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Abstract

Thermoelectric materials are able to directly convert heat into electric-
ity, making them predestined candidates for the recuperation of waste
heat and contributing to a more efficient energy economy. Since con-
ventional thermoelectric materials are often toxic, scarce, expensive, and
show limited stability at the relevant high temperatures, oxide thermo-
electrics have been increasingly investigated in recent years. These rep-
resent cheaper, environmental-friendly and temperature-stable alterna-
tives. Traditionally, thermoelectric materials have been discovered and
investigated individually, and only later combined as p-n pairs in ther-
moelectric modules. This often leads to unforeseen complications such
as thermal expansion mismatch, interdiffusion, and reactions, especially
in the recently emerging direct junction thermoelectric modules. In the
present thesis, the approach was pursued to select and investigate a p-n
pair that has as many compatible physical properties as possible in or-
der to exclude complications in advance. The approach presented here
makes use of ternary semiconducting transition metal oxides, which can
form both p and n-type charge carriers through multivalency. Such a
model system is found in the materials pair of p-type FeWQO4 and n-
type FeoWOQg. Their structural similarity provides the basis for compat-
ible thermal expansion, whereas different charges in fully charge ordered

crystal structures ensures low miscibility.



Since the high temperature properties of the materials are largely un-
explored, Publication | investigates the conductivity mechanism and
thermoelectric properties of FesWOQOg in depth. We identify FeoWOg to
conduct via a small polaron hopping mechanism with oxygen vacancies
as the source for n-type charge carriers. We establish a defect chem-
ical model for the formation of oxygen vacancies and report standard
enthalpy and entropy of this reaction. By further decoupling carrier
concentration from conductivity, we could parameterize the polaron mo-
bility. We report the thermal conductivity of FeoWQOg, and calculate
a thermoelectric figure of merit of zT = 0.027 at 900 °C. Properties
of the p-n junction between FeWQ4 and FeoWOg are the subject of
Publication Il. We construct a band alignment diagram from a combi-
nation of XPS and UV-VIS spectroscopy. Experimentally acquired /-V
characteristics and the constructed band alignment diagram indicate the
formation of a near-broken gap junction. This alignment forms a charge
accumulation layer in contrast to a charge depletion layer in common
p-n junctions and thus exhibits fully ohmic behavior. Complementary
DFT calculations show, that both corresponding band edges are of Fe-
3d character, which could prove important for their energetic proximity
and overlap. In Publication Il we present a setup for characterizing
thermoelectric modules, which was designed and manufactured in coop-
eration with NORECS AS as part of the THERMIO innovation initiative.

The aim of the setup is to test pilot TEGs at high temperatures, under



high temperature gradients, in different atmospheres, and in combina-
tion with different contacts. The setup can host four 5x5 mm? TE-legs
with no height restriction, tolerates up to 1000 °C, and generates tem-
perature gradients up to 600 °C.

The setup is demonstrated by characterizing a 4-leg thermoelectric ox-
ide module of p-type NiO and n-type ZnO. We find a large discrepancy
between estimated properties from the individual materials and exper-
imentally determined performance of the module. This underlines the
importance of evaluating TE-materials in conjunction with their con-

tacts and interconnects under realistic operational conditions.
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1 Introduction

1.1 Heat and Energy

Our modern world as we know it relies on electricity as the universal and
flexible energy carrier, and access to electric power has become a matter
of course. Since the 18th century, electricity has mainly been generated
through the burning of fossil fuels. The resulting heat is used to gen-
erate steam and to drive a turbine generator. The availability of fossil
fuels is limited, however, as they are the billion year old product of the
decomposition of organic matter and do not regenerate within human
time scale. In addition, the burning of these fossil fuels releases vast
amounts of the greenhouse gas CO, into the atmosphere, which has
maneuvered the world into a climate crisis. The CO» release has lead
to global warming, the consequences of which are already noticeable in
the form of melting polar caps, increasing extreme weather conditions,
and wildfires. A decrease in CO5 emissions is not to be expected with-
out drastic measures, since the world's population is steadily increasing
and will reach almost 10 billion people in 2050.[1] The associated global
energy consumption will thus have roughly doubled by then.[2] It is there-

fore urgent to make use of renewable energy sources and advance their



1 Introduction

technology, as currently only approximately 17% of the electricity is ob-
tained from renewable energies such as wind power, photovoltaics, and
hydropower.[3] However, since many renewable energy sources are sub-
ject to strong fluctuations, they are not suitable to cover the grid's base
load and their energy densities are often too low to be used effectively for
means of transport. It is therefore just as important to improve existing
heat driven technologies and to make use of the planet's resources as

efficiently as possible. Energy conversion via heat, however, is notori-

35% electrical energy

100%
Fuel energy

65% Energy
waste heat recuperation

Figure 1.1: Energy efficiency Sankey diagram illustrating the thermal losses
occurring in heat driven processes e.g. electricity generation in a coal power
plant. Through the use of thermoelectric waste heat harvesting parts of the
lost energy could be recovered.

ously inefficient. Conventional internal combustion engines, for example,
can convert about 30% of the fuel energy into electricity, a coal-fired
power plant about 40%, and even the most modern gas turbine plants
only achieve efficiency levels of about 60%.[4—6] The remaining energy

is lost to the environment in form of waste heat, following the second



1.1 Heat and Energy

law of thermodynamics and cannot be completely avoided. Such waste
heat also occurs in large quantities in other industrial processes such as
steel, glass or aluminum plants, and waste incinerators. This " secondary
heat” can be seen as a renewable and sustainable energy source if it
can be harvested. Conventional systems for heat conversion like Rank-
ine engines are unsuitable for small heat loads below ca. 200 °C and
rely on moving parts and liquid coolants, which often makes them too
bulky for retrofitting and unsuitable for difficult-to-access, or remote
locations, as they require maintenance. Small solid state thermal to
electrical converters have no moving parts and are potential alternatives
for the direct conversion of waste heat into electricity. Their strength
lies in the fact that they do not require any maintenance and therefore
produce electricity reliably for years. Among the most promising are
thermoelectric generators (TEGs), which provide a direct current supply
proportional to the temperature difference in a spatial temperature gra-
dient. However, the currently available TEGs efficiencies are still quite
low (~ 5%) and their technology is not yet mature. The costly manu-
facturing through piece-by-piece assembly, expensive materials, and low
efficiency lead to long investment amortization times, which currently
renders their use uneconomic. The use of cheaper materials and a sim-
plified production could, however, qualify them as efficient waste heat
harvesters. Attractive are the TEGs already for off-grid applications,
such as on ships, aerospace or in remote locations where they do not
have to compete with commercial electricity prices.[7—10] The potential
of TEGs is enormous, as they can be used in complementary to existing

heat engine technologies, retro-fitted, and easily up-scaled, as they are
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built up modular. Since the majority of the EU's energy consumption
occurs in thermal processes such as transport and industry (= 60%),[3]
the implementation of waste heat recovery in these sectors could signif-
icantly increase their energy efficiency. With the emergence of stricter
environmental regulations or the introduction of a CO» tax, the price of
electricity generated from fossil fuels can be expected to rise in the near
future, which will make thermoelectricity economical for on-grid appli-
cations. Advancing the field of thermoelectric energy generation could
unfold its enormous potential and enable it to contribute to a cleaner

and more efficient global energy balance.

1.2 Thermoelectric effects

The term " thermoelectric” is a generic term for three related effects that
were discovered independently of one another. When in 1822 Thomas
Johann Seebeck discovered a current flow in a pair of dissimilar metals
when exposed to a temperature gradient, he laid the cornerstone for the
field of thermoelectricity.[11] Named after his discovery, the Seebeck
effect is the basis for thermoelectric power generation, describing the
voltage built-up (V') in a given material upon exposure to a temperature
gradient (AT).[12]

V = —aAT (1.1)

The related but reverse effect is called the Peltier effect, discovered by

Jean Charles Athanase Peltier in 1834, describing the heat absorption

or release rate (Q), dependent on the sign of the current, at a material
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junction upon applying a current (/).[13]
Q= (Na—Tg)! (1.2)

The third and last of the three thermoelectric effects is the Thomson
effect. Predicted and observed by Lord Kelvin, it describes the change
in heat flux density (¢) of a material in a temperature gradient (AT)

through which a current density () flows.[14]
q = —prJAT (1.3)

The Seebeck coefficient (a), Peltier coefficient (1), and Thomson co-

efficient (wr) are related to each other via the Kelvin relations.[15]

d
UT = Tﬁ and M=Ta (1.4)

The thermoelectric effects represent bulk material properties and can
be used in compact full solid state devices without moving parts, which
operate maintenance-free. Based on the Peltier-effect, thermoelectric
coolers have found their way into numerous applications, especially in
electronics, where small, fast-responding cooling is crucial. CPU-cooling,
high precision LASER temperature controllers, and CCD-camera cool-
ing, just to name some examples. One of the most simple devices, based
on the Seebeck effect, is a thermocouple. Resembling Seebeck’s original
setup, a junction of two dissimilar metals allows for inexpensive, self-
powered temperature sensing. Thermoelectric power generators have

been successfully implemented in e.g. exhaust heat recovery from au-
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tomobiles, power supply in remote places and so-called wearables as
body-heat powered gadgets in every-day life.[16, 17] The by far most
celebrated application of thermoelectric power generators are the radio
isotope generators used by NASA to power planetary exploration rovers
or deep-space probes far from the sun. Utilizing the radioactive iso-
tope Pu-238, with a half-life of 87.7 years, as a heat source and the
cold environment of space, they can supply the vehicle for decades with
electricity, without the need for sunlight or maintenance.[18] The Kelvin
effect is even difficult to prove experimentally and has no practical ap-
plications. Since this work focuses on the generation of electricity from
heat (thermoelectricity), the term thermoelectrics in the following refers

to the context based on the Seebeck effect.

1.3 Thermoelectric materials

The prerequisites of a good thermoelectric material for power genera-
tion are easy to state, and summarized in zT, a dimensionless figure of
merit. A large Seebeck coefficient a and high electrical conductivity o,
paired with a low thermal conductivity kK maximize the thermoelectric

performance.

olo

zZ[ = ———
Ke + Kjat

(1.5)
The thermal conductivity consists of two contributions, the thermal en-
ergy transfered by the lattice vibrations k;,;: and the thermal energy car-

ried by electrons k.. The electronic contribution k. is directly related
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Figure 1.2: lllustration on the charge carrier dependence of conductivity,
Seebeck-coefficient, and thermal conductivity. zT peaks at a compromise be-
tween all three contributions.

to conductivity (o), via the Wiedemann-Franz relation.[19]
Ke=LoT (1.6)

With L being a constant of 2.4X1078 WQK~2 called the Lorenz-number.
While electronic thermal conductivity cannot be avoided, the minimiza-
tion of lattice thermal conductivity through various methods such as
nanostructuring or the introduction of rattling centers is subject of ac-
tive research. All of the physical quantities stated above are functions
of the charge carrier concentration in a material. While thermal and
electrical conductivity increase with increasing carrier concentration, the
Seebeck coefficient decreases. This results in a compromise between the
individual contributions in order to maximize zT . It has been found that

the optimal carrier concentration for any material lies between 108 to
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Figure 1.3: Overview of selected p- and n-type thermoelectric materials figures
of merit zT as a function of temperature.[23, 25-30]

1021 cm~—3.

Materials that meet the stated prerequisites best were found to be heav-
ily doped semiconductors. Since the properties of conductivity, Seebeck
coefficient and thermal conductivity are all temperature dependent, dif-
ferent materials typically peak in their performance in their respective
optimal temperature window. By far the most successful material in
heat conversion is Bi> Tes. Within a window from room temperature to
ca. 200 °C it reaches a zT of 0.8-1.1.[20] For mid-temperature ranges
from 200-600 °C the different Te alloys (Pb/Ge/Sn)Te are the ma-
terials of choice, with (GeTe)g.g5(AgShTez)o.15 (" TAGS") reaching a
zT of 1.2.[21] High temperature (>600 °C) thermoelectrics are realized
with SiGe-alloys in vacuum, reaching zT values of 0.5-0.9.[22-24] It be-
comes evident that the current state-of the-art materials are dominantly
composed of p-block elements. With the exception of Si, all of these el-

ements are scarce and/or toxic, raising questions about scalability, price,
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hazard, and life cycle impact of thermoelectric generators.

It was only rather recently, when Terasaki et al. discovered a large See-
beck coefficient and high conductivity in the oxide NagsCoO»,, that a
new material class became a considerable alternative to the main-group
element alloys.[31] Composed of cheap, abundant, and non-toxic ele-
ments, thermoelectric oxides offer new possibilities due to their high
temperature stability and increased resistance to harsh environments.
In contrast to traditional semiconductors which can be tuned to exhibit
both n-type or p-type conductivity, oxides tend to be dominated by intrin-
sic defects, which usually leaves them uni-polar. Although the possibility
to obtain bi-polar oxides has been shown, this usually requires extensive
synthetic effort and is rarely maintained over larger windows of tem-
perature or oxygen partial pressures.[32] Thus the oxide thermoelectrics
are split in the subgroups of n-type and p-type materials. The layered
cobaltites CazCo4Q0g9 (2T max = 0.87 © 700 °C) together with the afore
mentioned NagsCoOs (zTmax = 1.2 © ~530 °C) present the leading
p-type materials.[26, 33] Although the Na-cobaltite shows better per-
formance, the Ca-cobaltite variant is the preferred choice due to higher
stability. Among the n-type thermoelectric oxides SrTiO3 (zT max = 0.37
© 700 °C), ZnO (zTmax =~ 0.3 @ 1000 °C), and CaMnO3 (zT max ~ 0.3
© 700 °C) are the most promising candidates.[34-36] It becomes clear
that the n-types lag behind in terms of performance, compared to their
p-type counterparts and the search for new promising n-type thermo-
electric oxides is an ongoing field of active research.

In summary, the most successful thermoelectric materials are low band-

gap p-block semiconductors, which however show limited stability to-
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wards high temperatures and tend to oxidize or deteriorate over time.
Large band-gap oxides on the other hand exhibit high stability and reli-

ability at the cost of performance.

1.4 Thermoelectric modules

A thermoelectric module can be considered an assembly of two or more
individual thermoelectric legs forming a device capable of transforming
thermal energy into electricity. As the Seebeck effect is usually in the
order of several hundred micro-volts, multiple TE-legs are connected in
series in a module. The classic thermoelectric module design consists
of alternating n-and p-type TE-legs, connected electrically in series and
thermally in parallel. In this way the Seebeck-voltages of the legs add up
and a current can be driven through an external load resistance (R.).
The individual TE-legs are connected by flat metal interconnects sol-

dered to the TE-materials. The power output a module with N number

Figure 1.4: lllustration of a 2-leg thermoelectric generator composed of one n-
type and one p-type leg connected electrically in series and thermally in parallel.

10



1.4 Thermoelectric modules

of p-n pairs produces can be deducted from Ohm's law.

N(ap — an)?AT?R,

P=I°R, =
‘ (RTec + RL)?

(1.7)

The resistance of the module (RTgg) now, not only consists of the
TE-materials resistance, but additionally contains the interconnect, and
the contact resistances between them. By differentiating P with respect
to R, it can be shown that the maximum power output occurs where
the module resistance is equal to the load resistance (Rreg = R.).

N(ap — an)?AT?

P = 1.

Conversion efficiency is generally defined as the ratio of electrical power
produced (Pejec) to the thermal energy supplied at the hot side (Qp).
When operated under optimal external load, a module's conversion effi-

ciency (n) can be written as

_Pelec_AT v+ 2T -1

e (e e 1.9
Qu  Th VI+ZT+ 5 (19)

with the hot and cold side temperatures T and T, and the total tem-
perature gradient across the module AT=Ty-T¢. Here Z has the same
meaning as stated above, just for the whole module.[37]

It is generally accepted that a ZT >1 is required to achieve a suffi-
ciently efficient energy conversion (=~ 10%). In order to compete with
state-of-the-art heat pumps, a ZT of ~ 3 would be necessary. Although
record zT values of 2.5 have been reported in some materials on a lab-

scale, we will probably not see such high efficiency modules in the near

11
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Ty

N

I—

Figure 1.5: lllustration of a direction p-n junction thermoelectric generator.

future.[38] As a rule of thumb, the zT is halved when moving from the
material scale to the module, as additional parasitic losses occur. They
mainly arise from the additional thermal and electrical resistances of the
contact layers between metal-interconnect and TE-legs. Besides the
electric and thermal shortcomings of the interconnects in general, the
hot side interconnect poses some additional weaknesses to the modules
performance potential. The high temperatures, which the hot side is
exposed to, require the use of noble metal interconnects, high melting
solders, and usually additional buffer layers to avoid oxidation, degrada-
tion and reactions between the TE-leg, solder and interconnect. This
has led to the proposition of omitting the hot-side interconnect all to-
gether, establishing a direct-junction thermoelectric generator.[39] The
direct junction TEGs require less noble materials and are thus potentially
cheaper and easier to fabricate. Especially the so-called " large-area p-n
junction” design, where p- and n-materials are in contact over the whole

temperature gradient, has the potential to greatly facilitate large scale

12



1.5 Starting point and motivation

production.[40, 41]

1.5 Starting point and motivation

The direct junction approach, however, does not only have advantages,
but poses some challenges as well. With the two semiconductors be-
ing in direct contact with each other at high temperatures, phenomena
like interdiffusion, dopant de-mixing, and reactions forming intermediate
phases are to be expected and can severely impair the semiconductor and
thermoelectric properties. To a certain extend, this can be circumvented
through the targeted use of coexistent p-n pairs such as ZnO and NiO,
which show finite mutual solid solubilities and do not form any intermedi-
ate phases.[42] However, this approach does not address the other major
problem, that of rectifying diodes. When in direct contact, p- and n-
type semiconductors typically form a charge depletion layer resulting in a
diode like behavior. This leads to a high parasitic resistance between the
two semiconductors, since Seebeck voltages generated by the materials
are too low to overcome the p-n junction barrier layer. To still make the
direct p-n junction TEGs work, one would have to operate them at high
enough temperatures to overcome the barrier by thermionic emission,
or to find a way to build p-n junctions without rectifying characteristics.
The motivation for this PhD project was the discovery of a new pair of p-
and n-type thermoelectric oxides, which would be coexistent, composed
of cheap and abundant elements, high temperature stable, and ideally
additionally dope each other p and n to avoid the problem of dopant

interdiffusion. In the course of the project, a new approach to circum-

13
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vent the rectifying issues of the p-n junctions was uncovered. We were
able to identify a broken-gap junction that shows non-rectifying charac-
teristics, which is a known approach in the field of tandem photovoltaic
cells. The targeted design of broken-gap junctions could give the direct
Junction thermoelectrics a significant advantage over their diode-like rel-
atives and thus potentially enable the field of thermoelectrics to take a

significant step forward.

14



2 Theory

In this chapter an overview on selected theoretical backgrounds relevant
to the materials and phenomena treated in this thesis are given. Thermo-
electric properties for band conducting metals and semiconductors will
be derived in an introduction to the Boltzmann transport theory. This
is followed by a section treating localized states, like polarons, where
the relevance of the band formalism fades. Finally, properties of elec-
tronic interfaces are presented. The treatment of defect chemistry can
be found in the materials review section, where the relevant concepts

are derived and explained using specific example materials.

2.1 The Boltzmann theory of transport

This section gives an overview on relevant theoretical descriptions of the
thermoelectric effects in the Boltzmann transport theory. Expressions
for the conductivity, Seebeck coefficient and thermal conductivity for
metals and semiconductors are derived. | tried to keep this section as
short, yet as complete as possible. While the mathematical details would
go beyond the scope of the chapter the interested reader is referred to

classic solid state physics books.[43—46]

15



2 Theory

2.1.1 General thermoelectric transport equations

For a solid in thermodynamic equilibrium the number of electrons occu-

pying an energy state E is given by the Fermi-Dirac distribution

1

exp (Ek;%) +1

fo(E) = (2.1)

where kg is Boltzmann's constant, T is the absolute temperature, and
EF is the Fermi energy. By applying external perturbations to the system
in form of e.g. an electrical field or a temperature gradient, the system
is forced out of its equilibrium state. Electrons accelerated by a field,
or moving along a concentration gradient, experience scattering events
pushing the system back to their equilibrium state. The Boltzmann
transport equation describes the behavior of a system in non-equilibrium
state. The evolution of an electron distribution f(t,s, k) at time t,

space s, and wave vector k (mv = hk) is described by

of
fiela Ot

or
girr. Ot

df _ of

Ji = ot (2.2)

scatter

Assuming Liouville’s theorem on the invariance of volume occupied in

phase space, the distribution change rate due to diffusion is given by

of
ot

= —$V,f (2.3)
diff.

The rate at which the distribution function changes due to acceleration

of electrons in k-space from an external electric field can be expressed

16



2.1 The Boltzmann theory of transport

as
of

ET: . = —kVf (2.4)
While the terms for diffusion and field perturbation are rather easily
derived, the scattering term is more difficult to solve. Widely used is the
relaxation time approach. By introducing a characteristic time 7, that
a perturbed system (f) takes to relax back to its equilibrium state (fy),
the scattering term can be written as

of -1

ot

(2.5)

scatter T

The relaxation time T is often expressed as 7 = ToE", with r taking
half integer values, dependent on the scattering mechanism applied. 1
is energy-independent, but can be temperature-dependent. The most
commonly used scattering mechanisms include: r = —1/2 for acoustic
phonon scattering, r = 3/2 for ionized impurity scattering, and r = 1/2
for optical phonon scattering. The Boltzmann transport equation under
steady-state conditions (% = 0) in the relaxation time approximation

then reads
foh

= $Vsf + kV,f (2.6)

In order to solve this equation and obtain f we must introduce some sim-
plifications. Let's assume an electric field is applied solely in x-direction
and the solid to be an isotropic conductor (s = v). Further, the per-
turbation is assumed to be small so the distribution function can be

linearized (f — fo < fy). If we now express the field term in form of a

17
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kaf

Coulomb force ( —eEv ) equation 2.6 can be formulated as

F(E) =

ofy (OE E—EFOT
o( F o F ) (2.7)

VT — | — —

OE \ 0Ox T 0Ox
In this form the distribution function can be used to derive some figures,
relevant for thermoelectrics: Conductivity, Seebeck coefficient, and ther-
mal conductivity. An expression for conductivity can be found from the
general form of electric current density j (the sign denotes directionality

of the current flow)

[e.9]

j= i/evD(E)f(E)dE (2.8)
0

where D(E) is the density of states and e the elemental charge. By
substituting Equation 2.7 into Equation 2.8, one obtains

j= i/ev TD(E)afO (aEF LEZEr aT) dE (2.9)
0

Ox T 0

As the electrical conductivity is defined as the ratio of current over the

electric field (o = ﬁ), and in the absence of a temperature gradient

e Ox

%—I = 0) the conductivity is obtained as

o

f
o= e2/v TED(E)@dE (2.10)

0
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2.1 The Boltzmann theory of transport

The Seebeck coefficient can be obtained from its definition in Equa-

tion 1.1 and under open circuit conditions (j = 0)

JVQTED(E)(E— EF)SldE
=4+ 2.11
T T [ V2rED(E)2RdE -
OfV TED(E)3g

To derive the electron thermal conductivity, the general form of the heat
current density ge is used (the heat flux is the sum of heat each electron

carries times the drift velocity is ge = nv(E — EF))

Ge = i/ V(E — EF)D(E)f(E)dE (2.12)
0

Similar to the procedure above, Equation 2.7 can be substituted into

Equation 2.12

[e.9]

o% (% | E-ErOT

qe—/v2frD(E)(E—E,:)8E i = 6X> dE  (2.13)

With the definition of thermal conductivity (k = z) and in the absence
ox

of an electric field (j # 0) the electron thermal conductivity reads

1 30fo
Ke = T/V TD(E)E aEdE (2.14)
0
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2 Theory

The derivations stated above can be compressed by introducing the in-

tegrall

i f
K, = / V2TED(E)(E — EF)”%dE (2.15)
0

and the transport coefficients above can be expressed as functions thereof?

o =e’Kg (2.16)
1 Ky
K>
Ke = (2.18)

Electric current and heat flux density can likewise be expressed with the

transport coefficients
j= KoE + gKl(—VT) (2.19)

1
e = eK1E + ?Kg(—VT) (2.20)

By simple substitution we end up with the classic descriptions of electric,

and thermal current density
Jj=0E —aoVT (2.21)

Ge = aTOE — KeIVT (2.22)

THere n is an index that takes positive integer values, not to be confused with the
electron density.
In case of an electric field being present (j = 0) the electron thermal conductivity

reads ki, = 52 — L 7L
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2.1 The Boltzmann theory of transport

For VT = 0, the field terms can be eliminated and the two currents
combined in one expression
1qge
—— = 2.23
T (223)
The left side corresponds the ratio of an entropy current to an electric

current. Thus the Seebeck coefficient is often interpreted as the entropy

per charge carrier.

2.1.2 Metals

The generally valid transport equations can be used to derive simpler
expressions for metals under some reasonable assumptions. In a parabolic

band with effective mass m* the density of states is given by

3
1 2m*\ 2 _1

The drift velocity can be expressed as a third of the total electron kinetic

energy v? 3m*. Equation 2.10 can then be expressed as
i (2m")?
2(2m*)2
o= / (E)—dE with o(E) = a2 © 2far (2.25)
0

For metals (k’:;—FT > 1) Equation 2.10 can be approximated by a Taylor
series.[47]

020 (E)
9E7 |y,

/ (E)%dE— (EF)+7r62(kBT)2 (2.26)

0
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2 Theory

It becomes clear that only the electrons close to the Fermi energy con-
tribute to the conductivity. By consequently dropping the second term
the conductivity simplifies to

_2(2m*)2 2p3

3n2ps € EF (2.27)

For metals where (E — Ef)/kgT < 0, the Fermi-energy can be esti-
mated from a free electron model and one arrives at the Drude model

for conductivity, with electron mobility u

= neu (2.28)

An expression for the thermal conductivity can be obtained by keeping
the higher order term of the Taylor series in Equation 2.26, which will

lead us to the Wiedemann-Franz law.

2 2

Ke 7= (kg

L (= 2.29

ol 3 < e > ( )
The right hand side of the equation is the already mentioned Lorenz
factor (Equation 1.6). By applying the same Taylor-series formalism as
described for Equation 2.26 to Equation 2.11 it can be shown that the
Seebeck coefficient is obtained as

2
™ 2

o _7kBT8Ina(E)

(2.30)
OF |r_g,

This representation is the well-known Mott formula. Substituting Equa-

tion 2.27 for conductivity and introducing an acoustic phonon scattering
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2.1 The Boltzmann theory of transport

exponent r = —1/2, following the same conventions as above, the See-

beck coefficient ca be simplified to

2ki T
a=—2EmT (5) (2.31)

wIN

2.1.3 Semiconductors

The expressions for semiconductors follow the derivations shown above
and are thus shown somewhat compressed. However, the properties of
semiconductors depend more heavily on the scattering mechanism of
the electrons and are therefore often given as functions of the latter.
In a non degenerate semiconductor where (EK;%F) > 1, Equation 2.1 is

reduced to a classical Maxwell-Boltzmann distribution function

fo(E) = exp <_Ek_B7€F> (2.32)

Inserting this distribution function into Equation 2.10 and using a parabolic
band approach as in Equation 2.24 one end up with an expression for
conductivity very similar to that of metals

ne? (T)
m*

o= (2.33)

with the exception that the relaxation time is replaced by the average

relaxation time, which is given by
J TEzexp (—kB—T) dE
0

[E
0

(1) (2.34)

NIw

exp (—kBLT) dE
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2 Theory

In the same manner an expression for the Seebeck coefficient and thermal

conductivity, including the scattering exponent r is obtained as

amte[E (5] 259

soe(E)lz) e

Note that the Lorentz number is to first approximation independent of
the Fermi energy for a constant r.
The electron density can be expressed using a Gamma function, which

is known as the Boltzmann approximation

3
B 1 mZkBT 2 E/: - EC
n= 7 < o > exp < T (2.37)

The same expression is valid for holes (p) (replace EF—Ec with Ey—EF)
and the total charge carrier concentration in an intrinsic semiconductor,

can thus be written as a function of the band gap.

3
1 (ksT\2, , ..z E
Vnp = 7 <f727r> (mzmj)+exp <2k5?f> (2.38)

In praxis mostly doped semiconductors are of interest and an estimate for

the carrier concentration can be made from the doping level, assuming

fully ionized dopants.
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2.2 Polaron transport

2.2 Polaron transport

The band transport description given above is relatively successful for
conventional semiconductor systems. Generally, however electrons mov-
ing through a lattice interact with its surrounding and may distort it.
In polar lattices, like e.g. in metal oxides, the lattice deformation can
lead to a localization of the electron (or hole). The electron coupling
to its own lattice polarization is known as "self-trapping”, and can be
treated as a quasi-particle called polaron. Weakly interacting polarons,
called large- or Frohlich polarons, can still be treated in a band-like trans-
port with an increased effective mass. Strongly interacting, small (Hol-
stein) polarons are self-trapped in a local potential well. Their transport
through the lattice can be described by classic diffusion theory, where
mobility can be related to the diffusion constant by the Einstein relation
(D = ukgT).[48, 49] The mobility can then be described with an ac-
tivation energy E, that has to be overcome in order to jump from one

potential well to another.
top _Eu
= — — 2.
u=—Fexp <k5T> (2.39)
The exponential prefactor ug takes different forms depending on whether
the hopping is adiabatic or non-adiabatic. In the adiabatic case the
hopping frequency is larger than the phonon frequency and the hopping

probability during an excitation is unity. In the non-adiabatic case the

hopping probability is low, as its frequency is lower than the optical
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2 Theory

Energy

Generalized coordinate

Figure 2.1: Configuration coordinate model depiction after the Marcus-Emin-
Holstein-Austin-Mott theory for symmetric polaron transfer.[44] The carrier
requires to overcome the potential energy E, to "hop” from potential-well W4
to Wg. Electron overlap J between the two localized states is indicated by
the dashed curves. The larger the interaction, the more stable a delocalized
configuration. 2J can be interpreted as the polaron band width. Note that £,
is the non-adiabatic hopping energy, in the adiabatic case the hopping energy
becomes E, — J.

phonon frequency.

2 . .
L,ﬁ’ Yo adiabatic
B

U = (2.40)

zed? J? us | |
S o\ aET non-adiabatic

In the equations above d denotes the jump distance, z the number of
nearest neighbors, v, the maximum optical phonon frequency, and J
the overlap integral (h, e, T, and kg have their usual meanings). To
evaluate which of the cases applies to a certain material, the adiabatic

paramter 7, can be determined, as a graphic evaluation is often difficult,
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2.2 Polaron transport

with both mechanisms producing satisfactory fits to experimental data.

s 1
" huo V EukgT

2 (2.41)

The adiabatic parameter takes values of > < 1 for non-adiabatic hop-
ping, and 7 > 1 in the adiabatic regime.[50]

The formation of small polarons is often associated with the change
in oxidation state of a specific ion in the lattice. Polaron conductors
can thus frequently be found in the family of transition metal oxides,
due to their inherent multivalency. In transition metal oxides, especially
with partially filled d-shells, the strong Coulomb interaction between the
d-electrons gives rise to complex transport properties. These material
systems are referred to as strongly correlated electron systems, and have
proven very useful for many applications in solid state physics, includ-
ing thermoelectrics. One of the most prominent examples for thermo-
electrics, can be found in Co (usually a p-type conductor), where a hole
can be viewed as an oxidized species Co®t + ht — Co**. The Seebeck
coefficient of small polaron conductors at high temperatures is equal to
the classic mixing entropy of the two states, which came to be known

as the Heikes formula.[45, 51]

oy = @In < X > (2.42)

e 1—x

Here x denotes the site fraction of charge carriers, in the cobalt example

[CO?:Jg3+

X = S ¥ (2.43)
[Coé—gw ]+ [Coi—gw
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Figure 2.2: Electronic degeneracy of Co3t and Co** in low- and high spin state
for an octahedral crystalfield.

It builds on the consideration of spinless fermions, which can not simul-
taneously occupy the same site. However, neglecting the contributions
of spin and orbital degeneracy to the configurational entropy led to an
inadequate description of the Seebeck coefficient behavior in the layered
cobaltites (see Section 3.1). Thus, an extension to the Heikes formula
was proposed by Koshibae et al., which includes spin-orbit degeneracies
g; and has since been able to successfully describe the Seebeck coeffi-
cient behavior of numerous open shell transition metal oxides.[52] The
electronic degeneracy g; of state A and B is calculated as the product

of spin and orbital degeneracy.

spin jorbital

g9i=9""9 (2.44)

An exemplary representation of the electronic degeneracy of Co>* and
Co** in an octahedral crystal field is depicted in Figure 2.2 It becomes
clear that this treatment includes high spin - low spin transitions, in
addition to different oxidation states. The spin orbit contributions to

the entropy term in Heikes formula are included as the ratio of electronic
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2.3 Electronic interfaces

degeneracies of the two states.

ke ga X
=Bn(22 2.4
a - n <98 1 —x) (2.45)

This modified Heikes formula has also been used in Publication | to suc-

cessfully describe the charge carrier concentration from Seebeck mea-
surements in the multivalent iron compound FeoWOg. A complete the-
oretical description of polaron conductors in general is difficult, as the
transitions from large to small polaron are often fluid and each corre-
lated system exhibits its own peculiarities dependent on crystal structure,

magnetic ordering, temperature, and doping.

2.3 Electronic interfaces

In the previous section, the bulk properties of materials were examined
and discussed. In the following section we want to take a closer look at
the properties of interfaces between materials, in particular semiconduc-
tors. A thermoelectric generator is built from several individual materials
and the interface properties between these have significant impact on the

overall device performance.

2.3.1 Semiconductor p-n junctions

A p-n junction is a contact between two semiconductors of opposite
polarity. For simplicity we will treat a homojunction between an accep-
tor doped and a donor doped semiconductor of the same host material.

When brought into contact, thermal equilibration will lead to a constant
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Fermi level across the junction, giving rise to a " built-in" potential ®;,
equal to the difference in the Fermi levels of the individual semicon-
ductors prior to the contacting. The Fermi energies can be obtained
from the dopant concentrations (Np and Na)T over the intrinsic carrier

concentrations n;.

keT . ([ NpN
q)b,:Efp_Efn:Be |n< D2A> (2.46)

nj

The potential is the result of diffusion current of electrons from the
n-type to the p-type and holes from the p-type to the n-type, which
stagnates in dynamic equilibrium with the drift current arising from the

resulting space charge region.

on

Ox
op (2.47)

P ox

jn == eUnq) + eDn

Jp = eup® —eD

Here u,,, and D,,, are the carrier mobilities and diffusion coefficients,
and ® is the electrical potential along the one dimensional diffusion di-
rection x perpendicular to the p-n junction. In equilibrium the sum of
electron and hole current is zero and the space charge region building
up on both sides of the junction is the charge depletion layer effectively
blocking current flow. An exemplary band diagram depicting the flat
band positions prior to contact, and the band bending at thermal equi-

librium is shown in Figure 2.3. The band bending and the depletion layer

D and A denote the index for donor and acceptor, respectively.

30



2.3 Electronic interfaces
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Figure 2.3: Exemplary band diagram of a p-n homojunction. a) Flat band
condition prior to the contact where the reference energy is the vacuum level.
b) Equilibrium condition with band bending where the common Fermi energy is

the new reference energy.

width can be calculated from the Poisson-Boltzmann equation.

¢ p(x)
e s (2.48)

Where p(x) is the local charge density and €, is the relative permittivity
of the material. The equation can be solved in the full depletion approx-
imation where the field is taken to be confined to the depletion region,
which has no free carriers (n(x) = p(x) = 0). We expand the potential
® by an externally applied Vox+ to be able to express the depletion layer

width under non-equilibrium conditions.

2¢€ 1 1
w(Vext) = \/er </VD + NA) (Ppi + Vext) (2.49)

We can see now, that applying an external voltage to the junction in
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o,
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Figure 2.4: a) charge density, b) field, and c) potential along the x-axis, per-
pendicular to the p-n junction, in full depletion approximation for a p-n junction
with symmetric charge carrier densities.

the same polarity as the built in potential will result in a growth of the
depletion layer. Switching polarity on the external voltage will lead to
a shrinking of the depletion layer and a decrease in resistance. When
the external bias equals the built in potential, the drift current can no
longer counteract the diffusion current, and the depletion layer collapses,
allowing charge carriers to freely pass the junction, with the current
increasing exponentially with applied voltage. A typical diode current
voltage relation (/-V characteristic) is depicted in Figure 2.5 b. The
total dependency of current on applied external voltage is described by

the Schockley equation.T

j=s (e (L) _
S I/,'dkBT
D D
. 2 P e
Js = enj <LPND + LeNA>

Js is called the reverse saturation current containing diffusion coeffi-

(2.50)

cients D/, diffusion lengths L,/,, and an ideality factor v;4 that takes

"The Schockley equation is given in the dimension of current density j which can
be obtained from the experimentally accessible absolute current / and sample
dimensions.
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2.3 Electronic interfaces

values between 1 and 2. The equation suggests a decrease in current
density with increasing temperature. The charge carrier concentration
and diffusion coefficients themselves, however are strong functions of
temperature, but remain almost independent of Vext. Thermally gen-
erated charge carriers can diffuse across the junction and generate a

recombination current. While this saturation current, also known as

a) [ b) | c)

Figure 2.5: Schematic /-V characteristics for a) ohmic, b) rectifying, and c)
tunneling junctions.

leakage current, remains small at low temperatures, it can significantly
contribute to the total current at high temperatures and even lead to a
breakdown of the characteristic diode curve. This often leads to ohmic

characteristics of p-n junctions at very high temperatures.

2.3.2 Non-rectifying p-n junctions

Under certain circumstances a p-n junction can be designed to be non-
rectifying. This is desirable in e.g. tandem solar cells, where a serial
connection of p-n junctions would lead to an unintended charge accu-
mulation between the junctions. One possibility is the use of tunnel
junctions (TJ). TJs can be constructed as both homo- or heterojunc-

tions and rely on heavy doping of the interface in both n- and p- semi-
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Figure 2.6: Schematic band diagram of a highly doped p-n junction forming a
tunnel junction. a) Flat band condition prior to the contact where the reference
energy is the vacuum level. b)Equilibrium condition with band bending where
the common Fermi energy is the new reference energy.

conductors. The heavy doping shifts the Fermi level of the n-type into
the conduction band and the Fermi level of the p-type into the valence
band. The high charge carrier concentrations lead to a very thin deple-
tion barrier width at the junction through which quantum mechanical
tunneling of the charge carriers, directly between the n-type conduction
band and the p-type valence band is possible. Under reverse bias the
overlap between p-type valence band and the n-type conduction band
will increase steadily and the current will increase linearly with the ap-
plied voltage. Under low forward bias the current will likewise follow the
applied voltage linearly. The overlap between the p-type valence band
and the n-type conduction band will, however, decrease steadily until it
reaches a critical point at which the tunneling current breaks down and

the junction behaves like a normal rectifying diode. The /-V/ characteris-
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tics will show a typical " negative resistance” region during the tunneling
current breakdown, depicted in Figure 2.5 c.[53, 54]

The second possibility is the formation of a broken gap junction (BGJ),
which forms in the special case of a p-n heterojunction where the electron
affinity” of the n-type semiconductor is greater than the sum of the

electron affinity and the band gap of the p-type semiconductor.
Xn > Xp + Eg,p (251)

With the valence band of the p-type being higher in energy compared
to the conduction band of the n-type (and consequently their respec-
tive Fermi levels), thermal equilibration will result in an electron flow
from the p-type to the n-type. The consequential charge accumula-
tion layer, leaves both semiconductors automatically highly doped on
both sides of the junction, independent of the individual semiconduc-
tors own doping levels.[55] Under applied bias electrons and holes now
recombine directly between the n-type conduction band and the p-type
valence band, across the accumulation region, regardless of the applied
voltage direction. Thus, broken gap junctions show linear /-V/ character-
istics with no rectification (Figure 2.5 a). Charge carriers are believed
to be strongly accelerated, when entering the charge accumulation zone
and cross the junction with high kinetic energy with a ballistic transport

mechanism.[56, 57]

TThe electron affinity here refers to the energy difference between the conduction
band minimum of the semiconductor and the vacuum level and should not be
confused with the electron affinity E., as defined in atom physics.
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Figure 2.7: Schematic band diagram of a p-n heterojunction with broken gap
alignment. a) Flat band condition prior to the contact where the reference
energy is the vacuum level. b) Equilibrium condition with band bending where
the common Fermi energy is the new reference energy.

2.3.3 Metal-semiconductor junctions

An electric junction between a semiconductor and a metal can either
form an ohmic contact, or a rectifying contact, called Schottky contact.
Whether the junction forms an ohmic or a Schottky contact, is described
by the Schottky-Mott rule. It gives an expression for the Schottky barrier
height ®, from the metal's work function ®; and the electron affinity

of the semiconductor xsc.

cDb = cDM — Xsc (2-52)

Small Schottky barriers exhibit ohmic contact behavior, whereas substan-
tial Schottky barriers are rectifying. As a rule of thumb the Schottky-
Mott rule can be simplified to: Large work function metals form ohmic
contacts with p-type semiconductors whereas small workfunction metals

form ohmic contacts with n-type semiconductors. Although in theory
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2.3 Electronic interfaces

correctly predicting the junction barrier height, in practice the junction
characteristics are less sensitive to the metal workfunction but rather to
the semiconductor energy states. Metal induced gap states or surface
states, pinning the Fermi level, in reality often lead to a lower barrier
height than predicted and ohmic behavior. For thermoelectrics an ohmic
contact is in any case favored over a Schottky contact, as the rectify-
ing behavior present a parasitic resistance, lowering the overall device

performance.
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3 Materials review

The following chapter will give a short review on some relevant oxide
thermoelectric materials followed by an introduction of the materials
class of transition metal tungstates, which are of relevance for this the-
sis. Traditionally thermoelectric materials have been discovered and in-
vestigated separately as individual materials and only later combined to a
p-n pair in thermoelectric test modules. Throughout this work, an alter-
native approach was attempted by the targeted selection of a materials
pair (p- and n-type), which show similar physical properties in order to
exclude complications, like e.g. thermal expansion mismatch, reactions
or interdiffusion at the development stage. A suitable pair can be found
in the family of transition metal tungstates, of which an outline will be

given in section 3.4.

3.1 Layered cobaltites

When Terasaki et al. fist reported on the thermoelectric properties of
NagsCoO, (NCO) in 1997, they discovered a large Seebeck coefficient
of ~ 100 wVK~! in conjunction with metallic conductivity (200 u<), re-
sulting in a power factor of 50X10~*Wm~1K~?2 that could compete with

the state-of-the-art thermoelectric material BioTez and a zT of ~ 1.[31]
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Its structure consists of alternating layers of Cdly type CoO, and inter-
calated Na atoms, with the Na atoms donating their valence electrons
to the CoO» layer resulting in a high charge carrier concentration. The
combination of large Seebeck coefficient and high charge carrier density
seemed contradictory at the time, but could be explained a few years
later by Koshibae et al. by a modified Heikes formula which included
the spin orbit contributions to the configurational entropy (see Equa-

tion 2.45).[52] With the sodium donating its valence electrons to the
’ ‘

Na0_5C002 Ca3Co409

a)

Rock-salt
layer

Figure 3.1: Crystal structure of layered cobaltites a) NagsCoO, and b)
Ca3Co409.

CoOs, layer, Co exists in two oxidation states Co3t and Co*t. As both
states have different electronic configurations with different spin and or-
bital degeneracy, each charge carrier carries the difference in spin-orbit
degeneracy as additional configurational entropy contributing to the See-

beck coefficient in the material. The modified Heikes formula and the
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3.1 Layered cobaltites

determination of the electronic degeneracy have been described in Sec-
tion 2.2. The surprising discovery sparked the research on thermoelectric
oxide materials, especially correlated transition metal oxides, where the
spin orbit contribution to the Seebeck coefficient can be used as screen-
ing tool to explore new materials like Ca3zCo40g,[58] CazCo0,04,[59]
La;—xSrxCo0Os3,[60] CaMnO3,[61] LiMn,04,[62] and SrFeOs3.[63] Since
NCO shows limited thermal stability due to the mobility of Na and a ten-
dency to hydrate, it was quickly recognized that similar layered structures
and electronic properties could also be found in the related compound
CazCo409 (CCO-349). Here the CoO, layers are separated by a mis-
fitting rock salt structured Ca,CoOg layer, making CCO-349 a complex
material with an incommensurate crystal structure. Similar to Na in
NCO, the rock-salt layer donates electrons into the CoO, layer, while
the misfit between the layers leads to a remarkably low thermal con-
ductivity. Undoped samples already exhibit a thermal conductivity as
low as 1.8 Wm~tK~!, which could further be decreased down to below
1 Wm~tK~! when doped with rare earth elements like Yb or Lu.[58, 64]
While publications on single crystalline CCO-349 report figures of merit
of up to zT = 0.87,[26] the more application relevant poly-crystalline re-
ports commonly reach zT = 0.3.[65] The most popular dopants for CCO
proved to be Bi and Ag, increasing both conductivity and Seebeck coef-
ficient, while simultaneously reducing the thermal conductivity.[66, 67]
Several publications have indicated that an oxygen-nonstoichiometry in
the rock-salt layer allows for tuning of the charge carrier concentration
in CCO-349.[68, 69] The layered cobaltites are by far the highest per-

forming p-type thermoelectric oxides and their success has inspired and
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fueled a lot of research in other materials.

3.2 Perovskites

The perovskite family with the general formula ABX3 offers the unique
possibility to explore a large amount of element compositions through
its immense structural tolerance. The most successful candidates for
thermoelectrics oxides from the family of perovskites are SrTiO3 and
CaMnOQs3, where the high degree of spin degeneracy of the transition
metal d-orbitals, like in the layered cobaltites, is positively reflected in a

high Seebeck coefficient.

A-site

B-site
X-site

Figure 3.2: Cubic perovskite crystal structure.

3.2.1 SrTiO;

Pristine SrTiOs3 is an insulator with a band gap of 3.2 eV and is one
of the few oxides that have been shown to exhibit both n- and p-type
conductivity.[32] However, since the n-type properties can be established

more easily and are more stable over larger temperature and po, scales,
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SrTiO3 is almost exclusively discussed as an n-type thermoelectric ma-
terial. Like all perovskite structures, it can be doped on all of the three
sites, whereby single or double doping on the A and B sites are the
most common ones. Higher valent donor dopants are the elements of
choice to reduce the Ti** to Ti** and increase the charge carrier con-
centration. Trivalent lanthanides are the most commonly chosen A site
dopants, with La being the most frequently investigated dopant, result-
ing in figures of merit between 0.1-0.25.[30, 70] B site doping is less
effective but has shown to positively influence the thermal conductivity
when heavy transition metals like Nb are used in rather large amounts
of up to 15%.[71] Doping both A and B site, appears to improve the
electrical properties and simultaneously reduce the thermal conductiv-
ity. Major improvements on the figure of merit could be achieved by
nanostructure engineering through spark plasma sintering or the tar-
geted introduction of nano-grained secondary phases, reaching zT values
of 0.37 at ~ 770 °C.[72] The utilization of oxygen vacancies as donor
dopants has been successfully demonstrated to boost electrical prop-
erties, while effectively scattering phonons in A-site deficient tantalum
doped Sri_x/>Ti1—xTaxOz_5, reaching a zT value of 0.3.[73] Reduced
Ti®t however, tends to oxidize to its preferred Ti*t state above ca.

400 °C, which severely limits the use of SrTiOs in air.[74]

3.2.2 CaMnO;

CaMnOs3 is another perovskite structured n-type thermoelectric, which
has a lower conductivity compared to SrTiOz, Mn however, is much more

stable in various oxidation states and remains reducible in air even at
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high temperatures. The room temperature orthorhombic crystal struc-
ture of CaMnOs changes to a cubic symmetry at high temperatures,
which has been shown to beneficially influence the electronic conduc-
tion properties.[75] Donor doping to increase the n-type charge carrier
concentration is realized by doping with trivalent elements, mostly lan-
thanides and Bi, on the A side and heavy transition metals on the B
side. The most commonly used elements for B side doping are Nb,
Ta, W, and V. Co-doping with Bi and V typically reaches zT values
of 0.21 at 800 °C,[76, 77] and could be further improved up to 0.3 by
nano-structuring.[28] In undoped samples CaMnO3_g, the charge carrier
concentration can be increased by the formation of oxygen vacancies at
high temperatures. This improves the electrical conductivity and conse-
quently the thermoelectric properties, however the conductivity passes
through a maximum at 6 = 0.12 and drops at increased concentra-
tions, which suggests a strong interaction between the polaron charge
carriers.[78-80]

CaMnO3 together with CazCo40g9 has been used in several recent publi-
cations for the implementation of a direct junction TEG. However, since
the two phases are not thermodynamically stable towards one another,
an intermediate phase with the formula CazCoMnOQOg is formed at the
interface. This highly insulating phase, however, does not seem to im-
pair the thermoelectric properties of the couple significantly and its role

is subject to current research.[81, 82]
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3.3 Binary oxides

3.3.1 NiO

NiO is the archetype of a p-type correlated semiconductor that has al-
ready proven to be interesting in various fields, including thermoelectrics.[83—
85] It crystallizes in the cubic rock-salt structure and has a band gap of
3.6-4.0 eV.[86-88] In its pure form it is poorly conducting (¢ <0.01 Scm™1)
and has a high Seebeck coefficient (~500 uVK~=!). However, when
doped with mono-valent alkali metals such as Li or Na, the conduc-
tivity can be drastically increased to 10-100 Scm™!, whereby the See-
beck coefficient is only moderately reduced to 200-300 uVK~=1. NiO
achieves power factor values of up to 3X10™% Wm~1K~2, however, the
zT is limited by the rather high thermal conductivity of 5 Wm~1K~! to
zT =~ 0.01-0.1.[89]

Figure 3.3: Left: Cubic rock-salt structure of NiO. Right: Hexagonal Wurzite
type structure of ZnO.
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3.3.2 ZnO

An alternative to the strongly correlated systems are high charge carrier
mobility band conductors, like ZnO, exhibiting a more covalent bond-
ing character. The n-type semiconductor with a band gap of ~3.4 eV
has been extensively studied for applications in the fields of solar cells,
displays, and LEDs. It is attractive for thermoelectric applications not
only because of its abundance, non-toxicity and thermal stability, but
also due to its high conductivity. With a charge carrier mobility of up
to 200 cm?V~!s7! it has one of the highest of all oxide materials.[90]
The charge carrier concentration can be adjusted to the optimum by
doping with trivalent elements such as Al, Ga, or In, with which ZnO
reaches power factors of 10-18X10~% Wm~1K~2.[91] Despite this, the
figure of merit only reaches about zT = 0.3 due to the very high thermal
conductivity of 40-50 Wm~tK~1. Co-doping with Al and Ga in com-
bination with nano-structuring approaches, however, have managed to
reduce the thermal conductivity down to about 5 Wm™1K~1 reaching a
zT of 0.65.[35]

The two binary oxides NiO and ZnO represent two semiconductors of
opposite polarity that show a large miscibility gap between them in a
quasi binary phase diagram and do not form any intermediate phases.
Thus they have been investigated as a promising couple for the realiza-
tion of coexistent direct junction thermoelectric generators. However,
direct junctions between the two materials form a typical charge de-
pletion layer at the interface, leading to diode like behavior and large
parasitic resistances.[42] Additionally, their coefficients of thermal ex-

pansion differ by a factor of roughly two (13.9%1076 K1 for NiO and
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5-7%107% K~ for ZnO), which can lead to stress induced cracking of a

co-sintered module upon thermal cycling.[92, 93]

3.4 Tungstates

Tungsten oxides have already had an occurrence in the field of ther-
moelectric oxides earlier, in the form of the n-type tetragonal tungsten
bronzes. Here tungsten is forced into a mixed valence state by reduction,
making it a semiconducting oxide with moderate Seebeck coefficient.
Reduced WO3_, forms crystallographic sheer planes, known as Magnéli
phases, exhibiting low thermal conductivity, and reaching zT values of up
to 0.3.[94, 95] The material, however, re-oxidizes quickly under ambient
atmosphere and returns to the rather rigid tungsten valency of W°*.

The family of metal tungstates (MWO,) on the other hand relies on
the WO as the rigid backbone of their structure and draw the major-
ity of their properties from the second cation M?*, which the WO4°~
anion is paired with. Dependent on the size of the M2 site cation,
the system adopts one of two characteristic structures. Large ions like
earth-alkaline metals and main-block elements lead to the structure of
tetragonal Scheelite, consisting of WOy tetrahedra and MOg octahedra.
The Scheelite type tungstates usually show large band-gaps and little
to no electrical conductivity. Their optical properties, however, make
them interesting for various applications like scintillators, optical fibers,
laser hosts, and sensors. ZnWOQO4 and PbWOQ4 for instance are among
the best scintillating materials used at CERN in the ALICE and CMS

experiments.[97] Paired with a smaller ion, like transition metals, the
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Figure 3.4: Illustration of the crystal structures of earth-alkali metal tungstates
with Scheelite strucutre and transition metal tungstates adopting Wolframite
structure.[96]

tungstates adapt the crystal structure of the mineral Wolframite, where
both WOg and MQOg are in octahedral coordination.

The Wolframite tungstates have gained increasing scientific interest
over the past decades due to their stability, easy synthesis, and elec-
tronic and magnetic properties. The transition metal tungstates typ-
ically show band-gaps in the optical regime, making them promising
candidates for photocatalytic water splitting and photo-luminescence
applications.[98, 99] They can be grown in various nano-structures like
particles, shells, whiskers, and flowers, and show excellent stability in a
large pH-regime. Photoelectrochemical water oxidation was successfully
demonstrated on e.g. CuWOy,, and NiWQO, has been used in heterojunc-
tion photoanodes. The interested reader is revered to a detailed review
on the photocatalytic properties of the Wolframite tungstates, available

under reference [96].
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Single valent alkali metal tungstates (MoWO,) can not be categori-
cally assigned to a crystal structure. They show a variety of crystal
structures,[100-102] may exist in polymorphic forms,[103] and are sus-
ceptible to hydration.[104] For higher-valent tungstates it is likewise diffi-
cult to describe a general trend for the adapted crystal structures, which
is why only a brief overview of notable representatives of this family is
given here. Trivalent metal tungstates with tetrahedral WO, tend to
crystallize in the Sco(WOQOy)3 structure, which is known for surprisingly
high ionic diffusivity of M3T ions due to its layered structure and low elec-
trostatic interaction between O?~ and M3T.[105] Small trivalent ions,
like Cr3*, Fe3T, and Co>" result in an octahedral WOsg, and ordering of
the cation in ratio of 2:1 (MxWOg) typically leads to a tripling of the
unit cell compared to the divalent tungstates. Co,WOg has proven to
be an excellent CO oxidation catalyst.[106] Bi,WOg with an Aurivillius
structure has been successfully used as a photoelectrochemical catalyst
for the oxidation of organic pollutants.[107] And last, the tetravalent cu-
bic tungstates ZrW,0Og and HfW,Og with tetrahedral WO, are famous
for their constant negative expansion coefficients over large temperature
regions, from 0.3 K to over 1000 K.[108]

In the tungstate family especially the transition metal tungstates with
Wolframite structure have been extensively, and systematically studied,
as they provide the opportunity to combine transition metal oxide semi-
conducting properties with the structural stability of the tungstates.
Semiconducting transition metal binary oxides, like NiO and ZnO, have
proven quite successful candidates for high temperature thermoelectrics

but other candidates are discarded as they show limited stability and
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phase transitions at higher temperatures. Here their respective tungstates

could prove as promising alternatives.

3.5 Iron tungstates

In the following the two tungstates most relevant to the thesis are re-
viewed in further detail, namely FeoWOg and FeWOQO4, where details of

their structure, transport properties, and defect landscape are presented.

3.5.1 F62W06
Crystal structure

Despite its stability, the trivalent iron tungstate does not occur as nat-
ural mineral. It is part of the trivalent tungstates mentioned in the
earlier section and has been reported to crystallize in three different
polymorphic modifications, dependent on the synthesis conditions.[109]
The a-FeoWOg polymorph, with an orthorhombic Columbite structure
is formed under synthesis conditions below 800 °C. The high temper-
ature y-FesWQOg phase forms at temperatures above 900 °C, with the
typical tri-a-PbO, structure. In between, with rather ill-defined phase
boundaries, the monoclinically distorted B-Fe,WOg forms. Experimen-
tally the tri-a-PbO> is found to be the most stable one and once formed,
a conversion to the other polymorphs seems kinetically hindered. The
structure is an ordered variant of the a-PbO» structure, in which half of
the octahedral voids are filled with metal ions in a distorted hexagonal

close packing of oxygen atoms. The 2:1 cation ratio causes a tripling
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Figure 3.5: Crystal structure and projected density of states of Fe,WOg

of the b-axis (in the Columbite variant the a-axis is tripled), hence tri-
a-PbO5. This results in zig-zag chains of skew-edge sharing MOg oc-
tahedra along the c-axis, where one third of the chains contain only
FeOg, and two thirds contain alternating FeOg and WOg octahedra. It
belongs to the crystallographic space group Pbcn with cell parameters
of a=4.578 A, b=16.757 A, and c = 4.968 A.

FesWOg shows an anti-ferromagnetic ordering of the magnetic Fe3*t
moments, with a Néel temperature of Ty = 240 K.[110] There is some
disagreement in the literature about the ground state of the magnetic
order, although the t™MyJJJ11 ordering, in the magnetic space group
Pbc’n’ seems to have prevailed.[111, 112]

Transport properties

FeoWOg is an n-type semiconductor, with thermally activated polaron

hopping conduction. The valence band is comprised of O-2p bands and
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the conduction band mainly of the empty Fe-3d sub-band. Reports on
the optical and thermal band gap differ greatly, ranging from 1.5 eV to
2.45 eV.[113-115] The charge carriers are electrons localized on Fe sites
with a mobility in the order of ~1073cm?V~1s~! at room temperature.
The mobility is thermally activated with an activation energy of 0.33-
0.35 eV and corresponds to electron hopping along the skew edge sharing

Fe octahedra in c direction.

Defect chemistry

The appearance of localized charge carriers as electronic defects, must
be accompanied by the occurrence of point defects of opposite charge
in order to guarantee charge neutrality. We will in the following discuss
the arise of Fe/ species in FeoWOg and discuss possible defects and their
reactions, whereby we will make use of the Kroger-Vink notation.[116]
We will first treat internal disorder, on the example of site-exchange
defects. Cation-anion exchanges are less likely than cation-cation defects
due to the electrostatic forces and the size differences. We therefore

assume the following defect reaction
FeFeX + \/\/V\/>< = Fe\/\/3/ + WFe3. (3.1)

In the limit of small defect concentrations and non-interacting defects,

the according mass action law is

_ [Few¥][Wee™]

5= TFere | W (3:2)
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In this reaction no free charge carriers are generated (Fe;WOg shows
no ionic conductivity), so these site exchange defects represent merely
a defect background. An increase in the concentration of these defects
is to be expected at high temperatures from a thermodynamic point of
view, which, however, should not have have any major influence on the
conductivity. Although an interruption of the ordered zigzag chain struc-
ture through site exchange defects can affect the conductivity in theory,
the ability of intra-chain conduction in Fe;WOg has been pointed out
in literature.[117] The occurrence of free charge carriers must therefore
be rooted in external influences such as non-stoichiometry or reactions.
An imbalance between the cations, with W in excess and Fe in deficit,
leads to an effective donor doping of the material. The resulting nega-
tive charge carriers are not free but we assume that they are localized

as polarons on Fe sites.
3 [Wre™] = [Fer (33)

This inherent doping is rigid and remains constant with changing oxygen
partial pressure and temperature. A change in charge carrier concen-
tration must therefore be based on defect equilibria. The most natural
example for this would be the assumption of intrinsic charge carrier gen-
eration, through the excitation of electrons from the valence into the
conduction band; or to stay in the frame of localized states: A charge

transfer from O to Fe.

00* + FepX = 00® + Fere’ (3.4)
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The mass action law of the intrinsic ionization when expressed as site

fractions then reads
_ [Oo°][Fere’]
" [00X][Fere]

When relating the equilibrium constant to the Gibbs free energy one can

(3.5)

find an expression for the charge carrier density.T

\/[00°][Fere’] = 1/ [00™][Fere ]exp (;{if_) (3.6)

Note that the expression is essentially the same as Equation 2.1.3 and
the Gibbs free energy corresponds to the band gap. Accordingly, the
band gap can be obtained from an Arrhenius plot.

Alternatively, an oxygen exchange reaction, for n-type conductors typ-
ically a reduction creating oxygen vacancies, can be considered for a

charge carrier generation.
X X oo / 1
Oo0™ + 2Fep” = vo*® + 2Fer:’ + 502 (3.7)

With the corresponding equilibrium constant

 [vo®[Fere2po, V2
- 2
[00X[FereX] p2, ">

K.

VO“

(3.8)

With a number of possible relevant defects now identified, we can find

their concentrations as a function of po, and construct a Brouwer dia-

In an intrinsic semiconductor the number of electrons and holes is equal therefore
the intrinsic charge carrier concentration can be expressed as n; = v/np. The full
localization of charge carriers, whereby the density of states effectively corresponds
to the atomic site density, is somewhat over-simplified, but is retained for reasons
of continuity of the localized defect picture.
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gram. | am here getting a bit ahead and use the findings of Publication I
that FeoWQOg does indeed develop oxygen vacancies at high tempera-
tures, the activation energy of the conductivity is too small to infer an
intrinsic charge carrier excitation, and the material has a constant charge
carrier concentration below a threshold temperature, which suggests a
background doping, as shown here by the example of non-stoichiometry

or a frozen-in oxygen exchange reaction.
[Fere'] = 2[vo®*] + 3[Wre>*] + [00°] (3.9)

By applying the Brouwer approximations, simplified analytical expressions
can be found for the mass action laws in Equations 3.3, 3.5, and 3.8. The
approximations for the predominant main defects are given in Figure 3.6
above the relevant regions. Experimentally only the very left part of the
Brouwer diagram can be observed, and the emerge of metal vacancies
at very high po, is added for completeness, but remains speculative.
The temperature dependence of the defect species can now be found
by relating the equilibrium constants 3.3, 3.5, and 3.8 to the Gibbs
free energy, as already exemplary shown for the intrinsic ionization in

Equation 3.6.

~AG™ AS™ —AH®
K= exp <kB7_> = exp (/{B> exp </(B7_> (310)

The same Brouwer approximations can be used to simplify the expres-
sions and plot the concentrations against inverse temperature at ambient
Po,. as shown in Figure 3.6 on the right panel. Experimentally, the in-

trinsic ionization dominated region is not reached up to 950 °C, but is
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Figure 3.6: Left: Proposed Brouwer diagram for FeoWOg dominated by oxygen
vacancies (low po,) and donor dopants due to non-stoichiometry. Speculative
Fe vacancies emerge as compensating defects at very high po,. Right: Pro-
posed temperature dependence of defect concentrations for FeoWQOg  with in-
trinsic, oxygen deficient and extrinsic dominated regions. In the intrinsic region
the two lines for Op® and Fer.’ should lie on top of each other, but are depicted
with a little distance for clarity. A dominance of frozen-in of oxygen vacancies
at low temperatures instead of non-stoichiometry is likewise conceivable.

included for completeness. At intermediate temperatures charge carriers
emerge mainly from the oxygen exchange reaction and becomes constant
below a certain temperature. In the presented example, to complete the
defect model, intrinsic dopants from non-stoichiometry are shown as
the cause for the constant charge carrier concentration at low temper-
atures, as suggested by some authors in literature.[118] As explained in
detail in Publication I, however, we do not find any indications of Fe

under-stoichiometry, which suggests that the oxygen vacancies remain
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the charge balancing species, but the oxygen exchange reaction below
the threshold temperature comes to a standstill, freezing-in the oxygen

vacancy concentration.

3.5.2 FeWO,
Structure

FeWOQOy is known as the natural mineral Ferberite and the end member
of the original Wolframite solid solution (Fe, Mn)WQ,. It crystallizes
in the monoclinic pace group P2/c with cell parameters a = 4.729 A,
b=5.707 A, c =4.962 A, and B8 = 90.04°. Like FesWOg, the structure

consists of edge sharing MOg octahedra along the c direction, however,

the 1:1 cation ordering leads to parallel chains, which are fully occupied

by either Fe or W.

= Fe-d

R O_p
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Figure 3.7: Crystal structure and projected density of states of Wolframite type
FeWO4

The magnetic structure consists of ferromagnetic [100] planes, antifer-
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romagnetically stacked along the a-axis, with the moments tilted in a
29° against the a-axis. The antiferromagnetic FeWO, has a Néel tem-

perature of Ty ~ 66 K.[119]

Transport

FeWOy is a p-type semiconductor with a band gap of ca. 2.00 eV.[120-
122] The valence band is composed of a Fe-3d band disconnected from
the lower lying O-2p bands. The conduction band is made up of empty
W-5d bands. Electronic conduction between room temperature and
1200 K is typical small polaron hopping with an activation energy of
0.16-0.21 eV,[123, 124] which is close to the theoretically predicted
minimum migration energy of 0.14 eV.[120] Higher activation energies
are connected to site defects which interrupt the chains, caused by im-
purities of other divalent ions like Mn. Electron holes are considered to
be localized on Fe sites and hop along the Fe chains in c-direction. The

hole drift mobility is in the range of ~ 1072 cm?V~1s71,

Defect chemistry

The defect chemistry of FeWQ,4 mostly relies to purely theoretical stud-
ies, since experimental studies are difficult, owed to the limited stability
towards oxygen at high temperatures. From these theoretical studies,
it turns out, that the most energetically favorable defects are Fe va-
cancies and localized holes on Fe sites.[120] Their formation mechanism
remains speculative at the moment. An oxygen exchange reaction, which
oxidizes the material is conceivable, as this analogous mechanism has al-

ready been demonstrated in several other p-type transition metal oxides,
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like NiO, CoO, MnQO, and FeO.
X 1 i .
3Fer™ + 502 = Vg + 2Fep, + FeO (3.11)

Several reports agree that the metal cations leaving the structure find
space on interstitial sites and form clusters with the vacancy that has
been left behind.[125-127] The crystal structures of the binary oxides
and the tungstate are not the same, but the tungstate structure also of-
fers enough space for octahedral interstitials, since the octahedral gaps
of the oxygen sub-lattice are only half occupied. It should be noted, how-
ever, that the tungstate is a tertiary phase, which, without the simulta-
neous formation of tungsten vacancies, should lead to the precipitation
of a binary iron oxide. Schmidbauer et al. report a significant difference
in conductivity for FeWQO4 samples annealed in very low versus medium
Po,. in line with the assumed defect reaction, where more available oxy-
gen leads to an increase in charge carrier concentration.[124] A constant
charge carrier concentration can thus be expected to arise either from a
freeze-in of metal vacancies due to the standstill of the oxygen exchange
reaction, or a fixed acceptor dopant concentration. This can possibly be
reflected in a cation non-stoichiometry, in which an over stoichiometry

on Fe acts as an inherent acceptor dopant.
4[Fey] = [Fe] (3.12)

Theoretically, however, these defects are predicted to be extremely en-

ergetically unfavorable. Intrinsic ionization in FeWOQ, at higher temper-
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atures corresponds to a charge transfer from Fe to W.
Fe,:ex + W\/\/>< = Fer.® + W/ (3.13)

| will here again get a bit ahead and make use of the results presented
in Publication Il, where we find a constant charge carrier concentration
below 500 °C, and an increase in charge carriers at higher temperatures,
which is too shallow to correspond to intrinsic ionization and is thus as-
cribed to the defect chemical reaction presented above, with a formation

enthalpy of ca. 1 eV.

3.5.3 Phase relations in the Fe-W-0 system

There exist only few studies on the phase relations between the two
tungstates. FesWOg and FeWO, are the only ternary compounds oc-
curring in the Fe-W-O system.[128] FeWOy, is fully miscible with the
isostructural and isoelectric MnWOQOyg, even at temperatures as low as
160 °C.[129] The most sensitive lattice parameter to the Mn content in
the solid solution Mny_xFe, WOy, is the a-axis, changing by more than
0.1 A over the range 0 < x < 1.[130] On the other hand FeWOy has
been shown to be coexistent with FeoWOg and other trivalent oxides,
like FexO3.[129, 131] In reaction and miscibility experiments the lat-
tice constants do not show any comparably large changes, despite the
significantly larger radius difference between Mn?* (0.97 A) and Fe3*
(0.785 A), compared to Mn?* and Fe?™ (0.92 A).[132] It can therefore
be expected that the two phases FeWO, and FeoWOg are separated by

a large miscibility gap in a quasi-binary phase diagram.
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Figure 3.8: Isothermal ternary phase diagram at 900 °C of the Fe-W-O
system.[128]
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4 Methods

The following chapter will give an overview on experimental methods
used in this thesis and a brief introduction of the theory underlying the

measurements.

4.1 Synthesis

The preparation of polycrystalline solid samples in this work was done via
the solid state reaction route. The trivalent iron tungstate FeoWQOg was
obtained via this route, reacting FeoO3 and WO3 precursors at 950 °C
for a total of 36 hours in air, with 2 intermediate grinding and subsequent

uniaxial pressing steps.
Fes O3 + WO3 —— FeoWOg (4.1)

In order to keep the possibility of cross contamination as low as possi-
ble, each reaction was carried out in a specially provided crucible with a
cover.

Air sensitive compositions can be obtained by the evacuated quarz am-
pule method, where the mixed precursors are transferred into a quarz

tube which is sealed off under dynamic vacuum using a hydrogen torch.
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Using this route, no decomposing precursors can be used, as the ex-
panding decomposition gases will explode the ampule. FeWO,4 can be

obtained by this method with two different precursor routes.

FeO + WO3 —— FeWOy,
1 1 (4.2)
§F6203 + gFe 4+ WO3 —— 2FeWO,

FeWOQ4 could be obtained on both routs, however the second one proved
more successful with less steps necessary and less secondary phase prob-
lems, probably due to the fact that FeO itself is known to be a cation defi-
cient non-stoichiometric compound which is better described by Fe;_,O,
also known as the mineral Wiistite. Satisfactory single phase products
was usually obtained after a total reaction time of 36 hours with two
intermediate grinding steps and re-sealing.

Precipitation methods are in principle an alternative, and usually pre-
ferred route to synthesize transition metal tungstates, however the iron-
tungstates proved problematic in this respect. Here usually a solution
of NaoWOy, is added to a transition metal nitrate precursor solution.
The non-soluble transition metal tungsates will precipitate, while the
sodium and nitrate stay dissolved and the product can be filtrated. The
precipitate from an Fe(lll) precursor and NasWQO4 will yield the meta-
stable garnet Fex(WQy4)3, which will then decompose to Fe;WOg and
WOs3 in the following calcination step. A stable Fe(ll) precursor, e.g.
(NHz)2Fe(SO4)2(H20)e precipitates FeWOyq, the following calcination
step, however has to be done under continuous flow of inert gas to pre-

vent re-oxidation to Fe(lll). Precursors containing nitrates contain the
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additional uncertainty of crystal water, as they tend to hydrate to dif-
ferent degrees, and need to be either fully hydrated or fully dried, prior
to the stoichiometric weighing, in order to not falsify their molecular
weight.

Sintered pellets were produced from the finely ground powders by uni-
axial pressing in a cylindrical die of 13 mm diameter with 2-3 tons of
pressure, followed by a thermal treatment of at 1000-1150 °C for 4-20
hours. The pellets reached densities of 80-90% relative density.

4.2 X-ray diffraction

X-ray diffraction is the most widely used technique to characterize solid
crystalline materials. It is based on the principles of Bragg's law, which
describes the occurrence of constructive and destructive interference of

x-rays when diffracted on a three dimensional grating.

nax = 2dhk/Siﬂ@ (43)

Here X is the incident x-ray wavelength, dpk; denotes the lattice plane
distance for a given lattice plane with Miller indices [hk/], © is the in-
cident beam angle, and n is an integer. By scanning © and observing
the diffracted x-ray intensity, a peak is produced at angles where the
Bragg condition is met. Where this diffraction pattern consists of dis-
tinct points for single crystals, the random crystal orientation of powder
samples gives a pattern of concentric rings.

The interplanar distance dpg; is a function of the lattice parameters a,b,

and c and angles o, B, and «y from which the lattice system can be de-
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termined of which 7 different exist: Cubic, Tetragonal, Orthorhombic,
Hexagonal, Monoclinic, and Triclinic; with Cubic being the most sym-
metric to Triclinic least symmetric. The Triclinic expression is generally

valid for all systems.

b?c?sin’ah? + a®c?sin?Bk? + a®b?sin’y/?
42abc?(cosacosB — cosy)hk

+2a°bc(cosBeosy — cosa) k!

1 +2ab?c(cosycosa — cosB)hl

= 4.4)
5
(abc\/l — cos?a — cos23 — cos2y + 2cosacosﬁc05fy)

The expression takes much simpler forms for systems with 90° angles
and equidistant lattice parameters (higher symmetries). The lattice sys-
tems are subdivided into 14 Bravais lattice and 32 crystallographic point
groups, resulting in a total of 230 space groups to describe all possible
crystal symmetries, all of which are described in detail in the interna-
tional tables for crystallography.[133] The intensity of each reflection
is a function of structure factor £, Lorenz polarization LP, absorption

A(©), and temperature factors u.
| = |F(hkD?|LPA(©)u (4.5)

The biggest contribution to intensity is the structure factor £, which is

the sum of all atomic form factors f; in the unit cell for each hk/, given
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by the structure factor equation.

F(hkl) = Z fiexp[2mi(hx; + ky; + 1z})] (4.6)

J
The atomic form factors f; are only dependent on the number of electrons
in the atom and the incident beam angle. Thus lattice planes at low
angles containing more heavy atoms give larger intensity peaks. The
representations given are somewhat simplified and do not include the

phase angle, which would go beyond the scope of this short introduction.

4.2.1 Data acquisition

In this work several different x-ray diffraction techniques were used. The
standard measurements for all powder samples was done on a Bruker
D8 Discover with Cu Kal radiation, Ge (111) Johanssen monochroma-
tor and a Lynxeye detector in Bragg-Brentano-geometry. Flatbed low
background glass sample holders were used, where a fine dispersion of
sample powder in ethanol was applied.

High temperature x-ray diffraction was perfomed on a Bruker D8 A25
with a focusing Goebel mirror and LynxEye XE detector. Measurements
were carried out in a Anton Paar HTK1200 oven chamber using Mo x-ray
source without monochromator. For air sensitive samples the chamber
was continuously flooded with a 10 mls™! flow of Ar.

Besides in-house XRD, also synchrotron radiation diffraction experiments
at BM31 (SNBL) at ESRF (France) were carried out on selected sam-
ples. The diffraction principles are the same but the incident x-rays

are generated from bending accelerated electrons, which gives a highly
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monochromatic x-ray beam with much larger intensity compared to lab-
oratory x-ray sources. In this case 0.5 mm capillary samples were irradi-
ated with x-rays of A = 0.4943 A wavelength and a Dexela 2923 CMOS
two-dimensional detector was used. The 2D detector allows to obtain
the whole diffraction pattern in " one-shot”, corresponding to ca. 2 sec-
onds of acquisition time, compared to the 30-90 minutes for a laboratory

x-ray diffraction experiment.

4.2.2 Rietveld Refinement

Where single crystal diffraction data contains information on atomic po-
sitions, their occupancy and their temperature factors, this information
is "masked” in powder patterns by the overlapping of the peaks and
not easily accessible. The Rietveld method however allows to extract
some of that information by building a model structure and comparing
it to the experimental pattern. The more accurate the model, the more
reliable are the obtained values, however, high quality diffraction data
is necessary to make the extracted parameters meaningful. The model
structures diffraction pattern is simulated according to Equation 4.4,
and Equation 4.5, along with background and peak shape terms, and its
parameters are refined until it best matches the experimental data. The
method minimizes the function M with weighing factor W; and scaling

factor ¢ by a least squares algorithm.

1 2
M=>"W </,°b5 - C/,Cé”C) (4.7)
i
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4.3 Conductivity and Seebeck coefficient

The refinement is usually assessed on the weighted profile residual Ry p.

obs calc)2
Z\/WZ(/ 7 /ibs) Y 100% (4.8)

There exist several additional validation figures like R, Rg, Rexp, and
X2, however, there is no defined threshold that indicates a good fit,
which is why the visual inspection of high 20 reflections is often used to

evaluate the fit.

4.3 Conductivity and Seebeck coefficient

Conductivity and Seebeck coefficient measurements were carried out on
sintered pellets in a custom built assembly mounted setup in a ProboStat
cell from NORECS AS. The setup consists of a long sample holder rod,
which can be inserted into the hot zone of a tube furnace. The sample,
electrodes and thermocouples are held in place by spring loaded alumina
rods. The setup is encapsulated by a fused silica tube, to differentiate it
from ambient atmosphere. A connected gas mixing station with three
oxygen-argon dilution stages allows to control the partial pressure of oxy-
gen to which the sample is exposed to over several orders of magnitude.
Conductivity of individual materials was measured by the van der Pauw
method, for which four thin electrode wires of platinum were pressed on
the sample near the outer edges. The measurements included reversed
polarity measurements to compensate for the Seebeck effect.

For Seebeck coefficient measurements two Pt-Pt10Rh thermocouples

(S-type) made from 0.2 mm wires are pressed in a line on top of the
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Figure 4.1: Schematic illustration of a probostat thermoelectric measurement
setup, depicting the top piece of the support finger, accommodating the sample,
4-point electric contacts, in-plane heater, and thermocouples. The setup is
described in detail under reference [134].

sample. The thermocouples function as both temperature sensors and
voltage probes. This way, the thermovoltage is measured as close to the
actual temperature as possible. A small resistive heater next to the sam-
ple is gradually ramped up to produce an in-plane thermal gradient, while
the voltage between the thermocouples is monitored, producing AV vs.
AT plots, from which slope the Seebeck coefficient can be extracted.
The measured voltage is automatically corrected for the additional See-
beck voltage generated by the Pt-wires under the locally applied thermal

gradient by the data acquisition program.
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4.4 Thermal conductivity
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Figure 4.2: Raw data of a Seebeck coefficient measurement at 300 °C depicting
the temperature course of the two thermocouples, their AT and the resulting
thermovoltage between them. Plotting voltage vs. AT allows to directly obtain
the Seebeck coefficient from the slope.

4.4 Thermal conductivity

Thermal conductivity was measured by the laser flash analysis (LFA)
method, where the thermal diffusivity o is measured and thermal con-
ductivity k obtained from sample density p and specific heat capacity
Cp.

k = apCp (4.9)
A laser pulse is fired on one side of a disc shaped sample of thickness d,
and the temperature on the counter side is monitored with an infrared

sensor. The thermal diffusivity is related to the time it takes to heat the

sample to half of its maximum value 74 /5.

aln (i) & (4.10)

2
U 7'1/2
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LFA was conducted on a Netzsch LFA 457 microFlash™ under nitrogen
atmosphere on graphite coated pellets. The heat capacity was estimated
by comparing the maximum temperature difference of the sample to a
Pyroceram 9606 standard reference sample from Netzsch, and a Cape-

Lahmann pule correction model.[135]

4.5 Optical absorption

Electronic transitions are typically in the energy range of ultraviolet to
visible light (UV-Vis) and contain information on the energy difference
between the highest occupied- (HOMO) to the lowest unoccupied molec-
ular state (LUMO). In a semiconductor these states correspond to the
respective band edges of the valence band and the conduction band.
Optical absorption spectroscopy can thus be applied to probe the band
gap (E4) of a semiconducting material. This is done by construction of
Tauc plots, relating the absorption coefficient (o) to the incident light
energy (hv).

(ahv)" = C(hv — Ey) (4.11)

Here C is a proportionality constant, v is the frequency of the incident
light, and the exponent n is characteristic for the nature of the transi-
tion, taking values of 2 for direct allowed, 2/3 for direct forbidden, 1/2
for indirect allowed, and 1/3 for indirect forbidden transitions.[136, 137]
Plotting (achv)™ vs. hv and extrapolating the linear portion to the base-
line, allows to extract the band gap Eg4. For some solids, this method
proves problematic, as the absorption coefficient is not easily accessi-

ble. The theory of Kubelka and Munk however, allows to use diffuse
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4.6 X-ray photoelectron spectroscopy (XPS)

reflectance spectroscopy, by relating the absorption coefficient directly

to the remission R, in the Kubelka-Munk function.[138]

(1 B Roo)2

ax F(Rx) = T

(4.12)

Consequently, the band gap can be extrapolated from an analogous
Kubelka-Munk plot, showing [F(R)hv]" vs. hv. Optical reflectance
spectroscopy experiments in conjunction with this thesis were carried out
with a USB2000+ OceanOptics spectrometer, and a halogen lamp light

source. A flat BaSO4 sample was used as white reference.

4.6 X-ray photoelectron spectroscopy (XPS)

Photoelectron spectroscopy is a technique for chemical analysis of a ma-
terials surface. lIrradiating a material with photons and measuring the
kinetic energy of the electrons emitted from the sample by the photo-
electric effect, gives insight in the elemental composition, chemical envi-
ronment, and electronic states of the elements within the sample. The
gjected electrons kinetic energy depends on the incident photon energy

Epy,. and the binding energy of the electron Eg.
Exin=En, — Eg (4.13)

The binding energy is characteristic for the element, chemical environ-
ment, and the orbital from which it is emitted. Detected electrons con-
sist of the primary electrons, which are not scattered and contain the

information on discrete core level binding energies, and the secondary
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Figure 4.3: Schematic illustration of the photoelectron emission process from
a solid surface and the resulting spectrum.

electrons, which are inelastically scattered and give rise to a continuous
background in the spectrum. The secondary electron cut-off can be used
to obtain a materials work function ®. The primary electron onset con-
tains additional information on the density of states near the Fermi level.
Quantitative information on the elements can be obtained from the core
level peaks, when fitted properly. For background subtraction standard
correction algorithms are available: Linear, Shirley, and Tougaard. A sim-
ple linear background is sufficient for highly ionic materials. The Shirley
method uses spectral information to model a background sensitive to al-
terations in the data, and the Tougaard algorithm tries to estimate the

probability of a scattering event based on the energy loss cross section
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4.6 X-ray photoelectron spectroscopy (XPS)

at a certain energy offset.[139, 140] Likewise there exist a number of
line shapes to model the core peaks in a spectrum. Symmetric peaks
can by default be fitted with Gaussian-Lorentzian line shapes, however,
the chemical environment of an atom, like vibrational anisotropy, can
make it necessary to use asymmetric Doniachi-Sunjic peak shapes for
the fit.[141] In this work XPS experiments were performed on a Ther-
moFisher Scientific Thetaprobe, with calibrated energy scale to the Ag-
3d% peak of 368.21 eV binding energy with the stage polarized to -16 V
during the experiments. As XPS is only surface sensitive, the experi-
ments were perfomred on freshly fractured surfaces of sintered pellets.
Quantitative results were obtained from Shirley background corrected
spectra, fitted with Voigt shapes (GL(50)) for symmetric peaks, and

asymmetric Lorenzian shapes (LA(a,B,w)).
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5 Publications

In this chapter the publications included in this thesis are presented and

a summarizing overview on the main findings is provided.

Included publications and manuscripts

e Paper I:
Defects and polaronic electron transport in Fe;WOg, Raphael Schuler,
Truls Norby, and Helmer Fjellvdg, Physical Chemistry Chemical
Physics, 2020, 22, 15541-15548

o Paper IlI:
Near-broken gap alignment between FeWQ4 and Fe,WOg for ohmic
p-n junction thermoelectrics, Raphael Schuler, Federico Bianchini,
Truls Norby, and Helmer Fjellvag (Submitted to ACS Applied Ma-

terials & Interfaces)

o Paper III:
Versatile 4-leg thermoelectric module test setup adapted to a com-
mercial sample holder system for high temperatures and controlled
atmospheres, Raphael Schuler, Reshma K. Madathil, and Truls

Norby (Submitted to Journal of Scientific Instruments)
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Co-authored publications and manuscripts, not included

e Time-enhanced performance of oxide thermoelectric generator based
on hybrid p-n junction, Nikola Kanas, Rasmus Bjgrk, Kristin Wells,
Raphael Schuler, Mari-Ann Einarsrud, Nini Pryds, Kjell Wiik, ACS
Omega, 2021, 6, 1, 197-205

e Fabrication of a silicide thermoelectric module employing fractional
factorial design principles, Joachim Seland Graff, Raphael Schuler,
Xin Song, Gustavo Castillo-Hernandez, Gunstein Skomedal, Erik
Enebakk, Daniel Nilsen Wright, Marit Stange, Johannes de Boor,
Ole Martin Lgvvik, Matthias Schrade (Submitted to Journal of

Electronic Materials)

Summarizing overview of publications I-11I

In Publication | we investigate the conduction mechanism and the ori-
gin of charge carriers in the n-type Feo,WOQg, with a combination of high
quality synchrotron x-ray diffraction, x-ray photoelectron spectroscopy,
po,-dependence, conductivity, thermogravimetry, and Seebeck coeffi-
cient measurements. Based on the results we establish a defect chemical
model, identifying oxygen vacancies on the O3 site as inherent donors
present in FeoWOg. The formation of oxygen vacancies and two elec-
trons has a standard formation enthalpy of 113(5) kJmol~! and a stan-
dard formation entropy of 41(5) Jmol~*K~1. We identify charge carriers
in FeoWQOg to be trapped electrons on Fe sites and conducting via an
adiabatic small polaron hopping mechanism along the zigzag chains of

FeOg octahedra. Below 650 °C we find a constant charge carrier concen-
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tration as a result of the freeze-in of oxygen vacancies as the exchange
reaction comes to a standstill. This allowed to decouple the carrier mo-
bility from the overall conductivity and parameterize the polaron mobility,
where we find an activation energy of 0.34(1) eV and a pre-exponential
up = 400(50) cm?KV~1s~1. Laser flash analysis determined a thermal
conductivity of 1.5-2.5 Wm~1K~1, which, to our knowledge, is reported
for the first time. From the measured electrical conductivity, Seebek co-
efficient, and thermal conductivity we calculate the thermoelectric figure
of merit zT = 0.027 at 900 °C.

The p-n junction between the p-type FeWQO4 and n-type FeoWOg as
candidates for the realization of a direct junction thermoelectric genera-
tor with omitted interconnect was investigated as part of Publication II.
The p-n junction exhibits non-rectifying behavior in a large temperature
and bias range. We determine electron affinities for both materials by
x-ray photoelectron spectroscopy, and combine the affinities with band
gap measurements from UV-VIS reflectance spectroscopy to construct
a band alignment diagram. The band alignment indicates a near-broken
gap junction, but with a small enough offset of 0.16 eV to be bridged by
tail states above the p-type valence band. Further we carried out density
functional theory calculations on the individual bulk materials to get a
better understanding of the crucial band edges involved. We find a highly
localized Fe-3d band at the valence band of the p-type FeWO, and a
Fe-3d dominated conduction band edge in Fe,WQOg, which are the two
aligning bands in the suggested broken gap junction. This suggests that
the similarity of the character of the involved bands plays an essential

role in their energy proximity and overlap.
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For the characterization and testing of pilot thermoelectric modules we
designed and constructed a test setup, which is reported in Publica-
tion Il The setup is adapted to the NORECS AS ProboStat™sample
holder cell and enables the characterization of thermoelectric modules
with up to four legs at high temperatures, under large temperature gra-
dients, and in various atmospheres. The setup utilizes a water cooled
stainless steel support tube, on which four 5x5 mm? TE-legs with no
height restriction can be mounted via springload, and inserted into a tube
furnace hot zone. Thermocouples, electrodes, gas supply, and outer
enclosing tube use standard ProboStat™ feedthroughs and dimensions.
The thermoelectric module is surrounded by a ceramic housing to prevent
losses and horizontal heat exchange. The setup tolerates temperatures
of 1000 °C and is able to build temperature gradients of up to 600 °C
accordingly.

We demonstrate the setup by characterizing a 4-leg module of oxide ther-
moelectrics p-type Li-NiO and n-type Al-ZnO with gold interconnects
between 100-900 °C. We find a large discrepancy between individual ma-
terials parameters and experimentally obtained module performance and
further decrease in module’s performance upon thermal cycling. This
underlines the necessity for long-term stability studies of thermoelectric
materials in combination with interconnects under realistic operational

conditions.
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Publication |

Defects and polaronic electron transport in Fe,WQOq

Raphael Schuler, Truls Norby, and Helmer Fjellvag,
Physical Chemistry Chemical Physics, 2020, 22, 15541-15548
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Defects and polaronic electron transport in
F62W06

Raphael Schuler, Truls Norby and Helmer Fjellvag*
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We report the synthesis of phase pure Fe,WOg and its structural characterization by high quality synchrotron
X-ray powder diffraction, followed by studies of electric and thermoelectric properties as a function of
temperature (200-950 °C) and pO, (1-10~° bar). The results are shown to be in accordance with a defect
chemical model comprising formation of oxygen vacancies and charge compensating electrons at high tem-
peratures. The standard enthalpy and entropy of formation of an oxygen vacancy and two electrons in Fe;WOg
are found to be 113(5) kJ mol™ and 41(5) J mol™ K™%, respectively. Electrons residing as Fe?* in the Fe*" host
structure act as charge carriers in a small polaron conducting manner. A freezing-in of oxygen vacancies below
approximately 650 °C results in a region of constant charge carrier concentration, corresponding to an iron site
fraction of Xpe2+ = 0.03. By decoupling of mobility from conductivity, we find a polaron hopping activation
energy of 0.34(1) eV and a charge mobility pre-exponential ug = 400(50) cm? kv s™%. We report thermal
conductivity for the first time for Fe,WOg. The relatively high conductivity, large negative Seebeck coefficient
and low thermal conductivity make Fe,WOg an interesting candidate as an n-type thermoelectric in air, for
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Introduction

Transition metal (TM) tungstates have received increasing
scientific interest over the last decade due to possible applications
in catalysis, supercapacitors and multiferroics." Whereas the
divalent TM tungstates (MWO,) have been investigated intensively,
the trivalent T™M variants (M,;WO,) remain largely unexplored.
Nevertheless, due to its semiconducting nature, Fe,WOq is of
special interest. Its small bandgap (1.8 eV), relatively high electrical
conductivity (o,; & 0.02 S cm™ "), and absorption in the visible light
spectrum, make Fe,WO, a candidate for photoanodes in photo-
electrochemical cells.* The relatively high electrical conductivity is
attributed to small polaron electrons that may be seen as Fe*" states
hopping along host Fe*" zigzag chains. The crystal structure can be
described as a superstructure variant of the o-PbO type (space
group Phcn) with unit cell parameters a = 4.578, b = 16.757, and
¢ =4.968 A. The structure consists of zigzag chains of edge sharing
WO and FeOg octahedra along [001]. Bharati et al. reported a large
positive Seebeck coefficient, indicating p-type conductivity.” How-
ever, several other publications have rather reported n-type con-
ductivity. In this work, we provide an experimental assessment of
defect chemical and electrical transport properties, providing a
model of the origin and transport of charge carriers. Specifically, we
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which we report a maximum zT of 0.027 at 900 °C.

address these question by first synthesizing phase pure samples of
Fe,WO4 for which detailed crystallographic information, including
possible vacancies at oxygen sites, is deduced from Rietveld refine-
ment of high quality synchrotron X-ray powder diffraction data. By
means of careful conductivity, and Seebeck coefficient measure-
ments over a wide range of temperature and oxygen partial
pressure, we clearly prove that Fe,WOs is an n-type material. In
order to support the findings from diffraction and electrical studies
concerning the likeliness of oxygen vacancies being a cause for the
interesting transport properties, XPS studies are undertaken for
clarifying the potential presence of reduced Fe>" species, that could
act as charge carriers in a polaron hopping manner. To our
knowledge, there exist no studies on thermal conductivity of
Fe,WOs in the literature so far, and we are the first ones to report
this property. Our findings indicate a potential relevance of Fe,WOs
for high temperature thermoelectric applications. The field of
thermoelectric oxides has yet to find a suitable n-type material,
able to compete with the unmatched performance of the layered
cobaltite p-type Ca3C0,0o. With just a few systems showing pro-
mising results, e.g. TiO,, CaMnO; and ZnO, the discovery of new
high temperature stable n-type thermoelectric oxides is a valuable
contribution in the search for better materials.

Experimental

Powder samples of Fe,WO, were synthesized using standard
solid-state reaction techniques. Stoichiometric amounts of the

Phys. Chem. Chem. Phys., 2020, 22,15541-15548 | 15541
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starting materials Fe,O3; (STREM chemicals 99.8%), and WO3
(Sigma Aldrich 99.9%) were mixed, thoroughly ground in an
agate mortar and pressed into 10 mm pellets with a cylindrical
die. The pellets were reacted at 950 °C for 16 hours in a covered
alumina crucible. The pellets were reground and the procedure
repeated until a single-phase product was confirmed by powder
X-ray diffraction (XRD). Disk shaped pellets were produced by
uniaxial pressing and sintering at 1100 °C for 6 hours in air.
In house XRD measurements were obtained on a Bruker D8
Discover with CuKol radiation, Ge(111) Johanssen mono-
chromator and a Lynxeye detector. High-resolution powder
XRD patterns were measured at BM31 (SNBL) at ESRF (France),
J = 0.4943 A using a Dexela 2923 CMOS two-dimensional
detector. Structure refinement was carried out according to the
Rietveld method using the TOPAS V5 software. Peak shapes were
fitted using a pseudo Voigt peak shape. Corrections applied to
the pattern included a second order Chebyshev polynomial, a
broad background peak at 20 = 7.5° and a cylindrical 20
correction term for the capillary geometry. A total of 39 inde-
pendent parameters were used in the refinement for a total of
427 Bragg reflections in the range 4 < 20 < 37°.

Electrical conductivity and Seebeck coefficients were measured
at high temperatures in a tube furnace with a custom-built
assembly mounted setup in a ProboStat™ cell (NORECS AS, Oslo,
Norway).® The disc shaped pellets were placed on an alumina
plate with an integrated S-type thermocouple. Four Pt-electrodes
were pressed on the top surface of the pellets in a van der Pauw
geometry by springload. Two additional thermocouples made of
0.2 mm Pt and Pt/10Rh wire were pressed to the top surface of the
pellet at a 6-8 mm distance. A resistive heater next to the sample
provided a temperature difference of 4-6 °C across the sample.
The setup allowed simultaneous measurement of in-plane See-
beck coefficient and in-plane conductivity under identical experi-
mental conditions. A custom gas mixer with several O, + Ar
dilution stages controlled the oxygen partial pressure. The sample
was equilibrated at each of the selected oxygen partial pressures
for 48 hours whereupon the Seebeck coefficient and conductivity
data were measured.

Thermal conductivity was measured by the laser flash analysis
method on a Netzsch LFA 457 MicroFLASH from 25 °C to 1000 °C

View Article Online

PCCP

in nitrogen flow. The graphite coated disk sample was irradiated
with laser pulse lengths of 0.5 ms and a Netzsch Pyroceram
standard sample was used to determine the specific heat. At
100 °C intervals, 3 measurements were taken at each temperature
point, of which the mean value was determined.

Thermogravimetric analysis was carried out on a Netzsch TA
449 F1 Jupiter with a sample powder weight of 0.861 mg in an
aliumina crucible. In order to reproduce the conditions of
the conductivity measurements as precisely as possible, the
chamber was flushed with 40 ml min~" of synthetic air during
the experiment and the same heating rate of 1 °C min " was set
between 50 °C and 950 °C.

X-ray photoelectron spectroscopy (XPS) data was collected on
a ThermoFisher Scientific Thetaprobe, with energy scale calibration
relative to the Ag 3ds, peak at 368.21 eV and with the stage
polarized to —16 V during experiments. XPS measurements were
performed on freshly fractured surfaces of densely sintered pellets
of Fe,WOg. Data analysis was carried out using CasaXPS software.”
The spectra were corrected for Shirley backgrounds. Symmetric
peaks were fitted using a Voigt peak shape (GL(50)). Asymmetric
peaks were fitted using an asymmetric Lorenzian.

Results

The obtained fit to the synchrotron powder XRD pattern of
Fe,WOg is shown in Fig. 1. The Rietveld refinement analysis
confirmed a single phase sample of Fe,WOs, crystallizing in
space group Pbcn. There is no indication for any presence of
secondary phases. In the refinement process, the occupancy of
the W-site was fixed to 1.00. The results show complete occupa-
tion of all other sites except for the O3 site. Unit cell dimen-
sions, atomic coordinates, occupancies and isotropic
temperature factors are displayed in Table 1. The refinement
converged to Ryp= 9.035, R, = 7.121 (Reyp-value and goodness-of-
fit are not relevant owing to the 2D detector statistics).® The
structure consists of WOq and FeOg octahedra which form edge
sharing chains in along [001] and corner sharing along [100]
and [010]. The Fe1 site belongs to the chains solely consisting
of FeO, octahedra, whereas the chains containing the Fe2 site
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Fig. 1 Synchrotron X-ray powder diffraction pattern of Fe,WOg with zoomed high angle region (inset). The intensity is displayed as square root to help

emphasize weak reflections. The broad fitted background peak is marked
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by the dotted line at 20 = 7.5°.
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Table 1 Crystallographic data for Fe,WOg derived by Rietveld refinement
of synchrotron powder X-ray diffraction data, space group Pbcn; a =
4.5607(1), b = 16.6938(4) and ¢ = 4.9493(1) A, (Z = 4). Calculated standard
deviations in parentheses

Atom Multipl. x ¥y z Occ. Beq.

o1 8 0.232(2) 0.2065(8)  0.069(2) 1.00(4)  0.60(18)
02 8 0.257(2) 0.0393(7)  0.108(3) 1.00(4)  0.60(18)
03 8 0.282(2) 0.3724(10)  0.074(2) 0.98(2)  0.60(18)
w 4 0 0.11211(8)  0.25 1 1.59(3)
Fel 4 0 0.44424(17) 025 1.000(9) 0.19(5)
Fe2 4 0 0.77651(19) 0.25 1.000(8) 0.19(5)

consist of alternating WO, and FeOg octahedra. The refine-
ments indicate a presence of vacancies at the O3 site. Both
the O1 and O2 anions are exclusively linking Fe2-W-Fe2 and
Fe1l-W-Fel octahedra, respectively. On the other hand, the O3
site connects the Fel and Fe2 sites, thereby providing linkage to
the pure FeO, and the alternating WO4-FeOs chains. The
occupation refinement points towards a stoichiometry of Fe,WOs o6,
but the quantification of the oxygen under-stoichiometry is accom-
panied by considerable uncertainty (as seen by the calculated
standard deviations), owing to the light oxygen atoms (Nb. 8)
compared to the electron rich tungsten (Nb. 74). High quality
neutron diffraction data appears required to provide more accurate
determination of the non-stoichiometry at the O-sites.

Fig. 2a shows the Seebeck coefficient as a function of inverse
temperature. It remains large and negative with two recognizable
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Fig. 2 Inverse temperature dependence of (a) Seebeck coefficient and (b)
conductivity of Fe,WQg in air.
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Fig. 3 Thermal conductivity determined by Laser Flash Analysis. The
dotted line is a guide to the eye indicating the decreasing trend.

1000

regions, delimited at about 650 °C. The decrease in magnitude of
the Seebeck coefficient at higher temperatures indicates an
increasing charge carrier concentration whereas the low tem-
perature range indicates a constant charge carrier concentration
as seen by an almost constant Seebeck coefficient. Noteworthy,
the Seebeck data reported by Bharati et al has similar absolute
values, but of positive sign. Hence, they discuss their findings under
the assumption that holes are the dominant charge carriers. Support
to the present findings is provided by various reports on n-type
conductivity from qualitative Seebeck measurements.”*® The
electrical conductivity as a function of inverse temperature is
shown in Fig. 2b. The conductivity increases with temperature
in a thermally activated manner, depicting two straight lines in
the logarithmic plot, with a change in slope around 650 °C,
coinciding with the transition in the Seebeck coefficient.

The thermal conductivity of Fe,WOg, depicted in Fig. 3 is no
strong function of temperature, despite some fluctuation, and
shows a declining trend with increasing temperature, reaching
a minimum of 1.25 W m™* K" at 600 °C. The low thermal
conductivity can be attributed to the low dimensionality of the
structure and large unit cell.

It has been suggested that oxygen non-stoichiometry may
play an important role in Fe,WOg, but to our knowledge there
are no detailed studies at hand."" Thermogravimetric analysis
in air, depicted in Fig. 4, shows a nearly constant sample weight
below 600 °C with minor fluctuations, attributed to buoyance of
the scale. Above 650 °C a close to linear weight loss can be
observed, followed by an equivalent weight gain during the
cooling process, flattening out below about 600 °C with a slight
hysteresis.

Fig. 5 shows the electrical conductivity and charge carrier
concentration from Seebeck coefficient measurements at various
oxygen partial pressures, and measured simultaneously at 750 °C.
For consistency, the charge carrier concentration is expressed as
Fe®" site fraction obtained from the Seebeck coefficient, which will
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Fig. 4 Thermogravimetric analysis of Fe,WQOg in air during heating and
cooling ramps of 1 °C min~! in accordance with the conductivity and

thermopower measurements. The weight loss from the baseline to 900 °C
is indicated.

T T T T E
35 O Site fraction 3 1o
30E O Conductivity 3
40.10
) 3008
£ E &
o ] £
& ] >
< Jo0.06
= ]
J0.04
sl il ra sl il ]
0.001 0.01 0.1 1
Poz [bar]

Fig. 5 Brouwer diagram showing logarithmic conductivity and charge
carrier concentration given as Fe?* site fraction, obtained from Seebeck
measurements, as function of oxygen partial pressure. The data were
collected isothermally at 750 °C. Both datasets show slopes of around
-1/6.

be discussed later. The dependency remains negative over the
investigated po, region, with a slope of the order of —1/6 for both
conductivity and charge carrier concentration, as expected for non-
stoichiometry dominated by oxygen vacancies.

Fig. 6a shows a narrow scan of the iron 2p region of the X-ray
photoelectron (XPS) spectrum of Fe,WO, at room temperature.
The two well separated spin-orbit features 2p;, and 2p,, at
710.8 eV and 724.4 eV are visible. The typical Fe*" satellite peak
at 719.39 eV is clearly distinguishable and shows the typical
shift of 8.6 eV towards higher binding energies. The intensity
ratio between the 2p;, and 2pz, peaks matches closely the
ratio of 1:2 (1:1.994), which is typical for Fe,Oj3. This indicates
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Fig. 6 Shirley background subtracted close up X-ray photoelectron spec-
tra of (a) Fe 2p and (b) W 4f signals in Fe,WOe.

that the Fe’* atoms in Fe,WOg have similar electronic proper-
ties as in Fe,03."> However, the Fe 2pg/, peak is fitted insuffi-
ciently when using only one component. Fig. 6a shows an
additional shoulder at low binding energy and a weak, broad
feature at higher binding energy. The latter feature is attributed
to a surface signal, similar to what has been reported for
Fe,03."> Surface peaks are considered to arise for a freshly
cleaved surface that leaves atoms at the surface with a reduced
coordination.">'* The shoulder at lower binding energy is
typical for FeO and Fe®" containing compounds and is taken
as an indication of the presence of Fe** species in the Fe** host
structure. The presence of Fe>* species in Fe,WO, has been
discussed in earlier literature.'” The area ratio between the
Fe 2p peaks of Fe’" and the Fe*' shoulder indicates a site
fraction of approximately 0.03 (see Table 2). It appears that
Fe,WO, in this way behaves quite similar to its Fe** sister
compound FeWO, which in turn has been found to host small
amounts of Fe** as (p-type, hole) conducting species."®

Fig. 6b shows an XPS narrow scan for the tungsten 4f region.
The 4f;/, and 4f;;, spin orbit peaks were fitted with symmetric
Voigt functions and are located at 35.3 eV and 37.4 eV, split by
2.14 eV. The intensity ratio of 1:1.308 closely matches the
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Table 2 Parameters derived from fitting of XPS data for the Fe 2p, W 4f
and reference Ag 3d peak regions

Signal Position (eV) FWHM (eV) Area

Fe 2ps, 710.80 2.63 4066
Fe 2py, 724.39 4.09 2839
Fe’* satellite 719.40 1.99 357
Fe** shoulder 709.87 0.68 256
Surface peak 713.33 2.44 1340
W 4f,, 35.32 0.86 4367
W 4fs), 37.46 0.87 3339
Ag 3ds), 368.21 0.55 29839

typical f subshell ratio of 3:4. These XPS data show close resem-
blance to those of WO; with W®" in fully oxidized state. No sign of
any shoulder at lower binding energies is visible, which would be
indicative of tungsten in a lower oxidation state. Peak positions,
FWHM, and integrated area are summarized in Table 2.

Discussion

The n-type conductivity in Fe,WO can be assigned to mixed iron
valence with Fe*' species being the active conducting species
hopping along the Fe** host sites. We make use of the modified
Heikes formula for transition metal oxides, containing the
degeneracy factors of the valence states, to estimate the charge
carrier concentration from the Seebeck coefficient.'”*®

kBl <gFe3+ (l

— Xpe2t)
e gra+ Xpe+

@
Here, o is the Seebeck coefficient, kg the Boltzmann con-

stant, e the elemental charge, and Xg,, + denotes the number of

[Fe*']

- [Fe3t] + [Fe2t]

and gg.s+ take into account the degeneracies for Fe”

states. In Fe,WOg, Fe’" exists in the non-degenerate d°p

configuration with spin 5/2, and thus the degeneracy factor is

* per iron site (X Fe2+ ) The factors gpez +

* and Fe*"

Zres+ = 6. Fe*" has been shown to exist in d,® state in both FeO
and FeWO, and is expected to keep the high spin configuration
of (t257%)(t2¢ | )(eg1?) in Fe;WO, as well. The large crystal field
splitting leaves the sixth d electron to enter the lower lying, triply
degenerate (t,,|) orbital, with a total spin of 2, the degeneracy
factor is thus given by gge = 15."%%° The site fraction calculated
accordingly from Seebeck data is shown in Fig. 7 and decreases
towards lower temperatures until it becomes almost constant below
650 °C with a value of Xg +=~ 0.031-0.034, corresponding to a
charge carrier concentration of approximately 6.9(5) x 10** cm >,
In the following, we will refer to these two regions as the equili-
brium and frozen-in regions.

The temperature dependent site fraction of Fe*" as deduced
from the Seebeck data and the oxygen non-stoichiometry data
derived from XRD and XPS data are in good overall agreement
taking the accuracies of the methods and analyses into account.
The room temperature XRD data suggest that the oxygen
vacancies occur only at one of the three oxygen sites (O3). We
assume that this situation is maintained also at high temperatures.
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Fig. 7 Site fraction (Xpe2+) of Fe?* in Fe,WOs obtained from Heikes
formula and charge carrier mobility (u) obtained from combination with
conductivity data. The dotted line indicates transition from the equilibrium
region to the frozen-in region around 650 °C.

Since there are two O3 atoms and two Fe atoms per Fe,WO, formula
unit, the electroneutrality condition for electrons (i.e. Fe*") that are
charge compensating the oxygen vacancies at the O3-site can be
expressed as site fractions according to Kroger-Vink notation as

Xpe2r = 2/\/,,2)-3 (2)

The formation of O3 oxygen vacancies and Fe®" species reads

2Feg, + Of; = vgs + 2Fe et 202 (3)

The equilibrium coefficient, including the electron degen-
eracy is given by
[z/z)'ﬂ (gFe:+ {FeFe” D
2

- [063] (grer [Fer])

)

In the approximation of small defect concentrations we can
express the oxygen vacancy and Fe®" concentrations as site
fractions and the equilibrium coefficient simplifies to

2
8Fe2+ 2 4
Ky/:)'j = Xy‘0'3 <g1::3+> (XFez‘ ) 0,2 (5)

By assuming the electroneutrality condition (2)
be rearranged to

2
1 2
Koo 3(8rex+) L
Xpar = (2 Vo ) <ch?«+ > Po,® (6)

The charge carrier site fraction can be obtained indirectly
from its proportionality to conductivity via the charge mobility

eqn (5) can
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or directly from the Seebeck coefficient as depicted in Fig. 5. The two
methods are independent and both datasets exhibit the character-
istic slope of —1/6 in the double logarithmic Brouwer plot.

The transition temperature of 650 °C from equilibrium to
frozen-in region coincides with the onset of weight loss in the
thermogravimetric measurement. Between 500 °C to 900 °C a
fully reversible weight loss of 0.16 wt% is observable. Assuming
this weight loss is solely due to the proposed formation of
oxygen vacancies, 0.16 wt% correspond to an oxygen site
fraction of AX,s = 0.039. Following the electroneutrality con-
dition (2) this corresponds to a AXges- = 0.078, which is in close
agreement with the charge carrier increase of AXg.2+ = 0.068 in
the equilibrium region, visible in Fig. 7.

This typical behavior confirms our model on the formation
of doubly charged oxygen vacancies as the source of the n-type
charge carriers in form of reduced Fe** species in Fe,WOg
under equilibrium conditions. We can accordingly formulate
the chemical sum formula as Fe,_x*'Fex” " WOq_x/».

We can now parameterize the defect chemical reaction (3) by
expressing the temperature dependent equilibrium coefficient
Ky by means of the van’t Hoff equation, allowing us to extract
the standard enthalpy of formation and the associated stan-
dard entropy change.

Kyp = exp e e )

From the van ‘t Hoff plot in Fig. 8, we obtain a standard
formation enthalpy of 113(5) kJ mol ' [1.18(5) eV] from the slope
and a standard entropy change of 41(5) J] mol 'K " from the
intersect. The model established for the charge carrier concen-
tration in equilibrium with oxygen, allows us to decouple the
mobility from the conductivity and to describe it in a frame of
thermally activated polaron hopping (« < 0.1 ecm®> V™' s™1).2" We
use quantitative charge carrier concentrations for this via n =
8Xpey +/V (V is the unit cell volume of 376.83 x 10 >* em™3).

o =enu= enuol exp <7 £ ) ®)
T kgT
Here, e is the elemental charge, n the charger carrier
concentration, and kg Boltzmann’s constant. E, is the activa-
tion energy for hopping, u, is the mobility pre-factor. The
mobility prefactor is dependent on whether the polaron hop-
ping is adiabatic or non-adiabatic.

zed?
up = 22 b Adiabatic
kg
1 ©)
zed? J? T 2 . .
U = w2 <m> Non-adiabatic

here v, denotes the maximum longitudinal phonon frequency,
J the overlap integral, and z is the number of neighboring sites
in jump distance d. We consider the Fe1-Fe1 distance of 3.097 A
to be the most relevant jump distance as it corresponds to the
edge sharing octahedra along the crystallographic c-axis. The
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Fig. 8 van't Hoff plot of equilibrium coefficient versus inverse tempera-
ture. The equilibrium coefficient is obtained from egn (5) taking into
account the electroneutrality as stated in eqn (2).

structure of hexagonal close packed oxygen with half of the
octahedral voids filled, results in two nearest Fe neighbors
(z = 2). By comparing the two mechanisms on the basis of the
adiabatic parameter 1,, one can deduce the actual transport
mechanism (i, > 1 for adiabatic, 1, « for non-adiabatic).>**

1
J? 1 2

=—|—— 10

2 hvph<EukBT> (10)

The polaron hopping activation energy of E, = 0.34(1) eV was
obtained from the slope in the Arrhenius plot and is invariant
in both the equilibrium- and frozen-in regions. In the frozen-in
region E, corresponds to the conductivity activation energy
[Ef = 0.35(1) eV from In(¢T) vs. 1/T] and is in good agreement
with previously reported values of 0.33 eV.? From the adiabatic
mobility pre-exponential we estimate a maximum optical pho-
non frequency of v, = 3.3(2) x 10'* Hz. No comparable phonon
frequencies are available experimentally for Fe,WO,. However,
the frequency lies rather close to typical maximum optical
frequencies of Fe,0; (1.9 x 10" Hz) and WO; (3.23 x 10"
Hz).”**® We obtain an overlap integral of J = 0.28(1) eV from a
In(uT*?) vs. 1/T plot and conclude on an adiabatic polaron
hopping, as the adiabatic parameter exceeds unity 1, > 1.

The mobility obtained from combination of charge carrier
concentration with conductivity data is depicted as a function
of inverse temperature in Fig. 7, and a complete description of
the mobility reads

1 [034(1) eV
_ 2 11
u=400(50) cm”~ KV~ s Texp( T ) (11)

Furthermore, we may derive an expression for the conduc-
tivity in the equilibrium region that includes variable charge
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carrier concentration by combining eqn (6)-(8) (Absolute
charge carrier concentrations in cm ™ are used). As only the
mobility activation term and the enthalpy of formation term are
temperature dependent, the conductivity activation energy in
the equilibrium region in Fig. 2b is the sum of the activation
energy for polaron hopping and the standard enthalpy of
formation of oxygen vacancies

1 2 C)
e T O e T A PN
9TV \gpes : 3k kT )’

2]
e

AH,
=— %4 E,

(12)

From the conductivity activation energy Egd = 0.79(4) eV in the
equilibrium region and with the polaron hopping activation energy
E, = 0.34(1) eV we estimate a standard enthalpy of formation of
130(15) kJ mol " [1.35(15) eV]. The intersect allows for an estimate of
the standard entropy change of 56(20) ] mol ' K, which is close to
the empirically expected 60 ] mol ' K" upon the release of half a
mole of gaseous oxygen. The thermodynamic parameters from the
conductivity analysis largely agree with those obtained from the
charge carrier site fraction, albeit with higher standard deviations,
since more terms are involved.

The relatively high conductivity, large Seebeck coefficient,
and low thermal conductivity in addition to its remarkable
stability towards temperature and oxidizing conditions, make
Fe,WOg an interesting n-type material for thermoelectric appli-
cations. The power factor (¢’¢) increases exponentially with
temperature, governed by the activated conductivity and reaches
the highest observable value of 42 yWK > m™ at 950 °C. As the
thermal conductivity stays low over the entire temperature range,

the dimensionless figure of merit <ZT =W—GT> follows the
K

course of the power factor closely, as evident in Fig. 9, reaching
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Fig. 9 Dimensionless figure of merit zT:%T and power factor

(PF = 64?) in air as function of temperature for Fe,WOsg.

This journal is © the Owner Societies 2020

View Article Online

Paper

ZT = 0.027 at 900 °C. It should be noted that the samples in this
study are undoped and that further improvements in the ther-
moelectric performance should be pursued by exploring doping
of the system.

Conclusions

In this work, we have established a defect chemical model to
describe the electrical transport and the oxygen non-stoichiometry
in Fe,WO,. Conductivity and Seebeck coefficient measurements
concluded Fe,WOg is an n-type conductor over the entire tempera-
ture and oxygen partial pressure ranges investigated. From detailed
refinements of high quality synchrotron X-ray powder diffraction
data, we could show that one of the oxygen sites (O3) is a preferred
oxygen deficient site. Oxygen vacancies are compensated by
reduced Fe>" species, acting as charge carriers in an adiabatic
polaron hopping manner. At high temperatures the material is in
chemical equilibrium with atmospheric oxygen and forms oxygen
vacancies and charge carriers with a standard formation enthalpy
of 130(15) k] mol " and a corresponding standard change in
entropy of 41(5) J mol 'K~ '. A freezing-in of oxygen vacancies
below 650 °C results in a region of constant charge carriers, with a
Fe®" site fraction of Xpe+ = 0.03. We show that the polaron
hopping activation energy of 0.34(1) eV is constant across both
regions, which reconciles the conductivity and chemical equili-
brium model. We measure a low thermal conductivity for Fe,WOs,
which was reported for the first time. The stability at high
temperatures and oxidizing conditions makes Fe,WOg a promising
n-type thermoelectric oxide with a 27T of 0.027 at 900 °C.
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Abstract

We report a near-broken gap alignment between p-type FeWO, and n-type
Fe,WOg, a model pair for the realization of ohmic direct junction thermoelectrics.
Both undoped materials have a large Seebeck coefficient and high electrical conduc-
tivity at elevated temperatures, due to inherent electronic defects. A band alignment
diagram is proposed based on x-ray photoelectron and ultraviolet-visible light re-
flectance spectroscopy. Experimentally acquired non-rectifying I-V characteristics
and the constructed band alignment diagram support the proposed formation of
a near-broken gap junction. We have additionally performed computational mod-
elling based on density functional theory (DFT) on bulk models of the individual
compounds to rationalize the experimental band alignment diagram, and to provide
deeper insight into the relevant band characteristics. The DFT calculations confirm
an Fe-3d character of the involved band edges, which we suggest is a decisive feature

for the unusual band overlap.



Introduction

A known problem of state-of-the-art thermoelectric generators (TEGs) is their low thermal
stability and poor environmental friendliness, as they are built up from low melting point
inter-metallic alloys, containing toxic and scarce elements like Pb, Te, and Bi. The use
of oxide thermoelectrics promises increased temperature stability, better environmental
compatibility and lower costs through the use of more abundant elements, and is hence
likely to expand the field of application of thermoelectrics.!> TEGs however, are not
only limited by the thermoelectric (TE) materials properties, but also by the electric and
thermal contacts between the materials and the metal interconnects, which pose additional
challenges.®* Tt is essential to establish good non-rectifying ("ohmic”) contacts between
the TE material and the metal interconnect, while avoiding interdiffusion, melting, and
oxidation of the contact materials. This often makes it unavoidable to use expensive noble
metal interconnects. At the same time, it must be ensured that the thermal expansion
coefficients of the individual components such as TE materials, interconnect, solder, and
diffusion barrier do not differ too much from one another in order to avoid failure of the
module during thermal cycling.®

Many of these issues could be tackled by the approach of Shin et al. through the use of
oxide thermoelectrics with a direct p-n junction hereby omitting the metal interconnects
at the hot side.®® However, p-n junctions are usually not ohmic, but exhibit rectifying
behavior, which represent large parasitic resistances in the device. A solution to the recti-
fying behavior is a broken gap junction couple, well known in the field of photovoltaics.? !
A broken gap junction forms a charge accumulation region instead of a charge depletion
zone, which leads to fully ohmic characteristics.

In this work, we study the p-n junction of the thermoelectric couple p-type FeWO, and
n-type Fe,WOq4. The two phases show no reactivity towards each other and can be re-
garded as coexistent. We combine experimental studies with ab initio calculations on the

individual materials to establish a model for the band alignment between the two mate-



rials. Our findings support a near-broken gap junction alignment, with a non-rectifying
junction behavior. The implementation of broken-gap junctions in direct junction TEGs,
could give them a significant advantage over their diode-like alternatives without the need

of high temperature thermionic emission.

Experimental

Fe,WOq4 was synthesized by standard solid state reaction route. The starting materials
Fe,0; (STREM chemicals 99.8%), and WO, (sigma Aldrich 99.9%) were mixed stoichio-
metrically, thoroughly ground in an agate mortar, and pressed into 10 mm pellets with
a cylindrical die. The pellets were reacted at 950 °C for 16 h in a covered alumina cru-
cible. The pellets were reground and the procedure repeated three times until a single
phase product was confirmed by powder XRD. A dense pellet of 87% relative density
was fabricated by sintering at 1050 °C for 4 h in air. FeWO, was synthesized by mixing
Fe,O; (STREM chemicals 99.8%), Fe (sigma Aldrich <99.9%) and WO, stoichiomet-
rically, thorough grinding in an agate mortar, sealing in an evacuated quarz tube and
reacting at 950 °C for 48 h. The powder was reground and the procedure repeated for a
total of 200 h reaction time until a single phase product was confirmed by powder XRD.
A cylindrical pellet with a relative density of 85% was obtained by sintering a pressed
powder pellet at 1150 °C for 4 h in argon atmosphere. In-house x-ray diffraction measure-
ments were performed on a Bruker D8 Discover with Cu K-alpha-1 radiation, Ge (111)
Johanssen monochromator and Lynxeye detector. Structural refinement was carried out
in a Rietveld refinement using the software TOPAS V5. Optical reflectance spectroscopy
was measured on each material separately with a OceanOptics USB2000+ spectrometer
and a halogen lamp light source at room temperature. The background was calibrated to
the reflectance spectrum of a BaSO, reference sample.

X-ray photoelectron spectroscopy (XPS) was performed on a ThermoFisher Scientific

Thetaprobe, with carefully calibrated energy scale to the Ag 3d 5 peak of 368.21 eV bind-



ing energy with the stage polarized to -16 V during the experiments. XPS experiments
were carried out on freshly broken surfaces of the respective sintered pellets of FeWO, and
Fe,WOyq. Electrical conductivity and Seebeck coefficient at high temperatures were mea-
sured in a custom built assembly mounted ProboStat (NORECS, Oslo, Norway) mea-
surement cell, described in detail elsewhere.'> The disc shaped pellets were placed on
an alumina plate with an integrated S-type thermocouple. Two thermocouples and four
platinum electrodes for the van der Pauw measurements were pressed on top of the surface
of the pellet by springload. A resistive heater on one side of the sample allowed to apply
a temperature difference in-plane of the sample. The setup allows to measure in-plane
Seebeck and conductivity under identical experimental conditions. FeWO, was measured
under protective Ar atmosphere to avoid decomposition of the compound above 540 °C.
To establish the direct p-n junction individual pellet surfaces were thoroughly ground
to 1.5 mm height, polished, and one side of each pellet was painted with platinum-ink.
The n-type and p-type pellets were sandwiched between platinum net and flat platinum
electrodes and pressed together by springload to ensure good electrical contact. After an
initial ”as-prepared” characterization, the stack was annealed at 900 °C for 24 h in pro-
tective atmosphere to ensure good surface contact. I-V characteristics of the p-n junction
were measured using a Gamry Reference 3000 potentiostat in three-wire mode.

Density functional theory (DFT) calculations are performed with the Vienna ab initio
simulation package (VASP)!315 using the projector augmented wave (PAW) method for
computational efficiency 6. An initial optimisation of the structural models is performed,
starting from experimental outputs, within the general gradient approximation (GGA)
for the exchange and correlation functionals, following the implementation proposed by
Perdew, Burke and Ernzerhof (PBE)!'7. The Hubbard parameter U is introduced to ac-
count for the strong on-site Coulomb interaction of localized d electrons, not correctly
described within the GGA approach, using the rotational invariant method, introduced
by Dudarev and coworkers'®, with an effective U value of 4 eV for both Fe and W. The

energy cut-off for the expansion in plane waves is set to a 500 eV, while reciprocal space
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is sampled using a Monkhorst-Pack (MP) grid® with a 0.1 A~1 spacing between adjacent
points. Integrals over the Brillouin zone are computed using the tetrahedron method

with Bléchl corrections?

. These parameters ensure a convergence of the total energies
within 5 meV. The non-local part of the pseudopotential is evaluated using the real space
projection scheme to improve the computational efficiency?!. The energy convergence
thresholds of the self-consistent field and of the structural optimisation calculations are
set to 1075 eV and 1072 eV respectively. Each calculation is repeated for distinct magnetic
orderings of the Fe sub-lattice, considering ferromagnetic and anti-ferromagnetic configu-
rations. The properties of the energetically most favourable systems are then recalculated
using the screened hybrid functional originally developed by Heyd, Scuseria and Ernzerhof
(HSE)?223. We follow both the well-established recipes known in literature, HSE03 and
HSEQ6, for the ratio between the screened Hartree-Fock and the standard PBE exchange.
We find better agreement with experimental data for the HSE03 approach. Due to the
large computational cost of these calculations, we have reduced the density of the sam-
pled points in reciprocal space to 0.5 A1, while the other parameters are unmodified with
respect to the GGA calculations. A test calculation with a 0.3 A~! density, performed
only for the FeWO, system because of its smaller unit cell, revealed a convergence within
5 meV and 30 meV for the total and the band gap energy respectively, indicating a good

accuracy level.

Results and discussion

FeWO,

The electric conductivity of FeWO, follows a thermally activated trend, with a smooth
transition at about 500 °C as seen in Figure la. The p-type conductivity is maintained over
the entire temperature range, which is evident from the positive Seebeck coefficient plotted

in Figure 1b. The p-type charge carriers have been described as small polaron holes,



localized on Fe sites, representing oxidized Fe*' species.?* 26 Bharati et al.?” proposed
the change at 500 °C to stem from a transition from small to large polarons, however we
find this as untypical and suggest a relation to defect chemistry.2®

The Seebeck coefficient below 500 °C is nearly constant (see Figure 1b). In the Hubbard
model for correlated systems?® this indicates a region of constant charge carrier concen-
tration, which can be attributed either to a specific doping level or to a frozen-in defect
concentration. Activation energies are obtained from a In(cT) vs. 1/T plot, as these
materials conduct in a polaron hopping manner with a diffusion-like mechanism. The
conductivity activation energy of 0.18(2) eV in the constant charge carrier region is thus
equal to the polaron mobility migration barrier. The experimental value of 0.18(2) eV
is close to the theoretically predicted minimum migration barrier of 0.14 eV.?? Above
500 °C, a decrease in the Seebeck coefficient can be identified, which indicates an increase
in the charge carrier concentration. The conductivity activation energy now reflects both
concentration (formation) and mobility (migration) of the charge carriers. Assuming the
mobility migration barrier of 0.18(2) eV remains unchanged, the total conductivity acti-
vation energy of 0.52(3) eV results in a charge carrier formation energy of 0.34 eV, which
is again close to the theoretically predicted formation energy of 0.48 eV.3® As this energy
is too small to be half the band gap and to reflect intrinsic ionization, it may rather be at-
tributed to a charge carrier formation reaction in the form of oxygen interstitials or cation
vacancies. This would result in a standard enthalpy of formation of the point defect and
two hole charge carriers of 0.34 eV x 3 =~ 1 eV, which is a typical value for formation
of oxygen excess or cation deficiency defects from Oy(g). According to DFT calculations
Fe vacancies are the most stable intrinsic defects,® and if formed alone (without simul-
taneous formation of W vacancies) must be accompanied by exsolution of an iron rich
phase, such as a binary iron oxide. The leveling out below 500 °C in both conductivity
and Seebeck coefficient - as indicated above - is accordingly interpreted as a region of
the frozen-in defect formation reaction, or an overtaking of a slight non-stoichiometry in

the cation ratio inherent to the synthesis. Band gap measurements for FeWO, are quite
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Figure 1: a) Conductivity and b) Seebeck coefficient of Fe, WO, (O) and FeWO, (0) as
a function of inverse temperature.

consistently around 2 eV in literature,6-:3%:31

and supported by our DFT calculations,
which will be discussed in a later section. Optical reflectance measurements, analyzed
in a Kubelka-Munk plot, revealed a major indirect absorption edge at 1.48(2) eV, which
is too low to be in the region of the band gap (shown in the supplementary information
Figure A.5). DFT calculations suggest major parallels in the density of states near the
band gap between FeWO, and FeO,? we thus compare the two briefly in the following.
Balberg et al. report an absorption feature at ~1.3 eV,® assigned to the Ty, —° E, tran-
sition,?! which effectively ”blackens-out” higher absorption edges. Although they could
observe the hint of an absorption edge at 2 eV, representing the band gap, this was not

possible for FeWO,. For the construction of the band alignment diagram (see below), we

assume a band gap of 2.00 eV for FeWO,.

Fe,WO,

Likewise, thermally activated conductivity is observable in an Arrhenius plot for Fe, WOy,
with two straight lines and a transition at 650 °C. The negative Seebeck coefficient in-

dicates n-type conductivity over the accessible temperature range. A decrease in the
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absolute Seebeck coefficient coincides with the transition in the Arrhenius plot at 650 °C.
The conductivity is of small polaron hopping nature with electrons localized on Fe sites,
representing reduced Fe?" states.®® In an earlier publication, we have investigated the
electrical transport and oxygen non-stoichiometry of Fe, WOy in detail, based on a de-
fect chemical description.® Band gap estimates for Fe, WO, are not straightforward and
several energies have been reported in literature. Optically measured band gaps are of-
ten reported to be of 1.5-1.7 eV,37 which is close to, but smaller than the absorption
edge visible for our sample in the Kubelka-Munk-plot occurring at 1.84(2) eV (see sup-
plementary Figure A.5). A band gap smaller than 1.66 eV would indicate a degenerate
semiconductor with the Fermi level in the valence band (as this corresponds to the va-
lence band off-set determined for our sample by XPS), contradicting the non-degenerate
semiconductor properties from conductivity measurements. Our DFT calculations (see
Figure 6) predict a band gap of 2.3 eV, which is much larger than the experimentally
obtained values. However it should be noted that the calculations do not include any
defects or mixed valence states in the structure, and it is possible that the presence of
oxygen vacancies and reduced iron species lower the band gap significantly. We take the
band gap estimate of 1.84 eV as a realistic assumption for the construction of the band di-
agram. As indicated above, the two tungstates show related, yet opposite characteristics.
The charge carrying species of one of the tungstates, represents the matrix component of
second tungstates, and vice versa - specifically: In the divalent iron matrix of FeWO,,
Fe®* represents an electron hole, whereas in Fe,WOq the opposite situation is given, with
Fe?* representing an extra electron in the trivalent iron the host structure. FeWO, and
Fe,WOyq are the only ternary compounds in the phase diagram of the Fe-W-O system,
and have been shown to coexist as separate phases.® 40 The lattice constants of FeWO,
and Fe,WOyq prior and after being in contact with each other at high temperatures for
an extended period of time did not change significantly and there is no indication for the
formation of other phases. For comparison, in the solid solutions of Fe; Mn WO, the

a-axis lattice parameter shows a high sensitivity on the Mn content, varying by more than
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0.1 A.*" We therefore expect FeWO, and Fe,WO, to be separated by a large miscibility

gap in a quasi-binary phase diagram.

The electronic junction between FeWO, and Fe, WO,

The I-V characteristics of the p-n junction is shown in Figure 2a. Already the as-
assembled junction of polished separate pellets showed fully ohmic behavior at room
temperature in a bias window from -5 to +5 V, with no sign of rectification. Annealing
of the junction at 900 °C for 24 h decreased the absolute resistance as the two pellets
grew together, increasing the effective contact area. Ohmic behavior did, however not

change, and was observable at temperatures from -196 °C to 1000 °C. The course of the
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Figure 2: a) Logarithmic /-V characteristics of the p-n junction of Fe,WO4 and FeWO,
from room temperature to 900 °C b) Junction area specific resistance (ASR) as function
of temperature.

area specific resistance (ASR) as a function of temperature is depicted in Figure 2b (low
temperature I-V characteristics are available in the supplementary information). Above
500 °C the ASR levels out, becoming seemingly temperature independent at approximately
1.2 Qcm?. We attribute this to the collective resistances of setup wiring and current col-
lectors, which can not be fully eliminated in the 2-electrode 3-wire measurements. The

individual materials resistances are by one order of magnitude lower compared to the
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measured total junction resistance, indicating that the majority of voltage drops across
the junction and not in the individual materials.

The ohmic behavior of the p-n junction points towards the band alignment of a broken
gap junction. A broken gap junction forms between materials with a large difference in
electron affinities, where the respective band gaps do not overlap. Bringing such two
materials into contact results in a flow of electrons from the p-type to the n-type, as the
Fermi level of the p-type lies above the Fermi level of the n-type. This leads to a charge
accumulation region at the junction in contrast to a charge depletion zone in classic stag-
gered junctions. With the Fermi level aligned in equilibrium, charge transfer takes place
directly between the p-type valence band and the n-type conduction band. A schematic
illustration of the broken band junction is shown in Figure 3. Non-rectifying, low con-
tact resistance is also typical for tunnel junctions at low biases.!® These tunnel junctions
however usually depend highly on the applied bias, and show a characteristic breakdown
region of negative differential resistance in forward bias, due to a bias driven misalignment
between the n-type conduction band and p-type valence band, when crossing a critical
transition point. At further increased forward bias, beyond the negative resistance region
the tunnel junctions behave like typical rectifying p-n junctions with exponential current
increase. For the iron tungstates junction the tunneling junction explanation can be ruled

out, due to the absence of a breakdown region and of an exponential growth region. Be-

CB
CB
Er
VB
VB

Figure 3: Schematic illustration of a broken gap junction in a) reverse bias, b) equilibrium,
and c) forward bias.

low temperatures of 500 °C the junction shows an activation energy of 0.42(2) eV in an

Arrhenius plot. The activation energy has to be attributed to the potential barrier arising
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from the charge accumulation layer forming at the junction.

X-ray photoelectron spectroscopy

To confirm the validity of this type of band alignment, x-ray photo electron spectroscopy
(XPS) measurements were carried out. XPS provides insight on the Fermi level position
via the work function (®) in respect to the vacuum level, and valence band offset (VBO)
with respect to the Fermi level, and allows calculation of the electron affinity (x). From
the primary electron onset, the valence band offset (VBO) in respect to the Fermi level
can be obtained, whereas the secondary electron cut-off gives the work function (®), which
is the position of the Fermi energy in respect to the vacuum level. Intensity onsets can
in most cases be extracted from linear fit intersects, between baseline and leading edge of
the onset slope. Following this practice, valence band offsets with respect to the Fermi
energy were determined to be 1.66 eV and 0.17 eV for Fe,WO4 and FeWO,, respectively
(see Figure 4b,d). The primary electron onset for FeWO, shows a peculiar double onset,
shifted by 1.2 eV to which we will return in a later section. Secondary electron cut-off
for Fe,WOq4 produced a work-function of 4.51 eV. The cut-off for FeWO,, however, is
not accessible by this method as the onset is smeared out, which is likely to stem from
tail states, surface space charge or surface roughness. An exclusion principle based on
the confidence interval of the baseline was used to determine the real onset in FeWO,
(described in the supplementary information). Applying this method resulted in a work
function of 4.32 eV for FeWO,. For comparison, applying this method to the cut-off in

Fe,WOq4 produces the same work function as the linear extrapolation method.
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Figure 4: X-ray photo emission spectra narrow scans of selected regions. The narrow
scans a) and ¢) depict the secondary electron cut-off, representing the work function of
Fe,WO, and FeWO,. Narrow scans b) and d) show primary electron onset narrow scans,
representing valence band offsets (VBO) with respect to the Fermi energy of Fe, WO, and
FeWO,.

The junction band alignment

From work-function (®), valence band offset (VBO) and band gap (E,), a simple band-
alignment diagram can be constructed and the electron affinity (x) calculated. Electron
affinities x, = 2.49 eV and x, = 4.33 eV were calculated for FeWO, and Fe,WOs,
respectively from the relation

X:(I)+EVB07Eg (1)

The schematic energy band diagram is shown in Figure 5. The vacuum level is taken
as reference point. The Fermi level of the p-type FeWO, lies 0.19 eV higher in energy

than E; for the n-type Fe,WOQg, fulfilling the condition ®, < ®, for non-rectifying p-n
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Figure 5: Schematic illustration of the band alignment between FeWO, and Fe,WOg
before equilibrium. The alignment resembles a near-broken gap junction, with the Fermi
level of FeWO, lying higher than that of Fe, WOy, thus resulting in a charge accumulation
region at equilibrium in contrast to a charge depletion zone in staggered junctions.

junctions.?? It becomes clear that the alignment is not a fully broken one, but rather a
near-broken gap junction, as the CBM of Fe,WOQy still lies 0.16 eV above the VBM of
FeWO,. Near-broken gap junctions, however can still exhibit the ohmic behavior of full-
broken gap junctions, assuming band tails to enable the crossing between the conduction
and valence band.!! We thus suggest a band bending as described in Figure 3b, where the

n-type conduction band bends downwards and the p-type valence band bends upwards,

forming an s-shape like alignment.

DFT calculations

The density of states (DOS) obtained from ab initio density-functional calculations are
shown in Figure 6 and provide additional insight into the dominant character of the crucial
bands involved. Hybrid functional HSE potentials are capable of providing an accurate
description of complex structures.**4* We present results from HSEO03 calculations, which

shows better correspondence to experiments than HSE06. The DOS is spin averaged for
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clarity and limited to the section that is relevant for the band gaps. A more detailed spin-
resolved DOS plot in an extended range is available in the supplementary information in
Figure A.7. The calculations assume perfect crystallinity at 0K without the presence of
defects, mixed valencies or surface effects. Thus no inter-band gap states occur and the
Fermi level is put to the valence band edge at zero energy. In Figure A.7, the DOS plot
of Fe,WOy is shifted downwards to represent the band alignment and the dashed line

indicates the common Fermi level as proposed by our XPS results.

FeWo, Fe,WO,
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Figure 6: DFT (HSEO03) calculated projected densities of states for a) FeWO, and b)
Fe,WOgq. The energy scales are shifted by the difference in their work functions to indicate
the junctions alignment as proposed above. The contributions are averaged over spin for
clarity. The common Fermi level is indicated by a dotted line and the grey overlays display
band gaps.

Our DFT calculations predict a band gap of 2.00 eV for FeWO, in good accordance with
previously reported DOS of FeWO, using a hybrid functional.%% The main band gap is
followed by a second band gap of 1.1 eV, between the localized Fe-3d state and lower lying
filled O-2p bands. This second band gap is indeed observable in Figure 4d, as a second
onset shifted by 1.2 eV in the XPS primary electron onset. GGA+U calculations are not

able to reproduce the isolated Fe-3d band above the O-2p valence bands. It should be
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emphasized that the VBM of FeWO, is a cationic state, in contrast to an anionic state
that is usually the case for binary/ternary semiconductors (e.g. from the common anion
rule).

The calculations predict a band gap of 2.3 eV for Fe, WOy, which is experimentally esti-
mated at 1.84 eV. Intra-band gap states from oxygen vacancies and reduced Fe species
are not considered in the calculations, and would expectedly reduce the calculated band
gap.*8 The VBM of Fe,WOj is mainly composed of O-2p and the CBM is dominated
by Fe-3d bands. Since the VBM of FeWO, and the CBM of Fe,WO, are both of Fe-3d
character, the band alignment as proposed above, conclusively takes place between bands
of the same character. To date the band alignment between semiconducting transition
metal oxides in heterojunctions is not well investigated. We would like to emphasize,
that several other transition metal oxides, containing e.g. Co or Mn, show cationic states
at the VBM. It remains open whether the presence of a low lying cation band is bene-
ficial for the formation of ohmic p-n junctions, and can be exploited. Mentionable here
is the p-n junction between Ca;Co, 04 and CaMnOs, reported by Kanas et al., showing
non-rectifying behavior.*” The p-type Ca;Co,O4 does indeed show a cationic Co-3d band
at the valence edge.*® We can compare this to the well investigated heterojunction of
n-ZnO and p-NiO, where both VBMs are dominated by O-2p bands. Sultan et al. un-
dertook a study on band alignment and /-V characteristics of ZnO/NiO heterojunctions,
showing a staggered band alignment and rectifying behavior with a "turn-on” voltage
of 0.9 V. Based on band gap values for ZnO (3.28 eV) and NiO (3.45 eV), they show
a staggered band alignment with Agp = 2.82 eV and Ayg = 2.65 eV offsets for con-
duction and valence bands, respectively. This leaves a band discontinuity CBz,0—VBnio
of merely 0.63 eV between ZnO conduction and NiO valence band edge.?® Despite the
small band discontinuity that junction exhibits rectifying behavior. For comparison, the
FeWO, /Fe,WOy heterojunction in thermal equilibrium results in a band discontinuity of

CBre,wo, —VBrewo, = 0.35 eV.
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Conclusion

We have investigated FeWO, and Fe,WO, as a model p-n couple for high temperature
direct junction thermoelectrics. In contact, these materials stay p-type/ n-type, show no
reactivity towards each other, and remain coexistent phases. Assembled p-n junctions
show non-rectification over a large temperature range from -196 °C to 1000 °C. This is
consistent with the model of a near-broken gap junction, forming a charge accumulation
zone and a band alignment between the p-type VB and the n-type CB, in contrast to
a depletion zone and a VB-VB / CB-CB alignment in a common staggered-gap junc-
tion. Based on XPS and UV-VIS reflectance measurements, we schematically describe
the band alignment diagram for the p-n couple. Our findings are supported by ab initio
calculations, showing that both FeWO, VBM and Fe,WO,; CBM are of Fe-3d character.
These observations may have a wider validity. However, further investigations are needed
to clarify whether the presence of d-bands at the VBM represent a good criterion for
designing broken gap junctions in transition metal oxide p-n couples. As FeWO, is not
stable in air above 500 °C, air stable alternatives should be investigated in the future. We
have demonstrated the first near-broken gap junction to the field of thermoelectrics, which
presents a promising approach to direct junction p-n junction thermoelectrics. They cir-
cumvent the rectifying diode behavior of classic staggered-gap junctions and their large

parasitic resistance.
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A Supplementary

A.1 Powder x-ray diffraction
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Figure A.1: Powder x-ray diffraction pattern of a) Fe,WO4 and b) FeWO, showing exper-
imental data, Rietveld refinement, difference-plot and hkl ticks for the respective phases

Table A.1: Lattice parameters for Fe, WO, and FeWO, before and after being in contact
with each other at elevated temperatures (900°C) determined by Rietveld refinement.

| alA] b [A] c [A] Bl

Fe,WO, pre mix | 4.5749(2) 16.7578(8) 4.9658(2) 90

Fe,WO, post mix | 4.5777(1) 16.7568(6) 4.9642(2) 90
FeWO, pre mix | 4.7295(1) 5.7066(1) 4.9623(1) 90.047(3)
FeWO, post mix | 4.7274(6) 5.7090(6) 4.9567(6) 90.11(1)
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Figure A.2: Standard crystal orientation for FeWO, and Fe,WOj.

A.2 X-ray photoelectron spectroscopy

The onset of the work function peak in XPS spectra is usually extracted from the linear
regression intersects between baseline and the quasi linear onset region. For FeWO,
this would be 4.6 eV. It is visible from the spectrum though, that the real onset occurs
somewhat earlier in the spectrum. This can be attributed to valence tail states above the
valence band maximum, resulting in a smearing out of the Fermi level. This is visible in
the slow but distinguishable increase of the intensity, even before the linear extrapolation
determined onset of 4.6 eV. The true onset must thus lie between ca 3.8 and 4.6 eV.
To determine the exact onset of the x-ray photo electron spectrum work function peak,
the narrow scan between 0 to 4.6 eV was fitted linearly, to determine the first point
to leave the baseline, thus representing the true onset point. As seen in Figure A.4,
linear regression, omitting the two last points, contains all baseline points inside the 95%
confidence interval. The first point to reside outside this confidence interval, can be seen
as the real onset of the work function and was determined to be at 4.3 eV (marked
green). Regressions containing all, or all but one point, failed to contain the majority of
baseline points within the 95% confidence interval, and were thus ruled out to represent
the baseline satisfactorily (marked red). In Fe,WOg, this method gives the same onset

point of 4.51 eV as the linear fit intersect method.
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Figure A.3: X-ray photo emission survey-scan spectra of a) Fe,WOg4 and b) FeWO,.
Characteristic emission features are indicated.
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Figure A.4: XPS spectrum narrow scan of FeWO, between 0 and 4.6 eV. Linear regressions
with 95%confidence bands, excluding, none-, the first-, and the second- point of the
baseline interval. Exclusion of the two last points, led to a satisfying baseline regression,
containing all baseline points within the 95% confidence interval. Thus exposing the
first point to be outside of the confidence interval as the true onset of the work function
(marked green).

A.3 Kubelka-Munk plots

a) Fe,WO,
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Figure A.5: Indirect transition Kubelka-Munk plot of Fe,WO4 and FeWO, respectively

obtained from UV-VIS reflectance. F(hr) on the ordinate is obtained via the Kubelka-
munk function F'(hv) = <1;£)27 which is pr@gprtional to the absorption coefficient, allow-

ing for an analysis equivalent to a Tauc-plot for indirect allowed transitions.




A.4 Extended /-V measurements
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Figure A.6: Logarithmic I-V characteristics of the FeWO, /Fe, WO, pn-junction at various
temperatures. Data plotted with a A-symbol is obtained from the as-assembled junction,
whereas data plotted with a ()-symbol is obtained after annealing the junction at 900°C.
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A.5 Extended spin resolved DOS

Density of states

Energy [eV]

Figure A.7: Spin resolved projected density of states (HSE03) for a) Fe,WO4 and b)
FeWO,. (upper: f, lower: |)
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List of symbols, acronyms, and

constants

A Area [cm?]

A(©)  Absorption factor

C Proportinality constant

Cp Specific heat capacity [J/(Kg K)]
D(E)  Density of states [1/cm?]

D, Electron diffusion coefficient [cm?/s]
Dp Hole diffusion coefficient [cm?/s]

Eg Binding energy [eV]

Er Fermi energy [eV]

Eg Band gap energy [eV]

E, Mobility activation energy [eV]
F(hkl) Structure factor

/ Intensity [W/cm?],[%)]

/ Current [A]

J Overlap integral [eV]

K Equilibrium constant

LP Lorenz polarization factor

Ly Electron diffusion length [cm]

Ly Hole diffusion length [cm]

Na Acceptor dopant concentration [1/cm3]
Np Donor dopant concentration [1/cm?3]
P Power [W]
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List of symbols, acronyms, and constants

Q Heat [J]
R Electrical resistance [Q]
R, Load resistance [€]

Rtec  Thermoelectric generator internal resistance [Q]
Roo Remission
Rwp Weighted profile residual

) Spin degeneracy

T Temperatuer [K],[°C]

Tc Cold side temperature [°C]

TH Hot side temperature[°C]

%4 Thermoelectric voltage [V]

ZT Figure of merit (Thermoelectric modules)

AG™  Standard Gibbs free energy [kJ/mol]
AH®  Standard enthalpy of formation [kJ/mol]
AS®  Standard entropy of formation [J/(mol K)]

r Orbital degeneracy

M Peltier coefficient [V]

v Potential function

© Incident x-ray angle [°]

X Electron affinity [eV]

€ Permittivity [F/m]

€, Relative permittivity (€, = €/¢p)
n Conversion efficiency [%)]

A Wavelength [cm]

v Photon frequency [1/s]

Vo Optical phonon frequency [1/s]
Vig Ideality factor

[0) Electrostatic potential [V]

[0) Work function [eV]
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List of symbols, acronyms, and constants

Q T S
I~ =

N X < © © =+ 0 =

Q N
-

Built-in potential [V]

Density [g/cm?]

Distance [cm]

Lattice plane distance [A]

Electron distribution funciton
Equilibrium electron distribution function
Atomic form factor

Degeneracy factor

Miller indices

Current density [A/cm?]

Wave vector

Length [cm]

Mass [kq]

Effective mass [me]

Electron concentration [1/cm?]
Exponent for optic transition

Intrinsic charge carrier concentration [1/cm?3]
Hole concentration [1/cm?3]

Electronic heat flux density [W/cm?]
Scattering exponent

Spatial coordinate

Time [s]

Mobility [cm?/(V s)]

Temperature factor

Velocity [m/s]

Site fraction

Charge of carrier (Integer)

Figure of merit (Thermoelectric materials)
Absorption coefficient
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List of symbols, acronyms, and constants

174

Seebeck coefficient [uV/K]
Thermal diffusivity [cm?/s]
Temperature gradient[K],[°C]
Electronic thermal conductivity [W/(K cm)]
Thermal conductivity [W/(K cm)]
Thomson coefficient [V/K]

Nabla operator V = (a%' %, a%)
Heat flux [W]

Heat flux density [W/cm?]
Electrical conductivity [S/cm]
Relaxation time [s]



Acronyms

BGJ
CB
CBM
CCO-349
CF
DFT
DOS
GL
HOMO
LA
LUMO
NCO
ocVv
TC

TE
TEC
TEG
TJ
UV-VIS
VB
VBM
VdP
XPS

Broken-gap junction

Conduction band

Conduction band minimum
Ca3CO409

Crystal field

Density functional theory

Density of states
Gaussian-Lorentzian

Highest occupied molecular orbital
Assymetric Lorentzian

Lowest unoccupied molecular orbital
Nag 5Co0O»

Open circuit voltage
Thermocouple

Thermoelectric

Thermal expansion coefficient
Thermoelectric generator

Tunnel junction

Ultraviolet-visible light spectroscopy
Valence band

Valence band maximum

Van der Pauw

X-ray photoelectron spectroscopy
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Acronyms

176



Physical constants

N4 Avogadro constant 6.022 X10%3 [1/mol]

R Universal gas constant 8.314 [J/(mol K)]

€0 Vacuum permittivity 8.854 X10712 [F/m]

e  Elementary charge 1.602 10719 [C]

h  Planck constant 6.626 X10~3% [Js]

me  Electron mass 9.109 X1073! [Kg]

h Reduced Planck constant fi=h/(2m)

kg Boltzmann's constant 1.381 X10723 [m?kg/(s°K)]
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