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ION MICROSCOPE

TECHNICAL FIELD
[0001]  This invention relates broadly to an ion microscope, a method of constructing an ion
microscope, and to a method of aligning an ion beam in an ion microscope, in particular to the
integration of a nano-aperture ion source, for deterministic ion implantation, ion beam induced
current and/or a compact Proton Beam Writing (c-PBW) system, and to a method of accurate

placement of implanted ions and PBW fabricated structures.

BACKGROUND

[0002] Any mention and/or discussion of prior art throughout the specification should not
be considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

[0003]  Proton beam writing (PBW) is a direct-write lithographic technique developed in the
Centre for lon Beam Applications, National University of Singapore (CIBA-NUS), which
employs focused protons, for fabricating three-dimensional nano-structures. Compared with
electron beam lithography (EBL), the advantage of PBW is that a proton is ~ 1800 times
heavier than an electron, which makes a proton transferring less energy to secondary electrons
and thus penetrating further into the material, depositing a constant energy along its path in the
resist [4]. With these unique features, PBW can fabricate nano-structures without proximity
effects, and having smooth sidewalls. Currently, the performance of PBW in terms of spot size
and throughput is limited by low reduced brightness ~20 A/(m?srV) of the radio frequency
(RF) ion source, available in current PBW systems. Therefore, a high brightness ion source is
desirable to further improve the performance of PBW systems.

[0004] Charge collection microscopy is based on the fact that charged particles or
electromagnetic radiation create large quantities of e—h pairs in a semiconductor or insulator
which are separated in the presence of an external or a built-in electric field. In charge
collection microscopy the measured charge or current depends on materials characteristics like
trapping and recombination centers at point defects as well as extended defects. Also doping
density, minority carrier diffusion length, electric field strength, mobility etc. can be mapped.

EBIC (electron beam induced current) which uses a highly focused keV electron beam is a
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popular mode of charge collection microscopy. Also light based methods like OBIC/LBIC
(optical/laser beam induced current) are widely-used methods.

[0005] lon beam induced charge (IBIC) microscopy typically uses a current of 0.1-10 fA
(approximately 1-100,000 ions/s) of light fast ions and measures individual charge pulses, as
opposed to continuous variations in an induced charge/current used in other forms of
charge/current collection microscopy. As light ions produce a significant number of secondary
electrons IBIC can operate at low beam currents. As the generated secondary electrons have an
energy of ~10s eV the range of these secondary electrons is rather minimal. A direct
consequence of this characteristics is the fact that an ion beam tends to stay “focused” up to
great depth. In comparison, lighter electrons used for EBIC undergo a strong lateral scattering
as they travel into the material. These characteristics guarantee superior spatial resolution in
IBIC compared to other forms of charge collection microscopy. Therefore, a high brightness
ion source is desirable to further improve the performance of IBIC, especially using fast
protons.

[0006] lon sources like the liquid metal ion source (LMIS) and the gas field ionization
source (GFIS) feature high reduced brightness. The LMIS features a liquid metal reservoir
above a sharp tip. A strong electric field is used to pull the liquid metal to a sharp electrospray
cone, known as Taylor cone. The most often used LMIS is Ga- LMIS but several other metals
(e.g. Al, In, Sn, Cs, Bi, Au) as well as alloy metals (Au-Si, Au-Ge, Si-Be-Au, Ni-B-Pt) are also
used. Also in other applications of ions, high brightness sources are required. For example, the
gas field ionization source (GFIS) enabled interesting applications. The GFIS technology is not
easily extended to heavier gases than neon though. A strong electric field is concentrated at the
apex of a pyramidal tip, which terminates with three atoms. GFIS has been mostly used for
generating He and Ne ions. For He-GFIS, the reduced brightness can reach as high as 10°
A/(m?srV) with a 1 eV energy spread. The small virtual source size (< 1 nm), due to the three-
atom terminated tip, results in having high brightness. Another approach to obtain a high
brightness ion source is to reduce the beam angular spread, which can be achieved by reducing
the source operating temperature (<100 pK). Such ion sources, operating at low temperatures
(usually achieved by laser cooling), are called cold atom ion sources. These ion sources have a
theoretical reduced brightness of around 107 A/(m?srV), with < 0.5 eV energy spread. Using
laser-cooled Cr atoms and Li atoms, beams with reduced brightness of 2.25 x 10* A/(m?srV)

and 6 x 10° A/(m?srV) have been achieved, respectively. Although these ion sources can
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deliver high brightness ion beams, they are not designed to produce high brightness proton
beams.
[0007] Embodiments of the present invention seek to address one or more of the above-

mentioned needs.

SUMMARY
[0008] Inaccordance with a first aspect of the present invention there is provided an ion
microscope comprising a nano-aperture ion source; and focusing system; wherein the
focusing system is configured for selectively coaxially focusing an ion beam generated from
an electron beam ionizing an ionizing gas in the nano-aperture ion source and the electron
beam.
[0009] Inaccordance with a second aspect of the present invention there is provided a
method of constructing an ion microscope comprising the steps of providing a nano-aperture
ion source; and providing a focusing system; wherein the focusing system is configured for
selectively coaxially focusing an ion beam generated from an electron beam ionizing an
ionizing gas in the nano-aperture ion source and the electron beam.
[0010] Inaccordance with a third aspect of the present invention there is provided a
method of aligning an ion beam in an ion microscope comprising the steps of providing a
nano-aperture ion source; and providing a focusing system; and selectively coaxially focusing
the ion beam generated from an electron beam ionizing an ionizing gas in the nano-aperture

ion source and the electron beam.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]  The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which:
[0012] FIG. 1 shows a schematic of three-aperture Einzel lens for use according to an
example embodiment. It comprises three apertures with first (entrance) and third (exit)
apertures at same electric potential. The potential of middle aperture is used to adjust the focus

of the beam.
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[0013] FIG. 2 shows a graph illustrating proton probe size as function of probe current for
different three-aperture sizes for acceleration-deceleration (A-D) and deceleration-acceleration
(D-A) modes with 1 keV protons, according to an example embodiment.

[0014] FIG. 3 shows a schematic drawings illustrating a NAIS based microscope according
to an example embodiment.

[0015] FIGS. 4(a) and (b) show schematic drawings of one electrostatic quadrupole lens.
[0016] FIGS. 5(a) shows a schematic diagram illustrating line focusing using a single
electrostatic quadrupole lens.

[0017]  Figure 5(b) shows a schematic diagram illustrating point focusing using two or more
electrostatic quadrupole lenses for use according to an example embodiment.

[0018] FIG. 6 shows a flowchart illustrating a method of constructing an ion microscope,
according to an example embodiment.

[0019] FIG. 7 shows a flowchart illustrating method of aligning an ion beam in an ion

microscope, according to an example embodiment.

DETAILED DESCRIPTION

[0020] A nano-aperture ion source (NAIS) with an estimated brightness of 10% A/(m?srV)
has been reported, in which the NAIS yields ions from an electron direct impact ionization
mechanism, with demonstrated reduced brightness up to 1x10° A m? sr! V1. Additionally,
simulations have reached beam performance of ~1x10° A m= sr V! brightness and 0.5 - 1 nA
current. Therefore, increased beam brightness with NAIS as the ion source is possible. This
NAIS is expected to generate high brightness proton beams. It has been recognized by the
present inventors that NAIS is a prospective candidate for a proton microscope featuring sub-
10 nm beam spot sizes and high beam currents, according to an example embodiment. This can
significantly improve resolution and throughput in PBW as well as improve 3D resolution in
IBIC experiments. This system according to an example embodiment is expected to achieve
writing speed comparable to those in EBL without the unwanted proximity effect and at the
same time IBIC will be able to achieve resolutions down to sub 10 nm at depths down to
microns, the specific performance depending on exact sample geometry and proton beam

energy. Currently spatial resolutions in EBIC are limited to about 100 nm.
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[0021] A single beam compact proton microscope system according to an example
embodiment is more versatile in sub 10 nm lithography compared to electron beam lithography
(EBL). As the NAIS has the flexibility to use any type of gas it can provide many types of ions.
Using a wide variety of ions will make an example embodiment an attractive option for IBIC,
vital in failure analysis of working integrated circuit devices down to sub 10 nm resolution,
IBIC using fast protons will significantly improve the resolution, currently available in charge
collection microscopies. Also, precise ion sputtering applications and fabrication of quantum
computers through deterministic ion implantation will greatly benefit from the proton
microscope according to an example embodiment. There is a growing demand for technology
that can produce quantum computers on a large scale. Of crucial importance is the capability
to configure single atoms in silicon, diamond and other materials with high lateral placement
accuracy. The path to achieve practical implementation of ion implantation to realize a
quantum computer are extremely challenging. Currently the positioning of ions is established
via an aperture in a nanostencil, the practical implementation of this mode employs an Atomic
Force Microscope (AFM) with a nanostencil milled in to the Si arm of the AFM cantilever. In
this approach the AFM cantilever can be used to image the surface to facilitate mapping of the
surface. However, existing advanced ion sources are not readily compatible with the required
precision needed in deterministic ion implantation. Also, the production of Nitrogen VVacancies
(NV) centers at exact locations faces huge challenges. The production of these NV centers via
N ion implantation can form the basic building block of qubits. In an existing practical
demonstration of NV center production the exact localization of N ions is achieved via PMMA
masks.

[0022] In an example embodiment, the present invention provides design of a system that
can function as a NAIS based ion microscope, featuring electrostatic ion extraction as well as
electrostatic ion beam focusing. The electrostatic ion beam focusing uses, for example, a
combination of two or more cylinder lenses, in one embodiment an Einzel lens, which is a
combination of three cylinder lenses, or using a combination of two or more quadrupole lenses.
During operation of a NAIS based ion microscope according to an example embodiment, the
NAIS is filled with a gas of interest. On the other hand, the system according to an example
embodiment can also function as an electron microscope, for example by removing the gas

from the NAIS and at the same time changing the polarity of the Einzel lenses. With those
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changes, the electron beam, in one embodiment with the same energy as a single charged ion
beam, will follow exactly the same path through the microscope.

[0023] When using a set of electrostatic quadrupole lenses no changes to the potentials of
the lenses are needed to achieve electron beam focusing. Instead, when changing from ion to
electron beam focusing, the only thing that happens is that the beam focusing action is rotated
over 90° as is described below with reference to Figure 4, but the focused spot will be in the
same position as for the ion beam.

[0024]  Accordingly, example embodiments of the present invention advantageously enable
accurate mapping of a sample surface and therefore can preferably guarantee accurate
deterministic ion implantation with respect to a sample surface, and at the same time alignment
for IBIC experiments can be achieved as well.

[0025] It is noted that considering an ion and an electron, both of equal energy and singly
charged, under the influence of a magnetic field, the difference in radius of curvature is
equivalent to the square root of the mass of the ion over the mass of the electron, i.e. about 43..
Accordingly, shielding of unwanted external/stray magnetic fields is preferably provided in
example embodiments for optimum alignment between the focused electron beam and the
focused ion beam..

[0026]  Operating the NAIS of the NAIS microscope according to an example embodiment
with hydrogen in the ionization chamber advantageously allows the use of a focused proton
beam for typical focused proton beam applications (IBIC, PBW, deterministic implantation),
in addition to its use for high resolution microscopy. As a proton beam induces minimal
damage to a system, it can be used in IBIC to image not only deep inside an integrated circuit
but also image the surface topography of an integrated circuit under study. These two
modalities (ion beam/electron beam) facilitate accurate alignment in charge collection
microscopy. Signals used in the microscopy according to an example embodiment can be
electron or ion induced charges, electron or ion induced secondary electrons, backscattered
electrons or ions, electron or ion induced luminescence etc.

[0027] In an example embodiment, a low 0.1 — 30 kV energy ion microscope system
incorporating a nano-aperture ion source, e.g. in the form of an ionization chamber chip, is
provided for implementing a deterministic ion implantation, ion beam induced current and
compact Proton Beam Writing (c-PBW) system, preferably enabling accurate placement of

implanted ions and PBW fabricated structures.
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[0028]  The energy window of operation of such a coaxial charged particle (ion /electron)
microscope according to an example embodiment can range from about 0.1 to 10s keV. An
even wider energy window up to about 200 keV or more can be used in example embodiments,
but radiation shielding should be implemented to reduce radiation caused by high energetic
electrons in such example embodiments, as will be appreciated by a person skilled in the art.
[0029] In an example embodiment, the use of NAIS, as a high brightness and low energy
spread ion source, offers compelling advantages over other ion sources. In principle, any gas
that can be ionized is compatible with NAIS, enabling the generation of ion beams spanning
different gaseous ion species with simple and convenient way to switch among different gas
species. In a non-limiting example embodiment, the design consideration of a proton
microscope equipped with hydrogen NAIS is described herein.

[0030] When secondary electrons are generated along the incident ions' path, some
secondary electrons near the surface can escape. Compared to electron-induced secondary
electrons, ion-induced secondary electrons have lower energy and higher yield due to the larger
mass difference between ions and electrons. Additionally, ions have a smaller interaction
volume than electrons with same energy. The interaction volume can be referred to as effective
probe size. These secondary electrons generated by low energy ions are advantageous and
sensitive in the topmost surface of a target with high signal to noise ratio and small interaction
volume. Therefore, low energy ion microscopy (including proton) is suitable to image
topographic contrast with high surface sensitivity.

[0031]  However, for ion microscopy, the ion probe size generally shrinks with the increase
of ion energy. At low energy, ion probe size is typically limited by chromatic aberration with
the absence of diffraction aberration due to the low wavelength of ion when comparing to
electrons. Therefore, a high brightens and low energy spread ion source with reduced chromatic
aberration is desirable. In an example embodiment, the use of NAIS as part of a low energy
proton microscope for any gaseous ion species, equipped with a low chromatic aberration focus
lens, can preferably address that need.

[0032] In an example embodiment, an Einzel lens is used as an electrostatic lens to exploit
that an electrostatic lens can focus a charged particle beam, (either electron or ion) without
changing its beam energy. With reference to Figure 1, generally, an Einzel lens 100 comprises
three symmetrical apertures or tubes 101-103 with the same electric potential at the first

(entrance) apertures 101 and third (exit) aperture 103. The electric potential at the middle
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aperture 102 is varied to focus the beam 104 either by acceleration-deceleration or deceleration-
acceleration mode. In acceleration-deceleration (A-D) mode, the charged particle beam is
accelerated between apertures 101 and 102, and decelerated between apertures 102 and 103,
I.e. with no net change in the beam energy. Similarly, in deceleration-acceleration (D-A) mode,
the charged particle beam is decelerated between apertures 101 and 102, and accelerated
between apertures 102 and 103, i.e. with no net change in the beam energy. For an Einzel lens
100 comprising three apertures101-103, typically the size of apertures 101-103 and distance
between apertures 101-103 are about the same as the working distance of the Einzel lens 100.
The advantage of the Einzel lens 100 is its simplicity, compactness and no dissipation of
external power. Generally, the chromatic aberration of the Einzel lens 100 relies on its design,
geometry and operating condition. The coefficient of chromatic aberration is approximately
equal to the focal length.

[0033]  The final focused probe size, for a low energy proton microscope, is mainly limited
by the demagnified virtual source size at imaging plane, chromatic aberration and spherical
aberration. SIMION® 8.1 is capable of simulating the performance of a low energy proton
microscope equipped with NAIS and miniaturized Einzel lens, according to an example
embodiment.

[0034] A NAIS with 10° A/(m?srV) reduced brightness, 500 pA current, 1 eV energy spread,
and 60 nm virtual source size is adopted for this evaluation, according to an example
embodiment. Protons are generated by electron-gas collisions, in NAIS, and extracted with a
tunable extraction voltage. The Einzel lens is positioned downstream. Figure 2 shows a graph
illustrating proton probe size as function of probe current for different three-aperture sizes for
A-D and D-A)modes with 1 keV protons. With the size of each of the three apertures of 200
pum, 10 nm probe size can be obtained according to an example embodiment. It is noted that in
different example embodiments, more powerful lenses should be able to focus to single digit
nm probe size.

[0035] As the focusing capability of electrostatic lenses (e.g. Einzel lens, electrostatic
quadrupole lens, etc.) are only dependent on the charge of the particle (e.g. ion or electron), a
particular design will work equally well for other types of ions, according to an example
embodiment. An Einzel lens can also focus down electrons of the same energy as a single
charged ion by just changing the polarity to the Einzel lenses. A schematic drawing of a non-

limiting example implementation of a NAIS based microscope 300 equipped with Einzel lens
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301, according to an example embodiment, is shown in Figure 3. In one microscope operation
mode, signals in the microscope 300 are obtained via electron or ion induced charges, electron
or ion induced secondary electrons, backscattered electrons or ions, electron or ion induced
luminescence etc. from sample surfaces that are imaged on the sample stage 302. Annular
detector(s) e.g. 315 and/or detector(s) e.g. 305 disposed from the side relative to the sample
stage 302 can be used in example embodiments for ion, electron and/or luminescence detection.
A shielding structure 307 for shielding external/stray magnetic fields is provided, preferably
all around the microscope 300. Also, the materials used to build up the microscope 300 with
its various components are preferably chosen to avoid remnant magnetic fields.

[0036] Advantageously, through simply removing the gas in the NAIS source 304 and
changing the polarity of the electrostatic lenses 311-313 of the Einzel lens 301, the ion
microscope 300 will now function as an electron microscope where the ions and electrons will
follow exactly the same beam path. If the electron beam 308 has the same absolute energy as
the proton beam 309, then the extractor - accelerator section 306 is not needed to be applied
for the electrons. It is noted that in different example embodiments, the energy of the electron
beam 308 does not have to be the same as that of the proton beam 309, while still maintaining
the advantages of the co-axial electron beam imaging. The energy of the electron beam may be
adjusted using the extractor - accelerator section 306 and/or directly at the electron injector
310. Signals in the electron microscope operation can be obtained via electron beam induced
secondary electron emission and/or electron (back)scattering and/or electron induced
luminescence from sample surfaces that are imaged on the sample stage 302. It is noted that
the number of electrons/ions can be measured, e.g. by measuring the current.

[0037] Itis noted that in another example embodiment, the nano-aperture ion source 304 is
configured for selectively moving into a first position relative to the Einzel lens when the ion
beam 309 is being focused, and into a second position relative to the Einzel lens when the
electron beam 308 is being focused, wherein in the first position the electron beam 308 enters
the ionization chamber 314 of the nano-aperture ion source 304 for ionizing the ionizing gas,
and wherein in the second position, the electron beam 308 by-passes the ionization chamber
314 of the nano-aperture ion source 304, for example by passing through a through hole formed
in the nano-aperture ion source 304 outside the ionization chamber 314.
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[0038] As mentioned above, in another example embodiment, instead of an electrostatic
focusing system, e.g. the Einzel lens 301, a focusing system based on two or more electrostatic
quadrupole lenses may be used.

[0039] As shown in Figure 4(a), a positively charged particle e.g. 400 entering down into
the lens quadrupole lens 402 will be focused in the x direction and therefore forms a vertical
line focus, as illustrated in Figure 5(a). The electrostatic force acting on a positively charged
particle e.g. 400 is indicated with an arrow e.g. 404. If a negatively charged particle e.g. 406
traverse the same lens 402, it will be focused in the y direction creating a horizontal line focus
500 as illustrated in Figure 5(a), but rotated over 90°. The electrostatic force acting on a
negatively charged particle e.g. 406 is indicated with an arrow e.g. 408. To focus a charged
particle beam using electrostatic quadrupole lenses it is apparent that at least 2 lenses 502, 504
which are rotated over 90° with respect to each other are needed to form a spot 506, as
illustrated in Figure 5(b). This type of electrostatic quadrupole lenses can be configured in such
a way that the demagnification of such a lens system will allow beam focusing to single digit
nano mete, according to an example embodiment.

[0040] The proposed geometry according to example embodiments will greatly facilitate
alignment of intended ion beam experiments. In the case of PBW the substrate and/or pre-
fabricated alignment markers can be mapped with an electron beam or proton beam facilitating
exact positioning of intended lithographic structures.

[0041]  Also, in the case of precise ion implantation the coaxial electron beam imaging of
the sample will guarantee accurate deterministic ion implantation at desired locations.

[0042]  Also, in the case of IBIC either proton beams or electron beams can be used to
precisely align the proton beam with respect to the integrated circuit that is to be tested.
[0043]  Inone embodiment, an ion microscope is provided comprising a nano-aperture ion
source; and a focusing system; wherein the focusing system is configured for selectively
coaxially focusing an ion beam generated from an electron beam ionizing an ionizing gas in
the nano-aperture ion source and the electron beam.

[0044]  The focusing system may comprises one or more electrostatic lenses. The focusing
system may comprise two or more cylinder lenses, or two or more quadrupole lenses. The
focusing system may comprise an Einzel lens.

[0045]  The microscope may comprise an electron injector for generating the electron

beam.
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[0046]  The microscope may comprise an electrostatic extractor/acceleration section for
extracting/accelerating the ion beam from the nano-aperture ion source.

[0047]  The nano-aperture ion source may be configured for selectively containing the
ionizing gas when the ion beam is being focused by the focusing system, and to be free of the
ionizing gas when the electron beam is being focused by the focusing system.

[0048]  The nano-aperture ion source may be configured for selectively moving into a first
position relative to the focusing system when the ion beam is being focused by the focusing
system, and into a second position relative to the focusing system when the electron beam is
being focused by the focusing system, wherein in the first position the electron beam enters
an ionization chamber of the nano-aperture ion source for ionizing the ionizing gas, and
wherein in the second position, the electron beam by-passes the ionization chamber of the
nano-aperture ion source.

[0049]  The microscope may comprise a detection system. The detection system may be
configured to detect one or more of a group consisting of electron or ion induced charges,
electron or ion induced secondary electrons, backscattered electrons or ions, and electron or
ion induced luminescence.

[0050]  The microscope may comprise a shielding structure for shielding external/stray
magnetic fields.

[0051]  Figure 6 shows a flowchart 600 illustrating a method of constructing an ion
microscope, according to an example embodiment. At step 602, a nano-aperture ion source is
provided. At step 604, a focusing system is provided, wherein the focusing system is
configured for selectively coaxially focusing an ion beam generated from an electron beam
ionizing an ionizing gas in the nano-aperture ion source and the electron beam.

[0052]  The focusing system may comprises one or more electrostatic lenses. The focusing
system may comprise two or more cylinder lenses, or two or more quadrupole lenses. The
focusing system may comprise an Einzel lens.

[0053] The method may comprise providing an electron injector for generating the
electron beam.

[0054]  The method may comprise providing an electrostatic extractor/acceleration section

for extracting/accelerating the ion beam from the nano-aperture ion source.
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[0055]  The nano-aperture ion source may be configured for selectively containing the
ionizing gas when the ion beam is being focused by the focusing system, and to be free of the
ionizing gas when the electron beam is being focused by the focusing system.

[0056]  The nano-aperture ion source may be configured for selectively moving into a first
position relative to the focusing system when the ion beam is being focused by the focusing
system, and into a second position relative to the focusing system when the electron beam is
being focused by the focusing system, wherein in the first position the electron beam enters
an ionization chamber of the nano-aperture ion source for ionizing the ionizing gas, and
wherein in the second position, the electron beam by-passes the ionization chamber of the
nano-aperture ion source.

[0057]  The method may comprise shielding external/stray magnetic fields.

[0058] The method may comprise providing a detection system configured to detect one
or more of a group consisting of electron or ion induced charges, electron or ion induced
secondary electrons, electron or ion induced backscattered electrons or ions respectively, and
ion or electron induced luminescence.

[0059]  Figure 7 shows a flowchart 700 illustrating method of aligning an ion beam in an
ion microscope, according to an example embodiment. At step 702, a nano-aperture ion
source is provided. At step 704, a focusing system is provided. At step 706, the ion beam
generated from an electron beam ionizing an ionizing gas in the nano-aperture ion source and
the electron beam are selectively coaxially focused.

[0060]  The focusing system may comprises one or more electrostatic lenses. The focusing
system may comprise two or more cylinder lenses, or two or more quadrupole lenses. The
focusing system may comprise an Einzel lens.

[0061] The method may comprise providing an electron injector for generating the
electron beam.

[0062] The method may comprise using an electrostatic extractor/acceleration section for
extracting/accelerating the ion beam from the nano-aperture ion source.

[0063] The method may comprise selectively providing the ionizing gas in the nano-
aperture ion source when the ion beam is being focused by the focusing system, and to be
free of the ionizing gas when the electron beam is being focused by the focusing system.
[0064] The method may comprise selectively moving the nano-aperture ion source into a

first position relative to the focusing system when the ion beam is being focused by the
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focusing system, and into a second position relative to the focusing system when the electron
beam is being focused by the focusing system, wherein in the first position the electron beam
enters an ionization chamber of the nano-aperture ion source for ionizing the ionizing gas,
and wherein in the second position, the electron beam by-passes the ionization chamber of
the nano-aperture ion source.

[0065]  The method may comprise using a detection system to detect one or more of a
group consisting of electron or ion induced charges, electron or ion induced secondary
electrons, electron or ion induced backscattered electrons or ions respectively, and ion or
electron induced luminescence.

[0066] The method may comprise shielding external/stray magnetic fields.

[0067]  Aspects of the systems and methods described herein such as the control of various
components of the microscope, e.g. the NAIS, the electron injector, the Extractor-Acceleration
section, the detector(s) and the electrostatic lens, may be implemented as functionality
programmed into any of a variety of circuitry, including programmable logic devices (PLDs),
such as field programmable gate arrays (FPGASs), programmable array logic (PAL) devices,
electrically programmable logic and memory devices and standard cell-based devices, as well
as application specific integrated circuits (ASICs). Some other possibilities for implementing
aspects of the system include: microcontrollers with memory (such as electronically erasable
programmable read only memory (EEPROM)), embedded microprocessors, firmware,
software, etc. Furthermore, aspects of the system may be embodied in microprocessors having
software-based circuit emulation, discrete logic (sequential and combinatorial), custom
devices, fuzzy (neural) logic, quantum devices, and hybrids of any of the above device types.
Of course the underlying device technologies may be provided in a variety of component types,
e.g., metal-oxide semiconductor field-effect transistor (MOSFET) technologies like
complementary metal-oxide semiconductor (CMQOS), bipolar technologies like emitter-
coupled logic (ECL), polymer technologies (e.g., silicon-conjugated polymer and metal-
conjugated polymer-metal structures), mixed analog and digital, etc.

[0068] The above description of illustrated embodiments of the systems and methods is not
intended to be exhaustive or to limit the systems and methods to the precise forms disclosed.
While specific embodiments of, and examples for, the systems components and methods are
described herein for illustrative purposes, various equivalent modifications are possible within

the scope of the systems, components and methods, as those skilled in the relevant art will
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recognize. The teachings of the systems and methods provided herein can be applied to other
processing systems and methods, not only for the systems and methods described above.
[0069] The elements and acts of the various embodiments described above can be combined
to provide further embodiments. These and other changes can be made to the systems and
methods in light of the above detailed description.

[0070]  In general, in the following claims, the terms used should not be construed to limit
the systems and methods to the specific embodiments disclosed in the specification and the
claims, but should be construed to include all processing systems that operate under the claims.
Accordingly, the systems and methods are not limited by the disclosure, but instead the scope
of the systems and methods is to be determined entirely by the claims.

[0071]  Unless the context clearly requires otherwise, throughout the description and the

claims, the words "comprise,” "comprising,” and the like are to be construed in an inclusive

sense as opposed to an exclusive or exhaustive sense; that is to say, in a sense of “including,
but not limited to." Words using the singular or plural number also include the plural or singular

number respectively. Additionally, the words "herein,” "hereunder,” "above,” "below," and
words of similar import refer to this application as a whole and not to any particular portions
of this application. When the word "or" is used in reference to a list of two or more items, that
word covers all of the following interpretations of the word: any of the items in the list, all of

the items in the list and any combination of the items in the list.
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CLAIMS
1. An ion microscope comprising:
a nano-aperture ion source; and
a focusing systems;
wherein the focusing system is configured for selectively coaxially focusing an ion beam
generated from an electron beam ionizing an ionizing gas in the nano-aperture ion source and
the electron beam such that the electron beam and the ion beam follow the same path through
the ion microscope.
2. The microscope of claim 1, wherein the focusing system comprises one or more
electrostatic lenses.
3. The microscope of claim 2, wherein the focusing system comprises two or more
cylinder lenses, or two or more quadrupole lenses.
4. The microscope of claim 3, wherein the focusing system comprises an Einzel lens.
5. The microscope of any one of claims 1 to 4, comprising an electron injector for
generating the electron beam.
6. The microscope of any one of claims 1 to 5, comprising an electrostatic
extractor/acceleration section for extracting/accelerating the ion beam from the nano-aperture
ion source.
7. The microscope of any one of claims 1 to 6, wherein the nano-aperture ion source is
configured for selectively containing the ionizing gas when the ion beam is being focused by
the focusing system, and to be free of the ionizing gas when the electron beam is being
focused by the focusing system.
8. The microscope of any one of claims 1 to 6, wherein the nano-aperture ion source is
configured for selectively moving into a first position relative to the focusing system when
the ion beam is being focused by the focusing system, and into a second position relative to
the focusing system when the electron beam is being focused by the focusing system,
wherein in the first position the electron beam enters an ionization chamber of the nano-
aperture ion source for ionizing the ionizing gas, and wherein in the second position, the
electron beam by-passes the ionization chamber of the nano-aperture ion source.
9. The microscope of any one of claims 1 to 8, comprising a detection system configured
to detect one or more of a group consisting of electron or ion induced charges, electron or ion

induced secondary electrons, backscattered ions, and ion or electron induced luminescence.
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10.  The microscope of any one of claims 1 to 9, comprising a shielding structure for
shielding external/stray magnetic fields.

11. A method of constructing an ion microscope comprising the steps of:

providing a nano-aperture ion source; and

providing a focusing system;

wherein the focusing system is configured for selectively coaxially focusing an ion beam
generated from an electron beam ionizing an ionizing gas in the nano-aperture ion source and
the electron beam such that the electron beam and the ion beam follow the same path through
the ion microscope.

12.  The method of claim 11, wherein the focusing system comprises one or more
electrostatic lenses.

13.  The method of claim 12, wherein the focusing system comprises two or more cylinder
lenses, or two or more quadrupole lenses.

14.  The method of claim 13, wherein the focusing system comprises an Einzel lens.

15.  The method of any one of claims 11 to 14, comprising providing an electron injector
for generating the electron beam.

16.  The method of any one of claims 11 to 15, comprising providing an electrostatic
extractor/acceleration section for extracting/accelerating the ion beam from the nano-aperture
ion source.

17. The method of any one of claims 11 to 16, wherein the nano-aperture ion source is
configured for selectively containing the ionizing gas when the ion beam is being focused by
the focusing system, and to be free of the ionizing gas when the electron beam is being
focused by the focusing system.

18.  The method of any one of claims 11 to 16, wherein the nano-aperture ion source is
configured for selectively moving into a first position relative to the focusing system when
the ion beam is being focused by the focusing system, and into a second position relative to
the focusing system when the electron beam is being focused by the focusing system,
wherein in the first position the electron beam enters an ionization chamber of the nano-
aperture ion source for ionizing the ionizing gas, and wherein in the second position, the
electron beam by-passes the ionization chamber of the nano-aperture ion source.

19.  The method of any one of claims 11 to 18, comprising providing a detection system.
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20.  The method of claim 19, wherein the detection system is configured to detect one or
more of a group consisting of electron or ion induced charges, electron or ion induced
secondary electrons, backscattered ions, and ion or electron induced luminescence.

21.  The method of any one of claims 11 to 20, comprising shielding external/stray
magnetic fields.

22. A method of aligning an ion beam in an ion microscope comprising the steps of:
providing a nano-aperture ion source; and

providing a focusing system; and

selectively coaxially focusing the ion beam generated from an electron beam ionizing an
ionizing gas in the nano-aperture ion source and the electron beam;

wherein the electron beam and the ion beam follow the same path through the ion
microscope.

23.  The method of claim 22, wherein the focusing system comprises one or more
electrostatic lenses.

24.  The method of claim 23, wherein the focusing system comprises two or more cylinder
lenses, or two or more quadrupole lenses.

25.  The method of claim 24, wherein the focusing system comprises an Einzel lens.

26.  The method of any one of claims 22 to 25, comprising providing an electron injector
for generating the electron beam.

27.  The method of any one of claims 22 to 26, comprising using an electrostatic
extractor/acceleration section for extracting/accelerating the ion beam from the nano-aperture
ion source.

28.  The method of any one of claims 22 to 27, comprising selectively providing the
ionizing gas in the nano-aperture ion source when the ion beam is being focused by the
focusing system, and to be free of the ionizing gas when the electron beam is being focused
by the focusing system.

29.  The method of any one of claims 22 to 27, comprising selectively moving the nano-
aperture ion source into a first position relative to the focusing system when the ion beam is
being focused by the focusing system, and into a second position relative to the focusing
system when the electron beam is being focused by the focusing system, wherein in the first
position the electron beam enters an ionization chamber of the nano-aperture ion source for
ionizing the ionizing gas, and wherein in the second position, the electron beam by-passes the

ionization chamber of the nano-aperture ion source.
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30.  The method of any one of claims 22 to 29, comprising using a detection system to
detect one or more of a group consisting of electron or ion beam induced charges, electron or
ion induced secondary electrons, backscattered ions, and ion or electron induced
luminescence.

31.  The method of any one of claims 22 to 30, comprising shielding external/stray

magnetic fields.



