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    We have fabricated an externally wetted emitter array with a deep-grooved structure using grayscale lithography for 
ionic liquid electrospray thrusters to improve the ionic liquid transport to the emitter tips and to reduce the percentage of the 
current intercepted by the extractor electrode, which was more than 30% with our conventional deep-grooved emitter. The 
experimental results of the ion emission have shown that a stable ion emission characteristic and the percentage of the current 
intercepted by the extractor electrode decreases by approximately one-third compared with our previous one. This decrease 
indicates that the emitter fabrication process using grayscale lithography optimized the deep-grooved emitter shape. 
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1.  Introduction 
 
  In recent years, various advanced space missions that require 
precise control of the spacecraft’s attitude and position have 
been proposed. For example, space gravitational wave 
observatories are currently under development to detect low-
frequency gravitational waves that cannot be detected on Earth. 
The LISA mission by NASA and ESA will detect picometer-
level changes due to the gravitational waves in the arm lengths 
between three spacecraft located 2.5 million kilometers 
apart.1,2) Therefore, such a mission requires a thruster with 
precise thrust control.3) 

Ionic liquid electrospray thrusters have attracted attention as 
electric propulsion systems that can precisely control the 
thrust.4-6) Figure 1 shows a schematic of an electrospray thruster. 
Electrospray thrusters are composed of an emitter chip with 
many emitters on its surface and an opposing extractor 
electrode. When high voltages of several kilovolts between the 
emitters and extractor electrodes are applied, the ionic liquid is 
transported to the emitter tips, and ions are extracted due to the 
strong electric field. Then, the extracted ions are accelerated 
electrostatically by the electric potential difference between the 
two electrodes and generate thrust. 

 Ionic liquids are molten salts consisting only of cations and 
anions, and they have almost zero vapor pressure owing to the 

Coulomb force between the cations and anions.7,8) Therefore, 
ionic liquids can exist as a liquid phase even in vacuum, 
eliminating the need for high-pressure gas feed systems, 
including gas valves with their mechanical vibration required 
for conventional electric propulsion. Moreover, electrospray 
thrusters can extract both cations and anions by changing the 
polarity of the applied voltage, eliminating the need for 
neutralizers. In addition, the thrust can be controlled precisely 
by adjusting the number of emitters and the voltage applied to 
the emitters due to only a small amount of thrust on the order 
of 10 nN in the pure-ion mode per emitter.9) 

For precise thrust control, it is necessary to extract a stable 
ion current from the emitter array. In our previous study, we 
fabricated externally wetted needle-shaped emitters with a 
deep-grooved structure.10) Compared with non-grooved needle 
emitters,11) the resulting absolute emission current value with 
the deep-grooved needle was approximately 30 times larger, 
and the current-voltage characteristics indicated a stable ionic 
liquid supply to the emitter tips. However, more than 30% of 
the current was intercepted by the extractor electrode through 
deep grooving. This is probably due to the electric field 
concentrated on both emitter tips and protuberances on the 
emitter sides. To decrease the extractor current, we have 
fabricated deep-grooved emitters using grayscale lithography 
and have evaluated the characteristics of the resulting ion beam. 
This paper reports the results of the emitter fabrication and ion 
emission experiments. 
 
2.  Fabrication of the Emitter Chip  
   

We have fabricated the emitter chip with an array of grooved 
needle emitters by using the technique to fabricate micro-
electro-mechanical-system (MEMS) devices. In order to 
prevent an increasing percentage of the current intercepted by 
the extractor electrode for deep-grooved emitters, the 
protuberances on the emitter sides should be removed or close 
to the emitter bottom so that the electric field is concentrated only.  

 

 
Fig. 1.  Schematic of the electrospray thrusters. Modified illustration 
based on the original figure from Ref. 10), under CC BY 4.0 license. 
This modified figure is licensed under a Creative Commons Attribution 
4.0 International License. Changes made include color adjustments and 
annotations. 
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on the emitter tips. 
We employed a fabrication process using grayscale 

photolithography to obtain the shape of the deep-grooved 
emitter without the protuberances on the emitter sides. 
Grayscale photolithography is a microfabrication technique for 
creating three-dimensional (3-D) microstructures in 
photoresist.12,13) Figure 2 shows the fabrication steps of the 
emitters using grayscale photolithography. First, a photoresist 
was coated on the surface of a 4-inch silicon wafer, and 
grayscale photolithography was conducted. After development, 
3-D microstructures remained as etching masks [Fig. 2(a)]. 
Then, the mask shape is transferred to the silicon by anisotropic 
etching using the Bosch process while etching the 3-D etching 
mask [Fig. 2(b)].14) Figure 3 shows a schematic of the 3-D 
etching masks. We used two types of 3-D etching mask shapes: 
a cone-shaped mask with an outer diameter of 200 μm and a 
groove depth of 50 μm [Fig. 3(a)], and a domed mask with an 
outer diameter of 100 μm and a groove depth of 25 μm [Fig. 
3(b)]. For the deep-grooved emitter shape, a large mask 
diameter may increase the percentage of the current intercepted 
by the extractor electrode due to the protuberances on the 
emitter sides; thus, we also employed an outer diameter of 100 
μm for the domed mask. In this study, the emitter chip has a 
9×9 array of 81 grooved emitters. 

Figure 4(a) shows an SEM image of one of the fabricated 
grooved emitters using the cone-shaped mask. The distance 
between the emitter tip and protuberances on the emitter side 

was 67 μm, which is larger than that of our previous grooved 
emitter [23 μm: see Fig. 4(c) or Fig. 20(a) in Ref. 10)]. This 
increased distance leads to an increase in the distance between 
the protuberances on the emitter side and the extractor. 
However, the mask shape was not completely transferred to the 
silicon wafer, and the protuberances on the emitter sides 
remained probably because the photoresist etching had not 
progressed immediately after the start of the etching. 

Figure 4(b) shows an SEM image of one of the fabricated 
grooved emitters using the domed mask. We achieved an 
emitter shape with a gently sloping ridge from the emitter sides 
to the emitter tip that appears to reduce the electric field’s 
concentration on the protuberances of the emitter sides by using 
the domed and small diameter mask. The slope angle of the 
ridge was approximately 50 degrees while that was 
approximately 17 degrees with the grooved emitter using the 
cone-shaped mask. Notably, the four through holes at the 
emitter base are an ionic liquid supply system to supply ionic 
liquid from the back side of the emitter chip. The fabrication 
process of the ionic liquid supply system is the same as that in 
our previous paper [see Fig. 5 in Ref. 10)]. 

 
Fig. 2.  Fabrication process of the emitters. 

 

 

Fig. 3.  Schematic of the etching mask for the grayscale 
photolithography: (a) Cone-shaped and (b) domed mask. 

 

 

Fig. 4.  SEM images of the grooved emitter using (a) cone-shaped and 
(b) domed mask. 

 

 
Fig. 5.  Schematic of the experimental setup for the ion current 
measurements without an ionic liquid supply system. Modified 
illustration based on the original figure from Ref. 10), under CC BY 4.0 
license. This modified figure is licensed under a Creative Commons 
Attribution 4.0 International License. Changes made include color 
adjustments and annotations. 

 

 
Fig. 6.  Schematic of the experimental setup for the ion current 
measurements supplying ionic liquid from the back side of the emitter 
chip. Modified illustration based on the original figure from Ref. 10), 
under CC BY 4.0 license. This modified figure is licensed under a 
Creative Commons Attribution 4.0 International License. Changes 
made include color adjustments and annotations. 
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3.  Ion Emission Experiment 
 

Figure 5 shows the experimental setup for measuring the ion 
emission current. This setup is the same as that in our previous 
study.10) The distance between the emitter chip and the 
extractor electrode was set at d = 0.4 mm, and the extractor 
electrode had an aperture of φ = 0.4 mm in diameter. The 
extractor electrode was fabricated by etching a silicon wafer.11) 
The ion emission experiment was performed in a vacuum 
chamber at 2 × 10-3 Pa or less. 

We used an ionic liquid of 1-ethyl-3-methylimidazolium 
dicyanamide (EMI-DCA) as a propellant. EMI-DCA is one of 
the propellant candidates for electrospray thrusters and tends to 
emit ions in the purely ionic regime. We supplied 0.01 µl of 
EMI-DCA by dropping it onto the emitter chip. 

We applied a bipolar pulse voltage of 1 Hz to the emitter chip 
and measured the currents of the emitter using a source meter 
(Keithley 2657A) through a 1 MΩ resistor. The extractor and 
collector electrodes were set at 0 V by the source meter 
(Keithley 2612B) through 100 kΩ and 1 MΩ resistors, 
respectively. These resistors were for source meter protection. 
In ground testing, current measurements may become 
unreliable due to secondary species emissions (SSEs) caused 

by high-energy ions colliding against the chamber walls and 
collector surfaces.15,16) However, we concentrated on the 
emitter and extractor currents using source meters, which can 
accurately measure the tiny DC currents of emitters at high 
voltages in this study. Therefore, the collector currents were 
treated as a reference, which we verified to be almost equal to 
the sum of the emitter and extractor currents. 

Figure 6 shows the experimental setup for the emitter chip 
with an ionic liquid supply system. This experimental setup 
was almost the same as Fig. 5, but the ionic liquid was supplied 
from the tank of the backside of the emitter chip. We applied a 
bipolar pulse voltage of 1 Hz to the ionic liquid through the bolt 
and measured each current. The pore diameter of the sponge 
was much larger than the diameter of through holes, allowing 
ionic liquid to be supplied to the emitter passively by capillary 
phenomenon. 

Figure 7 shows the results of the ion emission experiment 
with an array of 81-grooved emitters using the cone-shaped 
mask. The horizontal axis in Fig. 7 is the voltage applied to the 
emitter chip, considering the voltage drops across the 1 MΩ 
protection resistor. These results were obtained with the 
experimental setup shown in Fig. 5. As shown in Fig. 7, on the 
positive side, the maximum emitter currents were 60.2 µA at 
2600 V, and on the negative side, the minimum emitter currents 
were −101 µA at −2599 V. Compared with the result of the 
previous grooved needle emitters, the absolute emission current 
significantly decreased, and the current-voltage characteristics 
tended to be unstable. These results may have been caused by 
the absence of the ionic liquid supply system resulting in an 
insufficient and unstable supply of ionic liquid. In addition, the 
percentage of the current intercepted by the extractor electrode 
did not decrease, but instead increased. This result is attributed 
to a larger diameter than the previous grooved emitter, which 
indicates that the electric field is still concentrated on the 
protuberances on the emitter sides. 

Figure 8 shows the results of the ion emission experiment 
with an array of 81-grooved emitters using the domed mask. 
The horizontal axis in Fig. 8 is the voltage applied to the emitter 
chip, considering the voltage drops across the 1 MΩ protection 
resistor. These results were obtained with the experimental 
setup shown in Fig. 6. The maximum emitter currents were 220 
A at 2781 V, and the minimum emitter currents were −194 
A at −2806 V. Compared with non-grooved needle emitters, 
the absolute emission current value increased by more than 10 
times.11) In addition, the slope of the current-voltage curves did 
not decrease, indicating sufficient ionic liquid transport to the 
emitter tips. Moreover, the percentage of current interrupted by 
the extractor electrode was 10.7% at about 2200 V. The 
percentage decreased by approximately one-third compared 
with our previous deep-grooved emitter.10) This decrease 
indicates the emitter fabrication process using the grayscale 
lithography optimized the shape of the deep-grooved emitter, 
and that this improved shape suppressed the concentration of 
the electric field on the protuberances on the emitter sides. 
 
 
 
 

 
Fig. 7.  Current-voltage characteristics of 81-grooved emitters 
fabricated using the cone-shaped mask. 
 

 

Fig. 8.  Current-voltage characteristics of 81-grooved emitters 
fabricated using the domed mask. 
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4.  Conclusion 
 

In this study, we have fabricated externally wetted needle-
shaped emitters with a deep-grooved structure using grayscale 
lithography to suppress the concentration of the electric field 
on the protuberances on the emitter sides. Two types of grooved 
emitters with different shapes were successfully fabricated by 
changing the design of the etching mask. As the result of the 
current-voltage measurement with the emitters using the 
domed and small diameter etching mask, the emitter current 
reached 220 A at 2781 V, and −194 A at −2806 V. The 
percentage of current interrupted by the extractor electrode was 
10.7% whereas the percentage was 30.3% with our previous 
deep-grooved emitters.10) These results indicate that the deep-
grooved emitter shape fabricated by grayscale lithography 
provides stable ionic liquid transport to the emitter tips and 
allows electric field concentration to occur only at the tips, 
suppressing ion current interruption at the extractor electrode. 
In the future, we will investigate the ion beam characteristics, 
such as the composition of the ion beam by time-of-flight 
measurements to estimate the thruster performance. 
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