
Abstract. We discuss physical processes underlying the genera-
tion of ion beams with high emission current density in electro-
hydrodynamic (EHD) emitters based on liquid metals and
alloys and with room temperature ionic liquids. We consider
EHD effects that influence the emission of ions (ion production
mechanisms) and the kinetics of ion interactions in high-density
beams. We analyze the factors determining the emission zone

size, sustainability of emission at high and low currents, gen-
eration of clusters, increase in energy spread, decrease in bright-
ness, and other features of ion beams. We consider the specific
design features of EHD emitters and the problems of practically
ensuring their stable operation. Discussed in detail are modern
application areas for ion sources with EHD emitters, including
technological installations for ion beam lithography, micro- and
nanopatterning, ion microscopes and tools for local mass spec-
trometry of secondary ions, and systems to control and neutra-
lize the potential of spacecraft as well as electrostatic rocket
engines (microthrusters). We analyze prospects for further
development of EHD emitters themselves and instruments
based on them.

Keywords: electrodynamics, liquid metal ion source, room
temperature ionic liquid, nanopatterning, secondary ion
mass spectrometry, ion beam lithography, liquid metals and
alloys, nanotechnology

1. Introduction

In the literature on micro- and nanotechnology published in
recent years [1±5], sections devoted to electrohydrodynamic
(EHD) [6] ion sources for submicrometer lithography, ion-
stimulated chemical synthesis, implantation, and microana-
lysis have become mandatory. Today, it has become impos-
sible to imagine patterning, analyzing, and processing a given
surface relief with submicrometer resolution without a
focused ion beam (FIB) [7±9]. Initially, only pure metals with
low melting points (liquid metals), mainly gallium, made up
the working material of EHD emitters (we here use the terms
EHD source and EHD emitter synonymously) [10]. There-
fore, the notion of a liquid metal ion source (LMIS) was
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primarily associated with a source of gallium ions. But
carrying out numerous present-day technological tasks,
including local ion implantation doping, ion beam mixing,
direct resist-free ion lithography, fabrication of micro- and
nanoelectromechanical systems, and nanoengineering of thin-
layer objects, is impossible without using beams of ions with
different masses, charge states, and chemical properties [1].
This has stimulated the development of liquid metal alloy ion
sources (LMAISs) ensuring the generation of a wide spectrum
of various ions [2]. The use of eutectic alloys of different
compositions has allowed the electrical, optical,magnetic, and
mechanical properties of the processed materials to be
modified with greater predictability and control. LMISs, and
subsequently LMAISs, are also quite broadly used in
secondary ion mass spectrometry (SIMS) [11±14] and
secondary neutral mass spectrometry (SNMS) [15±18], as
well as in space technology [19, 20] and ionmicroscopy [21, 22].

As a result of investigations conducted in this area over
the last half a century, almost half of the chemical elements
from the periodic table have turned out to be potentially
suitable for use or are already being used in modern LMAISs
[2]. In this paper, we detail the physical properties, fabrication
technology, hardware features, and principal application
domains for LMAISs involving pure metals as well as binary
and ternary alloys.

Besides pure metals and metal alloys, low temperature
ionic liquids [23±25] with a melting point no higher than
100 �C are used as the working materials in modern EHD
emitters. By `ionic liquids' we precisely mean room tempera-
ture ionic liquids. What ion sources working on pure metals,
alloys, and ionic liquids have in common is the similarity of
their EHD and emission processes. In what follows, we
discuss these processes in detail and analyze them, paying
attention to specific features of working materials.

The development of ionic liquid ion sources (ILISs) started
about 20 years ago, and the principal domain of their
application, where they can compete with LMAISs, is space
technology, primarily electrostatic micro-jet engines for space-
craft with limited onboard resources, for example, for CubeSat
satellites. The use of local reactive (chemical) etching, replacing
gallium ion beams with heavy cluster ions of negative polarity,
and also the use of ILISs in analytic ion beamdevices for SIMS
and SNMS, appear to be quite promising.

To summarize the foregoing, we can speak of the long-felt
need to write this review covering a wide range of modern
EHD ion sources, which have so far not been described in the
Russian scientific literature in sufficient detail.

1.1 Brief historical background
The first LMISs based on the phenomenon of EHD emission
appeared half a century ago. The physics, technology, and
application domains of LMISs are the subject of book [26],
several chapters in referencematerials, and various handbooks
[27±31]; more than a thousand research papers and reviews
have been published (a detailed bibliography is given in [2, 32]).

The origins of LMISs are to be sought in early classic
studies on the behavior of conducting liquids in an electric
field, which were in turn based on observations made in
Ancient Greece. In 1600, William Gilbert, a physicist and
Queen Elizabeth I's physician, described the `tendency' of
liquid droplets at the end of a needle to extend so as to take the
shape of a cone when rubbed amber was brought close to it
[33]. In 1732, English astronomer and physicist Stephen Gray
introduced the notion of EHD emission. Working with

mercury, he discovered the extension of droplets into a
meniscus in the electric field, followed by a discharge on the
tip and the destruction of the droplet [34]. In 1879, English
physicist and Nobel laureate John William Strutt (Lord
Rayleigh) theoretically justified the criterion of electrostatic
instability of a strongly charged droplet [35], a criterion that
remains valid to this day.

In 1914, the Czech±American physicist and inventor of
the electroscope John Zeleny studied and documented the
effect of an electric field on the change in the shape of a
droplet [36±38]. In 1951, Erwin Wilhelm M�uller discovered
that positive ions are torn off and material undergoes intense
field evaporation from a tapered positively charged electrode
in a very strong electrostatic field [39]. However, the intense
field evaporation results in rapidly blunting the needle and
terminating the process.

The first to propose using an LMIS prototype as an
electrostatic thruster of space engines was Krohn [40].
Subsequently, for a long time EHD emitters were developed
by space agencies as low-thrust engines for spacecraft with
limited onboard resources. Capillary-type emitters were used,
from the open end of which melted material was evaporated
in the form of charged microdroplets by an electric field [41].
Next, emission of atomary ions from a capillary was achieved
[42]. At the same time, Gomer published a pivotal paper on
electron field emission and field ionization [43]. British
physicist Geoffrey Ingram Taylor in 1964 for the first time
mathematically rigorously described the change in the shape
of a conducting droplet in an electric field [44]. Following
that, the cone shape occurring in EHD equilibrium was
named after him, although historically it would be more
appropriate to call it the Gilbert±Gray±Zeleny±Taylor cone.

In the mid-1970s, Krohn [45, 46] developed and tested
LMISs with different metals: Ga, Cs, andHg. The best results
(beam diameter 1 of about 200 nm at the accelerating voltage
of 21 keVwith brightness of the order of 105 A cmÿ2 srÿ1 and
emission current of 10 mA) were obtained with gallium. The
first prototype of a modern needle-shaped emitter was built
by Clampitt in 1975 [47]. Subsequently, the nanopatterning
pioneer Seliger for the first time used an LMIS in an ion-
optical device with electrostatic focusing and attained an
on-sample beam diameter of the order of 100 nm at the
accelerating voltage of 57 kV [48]. By analogy with field
electron emitters, the first ion emitters were also strongly
tapered, having a tip radius of less than 1 mm [39]. The
modern shape of the needle, with a tip radius of 5 to 10 mm,
was eventually arrived by accident. Still a graduate
student, Venkatesan dropped a manufactured needle and,
not bothering to make a new one, wetted it with gallium,
thus obtaining an LMIS with much better emission
characteristics than before [49].

During the first decade of the active development of EHD
sources, no communications about them appeared in the
Russian-language scientific literature, and only in 1983 did
Gabovich publish the first review, ``Liquid-metal ion emit-
ters'' in Physics±Uspekhi [10]. In the subsequent decade,
hundreds of papers on the subject were published in the
Soviet Union, which are partially reviewed in papers by
Dudnikov and Shabalin [50±55]. Unfortunately, after the

1 Here and hereafter in this review, the ion beam diameter is understood as

the full width of the spatial distribution of ion current density at the level of

half the maximum value of this density (FWHM, full width at half

maximum).

1220 P Mazarov, V G Dudnikov, A B Tolstoguzov Physics ±Uspekhi 63 (12)



breakup of the Soviet Union, interest in the further develop-
ment and studies of LMISs in the Russian Federation
considerably decreased.

Since the late 1960s, work has been underway on creating
LMISs based on indium and cesium for space applications.
The first tests of an indiumLMIS developed in the framework
of the joint Soviet±Austrian project LOGION and intended
for neutralization of the positive charge that appears on the
surface of spacecraft under the action of solar wind, Earth's
plasmasphere, and solar radiation, were conducted in 1991
aboard the space station Mir [19].

In the 1980s, researchers began actively seeking other
materials suitable for use as the working material in EHD
sources. The use of eutectic alloys with low melting tempera-
tures led to the creation of the first LMAISs. Subsequent
studies of multicomponent alloys for LMAISs considerably
extended the prospects for their application. A detailed
historical account is available in review [2].

One of the first ionic liquid sources [23] working in the
mode of EHD ion emission was developed and tested at the
beginning of the 21st century by Losano's group at the
Massachusetts Institute of Technology (Cambridge, USA).
The source had a needle emitter made of tungsten, similar to
the one used in classic LMISs, but was wetted, not with a
melted metal, but with the ionic liquid 1-ethyl-3-methylimi-
dazolium tetrafluoroborate [emim][BF4].

We note that, back in the mid-1980s, attempts were
undertaken to use melts of different inorganic salts, such as
metaborates, nitrides, and halogenides of alkali metals,
primarily lithium, and also an alkali of sodium hydroxide as
the working materials in EHD emitters for the generation of
both positive and negative ions [54±58]. This work did not
develop further, because the melts of the salts used and the
alkali were chemically active, which resulted in rapid degrada-
tion and destruction of the metal needles of the emitters, and
the emitted ions showed a large energy spread, about 100 eV
for Li� ions [56]. In principle, EHD emitters with melts of
inorganic salts and an alkali can be regarded as precursors,

even if not entirely successful, of modern ion sources working
on eutectic alloys and room temperature ionic liquids.

1.2 Principal advantages of EHD ion sources
Electrohydrodynamic sources allow obtaining currents of
atomic and molecular (cluster) ions of different elements
and their chemical compounds with densities up to hundreds
of millions of A cmÿ2 and low energy spread, which usually
greatly impresses all those aware of typical features of other
types of ion emitters. EHD sources also exhibit high stability,
sustainability, and a long lifetime [2].

The main characteristics of EHD sources and what
distinguishes them from the vast variety of gaseous, plasma,
and other types of ion sources are analyzed in detail in [14, 59].
We note that relatively recently an attempt to classify ion
sources for FIB systemswasmade in review [60]. InTable 1,we
list comparative characteristics of ion sources that are already
in use or can potentially be used in modern FIB devices, ion
lithography, nanopatterning, ion microscopy, and microanal-
ysis. By the brightness of sources in Table 1, we understand the
ion current emitted into the unit solid anglewith normalization
to the accelerating voltage, and the data on energy spread of
ions and the ion beam diameter on the irradiated object are
given as the full-width half-maximum (FWHM) value. For ion
sources with ionic liquids, the `ions' column includes �R��,
�A�ÿ, f�R���A�ÿgm�R��, f�R���A�ÿgm�A�ÿ, where �R�� and
�A�ÿ are, respectively, cations and anions involved in the
composition of ionic liquids, and m5 1. These abbreviations
are described in detail in Section 5 below.

2. Ion optics and the basics
of nanosized ion beam production

2.1 Ion column design
To obtain ion beams that ensure nanosize spatial resolution,
modern FIB systems use a relatively simple ion-optical system
whose main modules were developed and described practi-

Table 1.Main characteristics of ion sources for modern FIB systems, ion lithography, nanopatterning, ion microscopy, and microanalysis.

Source type Ions Brightness,
A mÿ2 srÿ1 Vÿ1

Energy spread
(FWHM), eV

Ion current,
nA

Beam diameter
(FWHM), nm

Literature

LM(A)IS Li, Be, B, C, Si, Co,
Ga, Ge, Au, Bi, and

others

106 5 ë 10 4 50 2.5 [2, 7]

ILIS �R��, �A�ÿ,
f�R���A�ÿgm�R��,
f�R���A�ÿgm�A�ÿ

105 ë 106 5 ë 15 4 103 5 ë 50 [25, 61]

ECRIS �1�

ICPIS �2�

RFPIS �3�

Xe, Kr, Ar, O, N,
and others

104 1 ë 5 4 104 20 [62 ë 65]

MOTIS �4� Li, Rb, Cr, Cs 107 0.35 0.5 ë 1 10 ë 30 [66, 67]

NAIS �5� Inert gases, H 104 1 ë 2 4 0:23 50 ë 60 [68, 69]

GFIS �6� Inert gases 109 1 4 0:025 0.35 [21, 70]

Note. Some ion sources listed in the table have no commonly accepted names or abbreviations in Russian.
�1� ECRIS: electron cyclotron resonance ion source.
�2� ICPIS: inductively coupled plasma ion source.
�3� RFPIS: radio-frequency plasma ion source.
�4� MOTIS: magneto-optical trap ion source.
�5� NAIS: nano-aperture ion source.
�6� GFIS: gas-field ion source.
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cally simultaneously with the appearance of LMAISs [48]. In
Fig. 1, we show a skeleton diagram of an ion column used by
RaithGmbH (Germany). Alongwith the ion source, themain
components of the ion column are the extractor electrode and
the entrance aperture, condensor and object lenses, a
collection of apertures restricting angular spread and the ion
beam diameter, a Wien filter with a selection aperture, a
deflection plate, a Faraday detector, a stigmator, and a
scanning electrostatic octupole system [71]. Because of the
ultra-high vacuum requirements for the operation of LMAISs,
the column is divided into three vacuum sections with
autonomous pumping. The setup, its configuration, and the
principle of operation of suchlike ion columns are described in
detail in specialized reference literature [27, 28, 72, 73].

The condensor lens serves to specify the trajectory of ions
in the column. In Fig. 2, we show the geometry of motion of
the ion beam in a column, with five main modes considered in
the order of increasing voltage on the condensor lens. The
modes that do not involve the condensor lens or the objective
lens (which means that their voltage is equal to zero) are not
used in modern columns, but can be utilized occasionally to
achieve amore precise adjustment of the column.We note that
the divergent and parallel beammodes are themain ones in ion
lithography for on-target currents below 1 nA. A divergent
beam allows achieving the minimal ion spot size at the
optimum distribution of ion current in the beam for small
currents (up to 0.1 nA). The parallel beam mode is used for
moderate currents in the range of 0.1±1 nA.The lastmodewith
a crossover inside the aperture is basic in all FIBs for high
currents (up to 100 nA) and the only possible one in systems
equipped with a Wien filter mass separator [74, 75]. We note
that in an ion column without a mass separator, ion beams
with different m=z ratios are focused onto points displaced
with respect to one another due to the displacement in Earth's
magnetic field (with the induction approximately equal to 1 G
in Europe). For example, in the VELION scanning ion
microscope, at the accelerating voltage of 30 kV and the
simultaneous use of gold and silicon ions with an AuSi-
LMAIS, slow single-charged gold ions with a speed of
170 km sÿ1 produce an image approximately 1.2 mm to the
left of the faster double-charged silicon ions, whose speed is
640 km sÿ1. This displacement increases with a decrease in the
accelerating voltage and an increase in the free path of ions.

2.2 Minimal diameter of an ion beam
The most important characteristic of any ion column is the
focusing of the ion beam to the smallest possible quasi-zero-
dimensional size [26]. The minimal ion beam diameter d on
the target is

d �
������������������������������������������������
�Mdq�2 � d 2

s � d 2
c � d 2

b

q
; �1�

where M is the optical magnification of the ion column, dq is
the virtual (imaginary) spot size of the source, ds is the
spherical aberration disk, dc is the chromatic aberration
disk, and db is the diffraction disk.

In turn, ds, dc, and db are given by

ds � 1

2
Csa3 ; dc � Cc

�
DE
E

�
a ; db � 0:6

l
a
; �2�

where a is the entry angle of ions in the target, Cs is the
spherical aberration coefficient, Cc is the chromatic aberra-
tion coefficient, E is the energy of ions, DE is energy spread,
and l is the de Broglie wavelength of the ions, which can be
calculated as

l � h

p
� h������������

2meU
p ; �3�

where h is the Planck constant, m is the ion mass, U is the
accelerating voltage, and p � mv is the ion momentum.

Ion source (LMAIS)
Ion emission current

Extractor (extracting aperture)

Entrance apertute

Condensor lens

Objective lens

Collection of ion current limiting apertures

Final ion current

Wien élter
Collection of ion mass selecting apertures

Deêection plates
Faraday detector

Stigmator

Scanning octupole system

a b c

Figure 1. Typical design of an ion column: (a) without and (b, c) with a Wien filter (Raith GmbH).

Ion source

Aperture

Objective lens
Target

Condensor lens

a b c d e

`Figure 2. Trajectory of ions in a column with increasing voltage on the

condensor lens: (a) without the use of a condensor lens, (b) divergent

beam, (c) parallel beam, (d) without the use of an objective lens,

(e) crossover inside the aperture.
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The ion entry angle is given by the formula

a2 � I

pM2�dI=dO� ; �4�

where I is the initial ion current andO is the angular spread of
ions in the beam.

An inspection of formulas (1)±(4) shows that the optical
magnification of an ion column is initially determined by the
sizes and design of the column, and it can be varied within a
narrow range by changing the potential on the condensor
lens (see Fig. 2). We recall that the de Broglie wavelength of
ions is negligibly small compared with that of electrons, and
therefore the effect of diffraction on the blurring of the spot
is not typically taken into account. The entry angle
(acceptance) of the ions is determined by the choice of the
aperture that limits the ion current. At high ion currents (1±
100 nA), the main contribution to the ion beam diameter is
made by spherical aberration, but in the range of moderate
currents (10±50 pA), its effect becomes insignificant. The
leading role is then taken by chromatic aberration. Up to
10 pA, the main contribution is made by the virtual size of
the source. Hence, from the practical point of view, a
substantial effect on the ion beam diameter is produced by
the accelerating voltage, the overall ion current, the energy
spread of ions and the virtual size of the source. In what
follows, we consider the relation of these parameters to the
types of ions used in EHD sources in more detail. As an
example, Fig. 3 shows the dependence of the gallium beam
diameter on the ion current compared with the best-known
sources employed in modern FIB systems [76].

3. Physical principles underlying
the functioning of EHD ion sources

3.1 Liquid in an electric field,
formation of the Taylor cone
Investigations of the shape of the liquid surface in an electric
field began early in the 17th century, as we have already noted
in the history section of this review. Modern ideas regarding
the operation of EHD emitters are derived from Taylor's
paper [44], where it was proven mathematically that, at the

threshold potential difference between an extractor electrode
containing an exit orifice for ions and the tip of a needle-
shaped emitter electrode wetted with a conducting liquid, the
surface of this liquid is deformed (takes a more sharp shape)
and evolves into a cone (Taylor's cone) with a half-angle at
the apex of a=2 � 49:3� (Fig. 4a).

The condition for the formation of such a cone is the
quasistationary equilibrium of forces due to surface tension g
of the liquid and the action of the electric field with field
strength E directed along the normal to the Taylor cone
surface:

g
�

1

r1
� 1

r2

�
� r

2
v 2 ÿ Dp � E 2

8p
; �5�

where r1 and r2 are the principal radii of curvature of the
Taylor cone, Dp � pint ÿ pext is the difference between
pressures inside and outside the liquid, and r and v are the
density of the liquid and its flow velocity.

If we assume that the surface of the Taylor cone has the
mean curvature radius r, then, ignoring the action of space
charge, we can obtain the threshold (minimal) electric field
strength Emin as

Emin �
������
4g
e0r

s
; �6�

where e0 is the electric constant.
It then follows that the threshold potential differenceUmin

for an EHD source shown schematically in Fig. 4a can be
calculated as

Umin �
����
gr
e0

r
ln

2d

r
; �7�

where d is the distance between the Taylor cone apex and the
extractor electrode.

It follows from formula (7) that the threshold potential
difference is sensitive to the surface tension of the working
liquid. The surface tension of room temperature ionic
liquids is lower than that of liquid metals. For example,
g � 0:71 N mÿ1 for gallium, and g � 0:039 N mÿ1 for the
[emim][Tf2N] ionic liquid; at the same geometry of the source
and the curvature radius of the Taylor cone,Umin for ILISs is
approximately four times less than for gallium LMISs. We
also note that Taylor's model in [44] is rather simplified,
because it ignores the effect of space charge and the evolution
of the surface of the conducting liquid in an increasing electric
field, and therefore formulas (6) and (7) are based on
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Figure 3. Dependence of the ion beam diameter on the ion current for

different sources used in modern FIB systems (based on the data in

Table 1) [76].
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Figure 4. (a) Schematic image of an EHD ion source with a needle metallic

electrode wetted with working liquid. (b) Photograph of such an electrode

without the working liquid [77].
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necessary, but not sufficient conditions for the formation of
an equilibrium conic configuration on the apex of an EHD
emitter. The question of the Taylor cone formation and its
stability in different operation modes of EHD emitters is
discussed in greater detail, e.g., in [7, 27] and the references
therein.

An EHD emitter with a needle electrode whose tip has a
radius of 3±10 mmandwith a ring reservoir (Fig. 4b) or a helix
for storing the working material is typically made of a
refractory metal, for example, tungsten. This design is one
of the most popular ones, distinguished by its simplicity and
universality, which allow working with very different materi-
als, including ionic liquids. The working material is heated in
such an emitter by the Joule heat released by directly flowing
electric current through the electrodes.

There are also other, more intricate, designs involving thin
metal capillaries filled with the working material, as well as
capillaries with an inserted metal needle whose tip extends
through the open end of the capillary. The heating can be
done indirectly due to electron bombardment. The needle-
shaped electrode can be fabricated from porous tungsten,
which plays the role of a reservoir and of a transport system
for delivering working liquid to the tip of the emitter. There
are linear (slit) designs of EHD emitters, in which a number of
point-like Taylor cones (up to a hundred per millimeter in
length) are formed along the slit [78]. Such a source has a high
efficiency but at the same time is not suitable for micro- and
nanotechnology, because it generates an extended ribbon
beam [79].

In this section, we do not aim to cover the entire variety
of designs of modern EHD emitters, but wish to emphasize
the common features of physical processes that govern the
behavior of the liquids (melts of pure metals and alloys,
inorganic salts, and ionic liquids) in an electric field with
a strength of 106 V cmÿ1 or above. Specific features of
different EHD emitters are discussed in more detail in
Sections 4 and 5, which are devoted to LMISs, LMAISs,
and ILISs.

3.2 Ion emission: the principal mechanisms
and operation modes
Currently, it is generally accepted that at low currents (below
10 mA), the principal mechanism of ion emission in EHD
sources is the field evaporation of ions from the surface of the
working liquid in a strong electric field [80±84]. According to
Arrhenius's law [80, 82], the rate constant of this process can
be written as

K � o exp

�
ÿ Gÿ

���������
e 3E
p

kT

�
; �8�

where o is the ion oscillation frequency (o � 1012ÿ1013 sÿ1

[80, 81]), k is the Boltzmann constant, T is the absolute
temperature, e is the electron charge (in the case of single-
charged ions), G is the energy of activation of ion evapora-
tion, and E is the evaporating electric field strength. The
expression in the radicand describes a decrease in the surface
barrier near the emitter surface due to the Schottky effect [85].
With formula (8), we can easily calculate the ion current
density as

j � eNsK ; �9�

where Ns is the density of atoms on the surface of the emitter
(� 1015 cmÿ2).

For metals, G can be calculated in the thermo-ion cycle
approximation as [80, 81]

G � L� IÿW ; �10�
where L is the energy of sublimation of a neutral atom from
the metal surface, I is the ionization energy of that atom (the
first ionization potential), andW is the energy released as the
liberated electron returns to the metal (it is equal to the
electron work function in the metal ej). We note that
bombarding the emitter with such electrons leads to an
increase in its temperature. In the case of a liquid metal ion
source with gallium, G is conventionally taken to be equal to
0.1 eV, and the evaporating field strength is estimated in the
range of 10±50 V nmÿ1 [80].

A major problem occurring in trying to apply the field
evaporation theory to EHD emitters is the necessity of
ensuring a very small radius of the tip of the emitter in order
to obtain the required electric field strength. The current
density and the space charge magnitude are then very high, as
is the voltage that must be applied to the emitter. This
problem is circumvented, however, if we assume that the
Taylor cone near the apex is deformed, leading to the
appearance of a protrusion from which the ions are being
emitted (Fig. 5). In this way, it is possible to reconcile the
theoretical and experimental voltages on the EHD emitter.

A liquid cone with a protrusion at the apex was simulated
numerically in [86], taking the space charge and the motion of
the liquid in the cone into account. Computing the thermal
mode of such a protrusion 3 nm in diameter [87] with the field
evaporation of ions occurring from its apex confirmed the
validity of the proposedmodel, which overall agrees well with
experimental data.We also note that methods for the analytic
determination of the length and diameter of the protrusion
can be found in [88].

The field evaporation of ions from the surface of a liquid
protrusion at the apex of a Taylor cone is the dominant
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Thermal
evaporation
of neutral
particles

Liquid metal
or ionic liquid
meniscus

Post-ionization

Field
evaporation

5 nm

49.3�

Taylor cone

EHD ion source

Figure 5. Schematic representation of processes occurring at the protru-

sion formed at the apex of a Taylor cone in an EHD emitter with a liquid

metal (alloy) or ionic liquid [31].
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process in themode of low emission currents (less than 10mA).
In the mode of high currents (more than 100 mA), which has
little use in modern FIBs, field ionization of the evaporating
atoms can start and gas discharge can be initiated in a metal
vapor cloud near the apex of the tip. A conjecture wasmade in
[89] that explosive emission can occur from the end of the
liquid metal jet at high currents; in [90], a model of a plasma
cloud was proposed that can hardly be considered justified. A
detailed discussion of these models is outside the scope of this
review, and their critical comparative analysis can be found in
Dudnikov and Shabalin's works [50±53, 91, 92]. As we can see
from Fig. 5, the process of direct field evaporation of ions can
be accompanied with post-ionization immediately after their
breakaway, which leads to the formation of double- and
sometimes of triple-charged ions [93±95].

Simultaneously with ion emission, a characteristic glow
appears in EHD emitters in the form of a bright spot near the
tip of the needle (Fig. 6), with the intensity of the glow rapidly
increasing as the current increases. Spectroscopy investiga-
tions conducted for gallium LMISs have shown [49, 96] that
the glow comes from gallium atoms excited by the ion beam.
The causes of the appearance of high-density metal vapor
near the emission zone remain vague. The conjecture that the
metal atoms evaporate from the lateral surface of the Taylor
cone and are dragged into the strong-field domain near the
emission zone [97, 98] is not entirely justified, because the
density of saturated vapor of gallium is extremely low, and the
drag of the atoms into the strong-field domain becomes
substantial only at the low (nitrogen) temperatures of the tip
[80]. The experiment in [99] showed that heating the emitter
with gallium to 450 �C does not lead to an increase in the
intensity of the glow, although the gallium evaporation rate
strongly increases at that temperature. In our opinion, one of
the causes of the appearance of a gaseous cloud is that, in the
process of the field evaporation of ions, which is manifestly
nonequilibrium, energy can be transferred to the nearest,
surface, atoms, which stimulates their evaporation and
eventually leads to the formation of high-density vapor.
Another possibility could be the quantum (dipole) character
of the glow near the tip of the needle due to time variation of
the electric dipole moment of the evaporated atoms of the
metal in the emission zone in a strong electric field, causing a
spontaneous transition of the system of atoms from the state
with a higher potential energy to a lower-energy state [100].

The main difference between the process of field emission
from ionic liquids and the processes in metals and alloys is
that it is not neutral atoms that are evaporated from the ionic

liquid, but positively or negatively charged ions. Similarly to
electrolyte solutions, field evaporation of ions, which has
been considered in detail in [101, 102], in the case of ionic
liquids in formula (10) is to be used not with the activation
energyG of ion evaporation from ametal surface but with the
change in enthalpyDH��ÿ� in the transition of an ion from the
ionic liquid to the vacuum.

In the literature that we are aware of, no data are available
on the DH��ÿ� values for ionic liquids; processes of field
evaporation of ions from ionic liquids are more complicated
than for aqueous solutions of salts [101]. Under the action
of an electric field, evaporation of neutral ion pairs
f�R���A�ÿgn�n5 2� is possible with their subsequent dissocia-
tion into cations �R�� and anions �A�ÿ. Depending on the
polarity of the accelerating voltage applied to the emitter,
either cations or anions would return to the ionic liquid
surface, initiating its etching, heating, and degradation due
to ion bombardment. Moreover, the evaporated neutral pairs
that are spatially close to the apex of the Taylor cone can
interact with the newly formed cations and anions, resulting
in the formation of complex ions f�R���A�ÿgm�R�� and
f�R���A�ÿgm�A�ÿ, where 14m4 nÿ 1. We note that the
occurrence of molecular ions was observed when using the
melt of lithium metaborate LiBO2 as the working material in
an EHD emitter [54].

Two principal modes of operation of EHD sources must
be singled out. Depending on the specific conductance and
surface tension of theworking liquid, the speed of delivering it
to the apex of the emitter (feed speed) and the electric field
strength of the source can work either in the pure ion emission
mode, producing beams of single- and multiple-charged
atomary and cluster ions, or in the mode of emission of
charged droplets. A mixed mode is also possible, with the
source emitting both ions and charged droplets.

For liquid metals and alloys with the specific conductance
s > 105 S mÿ1 and high surface tension, the first mode is
dominant, and for electrolyte solutions with s < 10ÿ3 S mÿ1,
the characteristic mode is that of the emission of charged
droplets, up to several micrometers in diameter. This mode is
also called the colloid electrospray mode [103±105].

According to their specific conductance s � 0:1±10 S mÿ1

and surface tension g � 0:01ÿ 0:1N mÿ1, ionic liquids are
intermediate between liquid metals and electrolyte solutions,
and therefore ILISs can work in both modes. At low
conductance and high feed speed of the ionic liquid, the
apex of the Taylor cone deforms, leading to the formation
of a thin extended jet (the cone jet) [105, 106] emanating from

a b c

Figure 6.Glow near the EHD emitter tip: (a) with gallium liquid at room temperature, (b) with the HoNi alloy at 800 �C and (c) with the CoNd alloy at

700 �C [2].
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the apex (Fig. 7); the flow of emitted particles contains both
charged and neutral droplets, as well as ions, excited atoms,
and molecular complexes. We note that operation in the
droplet mode is also possible for LMISs, including gallium
ones, for which this mode is undesirable.

Recently, numerical computations of the shape of the
meniscus formed at the apex of the thin tip of a capillary
emitter working with [emim][BF4] ionic liquid were done
in [107]. It was shown that, in the pure ion emission mode,
the meniscus is cone-shaped, although different from the
classical Taylor cone, with the apex half-angle a=2 � 49:3�.

4. Liquid metal ion sources
on pure metals and alloys

Modern EHD ion sources must generate high-intensity
monochromatic beams with stable parameters, ensuring the
ultimate brightness and density of the ion current, form a
sharply focused andmass-separated ion beamwith a specified
mass-to-charge ratio m=z (without impurities of ions of
different masses and or charge states), be simple to fabricate
and operate, and have a long lifetime. Due to their univers-
ality, reliability, high spatial resolution, emission character-
istics, and the duration of sustainable operation, LMAISs are
themost popular (more than 99.99%) sources used inmodern
industrial systems. In the framework of a single review, it is
impossible to discuss all the technological characteristics and
parameters of LMAISs in detail. For a closer acquaintance,
we suggest Refs [2, 7, 26±31, 50, 72, 108], although this list is
by no means exhaustive and can be extended. In this section,
we focus on only those features, understanding which greatly
facilitates selecting sources for their most effective use in
modern FIB systems, given any specific problem in research
or technology.

4.1 Design of liquid metal alloy ion sources
As was noted in Section 3.1, the LMAIS principle of
operation is based on the balance of the electrostatic force
and the force of surface tension of liquid metal [97, 98, 109±
111]. Figure 8 outlines the operation of LMAISs [112]. Placed
in front of the tip of a needle emitter made of a refractory
metal is the extractor electrode with an orifice to output the
formed ion beam. The working material is in the liquid state
due to Joule heating from an electric current flow through the
outputs and the reservoir of the emitter. Owing to the action
of capillary forces, it wets the emitter with a thin layer and

flows to its tip along the lateral surface (Fig. 8a). The
extractor electrode creates a strong electric field near the tip,
andwhen the threshold voltage differenceVth (� 108 V cmÿ1)
is exceeded, the liquid metal surface takes the shape of a cone,
with field evaporation of ions starting from its apex (Fig. 8b).

The use of a transmission electron microscope (TEM)
with 1-MeV electron energy has allowed directly observing a
Taylor cone with the full angle of 90�±100� at the tip of the
needle in the course of the emission process for LMAISs
working on Au, AuSi, AuGe, CoGe, CoNd, Ga, In, Sn, and
Pb [113±116]. Figure 9 shows photographs of the CoNd-
LMAIS needle tip shape during the emission of a 5-mA
current [117] before and after the emission starts.

Various research groups have been improving the LMAIS
design and technology for almost half a century. A detailed
description of the LMAIS fabrication process is available in
fundamental referencematerials and original papers (see, e.g.,
[14, 26, 31]). We want to draw the attention of the reader to
some special issues in LMAIS technology.

In Fig. 10, we show the evolution of LMAIS design [14].
Fabricating thin metal capillaries turned out to be a rather
complicated technological process. With a small diameter of
the capillary, the tip from which the emission mainly occurs

a b

Taylor cone Taylor cone

Ions

Ions

Jet

Figure 7.Operationmode of anEHD source: (a) droplet (jet) mode, (b)mode of pure ion emission. Dotted lines show equipotential lines near the apex of a

Taylor cone [106].
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Figure 8. Schematic image of a working LMAIS [112].
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can travel over the surface of the bulging droplet, which leads
to an increase in the effective size of the emitter and instability
of the emission. The Clampitt source design proved successful
[47], with the emission domain localized on the tip of the
needle protruding through the open end of the capillary and
the melt flowing to the emission zone along the lateral surface
of the needle. Afterwards, various needle designs of EHD
sources were developed (see Fig. 10).

Versions of the LMAIS design in modern industrial
devices are shown in Fig. 11. The fabrication of such sources
consists of three main stages: mechanical assembly or spot
welding, tip formation by electrochemical etching or mechan-
ical polishing, and, in a high vacuum, wetting the emitter by
dipping into a crucible with the melted alloy.

To fabricate a reliable and durable source generating ions
of some specified chemical elements, the following important
questions must be answered first: (1) what is the melting
temperature Tm of the alloy, (2) what chemical compounds
can be used in that alloy to decrease its melting temperature,
(3) is the pressure of saturated vapor at Tm sufficiently low to
avoid thermal evaporation of the alloy, (4) is the content of
the relevant element in the alloy sufficient for its subsequent
use, (5) are chemical reactions possible between the alloy and
the material of the emitter needle at the working temperature
of the source, (6) what is the viscosity of the alloy and can it
efficiently wet the surface of the emitter, (7) what are the
surface tension coefficients and the ionization potentials of
chemical elements in the alloy, (8) can the desirable ions be
separated from the undesirable ones by their mass and charge
state? Most of these question can be answered by studying
basic elements of the theory of alloys [118], the relevant phase
diagrams [119±121], tables of saturated vapor pressures [122±
124], and of surface tension and viscosity coefficients of
chemical elements [125]. The thermodynamic, structural,

a

b

5 mm

5 mm

Figure 9.Formation of a Taylor cone uponCoNd-LMAISEHD emission:

(a) before and (b) after the start of emission. Photographs are taken with a

TEM with the electron energy of 1 MeV [117].
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Figure 11. Design of LMAISs used in modern industrial devices manufactured by different companies: (a) AuGeSi (HZDR, Germany), (b) AuSi

(Raith GmbH, Germany), (c) Ga (Denka, Japan, and Thermo Fisher Scientific, USA), (d) AuDySi (RUB, Germany), (e) Ga (Orsay Physics,

France) [2].
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and diffusion properties of liquid metals are discussed in
detail in [126] in relation to computer simulation methods.

Of special importance in designing LMAISs is the shape of
the emitter tip, because its size and type essentially determine
the emissive and technological features of the source [127,
128]. In capillary emitters, the liquid flows within a relatively
thick capillary, and therefore just a small negative pressure in
the Taylor cone suffices to ensure its supply with the working
liquid in such emitters. But capillary emitters turn out to be
much less stable than needle emitters, because the liquid
column in a capillary often breaks into parts [129]. The
working alloy must not interact chemically with the needle,
which means that a low solubility of this alloy in the material
of the needle and a low solubility of the material of the needle
in the alloy must be ensured simultaneously. Therefore,
depending on the working alloy in an LMAIS, modern needle
emitters are made of wires of various metals (W, Re, Ta, Mo,
Ni, Ti, Fe, NiCr, V, Nb, and Pt), which require dedicated
processing methods, either mechanical or electrochemical.
Mechanical thinning of the needle tip and the production of
grooves are achieved by automated polishing on a diamond
blade. Electrochemical etching of needles made of different
metals is achieved in suitable chemical solutions with different
methods, described in detail in [130].

Etching in the alternate current mode yields rough needles
with grooves about 1 mm in depth extended along the surface,
and etchingwith the use of direct current produces needles with
mirror-smooth surfaces (Fig. 12) [131]. The flowof the liquid to
the Taylor cone proceeds differently in these cases.With rough
needles, liquid flows to the tip along the grooves due to
capillary forces, practically without hydrodynamic impe-
dance. In the vicinity of the reservoir, grooves are filled with
liquid and the pressure in them is equal to zero; near the tip, the
grooves can be almost empty, with the pressure jpj � g=r,
where g is the surface tension coefficient and r is the radius of a
semicylindrical groove. Due to the difference in pressure, the
liquid flows to the tip. It was shown in [51, 52] that the grooves
on a typical needle ensure the flow of the liquid to the Taylor
cone by large margins. Sources with the needle made of porous
tungsten infiltrated with the working material have been
developed for work with even higher currents, up to 800 mA,
and for better flow [132±134]. For a mirror-smooth needle, the
flow rate is strongly bounded. The melted liquid flows under
the action of the so-called `splittering' pressure [135], which
occurs in liquid films below 10 nm in thickness, because the
formation of such films is disadvantageous from the energy
point of view. An exact computation of the flow in that case is
complicated by the absence of data on the splittering pressure
magnitude for metals, but it is obvious that the hydrodynamic
impedance of smooth needlesmust bemuchhigher than that of
grooved needles.

4.2 Review of the existing liquid metal alloy ion sources
The 48 chemicals elements whose ions have been obtained in
LMAISs are shown in red (dark) in the periodic table of
elements in Fig. 13 [2, 136]. A relatively recent addition to
them was furnished by yttrium [137]. The most detailed list of
existing LMAISs is provided in [2] together with numerous
references to the publications of developers and manufac-
turers of these instruments and to the original papers, giving a
detailed technological description for each source and alloy.
As can be seen from the table, researchers and developers are
especially interested in the use of light and heavy metals,
semiconductors, and ferromagnetic and rare-earth elements in
LMAISs. Understandably, gases and radioactive metals are
not suitable for use in LMAISs. The remaining yellow squares
may be filled in the coming decade.

4.2.1 LMISs on low-melting metals. Initially, only the low-
melting metals shown in Table 2 were used as working
material in LMISs [2]. A major drawback of most of these
metals was the high pressure of saturated vapor at the
working temperature, which is typically several tens of
degrees higher than Tm.

2 mm 10 mm

a b c

Figure 12. Needle for LMAISs: (a) mechanically polished rough needle

with helicoidal grooves, (b) rough needle after electrochemical etching,

(c) needle polished by electrochemical etching [131].
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Table 2. LMIS sources on pure metals [2].

Ion
mass

Metal Tm, �C T, �C, at
p�10ÿ5 Pa

Ions in mass spectrum

7 Li 181 260 Li��, Li�1ÿ7

23 Na 98 95 Na�1ÿ11

27 Al 660 745 Al��, Al�1ÿ4

28 Si 1410 1055 Si��, Si�1ÿ8

70 Ga 30 615 Ga�

73 Ge 938 840 Ge�;��,Ge�2ÿ11

85 Rb 39 15 Rb�1ÿ9

115 In 157 525 In�1; 2; 3

119 Sn 232 730 Sn��, Sn�1ÿ7

133 Cs 28 ÿ2 Cs�1ÿ3

197 Au 1064 875 Au�;��, Au�2ÿ5

201 Hg ÿ39 ÿ55
207 Pb 328 375 Pb�1ÿ6, Pb

��
1; 3; 5

209 Bi 271 360 Bi�;��;���, Bi��3; 5; 7; 9, Bi
�
2ÿ7

238 U 1135 U�,U�2 ,U
4�
3 , U2�,U3�

1228 P Mazarov, V G Dudnikov, A B Tolstoguzov Physics ±Uspekhi 63 (12)



At the same time, the main advantage is that LMISs can
work without a mass separator, although an analysis of mass
spectra (see, e.g., data for a gold LMIS presented in Fig. 14)
reveals the existence of double-charged and cluster ions in the
generated ion beam. The presence of such ions, which are not
chemical impurities, considerably worsens the beam shape
and increases its diameter. We note that a larger fraction of
clusters (up to 50% of the general composition) has been
found in LMISs ofmost of the other, nonlow-melting, metals.
The `purest' LMIS, having only single-charged atomic ions in
its composition, is the galliumLMIS. But even in this case, the
use of a high-resolution high-sensitivity time-of-flight mass
spectrometer has allowed detecting cluster ions containing up
to 25 gallium atoms [138±140].

Practical use in modern technologies is enjoyed by LMISs
with only four puremetals: Ga [141, 142], In [20, 143], Bi [144±
146] and, partway, Au [147, 148]. The other sources are
mainly of academic interest and have insignificant technolo-
gical value because of the difficulty in fabrication and/or a
short lifetime. The most popular LMIS with an ideal history
of practical use is the gallium LMIS, which has a low Tm,
exhibits an absence of undesired ions in the generated beam,
and stands out from other LMISs due to its high stability,
efficiency, and extended lifetime, almost unaffected by the
evaporation of gallium.

As an example of a domestic LMIS design, Fig. 15 shows a
gallium ion gun built in the late 1980s at the Nauchno-
Issledovatel'skii Tekhnologicheskii Institut (NITI, Ryazan)
[141, 142].

4.2.2 LMAISs based on two-component alloys. The desire to
extend the variety of generated ions has resulted in the
fabrication of LMAISs. The normal operation of such a
source requires that the alloy with a doping element should
be in themelted state at a sufficiently low temperature, wet the
needle well, and still have a sufficiently low pressure of
saturated vapor. This set of requirements complicates
obtaining ions of doping elements [28, 149± 151]. Used most
frequently are eutectic alloys based on noble metals such as
gold, platinum, and palladium. The necessary second ele-
ment, which is the rationale behind the LMAIS, is to be
chosen depending on the problem at hand.

Eutectic amorphous metals (metallic glasses) Au82Si18
[152±157] and Au73Ge27 [108, 152, 158, 159] were among the

first alloys used in LMAISs and are still being used. These
materials have an excellent track record due to their low
melting temperature Tm (about 365 �C), low pressure of
saturated vapor, good wettability of the tungsten emitter,
and relative simplicity of fabrication. Perhaps a single
significant drawback of the Au82Si18 alloy is the anomalous
behavior of its surface tension, which increases at tempera-
tures up to approximately 800 �C [2]. In Fig. 16, we show the
dependence of the extractor electrode voltage on the LMAIS
temperature [158]. The increasing part of the curve, corre-
sponding to low-entropy states of the system, is due to crystal
order within the first several surface layers of the liquid [160].
But at sufficiently high temperatures, this residual order is
destroyed and surface tension returns to the standard mono-
tonic decrease with temperature, thereby increasing the ion
emission of the source. As regards the Au73Ge27 alloy, its
surface tension decreases as the temperature increases, as is
the case with the vast majority of known metals and alloys.
The main drawback of that alloy is that, at temperatures
above 650 �C, a chemical reaction of germanium with the
tungsten emitter begins, leading to rapid destruction of the
source. This behavior of both LMAISs must be taken into
account in their fabrication and in working with them.

A detailed description of other technologically important
LMAISs with two-component alloys is available in review [2]
and the references therein. Fabricating sources with such alloys
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typically facesmajor difficulties. For example, phosphorus and
antimony start sublimating prior to melting, and the melts of
aluminum actively interact with almost all materials and
rapidly dissolve the details of the sources, whereas boron and
carbon compounds are too hard to melt. Pure carbon in the
form of graphite or other allotropic modifications has a very
high melting temperature Tm, above 3500

�C. It is possible to
substantially decrease Tm by using carbon in alloys with rare-
earthmetals. In [161], the alloy of carbonwith cerium,C20Ce80,
was used to generate carbon ions. Notably, the mass spectrum
of the source with this alloy, in addition to atomic and cluster
ions of cerium and carbon, also exhibited aluminum ions in
numbers sufficient for practical use; these ions diffused into the
alloy from the ceramic melting pot.

4.2.3 LMAISs based on multicomponent alloys. If the desired
ions cannot be produced with a pure metal or a two-
component alloy, three-component and occasionally multi-
component alloys are used. State diagrams for ternary alloys
are typically constructed graphically with the help of an
equilateral (concentration) triangle, using binary phase
diagrams [162]. Thermodynamic calculations of three-com-
ponent alloys are given in [163] for AuSiDy as an example.
The easiest way to create new alloys is to use well-studied
alloys with the minor addition of the required chemical
elements. For example, by adding a small amount of other
elements to Au82Si18 and Au73Ge27, a number of three- and
four-component alloys have been obtained, which were then
successfully used in LMAISs [2, 136]. If the proportion of
such impurities is no greater than 5±10 at.%, the value of Tm

remains practically unchanged for the resultant alloy. AuSi
eutetics were used to produce LMAISs with rare-earth metals
Y, La, Ce, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, and Tm, and also
Li, Be, Zn, and Sb [2, 136, 137].

In Fig. 17, we show the mass spectra of rare-earth metals
Y, Er, and Gd, emitted from an alloy based on the Au82Si18

eutetics [137]. Interestingly, the rare-earth metals, unlike
other chemical elements, exhibit conspicuous peaks of triple-
charged ions, thereby extending the energy characteristics of
the initial ion beam. Based on the AuGe eutetics, LMAISs
with the ferromagnetic elements V, Cr,Mn, Fe, Co, andNi, as
well as B and Ag, have been obtained [2, 136].

Recently, interest has been growing in using universal
LMAISs that allow obtaining ions with a wider range of
masses [164]. In the ideal case, a universal LMAIS must
generate ions of all chemical elements and their clusters with
different charge states. But in that case, besides the fabrica-
tion hurdles described in Section 4.1, it is impossible to
separate the ions, and ion currents turn out to be so low that
their use would be of no practical merit. Therefore, we
understand universal LMAISs as sources that can generate
light, medium-mass, and heavy ions in sufficient numbers,
and can also work reliably and sustainably for no less than
1000 h. In Table 3, we list universal LMAISs with the best
track record.

Following the refusal of many researchers to use high-
fidelity Au70Be15Si15-LMAISs due to the high toxic level of
beryllium, while in the range of light masses Au77Ge14Si9-
LMAISs turned out to be limited to silicon ions, good
prospects are envisaged for the GaBiLi-LMAIS [165, 166].
Lithium is the lightest and bismuth the heaviest nonradio-
active metal in the periodic table. Besides heavy clusters, such
an EHD source is capable of generating ions in the range of 6±
1881 amu (Fig. 18a), and the ions can be reliably separated in
a standard ion column and then used for submicrometer
lithography and nanoanalysis.

The use of ions of differentmasses in a single source with a
time interval of less than one minute for switching over
between them has a number of advantages. For example, at
the accelerating voltage of 40 kV, the sputter yield on gold
with lithium ions is Y � 0:3, which is 100 times lower than
with bismuth ions (Fig. 18b). Given the mass relations
270mLi � 27mGa � 9mBi � 3mBi3 � mBi9 in that source and
nonlinear effects of sputtering with heavy clusters of bismuth,
we can expect a 20-fold increase in the sputter yield with
double-charged bismuth clusters of nine atoms. Simulta-
neously, under bombardment of the surface, light ions
penetrate into the substrate much more deeply than heavy
ions and clusters do. In Fig. 19, we show the results of
simulations with the help of the TRIM software for the
penetration depth of Li, Ga, Bi, and Bi3 ions with an energy
of 35 keV into an Si substrate [168]. In turn, light ions
considerably increase the yield of secondary electrons, have
practically no destructing effect on the surface, and are
actively used in ion microscopy, where they allow attaining
the optimum focusing of the beam [164].

Other multicomponent LMAISs are broadly represented
and described in [2] and in the references therein. Very
recently, detailed investigations were performed on the
fabrication and application of different alloys for the
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Table 3.Universal LMAIS [164].

LMAIS Tm,
�C

Ions in mass spectrum Mass range,
amu

Ga35Bi60Li5 222 6Li�; 7Li�;Bi�;��;Bi��3;5;7;9;Bi
�
2ÿ7;Ga� 6 ë 1881

Au70Be15Si15 365 Be�;��; Si�;��;Au�;��;Au�2ÿ5 9 ë 985

Au77Ge14Si9 365 Si�;��;Au�;��;Au�2ÿ5;Ge�;�� 28 ë 985
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generation of boron ions in variously designed sources [169].
The Co31Nd64B5-LMAIS turned out to be the most suitable
and reliable; its ion beam mass spectrum is shown in Fig. 20,
where we can see that the spectrum contains both single-
charged and double-charged ions of all elements entering the
alloy composition, including boron isotopes.

4.2.4 Cluster sources. Cluster ions are typically understood as
ions of heavy elements with a possibly increased content of
atoms in the cluster. As shown above, all the LMAISs apart
from atomic ions emit clusters [170], but only those sources
that allow producing ion beamswith a high content of clusters
are of interest. For example, the proportion of clusters in a
Ga-LMIS is considerably less than 1% [138, 139], but in the

Bi-LMIS, which is the most desirable source from this point
of view, their proportion reaches 50% [144±146].

4.2.5 LMAISs for emission of electrons.Under reversal of the
accelerating voltage polarity, emission of electrons from the
apex of a frozen Taylor cone have been observed for some
LMAISs [171±178]. Unfortunately, even though this mode is
certainly of interest, it is unstable and short-lived, which does
not allow considering LMAISs as sources of electrons.

4.3 Main emission and ion-optical parameters
of liquid metal alloy ion sources
4.3.1 Current±voltage curve.One of the main indicators of the
performance of any LMAIS is its current±voltage curve (IV),
which expresses the functional dependence of the ion emission
current I on the extracting voltage U applied to the extractor
electrode. The correct interpretation of an IV unambiguously
allows judging the suitability and reliability of an LMAIS in
all of its operation modes, both after the fabrication of a
source and after its long-term use. This question has always
been given special attention in experimental and theoretic
studies [2, 10, 27, 72, 179, 180].

According to the generally accepted Mayer theoretical
model, the ion emission current for a threshold potential
difference Umin is given by [179]

I � 3p

�����
2e

m

r
rg cos a����������
Umin

p
�

U

Umin
ÿ 1

�
: �11�

It follows from formulas (7) and (11) that, besides voltage U
on the extractor electrode, the emission current also depends
on atomic mass m of the generated ions, surface tension g of
the working liquid, emitter rounding radius r, and Taylor

10ÿ1

10ÿ2

10ÿ3

101 102 m=z

10ÿ1

10ÿ2

10ÿ3

10ÿ4

200 400

Bi�

Bi�

Bi��

GaBi��

Bi��3
Bi�3

Bi�4

Li�6

Li�7 Ga�

Bi��9
Bi�5

Bi�2

Bi��5
Bi��7

600 800 1000

Io
n
cu
rr
en
t,
p
A

a
102

101

100

10ÿ1

0 20 40 60 80

S
p
u
tt
er

yi
el
d
o
n
go

ld

Bi

b

Ga

Li

40 keV: YBi � 2YGa � 100YLi

Energy, keV

Figure 18. (a) Ga35Bi60Li5-LMAIS mass spectrum [164], (b) sputter yield on gold with Li, Ga, and Bi ions at the energies used in FIB systems [167].

0

S
i

2000
Penetration depth, �A

7Li (4 200 nm)
a

S
i

0 2000
Penetration depth, �A

Ga (35 nm)
b

S
i

0 2000
Penetration depth, �A

Bi (25 nm)
c

S
i

0 2000
Penetration depth, �A

Bi3 (12 nm)
d

Figure 19. Computation with the TRIM software of the penetration depth of Li, Ga, Bi, and Bi3 ions with the energy of 35 keV in an Si substrate [168].

10ÿ1

10ÿ2

100

101 102

10ÿ1

B�

B��10

B��11

B�10

B�11

Co��
Co�

Nd��

Nd�10ÿ2

5 6 7 8 9 10 11
m=z

Io
n
cu
rr
en
t,
n
A

Figure 20. Co31Nd64B5-LMAIS mass spectrum [169].

December 2020 Electrohydrodynamic emitters of ion beams 1231



cone angle a. Ion emission starts when the extracting voltage
threshold is exceeded. As shown in Section 4.1, capillary
LMAISs are not particularly interesting for industrial
applications (commercialization) because of the unstable
flow of the liquid along the capillary to the Taylor cone, and
we do not therefore discuss them here. The character and
slope of the IV of a needle LMAIS depends on the distance
between the source and the extractor electrode, on the
diameter of the aperture in the extractor, on the material of
the emitter, and hydrodynamic impedance, which in turn
depend on the roughness of the source needle (see Fig. 12). On
a rough surface, the liquid film is thicker, which facilitates its
flowing to the tip.

Figure 21a shows the IVs of an AuGeSi-LMAIS with
rough and smooth needles. For smooth needles, the impe-
dance strongly limits the flowing of the liquid to the needle
tip, but for rough needles, because of capillary forces in the
grooves, the impedance is so small that it can be disregarded,
together with the second term in formula (5). Therefore, the
IV slope is gentler for smooth needles. Additional factors that
can change the impedance are the angle and radius of the tip
(Fig. 21b) and the diameter of the needle base. The effect of
the geometry of the electrodes on LMAIS IVs was studied in
detail in [127].

If emission starts jump-wise at voltage U1 [181], then it
disappears at lower voltage U2 (Fig. 21c). The hysteresis at
U2 < U < U1 is explained by the fact that two stable liquid
states on the tip coexist in this range: one in the form of a film
and the other in the form of a Taylor cone. Formation of the
Taylor cone requires a higher voltage than that needed for

maintaining it. Therefore, the optimum working emission
current is assumed to be the one at which the extracting
voltage is greater than U1. The larger the radius of the tip
rounding, the diameter of the needle base, and the angle at its
tip, the greater the magnitude of hysteresis. A substantial
effect on the IV form is exerted by the physical±chemical
properties the alloys, such as density, surface tension, surface
free energy, sublimation heat, and the working temperature.
In Fig. 21d, we show LMAIS IVs with different alloys of
lithium.

4.3.2 Source lifetime. From the practical point of view, an
important characteristic of an LMAIS is its actual lifetime,
measured in mA h. The lifetime duration is directly propor-
tional to the amount of material in the source and inversely
proportional to the rate of its consumption. Orloff's guide-
lines [28, p. 63] give consumption data for some types of
sources. For example, for Ga-LMISs, the material consump-
tion is 383 mAhmgÿ1, and for AuSi-LMAISs, 169 mAhmgÿ1.

Disregarding container-type sources and sources for
electrostatic micro-jet engines, which can contain several tens
of grams of working material, we discuss only the design of
sources used in FIBs. They can be conventionally divided into
two types: (1) Denka/FEI (up to 15 mg of working material),
used by the absolute majority of manufacturers, including
Thermo Fisher Scientific Inc., Carl Zeiss AG, TESCAN,
JEOL Ltd., and IONTOF, and (2) Raith GmbH (up to
100 mg of working material). The lifetime of first-type
sources is �2ÿ6� � 103 mA h and is about an order of
magnitude less than for sources of the second type.
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The first threshold is the minimum guaranteed by the
manufacturer. The absolute duration of the source lifetime
expressed in hours can be increased by ensuring operation at a
minimal temperature and low emission currents (not greater
than 2 mA) and also by protecting the reservoir and the emitter
from possible contaminations, because adsorbed material
obstructs the flow of the liquid metal. In the high-current
mode, local evaporation from the needle and microdroplet
emission occur, the yield of clusters increases, and oscillations
of the ion current occur, which considerably increases the
liquid metal consumption [27, 28, 89, 109, 182]. The rate of
consumption of the LMAIS working material is very difficult
to determine experimentally. The lifetime can be estimated by
comparative weighing of the source immediately after
fabrication and after its has been worn out, keeping track
of its working modes and conditions.

Figure 22, based on data in [183, 184], shows actual
consumption of the working metal in a Ga-LMIS depending
on the emission current and its calculated estimate when all
the emitted ions were single-charged and atomic.

After long use of a source, the working material can be
contaminated or worn out at the end of the needle, thereby
displacing the Taylor cone sideways. Such a displacement
considerably changes the working mode and the character-
istics of the source, eventually leading to its unstable opera-
tion, up to the total termination of emission. The reversed
inflow of material and the wettability of the needle tip can be
achieved by either temporarily overheating the source or by
increasing the emission current to the maximum possible
value (rarely above 100 mA), or, indeed, by combining both
regimes. Metal oxides typically have a higher Tm. In the case
of gallium, heating to 750 �Cat the tip of the needle is required
for cleaning it from contamination. Because the increased
pressure of saturated gallium vapor at this temperature can
lead to its virtually instantaneous evaporation, the heating
process must be strictly controlled. Because of a relatively
massive LMAIS design, the temperature difference between
the tip of the needle and the reservoir of working material
can attain several tens of degrees, which leads to increased
consumption of material and hence to shortening the life of
the source. On average, over the entire time of operation of a

source, the proportion of such nonscheduled losses can
amount to half the working material mass. It is therefore
important to minimize the number of times the source is
heated. In addition, when overheating the source, the
evaporated material is deposited on the nearby units of the
ion column, which can lead to short-circuiting. To eliminate
contamination of the liquid metal, it is recommended to
maintain the pressure in the source chamber below
5� 10ÿ6 Pa and prevent the extractor electrode material
sputtered by the ion beam from entering the alloy.
Accordingly, if an LMAIS is not used, it should be stored
in high vacuum or in an atmosphere of dry nitrogen or an
inert gas.

4.3.3 LMAIS stability. Temporal stability is a factor deter-
mining LMAIS performance. The physical foundations of
LMAIS stability, which must satisfy very high demands, have
been actively investigated and discussed in many papers [2,
26±31, 128, 185±188]. The minimal emission current (below
which the source shuts down due to the loss of dynamic
stability of the liquid±vacuum interface) has been determined
for many sources and lies in the range of � 0:1ÿ1 mA [189±
191]. It is assumed that, depending on the magnitude of the
emission current, LMAISs have several EHD stabilitymodes,
such that the ranges defining them vary little for different
alloys and variations in the emitter design. We select five
ranges, which in our opinion characterize the behavior of the
majority of LMAISs most precisely: (1) low-current instabil-
ity mode, in which the ion emission is either absent or
terminates periodically (0±1 mA), (2) stable mode in ideal
conditions (1±2 mA), (3) maximum stability mode (2±15 mA),
(4) stable high-current mode (15±40 mA), and (5) unstable
high-current mode (40±200 mA). Emission with ultra-high
currents, in excess of 200 mA, is possible, in principle, but has
been poorly investigated.

In addition to the restrictions imposed on the stability of
an EHD source by the emission processes in and of them-
selves, a very substantial effect is exerted by the following
processes and factors: type of needle; working temperature;
contamination of the source with material oversputtering
from the extractor electrode and other surfaces; vacuum
conditions in the working chamber; high-speed electrons
bombarding the emitter; sustainability and stability of high-
voltage power sources; existence of a suppressor electrode in
the extraction block; computer software controlling the
operation of a source. By taking all these factors into
account, a high stability of even the most difficult and
`finicky' sources can be ensured. In Fig. 23, we show the
time dependence of the emission current of a GaBiLi-LMAIS
at the accelerating voltage of 40 kV and the lithium current on
the target for 16 h of uninterrupted work. The emission
current was measured every second, and the lithium ion
current on the target was measured every 10 s.

4.3.4 Source brightness and angular intensity of the ion current.
Other very important and mutually complementary charac-
teristics setting the limits to ion beam focusing in EHD
sources are the angular intensity JO � I=�pa2� (ion current
within a single solid angle) and the source brightness Br,
which is generally understood as the ion current emitted from
a single area into a single solid angle:

Br � JO
�p=4�d 2
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where I is the ion emission current, a is the angle, dq is the
virtual (imaginary) size of the source,O1 is the solid angle, and
A1 is the transverse cross section of the beam at the exit from
the source.

To compare different sources independently of the ion
accelerating voltageU, the notion of normalized brightness is
introduced as

b1 �
d2I

dO1 dA1U
: �13�

If only conservative forces are present in the system, then,
in accordance with the Liouville theorem, the brightness b2 at
the focused spot is equal to the brightness of the source:

b1 �
d2I

dO1 dA1U
� d2I

dO2 dA2U
� b2 ; �14�

where the subscript 2 refers to the focused beam.
It has been shown experimentally that the angular

divergence of the beam increases as the emission current and
the mass of the emitted particles increase, and JO and Br

decrease as the mass increases asm 1=2. LMAIS brightness has
been estimated and measured by many researchers, and it is
currently regarded as determined sufficiently precisely, at
least for Ga-LMISs [192, 193].

Under field evaporation, energy spread of ions is
determined by quantum effects occurring when the electrons
break away, and amounts to DE � 4:5 eV [26]. Knowing the
emission current density of gallium ions jo�108 A cmÿ2, a
typical virtual source size of the order of 45 nm, and its
emission area A1 � 1:6� 10ÿ11 cm2, we obtain the normal-
ized LMIS brightness of the order of 106 A mÿ2 srÿ1 Vÿ1 for
an accelerating voltage of 30±40 kV and emission current of
1±5 mA.

By the end of the 20th century, LMAISs had the highest
brightness among all the ion sources in use. Table 1 lists
modern highest-brightness ion sources. Only with the appear-
ance of GFIS and MOTIS sources at the turn of the century
did LMAISs experience real competition. We note, never-
theless, that GFISs are essentially limited by the magnitude
and stability of the current, and MOTISs have not yet found
application due to their complex design and control. In
addition, LMAISs extend the total scope of GFISs and
MOTISs severalfold as regards the choice of ions [2].

4.3.5 Accelerating voltage and the total ion current. As shown
in Section 2.2, a decisive role in forming and optimizing an ion
beam is played by the ion column design and the choice of the
ion source. In what follows, we discuss ion-optical LMAIS
parameters that can substantially restrict the focusing and the
diameter d of the ion beam. These include the accelerating
voltage and the total ion current, the virtual size of the source,
and energy spread of the ions. Coulomb repulsion forces
acting between ions strongly deflect their trajectories from the
optical axis, producing a divergent ion beam. The ions are
accelerated to the final energy in the gap between the
extractor electrode and the first electrode of the condensor
lens. Passing through the column, a major part of the ion
beam (90±100% of the ion current) is lost on the intermediate
electrodes and apertures. In the best-case scenario, industrial
FIBs ensure a current of the order of 50±100 nA at the exit
from the column at the accelerating voltage of 30±40 kV and
emission current of 1±10 mA. Using the maximum possible
energies offers several advantages: better focusing due to
reduced chromatic aberration (Section 3), a higher sputter
yield (Section 6), and more current through the column
(Fig. 24). The most important conditions for optimizing ion-
optical systems are the exact positioning of the emitter on
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the optical axis and the possibility of ion emission strictly
from the tip of the needle. Displacement of the emission
point considerably changes the ion-optical properties in the
extractor zone, which itself is a weak immersion lens, and
the ion column overall, which leads to degradation of the
beam shape and a loss of total ion current. In many
industrial systems, this effect is partially eliminated by
introducing a suppressor electrode [194], but in systems
without it, changes in ion-optical properties are practically
inevitable.

4.3.6 Virtual (imaginary) size of the source. In an ideal ion
column, in the total absence of all aberration and astigmatism
(which is only possible hypothetically), the minimal size of the
ion beam in the focus plane is directly proportional to the size
of the source d �Mdq, where M is the optical magnification
of the ion column. As the aperture angle of the beam
decreases, chromatic aberration becomes less and less
apparent, and the virtual LMAIS size starts playing a role.
The LMAIS virtual source size (the size of the disk from
which the ions are emitted) depends on the mass of the
original material, dq� �m 1=2I�0:45 [195], and amounts to 20±
50 nm, which is 5 to 10 times greater than the physical size of
the emission spot. Possible reasons are the sidewaysmotion of
the liquid jet and the effect of space charge, which changes the
trajectories of the ions. Backtracking the trajectories outside
the strong Coulomb interaction domain near the source
shows that ions are emitted from a virtual source with a
diameter much greater than that of the physical source.
Theoretical discussions on the displacement of ion trajec-
tories in LMAISs and numerical model results that are
consistent with experimental data are given in [196, 197].
Measurements of the virtual size of the source were conducted
in [198], with the virtual size taken to be equal to the diameter
at which the source brightness decreases two fold compared
with the brightness in the center. Numerical computations of
the virtual size magnification were performed in [196], and
analytic calculations were done in [199], with the analytic
result differing from numerical ones and showing a much
better agreement with experiment. Figure 25 shows the results
of estimating the virtual source size based on the theory of
trajectory displacements [195] for ions of different masses at
the ion emission current I � 1 mA.

Quite significant also is the focused beam profile on the
target. Measurements made by the authors of [200±205] show
that the ion current density distribution in the beam remains
Gaussian up to intensities three orders of magnitude lower
than the maximum, but after that the intensity decreases
much more slowly with the radius. This effect can be
explained by the mutually repellent interaction of ions in the
beam [196] and their scattering on atoms and molecules of
residual gas [206], and also by chromatic aberrations of
cylindrical lenses for ions from the tails of the energy
distribution function [200]. It was hypothesized in [205] that,
as the beam intensity decreases, chromatic aberration starts
playing a role, and only at very small intensities does the
scattering on residual gas dominate. In Fig. 26, we show the
ion current density distribution on the target [207].

4.3.7 Energy spread. Still, when ion beams are formed in
LMAISs, the main cause of the decrease in brightness is the
chromatic aberration of electron lenses. Its magnitude is
proportional to the energy spread DE (formula (2)), which is
equal to the work spent to create an ion on the surface of a
solid body or a liquid in an electric field. Under field
evaporation, DE increases owing to the interaction of ions in
a dense beam, which stimulates heating along the direction of
the longitudinal degree of freedom due to the potential energy
of inter-ion interaction [199], and cooling along transverse
degrees of freedom as a result of ion collisions (the Boersch
effect [208]), thereby decreasing the original brightness of the
beam.When focusing a beam of ions with such energy spread,
electrostatic lenses distort its shape, such that ions in the
center and at the edges of the focused beam have different
energies. As shown in Fig. 27 the greater DE is the wider the
chromatic aberration spot.

Experimental studies and theoretical justification of the
energy spread DE of ions in LMAISs is the subject of a large
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number of studies [83, 87, 209±215]. We wish to draw the
reader's attention to the dependence of DE on the emission
ion current I, the ion massm, and the LMAIS temperature T.
These dependences play a decisive role in selecting the
working alloy and optimizing working conditions for a
source with the aim to decrease chromatic aberration and
the ion beam diameter [199, 214]:

DE / T 1=2I 2=3m 1=3 : �15�

The temperature dependence of DE has been studied for
various LMAISs [99, 214±217]. The working temperature
typically exceeds the melting temperature of the alloy by 10±
100 �C, and its level is insignificant in the energy equivalent.
The dependence of DE on I is also studied well [83, 209, 212];
an example of a gallium LMIS at room temperature is shown
in Fig. 28a [212]. We can see that, at small currents, energy
spread stops decreasing, which is consistent with the con-
jecture of a minimal ion current necessary for maintaining
stable emission. The dependence ofDE onm is based on long-
term experimental investigations of different sources by
Bischoff's group in Dresden [2, 218]; the results are shown in
a single plot in Fig. 28b. The experimental installation and the
method of measurement are described in detail in [108]. In
addition to atomic ions, DE was also measured for some
doubly charged ions, and, consistently with the data of other
authors [219, 220], it was shown that

DE �m���
2

< DE �m�� < DE �m��� : �16�

Thus, at the same accelerating voltage, chromatic aberra-
tion for double-charged ions is less than that for single-
charged ones. The dependence of DE on m for clusters has a
linear character, and therefore focusing heavier cluster ions is
fraught with considerable complications. For example, if a
beam of lithium ions from an LMAIS can be focused on a
spot 2 nm in radius, the radius of a beam of bismuth clusters
with five atoms already exceeds 100 nm [164].

5. Ion sources
with room temperature ionic liquids

As already noted in Section 1.2, ionic liquids consist of
organic cations �R�� and organic or inorganic anions �A�ÿ.
In accordance with modern theoretical and experimental

ideas (see, e.g., [24, 221, 222] and references therein), ionic
liquids are complicated nanostructured fluids consisting of
polar and nonpolar domains with ordered structures:
domains, ion pairs, quasimolecular packings, and associates.
In review [60], the sources of ions based on ionic liquids were
called electrolytic. In our opinion, this is somewhat of a
misnomer, because, in the general case, electrolytes include
materials that conduct electric current due to dissociation into
ions in a melt or solution (translated from the Greek,
electrolyte literally means `decomposable by electricity'),
whereas ionic liquids can exhibit their ionic nature without
electric current running through them.

More than ten thousand different ionic liquids are
currently known, and the successful synthesis of new
compounds is underway [223]. Many of them are suitable
for generating ion beams, of both positive and negative
polarity, with different masses, including in excess of
5000 amu. At present, the ionic liquid most frequently used
in ILISs is EMI-BF4, whose composition involves imidazo-
liumÐa cation of imidazol, which is an organic compound
from the class of heterocycles. This liquid also bears the
notation [emim][BF4] (the polarity of the cation or the anion
charge usually being omitted) or [C2mim][BF4]. Information
on other ionic liquids that are also used for generating ion
beams can be found in [60, 61].

We note that, in view of their ionic nature, ionic liquids
have an extremely low pressure of saturated vapors; this
allows using them even in ultra-high vacuum. They remain
liquids in a wide temperature range, including at room
temperature, have high thermal stability, do not deflagrate,
and are low-toxic; many of them are inert to air and water. By
their exterior, ionic liquids are colorless or faintly yellowish,
which is due to a small amount of impurities. Presently,
different ionic liquids pure at a 99.5% level or higher are
produced by many companies, for example, Merck (Ger-
many).

In many ILISs (see, e.g., [77, 224]) working in the pure
ion mode, the emitters are needle-shaped electrodes made of
W-wires designed for industrial FIB systems. Such an emitter
is shown in Fig. 4b. In principle, most of the emitters
developed for LMISs and LMAISs (see Figs 10 and 11) are
suitable for ILISs, the only difference being that for ILISs
there is no need to heat and melt the working material.

Ion beams of positive and negative polarity generated in
ILISs mainly consist of cations �R�� and anions �A�ÿ, and also
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Figure 28. (a) Dependence of the energy spread width (FWHM) for a gallium LMIS on the emission current at room temperature [212], (b) dependence of

energy spread of singly and doubly charged atomic and cluster ions with the emission current 15 mA on the ion mass [2, 218].
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cluster ions f�R���A�ÿgm�R�� and f�R���A�ÿgm�A�ÿ, where
m � 1; the intensity of cluster ions is typically lower than that
of cations and anions. However, this rule is not valid for all
ionic liquids. In [225], for example, a source with a W-emitter
was used to obtain the ion current with [emim][Beti], whose
specific conductance (0.34 S mÿ1) is lower than that of
[emim]�BF4� (1.3 S mÿ1). The anion �Beti�ÿ��C2F5SO2�2Nÿ
with the molecular mass 380.1 amu is similar to the anion
�Tf2N�. Time-of-flight analysis has shown that, among the
positive ions emitted by a source with the ionic liquid
[emim][Beti], besides the cation �emim��, there were cluster
ions f�emim��Beti�gm�emim�� with the maximum value m � 4
(molecular mass 2076 amu). The intensity of cluster ions
with m � 1 was higher than the intensity of cations. For
negatively charged ions f�emim��Beti�gm�Beti�ÿ, the maxi-
mum value m � 3 was obtained (molecular mass 1854 amu),
but the intensity of emission of �Beti�ÿ anions was higher
than that for negative cluster ions. In view of such a variety
of ions of both polarities, ILIS columns must necessarily be
equipped with mass separators for ion beams, for example,
Wien filters.

It was shown in [226] that, in the course of emission of
a needle emitter wetted with the ionic liquid �emim��BF4�,
this liquid undergoes degradation due to electrochemical
reactions. As a result, the ion current decreases, and the
operation of the source becomes unstable. The reason is
that at the interface with a metal electrode, any ion liquid
experiences a change in composition as a result of
depletion in ions, which leads to the formation of a
double electric layer preventing the displacement of ions
inside the ionic liquid and causing rapid destruction of
the tapered part of the emitter. A proposal to eliminate
this effect consisted of alternating the polarity of the
extracting voltage on the emitter at a frequency of 1 Hz.
Later, in [227], a dedicated distal (peripheral) electrode
fed with the accelerating voltage was used to suppress
electrochemical reactions.

Besides ILISs with standard needle emitters, which are in
use in FIB systems, original capillary ion sources have been
constructed and tested (see, e.g., [228±230]). It was shown in
these studies that, for the ionic liquid �emim��BF4�, depending
on the polarity of the accelerating voltage, the ion beam
composition is dominated by cations or anions with an
insignificant contribution of cluster ions with m � 1 and
products of the ionic liquid decomposition with mass
numbers in the range of 20±40 amu. On the contrary, for
�bmim��PF6�, which has a lower specific electrical conductiv-
ity and higher dynamic viscosity than �emim��BF4�, the cluster
ions f�bmim��PF6�g�bmim�� and f�bmim��PF6�g�PF6�ÿ were
dominant. The highest ion current densities at the best
temporal stability of the beams were achieved for emitters
made of graphite, which, due to the high wettability by the
ionic liquid, ensured its stable supply to the apex of the Taylor
cone. In addition, graphite is the most chemically resistant
material among those used for fabricating emitters in that
study.

The idea of combining in ILISs the use of a distal electrode
and a porous tapered emitter, which simultaneously plays the
role of a container and a system of ionic liquid supply, was
realized in [231, 232]. Figure 29a schematically shows an ion
source whose main parts are the needle-shaped carbon
emitter located in the upper part of the electrode made of a
high-porosity resorcinol-formaldehyde xerogel, a distal elec-
trode, an insulating insertion made of fiberglass, and a

cylindrical reservoir made of teflon (fluoropolymer-4). The
distal electrode was also made of xerogel, and the contact
electrode through which the accelerating potential is applied
to the source was platinum. At the emitter apex (Fig. 29b), the
needle was originally sharpenedmechanically [231], and later,
in [232], with an excimer laser, which allowed a smaller
rounding radius (� 10 mm) with lower roughness of the
needle surface. The ionic liquid �emim��BF4� was used as the
working material in that source. The threshold potential at
which ion emission starts was 1.6±1.65 kV, and the emission
current was 0.45±0.55 mA.

To summarize the information on ILISs with needle
emitters and distal electrodes working in the pure ion
mode, we can state that, with the use of different ionic
liquids, these sources are capable of generating a stable ion
current of either polarity in the range from tens of
nanoamperes to several microamperes at the accelerating
voltage of several kilovolts in the course of hundreds of
hours without noticeable degradation of the ionic liquid or
destruction of the emitter tip. The ion beam, depending on
the polarity, mainly consists of cations or anions, but it is
also possible to obtain sufficiently intense cluster ions of a
heavier mass (>1000 amu). The relaxation time of the ionic
liquid, i.e., the time to attain the ready state after applying
the accelerating voltage, is estimated in the range of 0.05±
0.1 ns. The electric field strength at which ion emission starts
from the apex of the Taylor cone is about 1 V nmÿ1 at an
emission zone radius of the order of 10 nm. The brightness of
needle ILISs is comparable to that of gallium LMISs, and
energy spread of the emitted ions in duly selected modes of
operation does not exceed 10 eV (see also the data on ILISs
in Table 1).

Outside the scope of this section are ILISs working in the
droplet (jet) mode (see Fig. 7). They are capillary-type colloid
(electrospray) sources, capable of generating charged and
neutral droplets of complex composition with a mass up to
108 amu and a mass-to-charge ratio of more than 105 at the
mean diameter of the droplets of 30±40 nm (see, e.g., [233,
234] and the references therein). Experiments have shown
[235] that electrospray sources can be useful in analyzing
complex biological objects using the SIMS technique, because
the use of charged droplets of ionic liquids helps preserve the
original molecular structure of the ions emitted from the
surface of the objects under study. However, such an analysis
is not local in view of the large diameter of the probing beam
(jet).

Needle

Xerogel

Fiberglass

Teêon

Reservoir

Distal
electrode

a b

308 mm

Figure 29. (a) Schematic image of an ILIS with a xerogel needle emitter,

distal electrode, and teflon reservoir; (b) magnified image of the needle

obtained with a scanning electron microscope (needle height: � 300 mm,

apex radius: � 10 mm) [232].
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6. Principal domains of application
of EHD ion sources

The use of ions instead of electrons allows creating three-
dimensional structures directly on the surface of the samples.
This opens up prospects for ion implantation, deposition, and
ion-stimulated etching, as well as ion beam cutting. In the
framework of a single review, even if a very detailed one, it is
impossible to discuss the entire range of applications of EHD
sources, which is rapidly expanding year by year and is
reflected in numerous research studies and reviews [1±5, 7±
9, 26±32, 50±53, 236±245].Without a doubt, EHD sources are
currently one of the most in-demand ion sources in all
branches of nanotechnology where the use of ion beams
with a resolution within 100 nm is required. The possibility
of obtaining new ions and designing new configurations of
EHD sources, as described in this review, is attracting even
more interest of researchers and designers to this class of ion
sources and to their application domains.

6.1 Ion beam lithography and nanopatterning
Ion beam lithography (IBL) and creating nanosize func-
tional instruments are among the principal technological
tools in the domain of nanotechnology with a spatial
resolution better than 10 nm [246±261]. Because ions are
much heavier than electrons, ion beam systems have a much
broader potential in regard to surface formation. Contin-
uous fabrication of complex three-dimensional structures on
larger-size areas is only possible with the use of a stable,
high-precision, and fully automated system. For this
purpose, Raith GmbH created an ion beam lithography
device, VELION (Fig. 30) [262, 263], which allows process-
ing large areas with different ions, ensuring the formation
and modification of planar and three-dimensional struc-
tures. The ion column contains an LMAIS with a Wien
filter (mass resolution Rm > 50). The beam diameter in the
substrate plane varies in the range of 2±100 nm (FWHM),
depending on the energy (1±80 keV) and the mass of the ions
(6±3000 amu), as well as on the ion current (0.5±2000 pA).
An additional electron beam column ensures the generation
of a sharply focused electron beam with an energy of 1±
20 keV for visual (in situ) control over preparation and
electron beam lithography (EBL) of the samples. This
column provides a high spatial resolution (down to 5 nm)

in combination with an automated focus correction, tuning
flexibility, high precision, stability, and automation. There-
fore, VELION is currently the only two-beam lithography
device in the world for high-precision and efficient litho-
graphy with the use of both ion and electron beams.

IBL with a sharply focused beam offers new options for
constructing and nanoengineering thin-layer structures. We
note that direct resist-free lithography has a number of
substantial advantages over other methods. Owing to
optimization and a reduced number of processing cycles,
IBL allows creating three-dimensional structures directly on
a substrate and with a higher efficiency than EBL does.

Figure 31 shows a step-by-step comparison of the two
lithographymethods. VELION also opens broad possibilities
for ion implantation, ion beam sputtering from the gaseous
phase, and etching, and also for ion beam cutting (precision
shock destruction of structure). The high spatial resolution of
the electron beam opens access to ion beam processing of
samples under direct control via an electron microscope, for
example, in the fabrication of lamellae for transmission
electron microscopy.

The formation of high-quality extended structures has
always been fraught with methodological and instrumenta-
tion complications. In the VELION ion beam lithography
device, a surface area of more than 1 mm2 can be processed
with nanosize resolution both by the method of stitching
fields and in the mode of continuous displacement of the
bench supporting the substrate. The standard field stitching
in vector scanning lithography inevitably leads to the
appearance of steps at the boundaries of the exposure fields.
VELION was therefore developed and optimized to achieve
the highest precision and reproducibility of the processing
results. A five-axis laser interferometric bench (LIB) capable
of tilting and rotating ensures a positioning precision of 1±
2 nm, with exact stitching and juxtaposition of fields of the
order of 20 nm over areas 100� 100 mm in size. Comparative
advantages of positioning with the use of the LIB and
automated beam correction are illustrated in Fig. 32 with
the example of the formation on gold of a three-dimensional
structure (columns) 500 nm in height with two different tilt
angles. Without an LIB, considerable variations in the
structure due to drift, variations in the ion current, and poor
stitching of fields can be seen (Fig. 32a). With the use of the
LIB, on the other hand, automated corrections of the
positioning, drift, and ion beam focusing inside the working
field allow minimizing distortions of the ion beam even at the
edges of the stitching fields (Fig. 32b). We note that the

Figure 30.General view of the VELION ion beam lithography device [264].
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Figure 31. Step-by-step comparison of the methods of electron beam and

ion beam lithography [262].
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majority of these operations require stable continuous work
of the lithography device over the course of many days.

The VELION ion beam lithography device features high
temporal and current stability of the ion beams of different
elements, such as Au, Si, Ga, Li, Bi, and Ge, the possibility of
working at low irradiation doses, high spatial resolution (both
in the imaging mode and in lithography), high precision, and
small drift in beam positioning on the substrate. A calibrated
sweep generator has for the first time allowed obtaining ultra-
precise structures, even for long exposures. The capabilities of
VELION can be extended by equipping it with additional
nanomanipulators, a gas injection system, an optical camera,
and a buffer. The advantages of an IBLdevice equippedwith a
laser interferometric bench over standard FIB devices dis-
cussed in Section 6.2 below are especially pronounced in
patterning nanoobjects on larger areas.

An approach free of field stitching, called the fixed-beam
moving stage (FBMS), ensures producing thin and smooth
lines of arbitrary curvature up to several centimeters in
length, as well as of variable-width lines. FBMS exposure
can be used in different modes of operation. In the high-
resolution mode, the beam is fixed and the sample is moved
with a constant speed, which allows shaping one-pixel lines
less than 20 nm in width. In the area filling mode, the
continuous helical motion of the beam inside a disk allows
obtaining lines up to several tens of micrometers in length.
Within the width of a line, the dose remains constant, and
circular symmetry guarantees a fixed size of the line irrespec-
tive of the direction of moving the sample.

The stitching-free mode of FBMS exposure is the ideal
choice for creating nanosize optical waveguides and cavities.
Examples of the successful formation and nanoengineering of
thin-layer structures with three-dimensional design are
provided by micro- and nanofluid (hydrodynamic) struc-
tures 1 mm in length, shown in Fig. 33, and a photon crystal
(Fig. 34).

Producing such large objects with high resolution requires
high stability of the system in the course of many hours or
even days. Therefore, creating patterns of an even greater size
is apparently impossible. A convenient high-tech method for
patterning gold foils on a silicon surface, called `sketch and
peel' [266], allows reducing the required time by an order of
magnitude. Figure 35 shows a contact structure with gold
strips on a silicon substrate 1 cm2 in size, produced with this
method, and its magnified parts [267].

6.2 Focused ion beam systems
The demands of the semiconductor industry gave impetus to
the development of multifunctional focused ion beam FIB
systems already in the late 1970s [268]. Themain technological
operations with FIB systems are ion microscopy [269±272],
ion sputtering [273] and implantation [274], ion-stimulated
etching and deposition [28, 275], the preparation of samples of
nanosize thickness for transmission electron microscopy [8,
28, 276±278], micromilling of the surface [8, 270], the upgrade
and repair of integrated microchips [279], the modification of
probes and samples for implantation of individual ions [280,
281] as well as for scanning probingmicroscopy [282, 283] and
atomic-probe mass spectrometry [284], ion tomography [285],
ion mixing [286], the study of materials and multilayer
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Figure 32. Comparison of stitching fields in ion beam lithography devices

(a) without and (b) with the use of a laser interferometric bench and a

system for automatic correction of the ion beam [265].
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Figure 33. (a) Microfluid channel mixer 1mm in length in glass and

(b) magnified view of its cross section [246, 250].
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Figure 34. (a) Photonic crystal 1mm in length in silicon and (b, c)magnified

view of its parts [246]. H1 is the micropore depth.
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Figure 35. Contact structure with gold strips produced by the `sketch and peel' method on a silicon substrate 1 cm2 in size with magnified parts [267].

V1 and V2 are geometric sizes of the strips and gaps between them.
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structures [270], correlation microscopy and nanopatterning
[287, 288], superconductivity enhancement [289], the upgrade
and repair of microelectromechanical systems [28, 290],
manufacturing devices for integral optics and emission
electronics [28], the investigation and modification of various
structures in biology and medicine [269, 270, 290], and some
others. Technological properties and application domains of
FIB systems with gallium LMISs have been worked out in
detail and are described in both the international and Russian
literature [8, 26, 28, 291±296].

Some examples of producing various structures with the
use of gallium ion beams shown in the figures are as follows: a
Fresnel zone plate fabricated on a gold membrane (Fig. 36),
oligomers in a polycrystalline gold film on a silicon substrate
(Fig. 37), micropores in an SiN membrane and bow tie
antenna on the needle of an atomic-force microscope
(Fig. 38), and plasmonic elements made of gold on a silicon
substrate (Fig. 39).

Although the first results with the use of LMAISs were
obtained back in the 1980s, their broad use in industrial FIB
systems started only a decade ago [297±304]. For example, the
use of gold ions, besides the previously noted high sputtering
coefficient, has a number of other useful functional proper-
ties. For example, in using Ga ions to create large craters in
gallium arsenide, large gallium droplets form on its bottom
(Fig. 40a), while the use of gold ions considerably accelerates
the crater formation process, leaving its bottom smooth
(Fig. 40b) [297]. Semiconducting nanowires made of GaAs
and InAs, often grown by molecular-beam epitaxy, display a
tendency to chaotic distribution over the surface. But if the
semiconductor is preliminarily locally implanted with gold
ions, especially with gold clusters, then the growth of wires
can be achieved only in the locations bounded by the
precision implantation (Fig. 40c) [300, 301]. A similar
scenario allows selectively growing graphene layers. In [302],
silicon carbide substrates were implanted with Au and Si ions
with an energy of 60 keV, which allowed decreasing the
temperature of graphene formation by 100 �C (Fig. 40d).

Currently, industrial FIB systems with ion sources on
ionic liquids are not manufactured, and all the ILISs

discussed in Section 5 are either test devices or prototypes.
But in view of the unique possibilities offered by these
sources, primarily the large mass and the reactive (chemical)
capacity of the produced ions, as well as their bipolarity, we
can expect that dedicated industrial systems equipped with
ILISs will appear in the foreseeable future.

Information on the use of ILISs in nanopatterning and
technological processing of microchips can be found in [61,
77, 224, 232, 236]. In [77, 224], an experimental ILIS (Fig. 4b)
was installed in an FIB system developed by CNRS/LPN
(France) and was used for ion etching of a silicon substrate
covered by a mask with orifices. At an accelerating voltage of
15 kV, emission current of 10 mA, and total etching dose of
1:125� 1017 ions, the sputter crater depth on the substrate
was 17 nm. The sputter yield, i.e., the etching efficiency,
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Figure 36. (a) Fresnel zone plate 100 mm in diameter produced by using a

beam of gallium ions on a gold membrane 500 nm in thickness; (b) part of

the plate with external strips 100 nm wide [1, 246].
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Figure 37. Oligomers 100 nm in diameter formed by gallium ions in a

polycrystalline gold film 80 nm in thickness on a silicon substrate [1].
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Figure 38. (a) Orifice 10 nm in diameter in an SiN membrane 30 nm

thick, (b) bow tie antenna on the needle of an atomic-force microscope

[1].
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Figure 39. Elements of gold plasmonics on a silicon substrate [1, 246].
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Figure 40. Craters in GaAs obtained in sputtering with (a) Ga and (b) Au

ions [297], (c) local growth of nanowires inGaAs [299], (d) selective growth

of graphene in SiC after implantation with 60-keV Au ions [302].
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turned out to be equal to 5, and for a 30-kV gallium LMIS in
the same system, the sputter yield was less than 2. The mean-
square roughness of the surface at the bottom of the crater
was approximately the same in both cases: 0.33 nm for the
ILIS and 0.32 nm for the LMIS, although increasing the
sputter yield usually leads to increased roughness. In the
opinion of the authors of [77], charged microdroplets present
in the ILIS-generated beam were responsible for the smooth-
ing of the processed surface.

When switching an ILIS into the mode of pure ion
emission, attended by a decrease in the emission current to
1 mA at the same accelerating voltage and the dose of
1:125� 1016 ions, the sputter yield increased to 40. Such a
high rate of etching cannot be obtained only due to processes
of physical (ballistic) sputtering. The method of photoelec-
tron spectroscopy allowed revealing amorphization of the
irradiated surface and the formation of chemical compounds
of silicon with carbon and nitrogen, which indicated the
contribution of chemical (reactive) etching of silicon. Thus,
it was shown that, in the mode of pure ion emission, the
bombarding ions stimulate a surface disordering process and
are conducive to the formation of highly volatile compounds
of silicon with ionic liquid components without additional
puffing of xenon fluoride active gases into the chamber.

ILISs with a needle emitter made of xerogel, shown in
Fig. 29, were used in the mode of emission of negative ions
from the ionic liquid [emim]�BF4� for ion etching of substrates
made of Pyrex 7740 glass, silicon, and silicon dioxide. It was
shown that irradiation with negative ions ensures stable and
uniform etching process of all the substrates, not accompa-
nied by surface charging. In using a 10-keV ion beam, the
respective etching rate was 2.129 and 5.34 nm mAÿ1 minÿ1 for
glass and silicon. The selectivity of SiO2=Si etching in the
substrate shown in Fig. 41 was equal to 2.26, which is a fairly
high level.

The measurements performed in [232] confirmed that the
ion etching rate is higher when using ILISs than for conven-
tional gallium LMISs, due to the contribution of deep
reactive ion etching. In addition, it was found that etching
with negative ions is more efficient than with positive ones,
because the negative ions generated with ILISs have a higher
reactive capacity than the positive ones.

A capillary ILIS [230] has also been used for technological
purposes. It was shown in [228, 230] that under irradiation of
the surface of borosilicate glass and single-crystal silicon with
ions from a source working on the [bmim]�PF6� ionic liquid,
the surface of irradiated samples underwent smoothing as a
result of chemical etching attended by the formation of free
radicals (Si±F compounds), implantation of phosphorus ions,
and surface deposition of carbon and nitrogen, which also
interacted with the silicon.

Back in 1951, Erwin Wilhelm M�uller built a field-ion
microscope based on the design of an electron prototype
[39], and in 1975 Levi-Setti used a hydrogen field-ion source
in a transmission scanning microscope [305]. During half a
century of development, the design of the column and of the
EHD sources themselves has been improved so much that
the ion beam size, especially for light ions, has become
totally competitive with electron beams. Because the ion±
electron emission yield is less sensitive to local inhomogene-
ities of the surface and less dependent on the incidence angle
of the probing beam than the secondary electron emission
yield, the contrast of ion images taken at the same spatial
resolution better reflects the real topography of the surface

under study. A number of other fundamental advantages of
ion microscopy are discussed in detail in the reference
literature [269±272].

Figure 42 shows images obtained with the VELION
scanning ion microscope using beryllium ions (AuBeSi-
LMAIS) with an energy of 70 keV and a 3-nm resolution,
and using lithium ions (GaBiLi-LMAIS) with an energy of
40 keV and a 2-nm resolution.

6.3 Local secondary ion mass spectrometry
Secondary ion mass spectrometry (SIMS) is an analytic tool
based on sputtering the surface of an investigated sample
with a primary ion beam and the subsequent mass-spectrum
analysis of sputtered secondary ions. By its nature, SIMS is a
destructive method, although the degree of destruction of the
sample can vary depending on the regime of the analysis.
Detailed information on the SIMS method and its physical
foundations, hardware provisions, static and dynamic
operation modes, and application domains can be found in
numerous papers, reviews, and books (see, e.g., [11±13, 306±
311]).

In the static operation mode, a map (image) of the local
intensity distribution of selected ions over the surface of the
sample can be constructed, which means performing ele-
mental (chemical) microanalysis (SIMS imaging or SIMS
mapping). In the dynamic mode, in combination with depth
profiling, the spatial distribution of these intensities in the
sputtered volume of the sample can be reconstructed (3D
SIMS). Detailed information on the current state, the
necessary hardware and software, and applications of 3D
SIMS to the analysis of inorganic and organic objects can be
found in review paper [312].

In Fig. 43, we schematically show the process of forma-
tion of a 3D SIMS image, sometimes referred to as `pseudo-
3D visualization' [313], and the spatial distribution of
89Y� ions in a microvolume of superconducting ceramics
YBa2Cu3O9ÿy 500 nm in thickness with an area of
200� 200 mm. The main characteristics relevant in a local
SIMS analysis are the spatial resolution (less than 50 nm) and
contrast as functions of the analytic sensitivity (detection
threshold); for 3D SIMS, these also include depth resolution
(layer-by-layer resolution) less than 1 nm.

The main devices that constitute any SIMS installation
are the source of primary ions (sometimes called the ion gun)
and a mass analyzer equipped with systems for the collection,
transportation, energy analysis, and detection of secondary
ions. The choice of primary ions in modern installations is
very broad: positive (including multicharge) and negative
atomic, molecular, and cluster ions of various intensities and
energies. Depending on the operationmode and requirements
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Figure 41. Substrate with silicon and silicon dioxide areas after irradiation

with an ion beam: AÐ an SiO2 area covered by a mask, BÐ an SiO2 area

subjected to ion etching, CÐan Si area covered by amask, DÐan Si area

subjected to ion etching (optical microscope image) [232].
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for the results of the analysis, gaseous or plasma sources,
LMISs and LMAISs, surface ionization sources, gas cluster
ion and field ion sources, ionic liquid sources, etc., can be
used. The options for mass analyzers are more limited; they
can be monopole and quadrupole filters, magnetic mass
spectrometers with double focusing, and time-of-flight
analyzers. Comparative characteristics of different mass
analyzers are discussed in detail in [314].

Two strategies to obtain elemental (chemical) secondary-
ion images are possible in local SIMS microanalysis:
(1) scanning mode (the mode of a scanning ion microprobe),
with a sharply focused ion beam scanning the analyzed
surface area and the image of that area being formed at the
detector by pixels that reflect the signal strength of secondary
ions at a given point; and (2) stigmatic mode (the mode of a
mass-spectrum microscope), with a broad ion beam irradiat-
ing all of the analyzed surface area and the image of that area

projected onto the detector with electrostatic lenses. For the
scanning ionmicroprobe, the main factor affecting the spatial
resolution is the ion beam spot, although a proper definition
of spatial resolution also involves the distribution function of
secondary ions in their formation domain; for a mass-
spectrum microscope, spatial resolution depends on the
aberration distortions of the electrostatic lenses that form
the image. We note that SIMS apparatuses with magnetic
mass analyzers can work in both modes of obtaining
microimages, while devices with quadrupole and magnetic
analyzers can work only in the scanning microprobe mode.

Local mass spectrometry of secondary ions entered the
active development stage in the mid-1960s [315, 316], with
the goal to overcome a number of substantial deficiencies
inherent in other methods of local elemental analysis, such as
the limited range of analyzed elements, large informational
depth, and low sensitivity; these properties are characteristic
first and foremost of X-ray spectrometry microanalysis with
an electron probe.

In this review, we do not attempt to follow the entire
development path of the local SIMSmethod, and only discuss
the principal scanning ion microprobes equipped with EHD
sources, LMISs and LMAISs first of all. Why did these
sources immediately attract the attention of the device
designers? The answer is simple: the possibility of ensuring
high spatial resolution using a reliable source of a sharply
focused high-brightness ion beam with a relatively simple
design.

One of the first SIMS apparatuses with an EHD source
was built in 1984 at the University of Chicago by Levi-Setti's
group [317, 318]. A scanning UC-HRL SIM/SIMS micro-
probe was equipped with a liquid metal source of gallium ions
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Figure 42. Contrast images with high spatial resolution obtained with the VELION scanning ion microscope (Raith GmbH) using (a±c) berillium ions

[247] and (d, e) lithium ions [164].

a3D SIMS b

Figure 43. (a) Schematic presentation of forming a 3D SIMS image [313].

(b) Spatial distribution of 89Y� ions in the microvolume of a sample of

superconducting ceramics YBa2Cu3O9ÿy (the intensity of 89Y� is color-

coded with a thermal color scale; measurements were made by A B

Tolstoguzov with the Atomika SIMS-4500 scanning quadrupole microp-

robe).
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(FIB), which, at the maximum accelerating voltage of 40 keV,
allowed obtaining a beamwith theminimal diameter of 20 nm
on the sample at the ion current of several tens of pA. As the
mass analyzer, the Extranuclear 324-9 quadrupole mass
spectrometer was used.

In 1994, the quadrupole mass analyzer was superseded by
a magnetic mass spectrometer with double focusing, which
allowed improving the transmission (sensitivity) and mass
spectrum resolution Rm to 2� 103. Numerous examples of
using UC-HRL SIM/SIMS to microanalyze various objects,
including biological ones, can be found in [318±321].

In the scientific literature, scanning ion microprobes with
gallium LMISs are known under the common name FIB-
SIMS systems. Besides UC-HRL SIM/SIMS, already dis-
cussed in the foregoing, we single out an installation [322] that
combines the functionality of a scanning electron microscope
and an FIB-SIMS system with a magnetic mass analyzer. In
this installation, the objective lens and the electrostatic
scanning system are common to the columns serving to form
the electron and ion beams. Such an arrangement ensured an
exact superposition of both beams, 20 and 70 nm in diameter,
on the surface of the sample, which made it possible to choose
the area to be investigated in the electron microscope mode
(without sputtering the surface with the ion beam) with the
subsequent registration of secondary ion images. The design
of a compact magnetic mass spectrometer with double
focusing, intended to become part of technological FIB
installations (thus turning them into FIB-SIMS appara-
tuses), was modeled and developed in [323].

In the 1980s, the French company Riber manufactured a
small line of the scanning ion microprobe MIQ-256 [311]
equipped with a quadrupole mass analyzer and three
different ion guns, including a gallium LMIS. The best
spatial resolution with the beam of Ga� ions, about 60 nm,
was obtained in investigating vertical slices of thin-layer
AlÿLiNbO3 structures grown by molecular epitaxy. The
measurements were performed with images in 27Al� ions
with the registered signal strength varying in a range of 16±
84%. According to our data, more than 10 such apparatuses
were delivered to the USSR, mainly to electronic industry
enterprises. However, we could not find any information on
the use of MIQ-256 microprobes in the local SIMS mode in
the domestic scientific literature.

Another example of a serial FIB-SIMS system is the
desktop device MiniSIMS [324], which was manufactured in
the early 2000s by Millbrook Instruments Ltd. (Great

Britain). The device, whose general view is shown in
Fig. 44a, was equipped with a quadrupole mass spectrometer
and a gallium LMIS. Its main advantages were compactness
and moderate price. The designers initially called the device a
`chemical microscope,' but later, after a discussionwith one of
the present authors (ABT), changed it to MiniSIMS. The
promotion leaflets stated that MiniSIMS can work in both
static and dynamic analysis modes with high elemental
sensitivity and good depth and spatial resolutions. Figure 44b
shows SIMS images of microimpurities on the surface of an
Al substrate (the image is taken from the promotional leaflet,
in which the size of the analyzed area and the spatial
resolution were not indicated).

The MiniSIMS device was aggressively marketed as an
analytic tool to replace expensive and massive SIMS installa-
tions, first and foremost for use in university laboratories. In
[325], MiniSIMS was used to investigate self-assembled
polymer monolayers on a silicon substrate, but no images
were available in that work. Overall, the MiniSIMS devices
could not quite attain the analytic characteristics claimed by
their designers and, as far as we know, are not currently in use
anywhere.

In the USSR, apparatuses for a local SIMS analysis were
not mass-produced. In 1988, a pilot prototype of a scanning
ion microprobe UAE OP. E-0.0001-008 (`Shipovnik') was
developed and manufactured at the NITI, Ryazan [326]; a
general view and functional layout are shown in Fig. 45. The
apparatus was equipped with a quadrupole mass spectro-
meter, two ion sources (a duoplasmatron and a gallium
LMIS), whose general view and functional layout are shown
in Fig. 15 [141, 142], an automated sample manipulator, a
unit for active and passive damping of vibrations, and an
ultra-high vacuum system, including a ring ion Penning-type
pump and a cryogenic pump working with liquid nitrogen
and helium. The minimal diameter of the Ga� beam on the
surface of a sample was 300 nm [141], which was a
sufficiently good value at the time. Most of the units
constituting this installation were developed and manufac-
tured at the NITI and at electronic industry enterprises in the
USSR. Serial production of scanning ion microprobes was
planned, but only two installations could be produced
because, after perestroika and the ensuing events, the NITI
was shut down. 2
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Figure 44. (a) General view of a MiniSIMS analyzer. (b) SIMS image of microimpurities on the surface of an Al substrate. Data are taken from the

MiniSIMS promotional leaflet.

2 One of the present authors (ABT) was head of the project to create this

scanning ion microprobe.
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Despite a certain degree of success achieved with FIB-
SIMS systems, especially regarding semiconductor tech-
niques and microelectronics, their extensive application in
other domains was hindered by a number of negative factors:
(1) low ion yield of most chemical elements in bombardment
with Ga� ions, (2) poor depth resolution due to the use of
primary ions of high energies, (3) fragmentation of complex
molecular ions in the analysis of biological objects. Another
factor was the possibility of forming films/islets of gallium
and its compounds on the surface of the investigated objects
[311]. The situation was aggravated by poor transmission,
insufficient mass spectrum resolution, and an insufficiently
large range of analyzed masses for quadrupole mass anal-
yzers, which were used in most of the SIMS FIB systems. The
replacement of quadrupoles with magnetic mass analyzers
with double focusing (see, e.g., [319]) has allowed improving
the transmission and resolution, but did not solve the remain-
ing problems.

The subsequent development of local SIMS was asso-
ciated with moving to time-of-flight mass analyzers and
cluster sources of primary ions, including LMAISs with fine
focused beams of gold [328] and bismuth [329] ions. Detailed
information on the main stages of this development can be

found in [330]. We only discuss the results obtained with
TOF.SIMS 5 devices (IONTOF, Germany). They are
equipped with a reflectron time-of-flight mass spectrometer
with resolution Rm 4 104 and a mass range of �0:5ÿ104�m=z.
They work in the dual-beam mode, with sputtering separated
from sample analysis: for sputtering are used sources of O�2
and Cs� ions, and the pulsed LMAIS of bismuth is used for
analyses in the static mode with currents in the pA range.
Equipped with a Wien filter, this source allows obtaining
beams of both atomic and cluster Bim�n ions �n4 5;m4 2�.

Some examples of the use of TOF.SIMS 5 in the local
microanalysismode are presented inFig. 46: the image of a test
object with nanosized Al strips (Fig. 46a) shows the possibility
of obtaining a spatial resolution better than 50 nm. A 3D
image of a complex polycrystalline oxide is shown in Fig. 46b,
and Fig. 46c plots the results of a depth profiling of various
elements reconstructed from this 3D microgram. Other
examples of the use of TOF.SIMS 5 by the authors of this
review for a depth profiling of reed switches and multilayer
X-ray mirrors, for a quantitative analysis of Si1ÿxGex
structures, and for studying the fine size effect on the emission
of secondary ions from silicon nanostructures and powders
can be found in [331±334].

a b

Computer system
for registration
and processing

Power
and control
apparatuses

Power
and control
apparatuses

Ion gun
with duoplasmatron
ion source

Ion gun
with liquid metal
source

Quadrupole
mass analyzer

Mass separator
/Wien élter/

Collector
of secondary electrons

Vacuum
system

Sample

System for collection
of secondary ions

Neutralization gun

Ga �

Ar�; O�2

Figure 45.UAE OP. E-0.0001-008 scanning ion microprobe (`Shipovnik'): (a) general view, (b) functional setup [326].

50 nm 20 nm

100

10ÿ1

10ÿ2

0 100 200 300 400 500 600 700
Depth, nm

Normalized to maximum

70 nm

100 nm

Y�

Y�

Fe�

Fe�

Cr�

Cr�

a b c

Fast diffusion domain

Slow diffusion domain

1

2

In
te
n
si
ty
,r
el
.u

n
it
s 2

1
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for the TOF.SIMS 5 device.
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Improvements in the spatial resolution of the local SIMS
method with a simultaneous decrease in the depth of the
analyzed layer, i.e., improvements in the depth resolution,
lead to a decrease in the number of atoms in the analyzed
microvolume and hence to deterioration of the sensitivity of
the method (the detection threshold) [335]. The only solution
of this situation is the improvement of the acceptance and
transmission factors for the mass analyzer and an increase in
the ion yield (the ratio of the number of ionized atoms or
molecules to the number of sputtered particles). The use of
time-of-flight mass analyzers has allowed improving the
acceptance and transmission factors, and the use of cluster
ions of gold and bismuth in the probing beams increased the
ion yield, especially in analyzing biological objects. Further
progress can be achieved with the use of post-ionization of
sputtered particles, i.e., by moving from SIMS to SNMS,
already noted in the Introduction. A detailed discussion of the
peculiarities and the development stages of SNMS can be
found in papers, reviews, and books [15±18, 310, 336]. We
here discuss one the most recent designs [337] that use laser
post-ionization of neutral sputtered particles (Laser SNMSor
LPI-SNMS [17]).

The results of a local microanalysis of complex polymer
compounds with TOF-SIMS and Laser-SNMS methods are
compared in [337]. The measurements were made with a
TOF-SIMS.5 commercial device, additionally equipped with
a Lambda Physik AG excimer laser (Germany), generating
radiation at the wavelength of 157 nmwith a power density of
5:5� 106 W cmÿ2. In Fig. 47, we show images of a silicon
plate with spherical polyethylene terephthalate particles (PET
ES301445, with a particle diameter of about 1 mm and
molecular weight of � 25;000 amu). In Fig. 47a, we show
the image of a surface 22� 22 mm in area obtained by the
TOF-SIMS method at a Bi�3 irradiation dose of about
2� 1013 cmÿ2. The intensity of secondary potassium ions
(K�: red) is shown in red (1); potassium is a surface impurity
on an Si plate and serves as its marker, because the yield of
positive ions is higher for alkali metals than for silicon. The
total intensity of mass peaks of the secondary hydrocarbon
ions C7H

�
7 , C8H

�
7 , C8H

�
9 , C8H

�
7 , C9H

�
9 , C10H

�
8 , C13H

�
9 ,

C15H
�
7 , C15H

�
9 , and C15H

�
13, which were selected as markers

for the polymer compound and denoted as `Sum of PSSIMS' in
the figure, are show in green (2). Adding the intensities
increases the dynamic range and improves the signal-to-
noise ratio. In Fig. 47b, we show images of the analyzed
areas of an Si plate, registered with an optical microscope,
and in Fig. 47c, an image obtained using the SNMS (Laser-
SNMS) method with mass peaks of the ions C6H

�
5 , C7H

�
7 ,

C8H
�
7 , C8H

�
9 , C9H

�
7 , C9H

�
9 , and C15H

�
9 (green, `Sum of

PSSNMS') chosen as the polymer markers. The surface area
was taken to be 25� 25 mm, and the irradiation dose with Bi�3
ions was 7� 1011 cmÿ2, which is about 30 times less than in
the SIMS analysis. In both cases, the diameter of the primary
Bi�3 beam (spatial resolution) was of the order of 200 nm. The
images shown in Fig. 47 clearly demonstrate the superiority of
the SNMS methods with laser post-ionization of sputtered
neutral atoms and molecules over the `conventional' SIMS
method, where only secondary ions are registered. Figure 47c
evidently shows defects in the distribution of microspherical
polyethylene terephthalate particles (shown by yellow
arrows), which are impossible to discern on the `blurred'
image shown in Fig. 47a.

We note that any experimental image is not a full map of
the concentration distribution of chemical elements over the

surface or amicrovolume of the sample under study. It should
rather be viewed as a superposition of four main contrasts
(see, e.g., [311, 335]): concentration, topographic, chromatic,
and matrix, and also of some additional contrasts related to
the properties of the samples and the method for obtaining
the SIMS image. The topographic contrast is due to the
different efficiencies of extracting and collecting secondary
ions from the microroughness of sample surfaces, and
properly taking that contrast into account is one of the
main tasks of local SIMS. Here, we discuss the method of
correlativemicroscopy [338], which amounts to parallel in situ
registration of an image in secondary ions and electrons, with
the electronmap formed bymeans of a high-resolution TEM.
This approach is not new in and of itself. In this section, we
already mentioned an installation [322] combining the
functionality of a scanning electron microscope and an
FIB-SIMS system equipped with a magnetic mass analy-
zer. We also note the VG Scientific SIMSLAB scanning
microprobe [339], which allowed obtaining images in
secondary ions and electrons using a gallium LMIS
(MIG100). But the SIMS-TEM integration allows obtain-
ing images with higher spatial resolution and better
accounting for the topographic contrast, which is pro-
nounced on electron maps.

In Fig. 48, we present the functional setup and general
view of an installation for parallel ion and electron spectro-
metry (PIES) [340] developed at the Luxembourg Institute of
Science and Technology. The PIES installation was made
based on the FEI Tecnai F20 TEM transmission electron
microscope equippedwith a galliumLMISMagnumFEI FIB
and a magnetic mass analyzer with double focusing and two
parallel detectors of secondary ions (D1 and D2), with the
analyzed mass range of 1±80 amu. The electron beam energy
could be varied in the range of 80±200 keVwith themaximum
spatial resolution of 0.14 nm, while the energy of the
monoisotope 69Ga� ion beam could be varied in the range
of 5±30 keV, with a beam diameter of less than 10 nm on the
sample. The installation was additionally equipped with an
energy-dispersive X-ray spectrometer (EDS).

As an example of the application of PIES, in Fig. 49
we show images of a transverse slice of a thin plate (lamella)
of a solar panel made with secondary negative ions of
hydrogen and oxygen (Fig. 49a) and with electrons (Fig. 49b).
We see from the SIMS image that hydrogen, whose role

ToF-SIMS Laser-SNMS
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Sum of PSSNMS: green
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Sum of PSSIMS: green
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Figure 47. (Color online.) Image of a silicon plate with a film of spherical

polyethylene terephthalate particles. (a) Image made with secondary ions

(SIMS), (b) optical microscope image, (c) imagemade with ionized neutral

particles (Laser-SNMS) [337].
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amounts to minimizing the electron±hole recombination, is
mainly located in the lower part of the lamella. We note that
the local distribution of hydrogen is very difficult to measure
with other analytic tools, for example, with the help of an
EDS.

The current development level and prospects for correla-
tive microscopy are discussed in review [341]. There are
advantages to combining gallium FIB SIMS with the
methods of scanning electron microscopy, energy-dispersive
X-ray analysis, diffraction of reflected electrons, and atomic-
force microscopy. In Fig. 50, as an example of such a
hardware integration, we present an image of an FIB SEM
scanning electron microscope (TESCAN, Czech Republic)
with an additional orthogonal time-of-flight mass analyzer
o-TOF (TOFWERK, Switzerland) intended for an FIB
SIMS. Review [341] gives numerous examples of the
successful use of complex microscopy apparatuses in the
analysis of thin films, various metals, electrochemistry
objects (lithium batteries), items of cultural heritage, and
geological samples, including for their isotope analysis.
Overall, a certain degree of renaissance can be observed in
analytic apparatus building, reviving the ideas of the 1980s,
when several methods were integrated into a single surface
analytical instrument, including the methods of Auger
electron microscopy, secondary ion mass spectrometry,
low-energy ion scattering, and photoelectron spectro-
scopy. But the current approach has become more per-

fected as regards the apparatuses and the methods, which
allows solving ever more complicated technological pro-
blems with higher spatial and depth resolutions, preserving
the high elemental and chemical sensitivity.

6.4 Electrohydrodynamic sources for space exploration
Not only are EHD sources in demand on Earth, but they have
also found an appropriate place in space. Three main areas
can be singled out here: (1) control and neutralization of the
induced potential occurring under the action of solar wind
and other versions of cosmic radiation on the outer shell of
spacecraft, (2) sources of primary ions for SIMS analyzers
working aboard orbital and interplanetary missions, and
(3) electrostatic rocket engines for small and ultra-small
spacecraft with limited onboard resources.

6.4.1 Control and neutralization of the potential on the surface
of spacecraft. It is known (see, e.g., [19, 342, 343] and the
references therein) that the outer surface of spacecraft in
Earth's orbit is affected by the strong action of solar windÐ
the flow of charged particles, mainly of helium±hydrogen
plasma, from the solar corona. Solar wind interacting with
the upper layers of Earth's ionosphere above the K�arm�an line
is conducive to the formation of a cold proton±electron
plasmasphere with particle energies of 0.1±10 eV, held by
Earth's magnetic field (the magnetosphere). Electrons and
ions from the plasmasphere hit the surface of spacecraft,
which is in addition subjected to the action of solar radiation
of a wide frequency spectrum: from gamma and X-ray
radiation to radiation in the ultraviolet, optical, and infrared
ranges. As a result of these actions (Fig. 51), the surface of
spacecraft, which are isolated in space, accumulates an
electric charge, mainly of positive polarity. The electric
potential produced by this charge, in accordance with
various estimates [342, 343], can reach 100 V, which
interferes with the work of onboard radioelectronic devices
and instruments. To neutralize the induced potential, the use
of different sources of positive ions was proposed [19, 342,
343], so as to `pull off' the positive charge into the space
outside the spacecraft.

The neutralization tools considered initially were sources
with surface ionization, which could generate ions of lithium
and other alkali metals. But, as we already mentioned in
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Figure 48. Installation for parallel ion and electron microscopy [340]:
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Figure 49. (Color online.) (a) Image of a transverse slice of a solar panel

madewith secondary negative ions of hydrogen (green, 1) and oxygen (red,

2), (b) TEM image of the same area [340].

Figure 50. Integrated FIB SIMS SEM apparatus [341].
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Section 1.1, after the first successful experiments with
EHD sources aboard the Russian orbital Mir station in
1991, a commercial active control and neutralization system,
ASPOC, was developed at the Austrian Researcher Center
(ARC) in Seibersdorf, which after minor modifications was
then successfully used on different spacecraft and space
stations [19].

The basic version of the ASPOC systemwith three indium
LMISs is shown in Fig. 52 [19]. Depending on the purpose
and duration of a space mission, each source was loaded with
0.25 to 1 g of indium. The working temperature of the source
was 200 �C, with a heating power of 0.8 W; the maximum
accelerating potential was 6 kV, which allowed obtaining
beams of In� ions with a current up to 20 mA. In the
GEOTALL mission, the ASPOC system with eight LMISs
worked for more than 600 h in total over a period of six years,
ensuring a controlled decrease in the potential on the space-
craft surface to 1V, with the starting values in the range of 25±
50 V [19].

The main problem that occurs in using any ion sources for
neutralization of the induced potential in space is contamina-
tion of the spacecraft units with primary ions and neutral
particles from the emitted beam, not to mention the sputter-
ing of ion optics elements and the spacecraft surface with
these ions, which can travel back to the surface of the

spacecraft under the action of Earth's magnetosphere.
Optimization of the design and operation modes of the
indium LMIS has allowed reducing the number of neutral
particles in the beam and minimizing the processes of
undesirable sputtering and deposition of sputtering products
on actuation elements and the outer surface of the spacecraft.
Another problem is the negative induced potential, which is
impossible to neutralize by emission of positive ions from the
spacecraft. However, experiments [343] have shown that the
probability of a negative charge appearing in Earth's orbit is
quite low. In principle, it can be eliminated altogether by
using sources of electrons or universal EHD sources with
ionic liquids, which can generate ion beams of either polarity.

6.4.2 Space secondary ion mass spectrometry. Interest in the
investigation of space objects, which surged in the 1960s after
the first space flights, was one of the drivers behind the
development of both apparatuses and methods for second-
ary ion mass spectrometry, which we already discussed in
detail in Section 6.3. Space applications of local SIMS can be
divided into laboratory investigations of objects of cosmic
origin that have arrived on Earth naturally or were brought
by a reentering spacecraft, and investigations conducted in
the course of space missions directly (in situ) aboard space-
craft and stations. The results of ground investigation of
meteorites, space dust, lunar soil, etc. warrant writing a
separate review or book, and we do not discuss these
investigations here, directing the reader, for example, to
[344, 345] and the references therein.

Worthy of note are onboard SIMS studies, although they
aremuch less numerous than the ground-based ones. The first
such successful experiment was performed on the Mir station
in 1991. The onboard scanning ionmicroprobe (international
projectMIGMAS) [346] was equipped with an indiumLMIS,
developed at the ARC and ensuring beam focusing to less
than 5 mm in diameter, and a monopole micro-mass analyzer
developed by Cherepin's group [14, 238]. The primary task
was to study corrosion processes of different construction
materials under the action of solar wind and other types of
cosmic radiation (see Fig. 51). For this, the investigated
sample, placed in a special vacuum container, was pulled out
into open space, and then without contact with the atmo-
sphere inside the station was moved into the test chamber of a
mass spectrometer. The results of these investigations are
described in detail in [19, 346].

Interestingly, the first attempt to conduct an SIMS
investigation in open space was undertaken back in 1988 in
the framework of the international project DION [19, 347].
Although an EHD source was not involved in that experi-
ment, it is worth commenting upon it here. The Soviet space
station Phobos, which was to reach the surface of the
namesake satellite of Mars, carried a plasma source of ions
SIPPI [348], which allowed obtaining a powerful beam of
Kr� ions with an energy of 3 keV and current of 3 mA. As the
spacecraft would approach Phobos to within 50 m, the beam
was to hit the surface of the satellite and the emerging
secondary ions were to be collected and analyzed with the
Fortron reflectron time-of-flight mass analyzer, developed by
the Hungarian Academy of Sciences. In addition to the ion
beam, the surface of Phobos was also to be irradiated by laser
and electron beams. The combined data on the elemental and
chemical composition of the surface of Phobos would settle
the question about its originÐwhether Phobos had ever been
part of Mars. Unfortunately, the mission failed.
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SIMS investigations were successfully performed aboard
the spacecraft sent to the 67P/Churyumov±Gerasimenko
comet (the Jovian group of comets) in the framework of
the international ROSETTA mission. The spacecraft was
launched in 2004, and its primary task was to collect and
study space dust in the close vicinity of the comet [19,
349, 350]. For this, a scanning ion microprobe, COSIMA
(COmetary Secondary IonMassAnalyzer), had been designed,
which included an indium LMIS [19, 350], which was also
developed at the ARC but had a more complicated design
than did the sources used for neutralization of the potential
on the spacecraft surface and in the ion microprobe
MIGMAS. That LMIS consisted of two ion sources, one of
which worked in the direct-current mode and was used to
clean and sputter the surface of analyzed particles, and the
other probing source was intended for SIMS analysis of those
particles; thus, a `dual-beam mode' was realized, which was
then successfully used in TOF.SIMS devices described in
Section 6.3. The probing ion source worked in a pulsed
mode with the pulse duration of � 3 ns (on the order of
103 ions in one pulse at the repetition rate of 1.5 kHz) and at
the energy of 8 keV ensured beam focusing to 10 mm in
diameter. Both sources were loaded with isotopically pure
indium 115In in order to avoid undesirable mass-spectrum
interference of secondary ions due to the contribution of the
113In isotope. The space dust particles, whose speed did not
exceed 10m sÿ1, were collected in open space on the surface of
a target covered with a layer of porous gold. An image of
the target was then taken with the optical microscope
COSISCOPE, and selected areas 35� 50 mm in size contain-
ing space dust particles were analyzed with a reflectron time-
of-flight mass analyzer with the resolving power of 1400
(FWHM) for m=z � 100. The general view of the onboard
ion microprobe COSIMA is presented in Fig. 53 [350].

Overall, during the period of active work of COSIMA
(from 2014 to 2016), more than 250 samples of space dust
particles were collected and analyzed; the particles were given
individual names. Each of these samples contained at least
30 individual particles. Typical mass spectra of positive
secondary ions for three different samples are shown in
Fig. 54 [350]. Mass spectrum files were transmitted to Earth,
where they were processed with the use of relative sensitivity
coefficients to quantitatively estimate the concentration of
different elements in the comet's dust. Detailed information
on the results of SIMS analyses made with the use of the ion

microprobe COSIMA in the framework of the ROSETTA
mission can be found, e.g., in [349, 350].

6.4.3 EHD sources for electrostatic rocket engines (micro-
thrusters). The development of EHD sources was initially
aimed at their prospective use in electric micropropulsion
engines, in which a constant electric field accelerates ions or
charged droplets of the working material to high speeds, of
the order of several tens of kilometers per second or faster,
thus creating thrust in the range of 1±100 mN. Such engines
are classified as ion microthrusters and are called field
emission electric propulsion (FEEP) thrusters [351]. Besides
their compactness, efficiency, and design simplicity, the main
advantage of FEEP thrusters is the possibility of a quick start
with smooth and controllable tuning of thrust by changing
the accelerating voltage.

Starting in the late 1950s, capillary electrospray (colloid)
ion sources for ion engines were developed in the USA and
the USSR. As a working material (propellant), they used
glycerine, tributyl phosphate, and other liquids conducting
electrical current. Presently, commercial electrospray micro-
thrusters are manufactured by the American company
BUSEK [352], but we do not discuss them here because of
the limited volume of this paper.

In the 1960s, Krohn [40], and then Swatik and Hendricks
[41], staged experiments with LMAISs working in the droplet
mode with the GaÿIn alloy, and showed the potential
feasibility of such sources for producing reactive thrust.
However, comparing the droplet mode and the pure-ion
mode shows that the latter is more advantageous from the
energy point of view and more parsimonious due to lower
working material consumption, which is especially important
for autonomous spacecraft, which can hardly be refueled in
space. In addition, for tip EHD sources, their operation in the
droplet mode leads to rapid degradation of the emitter tip
apex, thereby reducing their lifetime.

Before reviewing the modern EHD sources for FEEP
thrusters, we clarify their main characteristics, such as mass
efficiency factor kion, specific impulse Isp, and thrust T.

1

3

2

5
4

Figure 53. General view of the COSIMA onboard scanning ion micro-

probe: 1Ðdevice for collecting comet dust, 2Ðmanipulator, 3Ð

analytic chamber, 4Ðtwo-channel LMIS with isotopically pure 115In,

5Ðtime-of-flight mass spectrometer of secondary ions [350].
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Mass efficiency factor kion shows the fraction of the
working material used to generate ions:

kion � _mion

_mtot
� _mion

_mion � _mdrop
; �17�

where _m � dm=dt is the consumption rate of the working
material, which (depending on the subscript ion, drop, or tot)
is, respectively, related only to the generation of ions, charged
droplets, or the total flow (for the pure ion mode, kion � 1).

Specific impulse Isp can be evaluated as

Isp � vion
g0

kion f ; �18�

where vion �
���������������
2qU=m

p
is the speed reached by an ion with a

massm and charge q under the accelerating voltageU applied
to the emitter relative to the grounded extractor electrode, g0
is the free fall acceleration (gravity constant), and f is a
geometric factor responsible for the losses resulting from the
divergence of the ion beam (for thrusters equipped only with
an extractor electrode, its value is 0.8±0.85, and in the case of a
focusing electrode, it can reach 0.98). The specific impulse has
the dimension of time and is typically measured in seconds.

Thrust T depends on the specific impulse and the
consumption rate of the working material:

T � g0 _mIsp : �19�

Importantly, the larger the specific impulse, the less working
material Dm required for changing the speed of the spacecraft
by Dv:

Dm � m0

�
1ÿ exp

�
ÿ Dv
g0Isp

��
; �20�

where m0 is the initial mass of the working material.
Formula (20) is valid for the acceleration of a spacecraft in

open space (free of atmospheric drag). Evidently, the specific
impulse is important in long-term missions, when the
onboard supply of the working material is limited. At the
same time, as follows from (18) and (19), a high specific
impulse limits the thrust necessary for launching the space-
craft into Earth's orbit. More advantageous in that case are
boosters with chemical propellants, which can produce strong
thrust with a relatively small value of specific impulse.

Themainworkingmaterials that are used inmodern EHD
sources for FEEP thrusters are indium and cesium. These
chemical elements have a relatively large atomic mass
(114.8 amu for In and 133 amu for Cs) and low ionization
energies (5.78 eV for In and 3.9 eV for Cs), and therefore, in
the pure-ion mode, they can ensure high thrust at a relatively
small ratio of produced power to thrust value; Cs is somewhat
preferred to In in that respect. However, cesium, unlike
indium, is toxic and chemically very active (is vigorously
oxidized in air), and is also in the liquid state in the source
reservoir �Tm � 28:4 �C�, which, on the one hand, allows
saving on power needed to heat and melt it, but, on the other
hand, can cause its leak from the reservoir due to increased
vibrations accompanying the launch of the spacecraft.
Indium has to be melted �Tm � 157 �C�, but it is inert and
can be stored for a long time in a standard reservoir without
vacuum suction and/or puffing dry nitrogen or an inert gas.
Therefore, indium is more suitable for FEEP thrusters than
cesium is.

Indium LMISs for use in space have been developed in
Austrian research centers and universities for more than
45 years [19, 20]. By upgrading the sources with needle
W-emitters that had been successfully tested in devices for
neutralization of potential and in onboard SIMS appara-
tuses, cluster ion sources were developed in the FOTEC
research center [353] that combine 4 to 16 individual LMISs
with standard needle emitters, and corona-shaped LMISs
with 28 porous W-emitters along the circumference (Fig. 55)
[20]. Emitters with micrometer-size pores and a relative
porosity up to 85% were produced by compressing tungsten
powder, sintering in a special form, and sharpening by
chemical etching.

The main goal of creating multiemitter LMISs is an
increase in the total ion current and in the source lifetime.
Experiments [20] have shown that, when loaded with 15 g of
indium, such sources can generate a current up to 3 mA at an
accelerating voltage in the range of 3±18 kV and have a
lifetime up to 20 thousand hours. The current±voltage curve
of corona-shaped LMISs is shown in Fig. 56 [20].

Interest in microthrusters increased considerably after
the appearance of CubeSat satellites [354, 355], developed in
1999 at the California Institute of Technology (Pasadena,
USA) and Stanford University (Palo Alto, USA). A
CubeSat spacecraft is a cubic metal frame 10� 10� 10 cm
in size (1U, the basic CubeSat unit), which can contain
several scientific instruments together with the necessary
radioelectronic devices. Outside are solar panels that supply
the satellite with several watts of energy and expandable
antennas. The total weight of the satellite is not more that
1.33 kg, and its lifetime is estimated to be 25 years. Several
individual satellites can be integrated into a module system
�nU�.

Â b c

Figure 55. Apex of a porous tungsten emitter (a) without indium and

(b) wetted (soaked) with indium; (c) corona-shaped LMIS with 28 porous

emitters. The inset in the upper right corner shows the working source [20].
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Figure 56. Current±voltage curve of an indium corona-shaped LMIS with

28 emitters of porous W [20].
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The majority of CubeSat customers are universities,
research centers, and small commercial companies. Cur-
rently, most of these satellites are still passive objects
(without an engine). We note that at the altitude of 600±
700 km above Earth's surface, the atmospheric drag force is
approximately 0.15 mN, and therefore, in order to be able to
make autonomous maneuvers in such an orbit, a CubeSat
must have an engine with a thrust of several tens of mN.
Microthrusters for orbit corrections and precise orientation
of CubeSat satellites in near-Earth space are being actively
developed now; in the future, flights to theMoon and possibly
interplanetary missions are envisaged for them.

Commercial FEEP microthrusters with corona-shaped
indium LMISs are currently manufactured by the Austrian
company ENPULSION [356]. A general view of this thruster,
called the IFMNano Thruster, is shown in Fig. 57a; Fig. 57b
shows a module engine assembled from seven individual
thrusters [357].

An individual thruster contains a reservoir for the work-
ing material (In), a corona-shaped emitter unit (LMIS), an
extractor electrode, a positive charge neutralizer (source of
electrons), and two processors (PPU). Technological specifica-
tions of the thruster are as follows:

Ð thrust: 10±500 mN (nominal value: 350 mN);
Ð specific impulse: �2ÿ5� � 103 s;
Ð working material (indium) load: 250 g;
Ð outside envelop: 94� 90� 78 mm;
Ð weight: 640 g (with working material, 890 g);
Ð power: 8±40 W;
Ð lifetime: more than 13� 103 h.
Often indicated for microthrusters is also the total

impulse, which shows the thruster resource, i.e., how long
it can generate the specified thrust. For the IFM Nano
Thruster, the total impulse is greater than 5� 103 N s. We
note that thismicrothruster is the first FEEP thruster that was
put into operation in 2018 and successfully worked in low
Earth orbit as part of CubeSat satellites on the 3U platform.
As of early 2020, a total of 25 satellites equipped with such
microthrusters have been launched into space.

On the market of commercial FEEP thrusters for
CubeSat satellites, a gallium nanoFEEP is currently
available that was developed at Technische Universit�at
Dresden [358] and marketed by Morpheus Space GmbH
[359]. This miniature thruster is fabricated in accordance
with the classical scheme with a needle W-emitter and a
porous W-reservoir, in order to prevent liquid gallium
from leaking due to vibrations at the launch of the
spacecraft. Because Ga melts at almost room temperature
�Tm � 30 �C�, low power is needed for its heating and
melting, of the order of 50±150 mW.

Figure 58 schematically shows a sectional view of the
nanoFEEP next to a 1-euro coin. The current±voltage curve

of the nanoFEEP is shown in Fig. 59, and its technological
specifications are as follows:

Ð thrust: 1±20 mN (maximal value: 40 mN);
Ð specific impulse: �3ÿ8:5� � 103 s;
Ð total impulse: up to 3:4� 103 N s;
Ð working material (gallium) load: 6.5±13 g;
Ð outside envelop: 90� 25� 43 mm;
Ð weight: 160 g (without working material);
Ð power: 0.2±3 W.
In view of its small size and low weight, the nanoFEEP,

combined with a charge neutralizer and electron equipment,
can be installed on the CubeSat 1U platform. For module
satellites (2±3U), a cluster multiFEEP engine is available that
can produce up to 140 mN of thrust at the same specific and
total impulses as for nanoFEEP, but with a maximum power
of 19 W. The working material load is 33±125 g, and the
weight of the engine itself (without the working material) is
280 g.

FEEP thrusters with cesium and rubidium as work-
ing materials have been developed since the 1970s by
ESTEC (The Netherlands) and then by Italian companies
CENTROSPAZIO, ALTA, and SITAEL with support from
the European Space Agency (ESA). The cesium micro-
thruster FT-150 [360] was designed in the framework of the
ESA project Lisa Pathfinder, whose goal was to collect
preliminary information on the possibility of detecting
gravitational waves to subsequently verify the general
relativity theory by the space observatory LISA (Laser
Interferometer Space Antenna). A feature of the FT-150

b
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Figure 57. (a) Commercial IFM Nano Thruster, (b) module FEEP engine

made of seven individual thrusters [357].
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Figure 58. (a) Schematic image of a gallium nanoFEEP, (b) general view

next to a 1-euro coin [358].
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microthruster was the use of an extended slit emitter, where
numerous point-like Taylor cones were formed (up to a
hundred per millimeter in length) [79, 361]. Some technolog-
ical specifications of this device are as follows:

Ð thrust: 0.1±150 mN;
Ð specific impulse: up to 4:5� 103 s;
Ð total impulse: more than 3� 103 N s;
Ð working material (cesium) load: 92 g;
Ð weight: 1410 g (without working material);
Ð power: 6 W.
The FT-150 microthruster or, rather, a propelling module

equipped with four such microthrusters, did not take part in
the ESA Lisa Pathfinder mission launched in 2015. By its
specifications, mainly due to its substantial weight and
chemically active cesium, FT-150 is not suitable for CubeSat
satellites. Subsequently, the slit design of the emitter was used
in microthrusters with ionic liquids as propellants.

The development of FEEP thrusters with liquid metal ion
sources began 45 years ago. Ion sources with ionic liquids,
discussed in Section 5, are also suitable for engines of CubeSat
satellites. The development of ILISs for these purposes began
relatively recently, and so far there are no commercial micro-
thrusters with ionic liquids on themarket of space exploration
equipment. However, experimental models and prototypes
have already been built and tested (so far, in ground tests).
Detailed information on their design and characteristics can
be found in review [25] and original papers [362±367].

Closing this section, devoted to EHD sources for micro-
thrusters, we note that a major problem that will have to be
solved for such sources to enjoy broader use aboard satellites
in near-Earth space and on long-term space missions is the
contamination of the spacecraft surface with a plume of
emitted ions and products of sputtering elements, as well as
contamination of the thrusters themselves with ion beams.
For thrusters working on liquid metals and alloys, this
problem appears to be more pressing than for ionic liquid
sources. In both cases, systems of ion beam ejection from the
spacecraft must be optimized, and materials with low sputter
yields must be used.

7. Conclusions and prospects

We have tried to describe the main stages of the develop-
ment and improvement of EHD ion sources, describe their
structural and physical features, analyze the physical prin-
ciples underlying their work, and show modern domains of
application of these sources, emphasizing their unique
potential that singles out EHD sources from among other
types of ion sources.

It is commonly believed that, in various areas of human
activity, any modern analytic apparatus evolves through
several major stages in the course of its design and
implementation: (1) formulation of scientific principles
underlying its operation, (2) experimental verification of
prototypes, (3) fabrication of a mass-produced apparatus,
(4) in-depth investigation of the mechanisms of its operation
and the corresponding improvements to the apparatus and
the methods for its use, (5) commercialization (launching on
the market), (6) broadening and deepening the domain of
applications, and, finally, (7) making the manufacturing
standard and routine. Following this pattern, EHD sources
are at the seventh stage, but this does not imply that their
potential is already exhausted. The appearance of new, more
efficient, LMAISs, the development of sources with room

temperature ionic liquids (with `liquid plasma'), the successful
development and use of FEEP microthrusters, and many
other details show that the process of EHDdevelopment is far
from being completed.

Regretfully, EHD sources of ions, which are part of a class
of high-tech and innovative instrumentation, are currently at
a virtually zero level of design and production in Russia,
although a proven track record of building them existed in the
USSR. One of the main goals of this review was therefore to
attract attention and possibly rekindle the interest of Russian
researchers in the development and application of these
sources in micro- and nanotechnology, in space exploration,
and in solving fundamental and applied problems.

To conclude, we note that the design and development of
EHD emitters have led to the creation of a fundamentally
new method for generating high-brightness ion beams. This
method, along with the surface-plasma method for obtaining
negative-ion beams [368±370], ECR-generation of multi-
charge ions [371], and the electron beam method for
obtaining multicharge ions [372], is a key to the new ion
beam techniques developed over the last 50 years.
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