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(57) Abstract: A projection lens arrangement (10) for a charged particle multi-beamlet system, the projection lens arrangement in-
cluding one or more plates (12, 13, 14) and one or more arrays of projection lenses. Each plate has an array of apertures formed in
it, with projection lenses formed at the locations of the apertures. The arrays of projection lenses form an array of projection lens
systems, each projection lens system comprising one or more of the projection lenses formed at corresponding points of the one or
more arrays of projection lenses. The projection lens systems are arranged at a pitch in the range of about 1 to 3 times the diameter
of the plate apertures, and each projection lens system is for demagnifying and focusing one or more of the charged particle beam-
lets (21) on to the target plane, each projection lens system has an effective focal length in the range of about 1 to 5 times the
pitch, and demagnifies the charged particle beamlets by at least 25 times.
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PROJECTION LENS ARRANGEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001]  The present invention relates to a projection system for a charged particle multi-
beamlet system, such as for a charged particle multi beamlet lithography system or an

inspection system, and an end module for such a projection system.

2. Description of the Related Art

[0002]  Currently, most commercial lithography systems use a mask as a means to store and
reproduce the pattern data for exposing a target, such as a wafer with a coating of resist. In a
maskless lithography system, beamlets of charged particles are used to write the pattern data
onto the target. The beamlets are individually controlled, for example by individually switching
them on and off, to generate the required pattern. For high resolution lithography systems
designed to operate at a commercially acceptable throughput, the size, complexity, and cost of

such systems becomes an obstacle.

[0003]  One type of design used for charged particle multi-beamlet systems is shown for
example in U.S. Patent No. 5,905,267, in which an electron beam is expanded, collimated and
split by an aperture array into a plurality of beamlets. The obtained image is then reduced by a
reduction electron optical system and projected onto a wafer. The reduction electron optical
system focuses and demagnifies all the beamlets together, so that the entire set of beamlets is
imaged and reduced in size. In this design, all the beamlets cross at a common cross-over,
which introduces distortions and reduction of the resolution due to interactions between the

charged particles in the beamlets.

[0004]  Designs without such a common cross-over have also been proposed, in which the
beamlets are focused and demagnified individually. However, when such a system is
constructed having a large number of beamlets, providing multiple lenses for controlling each
beamlet individually becomes impractical. The construction of a large number of individually
controlled lenses adds complexity to the system, and the pitch between the lenses must be
sufficient to permit room for the necessary components for each lens and to permit access for

individual control signals to each lens. The greater height of the optical column of such a
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system results in several drawbacks, such as the increased volume of vacuum to be maintained
and the long path for the beamlets which increases e.g. the effect of alignment errors caused by

drift of the beamlets.

BRIEF SUMMARY OF THE INVENTION

[0005]  The present invention seeks to improve the known systems and to address such
problems by providing a projection lens arrangement for a charged particle multi-beamlet
system, the projection lens arrangement including one or more plates and one or more arrays
of projection lenses. Each plate has an array of apertures formed in it, with projection lenses
formed at the locations of the apertures. The arrays of projection lenses form an array of
projection lens systems, each projection lens system comprising one or more of the projection
lenses formed at corresponding points of the one or more arrays of projection lenses. The
projection lens systems are arranged at a pitch in the range of about 1 to 3 times the diameter
of the plate apertures, and each projection lens system is for demagnifying and focusing one or
more of the charged particle beamlets on to the target plane, each projection lens system has
an effective focal length in the range of about 1 to 5 times the pitch, and demagnifies the

charged particle beamlets by at least 25 times.

[0006]  The projection lens arrangement preferably comprises an array of at least ten
thousand projection lens systems. The focal length of the projection lens systems is preferably
less than about 1 mm. The projection lens arrangement preferably comprises two or more
plates, and the plates are preferably separated by a distance of the same order of magnitude as
the thickness of the thickest plate. The pitch of the array of projection lens systems is
preferably in a range of about 50 to 500 microns, and the distance from the upstream end and
the downstream end of the projection lens arrangement is preferably in the range of about 0.3
to 2.0 mm. The projection lenses of each array are preferably arranged substantially in one

plane.

[0007]  The projection lenses preferably comprise electrostatic lenses, and each plate
preferably comprises an electrode for forming the electrostatic lenses. An electrical field is
preferably generated between the electrodes of more than 10 kV/mm, or more preferably of

about 25 to 50 kV/mm. The projection lens arrangement may include three plates arranged so
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that corresponding apertures of each plate are substantially mutually aligned, and where the
third plate electrode is preferably held at substantially the same voltage potential as the target.
The difference in voltage between the first plate and the second plate is preferably smaller than
the difference in voltage between the second plate and third plate, and the voltage on the

electrodes of the second and third plates is preferably in the range of about 3 to 6 kV.

[0008]  The first and second plates are preferably positioned about 100 to 1000 microns
apart, or more preferably about 100 to 200 microns apart, the second and third plates are
preferably positioned about 50 to 500 microns apart, or more preferably about 150 to 250
microns apart, and the third plate is preferably positioned about 25 to 400 microns from the

target, or more preferably about 50 to 200 microns from the target.

[0009]  In another aspect the invention also includes an end module mountable in a charged
particle multi-beamlet system, where the end module includes the projection lens arrangement.
The end module may also include a beam stop array located upstream of the projection lens
arrangement, where the beam stop array comprises a plate with an array of apertures formed
in it, where the beam stop array apertures being substantially aligned with the projection lens
systems. The diameter of the beam stop array apertures is preferably in the range of about 5 to
20 microns (i.e. micrometers or um), and the distance between the beam stop array and the
projection lens arrangement is preferably less than about 5 millimeters (mm). The end module
may also include a deflection system for scanning the beamlets, the deflection system located

between the beam stop array and the projection lens arrangement.

[0010]  The invention also includes a charged particle multi-beamlet system which includes a
source of charged particles for producing a beam of charged particles, a collimator for
collimating the beam, an aperture array for producing a plurality of beamlets from the
collimated beam, a condenser array for focusing the beamlets, a beam blanker array,
positioned substantially in a focal plane of the condenser array, and comprising deflectors for
allowing deflection of the beamlets, and the end module including the projection lens
arrangement. The charged particles of the multi-beamlet system preferably have an energy in
the range of about 1 to 10 keV. The projection lens arrangement of the end module preferably

comprises the final element for focusing and demagnifying the beamlets before the beamlets
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reach the target, and the projection lens arrangement of the end module preferably comprises

the main demagnifying element of the charged particle multi-beamlet system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]  Various aspects of the invention will be further explained with reference to

embodiments shown in the drawings wherein:

[0012]  FIG. 1 is a simplified schematic overview of an example of a charged particle multi

beamlet lithography system;

[0013]  FIG. 2 a simplified schematic overview, in side view, of an end module of the

lithography system of FIG. 1;

[0014]  FIG. 3A is a simplified schematic representation, in side view, of voltages and mutual

distances of lens arrays in a projection lens of the end module of FIG. 2;

(00151  FIG. 3B schematically illustrates the effect of the projection lens of FIG. 2 on a

beamlet, as shown in vertical cross section;

[0016]  FIG. 4 is a perspective view of a substrate of a lens array of projection lens of FIG.

2; and

[0017]  FIG. 5 is a simplified schematic representation in cross section of an alternative

embodiment of a deflection system of an end module.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0018]  The following is a description of an embodiment of the invention, given by way of

example only and with reference to the drawings.

[0019]  FIG. 1 shows a simplified schematic drawing of an embodiment of a charged particle
multi-beamlet lithography system based upon an electron beam optical system without a
common cross-over of all the electron beamlets. Such lithography systems are described for
example in U.S. Patent Nos. 6,897,458 and 6,958,804 and 7,084,414 and 7,129,502 which are
all hereby incorporated by reference in their entirety, assigned to the owner if the present
invention. In the embodiment shown in FIG. 1, the lithography system comprises an electron

source 1 for producing a homogeneous, expanding electron beam 20. Beam energy is
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preferably maintained relatively low in the range of about 1 to 10 keV. To achieve this, the
acceleration voltage is preferably low, the electron source preferably kept at between about -1
to -10 kV with respect to the target at ground potential, although other settings may also be

used.

[0020]  The electron beam 20 from the electron source 1 passes a double octopole 2 and
subsequently a collimator lens 3 for collimating the electron beam 20. Subsequently, the
electron beam 20 impinges on an aperture array 4, which blocks part of the beam and allows a
plurality of beamlets 21 to pass through the aperture array 4. The aperture array preferably
comprises a plate having through holes. Thus, a plurality of parallel electron beamlets 21 is
produced. The system generates a large number of beamlets 21, preferably about 10,000 to
1,000,000 beamlets, although it is of course possible to use more or less beamlets. Note that

other known methods may also be used to generate collimated beamlets.

[0021]  The plurality of electron beamlets 21 pass through a condenser lens array 5 which
focuses cach of the electron beamlets 21 in the plane of a beam blanker array 6. This beamlet
blanker array 6 preferably comprises a plurality of blankers which are each capable of

deflecting one or more of the electron beamlets 21.

[0022]  Subsequently, the electron beamlets 21 enter the end module 7. The end module 7 is
preferably constructed as an insertable, replaceable unit which comprises various components.
In this embodiment, the end module comprises a beam stop array &, a beam deflector array 9,
and a projection lens arrangement 10, although not all of these need be included in the end
module and they may be arranged differently. The end module 7 will, amongst other functions,
provide a demagnification of about 100 to 500 times, preferably as large as possible, e.g. in the
range 300 to 500 times. The end module 7 preferably deflects the beamlets as described below.
After leaving the end module 7, the beamlets 21 impinge on a surface of a target 11 positioned
at a target plane. For lithography applications, the target usually comprises a wafer provided

with a charged-particle sensitive layer or resist layer.

[0023]  In the end module 7, the electron beamlets 21 first pass beam stop array 8. This beam
stop array 8 largely determines the opening angle of the beamlets. In this embodiment, the
beam stop array comprises an array of apertures for allowing beamlets to pass through. The

beam stop array, in its basic form, comprises a substrate provided with through holes, typically
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round holes although other shapes may also be used. In one embodiment, the substrate of the
beam stop array 8 is formed from a silicon wafer with a regularly spaced array of through
holes, and may be coated with a surface layer of a metal to prevent surface charging. In one
embodiment, the metal is of a type which does not form a native-oxide skin layer, such as

CrMo.

[0024]  In one embodiment, the passages of the beam stop array 8 are aligned with the
clements of the beam blanker array 6. The beamlet blanker array 6 and beam stop array 8
operate together to block or let pass the beamlets 21. If beamlet blanker array 6 deflects a
beamlet, it will not pass through the corresponding aperture in beam stop array 8, but instead
will be blocked by the substrate of beam stop array 8. But if beamlet blanker array 6 does not
deflect a beamlet, then it will pass through the corresponding aperture in beam stop array 8

and will then be projected as a spot on the surface of target 11.

[0025]  Next, the beamlets pass through a beam deflector array 9 which provides for
deflection of each beamlet 21 in the X and/or Y direction, substantially perpendicular to the
direction of the undeflected beamlets 21. Next, the beamlets 21 pass through projection lens

arrangement 10 and are projected onto a target 11, typically a wafer, in a target plane.

[0026]  For consistency and homogeneity of current and charge both within a projected spot
and among the projected spots on the target, and as beam stop plate 8 largely determines the
opening angle of a beamlet, the diameter of the apertures in beam stop array 8 are preferably
smaller than the diameter of the beamlets when they reach the beam stop array. In one
embodiment, the apertures in beam stop array 8 have a diameter are in a range of 5 to 20 um,
while the diameter of the beamlets 21 impinging on beam stop array 8 in the described

embodiment are typically in the range of about 30 to 75 pm.

[0027]  The diameter of the apertures in beam stop plate 8 in the present example limit the
cross section of a beamlet, which would otherwise be of a diameter value within the range of
30 to 75 pm, to the above stated value within the range of 5 to 20 um, and more preferably
within the range of 5 to 10 um. In this way, only a central part of a beamlet is allowed to pass
through beam stop plate 8 for projection onto target 11. This central part of a beamlet has a
relatively uniform charge density. Such cut-off of a circumferential section of a beamlet by the

beam stop array 8 also largely determines the opening angle of a beamlet in the end module 7
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of the system, as well as the amount of current at the target 11. In one embodiment, the
apertures in beam stop array 8 are round, resulting in beamlets with a generally uniform

opening angle.

[0028]  FIG. 2 shows an embodiment of end module 7 in more detail, showing the beam stop
array 8, the deflection array 9, and the projection lens arrangement 10, projecting an electron
beamlet onto a target 11. The beamlets 21 are projected onto target 11, preferably resulting in
a geometric spot size of about 10 to 30 nanometers in diameter, and more preferably about 20
nanometers. The projection lens arrangement 10 in such a design preferably provides a
demagnification of about 100 to 500 times. In this embodiment, as shown in FIG. 2, a central
part of a beamlet 21 first passes through beam stop array 8 (assuming it has not been deflected
by beamlet blanker array 6). Then, the beamlet passes through a deflector or set of deflectors
arranged in a sequence forming a deflection system, of beam deflector array 9. The beamlet 21
subsequently passes through an electro-optical system of projection lens arrangement 10 and

finally impinges on a target 11 in the target plane.

[0029]  The projection lens arrangement 10, in the embodiment shown in FIG. 2, has three
plates 12, 13 and 14 arranged in sequence, used to form an array of electrostatic lenses. The
plates 12, 13, and 14 preferably comprise substrates with apertures formed in them. The
apertures are preferably formed as round holes though the substrate, although other shapes
can also be used. In one embodiment, the substrates are formed of silicon or other
semiconductor processed using process steps well-known in the semiconductor chip industry.
The apertures can be conveniently formed in the substrates using lithography and etching
techniques known in the semiconductor manufacturing industry, for example. The lithography
and etching techniques used are preferably controlled sufficiently precisely to ensure
uniformity in the position, size, and shape of the apertures. This uniformity permits the

elimination of the requirement to individually control the focus and path of each beamlet.

[0030]  Uniformity in the positioning of the apertures, i.e. a uniform distance (pitch) between
the apertures and uniform arrangement of the apertures over the surface of the substrate,
permits the construction of a system with densely packed beamlets which generate a uniform
grid pattern on the target. In one embodiment, where the pitch between the apertures is in the

range 50 to 500 microns, the deviation in the pitch is preferably 100 nanometers or less.
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Furthermore, in systems where multiple plates are used, the corresponding apertures in each
plate are aligned. Misalignment in the apertures between plates may cause a difference in focal

length along different axes.

[0031]  Uniformity in the size of the apertures enables uniformity in the electrostatic
projection lenses formed at the locations of the apertures. Deviation in the size of the lenses
will result in deviation in the focusing, so that some beamlets will be focused on the target
plane and others will not. In one embodiment, where the size of the apertures in the range of

50 to 150 microns, the deviation in the size is preferably 100 nanometers or less.

[0032]  Uniformity in the shape of the apertures is also important. Where round holes are
used, uniformity in the roundness of the holes results in the focal length of the resulting lens

being the same in both axes.

[0033]  The substrates are preferably coated in an electrically conductive coating to form
electrodes. The conductive coating preferably forms a single electrode on each substrate
covering both surfaces of the plate around the apertures and inside the holes. A metal with a
conductive native oxide is preferably used for the electrode, such as molybdenum, deposited
onto the plate using techniques well known in the semiconductor manufacturing industry, for
example. An electrical voltage is applied to each electrode to control the shape of the
electrostatic lenses formed at the location of each aperture. Each electrode is controlled by a
single control voltage for the complete array. Thus, in the embodiment shown with three

electrodes lens there will be only three voltages for all the thousands of lenses.

[0034]  FIG. 2 shows the plates 12, 13, and 14 having electric voltages V1, V2 and V3
respectively applied to their electrodes. The voltage differences between the electrodes of
plates 12 and 13, and between plates 13 and 14, create electrostatic lenses at the location of
cach aperture in the plates. This generates a “vertical” set of electrostatic lenses at each
position in the array of apertures, mutually aligned, creating an array of projection lens
systems. Each projection lens system comprises the set of electrostatic lenses formed at
corresponding points of the arrays of apertures of each plate. Each set of electrostatic lenses
forming a projection lens system can be considered as a single effective projection lens, which
focuses and demagnifies one or more beamlets, and has an effective focal length and an

effective demagnification. In systems where only a single plate is used, a single voltage may be
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used in conjunction with a ground plane, such that electrostatic lenses are formed at the

location of each aperture in the plate.

[0035]  Variation in the uniformity of the apertures will result in variation in the electrostatic
lenses forming at the locations of the apertures. The uniformity of the apertures results in
uniform electrostatic lenses. Thus, the three control voltages V1, V2, and V3 create an array
of uniform electrostatic lenses which focus and demagnify the large number of electron
beamlets 21. The characteristics of the electrostatic lenses are controlled by the three control
voltages, so that the amount of focusing and demagnification of all of the beamlets can be
controlled by controlling these three voltages. In this way, a single common control signal can
be used to control a whole array of electrostatic lenses for demagnifying and focusing a very
large number of electron beamlets. A common control signal may be provided for each plate
or as a voltage difference between two or more plates. The number of plates used in different
projection lens arrangements may vary, and the number of common control signals may also
vary. Where the apertures have sufficiently uniform placement and dimensions, this enables the
focusing of the electron beamlets, and demagnification of the beamlets, using one or more
common control signals. In the embodiment of FIG. 2, three common signals comprising the
three control voltages V1, V2, and V3 are thus used to focus and demagnify all of the
beamlets 21.

[0036]  The projection lens arrangement preferably forms all of the focusing means for
focusing the beamlets onto the target surface. This is made possible by the uniformity of the
projection lenses, which provide sufficiently uniform focusing and demagnification of the
beamlets so that no correction of the focus and/or path of individual electron beamlets is
required. This considerably reduces the cost and complexity of the overall system, by
simplifying construction of the system, simplifying control and adjustment of the system, and

greatly reducing the size of the system.

[0037]  In one embodiment, the placement and dimensions of the apertures where the
projection lenses are formed are controlled within a tolerance sufficient to enable focusing of
the electron beamlets using one or more common control signals to achieve a focal length
uniformity better than 0.05%. The projection lens systems are spaced apart at a nominal pitch,

and each electron beamlet is focused to form a spot on the surface of the target. The
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placement and dimensions of the apertures in the plates are preferably controlled within a
tolerance sufficient to achieve a variation in spatial distribution of the spots on the surface of

the target of less than 0.2% of the nominal pitch.

[0038]  The projection lens arrangement 10 is compact with the plates 12, 13, 14 being
located close to each other, so that despite the relatively low voltages used on the electrodes
(in comparison to voltages typically used in electron beam optics), it can produce very high
electrical fields. These high electrical fields generate electrostatic projection lenses which have
a small focal distance, since for electrostatic lenses the focal length can be estimated as
proportional to beam energy divided by electrostatic field strength between the electrodes. In
this respect, where previously 10 kV/mm could be realized, the present embodiment preferably
applies potential differences within the range of 25 to 50 kV/mm between the second plate 13
and third plate 14. These voltages V1, V2, and V3 are preferably set so that the difference in
voltage between the second and third plates (13 and 14) is greater than the difference in
voltage between first and second plates (12 and 13). This results in stronger lenses being
formed between plates 13 and 14 so that the effective lens plane of each projection lens system
is located between plates 13 and 14, as indicated in FIG. 2 by the curved dashed lines between
plates 13 and 14 in the lens opening. This places the effective lens plane closer to the target
and enables the projection lens systems to have a shorter focal length. It is further noted that
while, for simplicity, the beamlet in FIG. 2 is shown focused as from the deflector 9, a more

accurate representation of the focusing of beamlet 21 is shown in FIG. 3B.

[0039]  The electrode voltages V1, V2, and V3 are preferably set so that voltage V2 is closer
to the voltage of the electron source 1 than is voltage V1, causing a deceleration of the
charged particles in beamlet 21. In one embodiment, the target is at OV (ground potential) and
the electron source is at about -5kV relative to the target, voltage V1 is about —4kV, and
voltage V2 is about —4.3 kV. Voltage V3 is at about 0V relative to the target, which avoids a
strong electric field between plate 14 and the target which can cause disturbances in the
beamlets if the topology of the target is not flat. The distances between the plates (and other
components of the projection system) are preferably small. With this arrangement, a focusing
and demagnifying projection lens is realized, as well as a reduction in the speed of extracted

charged particles in the beamlets. With the electron source at a voltage of about —5 kV,
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charged particles are decelerated by the central electrode (plate 13), and subsequently
accelerated by the bottom electrode (plate 14) having a voltage at ground potential. This
deceleration permits the use of lower electrical fields on the electrodes while still achieving the
desired demagnification and focusing for the projection lens arrangement. An advantage of
having three electrodes with control voltages V1, V2 and V3, rather than only two electrodes
with control voltages V1 and V2 as used in previous systems is that control of the focusing of
the beamlets is decoupled to some extent from control of the beamlet acceleration voltage.
This decoupling occurs because the projection lens systems can be adjusted by adjusting the
voltage differential between voltages V2 and V3 without changing voltage V1. Thus the
voltage differential between voltage V1 and the source voltage is largely unchanged so that the
acceleration voltage remains essentially constant, reducing the alignment consequences in the

upper part of the column.

[0040]  FIG. 2 also illustrates deflection of a beamlet 21 by deflection array 9 in the Y-
direction, illustrated in FIG. 2 as a deflection of the beamlet from left to right. In the
embodiment of FIG. 2, an aperture in deflection array 9 is shown for one or more beamlets to
pass through, and electrodes are provided on opposite sides of the aperture, the electrodes
provided with a voltage +V and —V. Providing a potential difference over the electrodes
causes a deflection of the beamlet or beamlets passing though the aperture. Dynamically
changing the voltages (or the sign of the voltages) will allow the beamlet(s) to be swept in a

scanning fashion, here in the Y-direction.

[0041]  In the same way as described for deflection in the Y-direction, deflection in the X-
direction may also be performed back and/or forth (in FIG. 2 the X-direction is in a direction
into and out of the paper). In the embodiment described, one deflection direction may be used
for scanning the beamlets over the surface of a substrate while the substrate is translated in
another direction using a scanning module or scanning stage. The direction of translation is

preferably transverse to the Y-direction and coinciding with the X-direction.

[0042]  The arrangement of the deflectors and lenses of the end module 7 with respect to one
another as described differs from what has generally been expected in the art of particle optics.
Typically, a deflector is located after a projection lens, so that the focusing is accomplished

first and then the focused beamlet is deflected. First deflecting a beamlet and then focusing it,
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as in the system in FIG. 2 and 3, results in the beamlet entering the projection lens off axis and
at an angle with respect to the optical axis of the projection lens. It is evident to the person
skilled in the art that the latter arrangement may give rise to considerable off-axis aberrations

in the deflected beamlet.

[0043]  In the application of the projection system for lithography, a beamlet should be
focused and positioned at ultra high precision, with spot sizes of tens of nanometers, with an
accuracy in size of nanometers, and a position accuracy in the order of nanometers. The
inventors realized that deflecting a focused beamlet, for example several hundreds of
nanometers away from the optical axis of a beamlet, would easily result in an out-of-focus
beamlet. In order to meet the accuracy requirements, this would severely limit the amount of

deflection or the beamlet would rapidly become out of focus at the surface of target 11.

[0044]  As discussed above, in order to achieve the objectives of the projection lens
arrangement in view of its use in a lithography system, the effective focal length of the
projection lens systems is short, and the lens plane of the projection lens systems is positioned
very close to the target plane. Thus, there is very little space left between the projection lens
and the target plane for a beamlet deflection system. The inventors recognized that the focal
length should be of such limited magnitude that any deflector or deflector system should be
located before the projection lens despite the evident occurrence of off-axis aberrations with

such an arrangement.

[0045]  The arrangement shown in FIGS. 1 and 2 of the deflection array 9 upstream and
projection lens arrangement 10 downstream furthermore allows a strong focusing of beamlet
21, in particular to permit a reduction in size (demagnification) of the beamlets of at least
about 100 times, and preferably about 350 times, in systems where each projection lens system
focuses only one beamlet (or a small number of beamlets). In systems where each projection
lens system focuses a group of beamlets, preferably from 10 to 100 beamlets, each projection
lens system provides demagnification of at least about 25 times, and preferably about 50 times.
This high demagnification has another advantage in that requirements as to the precision of the
apertures and lenses before (upstream of) the projection lens arrangement 10 are much
reduced, thereby enabling construction of the lithography apparatus, at a reduced cost.

Another advantage of this arrangement is that the column length (height) of the overall system
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can be greatly reduced. In this respect, it is also preferred to have the focal length of the
projection lens small and the demagnification factor large, so as to arrive to a projection
column of limited height, preferably less than one meter from target to electron source, and
more preferably between about 150 and 700 mm in height. This design with a short column
makes the lithography system easier to mount and house, and it also reduces the effect of drift
of the separate beamlets due to the limited column height and shorter beamlet path. The
smaller drift reduces beamlet alignment problems and enables a simpler and less costly design
to be used. This arrangement, however, puts additional demands on the various components of

the end module.

[0046]  With a deflection system located upstream of a projection system, the deflected
beamlets will no longer pass through the projection system at its optical axis. Thus, an
undeflected beamlet which was focused on the target plane will now be out-of-focus at the
target plane when deflected. In order to limit the out-of-focus effect due to deflection of the
beamlets, in the end module of one embodiment the deflection array 9 is positioned as close as
possible to the projection lens array 10. In this way, deflected beamlets will still be relatively
close to their undeflected optical axis when they pass through the projection lens array.
Preferably the deflection array is positioned at about 0 to 5 mm from the projection lens array
10, or preferably as close as possible while maintaining isolation from the projection lens. In a
practical design, to accommodate wiring, a distance of 0.5 mm may be used. An alternative
embodiment also provides another means to cope with this problem, as described below with

respect to FIG. 5.

[0047]  With an arrangement as described above, the main lens plane of the projection lens
system 10 is preferably located between the two plates 13 and 14. The overall energy of the
charged particles in the system according to the embodiments described above is kept
relatively low, as mentioned previously. For an electron beam, for example, the energy is
preferably in the range of up to about 10keV. In this way, generation of heat at the target is
reduced. However, with such low energy of the charged particles, chromatic aberration in the
system increases. This requires specific measures to counteract this detrimental effect. One of

these is the already mentioned relatively high electrostatic field in the projection lens
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arrangement 10. A high electrostatic field results in forming electrostatic lenses having a low

focal length, so that the lenses have low chromatic aberration.

[0048]  Chromatic aberration is generally proportional to the focal length. In order to reduce
chromatic aberration and provide a proper projection of electron beams onto the target plane,
the focal length of the optical system is preferably limited to one millimeter or less.
Furthermore, the final plate 14 of the lens system 10 according to the present invention is
made very thin to enable a small focal length without the focal plane being inside the lens. The

thickness of plate 14 is preferably within the range of about 50 to 200 pm.

[0049] It is desired to keep the acceleration voltage relatively low for reasons mentioned
above, to obtain a relatively strong demagnification, and to maintain the aberration as low as
possible. In order to meet these contradictory requirements, an arrangement is conceived
having the lenses of the projection lens system positioned closely together. This new concept
requires the lower electrode 14 of the projection lens preferably being provided as close as
possible to the target plane, with the effect that the deflector is preferably located before the
projection lens. Another measure to mitigate the aberrations caused by the arrangement of the
end module 7 is to locate the deflector 9 and the projection lens arrangement 10 at minimal

mutual distance.

[0050]  FIG. 3A illustrates the mutual distances in a lens array which, as indicated above, are
of a highly miniaturized nature. In this respect the mutual distances d1 and d2 between the
plates 12 and 13 are in the same order of magnitude as the thickness of the plate 13. In a
preferred embodiment the thicknesses d1 and d2 are in a range of about 100 to 200 um.
Distance d3 of final plate 14 to the target plane is preferably smaller than distance d2 to allow
for a short focal length. However, a minimal distance is required between the lower surface of
plate 14 and surface of the wafer to provide allowance for mechanical movement of wafer. In
the presently exemplified embodiment d3 is about 50 to 100 pm. In one embodiment, d2 is
about 200 pum, and d3 is about 50 pm. These distances are related to the voltages V1, V2, and
V3, and the size d4 of the apertures 18 of the lenses of plates 12, 13 and 14 for allowing

deflected beamlets to pass while focusing one or more beamlets.

[0051]  In the design of an end module 7 as illustrated, the diameter d4 of the apertures of

the lenses of the plates 12, 13 and 14, is a number of times larger than the diameter of the
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coaxially aligned apertures of beam stop array 8, which preferably have a diameter of about 5
to 20 um. Diameter d4 is preferably in range of about 50 to 150 um. In one embodiment, the
diameter d4 is about 100 um and the diameter of the apertures of the beam stop array is about

15 pm.

[0052]  Furthermore, in the present design, the central substrate of plate 13 has the largest
thickness, preferably in the range of about 50 to 500 um. The thickness of the substrate for
plate 12 is relatively smaller, preferably about 50 to 300 pum, and for plate 14 relatively
smallest, preferably about 50 to 200 um. In one embodiment, the thickness of the substrate for

plate 13 is about 200 pum, for 12 is about 150 pm, and for 14 is about 150 um.

(00531  FIG. 3B illustrates the actual focusing effect of a lens according to the embodiment
of FIG. 3A, by means of a so-called traced ray illustration in a cross section of aperture 18 of
projection lens arrangement 10. This picture illustrates that in this embodiment the actual lens
plane of lens system 10 is between plates 13 and 14. It should also be noted that the distance
d3 between lowermost plate 14 and target plane 11 should be very small in this design to allow
for the short focal length.

[0054]  FIG. 4 is a perspective view of one of the plates 12, 13 or 14, which preferably
comprise a substrate, preferably of a material such as silicon, provided with holes 18. The
holes may be arranged in triangular (as shown) or square or other suitable relationship with
mutual distance P (pitch) between the centre of neighboring holes of about one and a half
times the diameter d7 of a hole 18. The substrates of the plates according to one embodiment
may be about 20-30 mm square, are preferably located at a constant mutual distance over their

entire area. In one embodiment, the substrate is about 26 mm square.

[0055]  The total current of the beamlets required to achieve a particular throughput (i.c. a
particular number of wafers exposed per hour) depends on the required dose, the area of the
wafer, and the overhead time. The required dose in these shot noise limited systems depends

on the required feature size and uniformity, and beam energy, among other factors.

[0056]  To obtain a certain feature size (critical dimension or CD) in resist using electron
beam lithography, a certain resolution is required. This resolution is determined by three

contributions: beam size, the scattering of electrons in the resist, and secondary electrons mean
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free path combined with acid diffusion. These three contributions add up in a quadratic
relation to determine the total spot size. Of these three contributions the beam size and the
scattering depend on the acceleration voltage. To resolve a feature in the resist the total spot
size should be of the same order of magnitude as the desired feature size (CD). Not only the
CD but also the CD uniformity is important for practical applications, and this latter

requirement will determine the actual required spot size.

[0057]  For electron beam systems the maximum single beam current is determined by the
spot size. For small spot size the current is also very small. To obtain a good CD uniformity,
the required spot size will limit the single beam current to much less than the current required
to obtain a high throughput. Thus a large number of beamlets is required (typically more than
10,000 for a throughput of 10 wafers per hour). For an electron beam system, the total current
through one lens is limited by Coulomb interactions, so that a limited number of beams can be
sent through one lens and/or one cross-over point. This consequently means that the number

of lenses in a high throughput system also needs to be large.

[0058]  In the embodiment described, a very dense arrangement of a large number of low
energy beams is achieved, such that the multiple beamlets can be packed into an area

comparable in size to the size of a typical wafer exposure field.

[0059]  The pitch of the holes is preferably as small as possible to create as many
electrostatic lenses as possible in a small area. This enables a high density of beamlets, and
reduces the distance the beamlets must be scanned across on the target surface. However,
reduction in the pitch for a given bore size of the holes is limited by manufacturing and
structural problems caused when the plate becomes too fragile due to the small distances

between the holes, and by possible aberrations caused by fringe fields of neighboring lenses.

[0060]  FIG. 5 is an illustration of an alternative design of a deflector, intended to further
mitigate the effect of the arrangement of the end module 7. With this design it is accomplished
that a beamlet 21 passes through the centre part of the effective lens plane of projection lens
arrangement 10 even when deflected. In this manner, spherical aberrations caused by
deflection through the projection lens arrangement 10 are minimized. An important
improvement with this design is that the amount of deflection that can be used is increased,

while the resolution of the spot size is not compromised.
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[0061] In the alternative design according to FIG. 5, two deflectors 9a and 9b are located
one behind the other, each with opposite voltages on their electrodes. For deflection purposes
the sign of these voltages on each deflector 9a, 9b is switched simultaneously. Centering of
deflected beamlet 21 in the effective lens plane 10, and near the optical axis of the projection
system, is performed by fine tuning the ratio’s of the deflection angles in view of distance d5
between deflector 9b and the effective lens of projection lens arrangement 10 in combination
with the mutual distance d6 between the two deflectors 9a and 9b, and the voltages applied on
the electrodes. The voltages on electrodes 9a and 9b are mutually changed in such a way that
the pivot point of beamlet 21 is in the optical plane of projection lens arrangement 10 and
crosses the optical axis (shown as a dot-striped line in FIG. 5) of the projection lens system.
Thus, first deflector 9a deflects beamlet 21 at an angle alphal away from the optical axis, and
deflector 9b deflects the beamlet 21 back in the opposite direction and at angle alpha2. In that
way, beamlet 21 is deflected over an angle alpha3 when crossing the effective lens plane of

projection lens arrangement 10.

[0062]  The invention has been described by reference to certain embodiments discussed
above. It will be recognized that these embodiments are susceptible to various modifications
and alternative forms well known to those of skill in the art without departing from the spirit
and scope of the invention. Accordingly, although specific embodiments have been described,
these are examples only and are not limiting upon the scope of the invention, which is defined

in the accompanying claims.
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WHAT IS CLAIMED IS:
1. A projection lens arrangement for a charged particle multi-beamlet system for
projecting charged particle beamlets onto a target, the projection lens arrangement comprising
an array of projection lens systems,
the projection lens arrangement comprising one or more plates and one or more
arrays of projection lenses, cach plate having an array of apertures formed therein with
the projection lenses formed at the locations of the apertures,
the one or more arrays of projection lenses forming an array of projection lens
systems, each projection lens system comprising one or more of the projection lenses
formed at corresponding points of the one or more arrays of projection lenses,
wherein the projection lens systems are arranged at a pitch in the range of
about 1 to 3 times the diameter of the plate apertures, and
wherein each projection lens system is provided for demagnifying and focusing
one or more of the charged particle beamlets on to the target plane, each projection
lens system having an effective focal length in the range of about 1 to 5 times the pitch,

and demagnifying the charged particle beamlets by at least 25 times.

2. The projection lens arrangement of claim 1, comprising an array of at least ten

thousand projection lens systems.

3. The projection lens arrangement of claim 1 of claim 2, wherein the focal length of the

projection lens systems is less than about 1 mm.

4. The projection lens arrangement of any of the preceding claims, wherein the projection

lens arrangement comprises two or more plates.
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5. The projection lens arrangement of any of the preceding claims, wherein the projection

lens arrangement comprises at least three plates.

6. The projection lens arrangement of any of the preceding claims, wherein the plates are

separated by a distance of the same order of magnitude as the thickness of the thickest plate.

7. The projection lens arrangement of any of the preceding claims, wherein the pitch of

the array of projection lens systems is in a range of about 50 to 500 microns.

8. The projection lens arrangement of any of the preceding claims, wherein the distance
from the upstream end and the downstream end of the projection lens arrangement is in the

range of about 0.3 to 2.0 mm.

9. The projection lens arrangement of any of the preceding claims, wherein the projection

lenses of each array are arranged substantially in one plane.

10.  The projection lens arrangement of any of the preceding claims, wherein the projection

lenses comprise electrostatic lenses.

11.  The projection lens arrangement of claim 10, wherein each plate comprises an

electrode for forming the electrostatic lenses.

12. The projection lens arrangement of claim 11, wherein an electrical field of more than

10 kV/mm is generated between electrodes of the projection lens arrangement.

13.  The projection lens arrangement of claim 11, wherein an electrical field in the range of

about 25 to 50 kV/mm is generated between electrodes of the projection lens arrangement.
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14.  The projection lens arrangement of any of the preceding claims, comprising a first
plate, a second plate downstream of the first plate, and a third plate downstream of the second
plate, the apertures of the plates being arranged so that corresponding apertures of each plate

are substantially mutually aligned.

15.  The projection lens arrangement of claim 14, wherein the third plate comprises an

electrode which is held at substantially the same voltage potential as the target.

16.  The projection lens arrangement of claim 14 or claim 15, wherein each plate comprises
an electrode, and wherein the difference in voltage between the first plate and the second plate

is smaller than the difference in voltage between the second plate and third plate.

17.  The projection lens arrangement of any of claims 14-16, wherein each plate comprises
an electrode, and wherein the voltage on the electrodes of the second and third plates is in the

range of about 3 to 6 kV.

18.  The projection lens arrangement of any of claims 14-17, wherein the first and second
plates are positioned about 100 to 1000 microns apart, the second and third plates are
positioned about 50 to 500 microns apart, and the third plate is positioned about 25 to 400

microns from the target.

19.  The projection lens arrangement of any of claims 14-17, wherein the first and second
plates are positioned about 100 to 200 microns apart, the second and third plates are
positioned about 150 to 250 microns apart, and the third plate is positioned about 50 to 200

microns from the target.
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20.  The projection lens arrangement of any of the preceding claims, wherein each
projection lens system is provided for demagnifying and focusing a single charged particle
beamlet on to the target plane, and wherein each projection lens system demagnifies the

charged particle beamlet by at least 100 times.

21.  An end module mountable in a charged particle multi-beamlet system, the end module

comprising the projection lens arrangement of any of the preceding claims.

22.  The end module of claim 21, further comprising a beam stop array located upstream
of the projection lens arrangement, the beam stop array comprising a plate with an array of
apertures formed therein, the beam stop array apertures being substantially aligned with the

projection lens systems.

23, The end module of claim 22, wherein the diameter of the beam stop array apertures is

in the range of about 5 to 20 um.

24.  The end module of claim 22 or claim 23, wherein the distance between the beam stop

" array and the projection lens arrangement is less than about 5 mm.

25.  The end module of any of claims 22-24, further comprising a deflection system for
_scanning the beamlets, the deflection system located between the beam stop array and the

projection lens arrangement.
26. A charged particle multi-beamlet system comprising:

a source of charged particles for producing a beam of charged particles;

a collimator for collimating the beam;

RECTIFIED SHEET (RULE 91) ISA/EP
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an aperture array for producing a plurality of beamlets from the collimated
beam;

a condenser array for focusing the beamlets;

a beam blanker array, positioned substantially in a focal plane of the condenser
array, and comprising deflectors for allowing deflection of the beamlets; and

the end module of any of claims 21-25.

27.  The charged particle multi-beamlet system of claim 25, wherein the charged particles

of the beamlets have an energy in the range of about 1 to 10 keV.

28. The charged particle multi-beamlet system of claim 26 of claim 27, wherein the
projection lens arrangement of the end module comprises the final element for focusing and

demagnifying the beamlets before the beamlets reach the target.

29.  The charged particle multi-beamlet system of any of claims 26-28, wherein the
projection lens arrangement of the end module comprises the main demagnifying element of

the charged particle multi-beamlet system.
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