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SYSTEM AND METHOD FOR IMAGING A SAMPLE WITH AN ELECTRON
BEAM WITH A FILTERED ENERGY SPREAD

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001] The present application claims the benefit under 35 UL.S.C. § 118{e) of
U.S. Provisional Application Serial No. 82/154 650, filed April 28, 2018, The U.S.
Provisional Application Serial No. 62/154,650 is hereby incorporated by

reference in its entirety.
TECHNICAL FIELD

[0002] The present disclosure relates generally to electron beam systems and,

more particularly, to the filtering of the energy spread of the electron beam.

BACKGROUND

{Q003] Electron beams have an inherent energy spread that describes a range
of energies possessed by electrons within the beam. The resolution of an
electron beam system may be limited by a2 range of factors including diffraction,
aberrations, and Coulomb interactions befween electrons in the beam. The
dominant limitation of the resolution in a given electron beam system is generally
dependent on the physical design of the system as well as the beam size and
path through the system, the latter of which may vary depending on the specific
application. For example, resolution in high beam current applications are
typically dominantly limited by Couwlomb interactions betwsen electrons in the
beam and by spherical aberrations associated with relatively large beam
diamstars. In contrast, resolution of low-current applications is typically limited
by the energy spread of the eleciron beam. The energy spread can limit the
performance of an electron beam system in a vanety of ways, such as reducing
the resolution through chromatic aberrations, degrading image uniformily across
a field of view, limiting the allowable beam tilt angle for wall information of a wafer
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fixture in a review system, and introducing energy-dispersion effects that tead to
a reduction of resolution in a Wien filter used to split secondary electrons from
primary electrons in the system. it is therefore desirable to develop systems and
methods to limit the energy spread of an electron beam source, particularly for

high-resolution applications.

SUMMARY

{0004] A system for generating an electron beam with a limited energy spread is
describaed in accordance with an illustrative embodiment of the present
disclosure. In one embodiment, the system includes an electron source
configured o generate an electron beam having an energy spread including one
or more energies. In another embodiment, the system includes a dispersing
electron lens, wherein the dispersing electron lens is positioned such that the
slectron beam is incident on the dispersing electron lens at an off-axis position,
wherein the dispersing slectron lens is further positioned to introduce spatial
dispersion into the slectron beam. In another embodiment, the system includes
an aperture having one or more openings, wherein the aperture is positioned to
pass at least a portion of the slactron beam such that the energy spread of the

electron beam is fillered.

{00051 A system for directing a2 beam of electrons with a limited energy spread
to a sample is described in accordance with one embodiment of the present
disclosure.  In one embodiment, the system includes an electron source
configured to generate an electron beam having an energy spread including one
or maore energies.  In another embodiment, the system includes an energy
filtering sub-system.  In ancther embodiment, the energy filtering sub-system
includes a first electron lens positioned such that the beam iz incident on the first
electron focusing element at an off-axis position and further positioned fo
infroduce spatial dispersion into the beam. In ancther embodiment, the energy

filtering sub-system includes an aperture having one or more openings
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positioned o pass at least a portion of the beam such that the energy spread of
the beam is fillered. In ancther embodiment, the energy filtering sub-system
includes a second electron lens posttionad along & second optical axis, whersin
the second electron lens is positioned io collect the beam direcled from the
aperture. in another embodiment, the system includes a sample stage for
securing one or more samples. in another embodiment, the system includes an
electron inspection sub-system including one or more electron optics posttioned

to direct the beam onto the one or more samples.

{0006] A selectively configurable system for direcling a beam of slectrons with a
fimited energy spread to a sample is described in accordance with an ilustrative
embodiment of the present disclosure. In one embodiment, the system includes
an electron source configured o generate an eleciron beam having an energy
spread including one or more energies.  In another embodiment, the system
includes an aperfure having an on-axis opening and an off-axis opening. In
another embodiment, the system includes a first assembly of che or more
glectron lenses with selectively configurable focal powers posilioned to collect
the beam from the source and direct the beam o the aperture. In another
embodimant, the first assembly includes an off-axis electron lens configured to
interact with the beam at an off-axis position and further configured to introduce
spatial dispersion to the beam when configured with a nonzero focal power. in
another embodiment, the first assembly & configurable in at least 3 first
configuration in which the off-axis electron lens is configurad with a nonzero focal
power and in which the first assembly of electron lenses is configured to dirsct
the beam to the off-axis opening of the aperture such that the the energy spread
of the beam iz filtered by the aperture. In another embodiment, the first assembly
is further configurable in at least a second configuration in which the off-axis
glectron lens is configured with a focal power of zero and in which the first
assembly is configured to direct the beam to the on-axis opening of the aperture
such that the energy spread of the beam is not fillered by the aperture. In
another embodiment, the syslem includes a second assembly of one or more

selectively configurable electron lenses positioned {o collect the beam. In ancther
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smbodiment, the system includes a sample stage for sscuring one or more
samples. in another embodiment, the system includes an slectron inspection
sub-system including one or more alectron optics positioned to direct the beam

onto the one or more samples.

{00071 A system for directing a heam of electrons with a limited energy spread
to & sample is described in accordance with an iliustrative embodiment of the
prasent disclosure. In one embodiment, the system includes an electron source
configured {o generate an electron beam having an energy spread including one
or more energies. In ancther embodiment, the system includes a first electron
lens positioned to collect the beam from the electron source. In another
embodiment, the system includes an aperture having an on-axis opening. In
another embodiment, the system includes a second electron lens positioned {o
direct the beam to the aperture. In another embodiment, the system includes a
selectively configurable apertire including an opening. In another embodiment,
the selectively configurable aperiure is positioned between the first and second
glectron lenses, wherein the location of the opening relative to the oplical axis of
the first electron lens is selectively configurable. In another embodiment, the
selectively configurable aperture is configurable in al least a first configuration in
which the location of the opening is configured to pass a portion of the beam fo
an off-axis location of the second electron lens such that the second electron
fens introduces spatial dispersion to the beam and the energy spread of the
beam is filtered by the aperture. In another embodiment, the selectively
configurable aperture is configurable in al least a second configuration in which
the location of the opening is configured 1o pass a portion of the beam to an on-
axis location of the second electron lens such that the second electron lens doses
not introduce spatial dispersion to the beam and the energy spread of the beam
is not filtered by the aperture. In another embodiment, the system includes a
third electron lens positioned to collect the beam. In another embodiment, the
system includes a sample stage for securing one or more samples. In another
esmbodiment, the system includes an electron inspection sub-system including
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ong of more slectron optics positioned {o direct the beam onto the one or more

samples.

0008} A method for reducing the energy spread of an electron beam is
described in accordance with one embodiment of the present disclosure. In one
ambodiment, the method includes generating an electron beam having an energy
spread including one or more energies. In ancther embodiment, the method
includes introducing spatial dispersion into the beam. In another embodiment, the
method includes directing the heam onto an aperture with an opening, wherein
the aperture is configured to pass al lsast a pottion of the beam, and wherein the
energy spread of the beam is filtered by the aperiure.

BRIEF DESCRIPTION OF DRAWINGS

{0000] FIG. 1A is a conceptual view of an electron beam system including an
orientation of an electron source, an energy filtering sub-system, electron
deflectors, an objective, and a delector for imaging a sample with an electron
beam in accordance with ong embodiment of the present disclosure.

{00101 FIG. 1B is a schematic view of a system fo filter an energy spread of an
electron beam in accordance with one embodiment of the present disclosurs.

{0011] FIG. 2 is & schematic view of a system fo fluminate a sample with an
slectron beam filtered by an off-axis energy Hitering sub-system in accordance

with one smbodiment of the present disclosure.

[0012] FiG. 3A is a cross-sectional schamatic view of a selectively configurable
system to illuminate a sample with an electron beam fillered by an off-axis
energy filtering sub-system including a combined magnetic lens in accordance

with one embodiment of the present disclosure.

{0013] FIG. 3B is a cross-sectional schematic view of a selectively configurable
system {o dluminate a sample with an electron beam with an alternate beam path
in which the beam is not filtered by an off-axis energy filtering sub-system
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including a combined magnetic lens in accordance with ong embodiment of the

present disclosure.

[0014] FIG. 4A is a cross-sectional schematic view of a selectively configurable
system fo illuminale a sample with an electron beam filtered by an off-axis
anergy filtering sub-system including a combined electrostatic lens configured
with an energy filtering voltage in accordance with one embodiment of the
present disclosure.

{0015] FiG. 4B is a cross-sectional schemaltic view of a selectively configurable
system to illuminate a sample with an electron beam with an alternate beam path
in which the beam is not filtered by an off-axis energy fillering sub-system
including 8 combined electrostatic lens configured with an energy filtering vollage
in accordance with one embodiment of the present disclosure.

{0018} FIG. 8A is a cross-sectional schematic view of a selectively configurable
system to illuminate a sample with an electron beam filtered by an off-axis
energy filtering sub-system including a combinad electrostatic lans configured
with an energy filtering voltage and electrically floated with a floating voltage in

accordance with one embaodiment of the present disclosure.

{0017} FIG. 5B is a cross-sectional schematic view of a selectively configurable
system to Hluminate a sample with an electron beam with an alternate beam path
in which the beam is not filtered by an off-axis energy filtering sub-system
including a combined glectrostatic lens configured with an energy filtering voltage
and electrically flosted with a floating voltage in accordance with one

embodiment of the present disclosure.

{0018] FIG. 8A is a cross-sectional schamatic view of a selectively configurable
system to illuminate a sample with an electron beam filtered by an off-axis
energy filtering sub-system including a combined double-potential slectrostatic
lens configured with an energy fillering voltage, one retarding lens, and one

accelerating lens in accordance with one embodiment of the present disclosure.
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{0018] FIG. 6B is a cross-sectional schematic view of a selectively configurable
system o Hluminate a sample with an glectron beam with an alternate beam path
in which the bsam is not filtered by an off-axis energy filtering sub-system
including a combined double-potential eleclrostatic lens configured with an
energy filtering vollage, one refarding lens, and one accelersting lens in

accordance with one embodiment of the present disclosure.

[0020] FIG. 7 is a schemalic view of g gystem fo illuminate a sample with an
electron beam filtered by an on-axis energy filtering sub-system with a selectively
configurable aperture i1 accordance with ong embodiment of the present
disclosure.

[0021] FIG. 8A is a histogram of the energy spread of an electron beam before
energy filtering in accordance with one embodiment of the present disclosure.

{00221 FIG. 8B is a histogram of the energy spread of an electron beam after

anergy filtering in accordance with one embodiment of the present disclosure.

[0023] FIG. 9 is a simulation plot of the beam focusing dynamics with and
without energy filtering in accordance with one embodiment of the present
disclosure.

{0024] FIG. 10 is a flow diagram depicting a method for reducing the energy
spread of an electron beam in accordance with one embodiment of the present

disclosure.
DETAILED DESCRIFTION

{0025] The present disclosure has been particularly shown and described with
respect to certain embodiments and specific features thereof. The embodiments
set forth herein are taken fo be Hlustrative rather than limiting. # should be
readily apparent fo those of ordinary skill in the art that various changes and
madifications in form and detail may be made without departing from the spirit
and scope of the disclosure.



WO 2016/176507 PCT/US2016/029881

{0026] In general, one or more smbodiments of the present disclosure
gncompass systems and methods for the selective control of the energy spread
of an electron beam for use in, but not limited to, scanning electron microscopes,
scanning electron review systems, fransmission electron microscopes, and
fransmission electron review systems, which are herein referred to as slectron
beam systems. Electron beam systems typically include, but are not limited to,
electron sources, electron focusing elements, electron deflectors, stigmators,
sample positioning stages, beam scanning systems, and electron detection
optics. it is noted herein that the tenms “electron focusing element” and “electron
tens” are used interchangeably throughout this disclosure. i is further noted that
the focal power of an electron lens may be dynamically adjusted during operation
via the operating current, which enables a single physical component to have
different focal powers for different modes of operation. The term focal power is
sometimes referred o in the arl as the optical power or the converging power of
a lens and is mathematically described as the inverse of the focal length of the
tens: P = 1/, where P is the focal power and fis the focal length of the lens. ltis
further noted that the focusing power of a typical electron lens is associated with
an interaction between an eleciron beam and electromagnetic fields such as
sleclric andfor magnetic fields. The location at which an electron beam is
incident on a lens is then the location at which the eleciron beam is deflected by
the fields associated with the lens,

{00271 Referring generally to FIGS 1-10, a system and method for filtering the
energy spread of electron beams are described in accordance with the present
disclosure. Embodiments of the present disclosure are directed to the selection
of a desired set of energies from the energy spread of an electron beam ({ie.
filtering an electron beam), Additional embodiments are directed {o the coupling
of a filtered electron beam o an objective configured for imaging a sample.
Some embodiments of the present disclosure are directed to systems capable of
operating in multipte filtering configurations. For example, some embodiments
are directed fo systems wherein the capability of filtering an electron beam may

be selectively engaged or disengaged.
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{0028] Elsctron beams have an inherent energy spread, Ak, which describes a
range of snergies that electrons within the beam possess. The resolution of an
electron beam system may be limited by a range of factors including diffraction,

aberrations, and Coulomb interactions between electrons in the beam.

{00291 Diffraction effects are related to physical dimensions of various
companents within the system and are generally not sasily minimized given other
design restraints. Chromatic aberration, however, is proportional to the energy
spread of an electron beam and is characterized by electrons with different
energies propagating along different paths through the system, which negatively
impacts the system resolution, Chromatic aberration may be induced by
slements within an slectron beam system such as electron lenses. Chromatic
aberration induced by an electron lens occurs when electrons with different
energies are deflected at different angles when passing through the slectron
lens. The degree o which an electron beam passing through an electron lens
experiences chromatic aberration is typically dependent on the paosition of the
glectron bsam relative {0 the optical axis of the lens, known as the off-axis
distance. Generally, the greater the off-axis distance, the greater the affect of
chromatic aberration. Additionally, chromatic aberration due to energy dispersion
in a Wien filter is direclly proportional to the energy spread and further limits the

system resolution.

{00307 The energy spread of an electron beam in an electron beam system
directly influences the scanning field of view (FOV) or throughput the system.
The FOV is primarily limited by off-axis aberrations such as coma and chromatic
aberration. Reducing the energy spread will reduce the chromatic aberration and
allow for optimization of the FOQV. Similarly, the degree to which an electron
beam system can characterize wall information on a wafer fixture is related to the
rmaximum it angle of the electron beam, which s again limited by off-axis
aberrations such as coma and chromatic aberration. A reduction of the
chromalic aberration by reducing the energy spread will positively impact system
performance for this and similar applications.
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{0031] The dominant limitafion of the resolution in a given electron beam system
is generally dependent on the desired application and the required beam ourrent.
For example, resolution in high-current beam applications is typically dominantly
fimited by Coulomb interactions belween slectrons in the beam and by spherical
aberrations associated with relatively large beam diameters. In confrast,
resolution of low-current beam applications is typically limited by the energy
spread of the electron beam.

{00321 FIG. 1A is a simplified diagram of a system 100 for imaging a sample
with a filtered electron beam 101. In one embodiment, electrons with an energy
spread AE are generated by an electron source 102 and directed to an electron
tens 104, The electron scurce 102 may include any eleciron source known in the
art. For example, the electron source 102 may include, but is not limited o, one
or more elesctron guns.  In another embodiment, the electron beam 101 is then
directed to an snergy filtering sub-system 106, wherein the energy spread of the
beam is filtered such that the resulting beam has an energy spread Ae < Ak In
ong embodiment, the electron inspection sub-system includes, but is not limited
to, an objective 110 further positioned to diregt the beam onto one or more
samples 112 located on one or mare positionable sample stages 114, in another
ambodiment, the electron inspection sub-system 116 includes one or more
electron deflectors 108 positioned to direct the beam info the objective 110, in
one embodiment, sample 112 includes, but s not limited to, a wafer {e.q..
semiconductor wafer). In some embodiments, a detector assembly 118 is
positionad to image or otherwise analyze the one or more samples 112,

{00331 FIG. 1B is a simplified schematic of an energy filtering sub-system 1086
according {o one or more embodiments of the disclosure.  An electron beam 101
is directed to an electron lens 204 with an optlical axis 212 at an off-axis distance
202. H is noted herein that the electron beam 101 prior o interaction with the
electron lens 204 in FIG. 1B is represented as a single electron ray for purposes
of clarity. The electron lens 204 is positioned to introduce spatial dispersion info
the beam such that the degres of deflection of electrons passing through the

10
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giectron lens 204 varies according to the electron snergy. In one embodiment,
the beam 101 is directed to an aperture 208 with an opening of width 210 located
at a distance 208 from the electron lens 204. The aperture operates as a spatial
filter and selects a set of electron energies, E. < Ae < E,, 1o continue propagating
through the system 100. lt is noted herein that the electron lens 204 may include
gither a single electron lens or, allernatively, one or more glectron lenses forming

a compound lens system.

{0034] In one embodiment, a collimated electron beam 101 is directed to an
electron lens 204 and an aperture 206 is positioned at the back focal length of
the lens 204, ie. al a distance 208 equal 1o the focal length of the lens 204
tacated on the side of the lens opposite the incident electron beam 101, In this
configuration, the aperture 206 is in a plane conjugate to the source of the
coliimated electron beam 101 in an infinite conjugate configuration. In additional
embodiments, the aperture 206 and the source 102 of the electron beam 101
may be positioned in any number of finite conjugale positions. In these
embodiments, the eleciron lens 204 as well as any electron lenses {s.g. 104)
positionad in the beam path generate an image of the source 102 of the electron
beam 101 at the position of the aperture 208. 1 is nofted herein that minor
adiusiments to the positions of the eleciron lens 204 and aperture 206 made in
order {o account for diffraction and aberrations are within the spirit and scope of

the present disclosure,

10035] Referring generally to FIGS, 2-6, in some embodiments of the present
disclosure, the energy filtering sub-system 108 includes two electron lenses 204
and 205 that share an oplical axis 212 that is shifted from the primary oplical axis
312 by a distance 202. 1t is noted herein that the electron rays depicted as the
beam 101 are intended to illustrate the envelope of rays assocdiated with the
beam 101. Furthermore, the spatlial dispersion of the beam introduced after
elactron lens 204 is not shown for purposes of darity. In one embodiment, an
electron beam 101 generated by an electron source 102 is collected and
collimated by an slectron lens 104. The diameter of the beam 101 is defined by

11
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the opening of an aperfure 308. In another embodiment, the beam 101 is then
directed to an eleclron lens 204 at an off-axis position such that spatial
dispersion s infroduced {o the beam 101, Again, the presence of spatial
dispersion is not lustrated for purposes of clarity. The elecltron beam 101 is then
directed fo an aperture 206 positioned an image plane of the source 102 such
that all slectrons from a given position of the source 102 are focused o a single
position on the aperfure 208. The width 210 of an opening of the aperfure 208
defines the energy spread Ae of the beam 101 passing through the aperture 206.
The electron beam 101 is then collected and collimated by electron lens 205. A
pair of electron deflectors 108 is positioned {o redirect the bsam 101 1o be
collinear with the optlical axis 312. An electron objective lens 110 is positioned to
focus the beam onto a sample 112, H s noled hergin that astigmatism
infroduced into the beam by the path through the system 100 may be
compensated for using stigmators. it is further noted that one advantage of
gmbodiments wherein the energy filtering sub-system 106 includes axis-shifted
lenses is that energy spread filtering is achieved using only a minor modification

to the design of existing egquipment.

{00361 It is noted herein that in some embodiments of the present disclosurs,
high current densities in the electron beam 101 may be achieved by first,
collecting electrons from an electron source 102 with an electron lens 104
second, contralling the beam diameter with an on-axis apertre 3068; and third,
positioning an energy filtering sub-system 108 after the aperture 306. This
configuration enables the collection of a high current densily electron beam along
the optical axis 312.

{0037] Referring generally to FIGS 3-8, in some embodiments of the present
disclosure, the system 100 is configurable to operate in multiple operational
modes. For example, a low beam current mode for which energy filtering of the
beam 101 is enabled, and a high beam current mode for which energy filtering of
the beam 101 is disabled. In one embodiment, switching between a low current
mode and a high current mode is achieved through a modification of the focal

12
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power of electron lenses 104, 204, 205, 304, and 305 as well as through the
operation of one or more electron deflectors 108, 1t is noted herein that in some

embodiments, the same optical column is used for both operational modes.

{0038] I s noted herein that a low beam current mode may be particularly
useful for applications for which maximum resoclution is desired such as high
resolution scanning electron microscope imaging systems or review systems.
For such applications, relatively low beam currents are typically used to avoid
Coulomb interactions between electrons. In such applications, a reduction of the
energy spread through the energy-filtering sub-system is highly desirable. Hf is
further noted herein that a high current mode may be particularly useful for
applications requiring beam currents sufficiently high that the resolution is
dominantly limited by Coulomb interactions between electrons and spherical
aberration rather than chromatic aberration. Therefore, the energy filtering sub-
system is not needed and any off-axis interactions with electron lenses are
avoided. This high-current mode may commaonly be used for slectron beam
wafer inspection (EB, for example. The ability 1o swilch between the high beam
current mode and the low beam current mode enables a highly-flexible platform

suitable for many applications.

{0039] Referring generally to FIGS 3A, 4A, BA, and GA, in some embodiments
of the present disclosure, the system 100 is configured to operate in a low
current beam mode.  In one embodiment, an slectron lens 104 with an optical
axis 312 collimates a beam 101 with an energy spread AE generated from an
electron source 102. An aperture 308 with an opening on the optical axis 312
defines the diameter of the beam. Electron lenses 304 and 305 positioned on
optical axis 312 are configured to have a focal power of 0 and are thus
configured fo nof focus the beam. Electron lenses 204 and 205 are positioned to
share an oplical axis 212 shifted from optlical axis 312 by a distance 202.
Elactron lens 204 is further configured {o both image the electron source 102
onto an aperture 208 and o infroduce spatial dispersion into the beam 101, The
aperture 206 has an opening positioned on the optical axis 212 and is configurad

13
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to reduce the energy spread of the beam 101 {o As < Ak, Electron lens 205
collects and collimates the beam 101. A pair of electron deflectors 108 direct the
beam in a telecantric configuration to an electron objective lens 110 positioned to

focus the beam 101 onto a sample 112

{00401 Referring generally to FIGS 3B, 4B, 5B, and 8B, in some embodiments
of the present disclosure, the system 100 is configured fo operale in a high
current beam mode. In one embodiment, an slectron lens 104 with an optical
axis 312 collects and focuses a beam 101 generated from an electron source
102 and modifies the beam current by controlling the rays of electrons that pass
through an aperture 306. Electron lenses 204 and 2085, sharing an oplical axis
212 shifted from optical axis 312 by a dislance 202, are configured to have a
focal power of U and are thus configured {o not focus the beam. Electron lens
304 is positioned to share the oplical axis 312 and is configured to image the
electron source 102 onto the aperiure 206. The apsriure 206 has an opening
positioned on optical axis 312. 1t is noted herein that the since the beam 101 is
directed 1o an on-axis position, the beam is nol spaliglly dispersed when
propagating through the aperture 208 and thus energy fillering does not ocour.
Electron lens 305 is posilioned o collimate the beam 101. Electron deflectors
108 are configured not to deflect the beam. The beam 101 is then incident on an

electron objective lens 110 positioned to focus the beam 101 onto a sample 112,

[0041] It is noted herein that any of the one or more openings of the aperture
206 may be configwed to be any desirable shape; the choice of the shape of
openings may be driven by manufacturing considerations as well as engineering
considerations. By way of a nondimiting example, any of the one or more
openings of the aperture 208 may be configured {o be in the shape of a slit in
order to improve manufacturability at a given performance spedification. By way
of a second non-imiting example, an aperture 206 may be configured to have a
round central opening for high beam current mode operation and a slit opening at

an off-axis position on optical axis 212 at a distance 202 from optical axis 312 for
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low-beam curent energy filtering operation. It is further noted that slit-shaped
openings may reduce the potential for clogging or undesirable charging sffects.

[0042] U is noted herein that any of the electron lenses in the system 100 and
may include one or more of any type of electron lens known in the art including,
but not limited to, electrostatic, magnetic lenses, uni-potential, double-potential,
retarding, and accelerating lens technologies. It is further noted that pairs of
glectron lenses in the system may be physically fabricated g3 a single
component. Referring to FIGS 3A and 3B, in one embodiment, electron lenses
304 and 305 include electrostatic lenses. In ancther embodiment, slectron
fenses 204 and 205 include a combined magnetic lens with a common coil held
by magnetic pole pisces. In ancther embodiment, electrons 204 and 205

include electrostatic lenses.

{0043] Referring to FIGS 4A and 4B, in one embodiment, electron lenses 204
and 205 further include a combined slectrostatic lens with an energy filtering
voltage Ver.  In another embodiment, electron lenses 304 and 305 include
slectrostatic lenses. It is noted herein that an electrostatic lens include a uni-
potential lens {e.g9. an Einzel lens) andfor a double-potential lens {e.q. relarding
or accelerating lenses). W is further noted that embodiments including
elecirostatic lenses may provide faster swilching spesds than embodiments
using magnetic lenses or @ combination of elecirostatic and magnetic lenses.

{0044] Monte Carlo computer simulations of the energy spread filtering
performance of a system 100 in accordance with one embodiment of the present
disclosure are shown in FIGS 8A and 8B. FIG. BA shows a histogram piot of
electron snergies AL included in the energy spread before fillenng, and FIG.8B
shows a histogram plot of electron energies Ae included in the energy spread
after energy filtering. |t is noted herein that the bin size of the histogram plots in
FIGS BA and 8B are the same. This reduction in the energy spread reduces
chromatic aberration introduced by other elements in the system such as the

abjective lens 110 and thus provides an enhanced system resolution. A
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simulation of the beam focusing dynamics with and without energy filtering is
shown in FIG. 8.

[0045] It is noled herein that one advaniage of the present disclosure is
flexibility in designing the system around several key parameters including the
energy spread of the filtered electron beam {Ae}, the central wavelength of the
energy spread of the filtered electron beam (Ep), the off-axis shift distance 202
{R}, and the width of the opening 210 of the aperture 208 (D). These parameters
are relgted by equation 1:

[0046] Ae/ £, x D/R (1),

{0047] Accordingly, the energy spread of the filtered electron beam is
proportional to both By and D, and is inversely proportions! to R This
relationship can be exploited in a number of ways such as increasing system
resolution through appropriate design of kg, D, and R, Alternatively, this
relationship can be exploited to relax manufacturing requirements. For example,
because the energy spread of the electron beam is proportional to D, it is often
desirable to minimize this dimension in order o minimize the adverse effects
associated with energy spread. However, this size is often physically limited by
the manufacturing process used o generate the opening. Referring to FIG. 1B,
the energy spread of the fillered electron beam 101 is limited by the width of the
opening 210 of the aperture 208 (D), which is orignted in the direction of the axial
shift 202 (along the y-axis). The size of the opening along the x-axis may be
increased in order {o reduce manufacturing constraints (i.e. the opening can be a
slit that is longer along the x-axis than the y-axis). Additionally, increasing the
value of R in the system may enable a corresponding increase in the
manufacturing requirements of D without sacrificing resolution.

{00481 It is contemplated herein that decreasing the value of By during the
energy filtering process can addifionally improve system performance andfor
relax manufacturing requirements.  According to equation 1, a reduction of Ep
may either decrease the filtered energy spread Ae for set values of D and R;
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alternatively, a reduction of &£y may increase the size of D for setl values of Ae
and R. Referring to FIG SA, in one embodiment of the present disclosure,
electron lensas 204 and 205 ars electrically Hloated with a negative voltage, Ve
Thus, the ceniral energy of the energy spread of the beam 101 s reduced from
Ep to Eg + Ve for the energy filtering process. Referring to FIG. BB, in another
embodiment of the present disclosure, the negative floaling vollage, Ve, is

removed for high beam current operation.

{0049] Referring to FIGS. 84, in one embodiment of the present disclosure,
electron lenses 204 and 205 include double-potential lenses in a
retarding/accelerating configuration. A negative potential, Ver, Is applied such
that the potentials in the incident and exit sizes of each of lenses 204 and 205
are unequal. In this way, electron lens 204 is configured to be a retarding lens
and slectron lens 205 iz configured to be an accelerating lens. Further, selectron
lens 204 and electron lens 205 can either be fabricated as individual elements or
as a combined lens. it is noted herein that embodiments wherein electron lenses
204 and 205 include double-potential lenses enable efficient system design, fast
switching times, and improved performance associated with a reduction of Ey

during energy filtering.

{0050] Referring generally to FIG. 7, in some embodiments of the present
disclosure, all the electron lenses in the system 100 are positioned on the same
optical axis 212, In ong embodiment, an slectron lens 104 collects and
collimates an electron beam 101 generated from an electron source 102, A
movable aperture 3086 is positioned to control the beam diameter {o direct the
beam 101 to an electron lens 204 at an off-axis distance 202 from optical axis
212 such that spatial dispersion is infroduced to the beam 101. The electron
beam 101 is then directed from the electron lens 204 and focused onto an
aperture 206 positioned on an image plane of the electron source 102, The size
of the opening 210 of the aperture 206 will determing the energy spread of the
filtered beam, Ae. An eleclron lens 205 is posilioned to collimate the elechron
beam 101. A pair of electron deflectors 108 direct the beam 101 in a telecentric
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configuration to an electron objective 110 positioned fo focus the beam 101 onlo
a sample 112, In one embodiment, the movable aperture 308 has one or more
openings that can be selectively positioned at any number of off-axis positions at
a distance 202 from oplical axis 212. In another embodiment, both the size and
tacation of the gpening of the movable aperture 306 can be selectively adjusted.
it is noted herein that a movable apsriure enables the system 100 fo operate in
multiple operation modes. In another embodiment, the movable aperture 3086 is
positioned on the oplical axis 212 such that the beam 101 is incident on the
glectron lens 204 at an on-axis position. The electron beam 101 does not
become spalially dispersed upon interaction with electron lens 204 and the

energy spread of the beam is not filtered.

[0051] His noled herein that the electron fenses 204 and 205 may include any
type of electron lenses known in the art including, but not limited to, electrostatic,
magnetic, uni-potential, or double-potential lenses. It is further noted that
embodiments wherein all electron lenses are positioned on a common optical
axis 212 may simplify system design, reduce the number of components in the
system, reduce the overall physical size of the system, and/or reduce the length
of the beam path. A reduction of the beam path may be particularly beneficial for
high beam current operation in which Coulomb interactions between electrons

may significantly degrade system performance.

[0052] In another embodiment, the sample 112 is disposed on a sample stage
114 suilable for securing the sample 112 dwing scanning. In ancther
embodiment, the sample stage 114 is an actuatable stage. For example, the
sample stage 114 may include, but is not limited fo, one or more transiational
stages suitable for selectably transiating the sample 108 along one or more linear
directions (e.g., x-direction, y-direction andfor z-direction}. By way of another
example, the sample stage 108 may mclude, but is not limited to, one or maore
rotational stages suitable for selectably rotating the sample 112 along a rotational
direction. By way of anocther example, the sample stage 114 may include, butis
not limited 1o, a rotational stage and a transiational stage suitable for selectably
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transiating the sample along a linear direction andfor rotating the sample 112
along a rotational direction.

0053} In another embodiment, the slectron inspection sub-system 118 includes
one of more electron beam scanning slements. For example, the one or more
aleciron beam scanning elements may include, but are not limited fo, one or
more scanning coils or deflectors suitable for controlling a position of the beam
relative to the surface of the sample 112, In this regard, the one or more
scanning elements may be ulllized o scan the electron beam 101 across the
sample 112 in a selected pattemn. It is noted hersin that the inspection sub-
system 1186 may operale in any scanning mode known in the arl. For example,
the inspection sub-system 116 may operale in a swathing mode when scanning
an electron beam 101 across the surface of the sample 112, In this regard, the
inspection sub-system 116 may scan an electron beam 101 across the sample
112, while the sample is moving, with the direction of scanning being nominally
perpendicular to the direction of the sample motion. By way of another example,
the inspection sub-system 116 may operale in a step-and-scan mode when
scanning an electron beam 101 across the swface of the sample 112. In this
regard, the inspection sub-system 118 may scan an electron beam 101 across
the sample 112, which is nominally stationary when the beam 101 is being

seanned.

{0054} In another embodiment, the inspection sub-system includes a detector
assembly 118, In one embodiment, the delector assembly 118 includes an
electron collector 117 {e.g., & secondary slectron collector). in another
embodiment, the deteclor assembly 118 includes a dstector 118 {eqg., a
scintillating element and a photomutfiptier tube (PMT) detector 118} for detecting

slectrons from the sample surface {(e.g., secondary electrons).

{0055] While the foregoing description focused on the detector assembly 118 in
the context of the collection of secondary electrons, this should not be interpreted
as a limitation on the present invention. It is recognized herein that the detecior

assembly 118 may include any device or combination of devices known in the art

19



WO 2016/176507 PCT/US2016/029881

for characterizing a sample surface or bulk with an electron beam 101, For
gxample, the detector assembly 118 may include any particle detector known in
the art configured to collect backscattered electrons, Auger electrons, transmitted
glectrons or pholons (e.g., xrays emitted by surface in response 1o incident

electrons).

{00561 In ancther embodiment, the detector 118 of the deteclor assembly 118
includes a light detector. For example, the anode of a PMT detector of the
detector 119 may consist of a phosphor anode, which is energized by the
cascaded electrons of the PMT detector absorbed by the anode and
subsequently emits light. Iy turn, the light detector may collect light emitied by
the phosphor anode in order to image the sample 108. The light detector may
include any light detector known in the art, such as, but not limited to, 8 CCD
detector or a COD-TDH detector.

{00571 M is noted herein that the set of electron optics of system 100 as
described above and ilustrated in FIGS. 1-7 are provided merely for llustration
and should not be interpreted as limiting. It is anticipated that a number of
squivalent or additional configurations may be ulilized within the scope of the
present invention. By way of a non-limiting example, one or more slectron
fenses or apertures may be positioned prior {o the wavelength filtering sub-
system 108. By way of an additional non-limiting example, the electron
mspection sub-system 118 may include one or more electron lenses, apertures,
and/or stigmators.

[0058] FiG. 10 describes a flow diagram depicting a method 1000 for reducing
the energy spread of an electron beam in accordance with one embodiment of
the present invention, in step 1002, an eleciron beam having an energy spread
including one or more energies is generated. In slep 1004, spatial dispersion is
intfroduced into the beam. In step 1006, the beam is directed to an aperture with
an opening, wherein the apsriure is configured to pass at least a portion of the
beam. In this way, the energy spread of the baam is filtered by the aperture. In
step 1008, at least a portion of the beam is directed to at least g portion of a
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sample to illuminate the sample. In step 1010, electrons from the sample are

collected for the purposes of sample analysis.

[0059] The hersin described subject matter sometimes illustrates different
components contained within, or connacted with, other components. it is o be
understood that such depicted architectures are merely exemplary, and that in
fact many other architeclures can be implemented which achieve the same
functionality. In a conceptual sense, any arrangement of componentis to achieve
the same funclionality is effectively "associated” such that the desired
functionality is achieved. Hence, any two components herein combined to
achieve a particular functionality can be seen as “associated with" each other
such that the desired funclionality is achieved, irrespeclive of architectures or
intermedial components. Likewise, any two components so associated can also
be viewaed as being “connected®, or "coupled”, to each other to achieve the
desired functionality, and any two components capable of being so associated
can also be viewed as being "couplable”, o each other to achieve the desired
functionality. Specific examples of couplable include but are not limited to
physically interactable and/or physically inferacting components andfor wirelessly
interactable andfor wirelessly interacting components and/or logically interaciable

and/or logically interacting components.

{00801 It is believed that the present disclosure and many of its attendant
advantages will be undersiood by the foregoing description, and it will be
apparent that varous changes may be made in the form, construction and
arrangement of the components without departing from the disclosed subject
matier or without sacrificing all of its material advantages. The form described is
merely explanatory, and it is the intention of the following claims to encompass
and include such changes. Furthermore, it is {0 be understood that the invention

is defined by the appended claims.
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CLAIMS

What is claimed is:

1. An system for generating an electron beam with a fimited energy spread,
comprising;

an electron source configured to generate an electron beam having an

anargy spread including ong or more energies;

a dispersing electron lens, wherein the dispersing electron lens is positioned
such that the electron beam is incident on the dispersing electron lens at
an off-gxis postlion, wherein the dispersing electron lens is further
positioned o infroduce spatlial dispersion into the electron beam; and

an aperiure having one or more openings, wherein the aperiure is positioned
to pass at least a portion of the electron beam such that the energy spread
of the electron beam is fillered.

2. The system of Claim 1, further comprising a collecting slectron lens positioned

to collect the beam directed from the aperture.

3. The system of Claim 1, wherein the electron lens includes any of a magnetic
or an electrostatic lens.

4. The system of Claim 1, wherein the electron source includes one or more

slectron guns.

5. The system of Claim 1, wherein the opening of the aperture includes a siit.
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6. The system of Claim 1, whersin the dispersing electron lens and the collecting
slsctron lens are configurad as a combined electron lens configured to share

physical elements.

7. The system of Claim 6, wherein the combined slectron lens includes a
combinad magnetic lens including a common coil.

8. The system of Claim 6, whergin the combined slectron lens includes a
combined electrostatic lens electiically configured with an energy filtering
voltage.

8. The system of Claim 8, wherein the combined electron lens includes one or

more uni-potential lenses.

10. The system of Claim 8, wherein the combined slectron lens is configured to
be electrically floated with a floating voltage.

11. The system of Claim 8, wherein the combined electron lens includes one or
more double~-potential lenses.

12. The system of Claim 11, wherein the dispersing electron lens includes a
double-potential lens configured as a refarding lens, and wheregin the collecting
electron lens includes a double-potential lens configured as an accelerating lens.
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13. A system for directing a beam of electrons with a limited energy spread to a
sample, comprising:
an electron source configured o generate an electron beam having an
energy spread including one or more energies;
an enargy filtering sub-system, comprising:

a first electron lens positioned such that the beam is incident on the
first electron focusing element at an off-axis position and further
positioned to introduce spatial dispersion into the beam;

an aperture having one or more openings positioned 1o pass at least a
portion of the beam such that the energy spread of the beam is
filtered, and

a second electron lens positioned along a second optical axis, wherein
the second electron lens is positioned to collect the beam directed

from the aperiure;
a sample stage for securing one or more samples; and

an eslectron inspection sub-system including one or more electron optics
positioned to direct the beam onto the one or more samples,

14. The system of Claim 13, wherein any of the first electron lens or the second

glectron lens includes any of magnetic or slectrostatic lenses.

15. The system of Claim 13, wherein the first electron lens and the second
electron lens are configured as a combined electron lens configured to share

physical elements.

16. The system of Claim 15, wherein the combined electron lens includes a
combinad magnetic lens including a common coll,
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17. The system of Claim 15, whersin the combined slectron lens includes a
combined electrostatic lens electrically configured with an energy filtering

voltage.

18. The system of Claim 17, wherein the combined slectron lens includes one or
maore uni-potential lenses.

18. The system of Claim 17, wherein the combined electron lens is configured to
he electrically floated with a floating voltage,

20. The system of Claim 17, whersin the combined eleciron lens includes one

or more double-polential lenses.

21. The system of Claim 20, wherein the first electron lens includes a double-
potential lens configured as a retarding lens, and wherein the second collecting
electron lens includes a double-potential lens configured as an accelerating lens.

22. The system of Claim 13, further comprising one or miore electron deflectors
nositioned between the second electron lens and the electron inspection sub-

system.

23. The system of Claim 13, further comprising one or more stigmators.

24, The system of Claim 13, further comprising one or more electron detectors.
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2% The system of Claim 24, whersin the one or more slectron detectors include
any of a secondary electron detector, a backscalterad elactron detector, or a

photomultiplier fube detector.

26. The system of Claim 13, wherein the electron source includes ong or more
glectron guns.

27. The system of Claim 13, wherein the opening of the aperture includes a slit,

28. A selectively configurable systern for directing a beam of electrons with a
limited energy spread {o a sample, comprising:

an electron source configured 1o generate an slectron beam having an

eghergy spread including one or more energies,
an aperture having an on-axis opening and an off-axis opening,

a first assembly of one or more slectron lenses with selectively configurable
focal powers positioned o collect the beam from the souwrce and direct the
beam to the aperture,

wherein the first assembly includes an off-axis electron lens
configured to interact with the beam at an offaxis position and
further configured o introduce spatial dispersion to the heam when
configured with a nonzero focal power,

wherein the first assembly is configurable in at least a first
configuration in which the off-axis electron lens is configured with a
nonzero focal power and in which the first assembly is configured to
direct the beam to the off-axis opening of the aperture such that the
energy spread of the beam is filtered by the aperture, and
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wherein the first assembly is further configurable in at least a second
configuration in which the off-axis electron lens is configured with a
focal power of zero and in which the first assembly is configured to
direct the beam to the on-axis opening of the aperture such that the

energy spread of the beam is not filtered by the aperture;

a8 second assembly of one or more selectively configurable electron lenses

positioned to collect the beamy;
a sample stage for securing one or more samples; and

an slectron inspection sub-system including one or more electron optics

positioned to direct the beam onto the one or more samples.

29. The system of Claim 28, wherein any of the first assembly or the second
assembly includes any of magnetic lenses or electrostatic lenses.

30. The system of Claim 28, wherein the off-axis lens in the first assembly and
one electron lens from the second assembly are configured as a combined
electron lens configured to share physical elements.

31. The system of Claim 30, wherein the combined electron lens includes a

combined magnaetic lens including a common coil.

32. The system of Claim 30, wherein the combined slectron lens includes a
combined elactrostatic lens electrically configured with an energy filtering

voltage.

33. The system of Claim 32, wherein the combined electron lens includes one or
mare uni-potential lenses.
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34. The system of Claim 32, wherein the combined electron lens is configured to

be slectrically floated with a floating voltage.

35. The system of Claim 32, wherein the combined electron lens includes one

or more double-potential lenses,

36. The system of Claim 35, wherein the off-axis lens in the first assembly
includes a double-potential lens configured as a retarding lens, and wherein the
one electron lens from the second assembly includes a double-potential lens
configured as an accelgraling lens.

37. The system of Claim £8, further comprising one or more electron deflectors
positioned between the second electron focusing element and the electron

objective.

38. The system of Claim 28, further comprising one or more stigmators.

39. The system of Claim 28, further comprising one or more electron detectors.

40. The system of Claim 39, wherein the one or more electron detectors include
any of a secondary electron detector, a backscattered electron detector, or a
photomuitiplier tube detector.

41, The system of Claim 28, wherein the electron source includes one or more

electron guns.

42. The system of Claim 28, wherein the apening of the aperfure includes a slit.
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43. A selectively configurable system for directing a beam of slectrons with a
imited energy spread to a sample, comprising:

an electron source configured o generate an electron beam having an

anergy spread including one or more energies;
a first electron lens positioned to collect the beam from the eleciron source;
an aperture having an on-axis opening;
a second slectron lens positioned to direct the beam to the aperiure;
a selectively configurable aperture including an opening,

wherein the selectively configurable aperture is positioned between
the first and second electron lenses, wherein the location of the
opening relative o the optical axis of the first slectron lens is
selectively configurable,

wherein the sslectively configurable aperture is configurable in at least
a first configuration in which the location of the opening is
configured to pass a portion of the beam 1o an off-axis location of
the second electron lens such that the second electron lens
introduces spatial dispersion o the beam and the energy spread of
the beam is filtered by the aperture, and

wherein the selectively configurable aperiure is configurable in at least
a second configuration in which the location of the opening is
configured to pass a portion of the beam to an on-axis location of
the second electron lens such that the second electron lens does
not infroduce spatial dispersion to the beam and the energy spread
of the beam is not filtered by the aperturs;

a third electron lens positioned to coligct the beam;
a sample stage for securing one or more samples; and

an electron inspection sub-gystem including one or more electron optics

positioned o direct the beam anto the one or more samples.
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44, The system of Claim 43, wherein the opening of the selectively configurable

aperture is a shit.

45. The system of Claim 43, wherein the size of the opening of the selectively

configurable aperture is further selectively configurable.

48. The system of Claim 43, wherein any of the electron lenses includes any of

magnetic or electrostatic lenses.

47. The system of Claim 43, wherein the second and third electron lenses are
configured as a combined electron lens configured {o share physical elements.

48. The system of Claim 47, wherein the combined electron lens includes a

combinad magnetic lens including a common cotl.

48 The system of Claim 47, whersin the combined slectron lens includes a
combined electrostatic lens electrically configured with an energy filtering

voltags.

50. The system of Claim 48, wherein the combined slectron lens includes one or

more uni-potential lenses.

51. The system of Claim 49, wherein the combined electron lens is configured to

be electrically floated with a floating voltage.

52. The system of Claim 49, whergin the combingd electron lens includss one
or more double-potential lenses.
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53. The system of Claim 52, wherein the first element of the combined electron
tens includes a double-potential lens configured as a refarding lens, and wherein
the second slement of the combined sleciron lens includes a double-potential
lens configured as an accelerating lens.

54. The system of Claim 43, further compnising one or more electron deflectors
positioned between the second elecitron focusing element and the electron

cbijective.

85. The system of Claim 43, further comprising one or more stigmators.

58. The systermn of Claim 43, further comprising one or more electron detectors.

57. The system of Claim 58, wherein the one or more slectron detectors include
any of a secondary electron detector., a backscattered electron detector, or a
photomultiplier tube detector.

58. The system of Claim 43, whergin the slectron source includes ong or mare

electron guns.

59. A method for reducing the energy spread of an eleciron beam, comprising:

generating an electron beam having an energy spread including one or more

energies;

introducing spatial dispersion into the beam; and
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dirgcting the beam onto an aperture with an opening, wherein the aperture is
configured fo pass at least a portion of the beam, and wherein the energy
spread of the beam is filtered by the aperturs.

80. The method of Claim 59, further comprising:

iftluminating at least a portion of a sample with at least a portion of the beam;
and

collecting electrons from the sample to analyze the sample.
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1002 GEMERATING AN ELECTRON BEAM HAVING AN ENERGY

SPREAD INCLUBDING ONE OR MORE ENERGIES

NTRODU

Fatial DISPERSION i

DIRECTHNG THE BEAM ORTO AN APERTURE WITH AN
"éi)ﬁé"w\ OPENING, WHEREIMN THE APERTURE 1S CONFIGURED TO
PASS AT LEAST A PORTION OF THE BEAM, AND WHEREIN
THE ENERGY SPREAD OF THE BEAMIS FILTERED
BY THE APERTURE

HLLLUAMINATING AT LEAST A PORTION OF A SAMPLE WITH

AT LEAST A PORTION OF THE BEAM
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