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In this study, we have fabricated ionic liquid electrospray thrusters to prevent ionic liquid leakage and provide high
current density. A double-emitter structure with a needle protruding from the capillary emitter, where the ionic liquid was
intended to be held by the needle, was proposed. The fabrication process employs a fabrication technique of a field emitter
array, and a newly designed process to reduce the distance between emitters was used to improve emitter density. As a
result of the fabrication, the needle was successfully formed in the emitter electrode, and it was found that emitter density
could be improved by changing the deposition conditions of multiple SiO: layers.
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1. Introduction

In recent years, the number of launches of nanosatellites
has been increasing.) These nanosatellites can be developed
at a low cost and in a short time. Using nanosatellites makes
satellite constellations easier in terms of cost. Satellite
constellations must have a propulsion system to control the
satellite’s orbit and attitude. However, the size of satellites
less than 10 kg, which has been the focus of much
development, is severely restricted. Therefore, the size of the
propulsion system must be reduced. For example, a typical ion
thruster using xenon as a propellant requires a high-pressure
gas tank and a regulator. Although there are some research
activities that use iodine and water as propellants to eliminate
the high-pressure gas system,>* ion thrusters are still
challenging to install in a satellite weighing less than 10 kg. In
this study, we focused on electrospray thrusters that use an
ionic liquid as a propellant instead of ion thrusters.

Figure 1 shows a schematic diagram of an electrospray
thruster. Electrospray thrusters consist of two electrodes, an
emitter and an extractor. First, ionic liquid propellant is
supplied to the emitter, and then a voltage is applied between
the emitter and the extractor, which causes an electric field to
concentrate at the emitter tip.> This causes ions to be released
from the ionic liquid to generate thrust.

Electrospray thrusters use the ionic liquid as the propellant,
eliminating the need for a high-pressure gas system and
dramatically reducing the volume of the thruster compared to
ion thrusters. This reduction is because the ionic liquid has an
extremely low vapor pressure and can exist as a liquid in
space.” However, electrospray thrusters have only about
one-tenth the thrust density of ion thrusters. It is necessary to
increase the thrust density to produce high thrust with a small
propulsion.

In our previous studies, an emitter array with ultra-high

emitter density was fabricated using the field emitter array
(FEA) fabrication technique.”® The FEA is a field emission
electron source that emits electrons by generating a strong
electric field on the emitter tips. The emitter arrays fabricated
in the previous study were spaced 5 pm apart compared to the
456 pum spacing of S-iEPS developed at MIT,> which is about
10,000 times higher in number density. This high-density
emitter array resulted in a current density of 43 mA/cm?, an
increase of two orders of magnitude higher than that of
S-iEPS.2? On the other hand, leakage of ionic liquid onto the
surface of the emitter array occurred after the ion emission
experiment.

As a countermeasure, we fabricated a double-emitter
structure with a needle inside the emitter electrode.” While
this structure was expected to suppress the leakage of ionic
liquid, the emitter density was reduced due to the fabrication
process. The challenge is to improve the emitter density
because a decrease in emitter density also decreases the
emission current density. In this study, we have devised a
method to solve the issue mentioned above and verified the
fabrication results.
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Fig. 1. Schematic of the electrospray thruster.
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Fig. 2. Schematic of the double-emitter structure.
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Fig. 3. Fabrication procedure of a double-emitter structure.
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Fig. 4. Schematic of the photoresist filling method.

2. Fabrication of the Double-Emitter Structure using
Photoresist Protection

Figure 2 shows a cross-sectional schematic of the
double-emitter structure. In this study, the backside Si deep
etching for ionic liquid supply was omitted to focus on the
double-emitter structure.

In the fabrication of the structure in Fig. 2, the emitter
spacing was set to 10 pm due to the difficulty in fabrication.
The surface of the emitter electrode is modified to be
hydrophobic by plasma treatment with CHF3,” and the needle
of Nb is hydrophilic to make the emitter electrode less
wettable and reduce the risk of ionic liquid leakage. The
needle protruding from the emitter electrode is expected to
facilitate the concentration of the electric field at the tip of the
emitter electrode, thereby reducing the extraction voltage and
increasing the current density.!? In this structure, the base and
height of the needle of Ni covered with Nb are approximately
0.7 and 1.4 pum, respectively.

2.1. Fabrication process

Figure 3 shows the fabrication process of the emitter array.

(a) Formation of needle: A SiO: film was deposited on a Si
wafer by plasma enhanced chemical vapor deposition
(PE-CVD), and Nb was deposited by sputtering. Ni for the
needle was deposited by an electron beam (EB) evaporator
onto the hole pattern fabricated by photolithography from the
top surface of the wafer. The deposited Ni formed a needle
shape, and the photoresist was removed. Nb was deposited on
top of Ni by sputtering.

(b) Formation of emitter: SiO2 was deposited by PE-CVD,
and SiN was deposited on top of SiOz by sputtering as an etch
stop layer, which will be described later. Then, Si was
deposited by sputtering. Next, the Si layer was opened by
photolithography and the etch-back technique,'” and then the
photoresist was removed.

(c) Formation of extractor: SiO2 was deposited by PE-CVD.
SiN and Nb were deposited on top of SiO2 by sputtering. The
Nb and SiN layers were opened sequentially using the
etch-back technique, and then the photoresist was removed.'?
(d) SiO: etching: In this process, buffered hydrofluoric acid
(BHF) is used to form ionic liquid channels around the needle.
The etching of the SiO2 layer with BHF is isotropic, so the
SiO2 layer between the extractor and emitter is laterally
removed as the etching proceeds. As a result, the lateral
distance per emitter becomes larger, making it difficult to
increase emitter density. Therefore, as shown in Fig. 4, we
attempted to suppress etching in the lateral direction by filling
the space between the electrodes with a photoresist. This
method can reduce the distance between neighboring emitters,
which is expected to increase the emitter density in the future.
Specifically, the BHF etching is divided into two stages. In
the first stage, an etch stop layer is provided to stop the BHF
etching, and then a photoresist is applied to fill the space
between electrodes. When the entire surface is exposed after
filling with the photoresist, the photoresist under the
overhanging extractor electrode is not exposed because the
extractor electrode serves as a mask. In contrast, the
photoresist in other areas is exposed and can be removed by
the developer, making it possible to selectively fill the space
under the electrode with photoresist.

2.2. Fabrication results

Figure 5 shows an SEM image of the emitter array after
process (d). It can be confirmed that emitter arrays are formed
with a pitch of 10 um. The extractor, emitter, and needle can
be seen in the view.

Figure 6 shows a cross-sectional SEM image of the same
wafer as Fig. 5 after process (d). The needle in the emitter
electrode was successfully protruded from the Si capillary
electrode. However, the capillary of the emitter electrode, as
shown in Fig. 2, was almost lost. This loss is because the
etching rate of the Si layer was faster than expected in
etching process (b) in Fig. 3, and it is expected to be solved by
shortening the etching time. In addition, the SiO2 in the upper
layer of the emitter electrode was etched laterally about 1 pm
more than the lower layer. This lateral etching is thought to be
because the photoresist could not completely fill the space
between the emitter and extractor electrode shown in Fig. 7.
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Fig. 5. SEM image of the fabricated emitter array.
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Fig. 6. Cross-sectional SEM image of the fabricated emitter array.
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Fig. 7. Cross-sectional SEM image of the fabricated emitter array with
photoresist ring.

Figure 7 is a cross-sectional SEM image of process (d) in
Fig. 3. The photoresist ring, which was intended to suppress
etching in the lateral direction, can be seen. The size of the
photoresist ring and the etching area of the upper SiO: layer
must be identical in order that SiO2 is not etched by BHF.
However, the etched region of the upper layer (1 um in Fig. 7)
is wider than the photoresist ring (0.7 um in Fig. 7). The
difference in size results in a gap between the electrodes and
the photoresist. This result is probably due to a gap between
the photoresist and the extractor and emitter electrodes, where

BHF penetrated through the gap. One of the reasons for the
gap is that the photoresist was baked to solidify the applied
photoresist. At this time, the solvent contained in the
photoresist evaporated, and the volume of the photoresist was
thus reduced. The gap was created where the photoresist was
in contact with the electrode. The gaps that were created differ
from the results of the methods used in previous FEA
studies.!? The reason for this is that the SiO: layer thickness
in this process is about 1 um, which is about twice as thick as
the 500 nm thickness in previous FEA studies. Therefore, it is
necessary to devise another method to improve emitter
density.

3. Revised Fabrication of the Double-Emitter Structure

As mentioned in the previous section, process
modifications are necessary to improve emitter density. We
changed the method of filling the photoresist, but could not
avoid the formation of gaps after baking. Furthermore, Fig. 6
reveals that Nb may be etched by BHF. In particular, Fig. 4
shows that if the Nb covering the needle is etched, the Ni
inside of Nb cannot be protected from BHF. Therefore, the Nb
in the emitter electrode was changed to Si, and the Nb
covering the needle was changed to Cr and Si. The surface of
the emitter electrode was also modified to be hydrophobic by
plasma treatment with CHFs.” The outermost cover of the
needle is Si, and Si forms a natural oxide film, which is also
hydrophilic. In addition, a change in SiO: deposition
conditions was introduced as a process to improve emitter
density as described below.

SiO; in the double emitter structure is deposited by
PE-CVD, and the etching rate of BHF varies with each
deposition temperature. The etching rate of BHF decreases as
the SiO: is deposited at higher temperatures. In this
fabrication, the upper and lower SiO: layers were deposited at
200 and 100°C, respectively. As a result, the etching rate of
the upper layer is about half that of the lower layer. Therefore,
it is thought that the upper layer can suppress lateral spreading
during etching with BHF.

3.1. Fabrication process

Figure 8 shows the fabrication process of the emitter array.

(a) Formation of needle: Cr was deposited by sputtering. Ni
for the needle was deposited by the EB evaporator onto the
hole pattern fabricated by photolithography from the top
surface of the wafer. The deposited Ni formed a needle shape,
and the photoresist was removed. Cr and Si were deposited on
top of Ni by sputtering.

(b) Formation of ionic liquid supply holes: After
photolithography, Si and Cr near the needle were etched to
form the supply hole.

(c) Formation of emitter electrodes: SiO2 was deposited at
100°C followed by SiN and Si as capillary emitter electrodes.
SiO2 was removed in a later step to form the ionic liquid
channel.

(d) Formation of extractor electrodes: SiO> was deposited at
200°C followed by SiN and Nb as emitter electrodes.

(e) Formation of ionic liquid channel: SiO2 was etched with
BHF through the electrode aperture to form the channel.
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Fig. 8. Fabrication process of the emitter array.
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Fig. 9. SEM image of emitter array.
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Fig. 10. SEM image of emitter array with capillary removed.

3.2. Fabrication results

Figure 9 shows an SEM image of the emitter array after
immersion in BHF. The extractor electrode, emitter electrode,
and internal needle can be seen in Fig. 9. From Fig. 9, a
needle was successfully formed inside the capillary of the
emitter electrode. The electrodes were then removed by
reactive ion etching to observe the extent to which the upper
SiO: layer was etched by BHF and the ionic liquid supply
holes. The etched result is shown in Fig. 10. As shown in the
figure, the etching amount of SiO: in the upper layer and
lower layer are about 2.5 um and 1.3 um, respectively. The
etching amount in the upper layer is reduced from 3.0 um in
Fig. 6. At the same time, the ionic liquid supply holes could
be contained within the etching area of the lower layer.
Therefore, it is possible to reduce the pitch between emitters
from 10 pm to approximately 6 pum. The etching amount of

the upper layer SiO> can be narrowed by increasing the
deposition temperature of the upper layer SiOz from 200°C to
higher temperatures, which is left for future work.

4. Conclusion

In this study, a double-emitter structure was fabricated to
prevent ionic liquid leakage and increase the current density
of electrospray thrusters. As a result of the fabrication, a
needle protruding from the emitter electrode was successfully
formed, but an issue arose in establishing a new SiO: etching
method. Since the etching amount of the upper SiO: layer in
the lateral direction could not be suppressed, the etching
method of the SiOz layer needed to be changed. Therefore, we
set up a difference in the etching rate by changing the SiO2
deposition temperature of the upper and lower layers. As a
result, we succeeded in narrowing the etching area of the
upper layer. In the future, a deep etching from the backside of
the emitter array will be performed. The ion emission and
current-voltage characteristics of the completed emitter array
will also be investigated to demonstrate the current density
improvement without ionic liquid leakage.
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