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FIELD CURVATURE CORRECTION FOR MULTI-BEAM INSPECTION SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[ooe1] The present application claims the benefit under 35 U.S.C. § 119(e)
of U.S. Provisional Application Serial Mo. 62/291,120, filed February 4,
2016. Said U.S. Provisional Application Serial No. 62/291,120 is hereby

incorporated by reference in its entirety.

TECHNICAL FIELD
[oo02] The disclosure generally relates to the field of inspection systems,

and particularly to electron beam inspection systems.

BACKGROUND
{00031 Thin polished plates such as silicon wafers and the like are a very
important part of modern technology. A wafer, for instance, may refer to a
thin slice of semiconductor material used in the fabrication of integrated

circuits and other devices.

[0004] Wafers and reticles are subject to defect inspections, and electron
beam (e-beam) inspection is considered one of the most sensitive forms of
defect inspection for wafers. However, throughputs of presently available

e-beam inspection systems are very limited and improvements are needed.

SUMMARY
10005} The present disclosure is directed to an apparatus. The apparatus
may include an electron source and a multi-lens array configured to produce
a plurality of beamlets utilizing electrons provided by the electron source.
The multi-lens array may be further configured to shift a focus of at least

one particular beamlet of the plurality of beamlets such that the focus of
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the at least one particular beamlet is different from a focus of at least one

other beamiet of the plurality of beamlets.

[oo06] A further embodiment of the present disclosure is an apparatus. The
apparatus may include an electron source and a multi-lens array configured
to produce a plurality of beamlets utilizing electrons provided by the
electron source. The multi-lens array may be further configured to shift a
focus of at least one particular beamlet of the plurality of beamlets such
that the focus of the at least one particular beamlet is different from a
focus of at least one other beamlet of the plurality of beamlets. The
apparatus may also include at least one additional lens configured to
receive the plurality of beamlets and deliver the plurality of beamlets

toward a target.

{00071 An additional embodiment of the present disclosure is directed o an
inspection system. The inspection system may include an electron source
and a multi-lens array configured to produce a plurality of beamlets
utilizing electrons provided by the electron source. The multi-lens array
may be further configured to shift a focus of at least one particular beamlet
of the plurality of beamlets such that the focus of the at least one
particular beamlet is different from a focus of at least one other beamlet of
the plurality of beamlets. The inspection system may also include at least
one additional lens configured to receive the plurality of beamlets and
deliver the plurality of beamlets toward a subject of inspection. The
inspection system may further include a detector configured to produce one
or more images of the subject of inspection by scanning the subject of

inspection with the plurality of beamlets.
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{00081 it is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and
are not necessarily restrictive of the present disclosure. The accompanying
drawings, which are incorporated in and constitute a part of the
specification, illustrate subject matter of the disclosure. Together, the
descriptions and the drawings serve o explain the principles of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
{00091 The numerous advantages of the disclosure may be better understood
by those skilled in the art by reference to the accompanying figures in
which:

FIG. 1 is a block diagram depicting a multi-beam e-beam column
configured in accordance with an embodiment of the present disclosure;

FIG. 2 is an illustration depicting a top view of a multi-lens array
configured in accordance with an embodiment of the present disclosure;

FIG. 3 is an illustration depicting a cross-sectional view of a multi-
lens array configured in accordance with an embodiment of the present
disclosure;

FIG. 4 is a cross-sectional view of an electrostatic plate of a multi-
lens array configured in accordance with an embodiment of the present
disclosure;

FIG. 5 is an illustration depicting an exemplary fabrication process
for fabricating an electrostatic plate of a multi-lens array configured in
accordance with an embodiment of the present disclosure;

FIG. 6 is an illustration depicting an exemplary fabrication process
for fabricating a multi-lens array configured in accordance with an

embodiment of the present disclosure; and
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FIG. 7 is a block diagram depicting an inspection system that uses a
multi-beam e-beam column configured in accordance with an embodiment

of the present disclosure.

DETAILED DESCRIPTION
[0010] Reference will now be made in detail to the subject matter

disclosed, which is illustrated in the accompanying drawings.

{0011} Embodiments in accordance with the present disclosure are directed
to multi-beam e-beam columns and inspection systems that use such multi-
beam e-beam columns. A multi-beam e-beam column configured in
accordance with the present disclosure may use a single electron source to
produce multiple electron beams. (reating multiple electron beams
provides a larger field of view and increases the total beam current of an
inspection system, which in turn improves the throughput of the inspection

system.

(00121 A multi-beam e-beam column configured in accordance with the
present disclosure may also implement various types of mechanisms
configured to help correct field curvature effects. Field curvature effects
may be naturally present in lenses used to deliver the electron beams {e.g.,
the final or objective lens in particular). Field curvature effects may cause
focus shift of the electron beams, resulting in delivery of electron beams
that are not precisely focused on to the same focal plane. Without field
curvature correction, the spot sizes of the beams at the outer edges of a
scanning area may be blurred (due to focus shift), limiting the number of
beams that can be used to perform the inspection, hence Ulimiting the
overall scalability of the multi-beam inspection system. Therefore, in some

embodiments, the beams may be scanned by a small amount so that field
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curvature effects can be mitigated at each individual beam. However, the
outer beams may still have field curvature by the fact they are positioned

at a large radius.

{0013} To address this issue, a multi-beam e-beam column configured in
accordance with the present disclosure may intentionally pre-distort the
electron beams it produces in a controlled manner before delivering the
electron beams to lenses that are known to cause focus shift, Referring to
FIG. 1, for example, if one or more lenses in the transfer lens group 106
and/or the objective lens group 108 of an e-beam column 100 are known o
cause Tfocus shift, a multi-lens array 104 may be utilized to pre-distort (e.g.,
focus shift in an opposite manner) the electron beams before delivering the
electron beams to the transfer lens group 106 and/or the objective lens

group 108.

[0014] Referring now to FIGS. 2-4, an exemplary implementation of a multi-
lens array 104 configured in accordance with the present disclosure is
shown. The multi-lens array 104 may receive electrons provided by the
electron source 102 through a device (e.g., a lens) configured to collimate
and/or illuminate the multi-lens array 104, The multi-lens array 104 may
include three {(or more) stacked electrostatic plates 104A-104C with
openings {e.g., circular holes) 106 defined therein. The stacked
electrostatic plates 104A-104C with openings 106 defined therein may form
a plurality of einzel lenses 108 that are capable of producing a plurality of
electron beams {may be referred to as beamlets) 110 using the electrons
provided by the electron source 102. One of the electrostatic plates, shown
as the electrostatic plate 104C in FIG, 3, for example, may be supplied with
a potential {voltage) so that the openings 106 defined on the electrostatic
plate 104C can serve as an aperture lens array, which may help focus the

plurality of beamlets 110.
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10015} it is noted that the focus of the beamlets 110 shown in FIG. 3 are
intentionally shifted so that the beamlets 110 are not all focused on to the
same plane. The purpose of this intentional focus shift is to compensate for
the focus shift that is expected to occur when the beamlets 110 pass
through one or more downstream lenses (e.g., the transfer lens group 106
and/or the objective lens group 108 depicted in FIG. 1}). in some
embodiments, the intentional focus shift may be provided by supplying one
of the electrostatic plates {(e.g., the electrostatic plate 104B shown in FIGS.
3 and 4) with individually addressable potentials (voltages) around its
openings 106, which may allow the electrostatic plate 1048 to individually

adjust the focus of the beamlets 110.

[0016] it is to be understood that the electrostatic plate 104B is depicted as
the electrostatic plate that provides the intentional focus shift merely for
illustrative purposes. It is contemplated that any one {or a combination) of
the stacked electrostatic plates of the multi-lens array 104 may be
configured to provide the intentional focus shift without departing from the
spirit and the scope of the present disclosure. it is also contemplated that
while specific implementations of the multi-lens array 104 may vary, the
purpose of the multi-lens array 104 remains the same, which is to
compensate for the focus shift that is expected to occur when the beamlets
110 produced by the multi-lens array 104 pass through the one or more
downstream lenses. It is therefore contemplated that the downstream
lenses may be studied accordingly to help determine how to pre-distort the
beamlets so that the intentional focus shift (introduced by the multi-lens
array 104} and the expected focus shift {expected to be introduced by the
downstream lenses) substantially cancels out each other. it is to be
understood that such studies may be carried out in various manners without

departing from the spirit and scope of the present disclosure.
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[0017] it is also contemplated that additional parameters may be taken into
consideration when designing/constructing the multi-lens arrays 104, In
some embodiments, the electrostatic plates of a multi-lens array 104 may
be configured as circular plates having a thickness between approximately
50 and 300 um and a diameter between approximately 7 and 40 mm. The
distances between {wo adjacent electrostatic plates may be less than or
equal to approximately 1 mm. Additionally, the openings 106 defined on
the electrostatic plates may form a generally hexagonal pattern with
center-to-center distances of two adjacent openings 106 ranging between
approximately 8¢ and 120 um. Furthermore, the diameters of the openings
106 may range between approximately 20 and 50 gm, and in some
embodiments, the openings 106 defined on the electrostatic plate that is
configured to function as an aperture lens array (e.g., the electrostatic
plate 104C in FIG. 3) may have a diameter that is approximately 5 to 10 ym
less than the diameters of the openings 106 defined on the other

electrostatic plates.

[oo18] it is to be understood that the specific dimensions presented above
are provided for illustrative purposes and are not meant to be limiting. It is
contemplated that the dimensions may vary without departing from the

spirit and scope of the present disclosure.

[oo191 it is also contemplated that the multi-lens array 104 may be
fabricated utilizing various types of fabrication techniques without
departing from the spirit and scope of the present disclosure. FIGS. 3 and 6
are illustrations depicting some of the technigues that may be utilized

during the fabrication process.
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[0020] More specifically, FIG. 5 shows an exemplary fabrication process 500
that may be utilized to fabricate the electrostatic plate 104B shown in
FIG. 4. Upon receiving a silicon substrate in a step 502, for example,
openings 106 may be patterned by photo or electron beam lithography then
etched into the silicon substrate in a step 504 and the silicon substrate with
the etched openings 106 may be oxidized in a step 506. The openings 106
may then be individually coated with one or more conductive materials
{e.g., metal) in a step 508, allowing the openings 106 to be individually

addressable as previously described.

[0021] FIG. 6 shows an exemplary fabrication process where an optional
insulating layer 112 is inserted between two adjacent electrostatic plates of
the multi-lens array 104. The insulating layer 112 may include a quartz or
sapphire substrate with openings 106" defined to generally coincide with
the openings 106 defined on the electrostatic plates of the multi-lens array
104. The size of the openings 106" defined on the insulating layer 112 may
be larger than the size of the openings 106 defined on the electrostatic
plates of the multi-lens array 104 to avoid interfering with the operations of
the multi-lens array 104. The insulating layer 112 may be coated with
atomic layer deposition (ALD} charge drains to help mitigate cross talks that
may occur between the adjacent electrostatic plates, providing a feature

that may be appreciated in various operating conditions.

{00221 it is to be understood that the fabrication techniques depicted in
FIGS. 5 and 6 are presented for illustrative purposes and are not meant to
be limiting. It is contemplated that the fabrication technigues depicted in
FIGS. 5 and 6, as well as various other types of fabrication techniques not
explicitly disclosed herein, may be utilized to fabricate the multi-lens array

104 without departing from the spirit and scope of the present disclosure.
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{00231 Referring now to FIG. 7, a block diagram depicting an inspection
system 700 configured in accordance with the present disclosure is shown.
The inspection system 700 may include a multi-beam e-beam column 702
configured to deliver a plurality of focused electron beams (beamlets)
toward a subject of inspection {e.g., a wafer) 710. The inspection system
700 may also include a detector (e.g., an electron microscope) 704
configured to produce one or more tmages of the wafer 710 by scanning the
wafer 710 using the plurality of beamlets. The inspection system 700 may
further include one or more processors 706 configured to carry out various
types of analysis processes based the images produced by the detector 704,
It is contemplated that the processor(s) 706 may be configured to report the
result of the inspection to a user. Alternatively and/or additionally, the
processor(s) 706 may be configured to provide (e.g., feed-forward or
feedback) its output to one or more fabrication tools 708 used to fabricate
the wafer 710, allowing the fabrication tools 708 to make appropriate

adjustments if needed.

[0024] it is noted that because the inspection system 700 uses an e-beam
column 702 that is capable of producing multiple beamlets, the throughput
of the inspection system 700 can be significantly improved compared to a
single-beam system. It is alse noted that because the e-beam column 702
used by the inspection system 700 is capable of correcting field curvature
effects, the beamlets delivered to the wafer 710 can be focused predcisely
across the entire field of view of the e-beam column 702, further improving

the efficiency of the inspection system 700,

[0025] it is to be understood that while the examples above referred to a
wafer as the subject of inspection, the inspection systems configured in

accordance with the present disclosure are not limited to inspecting wafers.
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The inspection systems configured in accordance with the present disclosure
are applicable to other types of subjects as well without departing from the
spirit and scope of the present disclosure. The term wafer used in the
present disclosure may include a thin slice of semiconductor material used
in the fabrication of integrated circuits and other devices, as well as other
thin polished plates such as magnetic disc substrates, gauge blocks and the
{ike.

[oo26] it is believed that the system and the apparatus of the present
disclosure and many of its attendant advantages will be understood by the
foregoing description, and it will be apparent that various changes may be
made in the form, construction and arrangement of the components without
departing from the disclosed subject matter or without sacrificing all of its

material advantages. The form described is merely explanatory.

10
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CLAIMS

What is claimed is:

1. An apparatus, comprising:

an electron source; and

a multi-lens array configured to produce a plurality of beamlets
utilizing electrons provided by the electron source, the multi-lens array
further configured to shift a focus of at least one particular beamiet of the
plurality of beamlets such that the focus of the at least one particular
beamlet is different from a focus of at least one other beamlet of the

plurality of beamlets.

Z. The apparatus of claim 1, further comprising:
at least one additional lens configured to receive the plurality of

beamiets and deliver the plurality of beamlets toward a target.

3. The apparatus of claim 2, wherein the multi-lens array is configured

to compensate for a focus shift expected of the at least one additional lens.

4. The apparatus of claim 3, wherein the multi-lens array includes at
{east three electrostatic plates with openings defined therein to form an

array of einzel lenses.

5. The apparatus of claim 4, wherein at least one particular
electrostatic plate of the at least three electrostatic plates is configured to
support applications of individually addressable potentials around the

openings defined on the at least one particular electrostatic plate.

6. The apparatus of claim 5, wherein the at least one particular

electrostatic plate is an oxidized silicon plate with the openings etched

11
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therein, wherein the openings are individually coated with a conductive
material to allow individually addressable potentials to be applied to the

openings.

7. The apparatus of claim 5, wherein the individually addressable
potentials are determined at least partially based on the focus shift

expected of the at least one additional lens.

8. The apparatus of claim 4, wherein at least one electrostatic plate of
the at least three electrostatic plates is configured to serve as an aperture

lens array.

9. The apparatus of claim 4, wherein the multi-lens array further
includes at least one insulating layer positioned between two adjacent

electrostatic plates of the at least three electrostatic plates.

10.  The apparatus of claim 1, wherein the apparatus is adapted to serve

as a multi-beam electron beam column in an inspection system.

1. An apparatus, comprising:

an electron source;

a multi-lens array configured to produce a plurality of beamlets
utilizing electrons provided by the electron source, the multi-lens array
further configured to shift a focus of at least one particular beamlet of the
plurality of beamlets such that the focus of the at least one particular
beamlet is different from a focus of at least one other beamlet of the
plurality of beamlets; and

at least one additional lens configured to receive the plurality of

beamlets and deliver the plurality of beamlets toward a target.

12
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12.  The apparatus of claim 11, wherein the multi-lens array is configured

to compensate for a focus shift expected of the at {east one additional lens.

13.  The apparatus of claim 12, wherein the multi-lens array includes at
{east three electrostatic plates with openings defined therein to form an

array of einzel lenses.

14. The apparatus of claim 13, wherein at least one particular
electrostatic plate of the at least three electrostatic plates is configured to
support applications of individually addressable potentials around the

openings defined on the at least one particular electrostatic plate.

15. The apparatus of claim 14, wherein the individually addressable
potentials are determined at least partially based on the focus shift

expected of the at least one additional lens.

16.  The apparatus of claim 15, wherein at least one electrostatic plate of
the at least three electrostatic plates is configured to serve as an aperture

lens array.

17. An inspection systemn, comprising:

an electron source;

a multi-lens array configured to produce a plurality of beamlets
utilizing electrons provided by the electron source, the multi-lens array
further configured to shift a focus of at least one particular beamlet of the
plurality of beamlets such that the focus of the at least one particular
beamlet is different from a focus of at least one other beamlet of the

plurality of beamlets;

13
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at least one additional lens configured to receive the plurality of
beamlets and deliver the plurality of beamlets toward a subject of
inspection; and

a detector configured to produce one or more images of the subject
of inspection by scanning the subject of inspection with the plurality of

beamiets.

18.  The inspection system of claim 17, wherein the multi-lens array is
configured to compensate for a focus shift expected of the at least one

additional lens.

19.  The inspection system of claim 18, wherein the multi-lens array
includes at least three electrostatic plates with openings defined therein to

form an array of einzel lenses.

20.  The inspection system of claim 19, wherein at least one particular
electrostatic plate of the at least three electrostatic plates is configured to
support applications of individually addressable potentials around the
openings defined on the at least one particular electrostatic plate, and
wherein the individually addressable potentials are determined at least
partially based on the focus shift expected of the at least one additional

lens.
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