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Due to its extraordinary properties, the C12A7:e- electride has been suggested in the past 
as one of the most promising materials for coating Low Work-function Tethers (LWTs). Such 
subclass of electrodynamic tether, made of a conductive substrate coated with materials that 
enhance the electron emission through the thermionic and photoelectric effects, would 
constitute a fully passive and consumable-free device for deorbiting space debris from Low 
Earth Orbit. This work presents experimental results on the manufacturing and testing of 
small tape-like LWT samples, which is the relevant geometry for electrodynamic tether 
applications. After preparing C12A7:e- targets under specific and controlled conditions, thin 
titanium foils have been coated with the C12A7:e- electride by using two different physical 
vapor deposition techniques: magnetron sputtering (MS) and pulsed laser deposition (PLD). 
In the case of MS, important difficulties and defects were found, including target damage, 
poor growth rate, and oxidation and changes in the composition of the coating. However, the 
performance on the PLD coating was radically different. First, Rutherford backscattering 
spectrometry confirmed that the composition of the thin film with the PLD coincides with that 
of the target. Second, X-ray photoelectron spectroscopy and thermionic emission experiments 
showed that the work function of the LWT sample is 2.6 ± 0.1 eV. Therefore, the trade-off 
analysis indicates that PLD can be used to manufacture LWT samples with work function 
close to the one of the bulk C12A7:e- (2.4 eV). Nevertheless, its application as passive cathode 
in electrodynamic tethers still requires further research activities.        

Nomenclature 
LWT        =   Low Work function tether 
PLD         =   Pulsed Laser Deposition 
RBS = Rutherford backscattering spectrometry   
XPS = X-ray photoelectron spectroscopy 
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1. Introduction 
 
Since its development in Japan [1], the calcium aluminate electride, C12A7:e- has attracted scientists’ attention in 

different research areas. Due to the unique characteristics of this ceramic material in its crystalline form, such as low 
work function (W), high electron concentration, high electronic conductivity, and stability, it has been proposed for 
several applications, covering from electronic and optoelectronic devices [2] to hollow cathodes in space applications 
[3]. The electride is obtained from the C12A7 compound, a typical electrical insulator that is one of the constituents 
of cement. This material is converted into an electro-active material with low-W by removing two oxygen atoms and 
incorporating four electrons into the structure of two C12A7 macrocells. 

The electride also received much attention from the space tether community, who can take advantage of the 
advances in materials science to upgrade the standard bare tether concept with active electron emitter [4]. If the bare 
tether is coated with a low-W material, like the C12A7:e-, a tether segment captures electron as a giant Langmuir 
probe, and the complementary segment emits them back to the plasma through the thermionic [5] and the photoelectric 
[6] effects. Such a device, known as a Low Work Function Tether (LWT), could deorbit satellites from Low Earth 
Orbit in a fully passive manner and without power and consumable. Its operation would be as simple as the one for 
drag augmentation devices, but the drag in an LWT is both magnetic (Lorentz drag) and aerodynamic, being the former 
the dominant mechanism for the orbits of interest in space debris deorbiting applications. Past studies on LWTs are 
restricted to theoretical analysis, and they included the operational regimes of their current and voltage profiles [7, 8] 
and the performance of LWTs in Geostationary Transfer Orbit [9] and thruster mode [10]. These theoretical works 
created an envelope of performance as a function of the physical characteristics of the coating and the tether.  

A recent project funded by the European Commission will carry activities on manufacturing and testing samples of 
LWTs [11]. Conductive foils will be coated by screen printing of pastes consisting of crystalline C12A7:e- powder 
and braze type adhesive followed by a firing process. The purpose of this work is to make a trade-off analysis of the 
manufacturing of LWT samples with alternative approaches. In particular, we manufactured and characterized LWT 
samples made of titanium (Ti) coated with C12A7:e- by using two different physical vapor deposition techniques: 
Magnetron Sputtering (MS) and Pulsed Laser Deposition (PLD), which are versatile and multipurpose methods for 
depositing a wide range of materials. In the PLD, a laser illuminates a target of the material to be deposited, thus 
creating a plasma plume that deposits it as a thin film on a substrate [12]. In the case MS, the target is bombarded with 
energetic ions of inert gases. Different research groups reported the useful application of the PLD [1, 13-15] and MS 
[16] methods for depositing C12A7:e- thin films on different substrates In separate work, LWT samples made of Al 
foil coated with Cs-doped graphene were manufactured, and a work function of 3.09 eV was achieved [17]. 

   
The selected geometry for the small samples was a thin tape of width equal to a couple of centimeters, which is the 

relevant geometry of modern electrodynamic tethers. For equal length and mass, a tape-like electrodynamic tether has 
better performance than a wire due to its larger perimeter, and its cut probability by small debris is one and a half 
orders of magnitude smaller [18]. Tape electrodynamic tethers also allow the scalable design of deorbiting missions 
to cover a broad range of masses of mother spacecraft and orbits [19]. The demonstration of the 2D deposition 
technology is critical because, if successful, the process could be scaled up to coat tape tethers of the same width but 
several kilometers long. Since LWTs should carry an electric current and operate at high temperatures to trigger the 
electron emission, titanium was selected for the substrate due to its high conductivity-to-density ratio and high melting 
point. The use of titanium as the substrate is also convenient because it typically offers excellent adhesion 
characteristics. The main trade-off criterium considered in this work to assess the quality of the samples is the electron 
emission capability. However, other important characteristics as the chemical composition, the adhesion between the 
coating and the substrate, and the homogeneity of the coating were also considered. The study of other important 
requirements for LWTs, like solar absorptivity, thermal emissivity, foldability to be packed in a reel, and scalability 
and cost of the coating process, are not addressed in this work. The manuscript is organized as follows. Section 2 
describes the synthesis process implemented in the manufacturing of the C12A7:e- targets for the PLD and the MS. 
Some synthesis control parameters and diagnostics tests to guarantee the quality of the targets are also presented. 
Section 3 discusses the experimental setup for the deposition of C12A7:e- on Ti substrates by using PLD and MS and 
presents experimental results using Rutherford Backscattering Spectrometry (composition and coating thickness). 
Section 4 shows the electron emission capabilities of the LWT samples with PLD. X-ray photoelectron spectroscopy 
and thermionic emission experiments have been used to measure the work function. Section 5 discusses the results 
and their consequences for LWTs applications and future experimental roadmap.  

 
2.  The C12A7:e- targets  
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2.1. Manufacturing of C12A7:e- targets 

Both the MS and the PLD need a high quality target of C12A7:e-. There are different methods for synthesizing the 
C12A7:e- electride and, in principle, not only electrons but also anions species can be inserted in the lattice by using 
different techniques. For instance, a simple and straightforward method is a two-step solidification procedure in a 
carbon crucible [20]. Here we implemented a three-step synthesis method: (i) sintering of the stoichiometric C12A7 
powders, (ii) melting, and (iii) reduction to electride conversion. Control tests were established at each step to ensure 
the quality of the target. This three-step procedure was the result of an intense campaign of experimental activities by 
trying a variety of synthesis methods. It provided the best approach to avoid undesirable phases that yield an electride 
with poor electron emission capabilities and degradation characteristics.  The next few paragraphs provide details 
about the three-step process. 

 Several methods have been described in the literature for getting the basic C12A7 ceramic material [1, 3, 14-16, 
20-23]. After several tests, we found that a sintering procedure in an air (oxidizing) atmosphere at 1350 ºC (6 hours) 
from alumina and calcium carbonate as precursors (stoichiometric ratio) was optimal for our application. It yields 
homogeneous results in large-scale production (each batch weights around 0.5 kg). Sintering in the oxidized 
atmosphere also guarantees better material purity avoiding unwanted phases like CaOAl2O3 (C3A) and CaOAl2O3 
(CA). 

 Melting the C12A7 powders improves the purity and gives a more densified and homogeneous material. As well-
known from a phase diagram of Al2O3-CaO (see, for instance, Refs. [16, 21, 24]), the ceramic C12A7 has its meting 
point at 1415ºC. Therefore, by implementing a fine temperature and pressure control (low vacuum, 30 Pa, 1420ºC 
during 6 hours), undesired phases are separated, and a liquid phase of pure C12A7 is obtained. After melting, some 
control activities were implemented to guarantee the quality of the material. A simple gravity density test was found 
to be an excellent indicator of the quality of the material. It was found that, when the measured gravity density 
coincided with the theoretical value (2.67 gr/cm3), a pure C12A7 is obtained. This statement was corroborated 
afterwards by more sophisticated diagnostics like Raman spectroscopy and X-Ray diffraction analysis. This control 
step is important because the presence of any undesirable phase yields a higher density value. Samples with a density 
1% higher than the theoretical value were rejected. Less than 5% of the total production was dismissed at this point, 
thus showing the reliability of the implemented procedure. 

 There are many reduction processes for transforming the sintered and melted C12A7 into C12A7:e-  (see a 
complete list and references in Ref [22]). In our case, we substituted the oxygen by electrons through heating the 
C12A7 in the presence of titanium (Ti) powder. The material was placed inside a graphite crucible and fully covered 
with Ti powder under high vacuum conditions (around 10-5 Pa with previous argon chamber purge). It was found that 
a temperature range between 900 ºC and 1000 ºC (8 h and 6 h, respectively) allowed an excellent control of the 
reduction process. Higher temperatures are not convenient due to their proximity to the melting point, which is around 
1230ºC [21]. Undesirable phases appear at significant reduction times (above 12 hours) and temperatures (above 
1150ºC), even under deficient oxygen relative pressures [21]. Oxidation issues above 1000ºC may appear due to 
difficulties in reaching an ultra-low oxygen pressure.  

2.2. Control tests of the C12A7:e- targets  

After the reduction process, C12A7:e- cylinders with length about 25mm and diameter equal to 25.4 mm were 
mechanized and, from them, disks of 2 mm of thickness were cut. Both the MS and the PLD use target in the disk 
shape of the same size. Such a feature guarantees that the quality of the coating is controlled by the deposition 
technique and not by the origin of the target (disks of the same cylinder were used in the MS and the PLD).  Physical, 
chemical, and electrical analyses for every disk were made.  

 In order to make a preliminary assessment of their quality we implemented three simple control tests (find X-ray 
diffraction and Raman spectroscopy in Sec. 2.3).   First, the conductivity σ (S/cm) was determined from the slope of 
measured current-voltage (I-V) characteristics. This method was found to yield better and more reliable information 
than direct ohmic measurement with a four-point probe, which is not appropriated due to the existence of Schottky 
barriers in the contacts that alter the conductivity value in low-signal conditions. This issue was found to be worse for 
low-doped material. Second, the electron concentration Nd (cm-3) was found indirectly from the relation 𝑁𝑑 = 𝜎 𝑒𝜇⁄ , 
where e is the electron charge, and μ the mobility (cm2.V-1s-1). The latter was determined through electronic methods, 
i.e., measuring the cut-off frequency fc at which the impedance becomes complex. Knowing the size of the cages (1.2 
nm), the applied voltage, and the transition time between cages obtained from fc, the mobility 𝜇 was computed. This 
method is different from   optical reflection spectra [23] and iodometry [25] used in previous works and, as compared 
with previous reported values [21, 23], the mobility was slighter lower for Nd < 1020 (cm-3) and in agreement for Nd 
>1020 (cm-3). The third characterization method used to evaluate the quality of the electride was a scratching test. As 
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shown in Fig. 1, some disks were scratched with diamond sandpaper and the color of the sample were correlated with 
the electron concentration, being darker as the doping level increases. 

 
Fig.1 Scratching test on C12A7:e- samples. The color depends on the electron concentration. 

2.3. X-ray diffraction (XRD) and Raman spectroscopy 

The crystal structures of the C12A7:e- targets were measured by X-ray powder diffraction (XRD, D8 Advance 
(Bruker), Cu Kα1(α = 1.5406˚A)). As shown in panel (a) of Fig. 2a, the C12A7:e- targets exhibit well-resolved sharp 
peaks in the XRD pattern, which were in good agreement with the well-crystallized C12A7 phase reported by other 
research groups [20, 26, 27] and with the standard XRD data (PDF#09-0413). In addition to the XRD calculation, and 
to further confirm the detailed structure and chemical composition of the samples, the Raman spectra of the C12A7:e- 
targets (Fig. 2b) was obtained using Raman spectroscopy (RFS 100/S, Bruker; λ = 532 nm). The intense peaks located 
at 519 cm−1 and 772 cm−1 were the characteristic peaks of C12A7:e- electride [26]. Both bands at 519 cm−1 and 772 
cm−1 originate from the framework Al-O vibrations and are associated with the symmetric modes [28]. The low-
frequency peaks at 270 and 308 cm−1 form a vibrational group in the Ca and O structure [27]. The combination of 
XRD patterns and Raman spectra confirm the obtention of single-phase C12A7:e- targets. 

 

 
Fig.2 (a) XRD pattern and (b) Raman spectra of C12A7:e- target. 

 
 
3. Manufacturing of LWT samples of titanium foils coated with C12A7:e- 

 
3.1. Magnetron sputtering depositions  
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The manufacturing of an LWT, which is km-long and should be packed in a reel before its deployment, requires a 
coating method that allows large coating areas, strong adhesion, easy control, and low cost. In principle, magnetron 
sputtering satisfies this set of requirements and was originally identified as the best choice. However, and although a 
considerable effort was dedicated to adjusting the parameters of the magnetron, such as power and pressure, serious 
issues were founded. In the case of DC sputtering, severe damages at the surface of the target happened due to the 
triggering of large sparks in the chamber (left panel (a) in Fig. 3). This phenomenon was observed even at low power 
(less than 25 W). In order to avoid it, depositions with RF sputtering at around 13MHz were also carried. However, it 
was difficult to avoid the impedance mismatch and the growth rate of the deposition was too low and severe oxidation 
was observed (right panel in Fig. 3).  

Sample oxidation in C12A7:e- coating with magnetron sputtering has been reported in past work [16], and a post-
annealing treatment was proposed to repair the electride. Even after making a post-annealing treatment, thermionic 
emission experiments of the coated samples revealed very poor electron emission capabilities. Oxidation of the coating 
and a change in its crystalline structure happens. Measurements of the I-V characteristics of the target after being used 
in the magnetron showed a dramatic decrease in the conductivity. Although visual inspection and simple tests folding 
of the tapes indicated a good adhesion, we concluded that the present C12A7:e- coating cannot fulfil the requirements 
of an LWT, and further research effort is needed to find a better configuration of the magnetron. As shown in the next 
section, the quality of the coating with the magnetron is far from the one obtained with the PLD.  
 

 
 

Fig. 3 Severe target damage (left) and oxidation (right) in the magnetron sputtering 
 

3.2. PLD deposition of C12A7:e-  
 

Since Pulsed Laser Deposition (PLD) is a prevalent method to grow thin films [29], we decided to use this 
technique to deposit thin films of C12A7:e- onto titanium and silicon substrates and avoid some of the issues found 
with the magnetron. In the PLD technique, a pulsed laser beam is focused on a target and the absorption of the radiation 
in the near surface region of the target leads to a superficial evaporation of the material. The very short duration of 
this process (about one ns) yields a congruent evaporation, i.e., the ejected material shows the same composition as 
the target. The formed gas is ionized by the laser beam (the pulse duration being roughly ten ns) and becomes a very 
dense and energetic plasma (see Fig. 4). This plasma expands anisotropically and transport the species towards the 
surface of the substrate, where they take part in the film growth. 

 
In this work, the laser used was a Nd:YAG, delivering pulses of 5 ns duration and 15 mJ at 10 Hz repetition rate. 

The target was irradiated with the fourth harmonic wavelength (266 nm), which was generated by frequency-doubling 
crystals. The laser beam was focused through a quartz window onto previously produced C12A7:e- targets at a 45o 
oblique incidence, to give 60 MW/cm2 power density. Film growth was carried out under vacuum (≈10-7 hPa) at room 
temperature. The target was scanned during the laser irradiations; in order to avoid considerable evolution in its surface 
composition and morphology. Before starting the growth of the films, the target was irradiated for a long time to clean 
and stabilize its surface and obtain reproducible results. The ejected material was collected onto titanium foils or 
silicon wafers located at 45 mm distance from the target surface. Both substrates were ultrasonically degreased before 
their introduction in the deposition chamber. Fig. 4 shows a detail of the plasma plume formed during the irradiation 
of the target by the laser beam. The most interesting product for LWT applications were the square samples (20x20 
mm) over Titanium substrates with a C12A7:e- coating of thickness from 150 to 250 nm. Visual inspection and the 
folding test indicated a good adhesion between the thin coating and the substrate. 
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Fig. 4 The PLD process. 

 RBS analysis 
 
The thickness and composition of the films were measured by Rutherford Backscattering Spectrometry (RBS), 

carried out using the 4He+ ion beam from the accelerator at the Materials Micro-Analysis Center at the UAM. The 
SIMNRA simulation code [30] was used to determine precisely the in-depth distribution of the various constituents 
in the film. This analysis provides cationic compositions with a precision of the order of 1-2%. Nevertheless, the 
precision in the determination of the oxygen content is worse due to the low RBS yield on light elements. The 
estimated precision on the oxygen level is 5%. Fig.5 shows the RBS spectra recorded on a C12A7:e-  target and on 
two electride films (Nd>1020 cm-3) grown by PLD during 180 minutes at 10-7 hPa. Results for samples with Ti (blue 
line) and Si (red line) substrates are shown. The analysis shows that both the cationic ratio (Ca/Al≈1) and the oxygen 
concentration (≈55% at) are the same in the target and the films, within the experimental accuracy. The films and 
target compositions are like the nominal C12A7 composition (Ca24Al28O66). Nevertheless, the accuracy of the RBS 
technique for light elements does not permit us to distinguish between Ca24Al28O66 or Ca24Al28O64. The congruent 
evaporation of the target is characteristic of the PLD processes. 

It is worth noting that the tail at the low energy edge of the calcium signal of the spectrum of the film grown on 
silicon evidence the presence of droplets on the film. The film is formed by a continuous layer of material on which 
numerous uniformly distributed "droplets" overlap. The droplet thickness ranges between 70 and 200 nm, and the 
estimated lateral size of the droplets ranges from 3 to 7 μm. The results confirm the validity of the PLD deposition 
procedure to growth electride C12A7:e-. 

 
Fig.5 Experimental RBS spectra recorded on a C12A7:e- target (black line), on a C12A7 film on silicon (red 
line) and a C12A7 film on Ti (blue line). The films have been grown by PLD during 180 minutes under vacuum 
(10-7 hPa) The target and films composition obtained from simulation are shown. Experimental RBS 
conditions: 2.0 MeV 4He+ at normal incidence, scattering angle 170°). 
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The spatial composition and thickness of the film grown on silicon have been studied employing the RBS spectra 
recorded on different points of the film. Fig.6 shows the composition of the films (Ca/Al ratio and oxygen atomic 
concentration) as a function of the lateral position in the film. The oxygen concentration in the film is the same as that 
of the target. The Ca/Al ratio is slightly lower in the film than in the target, within the accuracy of the technique. 
Regarding the thickness of the coating, we first determined the energy loss by the ions at several points by computing 
the difference between the energy of the incoming beam and the (measured) energy of the reflected ions. Such a loss 
of energy is directly related to the number of atoms of the coating found by the ions during its path. Using standard 
models and the already discussed composition of the coating, we determined the number of atoms and the thickness 
of the coating. The thickness distribution makes evident the anisotropic character of the PLD method. The ablation 
plume is centered on the normal to the target at the laser spot position. Owing to the plume expansion, the flux of 
incident species from the target to the substrate depends upon the position concerning the central plume axis. The 
thickness is roughly uniform (less than 10% variation) in a region of about 8 mm. The maximum value of the film 
thickness is 350 nm. 

   

 
Fig.6 Thickness normalized to its maximum value (350nm) and composition variation for the film grown on 
silicon during 180 minutes under vacuum, as a function of substrate position (the origin of position being 
normal to the target at the laser spot). The horizontal lines indicate the nominal Ca/Al ratio and oxygen % in 
the target. A schematic description of the anisotropic character of PLD is presented in the inset  

4. Electron emission analysis 
 

4.1.  Work function by X-ray photoelectron spectroscopy (XPS) analysis 
 

XPS was used to characterize the surface chemistry and work function of the samples. XPS spectra were acquired 
with a commercial instrument SPECS system [31]. The system consists of a UHV chamber with a base pressure of 
5x10-10 hPa, equipped with a hemispherical electron energy analyzer (SPECS Phoibos 150 spectrometer), a 2D delay-
line detector (2D-DLD), and non-monochromatic X-ray sources with Mg and Al anodes. Samples were loaded into 
an ultra-high vacuum (UHV) system from the atmosphere in a sequential way. The detailed procedure is described as 
follows. First, samples are inserted in a Load Lock Chamber (LLC), which is pumped down by the combination of 
turbo-molecular and scroll pumps to reach a base pressure of 5x10-8 hPa, which is reached after 2 hours approximately. 
Secondly, the gate valve separating LLC and main XPS (with a base pressure of 5x10-10 hPa) chamber is open. Then 
samples are loaded into a parking stage available in the main chamber utilizing a transfer arm. Finally, the gate valve 
is closed, and samples are transferred under UHV conditions by a mechanical drive into a manipulator located in the 
focal point of the electron energy analyzer used in the XPS and work function experiments.  

Samples at room temperature are irradiated with Mg, and Al X-rays sources operated at 200 W (12 kV and 16.6 
mA), which provide photon energies of Mg-Kα (1253.6 eV) and Al-Kα (1486.6 eV), respectively. Photoelectrons are 
emitted from the samples upon X-ray illumination and energy-filtered by the electron spectrometer. XPS spectra were 
recorded at the normal emission take-off angle. Survey and high-resolution scans data were recorded with a pass 
energy of 20 and 10 eV, and the energy step of 0.1 and 0.05 eV, respectively. Data processing was performed using 
CasaXPS software (Casa Software Ltd., Cheshire, UK) [32]. The overall surface composition was determined from 
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individual element regions of O1s, Ca2p, and Al2p. The integral peak areas for each element, after background 
subtraction and normalization using sensitivity factors provided by an electron energy analyzer manufacturer, were 
used to calculate the atomic concentration of the samples. According to this, upon the evaluation of the Ca, Al and O 
peak intensities, the calculated sample composition was found correspond to a stoichiometry close to the nominal 
C12A7 electride. 
  
For work function experiments we use the photoemission low kinetic energy cut-off of the electron distribution curve 
(EDC), which corresponds to the emission of secondary electrons above threshold. This in turn determines the work 
function  from the equation  = Ecut-off - qVbias, where Vbias is the negative bias applied to the sample, and Ecut-off 
is the cut-off for the lowest kinetic energies of the EDC. Note that the work function of the hemispherical analyzer, 
analyzer, has been previously determined in reference to the Au4f7/2 core level emission so that the electron energy has 
been previously calibrated. Samples at RT were irradiated with X-ray sources operated at lower power (50 W, 12 kV, 
4.2 mA) to avoid saturation of the 2D-DLD detector in the electron spectrometer due to the high-intensity rate of 
secondary electron emission, and the samples were biased at negative potentials from -8 to -30 V to overcome the 
spectrometer work function contribution. During work function measurements, core level emission from Al2p and 
Ca2p were also recorded to ensure the right kinetic energy shift of the photoemission peaks according to the applied 
bias. This fact enables us to determine actual work function values, and avoid any artifact coming from surface 
charging effects that might provide a wide range of results as already reported for this material [21]. Work function 
was extracted by the linear extrapolation of the low energy side of the secondary emission cut-off with the electron 
kinetic energy axis. For the case of data displayed in inset of Fig. 7, Ecutoff = 12.6 eV, and Vbias = -10.0 V, and then  
= Ecutoff - qVbias= 2.6 eV. All our measurements taken at different bias voltages rendered values of 2.6±0.1 eV (see 
Fig.7). 
 

 

 
Fig.7 Low kinetic energy electron cut-off distribution curves excited by X-ray source with the sample bias at 
different potentials. Inset: Work function determination by the intersection of curve slope with kinetic energy 
axis of secondary electrons. 

4.2. Thermionic emission 
 

Thermionic emission experiments were carried out in the same XPS system described above. Samples to be 
analyzed, once placed at the spectrometer focal point, were radiatively heated at different temperatures under ultra-
high vacuum conditions using an encapsulated filament underneath the sample holder. The electron energy analyzer 
collects the electrons in-situ emitted from the sample biased at -10 V at a given temperature. Contrary to a conventional 
thermionic emission set up, the thermal excitation process is monitored utilizing the XPS system keeping the X-ray 
source off during data acquisition, with the added value of using the electron spectrometer to record the kinetic energy 
distribution of the electrons in addition to quantifying its emission as the temperature is increased (see Fig.8). This 
signal is proportional to the total thermionic current since most of the electrons are collected through the analyzer lens. 
Besides, it is possible to obtain a direct measurement of the material work function from the onset of electron emission 
on the kinetic energy axis. In our case, measurements provided a work function value of 2.6±0.1 eV, as shown in the 
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inset of Fig.8, which is consistent with the result determined by cut-off experiments depicted in Fig.7. 

 
Fig.8 Thermionic emission curves at different temperatures versus electron kinetic energy with the sample 
biased at -10 V. Inset: Work function determination by the intersection of onset emission slope with electron 
kinetic energy axis. 

 
 

5. Conclusions  
The C12A7:e- electride is a good candidate for tether applications due to its stability and low work function. Two 

natural applications are active electron emitters (hollow cathodes) and low work-function tethers, which are long 
conductors coated with a low work-function material. This work is focused on the second application and presented 
experimental results of small LWT samples made of a titanium substrate coated with C12A7:e-. The samples are thin 
tapes, which is the relevant geometry for electrodynamic tether applications. A controlled synthesis procedure for the 
preparation of C12A7:e- targets were presented. It has been shown that density and conductivity are critical and 
straightforward parameters to control their quality. The targets were subsequently used to grow C12A7:e- films onto 
titanium and silicon substrates by two different physical vapor deposition techniques: Magnetron Sputtering (MS) and 
Pulsed Laser Deposition  (PLD). In both cases, simple adhesion tests, like folding the tapes, revealed that the coating 
would not crack for typical tether packaging conditions (for instance, stored in the reel of a deployment mechanism 
with an inner radius of several centimeters). However, the most important conclusion of our trade-off analysis of the 
deposition techniques is the disparate quality of the coatings. Such result cannot be attributed to the targets because 
MS and PLD used disks obtained from the same C12A7:e- cylinder. Low quality coatings, i.e. with a low conductivity 
and non-preserving the chemical composition of the C12A7, were obtained with the MS. Moreover, the C12A7:e- 
targets were typically damaged during the depositions with the MS. Conversely, as corroborated by detailed analyses 
with X-ray diffraction, Raman spectroscopy and Rutherford Backscattering Spectrometry, the PLD technique was 
proved successful at preserving the chemical composition and conductivity of the target in the deposited films. X-ray 
photoelectron spectroscopy and thermionic emission experiments revealed electron emission from 250 ºC with stable 
and well-defined emission from 350 ºC. Although at these temperatures, the current density is very low (pA to nA/cm2 
order of magnitude), the exponential temperature dependence allows getting mA ranges beyond 600 ºC.  
 

The value of the work function corresponding to the coated sample, i.e., 2.6 ± 0.1 eV, is slightly above that of the 
electride (2.4 eV [21]). This slight increment has been also reported by Hosono et al. when dealing with sputtered 
films. It might be due to the amorphous nature of the films, but good enough value for applications. This intrinsic 
work function of the material is a crucial parameter for Low Work Function Tethers (LWT), but it is not the only one. 
The highly conductive ambient plasma surrounds the tether segment that emits electrons, and it is negatively polarized 
with respect to it thanks to the motional electric field. Its operation is like that of a hot cathode and, by fitting 
experimental current emission curves to Richardson-Dushman law, a lower value for the work function has been 
estimated. In any case, the possible application of the coating in tether technology still requires two characterization 
tests that are beyond the scope of this work. The first one would determine the solar absorption and the infrared 
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emittance, which control the tether temperature. The second characterization test needs to find the photoelectric yield 
of the coated samples in order to assess the effectiveness of the photoelectric effect. 
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