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Abstract

We have fabricated needle-shaped emitters on a Si wafer by a MEMS process, and
measured the voltage-current characteristics and the frequency dependence of a
bipolar pulse voltage for ionic liquid electrospray thrusters, which can be mounted on
nanosatellites (< ~10 kg). Although the extracted current did not increase with
increasing number of emitters, probably owing to the lack of uniformity of the emitters
fabricated, we have demonstrated that the emitted current depends on the gap
distance between the emitter and the extractor grid electrode, and low frequencies of
the bipolar pulse voltage are desirable for thruster operation. Moreover, the Bosch

process is required for fabricating a reservoir of ionic liquid, which prevents undesirable



electrical short circuits, and the minimum emitter pitch to prevent loss of ion beams to

the extractor is estimated to be about 400 um.



1. Introduction

The electrospray technique is applied in various fields, such as focused ion beam (FIB),"
deposition/etching/sputtering,> mass spectrometry,*> and field emission electric propulsion
(FEEP).9 Electrospray thrusters presented here are one of the electric propulsion systems using
electrostatic acceleration.

Electric propulsion is one of the space propulsion systems. To obtain thrust, this
propulsion exhausts high-velocity ions or plasmas, which are accelerated by electrical heating
and/or electric and magnetic body forces, and is normally categorized as electrothermal,’
electrostatic,'®!" or electromagnetic propulsion.'>!® Compared with chemical propulsion
producing a large thrust, electric propulsion generates a very small thrust, but its specific
impulse is very large (i.e., high fuel efficiency). As the specific impulse of thrusters becomes
larger, spacecraft can operate for a longer time with less amount of propellant. For electrostatic

propulsion, the thrust 7 and the specific impulse Isp can be respectively defined as

m
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where /b is the ion beam current, which is related to the ion mass flow rate, Vs is the voltage for
ion acceleration, m is the ion mass, ¢ is the charge, m is the mass flow rate, and go is the
gravitational acceleration.'” From Egs. (1) and (2), it can be found that the mass-to-charge ratio
is the important factor, which is dependent on the kind of propellant used. Xenon is usually

used as the propellant for ion and Hall thrusters because its mass-to-charge ratio is large and it



is not hazardous to handle.'¥

Electric propulsion systems have been mounted on many spacecraft for various
missions since the 1960s, such as communication, weather forecast, and deep space
exploration.!>!® Since these spacecraft are very large and complicated, they take a long time
and are costly to develop. For this reason, miniature satellites (less than 100 kg) have recently
been attracting much interest from the space engineering community for various missions.!'’-2"
Since miniature satellites could be less costly and developed in a shorter term, they can be
manufactured and operated by small organizations, such as universities and small companies.
However, because of the limitations of weight, volume, and power, almost all of the miniature
satellites do not have any propulsion systems. Without propulsion systems, the miniature
satellites cannot change their orbit by themselves, which means that missions using miniature
satellites are limited. That is why the development of high-performance microthrusters is
required.'>?? Ton thrusters are one of the candidate microthrusters and were already installed
on the 50-kg-class microspacecraft HODOYOSHI-4 and successfully operated in space.?"
However, it is difficult to miniaturize ion thrusters further for satellites lighter than about 10 kg
(nanosatellites) as long as the gas propellant (e.g., xenon) is employed, which requires a bulky
and heavy gas feed system.

Ionic liquid electrospray thrusters (ILESTs) have recently been recognized as

promising microthrusters because they do not require a gas feed system or a neutralizer. That

is, the entire propellant system could be smaller and mounted on nanosatellites. Ionic liquids



are composed of only positive and negative ions (cations and anions), and the vapor pressure is
almost zero owing to the strong Coulomb force between the cations and the anions.?® Hence,
ionic liquids can exist as a liquid phase in vacuum for a long time. Because of this unique
characteristic, ionic liquids have also attracted attention as promising materials,>**> which have
been applied to, for example, lithium-ion batteries,?® polymer actuators,?” and solar cells.?®)
Regarding the merits of using ionic liquids as propellants, they are less hazardous and easier to
handle than liquid metals such as cesium used in FEEPs.

In this study, some experiments on emitter fabrication and current measurements were
conducted for the development of ILESTs. Here, we report a fabrication method for an emitter
array by a MEMS process, the voltage-current characteristics of ion beams, and the frequency
dependence of bipolar pulse voltage. Compared with the voltage-current characteristics, the
dependence on frequency in a wide range has not been reported so far. In this study, experiments
were conducted in the frequency range of DC-50 Hz. In Sect. 2, the electrospray principle is
described, followed by a preliminary experiment of voltage-current characteristics using a
fabricated four-emitter chip. More than one hundred emitters were also fabricated and some of

the highlight data obtained from the experiments are presented. Finally, a summary is presented

in Sect. 5.

2. Electrospray principle

A schematic of an ILEST is shown in Fig. 1. The ILEST is mainly composed of emitters, an



extractor grid, and a reservoir to stock an ionic liquid. Owing to the high voltage of about a few
kV between the emitters and the extractor, the ionic liquid flows from the reservoir to the tip of
emitters. Because the curvature radius of the emitter tips is very small (~ a few um), a strong
electric field can be generated at the emitter tip. By this strong field, the Taylor cone of the
ionic liquid is formed at the tip. Here, the Taylor cone has a constant half angle (49.3°)
regardless of the kind of ionic liquid used, the applied voltage, or the shape of tips.?”> When the
electric field is stronger than the surface tension of the ionic liquid, ions are extracted from the
ionic liquid. This effect is referred to as field emission. Subsequently, ions can be accelerated
and high velocity/momentum is obtained from the potential difference between the emitters and
the extractor. By exhausting these ions with a large momentum, the ILEST can obtain a thrust
with a large specific impulse.

It is necessary to maintain the electrical neutrality of the entire spacecraft because there
is no ground in space. In order to continuously operate electrostatic thrusters, which normally
exhaust only positive ions, electrons must also be emitted from electron sources
(neutralizers).'? In contrast to conventional electrostatic thrusters, the ILEST can also exhaust
negative ions by applying the opposite potential difference. Hence, neutralizers are not required
for the ILEST if the thruster is operated in the following two ways. One is applying positive
and negative voltages alternately,?” and the other is simultaneously operating two thruster units
spraying in opposite polarities.’! Moreover, the molecular weight of negative ions for typical

ionic liquids is similar to that of positive ions. For example, 1-ethyl-3-methylimidazolium



tetrafluoroborate (EMI-BF4) consists of EMI" with a molecular weight of 100.08 and BF4~ with
a molecular weight of 86.80, and its structural formula is shown in Fig. 2. Although neutralizers
cannot obtain a thrust owing to the very low mass of electrons, the ILEST can obtain a thrust
by emitting negative ions.

The starting voltage of field emission, Vsar, is obtained from the following equation:

YR 4d
Vstart = g_ocln <R_)’ (3)
c

where y is the surface tension of the ionic liquid, Rc is the curvature radius of the emitter tip, €o
is the dielectric constant of vacuum, and d is the distance between the emitters and the

3339 it is found that the curvature

extractor.>” When the distance is typically about 50-500 pm,
radius should be smaller to reduce Vstart. It is important to set the emitters and extractor precisely

at a short distance from each other and to fabricate emitters with sharp tips.

3. Preliminary experiment
First, we fabricated only a few emitters on a Si wafer to establish the method of fabricating

emitters and estimate the ion current that is equivalent to the thrust using Eq. (1).

3.1 Fabricating a trial emitter chip
We fabricated a trial emitter chip, which has an array of emitters on a silicon wafer, as shown
in Fig. 3. Firstly, a positive-type photoresist (PMER P-LA900PM) was deposited on the silicon

wafer and heated. This positive-type photoresist was transcribed from a photomask pattern by



photolithography. We performed isotropic etching using SF¢ to form the cone shape of the
emitter tips based on the patterned positive photoresist layer. The reservoir of the ionic liquid
(8 mm in diameter) was then formed by the Bosch process and the photoresist was removed.
Figure 4 shows a photograph of the emitter chip and scanning electron microscopy (SEM)
images of the emitters fabricated and one of their tips. The radius and height of the emitters are
75 and 170 um (100 pum depth for the Bosch process), respectively, and the pitch of the emitters
is 500 um. Figure 4(c) shows that the radius of the tips is smaller than 5 um. Here, the wafer

was singulated into a 1 x 1 cm? emitter chip by mechanical dicing, as shown in Fig. 4(a).

3.2 Experimental equipment
Figure 5(a) shows a schematic of the experimental setup for the current measurement of both
the cation and anion beams and the configuration of the emitter chip, extractor grid, and
collector electrode. Most experimental systems (emitters, extractor, and collector) are in a
vacuum chamber evacuated by a rotary pump and a turbomolecular pump at a base pressure
lower than 2.0x107% Pa. Here, the distance between the emitter tip and extractor grid is set at
0.5 mm, the number of emitters is four, the ionic liquid employed is EMI-BF4, and the extractor
grid is a TEM grid made of copper with a thickness of 25 um and a diameter of 3.0 mm [Fig.
5(b)].

Voltage alternation was employed to prevent the electrochemical decomposition of the

ionic liquid and to neutralize the space charge,*” where a function generator (Matsusada eK-



FGJ) generated a bipolar pulse signal that was amplified with a high voltage amplifier
(Matsusada HJOPS-4B10). The beam current of ions passing through the extractor grid was
measured with a shunt resistor of 1 kQ connected to the collector in series using a digital
multimeter (Keithley 2110). The current intercepted by the extractor grid was also measured

similarly.

3.3 Results and discussion

Figure 6 shows the measured ion beam currents vs applied voltage, where the repetition
frequency of the bipolar pulse was set at 0.5 Hz. When the absolute applied voltage was more
than 3200 V, ion beam currents were detected at the extractor and collector. Since only the
collector current becomes the thrust force, the thrust with four emitters at 3700 V is estimated
to be 0.77 uN using Eq. (1) with the assumption that only monomers of EMI" are ejected. This
value is much smaller than the thrust required for a small propulsion system mounted on
nanosatellites. Note that ion beams are composed of not only monomers but also dimers, trimers,

and even droplets under certain conditions.>*3>

If heavier particles were included, the thrust
would increase. On the other hand, ion beams have a divergence angle, which results in the loss
of directional velocity and thus a decrease in thrust.!® Direct thrust measurement is required to
obtain the actual thruster performance.

Figure 6 also indicates that there is almost no significant difference between the

collector and extractor currents. To increase the thrust of the ILEST, almost all the extracted



ions must be collected with the collector without the collisions with the extractor grid,
representing the thrust loss. It can be found that the half of the thrust is lost owing to the
collisions. One of the reasons was probably due to the misalignment between the central axes
of the emitter and the extractor grid, which was aligned visually and manually in this experiment.

For current measurements of the collector and the extractor grid, the current values
were very unstable and electrical short circuits frequently occurred between the emitter and the
extractor; thus, we were unable to reduce the gap distance between the emitter and the extractor
to smaller than 0.5 mm. For each measurement, a small amount of EMI-BF4 was deposited on
the emitters and reservoir. Before the deposition, the fabricated chip was exposed to
atmospheric-pressure helium plasma discharges: this exposure improved the wettability of the
ionic liquid on the Si surface. However, despite the wettability improvement, it was difficult to
spread the ionic liquid over the reservoir uniformly except for the emitter region. The
nonuniform distribution of the ionic liquid resulted in the situation that at some areas of the
reservoir, the distance between the surface of the ionic liquid and the extractor grid was
comparable to that between the emitter tip and the extractor grid, which seemed to frequently
cause the electrical short circuit between the ionic liquid and the extractor grid. In this sense, as

many emitters as possible should be fabricated in the reservoir area.

4. Main experiment

Results of the preliminary experiment showed that it is necessary to increase the number of

10



emitters and to improve the positional accuracy of the emitters and extractor grid to increase

the thrust of the ILEST.

4.1 Fabrication of a dense emitter array
A dense emitter array was fabricated on the surface of a silicon wafer as described in Sect. 3.
To increase thrust density, the uniformity of emitters is important. As shown in the preliminary
experiment, we fabricated as many emitters as possible within a circle of 3 mm diameter, which
was the same as the diameter of the transmission electron microscopy (TEM) grid employed.
We found that the rate of isotropic etching using SF¢ was different between the emitters on the
outermost area of the 3-mm-diameter circle and those on the central area of the circle. This
result would probably be due to the difference in emitter density depending on the position of
emitters, since we fabricated the emitters in the 8-mm-diameter reservoir. To improve
uniformity, we placed as many emitters as possible with 250 and 500 um pitches inside the
reservoir of 8 mm diameter. When we conducted isotropic etching, however, its rate was still
different between the outermost and the central areas; the etch rate in the outermost area was
higher than that in the center area, and part of the thick photoresist was lost during isotropic
etching.

Figure 7 shows the mask layout for improving the uniformity of both 250- and 500-
um pitch emitter chips. Since the rate of isotropic etching differed depending on the reservoir

area, the emitter diameter increased with the increase in the radial distance of the emitter
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position from the center of the reservoir. We set the emitter diameter in the outermost area to
be 120 um, that between the outermost and the center area to be 110 um, and that in the center
area to be 100 um. Figure 8 shows typical examples of the SEM images of the emitter array
with a 250 um pitch. Although the diameters of emitter tips were still somewhat different
depending on the area, the differences were reduced and almost all of the emitters existed after
the Bosch process without the loss of the thick photoresist. Here, the height of the emitters was
230 um (160 um depth for the Bosch process), and the wafer was singulated into a 1 x 3 cm?
emitter chip by mechanical dicing. Figure 9 shows a photograph of an emitter chip and an
extractor grid electrode. The extractor grid was made of stainless steel with a thickness of 80
um (each grid diameter was set to be 200 and 300 um for the 250- and 500-um-pitch emitter

chips, respectively) and was fabricated by metal etching.

4.2 Experimental equipment

The experimental equipment in the main experiment was almost the same as that in the
preliminary experiment. Only the alignment system for the emitter chip and the extractor grid
was improved to align the axis of the emitters and apertures of the extractor grid precisely by
fine-tuning the position of both the emitter and the extractor. Figure 10 shows a cross-sectional
view and the wiring diagram for the current measurement. The sides in the longitudinal
direction were used for the electrical connections and the mechanical support of each electrode

to the alignment system.
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4.3 Results and discussion

4.3.1 Voltage-current characteristics. Figure 11 shows the extractor and collector currents
measured by applying a bipolar pulse voltage between the emitter chip and the extractor grid
with gap distances of d = 0.2, 0.3, and 0.4 mm for the 500-um-pitch emitter chip. The repetition
frequency was also set at 0.5 Hz. Compared with Fig. 6 in the preliminary experiment, we were
able to reduce the gap distance to 0.2 mm and significantly suppress extractor currents owing
to the improvement of the alignment of the emitter chip and extractor grid and the more uniform
distribution of the ionic liquid in the dense emitter array. However, the maximum current did
not increase as expected with the increase in the number of emitters. This would probably be
due to the nonuniformity of the emitter tips, as shown in Fig. 8. Ions were considered to be
extracted from only a fraction of many emitters, indicating that further improvement of emitter
uniformity is required for better ion extraction.

As shown in Fig. 11, starting voltages of ion extraction increased with increasing gap
distance; the absolute starting voltages were measured to be about 1600, 2100, and 2600 V for
d=0.2,0.3, and 0.4 mm, respectively, for both cations and anions. Although the starting voltage
was almost the same for cations and anions, the extraction tendency differed. More currents
were obtained for cations than for anions at all the gap distances, probably because anion beams
contain more dimers (EMI-BF4)BF4™ or droplets than cations, although time-of-flight (ToF)
measurements are required for identifying the charged species, which is left for future work.

The collector current increased with increasing gap distance for both cations and anions because
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of the higher potential drop between the emitter and the extractor grid, while the extractor
currents also increased, which resulted in the loss of the thrust. The high voltage increases the
electric field at the emitter chip, resulting in the higher initial energy of ion beams at the emitter
tip. This effect would also contribute to the higher speed of ion beams at larger gap distances.
Note that at a gap distance of 0.5 mm, the extractor current increased to be comparable to the
collector current; thus, we do not discuss this result hereafter. This current increase may be due
to the divergence angle of the beams and smaller diameter of each extractor grid (300 pm) than
of the TEM grid (450 um) employed in the preliminary experiment; a slight misalignment of
the emitter and extractor would result in a large current at the extractor grid.

Since the maximum amplitude Vap of the high-voltage amplifier is 4 kV, we applied a
higher voltage than that shown in Fig. 11. However, stable currents were not obtained in this
higher voltage region. Figure 12 shows a typical example of the applied voltage, collector
current, and extractor current as functions of time at Vap = 2200 and 3000 V. Both the collector
and the extractor currents were stable at Vap = 2200 V and the collector current was larger than
the extractor current. However, when the applied voltage was increased further, e.g., at Vap =
3000 V, both the collector and extractor currents were unstable and the extractor current was
almost the same or sometimes higher than the collector current. Since the applied voltage also
sometimes dropped below the set value of 3000 V (e.g., see at 410.3 s), an electrical short circuit
occurred between the emitter and the extractor grid through the ionic liquid. A previous study

showed that the ion source became unstable and more than one emission site from a single
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emitter tip was observed at higher applied voltages.*® The stable range of applied voltages was
measured to be about 800 V from the starting voltage for all the gap distances examined in this
study.

Figure 13 shows the extractor and collector currents as functions of applied voltage
with a gap distance of 0.2 mm for the 250-um-pitch emitter chip. The starting voltage shows
almost the same tendency as that shown in Fig. 11(a). However, the extractor current was almost
equal to the collector current and the collector current was lower than that shown in Fig. 11(a).
Although the alignment was conducted similarly to that for the 500-um-pitch emitter chip, the
diameter of the extractor grid is 200 um, which is 100 wm smaller than that for the 500-um-
pitch emitter chip, resulting in the larger number of collisions with the extractor grid. Since the
radii of the extractor grid hole are 100 and 150 um for the 250- and 500-pum-pitch extractor
grids, respectively, the thickness of the extractor is 80 um for both the extractor grids, and the
gap distance is 200 um; the divergence angle of ion beams is estimated to be more than 20 deg.
However, most of the beams are within the divergence angle of 30 deg. Since the pitch is 250
um, it is almost impossible to increase the diameter of each hole of the extractor grid to more
than 200 pum. This result indicates that at least 300 um diameter is desirable for the extractor
grid hole and thus the minimum pitch of emitters is estimated to be about 400 um, considering
an extra margin due to the ion beam divergence.

Moreover, we also tried to extract ion beams from the emitter chip fabricated without

the Bosch process, as shown in Fig. 14. However, short circuits very frequently occurred and
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we were unable to obtain stable voltage-current characteristics. Since the height of the emitter
tip was only 70 um, the ionic liquid was probably extracted not only from the emitter tip but
also from the reservoir directly to the extractor grid, as similarly observed in the preliminary
experiment. This result indicates that the Bosch process is indispensable for the ionic liquid
reservoir, which prevents abnormal ion extraction from the reservoir to the extractor grid.
4.3.2 Frequency dependence. Figure 15 shows the collector currents of cations and anions
as functions bipolar pulse frequency at Vap = 2000 V, at which a stable current was obtained.
Note that current was measured with a digital multimeter between 0.1 and 2 Hz, but with an
oscilloscope (Tektronix DPO4104B) at 50 Hz using a 100 kQ shunt resistor, owing to the low
sampling rate of the multimeter (> 30 ms). Current seemed to be almost independent of bipolar
pulse frequency, and ion emission was stable at lower frequencies. For ionic liquid ion sources,
double layers occur at the interface between the electrode and the liquid. Since the width of the
double layer is very small, even a small potential difference due to charge accumulation results
in a strong electric field, which can cause undesired reactions, i.e., corrosion of the electrode
and ionic liquid. This double-layer charging time is on the order of 10 s; approximately 1 Hz
alternating frequency can prevent the degradation of ion emission.?” As shown in Fig. 15, the
frequency examined in this study is within the range for stable operation, and this tendency is
consistent with the report in the literature.

However, both the positive and negative currents at 50 Hz are slightly lower than those

at lower frequencies. The reason is indicated in Fig. 16, which shows the applied voltage,

16



collector current, and extractor current as functions of time. The data were obtained with an
oscilloscope and averaged over 128 repetitions. We see the characteristics of the capacitor and
inductor of the measurement circuit at the time of voltage alternation, where high-frequency
harmonics are included. After the appearance of the circuit characteristics, we observed that the
currents of the collector and extractor increased with time, indicating that the emission of the
ionic liquid did not reach the steady state during this short period. At higher frequencies, we
were only able to obtain transient emissions of ions, so that the current decreased at the same
voltage as that at lower frequencies.

Finally, we also measured the voltage-current characteristics of applied DC voltage,
which are shown in Fig. 17. Although this figure shows the current for only 60 s, we observed
almost the same current for more than 10 min. However, the current was not stable compared
with that for the measurement of voltage alternation, implying that the degradation of ion
emission occurred owing to the double layer at the emitter tips. In terms of beam neutralization,
a higher frequency is desirable for preventing inequalities in beam current if a single unit of a
thruster is used in space. However, it would result in a lower beam current. If two thrusters are
operated at lower frequencies, it would be useful to simultaneously extract cations from one of

the thrusters and anions from the other thruster to maintain current balance and charge neutrality.

5. Summary

To develop ILESTs that can be mounted on miniature satellites lighter than about 10 kg, we
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have fabricated the emitter chip and extractor grid, and measured the ion beam currents of the
ILEST. In the preliminary experiment, we fabricated four emitters on a silicon wafer with an
8-mm-diameter reservoir, and we confirmed that ions were successfully extracted from the
ILEST, but half of the ion beams collided against the extractor grid. The thrust estimated was
less than 1 uN, which was too low even for nanosatellites. To increase the thrust and to decrease
the extractor current, we fabricated a dense emitter array and improved the alignment system
between the emitter and the extractor grid. We have measured the dependences of voltage-
current characteristics on the emitter-extractor gap distance and the frequency of bipolar pulse
voltage. Beam current did not increase with increasing number of emitters, probably owing to
the lack in uniformity of the emitter tips. The increase in gap distance resulted in the increase
in the starting voltage of ion extraction and collector currents. There was a stable region of
applied voltages higher than the starting voltage for ion beam extraction; beam currents became
unstable at voltages higher than the stable region. The beam currents were almost independent
of bipolar pulse frequency. However, at frequencies higher than about 10 Hz, ion current did
not reach the steady state and was lower than those at lower frequencies, implying that
frequencies lower than about 10 Hz are desirable for extracting ion beams for voltage
alternation. For emitter configuration, the reservoir layer was found to be indispensable for
preventing undesirable short circuits between the extractor and the emitter. Moreover, because
of the beam divergence, the minimum emitter pitch to prevent significant beam collisions

against the extractor grid was estimated to be about 400 pum.
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It is also important to measure other ion beam characteristics, such as beam divergence
angle and extracted ion energy. Moreover, extracted and emitted ions are composed of not only
monomers but also dimers, trimers, or droplets under certain conditions for electrospray
thrusters using ionic liquids. Since the mass-to-charge ratio of ions is related to the thruster
parameter in Egs. (1) and (2), ToF measurement is required for investigating the mass of
extracted ions and estimate the thruster performance. These are left for future work, results of

which will be published elsewhere.
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List of Figure Captions

Fig. 1. (Color online) Schematic of the ILEST. High positive/negative voltage extracts

positive/negative ions (cations/anions) from the ionic liquid.

Fig. 2. Structural formula of EMI-BF4.

Fig. 3. (Color online) Fabrication procedure for an emitter chip. (a) Firstly, we prepare a clean
silicon wafer. (b) A thick positive-type photoresist (PMER P-LA900PM) is applied to the wafer
and heated, and (c) photolithographed using a patterned photomask. (d) Isotropic etching using
SFs to form the cone shape of the emitter tips. (e) Using the Bosch process, the height of emitters

is increased and a reservoir is fabricated. (f) Finally, the thick photoresist layer is removed.

Fig. 4. (Color online) (a) Photograph of the emitter chip (1x1 cm?), (b) SEM image of the

emitters fabricated on silicon substrate (x150), and (c) enlarged SEM view of one of the emitters

(x700).

Fig. 5. (Color online) (a) Schematic of the experimental setup for the current measurements

and the configuration of each electrode; (b) the extractor grid using a TEM grid.
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Fig. 6. (Color online) Collector current (solid circles) and extractor current (open triangles) as

functions of applied voltage.

Fig. 7. Mask layouts of 250- and 500-pum-pitch emitter chips. The diameters of the open, solid

gray, and solid black circles are 100, 110, and 120 pum, respectively.

Fig. 8. SEM images of the emitter array with 250 um pitch (x150) in (a) the outermost, (b) the

middle, and (c) the center area inside the reservoir.

Fig. 9. (Color online) Photograph of the emitter chip fabricated on a silicon wafer and the

extractor grid made of stainless steel with a thickness of 80 um. Both chips are 1 cm by 3 cm.

Fig. 10. (Color online) (a) Cross-sectional view of the alignment system of the emitter chip

and the extractor grid and (b) the wire diagram for the current measurement.

Fig. 11. (Color online) Collector current (solid circles) and extractor current (open triangles)
as functions of applied voltage for the 500-um-pitch emitter chip. The gap distances between

the collector and extractor, d, are (a) 0.2, (b) 0.3, and (¢) 0.4 mm.

Fig. 12. (Color online) Applied voltage (dash-dotted line), collector current (solid line), and
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extractor current (dotted line) as functions of time at (a) Vap =2200 V and (b) Vap = 3000 V for

the 500-pum-pitch emitter chip with d = 0.2 mm.

Fig. 13. (Color online) Collector current (solid circles) and extractor current (open triangles)

as functions of applied voltage for the 250-pum-pitch emitter chip with d = 0.2 mm.

Fig. 14. (a) SEM images of the emitter array with 500 um pitch fabricated without the Bosch

process (%15) and (b) enlarged view of one of the emitters (x500).

Fig. 15. (Color online) Collector currents of cations (solid circles) and anions (open circles) as
functions of bipolar pulse frequency at Vap = 2000 V for the 500-pum-pitch emitter chip with d

=0.2 mm.

Fig. 16. (Color online) Applied voltage (dash-dotted line), collector current (solid line), and
extractor current (dashed line) as functions of time at a bipolar pulse frequency of 50 Hz in Fig.

15.

Fig. 17. (Color online) Applied voltage (dash-dotted line), collector current (solid line), and
extractor current (dashed line) as functions of time for the 500-pum-pitch emitter chip with d =

0.2 mm when DC voltage of 2050 V is applied for more than 10 min.
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