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METHOD AND SYSTEM FOR THE REMOVAL AND/OR AVOIDANCE OF
CONTAMINATION IN CHARGED PARTICLE BEAM SYSTEMS

TECHNICAL FIELD

The invention relates to methods and systems for
cleaning surfaces in charged particle beam systems, and/or
at least partially avoiding contamination of the surfaces.
Such charged particle beam systems may comprise charged
particle lithography systems or electron microscopes, for

example.

BACKGROUND

In charged particle beam systems a target
surface may be exposed to one or more charged particle
beams directed to and focused on the surface with high
accuracy.

In charged particle beam lithography systems,
small structures may be formed with high accuracy and
reliability. In charged particle multiple beam lithography
the pattern formed on the surface is determined by the
position where each 1individual Dbeam interacts with the
resist on the surface. In other charged particle Dbeam
exposure systems, such as electron microscopes or
inspection systems, samples may be analyzed based on the
interaction of the charged particles with the sample.
Therefore, compliance of the beams reaching the surface
with specified beam properties, such as beam position and
intensity, is of high importance.

The accuracy and reliability of charged particle
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beam systems 1s negatively influenced by contamination.
Charged particle beam systems comprise charged particle
optical elements for projecting one or more beams of
charged particles onto the target surface. An important
contribution to contamination in charged particle beam
systems 1is accumulation of deposits of contaminants on
surfaces, such as surfaces of the charged particle optical
components.

In charged particle Dbeam systems, such as
electron microscopes, e.g. scanning electron microscopes,
and charge particle lithography systems, the charged
particles may interact with residual gases, or
contaminants, e.g. hydrocarbons, present 1in the system.
Such contaminants may arise from outgassing from
components within the system and/or from the target to be
exposed. The interaction between charged particle beans
and contaminants may cause Electron Beam Induced
Deposition (EBID) or Ion BReam Induced Deposition (IBID) on
surfaces of the charged ©particle optical elements.
Contamination layers, formed by EBID or IBID, may perturb
the functioning of these elements, and hence negatively

influence projection of charged particles on the target

surface. Removal of contamination, or ©prevention of
contamination growth, in particular in areas with
relatively high hydrocarbon partial pressures and

relatively high Dbeam current densities, 1is therefore
highly desirable.

A method for removing contamination is described
in US 2015/028223 Al, also by the applicant. Us
2015/028223 Al describes an arrangement and a method for
transporting radicals, for example for removal of
contaminant deposits. The arrangement 1includes a plasma
generator and a guiding body. The ©plasma generator
includes a chamber in which plasma may be formed. The
chamber has an inlet for receiving an input gas, and one
or more outlets for removal of plasma and/or radicals

created therein. The guiding body is arranged for guiding
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radicals formed in the plasma towards an area or volume at
which contaminant deposition is to be removed. Further a
charged particle lithography system comprising such
arrangement is described.

US 2013/0206999 Al teaches that with regard to
an array of electron lenses, 1n particular objective
lenses, removal of contamination by plasma treatment or
heat treatment is disadvantageous, from the viewpoint of
deformation and damage. US 2013/020699 Al describes a
charged particle beam lens, including: a first electrode
on a downstream side and a second electrode on an upstream
side in a travelling direction of a charged particle beam;
a distance defining member provided between the first
electrode and the second electrode such that the first
electrode and the second electrode are placed away from
each other; and a gap surrounded by the first electrode,
the second electrode, and the distance defining member, in
which: each of the first electrode and the second
electrode has a first through hole formed therein, through
which the charged particle beam passes; the second
electrode further has a second through hole formed
therein, through which the charged particle beam does not
pass; and both the first through hole and the second
through hole communicate to the gap.

US 2001/0028044 Al describes an electron beam
exposure apparatus for exposing a wafer with a plurality
of electron beams 1includes a multi-axis electron lens
having a plurality of lens openings and a plurality of
dummy openings. The lens openings allow the electron beams
to pass therethrough, respectively, so as to converge the
electron beams independently of each other. The dummy
openings allow no electron beam to pass therethrough. US
2001/0028044 Al teaches that the dummy openings are
arranged in the lens so as to make the lens intensity in
each lens opening substantially equal to the lens
intensity in the other lens openings. Such dummy openings

provided in the lens enable the adjustment of the lens
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intensity so as to be substantially equal in all the lens
openings, 1.e., to make the magnetic field intensity
substantially uniform at all the lens openings.

Although the method and arrangement described in
US 2015/028223 Al enable cleaning within charged particle
lithography systems, the efficiency of the c¢leaning, in
particular the rate of removal of deposits from surfaces,
is observed to be limited. It is an object of the present
invention to provide a method and a system which reduce
the contamination in charged particle beam systems and/or
increase the cleaning efficiency in charged particle beam

systems.

SUMMARY OF THE INVENTION

According to a first aspect, the present
invention provides a charged ©particle Dbeam system,
comprising:

- a charged ©particle beam generator for
generating a beam of charged particles;

- a charged particle optical column arranged in
a vacuum chamber, wherein the charged particle optical
column 1is arranged for projecting the beam of charged
particles onto a target, wherein the charged particle
optical column comprises a charged particle optical
element for influencing the beam of charged particles;

- a source for providing a cleaning agent;

- a conduit connected to the source and arranged
for introducing the cleaning agent towards the charged
particle optical element;
wherein the charged particle optical element comprises:

- a charged particle transmitting aperture for
transmitting and/or influencing the Dbeam of charged
particles, and

- a vent hole for providing a flow path between
a first side and a second side of the charged particle

optical element,
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wherein the vent hole has a cross section which
is larger than a cross section of the charged particle
transmitting aperture.

The vent hole has a conductance which enables a
flow or passage of contaminant species through the charged
particle optical element. A flow or passage from one side
of the charged particle optical element provides a
reduction in pressure at the charged particle optical
element, compared to the situation without a wvent hole.
Thereby the amount of species available for contamination
growth due to EBID or IBID at or in the charged particle
transmitting aperture is reduced. The cross section, or
area, of the vent hole and/or the number of vent holes
provided 1is generally chosen to enable sufficient pressure
reduction. The vent holes are separate holes, not intended
to transmit charged particles. The wvent hole is provided
in addition to the charged particle optical transmitting
aperture, which 1is often of a relatively small dimension.
The cleaning agent facilitates removal of contamination
from surfaces of the charged particle optical element. In
addition to directing a cleaning agent toward the charged
particle element, the charged particle optical element 1is
provided with one or more vent holes. Hence, the system
according to the first aspect not only enables efficient
cleaning within charged particle beam systems, but also
prevents or at least reduces the probability of formation
and/or growth of contamination layers on the charged
particle optical element.

The vent hole 1s larger than the charged
particle transmitting aperture. In an embodiment with a
circular vent hole, the diameter of the vent hole may be a
factor 5, or 10, larger than a diameter of the charged
particle transmitting aperture. In an example, the charged
particle transmitting apertures have a diameter of 12 um,
at least on the upstream side of the substrate, and the
vent holes have a diameter of 50 or 60 pm, or even up to

300 pm, or any value there between.
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Vent holes are particularly advantageous in
regions of the charged particle optical column having a
limited conductance from an interior of the column to one
or more vacuum pumps connected to the chamber. In such
regions there may be a non-negligible pressure near or at
the charged particle optical elements. Vent holes are also
advantageous 1in systems where the distance between the
charged particle optical column and the target 1is very
small, which restricts the flow path from the portion of
the target surface located below the column to the wvacuum
pump. In such systems, species degassing or desorbing from
the target surface may, at least to some extent, enter the
charged particle optical column. In multi-beam systems for
projecting a massive amount of charged particle beams onto
the target surface the space between the final element of
a projection lens and the target surface is often so small
that molecules or clusters of the resist layer,
evaporating or otherwise 1leaving a portion of target
surface located below the projection lens, experience a
restricted or limited flow path toward the vacuum pump. As
a result these species may to a non-negligible extent
enter the charged ©particle optical column through
projection lens apertures. This leads to a presence of
species, such as CxHy compounds, close to a charged
particle optical element, such as a beam stop element,
arranged upstream the projection lens. The species can
cause to contamination of this charged particle optical
element, in particular to the charged particle
transmitting apertures thereof.

A flow or movement, e.g. of contaminant species,
is not necessarily limited to pass through the vent hole.
Species may flow from an interior of the charged particle
optical column toward the vacuum pump via a vent hole, but
may also, at least to some extent, exit the charged
particle optical column via paths not passing through a
vent hole. Species leaving the target surface may, at

least to some degree, flow or move toward the vacuum pump
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without entering the charged particle optical column.

In an embodiment, said charged particle optical
element 1s arranged for stopping or at least partly
blocking said beam of charged particles and/or said
charged particle transmitting aperture acting as a current
limiting aperture. In some charged particle optical
elements, the charged particle transmitting aperture is of
a diameter such that the beam of charged particles passes
through the aperture at c¢lose distance to the edges
thereof or even at least to some part impinges on the
charged particle optical element. Such charged particle
optical element is sensitive to contamination, due to the
risk of deposited contamination reducing the size and/or
changing the shape of the aperture, or even clogging the
aperture. A reduction in aperture size may lead to loss of
transmission through the aperture, and a change in
aperture shape may lead to a change in cross section of
the charged particle beam and/or a change in the way the
charged particle optical element influences the charged
particle Dbeam. Contamination at the aperture may be
subject to charging, which may perturb the trajectory of
the charged particle beam.

The charged particle beam system may be any type
of charged particle exposure system, for example a charged
particle multi beam lithography system, or an inspection
system, such as any type of electron microscope or a tool
using 1ons for analyzing a sample. The charged particles
may be electrons or any kind of ions used in the above
systems.

The charged particle optical element may also be
referred to as electron optical or ion optical element or
lens. Influencing the beam of charged particles comprises
one or more of changing the energy of the charged
particles, deflecting a charged particle beam, thereby
changing the direction of the beam, stopping or at least
partly blocking the beam, for example by said charged

particle transmitting aperture acting as a current
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limiting aperture, and/or forming a plurality of charged
particle beams from a beam of charged particles, focusing,
defocusing or diverging charged particle beams, etc. A
current limiting aperture is an aperture allowing passage
of only a part or portion of the beam of charged
particles. The conduit is arranged to introduce, guide, or
direct the <cleaning agent toward, onto, or over the
charged particle optical element, or a surface thereof,
comprising one or more charged particle transmitting
apertures, thereby enabling cleaning thereof.

In an embodiment, the source for providing a
cleaning agent is a source as described in US 2015/028223
Al. Alternatively another type of plasma source, a
molecular gas source, or a dJgenerator of active species,
for example an ozone generator, can be used.

In an embodiment, the c¢leaning agent comprises
atomic oxygen radicals, molecular oxygen gas, molecular or
atomic oxygen ions, and/or ozone. Alternatively, other
types of species or molecules can be used. Good results
have been observed using a mixture of atomic oxygen
radicals and molecular oxygen. The inventors have observed
that such mixture, 1in particular in presence of charged
particle beams, enables efficient removal of contamination
without disturbing the functioning of the charged particle
beam system. Preferably the source 1s configured to
provide a controlled flow of cleaning agent.

In some systems, such as charged particle
lithography systems, the target surface may deteriorate
upon contact with the cleaning agent. Therefore, the flow
of cleaning agent and the total cross section, or area, of
the one or more vent holes are typically determined from a
trade-off between providing efficient cleaning of charged
particle optical elements by the c¢leaning agent and
providing sufficient pressure reduction at the charged
particle optical element, while avoiding flow of cleaning
agent to the target surface.

In an embodiment, the charged particle optical



WO 2017/183980 PCT/NL2017/050256

10

15

20

25

30

35

element comprises a plurality of vent holes and a
plurality of charged particle transmitting apertures, the
vent holes being arranged next to the charged particle
transmitting apertures. This enables prevention of
contamination growth in a multi-beam system. The charged
particle transmitting apertures may be arranged in one or
more dJgroups, or arrays. The vent holes are preferably
arranged adjacent and/or between such groups of charged
particle transmitting apertures. An area of the charged
particle optical element comprising one or more dgroups of
charged particle transmitting apertures is often referred
to as Dbeam area, representing an area within the
trajectory of charged particle beams through the charged
particle optical column. Analogously, an area which is not
intended for receiving charged particle beams, which 1is
located outside a charged particle beam trajectory 1is
referred to as non-beam area. Charged particle multi-beam
systems often comprise a plurality of elongated beam areas
and non-beam areas arrandged in an alternating, periodic
manner, each beam area positioned between two non-beam
areas. Such arrangement is described in US 8,653,485 and
Us 8,492,731 of the applicant. The vent holes are
preferably arranged in one or more non-beam areas. In some
embodiments, the vent holes are arranged immediately
adjacent the one or more beam areas. Alternatively and/or
additionally, vent holes can be provided in beam areas. In
the latter case, however, the risk of having charged
particles pass through a vent hole is higher.

In an embodiment the charged particle optical
element comprises a substantially flat substrate, wherein
the wvent hole 1is provided by a through-hole extending
through the substrate. The through-hole is preferably
oriented substantially straight through the substrate. In
an embodiment the substrate comprises a silicon substrate
provided with a coating, for example a coating comprising
molybdenum.

In an embodiment, the vent hole has a circular
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cross section. The charged particle transmitting apertures
are generally also circular. The diameter of the vent hole
is then larger than the diameter of the charged particle
transmitting apertures.

In an embodiment, the wvent hole has a slit-
shaped cross section, or an elliptical cross section. Such
vent hole has a first dimension 1n the longitudinal
direction of the slit or ellipse, 1.e., along the major
axis, and a second dimension substantially perpendicular
to the longitudinal direction, i.e., along the minor axis.
The first dimension is larger than a dimension across the
charged particle Dbeam transmitting apertures, 1i.e., the
diameter of the charged particle transmitting aperture. In
some embodiments, also the second dimension is larger than
the diameter of the charged particle transmitting
aperture.

In an embodiment, the charged particle
transmitting apertures are arranged in one or more Jgroups,
and the wvent holes are arranged substantially along said
one or more groups.

In an embodiment, said vent holes are arranged
in one or more two-dimensional arrays. The vent holes may
be arranged in a regular rectangular lattice.
Alternatively, the vent holes may be arranged in a pattern
where the rows or columns of vent holes are shifted with
respect to one another, for example forming a skewed
array.

In an embodiment, said vent holes are arranged
on either sides of said plurality of charged particle
transmitting apertures. In general, the plurality of
charged particle transmitting apertures is arranged in
substantially one or more rectangular groups, Or arrays,
having a first dimension which is larger than a second
dimension. The vent holes are preferably arranged along
the 1long sides of the one or more groups of charged
particle transmitting apertures.

In an embodiment, said vent holes are arranged
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with a pitch which is equal to or larger than a dimension
of said vent holes, said pitch in particular being in the
range from 1 to 3 times the dimension of said wvent holes.
The pitch is to be understood as the distance between the
centers of adjacent vent holes.

In an embodiment, the pitch 1is equal to or
larger than a dimension of the vent holes along a
direction of alignment of the wvent holes. As described
above, the vent holes may be arranged along one or more
groups of charged particle transmitting apertures. The
vent holes may then be arranged in rows, arranged with a
pitch which is equal to or larger than a dimension of the
vent holes in the direction of the row.

In an embodiment, the system 1is arranged such
that any charged particles passing through a vent hole are
prevented from reaching the target. Although the one or
more vent holes are preferably arranged outside the
intended charged particle beam trajectory, one or more
elements or components may be arranged downstream of the
charged particle optical element to block a further path
of any charged particles transmitted through a wvent hole.
Alternatively, an element or component might be provided
upstream the vent hole, for preventing charged particles
from reaching the vent hole.

In an embodiment, the charged particle optical
element comprises a beam stop element, the beam stop
element comprising:

- a plurality of charged particle transmitting
apertures for passage of charged particle beams, and a
non—-aperture area for blocking passage of charged
particles, and

- a plurality of vent holes for providing a flow
path through the beam stop element,

the system further preferably comprising

- a projection lens comprising a plurality of
projection lens apertures for focusing the charged

particle beams, wherein the projection lens 1s arranged
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downstream the beam stop element, and wherein the
projection lens and the beam stop element are arranged
such that any charged particles passing through one or
more of the vent holes are blocked by a non-aperture area
of the projection lens.

Providing the beam stop element with vent holes
has been seen to reduce accumulation of contamination at
the beam stop apertures. The vent holes enable a flow path
from the target, through the projection lens and through
the beam stop element and further towards a vacuum pump.
The projection lens apertures are generally arranged 1in
groups oOr arrays corresponding to the charged particle
transmitting apertures of the beam stop element. A
scanning deflector is typically arranged between the beam
stop element and the projection lens, for scanning the
charged particle beams over a portion of the target
surface.

In an embodiment, the projection lens further
comprises a plurality of dummy apertures arranged around a
group of the projection lens apertures, wherein the wvent
holes are arranged such that any charged particle passing
through the wvent holes are blocked by an area located
laterally outside the dummy apertures. By this
arrangement, charged particles are prevented from reaching
the target wvia a vent hole. The dummy apertures are
generally included to provide a similar electrostatic
field for all charged particle beams passing through the
projection lens. The dummy holes themselves do not provide
a passage for charged particle beams.

In an embodiment, the system further comprises:

- a second aperture element, comprising a
plurality of apertures for forming a plurality of charged
particle beams from the beam of charged particles, the
second aperture element arranged between the charged
particle beam generator and the charged particle optical
element, and

- a restriction element provided between the
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charged particle beam generator and the second aperture
element, the restriction element arranged for preventing
or at least reducing a flow or passage of the cleaning
agent or products thereof to the charged particle beam
generator.

The restriction element contributes to enabling
introduction of the <c¢leaning agent while the Dbeam
generator is active. This allows introducing the cleaning
agent into the system during target exposure. The beam
generator may comprise a charged particle source which
requires a high wvacuum during operation and which 1is
sensitive to the presence of the species comprised in
and/or formed from the cleaning agent. For example, a
thermionic cathode, which 1is often used as electron
sources, 1s damaged if operated at too high partial oxygen
pressure and/or 1in the presence of oxygen radicals or
ozone. Therefore, 1in order to be able to introduce
cleaning agent while the beam generator is active, 1t is
important to at least limit the flow of cleaning agent, or
products or components thereof, to the beam generator. The
cleaning agent preferably comprises molecular oxygen and
oxygen atomic radicals, and/or ozone. Both oxygen atomic
radicals and ozone molecules (Jgenerally recombine to
molecular oxygen along their flow path within the charged
particle optical column. Therefore, at the beam generator,
gas originating from the <cleaning agent will comprise
mainly molecular oxygen. For some systems, at least to
some extent, the pressure at the charged particle source
can be sufficiently limited by differentially pumping a
space comprising the source. However, additional sealing
or restriction of a flow path to the beam generator may be
advantageous. The restriction element is not necessarily a
sealing element which substantially completely blocks a
flow or passage of gaseous species. What 1is important is
that the charged particle source 1is maintained in a vacuum
which is within the operable range of the specific source.

A reason not to use a sealing element completely blocking
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the passage 1s the force which must be asserted on the
sealing element in order to achieve efficient sealing.
Such forces might require modifications to an existing
system if adding such sealing element.

In an embodiment, the charged particle beam
system further comprises:

- a beam generator module, the charged particle
beam generator being arranged 1in the beam generator
module;

- a modulation module, the second aperture
element being arranged in the modulation module;

wherein the restriction element 1s movably
connected to the Dbeam generator module and arranged
abutting the modulation module by means of gravity and/or
a spring force. Flow paths of cleaning agent, or other
gaseous species, 1nto the Dbeam generator module, 1is
thereby limited to either through the apertures of the
second aperture element or via the outside of the charged
particle optical column, through the restricted flow path
between the restriction element and the surface of the
modulation module onto which the restriction element
rests. The modules may be provided as removable modules,
arranged 1in a frame of the system. Arranging the
restriction element to abut or rest on the modulation
module by means of gravity limits the force exerted on the
modulation module by the restriction element, while
restricting the flow path into the beam generator.

In an embodiment, the restriction element 1is
connected to a first wall of the beam generator module,
the restriction element at least partly surrounding a
perimeter of an opening in the first wall for passage of
the beam of charged particles, wherein the restriction
element comprises an at least partially ring-shaped
element, 1in particular a ceramic ring, the at least
partially ring-shaped element being movably arranged with
respect to the first wall in a direction toward or away

from the modulation module.
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In an embodiment, the system further comprises a
confining element for confining a movement of the ring-
shaped element with respect to the first wall. In an
embodiment, the ring-shaped element is loosely arranged at
least partly within a groove or recess within the first
wall, and 1s prevented from falling out by the confining
element.

In an embodiment, the confining element is made
of a material comprising aluminum or titanium.

In an embodiment, the restriction element 1is
provided with one or more protrusions and the confining
element 1is arranged to cooperate with the protrusions to
confine movement of the restriction element. Such flow
restricting arrangement enables easy removal and/or
replacement of the beam generator module, while
maintaining the specified flow restriction. In an
embodiment, the confining element has an at least partial
ring shape.

The flow restricting arrangement, comprising the
restriction element and the confining element, is designed
such that it does not influence the electromagnetic field
within the system, and thus, does not influence the
charged particle beam paths through the column.

In an embodiment, the system further comprises:

- a modulation element arranged downstream the
second aperture element, the modulation element comprising
a second plurality of apertures for passage of the charged
particle Dbeams and a second plurality of deflectors
associated with the second plurality of apertures, the
deflectors arranged to selectively deflect or not deflect
the charged particle beams, and

- a beam stop element comprising a third
plurality of apertures for passage of charged particle
beams and a blocking area for blocking charged particle
beams, the beam stop element arranged downstream the
modulation element,

the modulation element and the beam stop element



WO 2017/183980 PCT/NL2017/050256

10

15

20

25

30

35

le

arranged to function together to let pass or to block the
selectively deflected charged particle beans,

wherein the conduit is arranged to direct the
cleaning agent toward the beam stop element and,
preferably, also toward the modulation element.
Contamination of the beam stop element can thereby be
prevented or at least removed. The beam stop element
represents a charged particle optical element as described
above. By blocking charged particle beams, these are
prevented from continuing toward the target. This beam
stop element may be the beam stop element described above.
Fach aperture of the modulation element may be provided
with a deflector. The modulation element, also referred to
as blanker, can thereby deflect one or more individual
charged particle Dbeans, while not deflecting other
individual beams, in accordance with pattern data.

In an embodiment, electrical connections within
the charged particle optical system are provided with a
protective coating, such as epoxy and/or a metal layer.
Such protective coating prevents electrical connections,
such as conducting wires, electrical contacts, contact
pads, etc., from being damaged by the cleaning agent or
species thereof.

In an embodiment, a second charged particle beam
generator 1s provided, arranged such that a beam of
charged particles emitted therefrom is directed toward,
along or over the charged particle optical element or a
surface thereof, but does not reach the target. The
provision of the additional charged ©particle beam
generator, dgenerating electrons or ions, may enhance
prevention or removal of contamination. It also enables
cleaning facilitated by charged particles, also when the
charged particle beam generator provided for target
exposure 1is not active.

One or more of the various features of the above
described embodiments may be combined, as may also the

different embodiments.
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According to a second aspect, the invention
provides a method for preventing or removing contamination
of a charged particle transmitting aperture in the charged
particle beam system according to any one of the
embodiments of the first aspect, the method comprising the
steps of:

- introducing a c¢leaning agent towards the
charged particle optical element while the beam generator
is generating a beam of charged particles and/or while a
second charged particle beam source is generating a beam
of charged particles which is directed toward the charged
particle optical element; and

- maintaining a wvacuum in the wvacuum chamber
while introducing the cleaning agent,

wherein the step of maintaining a vacuum
comprises providing a flow or movement of species at least
through the charged particle optical element via the vent
hole to a vacuum pump connected to the vacuum chamber.

The method enables both preventing or at least
limiting deposition and growth of contamination in or near
charge particle transmitting apertures, as well as removal
of contamination formed on surfaces. The aperture can be
maintained in an open state, i.e. its size maintained, and
the shape of the aperture can be maintained. Thereby,
charged particle beam properties such as current density,
shape, and position are maintained. As discussed above
with respect to the first aspect, the vent hole provides a
reduction in pressure at the charged particle optical
element. Thereby the amount of species which could give
rise to contamination is reduced. Introducing cleaning
agent while the beam generator is active might seem contra
intuitive since, as discussed above, charged particle
beams may interact with species to form deposits onto
surfaces. However, the inventors have observed that
introducing the cleaning agent in the presence of charged
particle beams leads to more efficient cleaning of charged

particle optical elements. The inventors have seen that
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introducing the cleaning agent while the charged particle
beam generator 1is active, 1i.e., generating a beam of
charged particles, improves the cleaning rate compared to
the method disclosed in US 2015/028223 Al. In particular,
efficient removal or prevention of contamination has been
observed in charged particle optical elements comprising
apertures through which the charged particle beams are
transmitted at a very close distance to the perimeter of
the aperture and/or where charged particle beams are, at
least partly, blocked by the area surrounding the
aperture. Such current limiting apertures are typically
provided in aperture elements forming a plurality of beams
from an incoming beam, 1in beam forming or beam shaping
elements, 1in charged particle Dbeam modulation elements
(blankers), or charged particle beam blocking elements
(beam stops). The charged particle Dbeams travelling
through at least a portion of the charged particle optical
column enable cleaning at specific locations. It has been
seen that, using the method of the second aspect, cleaning
can be performed at a rate higher than the rate at which
contamination accumulates on the surface. Thereby, a
steady state is achieved in which the level of
contamination is at least substantially constant in time.
An increased stability of the charged particle optical
column has been observed when applying the method
substantially continuously. This 1s considered to be
related to, e.g., the absence of transitions between clean
and contaminated states of charged particle optical
surfaces.

The method has been seen not to interfere with
the normal operation of the system. The method may be
performed, e.qg., during ©preparation or exchange of
targets, and/or during exposure of targets to the charged
particle Dbeams, e.g. during lithographic patterning of
wafers.

In an embodiment, the cleaning agent is

introduced substantially continuously, during operation of
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the beam generator. This facilitates substantially
continuous removal of contamination, or prevention of
growth of contamination on charged particle optical
elements.

In an embodiment, maintaining wvacuum comprises
actively operating one or more vacuum pumps connected to
the vacuum chamber.

In an embodiment, the cleaning agent is directed
to charged particle optical elements comprising one or
more current limiting apertures, and/or to elements where
contamination may influence or limit the proper
functioning of the elements, e.g. where a lifetime of the
component may otherwise be limited by contamination.

In an embodiment, the method comprises the step
of preventing any charged particles passing through the at
least one vent hole from reaching the target. In an
embodiment, the charged particles passing through a vent
hole are prevented from reaching the target by blocking
these charged particles by non-aperture areas comprised in
a further aperture element arranged downstream the charged
particle optical element, the further aperture element
comprising one or more apertures for passage of charged
particle beams having passed through the charged particle
transmitting apertures. Such aperture element may be
comprised in the projection lens described above.
Alternatively or additionally, the charged particles may
be blocked upstream the wvent holes, preventing charged
particle beams from reaching the vent holes.

In an embodiment, the method further comprises
the step of:

- arranging the charged particle beam system
such that a flow of the cleaning agent or products thereof
to the charged particle beam generator is prevented or at
least reduced.

In an embodiment, the method further comprises
the following steps:

- arranging the charged particle beam generator
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in a beam generator module and the charged particle
optical element in a modulation module,

- providing a restriction element, movably
connected to the beam generator module, and abutting the
modulation module by means of gravity and/or spring force.
The restriction element may be a restriction element as
described above.

In an embodiment, the method comprises
introducing the cleaning agent in a region of the charged
particle optical column where the charged particles have
energy 1in the range of 1-10kEV, in particular around or
lower than 5keV. The cleaning agent can be introduced
during normal exposure. The energy of the charged
particles 1is determined by electrical potentials applied
to, e.g., the charged particle beam source, the target,
and the charged particle optical elements within the
system. In a multi-beam system as described herein, to
which the method is especially suited, the energy of the
charged particles 1is typically around b5keV during target
exposure. If the method 1is applied while not exposing a
target, the energy of the charged particle beam can be
adjusted to improve cleaning.

In an embodiment, one or more charged particle
beams 1s present at or near the charged particle optical
element while directing the cleaning agent toward the
charged particle optical element. The term “at or near”
comprises transmitting charged particle beams towards the
charged particle optical element and/or through the
charged particle transmitting aperture, i.e., the charged
particle beams being at least partly transmitted through
at least a portion of the charged particle optical column.

During introduction of the cleaning agent the
pressure 1s maintained at a level where the mean free path
of the species of the cleaning agent is such that the
species most 1likely collide with a surface of a charged
particle optical element, or are pumped away from the

system, without any other collisions, in particular with a
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charged particle of the charged particle Dbeams. The
cleaning agent 1is therefore wvirtually invisible to the
charged particle beams, which are therefore not influenced
by the presence of the cleaning agent. Furthermore, the
pressure in the system i1s maintained below a pressure at
which there might be a risk of electrical breakdown, or
flashover, between charged particle optical elements.

One or more of the various features of the above
described embodiments, and/or one or more of the different
embodiments, may be combined. The method according to the
second aspect may be performed or applied in a charged
particle beam system according to any one or more of the
embodiments or alternatives of the first aspect. The
various embodiments of the method, in particular the
different steps, may be realized by one or more of the
features of the charged particle beam system of the first
aspect.

According to a third aspect, the present
invention provides a method for preventing or removing
contamination of a charged particle transmitting aperture
in a charged particle beam system arranged 1in a vacuum
chamber, the charged particle beam system comprising a
charged particle optical column for projecting a beam of
charged particles onto a target, the charged particle
optical column comprising a charged particle optical
element for influencing the beam of charged particles,

the charged particle optical element comprises
the charged particle transmitting aperture for
transmitting and/or influencing the Dbeam of charged
particles, and at least one vent hole for providing a flow
path from a first side to a second side of the charged
particle optical element;

the method comprising the following steps:

- introducing a c¢leaning agent towards the
charged particle optical element while a beam of charged
particles 1is present at or near the charged particle

optical element; and
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- maintaining a vacuum in the wvacuum chamber,
wherein the step o0of maintaining a vacuum comprises
providing a flow path through the wvent hole, from the
first side to a to a second side of the charged particle
optical element and further to a vacuum pump connected to
the vacuum chamber.

The method according to the third aspect
provides the same or corresponding advantages as described
above for the method according to the second aspect. The
method of the third aspect may comprise any one or more of
the features, alternatives, or method steps of the
embodiments described above with respect to the method of
the second aspect.

According to a fourth aspect, the invention
provides a charged particle beam system, comprising:

- a charged ©particle beam generator for
generating a beam of charged particles;

- a charged particle optical column arranged in
a vacuum chamber, wherein the charged particle optical
column 1is arranged for projecting the beam of charged
particles onto a target, and wherein the charged particle
optical column comprises a charged particle optical
element comprising a plurality of charged ©particle
transmitting apertures;

- a source for providing a cleaning agent;

- a conduit connected to the source for
introducing the cleaning agent towards the charged
particle optical element;

- a second aperture element comprising a
plurality of apertures for forming a plurality of charged
particle beams from the beam of charged particles, the
second aperture element arranged between the charged
particle beam generator and the charged particle optical
element, and

- a restriction element provided between the
charged particle beam generator and the second aperture

element, the restriction element preventing or at least
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minimizing a flow or passage of the cleaning agent and/or
products thereof to the charged particle beam generator.

The restriction element prevents or at least
restricts a flow or passage of cleaning agent to a charged
particle source arranged in the beam generator. Thereby,
cleaning agent can be introduced during normal operation
of the system, providing efficient <c¢leaning and/or
reducing down time of the system. The restriction element
may be a restriction element as described above.

The system of the fourth aspect may comprise or
be combined with any one or more of the features or
alternatives of the embodiments described above with
respect to the system of the first aspect.

In a fifth aspect, the invention provides a
method for preventing or removing contamination of a
charged particle transmitting aperture 1in a charged
particle optical element in a charged particle beam system
according to the fourth aspect, the method comprising the
steps of:

- introducing the c¢leaning agent towards the
charged particle optical element while the beam generator
is generating the beam of charged particles and/or while a
second charged particle beam source 1s generating a beam
of charged particles which is directed toward the charged
particle optical element; and

- maintaining a wvacuum in the wvacuum chamber
while introducing the cleaning agent,

wherein the charged particle beam system 1is
arranged such that a flow of the <c¢leaning agent or
products thereof to the charged particle beam generator is
prevented or at least minimized.

The method according to the fifth aspect
provides the same or corresponding advantages as described
with respect to the fourth aspect. The method of the fifth
aspect may comprise or be combined with any one or more of
the features or alternatives of the embodiments described

above with respect to the method of the second and/or
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third aspect. The method steps may be realized by any one
or more of the features of the embodiments described with
respect to the first and/or fourth aspect.

According to a sixth aspect, the present
invention provides a charged ©particle Dbeam system,
comprising:

- a charged ©particle beam generator for
generating a beam of charged particles;

- a charged particle optical column arranged in
a vacuum chamber, wherein the charged particle optical
column 1is arranged for projecting the beam of charged
particles onto a target, and wherein the charged particle
optical column comprises a charged particle optical
element for influencing the beam of charged particles;

- a source for providing a cleaning agent;

- a conduit connected to the source and arranged
for introducing the cleaning agent towards the charged
particle optical element;

wherein the charged particle optical element
comprises a charged particle transmitting aperture for
transmitting and/or influencing the Dbeam of charged
particles, and at least one vent hole for providing a flow
path between a first side and a second side of the charged
particle optical element, the vent hole being arranged
outside an intended trajectory for the beam of charged
particles.

The system of the sixth aspect provides
analogous advantages and effects as the system of the
first aspect. The system of the sixth aspect may comprise
any one or more features of the embodiments described
above with respect to the systems of the first and fourth
aspects. A method, as defined by the method steps of the
second or third aspect, may be applied to the system of

the sixth aspect.
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BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of the systems and methods will
be further explained with reference to embodiments shown
in the drawings.

FIG. 1 schematically shows a multiple Dbeam
lithography system;

FIG. 2A and 2B schematically illustrate charged
particle beam induced deposition and contamination growth
at a charged particle transmitting aperture;

FIG. 3A schematically illustrates a charged
particle beam system according to embodiments of the
present invention;

FIG. 3B schematically illustrates a detail of
FIG. 3A;

FIG. 4A-4D schematically show details of charged
particle optical elements comprising charged particle
transmitting apertures and vent holes;

FIG. 5 schematically shows a detail of an
element arranged downstream the charged particle optical
element illustrated in FIG. 4A, in a charged particle beam
system;

FIG. 6 schematically 1illustrates an arrangement
for restricting a flow path into a beam generator module
of a charged particle beam system;

FIG. 7 schematically shows an arrangement for
introduction of a cleaning agent into a charged particle
beam system;

FIG. 8 schematically illustrates a cleaning
agent source;

FIG. 9A and 9B schematically illustrate a method
for preventing or removing contamination in a charged
particle beam system;

FIG. 10 schematically illustrates a charged
particle beam system according to embodiments of the

invention.
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DESCRIPTION

Various embodiments of charged particle beam
systems and methods for preventing or removing
contamination of charged particle transmitting apertures
such systems are described below, given by way of example
only and with reference to the figures.

FIG. 1 shows a simplified schematic drawing of
an embodiment of a charged particle multi-beam lithography
system. Such lithography system 1s described in U.S.
patent Nos. 6,897,458; 6, 958,804; 7,019,908; 7,084,414;
7,129,502; 7,709,815; 7,842,936; 8,089,056 and 8,254,484;
and in U.S. patent application publication nos.
2007/0064213; 2009/0261267; Us 2011/0073782 and US
2012/0091358, assigned to the applicant of the present
application and hereby incorporated by reference in their
entirety. The same holds true for US 2014/0197330, in
which the embodiment illustrated in Fig. 1 provides a
functionally equivalent system. Advantageous mounting
arrangements, suspension mechanisms and vibration
isolation arrangements are described in US 2014/0197330,
which may be combined with or used in systems of the above
listed publications. Although the 1lithography system 1is
described with reference to electron beams, the teaching
applies to other types of charged particle beams as well,
such as 1on beams. The term “electron” i1s 1in that case
replaced by “charged particle” or “ion”, as understood by
the skilled person. The multi-beam lithography system 1
comprises a vacuum chamber 2, comprising an electron
source 4 and an electron optical system 6, also referred
to as charged particle optical column, for forming and
controlling electron beams 8 for patterning a surface 10
of a target 12. The target 12 typically comprises a
silicon wafer coated with an electron sensitive resist
layer. The electron source 4 and the components of the
electron optical system 6 are aligned along an optical

axis 14. The components of the electron optics, described
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in more detail below, are advantageously arranged 1in one
or more replaceable modules, supported by a frame 7. The
frame and/or the modules are configured for providing
alignment of the modules along the optical axis 14.
Although a specific division or arrangement into different
modules 1is described herein, this should not be construed
as limiting, since other arrangements are also possible.

A beam generator module 16 comprising the
electron source 4 and a beam collimating system 18
generates a collimated electron beam 20. The collimated
electron beam 20 is divided into a plurality of individual
beams 8 in an aperture array and condenser lens module 22.
The collimated beam 20 is divided into the plurality of
beams by an aperture array element comprising one or more
groups or arrays of apertures. The beams 8 are directed to
a beam blanker 24, also referred to as modulation element,
configured to selectively blank, 1i.e., deflect or not
deflect, individual beams 8, 1in accordance with pattern
data. In some embodiments, a multi-aperture array (not
shown) is provided between the aperture array element and
the beam blanker array, or 1s arranged integral with the
beam blanker. Such multi-aperture array 1is arranged for
further splitting each of the beams 8 into smaller beams,
which are directed to the beam blanker 1in (groups.
Patterned beams can be formed by individually modulating
the beams within a group of beams 8. The beam blanker 24
is arranged in a modulation module 25, also referred to as
beam switching module. Alternatively, the aperture array
element, the multi-aperture array (i1f provided), and the
blanker array may be arranged in the same module.

A beam stop element 26 is arranged to stop beams
8 which are deflected by the beam blanker 24. Electron
beams 8 which are not deflected by the blanker array 24
are at least partially transmitted through the beam stop
element 26. The beam blanker 24 and the beam stop element
26 thus function together to modulate the beams, by

stopping or allowing individual electron beams 8 to pass.
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In some embodiments the beam stop element is arranged in a
projection optics module 28. This module also comprises a
scanning deflector) and a projection lens (not illustrated
in FIG. 1). The scanning deflector deflects beams 8 in
order to scan them over respective writing areas, stripes,
on the surface 10. The projection lens focuses the beams 8
onto the target surface 10. A detail of the projection
optics 28 1s shown in FIG. 3B, schematically showing an
arrangement of beam stop element 26, scanning deflector
27, and projection lens 29. The beam blanker 24, the beam
stop element 26, and the projection lens 29 are formed as
aperture elements, comprising a plurality of charged
particle beam transmitting apertures, preferably arranged
in one or more arrays.

The target 12 1is supported by a target support
30, here a wafer table 32 mounted on a chuck 34. A target
support actuator 36 1s provided for moving the target
support 30 with respect to the electron optical column 6,
in particular with respect to the electron optical axis
14. The actuator 36 comprises a short stroke actuator 38
and a 1long stroke actuator 40, enabling two-dimensional
movement of the target in a plane perpendicular to the
electron optical axis, with high accuracy.

A control unit 42 controls the operation of the
lithography system. Pattern data 1s transmitted from the
control unit 42 to the modulation element 24. In an
embodiment, a part of the data transmission is realized by
modulated 1light Dbeams directed onto receivers on the
modulation element. The control unit 42 may control and/or
use various measurements, such as measurements of electron
beam properties and measurements of the position of the
target with respect to the projection optics, for
controlling operation of the system.

At least one vacuum pump 44 is connected to the
vacuum chamber 2, 1in order to maintain the desired wvacuum
therein. Typically one or more turbo pumps are used.

Further, one or more pumps, typically a (ion) getter pump
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is connected to the beam generator, in order to maintain a
specified wvacuum herein. The pressure within the Dbeam
generator module is generally lower than the pressure in
the main wvacuum chamber. Alternatively, the beam generator
module is arranged 1n a separate vacuum chamber connected
to the main vacuum chamber.

The teachings of the present invention,
embodiments of which are described below, can be applied
as modifications to the system of FIG. 1. As illustrated
in FIG. 7 and FIG. 10, a source of cleaning agent can be
connected to the frame 7, and provided with one or more
conduits for directing the cleaning agent toward one or
more of the charged particle optical elements, for example
the modulation element 24 and/or the beam stop element 26.
One or more of the elements comprising arrays of charged
particle transmitting apertures, 1in particular the Dbeam
stop element 226, is provided with vent holes in addition
to the charged ©particle transmitting apertures, as
illustrated in FIG. 3A and FIG. 9B. In some embodiments a
restriction element is provided between the beam generator
module 16 and the aperture array module 22 or the combined
aperture array and blanker module 225, as described with
reference to FIG. 6. The teachings of the present
invention are not limited to the type of system
illustrated in FIG. 1, but can be applied to other types
of charged particle beam systems as well.

FIG. 2A and 2B schematically illustrate
formation of contamination caused by charged particle beam
induced deposition (EBID or IBID) at a charged particle
beam transmitting aperture 46. Such apertures are present
in various components in a charged particle beam system.
In the multi electron beam lithography system illustrated
in FIG. 1, current limiting charged particle transmitting
apertures are present in the aperture array 22, the multi-
aperture array (if provided), the blanker 24, in
particular if comprising a multi-aperture array, and in
the beam stop 26.
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FIG. 2A shows a detail of a charged particle
optical element 48 for influencing one or more charged
particle beams 8, at least some of which are directed
toward a substrate 12. The charged particle optical
element 48 is provided with at least one charged particle
transmitting aperture 46. Residual gases, or contaminants
50, are, at least to some degree, present in the wvacuum
system. Such contaminants 50 can originate from resist
outgassing, illustrated by reference number 52, typically
providing hydro-carbon compounds or molecules (CxHy) .
Other sources of contaminants 50 are outgassing from
surfaces within the charged particle column itself.
Hydrocarbons or other molecules 50 may adsorb onto a
surface of the charged particle optical element 48,
illustrated by reference number 54. Charged particles in
the charged particle beams 8, which pass by at very close
distance of or even, at least partially, hit, the border
of the aperture 46, may interact with residual gases
present 1in the vicinity of or adsorbed on the surface,
thereby causing charged particle beam induced deposition
(EBRID, 1IBID). TUpon this interaction bonds within the
molecule may break, whereby volatile parts of the molecule
50 are pumped away by the vacuum pumps. The remaining part
of the molecule, comprising in particular carbon, remain
on or near the surface, where they may form a layer b56.
The layer 56 of carbon containing material influences beam
stability, for example due to charging of components, and
may cause 1intensity loss of charged particle Dbeamns
projected onto the target surface, and/or distortions such
as aberrations, etc. As illustrated in FIG. 2B, build-up
of such contamination layer 56 in and around apertures 46
reduces the size of the apertures 46. As the contamination
layer 56 grows, for example due to continued electron or
ion beam induced deposition during operation of the
charged particle beam system, the effective aperture
becomes smaller and smaller, and eventually effectively

totally clogged.
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FIG. 3A and 3B illustrate a charged particle
optical system, or at least components thereof, according
to an aspect of the invention. The various features
illustrated in FIG. 3A and 3B may substitute corresponding
features of the prior art system of FIG. 1, and/or may be
added to the system of FIG. 1. The teaching can also be
applied to other types of systems. In the figures,
elements denoted with the same reference number are
similar to the ones described above.

FIG. 3A illustrates a charged particle beam
system 201, comprising a charged particle beam generator
16, for generating a beam 20 of charged particles, and a
charged particle optical column 206 arranged in a vacuum
chamber 2. The charged particle optical column 206 1is
arranged for projecting one or more charged particle beams
8, formed from the beam 20 of charged particles, onto a
target 12. The charged particle optical column 206
comprises charged particle optical elements for
influencing the charged particle beams. In the embodiment
illustrated 1in FIG. 3A, the system comprises charged
particle optical elements in the form of a modulation
element 24, a beam stop element 226, and a projection lens
29, analogous in function to the corresponding elements
described with reference to FIG. 1. In order to maintain
the wvacuum in the wvacuum chamber 2, one or more vacuum
pumps 44 are provided.

The modulation element 24 comprises a plurality
of apertures 46 for passage of said charged particle beams
and a corresponding plurality of deflectors, or
electrodes, each associated with an aperture. The
deflectors are arranged to selectively deflect or not
deflect one or more charged particle beams. The beam stop
element 226, arranged downstream the modulation element,
comprises a plurality of apertures 46 for passage of
charged particle beams, and a blocking area, typically the
surface adjacent the apertures, for Dblocking charged

particle beams. In both the modulation element 24 and the
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beam stop element 226 the apertures 46 may act as current
limiting apertures.

As described above, species, such as
hydrocarbons, contained 1in the resist layer 10 may be
released therefrom. These species may move within the
system, along different flow paths as determined by
conductance values and pumping speeds within the system,
ultimately toward the wvacuum pump 44. As illustrated in
FIG. 3A, a molecule or cluster 50 present in the space
between the target surface 10 and the charged particle
optical column 206 can flow either along a path indicated
by arrow Fl, 1leading substantially radially, to the
exterior of the charged particle optical column, or, as
indicated by arrow F2, into the charged particle optical
column 206 via projection lens apertures 58. In some
systems the distance d between the target surface 10 and
the part of the charged particle optical column closest to
the target surface 1is very small. For example, 1in the
systems illustrated in FIG. 1, this distance 1is around 50
pm (micrometers), whereas the apertures of the projection
lens array typically have a diameter of 100 um, that is, a
diameter of comparable or even larger dimension.
Contaminants 50 may thereby experience a comparable or
even lower flow resistance along path F2 than along path
Fl. This may lead to a relatively high partial hydrocarbon
pressure in at least parts of the charged particle optical
column. In a system as 1illustrated in FIG. 1, the charged
particle beams 8 travels through the projection lens
apertures 58 at a distance to their perimeter. Therefore,
in principle, the projection lens apertures 58 are
relatively insensitive to charged particle beam induced
deposition. The beam stop element 226, however, forms both
a beam blocking element and a current limiting element and
is therefore sensitive to charged particle beam induced
deposition if being subjected to presence of contamination
species. Therefore, it is desired to avoid accumulation of

contaminant species 1in the area around the beam stop
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element.

In order to address the problems associated with
contamination of the apertures 46 of the beam stop element
26, according to the invention the beam stop element 226
is provided with a plurality of vent holes 60. These vent
holes enable contaminant species to flow or pass from a
downstream side of the beam stop 226, facing the
projection lens 29, through the beam stop to an upstream
side of the beam stop, and subsequently exit the charged
particle optical column, as 1ndicated by arrow F3.
Thereby, the vent holes provide an increased conductance
from an inner part of the column toward the wvacuum pumps,
enabling reducing the pressure of contamination species at
the beam stop apertures 46, hence reducing the amount of
material which may cause contamination of the charged
particle optical element. Buildup of ©pressure, in
particular of contaminant species, at the charged particle
optical element is hence prevented or at least minimized.
This in turn reduces contamination in or at the charged
particle transmitting apertures. As 1llustrated in FIG.
3A, the cross section of each vent hole is larger than the
Cross section of an individual charge particle
transmitting aperture.

The system illustrated in FIG. 3A further
comprises a source 62 providing cleaning agent and
conduits 64 directing the c¢leaning agent towards the
modulation element 24 and the beam stop element 226,
Directing the cleaning agent toward these elements 24, 226
enables cleaning, which, as observed by the inventors, is
enhanced by the presence of charged particle beams. 1In
this way, cleaning can be directed to the locations most
prone to contamination. Contaminants present as gases,
species of the cleaning agent, and products formed by
reactions between the <cleaning agent and contamination
layers 56 may exit the charged particle optical column 206
and be pumped away by the vacuum pump 44.

FIG. 3B illustrates a detail of the projection
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lens module 28, 228 used in the systems of FIG. 1 and FIG.
3A, respectively. The detail of FIG. 3B shows one beam
stop aperture 46 and one projection lens aperture 58, out
of the plurality of apertures in the arrays. As
schematically indicated, the charged particle transmitting
aperture 46 of the beam stop element 26, 226 is typically
smaller than the projection lens aperture 58. While the
beam stop aperture 46 blocks part of the charged particle
beam 8, the projection lens 1s configured such that the
charged particle beam 8 not intentionally contacts the
projection lens 29. The projection lens typically
comprises three lens elements 29a, 2%b, 29c focusing the
charged particle Dbeam transmitted through the 1lens,
although other configurations might also be possible.
Between the beam stop element 26, 226 and the projection
lens 29, a scanning deflector 27 is provided, for scanning
the charged particle Dbeam over an area of the target
surface 10. The projection lens apertures 58 are arranged
in correspondence with the charged particle transmitting
apertures 46 of the beam stop element 26, 226.

FIG. 4A-4D each shows a detail of a charged
particle optical element provided with a plurality of
charged particle transmitting apertures 46, intended for
allowing passage of charged particle Dbeans, and a
plurality of wvent holes 60, for enabling passage of
gaseous species. As indicated in FIG. 3A, and as can also
be seen in FIG. 9B, the charged particle optical element
preferably comprises a substantially flat substrate, in
which the vent holes 60 are provided by a plurality
through-holes extending through the substrate. In the
embodiments illustrated in FIG. 4A-4D, the charged
particle transmitting apertures 46 are arranged in one or
more arrays 68 (of which one is shown in FIG. 4A-4D) and
the vent holes 60 are arranged adjacent such array 68 of
charged particle transmitting apertures. In the
illustrated embodiment, the wvent holes are arranged

directly adjacent the array 68. The aperture array 68
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extends 1in a two-dimensional array, substantially along
the width of the charged particle optical element, in one
or more Dbeam areas. The vent holes may be provided on
either or both sides of the group or array 68 of charged
particle transmitting apertures, in particular in one or
more of the non-beam areas. As can be seen in FIG. 4A-4D,
the vent holes are generally 1located separate from the
charged particle transmitting apertures. The locations of
the vent holes are chosen such that to it is unlikely that
charged particle will pass through the vent holes during
normal operation of the system. Furthermore, one or more
blocking elements can be provided, to either prevent
charged particles from entering the wvent hole, or for
blocking a further passage of a charged particle which has
passed through a vent hole.

As also illustrated in FIG. 4A-4D, the vent
holes are generally larger than the charged particle
transmitting apertures. For example, in embodiments with
circular vent holes, the diameter of the vent holes may be
a factor 5, or 10, larger than the diameter of the charged
particle transmitting apertures. In some embodiments, the
charged particle transmitting apertures have a diameter of
12 pm, at least on the upstream side of the element, and
the vent holes have a diameter of 50 or 60 um, or even up
to 300 um, or any value there between. The number of vent
holes provided can be related to their size. The larger
their diameter the less number of vent holes are required
for achieving the flow path through the vent holes.

In the embodiment illustrated in FIG. 4A, one
row of vent holes is provided on either side of the
charged particle transmitting apertures. The wvent holes
are arranged at regular distances to one another along the
row. In the 1illustrated example, the pitch p is about
twice the diameter of the vent holes.

Alternatively, a plurality of rows vent holes
can be provided. The wvent holes can be arranged in two-

dimensional arrays. In FIG. 4B, the vent holes 60 are
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arranged in two rows on both sides of the array 68 of
charged ©particle transmitting apertures 46. In the
embodiment illustrated in FIG. 4B, the rows are arranged
shifted a half pitch with respect to one another.

In alternative embodiments, as 1llustrated in
FIG. 4C and 4D, the vent holes 60a, 60b have elongated
shape, e.g. slit shape or elliptical shape. In FIG. 4C,
the wvent holes 60a are of slit shape, a plurality of such
vent holes being arranged along one row on either side of
the array 68. Alternatively, two or more such rows may be
provided. In FIG. 4D, an embodiment is shown having thin
slit shaped wvent holes 60b. These vent holes 60b are
thinner and longer than the vent holes 60a of FIG. 4C. In
FIG. 4D, one or more vent holes 60b may be provided on
either side of the array 68 of charged ©particle
transmitting apertures 48.

The number of vent holes 60, 60a, 60b, the cross
section of the vent hole 60, 60a, 60b, the pitch p between
adjacent vent holes, and the arrangement of the wvent
holes, 1i.e., in one or two dimensional groups or arrays,
as well as their distance to the charged particle
transmitting apertures are chosen such that a flow path is
created, and such that a specified vacuum is obtained at
the optical element.

FIG. 5 illustrates an arrangement for preventing
passage of charged particles to the target surface via
vent holes 60 provided in the beam stop element 226. FIG.
5 illustrates a portion of a surface area of a projection
lens 29, typically the upstream surface of the uppermost
projection 1lens electrode 29a, facing the beam stop
element 226. A portion of an array of projection lens
apertures 58 1s shown, and a number of dummy apertures 66
are located at borders of the array of projection lens
apertures 58. The shaded areas 72 represent the position
of the wvent holes 60 of the beam stop element 226 with
respect to the apertures 58 of the projection lens. 1In

other words, the areas 72 illustrate a projection of the



10

15

20

25

30

35

WO 2017/183980 PCT/NL2017/050256

37

vent holes 60 on the projection lens 29. As can be seen,
the vent holes are arranged such that any charged particle
beam passing through a vent hole impinges on an area of
the projection lens not provided with apertures, in
particular on an area located 1laterally outside the
projection lens apertures, and, 1f dummy apertures are
provided, laterally exterior of such dummy apertures. FIG.
5 illustrates this for a wvent hole arrangement as
illustrated in FIG. 4A. It should be clear, however, that
in embodiments any of the arrangements shown in FIG. 4B,
4C or 4D are arranged such the vent holes 60, 60a, 60b are
positioned above areas laterally external to the
projection lens apertures, and 1f ©present laterally
outside dummy holes 70, hence giving rise to corresponding
shadowed areas.

A further feature of the present invention is
illustrated in FIG. 6. In order to prevent damage of the
charged particle source (not illustrated), it is important
to maintain a specified degree of wvacuum during its
operation. Therefore, in order to be able to operate the
beam generator when cleaning agent 1is present 1in the
system it 1s important to prevent, or at least limit, a
flow path into the beam generator module. For a charged
particle beam system as illustrated in FIG. 1, adding a
restriction element restricting a flow path into the beam
generator module has been seen to be advantageous for
maintaining proper functioning of the charged particle
source.

FIG. 6 illustrates an arrangement 74 which, at
least to some extent, restricts or reduces a flow path
from an exterior of the charged particle optical column 6,
206, herein represented by a module 22, into the bean
generator module 216.The charged particle beam system
comprises a beam generator module 216 comprising a charged
particle source and possibly one or more charged particle
optical elements, as described above with reference to

FIG. 1. In the embodiment of FIG. 6 an aperture array 23,
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also referred to herein as second aperture element, 1is
provided, which comprises a plurality of apertures 66 for
forming the plurality of charged particle beams 8 from the
beam 20 of charged particles emitted by the Dbeam
generator. The restriction arrangement 74 1s provided
between the charged particle beam generator module and the
second aperture element 23 for preventing or at least
minimizing a flow or passage of cleaning agent or products
thereof into the charged particle beam generator. The
restriction element 76 is movably connected to the beam
generator module 16 and arranged for abutting or resting
on the downstream module 22, or on a surface surrounding
the aperture array 23. The applied force may result from
only gravity, or may be provided by a spring blade, leaf
spring, or similar. A flow or passage 1into the beam
generator module 1s thereby limited to taking place
through the apertures 66 of the second aperture element 23
and/or via the outside of the charged particle optical
column 206, through the restricted flow path between the
restriction element 76 and the surface of the element onto
which the restriction element rests. The arrangement 74
can be applied to the system illustrated in FIG. 1 for
providing a flow restriction between the beam generator
module 16 and the subsequent downstream module. The flow
restricting arrangement 74 can be incorporated in the
system of FIG. 1 substantially without any modifications,
or only minor modifications, to the rest of the system.

In the embodiment illustrated in FIG. 6, the
restriction element 76 comprises a ring-shaped element
surrounding an opening 80 provided in a first wall 82, for
passage of the beam of charged particles 20. The ring-
shaped element is movably arranged partly within a recess
in the first wall 82. A movement of the ring-shaped
element 76 1s confined by a stop element, or confining
element, 78. The ring-shaped element 76 further comprises
one or more protrusions 77, cooperating with the confining

element 78. Such flow path restriction arrangement enables



WO 2017/183980 PCT/NL2017/050256

10

15

20

25

30

35

39

easy removal and/or replacement of the beam generator
module, while maintaining the specified flow restriction.
Furthermore, the restriction arrangement 74 does not
influence the electric field within the system.

FIG. 7 schematically illustrates an embodiment
of a cleaning agent source 62 arranged in the frame 7 of
the charged particle beam system, connected to conduits 64
for introducing the c¢leaning agent into the charged
particle optical column. Such arrangement can be used in
the system illustrated in FIG. 3A. Alternatively the
cleaning agent source 62 can be arranged outside the
vacuum chamber, the conduit 64 extending into the wvacuum
chamber. The cleaning agent source and the one or more
conduits may be an arrangement as illustrated in FIG. 8,
which is known from US 2015/028223 Al.

The arrangement 84 shown in FIG. 8 comprises a
radio frequency (RF) plasma generator comprising a chamber
86 provided with an RF coil 88. The input gas, such as
oxygen, which forms a precursor for the radicals, 1is
introduced through the inlet 90. The plasma, gas molecules
and/or radicals leave the chamber 86 via one or more
outlets 92. In the embodiment illustrated in FIG. 8, the
outlets 92 are provided by a plurality of apertures 92
provided in an arrayed plate or similar. The provision of
such aperture plate has however been observed not to be
essential. Such plate may be disposed of, the outlet 92
provided by the funnel 94. The arrangement 84 further
comprises a pressure regulator, such as a funnel 94, and
the conduit 64, for focusing and guiding the cleaning
agent toward the charged particle optical element. A valve
or a pump 96, controlled by a control unit 100, can be
provided for introducing the input gas with a controlled
flow into the chamber 86.

FIG. 9A and 9B schematically illustrate
prevention and/or removal of contamination of charged
particle transmitting apertures 46 provided in a charged

particle optical element 48 in a charged particle beam
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system. This method can be applied to charged particle
beam systems described above with reference to FIG. 1, 3-
6. FIG. 9A shows a charged particle optical element 48
provided with a charged particle transmitting aperture 46,
where a charged particle beam 8 impinges at the borders of
the aperture 46. A contamination layer 56 has formed at
the aperture 46, e.g. by interaction of the charged
particle beam with contaminants. According to the present
method, these contaminants are removed, indicated by
reference numeral 57, by introducing the cleaning agent
100 in the presence of the charged particle beam 8.

FIG. 9B schematically illustrates the method by
showing a portion of the charged particle optical column
206, for example a column as illustrated in FIG. 3A. The
modulation element 24 and the beam stop 226 comprise a
plurality of charged particle transmitting apertures 46
for transmitting and/or influencing one or more of the
charged particle beams 8. The c¢leaning agent 100 1is
introduced in the space 102 between the modulation element
24 and the beam stop element 226. The cleaning agent is
guided towards the beam stop 226, and preferably toward
the Dblanker 24, by conduits 64. Simultaneously, charged
particle beams 8 are projected through the charged
particle optical column, at least to the beam stop 226.
The beam stop 226 1s provided with a plurality of vent
holes 60 enabling a flow path F3 between a first side and
a second side of the beam stop 226. In the illustrated
example, contaminants 50 may flow or pass from the
downstream side of the beam stop 226 to the space 102,
thereby preventing build-up of pressure at the down-stream
side of the beam stop 226. The species passing through the
vent hole via path F3, as well as the cleaning agent 100
and contaminants removed from surfaces by the cleaning
agent, exit the charged particle optical column as
indicated by arrow F4 under the influence of a vacuum pump
connected to the wvacuum chamber (not shown). Thereby, the

material available for contaminating the apertures 1is



WO 2017/183980 PCT/NL2017/050256

10

15

20

25

30

35

41

reduced. The combination of charged particle beams and
cleaning agent has been observed to provide efficient
removal of contaminants 56, in particular in areas where
the charged particle beams 8 are present. These areas are
often the areas where contamination layers are most likely
to form and eventually cause severe disturbance to the
functioning of the charged particle optical elements. This
holds in particularly true for elements comprising small
apertures for formation, shaping, and/or passage of
charged particle beams.

If any charged particles would pass through one
or more of the vent holes 60, these particles are blocked
by non-aperture areas comprised in an element arranged
downstream the charged particle optical element, as
described with reference to FIG. 3-5.

The cleaning agent, or products thereof, may be
prevented from entering into the charged particle beam
generator module, in particular as described with
reference to FIG. 6.

FIG. 10 shows a charged particle system 301
comprising several of the features described above, 1in
particular with respect to FIG. 3A, 3B, 4 and 6. The
charged ©particle Dbeam system 301 comprises charged
particle optical elements 24, 226 comprising charged
particle transmitting apertures 46. In addition to the
charged particle transmitting apertures 46, the charged
particle optical element 226 is provided with vent holes
60. A flow restriction arrangement 74 is provided between
the beam generator module 216 and a second aperture
element 23. The restriction arrangement 74 prevents or at
least reduces a flow path into the beam generator via the
space between the beam generator module and the modulation
module 225. A cleaning agent source 62 with conduits 64
directs cleaning agent toward the charged particle optical
element 226 provided with a plurality of charged particle
transmitting apertures, and, preferably, also toward the

charged particle optical element 24. A vacuum arrangement
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44 is provided, for maintaining wvacuum within the system
during operation thereof.

The systems and methods disclosed herein provide
not only efficient cleaning within charged particle multi
beam systems, but also prevent contamination of apertures
within the system. Growth of contamination layers 1is
limited by limiting the ©presence of species forming
contamination layers, as well as by applying cleaning
during operation of the system. By removing contamination
at a rate higher than the rate at which they accumulate on
surfaces, that is, cleaning at overrate, accumulation of
contamination is avoided.

The system and method of the present invention
have been described by reference to certain embodiments
discussed above. These embodiments are susceptible to
various modifications and alternative forms without
departing from the scope of protection defined in the

appended claims.
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CLATIMS

1. Method for preventing or removing
contamination of a charged particle transmitting aperture
in a charged particle beam system arranged 1in a vacuum
chamber, the charged particle beam system comprising a
charged particle optical column for projecting a beam of
charged particles onto a target, said charged particle
optical «column comprising a charged particle optical
element for influencing the beam of charged particles,

sald charged particle optical element comprises
said charged particle transmitting aperture for
transmitting and/or influencing said beam of charged
particles, and a vent hole providing a flow path from a
first side to a second side of said charged particle
optical element;

the method comprising the following steps:

- introducing a <cleaning agent towards said
charged particle optical element while a beam of charged
particles 1s present at or near said charged particle
optical element; and

- maintaining a vacuum in said vacuum chamber,
wherein the step of maintaining a wvacuum comprises enabling
a flow or movement of species at least through said charged
particle optical element via said vent hole to a wvacuum

pump connected to said vacuum chamber.

2. Method according to c¢laim 1, wherein said
charged particle optical element is stopping or at least
partly blocking said beam of charged particles and/or
wherein said charged particle fransmitting aperture 1is

acting as a current limiting aperture.

3. Charged particle beam system (201, 301),

comprising:
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- a charged particle beam generator (16, 216)
for generating a beam of charged particles (20);

- a charged particle optical column (206, 306)
arranged 1in a vacuum chamber, wherein said charged
particle optical column is arranged for projecting said
beam of charged particles onto a target (12), and wherein
said charged particle optical column comprises a charged
particle optical element (226) for influencing said beam
of charged particles;

- a source (62) for providing cleaning agent
(100) ;

- a conduilt (64) connected to said source and
arranged for introducing said cleaning agent towards said
charged particle optical element;
wherein said charged particle optical element comprises:

- a charged particle transmitting aperture (46)
for transmitting and/or influencing said beam of charged
particles, and

- a vent hole (60, 60a, 60b) for providing a
flow path (F3) between a first side and a second side of
salid charged particle optical element,

wherein the vent hole has a larger cross section
than a cross section of the charged particle transmitting

aperture.

4. System according to claim 3, wherein said
charged particle optical element is arranged for stopping
or at least partly blocking said beam of charged particles
and/or said charged particle transmitting aperture acting

as a current limiting aperture.

5. 8System according to claim 3 or 4, wherein
the charged particle optical element comprises a plurality
of said wvent holes and a plurality of said charged
particle transmitting apertures, said vent holes arranged

next to said charged particle transmitting apertures.
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6. System according to any one of claims 3-5,
wherein said wvent holes are arranged with a pitch (p)
which 1s equal to or larger than a dimension of said vent
holes, said pitch in particular being in the range from 1

to 3 times the dimension of said vent holes.

7. 8System according to any one of claims 3-6,
arranged such that a charged particle passing through said

vent hole is prevented from reaching said target.

8. System according to any one of claims 3-7,
wherein said charged particle optical element comprises a
beam stop element (2206), said beam stop element
comprising:

- a plurality of said charged particle
transmitting apertures (406) for ©passage of charged
particle beams, and a non-aperture area for Dblocking
passage of charged particles, and

- a plurality of wvent holes (60, 60a, 60b for
providing a flow path (F3) through said beam stop element.

9. System according to claim 8, said system
further comprising

- a projection lens (29) comprising a plurality
of projection lens apertures (58) for focusing said
charged particle beams (8), wherein said projection lens
is arranged downstream said beam stop element, and wherein
saild projection lens and said beam stop element are
arranged such that any charged particles passing through
one or more of said vent holes are blocked by a non-

aperture area of said projection lens.

10. System according to claim 9, wherein said
vent holes have a cross section in a range from half of a
cross section of said projection lens apertures to two

times the cross section of said projection lens apertures.
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11. System according to claim 9 or 10, wherein
sald projection lens further comprises a plurality of
dummy apertures (70) arranged around a group of said
projection lens apertures, wherein said vent holes are
arranged such that any charged particle passing through
sald vent holes are blocked by an area located laterally

outside said dummy apertures.

12. System according to any one of claims 3-11,
further comprising

- a second aperture element (23) comprising a
plurality of apertures (66) for forming a plurality of
charged particle beams (8) from said beam (20) of charged
particles, said second aperture element arranged between
said charged particle beam generator and said charged
particle optical element, and

- a restriction element (76) provided between
said charged particle beam generator and said second
aperture element, said restriction element arranged for
preventing or at least reducing a flow of said cleaning
agent and/or products thereof to said charged particle

beam generator.

13. System according to claim 12, further
comprising:

- a beam generator module, said charged particle
beam generator being arranged 1n said beam generator
module;

- a modulation module (225), said second
aperture element being arranged in said modulation module;
wherein said restriction element is movably connected to
said beam generator module and arranged for abutting said
modulation module by means of gravity and/or a spring

force.

14. System according to claim 13, wherein said

restriction element (76) i1s connected to a first wall (82)
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of said beam generator module, said restriction element at
least partly surrounding a perimeter of an opening (80) in
said first wall for passage of said beam of charged
particles, wherein said restriction element comprises an
at least partially ring-shaped element (76), in particular
a ceramic ring, said at least partially ring-shaped
element being movably arranged with respect to said first
wall in a direction toward or away from said modulation

module.

15. System according to claim 14, further
comprising a confining element (78) for confining a
movement of said restriction element with respect to said
first wall, wherein said restriction element is provided
with one or more protrusions (77) and said confining
element (78) is arranged to cooperate with said
protrusions to confine movement of said restriction

element.

16. System according to any one of claims 12-15,
further comprising:

- a modulation element (24) arranged downstream
sald second aperture element (23), said modulation element
comprising a second plurality of apertures (46) for
passage of said charged particle beams and deflectors
associated with said second plurality of apertures, said
deflectors arranged to selectively deflect or not deflect
said charged particle beams, and

- said charged particle optical element
comprising a beam stop element (226) comprising a third
plurality of apertures (46) for passage of charged
particle beams (8) and a blocking area for blocking
charged particle beams, said beam stop element arranged
downstream said modulation element,

said modulation element and said beam stop
element arranged to function together to let pass or to

block said selectively deflected charged particle beans,
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wherein said conduit (64) is arranged to direct

said cleaning agent toward said beam stop element.

17. Method for preventing or removing
contamination of a charged particle transmitting aperture
in the charged particle beam system according to any one
of the preceding claims 3-16, the method comprising the
steps of:

- introducing a cleaning agent towards said
charged particle optical element while said beam generator
(16, 216) 1s generating said beam of charged particles
and/or while a second charged particle beam source is
generating a beam of charged particles which is directed
toward said charged particle optical element; and

- maintaining a wvacuum 1in said wvacuum chamber
(2) while introducing said cleaning agent,

wherein the step of maintaining a vacuum
comprises providing a flow or movement of species at least
through =said charged particle optical element via said
vent hole (60, 60a, 60b) to a vacuum pump connected to

sald vacuum chamber.

18. Method according to claim 17, comprising the
step of preventing any charged particles passing through

said at least one vent hole from reaching said target.

19. Method according to claim 17 or 18, wherein
said charged particles passing through said vent hole are
prevented from reaching said target (12) by blocking these
charged particles by non-aperture areas comprised in a
further aperture element arranged downstream said charged
particle optical element, said further aperture element
comprising one or more apertures for passage of charged
particle beams having passed through said charged particle

transmitting aperture.

20. Method according to any one of claims 17 to
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19, further comprising the following steps:

- arranging said charged particle beam generator
in a beam generator module and said charged particle
optical element in a modulation module,

- providing a restriction element, movably
connected to said beam generator module and abutting said

modulation module by means of gravity and/or spring force.

21. Method according to any one of claims 17 to
20, comprising introducing said cleaning agent in a region
of said charged particle optical column where said charged
particles have an energy 1in the range of 1-10kEV, in

particular around or lower than 5keV.

22. Method according to any one of claims 17 to
21, wherein one or more charged particle beams is present
at or near the charged particle optical element while
directing said cleaning agent toward the charged particle

optical element.

23. A charged particle beam system, comprising:

- a charged ©particle beam generator for
generating a beam of charged particles;

- a charged particle optical column arranged in
a vacuum chamber, wherein the charged particle optical
column 1is arranged for projecting the beam of charged
particles onto a target, and wherein the charged particle
optical column comprises a charged particle optical
element comprising a plurality of charged ©particle
transmitting apertures;

- a source for providing a cleaning agent;

- a conduit connected to the source for
introducing the cleaning agent towards the charged
particle optical element;

- a second aperture element, comprising a
plurality of apertures for forming a plurality of charged

particle beams from the beam of charged particles, the
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second aperture element arranged between the charged
particle beam generator and the charged particle optical
element, and

- a restriction element provided between the
charged particle beam generator and the second aperture
element, the restriction element preventing or at least
minimizing a flow or passage of said cleaning agent and/or

products thereof to the charged particle beam generator.

24. System according to claim 23, further
comprising:

- a beam generator module (216), said charged
particle Dbeam generator being arranged in said Dbeam
generator module;

- a modulation module (225), said second
aperture element being arranged in said modulation module;

wherein said restriction element 1s movably
connected to said beam generator module and arranged for
abutting said modulation module by means of gravity and/or

a spring force.

25. System according to claim 24, wherein said
restriction element (76) is connected to a first wall (82)
of said beam generator module, said restriction element at
least partly surrounding a perimeter of an opening (80) in
said first wall for passage of said beam of charged
particles, wherein said restriction element comprises an
at least partially ring-shaped element (76), said at least
partially ring-shaped element being movably arranged with
respect to said first wall in a direction toward or away

from said modulation module.
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