wo 2016/181385 A1 |1 000 00RO Y O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

—~
é

\\

(10) International Publication Number

WO 2016/181385 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

31

17 November 2016 (17.11.2016) WIPO | PCT
International Patent Classification:
HO01J 37/26 (2006.01)
International Application Number:
PCT/IL2016/050485
International Filing Date:
8 May 2016 (08.05.2016)
Filing Language: English
(84)
Publication Language: English
Priority Data:
62/158,591 8 May 2015 (08.05.2015) Us
Applicant: TECHNION RESEARCH & DEVELOP-
MENT FOUNDATION LIMITED [IL/IL]; Senate
House, Technion City, 3200004 Haifa (IL).
Inventors: KAMINER, Ido; 22 Einstein St., 3460406

Haifa (IL). MUTZAFI, Maor; 68 Hamelech Uziyahu St.,
3542229 Haifa (IL). HARARI, Gal; 9/2 Zeev Vilani St.,
3298213 Haita (IL). SEGEV, Mordechay; 7C Hasidei
Umot HaOlam St., 3298519 Haifa (IL).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: SYSTEM AND METHOD FOR USE IN ELECTRON MICROSCOPY

Iu'“

FIG. 8A

|I|!Il|lllllHH

MIH N
T

HHIIIH IIIlIII

TTEER
||||IHHI
il

)

|'|' ||'|

ml !'*l'

iltmulnnl ',ul .-

(57) Abstract: An electron beam shaping unit for use in electron beam column and a method for designing thereof is presented. The
electron beam shaping unit is configured for affecting electron beams of high density or strong electron-electron repulsion. These 5
beams can always be modeled with multi electron wave function. The electron beam shaping unit comprises a mask unit configured
for affecting propagation of electrons therethrough to thereby form a propagating electron beam having, at far field, radial shape as
determined by multi-electron non-linear function being an eigen function determined by a multi-electron Hartree-Fock Hamiltonian.
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SYSTEM AND METHOD
FOR USE IN ELECTRON MICROSCOPY

TECHNOLOGICAL FIELD

The present invention relates to system and methods for use in electron

microscopy.
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Acknowledgement of the above references herein is not to be inferred as
meaning that these are in any way relevant to the patentability of the presently disclosed

subject matter.

BACKGROUND

Electron microscopy has become a pivotal tool in numerous fields of study, such
as electrical engineering, materials science and biology. Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) produce images of a sample by
scanning it with a focused electron beam (e-beam) or launching the e-beam through the
sample. The e-beam interacts with the sample and produces an image that contains
spatial information about the sample. The fundamental limit on the highest resolution
possible in electron microscopy, such as SEM and TEM, is the wavelength of the
particle, which for electrons is on the order of pico-meters (107! m). In practice, state-
of-the-art electron microscopes are still about two orders of magnitude away from this

fundamental limit.

GENERAL DESCRIPTION

There is thus a need in the art for a novel configuration of electron beam for use
in electron microscopes. The technique of the present invention provides appropriate
shaping of electron wave function to thereby enable maintaining a beam shape
throughout propagation despite the inherent repulsion due to electric charges and
diffraction effects.

The inventors of the present invention have identifies that electron-electron
interaction (also referred to as the “space-charge” effect) might be considered, in some
electron microscopes and applications, as a major reason preventing electron
microscopes from reaching their fundamental resolution limit. For example this
Limitation is highly relevant in ultra-fast, correlative, low energy, high current and other
electron microscope application requiring high temporal and spatial resolutions. The
electron charge (in addition to the fermion nature of the electrons) makes electrons repel
one another, causing broadening of any e-beams made up of multiple electrons. This
comes in addition to the so called natural broadening related to wave packets having

finite size, and thus sets a limit on the spot size and therefore on the resolution of
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electron microscopy. Generally, when the density of the electron in the beam is
sufficiently low, such electron-electron interaction is relatively negligible. However,
operation of an electron microscope at such low current utilizing single electron beam
or a very low density e-beam requires longer integration times in the detection process
in order to obtain a reasonable signal to noise ratio (SNR). More specifically, operation
in low currents reduces SNR or, when increased SNR is needed, sets a limit on the
response time of electron microscopes. For example, when monitoring reaction or other
time-dependent event/process, the temporal resolution of monitoring depends on the
time required for an electron microscope for imaging of the sample with meaningful
SNR. Alternatively, according to the present conventional techniques, when high SNR
is desired together with relatively high response time, the use of multiple electrons
propagating simultaneously along the beam causes broadening and reduces resolution.

The technique of the present invention is based on the inventors’ understanding
that the space-charge effect can be compensated by appropriately shaping of the
electron beam. Such electron beam shaping allows electron microscopy systems to
operate with relatively high intensity beams including multiple electrons while
maintaining the same resolution of single electrons e-beams.

To this end the technique of the present invention utilizes formulation of multi
electron wave equation (based on Schrodinger equation with Hartee-Fock
approximation), designating parameters for desired beam with a number of electrons
(typically corresponding to current), determining a structure of the electron beam cross-
section and determining a corresponding mask structure for providing the desired
electron beam structure. A mask designed according to the determined mask structure
may then be placed in an electron beam shaping unit. The electron shaping unit is
typically located in a path of electrons emerging from an electron gun and propagating
towards a sample located on a sample holder of the electron microscope system.

The mask of the electron beam shaping unit is configured to apply appropriate
pattern along a cross section of the propagating electron beam, thus shaping the electron
beam that is typically produced as a plane wave beam (or, equivalently, a very wide
Gaussian beam). Interaction between the electron beam and the beam shaping unit
provides an appropriate wave-function that is formed at the far field, allowing focusing
of electron beams carrying greater currents into a spot size that is generally associated

with beam density of single electron. To this end the technique of the present invention
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and the beam shaping unit and mask of the invention provide a Multi Electron Non-
Linear (MENL) beam having desired width for certain propagation length as described
further below.

The mask may be designed as an intensity mask having, at least partially,
blocking and transmitting regions, a phase mask, applying phase variation across the
electron beam, or as phase and amplitude mask. Typically, the mask of the beam
shaping unit may be configured as a binary mask including spaced apart blocking
regions and transmitting regions arranged in a predetermined order to thereby provide
the desired wave-function of the electron beam. Generally the mask configuration may
be in the form of a Fourier Transform of the solution of the nonlinear Hartree-Fock
based Hamiltonian, i.e. as Fourier transform of Eigen-function of the Hamiltonian as
will be described in more details below.

Thus, according to a broad aspect of the present invention, there is provided an
electron beam shaping unit for use in electron beam column, the electron beam shaping
unit is configured for affecting multi electron wave function and comprising a mask unit
configured for affecting propagation of electrons therethrough to thereby form at far
field thereof a propagating electron beam having radial shape as determined by MENL
function being an eigen function determined by a multi-electron Hartree-Fock
Hamiltonian.

According to some embodiments, the mask may be configured as a binary mask
having a plurality of spaced apart transmitting and blocking regions. According to some
other embodiments, the mask may be configured as a phase and amplitude mask having
a kinoform surface relief configuration.

The mask may typically be configured to generate electron beam having MENL
wavefunction having zero or integer value of orbital angular momentum.

Generally, according to some embodiments of the invention, the mask may be
configured to direct the electron beam having MENL wavefunction to a zero or first
diffraction order.

Further, according to some embodiments of the invention, said MENL

wavefunction corresponds to a solution of:

R oNe? [ [p(r', t)|?
Ep(r,t) = —%Vzlp(r, £+ 4, (f lr —r']

d3r’>1/)(r, £)
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where (1, t) is the MENL wavefunction, E being energy eigenvalue of the
wavefunction, A is Planck constant divided by 2z, m is electron mass, €, is dielectric
constant of vacuum, e is electron charge, N is number of electrons in the beam, and o is
the ratio of electrons having the same spin states (which is typically %2 for a random spin
distribution).

According to one other broad aspect of the invention, there is provided a method
for use in design of an electron beam column, the method comprising: providing data
about desired electron beam parameters; determining corresponding parameters for a
multi-electron Hamiltonian; determining an eigen function of said multi-electron
Hamiltonian corresponding to the desired electron beam parameters; determining a
transmission function providing said eigen function and determining structure of a mask
having said transmission function when transmitting plane wave electron beam
therethrough.

The multi-electron Hamiltonian may be a Hartree-Fock Hamiltonian.

Typically, the desired electron beam parameters may comprise data about
electron beam energy and electron density within the beam.

According to some embodiments, the desired electron beam parameters may
comprise data about acceleration voltage of the electrons and data about current on the
electron beam column.

Typically, said determining an eigen function may comprise determining an
MENL wave function having desired parameters in accordance with said electron beam
parameters. The desired beam parameters may comprise orbital angular momentum
value and data about energy of the electron beam.

According to some embodiments, said determining a transmission function may
comprise determining a Fourier transform of the desire wavefunction. Further, said
determining a transmission function may also comprise providing data about hologram
plane wave to thereby direct the electron beam to the desire direction.

According to yet some embodiments of the invention, said determining structure
of a mask may comprise thresholding of said transmission function in accordance with a
predetermined threshold value such that where the transmission function value exceeds
the threshold said mask having full transmission and where the transmission function is

below the threshold the mask is configured for blocking transmission.
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According to yet another broad aspect of the invention, there is provided an
electron beam shaping unit for use in electron beam column, the beam shaping unit
being characterized in the following:

said electron beam shaping unit being configured for affecting electron wave
function passing; and

said electron beam shaping unit being configured to affect said electron wave
function passing therethrough to form a substantially not diverging multi-electron wave
function.

According to a further broad aspect of the present invention, there is provided an
electron microscope system, electron beam column or beam shaping unit. The beam
shaping unit may be used in the beam column and/or the microscope system for shaping
an electron beam in accordance with non-diverging wave-function configured for
compensating for electron-electron electric interaction.

The beam shaping unit is characterized in the following:

(a) said electron beam shaping unit being configured for affecting phase and/or
amplitude variations of electron wave function passing through while
substantially not affecting probability distribution for said electron wave
function at near field thereof; and

(b) said electron beam shaping unit being configured to affect said phase and/or
amplitude of electron wave function passing therethrough to form a
substantially not diverging multi-electron wave function.

The beam shaping unit may comprise a mask being a phase only mask, amplitude
mask, phase and amplitude mask or binary mask configured for affecting electrons
passing therethrough to thereby generate an electron wave-function in accordance with
multi-electron propagation wave-function.

Generally, according to the present invention, the beam shaping unit maybe
configured for generating electron beam capable of carrying increased current while
maintaining spot size of 1 to 50 nanometers and while propagating along at least 100
micrometer. In some embodiments the spot size may be between 0.1 and 5 nanometers
for propagation distance of about 1 micrometer. The electron beam may carry current
and energy values corresponding to two or more electrons located simultaneously
between the beam shaping unit and a sample to be inspected while eliminating

divergence of the beam generated from interaction between said two or more electrons.
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BRIEF DESCRIPTION OF THE DRAWINGS

In order to better understand the subject matter that is disclosed herein and to
exemplify how it may be carried out in practice, embodiments will now be described,
by way of non-limiting example only, with reference to the accompanying drawings, in
which:

Fig. 1 schematically illustrates an electron microscope configured according to
embodiments of the present invention;

Fig. 2 shows schematically a method for use in design of an electron beam
shaping unit according to some embodiments of the invention;

Figs. 3A-3B show numerical simulation of an electron wave-function according
to the technique of the present invention, Fig. 3A shows amplitude variation and Fig.
3B shows phase variation across cross-section of the electron beam;

Figs. 4A to 4F show simulation of beam propagation for single electron beam
having Gaussian shape (Fig. 4A) and Bessel shape (Fig. 4B) and multi electron beams
having Gaussian shape (Fig. 4C) Bessel shape (Fig. 4D) and MENL beam shape
without noise (Fig. 4E) and with noise (Fig. 4F);

Figs. SA to 5C show alternating structure of a wave-function according to the
technique of the present invention along the cross section diameter of the wave-function
compare to Bessel function;

Fig. 6 shows a numerical comparison between depth-width behavior of the
electron beam according to the present invention with known configurations of electron
beams;

Fig. 7 shows numerical simulations of beam propagation of a configuration of
two MENL electron beams, according to the present invention, one having zero orbital
angular momentum and the second having orbital angular momentum of one;

Figs. 8A to 8D show binary mask structure for electron beam with orbital
angular momentum of zero (Fig. 8A), first two diffraction order of electron beam
generated by the binary mask (Fig. 8B), cross section of the corresponding MENL
function shape (Fig. 8C) and simulated cross section of the resulting electron beam of

the first diffraction order (Fig. 8D);
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Figs. 9A to 9D show binary mask structure for electron beam with orbital
angular momentum of one (Fig. 9A), first two diffraction order of electron beam
generated by the binary mask (Fig. 9B), cross section of the corresponding MENL
function shape (Fig. 9C) and simulated cross section of the resulting electron beam of
the first diffraction order (Fig. 9D);

Figs. 10A and 10B exemplify two phase pattern configurations configured for
electron beam shaping according to the present invention configured to direct the
electron beam to the zero diffraction order; and

Figs. 11A to 11D show amplitude (Figs. 11A and 11C) and phase (Figs, 11B
and 11D) maps of electron wave-functions having zero (Figs. 11A and 11B) and one

(Figs,. 11C and 11D) orbital angular momentum.

DETAILED DESCRIPTION OF EMBODIMENTS

Reference is made to Fig. 1 illustrating a schematic configuration of an electron
microscope system 10. The electron microscope 10 configured according to the present
invention as descried further below may be a Transmission Electron Microscope (TEM)
or a Scanning Electron Microscope (SEM). The electron microscope system 10 may
generally include an electron gun (electron beam source) 12 configured to generate and
electron beam 50 of desired electron density and energy. The generated electron beam is
transmitted towards an electron beam column 100 configured for shaping and directing
the electron beam. The electron beam column may generally include one or more
magnetic lens arrangements 140, one or more acceleration/deceleration electrode
arrangement 120 and includes at least one beam shaping unit 1000 configured to apply
predetermined shaping onto the electron beam to thereby cause the electron beam to
propagate with certain desired wavefunction. The beam shaping unit 1000 may
generally include a mask configured to affect electron propagation there through to
force the electrons to propagate with the desired wave function. The mask unit of the
beam shaping unit 1000 may be configured to apply intensity and/or phase patterns to
the electron beam to thereby cause the electron beam to propagate at far field based on
the desired wave function. The pattern of the mask is selected in accordance with
Fourier transform of a desired radial shape of the electron beam provided based of

multi-electron nonlinear Hartee-Fock Hamiltonian.
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The resulting electron beam 500 emerges from the beam column 100 and is
directed towards a sample located on a sample holder 20. Electron beam 500 according
to the present invention is typically configured as a substantially non diverging beam
while supporting greater currents corresponding to single electron beam. More
specifically, the electron beam is formed of a main lobe having substantially non
diverging shape (width) surrounded by plurality of side lobes as will be described
further below. It should however be noted that according to some embodiments, the
main lobe may or may not be associated with zero order of diffraction and may actually
be associated with a lobe of first diffraction order. The selected lobe of the wave-
function generated according to the present invention substantially maintains its
structure for a certain propagation distance. Thus the probability that electrons will be
detected within the lobe for longer propagation time and distance is increased as
compared with the conventional techniques. This is while enabling higher currents
corresponding to several electrons traveling within propagation path of the electron
beam.

While operation of the electron beam (e.g. as an electron microscope) the beam
is typically focused onto the sample to provide desirably small spot size in nanometric
regime and typically with spot size (associated with cross-section of the selected/main
lobe) width between 0.1 and 40 nanometer, or generally between 0.1 and 5 nanometer
or between 5 and 40 nanometer. Interaction of the electron beam with the sample may
result in scattering or transmitted electrons, electromagnetic radiation and/or secondary
electrons emitted from the sample. The output radiation 800 may be detected by a
detection unit 30 configured for detecting transmitted electrons or other scattered
radiation (electrons or electromagnetic radiation) in accordance with the design of the
electron microscope.

Thus, the electron beam mask design and the beam shaping resulting therefrom
according to the present invention provide an electron beam having a substantially non-
diverging cross section for current values corresponding to electron density of plurality
of electron. This is contrary to the previously known beam shaping techniques
providing Gaussian- or Bessel-shape electron beam, which provide low divergence for
single electron but undergo divergence when applied to electron beam carrying more

than a single electron at a time.
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To this end the beam shaping unit 1000 may include an appropriately made
mask configured for affecting electron beam passing therethrough and shaping the
electron beam in accordance with multi-electron wave-function (MENL). The mask
may be configured as a phase-only mask, phase and amplitude mask,
amplitude/intensity only mask as well as binary mask including spaced apart blocking
and transmitting regions. For example, the mask may be configured of a metal plate
having spaced apart transmitting region (holes in the plate) separated by blocking
regions of the mask. Additionally or alternatively, the mask may be configured as
kinoform mask carrying a patterned surface (surface relief) configured to apply the
desired phase variation. Alternatively or additionally, the beam shaping unit 1000 may
be configured with one or more electromagnetic field generators configured to provide
the desired shaping as described further below.

Reference is made to Fig. 2 generally illustrating a technique for use on design
of an electron beam shaping makes according to the present invention. It should be
noted that the operation of the technique may replace order of process actions in
accordance with provided and/or desired data about the electron beam. To determined
parameters of the desired MENL wave function for the electron beam, data about the
electron microscope, or any other electron beam unit, is provided 5010. This data may
generally include data about reachable and/or desired beam current and voltage. This
data may indicate electron density and number of electrons in the beam 5012 and/or
data about the current and energy of the beam 5014. Using the beam parameter, data
about the nonlinear problem as defined by the Hartree-Fock Hamiltonian, and will be
described in more details further below, is determined 5020. The set of equations
include numerical parameters as well as effective potential U associated with the MENL
wavefunction 5022.

The nonlinear problem defined by the Hertree-Fock Hamiltonian is typically
described, and numerical solutions thereof may be obtained numerically. The MENL
wavefunction is a well-defined function having functional structure but no simple
analytic representation. As described in more details further below, there are many
MENL solutions corresponding to different energy levels and to orbital angular
momentum of the electron beam. Based on the above determined parameters of beam
current and voltage (electron density and energy), as well as orbital angular momentum,

a MENL function is selected 5030. As described, the selected function is a solution of
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the nonlinear problem with selected angular momentum, energy and electron density
5032.

In accordance with the selected MENL wavefunction, a transmission function is
determined 5040. The transmission function is typically a Fourier transform of the
selected MENL function, and may also include a varying phase determined to shift the
desired wave function to the zero of first diffraction orders. Based on the determined
transmission function, the mask structure can be designed 5050. The mask structure
may be binary, phase mask and or phase and amplitude mask. Typically the mask is
designed such that at far field, where evanescent waves are exponentially low, the
resulting electron beam assumes the selected MENL wavefunction.

To design the desired electron beam, or generally the cross section of a
propagating wave-function, the inventors have developed a novel quantum-based
technique for reducing limitations due to electron-electron interaction and allow the use
of high density, high resolution e-beams. Shaping techniques of the quantum wave-
function of electron beams, show great potential for improving the performance of
traditional electron microscopes. However, thus far the existing techniques have been
used only for low density e-beams (assuming a single electron), due to the space-charge
effect. It should be noted that high intensity electron beams may be used in various
additional fields other than microscopy. Such applications include electron accelerators,
high-flux electron microscopy with short integration time, electron lithography, high
intensity X-ray sources (e.g., FEL) and many more.

Thus, the technique of the invention utilizes shaping of the electron beam wave-
function so as to compensate for the repulsion between electrons. This enables the use
of beams made up of multiple electrons without compromising on the spatial resolution.
Additionally, such beam shaping of the electron beam reduces divergence of the
electron beam thereby providing prolonged depth of focus of a dense e-beam.

It should be noted that the use of multi-electron beam, or increased intensity
(current) electron beam enables achieving higher signal to noise ratio (SNR) for a given
integration time. Alternatively, the use of such increased intensity may be used to
decrease the required integration time with respect to the conventional existing method
and thereby enable inspection of fast occurring processes. This is while not reducing,
and possibly increasing, the spatial resolution provided by the beam-spot of the multi-

electron beam with respect to the existing single-electron beam.
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To this end, the technique of the present invention is based on the inventors’
understanding of the following. It is known that the quantum state of the electron-beam
is formally anti-symmetric to exchange between electrons (due to Pauli's Exclusion
Principle). Even relativistic electrons (such as accelerated electrons in an electron beam
for use in electron microscopy) can still be described with Schrédinger's Equation, with
a modified mass. The electron beam wave-function can be described based on Hartree-

Fock approximation in cylindrical coordinates as:

Y(r,t) = —(p(p)e”g el g iwt (equation 1)

where, 1 denotes a single electron wave-function applicable to each of the electrons in
the e-beam, [ is the orbital angular momentum (OAM) number, k, is the wavevector in
the z direction, a, is Bohr's radius and L is the uncertainty in z. In this connection it
should be noted that different electrons may occupy the same p spatial state while
having a different phase in z and # without occupying the same state. The radial part
@(p) can be determined by substituting this wavefunction into the Hartree-Fock
Hamiltonian and determining the eigen functions, i.e., the time-independent spatial

wavefunction:

—ihdY(r,t) = —%VZI/)(T, t) + ZZ: <f iGN d3r '>¢(T, t) (equation 2)

[r=7"|
where 1 1s the single electron wave-function of equation 1, NV is the number of electrons
in the beam and 7 is a location vector, e is the electron charge, g, is dielectric constant
of vacuum, and o 1is the ratio of electrons having the same spin states (which is typically
12 for a random spin distribution). According to the technique of the invention, the
wavefunction is selected to be substantially time harmonic. Therefore equation 2 can be

presented as:

EY(r,t) = —%VZI/)(T, t) + ZZ: <f G t)l d3r '>¢(T, t) (equation 3)

|[r—7'|
As can be seen, the resulting approximation is a non-linear equation including

interaction between electrons. Defining the effective potential U(#t) =

47rE A2

Na, f”’ﬁ, i)l d7' where a, is the Bohr radius (ao =

) and rearranging, leads to:
(9p +22) U(P) = —Z=l0(DI? &

(300 +2-5) 00 = ZU(I0(p). (equation 4)
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Here, n is the density of electron per unit length in z, which depends linearly on
the e-beam current. More specifically, n = | /263 \/LV the electron density corresponds

to the beam current and the accelerating potential, where the accelerating potential also
. . - / I
corresponds to the eigen value of the wavefunction E providing n = |[™ /2 e2 %

The nonlinear set of equations is solved numerically based on predetermined
initial conditions, to provide a set of functions providing suitable cross sectional
structure of the non-diverging electron beam. In this connection the following should be
noted. Being a result of a set of nonlinear differential equations, the family of resulting
multi-electron radial functions does not have an analytical formulation. However,
similar to other well-known functions, e.g. Bessel functions etc., the resulting eigen-
function of equation 4 are well described function defined on the domain of real non-
negative numbers and providing a measure for the amplitude of the multi-electron
wavefunction at the corresponding radial distance from central axis of the beam. The
function family @z(p) provide that integral of @g(p) is finite and corresponds to the
number of electrons N propagating simultaneously within the beam. To enhance
understanding, functions selected from the function family @g(p) characterized as
corresponding to eigen-function of equation 3 and 4 and specific wave function selected
therefore are referred herein as multi-electron nonlinear (MENL) function.

[2monp(p) pdp x 1 (equation 5)
Further in accordance with the formulation of equation 4 above, electronic wave
function having such cross-section part of the function propagated while substantially
not diverging and thus allowing the use of multi-electron focused electron beam.

In this connection, reference is made to Figs. 3A to 3B, Figs. 4A to 4F and
Figs. 5A to 5C showing diagrams describing structure of the multi-electron
wavefunction selected according to the technique of the invention as compared to the
conventionally used Bessel and Gaussian structure electron beams. Fig. 3A shows cross
section amplitude and Fig. 3B shows cross section phase. Figs. 4A to 4F shows
propagation simulation of single electron Gaussian beam (Fig. 4A) and Bessel beam
(Fig. 4B), multi electron Gaussian beam (Fig. 4C) and Bessel beam (Fig. 4D) and multi
electron beam structure according to the present invention in noise free environment

(Fig. 4E) and with noise (Fig. 4F). The beam configuration exemplified in these figures
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corresponds to the solution having minimal energy and zero orbital angular momentum.
Figs. 5A to 5C show the radial part ¢(p) for orbital angular momentum values of zero
(Fig. 5A), 1 (Fig. 5B) and 2 (Fig. 5C), as compared to the corresponding Bessel
function. These numerical values of the eigen-functions are truncated (i.e., the electron
wave-function is truncated) to provide realistic results for the electron wave-function.
The wave propagation simulation in Figs. 4A to 4F relates to high electron current of
100uA at acceleration voltage of 20KV corresponding to electron density # of the about
7.44X10% electrons per meter. Such high current relates to multi-electron beam
configuration, which will result in broadening of the electron beam in the conventional
known beam shapes. As can be seen from Figs. 3A and 3B, the wave-function has a
main lobe having the main portion of probability distribution for electron location, and
plurality of alternating lobes around it. Further as can be seen of Figs. 4E and 4F, the
main lobe maintains most of its energy/electron density while propagating up to certain
propagation distance of about 100 micrometer when the beam diverges. It should be
noted that corresponding multi-electron beams having Bessel or Gaussian structure
diverge at much shorter distances of around 20 micrometer as shown in Figs. 4C and
4D.

Figs. SA to 5C illustrate structure of the radial part of the electron wave
function, determined numerically in accordance equation 2 above as compared to the
commonly used solution of the Bessel function for orbital angular momentum values of
0 (zero), 1 and 2. As can be seen, the structure of functions is substantially similar at
low values of p; however the periodicity of oscillation between positive and negative
phase is higher indicating that greater energy is directed towards the main axis of
propagation defined by p=0. This allows further pulling of the probability distribution
of the electron wave-function towards the main lobe and maintaining the beam spot
size. It should also be noted, and can be generally seen from these figures, that the
MENL function according to the present technique is a continuous function that is
differentiable and integrable between p=0 substantially to p=co.

Fig. 6 illustrates a comparison of penetration depth and corresponding width-
preservation for the main types of electron beam as conventionally known (Bessel and
Gassian beams) with respect to the MENL wave-function according to the technique of
the present invention (MENL). The graph shows relations between penetration depth of

the wave-fucntion (range of propagation where the function maintains width), spatial
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width of the main lobe (marked as (D)), and amount of current carried by the main lobe
(C) of the wave-function of a certain width. In this figure, the different wave-functions
are simulated with initial total current of I = 100pA. A unique property of the MENL
function having non-linear shape preserving solution is that its resolution is bounded
from above. More specifically, the main lobe of the wave function does not increase in
diameter with propagation and that the maximal width is determined by the current
provided. This upper limit occurs because the interference of the shaped wave function
balances the beam self-repulsion and diffraction only up to a certain threshold. Above
this threshold the beam spreading is too strong and repulsion and diffraction effects
cause the beam to spread and the main lobe is no longer maintained. As can also be seen
in the figure, the wave-function according to the present invention maintains the initial
width while propagating, and additionally it maintains the current density within the
main lobe, thereby enabling greater sensitivity in inspection by eliminating or at least
significantly reducing losses in signal intensity due to the distance the beam propagated
towards the sample.

Reference is made to Fig. 7 showing numerical simulation of beam propagation
for multi electron MENL beam shaped according to the present invention for a beam
consisting of spin up electrons and having orbital angular momentum (OAM) zero and
beam propagation of electron beam consisting of spin down electron and having OAM
of one. In this connection utilizing an electron beam where half the electrons have spin
up and zero OAM and half have spin down and OAM=1 may provide further increase
resolution and beam preservation, the depth of focus (range of shape-invariant
propagation) may generally be enhanced by an additional 20% on top of the
enhancement resulting from the use of the technique of the invention. It should be noted
that providing an electron beam including additional electrons having different eigen-
solutions of equation 4 may further improve the shape preservation and reduce the spot
size (increase resolution) of the electron beam. Further it should be noted that the use of
electron beam carrying electrons with certain non-zero orbital angular momentum may
be used for various application such as electron energy-loss spectroscopy (EELS),
where excitation of quantum state within a sample requires transfer of angular
momentum as well as energy.

Thus, the technique of the invention is based on the inventors’ understanding

that an electron beam having radial structure according to MENL function having
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suitable energy and orbital angular momentum provides a substantially non diverging
beam for a predetermined propagation distance, which greatly exceeds that of the
conventionally known Bessel shaped electron beam. To this end the technique of the
invention generally includes selecting an appropriate MENL function having suitable
electron density and angular momentum; determining a mask structure such that
transmitting plane wave electron beam through the mask will result in an electron beam
shaped according to the selected MENL function.

According to some embodiments of the invention, the mask may be configured
to direct electrons transmitted therethrough by diffraction into a plurality of diffraction
orders. This may be used to provide higher ratio of the electron beam intensity within
the desired beam shape and reducing noise factors. In a similar manner, the mask
configuration according to the present invention may be designed to direct electron
beam into several diffraction orders, where the desired MENL electron beam is directed
to the zero or first order of diffraction. In this connection, reference is made to Figs. 8A
to 8D and Figs. 9A to 9D showing mask configuration for generating MENL electron
beam having zero OAM (Fig. 8A) and OAM=1 (Fig. 9A); first two diffraction orders of
the resulting electron beam determined by simulation as generated by the mask (Fig. 8B
and Fig. 9B); cross section of the corresponding desired MENL function (Fig. 8C and
Fig. 9C); and simulated cross-section of the generated electron beam (Fig. 8D and Fig.
9ID).

The mask structure is determined based on well-known wave propagation theory
to provide transmission of electrons therethrough and direct the electrons to form the
desired MENL beam structure at far field. In this connection the term far field should be
understood as relating to a distance from the mask where evanescent waves are
exponentially small and the detected data corresponds to the propagating waves. Thus
according to some embodiments of the invention, the mask structure may be determined
in accordance with a Fourier transform of the desired MENL function.

The non-diffracting wavefunction (the solutions of Eqgs. 4) can be generated by
passing the electron beam (or generally plane wave beam of any charged particle)
through a binary holographic mask, or through a phase mask configured to imprint the
actual phase distribution of the shape-invariant wavefunction, which shapes the electron
wavepacket directly. Generally, to design the holographic mask a transmission function

of the mask is determine in accordance with the desired MENL function:
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. . 2 )
Tholographic mask — |T{(p(p)ellg} + etknp cosb (equation 6)

where @(p)e™? is the radial and angular parts of the selected MENL function being a

solution of equation 4 above; the symbol F stands for Fourier transform; and e**nr c0s®¢
is a plane wave acting as a reference for the hologram. Based on the determined
transmission function, the holographic mask can be designed. Further, as indicated
above, to provide simple structure of the electron beam shaping mask, and to enable
mask production using relatively simple and low cost materials, it may be configured as
a binary mask. Such a mask can be created by having an arrangement of transmitting
and blocking regions configured such that electrons transmission through the mask
provides an MENL shaped electron beam. The binary mask may be configured based on
certain maximal radial distance (size of the mask) and a threshold of minimal value of
the transmission function. For example, the binary mask may be configured as having
transmission as follows:

binary _ {1, Thotograpny > threshold and p < pygy (equation 7)

holographic mask 0, else

The threshold may be selected in accordance with material properties of the mask and
desired electron beam intensity (current). As described above, two such mask designs
are exemplified in Fig. 8A and Fig. 9A corresponding to zero OAM (/=0 in equation 6)
and OAM=1 (/=1 in equation 6). The corresponding MENL wavefunction are the first
diffraction order (and the -1 diffraction order being the complex conjugate thereof) in
Fig. 8B and Fig. 9B. The cross sections of the wave function shown in Fig. 8D and
Fig. 9D show very good agreement the mathematical representation of the MENL
functions shown in Fig. 8C and Fig. 9C.

Additional mask configurations are exemplified in Figs. 10A and 10B showing
two examples of binary masks configured for shaping an electron beam to generate
MENL wavefunction in accordance of the present invention. Fig. 10A shows a binary
mask for generating an electron beam having zero orbital angular momentum and
Fig. 10B shows a binary mask configured for generating electron beam having orbital
angular momentum of 1. These binary masks are configured to generate the desired
MENL wavefunction at the zero order of diffraction, thus increasing electron beam
intensity (current), typically at a price of increasing noise. Similarly, the masks may be
configured from a plate carrying spaced apart transmitting regions surrounded by

blocking regions as exemplified in Figs. 10A and 10B. In this connection it should be
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noted that the technique of the present invention may be used to provide beam shaping
unit, and/or mask, configured as a binary transmission mask, being relatively simple in
construction and operation over various other technologies using holographic
techniques. Furthermore, the beam shaping unit and/or mask according to the present
invention may be configured to affect phase and/or amplitude of the electron beam, e.g.
utilizing a phase mask such as kinoform having a surface relief as well as the use of
magnetic arrangement for phase/amplitude variations.

Figs. 11A to 11D show amplitude and phase maps of the electron beam cross
sectional wave-function according to the present invention having zero orbital angular
momentum (Figs. 11A and 11B) and having orbital angular momentum of 1 (Figs. 11C
and 11D) as generated by the masks of Figs. 10A and 10B. As indicated above, a phase
only, amplitude only, or combined mask may be used to generate the desired beam
wave-function. A phase only mask is configured in accordance with phase map of the
wave-function, and amplitude portion of the mask (when used) is configured in
accordance with amplitude map as shown in Figs. 11A to 11D.

Typically a kinoform mask may be used to provide the desired phase variation.
For example a thin plate of silicon nitride, having pseudo binary surface relief as shown
may provide phase variation while keep the probability distribution (amplitude)
constant along the cross section in the near field. The desired beam shape will be
generated while propagating of the electron beam.

Thus, the present invention provides a technique for designing a mask and beam
shaping unit for use in an electron microscope or electron beam column. The mask is
configured for generating an electron beam providing non-divergent high resolution
multi-electron beam. The technique of the invention relies on the inventors’
understanding that such a multi-electron beam needs to be tailored while taking into
account the interaction between electrons. The beam shaping according to the present
invention compensates for both space charge effects and diffraction, affecting the wave-
function of the electron beam. The technique of the invention may be applied in various

different applications in electron microscopy, lithography, accelerators and many more.
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CLAIMS:

1. An electron beam shaping unit for use in electron beam column, the electron
beam shaping unit is configured for affecting multi electron wave function and
comprising a mask unit configured for affecting propagation of electrons therethrough
to thereby form at far field thereof a propagating electron beam having radial shape as
determined by MENL function being an eigen function determined by a multi-electron
Hartree-Fock Hamiltonian.

2. The electron beam shaping unit of claim 1, wherein the mask is configured as a
binary mask having a plurality of spaced apart transmitting and blocking regions.

3. The electron beam shaping unit of claim 1, wherein the mask is configured as a
phase and amplitude mask having a kinoform surface relief configuration.

4. The electron beam shaping unit of any one of claims 1 to 3, wherein the mask is
configured to direct the electron beam having MENL wavefunction to a zero or first
diffraction order.

5. The electron beam shaping unit of any one of claims 1 to 4, wherein the mask is
configured to generate electron beam having MENL wavefunction having zero or
integer value of orbital angular momentum.

6. The electron beam shaping unit of any one of claims 1 to 5, wherein said MENL

wavefunction corresponds to a solution of:

R aNe? ( [y, 0)|?
Ep(r,0) = —%Vzlp(r, £+ 4me (f lr — 7|

d3r’>1p(r, t)

where (1, t) is the MENL wavefunction, E being energy eigenvalue of the
wavefunction, A is Planck constant divided by 2z, m is electron mass, €, is dielectric
constant of vacuum, e is electron charge, N is number of electrons in the beam, and o is
the ratio of electrons having the same spin states.
7. A method for use in design of an electron beam column, the method comprising:
providing data about desired electron beam parameters; determining corresponding
parameters for a multi-electron Hamiltonian; determining an eigen function of said
multi-electron Hamiltonian corresponding to the desired electron beam parameters;
determining a transmission function providing said eigen function and determining
structure of a mask having said transmission function when transmitting plane wave

electron beam therethrough.
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8. The method of claim 7, wherein said multi-electron Hamiltonian being a Hrtree-
Fock Hamiltonian.
9. The method of claim 7 or 8, wherein said desired electron beam parameters

comprise data about electron beam energy and electron density within the beam.
10. The method of any one of claims 7 to 9, wherein said desired electron beam
parameters comprise data about acceleration voltage of the electrons and data about
current on the electron beam column.
11. The method of any one of claims 7 to 10, wherein said determining an eigen
function comprises determining an MENL wave function having desired parameters in
accordance with said electron beam parameters.
12. The method of claim 11, wherein said desired parameters comprise orbital
angular momentum value and data about energy of the electron beam.
13. The method of any one of claims 7 to 12, wherein said determining a
transmission function comprises determining a Fourier transform of the desire
wavefunction.
14. The method of claim 13, wherein said determining a transmission function
further comprises providing data about hologram plane wave to thereby direct the
electron beam to the desire direction.
15. The method of any one of claims 7 to 14, wherein said determining structure of
a mask comprises thresholding of said transmission function in accordance with a
predetermined threshold value such that where the transmission function value exceeds
the threshold said mask having full transmission and where the transmission function is
below the threshold the mask is configured for blocking transmission.
16. An electron beam shaping unit for use in electron beam column, the beam
shaping unit being characterized in the following:

(a) said electron beam shaping unit being configured for affecting electron

wave function passing; and
(b) said electron beam shaping unit being configured to affect said electron
wave function passing therethrough to form a substantially not diverging

multi-electron wave function.
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