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Due to its low work function, the electride C12A7:e− emits electrons at significantly
lower temperatures than state of the art neutralizer materials and is a promising insert
candidate for a cold-cathode design. The material’s electron density and, therefore, also
the emission properties are influenced by the quality of the fabrication process and surface
conditions. Understanding and influencing them subsequently, is part of our current re-
search. In this work, the emission characteristics of C12A7:e− as a function of the applied
temperature and voltage are presented. The work function was measured as 0.52 eV ±
0.03 eV. In addition, both an intrinsic electride sample and an oxidized sample are char-
acterized by Raman spectroscopy. The Raman spectra reveal an electron density of the
order of 1019cm−3 to 1020cm−3 for the electride and correspond to the spectrum of the ion
conducting C12A7:O2− in case of the oxidized sample.

Nomenclature

AG = general Richardson constant

d = distance between anode and cathode

e = elementary charge

E = electric field

I = extracted current

IR = zero field current

J = extracted current density

JR = zero field current density

kB = Boltzmann constant

S = emitting area of the sample

T = sample temperature

U = applied voltage

ε0 = vacuum permittivity

Φ = work function
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I. Introduction

Electric propulsion in space flight has grown in popularity over the last few years. Electric thrusters
have a significantly higher specific impulse than chemical propulsion, which reduces the fuel consumption

or increases the resulting ∆v. Thus, they are very competitive in the low thrust regime (<1 N). These as-
pects are, on the one hand, advantageous for deep space missions, where a high velocity change is required.
A recent prominent example is the BepiColombo mission with its QinetiQ T6 Kaufman ion engines1. On
the other hand, the reduced working mass makes electric propulsion an interesting alternative to chemical
propulsion systems for commercial missions, small satellites and satellite constellations, such as Starlink,
which was launched recently2. Propulsion systems for these kind of missions have to provide low power
consumption, high reliability, and a long lifetime.

Examples for electric propulsion systems are ion engines and Hall effect thrusters. These systems pro-
duce positively charged ions and accelerate them by an electric field. To prevent electric charge-up of the
space craft, a neutralizer unit is needed, that emits electrons into the plume in order to compensate the
positive ions leaving the spacecraft. In case of a Hall effect thruster, the electrons from the neutralizer are
also needed to maintain the plasma inside the thruster by ionizing neutral gas atoms.

The most common neutralizer layout is the hollow cathode. A hollow cathode consists of a heat shield
with a keeper and a cathode tube with a heater wired around it (see Fig. 1a). Within the cathode tube,
an electron emitting insert is placed. State of the art neutralizers use insert materials like barium oxide
inside a tungsten matrix (BaO-W) or lanthanum hexaboride (LaB6). These components all contribute to
reliability, lifetime and power consumption of the overall system. According to Goebel and coworkers, the
neutralizer is one of the main failure sources3 of electric propulsion systems. Barium oxide and LaB6 are
operated at about 1000 ◦C (BaO) and 1600 ◦C (LaB6), respectively4, with a work function of 2.1 eV (BaO)
and 2.7 eV (LaB6)5. These high temperatures reduce the efficiency of the thruster and put a high thermal
stress on all constituents of the neutralizer, which often results in failures, typically induced by degradation
or overheating of the insert or failure of the heater6.

A promising insert material to avoid this problem is calcium aluminum based electride, also known as
[Ca12Al14O32]4+:4e− or C12A7:e−. Electrides are derived from an ionic compound, by replacing the anions
bound in the lattice framework by electrons7. This results in a low work function of 0.6 eV for electron
extraction8. The emission characteristics, in comparison with those of LaB6 and BaO, is shown in Fig. 1b.
Of high interest is also the potential operation at room temperature, as shown by Ref. 9. This might allow a
heater less design or at least a significantly lower heater temperature, which strongly reduces complexity and
increases reliability and lifetime of the neutralizer. As a potential neutralizer insert candidate, the electride
material was first investigated at Colorado State University10 and also at TU Dresden11. The results are
very promising with discharge currents up to 2.8 A12.

However, also the use of C12A7:e− raises some challenges to be mastered by the design. On the one
hand, C12A7 has one order of magnitude lower thermal conductivity than LaB613−14, what may easily lead
to overheating of the cathode. Furthermore, the long term stability under ambient atmosphere has to be
further investigated. In addition, the emission characteristics, i.e. the resulting emission current, depend
upon the electron density within the material, which is influenced by the fabrication process. Due to a reduc-
tion, the electron concentration within the electride can be tailored starting from ion conducting mayenite.
Understanding and steering this process is important to make full use of the material’s potential.

In this paper, the characterization of commercially available C12A7:e−-samples is presented with a par-
ticular focus on the material’s work function. In section II the material C12A7:e− is described in detail.
The experimental setup and the samples used are described in III and characterised by Raman spectroscopy
in section IV. Finally, the emission characteristics of an C12A7:e−-sample in dependence on the applied
voltage and temperature are discussed in section V. Section VI concludes the paper.
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Figure 1: a) Schematic image of a typical neutralizer, inspired by Ref. 15 b) Emission currents
of various neutralizer insert materials in dependency of the insert temperature, own chart, data
taken from Ref. 16

II. Material Description

Electrides are materials where electrons occupy lattice sites in crystals, normally populated by anions.
At these sites, they are neither completely localized, nor free17. In 1988, when Lacerda and coworkers

reported first on the high ionic conductivity18 of calcium aluminate mayenite Ca12Al14O33, one critical factor
in examining electride material was the stability at room temperature and ambient atmosphere (including
oxygen). However, in 2003 Matsuishi et al.19 presented the first air- and room temperature stable inorganic
electride. As primary material they used the calcium aluminate Mayenite, or in systematic nomenclature
12CaO-7Al2O3

20. Hereafter, it will be referred to as C12A7.

C12A7 is ordered in a unique cage structure (see Fig. 2a left), where AlO4 tetrahedra form in conjunc-
tion with seven calcium ions twelve cages per unit cell. Due to the positively charged lattice framework,
the cages can contain four negative elementary charges per unit cell. Various anions, like O2− or F− can be
incorporated in these cages to tailor the material’s chemical and physical properties21.

To synthesize an electride from this material, the (oxygen) anions have to be removed by reduction and be
replaced by four electrons. This can either be archived by a melt-solidification or a glass-ceramic process. Fur-
ther details are given in Ref. 8. The result is C12A7 with four electrons per unit cell: [Ca24Al28O64]4+:4e−.
Given the length of a unit cell of 1.199 nm 19, the theoretical maximum value for the electron density is
2.33 · 1021 cm−3 8.

The values determined for the work function are mostly in the range of 0.6 eV 8,9,11. Due to the low
work function, electrides are promising candidates for hollow cathode inserts.

III. Experimental setup

For the electron extraction a simple anode-cathode design was developed (see Fig. 2b): With an applied
electric field, electrons are extracted from the sample at different temperatures. The cathode is biased

negative with respect to ground potential. This negative bias can be varied between 0 V and 2 kV during
the data collection to examine the impact of the electric field on electron emission. The distance between
the anode and the cathode was 2 mm. Graphite was used as cathode material as it can withstand the high
temperatures up to 500 ◦C used in the setup without evaporation under vacuum conditions.

For the first setup design, the resistance between the anode and the cathode decreased down to 150 kΩ
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Figure 2: a) On the left: Electride cage structure. The cage is formed by aluminum tetrahedra
in conjunction with calcium. In this lattice framework an O2− anion is bound. Inspired by
Ref. 22; Center and right: Electride samples provided by ATD b) Experimental setup used
for extraction with a schematic view without insulators between cathode and anode on the
left and a photograph of the setup outside of the vacuum chamber without cables and heater
on the right

at 700 ◦C heater temperature, which resulted in high leak currents up to 9µA/cm2 at 540 ◦C heater tem-
perature. Since this decrease of resistance can be counteracted by an increase of the resistor length to cross
section ratio, a c-shaped construction was designed to hold the anode, which can be seen in Fig. 2b. The sam-
ple is placed within a recess in the graphite cathode, where it is heated by the thermal contact to the cathode.

As a heater, an UHV heater stage by tectra was used. It contains graphite as electrically conducting
material, coated with pyrolytic boron nitrite (PBN). The heater plate can reach temperatures up to 1500 ◦C,
which covers the whole temperature range needed for studying the electronic emission of C12A7:e−. In
the beginning, the proportional–integral–derivative (PID) heater controller, provided by Rievtech was used.
However, currents, induced by the alternating heater current, were detected at the cathode, so a DC-power-
supply is used instead.

The temperature was measured through an IR-transmitting window on top of the setup with a thermal
imaging camera supplied by micro-epsilon. This camera is sensitive up to 900 ◦C, which matches well the
temperature range needed for C12A7:e− emission measurements. For measurements at higher temperatures,
for example to conduct comparative measurements with LaB6, a pyrometer may be used.

All tests were conducted in ultra high vacuum at pressures below 10−7 mbar. Since C12A7:e− reacts very
sensitively upon oxygen contamination, a mass spectrometer was used to determine the oxygen partial pres-
sure, which is about 5 · 10−11 mbar in the test chamber.

The samples used for the tests described in this paper were provided by Advanced Thermal Devices (ATD).
To measure the material’s work function, 20 mm diameter disks were used. For later neutralizer tests, hollow
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cylinder inserts are available. Pictures of the electride samples are shown in Fig. 2a. For a better electrical
and thermal contact between the cathode and the sample, the disk samples were coated with platinum on
the bottom side and the circumference (not shown in the pictures).

IV. Raman spectroscopy

The resulting emission current is linked to the material’s electron density. This density also influences the
Raman spectrum of a sample. Kim et al.23 recorded Raman spectra for C12A7 materials with different

electron and oxygen densities with 457 nm laser exitation. They showed, that some Raman signals are pro-
portional to the material’s electron and oxygen densities: 186 cm−1 is only visible at high electron densities
and increases with electron density. The same holds for the intensity ratio of the 430 cm−1 band relative
to the 780 cm−1 band. For the 560 cm−1 band a decrease occurs with increasing electron density (see Fig. 3a).

To characterize our sample and determine the electron density Ne, a Raman spectrum at 488 nm wave-
length was taken for an electride sample. The spectrum is given in Fig. 3b (blue line). It shows to minor
bands around 160 cm−1 and a broad maximum around 350 cm−1. Two additional bands can be found around
560 cm−1. Also, strong signals were recorded above 750 cm−1. Since the bands at 186 cm−1 and 430 cm−1

are not very dominant in the spectrum, the electron density within the material is presumably not very high.
In comparision with Fig. 3a, the electron density can be estimated to lie between 1019 cm−3 and 1020 cm−3

One of our samples was exposed at 1000 ◦C to an Ar-H2 atmosphere for 24 hours. After the treatment,
the sample lost its black color and has now a more pile-transparent appearance (see lower insert in Fig. 3b).
This may be traced back to residual oxygen within the gas atmosphere, which oxidized the sample. To verify
this assumption, a Raman spectrum was measured. The spectrum can be found in Fig. 3b (yellow line).
Strong bands can be seen at 181 cm−1, 309 cm−1, 520 cm−1 and 771 cm−1 . Compared to the spectra in Fig.
3a, this spectrum shows good agreement with the spectrum of a C12A7:O2−-crystal. The measured signals
from 150 cm−1 to 350 cm−1, therefore, correspond to cage vibrations within the crystal. In the absence of
a high electron concentration, no sharp band at 186 cm−1 could be measured. Same can be said for the
430 cm−1 band, where no significant peak can be seen. However, a strong peak is visible at 520 cm−1, which
is a sign for a high oxygen concentration. This confirms the hypothesis, that the sample is not longer an
electride but is oxidized to the ionic ceramic mayenite C12A7:O2−. Normally, oxidized C12A7:O2− ceramic
is rather clear transparent than colored, but in Ref. 24 an orange tint was also reported. In that case,
iridium ions from the fabrication crucible were causing the contamination.

V. Results

A. Work-Function

The work function Φ is a crucial parameter for the electron emission. The first expression to determine the
work function from the temperature dependent emission current was given by Richardson

IR = SAGT
2 exp

(
− Φ

kBT

)
(1)

where IR is the emitted current, S the surface area, T the sample temperature and AG a constant. Within
the setup, as described in section III, a high negative voltage is used for electron extraction. Therefore, the
work function given above has to be corrected by a Schottky-factor ∆ΦS

∆ΦS =

√
e3E

4πε0
(2)

with the applied electric field E = d · Uacc. Considering this correction, the following expression for the
current density J = I/S

J = AGT
2 exp

(
−Φ−∆Φ

kBT

)
(3)
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(a) (b)

Figure 3: Raman spectra of C12A7 samples: a) Raman spectra of C12A7 as measured in Ref.
23: The spectra show resonance lines for various electron and oxygen densities of C12A7 b)
Raman spectra of an electride sample (blue line) and of an oxidized sample (yellow line), which
was exposed to an Ar-H2 atmosphere. Pictures of the samples are shown in the insert

= AGT
2 exp

(
− Φ

kBT

)
· exp

(
e

kBT

√
edU

4πε0

)
(4)

= JR exp

(
e

kBT

√
edU

4πε0

)
(5)

can be derived. The work function Φ can therefore be determined in two steps. First, a so called Schottky-
Plot (ln(J) as a function of

√
U) is used to extract JR, the scope of the linear fit, in dependence of the

sample temperature. Second, ln(JR/T
2) is plotted against 1000/T , the so called Richardson-Plot. The work

function is given by the slope m of the linear fit to this plot

Φ = −m · 1000 kB . (6)

B. C12A7 measurements

The current extracted from the electride as a function of the applied voltage is shown for various temperatures
in Fig. 4a. At 500 V and 500 ◦C sample temperature an emission current of 0.08µA/cm2 is obtained. As
it can easily be seen, the emission current strongly varies with the applied voltage and sample temperature
(see for this also Eq. 5).

In total six different sample temperatures were measured over a wide range of extraction voltages (typi-
cally 20 V to 1800 V). The corresponding Schottky-plots can be found in Fig. 4b. For voltages from 200 V
to 1000 V, the curves show a linear behavior. From this graph, the y-intercepts of the linear regions can be
extracted to determine JR. The JR-values for different temperatures are plotted in Fig. 4b (lower graph).
The slope of the linear fit is m = −6.03 K, which results in a work function of 0.52 eV with an statistical
error of 0.03 eV. This result is in very good coherence with Refs 8, 9, and 11.
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(a) (b)

Figure 4: a) Electron emission current as a function of the applied voltage for different sample
temperatures b) Plots to extract the work function from the given current emission. The top
graph is a Schottky-Plot for emission at different extraction voltages and temperatures. From
the lower plot, a Richardson-Plot, the work function can be extracted from the slope

VI. Conclusion

We obtained a value for the work function of 0.52 eV ± 0.03 eV for C12A7:e− of a low electron concentration
between 1019cm−3 and 1020cm−3 and corresponding currents of 1µA/cm2. In addition, one sample was
successfully oxidized and this way the mayenite ceramic character of the basis material confirmed. With
Raman spectroscopy, the change in the C12A7-cages could be verified. Another aspect, which is currently
of major interest, are emission characteristics under different gas atmospheres with a particular focus on
the long term current stability. Measurements presented here, provide important knowledge to extract
construction parameters for future hollow cathode devices based on C12A7:e−.
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