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1 Introduction

As William Shockley and Hans-Joachim Queisser have shown [1], the efficiency of single-
junction photovoltaic (PV) cells is limited to around 34 %. Various concepts have been
suggested to overcome this limit [2-4], the most promising of which is to use multi-
ple junctions and to illuminate the cell with concentrated sunlight. To date, the best
laboratory-scale PV cells making use of this principle reach an efficiency of 43.5% [5].
However, PV cells available on the mass market have far smaller efficiencies ranging from
10 % to 20 % [6].

Most of the incident energy not converted to electric power heats up the solar panel.
In principle, it should be possible to recycle this heat by feeding it into a secondary heat
engine. However, the efficiency of PV cells usually decreases significantly with increas-
ing cell temperature. On the other hand, the efficiency of any secondary heat engine is
ultimately limited to the Carnot efficiency

where T, ~ 350K and T} » 300K are typical values for the temperatures of the high
and low temperature reservoirs, selected such that the PV cell can still work efficiently.
Hence, even a perfect secondary heat engine will convert the waste heat to electricity
with an efficiency of less than 14 %, which hardly justifies the effort to include it into the
system.

Despite these efficiency limitations, PV cells constitute the vast majority of the world-
wide solar-to-electricity conversion capacity with 70 GW capacity being installed by the
end of 2011 [6]1.

Alternatively, solar radiation can be converted to electricity by converting it to heat and
running a turbine with steam generated therefrom. This technique is called Concentrated
Solar Power (CSP), as sunlight has to be focused to achieve desirably high temperatures.
A typical steam turbine thereby converts heat to mechanical energy with an efficiency of

ITo give a comparison, the total electricity generation capacity installed on earth was around 4000 GW
in 2009 [7].
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around 40 % at a steam temperature of around 400 °C [8]. The overall efficiency is further
reduced as some energy is lost in the concentrator and in the generator converting me-
chanical energy into electricity. However, total solar-to-electricity efficiencies of around
20 % are realized today [8, 9]. Additionally, it is possible to store thermal energy in heat
tanks and to generate electricity therefrom even in times of no sunshine.

Despite those attractive characteristics, in 2011 the global capacity of CSP was only
around 2 GW [6], most of which is installed in Spain and the USA.

As an alternative to mechanical steam turbines, where heat is intermediately converted
to mechanical energy, it can be directly converted to electricity. As in such systems no
moving parts are involved, they have the benefit of a possibly simple design, low mainte-
nance costs, and high reliability.

Thermoelectricity (TE) is the most prominent technique of direct heat-to-electricity
conversion. It makes use of the Seebeck effect: the voltage drop arising from a tempera-
ture gradient across a thermoelectric material. The efficiency of this conversion is mainly
characterized by a dimensionless figure of merit, the ZT factor [10]:

2T = a2 22,
Oth

with the ratio of electrical to thermal conductivity o./oy,, temperature T and the Seebeck
coefficient &, which is defined as the voltage created per temperature difference. With ZT'
approaching infinity the efficiency approaches the Carnot limit [11]. Unfortunately, mate-
rials with high o, /oy, ratios - typically metals - tend to have low Seebeck coefficients [11],
while materials with high Seebeck coefficients - typically insulators — have low electri-
cal conductivity. The best trade-oft and hence the best efficiency is obtained for doped
semiconductors [12]. Those materials, however, have worse Seebeck coefhicients than in-
sulators and worse o./0y, ratios than metals, the latter being mainly due to the lattice
thermal conductivity. This results in ZT being typically limited to values below 2 [11, 13].

Hence, even the best thermoelectric semiconductors commercially available today are
limited to efficiencies below 10 % [14], and it has been doubted whether efficiencies above
30 % can ever be achieved [13]. Therefore, the usage of TE has been limited to applications
where its solid-state nature is beneficial enough to compensate the low efficiency [15],
such as powering spacecraft, small-scale cooling, and small-scale electricity generation.
Thermoelectrics — as compared to the more efficient, mechanical heat engines - do not
appear to be able to make a significant contribution in future large-scale electricity gen-
eration.
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A less-known, but rather similar approach of direct heat-to-electricity conversion is the
principle of the thermionic converter (TIC). Here, electrons are evaporated from the hot
emitter electrode, transferred through a vacuum gap, and absorbed on the cold collector
electrode, which thereby gets charged negatively. The resulting voltage between emit-
ter and collector can be used to drive a current through an external load cycle, which
corresponds to the generation of electric power.

The Seebeck coefficient of a TIC is comparable to an insulating thermoelectric while the
ratio of electrical and thermal conductivity is even better than for metals, which is due to
the absence of lattice heat conduction. This leads to a possible ZT factor as high as 40 [16].
Additionally, as emitter and collector are separated by vacuum, very high temperature
differences can be utilized, leading to a high Carnot limit of the system. As will be shown
in Ch. 3.2, TICs can therefore be highly efficient.

Additionally, TICs are suitable to be used as topping cycles for conventional heat en-
gines, e.g., in CSP power plants. In this configuration the waste heat transferred to the
collector is used as heat input for a secondary heat engine. This way most of the waste
heat of the TIC can be recycled. The efficiency of the resulting combined cycle will be
discussed in Ch. 3.2, too. It will be shown that it is significantly larger than for any of the
two system alone.

Due to the high efficiency of combined cycle systems, they might be an option for
fossil-fuel power plants as well. Here, fossil fuels such as gas, oil, coal, or nuclear fission
material are burned to produce heat. Steam or pressurized gas are generated from this
heat and used in turbines to generate electricity. All of the above-mentioned fossil fuels
can generate significantly higher temperatures than the best steam turbines can handle.
Consequently, not the full temperature range can be employed, leading to smaller than
possible Carnot efficiency limits. In gas- and oil-fired power plants, gas turbines can be
used as topping cycles to increase the total conversion efficiency. However, this is not
the case in coal-fired power plants [17], which account for 40 % of the global electric-
ity generation capacity [18]. As TICs can deal with those high temperatures, they might
here as well be used as topping cycles, thereby enhancing the total conversion efficiency
and consequently leading to a significant reduction of CO, emissions and fossil fuel con-
sumption.

Unfortunately, the conversion of heat to electricity in a TIC is usually limited by the
mutual repulsion of electrons in the vacuum gap. Electrons on their way to the collector
push back subsequent electrons, which therefore do not reach the collector. This space-
charge cloud highly limits the current transferred to the collector and thus the efficiency.
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Two methods to suppress the formation of the space charge have been developed in the
past. Unfortunately, as will be shown in Ch. 2, both methods have major drawbacks,
preventing the widespread use of the technique.

In this thesis a third approach to overcome the space charge was studied in a conjoint
effort with C. Stephanos [19]: thermoelectronic energy conversion (TEC). TECs are a spe-
cial type of TICs and based on the suppression of the space charge by a combination
of electric and magnetic fields. While the focus of C. Stephanos’ thesis is on assessing
thermoelectronic converters by modeling, the focus of this work is the experimental re-
alization and an assessment of attainable output powers and efficiencies.



2 The concept of thermionic energy
conversion

In this chapter I will give a brief introduction into the principle of thermionic energy
conversion, describe methods to suppress the space charge, and provide a brief review of
the history of the field. The theoretical background necessary to analyze the experimental
results will be provided in the next chapter.

2.1 Introduction to thermionic energy conversion

A thermionic converter is a heat engine that uses electrons as its working fluid and di-
rectly converts heat into electric energy. As sketched in Fig. 2.1, this is accomplished by
evaporating electrons from the emitter and absorbing them at the collector. As electrons
are removed from the emitter and transferred to the collector, the latter gets charged neg-
atively with respect to the former. Consequently, a voltage is built up, which can be used
to source a current I) through an external load cycle R; and back to the emitter. This
voltage is therefore referred to as the load voltage Vj. In the steady state the current I;
through the load must equal the rate of electrons that are transferred across the vacuum
gap.

In sum, the electric power P, = V|1 is generated while the thermal power P, is delivered
to the emitter from an external heat source. At the same time, the thermal power P, is
rejected from the collector to a cold heat reservoir. This basic working principle will be
discussed in more detail in Ch. 3.

The thermal energy needed to heat the emitter can be provided from virtually any
strong source of heat - in particular from sunlight, which enables the use of TICs for solar
energy harvesting. Further heat sources are the burning of fossil fuels, the nuclear decay
in radioisotope batteries and fission reactors, or the heat generated in future nuclear fu-
sion reactors. TICs coupled with electric motors might even replace internal combustion
engines in the automotive sector.
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Figure 2.1: Sketch of the working principle of a thermionic converter. Electrons are evapo-
rated from the hot emitter, cross the vacuum gap, and condense on the cold collector. There
a negative charge accumulates, which can be used to drive a current I; through an external
load cycle R;. Therefore, the system converts a fraction of the incoming thermal power P;,
into an electric power Py, the rest (Py;) is rejected. Throughout this work the direction of the
current is defined by the direction of the electron flow.

The space-charge problem

Unlike other heat engines, TICs use electrons as working fluid, which by their very nature
are charged negatively and repel each other. This leads to the unfavorable effect that
electrons moving from the emitter to the collector are pushed back by the space-charge
cloud formed by preceding electrons. Unfortunately, this effect highly limits the current
transferred to the collector to impractically small values. Hence, to build an efficient TIC
the space charge has to be overcome in some way.

Historically, the most prominent approach to solve this task is adding cesium gas to
the interelectrode space. The ionization energy of cesium is as low as 3.9eV and thus
the lowest of all stable elements [20, p. 10/176]. Therefore, Cs* ions are easily generated,
e.g., by electron-atom collisions, and distributed in the interelectrode space in a way that
reduces the negative space-charge cloud [21]. Unfortunately, besides cesium being highly
reactive and thereby limiting material choices [22, p. 603], this approach has the draw-
back that the ionization of the gas is an energy consuming process. Therefore, typically
around 50 % of the electric output power is lost [16, 23]. Possibly more efficient ways to
generate the ions have been proposed [16], but not yet demonstrated.

A second approach is to make the gap between emitter and collector too small for the
space charge to build up. Electrons are then transferred across the gap fast enough to
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not considerably interact with each other. This so-called close-space condition is typi-
cally met when the distance is smaller than approximately 3 um [23, 24]. Most modern
research on TIC is focused on this principle, but it has not been applied on a large scale
yet [16]. It turns out to be a challenging engineering task to maintain the large tempera-
ture difference necessary for highly effective energy conversion over such a small vacuum
gap. Additionally, at very small gap widths heat loss by thermal radiation is significantly
increased due to near-field heat transfer [24]. The need to avoid these additional heat
losses usually excludes the complete elimination of the space charge.

Overcoming the space charge with electric and magnetic fields

In this thesis, a third mechanism to overcome the space-charge effect has been studied.
Our approach is to add a third, grid-like electrode consisting of meshes and grid wires
in between emitter and collector. As sketched in Fig 2.2, a positive voltage applied to this
electrode, the so-called gate, will accelerate electrons away from the emitter and thereby
remove them from the space charge. Consequently, the space charge shrinks or even
vanishes.

As no ions are involved in the process, this special type of the thermionic energy con-
verter (TIC) is called thermoelectronic energy converter (TEC). It should be noted that
throughout this work the term TIC is used whenever referring to the thermionic princi-
ple in general. Unless stated otherwise, general remarks with respect to TICs are equally
valid for TECs.

To prevent electrons from hitting the positively charged gate, a longitudinal magnetic
field is applied, which will cause electrons to move on helical paths along the magnetic
field lines. Neglecting the influence of the electric field, the radius of gyration r, of elec-
trons in a homogeneous magnetic field is [19, 25]

Vlme

Ty = . 2.1
5= .5 (2.1)

Here, v, is the velocity component perpendicular to the magnetic field, . the electron’s
mass, e the positive elementary charge, and B the magnetic flux density. Taking Boltz-

mann’s constant kg, T = 1500°C, B = 0.1 T, and assuming v, = \/kgT/m., this yields
rg & 10 um.
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Figure 2.2: Sketch of the working principle of a thermoelectronic energy converter. By ap-
plying a positive voltage V to the gate, electrons are accelerated away from the emitter. At the
same time the magnetic field forces the electrons to follow its field lines on helical paths (not
shown) with radii of gyration much smaller than the meshes. Therefore, all those electrons
following a magnetic field line that itself does not touch a gate wire also won’t impinge onto
the gate. These electrons will condense on the collector instead.
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If, additionally, the effect of the electric field is considered, Eq. 2.1 has to be slightly
modified, yielding [19, 25]

\/v2+ (vy+ E./B)*m,
e " eB ’

where E, is the component of the electric field perpendicular to the magnetic field and
vy is the velocity component in direction of E,. In this discussion the direction of the
magnetic field is identified with the z-direction.

As can be seen, the component E of the electric field pointing in direction of the mag-
netic field has no influence on the radius of gyration. For E, /B < v, + v, the radii of
gyration are hardly affected by the electric field. Hence, with a sufficiently large magnetic
field applied, the radii of gyration of the electron paths are significantly smaller than the
meshes of any macroscopically large gate. Consequently, all those electrons following a
magnetic field line that itself passes through a mesh, will also fly through that mesh and
finally reach the collector.

An extensive discussion of the movement of electrons in combined electric and mag-
netic fields is given by C. Stephanos [19].

In summary, as the effect of the space charge is suppressed by the electric field, it no
longer limits the current transmitted to the collector. At the same time, the majority
of the electrons is not lost on the gate, but reaches the collector and contributes to the
generation of the output power.

Earlier attempts to overcome the space charge with electric and
magnetic fields

In the past, two comparable setups were studied: the magnetic and the electric triodes
shown in Fig. 2.3 [21]. Both triodes and our approach share the idea to overcome the space
charge by a positively charged gate. However, they do not make use of the combination
of magnetic and electric fields studied within this work.

The electric triode (Fig. 2.3a) lacks a mechanism to prevent electrons from hitting the
grid wires, which leads to unfavorably high gate currents. Consequently, a high electric
power must be spent to sustain the gate electric field, which much reduces the conversion
efficiency.

The magnetic triode (Fig. 2.3b) is ineffective in suppressing the effect of the space
charge, which is due to the high effective gap width. In anticipation of the results of
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Figure 2.3: Sketches of earlier attempts to overcome the space charge with applied E- and
B-fields. (a) The electric triode lacks a mechanism to keep electrons from hitting the gate.
Therefore, the gate current is unfavorably high [21]. (b) The magnetic triode [21] needs a
minimum electron path length, which is defined by the dimensions of emitter and collector.
As will become clear within the course of this work, short electron path lengths (5 100 um)
are crucial for suppressing the effect of the space charge. A second drawback is that all elec-
trons pass through the central region, which is indicated by the blurred ellipse. Therefore,
the magnetic triode creates a new space-charge zone upon suppressing the original one.

this and C. Stephanos’ [19] theses, it may be said that small gap widths are preferable also

for TEC. The effective gap width in the magnetic triode is, however, given by the length

of the electron paths, which in this case cannot be smaller than the dimension of the

emitter. As heat has to be transferred to the emitter and removed from the collector, the

dimension of both can probably not be smaller than around 1 mm, which is too large for

an efficient suppression of the space charge. Additionally, a region of space-charge ac-

cumulation due to intersecting electron paths may be created, which further lowers the

current transferred to the collector.

Consequently, both triodes did not provide a satisfying solution to the space-charge

problem.

10
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2.2 A brief history of thermionic energy conversion

Thermionic emission was first reported by Edison and Preece [26] in 1885. Being crucial
for electron tubes, thermionic emission became extremely important for electronics in
the 20th century. Schlichter was the first one to publish the idea to convert heat to elec-
tricity using thermionic emission in 1915 [27], but intense research on the topic did not
take place before the late 1950s, when several promising prototypes were reported [28-
33].

Subsequent research concentrated on the cesium type TIC. During the Solar Energy
Technology program, conducted by the Jet Propulsion Laboratory (USA), thermionic
converters for solar energy harvesting were developed and tested [34]. Although typical
lifetimes around 10000 h and efficiencies ranging from 7 % to 10 % were achieved, the
program was stopped in the 1970s.

Nuclear-powered TICs were investigated more intensely. The Atomic Energy Com-
mission (USA), succeeded by the Department of Energy (DOE), carried out research on
nuclear-powered TICs, which were intended both for space and terrestrial applications.
The program ran from 1959 until 1973, when all research on space nuclear reactors was
terminated [34].

After a period of very weak funding, a collaboration between the National Aeronau-
tics and Space Administration (NASA), the DOE and the Defense Advanced Research
Projects Agency re-entered the field in the 1980s with their SP-100 research initiative [35].
Being an alternative to thermoelectric converters, TICs were at that time considered as
power sources for space missions [36]. Space missions far away from the sun, such as the
Pioneer and Voyager space programs, and satellites frequently use radioisotope batteries
as power sources. The decay heat generated therein is converted to electric energy, which
is usually done with thermoelectrics. Owing to their high temperature suitability, TICs
promise higher conversion efficiency. However - probably due to the higher reliability
of thermoelectrics — research on TICs was quit in favor of thermoelectrics in the SP-100
program [34].

Unlike the NASA, the Soviet Union actually tested two TICs in space. After intense
ground testing since around 1970, two so-called TOPAZ! reactors were flight-tested in
1987 and 1988 on the Plasma-A spacecraft [37]. Both converters completely fulfilled their
test programs. Despite the related and somewhat advanced ENISEY system went through
a round of successful ground tests in 1988, the Soviet program was discontinued in the
same year [37].

"TOPAZ is a Russian acronym for Thermionic power from the active zone [34].

1
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In a collaboration between Russia and the USA, the development of the ENISEY sys-
tem, which was then called TOPAZ 2, was continued from 1991 until 1996 [35]. However,
planned flight tests of converters already delivered to the USA were not carried out. This
was due to a heavy dispute in the scientific community on the question, whether nuclear
reactors should be launched into orbits around the earth at all [38].

In the beginning of the 21st century there seemed to be some upcoming interest in
solar-powered cesium type converters for space applications in the course of the HPALM?
program [39-41]. However, to my knowledge there have not been any publications on the
concept since 2006.

The close-space concept was investigated in the late 1950s and early 1960s, but interest
soon faded out in favor of the cesium type. However, in this period thorough theoretical
understanding was obtained [42-49], and Hatsopoulos and Kaye realised a first proof-
of-concept generator in 1958 [30].

The close-space concept has gone through a revival since around 2000, when new
works were published on this topic [50-54]. This is probably due to improved machining
techniques that might make the fabrication of those devices possible [55]. Current re-
search on thermionics therefore seems to focus on this topic, in some cases pushing the
gap width into the nanometer regime and exploiting tunneling phenomena this way [56-
62]. In many cases, TICs are proposed as cooling devices [56-59, 63-66] instead of elec-
tricity generators.

However, the difficulties to maintain those tiny spacings at large temperature differ-
ences still remain, and no practical devices have been demonstrated yet.

HPALM stands for High Power Advanced Low Mass, which refers to the comparatively low mass per
output power offered by TICs.

12



3 Theoretical background of
thermoelectronic energy conversion

In this chapter the theoretical background necessary to analyze the experimental re-
sults obtained in this thesis will be introduced stepwise. After discussing the field- and
temperature-dependent emission of electrons from solids, the case of a two-electrode
thermionic converter will be discussed in detail. Afterwards, the consequences of in-
cluding a third electrode, the gate, will be described.

3.1 Emission of electrons from solids

The emission of electrons from solids is essential for any TIC. To remove an electron from
a solid at 0 K, a minimum work, the so-called work function, must be spent to overcome
the attractive forces of the ion cores and the image charge, and to move the electron across
a dipole layer formed at the surface of the solid [67]. Analogically, the work function ¢
for finite temperatures and for an electrically neutral sample is defined as

¢ = Evac_#>

with the vacuum level E,,. far outside the surface and the electrochemical potential y
inside the solid. By this definition the attractive force due to the image charge is included
in the work function, which follows the tradition in this field of research. As the elec-
trodes in a TIC are typically separated far enough from each other, this definition is more
suitable than the other frequently used definition that does not include the image charge.

The energy required to remove an electron from the solid can be provided by various
processes, the most fundamental ones of which are sketched in Figs. 3.1a to 3.1c. Besides
the photoelectric effect, thermal emission, and field emission, combinations thereof can
be realized, such as the Schottky emission sketched in Fig. 3.1e. Here, the work function
is effectively lowered by an applied electric field, which permits electrons to overcome
the barrier already at moderate temperatures.

13
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Photon-enhanced thermionic emission (PETE, Fig. 3.1d), the combination of the pho-
toelectric effect with thermal emission, is especially effective if the emitting material is
a semiconductor [68, 69]. Incoming photons with sufficiently large energies excite elec-
trons across the bandgap E,,,. If the lifetime of these electrons in the conduction band is
sufficiently long, they thermalize there by electron-electron and electron-phonon inter-
actions. The population of the conduction band must therefore be regarded as a some-
what independent thermodynamic ensemble, with its own effective electrochemical po-
tential p, > p. From the conduction band the electrons can then be emitted at intermedi-
ate temperatures, as the remaining work function barrier is reduced. As this mechanism
permits to emit practically large current densities at intermediate temperatures, it seems
to be an attractive option for solar TICs [69]. The increase of the efficiency arising from
combining the PETE and TEC processes will be discussed in Ch. 6.3.

In practice, once an electron has left the solid its trajectory is strongly influenced by
the electric field generated by preceding electrons. This space charge can only be ne-
glected at very low emission currents or at very high external electric fields. Usually,
electron-electron repulsion within the space charge causes the reflection of a fraction of
all electrons back to the solid and thereby limits the emission current.

For the purpose of the following discussion of the space-charge-limited emission cur-
rent, the accelerating electric field is assumed to be generated by applying a positive volt-
age V to a field generating anode! as it is sketched in Fig. 3.2a. For simplicity, the photo-
electric effect is neglected in the following discussion.

The electric field any emitted electron is subjected to can be described as the super-
position of the external electric field and the electric field generated by the space-charge
cloud. For a fixed emitter temperature T, which determines the total number of electrons
that have sufficient kinetic energy to escape from the emitter, there are four regimes of
electron emission from solids (Fig. 3.2b). Those regimes are governed by the interplay of
the external and the space-charge field and will be discussed for an increasing external
electric field below.

Child-Langmuir regime

If the external field is weak, the space charge is dominant. Increasing T, will hardly in-
crease J, as any extra electron is reflected by the space charge. For the case of two infinite
parallel plates separated by d and electrons leaving the emitter with zero kinetic energy,

'As will be shown later, the case of a positively biased collector is contradictory to thermionic energy
conversion. Therefore, if the reader wants to identify the field generating electrode shown in Fig. 3.2a
with a component of the TEC, they may please compare it to the gate.

14
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Figure 3.1: Sketches of emission processes of electrons from solids. The occupation of states
is sketched as a vertical color gradient. (a) The photoelectric effect is the excitation of an elec-
tron by a photon to an energy high enough to overcome the work function [70]. (b) If the
solid is sufficiently hot, some electrons can escape due to the thermal distribution [71-73].
(c) The work function barrier becomes thin, if a large electric field E is applied. This permits
electrons to tunnel through the barrier; a process called Fowler-Nordheim emission [74].
(d) With semiconducting emitters the photoelectric effect can be combined with thermal
emission, permitting the emission of electrons at intermediate temperatures and photon en-
ergies smaller than the work function [68, 69]. Incoming photons excite electrons across the
band gap Eg,p. If the lifetime of these electrons in the conduction band is sufficiently long,
electrons thermalize within the conduction band. This thermalization occurs with respect
to an effective electrochemical potential y,, the height of which depends on the number
of electrons in the conduction band. An intermediate temperature then permits electrons
to overcome the remaining barrier. This photon-enhanced thermionic emission (PETE) is
especially promising for TIC [69]. (e) Besides narrowing the work function barrier, an elec-
tric field also decreases the barrier height, which permits electrons to escape from the solid
already at intermediate temperatures [75]. This so-called Schottky-emission can in principle
be used in TECs to tailor the effective work function by an electric field.

15
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Figure 3.2: The E-field dependence of the emission of electrons from solids. (a) Sketch of a
hypothetical setup to measure the emitted current density J = I/A as a function of the applied
electric field E. (b) Calculated current density as a function of the applied electric field E
for the four regimes of electron emission described within this chapter. The assumption of
d = 0.1 mm is required only for the Child regime.

the current density J can be calculated analytically, yielding the Child-Langmuir law for
the current density reaching the anode [19, 22, 76, 77]:

_4gy [2e V32
9 m. d*’

J (3.1)

where ¢ is the electric constant.
The thermal distribution of the initial electron velocities can be incorporated numeri-
cally, yielding some minor modifications to the Child-Langmuir law [19, 78].

Richardson-Dushman regime

Upon increasing the external field, it eventually becomes large enough to fully suppress
the effect of the space charge. A plateau of the current density J as a function of the applied
field is reached, because all electrons with sufficient energy to escape from the emitter
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Figure 3.3: Emission of electrons in the Richardson-Dushman regime. (a) Richardson-
Dushman-limited current density Jrp as a function of emitter temperature T, for a series
of emitter work functions ¢.. (b) The temperature required for a desired current density
can be obtained by numerically solving Eq. 3.2 for Tc. Typical values for TICs range from
Jrp = 1 A/cm? to 10 A/cm?.

reach the anode. J can be calculated taking into account the thermal energy distribution
of electrons within the emitter, yielding the Richardson-Dushman equation [71-73]:

- ART?exp 2, 3.2
JrD rie - €Xp ko T, (3.2)
4nmckie ¢ A
AR = T =1.202 x 10 W,

with the Planck constant A. In practice, the value for the Richardson constant Ay, is often
reduced as compared to the above given theoretical value. This is for example caused by
a fraction of all electrons that approach the emitting surface with high enough kinetic
energy being reflected back into the emitter.

The Richardson-Dushman regime is highly important for TICs, as it yields the maxi-
mum current density in absence of very high electric fields. Figure 3.3a shows the current
density calculated from the Richardson-Dushman equation for a series of emitter work
functions. Figure 3.3b shows the temperature required for emitted current densities of
1 A/cm? and 10 A/cm? - typical values for TICs - as a function of the emitter work func-
tion. As can be seen, temperatures exceeding 2000 °C are required for Jrp > 1 A/cm?, if
the work function is higher than approximately 4 eV.
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3 Theoretical background of thermoelectronic energy conversion

Schottky regime

As sketched in Fig. 3.1e, increasing the external field beyond the Richardson-Dushman
regime leads to a decrease of the height of the work function barrier by [22, 75]

e3E
4mey’

A¢p ~
which yields a slightly modified Richardson-Dushman-like equation:

J= ARTe2 exp ~(9e—49)

kg T,

Within the Schottky-regime tunneling of electrons through the work function barrier
can still be neglected.

Fowler-Nordheim regime

Upon increasing the external field even further, the width of the work function barrier is
eventually decreased far enough to permit tunneling through said barrier. This mecha-
nism, sketched in Fig. 3.1c, then becomes the dominant emission process [74].

As within this work only moderate electric fields were applied, both the Schottky and
the Fowler-Nordheim regimes are not accessible. However, Schottky emission may well
be used to tailor the effective work functions in future TECs.
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3 Theoretical background of thermoelectronic energy conversion

3.2 Thermionic energy conversion in ideal thermionic

converters

Some fundamental concepts of thermoelectronic energy conversion can be discussed
best for the simple two plate geometry of a TIC, where emitter and collector are assumed
to be coplanar, quasi-infinite plates, without any gate in between and without any space
charge hindering the transfer of electrons from the emitter to the collector. Throughout
this work this hypothetical system is referred to as an ideal TIC. It can, in principle, be
realized in a close-space type TIC having a gap width small enough to fully the suppress
the effect of the space charge.

The work functions of both electrodes play a fundamental role for the conversion of
energy. Hence, their influence will be discussed first.

Work function considerations

In Fig. 3.4 the build-up of surface charges upon electrically connecting two materials
A and B, which for simplicity are assumed to be metals, with different work functions
¢4 and ¢p is sketched. Those surface charges induce an electric field E; an effect that
has already been reported by Lord Kelvin [79] and is nowadays — among others — being
employed in the context of Kelvin probe microscopy [80, 81].

This effect has an important consequence on thermionic energy conversion. Assuming
sample A in Fig. 3.4b was used as the collector and B as the emitter of a TIC, emitted
electrons would be pushed back to the emitter by the electric field E. Only those electrons
with kinetic energies high enough to overcome the barrier formed by the collector work
function could cross the vacuum gap, which would be highly unfavorable. This yields a
first important conclusion: in a TIC the collector work function must not be higher than
the emitter work function.

In subsequent sections this is accounted for by identifying metal A as the emitter and
metal B as the collector.

Ideal current-voltage characteristic

The dependence of the output current I} on the load voltage V; is a fundamental property
of any TIC. Unless stated otherwise, the term IV characteristic is therefore identified
with this dependence. Below, I will derive the IV characteristic of an ideal TIC.

If the emitter is heated to sufficiently high temperatures, electrons will be evaporated
from the emitter, travel to the collector and condense there. If both electrodes are short-
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Figure 3.4: Sketch of the build-up of surface charges upon electrically connecting two metal
samples A and B having different work functions ¢o > ¢p. The occupation of states is
sketched as blue color gradient. (a) Initially, both metal samples are electrically neutral and
there is no electrical connection between them. Hence, there is no electric field and the vac-
uum level is location independent. (b) After electrically connecting both samples, electrons
can move from B to A, which is energetically favorable. In equilibrium, the electrochemical
potentials have aligned, a net negative charge has accumulated in A, and a net positive charge
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has remained in B. The result is an electric field E pointing towards metal A.
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3 Theoretical background of thermoelectronic energy conversion

circuited as is sketched in Fig. 3.5a, electrons can move back to the emitter without any
change in their potential energy. The electrochemical potentials y. and p. are equal and
no voltage is produced: Vi = (y. — pe)/e = 0.

If a small load resistor R, is incorporated as sketched in Fig. 3.5b, electrons can no
longer move back to the emitter without doing any work as they need to pass R;. Instead,
a voltage Vi = (g — pe)/e = RiI; > 0 is built up, where I, is the current transferred
across the gap. Hence, the system generates an electric power P, = [}i. If R) is slightly
increased, the load voltage V] also increases. Thereby I} does not decrease, as there still
is some electric field FE, which drags every evaporated electron onto the collector. The
generated power P; = [}V is therefore expected to increase linearly with the load voltage.

Upon further increasing Ry, eventually the optimum condition sketched in Fig. 3.5¢ is
reached. Here the load voltage equals the difference in work functions

Vl=¢e_¢c

e

>

and consequently the gap is free of any electric field. Since every emitted electron has
a non-zero velocity component pointing towards the collector, in an ideal TIC still all
electrons will reach the collector.

This changes as soon as R, is increased beyond the optimum condition. Electrons then
have to overcome an electrostatic barrier ¢p,, = ¢ + eV; — ¢, as is sketched in Fig. 3.5d.
Only electrons with kinetic energies higher than that barrier will still reach the collector.
In this configuration @y, can be regarded as an additional work function, the effective
work function then being ¢.r = @ + Pvarr = €V + ¢.. According to the Richardson-
Dushman equation (Eq. 3.2), the current still reaching the collector is then given by

—Pest —(eVi+¢0)
Il = AARTeZ exp m = AARTeZ exp T,

(3.3)
where A is the emitter area.

Since this corresponds to an exponential drop of the current with increasing load volt-
age, the generated power reaches its maximum value at V; = Vi, = (¢e — ¢c)/e, where
mp stands for maximum power. Consistently, the optimum load resistance is referred to
as Ry,p. Figure 3.6 shows the I;(V;) and Pi(V}) characteristics to be expected from this
discussion.

In any real TIC, even in the regime Vj < V;,, the current will not be exactly constant,
but slightly vary with varying Vi. Throughout this work, the current that is obtained at
Vi = Vinp is denoted to as Iy, = (Vi = Viyp).
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(d)

Figure 3.5: Sketches of the electron potential energy for a series of load resistances R;. (a)
R; = 0. Once they have been evaporated and reached the collector, electrons can travel back to
the emitter energetically neutrally. No load voltage is built up. (b) 0 < Rj < Ryp. A non-zero
load voltage Vj builds up. The rate of electrons reaching the collector does not decrease as
compared to (a). (¢) R and thus V is further increased until the optimum condition R; = Ry
is reached, corresponding to Vi = Vipp = (¢e — ¢c)/e. In an ideal TIC the collector current
still does not decrease. (d) Pushing Rj beyond the critical condition exponentially decreases
the load current as only electrons with thermal energies higher than the barrier ¢y, can still
reach the collector.
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= | Figure 3.6: Ideal characteristics for the
= load current I; and the load power P; as
= Py -+ a function of the load voltage V}. For
W exceeding the optimum value Vi, =
0.0 & \ \ 17 (e — ¢c)/e, the current I} and thus the
0.0 0.5 L0 L5  generated power P = I;Vf drop expo-
Vi/ Vinp nentially.

In principle, Eq. 3.3 gives a possibility to determine the collector work function by
fitting the expected exponential behavior to a measured I, V; characteristic. However, as
will be discussed in Ch. 5.1, this approach fails if the velocity distribution of the electrons
changes while they are transferred to the collector.
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Efficiency of ideal TICs

Below, the efficiency of ideal TICs will be discussed on the basis of several publications
thereon [22, 23, 82, 83]. In this chapter only the idealized case will be discussed, which
in addition to the preceding chapter implies that the space charge is eliminated in an
arbitrary process not consuming any heat or electric power. To give an example, this is
again fulfilled in a close-space converter, if the gap width is maintained without providing
an additional channel of heat conductance from the emitter to the collector.

As sketched in Fig. 3.7, heat is lost from the emitter by evaporation of electrons, ther-
mal radiation, and conduction across the lead wires connecting the load with emitter
and collector. Further heat losses, e.g., due to mechanical supports of the emitter, are
neglected as they can in principle be very small. The heat loss from the emitter due to
thermal radiation and evaporation of electrons is transported to the collector.

e ;
m I Ibe 1 .
. -« B Figure 3.7: Sketch of energy flow (red ar-
Pin’ % p o _’“; rows) and current (green arrows) channels
t d e, I relevant for TICs. Heat is removed from
A P.g P.d. (t) the emitter by electron cooling (P,), ther-
r r mal radiation (P,q) and heat conduction
@'Vec: @ (Pecond). The current across the vacuum gap
Fong Rondc  and through the load is reduced by the back
l @' Vinp emission Iy, yielding Iy = I — I. Further-
R more, the usable voltage is reduced by the
Lo |~ < voltage drop Vi..q across the lead resistances
Iinp g p
+P1 Rje and Ry.

It is necessary to distinguish two cases with respect to this heat transported to the col-
lector. If only the TIC is regarded, this heat is lost and the respective efficiency will be
referred to as 7. If, alternatively, this heat is fed into a secondary heat engine, e.g., a
steam turbine, the total efficiency will be higher and referred to as #.., where cc stands
for combined cycle.

As was discussed in the preceding section, an ideal TIC reaches the maximum of its
output power at Vi = Vi, = (¢e — @) /e, where the local vacuum potential of emitter and
collector are equal. Consequently, the load resistance is assumed to be chosen such that
this criterion is fulfilled.
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Stand-alone thermionic converters

As in an ideal TIC there is no space charge limiting the transfer of electrons across the
vacuum gap, the complete emitted current I, reaches the collector. Due to the low collec-
tor work function, a usually small current I,.— the so-called back-emission - is emitted
from the collector as well, flows to the emitter, and thereby reduces the net current trans-
ported across the vacuum gap and through the load:

Imp = I — Iye.

Both emitted currents are thereby given by the Richardson-Dushman equation (Eq. 3.2):

I = AART?- e
RTe T exp kBTe

Ihe = AART? - exp —2<
¢ kB Tc

with A being the active area of both emitter and collector and T, ¢., T, and ¢. the
temperatures and work functions of emitter and collector, respectively. It is neglected
that the effect of the back-emission slightly alters the load voltage, at which the output
power is maximized. This is reasonable as this effect is negligible, if Iy. is significantly
smaller than I, which will be the case for any practical configuration.

The efficiency 7y is defined as the fraction of the electric output power, which equals
the power P, delivered to the load, and the heat input:
Py
P (3.4)
Py = (Vinp = Viead) Imp>

Ntic =

where Vje,q is the voltage drop due to the finite resistances Ry and Ry of the leads con-
necting emitter and collector with the load. As for the moment a stand-alone TIC is
regarded and the heat transported to the collector is lost anyway, Rj. can be assumed to
be arbitrarily low, in particular R << Rj.. Fully neglecting R). yields

Py =[(¢e = ¢c)/€ = Rielinp | Iinp.- (3.5)

25



3 Theoretical background of thermoelectronic energy conversion

In equilibrium, the heat input P;, compensates the sum of all channels of heat loss from
the emitter:

Pin = Prad+Pel+Pc0nd> (36)

where P4, P.), and P, are the heat losses due to thermal radiation, transport of elec-
trons across the gap, and conduction across the lead. Notably, the electric output power
P, does not explicitly appear in this equation because it is included in the electronic term
P,.

The radiative heat loss P,,4 is governed by the Stefan-Boltzmann law:

Prg = 0eA (T - T2) (3.7)

with the Stefan-Boltzmann constant o. The relevant effective emissivity ¢ of the electrode
system typically equals 0.1 [23].

Emitted electrons remove an average thermal energy of ¢ +2kp T, from the emitter [19,
83], where 2kg T, is the average thermal energy exceeding the work function. Similarly,
every back-emitted electron reaching the emitter deposits an average thermal energy? of
¢ + 2kp T.. Hence, the net heat loss due to electron transfer across the gap becomes:

b, :Ie/e'(¢e+2kBTe) —Ibe/e' (¢e+2kBTc) (38)

The heat conduction due to the electrical connection to the external load, which is
assumed to be at an ambient temperature of T, = 300K, is reduced by Joule heating
within the lead, half of which is effectively transferred back to the emitter [19, 83]:

1
Peond = (Te = Ty) /Rine — ElépRle,
where Ry, . is the thermal resistance of the emitter lead. To minimize ohmic losses (see

Eq. 3.5) good electrical conductances of the lead are favorable, while low thermal con-
ductances minimize heat conduction losses. As metals provide the best ratio of electrical

“That the heat transported to the emitter by the back-emission depends on ¢, instead of ¢. might seem
somewhat counterintuitive. However, just like every electron emitted from the emitter must remove at
least ¢ in thermal energy, every condensed electron must deposit at least ¢..
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and thermal conductivity of all suitable materials, they are used in all practical TICs.
With the Wiedemann-Franz law this permits to express Ry, . in terms of Rj.:
Rle
Rihe = —>

th,e LT1
with the theoretical Lorenz number L = 2.44 x 10~ WQK™? and the average lead tem-
perature T} = (T. — Ty)/2 [82]. It is neglected that some metals show slightly different
Lorenz numbers as the deviations are typically only small [84]. This yields:

L
P.na = T. - T, 2 —12 Re. 3.9
q= 2Rle( 0) I (3.9)

Inserting Egs. 3.5 to 3.9 into Eq. 3.4 yields a general expression for the efficiency of an
ideal TIC:

[(¢e ¢C)/e Rle mp] mp
TeA(TS — T4) + L (¢ +2kpT.) — e (e + 2kp T.) + L(Te To)z

Mtic = (3.10)

Ir%prle ’
2

which has been published in similar form by several authors [22, 23, 82, 83]. By replacing
the currents in this equation by current densities and by expressing the resistances of the
lead wires as conductances per emitting area, it can be shown that 7, in fact does not
depend on A.

Because of the huge parameter space, it is a non-trivial task to determine optimum
values for the parameters Ry, T¢, T¢, ¢, and ¢. from this equation. Historically, authors
have approached this problem by neglecting one or more terms in Eq. 3.10 — usually the
back-emission [82, 83] — or by using approximations considering the lead wires [22]. The
omission of the back-emission is somewhat reasonable, as in the range of optimum effi-
ciency it actually is small in most cases [82]. However, because errors arising therefrom
might get large in the subsequent discussion of a combined-cycle system and because it
is a less serious problem with modern computer technology, in this work the full model
has been treated numerically. Throughout this work, the lead wire resistance has been
optimized numerically wherever efficiencies are plotted or numeric values of efficiencies
are given in the text.

It turns out that for any given set of ¢., T., and T. it is optimal to chose the smallest
¢. for which the back-emission is still much smaller than I.. Further decreasing ¢. is
counterproductive as Iy, then drops faster than V; rises. For T, = 100 °C it is optimal to
chose ¢. = 0.55¢eV, which is an extremely low value. However, although work functions
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Figure 3.8: Conversion efficiency 7. of an ideal stand-alone TIC plotted as a function of
emitter temperature T for a series of collector work functions ¢. and for T, = 100 °C, calcu-
lated from Eq. 3.10. To obtain the data shown here, the emitter work function was optimized
for every T.

Limiting the current density to 10 A/cm? yields the dashed lines. The optimum of the effi-
ciency is then obtained for ¢ ~ 2.3 eV.

A work function of 0.9 eV has recently been reported for doped diamond systems [85], and
1.3eV to 2.0eV are typical values for alkaline-earth oxides on metals [86].

as low as that have not yet been achieved, there is no known physical reason prohibiting
their realization. As Fig. 3.8 shows, for this optimum value of ¢, the calculation predicts
efficiencies exceeding 60 %, which are obtained at an emitter work function around 3 eV.

Additionally, Fig. 3.8 shows that very high efficiencies can also be obtained for work
functions that have already been demonstrated experimentally.

In practice, the condition of lossless space-charge suppression can only be fulfilled for
finite current densities. Figure 3.8 additionally shows efficiencies that were calculated
with the current being limited to 10 A/cm?. As can be seen, in this case very high emitter
temperatures have no benefits, as the resulting high current densities cannot be trans-
ferred to the collector.

Figure 3.9 shows the contribution of the individual loss channels to the total heat loss
from the emitter for the example of ¢. = 0.9eV. As can be seen, the heat carried away
by emitted electrons is the most important contribution. This channel splits up into two
subchannels, which represent the energy required to overcome the emitter work function
(¢e) and the average excess thermal energy (2kg T¢.) in Eq. 3.8. Thereby the ¢.-subchannel
clearly dominates.
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Figure 3.9: Relative importance of the channels of heat loss from the emitter as a func-
tion of the emitter temperature for the example ¢. = 0.9eV of the data shown in Fig. 3.8.
The individual contributions were calculated from Egs. 3.7 to 3.9 while neglecting the back-
transport of energy from the collector via thermal radiation (the T#-term in Eq. 3.7) and
electron transport (the Iy -terms in Eq. 3.8). The electronic contribution is split up into the
the two terms arising from the need to overcome the emitter work function (¢.) and from
the average thermal energy exceeding the work function barrier (2kg T¢). (a) For ¢. = 0.9eV
and an arbitrarily high emitted current density, corresponding to the solid line in Fig. 3.8.
(b) For ¢ = 0.9¢eV and the emitted current density limited to 10 A/cm?, corresponding to
the dashed line in Fig. 3.8.

Interestingly, with increasing temperature the thermal radiation increases slower than
the emitted current density does. Consequently, the relative importance of the thermal
radiation decreases. However, if the temperature is increased beyond the temperature at
which the emitted current density equals the maximum that can be transferred across
the vacuum gap, the thermal radiation becomes relevant again. In Fig. 3.9b this is the
case for T, > 1050 °C. Consequently, the thermal radiation leads to the decrease of the
efficiency that can be observed in Fig. 3.8 (dashed lines).

Combined cycle systems

In the preceding discussion the possibility to drive a secondary heat-to-electricity con-
verter with the waste heat produced by the TIC has not been considered, albeit it can
significantly increase the total conversion efficiency. Several authors have mentioned the
possible increase of the total conversion efficiency of such combined cycle systems [16,
55, 87], but to my knowledge no comprehensive discussion has been provided.
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To discuss combined cycle systems in a practical way, the TIC is assumed to feed the
heat rejected by the collector into either a large-scale steam-turbine working at an heat-
to-electricity efficiency of 1, = 35% and receiving its heat at an upper temperature of
390°C, or into a small-scale Stirling engine working at the same efficiency but receiving
its heat at 700 °C. These are parameters typical for steam turbines and Stirling engines
being used in operational CSP plants [8, 88]. Ideally, the collector temperature equals the
inlet temperature of the secondary heat engine.

The additional electric power P generated by the secondary heat engine can be ac-
counted for by introducing an additional term into the numerator of Eq. 3.4:

_P1+PS_P1+775Prej
~ Pn P,

Nee

where the heat power P, rejected by the collector in equilibrium is the sum of an elec-
tronic term, a radiation term and a conduction term, in analogy to the preceding discus-
sion of Py,:

Prej = Pel,c + Prad,c - Pcond,c-

Here, the electronic and the radiative contribution both heat the collector, while the con-
ductive contribution cools it:

Py =I./e(pe +2kpT.) — Ine/e(p. + 2kpT.),
Prgc = 0oe(T!-T?), and

L
Ponac=—(T. - T, 2_ Ie—IezRCZ.
d, 2Rlc( 0)” = (I = Ive)*Ruc/

As can be seen, the radiation term P4 heating the collector is exactly the same as P,4,
which cools the emitter. This is due to only those two components exchanging thermal
radiation in an ideal TIC.

Since the lead connecting the collector with the load resistance cannot be neglected in
the case of a combined cycle, P, has to be slightly modified:

Pr=[(¢e— ¢c)/e — (R + RIC)Imp]Imp'
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Figure 3.10: Total conversion efficiency
Hcc of a combined cycle system consist-
ing of an ideal TIC and a secondary heat
engine (ns = 35%), as a function of
emitter temperature T,. The data were
calculated from Eq. 3.11. The secondary
heat engine is assumed to be either a
steam turbine with an inlet temperature
of T, = 390°C or a Stirling engine with
T. = 700°C. In both cases the collec-
tor is assumed to have the respective op-
timum work function of ¢. = 0.8eV

30 ! ! ! L] (steam turbine) or ¢. = 1.2 €V (Stirling
600 1200 1800 2400 3000  engine). For each T, the emitter work
T. (°C) function was optimized.

The total efficiency of the combined-cycle process then becomes:

_ PI + ns(Pel,c + Prad,c - Pcond,c)

: 3.11
B (3.11)

cc

with P;, as in Egs. 3.6 to 3.9.

Figure 3.10 shows the total efficiency obtained from Eq. 3.11 for the two cases of the
TIC feeding its rejected heat either into a steam turbine or a Stirling engine. In both
cases the collector is assumed to have the optimum work function for the respective inlet
temperatures, which is ¢. = 0.8 eV for the steam turbine and ¢. = 1.2 eV for the Stirling
engine.

As can be seen, adding a TIC to the already established thermal-to-electricity con-
verters can substantially increase the total conversion efficiency. Furthermore, attractive
conversion efficiencies can be achieved with substantially higher - and therefore far eas-
ier to realize — collector work functions than is the case for stand-alone TICs.

As the focus of this work is the suppression of the space charge by electric and magnetic
fields, the availability of materials with low work functions will be treated only briefly in
the outlook (Ch. 7).

Solar heating

In the preceding sections, the heat-to-electricity efficiencies of stand-alone and combined-
cycle TICs were calculated. However, if the emitter is heated with solar radiation, the
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light-to-electricity efficiency #; may be a better measure of system performance. It is
slightly reduced as compared to the heat-to-electricity efficiencies 7y and 7, because
light needs to be absorbed by the emitter. Consequently, the emitter must provide some
highly light-absorbing area A, where b stands for black. As this black spot has a high
emissivity, thermal radiation from A constitutes an additional channel of heat loss P;, =
A 0T

1 can be expressed in terms of the heat-to-electricity efficiency #, where # can stand
both for 7. and 7, as follows:

Poui/(Pin + Py) 1

m
m_ _ , 3.12
n Pout/Pin 1"'Pb/Pin ( )

where P, is either the output power of the stand-alone TIC or of the combined cycle.

In the steady state, the light input from the sun must equal the heat input power of the
TIC or combined cycle plus the additional heat loss due to the black spot. With the light
concentration ¢ and the intensity of the incident, not yet concentrated sunlight I, this
yields:

Ayclyn =P+ Py = P+ Ao T

A, 1
= — = —
P, clyy,—0oT?
P, ApoTi  oTS 1
Pn  Pn  clyn-0T* clyy/(0T%) -1

inserting this into Eq. 3.12 yields a surprisingly simple relationship:

mzl_an

" . (3.13)

With solar heating the efficiencies of both stand-alone and combined-cycle generators
are thus reduced by the ratio of the intensities of the thermal radiation from the black
spot and the incoming, concentrated sunlight.

Figure 3.11 shows the ratio #/# as a function of the emitter temperature for a series of
light concentration factors c. As can be seen, in order to achieve high efficiencies at high
emitter temperatures, high concentration factors are required. Today, concentration fac-
tors of up to 3000 are readily achieved [9],and 10000 seems to be technically possible [89].
The fundamental limit in media with a refractive index of 1 is given by c¢;x & 46000 [90].
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Figure 3.11: Ratio of sunlight-to-
electricity efficiency #; and heat-to-
electricity efficiency # as a function of
emitter temperature for a series of light
concentration factors ¢. Data were
calculated from Eq. 3.13. ¢pax = 46000
corresponds to the optical limit in
media with a refractive index of
1 [90]. A solar intensity of 900 W/cm?
was assumed, corresponding to the
AMLS5 direct+circumsolar reference
spectrum [91].
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3.3 Thermoelectronic energy conversion

In the preceding discussion of an ideal TIC, electron-electron repulsion in the interelec-
trode space has been neglected. In reality, however, emitted electrons are pushed back
by the space-charge cloud formed by electrons in front of them and are reflected if their
kinetic energy is too low to overcome this repulsion.

The space charge modifies the electron potential energy in the interelectrode space. As
compared to the idealized case of Fig. 3.5¢, an energy barrier E. has to be introduced
as shown in Fig. 3.12. In case of practical emitted current densities this barrier is high
enough to block the vast majority of all electrons.

The suppression of the space charge by a gate within a TEC consisting of coplanar,
infinite plates will be discussed below. The gate is supposed to be a hypothetical metal
foil that is perfectly transparent for electrons. Although such an ideal gate does not exist
in reality, this discussion will yield important insights. As can be seen from Fig. 3.13, the
system is translation invariant along the x- and y-directions. This permits to treat the
ideal TEC as one-dimensional along the z-direction.

The electric field generated by the gate accelerates electrons away from the emitter.
They pass through the gate and when approaching the collector they are decelerated to
their initial velocity. This process is virtually lossless and decreases the effects of the space
charge in two distinct ways:

EA

Figure 3.12: Sketch of the potential energy of an electron within a TIC. If there was no space
charge, electrons could travel field-free from the emitter to the collector (dashed line). Due
to the electron-electron repulsion, the space charge causes a potential barrier ¢, in the
electron potential energy (solid line). Only electrons with high enough kinetic energy over-
come the barrier. Reflection of low energy electrons at the barrier both lowers the collector
current and leads to an even higher space-charge density near the emitter. The space-charge
profile shown here was calculated by C. Stephanos [19].
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3 Theoretical background of thermoelectronic energy conversion

Figure 3.13: Sketch of a TEC with an
ideal gate. The ideal gate is a hypothet-
ical metal foil that is transparent for elec-

ideal gate . iric field line  troms. Just like the electrodes in a plate
b ~ capacitor, the ideal gate and the plane-
. o © © parallel, infinite emitter and collector
X o T © ° electrodes generate a homogeneous elec-
L i © © tric field. Consequently, the system is
Vo —7 K Q° o translation invariant along the x- and y-
t -] -] directions, and it can be treated as one-
< © dimensional. The magnetic field is not

r ) e

shown here.

First, the accelerated electrons pass through the vacuum gap at a high average veloc-
ity. Due to the 1-dimensionality of the problem, in dynamic equilibrium the equation
of continuity requires the electron current density J to be independent of the position z
within the gap. Neglecting the thermal velocity distribution of the emitted electrons and
assuming them all to move at the same velocity v(z) yields

J= ne(z)ev(z) = —pSC(Z)V(Z),

with n, and p,. being the electron-number density and the space-charge density, respec-
tively. The space-charge density is therefore inversely proportional to the velocity:

psc(z) = v(z)

The space-charge contribution to the electric potential ¢(z) in the interelectrode space
is given by Poisson’s equation:

(3.14)

Tio(z) = gy - LB )

& S()V(Z)'

Here the one-dimensionality of the problem, which leads to dd—;go(z) = dd—;zgo(z) =0, was
utilized. As can be seen, the curvature of the electric potential is inversely proportional
to the velocity.

Owing to the boundary conditions given by the surfaces of emitter and collector, the
value of ¢ is fixed at those positions. Therefore, a higher average velocity due to the gate
- resulting in a smaller curvature of ¢(z) - directly leads to a smaller peak height. This
effect is demonstrated in Fig. 3.14a.
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3 Theoretical background of thermoelectronic energy conversion

Second, due to the superposition of the space-charge potential with the gate’s elec-
tric potential, the total electric potential is reduced. Even if there was no reduction of
the space charge by the increased velocity, the superposition of gate and space-charge
potential would already reduce the space-charge barrier. This effect is demonstrated in
Fig. 3.14b.

In sum, for a fixed current density the acceleration of electrons in the electric potential
of the gate lowers the space-charge barrier or even completely suppresses it as sketched
in Fig. 3.14c. Consequently, if the electron emission has not yet reached its Richardson-
Dushman saturation value (see Ch. 3.1), the current density will increase.
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Figure 3.14: Sketches of the potential energy of an electron within a TEC. The two different
contributions of the gate electric field are demonstrated separately. (a) By increasing the
average velocity of electrons in the interelectrode space, the gate decreases the curvature of
the electric potential in accordance to Eq. 3.14 and thus the height of the barrier. (b) Even if
the increased velocity did not reduce the barrier, the superposition of space-charge and gate
potential would already lower the barrier in the total potential energy. (c) The total effect of
the gate is given by the superposition of the reduced space-charge with the gate potential. In
this case, the current-limiting peak has completely disappeared.
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3 Theoretical background of thermoelectronic energy conversion

One-dimensional calculation of the gate-enhanced thermoelectronic current
density

As has been discussed in the previous section, the gate reduces or completely annuls the
space-charge barrier for a given current density. The resulting increased current density
then creates a new space-charge barrier, which again alters the current density. As can
be seen, the shape of the space charge and the current density strongly depend on each
other. The current density resulting for a given geometry and gate voltage can therefore
only be calculated in a self-consistent way, which will be briefly sketched in this chapter.
A more detailed discussion of this calculation is given by C. Stephanos [19].

In a first step, the thermal energy distribution of the electrons constituting the current
will be neglected. This is reasonable, as the thermal distribution has a typical width of
only about 0.1 eV, while electrons typically gain several eV in the electric field of the gate.

For a given current density J the total electric potential ¢(z) in the interelectrode space
can then be calculated from Eq. 3.14, yielding

_ T (fan L
(P(Z) - q)gate(z) +80 ‘/[0 dev(é) . (3.15)

space charge

The velocity v(z) can thereby be calculated from the kinetic energy:

1 5 ~
Emevz = Eyin = Egtart — Epot = Egtart + e(P(Z)’

yielding

v(z) = \/ mi(Estart +e9(2)). (3.16)

where E,, is the initial kinetic energy of the electrons. By inserting Eq. 3.16 into Eq. 3.15,
a differential equation for the total electric potential is obtained:

PN S
(P(z)_(/’gate(z)+£0 ) [/0 dz \/m. (3.17)

For an ideal gate positioned symmetrically in between emitter and collector, and ap-
propriate boundary conditions with the approximation Eg, = 0, this equation can be
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3 Theoretical background of thermoelectronic energy conversion

solved analytically (see the work of C. Stephanos [19]), yielding both the shape of the
total potential

(3.18)

dec)_4/3 {24/3 for 0<z<%e
2

z)= V(—
?(2) 8 (dec —2)*?  for %<z£deC

and the current density

. V;/z
= 4eoy / —_ 3.19
J &o 6m. déc ( )

with the emitter-collector spacing d...

The total electric potential is plotted alongside the gate potential in Fig. 3.15a and the
current density is shown as a function of the gate voltage and gap width in Figs. 3.15b
and 3.15¢, respectively.

As the thermally distributed initial velocity of evaporated electrons has been neglected,
the results presented so far are expected to underestimate the current density. The ther-
mal distribution can be accounted for by replacing the integrand in Eq. 3.17 by an integral
over the half-Maxwellian distribution function [19, 22]

3/2
Mme / _Estart
- eX

Esar =2 >
S (Esar) (2nkBTe kg T,

yielding:

¢(2) = Pgae(2) + \/\7% _/]:dézfooodEstartj(EStart)f(EStart> (3.20)
0

€ \ Estart + e(P(é) ’

where j( Egar) is the infinitesimal contribution of the energy component Eg,, to the total
current density.

Methods to numerically solve this equation as well as obtained solutions are presented
in detail by C. Stephanos in [19]. For comparison, the current density resulting from the
calculations presented there is also shown as a function of the gate voltage V; and the
gap width d. in Figs. 3.15b and 3.15¢, respectively. As expected, neglecting the thermal
distribution slightly underestimates the current density, but it does not alter the general
behavior as a function of Vj or d...
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Figure 3.15: Results of one-dimensional calculations of the space charge for an ideal gate.
(a) An ideal gate creates a linear electric potential @gae(2), which leads to the presented
shape of the total potential ¢(z) (Eq. 3.18). Here the thermal distribution of electron energies
was neglected. Because the electron potential energy is proportional to the negative value
of the electric potential, the ¢(z)-axis is reversed. The positions of emitter (e), gate (g),
and collector (c) are indicated as solid and dashed lines, respectively. The current density
J (Eq. 3.19) resulting from this calculation is shown as a function of the gate voltage V, (b)
and gap width d.. (c) both for the case of neglected (Eq. 3.19) and non-neglected (Eq. 3.20)
thermal distribution. The results shown here were obtained by C. Stephanos [19].
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3 Theoretical background of thermoelectronic energy conversion

Optimization of the gate position

In an optimized TEC, the gate voltage will be just high enough to exactly suppress the
formation of a space-charge-induced peak in the electron potential energy. Higher gate
voltages do not increase the current density?, and lower gate voltages cause the formation
of a space-charge peak and therefore result in a substantially decreased current density.

If the gate — with the optimum gate voltage applied - is positioned in the center between
emitter and collector, the potential energy will have a symmetrical shape. If the gate is
moved away from the center towards the emitter, two effects lead to the formation of a
peak in the electron potential energy on the collector side, and hence to a reduction of
the current density:

First, after moving the gate the electrons travel slower in the region d../2 < z < de,
leading to a higher curvature of the electric potential ¢(z) in accordance with Eq. 3.14.
Yet, as before the gate was moved the curvature was just small enough to not cause a
peak, any higher curvature leads to the formation of a peak.

Second, the gate contribution to the total electric potential has a smaller slope near the
collector after the gate has been moved. Even if the curvature of ¢(z) had not changed
upon moving the gate, this would already lead to the formation of a peak in the total
potential energy.

For the same two reasons, moving the gate in the opposite direction towards the col-
lector causes the formation of a space-charge peak on the emitter side. Because any peak
in the electron potential energy reduces the current transferred to the collector, it is best
to position the gate in the center.

It should be noted that this is only approximately true if the TEC is not optimized, and
the gate voltage is therefore not high enough to suppress the space-charge peak even if
the gate is positioned in the center. In this case, it is favorable to slightly move the gate
towards the emitter as this suppresses the remaining peak there. However, upon moving
the gate a second peak near the collector will soon develop. This method was therefore
not used in the work done within this thesis.

3 A possible Schottky emission is neglected here.
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3 Theoretical background of thermoelectronic energy conversion

3.4 The current tube method

In the previous chapter, C. Stephanos’ models to predict the current across the vacuum
gap of a TEC for an ideal gate were described. Obviously, experiments can only be per-
formed with real gates, which generate inhomogeneous electric fields.

To account for those inhomogeneities and to predict the current to be expected in my
measurements, an enhanced model was conceptualized in collaboration with C. Stepha-
nos and implemented in the course of this thesis. This model extends the 1D calculations
to a quasi-3-dimensional model by dividing the interelectrode space into straight tubes,
which are arranged along the emitter-collector axis and cross the complete vacuum gap,
as sketched in Fig. 3.16.

Upon following the magnetic field lines, each electron is assumed to travel from the
emitter to the collector within exactly one tube. Thereby, due to the magnetic field forcing
the electrons on helical paths, the x- and y-components of the E-field are assumed to have
no influence of the movement of electrons along the tubes. Additionally, E, is assumed
to be constant over the tube cross section, which permits the current within each tube
to be calculated from the one-dimensional equations derived above. The space-charge
density is thereby assumed to be approximately constant along the x- and y-directions.

To determine the total current for a given TEC configuration, the electric field distri-
bution is calculated using the commercial electric field solver IES COULOMB [92]. As
the 1D model is valid only for the case of an ideal gate, the electric field within each tube
needs to be averaged as sketched in Fig. 3.17. The current within each tube can then be
estimated from the averaged E-field using the 1D solutions to Eq. 3.17. The current within
one gate mesh is then obtained by summing up all corresponding tubes. Finally, multi-
plying the current within one gate mesh by the total number of meshes yields the total
current.

Obviously, this model is based upon some simplifications, which will somewhat limit
its validity. However, it offers an elegant way to model the current in presence of exper-

electron path

Al Figure 3.16: Sketch of the subdivision of
' the interelectrode space into current tubes.
The electric field is assumed to be constant
over the tube cross section. Typically, E,
is strong near the emitter and the collector,
------------------------------------------ e and within tubes passing close to the gate

collector l_’ wires. Consequently, electrons move faster

Z near the gate wires.

current

tubes  weak

emitter
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Figure 3.17: Calculated electric field
E, (solid lines) along two exemplary
tubes and the averaged fields (dashed
lines), which are used in the 1D models
to predict the current density within
each tube. The positions of emitter (e),
gate (g), and collector (c) are indicated
as vertical solid and dashed lines, re-
spectively. In the example shown, a gate
voltage of 1V was applied and the mesh
diameter (see Ch. 4.3) was 1.6 mm.

The data were calculated with IES
COULOMB [92].

imentally inevitable inhomogeneities in the electric field. The results obtained with the

current tube method can hardly be interpreted without comparing them to my measure-

ments. Consequently, they will not be discussed here, but in Ch. 6.
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4 Experimental setup and material
choices

In this chapter I will present the experimental setup that was developed during the course
of this work and used to obtain the experimental results presented in Ch. 5 and Ch. 6.
After giving an overview of the setup in general, I will discuss the most important compo-
nents — emitter, gate, and collector - in detail. At some places, preliminary experiments
demonstrating the functionality of the components will be presented.

4.1 Overview

To guarantee sufficiently large mean free paths of the electrons, the experiment is mounted
inside a vacuum chamber, which is evacuated by a turbomolecular pump. The mean free

path of electrons at the resulting base pressure of 1 x 1077 mbar is in the order of sev-

eral thousand meters [93], which guarantees ballistic transport from the emitter to the

collector.

Fig. 4.1 shows a photograph of the vacuum chamber. The components shown there will
be discussed in this chapter. The experiment is mounted on the inside of a DN200 CF
vacuum flange, which itself is attached to a transfer system. As all electrical connections
to the experiment are realized via electrical feedthroughs incorporated into the main
flange, the emitter-gate-collector assembly can be moved out of the vacuum chamber to
allow for modifications. Figure 4.2 shows a photograph of the vacuum chamber with the
experiment in position for maintenance.

As is sketched in Fig. 4.3, the emitter, gate, and collector are mounted on a perforated
ceramic plate, which permits to independently mount them in various positions on the
plate. They are electrically connected via the steel screws below the ceramic plate, typ-
ically using two wires attached to two screws per component (not shown in Fig. 4.3) to
permit four-terminal sensing of currents and voltages.

The required magnetic field is generated by two stacks of permanent magnets made of
NdFeB, which are the strongest type of commercially available permanent magnets [94,
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4 Experimental setup and material choices

Figure 4.1: Photograph of the vacuum chamber housing the experimental setup. The main
experiment is mounted on the inside of a DN200 CF vacuum flange (f), which is attached to
a transfer system (t). Further visible components: pyrometers (p), turbomolecular pump
(v), rotary feedthrough for the magnetic system (r), gas inlets (g), and several electrical
feedthroughs (e). Photograph by K. Wiedenmann.
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Figure 4.2: Photograph of the vacuum cham-
ber with the experiment in position for main-
tenance. As is indicated, the vacuum flange (f)
carrying the main experiment can be moved
along the shafts, which permits to bring it into
a position that allows for modifications. Fur-
ther visible components: pyrometers (p), tur-
bomolecular pump (v), rotary feedthrough for
the magnetic system (r), gas inlets (g), and the
copper cylinder (z) that serves to cool the mag-
nets.

95]. As compared to electromagnets, these magnets have the advantage that magnetic
fields with flux densities exceeding 100 mT can easily be achieved. Generating these flux
densities with electromagnets is a demanding engineering task; in particular in vacuum,
where it is complicated to remove the heat generated by the high required currents. Con-
sequently, electromagnets were not considered as an option. The magnets are held by an
iron yoke, which provides a low reluctance path for the magnetic flux, and thereby both
decreases the stray magnetic field and increases the magnetic flux density in the region
between both magnets. The yoke is mounted on a rotary feedthrough, which permits to
rotate the magnets away from the emitter-gate-collector assembly in situ. Consequently,
measurements with and without magnetic field can be performed consecutively without
breaking the vacuum in between.

Figures 4.4a and 4.4b show photographs of the main experiment with the magnets be-
ing in position for measurements with and without magnetic field. The generated mag-
netic field was measured with a commercial hall effect sensor, which yields an approx-
imately homogeneous magnetic flux density of order 200 mT varying by about +10 mT
across the gate cross section.
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Figure 4.3: Sketch of the main experiment inside the vacuum chamber. The permanent mag-
nets are attached to an iron yoke, which itself is mounted on a rotary feedthrough incorpo-
rated into the main flange. This way the magnetic field can be switched on and oft in situ.
Emitter, gate, and collector are mounted on a perforated ceramic plate, which allows for vari-
able positioning and guarantees good electrical insulation. The ceramic plate is attached to
the inside of the main flange.
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(b)

Figure 4.4: Photographs of the main experiment with the magnets in position for measure-
ments with (a) and without (b) magnetic field. The magnets are protected from the thermal
radiation from the emitter by heat shields (s). The axis of rotation of the rotary feedthrough
is indicated as a dashed line. Further visible components: the ceramic plate (p) holding emit-
ter, gate, and collector (c), and a copper cylinder (z) and some copper wires (w), which are
used to cool the magnets in some experiments.
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The wiring of the experiment is sketched in Fig. 4.5. Four-wire-sensing carried out by
standard source-measurement-units (SMUs) was used to precisely control the electric
potentials at the emitter, gate, and collector. The collector-load-circuit is not realized by a
variable resistor, but by an SMU as well. This enables to measure not only in the regime of
positive load voltages, but also in in the so-called accelerating regime, where electrons are
accelerated towards the collector. By definition of the load voltage (see e.g. Fig. 3.5), this
corresponds to negative load voltages, which cannot be realized with a resistor. Addition-
ally, using a computer-controlled SMU has the advantage to permit automatic measure-
ments. That the SMU behaves exactly like the equivalent collector-load-cycle sketched at
the bottom of Fig. 4.5 was confirmed experimentally.

The resistively heated emitters to be discussed in the following section are heated by
a standard power source, and the emitter temperature is measured with a standard py-
rometer working in a spectral range of 1.45 um to 1.80 um. The spectral emissivity of the
emitter was assumed to be 0.5. A custom software PID controller is used to automatically
control the temperature. The gas inlets shown in Figs. 4.1 and 4.2 serve to blow nitrogen
onto the emitter during maintenance. This is necessary because the emitter contains bar-
ium oxide, which is highly hygroscopic and consequently has to be protected from air
moisture.

All instruments are connected to a computer to enable automatic measurements.
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Figure 4.5: Sketch of the wiring of the experiment. The emitter is heated by a power source
and its temperature is measured with a pyrometer. The heater wires are electrically insulated
from the metallic hull of the emitter, and consequently from the emitting surface. This per-
mits to measure the emitted current independently from the heating current. Due to the
requirement to set the emitting surface to ground potential and the finite electrical conduc-
tance of the wire connecting it, it is necessary to actively set the potential difference between
ground and emitting surface to zero. This is done with a source-measurement unit (SMU),
which is programmed to measure I. and to adjust V¢ jn¢ such that V. =0 V.
Similarly, to precisely adjust the electric potential at the gate, an SMU is programmed to mea-
sure I and to adjust Vg iy such that Vg matches the desired value.
To enable automatic measurements, the load is not realized by a variable resistor, but by an
SMU. Again, it is programmed to measure I} and to adjust V] ¢ such that V; matches the de-
sired value. As was confirmed experimentally, this is equivalent to incorporating a variable
resistor R and measuring I} and Vj with an ampere- and voltmeter, respectively.

51



4 Experimental setup and material choices

4.2 Emitters

First experiments were performed with directly heated, wound tungsten filaments as
shown in Fig. 4.6a. This setup had a couple of drawbacks, the most important one being
a significant voltage drop across the filament due to its resistive heating. As tungsten has
a work function of about 4.5 eV [86], a voltage of typically 10 V had to be applied to heat
the filament to sufficiently high temperatures. The resulting potential drop creates an
electrostatic field along the filament, which significantly disturbs the movement of emit-
ted electrons. The same holds true for any directly, resistively heated emitter material,
albeit it can be slightly less serious with low-work-function materials.

Additional drawbacks of wound filaments are the typically small emitting surface, lead-
ing to small emission currents even at high temperatures, and the non-flat geometry,
making it difficult to perform distance-dependent measurements.

To avoid these issues, an indirectly heated emitter was used, where the flat, emitting
surface has a low-work-function and is thermally — but not electrically - connected to
the resistive heating element. An emitter work function ¢, ranging from 2eV to 3eV
makes it possible to attain current densities in the order of 1 A/cm? at moderately high
temperatures of about 1000 °C to 1500 °C (see Eq. 3.2 and Fig. 3.3b).

A couple of material systems were considered, such as LaBs (work function 2.8 eV [86]),
tungsten doped with intermetallic oxides [96, 97] and barium-oxide-dispenser cathodes.
The latter were actually used as they have very promising specifications and are com-
mercially available in suitable geometries. Figure 4.6b shows an off-the-shelve configu-
ration [98] used for preliminary experiments, while Figs. 4.6¢ and 4.6d show a custom
cathode, which was manufactured on request [98] to be very compact in z-direction. This
custom design was used in all experiments shown within this thesis.

BaO-dispenser cathodes consist of a porous tungsten matrix that is interspersed with
barium oxide, the emitting material. An aluminum oxide filling thermally connects
the heating wire with the tungsten matrix and at the same time electrically insulates
both [99]. Figure 4.7a shows a sketch of this configuration for the custom BaO-dispenser
cathode used in this thesis.

When the cathode is heated, BaO diffuses from within the reservoir formed by the
pores in the tungsten matrix to the outside and constitutes a low-work-function sur-
face on top of the outermost tungsten layer [99, 100]. Figures 4.7b and 4.7c sketch the
most probable configuration of this emitting surface for an examplary BaO coverage of
25 % [101].
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Figure 4.6: Photographs of emitters used within this work. (a) First experiments were per-
formed with resistively heated tungsten filaments (e). The gate (g) was formed of tungsten
wires strained on a copper or ceramic frame. Some permanent magnets (m) mounted on
a magnetic yoke (y) generated the magnetic field. The major drawback of this setup was
a potential drop across the filament, caused by the direct, resistive heating. (b) The BaO-
dispenser cathode (e) used for preliminary experiments has an indirectly heated and flat,
emitting surface, avoiding any potential drop across the surface and making it possible to
mount the gate (g) in a well-defined distance. Emitting area: A = 2.85cm?. (c) The custom
BaO-dispenser cathode makes it possible to mount the magnets (not shown here) very close
to the experimental stack consisting of emitter (e, within heat shields), gate (g, in between
distance plates), and collector (c). Emitting area: A = 2.85 cm?. (d) Front view of the custom
BaO-dispenser cathode (e) within three layers of heat shields (s). On the left side the heater
wires (h) can be seen. After many days of operation the emitting surface shows hexagonal
imprints probably originating from the gate. No influence of those imprints on the emission
behavior could be observed.

Photographs by K. Wiedenmann (a, b), A. Herrnberger (c).
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Figure 4.7: Working principle of BaO-dispenser cathodes. (a) Sketch of the resistively heated
BaO-dispenser cathodes used during the work of this thesis. The aluminum-oxide filling
transmits heat from the heater wires to the tungsten matrix, where an emissive surface is
formed. (b) and (c) The emissive surface consists of usually partial monolayers of barium
and oxygen on top of the tungsten surface. The configuration sketched here is the most
probable one for a typical barium-oxide coverage of 25 % [101].

The emission properties of the BaO-dispenser cathodes were studied using a simplified
version of the generator setup, where the gate was omitted. Instead - as sketched in
Fig. 3.2a — an accelerating voltage V,.. was directly applied to a collector made of steel,
which was mounted in a distance d.. from the emitter.

When BaO-dispenser cathodes are heated, it typically takes several hours until a suffi-
cient amount of barium has diffused to the surface and established the low-work-function
layer. In the literature this effect is called activation [99, 102, 103]. It can be observed by
repeatedly taking I;(V,..) characteristics, as shown in Fig. 4.8a. These characteristics
were recorded directly after the emitter temperature was increased from 800 °C to 850 °C
and clearly demonstrate an increase of the emission capability as a function of time. They
show the expected diode behavior with clear Child-Langmuir and Richardson-Dushman
regimes (see Fig. 3.2b). The Richardson-Dushman saturation current Iyp, is indicated in
this figure for one characteristic.

From every I;( V,..) characteristic the respective emitter work function ¢, can be deter-
mined from the corresponding saturation current Ixp by solving the Richardson-Dush-
man equation (Eq. 3.2) for ¢.:

IRD/A

L W

(4.1)

where A is the emitting area.
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Figure 4.8b shows the emitter work function ¢., calculated from the saturation current
using Eq. 4.1, as a function of T,. The barium diffusion to and the evaporation from the
emitter surface as well as the kinetics of the chemical reactions leading to the formation
of the low-work-function surface are temperature dependent processes. Consequently,
the temperature and time dependence of the work function does not surprise.

BaO-dispenser cathodes are very sensible against practically any kind of contamina-
tion as the low-work-function surface is easily disturbed by impurities, leading to higher
work functions and thus lower emission currents. This effect is called poisoning and
appears with common gases like CO, and O,, as well as water vapor [103]. Hence, the
BaO-dispenser cathodes have to be operated at pressures below 1 x 107% mbar [104]. To
avoid contaminations and because barium oxide is very hygroscopic, the BaO-dispenser
cathodes used during the work of this thesis were kept in a nitrogen flow during main-
tenance periods.

Additionally, poisoning occurs with most metals, if their vapor pressure is too high [105].
Hence, the need to avoid poisoning sets some material constraints on other parts of the
experimental setup, especially on the gate.
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Figure 4.8: Time and temperature dependent measurements of the emitter’s emission capa-
bility. (a) I( Vi) characteristics taken during the activation of the emitter. A small ohmic
background conductance of about 1 mA per 20 V was subtracted. Due to the slow diffusion
of barium to the surface and the slow kinetics of the surface chemistry, it takes several hours
for the emission capability to saturate. From the Richardson-Dushman saturation current
Irp, which is indicated for one exemplary characteristic, the work function of the emitter
can be determined based on Eq. 4.1.

(b) The emission capability of the emitter was investigated as a function of time and tem-
perature. After an initial activation phase at T, = 950 °C (not shown) the temperature was
set to the starting point at 800 °C. As this temperature is too low to sustain the low-work-
function surface, the work function slowly increases. At higher temperatures the emitter is
re-activated and the work function decreases again. For T, > 1000 °C the work function can
not be determined as in this case the saturation current exceeds the measurement limit of
1 A. After the work function had saturated at T, = 1000 °C the temperature was decreased in
steps of 50 °C and the emission behavior was measured for 2 h per step. A steel collector was
used for this measurement.
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4 Experimental setup and material choices

4.3 Gates

The gate obviously needs to be an electrical conductor, and mechanically stable up to high
temperatures as it is mounted near the hot emitter. Additionally, to avoid the poisoning
of the emitter, its vapor pressure needs to be sufficiently low at those temperatures. Both
requirements are best fulfilled by refractory metals. Of these, tungsten has the lowest
electrical resistivity (5.3 x 108 Q m [106, p. 12/41]) and, additionally, a very low vapor
pressure at high temperatures [106, p. 4/125].

Some preliminary experiments were performed with a gate made of tungsten wires,
which were strained on a ceramic frame. Such gates were found to have major drawbacks
concerning their planarity and the geometry of the generated electric field.

To avoid those drawbacks, gates were structured by laser cutting tungsten foils by ex-
ternal vendors [107, 108]. It was found possible to create grid bars as thin as 80 pm with
this technique, if the foil is not thicker than about 250 um (see Fig. 4.9¢). In contrast to
strained wires, this technique also allows the design of complex structures like the hon-
eycomb lattices shown in Fig. 4.9. Due to its optimum plane filling [109], this structure
was used in all experiments shown within this thesis.

As will be discussed in detail in Ch. 6, the performance of these gates - i.e. their ability
to suppress the space charge - was found to highly depend on the mesh diameter w,
which I define as is shown in Fig. 4.9a. A further important parameter is the transparency
t, defined as sketched in Fig. 4.9b as the fraction of the mesh area and the total cross
section of the gate.

To mount emitter, gate, and collector with stable spacings therebetween, the gate is
sandwiched in between aluminum oxide spacers, which were likewise fabricated by an
external vendor via laser cutting [107]. For this purpose, aluminum oxide was selected
because of its very high electrical resistivity (of order 10 x 102  m [110]) and because it is
already contained in the BaO-dispenser cathodes, reducing the probability of poisoning
the latter. Figure 4.9d shows a photograph of the gate and one spacer during mounting
into the metal frame holding them in position. After this step, emitter and collector are
slightly pressed against the spacers on their respective sides to obtain a robust assembly.
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4 Experimental setup and material choices

(d)

Figure 4.9: The gates used in this thesis. (a) The mesh diameter w = 2a is defined as the
distance of opposite corners of the hexagons. (b) For fixed w the bar width b controls the
transparency t of the gate, which is defined as the fraction of the mesh area and the to-
tal cross section of the gate. Taking advantage of the periodicity this can be written as
t = Agreen/(Agreen + Ared)- (€) Scanning electron micrograph of a gate with w = 0.6 mm,
b = 0.08 mm, and a thickness of 0.2mm. Micrograph taken by B. Fenk (Max-Planck In-
stitute for Solid State Research, Stuttgart). (d) The gates are sandwiched in between Al,O3
distance plates and mounted within a metal frame. A second distance plate is not shown
here.
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4 Experimental setup and material choices

4.4 Collectors

As was demonstrated in chapter 3.2, the collector work function ¢ has to be smaller than
the emitter work function ¢. to achieve a high energy conversion efficiency. This can be
realized by using either alow ¢, and an intermediate ¢., or an intermediate ¢. and a high
¢.. Both approaches were found to be difficult to follow as low-work-function surfaces
are difficult to achieve, and high-work-function emitters have to be heated to very high
temperatures to emit sufficiently large current densities.

However, to study the suppression of the space charge by electric and magnetic fields,
it is not necessary to use collectors with work functions as low as that. Instead, for this
purpose any work function can be simulated electrically by applying an offset voltage.
As can be seen in Fig. 4.10, the electric field working on the electrons on their way to the
collector in this case is identical to the one that would be present if a low-work-function
collector was used.

Consequently, it was decided not to optimize the system with respect to conversion ef-
ficiency, and to work with conventional collector materials instead. Most measurements
were performed using collectors fabricated of stainless steel. This is due to the relatively
low outgassing of stainless steel even at elevated temperatures, which reduces the danger
of poisoning the emitter, and the good machinability as compared to refractory metals.

EA EA

A“e """" B

(b)

Figure 4.10: The electrical simulation of a low collector work function. The electric field in
the interelectrode space (here: E = 0) is identical in the two cases of a low collector work
function ¢; with an applied load voltage V§ > 0 (a) and a high collector work function ¢,
with an applied accelerating voltage Vyc. < 0 (b), where Voo = Vi + dc1/e — dea/e. A practical
TIC as in (a) can therefore be studied experimentally by using high-work-function collectors
as in (b). Unless explicitly stated otherwise, this electrical simulation of low collector work
functions is not applied on data shown in this thesis.

To perform measurements with ¢. ~ ¢., which has the advantage of a vanishing con-
tact potential (see Ch. 3.2), in some cases a second BaO-dispenser cathode was used as a
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4 Experimental setup and material choices

Figure 4.11: Photograph of
the setup using an additional
BaO-dispenser cathode as
collector (¢, in between
heat shields). To enable the
mounting of emitter (e, in be-
tween heat shields), gate (g),
and collector, the outermost
heat shield on the right-hand
side is shorter than the one
on the left-hand side. This
setup was used to study the
behavior of the system with
vanishing contact potential.

collector. As in these type of measurements the collector can be heated to temperatures
high enough to permit a small but well detectable back-emission, ¢. can be estimated
therefrom using the Richardson-Dushman equation (Eq. 4.1). Figure 4.11 shows a pho-
tograph of this setup.
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5 Proof-of-concept of thermoelectronic
energy conversion

A significant part of this work was dedicated to understanding and demonstrating the
fundamental physics governing the transfer of electrons across the vacuum gap of a ther-
moelectronic converter. Therefore, within this part the focus was on experimentally test-
ing the influence of the electric and magnetic fields on the electron movement from the
emitter to the collector. It was not intended to optimize the conversion efficiency or the
output power density.

The most important tool to investigate the electron movement was the measurement
of IV characteristics for various device configurations. Thereby both the influence of
the load and gate voltages on the collector and gate currents were investigated. All data
shown in this chapter were measured with a gate having a mesh diameter of w = 1.6 mm,
a bar width of b = 80 um and a thickness of 0.2 mm. The influence of the gate geometry
will be discussed in Ch. 6. Unless stated otherwise a magnetic field of order 200 mT was
applied.

5.1 Basic current-voltage characteristics

In a practical TEC, the load resistance is varied to adjust the load voltage V; to its optimum
value Vi, = (¢e— @) /e and thereby maximize the output power. As has been described in
the preceding chapter, in my experiments the variation of the load resistance was realized
by directly applying the load voltage V; between emitter and collector and measuring the
resulting collector current with a standard SMU.

Figure 5.1 shows a typical [;( V) characteristic, which was obtained with two BaO-
dispenser cathodes working as emitter and collector. Before recording this I;(V}) char-
acteristic, the work functions of emitter and collector were adjusted such that ¢. < ¢. by
taking advantage of the temperature and time dependence of the work functions of the
BaO-dispenser cathodes (see Ch. 4.2).
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Figure 5.1: Typical characteristic of the
output current I} as a function of the
load voltage V}. For high load voltages,
the collector current becomes small as
hardly any electron evaporated from the
emitter has sufficient kinetic energy to
reach the collector. With decreasing
load voltage more electrons can reach
the collector and I} increases until it en-
ters the space-charge-limited regime at
W ~ 0.2V. Collector: BaO-dispenser,
gate: see p. 61.

Figure 5.2: Electric power generation
while measuring the I;(V}) characteris-
tic shown in Fig. 5.1. The system gen-
erates an electric output power for 0 <
V1 $ 1.2V, whereas it consumes electric
power when negative load voltages are
applied or when the back emission leads
to negative collector currents. Collector:
BaO-dispenser, gate: see p. 61.



5 Proof-of-concept of thermoelectronic energy conversion

Athigh load voltages, only a small fraction of the emitted electrons has sufficient kinetic
energy to overcome the resulting, retarding electric field (see Fig. 3.5d). As expected,
the output current I; approaches zero in this case. With decreasing load voltage, slower
electrons can reach the collector and the respective current increases until at Vj ~ 0.2V
finally every emitted electron has sufficient kinetic energy to reach the collector. As the
current in this regime is mainly determined by the velocity distribution of the emitted
electrons, this regime is called the statistical regime.

As negative load voltages correspond to an acceleration of electrons onto the collector,
within this accelerating regime every electron that is not reflected by the space charge
is expected to reach the collector. For an idealized TEC, in which no space charge is
present, one would then expect the slope to be zero, as sketched in Fig. 3.6. A finite slope
being observed in the experiment therefore indicates that the gate electric field does not
completely suppress the space charge. With increasing accelerating collector potential the
residual space charge is then suppressed and the output current therefore still increases
slightly. Consequently, this small-slope regime of the I;( V) characteristic is referred to
as the space-charge-limited regime.

As Fig. 5.2 illustrates, the system generates an electric output power P; = I; V] with the
maximum of 4.5 mW being reached at a load voltage of 0.55 V. As expected, in the accel-
erating regime and for V; 2 1.2V, where due to the back-emission I; becomes negative,
the system consumes electric power.

Notably, the I;(V1) and P;(V) characteristics for fixed gate voltages shown in Fig. 5.1
and 5.2 correspond very well to what has been reported in the literature for other types
of TICs (see e.g. the standard work by Hatsopoulos [21, 22]).

Determination of the collector work function and V,,,, from I( W)
characteristics

As was pointed out in Ch. 3.2, the collector work function plays a fundamental role in
any TIC. Efficient energy conversion is not possible without low collector work func-
tions. However, to avoid the experimental complexity of obtaining and maintaining low-
work-function surfaces, we decided to use available materials with work functions that
- although being impractical for efficient energy conversion - are adequate to study the
transfer of electrons across the vacuum gap. Nevertheless, knowing the actual collector
work function is of high interest to interpret the experimental data.

As was already noted in Ch. 4, both polished steel plates and BaO-dispenser cathodes
were used as collectors. Reported work functions of steel vary from around 4.3 eV [111] to
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5 Proof-of-concept of thermoelectronic energy conversion

Figure 5.3: Comparison of two typical
I;(V}) curves measured with a steel (T »
500°C) and a BaO-type (T, = 540°C)
collector. The transition from the statis-
tical to the space-charge-limited regime
occurs at approximately the same load
voltage. This strongly suggests that the
steel collector has a work function that
is very similar to the one of the BaO col-
lector. The offset of about 5mA at neg-
ative load voltages may be due to differ-
ent gate work functions, which lead to
different accelerating E-fields. Gate: see
Vi (V) p. 61.

I (mA)

around 5.6 eV [112], mainly depending on the method of measurement and the oxidation
state of the surface. In contrast, the BaO-dispenser cathodes used as collectors in the
experiments were prepared in order to have a work function ranging between 2.0 eV and
2.5eV. Thinking of the ideal I;(V}) characteristic shown in Fig. 3.6, one would therefore
expect to observe an offset of the load voltage of about 2V in the I;( ) characteristics
taken with both types of collectors.

However, much smaller - if any - offsets of V] are observed, which can be seen from
the comparison of two typical I;( V{) curves shown in Fig. 5.3. As the work function of the
BaO-type collector was controlled by measuring its emission capability, the small value
of this offset is presumably due to the steel collectors having smaller work functions than
expected. This can probably be explained by barium atoms being evaporated from the hot
emitter [99] and condensing on the cold steel collector. To my knowledge, a reduction of
the work function of steel by barium layers has not been reported in the literature, but it
is well known both for cesium on steel [86, p. 125] and for barium on various metals [86,
pp- 118-135]. This observation is therefore not surprising. Remarkably, this reduction of
the collector work function offers the possibility to realize the state ¢. < ¢ without using
any uncommon materials on the collector side.

Assuming that the transfer of electrons to the collector does not alter their velocity
distribution, the collector work function can be determined from a fit of the Richardson-
Dushman equation (Eq. 3.3) to the measured I;( ) curves in the statistical regime. As
noted in Ch. 3.2, this is due to the collector work function being the effective barrier
electrons have to overcome to reach the collector. As Fig. 5.4 shows, from the [;(V})
curve already shown in Figs. 5.1 and 5.3 this fit procedure yields ¢. = 2.1eV.
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5 Proof-of-concept of thermoelectronic energy conversion

15 [T \ T _]
| T, = 1050°C
', T. = 540°C
l| dec = 0.47 mm
= 10 \ Vg=5V Figure 5.4: Measured I;(V]) character-
E ll istic (solid line) and a corresponding
= \ Richardson-Dushman fit (dashed line,
o "\ | see Eq. 3.3). Unfortunately, the result of
\ ¢ =2.1eV the fit strongly depends on the range it
is applied to, which in this case is V| =
0Ly ! ! ] -1 0.9V to V] = 2.5V. It yields a collector
-1 0 1 2 work function of ¢. = 2.1eV. Collector:
Vi (V) BaO-dispenser, gate: see p. 61.

Unfortunately, the values of the fit parameters were found to largely depend on the
range the fits were applied to. For example, applying the fit shown in Fig. 5.4 to the range
between V; = 0.8 Vand V] = 2.5V instead of V| = 0.9V and V| = 2.5V alters the resulting
¢. by nearly 0.1eV. Additionally, the premise that the velocity distribution of the elec-
trons is not altered during the transfer of electrons to the collector is questionable. There
are various processes involved that might influence the electron velocity distribution,
such as the exchange of momentum within the space-charge cloud or energy-dependent
absorption and emission of electrons at the surfaces of collector and emitter, respectively.
Hence, this approach to determine ¢, is known to be unreliable [113] and consequently
not applied within this thesis.

Instead, it was found feasible to determine the difference of the work functions of emit-
ter and collector rather than the collector work function itself. This can be done based
on the transition between the statistical and the space-charge-limited regime. Since any
practical TEC will be operated near V;,, = (¢ — ¢.)/e, this parameter is indeed the rel-
evant one. Within the statistical regime, which is determined by the I;(]) curve having
a large slope, the vacuum level at the surface of the collector is larger than the one at the
surface of the emitter. Hence, the number of electrons reaching the collector grows expo-
nentially with decreasing load voltage. At Vi = V,,, = (¢ — ¢.)/e every emitted electron
has enough kinetic energy to reach the collector, and the I;(V;) curve therefore flattens
out. Consequently, Vp,, is expected to lie within the transition region between the statis-
tical and the space-charge-limited regime. Although this transition is not sharp, V;,, is at
least approximately determined by the intersection of two linear regressions to the I;( })
curve as shown in Fig 5.5. In this case, this method yields V,,, = 0.4 V. Throughout this
work, the current I; at V| = V;,,, is denoted as Iy,.
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Figure 5.5: Measured I} (V}) characteris-
tic and linear regressions to the statis-
tical and space-charge-limited regimes.
The transition between both regimes oc-
cursat Vi = Vipp = (¢e — ¢c)/e. As this
transition is not sharp, for this work Vinp
and I, are defined by the intersection
of two linear regressions in the respec-
tive ranges. Collector: BaO-dispenser,
gate: see p. 61.

It should be noted that V,,;,, as defined in Fig. 5.5, does not necessarily coincide with

the maximum of the power generated in the experiment as it was shown in Fig. 5.2. In

fact, Vip will even be negative in case of ¢. > ¢., and consequently in the experiment no

power will be generated at V; = V.

5.2 Suppression of the space charge by the gate electric

field

Figure 5.6 shows a typical series of I;( V}) characteristics obtained with gate voltages rang-

ing from 0V to 24 V. The collector current I; clearly increases with increasing gate volt-

age, showing that as expected the space charge is suppressed by the gate electric field.

— Vg=24V
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T. = 600°C
dec = 0.47 mm
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1 l l I 171
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Figure 5.6: Collector current I} as a
function of the load voltage V] for a se-
ries of gate voltages V, ranging from 0V
to 24 V. The collector current clearly
increases with increasing gate voltage,
which strongly indicates that the space
charge is suppressed by the gate electric
field. Collector: BaO-dispenser, gate:
see p. 61.
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T T T
6L T. = 1050 °C
T, = 600°C
dec = 0.47 mm Figure 5.7: Generated power P; as a
g 4 - function of the load voltage V] for a se-
E — Vg=24V ries of gate voltages ranging from 0V
< to 24 V. With increasing gate voltage,
2r 15V 71 the load power first increases until it
3V starts to decrease at gate voltages larger
oV than the optimum gate voltage. The data
0f ! ; . | for the optimum gate voltage (15V) are
0.0 0.5 1.0 L5 2.0  drawn as a thick line. Collector: BaO-
Vi (V) dispenser, gate: see p. 61.

The respective Pj(V]) characteristics are shown in Fig. 5.7. They, as well, clearly ex-
hibit an increase of the generated power with increasing gate voltage. However, for gate
voltages higher than the optimum gate voltage of 15V the generated power starts to de-
crease. This arises from the slight decrease of I, for high gate voltages, which can be
seen in Fig. 5.8a.

However, for 0V < V, < 20V, Fig. 5.8a clearly shows the suppression of the space
charge by the gate electric field. Thereby, as the gate current does not saturate at high
Vg, it may be concluded that the space charge is not fully suppressed. Consequently,
the system operates in the Child-Langmuir regime (see Ch. 3.1), which can as well be
seen in I, following the Child-Langmuir law (Eq. 3.1). Thereby, the effective emitter-
gate spacing, which occurs in the Child-Langmuir law, is larger than expected (deg e =
0.6mm > d, = 0.2mm). Presumably, this is due to the 3-dimensionality of the system:
the Child-Langmuir law actually accounts for 1D systems only.

For the case of negative — i.e. decelerating — gate voltages, this configuration is very
similar to a conventional electron tube, where the gate voltage is typically used to suppress
the collector current. In all measurements performed, both I} and I, rapidly approach
zero for negative gate voltages. Consequently, data for V, < 0 are not shown in this work.

To sum up, the measurements have shown that the electric field created by the gate
actually suppresses the current-limiting effect of the space charge. However, the space
charge cannot be completely suppressed. As will be discussed in Ch. 6, this is because in
the configuration studied the emitter-collector spacing was unfavorably large.
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Figure 5.8: (a) Load and gate currents at V; = Vp, as a function of the gate voltage. For
negative - i.e. decelerating — gate voltages, no current is observed (not shown here), while it
arises with increasing gate voltage as the space charge is suppressed gradually. Unless very
high gate voltages are applied, electrons preferably reach the collector. The space charge can-
not be fully suppressed with the gate voltages applied in this measurement. Consequently, the
gate current does not saturate. Instead, I follows a Child-Langmuir-like behavior (dashed
line, see Ch. 3.1). (b) Generated power Prp = Ip Vinp and gate power Py = I V; as a function
of gate voltage V. For small gate voltages the system generates more electric power than it
consumes to sustain the gate electric field.

Collector: BaO-dispenser, gate: see p. 61.
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5 Proof-of-concept of thermoelectronic energy conversion

5.3 Suppression of the gate current by the magnetic field

To explore the influence of the magnetic field on the transfer of electrons from the emit-
ter to the collector, measurements with and without an applied magnetic field were per-
formed. By rotating the magnetic yoke and the permanent magnets attached to it out of
the experimental region, it is possible to switch the magnetic field on and oft in situ, as
already shown in Ch. 4.

Figures 5.9a and 5.9b show characteristics of the load and gate currents as a function of
the load voltage with the magnetic field switched on and off, respectively. As expected, if
there is no magnetic field applied, the gate current clearly exceeds the load current in the
regime V; 2 Vi,p. Only if an accelerating voltage (i.e. V; < 0) is applied to the collector, do
the load and gate currents approach similar values. In contrast, with an applied magnetic
field the load current dominates — in particular in the regime V; » V;,;,, which is relevant
for practical devices.

This behavior is also clearly observable in Fig. 5.9¢, where the share of the load current
in the total emitted current is shown as a function of the load voltage. With an applied
magnetic field, the load current nearly approaches the value expected from the geometry,
which is the transparency ¢ = 0.89 of the gate (see Fig. 4.9b).

Figures 5.10a and 5.10b show the collector and gate currents as a function of the gate
voltage for Vi = V,,,. As can be seen, the effect of the magnetic field is stable over a broad
range of gate voltages. The load current divided by the total current (Fig. 5.10c) is close
to the geometrical transparency up to V, = 15 V.

Because the gate current decreases significantly when the magnetic field is switched on,
it can be concluded that the magnetic field forces electrons on paths along the magnetic
field lines. Consequently, the majority of the electrons are effectively prevented from
hitting the gate.

That the collector current divided by the total current is slightly lower than the gate
transparency is presumably due to the inhomogeneous electric field. As can be seen in
Fig. 5.11, the electric field on the surface of the emitter is nearly twice as large in regions
aligned with the grid bars than in regions aligned with the meshes. This effect in combi-
nation with the not fully suppressed space charge leads to an increased current density in
regions of the emitter facing the grid bars, as the space charge is suppressed to a higher
degree there. Consequently, the share of the gate current in the total emitted current is
higher than in the case of a homogeneous electric field or a fully suppressed space charge.
Similarly, the share of the collector current in the total current is reduced.
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Figure 5.9: Load and gate currents as a function of load voltage for V, = 6 V, T, = 1100 °C,
T. ~ 500°C, and de = 1 mm with the magnetic field switched on (a) and off (b). With mag-
netic field applied the load current clearly dominates the gate current, in particular in the
region V| ~ Vip, which is relevant for power generation. Without magnetic field, the gate
current dominates for all relevant voltages. (c) Load current I} divided by the total current
I+ I plotted as a function of the load voltage. With applied magnetic field, I;/(I; + I ) nearly
approaches the geometrical transparency ¢ = 0.89 (see Fig. 4.9a) of the gate.

Collector: steel, gate: see p. 61.
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Figure 5.10: Load current and gate current as a function of gate voltage for Vi = Vi, = -0.4V,
Te = 1100°C, T, » 500 °C, and d. = 1 mm with the magnetic field switched on (a) and off (b).
() Load current Iy, divided by the total current (I, + Ig) plotted as a function of the gate
voltage. With applied magnetic field Irp/(Imp + Ig) is close to the geometrical transparency
t = 0.89 of the gate up to V, = 15 V. Collector: steel, gate: see p. 61.
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E(V/m) Figure5.11: Calculated magnitude of the electric
mi0000 fleld on a plane in a distance of 5um from the
M 9500 emitter for the measurements shown in Figs. 5.9

and 5.10. The electric field in regions facing the

8000  bars of the grid is nearly a factor of 2 larger than

;(5)88 in regions facing the meshes. This leads to a high
W 6500 current density near the bars as compared to the
= 2(5)88 meshes. This calculation was performed with
W 5000 [ESCOULOMB [92].

5.4 Summary

In this chapter a proof-of-concept of the TEC working principle was given. It was demon-
strated that the system presented in Ch. 4 generates more electric power than is necessary
to maintain the electric field. Therefore, the system actually works as a converter of ther-
mal to electric power. Measured IV characteristics correspond well to idealized models,
but low achievable current densities and output powers still clearly show the influence of
a not fully suppressed effect of the space charge.

The electric field generated by a positive voltage applied to the gate reduces the effects
of the space charge and therefore increases the collector current. At the same time the
magnetic field effectively prevents electrons from crashing onto the gate.
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6 Assessment of attainable output
powers and efficiencies

In the measurements shown in Ch. 5, only small powers were generated. They were in
particular too small to build an efficient generator. Hence, in this chapter I want to give an
analysis of the output powers and efficiencies that can be attained with TEC. This analysis
will be based on a comparison of C. Stephanos’ 1D models [19], the current tube model
presented in Ch. 3.3, and my experimental results.

First I will discuss the role of the collector work function in the measurements.

6.1 Discussion of a hypothetical replacement of the

collector by a low-work-function material

As has been discussed in Ch. 3.2, low collector work functions are crucial for an efficient
and high-power operation of TICs. Therefore, with high-work-function collectors being
used in the experiments, one cannot expect to attain high output powers. It is an inter-
esting Gedankenexperiment to replace the actually used collector by a hypothetical one
with a significantly lower work function.

As has already been touched in Ch. 4, a low-work-function collector can be simulated
electrically by applying an offset voltage to the collector (see Fig. 4.10), which corresponds
to a shift of the I;( V) curve along the voltage axis. Hence, upon replacing the collector
actually used (work function ¢.) by a hypothetical one (work function ¢’ < ¢.), the [;( 1))
curve is shifted towards higher load voltages, as shown in Fig. 6.1a. Thereby, the generated
power increases linearly with the work-function reduction (Fig. 6.1b). Similarly, the gen-
erated power as a function of the gate voltage increases linearly with the work-function
reduction (Fig. 6.1c).

As can be seen, substituting the collector by one with a lower work function would
increase the output power by a factor of two to four. However, this still does not push the
system into the desired regime of some W/cm?. Hence, there must be a further important

73



6 Assessment of attainable output powers and efficiencies

parameter that limits the output power in the experiments shown so far. As already noted
and as will be discussed in detail in the following sections, this parameter is the gap width.

74



I (mA)

]
T. = 1050°C

T. = 600°C
dec =0.7mm |
V=15V

<

0 1 2 3
Vi (V)
(a)
T T
TeZIOSOOC /:056\]
40 1. = 600°C iy 1
dec = 0.7mm
30} Vg=15V
=
=
~ 20
2y
10
0
0 1 2
Vi (V)
(b)
T T T T
25 T. = 1050°C
T. = 600°C
20 dec = 0.7 mm j

Vi = Vip = 0.23V

P (mW)

Figure 6.1: The influence of the collector work function on the power generation capability
of the proof-of-concept TEC. (a) Replacing the collector used in the measurements (¢. »
2.1eV, thick line) by a low-work-function collector (¢/, thin lines) shifts the I;(]) curve
towards higher load voltages. Consequently, the generated power increases approximately
linearly with the work-function difference ¢. — ¢.. This effect is shown as a function of the
load voltage and the gate voltage in (b) and (c), respectively. A BaO-type collector was used

for the measurement at ¢. = 2.1 eV. Gate: see p. 61.
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6.2 Investigation of the scaling behavior of

thermoelectronic energy converters

The one-dimensional models discussed in Ch. 3.3 indicate that far higher current den-
sities should be attainable upon scaling the system to smaller emitter-collector spacings.
This insight triggered the experimental investigation of the d..-dependence of the gen-
erator performance. As it is ideal to position the gate in the center between emitter and
collector (see Ch. 3.3 and [19]), only setups fulfilling this boundary condition were stud-
ied. All measurements shown in this chapter were performed with gates having a bar
width of 80 um and a thickness of 0.2 mm.

To stabilize the emitter-gate and gate-collector spacings, the gate is sandwiched in be-
tween stacks of Al,Oj; foils, which were structured by laser cutting (see Ch. 4). Different
spacings can be obtained by varying the number and thickness of the foils of each stack.
However, due to the mechanical mounting of the system and the requirement to avoid
short circuits, it was not possible to use foils thinner than 0.13 mm. With the gate thick-
ness of 0.2 mm this adds up to a minimum gap width of 0.47 mm.

Iwp, which is determined as shown in Fig. 5.5, is the most important property that
was investigated for various d... Figure 6.2 shows a typical set of I,,,( V) characteristics
for several emitter-collector-spacings and for two gate geometries. It clearly shows an
increase of the slope of the I,,,(V,) characteristics with decreasing gap width d.., which
— atleast qualitatively — corresponds to the predictions of the models described in Ch. 3.3.

Furthermore, significantly higher currents are measured for w = 0.6 mm (Fig. 6.2b)
than for w = 1.6 mm (Fig. 6.2a), even though the transparency for w = 0.6 mm (¢ = 0.72)
is smaller than it is for w = 1.6 mm (¢ = 0.89). Presumably, differences in the magnitudes
and geometries of the electric fields generated by both gate types account for this increase
of the load current with decreasing mesh width. For decreasing d.. < w, the electric field
becomes unfavorably inhomogeneous, which causes it to saturate. For d.. << w, the
electric field even decreases in those regions of the emitter that are aligned with the gate
meshes. Consequently, for the suppression of the space charge it is not helpful to decrease
the gap width below a certain critical value. By calculating the electric field, it can be
shown that these inhomogeneities start to develop at smaller gap widths if the mesh width
is smaller. To demonstrate this effect, Fig. 6.3 shows a comparison of the electric fields
generated by both gates. As can be seen, for an otherwise identical configuration the finer
mesh creates a significantly larger and more homogeneous electric field. Consequently,
smaller mesh diameters allow to suppress the space charge to a higher degree, which
leads to the high load currents shown in Fig. 6.2b as compared to Fig. 6.2a.
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Figure 6.2: Collector current Iy, as a function of gate voltage V; for a series of gap withs de.,
T, = 1000°C, and T¢ =~ 500 °C. All data are for V} = Vinp, which was determined separately for
each curve as in Fig. 5.5. (a) and (b) show data for two different gates with the same thickness
(0.2 mm) and bar width (b = 80 um), but different mesh widths of w = 1.6 mm (top) and
w = 0.6 mm (bottom), respectively. The slope of the Iy, (Vy) curves clearly increases with
decreasing gap and mesh width.
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Figure 6.3: Calculated electric field generated by the two gates (left: w = 0.6 mm, right:
w = 1.6 mm) that were used for the studies of the d..-dependence of the system performance.
Here: dec = 0.7mm, V; = 1'V. The electric field scales linearly with V,. This calculation was
performed with IES COULOMB [92].

As can be seen, down to the smallest spacings and the highest gate voltages realized
within this thesis still no collector current exceeding 60 mA, which corresponds to ap-
proximately 20 mA per cm? active emitter area, could be obtained. To assess attainable
output currents and power densities it is therefore necessary to extrapolate the measure-
ments shown in Fig. 6.2 to even smaller emitter-collector spacings. Below, this extrapo-
lation will be carried out using the models introduced in Ch. 3.3.

Prior to that it is necessary to explore the validity of these models, which I will do in
the following section.

Comparison of the 1D models and the measurements

The current tube model, which was introduced in Ch. 3.3 as a quasi-3-dimensional ex-
tension to C. Stephanos’ 1D models [19], permits an estimation of the collector current
density as a function of the gate voltage V;. As Fig. 6.4 shows, it correctly predicts the or-
der of magnitude of the collector current density, whereas it underestimates the current
density at low V, and overestimates it at high V.

The underestimation at low V, is probably due to two simplifications. First, the non-
zero velocity of the electrons upon emission is neglected. As discussed in Ch. 3.3, in the
experiment some electrons have enough kinetic energy to overcome the space charge
even if there is no gate voltage applied. Second, the 1D models are pure mean-field mod-
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Figure 6.4: Load current density Jmp at Vj = Vi as a function of gate voltage Vj for the two
gate types studied in this thesis. To compare both gates with each other, the load current
is divided by the mesh area to obtain the current density. The current tube model correctly
estimates the order of magnitude of Jn,p; deviations at low and high V; are discussed in the
text. For the tube models the interelectrode space was divided in 300 tubes per gate mesh
(see also Ch. 3.3). Collector: BaO (T, = 600 °C) (a), steel (T. ~ 500 °C) (b).

els, i.e. direct electron-electron interactions are neglected. However, by exchange of mo-
mentum within the space-charge cloud such interactions can increase the number of
electrons that reach the collector [19, 114, 115].

At high Vj the current density probably becomes highly inhomogeneous because, as
the 1D model predicts, within each tube the current density increases more than linearly
with the electric field. Consequently, interactions between electrons traveling through
neighboring tubes can no longer be neglected and the current tube model fails.

However, at intermediate gate voltages around V, ~ 6 V either all of the above-discussed
effects are small or they compensate each other. The resulting agreement of current tube
model and measurements at intermediate gate voltages of about 6 V was observed for all
investigated gate geometries and gap widths.

This can be seen in Fig. 6.5, where the current density J,,, within the gate meshes is
shown as a function of the gap width d... As can be seen, for a given mesh diameter w
and for decreasing d.., /mp flattens out as compared to the behavior expected for in ideal
gate. This flattening out occurs at smaller d.. and higher ]y, if the mesh diameter is
smaller. Thereby the measured data very well correspond to the prediction of the current
tube model.

79



6 Assessment of attainable output powers and efficiencies

30 T =
—— model calculations
(no thermal distr.)
10 measurements
N
g 3 7
2
E
~— 1 ]
oy
N
031" — ideal gate
<+ w=0.6mm Vg=6V
0.l 7—@ w=1.6mm T. = 1000°C ]
* | | | |
0.5 1.0 2.0 5.0
dec (mm)

Figure 6.5: Load current density /i, at V| = Vi, as a function of gap width de. for two
different mesh widths. To compare both gates with each other, the load current is divided by
the mesh area to obtain the current density. The colored lines are obtained using the current
tube model described in Ch. 3.3. The solid black line was calculated from Eq. 3.19. The dashed
black line was calculated numerically by C. Stephanos [19]. Vertical error bars take account
for the uncertainty in the determination of Vi, and Jip (see Ch. 6). Data also shown in [116].
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However, the 1D model including the thermal distribution (dashed line in Fig. 6.5)
yields slightly larger J,,,. This fact suggests that some imperfections in the experimental
setup cause slightly lower than possible current densities. Those imperfections may be
the only approximately homogeneous magnetic field (see Ch. 4), an imperfect alignment
of the magnetic field with the emitter-collector axis, or an inhomogeneous work function
of the emitter. The latter might lead to some areas of the emitter not contributing to the
emission and, consequently, a smaller than expected current.

Extrapolation to smaller scales

Remarkably, in the regime d.. > w the measured data for both gate types shown in Fig. 6.5
very well reproduce the 1/d?.-scaling behavior predicted by the 1D ideal gate model. This
gives strong evidence that for every gate ], scales like 1/d2, which yields a route to
practically large current densities: both w and d.. need to be reduced.

Figure 6.6 shows an extrapolation of the data shown in Fig. 6.5 into this regime. For
comparison, data for the case without gate and for a hypothetical gate with a mesh diam-
eter of w = 0.2 mm are also shown. As can be seen, for an ideal gate a current density /i,
clearly exceeding 1 A/cm? is predicted at emitter-collector spacings of d.. < 100 um. As
is shown on the right-hand side of Fig. 6.6, this corresponds to power densities of several

W /cm?, the exact numbers depending on the collector work function.
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Figure 6.6: Collector current density Jmp at V| = Viyp as a function of the emitter-collector
spacing d.. for the two gate types studied in this thesis and a hypothetical one with a mesh
diameter of w = 0.2 mm. An extrapolation based on the ideal gate model including the ther-
mal distribution yields that ], clearly exceeds 1 A/cm? at dec < 100 um. For comparison,
the predictions of an ideal model without gate are given. On the right hand side a projec-
tion of the output power density for three different, hypothetical collector work functions is
given. To obtain these numbers, the current density is multiplied with Vipp = (¢e — ¢c)/e,
with a hypothetical emitter work function of ¢. = 3.0eV. The dashed lines were calculated
by C. Stephanos [19]. Data also shown in [116].
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6.3 Attainable efficiencies

After it has been shown that our experiments and models give evidence for the possi-
bility to produce practically high output power densities, I will now discuss the possible
efficiencies of such systems. This discussion deviates from the one given for ideal TICs in
Ch. 3.2 in three aspects, which will be discussed below and can also be seen from Fig. 6.7.

First, as has been shown in the preceding sections, the gate can suppress the space
charge only up to a certain current density, which is determined by the gate geometry, the
applied voltage, and the gap width. AsIwant to discuss the fundamental physics involved,
an ideal gate generating a homogeneous electric field is assumed. Thus, the space-charge-
limited current density /i, which is emitted from the emitter, can be determined from
C. Stephanos’ ideal gate model [19] (see e.g. the dashed line in Fig. 6.6).

For simplicity, the back-emitted current I, is treated by the Richardson-Dushman
equation (Eq. 3.3), which is modified to account for the reflection of back-emitted elec-
trons by the residual space-charge barrier:

Toe = AART? exp %
Were @y is the maximum of the total electric potential ¢(z), measured from the com-
mon local vacuum potentials of emitter and collector (compare to Figs. 3.12 and 3.14). It
is obtained as a result of the 1D ideal gate model [19]. This approach is reasonable because
for all practical configurations, Iy is significantly smaller than I.. Consequently, I, can
be neglected when calculating J;,,, and ¢y, in the framework of the ideal gate model.

thy, e " Figure 6.7: Sketch of energy flow (red ar-

¢ o 0 rows) and current (green arrows) channels

nln I. . i relevant for TECs. Owing to the finite gate

Pini : > o transparency t, only the part tI. of the cur-
« RS > € rent I, emitted from the emitter reaches the

e . t collector. Similarly, only the part Iy of the

it ﬁ, cr> back-emission reaches the emitter. The rest

of both emitted currents is lost to the gate
current Ig = (1 - t)(Ie + Iy). The current
through the load is given by Iy, = tle — Ipe.

L * R Heat is removed from the emitter by elec-
e Upe [ Zmp | <I—mp tron cooling (Py), thermal radiation (P;,q)
J +P1 and heat conduction (P.ypq).
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Second, some power P, = I,V is consumed to sustain the electric field. As P, is of
electrical nature, it must be directly subtracted from the produced output power. Hence,
the efficiency is given by

Pout Pl_Pg

Ntec = P = P > (61)

where - as before - the load power is
P = (Vmp - ‘/iead)lmp-
The heat input is the sum of an electronic, a radiation and a conduction term:

Pi =Fq + Prad + Pcond- (62)

As in the case without gate, Vi,q is the voltage drop across the leads connecting emitter
and collector with the external load cycle.

Third, owing to its finite transparency 0 < t < 1, the gate reduces the transfer of current
and thermal radiation across the vacuum gap. Thus, the net current I, transported to
the collector and through the load becomes

Ip = tle = e
Similarly, the power loss on the gate becomes
Py = Vel = Vg(1 = ) (L + Iie). (6.3)

It can be seen that I, and I; add up to the net current emitted from the emitter: I+ I, =
(1 - t)(Ie + Ibe) + tle — Iy = I, — t,.

Again, it is necessary to distinguish whether the power transported to the collector is
regarded as loss (stand-alone TEC) or recycled in a secondary heat engine (combined
cycle).

Stand-alone thermoelectronic energy converters

In analogy to Ch. 3.2, the voltage drop Vi..q in the leads is only due to the emitter lead
R as the collector lead can be neglected for stand-alone TECs. The current through this
lead equals the net emitter current I, — t1y., yielding Vieaq = Rie(Ie — tIpe)-
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Consequently, the load power P| becomes:

P = [((pe - ¢c)/e - Rle(Ie - the)] Imp- (64)

In the same way as it modifies the current, the gate modifies the heat loss from the
emitter due to thermal radiation:

Prg = 0eA(T! - tTY), (6.5)

thermal and electric conduction through the emitter lead:

L
Pcond = (Te - T0)2 - (Ie - the)lee/Qﬂ (66)
2Rle

and evaporation and condensation of electrons:

Py=1/e- (pe+ Pumax + 2kpTe) — thhe/e - (Pe + Prmax + 2kpT¢). (6.7)

From Eq. 6.1, the general expression for the heat-to-electricity efficiency of stand-alone
TECs becomes:

_ [(¢e = bc)/e = Rie(Le = thhe) ] Inmp — Vg(1-1t)(Le + L.) (6.8)
- Prad+Pcond+Pel '

tec

with Prag, Peond> and Py as in Egs. 6.5 to 6.7.

In this thesis, a gate transparency of t 2 0.8 has been demonstrated experimentally (see
Ch. 5), but the system has not been optimized for high transparencies. Hence, there is
no indication that far higher transparencies are unrealistic. In particular if the emission
capability of the emitter is shaped in an inhomogeneous way such that no emission occurs
near the gate wires, t — 1 appears possible. The high importance of the transparency can
be seen from Fig. 6.8, where the efficiency as a function of the gate voltage is shown for
a series of transparencies.

In calculating the data shown in Fig. 6.8, an experimentally demonstrated collector
work function of 0.9 eV [85] was assumed.
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Combined cycles

The consequences of the TEC feeding its rejected heat Py into a secondary heat engine
are discussed for the case of a state-of-the-art steam turbine (T}, = 600 °C, 7, = 45 %) [17,
117], as it is typically used in coal-fired power plants.

Taking into account the power loss due to the gate current, the efficiency of the com-
bined cycle becomes (compare Eq. 3.11):

_ P - Pg + nS(Pel,c + Prad,c - Pcond,c)

) (6.9)
Pe1+Prad+Pcond

(¢

where - as compared to the stand-alone system - the load power P; is additionally re-
duced by the ohmic loss in the collector lead R.:

Pl = [(¢e - (/)c)/e - Rle(Ie - the) - Rchmp] Imp-

As compared to the case without gate, some slight modifications to the channels of heat
transport to and from the collector are necessary:

Pel,c = tIe/e . (¢c + ZkBTe) - Ibe/e . (¢C + 2kBTc))
Prgc = 0eA(tTS - T2), and
L

— (T - Tp)* - I}, Ri/2.

6.10
IR, (6.10)

P, cond,c =

Thereby, P.ona,c did not have to be modified because the effect of the gate is already con-
tained in I,y,.
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PETE systems

As was pointed out in Ch. 3.1, the efficiency of solar-heated TICs can be enhanced by
using the quantum character of the incident light - utilizing the photoelectric effect to
achieve photoexcitations across the bandgap Eg,, of a semiconducting emitter — in ad-
dition to purely thermal emission. An extensive discussion of the efficiencies of PETE
devices is given in [69]. However, the space charge is neglected there and no gate is taken
into account.

To calculate the efficiency of such PETE devices in the presence of the space charge,
which is partially or fully suppressed by an ideal gate, a fixed emitted current I, peee and
emitter temperature T, need to be assumed. I, then corresponds to the Richardson-
Dushman saturation current from the emitter in the preceding discussion. Consequently,
the space-charge limited current I, can be calculated from I, peee via C. Stephanos’ 1D
models.

If T, is chosen high enough, in an ideal PETE device it can be assumed that every inci-
dent photon with an energy higher than E,,, creates an emitted electron [69]. From [69] it
may furthermore be concluded that this typically is the case if the hypothetical Richardson-
Dushman current across the electron-affinity barrier E, exceeds I pete by at least a factor
of 100. Electrons that were excited into the conduction band can then be assumed to
be thermally emitted therefrom faster than they recombine. As T, rather than E, is the
input parameter of this calculation, E, needs to be calculated from T, by solving the
Richardson-Dushman equation for E,:

-E,
AARTeZ exp 2 100 - Ie,pete
B Te

k
100 - I, pete
= E, < kyT,ln ——P%€

AA,T?

The input power P,, required to maintain a stable emitter temperature can be calcu-
lated by substituting I, into Eq. 6.2. As the emitter is heated by sunlight, P,, defines the
effective concentration c.s of the incident light:

CeffIsunA = Pina

where I, is the intensity of the incident, not yet concentrated sunlight. The effective
concentration c.g refers to the emitter area A. Consequently, it is not to be confused with
the concentration ¢ from Ch. 3.2, which refers to the area A, of the light-absorbing spot
on the emitter. It is c.gA = cA,.

87



6 Assessment of attainable output powers and efficiencies

To satisfy the self-consistency of the calculation, the bandgap needs to be chosen as
a function of c.g such that the number of photoexcitations matches I, ... Hence, the
material parameter Eg,, is again obtained as a result of the calculation.

Finally, from E,, Egy, and T, the work function ¢. = Ey,c — y. of the emitter must be
determined. As the load voltage — and consequently the output power - increases with
increasing ¢., it is optimal to use a p-doped semiconductor, in which the electrochem-
ical potential at low temperatures is near the bottom of the bandgap. Consequently, at
low temperatures it is ¢. ~ Eg,, + E,. However, with increasing emitter temperature the
electrochemical potential rises towards the middle of the bandgap, the exact value de-
pending on the acceptor level, acceptor concentration, bandgap, and T.. For simplicity; it
is therefore assumed that the chemical potential lies in the middle between the worst case
- the middle of the bandgap - and the best case — the bottom of the bandgap -, yielding:

¢e = E, +3/4- Egyp.

From ¢, and I,,,, the heat-to-electricity efficiencies of both stand-alone and combined-
cycle PETE devices can be calculated as described above.

The light-to-electricity efficiency is finally obtained by multiplying the heat-to-electric-
ity efficiency with 1 — 0 T2/(cIn ), as was already discussed in Ch. 3.2 (see Eq. 3.13).

Projected efficiencies

Figure 6.9a shows the projected efficiencies of TECs, which were calculated as was de-
scribed above. Thereby parameters were assumed, which seem well realizable: d.. =
30pm, t = 0.98, and ¢. = 0.9eV. As can be seen, the calculations predict promising
heat-to-electricity efficiencies above 40 %, which compares well to the efficiency of a hy-
pothetical thermoelectric having ZT = 3 over a temperature range from T;, = 1500 °C to
Tout = 200 °C.

The light-to-electricity efficiencies obtained for PETE devices are even higher, even
though these data were already corrected for the black spot required to couple the in-
cident sunlight into the emitter (see Ch. 3.2). Thereby a light-concentration factor of
¢ = 10000 was assumed, which seems realizable [89]. For an optimum collector work
function of ¢. = 0.55 eV an efficiency of 53 % is projected, which is well above the present
world record for laboratory-scale photovoltaic cells (43.5 %) [5].

As Fig. 6.9b shows, for combined-cycle systems with state-of-the-art steam turbines
(15 = 45%, T;, = 600°C) an increase of the total conversion efficiency in the order of 10
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percentage points is projected. If such system were used in coal-fired power plants, this
would reduce CO, emissions and coal consumption per electricity output by 18 %.

Similarly, for PETE-TECs used in combined cycles with state-of-the-art steam turbines
a maximum light-to-electricity efficiency of 54 % is projected. Such systems would be the
by far most efficient system for the conversion of solar radiation to electricity. Remark-
ably, this efficiency may be obtained with well realizable parameters. In particular, the
optimum collector work function for these systems is as high as 1.5eV.
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Figure 6.9: Calculated efficiencies for stand-alone TECs (a) and combined-cycle systems (b)
for dec = 30 pm and ¢ = 0.98. In both cases ¢. was chosen such that maximum efficiencies
are obtained. The data for the PETE systems were corrected to account for the additional loss
channel due to the black spot on the emitter (see Ch. 3.2). Consequently, they correspond to
light-to-electricity efficiencies. Thereby a concentration of ¢ = 10000 and a solar intensity of
Igun = 900 W/mz, corresponding to the AML5 direct+circumsolar reference spectrum [91],
were assumed. The rest of the data corresponds to heat-to-electricity efficiencies. For com-
parison, the world record for laboratory-scale photovoltaic cells (43.5% [5]) and the effi-
ciencies of hypothetical thermoelectric generators are given [118]. For the latter, upper and
lower temperatures of 1500 °C and 200 °C were assumed. To calculate the efficiencies of the
combined-cycle systems, the TECs were assumed to feed their waste heat into state-of-the-
art steam turbines operating at 77, = 45 % and receiving heat at the collector temperature of
T = 600 °C. The collector work function was chosen such that the efficiency is maximized.
To obtain the data shown here, the space-charge-limited emitter current density J. as a func-
tion of the load voltage was calculated by C. Stephanos [19] via the ideal gate model includ-
ing the thermally distributed initial velocity. Therefrom, the efficiencies were calculated via
Egs. 6.8 and 6.9. Data also shown in [116].



7 Summary and outlook

By the time of the start of this thesis, the suppression of the space charge by electric and
magnetic fields was believed to be impractical [21]. In the community, the cesium and
close-space approaches were exclusively investigated.

In this thesis, a proof-of-concept of thermoelectronic energy conversion was given. It
was demonstrated experimentally that the space charge can be suppressed by an electric
field, thereby significantly enhancing the output current of the device. At the same the
time, it was demonstrated that the applied magnetic field prevents electrons from hitting
the gate wires. Although neither the collectors nor the gates were optimized to maximize
the output power, the proof-of-concept generator produces more electric power than is
consumed on the gate. However, owing to limitations of the miniaturization of the gap
width, the output power was limited to tens of milliwatts.

In collaboration with C. Stephanos [19], numerical and analytical models were devel-
oped to estimate output current densities for the configurations studied experimentally
as well as for future systems. The predictions based on these models compare well with
experimental data on the dependence of the output current on the gate voltage, the gap
width, and the width of the gate meshes.

An extrapolation of the system behavior to small gap widths gives strong evidence that
practically high output power densities and conversion efficiencies may be achieved. In
particular, efficiencies exceeding the world record for photovoltaic cells and the best ther-
moelectric materials are projected. Whereas no physical reason prohibiting the realiza-
tion of such devices could be found, substantial efforts both in engineering and materials
science are still required.

In the following section I will briefly address issues to be faced in these two directions
in the future.

System fabrication

As Ch. 6 has shown, TECs with emitter-collector spacings below 100 um are required
for practically large output current densities. Such devices may be fabricated in a flip-
chip technique, where the gate, necessary spacers, and possibly further components are
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Figure 7.1: Sketch of a possible microfabricated TEC. The emission of electrons is restricted
to those areas of the emitter that are aligned with the meshes in the gate. For this purpose,
nanotips and the applied electric field decrease the effective work function of the emitter —
and possibly the collector as well - in those regions. The gate current may be further reduced
by electrostatic shields, which tailor the geometry of the electric field in a favorable way.
Figure also shown in [116].

deposited on top of either the emitter or the collector by techniques as they are known
in the microelectromechanical systems (MEMS) industry. To give just a few examples,
electron beam evaporation, photolithography, and chemical etching might enable the
growth of practical gate geometries. After the growth and patterning processes, emitter
and collector are joined to form an integrated assembly, as illustrated in Fig. 7.1.

Honeycomb gate structures seem to be an optimum choice due to their optimum sur-
face filling. If such structures are used, the desired electric field can be generated while
only a minimum fraction of the emitter surface is covered by the gate wires. Obviously,
the surface covering can be further reduced by decreasing the width of the grid bars.
However, as the mesh width will have to be reduced below 100 um, the radii of gyration
rg of the electrons along the magnetic field lines can no longer be neglected. Instead, the
effective transparency will be decreased due to the finite r, [19].

To attain high effective transparencies despite finite radii of gyration, the emission of
electrons from the emitter may be tailored such that no emission occurs in those regions
of the emitter that are aligned with the gate wires. For this purpose, a work-function-
reducing layer may be structured on the emitter. Alternatively, as sketched in Fig. 7.,
nanometer-sized tips on both the emitter and collector in combination with the electric
field generated by the gate can reduce the work function in desired regions of both elec-
trodes via the Schottky effect (see Ch. 3.1). The gate current may be further reduced by
electrostatic shields, which screen the electric field in those regions of the emitter that are
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aligned with the gate wires. Additionally, inhomogeneous magnetic fields might guide
the emitted electrons through the gate meshes.

As a general rule of thumb, the mesh diameter w should be equal or smaller than d.. so
that the electric field is approximately homogeneous. Otherwise, unfavorably high gate
voltages have to be applied to create electric fields large enough to suppress the space
charge in the center of the meshes. At the same time, the thickness of the gate should
be large. For a fixed gap width, thicker gates increase the electric fields in those regions
of the emitter that are aligned with the mesh centers. Obviously, the thickness of the
gate can only be increased to a certain fraction of the gap width because stable electrical
insulation needs to be provided.

To obtain high conversion efficiencies, the system needs to be highly optimized with
respect to the heat flow. Heat has to be efficiently transported to the emitter, and thermal
radiation therefrom should be minimized and reflected back. As Ioffe has already pointed
out [119], even the collector surface may be used as heat shield for the emitter because
the absorption of electrons (governed by the first few atomic layers) can in principle be
decoupled from the emission and absorption of infrared radiation (governed by a layer
in the order of some hundred nanometers).

Furthermore, as has been mentioned in Ch. 3.2 and Ch. 6.3, the electric wiring needs
to be optimized to minimize both ohmic losses and conduction of heat away from the
emitter.

Identification and development of suitable materials

The probably most critical component of any thermoelectronic converter is the collector
as it needs to offer a very small work function at elevated temperatures and high current
densities for a long time. Historically, the adsorption of cesium atoms on the surfaces
of metals has been the most successful approach to solve this problem [21]. At cesium
background pressures as low as 1 x 10~¢ mbar such cesiated collectors might in principle
offer work functions as low as 0.7 eV [86, p. 123], which is very close to the optimum work
function of collectors being operated at practical temperatures around 100 °C. Hence,
adding a very small amount of cesium to the vacuum chamber might already by sufficient
to achieve desirably low work functions.

However, the high reactivity of cesium and resulting material constraints on other parts
of the TEC, as well as safety considerations might prohibit the widespread use of cesi-
ated collectors. In this case, other material systems might become an important option.
Recently, work functions of 0.9eV and 1.3 eV have been reported for phosphorous and
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nitrogen doped diamond after a surface treatment with hydrogen plasma [85, 120]. For
the room temperature stable electride [Ca,Aly)3Og4]** (4e~) a work function of 0.6 eV
was measured [121], although somewhat higher values were reported later [122, 123].

It should be noted that, despite those two material classes might offer an alternative
to cesiated surfaces, substantially more research will be required to provide long-time
reliable collectors based upon them.

Operating a TEC as a topping cycle to a secondary heat engine both increases the total
conversion efficiency and makes possible the use of less critical collector materials. As
was pointed out in Ch. 6.3, the optimum work function of such combined cycleslies in the
range between 1.3 eV and 2.0 eV. Sufficiently low work functions for these systems might
therefore be available from the material class of alkaline-earth oxides on metals [86].
These systems, typically barium oxide on tungsten!, are commercially available today
and have proven long-term stability in the order of ten years [124] at temperatures around
1000 °C. If operated as the collector of a TEC, which will typically be significantly colder
than that, these systems might remain stable even longer.

Remarkably, the most critical issue of stand-alone and combined-cycle TEC systems —
the need to obtain a low collector work function - appears to be resolvable.

Depending on other system parameters — mainly on the collector work function and
the temperatures of the hot and cold reservoirs — a broad variety of material systems
may be considered for use as emitter materials. In the regime of low temperatures — and
consequently very low collector work functions - the emitter should have a work function
around 2.0 eV to provide sufficiently large current densities. As discussed above, these
work functions can be provided by alkaline-earth oxides on metals.

With increasing emitter temperature, higher emitter work functions should be used as
this increases the output voltage. Thereby, the range from 2.0eV to 4.0eV, which will
be interesting in the range 1000°C < T, < 2500 °C, is covered by various oxides (CaO:
~ 2.0eV, La,Os3: ~ 3.0eV, the barium-tungsten oxides: 1.8eV-3.3eV, or TiO: 3.9eV),
borides (LaBg: ~ 2.5eV, MoB,: 3.4eV), and various semiconductor compounds (La,S;:
2.9eV-4.3 ¢V, depending on temperature), to give just a few examples [86]2. Further-
more, refractory metals doped with work-function reducing oxides cover the range from
approximately 3.0 eV to approximately 4.5 eV [96, 97].

""The emitters used in this thesis are from this material class.
?Fomenko and Samsonov’s Handbook of Thermionic Properties [86] provides an extensive collection of
emission parameters of further material systems.
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