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An integrated design for a colloid thruster, using microfabricated components, is described. This thruster is
suitable as a propulsion unit for both a small satellite and a conventional satellite. One key component of the
thruster is a nano-emitter array. A description of the fabrication processes that are used for the manufacture of
these nano-emitters is provided. We report the first quantitative results for the electrospray current as a function of
both flow rate and applied voltage for these emitters. Electrospray test results comparing the performance of these
new emitters with conventional stainless-steel capillaries reveal that when allowance is made for the electrostatic
configuration differences the spray current demonstrates qualitatively similar flow-rate dependence. Importantly,
our electrospray current measurements from differently sized emitters show, for the first time, that this current
is sensitive to the geometry of the emitter itself. This result is used to highlight the role of emitter design in the
efficiency of a colloid thruster.

Introduction

T HE concept of colloid propulsion is not new. Early work on
such concepts can be traced to the early 1960s (Refs. 1–3)

when a variety of studies and significant developments were un-
dertaken in both Europe and the United States. There are many
desirable features of colloid thrusters, not the least of these being
the very modest power per unit thrust inherent in such devices. Al-
though this performance comes typically at the cost of lower specific
impulse relative to other electrostatic propulsion systems including
ion (Kaufmann engines)4 and field emission devices,5 the high ef-
ficiency of colloid systems continued to attract funding well into
the 1970s (Ref. 6). Development of working thrusters suffered and
generally failed, however, principally as a result of a poor techni-
cal understanding of the physical elements underlying the electro-
spray process and hence control of critical parameters including the
charge to mass ratio of sprayed droplets. Improved understanding
however followed from the work led by Fenn’s group at Yale7 during
the 1980s and de la Mora and Loscertales work8 during the early
1990s. Their research followed the identification and subsequent
development and use of electrospray technology as a method of soft
ionization for large biomolecules, such as proteins and enzymes for
analysis by mass spectrometry. There is now a broad characteriza-
tion of the relationships between stable flow rate, applied electric
field, and the charge-to-mass ratio q/m of electrospray charged
droplets, although these relationships are principally derived from
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data for electrospray systems operating into a gas at atmospheric
pressure.

The improved understanding has resulted during the past few
years in development of a conventionally fabricated colloid thruster
led by Busek,9 with a thruster designed to fly on the Smart 2 mis-
sion. For this thruster development the requirements have been prin-
cipally focused on the ability to achieve ultrafine thrust control, in
order potentially to satisfy missions such as LISA. Our own ap-
proach has been rather different however in that we are additionally
interested in the propulsion issues related to small satellites. There
are therefore two additional developments that have facilitated our
own work in looking again at colloid thruster operation: 1) an in-
terest and commitment to the development of small satellites and
2) the development of microfabrication techniques. The former has
provided a stimulus to develop miniaturized components, whether
or not the application is to small satellites. The latter provides the
potential capability for a technology to realize the full potential of
colloid systems. The nexus of these two features has thus led to
a collaborative program between Queen Mary, University of Lon-
don, and the Rutherford Appleton Laboratory. This program has
the goal of developing a fully integrated microfabricated colloid
thruster.

The key elements of a colloid thruster are shown schematically in
Fig. 1. An emitter, most frequently in the form of a capillary, is used
to supply a conductive fluid into a region of an intense electric field,
typically of order 105–107 V/m. As observed originally by Zeleny10

and subsequently characterized by Taylor,11 a balance between flu-
idic forces associated with surface tension and any applied static
pressure, with the electric stress exerted on the fluid, results in a
stable Taylor cone. Increased electric stress results in the formation
of a stable jet under certain conditions. This jet eventually breaks
up into a stream of charged droplets. In a colloid propulsion system
these droplets are further accelerated in the electric field, leading to
potential momentum exchange and hence the production of thrust.
A working fluid is stored in a reservoir, or propellant tank; this
tank then supplies fluid via an appropriate low-loss pipe line to the
emitter. As in all electrostatic thrust devices, the charged beam must
be electrically neutralized, and some method is therefore required
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Fig. 1 Microfabricated colloid thruster layout, neutralizer not shown.

to supply oppositely charged species into the plume. Most concepts
result in a positive charge on the droplets, requiring electron in-
jection to the plume to achieve neutralization. Perel et al.3 noted
however that the electrospray process operates in a similar manner
independently of the relative field direction between the emitter and
grid: a positive emitter potential relative to an “accelerator” elec-
trode yields a positive droplet stream, whereas a negative potential
results in negatively charged droplets. Thus in a colloid thruster it
might be possible to remove the need for a neutralizer either by
having multiple emitters, some of which are positive and some neg-
ative, or alternatively by application of a fluctuating potential ap-
plied to the emitter, again resulting in a net charge balance with the
spacecraft.

Differing thruster concepts arise from the way in which these key
components are utilized and realized. Historically all development
focused upon the use of individual capillary structures fabricated
into an array, with discrete components used for propellant storage,
supply and control, accelerator grid(s), and neutralization. Addi-
tionally the size of the capillary used in older concepts tended to be
rather large, and not necessarily linked to the anticipated flow rate
through the emitter. The electrohydrodynamic conditions thus cre-
ated in these early designs did not necessarily produce good thrust
stability because multiple Taylor-cone structures on a single capil-
lary could arise.

While noting that there are two distinct themes in the current
resurgence of interest in colloid propulsion systems, most of the
published results focus upon configurations with discrete elements
in the thruster. Thus collaborative work reported from the Mas-
sachusetts Institute of Technology (MIT)12 in association with Yale
and Busek,9 has led to the development of a thruster that con-
tains 57 individual stainless-steel emitters brazed into a support-
ing structure. These emitters are quite long, 1 cm, and have an
internal diameter of 30 µm. The propellant is highly doped for-
mamide, with a conductivity of 0.5 S/m. The work at Stanford has a
larger array of 100 hypodermic needles, with doped glycerol as the
propellant.13

Reports on colloid thruster designs that have adopted microfab-
rication techniques are limited. In the main these reports have pro-
vided a description of concepts, rather than any evaluation of elec-
trospray properties. Workers at MIT have microfabricated a design14

that consists of an hydraulic system of fuel tanks, manifolds, and
an array of 20 emitters fabricated in the silicon wafer plane. Each
emitter has a 12-µm-square internal profile and a length of 15 mm.
These emitters provide a high hydraulic resistance so that flow can
be controlled via tank head pressure. Nickel electrodes fabricated
on an insulating dielectric wafer start the electrospray (and liquid
flow). This electrode system is attached and aligned to the hydraulic
component via a clip mechanism. More recently the MIT group has
looked at larger arrays, where the emitting elements are externally
wetted by the liquid under test.15 Another group microfabricated
3-µm-diam emitters, with low hydraulic resistance, in the surface
of a silicon wafer.16 Extraction was to be performed by electrodes
insulated from the silicon by a SiO2 film, but prototypes failed be-

cause of premature insulator breakdown. Later insulators routinely
held 3 kV in poor vacuums with small electrode separations, but no
sprays were obtained.

In this paper we report for the first time results that we have
obtained from microfabricated emitters in which, unlike the early
work on colloid thrusters in the 1960s, each emitter supports a sin-
gle Taylor-cone-jet structure. To develop a useful colloid engine,
it is now essential to manufacture arrays of emitters because flow
through a stable cone-jet mode electrospray can only be maintained
at low flow rate. The actual value for flow rate at which stable opera-
tion is achieved is dependent upon the conductivity of the liquid used
for electrospray.8 As an example, a liquid having the appropriate
characteristics for a colloid thruster requires high conductivity, and
the minimum stable flow rate for such a liquid is of order 0.1 nl/s.
The thrust then developed from the spray from this single Taylor
cone with such a liquid would only be of order 0.1 µN. This clearly
identifies the need for a significant number of individual emitters if
a useful level of thrust is to be obtained, making the colloid emitter
a suitable device applicable to space missions.

The emitter is, however, only one of the elements of a thruster
system. A microfabricated emitter is ideally suited as part of an
integrated microfabricated colloid thruster. This thruster requires a
number of key components including not only the emitter array, but
also a propellant feed system, a propellant reservoir, and two elec-
trostatic grids with the first of these grids being used to establish the
electrospray process itself and the second to accelerate the charged
droplets to an appropriate velocity in a directed beam. One concept
for such an integrated thruster is presented by Stark et al.17

In this paper we focus on two issues relevant to our development
program directed to an integrated colloid thruster: the fabrication
process of silicon nano-emitters and evaluation of spray properties
from these nano-emitters. Both individual emitters and arrays of
emitters have been fabricated. We compare here the electrospray
properties of these emitters with those sprays formed from conven-
tional stainless-steel emitters.

Benefits of Silicon Microfabrication
There is an established supply chain of materials, equipment,

and trained manpower for silicon-based microelectromechanical
systems foundry services. Deep reactive ion etch (DRIE) systems,
which use the patented Bosch or Advanced Silicon Etch (ASE)TM

process, for anisotropic etching of silicon are established with Alca-
tel, Trikon, Surface Technology Systems (STS), and Oxford Plasma
Technology being leading equipment manufacturers. Current com-
mercial systems can etch 200-mm-diam silicon wafers. The STS
multiplex inductively coupled plasma (ICP) used for the emitter
fabrication process was set up to process 100-mm-diam silicon us-
ing the ASE process. This process would be capable of producing
silicon emitters with aspect ratios up to 10:1 after rigorous process
optimisation. Typically a 50-µm outer diameter emitter could be
produced with a height of 500 µm. Established photolithographic
in-contact masks can be used to define features with critical dimen-
sions that are less than 1 µm. Deposition of high-quality dielectrics
and metallic thin films use techniques, which have been developed
for the silicon microelectronics industries, namely, physical and
chemical vapor deposition systems. Access to these equipments en-
ables reproducible emitter arrays to be manufactured from silicon
wafers.

Conventional electrospraying within colloid thrusters is obtained
from metallic emitters. The use of pure silicon for the emitter does
therefore have limitations in that there is a requirement to provide
at least a surface of material that can conduct electrons to or from
the sprayed fluid. Possible solutions to this problem are to either
provide a conductive film surface over the silicon by an appropriate
deposition process or by highly doping the silicon to create a con-
ductive silicon material. Care must be taken in the use of conductive
coatings to ensure that the coating is sufficiently stable to withstand
the electrochemical corrosion processes occurring between the liq-
uid and the emitter. If doping is adopted, then it is necessary to
consider whether the spray is operated in positive or negative mode.
The configuration that we have adopted is with a positive potential
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applied to the emitter, resulting in positively charged droplets. The
formation of these requires electron loss at the emitter. This can be
obtained therefore by doping the silicon to create a p-type mate-
rial. Sufficiently highly doped silicon leads to degeneracy, in which
case the silicon material can be used to either inject or remove
electrons from the liquid. For the spray liquid used in this paper,
we have however identified a further limitation in that the liquid
easily wets the silicon surface. For a large array of such emitters,
there is then the potential for flooding the emitters with liquid. As
a result, in this paper we have used a conductive film to provide
electrical connection, although the silicon is doped to achieve high
conductivity.

Emitter Layer Fabrication Process
The fabrication sequence described here facilitates manufacture

of single emitter and wafer-level multiple emitter arrays. The start-
ing material was 100-mm-diam, 1-mm-thick N-type 1-10 Ohm-cm,
double-side polished silicon wafers. The first step was to deposit
4-µm-thick layers of silicon dioxide on to both sides (sides 1 and 2)
by wet thermal oxidation. An additional 2-µm layer of silicon diox-
ide was then deposited on side 1 of the wafer by plasma enhanced
chemical vapor deposition.

Following the deposition of the adhesive promoter hexamethyld-
isilizane (HMDS) onto side 1, this surface was coated with 10 µm
of AZ4562 photoresist, by dispensing 250 µl of AZ4562 into the
center of the wafer and then spin coating at 1400 rpm for 28 s, with
an acceleration of 500 rpm · s−1. The layer was baked for 10 min on
a hot plate at 90◦C. Hard-contact ultraviolet (UV) exposure through
a chrome on borosilicate glass mask was used to photodefine the
AZ4562 resist. The broadband UV dose was generated by a high-
pressure mercury vapor lamp; the dose conditions adopted were an
exposure time of 25 s with an illumination intensity of 10 mWcm−2.
The exposed photoresist layer was then developed in a tank of aque-
ous developer solution for 5 min, which ensured that all the exposed
resist was removed. The layer was then rinsed in a weir wash with
deionized water for 3 min and then spin dried under a nitrogen gas
stream at 2000 rpm for 80 s. The wafer was subjected to an oxygen
plasma descum, for 2 min using a parallel-plate reactive ion etch-
ing systems (Oxford Plasma Technology, RIE80 plus). The process
conditions were an rf power of 300 W at a pressure of 100 mtorr,
and an oxygen flow rate of 100 sccm.

After descum, the wafers were loaded into a parallel-plate reactive
ion etch system. The 6 µm of silicon dioxide was etched using an
argon (7 sccm) and CHF3 (21 sccm) plasma at 250 W and a pressure
of 30 mtorr. The etch time was 6 h. The remaining AZ4562 resist
layer was ashed in an oxygen plasma. The etched oxide surface was
then protected from possible surface damage by spin coating PI 2771
polyimide and baking at 300◦C for 30 min on a hot plate. The oxide
layer on side 2 was then prepared for patterning by an aggressive
oxygen plasma clean and then deposition of HMDS. The process
steps similar to those just described were used to define the oxide
etch mask on side 2. The resulting cross section after 31 processing
steps is shown in Fig. 2.

After oxide mask definition the wafer was immersed in EKC265
for 1 h at 70◦C to remove all organic layers from sides 1 and 2. The
wafer was then rinsed and dried. A 100-mm-diam silicon carrier
wafer was then coated with “cool grease,” which has high thermal

Fig. 2 Processed chip after 31 process steps.

Fig. 3 Processed chip after 51 process steps.

Fig. 4 Processed chip after 60 process steps.

conductivity. Side 2 of the device wafer is then bonded to the greased
surface of the carrier wafer by placing on a hot plate at 90◦C for
5 min. Side 1 of the wafer sandwich is descummed in an oxygen
plasma, and then a photoresist layer of AZ4562 is coated, and the
aligned in-contact mask is defined by standard photolithographic
techniques. The descummed surface is then loaded into a surface
technology systems inductively coupled plasma Reactive Ion etcher
with the capability to run an ASE, which uses SF6 as the silicon
etch process and C4F8 as the passivation gas. The first process is to
produce a 5-µm undercut of the in-contact mask, which enhances
the aspect ratio of the subsequent anisotropic silicon DRIE etch,
which defines the through-wafer capillaries. The isotropic etch uses
an ICP coil power of 500 W with a platen power of 20 W. The
total etch time was 2.5 min. The capillary etch is then performed
by using the cycling ASE process. There are two repeating cycles
for the etch process. The etch cycle lasts for 12 s and uses SF6 at
a flow rate of 135 sccm, with the automatic pressure controller in
manual mode at 82%. The ICP coil was run at 800 W and the platen
power at 20 W. Following the etch cycle, the machine automatically
switches to the passivation cycle. The passivation conditions were
an ICP coil power of 600 W and 0 W platen power for a time of 8 s.
The total number of cycles was 720, which results in a etch depth of
over 500 µm. The etched wafer is then unloaded, and the remaining
resist layer removed by reactive ion etching. The wafer sandwich is
then loaded into the ICP deep RIE where it is etched for 540 cycles
to remove 400 µm of silicon. This leaves a structure shown in Fig. 3.
Following the etch to define the outside of the emitter and to ex-
tend the depth of the emitter capillary, the carrier wafer is debonded
from the device wafer. Side 2 is cleaned using iso propyl alcohol to
remove the majority of the cool grease. The wafer is then immersed
in EKC265 for 1 h to remove any remaining organics. The wafer
is rinsed and dried before loading into an Oxford Plasma Technol-
ogy DP800 plasma-enhanced chemical vapor deposition system.
The process conditions were SiH4 (100 sccm) and N2O (50 sccm),
platen temperature of 300C, rf power of 15 W, and a process time
of 142 min. This deposits a conformal coating of silicon dioxide,
which is 2 µm thick, on side 1 of the wafer surface. The wafer is
bonded to a new carrier wafer with side 1 facing the cool grease
surface. The wafer is then descummed, before loading into the ICP
deep RIE. A modified silicon etch process is used to expose the emit-
ter capillary as shown in Fig. 4, at this stage the wafer having been
subject to a total of 60 processing steps. Then after all capillaries
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Fig. 5 Processed chip after 74 process steps.

Fig. 6 Processed chip after 83 process steps.

have been uncovered, a photoresist is painted onto the etched re-
cess to prevent further etching in the capillary regions. However
the DRIE is continued to etch through the wafer to define the cir-
cular die with single or multiple emitter arrays. The die are then
demounted from the carrier wafer using a vacuum pen and rinsed in
isopropyl alcohol and EKC265. Following the removal of organic
materials, the die is placed in a PTFE holder before oxide strip us-
ing 7:1 deionized water: hydrofluoric acid. The resulting structure is
shown in Fig. 5. The emitter die was rinsed and dried prior to mount-
ing onto a stainless-steel ring using a two-part epoxy adhesive. The
epoxy is cured in an oven at 90◦C for 1 h. The assembly is loaded
into dc magnetron sputtering system, where a chromium thin film of
0.1 µm is deposited followed by a copper layer of 2 µm. The emitter
subassembly after 83 processing steps is shown in Fig. 6. Follow-
ing this step, the devices were assembled into the colloidal thruster
test rig.

Fabrication Results
The process allows single emitters to be fabricated with minimum

dimensions of 35 µm outer diameter, with a 25-µm inner diameter.
A variety of emitter lengths have been fabricated, ranging from
15 µm height to 400 µm.

The same process can produce clusters of emitters, with a varying
number of emitters and pitch between emitters. Figure 7 shows a
100-mm-diam wafer with 55 electrospray heads. Each head has a
cluster of emitters at the centre of the 10-mm-diam die. The numbers
of emitters per cluster range are either 3,7, or 19. Their layout is in
the form of a triangular array. Figure 8 shows a plan view of a cluster
with seven emitters.

Fabricating emitter arrays at the wafer scale can produce colloidal
thrusters with large thrust per unit area. As an example, a 100-
mm-diam wafer with 20,000 emitters was defined within a 75-mm-
diam area. Figure 9 shows a plan view of a number of the emitters
within this wafer, showing a uniform spatial distribution of emitters.
Thrust from this density of emitters is expected to be on the order
of 1 mN/cm2.

Electrospray Properties of Nano-Emitters
Performance data for the microfabricated emitters were obtained

in an experimental rig described in greater detail elsewhere.18

Fig. 7 Processed wafer containing 55 separate emitter arrays.

Fig. 8 Detailed image of an array containing seven emitters, each of
external diameter 400 µm.

Briefly, this setup is shown in Fig. 10. Particular attention in de-
signing this rig was paid to the need to make online flow-rate mea-
surements. For these we adapted a standard approach, namely, the
measurement of a pressure drop along a specific flow pipe, albeit
in a particularly demanding setting. The flow pipe was a custom-
built inert glass-lined tubing (GLT)TM from SGE, Ltd. The tubing
has an internal diameter of 0.3 mm and a length between pressure
tapings of 100 mm. The pressure at each tapping is measured by one
of a pair of Digiquartz Model 740-23A temperature compensated
quartz crystal pressure transducers. These have an accuracy of one
part in 106. The electrospray test fluid does not come into direct
contact with the active sensor head, but is separated by a buffer oil.
To obtain accurate flow data, it is essential to ensure that the inter-
face between these two liquids is gas free, a process which proves
to be particularly demanding to achieve, because the narrow bore
tubing is required to be evacuated. Following filling the system, the
flow system is calibrated by collecting a sample of test liquid over a
defined time period. The accuracy of this approach achieves an ab-
solute calibration of 1 nl/s (Ref. 18). The electrospray measurements
were obtained with the nano-emitter having high positive voltage
applied. This method thus also requires that the transducers were
isolated from ground potential.

The required electrostatic field at the emitter to achieve a stable
Taylor-cone-jet structure was obtained by placing a stainless-steel
aperture some 4 mm away from the backplane of the emitter. The
aperture used was circular and had a diameter of 1 cm and was
optically centered on the axis of the emitter. Spray current pass-
ing through the aperture was measured using a Faraday cup placed
5 cm downstream of the aperture. Automatic logging of currents
on both the aperture, referred to here as the grid current, and the
emitter was achieved online, using opto-isolation. These currents
were measured by a custom-built ammeter, which comprised a two-
stage optically isolated system to transmit safely a signal from high



632 STARK ET AL.

Fig. 9 Image of part of an array containing 20,000 emitters, within 100 mm diam.

Fig. 10 Schematic of experimental configuration.

voltage to a data logger at ground potential. A battery-powered high-
voltage stage, floated at the same potential as the emitter, contains
a current-to-voltage converter in the transresistance configuration.
This was designed to measure currents up to ±2 µA with a response
of ∼1 mV/nA and a time response of 1 s. This converter is followed
by a voltage-to-frequency converter for optical signal transmission.
The AD650 V to f chip was configured for bipolar inputs, giving
50–150 kHz for an input range of ±2.5 V. A fiber-optic cable con-
nected to a frequency-to-voltage converter chip at ground potential
comprises the second stage, which is then directly and safely con-
nected to a PC. Such isolation is clearly required on the high-voltage
line, but was also included on the grid current monitor in order to
protect instrumentation from the potential for short circuit to high
voltage. In all cases reported here, current balance between emitter,
grid, and Faraday cup was observed, with the current flow to the grid
being typically less than 1% of the emitter current. The Faraday cup
was directly connected to a Keithly Instruments pico-ammeter (type

486), which was not interfaced to the data-logging computer. As a
result, we refer in the figures to the emitter current rather than the
spray current itself.

The emitter current to voltage characteristics, for a single nano-
emitter, at four flow rates are shown in Fig. 11. In these reported ex-
periments we have not attempted to use a liquid suitable for a realistic
propulsion unit. Instead the fluid used was triethylene glycol, doped
with NaI in order to achieve a conductivity of 0.01 S/m. Our justifi-
cation for this is that the liquid is inexpensive and is readily control-
lable while electrospraying under vacuum conditions. It also demon-
strates negligible evaporation losses from the Taylor-cone structure.
There is however one important handling issue regarding this liquid.
Following preparation, it is important to maintain the solution in a
dry nitrogen atmosphere, before further degassing in the fluid reser-
voir used to feed the electrospray emitter. This approach reduces the
potential for water absorption, which has a significant influence on
solution conductivity, and hence influences spray currents.
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Fig. 11 Emitter current-voltage characteristic from single nano-emitter.

Fig. 12 Comparison of spray current for silicon nano-emitters with varying internal to external diameters at a flow rate of 55 nl/s.

The silicon emitter used to obtain the data in Fig. 11 had
been coated in chromium/copper, and has an external diameter of
400 µm and internal diameter of 100 µm. The emitter is 400 µm
long. This emitter was held in a specially manufactured holder. We
observe from these data that the emitter current, and hence spray
current, at a given flow rate is dependent upon the applied voltage.
Because of the automated data-logging equipment used to obtain
the data,18 emitter current was measured to an accuracy of 2nA;
typically long-term current fluctuations were less than 0.6%. Flow
rates were measured absolutely to an accuracy of 1 nl/s, with relative
flow measurements to 0.2 nl/s. As a result, the measurement uncer-
tainties associated with the data presented in Fig. 11 are expected
to be on the order of the size of the plotted points.

Figure 12 is a plot of the emitter current as a function of voltage
at a single value of flow rate, 55 nl/s, again using the triethylene gly-
col solution having a conductivity of 0.01 S/m; here, however, we
compare the emitter current for two different silicon nano-emitters.
One of these is the same emitter as used in the collection of data
plotted in Fig. 11: 400 µm outside diameter, with 100 µm internal
diameter. The other emitter used has on outside diameter of 560 µm,
with an internal diameter of 305 µm. It is apparent that there is a
significant difference in the current observed, with typically the cur-
rent from the larger emitter being on the order of 50 to 60% greater.
This variation between emitters is not predicted by scaling law mod-
els generally adopted to identify electrospray properties8,19; these
generally neglect the detailed electrostatic and physical conditions
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Fig. 13 Comparison of spray currents from stainless-steel capillary with silicon nano-emitter having the same internal and external diameters: length
of capillary 13 cm and length of nano-emitter 400 µm.

of the capillary typically used in electrospray experiments. The in-
creased current noted for the larger emitter is clearly suggestive of an
increased area available for the oxidation reactions, that is, electrons
being lost from the liquid, taking place at the emitter. Indeed if such
reactions only take place at the upper surface of the emitter, then it is
interesting to observe the ratio of areas for these two emitters is 1.47.
However, it is simplistic to assume reactions solely taking place on
this outer surface: the silicon used in the fabrication of the emitters
has a reasonable conductivity, in the range 1–10 �cm, and hence the
internal walls of the emitter would also be expected to contribute to
the area available for reactions to take place. An additional complex-
ity is that the chromium/copper coating was vacuum deposited, and
hence there will, near the top surface on the inside of the emitter, be
some rather thin layer of a higher conductivity membrane above the
silicon structure. Although the larger bore emitter will have a larger
area, for a given flow rate the fluid in the smaller bore will have a
higher velocity. Given that charge transfer is taking place between
the liquid and the emitter surface, a conventional electrochemical
double layer will form close to the emitter surface in the liquid.
The extent of this double layer formed can be affected by the fluid
bulk flow rate, and this can therefore also influence reaction effi-
ciency. These results demonstrate that if comparison is to be made
between different emitters, geometric properties of these emitters
must be controlled. This also identifies that investigation into the
electrospray properties obtained from the microfabricated emitters
in comparison with data from a conventional capillary electrospray
is appropriate, because the metallic capillaries potentially provide
a much larger area available for charge transfer at the liquid/solid
interface.

One such comparison is presented in Fig. 13. The data in this
figure were obtained using the same fluid as before with two flow
rates: 55 and 110 nl/s, being shown. The emitter and capillary have
the same values for internal and external diameters: 305 and 560 µm,
respectively; however, the nano-emitter protrudes above the sur-
rounding surface to only 400 µm, whereas the capillary extends to
13 mm above the surface on which it is mounted. Clearly it would
be desirable to have identically sized capillary and emitter lengths
for detailed data comparison, however, the standard ferrule fittings
required to mount the conventional capillaries resulted in it being
difficult to define the capillary height to an appropriate accuracy.
It was deemed better to adopt a capillary length, which could be
measured in such a way that the measurement uncertainties in this

length would have a negligible influence on the overall aspect ratio
of length to diameter because this parameter will clearly influence
the operating voltage of the electrospray.

As anticipated, the data presented in Fig. 13 identify that a signif-
icantly higher voltage is required to operate in cone-jet mode for the
emitter, although the spray currents demonstrate qualitatively simi-
lar values at the same flow rate. We presume that the higher voltage
required can principally be ascribed to the different aspect ratios
for the capillary and nano-emitter configurations, respectively. Let
us assume initially that the dominant factor in defining the elec-
tric field for electrospray derives from the physical geometry of
the emitter/counter electrode. This geometry then defines the field
strength in the region of the emitter exit required to form the cone
structure, with no protruding jet. Thus prior to electrospraying in
cone-jet mode the fluid-vacuum interface is deformed by an electric
field, whose magnitude is dependent upon the physical geometry,
in like manner to that described by Smith.20

One method to try to collapse the data from the different con-
figurations is by recognizing that at onset voltage, when a spray
is first formed, the field strength in the region of the cone apex is
anticipated to have a similar value for both the nano-emitter and the
conventional capillary. The voltage at which this occurs in the two
cases can then be used to normalize the voltage axis for the data. This
process was undertaken, and the results are shown in Fig. 14. From
this figure we can see more clearly that the magnitude and range of
spray current data for the two configurations are similar, there ap-
pears however to be a difference both in the gradient and magnitude
of the spray current, seen for both flow rates. These differences are
rather greater than might be ascribed to the measurement uncertain-
ties noted earlier, and it is important therefore to investigate what
other features might explain the observations.

In Fig. 15 several images of the cone-jet structure are shown
of the fluid cone-jet emanating from the nano-emitter and the capil-
lary, at differing applied voltages but all at the same flow rate. These
figures reveal that the shape of the cone itself is rather different, most
notably in the extended nature of the cone observed for the nano-
emitter configuration. For these data, the cone itself forms from an
elongated fluid structure, not too dissimilar from the “silver bullet”
mode noted by Chen et al.21 In their data, however, the elongated
structure was very sensitive to voltage, which was only obtained
as the voltage was raised gradually. This mode is conventionally
associated with applied voltages near to onset; however, here we
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Fig. 14 Electrospray current voltage comparison with voltage normalized to onset voltage condition.

a) 3.7 kV b) 7.0 kV

c) 3 kV d) 6.5 kV

e)

Fig. 15 Comparison of cone shape for a stainless-steel capillary
(a and c) and for a 400-µm-long silicon nano-emitters (b and d) at
varying voltages for a constant flow rate of 55 n/s; e) nano-emitter
of 250 µm length showing the longer cone structure (see text for
details).

have observed that the elongated mode extends through much of
the stable electrospray range. Indeed, it is very difficult in these
nanoemitters to form the conventional sharp Taylor-cone attached
to the emitter/capillary surface. We also show for comparison the
cone jet formed from a shorter nano-emitter, whose length is only
250 µm above the surrounding surface. This shows the elongated
structure even more clearly.

We have analyzed a range of images, similar to those shown in
Fig. 15, for a single flow rate 55 nl/s as a function of applied voltage
for both the capillary and nano-emitter data. The cone length as a
function of voltage is plotted in Fig. 16. The first observation con-
cerning the general trend portrayed in Fig. 16 is that as the voltage
is increased the cone becomes shorter. This trend is well established
in the literature. However, the direct comparison between emitter
and capillary data reveals that not only is the cone length generally
longer on the emitter than that observed for the capillary, but also the
change in this length over the stable electrospray region with volt-
age at this one flow rate is much reduced in the nano-emitter case.
The nano-emitter data are reasonably well represented with a linear
trend (regression coefficient 0.98), whereas the capillary data are
not at all well represented by a linear trend (regression coefficient
0.76). We are not here suggesting that this difference is caused by
the material properties of the capillary and emitter, but rather that it
is caused by the detailed structure of the electric field in the vicinity
of the respective cone jets as a result of their relative proximity to
the planar surface on which the emitters are mounted.

These observations make it clear that the spray properties are
indeed sensitive to the electrostatic conditions when, as we are,
operating well above the minimum stable flow rate condition. How-
ever, our specific interest is to determine whether the nature of the
emitter material—in the test case here with a silicon emitter coated
with a thin copper on chromium surface—performs differently to a
stainless-steel capillary. We are, however, now faced with the evi-
dent difficulty in making this comparison directly, because it is clear
that the applied voltage also affects in a different manner the actual
structure of the cone itself in our test configuration, and that this can
be misinterpreted as changes in efficiency because spray current at
these flow rates, as in Fig. 11, is indeed sensitive to applied voltage.
We have therefore attempted to characterize the electrostatic field
itself in a more detailed manner, rather than by the simple rescaling
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Fig. 16 Comparison of cone length as a function of applied voltage for silicon nano-emitter and stainless-steel capillary.

noted earlier. The electric field was therefore mapped using the
software package Simion7. This package is not able to undertake
detailed electrohydrodynamic simulation; however, we can make a
simple first attempt at the field definition by using the observed im-
ages of Taylor-cone structures to define simulated electrode geome-
tries within Simion7. These electrode surfaces are assumed within
Simion7 to be perfectly conducting. This does not seem unreason-
able, and indeed the assumption of a perfectly conducting cone is
made in many of the papers published on electrospray properties,
even though observations have been made which identify potential
falls along the jet structure emanating from the cone.22

In each case evaluated, the separation between the emitter or
capillary-electrode top surface and the counterelectrode was 4 mm,
as in the experimental work. In the simulation the separation between
adjacent nodes was 1.0 µm. A cone structure was then imposed on
to this top surface with a length as observed in the images obtained.
The back plane locations relevant for the emitter and for the capillary
were set at the values noted for the experimental configuration.

One further simplification was made to perform the comparison
for the electrostatic field configuration. For each simulation the cone
structure was approximated to have a parabolic profile, with the
radius of curvature at the apex constant, for all of the observed data
recorded. This is clearly a simplification because it is recognized that
as the cone forms the field in the apex region of the cone can change
significantly. The critical reasoning for this assumption however is
the following:

1) The camera used to observe the cone-jet structure is a PULNiX
TM-1300 monochrome charge-coupled-device camera in conjunc-
tion with a Navitar 12:1 telescopic zoom lens. The overall horizontal
and vertical resolution of the imaging system is 5 µm. If we make the
not unreasonable assumption that the dimensions of the apex region
are of order the size of the droplets formed during the spray breakup,
following the model in Ref. 8 and using our measured properties of
the triethylene glycol doped with NaI (Ref. 18), the expected droplet
size is ∼0.1 µm at the minimum flow-rate condition. The experi-
mental data were obtained significantly above minimum flow rate,
but on the basis of the measured current dependence upon flow rate,
and assuming that the droplets are fully charged to the Rayleigh
limit, the derived droplet size is in the range 0.2 to 0.8 µm. It is
therefore clear that the optical resolution is insufficient to resolve
this apex feature to the extent necessary to identify changes in the
apex. Thus, the experiments we have performed cannot reveal the
details of the cone apex.

2) We also note that the detailed structure of the apex region
formed from detailed theoretical considerations is still an illusive
problem. A model capable of predicting the detailed properties in
the apex region as a function of field strength has still not been fully
developed.

We therefore conclude that in the absence of either experimen-
tal or model data adopting a single value for radius of curvature
is appropriate and can at least provide a method of highlighting
underlying trends in the data.

The results of the field simulations, undertaken for each of the
images captured for the cone structure, are summarized in Fig. 17.
As we have seen, the different aspect ratio of the capillary and
the emitter clearly contributes to the different voltages that are re-
quired to establish stable cone-jet mode operation. The linearity of
the emitter length with voltage now is revealed to yield a notably
different anticipated field strength characteristic from that for the
capillary. It is also observed from the predictions of this simplified
approach that as the cone length reduces the electric field is also
lower for a given voltage, principally as a result of the increased
distance between the cone tip and the counter electrode. This is
of course counter to both electrospray observations and theoret-
ical description that as the applied voltage is increased the cone
length becomes shorter. Clearly, in our highly simplified approach,
which does not include the electrohydrodynamics, the only way
that the simulated field strength can increase, as the cone length
reduces, is if there is a reduction in the radius of curvature of
the cone tip. This model is therefore evidently not able to cap-
ture all of the crucial features of field mapping in the region of the
cone.

However, to complete this analysis, we use these calculated values
of field strength as the independent variable to replot the observed
current data taking into account the apparent changes in the struc-
ture of the cone, as observed when the applied voltage is changed.
This final comparison between observed current as a function of
applied effective field strength is shown in Fig. 18 for the single
flow rate of 55 nl/s. It is apparent from these data that the simplified
model for field strength does not collapse the emitter and capillary
data sets; indeed, the two data sets are now more discrepant than
a direct comparison between the current-to-voltage characteristics
seen in Fig. 14, where simple renormalization by aspect ratio was
presented.

One feature we are clearly missing in this analysis is the way
in which we have neglected the apex curvature region. Additional
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Fig. 17 Centerline field strength predicted using Simion7, for experimental configuration for both capillary and nano-emitter as a function of applied
voltage, using the change in cone length observed in Fig. 15.

Fig. 18 Dependence of observed current to applied field strength for flow rate of 55 nl/s (see text for details).

simulations have been undertaken wherein the apex curvature is in-
deed reduced to evaluate this possible influence on field strength.
From these it is apparent that the field will be enhanced by a
factor of 3 to 4, even when only modest changes for this curva-
ture are made. The observed applied voltage ratio between cap-
illary data and the nano-emitter data required to achieve cone-
jet mode spraying is significantly less than this factor. It is clear
therefore that if a quantitative evaluation is to be undertaken to
map current as a function of field strength in the vicinity of
the apex region for the two different spray configurations either
direct measurement of the cone apex structure or a more de-

tailed model of both apex curvature and the jet structure itself is
essential.

As we have seen, variation in applied voltage affects the cone
shape in different ways for the capillary and emitter configurations.
As a result, it would not be expected that the current-voltage gradient
would necessarily be the same for the two sets of data, because the
fields will be changing at different rates. It would be wrong therefore
to conclude from the data presented that the observed difference
in these gradients is significant. We have seen from the data that
qualitatively the spray current obtained from the nano-emitter is
similar to that from the stainless-steel emitter in these two cases,
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Fig. 19 High-resolution image of electrospray from a 19-element microfabricated nano-emitter array.

but there are quantitative differences, which at this stage we have
been unable to resolve. We are not therefore able at this stage to
definitively answer the question concerning the efficiency of nano-
emitter electrospraying relative to stainless-steel capillary spraying.

Discussion
The results we have presented here have focused upon the elec-

trospray properties from single nano-emitters, fabricated from sili-
con wafer material. We have also demonstrated that the fabrication
processes we have adopted enable large area arrays of identical
emitters to be produced. Although we are still evaluating the de-
tailed properties of spraying from such arrays, the design concept
we have adopted is capable of electrospraying from such arrays. In
demonstration of this, Fig. 19 provides a high-resolution image of
one part of an array of 19 emitters, each of outside diameter 175 µm,
while electrospraying. It is therefore appropriate to consider the data
we have obtained from a single emitter in the context of a full colloid
thruster design.

The data we have obtained, as noted earlier, resulted from a liq-
uid that we would not anticipate using in an operational thruster.
The principal reason why this liquid is unsuited is that the specific
impulse available at attainable acceleration potentials from onboard
dc/dc converters would not be sufficiently high to be attractive and
competitive with other propulsion systems, including bipropellant
thrusters. However, even though we were not able to measure di-
rectly either the thrust or the specific impulse we can, using the data
we acquired, provide indicative performance in the configuration
tested.

From Fig. 11, and adopting 8 kV as a notional operating point
for the thruster, we can identify that the charge-to-mass ratio q/m
is a function of flow rate, with this value reducing with increasing
flow rate, as expected. For the TEG/NaI solution the minimum sta-
ble flow rate is ∼1 nl/s (Ref. 8) with an anticipated q/m value of
74 C/kg. We note from Fig. 11 that at a flow rate of 54 nl/s this
value for q/m has dropped to 5 C/kg; other results, not shown in
Fig. 11, identify that at 10 nl/s the q/m value is 30 C/kg. This
reveals the close coupling between flow rate and q/m. As a re-

sult, a colloid thruster design for a usable unit on a space vehicle
will need to carefully consider the interaction between thrust and
power for any specific application. However, referring to the data
in Fig. 11, the range of Isp attainable would be modest, having at
8 kV a value of 28 s. For a single emitter at the flow rates noted, the
thrust would range from 17 to 48 µN. This further reinforces the
observation that the test liquid here is unsuited to real spacecraft op-
eration. The focus, however, in this paper is the viability of spraying
from microfabricated components and in the identification of addi-
tional trends not apparent from spraying with conventional capillary
systems.

In this regard we have noted for the first time that the spray effi-
ciency, in terms of the current carried by the spray at a given flow
rate, appears to be a function of the area available for the electro-
chemical reactions to take place. In this context the electrochemical
reactions are those required to support the net charge separation that
can take place at the solid/liquid boundary. Because thrust devel-
oped in a thruster is dependent upon the current carried, electrospray
efficiency will affect propellant utilization for the thruster. Hence
the electrochemical reactions are not only an essential element in
the process of charge separation, which underpins the operation of
a colloid thruster, but they are also responsible for how effectively
a quantity of propellant can be used to deliver thrust. The results
therefore demonstrate the need to define the geometric properties
of the emitter because the ability to define an efficient emitter con-
figuration is essential in the development of an effective colloid
thruster design. This is a new and important observation and in-
forms the appropriate route to the design of a thruster. It further
illustrates that microfabrication techniques are most suitable for
colloid thrusters, because it is possible to define the emitter struc-
ture in a precisely defined and repeatable method, a feature not
easily available with individually fabricated conventional emitter
arrays.

We also note that the microfabrication processing routes we have
adopted result in the potential for simple approaches to the selection
of coating materials for the emitter. This coating is required to pro-
vide a high conductive (equipotential) surface to the exposed outer
surface of the emitter structure. In the data reported here we have
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exclusively used copper/chromium coating because this material is
simple to deposit on the emitters. We are however aware that this is
not a suited material for a flight thruster because copper has a low
activation potential. Indeed we have observed anodic dissolution at
specific locations on the emitter, as a result of redox reactions. Fur-
ther work we are undertaking is therefore identifying the appropriate
methods for putting more stable coatings on the emitters, including
platinum.

In our own design concept we have separated the function of
overall flow rate control from the electrohydrodynamic element of
flow control, wherein the electric stress imposed upon the fluid free
surface solely dictates the range of flow rate available. Clearly we
still require the flow rate to be in the stable regime for operation.
Alternative designs have considered the flow control to be dominated
by the electrohydrodynamics, and the flow rate resulting is close to
minimum flow rate. Thus in Ref. 12 the hydraulic loss in the supply
line, from reservoir to emitter exit, dictates the flow rate. Because
the hydraulic loss identifies key geometric properties of diameter
and length of the supply feed to the emitter itself, the available
surface area for electrochemistry in this type of design is principally
driven by concerns associated with fixing the flow rate rather than
emitter electrochemical efficiency per se. In another design fluid
wicking along a nano-structure provides fluid feed15; again in this
design the resulting flow rate is fixed by the electric stress on the
liquid.

Our results therefore identify an important aspect, namely, emitter
geometry has a significant influence on thruster design.

Conclusions
The fabrication of a range of nano-emitters has been achieved. The

processing routes adopted facilitate a large number of emitters to be
manufactured per unit area. These arrays of emitters have the poten-
tial to provide a high thrust density from a colloid thruster, making
them ideally suited to applications onboard both microsatellites and
more conventional satellites.

Comparison between spray properties from a nano-emitter fabri-
cated in silicon and conventional stainless-steel emitters has iden-
tified that the structure of the cone is rather different for simi-
lar flow rates, but this is principally associated with the changed
electric field structure around the short nano-emitters relative to
the long stainless-steel capillaries used in our comparative experi-
ments. Although there do not appear to be major differences in the
spray current for capillaries and emitters that have the same internal
and external diameters, it has been shown that the detailed com-
parison is difficult because of the changing geometry of the cone
structure.

We have also observed for the first time that the spray current is
different at the same flow conditions when a comparison is made
for near identical emitters but wherein different values of inter-
nal and external diameters are adopted. These differences suggest
that the geometric specification for a nano-emitter is important
and affects the efficiency of the electrospray process. There is a
need to investigate further this dependence on electrospray effi-
ciency if a colloid thruster having high propellant utilization is to be
achieved.
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