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ELECTROSPRAYING SYSTEMIS AND 
ASSOCATED METHODS 

RELATED APPLICATIONS 

This application claims priority under 35 U.S.C. S 119(e) 
to U.S. Provisional Patent Application Ser. No. 61/827,905, 
filed May 28, 2013, and entitled “High-Throughput Manu 
facturing of Nanofibers Using Massive Arrays of Electro 
spinning Emitters' and U.S. Provisional Patent Application 
Ser. No. 61/827,893, filed May 28, 2013, and entitled 
“Bio-Inspired Electrospray Emitter Arrays for High 
Throughput Ionization of Liquids, each of which applica 
tions is incorporated herein by reference in its entirety for all 
purposes. 

GOVERNMENT SPONSORSHIP 

This invention was made with government Support under 
Contract No. W31P4Q-11-1-0007 awarded by the Army 
Contracting Command. The government has certain rights in 
the invention. 

TECHNICAL FIELD 

Electrospraying systems and associated methods are gen 
erally described. 

BACKGROUND 

Electrospraying refers to methods in which a Voltage is 
applied to a liquid (e.g., an ionic liquid or other suitable 
liquid) to produce ions and/or small droplets of charged 
liquid. In many electrospraying systems, the liquid is fed to 
a tip of a protrusion (e.g., a needle). Application of a 
Sufficiently high Voltage results in electrostatic repulsion 
within components of the liquid. The electrostatic repulsion 
counteracts the Surface tension of the liquid, and a stream of 
liquid erupts from the Surface. In many electrospraying 
systems, when the liquid is fed to the tip of the protrusion 
and the Voltage is applied, varicose waves on the Surface of 
the resulting liquid jet lead to the formation of Small and 
highly charged liquid droplets, which are radially dispersed 
due to Coulomb repulsion. 

While electrospraying is known in the art, most electro 
spraying systems include a single protrusion, for example, in 
the form of a single needle. Electrospraying systems that 
include multiple protrusions are generally not able to dis 
charge liquid from the protrusions in a uniform fashion. 
Increasing the throughput of Such systems while avoiding 
degradation in performance has proven to be difficult. 
Increasing the throughput from a single protrusion has 
resulted in modest improvement, but has generally been 
accompanied by deterioration of the spread in the properties 
of the emitted liquid (e.g., size, shape, and the like). Increas 
ing throughput by utilizing large arrays with high protrusion 
density has proven to be challenging. 

SUMMARY 

Electrospraying systems and associated methods are gen 
erally described. The subject matter of the present invention 
involves, in some cases, interrelated products, alternative 
Solutions to a particular problem, and/or a plurality of 
different uses of one or more systems and/or articles. 

Certain embodiments relate to emitters configured for use 
in an electrospraying device. In some embodiments, the 
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2 
emitter comprises an array of protrusions extending from an 
emitter Substrate, at least a portion of the protrusions in the 
array comprising a plurality of elongated nanostructures 
extending from external Surfaces of the protrusions. 

In some embodiments, the emitter comprises an array of 
protrusions extending from an emitter Substrate, at least a 
portion of the protrusions in the array comprising a plurality 
of ordered nanostructures extending from external Surfaces 
of the protrusions. 

In certain embodiments, the emitter comprises an array of 
protrusions extending from an emitter Substrate, at least a 
portion of the protrusions in the array comprising a plurality 
of nanostructures extending from an ordered intermediate 
material between the nanostructures and external Surfaces of 
the protrusions. 

Systems and methods comprising the emitters described 
herein are also provided. 

Certain embodiments relate to a method of making an 
emitter configured for use in an electrospraying device. In 
Some embodiments, the method comprises etching a fabri 
cation Substrate to produce a plurality of protrusions extend 
ing from the fabrication Substrate; and depositing a plurality 
of nanostructures on external Surfaces of the protrusions. 

Other advantages and novel features of the present inven 
tion will become apparent from the following detailed 
description of various non-limiting embodiments of the 
invention when considered in conjunction with the accom 
panying figures. In cases where the present specification and 
a document incorporated by reference include conflicting 
and/or inconsistent disclosure, the present specification shall 
control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Non-limiting embodiments of the present invention will 
be described by way of example with reference to the 
accompanying figures, which are schematic and are not 
intended to be drawn to scale. In the figures, each identical 
or nearly identical component illustrated is typically repre 
sented by a single numeral. For purposes of clarity, not every 
component is labeled in every figure, nor is every compo 
nent of each embodiment of the invention shown where 
illustration is not necessary to allow those of ordinary skill 
in the art to understand the invention. In the figures: 

FIG. 1A is an exemplary schematic illustration of a 
system used to perform electrospraying comprising a single 
emitter protrusion; 

FIG. 1B is an exemplary schematic illustration of a 
system used to perform electrospraying comprising an array 
of emitter protrusions; 

FIG. 2A is, according to some embodiments, a perspec 
tive view schematic diagram of an emitter Substrate com 
prising an array of protrusions; 

FIG. 2B is a perspective view schematic illustration of a 
protrusion within an emitter Substrate, comprising a plurality 
of nanostructures, according to certain embodiments; 

FIG. 2C is an exemplary schematic illustration of an 
extractor electrode comprising a plurality of apertures; 

FIG. 2D is an exemplary schematic illustration of an 
emitter comprising a plurality of protrusions; 

FIG. 2E is a perspective view schematic illustration of an 
electrospraying system in which an extractor electrode is 
positioned over an emitter, 

FIG. 2F is a cross-sectional schematic illustration of the 
electrospraying system shown in FIG. 2E, which comprises 
an extractor electrode positioned over an emitter; 
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FIGS. 3A-3H are, according to one set of embodiments, 
cross-sectional Schematic diagrams illustrating a process for 
fabricating an emitter Substrate comprising a plurality of 
protrusions; 

FIGS. 3I-3P are, according to one set of embodiments, 
cross-sectional Schematic diagrams illustrating a process for 
fabricating an extractor electrode; 

FIG. 4 is a set of exemplary schematic illustrations of an 
electrospraying extractor grid die, an exemplary electro 
spraying emitter die, and the assembly of the extractor and 
emitter dies into an electrospraying diode using dowel pins 
and insulating spacers, according to one set of embodiments; 

FIG. 5A is a photograph of an exemplary assembled 
electrospraying emitter, according to certain embodiments; 

FIG. 5B is an SEM image illustrating the alignment of a 
protrusion tip and an extractor aperture, according to one set 
of embodiments; 

FIG. 6A is an exemplary image of an extractor grid for an 
array of 81 electrospraying protrusions within a 1 cm area, 
according to one set of embodiments; 

FIG. 6B an exemplary emitter die, according to one set of 
embodiments, for an array of 81 electrospraying protrusions 
within a 1 cm area; 

FIG. 7A is, according to certain embodiments, an exem 
plary SEM image of an electrospraying protrusion; 

FIG. 7B is an exemplary SEM image of aligned carbon 
nanotubes (CNTs) on the external surface of an exemplary 
electrospraying protrusion, according to Some embodi 
ments; 

FIG. 8 is, according to one set of embodiments, a sche 
matic of an electrospraying testing circuit; 

FIG. 9 is an exemplary plot of collector current per 
protrusion as a function of emitter-to extractor bias Voltage 
for an emitter comprising a 7 by 7 array of protrusions, with 
360 um and 600 um emitter-to-extractor spacing. according 
to one set of embodiments; 

FIG. 10 is, according to certain embodiments, an exem 
plary plot of collector current as a function of emitter to 
extractor bias voltage for an emitter comprising a 9 by 9 
array of emitting protrusions; 

FIG. 11 is, according to one set of embodiments, an 
exemplary plot of collector current per protrusion as a 
function of emitter-to extractor bias voltage for five different 
emitter arrays; and 

FIGS. 12A-12B are, according to one set of embodiments, 
exemplary electrospray imprints on a 2 cm by 2 cm silicon 
collector electrode for (A) an emitter comprising a 2 by 2 
array of protrusions and (B) an emitter comprising a 7 by 7 
array of emitter protrusions; 

FIGS. 13 A-13C are SEM images of arrays of protrusions 
over which carbon nanotubes are arranged; and 

FIG. 14 is an exemplary plot, according to one set of 
embodiments, of collector current per protrusion as a func 
tion of emitter-to extractor bias voltage for an emitter 
comprising an array of 1900 protrusions per cm. 

DETAILED DESCRIPTION 

Electrospraying systems and associated methods are gen 
erally described. Certain embodiments relate to the discov 
ery that nanostructural features can be arranged on emitter 
protrusions to achieve desired performance in electrospray 
ing systems. In certain embodiments, nanostructural features 
are arranged in an ordered fashion such that the flow of fluid 
to the tips of protrusions occurs at a consistent (and, in 
certain cases, controlled) rate. Transporting fluid to the tips 
of the protrusions at a consistent rate can allow one to, for 
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example, produce a consistent discharge of fluid from a 
plurality of protrusions within an array while maintaining 
consistent (and, in certain instances, controllable) properties 
of the emitted fluid (e.g., size, shape, and the like). This can 
allow one to scale up electrospraying systems in which fluid 
is emitted from the tips of protrusions (e.g., by employing 
multiple emitter protrusions) such that the throughput of 
fluid through the system is increased while maintaining the 
ability to produce discharged fluid (e.g., in the form of 
threads, droplets, ions, and the like) with uniform properties. 

According to certain embodiments, the systems and meth 
ods described herein can allow one to produce discharged 
fluid droplets and/or ions with consistent, relatively small 
dimensions simultaneously from multiple protrusions within 
an array. In certain Such embodiments, discharged droplets 
and/or ions with relatively small dimensions can be pro 
duced while operating the electrospraying system at a rela 
tively low voltage. Without wishing to be bound by any 
particular theory of operation, the ability to produce dis 
charged fluid having Small features at relatively small 
applied Voltages might be explained as follows. In many 
protrusion-based electrospraying systems, discharge of fluid 
from the tips of the protrusions is achieved after a threshold 
Voltage is applied across the emitter comprising the protru 
sions and a counter electrode (also sometimes referred to 
herein as the “extractor electrode'). It is believed that the 
application of a Voltage above the threshold voltage triggers 
instability in the fluid at the protrusion tips, producing fluid 
discharge (e.g., in the form of droplets and/or ions of the 
fluid). It is believed that the use of protrusions with smaller 
tips can allow one to operate at Smaller applied Voltage. It is 
also believed that the dimensions of the discharged fluid 
depend on flow rate (rather than applied Voltage), and that 
slower flow rates generally tend to produce smaller emitted 
fluid dimensions. Accordingly, restriction of the flow rate to 
the protrusion tip can allow for the emission of fluid having 
small features while also allowing for relatively low voltage 
operation. In some embodiments, the dimensions and layout 
of the nanostructures can be used to control (e.g., restrict) 
the flow of fluid to the tips of the protrusions in an emitter, 
which can be useful in producing droplets with relatively 
Small cross-sectional dimensions. In certain such embodi 
ments, the dimensions and/or arrangement of the nanostruc 
tures can be selected to produce a desired flow rate to the tips 
of the protrusions upon the application of a Voltage, thereby 
allowing for the control, in certain instances, of the dimen 
sions of the discharged fluid. In certain such embodiments, 
the dimensions of the protrusions can also be controlled to 
allow for low voltage operation, for example, at Voltages 
very close to the fluid instability threshold voltage. 

Certain embodiments relate to inventive fabrication tech 
niques that can be used to produce emitters and extractor 
electrodes for use in electrospraying systems with advanta 
geous properties. For example, certain of the fabrication 
techniques described herein can allow for the production of 
emitters comprising an array of protrusions with elongated 
nanostructures (such as, for example, nanotubes) in contact 
with the protrusions. Certain systems and methods involve 
the fabrication and/or use of emitters comprising an array of 
protrusions with nanostructures arranged on the external 
surfaces of the protrusions in an ordered fashion. Such 
ordered nanostructures can be formed on the protrusions, in 
Some embodiments, without Substantially affecting the con 
sistency of the sizes and/or shapes of the protrusions them 
selves. 

FIG. 1A is an exemplary schematic illustration of a 
conventional electrospraying system 100. Electrospraying 
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system 100 comprises an emitter 102 comprising a protru 
sion 104 and an electrode 106. When a voltage is applied 
across emitter 102 and electrode 106 (e.g., via voltage 
source 107), fluid fed to protrusion 104 is discharged from 
the protrusion 104 in the direction of electrode 106. Many 5 
conventional electrospraying systems, such as system 100, 
include a single protrusion from which fluid is emitted. The 
amount of fluid flux in Such systems is generally limited, due 
to the presence of only a single protrusion. 
One way to increase the amount of fluid that is discharged 10 

in an electrospraying system is to include multiple protru 
sions from which liquid is emitted. This can allow, in certain 
embodiments, efficient emission through each protrusion 
while increasing the throughput by virtue of having a 
plurality of protrusions operating in parallel. Accordingly, in 15 
Some embodiments, the electrospraying systems comprise 
an emitter and an electrode, where the emitter comprises a 
plurality of protrusions. For example, as illustrated in FIG. 
1B, emitter 102 comprises a plurality of protrusions 104. 
The protrusions can be arranged such that they extend from 20 
an emitter substrate. For example, in FIG. 1B, protrusions 
104 extend from emitter substrate 108. 

In some embodiments, the emitter may be exposed to a 
fluid (e.g., an ionic liquid or any other suitable liquid) and 
a voltage may be applied across the emitter and electrode. 25 
Applying the Voltage across the emitter and the electrode 
may result in the emission of fluid from the tips of at least 
a portion of the protrusions of the emitter toward the 
electrode. The fluid that is emitted from the emitter may 
comprise, for example, ions, Solvated ions, and/or droplets. 30 
Referring to FIG. 1B, for example, system 120 may com 
prise electrode 106 (which is sometimes referred to hereinas 
an extractor electrode) and voltage source 107. In certain 
embodiments, when emitter 102 is exposed to a fluid, and 
voltage is applied across emitter 102 and electrode 106, fluid 35 
110 may be emitted from the tips of protrusions 104 toward 
electrode 106. 

In certain embodiments, at least a portion of the protru 
sions in the array comprises a plurality of nanostructures 
extending from external Surfaces of the protrusions. For 40 
example, FIG. 2A is an exemplary schematic illustration of 
emitter 102 comprising emitter substrate 108 and protru 
sions 104 extending from emitter substrate 108. The pro 
trusions illustrated in FIG. 2A are arranged in a 3 by 3 array. 
However, arrays containing more or fewer protrusions are 45 
also possible, as described in more detail below. FIG. 2B is 
an exemplary schematic illustration of a protrusion 104 of 
emitter 102 in FIG. 2A. As illustrated in FIG. 2B, nano 
structures 203 extend from the external surfaces of protru 
sions 104. In some embodiments, one or more (or all) 50 
protrusions may contain a relatively large number of nano 
structures. For example, a protrusion may contain at least 
about 100, at least about 1,000, at least about 10,000, or at 
least about 100,000, or more nanostructures. 
The presence of a plurality of nanostructures on external 55 

Surfaces of at least a portion of the protrusions of an emitter 
array may result in enhanced properties, in certain embodi 
ments. The nanostructures may, in some embodiments, be 
configured to transport fluid from the bases of the protru 
sions to the tips of the protrusions, where the electric field 60 
is generally the strongest, via capillary forces. Without 
wishing to be bound to a particular theory, the nanostruc 
tures may be advantageous because they provide a wetting 
structure on which fluid can spread. Additionally, the nano 
structures may be advantageous because they provide 65 
hydraulic impedance to the fluid flow along the protrusion 
surface, allowing the flow rate fed to each protrusion to be 

6 
controlled. The flow rate fed to a protrusion may determine 
whether the fluid emitted from the protrusion comprises 
ions, Solvated ions, and/or droplets, as well as the size and 
shape of the emitted ions, Solvated ions, and/or droplets. In 
Some embodiments, the advantages provided by the nano 
structures on the Surface of the protrusions may allow high 
emitter current to be achieved at low voltages, while main 
taining good array emission uniformity. 

In certain embodiments, the nanostructures on the exterior 
Surfaces of the emitter protrusions can be arranged in an 
ordered fashion. The ability to arrange the nanostructures in 
an ordered fashion can be important, in certain embodi 
ments, because it can allow one to control the degree of 
hydraulic impedance provided by the nanostructures which, 
as mentioned above, can allow one to control the flow rate 
of the fluid provided to the tips of the emitter protrusions and 
allow for consistent performance of the electro spraying 
device. 

In some embodiments, a plurality of nanostructures may 
extend from an ordered intermediate material between the 
nanostructures and the external Surfaces of the protrusions. 
A variety of materials may be used for the intermediate 
material. In some cases, the intermediate material may 
comprise a catalyst used to form the nanostructures. Suitable 
catalysts include, for example, metal-based catalysts. Non 
limiting examples of Suitable metals include iron, gold, 
nickel, cobalt, tungsten, and/or aluminum. The intermediate 
material is not limited to catalyst materials, however, and 
other materials could be used. For example, the intermediate 
material could correspond to a material that non-catalyti 
cally enhances the formation of nanostructures over the 
intermediate material, relative to the substrate on which the 
intermediate material is formed. For example, the interme 
diate material may comprise silicon oxide formed over a 
silicon Substrate, and nanostructures (e.g., carbon nano 
tubes) may be preferentially formed on the silicon oxide 
rather than the exposed silicon substrate. Other types of 
intermediate materials may also be used. 

In some such embodiments, the intermediate material 
may be patterned or otherwise ordered such that nanostruc 
tures are formed only over the portions of the exterior 
surface of the protrusions over which the intermediate 
material is present. The ordering of the intermediate material 
may result in the formation of nanostructures positioned 
over the protrusions in an ordered manner. 
As used herein, the term “ordered” means not random. 

Materials (e.g., nanostructures and/or intermediate materials 
positioned between nanostructures and protrusions) may be 
ordered, for example, by forming the materials into a 
predetermined pattern and/or by allowing the material to 
transform such that is ordered. Such as via self-assembly 
methods. 

In certain embodiments, the ordered material may be 
patterned over a protrusion, for example, by depositing a 
layer of the material over a protrusion and Subsequently 
removing the material from at least one portion of the 
protrusion. As one example, in certain embodiments, the 
intermediate material may be formed over the protrusions 
and Subsequently selectively removed from at least one 
portion of the external Surfaces of the protrusions (e.g., using 
an etchant and a mask) Such that the intermediate material is 
present only over desired portions of the protrusions. As 
another example, nanostructures may be formed (e.g., 
deposited, grown, or otherwise formed) over the protrusions 
(e.g., over an intermediate material. Such as a catalyst, 
positioned over the protrusions) and Subsequently selec 
tively removed from at least a portion of the external 
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Surfaces of the protrusions (e.g., using an etchant and a 
mask) Such that the nanostructures are present only over 
desired portions of the protrusions. 

In some embodiments, the ordered material may be pat 
terned over protrusions by selectively forming the ordered 
material over specific portions of the exposed surfaces of the 
protrusions. As one specific example, nanostructures may be 
patterned over protrusions by forming a catalyst only over 
certain portions of the external Surfaces of the protrusions 
and Subsequently growing the catalytically growing the 
nanostructures such that the nanostructures are formed only 
over the portions of the external surfaces of the protrusions 
over which the catalyst is positioned. 

In some embodiments, the nanostructures may be posi 
tioned Such that the spacing between the nanostructures can 
be somewhat regular. For example, in certain embodiments, 
the nanostructures can each have a nearest neighbor dis 
tance, and the standard deviation of the nearest neighbor 
distances may be less than about 100%, less than about 50%, 
less than about 20%, or less than about 10% of the average 
of the nearest neighbor distances. As used herein, the term 
“nearest neighbor distance' is understood to be the distance 
from the center of a structure to the center of the structure's 
nearest neighbor. In some embodiments, the nanostructures 
may be arranged as a periodically repeating array of nano 
Structures. 

The standard deviation (lower-case sigma) of a plurality 
of values is given its normal meaning in the art, and can be 
calculated as: 

wherein V, is the i' value among n total values, V is the 
average of the values, and n is the total number of values. 
The percentage comparisons between the standard deviation 
and the average of a plurality of values can be obtained by 
dividing the standard deviation by the average and multi 
plying by 100%. As an illustrative example, to calculate the 
percentage standard deviation of a plurality of nearest neigh 
bor distances for 10 nanostructures, one would calculate the 
nearest neighbor distance for each nanostructures (V 
through Vo), calculate V as the number average of the 
nearest neighbor distances, calculate a using these values 
and Equation 1 (setting n=10), dividing the result by V 
and multiplying by 100%. 

In certain embodiments, the intermediate material may be 
arranged as a plurality of islands of the intermediate mate 
rial. In some Such cases, each of the islands of intermediate 
material may have a nearest neighbor distance, and the 
standard deviation of the nearest neighbor distances may be 
less than about 100%, less than about 50%, less than about 
20%, or less than about 10% of the average of the nearest 
neighbor distances. In some embodiments, the plurality of 
islands of intermediate material may be arranged as a 
periodically repeating array of islands of intermediate mate 
rial. 
A variety of nanostructures can be used in association 

with certain of the embodiments described herein. As used 
herein, the term “nanostructure” refers to any structure 
having at least one cross-sectional dimension, as measured 
between two opposed boundaries of the nanostructure, of 
less than about 1 micron. In certain embodiments, the 
nanostructures can be elongated nanostructures. For 
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8 
example, in some embodiments, the nanostructures can have 
aspect ratios greater than about 10, greater than about 100, 
greater than about 1,000, or greater than about 10,000 
(and/or up to 100,000:1, up to 1,000,000:1, or greater). 

In some embodiments, at least a portion of the nanostruc 
tures may comprise nanotubes (e.g., single-walled nano 
tubes, multi-walled nanotubes), nanofibers, nanowires, 
nanopillars, nanowhiskers, and the like. As used herein, the 
term "nanotube' is given its ordinary meaning in the art and 
refers to a substantially cylindrical nanostructure containing 
a different material in its interior than on its exterior. In 
certain embodiments, the nanotubes can be hollow. In some 
embodiments, the nanotube can be formed of a single 
molecule. In some embodiments, the nanotubes comprise a 
fused network of primarily six-membered atomic rings. It 
should be understood that the nanotube may also comprise 
rings or lattice structures other than six-membered rings. In 
Some embodiments, the nanotubes may be metallic, semi 
conducting, or insulating. In some embodiments, at least a 
portion of the nanostructures are carbon nanotubes (e.g., 
single-walled carbon nanotubes and/or multi-walled carbon 
nanotubes). In some embodiments, at least a portion of the 
nanostructures are non-carbon nanotubes. In some embodi 
ments, at least a portion of the nanostructures are inorganic 
nanotubes. The non-carbon nanotube material may be 
selected from polymer, ceramic, metal and other Suitable 
materials. For example, the non-carbon nanotube may com 
prise a metal such as Co, Fe, Ni, Mo, Cu, Au, Ag, Pt, Pd, Al, 
Zn, or alloys of these metals, among others. In some 
instances, the non-carbon nanotube may be formed of a 
semi-conductor Such as, for example, Si. In some cases, the 
non-carbon nanotubes may be Group II-VI nanotubes, 
wherein Group II elements are selected from Zn, Cd, and 
Hg, and Group VI elements are selected from O, S, Se, Te. 
and Po. In some embodiments, non-carbon nanotubes may 
comprise Group III-V nanotubes, wherein Group III ele 
ments are selected from B, Al. Ga, In, and Tl, and Group V 
elements are selected from N. P. As, Sb, and Bi. As a specific 
example, the non-carbon nanotubes may comprise boron 
nitride nanotubes. 

In some embodiments, at least a portion of the nanostruc 
tures are carbon-based nanostructures. As used herein, a 
“carbon-based nanostructure' comprises a fused network of 
aromatic rings wherein the nanostructure comprises primar 
ily carbon atoms. In some embodiments, the carbon-based 
nanostructure comprises at least about 75 wt % carbon, at 
least about 90 wt % carbon, or at least about 99 wt % carbon. 
In some instances, the nanostructures have a cylindrical, 
pseudo-cylindrical, or horn shape. A carbon-based nano 
structure can comprises a fused network of at least about 10, 
at least about 50, at least about 100, at least about 1,000, at 
least about 10,000, or, in some cases, at least about 100,000 
aromatic rings. 

In certain cases, at least Some of the nanostructures may 
have a length of at least about 10 nm, at least about 100 nm, 
at least about 1 micrometer, or at least about 10 micrometers 
(and/or, in certain embodiments, up to about 50 microns, up 
to about 100 microns, up to about 1 millimeter, or greater). 
In some embodiments, at least Some of the nanostructures 
can be substantially cylindrical and can have a diameter of 
less than about 1 micron, less than about 500 nm, less than 
about 200 nm, less than about 100 nm, less than about 50 
nm, or less than about 10 nm (and/or, in certain embodi 
ments, as little as 1 nm, or less). 
The nanostructures may be formed from any suitable 

material. In some embodiments, at least a portion of the 
nanostructures may comprise carbon. In certain embodi 
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ments, at least a portion of the nanostructures comprise 
silicon. The nanostructures may comprise, in certain 
embodiments, both silicon and carbon (e.g., in the form of 
silicon carbide). 

In some cases, a layer of material may be positioned over 
the nanostructures. For example, in Some embodiments, a 
coating (e.g., a Substantially conformal coating) may be 
positioned over the nanostructures. The coating can be used, 
in certain embodiments, the alter the wetting properties of 
the exposed surface of the nanostructures, which can be 
helpful in ensuring that the fluid that is to be discharged from 
the electrospraying emitter is substantially evenly-coated 
over the electrode. Non-limiting examples of suitable mate 
rials for use in layers positioned over the nanostructures 
(e.g., coatings) include metals (e.g., gold, platinum, tung 
Sten, and the like), dielectric materials, and/or polymeric 
materials. In certain embodiments, the layer positioned over 
the nanostructures comprises at least one self-assembled 
monolayer. 

Nanostructures may be deposited on the protrusions of an 
emitter using any of a variety of methods. In certain embodi 
ments, depositing a plurality of nanostructures on an exter 
nal Surface of a protrusion involves an additive process in 
which new material is added to the protrusion (in contrast to 
methods by which nanostructures are formed on a protrusion 
by reacting a portion of the protrusion on or near the exposed 
Surface of the protrusion). In some embodiments, depositing 
a plurality of nanostructures on an external Surface of a 
protrusion comprises performing a chemical reaction to 
form a plurality of nanostructures on a Substrate. For 
example, in some cases, nanostructures may be deposited on 
an external surface of a protrusion via chemical vapor 
deposition (CVD). In some Such embodiments, nanostruc 
tures may be deposited on an external Surface of a protrusion 
using plasma-enhanced chemical vapor deposition 
(PECVD). The use of CVD processes (including PECVD 
process) may, in certain cases, ensure that the nanostructures 
conformally coat the protrusions and/or that the nanostruc 
tures are firmly attached to the surfaces of the protrusions. 
In some embodiments, precursor gases for use in the 
PECVD technique may include, but are not limited to, 
ammonia, methane, hydrogen, and/or acetylene. 

In some embodiments, depositing a plurality of nano 
structures on an external Surface of a protrusion comprises 
non-reactively accumulating material on the Surface of a 
protrusion. For example, precursor material could be, in 
Some embodiments, precipitated from a solution onto one or 
more protrusions to form nanostructures. 

In some embodiments, the nanostructures positioned over 
the protrusions may be exposed to further Surface treatment. 
The Surface treatment may be used, for example, to modify 
the wetting properties of the nanostructures, which can be 
useful in ensuring that the liquid that is to be discharged 
from the protrusions is substantially evenly distributed 
across the external Surfaces of the protrusions. In some 
embodiments, at least a portion of the protrusions may be 
exposed to plasma, Such as an oxygen plasma. For example, 
in Some embodiments, the nanostructures are exposed to a 
short, low-power O plasma treatment. Such treatment may 
enhance the wetting characteristics of the nanostructures. 

In some embodiments in which elongated nanostructures 
are employed, the nanostructures may be arranged such that 
the long axes of the nanostructures are substantially aligned 
relative to each other. The term “long axis is used to refer 
to the imaginary line drawn parallel to the longest length of 
the nanostructure and intersecting the geometric center of 
the nanostructure. In some cases, the nanostructures may be 
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10 
fabricated by uniformly growing the nanostructures on the 
Surface of a protrusion, Such that the long axes are aligned 
and non-parallel to the protrusion Surface (e.g., Substantially 
perpendicular to the protrusion Surface). In some cases, the 
long axes of the nanostructures are oriented in a Substan 
tially perpendicular direction with respect to the surface of 
a protrusion, forming a nanostructure “forest.” It should be 
understood that the use of aligned nanostructures is not 
necessary, and in some embodiments, at least a portion of the 
nanostructures may not be substantially aligned. 

Generally the hydraulic impedance produced by a coating 
of nanostructures depends on the diameters of the nano 
structures and their packing density. Thus, in some embodi 
ments, the spacings and/or the dimensions of the nanostruc 
tures described herein may be tailored to achieve a flow rate 
needed for a desired fluid emission regime (e.g., a regime in 
which ions are emitted from the protrusions, a regime in 
which droplets are emitted from the protrusions, or a regime 
in which both droplets and ions are emitted from the 
protrusions). For example, emission in the ionic regime may 
beachieved with a low flow rate and high hydraulic imped 
ance, while emission in the mixed ionic? droplet regime may 
be achieved with higher flow rate and lower hydraulic 
impedance. Hydraulic impedance may be increased by 
increasing the diameter of the nanostructures and the pack 
ing density of the nanostructures. Nanostructure diameter 
and packing density may be tuned by adjusting parameters 
of the growth process, including choice of catalyst material, 
anneal temperature, growth temperature, growth time, and 
choice of process gases. Those of ordinary skill in the art, 
given the present disclosure, would be capable of adjusting 
nanostructure growth conditions to produce nanostructures 
having Suitable dimensions and packing densities for achiev 
ing a desired flow regime. 
The emitters described herein can be formed of a variety 

of suitable materials. In some embodiments, the emitter 
Substrate and the array of protrusions extending from the 
emitter substrate can be formed of the same material. In 
other embodiments, the emitter substrate and the array of 
protrusions are formed of different materials. In some 
embodiments, the emitter may be fabricated from an elec 
trically conductive material. In other embodiments, the 
emitter may be fabricated from a material that is only 
slightly electronically conductive (or Substantially not elec 
tronically conductive. In some such embodiments, transport 
of the electrosprayed fluid toward the extractor electrode can 
be achieved by applying an electrical Voltage between the 
fluid and the extractor electrode. 

In some embodiments, at least a portion of the emitter 
Substrate and/or the protrusions may be formed of a semi 
conductor. Non-limiting examples of Suitable semiconduc 
tor materials include silicon, germanium, silicon carbide, 
and/or III-V compounds (such as GaN. GaAs, GaP and/or 
InP). In certain cases, at least a portion of the emitter 
Substrate and/or the protrusions may comprise a dielectric 
material. The emitter could also be fabricated, in certain 
embodiments, from a metal. 

In certain cases, the protrusions extending from the emit 
ter substrate can be relatively small. The use of small 
protrusions can allow one to arrange a relatively large 
number of protrusions within a relatively small area, which 
can be useful in Scaling up the electrospraying system. In 
Some embodiments, at least a portion of (e.g., at least about 
50% of, at least about 75% of, at least about 90% of, at least 
about 99% of, or substantially all of) the protrusions extend 
ing from the emitter Substrate have maximum cross-sec 
tional dimensions of less than about 1 millimeter. In some 
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Such embodiments, at least a portion of (e.g., at least about 
50% of, at least about 75% of, at least about 90% of, at least 
about 99% of, or substantially all of) the protrusions extend 
ing from the emitter Substrate have maximum cross-sec 
tional dimensions of at least about 1 micron, at least about 
10 microns, or at least about 50 microns. As used herein, the 
“maximum cross-sectional dimension” refers to the largest 
distance between two opposed boundaries of an individual 
structure that may be measured. In cases in which the 
protrusion is an integral part of the emitter Substrate from 
which it extends, the lower boundary of the protrusion 
corresponds to a hypothetical extension of the external 
surface of the emitter substrate on which the protrusion is 
positioned. In some cases, at least a portion of the protru 
sions may have a height (measured relative to the external 
surface of the emitter substrate on which the protrusions are 
formed) of less than 5 mm, less than 1 mm, less than 500 
microns, less than 400 microns, less than 300 microns, less 
than 200 microns, less than 100 microns, or less than 50 
microns. In some embodiments, at least a portion of the 
protrusions are microstructures, having at least one cross 
sectional dimension of less than about 1 mm, less than about 
100 micrometers, or less than about 10 micrometers (and/or, 
in Some embodiments, as little as 1 micrometer, or Smaller). 

In some embodiments, the protrusions may have tips with 
relatively sharp tips. The use of protrusions having sharp tips 
may, in certain embodiments, enhance the magnitude of the 
electric field near the protrusion tip, which can aid in 
creating instability in the fluid and, in turn, lead to discharge 
of the fluid from the protrusion tip. In some embodiments, 
at least a portion (e.g., at least about 50%, at least about 
75%, at least about 90%, or at least about 99%) of the 
protrusions have a tip comprising a radius of curvature of 
less than about 5 microns, less than about 1 micron, less than 
about 500 nm, less than about 100 nm, less than about 50 
nm, or less than about 10 nm. 

In certain embodiments, the protrusions extending from 
the emitter Substrate are arranged in an array. The array may, 
in some embodiments, comprise at least about 10 protru 
sions, at least about 20 protrusions, at least about 50 pro 
trusions, at least about 100 protrusions, at least about 1,000 
protrusions, at least about 1,900 protrusions (and/or, in 
certain embodiments, at least about 5,000 protrusions, at 
least about 10,000 protrusions, or more). The protrusions 
within the array may be arranged randomly or according to 
a pattern. In some embodiments, the protrusions within the 
array can be ordered in a Substantially periodic pattern. In 
certain embodiments, the protrusions are arranged in an 
array Such that the array extends in at least two orthogonal 
directions. Such arrays may be planar or non-planar (e.g., 
curved). 

In some embodiments, a relatively large number of pro 
trusions can be arranged within a relatively small area, 
which can be useful in Scaling up the electrospraying 
system. In certain embodiments, the array includes at least 
about 10 protrusions/cm, at least about 100 protrusions/ 
cm, at least about 1,000 protrusions/cm, at least about 
1,900 protrusions/cm, or at least about 10,000 protrusions/ 
cm (and/or, in certain embodiments, up to about 100,000 
protrusions/cm, or more). 

In certain embodiments, at least a portion of (e.g., at least 
about 50% of, at least about 75% of, at least about 90% of, 
at least about 99% of, or substantially all of) the protrusions 
may be configured, in certain embodiments, such that a 
significant portion of (e.g., at least about 50% of, at least 
about 75% of, at least about 90% of, at least about 99% of, 
or substantially all of) the fluid expelled from the protrusions 
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12 
during operation of the system is externally surface directed 
from the protrusions toward the electrode. Generally, fluid is 
externally surface directed from a protrusion when the fluid 
travels along the external surface of the protrusion. Such 
protrusions can be said to be “externally fed.” The use of 
externally fed protrusions can be advantageous, in some 
embodiments, because clogging of passageways within the 
protrusions—which might be observed in internally fed 
protrusions, such as nozzles—can be avoided. In some 
embodiments, the externally fed protrusions do not contain 
internal fluid passageways. Generally, external fluid pas 
sageways are those that are open to the external environment 
along their lengths, while internal passageways are isolated 
from the external environment along their lengths. In some 
embodiments, the externally fed protrusions are non-porous. 

In some embodiments, the protrusions may be similar in 
size and shape. In some cases, the standard deviation of the 
maximum cross-sectional dimensions of the protrusions 
may be less than about 100%, less than about 50%, less than 
about 20%, less than about 10%, less than about 5%, or less 
than about 1% of the average maximum cross-sectional 
dimensions of the protrusions. In certain cases, the standard 
deviation of the volume of the protrusions may be less than 
about 100%, less than about 50%, less than about 20%, less 
than about 10%, less than about 5%, or less than about 1% 
of the average Volume of the protrusions. One advantage of 
using protrusions that are similar in size and shape, in certain 
instances, is that flow can be more easily controlled, which 
can result in the formation of electrosprayed droplets that are 
more uniform in size and shape. 

Certain embodiments relate to methods of using certain of 
the electrospraying systems described herein. In some 
embodiments, an electrospraying method comprises expos 
ing an emitter to a fluid and applying Voltage across the 
emitter and an electrode. Applying the Voltage results, in 
Some embodiments, in emission of fluid (e.g., in the form of 
droplets and/or ions) from at least a portion of the tips of the 
protrusions of the emitter toward the electrode. 
Any suitable fluid can be used as the electrosprayed fluid. 

In some embodiments, the electrosprayed liquid comprises 
a charged fluid. In some embodiments, the fluid used in the 
electrospraying system may be polar. In some embodiments, 
the electrosprayed fluid comprises a liquid. In some embodi 
ments, the electrosprayed liquid comprises an ionic liquid. 
Ionic liquids can be used as the electrosprayed liquid, for 
example, when the production of ions is desired. Non 
limiting examples of ionic liquids Suitable for use in the 
electrospraying systems described herein include 1-ethyl-3- 
methylimidazolium tetrafluoroborate (EMI-BF), 1-ethyl-3- 
methylimidazolium bis(trifluoromethylsulfonyl)imide 
(EMI-Im), 1-butyl-3-methylimidazolium tetrachloroferrate 
(bmim FeCla), and 1-butyronitrile-3-methylimidazolium 
tetrachloroferrate (nbmim FeCl). Other ionic liquids could 
also be used. 
The fluid emitted from protrusions within the electro 

spraying system may comprise ions, Solvated ions, and/or 
droplets. In some embodiments in which droplets are emit 
ted from protrusions of the electrospraying system, the 
droplets may have relatively consistent maximum cross 
sectional dimensions and/or Volumes. For example, in some 
embodiments, the droplets emitted from the protrusions of 
the electrospraying system can each have maximum cross 
sectional dimension, and the standard deviation of the maxi 
mum cross-sectional dimensions of the droplets may be less 
than about 100%, less than about 50%, less than about 20%, 
or less than about 10% of the average of the maximum 
cross-sectional dimensions of the droplets. In some embodi 
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ments, the droplets emitted from the protrusions of the 
electrospraying system can each have a volume, and the 
standard deviation of the volumes of the droplets may be less 
than about 100%, less than about 50%, less than about 20%, 
or less than about 10% of the average of the volumes of the 
droplets. In certain embodiments, droplets emitted from 
protrusions are monodisperse. 
The electrospraying systems described herein can be 

operated at relatively low Voltages, in certain embodiments. 
In some embodiments, the Voltage applied to the electro 
spraying system may be less than about 100 kV, less than 
about 50 kV, less than about 10 kV, less than about 5 kV, less 
than about 2.5 kV, less than about 1 kV, less than about 500 
V. less than about 100 V, or less than about 50 V (and/or, in 
some embodiments, as little as about 10 V, or less) while 
fluid discharge having any of the properties described herein 
is generated. In certain embodiments, during operation of 
the electrospraying system, the current per protrusion tip 
may be greater than about 1 microamp, greater than about 3 
microamps, or greater than about 5 microamps (and/or, in 
certain embodiments, up to about 10 microamps, or more). 

In some embodiments, extractor electrode die may con 
tain an array of apertures. For example, FIG. 2C is a 
schematic illustration of an extractor electrode 106 compris 
ing a plurality of apertures 220. The apertures may be, in 
certain embodiments, Substantially circular, Substantially 
rectangular (e.g., Substantially square), or any other shape. 
As illustrated in FIG. 2C, apertures 220 are substantially 
circular in cross-section. In certain embodiments, the use of 
Substantially circular apertures can be advantageous, 
although such aperture shapes are not required. In some 
embodiments, the apertures may have maximum cross 
sectional dimensions of less than about 1 mm, less than 
about 500 microns, less than about 400 microns, less than 
about 200 microns, less than about 100 microns, less than 
about 50 microns, or less than about 10 microns in diameter. 
The emitter and the extractor electrode can be arranged 

such that the extractor electrode is positioned over the 
emitter. For example, FIG. 2E is a perspective view illus 
tration of an electrospraying system in which extractor 
electrode 106 illustrated in FIG. 2C is positioned over 
emitter 102 illustrated in FIG. 2D. FIG. 2F is a cross 
sectional schematic illustration of the arrangement shown in 
FIG. 2E. In some embodiments, the apertures within the 
array can be spatially arranged such that their positions 
Substantially correspond to the positions of the protrusions 
on the emitter. For example, referring to FIG. 2F, apertures 
220 of extractor electrode 106 are positioned such that they 
overlie protrusions 104 of emitter 102. In some embodi 
ments, the gap between the emitter and extractor electrode 
may be less than about 500 microns, less than about 100 
microns, less than about 50 microns, or less than about 10 
microns. The emitter and the extractor electrode may be held 
together, in certain embodiments, via a pin, dowel, or other 
connector. For example, in FIG. 2F, dowel 222 (e.g., a 
ceramic dowel) is inserted through openings in the emitter 
and the extractor electrode, which maintains the alignment 
of the electrodes. In certain embodiments, the emitter and/or 
the extractor electrode comprise deflection springs that 
clamp onto the connector (e.g., dowel) pins to enable 
precision alignment of the two components. For example, in 
FIG. 2E, extractor electrode 106 comprises deflection 
springs 223. In some embodiments, a spacer (e.g., a poly 
imide spacer) can also be included between the emitter and 
the extractor electrode, which can be used to maintain 
consistent spacing between the electrodes. For example, in 
FIG. 2F, spacer 224 is positioned between emitter 102 and 
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14 
extractor electrode 106. In some embodiments, when the 
two dies are assembled, each protrusion tip sits underneath 
an aperture. 

Certain embodiments relate to methods of fabricating 
electrospraying systems and components for use therein. In 
Some embodiments, a method of making an emitter is 
described. The method comprises, in some embodiments, 
etching a fabrication Substrate to produce a plurality of 
protrusions extending from the fabrication Substrate. In 
Some such embodiments, the method further comprises 
depositing a plurality of nanostructures on external Surfaces 
of the protrusions. 

FIGS. 3A-3H are a series of cross-sectional schematic 
diagrams outlining an exemplary process for fabricating an 
emitter (e.g., for use in an electrospraying system). As 
shown in FIG. 3A, the process begins with fabrication 
substrate 301. Fabrication substrate 301 can correspond to, 
for example, any wafer Suitable for use in a microfabrication 
process. For example, in some embodiments, fabrication 
substrate 301 corresponds to a silicon wafer. 

In some embodiments, fabrication substrate is etched to 
produce a plurality of protrusions (which can correspond to 
protrusions 104 in FIGS. 1B, 2A, 2B, 2D, and 2F) extending 
from the fabrication substrate. In some embodiments, etch 
ing the fabrication Substrate comprises reactive ion etching 
(RIE). In certain cases, the reactive ion etching may com 
prise deep reactive ion etching (DRIE). Etching the fabri 
cation Substrate to produce the protrusions can be achieved, 
for example, using an etch mask. Referring to FIG. 3B, for 
example, etch masks 302 (e.g., a silicon oxide layer with, for 
example, a thickness of about 500 nm) can be formed on the 
front and back sides of fabrication Substrate 301. In certain 
embodiments, additional masking materials (e.g., a silicon 
rich silicon nitride layer 304 with a thickness of for 
example, 250 nm) can be deposited. In some embodiments, 
deep reactive ion etching—using, for example, a photoresist 
mask (not illustrated)—is then used to create protrusions 
104, as shown in FIG. 3D. In certain embodiments, and as 
illustrated in FIG.3E, the protrusions on the front side of the 
fabrication Substrate are oxidized, resulting in oxide layer 
306. Optionally, and as shown in FIG. 3F, masking layers 
302 and 304 can be removed from the back side of the 
fabrication substrate 301. In some embodiments, and as 
illustrated in FIG. 3G, additional features (e.g., alignment 
features) can be etched from the back side of the fabrication 
Substrate (e.g., via deep reactive ion etching or any other 
Suitable etching technique). Optionally, in some embodi 
ments, oxide layer 306 is removed from the front side of the 
fabrication substrate. 
As noted above, the method of making the emitter further 

comprises, in certain embodiments, depositing a plurality of 
nanostructures on external Surfaces of the protrusions. For 
example, referring to FIG. 3H, nanostructures 203 can be 
deposited on the exposed surface of protrusions 104. 
As noted elsewhere, deposition of the nanostructures can 

comprise performing a chemical reaction to form the nano 
structures, precipitating a material to form the nanostruc 
tures, or otherwise adding material to the protrusions to form 
the nanostructures. In some embodiments, nanostructures 
are formed over the protrusions via catalytic growth. For 
example, the fabrication process may comprise depositing a 
catalyst over the fabrication substrate after etching the 
fabrication substrate to produce the plurality of protrusions 
and prior to depositing the plurality of nanostructures on the 
external surfaces of the protrusions. Subsequently, after the 
catalyst has been deposited, the nanostructures can be cata 
lytically grown. As one specific example, in Some embodi 



US 9,669,416 B2 
15 

ments, nanostructures 203 can correspond to carbon nano 
tubes, which can be catalytically grown after depositing a 
metal film (e.g., a Ni/TiN film) over protrusions 104. 

In some embodiments, the process of forming the emitter 
may comprise removing at least a portion of the catalyst 
after depositing the catalyst over the fabrication substrate. In 
Some Such embodiments, the catalyst can be removed in 
order to forman ordered catalyst layer. The ordered catalyst 
layer can be used to produce nanostructures that are posi 
tioned over the protrusions in an ordered fashion, as 
described in more detail above. In some embodiments, 
removing at least a portion of the catalyst results in the 
formation of catalyst nanoparticles over the fabrication 
Substrate. In other embodiments, Substantially no portions of 
the catalyst are removed prior to deposition of the nano 
structures, and order can be introduced to the nanostructures 
by removing at least a portion of the deposited nanostruc 
tures. 

FIGS. 3I-3P are a series of cross-sectional schematic 
diagrams outlining an exemplary process for fabricating an 
extractor electrode, such as extractor electrode 106 illus 
trated in FIGS. 2C, 2E, and 2F. As shown in FIG. 3I, the 
exemplary process begins with substrate 351. Substrate 351 
can correspond to, for example, any wafer Suitable for use in 
a microfabrication process. For example, in Some embodi 
ments, substrate 351 corresponds to a silicon wafer. One or 
more masks can be formed on substrate 351. For example, 
in FIG. 3I, a silicon oxide mask 352 (e.g., with a thickness 
of about 500 nm) is positioned over both sides of substrate 
351. In FIG.3J, a silicon nitride mask 354 is positioned over 
the silicon oxide mask 352. Next, as illustrated in FIG. 3K, 
the front side oxide and nitride masks can be removed. 
Subsequently, an etching step (e.g., a deep reactive ion 
etching step using, for example, a photoresist mask, which 
is not illustrated) can be used to create the front side features 
of the extractor electrode, as illustrated in FIG. 3L. As 
shown in FIG. 3M, the front side of substrate 351 can be 
oxidized (e.g., via the formation of silicon oxide mask 356) 
to protect the front side features. Subsequently, as illustrated 
in FIG. 3N, the back side silicon oxide and silicon nitride 
masks can be removed. A second etching step (e.g., a second 
deep reactive ion etching step using, for example, a photo 
resist mask, which is not illustrated) can then be performed 
to form the back side features, such as apertures 220, as 
shown in FIG. 3O. The front side silicon oxide mask356 can 
then be removed, as illustrated in FIG. 3P. In certain 
embodiments, the exposed surfaces of the resulting elec 
trode can be coated with an electronically conductive mate 
rial (e.g., a metal Such as gold). 

Certain of the devices described herein can be used to 
perform electrospraying to produce droplets and/or ions for 
a variety of applications. For example, certain of the systems 
and methods can be used to produce nanoparticles (e.g., 
comprising a polymer, metal, ceramic, or combinations of 
these and/or other materials). Certain of the systems and 
methods described herein can be used for the efficient 
high-throughput generation of ions, which can be used, for 
example, for mass-efficient nanosatellite electric propulsion, 
multiplexed focused ion beam imaging, and/or high 
throughput nanomanufacturing. 

The following examples are intended to illustrate certain 
embodiments of the present invention, but do not exemplify 
the full scope of the invention. 

Example 1 

This example describes the design, fabrication, and 
experimental characterization of an externally-fed, batch 
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16 
microfabricated electro spray emitter array including an 
integrated extractor grid and carbon nanotube flow control 
structures. In this example, the electrospray emitter is used 
for low voltage and high-throughput electrospray of the 
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate 
(EMI-BF) in vacuum. The conformal carbon nanotube 
forest on the emitters provided a highly effective wicking 
structure to transport liquid up the emitter Surface to the 
emission site at the tips of the emitters. Arrays containing as 
many as 81 emitters in 1 cm were tested and emission 
currents as high as 5 microamps per emitter in both polarities 
were measured, with a start-up bias voltage as low as 520 V. 
Imprints formed on the collector electrode and per-emitter 
IV characteristics showed excellent emission uniformity. 
The design described in this example features a hierar 

chical structure that brings together structures with associ 
ated characteristic lengths that span five orders of magni 
tude: mesoscale deflection springs for precision assembly of 
an extractor electrode die to an emitter array die to attain low 
beam interception, micro-sharp emitter tips for low Voltage 
electrospray emission, and a nanostructured conformal CNT 
wicking structure that controls the flow rate fed to each 
emitter to attain high emitter current while maintaining good 
array emission uniformity. 
The emitter die and extractor die are fabricated separately, 

and are assembled together using deflection springs that 
clamp onto dowel pins and provide precise alignment of the 
two components. The electrode separation distance is tuned 
using insulating spacers. In general, this distance should be 
Small for a low start-up voltage, which is given by 

& 

2G 
Vstart = in R 

where Y is the surface tension, R is the emitter tip radius, e. 
is the permittivity of free space, and G is the distance from 
the emitter tip to the edge of the extractor aperture. After 
operation, the two electrodes are easily disassembled, 
cleaned and replenished with liquid. 

Internally-fed emitters Supply liquid to the emission site 
through a capillary channel; this implementation is not ideal 
for ion emission because capillary channels typically pro 
vide low hydraulic impedance and internally fed emitters 
can be prone to clogging, which causes device failure. The 
electrospray emitters described in this example are instead 
externally-fed, using a dense plasma-enhanced chemical 
vapor deposited (PECVD) CNT forest conformally grown 
on the surface of the emitters. The CNT forest acts as a 
wicking material to transport the ionic liquid from the base 
of the emitters to the emitter tips where it is ionized due to 
the strong electric fields present there. The ionic liquid tested 
in this example (EMI-BF), does not generally spread well 
onto the Surface of an uncoated silicon emitter array; the 
contact angle of EMI-BF on silicon is about 38°. However, 
EMI-BF was found to be highly wetting on a CNT-coated 
silicon emitter surface. A drop of EMI-BF was found to 
spontaneously spread across the emitter array, impregnating 
the Surface and coating the emitter tips. 

In addition to its useful wetting properties, the CNT 
forests were found to provide hydraulic impedance to the 
ionic liquid as it flowed up the surface of the emitters. 
Electrospray emission can occur in the ionic regime rather 
than a mixed ionic/droplet regime if the flow rate to the 
emission site is sufficiently low. A porous medium can limit 
the flow across the emitter surface in order to match the low 
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flow rate for ionic emission. CNT films have been found to 
be particularly useful, in certain cases, because their porosity 
(determined by CNT diameter and packing density) is highly 
tunable by changing the growth parameters. The flow rate in 
the ionic regime is related to the measured current I by 

Nep 

where (M) is the average molar mass of the emitted par 
ticles, N is Avogadro's number, e is the elementary charge, 
and p is the density of the liquid. For EMI-BF ((M) of 
about 0.2 kg/mol, p=1300 kg/m), about 5 microamps of 
current per emitter corresponds to Q-8x10 m/s. Flow 
through a porous medium is governed by Darcy's law: 

K 
PWP as 

- 

where q is the volumetric flow rate per unit area, VP is the 
fluid pressure gradient from the base to the tip of the emitter, 
K is the permeability of the medium, and u is the fluid 
viscosity. The CNT film was modeled as an array of pillars 
in order to calculate its permeability, which is a function of 
the CNT diameter distribution and the packing density. The 
CNT growth conditions were selected to obtain a perme 
ability of about 10 m, which provided sufficient imped 
ance for the flow rate to meet the conditions for the ionic 
regime. 
The electrospray source included two dies, an emitter die 

and an extractor grid die (FIG. 4). Each die was 2.4 cm by 
2.4 cm and 1 mm thick. The emitter dies contained arrays of 
4, 9, 25, 49, and 81 emitters in a 1 cm area. The emitters 
were 300-350 micrometers tall. The extractor grid die con 
tained a matching array of 500 micrometer diameter circular 
apertures that were 250 micrometers thick. Both dies con 
tained four deflection springs that were clamped onto dowel 
pins to obtain precise alignment of the two components. 
When the two dies were assembled (FIG. 5A), each emitter 
tip was aligned precisely underneath a grid aperture (FIG. 
5B). Four thin polyimide spacers electrically insulated the 
two dies and set the emitter-to-extractor separation distance. 

The extractor grid (FIG. 6A) and emitter (FIG. 6B) dies 
were fabricated using contact lithography starting with 1 
mm thick, double-side polished doped silicon wafers. The 
extractor grid dies were fabricated using two (2) deep 
reactive-ion etching (DRIE) steps. First, the springs and a 
750 micrometer-deep recess for the apertures were etched on 
the front side of the wafer; then, a second, back-side DRIE 
step was used to create 600 micrometer-deep recesses 
around the springs and the array of apertures. A thin film of 
titanium/gold was sputtered onto the grid dies to increase 
their electrical conductivity. 

The emitter dies were fabricated by first etching the array 
of emitter rips on the front side of the wafer using isotropic 
SF reactive-ion etching (RIE). An array of three-notched 
dots, 292 micrometers in diameter, patterned in photoresist 
was used as the masking material. The silicon underneath 
the notched dots was gradually undercut during the RIE step 
until sharp tips were formed. Next, a DRIE step was used to 
etch the springs on the back side of the wafer. To complete 
the emitter die, a CNT film was grown on the surface of the 
emitters. Titanium nitride and nickel films were sputtered 
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onto the 1 cm by 1 cm active area of the emitters using a 
shadow mask. CNTs were grown using plasma-enhanced 
chemical vapor deposition (PECVD), with ammonia and 
acetylene as precursors. The CNTs were about 2 microm 
eters tall and averaged 115 nm in diameter. The CNTs 
conformally coated the surface of the emitters and the entire 
active area of the emitter dies, as shown in FIGS. 7A-7B. 
The PECVD process ensured that the CNTs were firmly 
attached to the surfaces of the emitters; no detachment was 
observed after application of the ionic liquid or after 
repeated cleaning and reassembly of the electrospray 
SOUCS. 

The electrospray sources were tested in a vacuum cham 
ber at a pressure of about 10 Torr. For each test, a 0.5 
microliter drop of EMI-BF was deposited on the surface of 
the emitters, which spread spontaneously to coat the Surface 
of the emitter arrays. The liquid stopped spreading once it 
reached the outer edge of the CNT-coated emitter active area 
and did not wet the Surrounding silicon, thereby avoiding a 
potential electrical short due to liquid bridges forming 
between the electrodes at the dowel pins. The emitter and 
extractor dies were assembled together by clamping the 
deflection springs onto four acetal dowel pins, with poly 
imide spacers separating the two electrodes. A triode con 
figuration was used to characterize the performance of the 
electrospray sources, in which a silicon collector electrode, 
placed 3.5 mm from the emitter die, was used to measure the 
emission current and also to collect imprints of the emission. 
The circuit used to test the devices is shown in FIG. 8. A 
Bertan 225-10R source-measure unit (SMU) was used to 
bias the emitter electrode up to +2000 V, alternating the 
polarity to avoid a build-up of ions of either polarity. A 
Keithley 6485 picoammeter was used to measure the current 
intercepted by the extractor grid, and a Keithley 237 SMU 
was used to measure the collector current. A pair of diodes 
and a fuse were used to protect the picoammeter from 
current surges. The extractor electrode was held at 0 V and 
the collector electrode was biased up to 1000 V with 
opposite polarity relative to the polarity of the emitted beam 
(e.g., a positively biased emitter die would face a negatively 
biased collector). Data were collected using LabView run on 
a personal computer. 
The performance of the electrospray sources with differ 

ent array sizes was characterized. In all devices, three 
different phases of emission were observed: an initial over 
wet phase, a steady phase, and a depletion phase. With fresh 
liquid applied to the emitter Surface, emission was initially 
noisy and unstable, punctuated by current Surges that were 
thought to be due to droplet emission. Subsequently, emis 
sion became more steady and was marked by output current 
as high as 5 microamps per emitter. After more than five 
minutes of operation, the liquid on the Surface of the emitters 
began to deplete, and beyond a certain bias Voltage the 
current stopped increasing. Once the liquid was replenished, 
the devices could be reused. 
The current-voltage characteristics of a 7 by 7 emitter 

array during the steady emission phase are shown in FIG. 9. 
with 600 micrometer (G-320 micrometer) and 360 microm 
eter (G-250 micrometer) separation between the emitter and 
extractor electrodes. Thinner spacers 240 micrometers thick 
were also tested, but these led to liquid shorts forming 
between the emitter and extractor electrodes shortly after 
emission began. The curves showed a strong non-linear 
dependence between the current and the bias voltage. The 
emission current increased exponentially for current below 
0.5 LA, and then increased essentially linearly with a slope 
of 90 nA/V. Assuming the start-up Voltage corresponds to 
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the voltage at which the collector current per emitter reaches 
5x10 microamps, the start-up voltage was 520 V for the 
360 micrometer spacers and 1200 V for 600 micrometer 
spacers. It was clear that reducing the gap between the 
electrodes reduced the operating Voltage. 

For currents above 50 nanoamps per emitter, the devices 
typically exhibited about 80% transmission in both polari 
ties. The extractor and emitter current for a 9 by 9 emitter 
array are plotted in FIG. 10, showing an intercepted current 
on the extractor electrode consistently lower than 20%. This 
interception current could be reduced by increasing the 
aperture diameter (at the cost of having to increase the bias 
Voltage), or by applying a larger bias Voltage to the collector 
electrode. 

Current-voltage characteristics in the steady phase for all 
five emitter array sizes are shown in FIG. 11, using 360 
micrometer-thick spacers between the emitter and extractor 
electrodes in all cases. Symmetric emission was obtained in 
both polarities with as much as 5 microamps per emitter tip. 
Similar curve shapes and slopes indicated that the emitters 
operated uniformly in each of the different-sized arrays. 
Lower start-up voltage was observed for the 9 by 9 emitter 
array because the etched emitters were about 50 microm 
eters taller than in the other arrays. Imprints (FIGS. 12A 
12B) on the collector electrode confirmed that the emitters 
turned on uniformly across the arrays, with patterns on the 
collector plates that matched the emitter array layouts. To 
calculate the beam divergence angle, the imprints from the 
2 by 2 emitter array were used as a reference. The imprint 
from a single emitter had a diameter of about 5.8 mm, and 
the collector was spaced 3.7 mm from the emitter tips, 
corresponding to a beam divergence semi-angle of 38. 

Example 2 

This example described the fabrication of an emitter 
comprising a dense array of protrusions (1900 emitters in 1 
cm) and an electrospraying system using the same. The 
emitter was fabricated using a similar process as outlined in 
Example 2, using alternating RIE and DRIE steps (rather 
than DRIE steps alone). The masking material included an 
array of three-notched dots, patterned in photoresist. The 
silicon underneath the notched dots was gradually undercut 
until sharp tips were formed. Next, a DRIE step was used to 
etch springs on the back side of the wafer. To complete the 
emitter dies, a CNT forest was grown on the surface of the 
emitters. A 50 nm thick titanium nitride film and a 20 nm. 
thick nickel film were sputtered onto the 1 cm by 1 cm active 
area of the emitting protrusions using a shadow mask. CNTs 
were grown using a plasma enhanced chemical vapor depo 
sition (PECVD) technique with ammonia and acetylene as 
precursor gases. The CNTs were 2 microns tall, averaged 
115 nm in diameter, and conformally coated the surface of 
the protrusions and the entire active area of the emitter dies. 
SEM images of the resulting protrusion arrays are shown in 
FIGS 13 A-13C. 

Current-voltage characteristics in the steady phase for the 
array of 1900 emitters in 1 cm are shown in FIG. 14, using 
360 micrometer thick spacers between the emitter and 
extractor electrodes. Symmetric emission was obtained in 
both polarities with as much as 0.5 microamps per emitting 
protrusion tip. The average start-up voltage was 700V. 
Maximum output current of 1 mA was measured, corre 
sponding to an output current density of 1 mA/cm. The 
imprints on the collector electrodes indicated uniform emis 
sion across the emitter array. 
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The following applications are hereby incorporated by 

reference in their entirety for all purposes: U.S. Provisional 
Patent Application Ser. No. 61/827,905, filed May 28, 2013, 
and entitled “High-Throughput Manufacturing of Nanofi 
bers Using Massive Arrays of Electrospinning Emitters': 
U.S. Provisional Patent Application Ser. No. 61/827,893, 
filed May 28, 2013, and entitled “Bio-Inspired Electrospray 
Emitter Arrays for High-Throughput Ionization of Liquids': 
and a U.S. Non-Provisional patent application, filed on Jun. 
14, 2013, and entitled “Electrically-Driven Fluid Flow and 
Related Systems and Methods, Including Electro spinning 
and Electro spraying Systems and Methods.” 

While several embodiments of the present invention have 
been described and illustrated herein, those of ordinary skill 
in the art will readily envision a variety of other means 
and/or structures for performing the functions and/or obtain 
ing the results and/or one or more of the advantages 
described herein, and each of Such variations and/or modi 
fications is deemed to be within the scope of the present 
invention. More generally, those skilled in the art will 
readily appreciate that all parameters, dimensions, materials, 
and configurations described herein are meant to be exem 
plary and that the actual parameters, dimensions, materials, 
and/or configurations will depend upon the specific appli 
cation or applications for which the teachings of the present 
invention is/are used. Those skilled in the art will recognize, 
or be able to ascertain using no more than routine experi 
mentation, many equivalents to the specific embodiments of 
the invention described herein. It is, therefore, to be under 
stood that the foregoing embodiments are presented by way 
of example only and that, within the scope of the appended 
claims and equivalents thereto, the invention may be prac 
ticed otherwise than as specifically described and claimed. 
The present invention is directed to each individual feature, 
system, article, material, and/or method described herein. In 
addition, any combination of two or more such features, 
systems, articles, materials, and/or methods, if Such features, 
systems, articles, materials, and/or methods are not mutually 
inconsistent, is included within the Scope of the present 
invention. 
The indefinite articles “a” and 'an, as used herein in the 

specification and in the claims, unless clearly indicated to 
the contrary, should be understood to mean “at least one.” 
The phrase “and/or, as used herein in the specification 

and in the claims, should be understood to mean “either or 
both of the elements so conjoined, i.e., elements that are 
conjunctively present in Some cases and disjunctively pres 
ent in other cases. Other elements may optionally be present 
other than the elements specifically identified by the “and/ 
or clause, whether related or unrelated to those elements 
specifically identified unless clearly indicated to the con 
trary. Thus, as a non-limiting example, a reference to “A 
and/or B.’ when used in conjunction with open-ended 
language such as "comprising can refer, in one embodi 
ment, to A without B (optionally including elements other 
than B); in another embodiment, to B without A (optionally 
including elements other than A); in yet another embodi 
ment, to both A and B (optionally including other elements); 
etc. 

As used herein in the specification and in the claims, 'or' 
should be understood to have the same meaning as “and/or 
as defined above. For example, when separating items in a 
list, 'or' or “and/or shall be interpreted as being inclusive, 
i.e., the inclusion of at least one, but also including more 
than one, of a number or list of elements, and, optionally, 
additional unlisted items. Only terms clearly indicated to the 
contrary, such as “only one of or “exactly one of.” or, when 
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used in the claims, “consisting of.” will refer to the inclusion 
of exactly one element of a number or list of elements. In 
general, the term 'or' as used herein shall only be inter 
preted as indicating exclusive alternatives (i.e. “one or the 
other but not both') when preceded by terms of exclusivity, 
such as “either,” “one of.” “only one of, or “exactly one of.” 
“Consisting essentially of when used in the claims, shall 
have its ordinary meaning as used in the field of patent law. 
As used herein in the specification and in the claims, the 

phrase “at least one, in reference to a list of one or more 
elements, should be understood to mean at least one element 
selected from any one or more of the elements in the list of 
elements, but not necessarily including at least one of each 
and every element specifically listed within the list of 
elements and not excluding any combinations of elements in 
the list of elements. This definition also allows that elements 
may optionally be present other than the elements specifi 
cally identified within the list of elements to which the 
phrase “at least one' refers, whether related or unrelated to 
those elements specifically identified. Thus, as a non-limit 
ing example, “at least one of A and B (or, equivalently, “at 
least one of A or B,” or, equivalently “at least one of A and/or 
B’) can refer, in one embodiment, to at least one, optionally 
including more than one, A, with no B present (and option 
ally including elements other than B); in another embodi 
ment, to at least one, optionally including more than one, B. 
with no A present (and optionally including elements other 
than A); in yet another embodiment, to at least one, option 
ally including more than one, A, and at least one, optionally 
including more than one, B (and optionally including other 
elements); etc. 

In the claims, as well as in the specification above, all 
transitional phrases such as “comprising.” “including.” “car 
rying,” “having,” “containing,” “involving,” “holding, and 
the like are to be understood to be open-ended, i.e., to mean 
including but not limited to. Only the transitional phrases 
“consisting of and “consisting essentially of shall be 
closed or semi-closed transitional phrases, respectively, as 
set forth in the United States Patent Office Manual of Patent 
Examining Procedures, Section 2111.03. 
What is claimed is: 
1. An emitter configured for use in an electrospraying 

device, comprising: 
an array of protrusions extending from an emitter Sub 

strate, at least a portion of the protrusions in the array 
comprising a plurality of elongated nanostructures 
extending from one or more external Surfaces of the 
protrusions, wherein the nanostructures are arranged 
between the bases of the protrusions and the tips of the 
protrusions and are configured to transport fluid from 
bases of the protrusions to tips of the protrusions at 
least in part via capillary forces. 

2. The emitter of claim 1, wherein at least a portion of the 
elongated nanostructures are nanotubes. 

3. The emitter of claim 2, wherein at least a portion of the 
elongated nanostructures are carbon nanotubes and/or inor 
ganic nanotubes. 
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4. The emitter of claim 1, wherein at least a portion of the 

elongated nanostructures are nanofibers. 
5. The emitter of claim 4, wherein at least a portion of the 

elongated nanostructures are carbon nanofibers and/or sili 
con carbide nanofibers. 

6. The emitter of claim 1, wherein the elongated nano 
structures are substantially aligned. 

7. The emitter of claim 1, wherein at least a portion of the 
emitter substrate and/or the protrusions are formed of a 
semiconductor. 

8. The emitter of claim 1, wherein at least a portion of the 
protrusions have maximum cross-sectional dimensions of at 
least about 1 micron. 

9. The emitter of claim 1, wherein the array comprises at 
least 10 protrusions having an aerial density of at least about 
10 protrusions/cm. 

10. The emitter of claim 9, wherein the protrusions have 
an aerial density of between about 10 protrusions/cm and 
about 100,000 protrusions/cm. 

11. The emitter of claim 1, wherein at least a portion of the 
protrusions do not contain internal fluid passageways. 

12. A system, comprising: the emitter of claim 1; and 
an electrode; 
wherein, when a Voltage is applied across the emitter and 

electrode and the emitter is exposed to a fluid, droplets 
of the fluid are emitted from at least a portion of the 
protrusions of the emitter toward the electrode. 

13. A method, comprising applying a Voltage across the 
emitter of claim 1 and an electrode such that fluid positioned 
between the emitter and the electrode is emitted from at least 
a portion of the protrusions of the emitter toward the 
electrode. 

14. The emitter of claim 1, wherein at least one of the 
protrusions in the array comprises at least about 100 elon 
gated nanostructures extending from the one or more exter 
nal Surfaces of the protrusion. 

15. The emitter of claim 6, wherein the substantially 
aligned elongated nanostructures are non-parallel to the one 
or more external surfaces of the protrusion from which the 
Substantially aligned elongated nanostructures extend. 

16. The emitter of claim 6, wherein the substantially 
aligned elongated nanostructures are Substantially perpen 
dicular to the one or more external surfaces of the protrusion 
from which the Substantially aligned elongated nanostruc 
tures extend. 

17. The emitter of claim 1, comprising an intermediate 
material positioned between the elongated nanostructures 
and the protrusions. 

18. The emitter of claim 17, wherein the intermediate 
material comprises a catalyst capable of catalyzing the 
formation of the elongated nanostructures. 

19. The emitter of claim 1, wherein the elongated nano 
structures comprise at least one of nanotubes, nanofibers, 
nanowires, nanopillars, and nanowhiskers. 
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