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EM SSI ON  ELECTRONS FI ELD OF THE | NVENTI ON The present PREATPEEY08] ates to
i magi ng objects with em ssion el ectrons. BACKGROUND OF THE | NVENTI ON Many

nodern el ectrical imaging devices, such as nodern el ectron em ssion

m croscopes (EEMs), inmage an object of interest (also called specinen or
sanple) by first accelerating and focusing electrons emtted fromthe
object using an electric/mgnetic objective |ens, and then further

magni fying the image by using a series of electric/magnetic projector
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altering the trajectories of the EI' ectrons, analogous to the way a
glass lens alters the trajectory of a beamof light. A typical conventional

EEM has a radLatio e r_illumnating an object to be inmaged, an

el ectron det %ﬁp @5?10'3%5@?!&%{60@‘ ectrons emtted fromthe object as a
result of the radiation, and one or nore electric/nmagnetic |enses for
directing the emtted el ectrons towards the el ectron detector to forma
magni fied i prgsenhiaveaplien relatestthdmagingcekiects witheemigsiaraeleBtEons.an

el ectrostatic objective lens is positioned close to the object and has an
el ectrical potential higher than that of the object (usually in the range

of 10 to 15 i rating the emtted el ectrons. The
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focal |ength of such an ectric/magnetic lens varies with the kinetic
energy of the electrons focused by it. That is, electrons of different

Cength of a taamEmoBeH Efectoat bt 5" SulfbS iR EIEERE: gy & may be
appr oxi emtissiohynitrazgopes ¢BERIs), 20LMHe an object of interest (also called specimen

or sample) by first accelerating and focusing electrons emitted from the object

using an electric/magnetic objective lens, and then further magnifying the image

by using a series of electric/magnetic projector lenses. An electric/magnetic iens'

typically generates electric or magnetic fields, or a mix of both, in the path of a

beam of emitted electrons for altering the trajectories of the emitted electrons,

analogous to the way a glass lens alters the trajectory of a beam of light.

A typical conventional EEM has a radiation source for illuminating an
object to be imaged, an electron de'tector for detecting electrons emitted from the
object as a resuit of the radiation, and one or more electric/magnetic lenses for
directing the emitted electrons towards the electron detector to form a magnified
image of the object at the detector. In a typical EEM, an electrostatic objective
lens is positioned close to the object and has an electrical potential higher than
that of the object (usually in the range of 10 to 15 kV) for extracting and
accelerating the emitted electrons.

The focal length of such an electric/magnetic lens varies with the kinetic
energy of the electrons focused by it.  That is, electrons of different energies will
be focused at different focal points. For example, the focal length of a magnetic

lens for an electron beam of kinetic energy E may be approximated by



112722 --f Bzdz, (1) f 8nE where mis the electron mass, and BZ is the
axial magnetic field distribution. As such, a beam of & ReePbes2q)o h

di spersed energies is not focused in a single plane by an

el ectric/magnetic | ens. Not focusing a beamin a single plane results in
distortion of the image formed on a single plane. This distortion due to
variation in kinetic energy of the emtted electrons is referred to as
chromatic aberration. Thus, the spatial resolution of electric/mgnetic
lenses is |limted jn part by chromatic aberration. In EEM the initial

ki netic energies ?F= ®4dz, el ectrons excited by X-ray (T)adi ation
typically range from gral to tens of electron-volts, and, consequently,
chromatic aberration limts spatial resolution of an X-ray photoel ectron
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results”, Nuclear Instrunents And Methods in Physics Research, A 406,

(1998), 499- H. .. Spiecker et al, .("Spiecker).  Spiecker discloses a
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chromatic aberration limits spatial resolution of an X-ray photoelectron emission
microscope (XPEEM) to about 100 nm.

Several techniques have been developed for reducing chromatic
aberration in EEM. The general approach is to filter out emitted electrons having
kinetic energies outside a certain range. For example, contrast apertures and
Wien filters have been used for such a purpose, improving spatial resolution of
XPEEMs to about 20 nm. However, when emitted electrons of varied energies
are eliminated, the intensity of emitted electrons arriving at the detector is
reduced. Further, certain information is lost. Particularly, a full emission
spectrum cannot be obtained. |

An alternative approach is to operate an EEM in a time of flight (TOF)
mode as, for example, described in "Time-of-Flight Photoelectron Emission
Microscopy TOF-PEEM: first results", Nuclear Instruments And Methods in
Physics Research, A 406, (1998), 499-506, H. Spiecker et al, (“Spiecker”).
Spiecker discloses a photoelectron emission microscope (PEEM) with a pulsed
radiation source. Emitted electrons are dispersed in a drift tube downstream of
the imaging optics. The electrons are retarded at the entrance of the drift tube

from ~700 eV to a drift energy of less than 100 eV and are imaged on a multi-



the imagi ng optics. The electrons are retarded at the entrance of the drift
tube, from-700 eV to a drift energy of |ess than 100 A7 [3grambre?40%aged on
a multi 2 29 Decenber 2006 channel plate (MCP) at the end of the tube. The
el ectrons are then accelerated to a scintillator screen having a short
decay tinme. Emtted el ectrons produced from a single radiation pulse are:
spatially separated in the drift tube due to the spread in their kinetic
energy as the drift time of each electron is dependent on its drift
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difficult to integrate this type of TOF spectrometer into a conventional XPEEM.

Another approach is to use a tetrode mirror for correcting both chromatic
and spherical aberration, as described in "SMART electron optics”, in 127
European Congress on Electron Microscopy, Proceedings Volume i,
Instrumentation and Methodology, (2000), 81-4, D. Preikszas et al. The spatial
resolution can be improved to about 2 nm with this approach. However, this
approach requires complicated, precise design and positioning of the various
lenses and, particularly, the tetrode mirror.

Thus, there is a need for an improved imaging device using emitted
electrons with low chromatic aberration wherein both high spatial resolution and
full spectrum of emitted electrons can be obtained simultaneously.

SUMMARY OF THE INVENTION

Disclosed herein is an imaging device, such as an EEM, includes an

electric/magnetic lens is used to focus pulsed



full spectrumof emtted el ectrons can be obtained sinmultaneously. SUMVARY
OF THE | NVENTI ON Di scl osed herein is an i maging devi ce,29sRR9ﬁmh§IéW EEM

i ncludes an electric/nmagnetic lens is used to focus pul sed 3 29 Decenber
2006 electrons emtted froman object on to a target plane. Before a pul se
of emtted electrons reaches the lens, electrons are spatially separated

I n dependence on their respective kinetic energies and are then subject to
atime varying electric field. The electric field conpensates for
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chromatic aberration are reduced. The kinetic energy of the pulsed emitted beam
of electrons may be kept relatively low, e.g. between 20 to 100 eV, so that they
have significantly different arrival times at the lens. A low aberration
electric/magnetic objective lens may be provided to reduce the effect of the initial
angular spread of the emitted electrons. The magnetic and electric field strengths
rapidly decrease from the specimen surface so as to strongly coliimate the
emitted electrons, thus reducing on-axis lens aberrations and minimising the

effect of initial angular distribution on their transit times.

In accordance with an aspect of the invention, there is provided a method
of imaging an object, includes illuminating the object to emit at least one pulse of
electrons; directing the pulse of electrons along an optical path through a lens,

towards a target to form an image of the object at the target; spatially separating
electrons within the pulse in dependence on their kinetic energies, before the
electrons reach the lens; providing a time varying electric field along the optical
path remote from the object, the field varying in time so that the amount of
energy provided to individual ones of the electrons in the pulse depends on their
spatial separation within the pulse, thereby reducing energy dispersion of
electrons passing through the lens and reducing the chromatic aberration in the



el ectrons; directing the pulse of electrons along an optical path through a
lens, towards a target to forman image of the object QtPacpaber0§6t ;
spatiially separating electrons within the pulse in dependence on their

ki netic energies, before the electrons reach the lens; providing a tine
varying electric field along the optical path renote fromthe object, the
field varying in time so that the anobunt of energy provided to individual
ones of the electrons in the pul se depends on their spatial separation

wi thin tigmgeul se, thereby reducing energy dispersion of electrons passing
t hrough the lens and reducing the chromatic aberration in the 4 29 Decenber
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el ect r oporngicting elem@ntpul se i n dependence on their kinetic energies, before
the el ectrons reach the lens; varying a focal strength of the lens in tine
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1 mage.  method of imaging an object. The method includes illuminating the object to emit

at least one pulse of electrons; directing the pulse of electrons along an optical

path through a lens, towards a target to form an image of the object at the target;

spatially separating electrons within the pulse in dependence on their kinetic

energies, before the electrons reach the lens; varying a focal strength of the lens

in time to compensate for variations in kinetic energies of individual ones of the

electrons in the pulse, thereby reducing the chromatic aberration in the image.

In accordance with still another aspect of the invention there is provided
an electric/magnetic lens for use in an electron emission microscope. The lens
includes an electrode, having a controllable potential for varying energy imparted

to electrons arriving at the electrode, and thereby the focal length of the lens.

Other aspects, features and advantages of the invention will become
apparent to those of ordinary skill in the art upon review of the following
description of specific embodiments of the invention in conjunction with the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS



In accordance with still another aspect of the invention there is provided
an el ectric/magnetic lens for use in an el ectron em ssiZdPecwbesti¥e. The
| ens includes an el ectrode, having a controllable potential for varying
energy inparted to electrons arriving at the el ectrode, and thereby the
focal length of the lens. O her aspects, features and advantages of the

i nvention will beconme apparent to those of ordinary skill in the art upon
review of the follow ng description of specific enbodi nents of the

i nvention in pofeyiRekéOWHEh Rivstate éﬁ&ﬁﬁ%@@%ﬁ%dfrﬁ@r%%?:th%ﬂ@ﬁti%sm' PTI ON
OF THE DRAWNGS 5 29 Decenber 2006 In the figures, which illustrate
exenpl ary enbodi nents of the invention, FIG 1 is a sinplified schematic

di agram i | | uskiGtl isp simptifisd scoamadicydiagramiiustiating ae FEM exemplary of ent

i nventi on,; 0 2 1 i AN ematic diagramillustrating an EEM
exenpl aré;)q' gﬁbgglrﬁglbf%fgpéggg%ﬁt%@%rﬁ@ "the present invention; FIG 3 is a
schematic section view of the objective lens shown in FIGS. | and 2; and
FIG 4 is a |Fi& Zisapsimplified schématc atagraanilbstratingeary BEW Bgeivpldrpee appl i ed

to an el ectrode of the EEMof FIGS. | or 2, in manners exenplary of an
enbodi nﬁfur&ﬁrﬁqg)‘#‘@?%?%h%[é"ﬁﬁ?@dnv@ﬁmiLED DESCRI PTION FIG 1
illustrates an EEM 10, exenplary of an enbodi nent of the present

i nvention. ERNGLA i %Cééﬂé%tﬁﬁsé?ﬁibﬁ%dfw%f kr?é‘ég%@tiv@gﬂ%%bbvﬁﬁﬁgﬁgﬁs.%& a

dynam c projector lens 12, and an el ectron detector I onal
def | ect @ndsZianthtor wunit 32 also forns part of EEM 10. EEM 10 may be used
to image an object 16 or a portion thereof using pulsed electrons emtted

fr o object ;@g; ﬁjgg‘éﬁ%rgféﬁﬁ iRt 3RS AN Slarfhig i TR VSitatd SSpneduch as W
to an electrode of the EEM of FIGS. 1 or 2, in manners exemplary of an

embodiment of the present invention.

DETAILED DESCRIPTION

FIG. 1 illustrates an EEM 10, exemplary of an embodiment of the present
invention. EEM 10 includes an objective lens 26, a drift chamber 28, a dynamic
projector lens 12, and an electron detector 34. An optional deflector/stigmator
unit 32 also forms part of EEM 10. EEM 10 may be used to image an object 16
or a portion thereof using pulsed electrons emitted from object 16. Beam 38
may be a beam of electromagnetic waves, such as UV light or X-rays, or charged
particles, such as electrons. A radiation source (not shown) may form part of
EEM 10 to excite object 16 to emit electrons by generating radiation beam 38.
Drift chamber 28 may have an axial length between 20 and 100 cm. An example
detector 34 may include a multi-channel-plate (MCP) and a digital sampling
oscilloscope to image object 16.

Lens 12 is positioned at a distance from object 16 to focus electrons
emitted from object 16 in a target plane 18 along an optical axis 20 to form an

image 22 of object 16.



articles, such as electrons. A radiation source (not shown) may form part
gf EEM 10 to excite object 16 to enmit el ectrons by gerrBgoemyer2Mi6at i on
bearh 38. Drift chanber 28 may have an axial |ength between 20 and 100 cm
An exanple detector 34 may include a nulti-channel-plate (MCP) and a
digital sanpling oscilloscope to image object 16. Lens 12 is positioned at
a distance fromobject 16 to focus electrons emtted fromobject 16 in a
target plane 18 along an optical axis 20 to forman inage 22 of object 16.
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chr onat iperedeskibed onthefdrbct in manners exenpl ary of the present invention,
as described herein. Specifically, the kinetic energy of an emtted

electron arr '\VibWed aa%o{h%rr]%vay, the potential at electrode 14 varies the focal length
of lens 12, and allows the focal length of lens 12 to vary in time so as to
compensate for the spread in kinetic energies of the emitted electrons focused by
lens 12.

Electrode 14 varies potential at lens 12, and thereby the field along axis
20, c'ompensating for the chromatic aberration ef_fect in manners exemplary of
the present invention, as described herein.

Specifically, the kinetic energy of an emitted electron arriving at lens 12
depends on both its initial kinetic energy at object 16 and the electrical potential
at lens 12 at the time of arrival. Electrons within a pulse of electrons emitted
from object 16 wilf arrive at lens 12 at different times if they have different initial
kinetic energies. That is, the electrons will be spatially separated as a result of
their travel along optical axis 20. Thus, when the potential at lens 12 varies as
emitted electrons arrive, the kinetic energies of the emitted electrons passing
lens 12 are modulated by the variance of the potential and will vary depending on
their arrival time at lens 12. With a beam of pulsed electrons emitted from object
16, the potential at lens 12 can be controlled to vary in time to reduce the kinetic
energy dispersion of electrons passing through lens 12. As the energy dispersion

in the electrons at the lens is reduced, chromatic aberration can be reduced.



depends on both its initial kinetic energy at object 16 and the el ectrical
potential at lens 12 at the time of arrival. Electrong9pachinher2000] se of
el ectrons emtted fromobject 16 will arrive at lens 12 at different tines
if they have different initial Kkinetic energies. That is, the electrons

w ||l be spatially separated as a result of their travel along optical axis
20. Thus, when the potential at lens 12 varies as emtted el ectrons
arrive, the kinetic energies of the emtted el ectrons passing lens 12 are
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additional factors that affect the spread in arrival tine at lens 12: the
speeds at which the pulsed electrons travel and the traveling distance

bet ween obj ect 16 aWd) ¥@ds/el12. Cdearly |ower speeds (@hd | onger distance
Wil result in a larger spread in arrival tine.

Beside the spread in initial kinetic energy, there are two additional factors
that affect the spread in arrival time at lens 12: the speeds at which the pulsed
electrons travel and the traveling distance between object 16 and lens 12.
Clearly lower speeds and longer distance will result in a larger spread in arrival
time.

In order to sufficiently spatially separate electrons of different initial
energies in a pulse of emitted electrons, the pulsed electrons are allowed to
travel a sufficient distance before they reach lens 12. Drift chamber 28 may
therefore be provided. Drift chamber 28 electrically shields pulsed electrons
passing through it from external electrical and magnetic fields. Drift chamber 28
may be biased to a low potential so that pulsed electrons entering it will have low
kinetic energies and travel at low speeds within it.

Further, the kinetic energies of the pulsed electrons may be kept low
before they reach lens 12 so that they travel at low speeds.

Optionally, projector lens 12 of EEM 10 may be replaced with a magnetic
projector lens 12’ as in EEM 10’ depicted in FIG. 2. In the case of a magnetic
lens, an electrically biased grid, acting as an electrode 14, may be placed
between the pole-pieces of the magnetic lens to vary the potential at lens 12",



In order to sufficiently spatially separate electrons of different initial
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it. Further, Ah@dditmlobmv@im;m(mtss.n%ﬁadgﬁirﬁfstmﬂw&mb@dﬁ@pt | ow
before thg,y reach lens 12 so that they travel at |ow speeds. Optionally,

pr oj ect ol 0’1 &xkisigesignactia workwijh pdinpe pf Higbtispeetrometesgnstmay ber oj ect or | ens
12 [ \ ' | gl ' . )
o ectri carToTey . afyBRMG U Brel Bpek of ety &80y Shoft, JRERB5I00aH b et meen
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29 Decenmher 20 Al itiqnal objective lens 26 (FIGS. 1 and 2) forns
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bj ective lens 26 nay have a focal length ranging from 20 to 200 m
Obj ective le tric and nmagnetic fields to extract

ns 26 may use n xed el ec C >
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aberration
smaller opening 42 results in smaller chromatic and spherical on-axis aberration

coefficients. Magnetic fields are generated by electromagnet 44 placed below
object 16. Electromagnet 44 comprises an iron casing 46 enclosing a coil 48.
Casing 46 has a central opening 50 in its top plate for producing magnetic fields
in the area around opening 42 of objective lens 26. Object 16 may also be placed
in opening 42 of the top plate.

Of course, other types of objective lenses, such as those used in
conventional EEMs may also be used. For.example, objective lens 26 may be

replaced with an electrostatic objective lens.

In operation, a radiation source radiates object 16 placed close to
objective lens 26 with radiation beam 38, as illustrated in FIG. 1 and 2. To
generate pulsed emission electrons, radiation beam 38 may be puised. Pulses
of electrons that have short width and are well separated are preferable because
of easy separation of the electrons. Calculations show that beams with pulse
width around one nanosecond for overall transit time of over 100 ns, will produce
good results. In general, the width of the pulse at the specimen should be limited
to be a small fraction of the total transit time. Of course, as can be appreciated,



coefficients. Magnetic fields are generated by el ectromagnet 44 pl aced
bel ow object 16. El ectronmagnet 44 conprises an iron cadi eméereﬁ@ﬁosi ng a
coil” 48. Casing 46 has a central opening 50 in its top plate for producing
magnetic fields in the area around opening 42 of objective |lens 26. (Object
16 may al so be placed in opening 42 of the top plate. O course, other
types of objective | enses, such as those used in conventional EEMs nmay

al so be used. For exanple, objective lens 26 nay be replaced with an

el ect r ospricticalohies Wittt drkNspetifio BRTeireQimita b{vlﬂriafw f%tq?@%%f‘dnﬁgg%@t es
obj ect 16 placed close to objective lens 26 wih radi ation bea , as
i 11 ust r ati®g repelptien of vareus elementy @ndrcantropodmipanentssafitbe mitmstopas,

radiatio O of el ectron hat, have short w dth
and are aﬁﬁ)ﬁﬁ@eﬁ’?’ ar@eh& Hfo'lerrgﬁ'%r?sgf E?g%{aiﬁ@%ca@é‘zse it t@&i 9@@%&5{? M %% the

el ect r onapprGpliatd for loger sivevell frasittgass. Wi th pul se  width around one
nanosecond for overall transit tine of over 100 ns, will produce good

results. In gegperal, the width of the pulse at the speci men shoul d be
linmited to tf‘g'rf]%méhﬁ?'v, radirtianobeasn 38eay begontinuays or hawe a widegslsse, as

b ' effPS 086, | l.se. width
(r:gget ?t ?@%ﬁtﬁﬁﬂr}?@%ecg?‘%ﬁ%%&by néxé%f%&%%igbﬁﬁﬁeﬁﬁgaﬁﬁg '%ivﬁggg%sol ution
of vari ouses ahadesired depaitionchtecwhichreffeictivell Hidek aintisiatopscciadws.

ef ficiency considerations. For exanple, a pulse width of about 10 ns nay be
appropriate for, longer overall transit tines. Alternatively, radiation beam
38 may be corﬁli'iﬁ%[gﬁgecgpnﬁaﬁ%'h&d -ogéobmcg@ TRt juq%s%ﬁﬂr@ﬁ%ﬁlgét,m%j ect 16
my be GSHOIGElebNoMaoP6R’e Y Sible@ibntolbpBding Urbfid tardctBRStds

repetition rate which effectively block emssion of electrons. Pul sed

el ect r ofgdigfipn heant B8 mndghiest 16 nmay i ncl ude secondary el ectrons,
phot oel ectrons or other types of el ectrons, depending on the

characteri stigs5e0f16 i) 58 .Fé)cféi\%%ain%gxiﬁﬁgf tgbép?ﬁ)%aﬁgbjective lens 26. Lens

26 may be electrically biased relative to object 16. Pulsed electrons emitted
from object 16 are thus extracted and accelerated by objective lens 26 towards
detector 34. A low potential difference between object 16 and object lens 26 may
be advantageous to keep the kinetic energies of the pulsed electrons low. Thus,
for example, object 16 may be biased to a voltage ranging from —100 to —20
volts, while the electrodes of objective lens 26 are grounded. Where the
potential difference between object 16 and objective lens 26 is low, it may be
advantageous to use an objective lens 26 as illustrated in FIG. 3. To operate
such an objective lens 26, an electrical current is run through coil 48 to energize
electromagnet 44 and thus generate the desired magnetic fields in objective lens
26. The magnetic flux flows around within iron casing 46 and through opening 50
to tapered tip 40.

Advantageously, the magnetic fields help collimate the emitted electrons,
reducing the dependence of their subsequent transit times less on their initial
angle of emission. Conveniently, a mixed field objective lens may give
significantly lower on-axis chromatic and spherical aberrations in the final image

than a purely electrostatic or purely magnetic field objective lens.

10



Obj ect 16 may -be received in proximty to optional objective |lens 26. Lens
26 may be electrically biased relative to object 16. PR9destembeicid8ns
emtted fromobject 16 are thus extracted and accel erated by objective

|l ens 26 towards detector 34. A low potential difference between object 16
and object lens 26 may be advantageous to keep the kinetic energies of the
pul sed el ectrons low. Thus, for exanple, object 16 nay be biased to a
voltage ranging from-100 to -20 volts, while the el ectrodes of objective

lens 26 are GARNSALng YBRICEVE Nns 261 (A RbISbRE HACHE BBk BRRRAB,eC 16 and

t
objective lens 26 is Tow, it may l_)e’ advant ageous to use an objective |ens
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| ectricgal ' ; i | t ' I t 44 and
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tapered tip 40. Advagteaﬂgousl y, the magnetic tields help collimate the

em tted Retweencipsand i ng the dependence of their subsequent transit
times less on their initial angle of em ssion. Conveniently, a mxed field

opheri cal abesngRXhobbfonid) dEok ot deR Hied e ofid BABEF 28T ¢ or
pur el y rfegnpuisedfdledtrbrabgreteting eriftomamid) 28wMaearstiow KOS edrgRys. exi ting

obj ecti\cl)(? | ens 28, ;g)l:jl sgd el ectrons that are not_ bl ocked by
def | ect dr9PR3G04eRE%r PYlReY elpstrons dravel ot lovesnaasdswitlgn doft ghandbridfer 28 nay

al so be I} | | f t | there is a
| ow pot eantilES{éb tﬁ?? 15" ie%égﬁ%% e!tgv\é/e%értafrlff({"ﬂc a%@p@ggﬁg%ﬁ gr&ﬁgatak}%’ whi ch can
be, for diftenept kinctie energied Gamelcht differdnt Spewds, theulsebeptisal alkdtforisence

bet ween . ect nd dri ch er 28 is |low pulsed electrons entering
drift cﬁﬁﬁ‘lﬂéﬁ} "‘z%rﬁwaﬁ‘fr‘mﬁ%éé |95%&?L%R'Mé1q08%%9@ﬁﬂ§ sepagppied dlrng eRticabul sed
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will exit later. Workable time separation for a single pulse can vary from several

to tens of nanoseconds in a typical configuration.

After exiting drift chamber 28, pulsed electrons will gain or lose kinetic
energy depending on the electric field along bptical axis 20, as influenced by the
electrical potential difference between drift chamber 28 and projector lens 12 (or
12°). If drift chamber 28 has a higher potential than that at lens 12(or 127), pulsed
electrons will lose kinetic energy. If drift chamber 28 has a lower potential, pulsed
electrons will gain kinetic energy. The larger the difference, the larger the change
in kinetic energy.

In any event, electrons eventually arrive at projector lens 12 (or 12’).
Electrode 14 modulates potential at lens 12 (or 12’) by several volts within a few
nanoseconds using existing technology. As the voltage changes over time, the
arriving pulsed electrons will gain or lose energy differently depending on when
they reach projector lens 12 or 12’, effectively varying the focal length of
projector lens 12. For example, if the potential at lens 12 (or 12°) is higher than
at drift chamber 28 and increases over time, those pulsed electrons reaching

projector lens 12 (or 12’) earlier will gain less kinetic energies than those

11



Because the pul ses are well| separated from each other and el ectrons having
different kinetic energies travel at different speeds, 28 Drsewberci00pul sed
electrons drifting in drift chanber 28 gradually becone spatially
separated along optical axis 20. Faster electrons will exit drift chanber
28 earlier and slower electrons will exit later. Wrkable tinme separation
for a single pulse can vary fromseveral to tens of nanoseconds in a

typi cal configuration. After exiting drift chanber 28, pul sed el ectrons
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e |
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el ectrons w ffo';%?"rﬁﬁ@l?’ oséﬁﬂﬁl ay rgélbﬁog%“!ae@f)géng%aﬁ'étﬁ%éy@%r&ﬁ@%& t hey
reach pritketheradiation fulse 381 Eachefddiationvmilse $atydagstaheyd@oploltzpegt h of
projector lens 12 Focr:l ﬁgﬁgﬁl e, if th?_| ment lal at lens 12 (or 12') is

hi gher tHN9eRN glertpde padtpeysle. thecoliage may e variad to mivigizethes ed

el ect r ongndreaehidyd i ' I ' LBl i | ess

ki netic 'energgi Es t hlgﬁﬁf@ﬁﬁ%f g?%éﬁ&%&?%@é@iggﬂ?%k [%ng’?iefl ater. As
those that arrive earlier have higher initial kinetic energies, the spread
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sufficient separation in arrival time at projective lens 12.

To iliustrate, the results of an example calculation is described below for
the following conditions: the initial energies of the pulsed electrons are from 0 to
5 eV, object 16 is biased to —100 V, objective lens 26 and projective lens 12 are
grounded, drift chamber 28 is biased to -75 V, the distance between object 16
and projective lens 12 is 12 cm.

Calculations show that the spread in electron arrival time at lens 12 is
approximately 6.28 ns. Recalling equation (2), the potential at projector lens 12,
or, the voltage on the electrodes of lens 12 (or 12'), need to increase by 5 V
within 8.28 ns in order to minimize energy spread at projector lens 12 (or 127).
Many available fast signal generators can be used for generating this kind of
voltage change.

Since the arrival time at lens 12 (or 12) is not linearly dependent on
kinetic energy (rather it is linearly dependent on velocity) and since the kinetic
energy of an emitted electron varies during its flight to lens 12 (or 12"), the

required change in potential at lens 12 (or 12’) for obtaining minimum spread in
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For exanple, the si.gnal generator of electrode 14 can be synchronized wth
the radi ation pul se 38. Each radiation pul se 38 trigger?® R¢cegibere2086 vol t age
change on el ectrode 14. In each cycle, the voltage may be varied to
mnimze the energy spread in the electrons of a pulse traveling through
projector lens 12. As will be appreciated, drift chanber 28 may not be
necessary if pulsed electrons travel through sufficiently |ong distance,
e.g. in a nunber of optical conponents (not all shown), before reaching

proj ect i kinetieededs? is aiot ibéarl WRA §mes 28 shoWn 1808, %%?é t"l'#é oty i val
time at gI‘OJ ective lens 12, To illustrate, the results of an exanple

cal cul at PRIVS thejlingarichangeén Gme and thﬂw%OlEUlﬂeswhmgvsctth’equm chatge imi ti al
ener gi esvﬁ)I f, the pulsed electrons are fromO to 5 eV, object 16 is biased
to -100 V, Obj ective lens 26 and projective lens 12 are grounded, drift

chanber 28 is biased to -75 V, the distance between object 16 and

proj ective | efise ﬂcﬂ:usedmllsed elGatrons mavﬂ’fgspr%iﬁbtbﬁlbﬁts 12 RAGREd b el ectron
arrival (iltma aé ppr oxi rratel 28 ns. Recalling equation (2),
the pot eftPEr f”@ﬁ@ﬁf@mq)anu@ﬁge objest 18 tiaete\samrt%maymaweea elalivelpdes of

| ens 12 t SERTS er to

m ni m zeﬁgtrr]{ae}ggg%pg%deq) er{lg]j%ect O?Q?’oes%g}{%‘{’%r&éﬁ %?qyaﬁﬂ%a?fy'oﬂﬂgﬁ? Qi e fast
si gnal gudsedie ptrooanab@amedrdeﬂacgmnaﬂem iCegrée fecusingdcat be wehiesge change.
Since t rr: is not linearly dependent on

ki netic P&Vg(areé ¢eF 32@"?%9 Ppﬁ%ao{fq?‘?%fb anR fnpusklg Gan beiachievadd since the
ki neththﬂﬁ@h%rﬁﬁ e ARriifeR ocdrafd diilal {Rd ARy A bididibt %nfsl‘f ht to lens 12

(or 12'), the reqU|red ange I n potenti ") for
obtaining mnihumspread in 12 29 Decenber 2006 kinetic energy is not
linear with tGaRvengntiyhasslaatronsdn tl?BE; endittacbbedra et sk acoeleratenis t he

![: Rtefr APSHaRtY BefordTedWhd W2 (S} 12 Ve Spe%%?ﬁ/g\s on i B Edgghange 1N
energies, the kinetic energies of electrons reaching lens 12 are more uniform,

resulting in reduced chromatic aberration.

Calculations show that EEM 10 can have image resolution in the nano-
meter range, more than an order of magnitude improvement over the image
resolution attainable by conventional PEEM systems.

By dynamically varying the potential on electrode 14, the energy spread
atlens 12 or 12’ is significantly reduced, this means that electrons with differing
initial energies are focussed on to approximately the same image plane,
significantly reducing the effect of chromatic aberration of the whole system.

Advantageously, the degree of contrast as compared to conventional X-
ray absorption can be enhanced using EEM 10, since the entire spectrum of the
photoelectron signal (from zero to several hundred electron-volts) can be directly
monitored. In conventional PEEM systems, only the first few electron volts of the

photoelectron energy spectrum is usually used to form the image.

As should now be appreciated, it is possible to minimize the spread in
kinetic energy in different ways. Particularly, the potential at lens 12 or 12’ may

be controlled in different ways. For example, an electrically biased tube or plate,
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The focused pul sed el ectrons |l eaving projector lens 12 are detected by
detector 34 for forming an imge of object 16. Detect o293kcampenife a
relatively fast response tine, e.g., in the sub-nanosecond range, so that
the arrival- time of pulsed electrons can be recorded accurately. Coarse
focusi ng can be achieved by noving detector 34 along optical axis 20. Fine
focusi ng can be achieved through varying the magnitude of electrical
potential at projector lens 12. Conveniently, as electrons in the emtted

beam hav ecrhetnfrandensnat(en12yishtiesiend ke Bahasmns %ﬁﬁ;@tl@eét%}% bRnkpPat, 12')
dependlngron their initial kinetic energi es, the kinetic enéergies of
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since th¥ @H?&P@S‘%Eﬁate@ﬁﬁoéf’s?he phot oel ectron signal (fromzero to

several hundred electron-volts) can be directly noni tored I n conventi onal
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16. This means that all electrons havmg initial energies below 200 eV would be

filtered (not entering drift chamber 28), while those having energies just above

200 eV will travel slowly through drift chamber 28 and have substantial spread in

transit time. Therefore, their energy spectra can be analysed in more detail by a

time of flight spectrometer. In addition, EEM 10 can be used to energy filter

emitted photoelectrons from object 16 by selectively detecting them in time at the

image plane. The detection system can operate by capturing information within a

small time window that can be preset to any point in the detection cycle. Since in

the time of flight spectrometer, the detection time directly corresponds to the

initial energy of the electrons, time-windowing therefore effectively energy filters

the captured image.

As can be understood, EEMs 10 or 10’ may have alternative and
additional components for proper or desired operation, which are readily
appreciated and understood by those skilled in the art. For instance, alternative
objective or projector lenses may be used. One or more projector lenses may
also be added between objective lens 26 and drift chamber 28, between drift
chamber 28 and projector lens 12, or downstream of projector lens 26. [Further,

where muitiple lenses are used, the potentials at more than one lens may be
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or upstream or downstreamfrom lens 12 (or 12') may al so be used to .
dynanical ly vary the focal strength of lens 12 (or 12')29 Resesbiedffng t he
focal plane constant at the inage plane. Simlarly, in sonme situations it
may be possible to dynamically nodul ate the potential at the fina
projector lens by changing a voltage on detector 34. Conveniently,

nodul ating the potential of an electrode at or close to |l ens 12 can be
advant ageous for reasons such as conpactness and ease of use. In

al t er nat tyearaidaiigd corttolied thediicashy @k/é%%rﬁﬁmﬁ]ﬁb{aﬁeﬁ'ﬁﬁ@i@%ﬁegﬁ €8zl SO0 be
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time directly corresponds to the initial energy of the electrons,
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conmponerftesciibed gbaparthese gkiied dul thepart atil cendilwkbippredate thehdidny  appr eci at ed
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chanber 28 and projector lens 12, or downsiream of projector |ens 26.
[ Furt her,
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where nultiple | enses are used, the potentials at nore than one | ens may be
14 29 Decenber 2006 dynanically controlled to reduce t3Depaber3006hr omatic
aberration effect. Certain conponents of EEM 10 or 10' nay al so be

removed. For instance, in an imaging apparatus simlar to EEM 10 or 10
detector 34 may be renoved and the focused enmtted el ectrons may be
bonmbarded on to a target so as to engrave an inage of object 16 on the
target.(g%E§$ features, benefits and advantages of the present invention
not exp 'y mentioned above can be understood fromthis description and
the acconpanying drawings by those skilled in the art. Although only a few
exenpl ary enbodi nents_.of this invention have been described above, those

skilled T-n t HeMgtRod,pf imaging AN OPIS FURPHRIRG't hat nmany nodifications are

possi bl . Thalliminaiid Séid obRichRS emit it lsBbEEIEERUIEE oPBBERRRSS al |  such
nodi fication within its scope, as defined by the clains. 15 29 Decenber

2006 O ai ns:directing saif wlsedt’ slealigns glong aswpriisal path tyeush adens, towarsat i ng
said Obje?t“aﬁ'gét%?dﬂﬁa@ﬁnéq'@éﬁ aﬂf‘@bjﬁ&leﬁt%aﬂft F'de‘f"Ct rons; directing said pul se
of electrons along an op |ce§ pat'h t rougﬁl alens, towards a target to

f or m an i magespetiallygapasiijrgslecttonsavithin said pulsedp depeandanceapahair kingtizl ect r ons

Wi thin sajd iBé“b%?orje%aﬂ)eQ@&mcr%a séimé S.ki netic energies, before said
el ectrons reach sal ens; providing a trme varying electric field al ong
sai d optical praitingentme varying electdc fiekljamig saidiogtiéal @ath neaoté fromi seid i me so
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pulse, thereby reducing energy dispersion in said pulse at said lens and reducing

the chromatic aberration in said image.

2. The method of claim 1, wherein said providing comprises varying an electric
potential at said lens.

3. The method of claim 2, wherein said varying an electric potential comprises
varying said electric potential to increase in time, in synchronism with said pulse.

4. The method of claim 3, wherein said lens comprises a projector lens.
5. The method of claim 3, wherein said lens comprises a magnetic lens.
6. The method of claim 3, wherein said target comprises an electron detector.
7. The method of claim 3, further comprising providing an objective lens

proximate said object to magnify said image.
8. The method of claim 3, wherein said spatially separating comprises passing

said pulse of electrons through a drift chamber positioned between said object and

said target.
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the chromatic aberration in said image. 2. The nmethod of claim 1, wherein
sai d providing conprises varying an electric potenti al 29dpecsmiber 100s. 3.
The nethod of claim2, wherein said varying an electric potential conprises
varying said electric potential to increase in time, in synchronismwth
said pulse. 4. The nethod of claim 3, wherein said |lens conprises a
projector lens. 5. The nethod of claim3, wherein said | ens conprises a

magneti g, | en 6 ; 0 l. aj,m wher ei.n i d..t ar get nprises an
el ectr o(rii)'det Z[;: eofP?‘m?P?ﬂ?@R %ei”hgge'%*hec%‘g?tﬁ?g?ﬁf[ﬂP?ﬁeog'ftccg‘rﬁgﬁ?esr iS(r)lg provi di ng
an obj ecubg@ntiglityszerp amnignsatcostitiablaxibj ect to magnify said i mage. 8. The

nmet hod of claim 3, wherein said spatially separating conprises passing
said pul se of electrons through a drift chanber positioned between said

obj ect amd SRHetmbBMOERS clakft 92@hBRGe BRE driRAPambRr hdba 16mith eetvedenc2@®i m 8,

wherein the electric field in said drift chanber is substantially zero
al ong s@9 YN se glong,gaid optigal & net hod of claim9, wherein said drift
chanber has a | ength between 20 and 100 cm al ong said optical axis. 11.
The nmethod of claim3, wherein said pulse of electrons proxinmte said
obj ect THas dhegngthdiofslein Bawhereimsaid prisesgf elggirona Pieximaie sakhgbiegt an

obj ect, b SN Gk for focusing pulsed electrons emtted fromsaid
obj ect g%gr%%bgﬂgpgsdg ﬁlgl"grrqg"san optical axis to forman i nage of said object

at a target, and a correcting elenment positioned renote from said object,
bi ased to a voltage for correcting

sai d corg.ectin el enent .el ectrical.l .
t he ki néllz'r C é’ﬂ‘g‘?%‘iaé@ua?"” a@@ﬂr%%abjﬁésg?lﬁﬂn?m'ough said |l ens, said voltage
vari abl e in syeadfofocsingpulyéd dectseislerifledditbne bgidtobjes ahddirectedect i ng t he
Ki netic ?neraq'% es. oi sai d 0pul sed el ec%t rg‘):ps in

along an optical axis to form an image of said object at a target, and

a correcting element positioned remote from said object, said correcting

element electrically biased to a voltage for correcting the kinetic energies of

electrons passing through said lens, said voltage variable in synchronization with

said pulsed electrons for correcting the kinetic energies of said pulsed electrons in

dependence on arrival times at said correcting element.

13.  The apparatus of claim 12, further comprising a drift chamber positioned
upstream of said lens and said correcting element for allowing said pulsed electrons
to drift so that said pulsed electrons travelling at different speeds become spatially

separated in a direction along said optical axis within said drift chamber.

14.  The apparatus of claim 13, further comprising a source for energizing said
object to emit said pulsed electrons.

15.  The apparatus of claim 14, further comprising a source for energizing said
object to emit said pulsed electrons.

16.  The apparatus of claim 13, wherein said lens comprises a projector lens.

17.  The apparatus of claim 13, wherein said lens comprises a magnetic lens.
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dependence on arrival tinmes at said correcting elenent. 13. The apparatus
of claim12, further conprising a drift chanber positi ofedecembst 28%m of
said lens and said correcting elenment for allow ng said pul sed el ectrons
to drift so that said pul sed electrons travelling at different speeds
becone spatially separated in a direction along said optical axis within
said drift chanber. 14. The apparatus of claim 13, further conprising a

source fpg enprLzin I o DRjae blciSal 15. The
ppar at s of D Lnmghs Bt eard Nop lruleP ofiibhag off SReBR ST AR <21 o
obj ect tt@rgatit said pul sed el ectrons. 16. The apparatus of claim 13,

wherein said |l ens conprises a projector lens. 17. The apparatus of claim

13, wherein said |l ens conprises a magnetic lens. 17 29 Decenber 2006 18.
The .appattt usThef appaaatos bB clafnuinBhftirtheo omnpssing af RicetBfldetdtisleitealqor at said
target. t%9.etThe apparatus of claim 13, further conprising an el ectron

det ect or' @R sai d target. 20. The apparatus of claim 16, further conprising
an objective lens proxinmate said object. 21. The apparatus of claim 20,
wherein said drift chanber is positioned between said objective [ens and
said pr o?stct N8 gRpasatus pbclairm d B gihpreerapdging pa phiegtive lgne pegXimatee el ectric
field i sappbiied i ft chanber is substantially zero in said direction of
said optical "axis. 23. The apparatus of claim 22, wherein the | ength of
said drift chanber in said direction of said optical axis is between 20

S posi 1 bned "VabREAn Shont P eheRTAY o BRaRbE Baobiphpd Bebiend, ol oM

appar at wsiddbjettiviererissandwbaid projestar inses.r ecti ng el enent is positioned at

22.  The apparatus of claim 21, wherein the electric field in said drift chamber is
substantially zero in said direction of said optical axis.

23.  The apparatus of claim 22, wherein the length of said drift chamber in said
direction of said optical axis is between 20 and 100 cm.

24.  The apparatus of claim 13, wherein said correcting element is positioned
between said drift chamber and said detector.

25.  The apparatus of claim 13, wherein said correcting element is positioned at
said focusing lens.

26.  The apparatus of claim 13, wherein said correcting element is positioned
between said drift chamber and said lens.

27.  The apparatus of claim 13, wherein said correcting element is integrated with
said lens.

28.  The apparatus of claim 20, wherein said objective lens has an opening
between 0.05 to 0.2 mm for allowing said pulsed electrons to pass through.

29. A method of imaging an object, comprising:
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said focusing lens. 26. The apparatus of claim 13, wherein said correcting
el enent is positioned between said drift chanmber and sHildeqember 208p  The
apparatus of claim 13, wherein said correcting element is integrated with
said lens. 28. The apparatus of claim 20, wherein said objective | ens has
an opening between 0.05 to 0.2 nmfor allow ng said pul sed electrons to
pass through. 29. A nethod of imaging an object, conprising: 18 29
Decenber 200 i A [ ' ' ] . one pul se of

el ectrons; dﬁlrn'ledg#tn%ﬁga g@?@%ﬁ?ﬁ%‘@éﬁ?ﬁé’gen@’q%%(?ﬁ%'egﬁ&z%ti cal path through
a |l ens, towardigscting saifl peisetof dlentronamldngeayeopticabpatt totougb ta lans, dawardsar get ;

spati al | I it i |l se in dependence on their

ki netic g%a?ﬂ@e?tg?ﬁirhp e?%%ietéfg%id %}%Rﬁgﬁ@ [gﬁiegh said | ens; varying the focal
strengt h of sspiatiallyeseparating stecttansoxithire ssid tpaldedn dependdricersh their kitietiet i ¢
energi es_of .indiyvidual olnei of sa}iﬁd 'ﬁl ectrons in said pul se, thereby

r educi ng"THES ?fﬁé‘ﬁ'%eﬁﬁ PRGN P '%%ﬁ’d i mage. 30. The method of claim
29, wherein sarny #e/fobd ShMpH Glasid/RhY iMEmato ebepkhéfte fRQlagiBlioR inat sai d
lens. 31. An electric/magnetic lens for use in an el ectron em ssion

ni cr oscofRENC €srgies of Ingivickial enescefssifbeleptiRnsip saictRuise.dhershy Ee@singht i al for

varyi ng tRaehndtiRdehaton t sl frageoNs arriving at said el ectrode, and
thereby the focal strength of said lens. 19 29 Decenber 2006 REDUCI NG

CHROVATI C ABERRATI ON | N | MAGES FORVED BY EM SSI ON  ELECTRONS
30.  The method of claim 29, wherein said varying comprises varying an electric
potential at said lens.

31.  An electric/magnetic lens for use in an electron emission microscope,
comprising:

an electrode, having a controllable potential for varying energy imparted to
electrons arriving at said electrode, and thereby the focal strength of said lens.
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ABSTRACT OF THE DI SCLOSURE An i magi ng device, such as an EEM includes an
el ectric/magnetic lens used to focus pul sed el ectrons 22ReeBBesd¥ih an

object on to a target plane. Before a pulse of emitted el ectrons reaches
the lens, electrons are spatially separated in dependence on their
respective kinetic energies and are then subject to a tine varying
electric field that keeps the final focal plane constant for a wde
variety of different energy electrons. The electric field conpensates for
variations in the imge focal |length caused by a spread in kinetic
energies, causing the electrons to be focused proxi mate the target plane,
reducing chromatic aberration. The varying electric field nmay be provided

by varyi e lens b for exanple, varyi

vol { age %@ﬂ%@ééﬁﬁwﬁrﬁéf#@é@%ww awger:yw HOGEEHEY SMSSION | vel y
varies the focal strength of the E in order to conpensate for
variations in kinetic energies of eI ectrons arrr ving at the |ens,

effectively keeping the inage plane position constant. Figure 1 20

ABSTRACT OF THE DISCLOSURE

An imaging device, such as an EEM, includes an electric/magnetic lens
used to focus pulsed electrons emitted from an object on to a target plane.
Before a pulse of emitted electrons reaches the lens, electrons are spatially
separated in dependence on their respective kinetic energies and are then
subject to a time varying electric field that keeps the final focal plane constant for
a wide variety of different energy electrons. The electric field compensates for
variations in the image focal length caused by a spread in kinetic energies,
causing the electrons to be focused proximate the target plane, reducing
chromatic aberration. The varying electric field may be provided by varying an
electric potential at the lens by, for example, varying a voltage supplied to an
electrode at the lens. This potential effectively varies the focal strength of the
lens in time, in order to compensate for variations in kinetic energies of electrons

arriving at the lens, effectively keeping the image plane position constant.

Figure 1
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