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Abstract: This paper reports the preliminary development of a micro- and nano-
fabricated Plasma Enhanced Chemical Vapor Deposited (PECVD) carbon nanotube (CNT) 
–based electron source intended for space micro-propulsion applications. The neutralizer is 
based on a previously proposed concept that implements a trade-off between 
microfabrication complexity and device performance. Exploration of a new micro-
structured substrate that augments the neutralizer performance is conducted. SEMs of the 
emitting structure are provided, as well as IV characteristics of the emission current from a 
micro-/nano-structured emitter substrate using a microfabricated grid. A maximum emitted 
current of 2.11 mA @ 375 V is obtained from a 0.049 cm2 estimated active emitter area using 
a MEMS grid separated 10 µm from the emitter substrate. The electron emission can be 
described by the Fowler-Nordheim theory, and a field factor of 2.71×105 /cm is inferred –
corresponding to an emitter tip radius of 36 nm. Tests of the device in the presence of a 
mTorr-level Argon atmosphere suggest feasibility of operation at high pressure with no loss 
in performance. 

Nomenclature 
A = emitted current proportionality constant 
α = effective emitter area 
B = image charge effect correction proportionality constant 
β = field factor 
φ = work function 
ITIP = Emitter (tip) current 
k = field factor proportionality constant 
n = power dependence of field factor on tip radius 
r = tip radius 
VG = bias gate voltage 

I. Introduction 
HE plume of most electric rockets is composed of positively charged particles. Therefore, provisions must be 
made to compensate the net current coming out of the thruster, to keep overall spacecraft neutrality. In the case 

of electrospray propulsion1 it is possible to implement an engine that produces thrust by simultaneously emitting 
charged particles of both polarities while achieving zero net current emission.2 For other propulsion schemes, a 
suitable source of opposite polarity current is needed to avoid spacecraft charge buildup, i.e., a neutralizer. The most 
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widely used neutralizer is a hollow cathode, where a noble gas plasma is produced and electrons are extracted from 
it using a biased grid.3 Hollow cathodes are very efficient, being able to satisfy a wide range of missions. However, 
they consume mass flow rate to produce the plasma from which electrons are extracted to neutralize the ion beam. 
Therefore, in some micro-propulsion applications hollow cathodes are unattractive because they would introduce 
prohibitive mass flowrate expenses compared to the engine mass flowrate that is used to produce thrust. Other 
neutralizer options such as thermionic sources are not ideal because they are not power efficient, and they are not 
resistant to reactive atmospheres such as the one present in LEO. Instead, low-power, low-voltage, efficient field 
emission neutralizers are a more attractive choice. 
 Electrons are field-emitted from the surface of metals and semiconductors by the application of a local high 
electrostatic field that distorts the potential barrier originally set by the workfunction φ of the material. Field emitters 
use high aspect ratio structures to generate the very high fields needed for field emission. A local electric field of 
about 3V/nm is required for electrons to tunnel into vacuum. It is possible to generate high electric fields at low 
voltages if the dimensions of the field emitters are appropriate. Other researchers have proposed nanostructured field 
emission emitters that use other materials such as boron nitride.4 However; the ideal field enhancing structure is a 
rounded whisker.5 Plasma-Enhanced Chemical Vapor Deposited (PECVD) Carbon Nanotubes (CNTs) are rounded 
whiskers with 100nm or less of tip radius and 13 um or more tall.6 PECVD CNTs are attached to the growth 
substrate and can be grown in a pre-established spatial order, and are thus ideal for batch device fabrication. The 
adoption of CNTs as electron-emitting substrate has recently being shown to have some advantages compared to 
Spindt-tip emitters7 because of the higher aspect ratio of CNTs and their superior resistance to harsh environments.8 

The two most important parameters that determine field emission current density are the work function –which 
determines the barrier height, and the tip radius r –which determines the barrier width. If the emitter tip radius is far 
smaller than the emitter height, the field factor β is given by 

            
n

k
r

β =                     (1) 

where k is a proportional constant and n is a positive number between 0.6 and 1.0. The field factor is a direct 
measure of the field enhancement capabilities of the emitter. The field factor has units of length-1. The field factor 
times the bias voltage VG is equal to the electric field at the surface of the emitter.  The Fowler–Nordheim (FN) 
equation relates the current density to the electrostatic field and the work function. The emitted current ITIP is given 
by 9 
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where A and B are constants and α is the effective emitter area, and VG is the gate bias voltage.  
 Micro-engineered field emission neutralizers would have smaller starting voltages, better area usage, and more 
uniform I – V characteristics, compared to macro/meso fabricated field emitter versions. Also, a MEMS neutralizer 
is batch fabricated. Many devices can be then mass-produced at a fraction of the cost and time, thus enabling the 
implementation of missions with dense nanosatellite constellations.10 

II. Improved Emitter Substrate 
In a previous publication we proposed a MEMS/NEMS neutralizer concept that implements a trade off between 

performance and fabrication simplicity and throughput. 11 The neutralizer uses a MEMS 3D packaging technology 12 
that uses microfabricated deflection springs to hand assemble MEMS subsystems with micron-precision. The 
emitter substrate and the extractor grid process flows that use this packaging technology are then decoupled (and 
thus simplified), increasing the device yield (Fig. 1). In particular, decoupling the fabrication process flows would 
allow the use of a DC plasma to grow the PECVD CNTs. In the original concept, the grid was intended to be a 
shadow mask for the CNT catalyst deposition to reduce the gate current interception. Dielectric spacers were 
included to set the emitter-to-grid separation. The original device concept proposed to etch a microstructure to create 
separated clusters of CNT forests to minimize emitter shadowing without the need of patterning of catalyst pads. 
However, ideally the field emitters should be isolated, spaced two to three times their height to minimize field 
shadowing. Arrays of electrical devices based on isolated PECVD with such description have been demonstrated, 
although using low-throughput and expensive micro- and nanofabrication techniques 13. 
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Figure 1. Schematic of the original proposed MEMS
neutralizer structure. The grid and emitter substrates 
include deflection springs for assembly. The dielectric 
assembly rods interact with the springs. The grid-to-emitter 
substrate separation  is fixed by the dielectric spacers. 

We are introducing a different microstructure, the µfoam (Fig. 2). The emitting substrate is a foam-like silicon 
3D structure patterned using Deep Reactive Ion Etching (DRIE), creating high aspect ratio channels through the 
substrate. A novel selective growth method was used to form isolated clusters of sparse CNTs, thus effectively 
obtaining a structure that performs very similarly 
to what can be obtained with more elaborated and 
expensive processing. The CNTs are 14 µm tall 
and less than 78 nm in diameter on average. The 
structure was originally developed to enhance the 
species flux to MEMS/NEMS field ionizers. 14 

The porous structure is intended to provide a 
resistive network that ballasts the emitter array. 
The structure also helps the CNT growth to 
define sparse isolated clusters instead of CNT 
forests. The process flow and fabrication 
characterization of the device is included in the 
cited reference. We have experimentally found 
that the micro- nanostructure structure has 
remarkable field enhancement properties, 
emitting currents in the mA level with less than 
400 V in a very repeatable fashion. To the best of our knowledge, this current level outperforms the performance of 
the CNT neutralizers reported in the literature.  

We also introduced a change in the electrical insulation of the neutralizer. We have extensive experience on 
using the 3D packaging technology in diverse devices that require high voltage to operate. We have experimentally 
established that it is possible to use the packaging technology in a robust way if thin PECVD dielectric coatings are 
used, if the bias voltage is less than about 800 V.15 This voltage level is adequate for the application that we intend 
to satisfy with this device.  The use of PECVD dielectric films allows us to set a smaller and more uniform emitter-
to-grid separation, thus effectively reducing the required voltage to produce a given electric field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
 

   
Figure 2. SEMs of the silicon µfoam covered with sparse PECVD CNTs: upper left –top view of
the µfoam; upper right –zoom of the micro- nanostructure evidencing the 3D nature of the µfoam;
lower left  –detail of a sparse CNT cluster; lower right –zoom of a CNT tip with 77.23 nm of
diameter.  
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III. IV Characteristics MEMS / NEMS Emitter substrate  
The IV characteristics of the improved emitter substrate were obtained using a triode configuration, as shown in 

Fig. 3. An emitter substrate with a sparse CNT forest everywhere on its top surface was used in conjunction with a 
microfabricated grid –therefore, it was expected large gate interception because there was a substantial amount of 
field emitters directly below the grid material. The emitting substrate had an active area equal to 0.049 cm2 –a circle 
with 2.5 mm diameter. The grid was coated at the base 
with PECVD SiO2. The emitter-to-grid separation was 
about 10 µm. There is a ball collector (an anode), biased at 
1100 V to collect field-emitted electrons. The vacuum was 
kept at 10-9 Torr using an ion pump, and Keithley 237 
source-measure units (SMUs) were used to bias voltages 
and measure the gate, anode and emitter currents. Each 
data point is the average of 32 measurements. The current 
measurement error was less than 10-12 A and the voltage 
error was less than 10µV. In all cases it was verified that 
the emitter current was equal to the gate current plus the 
anode current. 

Figure 4 shows the IV characteristics of the µfoam. 
From this figure it is clear that the turn-on voltage of the 
device is about 80 V, equivalent to what we had reported 
before. 11 Also, the plots of anode current vs. gate voltage 
and gate current vs. gate voltage are parallel, suggesting a common origin. Figure 5 further explores the dependence 
between the gate and anode currents. The plot shows the gate current vs. the anode current. A linear fit with more 
than 99.5% of fit correlation confirms that the gate and anode currents come from the same source because the 
anode electrode has no physical connection to the device (it is hovering right on top), it is concluded that electrons 
are emitted from the substrate –some electrons are intercepted by the gate, and some are collected by the anode. The 
anode current is about 5.7% the gate current. A maximum gate current of 2.1 mA @ 375 V was measured, orders of 
magnitude larger compared to what we had reported before for the original emitter substrate with the same bias 
voltage. 11 We speculate that in the integrated device, using the grid as a shadow mask to pattern the catalyst before 
CNT growth, the gate interception will be substantially reduced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Schematic of the testing rig used to
obtain the IV characteristics of the improved
field emitting structure.
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Figure 4. Gate Current and Anode Current vs. gate voltage. 
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Figure 6 is a Fowler Nordheim plot of the gate and anode currents. The two data sets have the same slope; 

therefore, the plot suggests the same field enhancement and thus a common source. A linear fit of the two data sets 
suggests that the electron emission mechanism is Fowler-Nordheim, with a correlation better than 98.6%. Using a 
workfunction equal to 4.8 V for graphite, a field factor of 2.71×105/cm is found. The field factor is smaller than the 
field factor that we had found for the original emitter structure. 11 If Eq. 1is used to estimate the emitter radius 
assuming k ~ 1 and n ~ 1, the corresponding emitter radius is about 36.94 nm which is close to the value found with 
SEM metrology.  We have found the device characteristics to be very repeatable, even after multiple IV 
characterizations of short mA-level currents with no duty cycle. This experimental result suggests the robustness of 
the emitter substrate, and the absence of generalized emitter burnout. Finally, the device has been used as ionizer in 
chambers filled with Argon at pressures as high as 10 mTorr. 14 The electrical characterization of the device after the 
high-pressure tests showed no degradation in device performance, suggesting resistance to high pressure, harsh 
environments. More work is needed to find out if the device is also resilient to a low-pressure oxygen atmosphere, 
the kind of atmosphere found in LEO. 
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Figure 5. Anode Current vs. Gate Current 
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Figure 6. Fowler-Nordheim plot of anode and gate currents. 
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IV. Conclusion and Future Work 
A novel micro- and nanostructured emitter substrate for a MEMS neutralizer that uses PECVD CNT sparse 

emitters is presented. Triode experimental characterization demonstrates that the electron emission is described by 
the Fowler-Nordheim model. Field enhancement factors of 2.71×105/cm are obtained, corresponding to emitter tip 
radius of about 37 nm, in agreement with the metrology of the CNT tips from SEMs. Future work includes 
integration of the MEMS grid, and the implementation of shadow mask deposition to decrease the gate current 
interception. Finally, MEMS neutralizers might be able to emit large enough current at a low enough voltage to 
become an efficient neutralizer for larger electric thrusters such as low power Hall thrusters and ion engines. Some 
ballasting mechanism would probably be needed to improve the current density uniformity and the overall emitted 
current.16 However, in all experiments we found that the local slope of the FN plot is smaller for larger bias voltages, 
suggesting that the µfoam is already effectively providing electrical ballasting to the emitter array, as intended. 
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