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Abstract: Graphene-oxide-semiconductor (GOS) planar-type electron sources can be
driven by applying 10-20 V with high emission current density of 10-100 mA/cm?. We have
proposed low-voltage-driven propellantless cathodes for miniature ion thrusters using the
GOS planar-type electron sources. We have fabricated the electron sources with a single
emission area of 50 pm x 50 pm or 100 pm % 100 um, and successfully achieved the emission
current density of over 100 mA/cm?. Moreover, we accomplished the emission current of 2.1
mA using the electron sources with hundreds of 100 pm x 100 um emission area.

Nomenclature
= emission current
= emission current density
= emission area
= emission efficiency
LIntroduction

VER the last decade, the global market of the deep space mission or broadband constellations with small-
spacecraft have rapidly increased.! To execute these space missions, miniature propulsion systems are mounted
on small-spacecraft and generate the thrust to the spacecraft in deep space or around the earth. In recent research about
small-spacecraft, an ion thruster has been utilized as a propulsion system because of its high specific impulse and
delta-v.** To prevent extracted ions from flowing backward to the plasma sources, electrons are emitted to the ion
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beams from neutralizers. >7 However, neutralizers do not contribute to the thrust. Therefore, it is desirable to reduce
the propellant and power consumption of neutralizers on small-spacecraft as much as possible.

As pioneering propellantless neutralizers of ion thrusters or electron emitters of space tether, field emission
cathodes (FECs) have been proposed.®! FECs can emit electrons about 10 mA just by applying an electric field to
the materials on the metal. However, FECs need to apply a high voltage of over 100 V to extract electrons from the
surface of the materials. Furthermore, the emission current density to the surface area is under 0.2 mA/cm?. Hence, to
obtain the emission current of several mA using conventional FECs, the cathode size becomes approximately 10 cm
x 10 cm as large as 1U CubeSat. In order to realize the propellantless cathodes for small-spacecraft, FECs must lower
the drive voltage and increase the emission current density.

Therefore, we have proposed graphene-oxide-semiconductor (GOS) planar-type electron sources as propellantless
cathodes for space propulsion of small-spacecraft.!! The GOS type electron sources can be driven by applying only
10-15 V with much higher emission current density of 10~100 mA/cm? than that of the other conventional FECs.!>!4
As shown in Fig. 1, the GOS type electron sources consist of four layers; an n-type Si substrate, thin SiO; as an
insulating layer, graphene as an upper layer, and Ni and Ti as a contact layer to the graphene. By applying the gate
bias between the n-type Si and the contact layer, the width of the potential barrier decreases, and then electrons
accumulated in the Si substrate pass through the insulating layer by tunneling effect. Transmission electrons which
have energy exceeding the work function of graphene are emitted into a vacuum through the graphene layer. Here,
the ratio of the emission electrons from the graphene layer to the electrons passed through the insulating layer is
defined as emission efficiency. The GOS type electron sources achieved the emission efficiency of 10-30%, which is
exceedingly higher than that of other electron sources based on metal-oxide-semiconductor structure on the order of
0.01% or less.’> However, the emission current of the GOS type electron sources is still lower than 10 pA. It is
necessary to expand the emission area of the GOS type electron sources and achieve the emission current of several
mA as much as conventional FECs.

To fabricate GOS type electron sources with larger emission areas, there are two approaches: deploying a single
several mm? emission site or high-density small emission sites in a several mm? wafer. To fabricate a single large

emission site, it is necessary to fabricate e o2 e e
it without defects in the insulating layer

Graphene
because the defects cause the leakage Ni/Ti contact

current and make it difficult to emit
electrons from the whole emission area.
On the other hand, if the emission area is
divided into small emission sites, the
unfavorable effect by the defects is
inhibited in the small emission site.
Therefore, we tried to develop the
propellantless cathode using the GOS
type electron sources with hundreds of
small emission sites.
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Figure 1. A schematic of Graphene-oxide-semiconductor (GOS)
planar-type electron sources.

II.Experimental Procedure

A. Fabricating Process a) b) €) .

Figure 2 shows the main three fabrication procedures of the Sio- %Graphen’_e Ni/Ti electrode
GOS type electron sources. [ [—=T]

a)  The pattern of emission areas is fabricated by etching n-Si

the 300 nm SiO; layer on the Si substrate. Then, the

thin SiO; layer is grown by 900°C thermal oxidation.

Figure 2. Fabrication process of Graphene-

b) Using the chemical vapor deposition (CVD), 2.5 nm oxide-semiconductor  planar-type electron
graphene is directly synthesized on the thin SiO; layer. sources. a) Growth of thin SiO: on the Si
c) After a part of graphene is etched by the substrate by thermal oxidation. b) Synthesizing

photolithography process, Ni and Ti are deposited as
contact electrodes on both the top and bottom of the
wafer by electron beam vacuum evaporation
technique.
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the graphene layer on thin SiO: layer by CVD. c¢)
Deposition of Ni and Ti as a contact electrode by
electron beam vacuum evaporation.
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To fabricate many emission sites with high quality insulating layer, the temperature in graphene synthesis process
should be lowered to avoid defects in the insulating layer. Hence, we applied plasma-enhanced CVD (PECVD) by
which the graphene can be synthesized at lower temperature than thermal CVD.

B. Measurement of I-V characteristics Collector é,s_{ K
Figure 3 shows a schematic diagram of the experimental N T T smm -/

setup. The chamber vacuum pressure at the experiment is 1.0 x Graphe':'éi €

107° Pa. Applying the gate bias Vg in the range of 0-20 V at 0.1 Sio,

V step, electrons are emitted and encountered the collector SUS n-Si It

plate biased at 1 kV to avoid space-charge limitation. We Ni/Ti A

measured the electron emission current /g in the collector and

the total current Z1 in the Si substrate. Figure 3. Circuit diagram of the experimental

setup of I-V characteristics.

C. Selection of emission area

Firstly, to decide the single emission site which can emit electrons with high emission current density and emission
efficiency, we fabricated the GOS type electron sources with different single emission sites (50 pm x 50 pm, 100 um
% 100 pm, 200 pm x 200 um, and 500 pm x 500 um) and measured the emission characteristics. The characteristics
are evaluated from the emission current density J shown in Eq. (1),

J=1/s, e)
where / is the emission current and S is the emission area, and the emission efficiency 7 shown in Eq. (2),
n= Ig/l. )

Next, we estimated that hundreds of small emission sites are needed to achieve the emission current of several mA
because the emission current from 50 um x 50 pm area is several pA. Hence, we fabricated the electron sources with
hundreds of small emission sites in 3 mm % 3 mm area.

III.Results and Discussion

A. Emission performance of a single emission site

Figure 4 shows J-V characteristics of the GOS type electron sources with a single emission site of 50 pm x 50 um
and 100 um x 100 um. The electron source with a single 50 pm x 50 pm emission site maintained the emission
efficiency of over 20% in the range of 8.0-11.5 V and achieve the maximum emission current density of 230 mA/cm?
at 14.1 V. On the other hand, the electron source with a single 100 pm x 100 pm emission site maintained over 20%
in 7.5-14.0 V and achieve 184 mA/cm? at 14.0 V. However, the emission current of both electron sources dropped in
the range of 14.2—-15.0 V. We consider that the breakdown of the insulating layer occurred at the gate bias and the
leakage current partially increased. Concerning the electron sources with 200 pm x 200 pm or 500 um X 500 pm site,
they were not driven with high emission current density due to leakage current. We assume that the defects in the
insulating layer are likely to be formed in larger emission site than 100 um X 100 um and cause the leakage current.
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Figure 4. J-V characteristics of the GOS type electron sources with a single emission site. a) 50 pm x 50 pm
emission site. b) 100 pm x 100 pm emission site.
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Altogether, we achieved high emission current density of over 100 mA/cm?, and we apply 50 um % 50 pm or 100 um
% 100 pum site as small emission sites.

B. Emission performance of the electron sources with high-density small emission sites
The single emission site should be as large as possible to deploy the high-density small emission sites in a wafer.
In our deployment concept of small emission sites, the total emission area per wafer with massive 100 um x 100 pum
sites are approximately twice higher than that with massive 50 pm x 50 pum sites. Therefore, we fabricated the GOS
type electron sources with hundreds of small emission sites of 100 pm x 100 um in a several mm? wafer. Figure 5
shows -V characteristics of the GOS type electron
sources which have 380 emission sites of 100 pum x 100 10° 6.3 13.4 102
pm in a 3 mm x 3 mm wafer. At the gate bias of 13.4 'V, S~
the maximum emission current of 2.1 mA was obtained 20.0
successfully. The emission current density to the total 10" 2 1ma /
emission area of 3.8 mm? at 13.4 V is 55.3 mA/cm?,
which is lower than that of the electron source with a
single 100 pm x 100 pm emission site in the previous
section. Hence, we assume that the electrons are not
emitted from all the small emission sites. Although, the
emission current density to the wafer size of 3 mm x 3
mm at 13.4 V is 23.3 mA/cm?, which far surpass that of
other conventional FECs. After achieving the maximum —7n
emission current, the emission current of the electron 10 Sio.:

. i0,: 10.5 nm
sources dropped at the almost same gate bias of the Pressure: 106Pa  —{10™
electron source with a single emission site. In other e 100 pmx100 umx380
words, the electron sources which have 10.5 nm 10'120 ! : ! 1'0 ! 15
insulating layer can be driven up to the breakdown

voltage of about 13 V. In conclusion, we succeeded to G.at-e blafs N GOS
fabricate the low-voltage-driven propellantless electron Figure 5. I-}” characteristics of the type electron

sources which can be driven with high emission current SOUrces with 380 emission sites of 100 pm x 100 pm in a
density. 3 mm x 3 mm wafer.

0

10

_10—2

—
— I

Emission current, A
)
&
I

Emission efficiency, %

IV.Conclusion

We have proposed Graphene-oxide-semiconductor (GOS) planar-type electron sources as promising propellantless
low-voltage-driven neutralizers for miniature ion thrusters. To obtain the emission current of several mA, we
fabricated the electron sources with hundreds of small emission sites and measured /-V characteristics in a vacuum.
As aresult, we achieved the emission current of 2.1 mA (corresponding to the emission current density of 23.3 mA/cm?
to the wafer size) at the gate bias of 13.4 V by using the electron source with 380 emission sites of 100 pum x 100 pm
ina 3 mm % 3 mm wafer. We have succeeded in achieving the emission performance of the GOS type electron sources,
which can be used as neutralizers of miniature ion thrusters.

Acknowledgments

This work was supported by JSPS KAKENHI Grant Numbers JP18H01505 and JP18K18910, and the JAXA
Research and Development Directorate, Japan.

References

I'Wekerle, T., Pessoa Filho, J. B., Da Costa, L. E. V. L., and Trabasso, L. G., “Status and Trends of Smallsats and their Launch
Vehicles - An up-to-date Review,” J. Aerosp. Technol. Manag., Vol. 9, 2017, pp. 269-286.

2Yoshimoto, S., Nakasuka, S., Tsuruda, Y., Aoyanagi, Y., Tanaka, T., Sahara, H., Ohira, T., Araki, Y., Mase, 1., Ito, M., Kainov,
V., Karandaev, A., and Silkin, O., “Cluster Launch of Hodoyoshi-3 and -4 Satellites from Yasny by Dnepr Launch Vehicle,” Trans.
JSASS Aerospace Tech. Japan, Vol. 14, 2016, pp. Pb_35-Pb_43.

3Koizumi, H., Kawahara, H., Yaginuma, K., Asakawa, J., Nakagawa, Y., Nakamura, Y., Kojima, S., Matsuguma, T., Funase,
R., Nakatsuka, J., and Komurosaki, K., “Initial Flight Operations of the Miniature Propulsion System Installed on Small Space
Probe: PROCYON,” Trans. JSASS Aerospace Tech. Japan, Vol. 14, No. ists30, 2016, pp. Pb_13-Pb_22.

“Malphrus, B. K., Brown, K. Z., Garcia, J., Conner, C., Kruth, J., Combs, M. S., Fite, N., McNeil, S., Wilczweski, S., Haught,
K., Zucherman, A., Clark, P., Angkasa, K., Richard, N., Hurford, T., Folta, D., Brambora, C., MacDowall, R., Mason, P., Hur-

4

The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



Diaz, S., Breeden, J., Nakamura, R., Martinez, A., and Tsay, M. M., “The Lunar IceCube EM-1 Mission: Prospecting the Moon
for Water Ice,” IEEE Aerosp. Electron. Syst. Mag., Vol. 34, 2019, pp. 6-14.

*Masui, H., Tashiro, Y., Yamamoto, N., Nakashima, H., and Funaki, I., “Analysis of Electron and Microwave Behavior in
Microwave Discharge Neutralizer,” Trans. Japan Soc. Aero. Space Sci., Vol. 49, 2006, pp. 87-93.

%Goebel, M. D., Watkins, M. R., and Jameson, K. K., “LaB6 Hollow Cathodes for Ion and Hall Thrusters,” J. Propul. Power,
Vol. 23, 2007, pp. 552-558.

7Koizumi, H. and Kuninaka, H., “Performance of the Miniature and Low Power Microwave Discharge lon Engine ul,” 46th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Nashville, USA, 2010, AIAA 2010-6617.

80kawa, Y., Kitamura, S., Kawamoto, S., Iseki, Y., Hashimoto, K., Noda, E., “An experimental study on carbon nanotube
cathodes for electrodynamic tether propulsion,” Acta Astronautica, Vol. 61, 2007, pp. 989-994.

9Yamamoto, N., Morita, T., Ohkawa, Y., Nakano, M., and Funaki, I., “Ion Thruster Operation with Carbon Nanotube Field
Emission Cathode,” J. Propul. Power, Vol. 35, 2019, pp. 490-439.

9Gasdaska, C. J., Falkos, P., Hruby, V., Robin, M., Demmons, N., McCormick, R., Spence, D., Young, J., “Testing of Carbon
Nanotube Field Emission Cathodes,” 40th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Florida, United
States of America, 2004, AIAA 2004-3427.

"Murakami, K., Tanaka, S., Miyashita, A., Nagao, M., Nemoto, Y., Takeguchi, M., and Fujita, J., “Graphene-oxide-
semiconductor planar-type electron emission device,” Appl. Phys. Lett., Vol. 108, 2016, pp. 083506-1-083506-4.

2Murakami, K., Tanaka, S., lijima, T., Nagao, M., Nemoto, Y., Takeguchi, M., Yamada, Y., and Sasaki, M., “Electron emission
properties of graphene-oxide-semiconductor planar-type electron emission devices,” J. Vac. Sci. Technol. B, Vol. 36, 2018, pp.
02C110-1-02C110-5

BMurakami, K., Miyaji, J., Furuya, R., Adachi, M., Nagao, M., Neo, Y., Takao, Y., Yamada, Y., Sasaki, M., and Mimura, H.,
“High-performance planar-type electron source based on a graphene-oxide-semiconductor structure,” Appl. Phys. Lett., Vol. 114,
2019, pp. 213501-1-213501-5.

4Furuya, R., Murakami, K., Nagao, M., Takao, Y., “Improvement of Electron Emission Efficiency of Graphene-Oxide-
Semiconductor Planar-Type Electron Sources for Nanosatellite Neutralizers,” 31st International Vacuum Nanoelectronics
Conference, Kyoto, Japan, 2018, P1-43.

Lo, S. H., Buchanan, D. A., Taur, Y., and Wang, W., “Quantum-Mechanical Modeling of Electron Tunneling Current from
the Inversion Layer of Ultra-Thin-Oxide nMOSFET’s,” IEEFE Electr. Device Lett., Vol. 18, 1997, pp. 209-211.

The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



