as observed in classical
semiconductors.[109]

Previous studies found no dependence of the exponent on the carrier concentra-
tion. We observed a systematic change in the power law exponent as a function of
carrier concentration in our samples as depicted in figure 3.16. We observe a change
in the power law exponent from ∼ 1.5 to ∼ 1.0 as the carrier concentration increases.
It is important to note that the carrier concentrations of the samples used in the
prior work were atleast an order of magnitude lower than our highest carrier concen-
tration. In a classical semiconductor, the power law exponent for acoustic/optical
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Figure 3.15: The carrier concentration and Hall mobility for (a) films grown at 10−8 Torr with
different La doping such as 0, 5, 15 % and (b) films grown with 15% La doping grown
at different pressures such as 10−3, 10−7 and 10−8 Torr. The mobility data were fit
using power law as described in the text.

phonon scattering changes from 1.5 to 1.0 with a change from non-degenerate doping
to fully degenerate doping.[109]

3.7.4 Summary

In summary, we have studied the thermoelectric and galvanomagnetic response
of thin films of La- and oxygen-vacancy-doped SrTiO3. Even though the films show
very similar electrical properties compared to bulk La- or oxygen-vacancy-doped STO
crystals, the thermal properties differ in the form of low thermal conductivity close
to the room temperature. At the heavy doping limit, as was investigated in this
manuscript, we found no effect of the defect band or the band engineering due to
the oxygen vacancies on thermopower but oxygen vacancies do provide additional
itinerant carriers to the conduction band. Most notably, we have performed all ther-
moelectric measurements on thin films of STO and the highest figure merit achieved
was ∼ 0.28 ± 0.08 at 873 K.
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Figure 3.16: The mobility power law exponent as a function of carrier concentration. The
represented carrier concentration value is averaged over the whole temperature
range for our data. The exponents reported in the literature are also given for
reference.[65, 120, 121]

3.8 Summary and future outlook

In this chapter, we discussed the employment of band engineering to tune the
physical properties of strontium titanate. The band engineering was achieved by us-
ing the double doping concept, where two dopants such as La and oxygen vacancies
were used. La doping served to produce shallow donor states which can get activated
easily to put carriers in the conduction band where as oxygen vacancies play the
twin role of rearranging the Ti d-band and providing for carriers to the conduction
band. This method has been demonstrated to be successful for tuning contradictory
properties such as optical transparency and electrical conductivity, in a favorable
manner.[49] Another interesting result was the tuning of the electronic effective mass
with double doping.[82] Finally, we explored the possibility of enhancing the thermo-
electric figure of merit using double doping. Despite the lack of clear enhancement
in power factor, a large reduction in thermal conductivity was observed leading to a
higher figure or merit at room temperature compared to the single crystal results.[81]
One of the possible reason for the lack of enhanced power factor can be attributed to
the co-existence of other defects such as cationic vacancies, Schottky defects etc.[122]
To circumvent this problem, it is instructive to explore the double doping with two
cationic dopants, for example a non-shallow donor on the B-site with a shallow donor
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on the A-site. This mechanism can effectively tune the band structure and the carrier
density leading us to an enhanced figure of merit. Similar implementation has been
very successful in enhancing the thermoelectric properties of PbTe, making it a se-
rious contender for high temperature thermoelectric power generation.[29, 30] These
investigations are provide excellent precedence for demonstration of a similar effect
in oxides.
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Chapter 4

Thermal transport in perovskite
titanate films and superlattices

4.1 Introduction

Most energy conversion methods used by the modern civilization rely on heat
engines. The ability to understand and control thermal transport in materials can
have significant technological implications ranging from the current point of interest,
thermoelectricity to heat dissipation in electronic circuitry, thermal barrier coatings
etc. The two important quantities we shall deal frequently with regards to thermal
transport are heat capacity and thermal conductivity. Heat capacity is a relevant
quantity for applications such as thermal storage. It is noteworthy that for a variety of
applications having enhanced thermal conductivity can be useful, whereas for others
low thermal conductivity shall be more applicable. The current discussion will center
around thermoelectricity and hence we will restrict ourselves to situations where
low thermal conductivity is desirable. Before we discuss thermal transport in films
and superlattices, it is essential to have an overview of the fundamentals of thermal
conductivity.

4.2 Fundamentals of thermal conductivity

4.2.1 Principles

It is essential to understand various heat flow mechanisms, before we define ther-
mal conductivity. Heat flow takes place by three different mechanisms namely con-
duction, convection and radiation. Conduction is the common means of heat flow
in solids where the flow is dictated by the temperature gradient. Convection deals
with the heat flow caused by the motion of gas or liquids, where as radiation is the
transfer heat between the source and sink in the form of electromagnetic radiation.
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The detailed discussion on convection and radiation shall be found elsewhere.[123]
The current discussion will focus solely on thermal conductivity.

Thermal conductivity is the ratio between the heat flux and the temperature
gradient as given by the Fourier’s law in Eqn.1.36. The Fourier’s law is a phenomeno-
logical equation which is applicable when the heat transport happens in the diffusive
regime. Hence, it was possible to derive a microscopic picture of thermal conduc-
tion using Boltzmann transport theory (works in the diffusive regime) in our earlier
discussion. It is important to reiterate that the heat flow in solid state systems can
be dictated by both charge carriers such as electrons and phonons (quantized form
of the lattice vibrations). The electronic thermal conductivity is simply related to
the electrical conductivity of a material and is given by the Wiedmann-Franz law
(Eqn. 1.51). Typically the Lorenz number doesn’t change significantly and hence the
electrical component of thermal conductivity is largely decided by electrical conduc-
tivity in most materials. In special cases, such as strongly correlated systems, gross
violation of Lorenz number has been observed.[124] Unfortunately, such violations
lead to increase in thermal conductivity for a given electrical conductivity, which is
not favorable for realizing high figure of merit thermoelectric materials. The origin
of such increased Lorenz number is explained by heat transport through spin fluc-
tuations or electron-electron interactions, when these mechanisms don’t contribute
to transport of charge carriers in the system. It will be interesting if we can design
strongly correlated systems, which can circumvent or decouple heat carrying nature
of the electronic charge carriers.

Heat transport through phonons or quantized lattice vibrations has been ex-
tremely well studied. The nature of heat transport in solids can be look upon as
analogous to the motion of gas molecules in a confined box. Hence, a modified form
of the famous kinetic theory of gases has been employed to define thermal conductivity
in solids. Based on this theory, thermal conductivity is given as:

κ =
1

3
Cvl (4.1)

where, C is the heat capacity of the material, v is the average phonon group velocity
and l is the average mean free path of the phonons. For bulk solids, this theory is
extremely useful to understand the temperature dependence of thermal conductivity.
The following discussion will develop a phenomenological picture of heat capacity,
group velocity and mean free path, to get a good idea of how thermal conductivity
depends on various parameters, particularly temperature.

First, we shall discuss the phenomenology of heat capacity. As discussed earlier,
it is important to realize that the lattice vibrations or phonons in a system can
be described as a system of harmonic oscillators comprised of balls and springs. A
detailed description of the equation of motions used to develop the knowledge of the
dispersion relation for such a system can be found elsewhere.[8] Once the knowledge
of the dispersion relation is obtained, it is easy to develop an intuitive picture of
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both the heat capacity under constant volume (Cv) and group velocity (vg) from the
fundamental definition, as described below.

Cv =

(
∂U

∂T

)
v

(4.2)

vg =
dω

dK
, (4.3)

where, U is the thermal energy, T is the temperature, ω is the phonon frequency and
K is the phonon wave vector. The most accurate description of the heat capacity
of a material due to phonons is described by the Debye model. Debye recognized
that at the low temperatures, the heat capacity is due to the population of acoustic
phonons. Thus, Debye model accurately predicts the low temperature T3 behavior
of heat capacity. The other model for heat capacity was proposed by Einstein, where
he modeled the heat capacity using optical modes, leading to an exponential decay
for the heat capacity at low temperatures. In both the cases, the high temperature
limit corresponds to the expected Dulong-Petit value.

Debye model of heat capacity

The following discussion will shed some light on the Debye model of heat capacity.
The discussion will be crucial to develop other important quantities related to the
thermal properties of material. The starting point for the discussion is the definition
of heat capacity as given in Eqn. 4.2. The first step is to define the thermal energy
in terms of microscopic details of the system such as the density of states and the
dispersion relation. The thermal energy is given as:

U =
∫
D(ω) < n(ω) > h̄ωdω. (4.4)

The relevant dispersion relation is given as:

ω = vK, (4.5)

where v is the velocity of sound. Thus, the relevant group velocity can be easily
obtained from dispersion of the acoustic modes in a solid. Even though we assume
a linear dispersion for simplicity, in real solids the dispersion can be much more
complicated, but it is sufficient to consider the linear dispersion to extract the relevant
physics using the Debye model. Now, the density of states for a 3 dimensional solid
is given as:

D(ω) =
V ω2

2π2v3
, (4.6)

where V is the volume of the specimen. The number of acoustic phonon modes is
given by the total number of primitive cells in the specimen, N. Plugging in the



73

relationships for density of states and the occupation number (given by Eqn. 1.38) in
Eqn. 4.4,

U =
V h̄

2π2v3

∫ ∞

0

ω3

e
h̄ω

kBT − 1
. (4.7)

Unfortunately, this expression has a singularity at the upper limit, so it is desirable
to introduce a cut off frequency to limit the upper bound of the integral. This cutoff
frequency is called the Debye frequency which is physically related to the frequency
at which the linear dispersion projects to the zone edge wave vectors. Thus, the debye
frequency can be given as,

ωD =

(
6π2v3N

V

) 1
3

. (4.8)

Now, using x = h̄ω
kBT

and xD = h̄ωD

kBT
= θ

T
,

U = 3NkBT
(
T

θ

)3 ∫ xD

0

x3

ex − 1
dx. (4.9)

If we consider three different polarization of waves, one longitudinal and two trans-
verse waves, the total energy will be a sum of all the polarization as given below:

U =
∑

all modes

3NkBT
(
T

θ

)3 ∫ xD

0

x3

ex − 1
dx. (4.10)

For simplicity, assume all the modes are isotropic,

U = 9NkBT
(
T

θ

)3 ∫ xD

0

x3

ex − 1
dx. (4.11)

Differentiating the above expression with respect to temperature will give us the heat
capacity, Cv,

Cv = 9NkBT
(
T

θ

)3 ∫ xD

0

x4

(ex − 1)2
dx. (4.12)

At the high temperature limit, T ≫ θ, which results in the classic Dulong-Petit limit:

Cv = 3NkB. (4.13)

At the low temperature limit, θ ≫ T , which leads to xD → ∞. Now,∫ ∞

0
dx

x3

ex − 1
=

π4

15
. (4.14)

Substituting Eqn. 4.14 in Eqn. 4.10,

Cv = 234NkB

(
T

θ

)3

, (4.15)
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Figure 4.1: Normalized heat capacity (with respect to Dulong Petit limit) is plotted against the
normalized temperature (with respect to Debye temperature) for any 3D solid.

which is the Debye T 3 law.
The temperature dependent heat capacity as per the Einstein and Debye models

are compared in Figure 4.1. Given that Debye model captures the temperature de-
pendent heat capacity over a range of temperatures, we shall employ Debye model
to describe most thermal properties of the system. So, far we have been dealing
with thermodynamic quantities, now let us turn our attention to mechanisms, which
determine the transport properties of the system, such as scattering mechanism.

4.2.2 Phonon scattering mechanisms

A typical plot of thermal conductivity of silicon as a function of temperature is
shown in figure 4.2. It is very clear that the temperature dependence shown in figure
4.2 is very different from that of heat capacity shown in figure 4.1. The obvious
differences are the lack of saturation at high temperatures for thermal conductivity
and a maximum at ∼ 30 K (Debye temperature of Silicon is 645 K[126]). The silicon
sample used for these measurements were intrinsically doped, suggesting the negligible
role of electronic carriers in heat conduction. Now, we know from Eqn.4.1 that thermal
conductivity is related to heat capacity, phonon group velocity and phonon mean free
path. Given that the changes in the average group velocity is typically negligible for
bulk solids, it is evident that the significant changes in temperature dependence of
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Figure 4.2: A typical plot of temperature dependent thermal conductivity of silicon. The plot
also shows different scattering mechanisms prevalent as a function of temperature. The
silicon sample used for the measurement were intrinsic and hence rule out any role of
charge carrier contribution to thermal conductivity. Picture courtesy of Ref. [125]

thermal conductivity stems from the changes in the mean free path. Various scattering
mechanisms dominant at different temperatures are schematically noted in the figure
4.2.

The observed temperature dependence can be explained by the changes in the
mean free path and the knowledge of temperature dependence of heat capacity, while
considering the group velocity to be constant. At very low temperatures, thermal con-
ductivity is limited by the long wavelength phonons that are populated with small
thermal energy. Due the long wavelength nature of these phonons, the dimension
of the specimen limits the mean free path. Thus, thermal conductivity follows the
heat capacity and has a characteristic T 3 dependence. At very high temperatures,
the phonon-phonon scattering process (Umklapp scattering) dominates. The tem-
perature dependence in the case is 1

T
. This can be understood heuristically with the

following argument. The phonon population scales with temperature linearly and
the collision frequency of a phonon with another scales the number of phonons and
hence, linearly with temperature. Since the mean free path is inversely proportional
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Figure 4.3: A schematic depicting various structural features such as point defects, nanostructures,
grain boundaries etc. which can act as phonon scatterers. Picture taken from Ref. [16]

to the collision frequency, the temperature dependence is 1
T

. It is obvious that at the
intermediate temperature range, we expect to see a maximum when the temperature
dependence makes a transition from T 3 to 1

T
. In this regime, the thermal conductivity

is sensitively determined by the structure and composition of the system. For exam-
ple, point defects, isotope scattering, grain boundaries, voids, amorphous structures
and/or other imperfections can effectively modulate the absolute value of the thermal
conductivity. A schematic of various structural features that can act as phonon scat-
terers are shown in figure 4.3. It is in this intermediate temperature regime, where
structure of materials can be engineered to achieve desired thermal conductivity (ei-
ther low or high) unlike very high or very low temperatures. In this context, we shall
review various thermal limits, particularly ones targeting low thermal conductivity,
set for different solids and why beating these limits can open up new possibilities in
thermal sciences and engineering and possibly beyond this field.

4.2.3 Thermal limits of solids

For a more detailed description of thermal limits and the impact of beating these
limits on science and technology has been outlined elsewhere.[127] This discussion
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will limit ourselves to beating the thermally insulating limit, which has very direct
relevance to thermoelectricity, the focus of this dissertation. The long held insulating
limit to beat was the alloy limit. Alloys consists of atomic level imperfections, which
cause scattering of short wavelength phonons. Bulk of the contribution to thermal
conductivity of 3D solids arise from the phonons with very short mean free path, as
evidence for silicon.[128] This explains why it has been extremely difficult to build bulk
solid structures with thermal conductivity less than the alloy limit. With the advent
of nanotechnology, it has been possible to build nanostructured materials such as
superlattices,[129, 130] nanowires[24, 131] and nanocomposites[22] where alloy limit
has been beaten. In the case of alloy scattering, only short wavelength phonons
are effectively scattered leaving behind the mid to long wavelength phonons. Any
structural order which can have length scales comparable to these wavelengths besides
scattering short wavelength phonons can be effective in beating the alloy limit by
scattering a broadband of phonons.

Another important limit is the amorphous limit. Amorphous solids don’t exhibit
order beyond a unit cell dimension. This lack of long range order is very effective in
scattering a broad range of phonons with extremely short average mean free path,
down to at best a few unit cells. The thermal conductivity of amorphous solids are
extremely low and typically constitute the minimum thermal conductivity for fully
dense solids.[19] Due to the very short mean free path of amorphous solids, it is
not possible to beat this limit by further decreasing the mean free path. In special
cases, artificially built amorphous superlattices have been successful in beating this
limit[132, 133] and sometimes have thermal conductivity close to that of air.[132] The
question remains though if it will ever be possible to beat amorphous limit with fully
crystalline material structures. Some of the proposed mechanisms such as phonon
localization[134, 135] and phonon filtering[136] take advantage of mechanisms such
as correlated scattering[137, 138] and spectral mismatch[139] respectively.

In this chapter, we will demonstrate that superlattices of oxide materials can
show interesting correlated phenomena such as the thermal conductivity minimum as
a function of the interface density and also beat the alloy limit with purely interface
scattering. Before we embark on this study, we will show that thermal conductivity
can be used as a sensitive probe to quantify the crystalline quality of a material. A
much more detailed account of this study can be found elsewhere.[140]

4.3 Thermal conductivity as a metric for crystalline

quality of SrTiO3

The discussion on thermal conductivity as a metric for crystalline quality of
SrTiO3 has been published in a more elaborate manner elsewhere.[140]
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4.3.1 Background and motivation

Determining the crystalline quality of materials is a challenging task, particularly
with advent of advanced thin film growth techniques, it is mandatory to have good
tools to characterize the crystalline quality of the films. Traditionally, the main tools
that are used to characterize the film quality are XRD[141, 116] and transmission
electron microscopy (TEM)[112] and, in more limited cases, in − situ RHEED.[142]
In the case of homoepitaxial growth, presence of point defects or non-stoichiometry
can be easily mapped in terms of changes in the lattice parameter of the film. In the
case of heteroepitaxy, strain relaxation can lead to extended defects such as disloca-
tions can obscure the use of lattice constants to determine point defect distribution.
TEM can be a powerful tool to characterize line defects but cannot be very useful to
characterize point defects extensively. Spectroscopic techniques based on particles or
waves can be useful characterization tools but are not very generic.[143, 144, 145] On
the other hand, transport properties such as electron mobility can be a good metric
for the semiconductors particularly at low temperatures where the presence of point
defects or line defects can be the mobility limiting mechanism.[146] Despite the di-
rect applicability of this technique, due to the limited set of materials which show
electrically conductive behavior, this method cannot applied to insulating materials
particularly most oxides. In the case of materials which do not conduct electricity,
the response of thermal conductivity is derived largely from phonons. Since phonon
contribution to thermal conductivity is very sensitive to various imperfections in a
material, it can indeed complement other structural probes such as XRD, TEM etc.
in determining the structural quality of a system.

4.3.2 Experimental methods

In this particular case, we shall employ thermal conductivity as a tool to evalu-
ate crystal quality for epitaxial films of a prototypical complex oxide, SrTiO3. The
foundations of our approach have a long history: thermal conductivity has frequently
been used in the past to evaluate the perfection of bulk nonmetallic crystals.[19] Near
room temperature, the part of the phonon spectrum that dominates heat transport
have wavelengths of ∼1 nm and, therefore, the lifetimes of heat-carrying phonons
are highly sensitive to deviations from the periodicity of the crystal lattice that are
produced by point defects and defect clusters.[147] We measure thermal conductivity
of STO films by TDTR.[43, 148, 149] STO films are prepared at five different institu-
tions. Molecular beam epitaxy (MBE) samples were grown at the U. California Santa
Barbara (MBE-1) and at Cornell U. (MBE-2). PLD was used to prepare samples at
the U. California Berkeley, UCB (PLD-1), U. Twente (PLD-2) and U. Illinois, UIUC
(PLD-3). The MBE-1 samples were grown by a hybrid MBE technique,[141] where a
metal-organic precursor, titanium tetra isopropoxide (TTIP) is used as the Ti source;
the oxygen beam equivalent pressure was 5 x 10−6 Torr; and the TTIP/Sr ratio
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Figure 4.4: Thermal conductivity STO epitaxial layers. The solid line is data for bulk STO
from [151]. (a) Thermal conductivity of MBE grown films. (b) The notation -CER
indicates that the samples were grown using ceramic STO as the laser target. Thermal
conductivity of PLD grown films. Representative error bars are shown for (a) MBE-1
and (b) PLD-1 samples. Uncertainties in the other data points are comparable to these
representative error bars at corresponding temperatures. Figure adapted from [140]

was ∼ 42. MBE-1 films are grown on either single-crystalline (001) STO or LSAT
substrates. MBE-2 samples were grown by conventional MBE methods on STO sub-
strates with the addition of ∼10% ozone; the oxygen beam equivalent pressure was
5 x 10−7 Torr.[116] Two films were prepared: one sample was measured as-received
(MBE-2), and the other sample was annealed after growth in 1 atm of O2 for 1 h
at 700◦C (MBE-2-A). PLD-1 samples were grown using either single crystalline STO
(PLD-1) or sintered pressed ceramic STO (PLD-1-CER) as the source target. PLD-1
samples were grown on STO or LSAT substrates with an oxygen pressure of 50–100
mTorr. PLD-2 samples were grown using single crystalline STO as the source target,
and an oxygen pressure of 100 mTorr. PLD-3 samples were grown using either sin-
gle crystalline STO or sintered pressed STO (PLD-3-CER) as the source target and
an oxygen pressure of 100 mTorr. Film thicknesses were in the range 300–400 nm
and were measured by RHEED during growth or by picosecond acoustics for films
grown on LSAT substrates. [The (001) longitudinal speed of sound in STO is 7.9
nm/ps.[150]] Each STO sample was coated with a ∼ 80 nm thick layer of Al that
serves as the optical transducer for the TDTR measurement.



80

4.3.3 Results and discussions

Our principal experimental results are summarized in figure 4.4 where we plot
κ(T) for STO prepared by MBE figure 4.4(a) and PLD figure 4.4(b). For both MBE
and PLD, the best epitaxial layers have κ(T) that closely approach bulk values,
showing only a minor decrease in conductivity at the lowest temperatures we have
measured, T ∼100 K. Differences between MBE growth techniques and annealing
conditions produce measurable but changes in thermal conductivity. We can draw
some important conclusions from these data. Extended defects and residual strain
created by strain relaxation on a lattice mismatched substrate, e.g., LSAT with a
small lattice mismatch of 0.95%, do not have a significant effect on κ at temperatures
T >150 K. The effect of strain on κ can be estimated based on Leibfried-Schlomann
equation which states that κ should scale with the cube of the Debye temperature.[19]
Since the Grüneisen parameter of STO is ∼1.5,[150] a volume strain of 1% produces
a 1.5% change in the Debye temperature, and therefore a 4.5% change in thermal
conductivity. Because the films are partially relaxed and the strain is biaxial, the
residual strain of STO grown on LSAT is expected to produce a negligible change in
κ.

The effects of defects related to oxygen vacancies are revealed by comparing the as-
received MBE-2 sample and the MBE-2-A sample that was deposited under identical
conditions and then annealed in 1 atm of O2 at 700◦C for 1 h. The change in κ in the
temperature range 150<T<300 K is 10%–17%. A decrease in κ of up to ∼30% was
previously observed in highly oxygen deficient single crystalline STO.[119] We are not
aware of any prior study that quantitatively relates oxygen vacancy concentrations
to changes in thermal conductivity, and phonon scattering rates of point defects are
difficult to estimate theoretically. We note, however, that a comparable change in
thermal resistivity ∆(1/κ) ∼ 0.02 m K W−1 of STO is produced by replacing 5% of
the Sr sites with La.[119] The thermal conductivity of STO grown by PLD displays a
surprising variety of behavior and a degree of sensitivity to experimental parameters
that was unexpected. For example, films prepared at both UCB and UIUC show that
growth from ceramic targets produces much lower κ and, by inference, higher defect
densities than films grown from single crystal STO targets. We can only speculate on
the cause of this difference: the presence of porosity in the target, presumably altering
the laser-target interactions and/or the presence of impurities in the target causing
point defects in the films. Thin film XRD analysis (shown in figure 4.5) for PLD films
with non-optimized deposition conditions, PLD-3-0.4 (single crystal target, substrate
temperature of 700◦C, and deposition laser fluence of 0.4 J cm−2) and PLD-3-CER-0.4
(ceramic target, substrate temperature of 700◦C, and deposition laser fluence of 0.4 J
cm−2), the film peak appears as a shoulder to the left of the substrate peak, suggesting
the expansion of the out-of-plane lattice parameter. The changes in the out-of-plane
lattice parameter has been correlated to non-stoichiometry, thus the presence of point
defects causing reduction in thermal conductivity for non-optimized conditions cannot
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Figure 4.5: Representative x-ray diffraction data of STO films of STO PLD films grown on STO
substrates. Curves are offset from each other vertically for clarity. The uppermost
line is data for an MBE-1 sample. PLD-3-850 and PLD-3-0.4 indicate STO films
grown using a single crystalline target at either 850 or 700◦C substrate temperature,
respectively. PLD-3-CER-0.4 is a STO film grown using a sintered pressed ceramic
target and a substrate temperature of 700◦C. Figure adapted from [140]

be ruled out. Freedman et al. have suggested that point defects in samples grown
by PLD involve complex clusters of defects with large defect volumes.[152] The exact
make-up of these defect clusters is not yet known. Further microscopic analyses are
required to make firm conclusions regarding the nature of defects.

4.3.4 Summary

In conclusion, we have demonstrated the usefulness of thermal conductivity mea-
surements by TDTR for characterizing the quality of epitaxial layers of oxides. The
sensitivity of TDTR thermal conductivity measurements to point defect concentra-
tion depends on the details of phonon scattering rates but is on the order of 1%.
TDTR is applicable to a wide variety of materials including electrically insulators
that cannot be characterized by electrical transport measurements and heteroepitax-
ial layers where the lattice mismatch between film and substrate obscures shifts in
lattice parameters created by point defects. We find that optimized growth conditions,
specifically the use of single crystal laser targets and high substrate temperatures in
PLD, lead to high thermal conductivities comparable to bulk.
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4.4 Thermal transport in superlattices

4.4.1 Introduction

Heat transport in bulk materials has been extremely well studied, as evidenced
from the previous discussion. Tailoring thermal transport in bulk materials is ex-
tremely limited to few methods and often carried out by manipulating defects such
as grain boundaries, point defects etc. Low dimensional material such as nanowires,
superlattices offer a controlled means to study the effect of defects such as inter-
faces and surfaces. Due to the advancement in materials synthesis [MBE, PLD,
Metal-organic chemical vapor deposition (MOCVD) etc.] and characterization tech-
niques [XRD, TEM, Scanning transmission electron microscopy (STEM), Scanning
probe microscopy (SPM) etc.], the ability to fabricate low dimensional materials with
atomic level precision is possible today. This has enabled several advanced transport
and spectroscopic studies possible. An earlier discussion also dealt with how low
dimensional materials have been successful in producing higher thermoelectric fig-
ure of merit.[21, 23] Also, the ability to demonstrate several electron based quantum
mechanical effects in low dimensional materials,[153, 154, 155, 156] has generated
interests in demonstrating phonon based quantum mechanical and other coherent
effects.[157, 158] The ability to observe such effects might sensitively depend on our
ability to control the order in materials at the atomic/nanoscale. In this section,
we will discuss the nature of interface scattering across oxide interfaces, particularly
when several interfaces are ordered such as superlattices.

4.4.2 Interface scattering – fundamentals and theoretical mod-
els

A detailed account of the history and theory behind the thermal boundary resis-
tance, which is the result of the interface scattering of phonons is given elsewhere.[159]
The first demonstration of thermal boundary resistance was observed between Helium
and a solid by Kapitza in 1941.[160] The first model devised to explain the obser-
vation of thermal boundary resistance was the acoustic mismatch model (AMM)
by Khalatnikov.[161] Meanwhile, the modern form of the AMM was independently
derived by Mazo and Onsager.[162] Despite predicting the presence of an interface
resistance, the value calculated by Khalatnikov was a few orders larger than the ex-
perimentally measured values. This anomalous transmission of phonons across the in-
terface was later explained in terms of surface contamination and possibility of diffuse
phonon scattering.[163] Later, Swartz devised the diffuse mismatch model (DMM) as
an alternative model for AMM, but all the measured quantities fall in between the
two models.[164] Incidentally, these are the very same models being applied for the
boundary resistance between a solid-solid interface. The shortcomings and applica-
bility of each model for solid-solid interface resistance is treated elsewhere.[165]
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4.4.3 Survey of previous work

The common means for studying interface scattering is through bilayers and mul-
tilayers or superlattices. Bilayers allow us to study the effect of single interfaces with
controlled changes in the interface properties such as anisotropy,[166] roughness[167]
etc. In the case of multilayers and superlattices, two or more materials are stacked
up with a periodically repeating unit to form a thick film. Multilayers can contain
amorphous or polycrystalline layers but superlattices have single crystalline layers,
atleast in the cross-plane direction. This discussion will focus only on superlattices
and for a detailed discussion on multilayers can be found elsewhere.[163] The earli-
est study on phonon transport across superlattices was carried out on GaAs/AlAs
superlattices, where the concept of a dielectric phonon filter, which transmits only
the high frequency phonons, was demonstrated.[136] They showed the existence of
zone folding in the phonon dispersion using a structure where, the superlattice was
sandwiched between superconducting tunnel junctions. The tunnel junctions served
the purpose of source and detector of quasi-monochromatic phonons.

With the development of thin film thermal conductivity measurement techniques
such as 3ω method[42] and TDTR,[43] studies on phonon transport across superlat-
tices became feasible. Several experimental and theoretical studies have focussed on
Si/Ge and GaAs/AlAs superlattice systems to understand thermal transport across
several interfaces.[168, 169, 129, 170, 171, 172, 173, 130] A more exhaustive list of
references are available elsewhere.[163] More over, these studies motivated studies on
other superlattice systems such as the nitrides and other arsenides.[22, 174, 175, 176]

There are few generally accepted conclusions drawn from these studies. Exper-
imentally, the most simple way to treat the superlattice system as a series of resis-
tances with contributions from the interfaces and the bulk. Nevertheless, there are
several scenarios where such a simple model fails. Some of them are listed here. It
has been observed that for large period superlattices, it is possible to get much lower
thermal conductivity than shorter periods due strain relaxation and formation of mis-
fit dislocations, particularly in the case of large lattice mismatched systems such as
Si/Ge.[177] The critical thickness of such strain relaxation to occur for large period
superlattices is much smaller than the short period superlattices. Thus, for heavily
lattice mismatched systems, it is hard to create a controlled study of the effect of
interfaces alone without convoluting issues such as disorder due to dislocations. Due
to such conflicting issues, typically it is hard to pinpoint the exact origin of why
superlattices can beat the alloy limit. There is also a possibility that due to zone
folding, reduced phonon group velocity and increased scattering rate can also reduce
the thermal conductivity.[163] Further issues such as interface roughness, asymmetry
of interfaces, intermixing of two materials species etc. can convolute experimental re-
sults obtained on superlattices. It is typically very hard to characterize such issues in
a very controllable manner and correlate them directly with a macroscopic property
such as thermal conductivity. Detailed studies on Si/Ge system by Huxtable and
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Majumdar[177] resulted in observations where the superlattices with alloy systems
showed higher thermal conductivity compared to the Si-Ge superlattices for similar
period spacing. This suggests that the scaling of thermal conductivity for superlattice
systems qualitatively agrees with acoustic mismatch between the constituent layers.

Another important aspect of thermal transport across superlattices is the predic-
tion and observation of the minimum in thermal conductivity as a function of the
period thickness. Despite predictions[170, 178, 179] and a few experimental observa-
tions of minimum thermal conductivity in some superlattice systems.[180, 176] There
is no clear consensus of the origin of this effect. The explanations range from role of
electronic carriers for metal-semiconductor systems to coherent phonon effects such as
mini-band formation due to zone folded acoustic modes etc.[178] More over, a simple
picture of summing the series thermal resistance of interfaces and bulk breaks down
at the short period thicknesses.[175] Thus, a controlled study of interface scattering in
a technologically useful material such as oxides, can further both our understanding
and applicability of oxides in various thermal or thermoelectric applications. With
these issues in view, we proceed to study thermal transport across perovskite titanate
superlattices.

4.5 Thermal transport across SrTiO3/CaTiO3 su-

perlattices

In this section, we discuss our work on SrTiO3/CaTiO3 superlattices, which was
carried out to create a better understanding of thermal transport across oxide super-
lattices and also look for universalities with other semiconductor superlattices.

4.5.1 Background

The choice of materials for building crystalline superlattices to study thermal
transport is largely dictated by two quantities namely: the acoustic impedance mis-
match and the lattice mismatch. As discussed above, the presence of large lattice
can convolute the effect of interface density on thermal conductivity by creating line
defects such as misfit dislocations for large period thicknesses. Moreover, the develop-
ment of pulsed laser deposition and molecular beam epitaxy have enabled the growth
of high quality oxide materials, particularly complex oxides such as perovskites. Thus
we chose to study the effect of interfaces on thermal transport for model perovskite
system: titanates which show large thermoelectric response particularly for SrTiO3

(STO). The acoustic impedance of a system Z is a product of the density and the
average phonon group velocity. In order to achieve a large acoustic impedance mis-
match a lighter system such as CaTiO3 (CTO) was chosen to complement SrTiO3.
The acoustic impedance mismatch, which is a ratio of acoustic impedance for the two
systems, is 1.2 for STO-CTO, which compares favorably with other widely studies
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superlattice systems such as Si-Ge (1.37) and GaAs-AlAs (1.13). It must be noted
that Si-Ge system shows a 4.3% lattice mismatch as compared to STO-CTO (2.5%)
and GaAs-AlAs (0.14 %). In this discussion, we report the synthesis, characterization
and thermal transport studies on SrTiO3/CaTiO3 superlattices.

4.5.2 Experimental methods

Thin films (200 nm) of STO, CTO and superlattices of STO/CTO with period
thickness ranging from 7.7 Å to 678.8 Å were grown via PLD from polycrystalline
target of CTO and single crystalline target of STO onto single crystalline treated
substrates[181] of STO. Growth was carried out in oxygen partial pressures 50-100
mTorr and a laser fluence of 1.5 Jcm−2 with the substrate heater maintained at
700◦C. During the growth in-situ characterization of the thickness of the film, sur-
face morphology and growth mode was performed using RHEED. Ex-situ structural
and chemical characterizations such as high resolution XRD, high resolution TEM,
STEM, RBS were carried out to understand the ordering and composition of the films.
Thermal transport studies were carried out using TDTR method, as detailed earlier.
The temperature transducer used for the TDTR measurements were Aluminum films
of thickness 70–100 nm, which were deposited using e-beam evaporation.

4.5.3 Results and discussions

Structural and chemical characterizations

The in-situ characterization employed while growing the superlattices was RHEED.
Typical variation of the RHEED specular spot intensity as function of the growth time
is shown in figure 4.6 for a superlattice sample with period of 2 monolayers (ML) STO
and 2 monolayers CTO. The pattern clearly shows that the growth mode is layer-by-
layer and there is little or no reduction in the overall intensity of the specular spot
as a function of growth time. This suggests that the smoothness of the surface is
largely retained during the growth, which has enabled the growth of thick (∼ 200
nm) superlattices while sustaining the layer-by-layer growth.

The ex-situ structural characterization was performed using XRD and TEM/STEM
studies. The out-of-plane XRD pattern for the superlattices with periodicity of (a) 9
ML STO and 9 ML CTO and (b) 2 ML STO and 2 ML CTO are shown in figure 4.7
(a) and (b) respectively. The zeroth order film peak designated for the primary Bragg
peak for the film has a lattice parameter very similar to an alloy (not shown here)
with comparable composition. This is also an another indirect way to characterize the
chemical composition, as the chemical composition is directly related to the lattice
constants by Vegard’s law. Moreover, the presence of superlattice fringes suggest the
longer range ordering present in these superlattice samples.

In order to characterize the nature of the interfaces, in-depth TEM and STEM



86

0 2 5 5 0 7 5 1 0 0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

 

 

S T OC T O
S T O

C T O
S T ORH

EE
D I

nte
ns

ity 
(ar

b. 
un

its)

T i m e  ( s e c o n d s )

C T O

Figure 4.6: The variation of the RHEED intensity for the specular spot of a superlattice sample
with periodicity of 2 monolayers STO and 2 monolayers CTO. The pattern shows clear
layer-by-layer growth with little or no reduction in the overall intensity with increase
in layering.

studies were carried out on the samples. STEM images were obtained using the
TEAM 0.5 microscope at the NCEM (National Center for Electron Microscopy),
Lawrence Berkeley National Lab. A typical STEM image of a superlattice sample
with a period of 2 ML STO and 2 ML CTO is shown in figure 4.8. The image clearly
shows the distinction between CTO and STO layers in terms of intensity contrast.
Since STEM technique is very sensitive to the atomic number of the constituent el-
ements, it is a powerful tool to distinguish the difference between elements such as
strontium and calcium. Further characterization was performed in terms of Ruther-
ford backscattering (RBS), whose results corroborated the inference on the chemical
composition based on the lattice constant. Thus, we have shown that the superlattice
samples are highly crystalline with sharp interfaces between the layers and are ideally
suited to evaluate the effect of interfaces on thermal transport.
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Figure 4.7: The out-of-plane XRD pattern for the superlattices with periodicity of (a) 9 ML STO
and 9 ML CTO and (b) 2 ML STO and 2 ML CTO are shown. The XRD patterns show
zeroth order peak with a lattice constant similar to alloy with a comparable chemical
composition. Presence of higher order fringes are a good signature of ordering of the
layers in the superlattice samples.

Thermal transport

Thermal transport measurements on the superlattice samples were performed by
the time domain thermo-reflectance technique. The transport measurements were
carried out at several spots on the sample to ensure that the inhomogeneity in the
sample doesn’t affect the measurement results. More over, several samples were mea-
sured to eliminate the sample to sample variation in the thermal conductivity. The
thermal conductivity values were extracted from the measured effusivity values by
assuming bulk heat capacity for the constituent layers.[182, 183] The temperature
dependent thermal conductivity values for various samples are shown in figure 4.9.
A direct comparison of the measured thermal conductivity of bulk single crystals of
STO (black squares) against the values reported in the literature[151] (black line) is
made to ensure that the measurements are reliable. The κ for STO and CTO films of
thickness 200 nm, grown on STO substrates are shown as red circles and blue triangles
respectively. The apparent reduction in the thermal conductivity of STO films with
respect to the bulk crystals can be attributed to the defects (possibly point defects)
created by the low growth temperature of the films. At higher growth temperatures,
it was observed that CTO grows non-stoichiometrically due to the creation of Ca
vacancies (as evidenced from RBS measurements). Thus, a growth temperature of
700◦C was chosen over the preferred growth temperature of 850◦C.[140] The super-
lattice samples with periods (2x2) and (89x87) are shown as pale blue hexagons and
orange diamonds respectively. The alloy sample with a comparable composition to
the superlattices are shown as the green inverted triangles. The data clearly shows
that the (2x2) samples show a lower thermal conductivity compared to the alloy sam-
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Figure 4.8: Atomic resolution STEM image of the superlattice sample with a periodicity of 2 ML
STO and 2 ML CTO. The image clearly shows very sharp interfaces between the STO
and CTO layers and highly crystalline nature of the sample.

ples over a wide range of temperatures. The peak in the thermal conductivity for the
(2x2) superlattice sample becomes less pronounced compared to other superlattices
but still persists, which suggests that there is still room for decreasing the mean free
path using interfaces and/or nanostructing before the Umklapp kicks in completely.
This observation is quite similar to the measurements carried out in Si-Ge and GaAs-
AlAs superlattice systems, although in some cases the Umklapp peak was not as well
defined as seen here.[129, 172, 173] These measurements are preliminary and fur-
ther temperature dependent measurements are expected to conclude the quantitative
accuracy of these results.

In order to gain further insight on the effect of interfaces on thermal transport,
several measurements were carried out at room temperature on samples with varying
periodicity. The measured thermal conductivity as a function of interface density are
shown in figure 4.10 It is evident that the thermal conductivity gradually decreases
with increasing interface density. Despite the positive correlation with the interface



89

100 200 300 400500

1

10

 alloy
 89x87
 2x2

 

 

 STO (Lit)
 STO
 STO/STO
 CTO/STO

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
m

-1
K

-1
)

Temperature (K)
Figure 4.9: Temperature dependent thermal conductivity values for various films of CTO, STO,

bulk STO substrate and superlattice samples with period (2x2) and (89x87), where
(2x2) refers to a period of 2 ML STO and 2 ML CTO. The STO (lit) refers to the
reported literature values for the temperature dependent thermal conductivity for
STO.[151]

density, for short period superlattices, a simple calculation of the interface thermal
boundary resistance using a simple series resistance model gives anomalously large
conductances. This deviation from the series resistance model can explained be by
preferential phonon transmission for long wavelength phonons. Other explanations
given in the literature are differences in the roughness for short and long period super-
lattices, formation of phonon mini-bands and the contribution of optical phonons to
electrical conduction.[175] The thermal conductivity of the (2x2) superlattice sample
is lower than the alloy values, implying that we have beaten the alloy limit purely with
interface scattering in the superlattices. Interestingly, the thermal conductivity values
for (1x1) superlattice samples seem to be higher than the (2x2) superlattice sample,
giving rise to a thermal conductivity minimum as a function of the interface density.
The observation of a thermal conductivity minimum in a purely insulating material
is in corroboration with the earlier observation of a minimum in thermal transport
measurements on RP phases.[180] Further thermal measurements and optical charac-
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Figure 4.10: Measured thermal conductivity as a function of interface density is compared with
the thermal conductivity for the alloy sample.

terizations such as Raman spectroscopy are being carried out to understand the origin
of such a thermal conductivity minimum. Molecular dynamics based simulations are
being carried out to understand the microscopic nature of thermal transport in these
superlattices.

4.5.4 Summary

In summary, we have demonstrated the synthesis and characterization of high
quality superlattices of CTO and STO using pulsed laser deposition. Structural char-
acterization shows that the superlattices are crystalline and possess sharp interfaces.
Thermal transport measurements show that pure interface scattering can be used
to beat the alloy limit in these superlattices. Preliminary measurements show that
there exists a thermal conductivity minimum as a function of interfaces density at
room temperature and the minimum is centered around and interface density of 1
nm−1. Further, thermal measurements, optical characterizations and simulations are
underway to confirm and understand the nature of this minimum.
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4.6 Summary and future outlook

This study of thermal transport on an oxide superlattice system opens up new
avenues in testing the limits of thermal transport in oxide based heterostructures.
Tailoring thermal transport in crystalline materials is has a widespread importance
due to its applications in practical technologies such as thermoelectrics and thermal
barrier coatings. The demonstration of useful materials systems for thermoelectrics
is more involved compared to the thermal barrier coatings, which require thermally
stable by low thermal conductivity materials. In the case of thermoelectrics, any
reduction in thermal conductivity often adversely affects the electrical properties.
In the case of superlattices, it has been shown that it is effective in increasing the
thermoelectric figure of merit by reducing thermal conductivity while retaining the
electrical properties. Further understanding on the interface scattering is necessary to
design systems which can show large acoustic mismatch or differences in the phonon
density of states to produce low thermal conductivity systems. Another important
area that remains unexplored is materials design with clues from first principle cal-
culations. Synthesis of new materials with desirable properties remains a painfully
long process. Due to the advent of and significant strides made by computational
materials research, it is possible to calculate the properties of materials with very lit-
tle knowledge about the nature or existence of the material. Thus, such an approach
can produce new materials with several desirable properties with efficient material
synthesis trials.

It is likely that a generic understanding on the coherent phonon effects is essen-
tially to design very low or very high thermal conductivity systems, extending the
limits of thermal transport. Demonstration of the acoustic cavity and phonon filtering
in the past on GaAs based systems stand as excellent examples to follow.[136, 158]
Similarly, demonstration of a phonon laser in an ionic system[184] provides excellent
precedence for the implementing similar ideas in condensed matter systems. The
broadband nature of phonons will surely make the attempt very challenging, but it
is likely that such a demonstration will have significant scientific and technological
impact. Thus demonstration of exotic effects taking advantage of the quantum na-
ture of phonons are an another interesting area of research, which remains largely
unexplored.
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Chapter 5

Thermoelectricity in strongly
correlated oxides

5.1 Introduction

Strongly correlated electron systems are an interesting class of materials which
show several unusual electronic and magnetic properties such as high temperature
(high Tc) superconductivity, half metallicity, metal insulator transitions etc. While
the high Tc cuprates are the most heavily studied correlated systems, large thermo-
electric response at low temperatures shown by intermetallic systems such as Kondo
impurity systems[185] and Kondo lattice systems[186] generated interest in strongly
correlated thermoelectrics. Recently, the demonstration of large thermoelectric power
factor in NaxCoO2,[35, 187] has generated significant interest due to its unconven-
tional and unexplained nature of thermoelectricity. This specific study will focus on
thermoelectricity in a layered cobalt oxide, Bi2Sr2Co2Oy. Before discussing the study,
we will briefly review the status of work on thermoelectricity in cobalt oxides.

5.2 Thermoelectricity of cobalt oxides

5.2.1 Introduction

Thermoelectricity in conventional semiconductor based materials, which follow
band theory was discussed earlier. This section will first introduce models for ther-
moelectricity in strongly correlated materials and later their applicability to the
cobalt oxides. The basis for the arguments used here are derived from two important
references.[33, 188]
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t 

Figure 5.1: A schematic of the Hubbard model for a square lattice. The on-site potential energy
(U) and the hopping energy (t) are shown schematically.

5.2.2 Hubbard model

The Hubbard model is used to describe the nature of a strongly interacting sys-
tem of electrons. Here, the physical picture is of a generic lattice for the transport
of electron with two energy scales namely: the on-site potential energy (U), which
describes the energy cost for any occupancy different from the allowed occupancy
number and the hopping energy (t), which gives the energy required for an electron
to hop from one lattice site to the neighboring lattice site. It is possible to develop
subtle variations in the model to describe systems with slightly different behavior. A
schematic of the Hubbard model is shown in figure 5.1. Earlier, we employed the non-
interacting electron picture and used the Boltzmann transport theory earlier to derive
the transport coefficients for semiconductors and metals. In the case of strongly cor-
related materials, many-body interactions are present rendering the non-interacting
picture irrelevant. Instead, we need to employ Kubo formalism.[189] The finer de-
tails of the derivation of the transport coefficients particularly, thermopower is given
elsewhere.[188, 33] It is also instructive to note that the derivations here are applicable
only at the high temperature limit, where U ≫ kBT ≫ t. The thermopower formula
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at the high temperature limit is also known as the Heikes formula.[188] The results
of the derived transport coefficients such as thermopower (S), electrical conductivity
(σ) and electronic component of thermal conductivity (κe) are outlined here:

S = −kB
e

log

[
2(1 − ρ)

ρ

]
(5.1)

σ =
e2Aβ

2
ρ(1 − ρ) (5.2)

κe =
ασt2

e2T
, (5.3)

where, ρ is doping, β = 1
kBT

, and A is a doping and temperature independent but
material dependent parameter given by

A =
4ηa2t2τ

V h̄2 , (5.4)

where, a is the lattice spacing, V is the volume of unit cell, τ is the relaxation time
and η is the parameter dependent on the lattice geometry. Given our understanding
of the Hubbard model, we can proceed to learn about the existing literature on
thermoelectricity on cobalt oxides.

5.2.3 Survey of previous work

The earliest interest in cobalt oxide was sparked by the surprising discovery of
large thermopower in Na0.5CoO2, while metallic conductivity was retained.[35] Later,
it was found that the optimized thermoelectric performance is obtained at the heavy
doping limit,[187] which was also explained using a phenomenological model[33] as
described in the previous discussion. Koshibae et al. described the observation of
enhanced thermopower using a spin degeneracy based model.[31] Later, Wang et al.
verified the model using magnetic field dependent thermopower measurements.[190]
The interest in NaxCoO2 result in the discovery of a series of cobaltates, which were
all layered with insulating rock-salt layers and a CoO2 plane.[191, 192, 193] A brief
account of all the important details of thermoelectricity in cobalt oxides can be found
elsewhere.[194] Some of the important aspects of thermoelectricity in cobalt oxides
are: relative insensitivity of the misfit layered compounds to doping (NaxCoO2 is an
important exception), interesting low temperature magneto-transport[195, 196] and
anisotropic thermoelectric properties.[197]

5.3 Size effects on thermoelectricity in Bi2Sr2Co2Oy

The discussion on size effects on thermoelectricity in Bi2Sr2Co2Oy shall be pub-
lished elsewhere in a more elaborate manner.[198] This work was motivated to explore
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the possibility of enhancing the power factor using quantum confinement, which has
not been very successful for conventional semiconductors.

5.3.1 Introduction

In conventional thermoelectric materials, electrical conductivity and thermopower
are governed by the density of states, chemical potential and the scattering mecha-
nism. Due to this coupling between thermopower and electrical conductivity, achiev-
ing high Z has been a challenging task. Hicks and Dresselhaus[14, 15] proposed
quantum confinement as a means to enhance the thermoelectric power factor (S2σ)
in nanostructured materials. Nanostructuring[22, 26] showed no significant enhance-
ment in power factor, as the enhancement in thermopower was offset by the decrease in
electrical conductivity (both mobility and carrier density). These investigations have
primarily centered around conventional semiconductors, which show band-like trans-
port. Recent investigations have shown large thermoelectric responses in strongly
correlated oxides such as cobaltates, whose thermoelectricity cannot be explain by
band-like transport. The transport behavior in these cobaltates has been explained
by the Hubbard model, with the incorporation of spin degeneracy.[199, 190] Even
though there are several reports on thickness dependent transport measurements on
materials showing band-like transport[200, 201, 202, 203, 204, 205, 206], there are
few studies on size effects on strongly correlated materials.[207] Size dependent ther-
moelectric measurements on a strongly correlated cobaltate poses several interesting
questions about the role of quantum confinement in thermoelectric transport, effect of
thickness on the mobility and spin degeneracy. In this chapter, we discuss size effects
on thermoelectricity in a strongly correlated thermoelectric oxide, Bi2Sr2Co2Oy (ab-
breviated as BSCO) and show that the Hubbard model explains the physics behind
the observations. We performed thermoelectric transport measurements in thin films
of BSCO both as a function of thickness and temperature to elucidate size effects on
this system and discuss possible directions for correlated thermoelectrics.

5.3.2 Experimental methods

Thin films of BSCO (3 – 170 nm thick) were grown on yttria stablized zirconia
(YSZ) substrates using pulsed laser deposition from a stoichiometric ceramic target
of BSCO. The growth was carried out at 700◦C, with an oxygen partial pressure at
500 mTorr. All films were grown using a 248 nm KrF excimer laser with a fluence of 2
J/cm2 at a repetition rate of 1 Hz. Films were characterized by XRD for phase purity,
XRR for thickness, AFM for surface roughness and RBS for chemical composition.
The XRD measurements indicated that the films were single phase and oriented with
c-axis (axis perpendicular to the layers) along the out-of-plane direction. The films
showed rocking curves with full-width-at-half-maximum of ∼ 0.1–0.2◦. All transport
measurements were carried out in the van der Pauw geometry. Triangular ohmic
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metal contacts of side 1 mm (15 nm Ti/100 nm Pd) were deposited on the corners of
the films using electron beam evaporation. Hall measurements at room temperature
were carried out in air using a home-built apparatus with a 1 Tesla electromagnet.
Low temperature resistivity and thermopower measurements were performed in a
Quantum Design PPMS.

5.3.3 Results and discussions
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Figure 5.2: The thickness dependent thermopower and resistivity of thin films of BSCO measured

at room temperature. The thicknesses of the films range from 6 – 170 nm. The
resistivity of the films was calculated by dividing the measured sheet resistance by the
measured thickness. The actual resistivity can be estimated only after considering the
thickness of a dead layer present in these films, which we show in figure 5.3, but the
overall trend remains the same.

Figure 5.2 shows the thickness dependent thermopower and resistivity for BSCO
films at room temperature. The nominal resistivity remained constant till ∼30 nm and
for lower thicknesses the resistivity increased with decreasing thickness. Surprisingly,
the thermopower remained constant (∼100–110 µV/K) over the studied thickness
range. In a typical metal[200, 201] or a semiconductor[202, 203], the effect of trans-
verse confinement on thermopower and resistivity has been heavily investigated and
is theoretically well understood. In these systems, the observed thickness dependent
thermoelectric properties can be explained by Fuchs-Sondheimer theory[208] quanti-
tatively for metals[200, 201] and qualitatively for semiconductors.[202, 203, 204, 205]
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Fuchs-Sondheimer theory predicts an energy dependent surface scattering as an addi-
tional scattering mechanism which becomes dominant when the thickness of the films
are comparable to the bulk mean free path of the electron. The thickness dependent
thermopower and resistivity as predicted by this theory are given below.

ρf = ρb

(
1 +

3lb
8t

(1 − p)

)
(5.5)

Sf = Sb

1 − 3lb
8t

(1 − p)

(
∂ ln lb
∂ ln E

)
E=EF

1 +
(
∂ ln lb
∂ ln E

)
E=EF

 (5.6)

where ρf is film resistivity, ρb is bulk resistivity, Sf is film thermopower, Sb is bulk
thermopower, lb is bulk electron mean free path, t is the thickness, p is the specularity
parameter and Ub is the energy dependent scattering term. Based on this theory, we
expect an increase in resistivity and decrease in thermopower for decreasing thickness,
which is in contradiction with our observations.

The increased resistivity with decreasing thickness can be due to carrier depletion
in the bulk, presence of an insulating dead layer and/or decreased carrier mobility
due to surface scattering of electronic carriers. First, in order to understand the ex-
act origin of this effect, we performed Hall measurements at room temperature (see
figure 5.3). The thickness dependent sheet carrier density was an excellent linear
fit with a small offset of ∼ 4 nm in the thickness axis. Thus, there is no thickness
dependent change in the volume carrier density but an insulating dead layer of thick-
ness ∼ 4 nm is present. We confirmed this by growing a film of ∼ 3 nm thickness
and found it to be insulating. The measured Hall mobility, which is insensitive to
the dead layer, was fitted to the surface scattering model, similar to Eqn. 5.5, as
shown in figure 5.3. Hence, we can conclude that the increase in resistivity shown in
figure 5.2 is caused by the presence of a dead layer and the surface scattering mecha-
nism becoming dominant below ∼ 30 nm. We account for the presence of dead layer
and plot the revised resistivity in figure 5.3, which still shows very similar thickness
dependence as depicted in figure 5.2.

Based on the Fuchs-Sondheimer model, we expect a decrease in thermopower as
thickness decreases, contradictory to the observed constant thermopower. There are
two possibilities, which can be consistent with our observations – the thermopower
being insensitive to surface scattering or presence of a competing mechanism which
compensates for the thermopower decrease due to surface scattering. Quantum con-
finement is one of the possible mechanisms which can increase thermopower.[14]

Typically, the surface scattering is not expected to show a strong temperature de-
pendence as it is a boundary dominated mechanism. On the other hand, mechanisms
like quantum confinement are expected to show a strong temperature dependence,
as the effect is stronger at lower temperatures. Thus, if the temperature dependent
thermopower does not show any significant deviation from the bulk at the lower
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Figure 5.3: The sheet resistance, sheet carrier density and mobility as a function of thickness at

room temperature. (Top panel) The sheet carrier density data was an excellent fit for
a straight line with a small offset in thickness ∼ 4 nm. The sheet resistance data is
also shown for reference. (Bottom panel) The Hall mobility as a function of thickness
fit to the surface scattering model. The actual resistivity of the films accounting for
the dead layer is also shown.

thickness, we can conclude that thermopower is insensitive to surface scattering. The
temperature dependent thermopower as shown in figure 5.4 clearly depicts a very sim-
ilar temperature dependence for thicknesses of 115, 88, 16 and 15 nm films down to
80 K (for thinner films the thermopower measurement became unreliable below this
temperature due to high resistance of the films). Thus, the temperature dependence
of thermopower remains bulk-like even in thin samples confirming that thermopower
is robust against surface scattering in this system. The magnetic field dependence
of thermopower for an 88 nm film at 20 K is shown in the inset of figure 5.4. The
observed field dependent thermopower (shown below) is in excellent agreement with
the spin entropic contribution to thermopower.
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Figure 5.4: Temperature dependent thermopower for films of thickness 115, 88, 16 and 15 nm.
The films showed very similar temperature dependence over the measured temperature
range. The inset shows the magnetic field dependence of thermopower for a 88 nm
film at 20 K with the field applied along the temperature gradient. The calculated
spin entropic contribution to thermopower is shown as a red line.

Q(H,T )/Q(0, T ) = ln[2cosh(u)] − utanh(u)/ln(2) (5.7)

where u = gµBH/2kBT and g is the Landé g-factor (here, g=2). This observation
is consistent with the experiments on NaxCoO2 (g=2.2),[190] confirming the role of
strong correlation and spin entropy in thermoelectric properties of BSCO.

Finally, we studied the size effects on resistivity at low temperatures by performing
temperature dependent resistivity measurements (shown in figure 5.5) on films with
different thicknesses. Single crystals[209, 210] and thin films[211, 212] of BSCO have
shown a metal-insulator transition with transition temperatures ∼80–140 K. Interest-
ingly, the transition temperature shifted to higher temperatures as we decreased the
thickness. This shift in transition temperature needs further investigation for a clear
understanding. Moreover, due to the presence of unconventional Hall effect[195] in
the cobaltates at low temperatures, extensive Hall effect investigations are necessary
to uncover the exact origin of this shift.

As we have already established that BSCO is also a correlated system similar to
other cobaltates, it is essential to put these findings in perspective within the frame-
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Figure 5.5: Temperature dependent resistivity for films of different thickness. At the bulk limit,

the films show the characteristic metal–insulator transition with a transition tempera-
ture ∼ 100 K. As the thickness is decreased the transition temperature shifts to higher
temperature and below 23 nm, the films remained insulating till 300 K.

work of the Hubbard model. Hubbard model variants have been employed to describe
the transport in strongly correlated cobaltates,[31, 213, 199] particularly the doping
dependence of NaxCoO2 quantitatively.[33] Hence, the transport coefficients predicted
for NaxCoO2[33] using the atomic limit Hubbard model in the high temperature limit
shall be applicable to BSCO too. They are given as:

ρ =
V h2

8π2e2ηa2t2τβx(1 − x)
(5.8)

S = −kB
e
log

(
2(1 − x)

x

)
(5.9)

where x is filling, kB is the Boltzmann constant, e is the electronic charge, β is
1/kBT , η is the lattice structure dependent constant, a is the lattice constant, t is
the bandwidth, τ is the relaxation time, V is the unit cell volume and h is Planck’s
constant. The resistivity in the metallic regime can be explained using Eqn. 5.8, but
there is no clear insight on how the metal insulator transition can be understood
using Hubbard model. Interestingly, the thermopower relation shown in Eqn. 5.9
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does not depend on the relaxation time and hence is consistent with our conclusion
that thermopower is robust to changes in scattering mechanism.

5.3.4 Summary

In summary, we have studied the size effects on thermoelectricity in thin films
of a strongly correlated cobaltate system. The thermopower is insensitive to surface
scattering unlike resistivity, which increases with decreasing thickness below ∼ 30
nm. The observations can be explained by the atomic limit Hubbard model. Unlike
conventional thermoelectric materials, the insensitivity of thermopower to scattering
mechanism in strongly correlated systems simplifies the decoupling of thermopower
and electrical conductivity. Hence, the next step towards complete decoupling of
thermopower and electrical conductivity in a correlated system is only dependent
on understanding the limits of filling dependence of thermoelectric properties. Since
nanostructuring is a proven route to decrease the lattice part of thermal conductivity
without affecting electrical properties, designing nanostructured correlated materials
can lead to decoupling of all the three thermoelectric parameters and hence, a pathway
to high thermoelectric efficiency.

5.4 Summary and future outlook

The research on thermoelectricity in strongly correlated systems is still in its in-
fancy. We believe that by addressing size effects on thermoelectricity in a strongly
correlated system, we have opened up a new route for understanding the nature of
thermoelectricity in these exotic systems. In fact, it is likely that such measurements
on intermetallic systems such as Kondo lattice systems can throw a distinctive behav-
ior compared to conventional metals particularly at low temperatures. In a generic
framework, there are several (but not an exhaustive list of) open questions in cor-
related thermoelectrics such as: Is there a possibility to decouple thermopower and
electrical conductivity using non-conventional tuning parameters such as band struc-
ture, degeneracy of the conduction and valence bands and correlation? Can some of
the anomalies in the transport behavior of strongly correlated systems such as the low
temperature resistivity described in the previous discussion, be resolved? Are there
more systems such as the Kondo systems and the cobaltates which can show large
thermoelectric response? Recent interest in manganites and ruthenium doped man-
ganites have extended the list of interesting correlated thermoelectric oxides.[214, 215]
The variety in these materials ranging from intermetallics to oxides make them suit-
able for a variety of applications over a wide temperature range.
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Chapter 6

Conclusion and future directions

Given the ever depleting reserves of the fossil fuels and accompanying detrimental
effects of using fossil fuels such as global warming, pollution, etc., it is high time that
we focus on developing new and better technologies for sustainable energy. Efficient
use of energy, irrespective of the origin of the form of energy, is a important form of
sustainable energy in the long term. Due to the fundamental limitation of the Carnot
efficiency on heat engines, invariably even the most efficient heat engines waste a lot
of energy in energy conversion, prompting the burning need for waste heat recovery.
Thermoelectricity is one of the fascinating physical phenomena where heat energy
can be directly converted to electrical energy using a electrically conducting material,
typically heavily doped semiconductors and/or metallic materials. Such a technology
provides a variety of advantages over conventional turbine based energy conversion
but the efficiency of thermoelectricity has been low, limiting its applications to niche
technologies such as powering satellites and car seat coolers. Years of research on
semiconductors have produced high efficiency materials; albeit the cost of production
of devices based on these materials remain prohibitively high. Another issue of worry
is the non-abundance of tellurium, which is a primary component of high efficiency
thermoelectric materials. Thus, our effort in this dissertation was to explore certain
aspects of thermoelectricity in complex oxides, which can effectively overcome the
issues pertaining to semiconductors to provide for a useful thermoelectric material.
More specifically, this dissertation presented a brief account of thermoelectricity in
complex oxide films, superlattices and heterostructures.

A crucial aspect of thermoelectric research is careful measurements of all three
thermoelectric quantities to arrive at the figure of merit (ZT). Despite the concep-
tual simplicity of the parameters, measurements pose serious issues with respect to
implementation. In order to address this issue, we developed an apparatus to mea-
sure both thermopower and electrical conductivity simultaneously for thin films over
a temperature range of room temperature to 800 K. Also, we highlighted the issues
of calibrating such an apparatus and devised a method to calibrate such an instru-
ment for thermoelectric researchers interested in building such an equipment. Thin
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film growth of materials has a significant role to play in thermoelectric research, but
unlike bulk crystal growth techniques, the ability to produce high quality materials,
particularly oxide thin films, involves various nuances. It is essential to characterize
the quality of such material in a reliable way and typical microscopic techniques are
local measurements, hence doesn’t necessarily reflect upon the quality of the whole
sample. To address this issue, we devised thermal conductivity as a metric for esti-
mating the crystalline quality of materials. Incidentally, this metric can be applied
more widely than common transport quantities such as Hall mobility, as thermal
conductivity can be applied to insulating materials too.

Further, for our thermoelectric investigations and demonstrations, we chose doped
SrTiO3 as a first model system. We introduced the concept of double doping, where
one of the dopant serves the purpose of putting carriers in the conduction (or valence)
band through shallow donors and an another dopant alters the band structure of the
band which contributes to conduction (and possibly provide carriers too). This idea
of band structure engineering was implemented for STO by means of La doping on
Sr sites and doping through oxygen vacancies, respectively. This procedure resulted
in tunable opto-electronic properties of STO in terms of tunable optical transparency
and electrical conductivity. Such a rare perovskite transparent conducting oxide can
play an active role in building various opto-electronic and photonic structures using
complex perovskite oxides.

One of the most important quantities that decides the transport properties of
materials, particularly thermoelectricity, is effective mass. With the use of two dif-
ferent dopants, we demonstrated that effective can be tuned over a wide range 6-20
me. This insight helps us tailor materials with better thermoelectric properties. To
follow up on the thermoelectric properties, we studied the high temperature thermo-
electric response in double doped STO, particularly at the highest oxygen vacancy
concentration, while varying the La doping. Besides three fold decrease in thermal
conductivity at room temperature, there was no significant increase in the power fac-
tor either. This gave rise to a factor of two increase in the figure of merit (ZT) at room
temperature for our films compared to bulk single crystals. At high temperatures, the
figure of merit was comparable or higher than the highest reported values of ZT for
STO. There are several possibilities why we didn’t observe significant enhancement
in the power factor due to our band engineering approach. We explored the possi-
bility of compensating defects such as cationic vacancies. First principle calculations
suggested that the compensating defects are indeed present at high oxygen vacancy
limit. Further calculations are underway to understand the effect of competing defect
mechanisms in STO.

Finally, we explored the possibility of increasing the thermoelectric power factor
for size confined thin films of a strongly correlated layered cobaltate. The early pre-
dictions of Hicks and Dresselhaus on traverse confinement giving rise to large power
factor is yet to be realized. The fundament flaw in the model happens to be the
assumption that the mobility doesn’t change with the decreasing thickness of the
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films. The effect of phenomena such as surface scattering was ignored. We chose a
low mobility cobaltate system, which could potentially by pass this scattering effect
and let us observe the effect of quantum confinement. We did see increase in resis-
tivity due to surface scattering but, surprisingly, thermopower remained unchanged.
A qualitative explanation based on Hubbard model at the high temperature limit
has been proposed. This model explains most of our observations sufficiently. The
insensitivity of thermopower to the changes in scattering mechanism simplifies decou-
pling electrical conductivity and thermopower in such a strongly correlated cobaltate
system compared to conventional thermoelectric materials.

With this study as the backbone, there are several interesting questions can be
posed and answered with regards to complex oxide thermoelectricity. Such questions
are enlisted here:

1. The applicability of band structure engineering for complex oxides with little
or no correlation, such as STO is still under question. The most alluring possibility is
a double cationic method, where the introduction of a dopant on the B-site serves the
purpose of tailoring the band structure of the material. The doping on anonic site is
a possibility but creating oxy-chalcogenides or oxy-sulphides are good challenges for
synthesis, particularly in thin film form. There are sufficient studies on the effect of
anionic doping (or alloying) altering the valence band and has been explained by band
anti-crossing model. Thus, such an idea can be easily extended to p-type materials
such as manganites.

2. The effect of oxide interfaces on thermal transport can be further explored
by using systems with larger acoustic impedance mismatch. The most interesting
question will be whether it is possible to create a huge density of states mismatch for
the phonons between two materials to reproduce the ultra-low thermal conductivity
behavior observed in disordered WSe2 in a crystalline superlattice system.

3. The ability to decrease thermal conductivity in a superlattice system has been
demonstrated but measuring the figure of merit for a doped superlattice system to look
for enhancement in figure of merit compared to individual bulk material is an another
problem to pursue. While the cross-plane figure of merit measurements for thin
film superlattices pose significant implementation challenges ranging from identifying
suitable metal contacts with low contact resistance to efficient implementation of
Harman technique, such a superlattice system can also be ideal for demonstrating
electron filtering effects, which can increase the thermoelectric power factor too.

4. The tunability of thermoelectricity in cobaltate system has been explored in
terms of a variety of dopants. The changes in the spin state of a cobaltate is a direct
method to tune thermopower in the system without changing the electrical conduc-
tivity. Identifying dopants which can achieve such an effect can be an interesting
problem to pursue.

5. Coherent phonon effects can have several scientific and technological implica-
tions. One of the fascinating questions in this direction is whether one can demon-
strate a phonon laser in a condensed matter system. The greatest bottleneck in
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this direction is the broad-band nature of phonons and whether a hybrid material
structure can circumvent such an issue.

There are several unexplored questions with regards to thermal and/or thermo-
electric behavior of complex oxides and related systems besides the ones answered or
raised in this dissertation. I believe that answering such questions can have signifi-
cant impact on both our understanding of materials and their applications in energy
technologies.
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gen, M Godinho, M Núñez-Regueiro, and B Batlogg. Enhancement of metal-
lic behavior in bismuth cobaltates through lead doping. Physical Review B,
63(9):094109, 2001.



122

[194] Ichiro Terasaki. Cobalt Oxides and Kondo Semiconductors: A Pseudogap Sys-
tem as a Thermoelectric Material. Materials Transactions, 42(6):951–955, 2001.

[195] HW Eng, P Limelette, W Prellier, C Simon, and R Frésard. Unconventional
Hall effect in oriented Ca3Co4O9 thin films. Physical Review B, 73(3):33403,
2006.

[196] P Limelette, J Soret, H Muguerra, and D Grebille. Magnetoresistance scaling in
the layered cobaltate Ca3Co4O9. Physical Review B, 77(24):245123, June 2008.

[197] T Kanno, S Yotsuhashi, and H Adachi. Anisotropic thermoelectric properties in
layered cobaltite AxCoO2 (A= Sr and Ca) thin films. Applied Physics Letters,
85:739, 2004.

[198] J Ravichandran, A K Yadav, W Siemons, M A McGuire, V Wu, A Majumdar,
and R Ramesh. Size effects on thermoelectricity in a strongly correlated oxide.
Unpublished, 2011.

[199] W Koshibae and S Maekawa. Effects of Spin and Orbital Degeneracy on
the Thermopower of Strongly Correlated Systems. Physical Review Letters,
87(23):236603, November 2001.

[200] CR Pichard, CR Tellier, and AJ Tosser. Thermoelectric power of thin poly-
crystalline metal films in an effective mean free path model. Journal of Physics
F: Metal Physics, 10:2009, 1980.

[201] DG Worden. Electrical resistivity of thin films of potassium at 100 ◦ K* 1.
Journal Of Physics And Chemistry Of Solids, 6:89, 1958.

[202] KW Cho and IH Kim. Thermoelectric properties of the flash-evaporated n-type
Bi2Te2.4Se0.6 thin films. Materials Letters, 59(8-9):966–970, 2005.

[203] N Ganesan and V Sivaramakrishnan. Evidence for the domination of heavy
holes and lattice scattering in SnTe from electrical transport measurements on
polycrystalline thin films. Journal Of Physics D-Applied Physics, 21(5):784–
788, November 2000.

[204] EI Rogacheva, ON Nashchekina, YO Vekhov, MS Dresselhaus, and SB Cronin.
Effect of thickness on the thermoelectric properties of PbS thin films. Thin
Solid Films, 423(1):115–118, 2003.

[205] E I Rogacheva, T V Tavrina, S N Grigorov, O N Nashchekina, V V Volobuev,
A G Fedorov, K A Nasedkin, and M S Dresselhaus. Effect of oxidation on the
thermoelectric properties of PbSe thin films. Journal of Electronic Materials,
31(4):298–303, April 2002.



123

[206] A Ohtomo and HY Hwang. Surface depletion in doped SrTiO3 thin films.
Applied Physics Letters, 84:1716, 2004.

[207] Moty Schultz, Shahar Levy, James Reiner, and Lior Klein. Magnetic and trans-
port properties of epitaxial films of SrRuO3 in the ultrathin limit. Physical
Review B, 79(12):125444, March 2009.

[208] E H Sondheimer. The mean free path of electrons in metals. Advances In
Physics, 1(1):1, 1952.

[209] T Fujii, I Terasaki, T Watanabe, and A Matsuda. Large In-Plane Anisotropy on
Resistivity and Thermopower in the Misfit Layered Oxide Bi2−xPbxSr2Co2Oy.
Japanese Journal Of Applied Physics Part 2-Letters & Express Letters, 41(7A;
ISSU 370):783–786, 2002.

[210] T Yamamoto, K Uchinokura, and I Tsukada. Physical properties of the misfit-
layered (Bi,Pb)-Sr-Co-O system: Effect of hole doping into a triangular lattice
formed by low-spin Co ions. Physical Review B, 65(18):184434, May 2002.

[211] Shufang Wang, A Venimadhav, Shengming Guo, Ke Chen, Qi Li, A Soukiassian,
Darrell G Schlom, Michael B Katz, X Q Pan, Winnie Wong-Ng, Mark D Vaudin,
and X X Xi. Structural and thermoelectric properties of Bi2Sr2Co2Oy thin
films on LaAlO3 (100) and fused silica substrates. Applied Physics Letters,
94(2):022110, 2009.

[212] Shufang Wang, Zicai Zhang, Liping He, Mingjing Chen, Wei Yu, and Guang-
sheng Fu. Epitaxial growth and transport properties of Bi2Sr2Co2Oy thin films
by metal organic deposition. Applied Physics Letters, 94(16):162108, 2009.

[213] M Uchida, K Oishi, M Matsuo, W Koshibae, Y Onose, M Mori, J Fujioka,
S Miyasaka, S Maekawa, and Y Tokura. Thermoelectric response in the inco-
herent transport region near Mott transition: The case study of La1−xSrxVO3.
Physical Review B, 83(16):165127, April 2011.
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